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1. Introduction

Inflationary cosmology by definition quasi-de Sitter (qdS) expansion phase in the early Universe
and it has been the most successful paradigm in the early Universe cosmology The predictions of
scalar quantum fluctuations generated during inflation have been amazingly consistent with the
latest Planck observations [1–3]. However, the latest observations from the Planck data along
with its predecessor NASA’s Wilkinson Microwave Anisotropy Probe (WMAP) strongly indicate
the presence of hemispherical power asymmetry (HPA) in the CMB sky [4] which is an anomaly
that strongly questions the nature of inflationary quantum fluctuations [5, 6]. The significance
of HPA CMB is standing now at 3.3𝜎 [7]. Being more precise, HPA means slightly more two-
point temperature correlations in the southern ecliptic hemisphere in comparison with the northern
ecliptic hemisphere [8]. This anomaly has been found out to be significant at low-multipoles
ℓ = 2 − 64 [9] ans less significant but still present up to the multipoles ℓ ∼ 600 according to the
Planck 2013, Hansen et al. and Aiola et al. [10–12]. The position dependent primordial power
spectrum parametrization of the following, phenomenologically defines HPA as [13, 14]

PR (𝑘, �̂�) ' PR 𝑖𝑠𝑜 (𝑘) (1 + 2𝐴(𝑘)p̂ · n̂) , (1)

where PR 𝑖𝑠𝑜 (𝑘) is the statistically homogeneous and isotropic power spectrum, 𝐴(𝑘) is the ampli-
tude of the observed HPA which is constrained to be |𝐴| = 0.066±0.021 (3.3𝜎) at the large angular
scales ℓ < 64 or at the wave numbers 𝑘 . 0.0045 Mpc−1. Here �̂� is the direction of maximal
symmetry. n̂ = 𝒙

𝑥ls
is the line of sight from earth and 𝑥ls = 14, 000Mpc−1 is the comoving distance

to the surface of last scattering. From (1) we can easily deduce [13]

𝐴(𝑘) = PR (𝑘, n̂) − PR (𝑘, −n̂)
4PR 𝑖𝑠𝑜

. (2)

Quantum fluctuations during inflation are somewhat special because we need to quantize them
in the qdS background. This means we would have to deal with quantum field theory in curved
spacetime which is a subject that has not yet been fully understood. HPA strikingly show us the
possible violation of parity which is a discrete transformation. As we know from the success
of quantum field theory in Minkowski spacetime, the discrete symmetries play a very important
role, right from the CPT (charge conjugation, parity and time reversal) invariance of scattering
amplitudes to the notion of anti-particle which is a particle that propagates backward in time. In
quantum theory time is a parameter whereas in classical General Relativity (GR) time is a coordinate
and when the spacetime it self is dynamical and when one supposed to formulate a quantum theory
in dynamical spacetime several conceptual conundrums are inevitable [15]. The way forward
would be a very careful observation of the meaning of discrete spacetime transformations in the
gravitational context before defining quantum fields in a given spacetime.

In this proceedings paper, we are going to review a new proposal for quantizing fields in
an expanding Universe [16] which explicitly defines the meaning of CPT invariance and its
spontaneous symmetry breaking. In the later case one can precisely correlate it with the HPA of
primordial power spectra. The crux of this investigation lies in distinguishing classical arrow of
time (CAT) with the quantum mechanical arrow of time (QAT). The CAT is associated with for
example the expanding Universe. CAT is also often called as thermodynamic arrow of time. The
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QAT on the other hand is intrinsic property of quantum theory where the initial and final conditions
play a huge role. Just because Universe is found to be expanding, one cannot assume the quantum
fields in the expanding Universe evolve in the same direction of time. In fact the expansion of
Universe is only associated with growing scale factor rather than the notion of time itself. It is this
subtle concept of time allow us to rethink on quantum fields in curved spacetime especially in the
context of inflationary background.

The paper is organized as follows. In Sec. 2 we discuss the de Sitter (dS) spacetime in the
flat Friedmann-Lemaître-Robertson-Walker (FLRW) coordinates and the define the time reversal
operation in the context of expanding Universe. We discuss the direct-sum quantum field theory
(DQFT) formalism in dS and present analysis for the possible validity of CPT invariance in a
language of two-point correlations. In Sec. 3 we present the definition of time reversal operation in
qdS expansion with the expectation that CPT must be spontaneously breaking in qdS by the so-
called slow-roll parameters. We then apply the DQFT to the inflationary flluctuations and compute
the power spectra of scalar and tensor modes. In Sec. 4 we explicitly witness the spontaneous
breaking of CPT symmetry quantified by the amplitude of HPA which is of the order of slow-roll
parameters especially at low-ℓ. We will also see how for the first time we predict HPA for primordial
gravitational wave spectra. In Sec. 5 we briefly conclude with highlighting the significance of results
discussed in this paper and also comment on the future directions to explore.

2. Direct-sum quantum field theory (DQFT) in de Sitter spacetime

The dS manifold is maximally symmetric spacetime like Minkowski and it is a solution of
GR with a positive cosmological constant. Before we go to the context of quantum fields during
inflation, it is important to understand the subject in dS. The dS spacetime is characterized the
following relations between curvature tensors and the metric as

𝑅
`
a𝜌𝜎 =

𝑅

12
(
𝛿
`
𝜌𝑔a𝜎 − 𝛿

`
𝜎𝑔a𝜌

)
, 𝑅a𝜎 =

𝑅

4
𝑔a𝜎 , 𝑅 = const . (3)

The above definition is coordinate independent. In the context of cosmology the relevant form of
expressing dS metric is in terms of flat FLRW coordinates which is given by

𝑑𝑠2 = −𝑑𝑡2 + 𝑎(𝑡)2𝑑x2 (4)

where the scale factor is

𝑎(𝑡) = 𝑒𝐻𝑡 , 𝐻2 =

(
1
𝑎

𝑑𝑎

𝑑𝑡

)2
> 0 , (5)

Here 𝐻 is called the Hubble parameter. In this dS space, one has the comoving horizon defined by
the radius

𝑟𝐻 =

��� 1
𝑎𝐻

��� (6)

which decreases during expansion since scale factor grows. For the purpose of quantization it is
useful to express (4) in terms of conformal time defined by

𝑑𝜏 = − 𝑑𝑡

𝑎(𝑡) . (7)
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Integrating this equation, we obtain
𝜏 =

1
𝑎(𝑡)𝐻 ,

Now the dS metric becomes conformal to Minkowski as

𝑑𝑠2 =
1

𝐻2𝜏2

(
−𝑑𝜏2 + 𝑑x2

)
(8)

When the time coordinate 𝜏 ≷ 0 we get a coordinate singularity at 𝜏 = 0 but it is just an artifact
of the coordinate transformation. In reality, There is no spacetime singularity because all the
curvature invariants in dS are constants. Just like Minkowski spacetime the dS metric satisfies PT
symmetries as

PT : 𝜏 → −𝜏, x → −x . (9)

We can notice that the time (𝜏) reversal operation actually leads to time reversal in cosmic time, as
well as the change of sign for the Hubble parameter 𝐻 i.e.,

T : 𝜏 → −𝜏 =⇒ 𝑡 → −𝑡, 𝐻 → −𝐻 . (10)

We can verify that 𝐻 → −𝐻 operation does not effect at all the definition of dS (3). For example,
the Ricci scalar 𝑅 = 12𝐻2 in dS is completely symmetric under 𝐻 → −𝐻. Remember that time is
a parameter in quantum theory and here 𝜏 plays the role as a parameter for quantum field theory in
dS. Since the metric (8) is completely time symmteric (i.e., 𝜏 → −𝜏) quantum fields cannot see the
difference between whether 𝜏 is positive or negative. Indeed from (4), we can notice that

Expanding Universe : =⇒
{
𝑡 : −∞ → +∞, 𝐻 > 0 (𝜏 : +∞ → 0)
𝑡 : +∞ → −∞, 𝐻 < 0 (𝜏 : −∞ → 0)

(11)

In (11) we see two arrows of cosmic time 𝑡 (together with sign of 𝐻), both of which correspond to
expanding Universe with the definition that the 𝑟𝐻 decreases as scale factor increases (6). Therefore,
(11) exactly serves the definition of time reversal in an expanding Universe and this is the cue for
our formulation of direct-sum quantum field theory (DQFT).

Let us start with direct-sum quantization of a massless scalar field whose action for the metric
(4) can be computed as

𝑆𝜙 = −1
2

∫
𝑑𝜏𝑑3𝑥𝑎2𝜙

(
𝜕2
𝜏 + 2H𝜕𝜏 + 𝑘2

)
𝜙 , (12)

where H = 1
𝑎
𝑑𝑎
𝑑𝜏

= 𝑎𝐻. The above action is invariant under the PT defined in (9). To quantize it
is convenient to rescale the field 𝜙 → 𝑎𝜙, which bring us to a harmonic oscillator form with time
dependent mass

𝑆𝜙 =
1
2

∫
𝑑𝜏𝑑3𝑥

[
𝜙′2 − (𝜕𝑖𝜙)2 − 2

𝜏2 𝜙
2
]
. (13)

In the process of quantization, we promote the scalar field 𝜙 as an operator 𝜙 (𝜏, x) which in DQFT
formulation expressed as direct-sum [17]

𝜙 (𝜏, x) = 1
√

2
𝜙𝐼 (𝜏, x) ⊕ 1

√
2
𝜙𝐼 𝐼 (−𝜏, −x) = 1

√
2

(
𝜙𝐼 (𝜏, x) 0

0 𝜙𝐼 𝐼 (−𝜏, −x)

)
. (14)
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where

𝜙𝐼 (𝜏, x) = 1
(2𝜋)3/2

∫
𝑑3𝑘

[
𝑐𝐼 k𝜙𝐼 𝑘 (𝜏) 𝑒−𝑖k·x + 𝑐

†
𝐼 k𝜙

∗
𝐼 𝑘 (𝜏) 𝑒

𝑖k·x

]
𝜙𝐼 𝐼 (−𝜏, −x) = 1

(2𝜋)3/2

∫
𝑑3𝑘

[
𝑐𝐼 𝐼 k𝜙− 𝑘 (−𝜏) 𝑒𝑖k·x + 𝑐

†
𝐼 𝐼 k𝜙

∗
𝐼 𝐼 𝑘 (−𝜏) 𝑒

−𝑖k·x

]
,

(15)

The creation and annihilation operators here 𝑐±k, 𝑐
†
±k satisfy the following commutation relations

[𝑐𝐼 k, 𝑐
†
𝐼 k′] = [𝑐𝐼 𝐼 k, 𝑐

†
𝐼 𝐼 k′] = 𝛿 (3) (k − k′)

[𝑐𝐼 k, 𝑐𝐼 𝐼 k′] = [𝑐𝐼 k, 𝑐
†
𝐼 𝐼 k′] = [𝑐†

𝐼 k, 𝑐
†
𝐼 𝐼 k′] = 0 .

(16)

which leads to
[𝜙𝐼 (𝑡, x) , 𝜋𝐼 (𝑡, x′)] = 𝑖𝛿 (x − x′)

[𝜙𝐼 𝐼 (−𝑡,−x) , 𝜋𝐼 𝐼 (−𝑡, −x′)] = −𝑖𝛿 (x − x′)[
𝜙𝐼 (𝜏, x) , 𝜙𝐼 𝐼 (−𝜏, −x)

]
= 0 ,

(17)

where
𝜋𝐼 (𝜏, x) = 𝜕𝜏𝜙𝐼 , 𝜋𝐼 𝐼 (−𝜏, −x) = −𝜕𝜏𝜙𝐼 𝐼 . (18)

The physical meaning of DQFT is the following. In the dS with flat FLRW we demand the a
quantum field within the comoving horizon evolves forward in time at position x while it evolves
backward in time at the position −x. The third line of (17) is the most crucial one which ensures
locality and causality of our (D)QFT framework. We can notice here that the field operator 𝜙𝐼 𝐼

canonical commutation relation in the second line of (17) differs from the first line by the sign of
𝑖 → −𝑖 which indicates the time reversal 𝜏 → −𝜏 because time reversal is an anti-Unitary operation
in quantum theory. In fact, in DQFT we divide the spatial region into two parts by parity, lets call
them as region I and II. A quantum field in region one evolves forward in time and in the region II
evolves backward in time in two different Fock spaces called dS𝐼 and dS𝐼 𝐼 whose direct-sum forms
the total Fock space of dS.

The mode functions 𝜙𝐼 𝑘 , 𝜙𝐼 𝐼 𝑘 are

𝜙𝐼 , 𝑘 = 𝛼𝐼 𝑘

𝑒𝑖𝑘𝜏
√

2𝑘

(
1 + 𝑖

𝑘𝜏

)
+ 𝛽𝐼 𝑘

𝑒−𝑖𝑘𝜏
√

2𝑘

(
1 − 𝑖

𝑘𝜏

)
,

𝜙𝐼 𝐼 , 𝑘 = 𝛼𝐼 𝐼 𝑘

𝑒−𝑖𝑘𝜏
√

2𝑘

(
1 − 𝑖

𝑘𝜏

)
+ 𝛽𝐼 𝐼 𝑘

𝑒𝑖𝑘𝜏
√

2𝑘

(
1 + 𝑖

𝑘𝜏

)
,

(19)

which satisfy 𝜙𝐼 , 𝑘

���
T: 𝜏→−𝜏

= 𝜙𝐼 𝐼 , 𝑘 and are obtained by solving the Mukhanov-Sasaki equation
[16]

𝜙′′
𝑚 𝑘 +

(
𝑘2 − 2

𝜏2

)
𝜙𝑚 𝑘 = 0 . (20)

where 𝑚 = 𝐼, 𝐼 𝐼. In the limit 𝑘2 � 2/𝜏2 or 𝑘2 � 2/𝑟2
𝐻

, the mode functions 𝜙𝑚 𝑘 approach to
the ones of Minkowski spacetime which is expected because at short distance scales the effects of
curvature of spacetime should be negligible (See [15] for more details). This fixes the Bogoliubov
coefficients as

(𝛼𝐼 𝑘 , 𝛽𝐼 𝑘) = (𝛼𝐼 𝐼 𝑘 , 𝛽𝐼 𝐼 𝑘) = (1, 0) , (21)
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which are compatible with the Wronskian conditions obtained from (17)

𝜙𝐼 , 𝑘𝜙
′∗
𝐼 , 𝑘 − 𝜙∗𝐼 , 𝑘𝜑

′
𝐼 , 𝑘 = 𝑖

𝜙𝐼 𝐼 , 𝑘𝜙
′∗
𝐼 𝐼 , 𝑘 − 𝜙∗𝐼 𝐼 , 𝑘𝜙

′
𝐼 𝐼 , 𝑘 = −𝑖 .

(22)

The dS spacetime vacuum is now represented by the direct-sum

|0〉𝑑𝑆 =
1
√

2
(
|0〉dSI ⊕ |0〉dSII

)
=

1
√

2

(
|0〉dSI

|0〉dSII

)
. (23)

where |0〉dSI , |0〉dSII are vacuums defined by

𝑐𝐼 k |0〉dSI = 0, 𝑐𝐼 𝐼 k |0|0〉dSII = 0 (24)

We can verify this, observing that

1
𝑎2 𝑑𝑆𝐼 〈0|𝜙𝐼 (𝜏, x) 𝜙𝐼 (𝜏, x′) |0〉𝑑𝑆𝐼 =

1
𝑎2 𝑑𝑆𝐼 𝐼 〈0|𝜙𝐼 𝐼 (−𝜏, −x) 𝜙𝐼 𝐼 (−𝜏, −x′) |0〉𝑑𝑆𝐼 𝐼 =

𝐻2

4𝜋2𝑘3 .

(25)

This (25) implies that the correlations of quantum fields related by PT transformations are identical
in the case of dS spacetime. Being more precise, quantum field correlations exiting the comoving
horizon at the angular coordinates (\, 𝜑) (of the sphere of radius 𝑟𝐻 defined in (6) ) are exactly
the same as those exiting at the angular coordinates (𝜋 − \, 𝜋 + 𝜑). This indicates in dS spacetime
DQFT formulation PT or CPT (if we include charged fields) symmetry holds. In the case of qdS
or inflationary spacetime we will see that the equality of correlations in the spatial regions divided
by parity does not hold. We shall discuss this in the next section. We note here that in a soon
upcoming work more details of achieving Unitarity and observer complimentarity in dS DQFT can
be found [15].

3. DQFT in inflationary spacetime

In the previous section, we have discussed quantization in dS spacetime by clear understanding
of time reversal operation. In the context of inflationary spacetime time reversal would be much
more involved than dS. As we learned in the previous section, the conformal time 𝜏 plays the
role of parameter in quantum theory and 𝜏 → −𝜏 actually mean time reversal in an expanding
Universe for which we would have to change 𝑡 → −𝑡 and 𝐻 → −𝐻. This implies, if we want
to understand time reversal in the context of curved spacetime or when there is gravity we would
need additional parameters associated with gravity or background curved spacetime. For example,
the Hubble parameter in the context of dS is the additional parameter along with cosmic time (of
course together we can just use 𝜏 as a parameter). In the context of dynamical gravity like inflation,
we would expect more parameters to play the role in time reversal. This is a very subtle task but
however, with the generic expectation of CPT invariance must be spontaneously broken in curved
spacetime we define the time reversal transformations in the inflationary context as

𝑡 → −𝑡 =⇒ 𝐻 → −𝐻, 𝜖 → −𝜖, [ → −[ . (26)

6
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where 𝜖 = − ¤𝐻/𝐻2, [ = ¤𝜖/(𝐻𝜖) are although usual slow-roll parameters, here in the context of time
reversal their role is completely quantum mechanical and there is no classical analog (See [16] for
more details, also see [18] for more thought provoking discussions on time reversal in quantum
gravity).

Similar to the dS DQFT, we should split the field as direct-sum of the two components as

�̂� (𝜏, x) = 1
√

2
�̂�+ (𝜏, x) ⊕ 1

√
2
�̂�− (−𝜏, −x) = 1

√
2

(
�̂�+ (𝜏, x) 0

0 �̂�− (−𝜏, −x)

)
. (27)

where �̂� is the canonical Mukhanov-Sasaki variable corresponding to the only propagating scalar
in the context of single field inflation. Here �̂�+ (𝜏, x) is the component when it acts on the
corresponding vacuum it gives the component of the quantum field which evolves forward in time
and similarly �̂�− (−𝜏, −x) when it acts on its corresponding vacuum gives the component of the
quantum field which evolves backward in time. The total vacuum of inflationary spacetime is the
direct-sum of the two represented as

|0〉qdS = |0〉qdSI ⊕ |0〉qdSII =
1
√

2

(
|0〉qdSI

|0〉qdSII

)
. (28)

The field operators �̂�± can be expanded as

�̂�± =

∫
𝑑𝜏𝑑3𝑘

(2𝜋)3/2

[
𝑐 (±)k𝑣±, 𝑘𝑒

∓𝑖k·x + 𝑐
†
(±)k𝑣

∗
±, 𝑘𝑒

±𝑖k·x

]
(29)

with 𝑐 (±)k, 𝑐
†
(±)k being the creation and annihilation operators the define the vacua as

𝑐 (+)k |0〉qdSI = 0 𝑐 (−)k |0〉qdSII = 0 (30)

The mode functions 𝑣±, 𝑘 are obtained by solving Mukhanov-Sasaki (MS) equations

𝑣′′±, 𝑘 +
(
𝑘2 −

a
(±)2
𝑠 − 1

4
𝜏2

)
𝑣2
±, 𝑘 = 0 . (31)

where
a±𝑠 ≈ 3

2
± 𝜖 ± [

2
(32)

We require that [
𝑐 (+)k, 𝑐 (−)k′

]
= 0,

[
𝑐
†
(+)k, 𝑐

†
(−)k′

]
= 0,

[
𝑐 (+)k, 𝑐

†
(−)k′

]
= 0 . (33)

This implies [
�̂�+ (𝜏, x) , �̂�− (−𝜏, −x′)

]
= 0 (34)

𝑣±, 𝑘 =

√
±𝜋𝜏
2

𝑒(𝑖a±𝑠 +1)
[
𝐶±
𝑘𝐻

(1)
a±𝑠

(±𝑘𝜏) + 𝐷±
𝑘𝐻

(2)
a±𝑠

(±𝑘𝜏)
]
. (35)

7
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The above mode functions can define the creation of positive frequency modes in the limit 𝜏 → ±∞
given we choose

(
𝐶±
𝑘
, 𝐷±

𝑘

)
= (1, 0) compatible with the Wronskian

𝑣±,𝑘𝑣
′∗
±,𝑘 − 𝑣∗±,𝑘𝑣

′
±,𝑘 = ± 𝑖 ( =⇒ |𝐶±

𝑘 |
2 − |𝐷±

𝑘 |
2 = 1). (36)

One can notice that the Wronskian condition equating to −𝑖 corresponds to the canonical commu-
tation relation for a reversed arrow of time [19][

�̂�− (−𝜏, −x) , Π̂− (−𝜏, −x′)
]
= −𝑖𝛿 (x − x′) . (37)

Now we can expand (35) up to the leading order in (𝜖, [) as

𝑣±, 𝑘 ≈
√︂

1
2𝑘

𝑒±𝑖𝑘𝜏
(
1 ± 𝑖

𝑘𝜏

)
±

(
𝜖 + [

2

) √
𝜋

2
√
𝑘

√
±𝑘𝜏

𝜕𝐻
(1)
a±𝑠

(±𝑘𝜏)
𝜕a±𝑠

���
a±𝑠 =3/2

(38)

We can clearly see from the above equation that 𝑣±, 𝑘 are not identical but rather differ by the order
of slow-roll parameters and scale dependence present in the form of Hankel functions. This exactly
implies when a mode 𝑘 ∼ 1

𝑟𝐻
exits the horizon, its value would be dictated by 𝑣+, 𝑘 at one end

(\, 𝜑) and by 𝑣−, 𝑘 on the other end (𝜋 − \, 𝜋 + 𝜑). We can derive the analogous result in the vase
of inflationary tensor modes well [16]. When we compute the equal time correlations of primordial
modes on the two opposite points (antipodal) of the three sphere of radius 𝑟𝐻 we would see a clear
deference between this. This would exactly generate HPA for primordial power spectra.

4. HPA of primordial power spectra from DQFT of inflatonary quantum
fluctuations

Inflationary quantum fluctuations in the context of DQFT come with deformations when they
exit the comoving horizon on the two opposite sides. To calculate the two point correlations of
curvature perturbation on super-horizon scales we need to rescale the canonical fields �̂� using the
classical background quantities as

qdS〈0|ZkZk′ |0〉qdS =

(
1

2𝑎2𝜖

) �����
clas.

1
2

[
qdSI 〈0|�̂�+k�̂�+k′ |0〉qdSI

+ qdSII 〈0|�̂�−k�̂�−k′ |0〉qdSII

]
=

2𝜋2

𝑘3
(
𝑃Z+ + 𝑃Z−

)
𝛿 (k + k′) ,

(39)

where Z+, Z− are the power spectra of primordial scalar field in the two hemispheres of the CMB
sky. In deriving (39) we must use carefully the direct-sum operation [17]

�̂� |0〉qdS =
1
2
(�̂�+ ⊕ �̂�−) ( |0〉+ ⊕ |0〉−) =

1
2

(
�̂�+ |0〉+
�̂�− |0〉− .

)
(40)
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The power spectra of curvature perturbation in the two hemispheres are

𝑃Z± =
𝑘3

2𝜋2
1

2𝑎2𝜖
|𝑣±, 𝑘 |2

�����
𝜏=± 1

𝑎𝐻

≈ 𝐻2

8𝜋2𝜖

(
1 +

(
𝑘

𝑎𝐻

)2
)

± 𝐻2

4𝜋𝜖

(
𝜖 + [

2

) (
𝑘

𝑎𝐻

)3
𝐻

(1)
3/2

𝜕𝐻
(1)
a±𝑠

𝜕a±𝑠

���
a±𝑠 =3/2

.

(41)

Following the meaning of (2) the amplitude of HPA can be deduced as

𝐴(𝑘) =
𝑃Z+ − 𝑃Z−

4𝑃Z

(42)

Computing the tilt of the power spectra in the two hemispheres of the CMB sky we get that they are
nearly equal.

𝑑 ln 𝑃Z+

𝑑 ln 𝑘
≈

𝑑 ln 𝑃Z−

𝑑 ln 𝑘
≈ 𝑛𝑠 − 1 ≈ −2𝜖 − [ . (43)

This is because of the classical rescaling of the fields in (39) and there would differences in the
values of 𝑛𝑠 in the sub-leading order. This can be verified easily by using the expressions of
power spectrum (41). Our result is consistent with the observations about 𝑛𝑠 in the hemispheres
of the CMB. [20, 21]. In Fig. 1 we depict the HPA amplitude of the scalar power spectra for
𝑛𝑠 = 0.963. This is universal result and is valid for any single-field inflation that is compatible with
the constraints on 𝑛𝑠.

Similarly, we can apply the DQFT for tensor modes by writing a tensor fluctuation operator
as a direct-sum of two components which describe the tensor mode evolving forward in time at
position x and the mode evolving backward in time at position −x.

�̂�𝑖 𝑗 =
1
√

2
�̂�+𝑖 𝑗 (𝜏, x) ⊕ 1

√
2
�̂�−𝑖 𝑗 (−𝜏, −x) (44)

Following extremely similar steps it is rather straight forward to compute the tensor mode exiting
the comoving horizon on the two opposite sides as

𝑢±𝑖 𝑗 , 𝑘 ≈ 𝑒𝑖 𝑗

√︂
1

2𝑘
𝑒±𝑖𝑘𝜏

(
1 ± 𝑖

𝑘𝜏

)
± 𝑒𝑖 𝑗𝜖

√
𝜋

2
√
𝑘

√
±𝑘𝜏

𝜕𝐻
(1)
a±𝑡

(±𝑘𝜏)
𝜕a±𝑡

���
a±𝑡 =3/2

(45)

where 𝑒𝑖 𝑗 denotes the polarization tensor. As in the case of the scalar power spectra, we also obtain
here two tensor power spectra which describe two point tensor correlations in the direction n̂ and −n̂
respectively. Thus the tensor power spectra in the two hemispheres of the primordial gravitational
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Figure 1: The amplitude of CMB HPA obtained from (42). In the plot we consider the pivot scale
𝑘∗ = 𝑎∗𝐻∗ = 0.05Mpc−1 and 𝑛𝑠 = 0.963. The blue dot with error bar in the plot corresponds to the
observational constraint |𝐴| = 0.066 ± 0.021 on HPA at large angular scales or at low-ℓ − 2 − 64 or
𝑘 . 10−1𝑘∗.

wave sky is give by

𝑃ℎ± =
𝑘3

2𝜋2
4
𝑎2 |𝑢

±
𝑖 𝑗 , 𝑘 |

2

�����
𝜏=± 1

𝑎𝐻

≈ 2𝐻2

𝜋2

(
1 +

(
𝑘

𝑎𝐻

)2
)

± 𝐻2

𝜋
𝜖

(
𝑘

𝑎𝐻

)3
𝐻

(1)
3/2

𝜕𝐻
(1)
a±𝑡

𝜕a±𝑡

���
a±𝑡 =3/2

.

(46)

Very similar to (42) we can define the HPA of tensor power spectrum as

𝑇 (𝑘) =
𝑃ℎ+ − 𝑃ℎ−

4𝑃ℎ

(47)

We can quantify the above amplitude 𝑇 (𝑘) given a model of inflation. [22] In Fig. 2 we depict HPA
amplitude of the tensor power spectra for the case of Starobinsky or Higgs inflation. Like the scalar
power spectra tilt (43), we also obtain the same tilt of the tensor power spectra in the two opposite
directions of the sky i.e.,

𝑑 ln 𝑃ℎ+

𝑑 ln 𝑘
≈

𝑑 ln 𝑃ℎ−

𝑑 ln 𝑘
≈ 𝑛𝑡 ≈ −2𝜖 . (48)

From Fig. 1 and Fig. 2 we can notice that the HPA decreases as the wavenumber increases. This is
very much a reasonable result, short wavelength modes would feel less the curvature of spacetime.
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Figure 2: The amplitude of HPA for tensor power spectra obtained from (47). In the above plot we consider
Starobinsky or Higgs inflation for 𝑁 = 55 number of e-folds corresponding to the pivot scale 𝑘∗ = 0.05Mpc−1.

Both Fig. 1 and Fig. 2 indicate a spontaneous breaking of CPT if confirmed we would transform
our understanding of quantum fields in curved spacetime.

5. Conclusions

In this paper we discussed recent result of [16] hemispherical power asymmetry of primordial
power spectra which has emerged from fundamental questions of discrete spacetime transformations
and their role in quantizing fields in curved spacetime. The result is based on a new scheme of
quantizing fields in curved spacetime especially in inflationary spacetime where field operators and
Fock space are proposed as direct-sum of two components defined by CPT transformations in
the gravitational context. This method of quantization is called direct-sum quantum field theory
(DQFT) and it gives us a way to fully exploit the discrete spacetime transformations which form
the crux of quantum thoery. If the HPA of scalar and tensor power spectra according to DQFT
are confirmed in the future observations of CMB and primordial gravitational waves, we would
learn more clearly about quantum origin of inflationary fluctuations. It is worth to stress here that
HPA of tensor power spectra is predicted for the first time ever based on pure theoretical grounds.
It is obviously a natural step to explore further DQFT and also compute higher order correlations
functions within this program because as a matter of interest the recent Planck data [4] appears to
indicate presence of HPA even in the higher order correlations.
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ABSTRACT

Context. Magnetic switchbacks are localised polarity reversals in the radial component of the heliospheric magnetic field. Observa-
tions from Parker Solar Probe (PSP) have shown that they are a prevalent feature of the near-Sun solar wind. However, observations
of switchbacks at 1 au and beyond are less frequent, suggesting that these structures evolve and potentially erode through yet-to-be
identified mechanisms as they propagate away from the Sun.
Aims. We search for magnetic switchbacks undergoing magnetic reconnection, characterise them, and then evaluate the viability of
reconnection as a possible channel for their erosion.
Methods. We analyse magnetic field and plasma data from the Magnetometer and Solar Wind Analyser instruments aboard Solar
Orbiter between 10 August and 30 August 2021. During this period, the spacecraft was 0.6 -– 0.7 au from the Sun. Using hodographs
and Walén analysis methods, we test for rotational discontinuities (RDs) in the magnetic field and reconnection-associated outflows
at the boundaries of the identified switchback structures.
Results. We identify three instances of reconnection occurring at the trailing edge of magnetic switchbacks, with properties consistent
with existing models describing reconnection in the solar wind. Based on these observations, we propose a scenario through which
reconnection can erode a switchback and we estimate the timescales over which this occurs. For our events, the erosion timescales
are much shorter than the expansion timescale and thus, the complete erosion of all three observed switchbacks would occur well
before they reach 1 au. Furthermore, we find that the spatial scale of these switchbacks would be considerably larger than is typically
observed in the inner heliosphere if the onset of reconnection occurs close to the Sun. Hence, our results suggest that the onset of
reconnection must occur during transport in the solar wind in our cases. These results suggest that reconnection can contribute to the
erosion of switchbacks and may explain the relative rarity of switchback observations at 1 au.

Key words. Sun: solar wind – Sun: heliosphere – plasmas – magnetic reconnection

1. Introduction

Magnetic reconnection is a fundamental energy conversion pro-
cess occurring in many laboratory and astrophysical plasmas.
Reconnection converts magnetic energy into kinetic and ther-
mal energy through a change in magnetic field topology across
current sheets (Pontin 2011; Gosling 2012; Cassak 2016; Hesse
& Cassak 2020). In the context of heliospheric physics, recon-
nection is a key candidate process to explain coronal heating
(Parker 1983, 1988) and solar wind acceleration (Zank et al.
2014; Khabarova et al. 2015; Adhikari et al. 2019).

Statistical studies show that up to 20% of the magnetic en-
ergy is converted into particle heating, while the remainder is
converted into particle acceleration, creating a pair of oppositely
directed bulk outflow jets that stream into the background plasma
(Enžl et al. 2014; Mistry et al. 2017). The proportion of magnetic
energy converted into particle heating and acceleration depends
on the magnetic shear angle (Drake et al. 2009). In the rest frame
of the reconnection current sheet (RCS), the bulk velocity of the
outflow jets is of the order of the local Alfvén speed, although
reconnection events with sub-Alfvénic outflows are not unusual
(Haggerty et al. 2018; Phan et al. 2020).

? e-mail: ho.suen.20@ucl.ac.uk

The reconnection model described by Gosling et al. (2005a)
is frequently used to interpret the spatial structure of reconnec-
tion outflows in the solar wind. The RCS bifurcates, forming
a pair of standing Alfvénic rotational discontinuities (RDs) in
the magnetic field at the edges of the outflow region. According
to the Rankine-Hugoniot conditions, the RDs must be Alfvénic
in nature (Hudson 1970). The outflow region has weaker mag-
netic field strength and increased plasma temperature and den-
sity compared to the background plasma. Interplanetary coronal
mass ejections (ICMEs) (McComas et al. 1994; Gosling et al.
2005a), the heliospheric current sheet (HCS) (Gosling et al.
2005b, 2006b; Phan et al. 2021), and the regular solar wind
(Gosling et al. 2007; Phan et al. 2020) are locations where re-
connection occurs.

Magnetic switchbacks are localised polarity reversals in the
radial component of the heliospheric magnetic field (HMF)
(Bale et al. 2019; Dudok de Wit et al. 2020; Krasnoselskikh
et al. 2020). They are often associated with increases in the radial
component of the bulk proton velocity by a significant fraction
of the local Alfvén speed (Matteini et al. 2014; Horbury et al.
2018; Kasper et al. 2019; Horbury et al. 2020b). Measurements
of suprathermal electrons help us determine the magnetic con-
nectivity during switchback encounters. These electrons stream
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away from the Sun along the open HMF, forming a field-aligned
beam known as the strahl (Owens & Forsyth 2013). The presence
and pitch angle of this beam can be an indicator of the connec-
tivity of open field lines to the Sun (Feldman et al. 1975; Rosen-
bauer et al. 1977): assuming the direction of the strahl velocity
indicates the anti-sunward direction along the encountered mag-
netic field line, the strahl pitch angle in the reversed section of a
folded field configuration, such as switchbacks, is the same as in
the surrounding HMF (Kasper et al. 2019).

Switchbacks have previously been observed by Helios (Hor-
bury et al. 2018), Ulysses (Balogh et al. 1999), and ACE (Owens
et al. 2013) at heliocentric distances between 0.3 – 2.4 au, both
near the ecliptic plane and at high heliolatitudes. Recent observa-
tions from Parker Solar Probe (PSP) show that switchbacks are
a prevalent feature of the near-Sun solar wind (Bale et al. 2019;
Kasper et al. 2019), present for roughly 75% of the time during
PSP Encounter 1 (Horbury et al. 2020b). These structures are
convected over the observing spacecraft on timescales ranging
from a few minutes to a few hours (Dudok de Wit et al. 2020),
and have transverse scales comparable to solar granulation and
supergranulation (Fargette et al. 2021).

The mechanisms responsible for the formation of switch-
backs are still under debate. Recent studies suggest that at least
some proportion of the total switchback population originates
from the solar corona (de Pablos et al. 2022; Telloni et al. 2022).
Processes linked to interchange reconnection (Fisk & Kasper
2020; Drake et al. 2021) and coronal jets (Sterling & Moore
2020; Neugebauer & Sterling 2021) are invoked to explain the
formation of these structures in the corona. Other studies sug-
gest that switchback formation can occur locally in the solar
wind: for example, based on PSP observations, Schwadron &
McComas (2021) propose a mechanism through which switch-
backs are generated by velocity shears between fast and slow
solar wind streams. MHD simulations suggest that Alfvén wave
steepening (Squire et al. 2020; Johnston et al. 2022; Squire et al.
2022) and Kelvin-Helmholtz instabilities (Ruffolo et al. 2020;
Kieokaew et al. 2021) are viable formation mechanisms.

At heliocentric distances of 1 au and beyond, switchbacks are
less frequently seen than in the inner heliosphere, suggesting that
these structures evolve and eventually erode as they propagate
away from the Sun (Tenerani et al. 2020, 2021). Magnetic re-
connection is one possible mechanism that can enhance erosion
of a switchback by removing magnetic flux from the polarity-
reversed section of the magnetic field. Observations from Helios
(Gosling et al. 2006a) and PSP (Froment et al. 2021) show that
reconnection may occur at switchback boundaries.

We present examples of switchback boundary reconnection
events observed by Solar Orbiter and use them to evaluate the
effectiveness of magnetic reconnection as an erosion mechanism
for switchbacks. In Section 2, we describe our data and analysis
methods. In Section 3, we show observations of three instances
of switchback reconnection. In Section 4, we present our inter-
pretation of the switchback and reconnection geometry based
on the observations, and estimate the remaining lifetime of the
switchbacks. In Section 5, we summarise our findings and dis-
cuss their implications on the global properties of switchbacks
in the solar wind.

2. Data and Methods

2.1. Instrumentation

We use publicly available magnetic field and plasma data from
the Magnetometer (MAG, Horbury et al. 2020a) and Solar Wind

Analyser (SWA, Owen et al. 2020) instruments on board So-
lar Orbiter. MAG consists of a pair of fluxgate magnetometers
mounted on the spacecraft boom and has a measurement cadence
of 8 vectors/second in normal mode operation during this period.
SWA is comprised of three sensors — of particular relevance to
this study are the SWA-Proton Alpha Sensor (SWA-PAS) and
SWA-Electron Analyser System (SWA-EAS). SWA-PAS deliv-
ers ground-calculated proton moments (velocity, temperature,
and density) once every 4 seconds for periods of normal mode
operation. We use electron strahl pitch angle distribution (PAD)
data at > 70 eV from SWA-EAS, when available, at a cadence
of 1 measurement per 100 seconds.

For this case study, we sample a time interval during August
2021 for magnetic reconnection outflows in the solar wind, when
the spacecraft was at a heliocentric distance of 0.6 – 0.7 au. We
exclude outflows with crossing durations less than 20 seconds to
ensure that there are at least five proton measurements inside the
outflow region. Out of the ten events that satisfy the selection cri-
teria, three are associated with potential magnetic switchbacks.

2.2. Reference Frames

The MAG and SWA data are initially provided in the RTN co-
ordinate system. This is a spacecraft-centred reference frame in
which R̂ is the Sun-spacecraft radial vector, T̂ is the cross prod-
uct between the Sun’s rotation axis and R̂, and N̂ completes the
triad.

We rotate vector quantities into a current sheet-aligned
(lmn)-frame, defined by the basis vectors l̂, m̂, and n̂. This co-
ordinate system is derived using the hybrid minimum variance
analysis (MVAB) method (Gosling & Phan 2013). We calculate
the current sheet normal direction n̂ as:

n̂ =
B1 × B2

|B1 × B2|
, (1)

where B1 and B2 are the instantaneous magnetic field vectors
on either side of the current sheet. m̂ is given by m̂ = l̂′ × n̂,
where l̂′ is the maximum variance direction unit vector derived
from the standard MVAB method developed by Sonnerup &
Cahill (1967). l̂ completes the triad as l̂ = m̂ × n̂. Since the
MVAB method requires the solution of an eigenvalue problem,
the reliability of l̂′ (and hence, m̂) depends on non-degeneracy
in the eigenvalues corresponding to the maximum (λ1) and in-
termediate (λ2) variance direction eigenvectors. Typically, this
non-degeneracy condition is satisfied if λ1/λ2 ≥ 10 (Sonnerup
& Scheible 1998). Assuming the current sheet is planar and
Bn � Bm, we expect l̂, m̂, and n̂ to broadly correspond to the
exhaust outflow direction, the x-line direction and current sheet
normal direction, respectively.

The deHoffman-Teller (HT) frame is defined as the reference
frame in which the convection electric field vanishes (de Hoff-
mann & Teller 1950). We find the RTN HT frame velocity vHT
by solving the linear matrix equation (Paschmann & Sonnerup
2008) over a given measurement interval

〈B
2
T + B2

N〉 〈−BRBT 〉 〈−BRBN〉

〈−BRBT 〉 〈B2
R + B2

N〉 〈−BT BN〉

〈−BRBN〉 〈−BT BN〉 〈B2
R + B2

T 〉


vHT,R
vHT,T
vHT,N

 =

〈ET BN − EN BT 〉

〈EN BR − ERBN〉

〈ERBT − ET BR〉

 , (2)
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Fig. 1. Combined magnetic field, proton, and electron strahl PAD time series data for Event 1 in the hybrid MVAB lmn-frame. a) Magnetic field
vector with the magnetic field strength in black. b) Proton bulk velocity with the proton bulk speed in black. The average proton bulk velocity 〈vp〉

over this interval has been removed. In both panels, the l-component is in red, the m-component is in green, and the n-component is in blue. c)
Proton temperature (left scale, purple) and number density (right scale, gold). d) Alfvén speed. e) 1D proton energy spectrogram. f) Electron strahl
PAD for energies > 70 eV. The dashed lines mark the region boundaries identified in the text and numbered at the top of the figure.

where B is the magnetic field vector, E is the convection electric
field, and the angled brackets 〈〉 denote averages over the mea-
surements used in this calculation. In the ideal MHD limit, we
assume that E = −vp×B where vp is the RTN frame bulk plasma
velocity.

2.3. Testing for Rotational Discontinuities

Magnetic hodographs are used to illustrate the spatial and tem-
poral evolution of B in 3D; they are plotted in pairs for the lm
and ln-planes of the lmn-frame (Sonnerup & Scheible 1998). If
an RD is present across the current sheet, we expect to see the
temporal variation of B trace a semi-circular arc in the lm-plane
hodograph and a vertical line at Bn , 0 in the ln-plane hodo-
graph.

We use hodographs in conjunction with the Walén relation
to test for Alfvénic RDs across current sheets (Khrabrov & Son-
nerup 1998):

v′p = ±vA = ±
B
√
µ0ρ

, (3)

where v′p = vp − vHT is the HT frame bulk plasma velocity, µ0 is
the permittivity of free space, and ρ is the plasma mass density.
The sign in Eq. 3 indicates whether the Alfvénic fluctuations in
v′p and B are correlated (positive) or anti-correlated (negative).
We test the strength of the Walén relation using component-by-
component scatter plots of v′p against vA, using the least-squares
linear regression method to determine the line of best fit. From
Equation 3, a line of best fit slope of ±1 in the Walén plot is
an indicator of an ideal Alfvénic RD, although previous works
suggest that slopes with magnitudes between 0.5 – 1 are suf-

ficient to demonstrate the existence of an RD across a current
sheet (Paschmann et al. 2005; Dong et al. 2017).

3. Results

3.1. Event 1 – 10 August 2021 07:45:50 - 07:48:45 UT

Figure 1 provides a general overview of the magnetic field and
solar wind conditions observed between 07:40:00 and 07:55:00
UT on 10 August 2021, recorded at a heliocentric distance of
0.72 au. Panel a) shows the magnetic field B and b) shows the
proton bulk velocity v∗p in the lmn-frame. In both panels, the l-
component is in red, the m-component is in green, and the n-
component is in blue. Panel c) shows the proton temperature Tp
in purple and proton number density np in gold, d) shows the
Alfvén speed vA, e) shows the 1D proton energy spectrogram,
and f) shows the electron strahl PAD for energies >70 eV. We
remove the average proton bulk velocity 〈vp〉 across this interval
from the data, such that v∗p = vp − 〈vp〉.

Table 1. Event 1 lmn-frame basis vectors for CS0 and CS1 + CS2 ex-
pressed in RTN coordinates.

Current sheet lmn-frame basis vectors (R, T, N)

l̂ = (0.660,−0.216, 0.719)
CS0 m̂ = (0.016,−0.954,−0.300)

n̂ = (0.751, 0.210,−0.626)

l̂ = (0.677,−0.343, 0.651)
CS1 + CS2 m̂ = (0.086, 0.916, 0.393)

n̂ = (−0.731,−0.210, 0.649)
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Fig. 2. Magnetic hodographs and Walén plots for CS0 (07:45:50 – 07:46:20 UT), CS1 (07:46:35 – 07:46:43 UT), and CS2 (07:48:15 – 07:48:45
UT) in Event 1. Time progression in the hodographs is represented by the colour of the dots, with earlier times in blue and later times in red.
The red, green, and blue dots in the Walén plots represent the R, T , and N-components of the Alfvén velocity vA and the HT frame bulk plasma
velocity vp − vHT. a) lm-plane hodograph for CS0. b) ln-plane hodograph for CS0. c) lm-plane hodograph for CS1 and CS2. d) ln-plane hodograph
for CS1 and CS2. e) Walén plot for CS0. f) Walén plot for CS1. g) Walén plot for CS2.

In RTN coordinates, 〈vp〉 = (322.2,−5.6,−5.6)RT N km s−1

across this time interval and the predominant HMF polarity is
in the anti-sunward (+R) direction. We divide this interval into
several regions marked by the vertical dashed lines. Regions 1
(07:40:00 – 07:45:50 UT) and 4 (07:48:45 – 07:55:00 UT) cor-
respond to the period of quiet HMF and steady, slow solar wind
surrounding this event. The regions shaded in purple are cen-
tered around sharp discontinuities in the magnetic field that we
identify as current sheets.

We derive the lmn-frames for the current sheets at the lead-
ing (CS0) and trailing edges (CS1, CS2) of this event using the
hybrid MVAB method. As the trailing edge current sheets are bi-

furcated, we perform the MVAB analysis from the start of CS1
to the end of CS2. Table 1 shows the lmn-frame basis vectors for
these current sheets. The angular differences between the cor-
responding basis vector pairs of both frames are small, ranging
from 1.7◦ to 8.3◦. Thus, the lmn-frames for the leading and trail-
ing edges of this event are roughly aligned. As we are interested
in the properties of the reconnection outflow, we visualise its
properties in the lmn-frame of the trailing edge current sheet in
Figures 1a and 1b. We do the same for the overview plots of the
other two events.

Across CS0 (07:45:50 – 07:46:20 UT), the polarity of the ra-
dial component of the HMF, BR, flips from the anti-sunward di-
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Fig. 3. Combined magnetic field and proton time series data for Event 2 in the hybrid MVAB lmn-frame. The figure layout is the same as in Figure
1 except for the absence of electron strahl PAD data, which are unavailable for this interval. Panel f) instead shows the signed magnitude of the
alpha-proton velocity difference vector vαp.

rection to the sunward direction. In the lmn-frame of this event,
this corresponds to a reversal in the Bl component of the mag-
netic field from +7 nT to -4 nT. Due to the relatively strong Bm
component, the maximum magnetic shear angle across this cur-
rent sheet is 77.2◦. There is a 20% decrease in the average mag-
netic field strength |B|, from 10 nT in Region 1 to 8 nT in CS0.
vl, the l-component of v∗p, increases from 0 km s−1 to +10 km s−1,
and the average proton bulk speed |v∗p| increases from 4 km s−1

to 13 km s−1. Here, we also measure the maximum Tp of 13 eV
and np of 14 cm−3.

Region 2 (07:46:20 – 07:46:35 UT) encompasses the
polarity-reversed section of this event. Bl decreases to -6 nT, vl
increases further to +24 km s−1 and |v∗p| increases to +27 km s−1.
This is roughly 68% of the local vA of 40 km s−1. There is mini-
mal change in |B|, Tp, and np in this region compared to CS0. The
electron strahl PAD peaks in the field-aligned direction (0◦) both
in the background HMF and in the regions containing polarity-
reversed magnetic flux (CS0 and Region 2).

Across CS1 (07:46:35 – 07:46:43 UT) and CS2 (07:48:15 –
07:48:45 UT), the HMF polarity reverts back towards the anti-
sunward direction observed in Region 1. Bl increases from -6 nT
to +3 nT across CS1 and then increases again from +3 nT to
+9 nT across CS2. In Region 3 (07:46:43 – 07:48:15 UT), Bl
remains roughly constant at +4 nT; this is intermediate between
its value in Region 2 and the background HMF in Regions 1 and
4. The total magnetic shear angle across CS1, CS2, and Region
3 is 117◦. There is a slight decrease in |v∗p| from 25 km s−1 to
an average of 15 km s−1. vl sharply decreases across CS1 and is
negative in Region 3, with an average value of -10k̇m s−1. We
observe gradual decreases in Tp from 12.5 eV to 9 eV and in
np from 14 cm−3 to 12 cm−3. Moreover, we note a brief strahl
dropout across CS1 and the latter part of Region 2, accompanied

by a sustained broadening of the strahl PAD in CS1 and Region
3. As both features are also present in the raw electron counts
data, they are unlikely to be aliasing effects caused by the rapid
rotation of the magnetic field.

Using the methods described in Section 2.3, Figure 2 shows
the magnetic hodographs and Walén plots for CS0, CS1, and
CS2. Panels a) and b) show the hodographs for CS0 in its asso-
ciated lmn-frame, panels c) and d) show the hodographs for CS1
and CS2 combined in their associated lmn-frame, and panels e)
– g) show the Walén plots for CS0, CS1, and CS2. For the Walén
plots, we re-sample B on vp as MAG has higher time resolution
than PAS. We also include all data points 15 seconds before and
after the current sheet crossing in the analysis. This ensures that
a representative number of data points are included in the Walén
plots, even for short-duration current sheets containing only a
single proton measurement inside the current sheet. The choice
of 15 seconds is deliberate, to prevent data points from CS1 con-
taminating the analysis for CS0 and vice-versa. For consistency,
we apply the same method and the same timeframe of 15 sec-
onds to all three events.

In the lm-plane hodographs (Figure 2a, 2c), B across all three
current sheets traces an arc consistent with the measured mag-
netic shear angle. In the ln-plane hodograph for CS0 (Figure 2b),
Bn ' 0 nT at the start and end of the interval, but deflects out to
Bn ' +2 nT in the middle. For CS1 and CS2 (Figure 2d), B has
a small Bn component of −1.0 nT and traces a quasi-vertical line
in the ln-plane. In Figures 2c and 2d, the rotation of B is split
into two arcs that individually correspond to CS1 and CS2. They
are separated by an interval where the orientation of B does not
change significantly, corresponding to Region 3. The magnitudes
of the gradient of the line of best fit of the Walén plots for CS0
(-0.254), CS1 (-0.497), and CS2 (+0.309) fall below the range
0.5 – 1 expected for an Alfvénic structure.
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Fig. 4. Magnetic hodographs and Walén plots for CS0 (10:19:05 – 10:19:11 UT), CS1 (10:20:50 – 10:21:07 UT), and CS2 (10:21:24 – 10:21:28
UT) in Event 2. The figure layout is the same as in Figure 2.

3.2. Event 2 - 30 August 2021 10:19:05 - 10:21:28 UT

Figure 3 shows Event 2 observed between 10:15:00 and 10:25:00
UT on 30 August 2021 at a heliocentric distance of 0.61 au. The
figure layout is the same as in Figure 1, except for the absence
of electron strahl PAD data. In lieu of the strahl PAD, panel f)
instead shows the signed magnitude of the alpha-proton veloc-
ity difference vector vαp = |vα − vp|·sgn(vα,R − vp,R), which we
use as an alternative method of checking for folded field con-
figurations (Fedorov et al. 2021). We obtain this data using the
techniques described in De Marco et al. (2023). For this inter-
val, 〈vp〉 = (438.8,−14.6,−2.3)RT N km s−1 and the predominant
HMF polarity before (Region 1, 10:15:00 – 10:19:05 UT) and
after (Region 4, 10:21:28 – 10:25:00 UT) this event is in the
sunward direction.

We again identify three regions of strong magnetic gradients
and label them CS0, CS1, and CS2. Table 2 shows the lmn-frame
basis vectors for these current sheets. The angular differences

between the basis vectors of the lmn-frames for CS0 and CS1 +
CS2 are 21.6◦ for l̂, 28.4◦ for m̂, and 18.9◦ for n̂.

Table 2. Event 2 lmn-frame basis vectors for CS0 and CS1 + CS2 ex-
pressed in RTN coordinates.

Current sheet lmn-frame basis vectors (R, T, N)

l̂ = (0.971,−0.220,−0.093)
CS0 m̂ = (−0.185,−0.939, 0.287)

n̂ = (−0.151,−0.261,−0.953)

l̂ = (−0.835, 0.550,−0.020)
CS1 + CS2 m̂ = (−0.452,−0.665, 0.594)

n̂ = (0.313, 0.505, 0.804)

BR flips from its sunward-orientation in Region 1 to an
anti-sunward orientation in Region 2 (10:19:11 – 10:20:30 UT)
across CS0 (10:19:05 – 10:19:11 UT). In the lmn-frame, this is
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Fig. 5. Combined magnetic field and proton time series data for Event 3 in the hybrid MVAB lmn-frame. The figure layout is the same as Figure 3.

visible as a reversal in Bl from +10 nT to -9 nT; the maximum
magnetic shear angle across this current sheet is 113◦. There are
no major changes in |B|, vl, and |v∗p| in this region from their
values in the background HMF in Region 1. Tp decreases from
19 eV to 14 eV and there is a brief spike in np up to a value of
29 cm−3.

Region 2 corresponds to the polarity-reversed section of this
event. Bl and |B| both remain approximately constant at -10 nT
and 12 nT, respectively. vl decreases gradually over Region 2
from 0 km s−1 to -14 km s−1, while there is a very slight increase
in |v∗p| from 7 km s−1 to 14 km s−1. This is around 30% of the av-
erage local vA ∼ 45 km s−1. We measure a roughly constant av-
erage Tp of 14 eV and fluctuations in np about an average value
of 25 cm−3.

Bl reverses from -10 nT to +10 nT in two steps across CS1
(10:20:30 – 10:21:07 UT) and CS2 (10:21:24 – 10:21:28 UT),
dwelling at +5 nT in Region 3 (10:21:07 – 10:21:24 UT). The to-
tal magnetic shear across CS1 and CS2 is 134◦ and |B| decreases
from 12.5 nT to 10 nT. Across CS1, vl continues decreasing at
a faster rate than in Region 2, reaching a minimum value of -
45 km s−1 in Region 3. |v∗p| peaks at 50 km s−1, a value ∼ 43%
greater than the local vA ∼ 35 km s−1. We observe increases in
Tp from 14 eV to 25 eV and np from 25 cm−3 to 30 cm−3.

Figure 4 shows the hodographs and Walén plots for Event
2, the format of this figure is the same as in Figure 2. The arc
traced by B in the lmn-frame for CS0, CS1, and CS2 is consis-
tent with the measured magnetic shear. Across the trailing edge
current sheets, the largest rotation in B occurs over CS1. In the
ln-plane, B traces an approximately vertical line and has a Bn
component of +0.5 nT. Around 10:21:00, there are fluctuations
in Bn of ±2.5 nT inside CS1. The Walén plot gradients of +0.077
for CS0 and -0.437 for CS1 are below the range expected for an
Alfvénic RD. Conversely, the Walén plot gradient of +0.973 for
CS2 indicates that the discontinuity in B across this structure is
Alfvénic.

3.3. Event 3 - 30 August 2021 10:03:46 - 10:12:15 UT

Event 3 (Figure 5) is observed between 10:00:00 UT to 10:15:00
UT on 30 August when Solar Orbiter was at a heliocentric dis-
tance of 0.61 au. This event has a duration of around eight min-
utes, four times greater than that of Events 1 and 2. Event 3
occurs in close temporal proximity to Event 2, thus 〈vp〉 and
the background HMF polarity for both events are similar. Table
3 shows the lmn-frame basis vectors for CS0 and CS1 + CS2.
The angular differences between the basis vectors of these lmn-
frames are 24.6◦ for l̂, 20.2◦ for m̂, and 13.9◦ for n̂.

Table 3. Event 3 lmn-frame basis vectors for CS0 and CS1 + CS2 ex-
pressed in RTN coordinates.

Current sheet lmn-frame basis vectors (R, T, N)

l̂ = (−0.970,−0.240, 0.037)
CS0 m̂ = (−0.235, 0.889,−0.394)

n̂ = (0.061,−0.391,−0.918)

l̂ = (−0.977, 0.177, 0.120)
CS1 + CS2 m̂ = (−0.115,−0.908, 0.403)

n̂ = (0.180, 0.308, 0.907)

BR in Region 2 (10:03:46 – 10:11:05 UT) is in the anti-
sunward direction, opposite to the polarity of the background
HMF in Regions 1 (10:00:00 – 10:03:35 UT) and 4 (10:12:15
– 10:15:00 UT). This polarity reversal occurs across CS0
(10:03:35 – 10:03:46 UT), where Bl reverses from +8 nT to -
4 nT with a magnetic shear angle of 61◦. |B|, vl, and |v∗p| do not
deviate noticeably from their values in Region 1. Tp decreases
from 17 eV to 14 eV while there is a slight increase in np from
23.5 cm−3 to 25.5 cm−3.

From 10:03:46 – 10:05:20, Bl remains roughly constant at -
5 nT and decreases further to -10 nT from 10:05:55 UT onwards.
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Fig. 6. Magnetic hodographs and Walén plots for CS0 (10:03:35 – 10:03:46 UT), CS1 (10:11:05 – 10:11:10 UT), and CS2 (10:11:41 – 10:12:15
UT) in Event 3. The figure layout is the same as in Figure 2.

|B| is roughly constant at 12 nT throughout most of Region 2 and
is similar in magnitude to |B| in the background HMF. There is an
increase in |B| between 10:05:20 and 10:05:55 UT that coincides
with near-zero Bl and a large deflection in Bn, suggesting that
this event contains some internal substructure that is not evident
in the other two events. There is no significant change in vl or
|v∗p| in Region 2. Tp for the full duration of Region 2 is roughly
constant at 13 eV, while np increases gradually from 25.5 cm−3

to 30 cm−3.

Across CS1 (10:11:05 – 10:11:10 UT), Bl increases from -
10 nT to -2 nT and then reverses from -1 nT to +9 nT across CS2
(10:11:41 – 10:12:15 UT). In contrast to Events 1 and 2, the
magnetic field does not dwell at a constant orientation in Region
3 (10:11:10 – 10:11:41 UT), but instead shows large fluctuations.
The total magnetic shear across these two current sheets is 95◦.
vl increases from -15 km s−1 to +20 km s−1, accompanied by a
smaller increase in |v∗p| from 10 km s−1 to 24 km s−1. The peak
|v∗p| of 35 km s−1 is observed in Region 3 and is roughly 75% of
the average local vA ∼ 46 km s−1 in this region. We observe a

small increase in Tp from 14 eV to 17 eV, whereas np decreases
from a maximum of 30 cm−3 to 24 cm−3.

Figure 6 shows the hodographs and Walén plots for Event
3. Although not as distinct as Event 1, we still see an arc in
the lm-plane hodographs and a quasi-vertical line in the ln-plane
hodographs for all three current sheets. Across CS1 and CS2, the
rotation in B is no longer clearly separated by a dwell period dur-
ing which the field orientation remains roughly constant. This is
caused by the magnetic field fluctuations in Region 3 causing B
to ’double back’ on itself in both hodographs. According to the
ln-plane hodograph, B has a smaller Bn-component of −0.1 nT
than Events 1 and 2. The Walén plot gradient of -0.297 for CS0
is below the range expected for an Alfvénic RD, whereas the
gradients of +0.867 for CS1 and -0.697 for CS2 indicates that
Alfvénic RDs are present across these two current sheets.
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Fig. 7. Feather plot of the B (blue/light green) and v∗p vectors measured in Event 1 in the ln-plane with the spacecraft trajectory marked by the
dark green arrow. The Bm component of B is represented by the colour bar on the right. Overlaid on top is a possible interpretation of the magnetic
field configuration of the switchback, shown here by the black arrows. The purple lines mark the assumed configuration of the current sheets CS0,
CS1, and CS2. The purple stars show the locations where Solar Orbiter crosses the current sheets.

4. Discussion

4.1. Evidence for reconnection at switchback boundaries

Our overall findings suggest that the three observed events
are magnetic switchbacks undergoing magnetic reconnection at
their trailing edge boundaries. Based on the magnetic field ob-
served in all three events, there is a polarity reversal in BR, first
at CS0 in each case and returning across CS1 and CS2 com-
bined, consistent with magnetic switchbacks. For Event 1, we
note the electron strahl PAD data supports this interpretation.
As expected, the strahl pitch angle remains constant at 0◦ both
in the background HMF and in Region 2, the polarity-reversed
section of the switchback. For Events 2 and 3, we use vαp to
confirm if these events are magnetic switchbacks (Fedorov et al.
2021) as the electron strahl PAD data is unavailable. vαp is posi-
tive in Regions 1, 3, and 4, where there are no polarity reversals
in BR. Conversely, vαp is negative in Region 2 for both events;
vαp ∼ −10 km s−1 for Event 2 and vαp ∼ −20 km s−1 for Event
3. This is in line with the expectation that vαp > 0 in the back-
ground solar wind and vαp < 0 inside the reversed section of a
folded field configuration (Marsch et al. 1982; Reisenfeld et al.
2001).

Anti-correlation between the fluctuations in B and v∗p in CS0
and Region 2 of Event 1 is consistent with an Alfvénic structure.
However, the |v∗p| enhancement of 27 km s−1 inside Region 2 is
68% of the local Alfvén speed of 40 km s−1. This is less than
the enhancements observed at switchbacks in the near-Sun so-
lar wind, which are often roughly equivalent to the Alfvén speed

(Horbury et al. 2018; Kasper et al. 2019; Horbury et al. 2020b).
Combined with the decrease in |B|, accompanying increase in
np, and the Walén plot for CS0 (Figure 2e), these properties sug-
gest that this event also has a non-Alfvénic component (Kasper
et al. 2019; Krasnoselskikh et al. 2020). We do not observe sim-
ilar correlations or any obvious change in v∗p for Events 2 and 3.
These velocity enhancements, if they exist, are considerably less
than the local Alfvén speed. This property is also noted in ref-
erence to previously observed examples of reconnecting switch-
backs (Froment et al. 2021).

The trailing edge boundary of all three switchbacks exhibit
large increases in |v∗p|. The regions of accelerated flow at the trail-
ing edge of the switchbacks are bound by a pair of current sheets
CS1 and CS2 in each case, across which the fluctuations in B and
v∗p are anti-correlated on one side and correlated on the other.
This bifurcation of the RCS at the trailing edge of the switch-
backs and the presence of an accelerated outflow jet are consis-
tent with the Gosling reconnection model (Gosling et al. 2005a).
By contrast, the leading edge boundary of all three switchbacks
show no signatures of current sheet bifurcation, and are instead
comprised of a single current sheet CS0. Furthermore, with the
exception of Event 1, no accelerated flows are observed across
CS0 for the three events. This suggests that in each case, recon-
nection occurs only at the trailing edge boundary of the switch-
backs, while the leading edge boundary of the switchback is non-
reconnecting.

In the case of Event 1 (Figure 1), the v∗p enhancement in the
polarity-reversed section of the switchback (Region 2) is ori-
ented in the +l̂ direction, whereas the v∗p enhancement in the

Article number, page 9 of 13



A&A proofs: manuscript no. main

trailing edge boundary reconnection outflow region (Region 3)
is oriented in the −l̂ direction, suggesting that these two features
are distinct from each other. The cause of the strahl dropout and
broadening of the strahl PAD across CS1 is unknown but is not
an instrumental effect, as a drop in the raw electron counts was
also clearly detected by SWA-EAS at this time.

The hodographs show that five out of the six RCS have clear
signatures associated with RDs, but the magnitudes of the line of
best fit gradients for half of the Walén plots fall below the 0.5–1
range expected for an Alfvénic structure. This suggests that the
reconnection outflow is sub-Alfvénic, a result that is not uncom-
mon for reconnection in astrophysical plasmas (Haggerty et al.
2018). Modifying the Walén relation (Equation 3) by factoring
in a pressure anisotropy term (Paschmann & Sonnerup 2008)
makes no appreciable difference to the results of our analysis.
Other reconnection models (Petschek 1964) and observational
studies (He et al. 2018; Phan et al. 2020) suggest that the recon-
nection outflow region boundaries can be composed of a com-
bination of Alfvénic RDs and slow mode shocks. Shocks are
not accounted for in the Walén relation (Equation 3) and may
reduce the outflow velocity to sub-Alfvénic speeds (Teh et al.
2009; Feng et al. 2017). These may reduce the observed v′p to
34–64% of the predicted vA (Phan et al. 2013, 2020), which is
more consistent with our Walén plots. However, a detailed anal-
ysis of different reconnection models lies beyond the scope of
our work.

4.2. Switchback and Reconnection Geometry

Figure 7 shows a feather plot of the magnetic field and proton
velocity measurements recorded during Event 1. The measured
B is shown by the blue/light green arrows and the measured v∗p is
shown by the solid red arrows. The colours of the B arrows rep-
resent the strength of the Bm component of the magnetic field.
We overlay a possible and consistent interpretation of the mag-
netic field configuration of the switchback on top, shown by the
solid black arrows. As we are limited to measurements along the
trajectory of Solar Orbiter through this structure, the configu-
ration shown here is one of many possible configurations that
we consider consistent with the measurements. We assume that
on large scales, the switchback is rigidly frozen into the bulk
solar wind flow as it is convected across the spacecraft with con-
stant velocity 〈vp〉 = (322.2,−5.6,−5.6)RT N km s−1. Under this
assumption, we map the measurement time stamps t to spatial
coordinates r = −(t − t0)〈vp〉 where t0 is an arbitrary reference
time, defined here at 07:40:00 UT.

The dark green arrow represents the trajectory of Solar Or-
biter through Event 1, from the bottom right to the top left of
the figure. We mark the locations where Solar Orbiter crosses
CS0, CS1, and CS2 with purple stars. In this assumed configura-
tion, the spacecraft starts in the region of quiet anti-sunward (+R)
HMF immediately preceding the switchback. As the spacecraft
crosses the leading edge boundary of the switchback (CS0), the
polarity of the HMF reverses towards a sunward orientation and
|B| decreases relative to the ambient HMF. v∗p gradually increases
and is directed in the +l̂ direction.

The trailing edge boundary of the switchback, formed by the
current sheets CS1 and CS2, together form a Gosling-type bi-
furcated RCS (Gosling et al. 2005a) that bounds the reconnec-
tion outflow region. In order for the reconnection geometry to
be consistent with the observed outflow, we require that the RCS
extends back along the solid purple lines towards a reconnection
site located off-page, in the +l̂ direction of the spacecraft tra-

Fig. 8. Simplified diagram of the switchback and reconnection geome-
try in Event 1, with quantities relevant to the calculation of τ.

jectory. Inside the outflow region, B is roughly parallel with the
spacecraft trajectory. Unlike at the leading edge of the switch-
back, v∗p is directed in the −l direction in this region. After cross-
ing CS2, Solar Orbiter exits the switchback and re-enters the
surrounding solar wind, where conditions are similar to those
observed immediately before the switchback encounter.

In the proposed scenario, magnetic reconnection occurs be-
tween oppositely directed field lines at the trailing edge bound-
ary of the switchback. Within the overall geometry of the switch-
back, this topology may result in the formation of a magnetic
flux rope on one side of the reconnection site and kinked mag-
netic field lines on the other. The strahl PAD in the outflow re-
gion (Region 3) shows that Solar Orbiter passes through the side
of the reconnection site containing open magnetic flux. Magnetic
tension in these newly reconnected field causes them to recoil
away from the reconnection site and straighten out, unwinding
the switchback in the process. In this regard, our interpretation
has many similarities with one proposed by Fedorov et al. (2021)
to explain the formation of magnetic flux ropes at switchback-
like structures observed near 1 au.

4.3. Estimating the timescales for switchback erosion

We can estimate the remaining lifetime, τ, of the three switch-
backs discussed in this paper as they are being eroded by mag-
netic reconnection, assuming reconnection is the sole erosion
mechanism and proceeds uniformly at the observed rate. This
parameter depends on the magnetic flux φS B remaining in the
polarity-reversed portion of the switchback which is yet to be
reconnected, as well as the total rate of magnetic flux transport
2φ̇in into the reconnection site from both sides of the reconnec-
tion region. As illustrated in Figure 7, our proposed switchback
geometry suggests that we only have direct measurements of the
magnetic field and plasma in the outflow on one side of the re-
connection region. These measurements allow us to quantify the
rate of magnetic flux transport, φ̇out, on that side of the outflow.
Under the conservation of magnetic flux, 2φ̇in = 2φ̇out, this leads
to:

τ =
φS B

φ̇in
=
φS B

φ̇out
. (4)

Figure 8 shows a simplified diagram of the assumed switch-
back and reconnection geometry depicted in Figure 7. We first
consider the amount of magnetic flux φout transported by the re-
connection outflow vout in time dt. The general expression for
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Table 4. Λ: switchback width, BS B: magnetic field strength in the switchback, Bout: magnetic field strength in the outflow region, vout: exhaust
outflow bulk speed, 〈vS W〉: average solar wind speed, τ: remaining lifetime of the switchback, D: convection distance travelled by switchback
before fully eroding away.

Event Λ (km) Bl,S B (nT) Bn,out (nT) vl,out (km s−1) |〈vp〉| (km s−1) τ (min) D (au)
Event 1 3570 -4.8 -1.0 -7.2 322 40 0.005
Event 2 10100 -9.7 0.5 -28.3 439 126 0.02
Event 3 31700 -7.5 -0.1 15.4 443 2005 0.4

magnetic flux through a surface composed of infinitesimal sur-
face elements dS is given by φ =

∫
B · dS. In this 2D config-

uration, we define the surface element as dSout = hLn̂, where
h = vl,outdt is the distance the reconnected field lines are con-
vected by the outflow in time t, and L is the out-of-plane extent
of the switchback. Hence,

φout =

∫
Bout · dSout ≈ Bn,outvl,outLdt, (5)

where Bn,out is the average Bn-component of the magnetic field
in the outflow region. This is equivalent to

φ̇out ≈ Bn,outvl,outL. (6)

The distance w travelled by Solar Orbiter in the polarity-
reversed section of the switchback (Region 2) is trajectory-
dependent and hence, is an unreliable measure for the switch-
back width. We instead use Λ = 〈vp〉ndtS B, the perpendicular
distance between CS0 and CS1, to estimate the width of the
polarity-reversed section of the switchback. Here, dtS B is the
crossing duration of Region 2. Applying similar reasoning to the
derivation of φout above, we estimate the φS B to be:

φS B =

∫
BSB · dSSB ≈ Bl,S BΛL. (7)

Here, we have oriented the surface element dSSB = ΛLl̂ along
the l-direction, as Bl,S B is the component of BSB that reconnects.
Finally, we substitute Equation 6 and 7 into Equation 4 to obtain
the time remaining until complete erosion of the switchback:

τ =
Bl,S BΛ

Bn,outvl,out
(8)

We estimate the remaining convection distance D until the com-
plete erosion of the switchback as D ' |〈vp〉|τ.

Table 4 shows the estimated τ and D for the three events
discussed in this paper. From Equation 8. τ depends linearly on
switchback width Λ, which determines the amount of magnetic
flux remaining in the polarity-reversed section of the switchback;
and is inversely proportional to vl,out, which indicates the rate at
which reconnected flux is transported away from the reconnec-
tion site. Since Event 1 has the smallest width of Λ = 3570 km
and the largest absolute Bn,out of 1.0 nT, it has the shortest τ of 40
minutes despite having the slowest absolute vl,out of 7.2 km s−1.
Given the small Λ and short τ compared to the other two events,
this suggests that Event 1 may be a switchback that has almost
been completely eroded by reconnection. Conversely, Event 3 is
the widest with Λ = 31700 km and the smallest Bn,out of 0.1 nT,
a factor of ten smaller than Bn,out for Event 1. As a result, it has
the longest τ = 2005 minutes out of the three events. Event 2 is
roughly three times wider than Event 1 with Λ = 10100 km and
has Bl,S B = 9.7 nT twice as large as Event 1, but has the greatest
vl,out = 28.3 km s−1. Its τ = 126 minutes is thrice as long as for
Event 1. D travelled by these three switchbacks before they fully
erode range from 0.005 au (Event 1) to 0.4 au (Event 3).

4.4. Implications on switchback formation and evolution in
the heliosphere

A key assumption we have made in our calculations in Section
4.3 is that reconnection proceeds uniformly at the observed rate.
Because we have no information about the time history of these
switchbacks as they evolve from their place of origin to their
place of detection, we do not know when or where the onset of
reconnection occurs. Therefore, neither τ nor D should be taken
as the actual time or distance between reconnection onset and
complete erosion of the switchback.

However, τ and D are both small compared to the charac-
teristic timescales and distances of the solar wind expansion,
which suggests that reconnection is a fast and efficient mech-
anism through which switchbacks can be eroded. To highlight
this point, let us assume that the onset of reconnection occurs at
heliocentric distances similar to PSP perihelion 1 (∼ 0.2 au), dur-
ing which PSP made its observations of prominent switchbacks
and switchback patches (Bale et al. 2019; Kasper et al. 2019;
Horbury et al. 2020b). If the reconnection rate remains constant
during transport in the solar wind, Λ for the observed switch-
backs at these distances would be 0.1 – 0.5 solar radii. This is
significantly larger than what was observed by PSP and has two
possible implications.

The first is that the switchbacks are formed near the Sun and
propagate stably into interplanetary space, before encountering
conditions enabling the onset of reconnection and thus the rapid
erosion of the switchback. This scenario would explain the rarity
of observations of reconnection at switchback boundaries, as the
observing spacecraft would need to serendipitously encounter
the switchback at almost the same time as reconnection onset.
It would also explain why fewer switchbacks are observed at 0.6
– 0.7 au by Solar Orbiter compared to PSP at heliocentric dis-
tances < 0.2 au. Furthermore, Tenerani et al. (2020) demonstrate
that large switchbacks formed in the corona can only survive
out to ∼ 0.2 au if the background solar wind conditions are suffi-
ciently calm, before the parametric decay instability causes them
to decay.

The second explanation is that the switchbacks are formed
in-situ in the solar wind at a time much closer to the time of
their detection. This is supported by new results from Macneil
et al. (2020) and Pecora et al. (2022) that suggest the occur-
rence rate of magnetic switchbacks increases with heliocentric
distance. There is the possibility that two (or more) populations
of switchbacks exist: those that form in the Sun’s corona, and
those that form in the solar wind (Tenerani et al. 2021).

5. Conclusions

Using Solar Orbiter data from 10 August and 30 August 2021,
we identify three magnetic switchbacks at heliocentric distances
between 0.6 – 0.7 au. The trailing edge boundaries of all three
events show signatures of jetting and current sheet bifurcation
consistent with the Gosling reconnection model (Gosling et al.
2005a).
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We propose a possible configuration of the switchback ob-
served on 10 August and reconnection geometry based on mea-
surements of the switchback. In this scenario, reconnection at
the trailing edge boundary of the switchback results in the for-
mation of a magnetic flux rope on one side of the reconnection
site and kinked field lines on the other. Magnetic tension causes
the reconnected field lines to recoil away from the reconnection
site, resulting in the unwinding of the switchback. In this pa-
per, we only find cases in which magnetic reconnection occurs
at the trailing edge boundary of switchbacks. However, in prin-
ciple, this process may also occur at the leading edge bound-
ary of switchbacks or at the leading and trailing edge bound-
aries simultaneously. Although magnetic tension acts naturally
to straighten field line kinks in non-reconnecting switchbacks as
well, our observation-driven scenario suggests that reconnection
can increase the rate at which these structures unwind.

Our estimates of the remaining lifetime of the switchbacks
suggest that they erode within a few minutes to a few hours after
being observed by Solar Orbiter. During this time, the switch-
backs are carried a further 0.005 – 0.4 au by the surrounding so-
lar wind flow. If typical, these results could explain why switch-
backs are rarely seen at 1 au and has implications on how these
structures form and evolve in the heliosphere. The short τ and
small D relative to the characteristic timescales and distances of
the solar wind expansion show that reconnection is an efficient
process for switchback erosion. This suggests that the onset of
reconnection must occur during transport in the solar wind in our
examples and supports theories of switchback formation in-situ
in the solar wind.

There are some caveats to our results and interpretation. The
use of single-spacecraft measurements limits our knowledge of
the magnetic field and solar wind conditions inside the switch-
back to what is observed along the spacecraft’s trajectory. Fur-
thermore, we also have no information about the time history
of the switchbacks. Consequently, we do not know when the
onset of reconnection occurs at the switchback boundaries, nor
whether this process creates a flux rope embedded within the
switchback. Therefore, our interpretation must be understood as
one possible scenario that we consider with the measured knowl-
edge of the field and plasma geometry.

In order to further develop the ideas presented here, multi-
spacecraft observations will be needed. Radial line-up oppor-
tunities between Solar Orbiter and other spacecraft such as
PSP will allow us to track the temporal evolution of individual
switchbacks with heliocentric distance, and identify the condi-
tions required for reconnection to occur at their boundaries. Re-
peating our analysis on PSP events (Froment et al. 2021) and
comparing the results with the ones discussed here would also
be an interesting idea to explore in future studies.

Our model predicts that reconnection will convert a por-
tion of the switchback into a magnetic flux rope disconnected
from the Sun. Such a structure will appear as a reversal in the
HMF polarity but can be distinguished from a switchback in
the strahl PAD data. Simultaneous multi-point measurements
of the switchback, reconnection outflow region, and flux rope
by constellation-type missions such as Cluster (Escoubet et al.
1997), MMS (Burch et al. 2016), and the upcoming HelioSwarm
(Klein et al. 2019; Broeren et al. 2021; Matthaeus et al. 2022)
will allow us to verify the validity of our model. These types of
measurements can also better constrain the 3D geometry of these
structures and isolate spatial variations from temporal variations.
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ABSTRACT

Transition-edge sensors (TESs) have found a wide range of applications in both space- and land-based astronom-
ical photon measurement and are being used in the search for dark matter and neutrino mass measurements.
A fundamental aspect of TES physics that has not been investigated is the sensitivity of TESs to strong DC
electric fields (10 kV m−1 and above). Understanding the resilience of TESs to DC electric fields is essential
when considering their use as charged particle spectrometers, a field in which TESs could have an enormous
impact. Techniques such as x-ray photoelectron spectroscopy produce a high number of low-energy electrons
that are not of interest and can be screened from the detector using electrostatic deflection. The use of strong
electric fields could also provide a mass-efficient route to prevent secondary electron measurements arising from
cosmic radiation in space-based TES applications. Integrating electron optics into the TES membrane provides
an elegant and compact means to control the interaction between charged particles and the sensor, whether by
screening unwanted particles or enhancing the particle absorption efficiency but implementing such techniques
requires understanding the sensitivity of the TES to the resulting electric fields. In this work, we applied a
uniform DC electric field across a Mo/Au TES using a parallel pair of flat electrodes positioned above and below
the TES. The electric field in the vicinity of the TES was enhanced by the presence of silicon backing plate
directly beneath the TES. Using this arrangement, we were able to apply of electric fields up to 90 kV m−1 across
the TES. We observed no electric field sensitivity at any field strength demonstrating the capability to use TESs
in environments of strong electric fields.

Keywords: Transition-edge sensors, electric field, superconductivity, particle detection

1. INTRODUCTION

Transition-edge sensors (TESs) are highly-sensitive superconducting energy detectors with applications spanning
astronomical instrumentation,1–3 single photon detection,4,5 dark matter searches6,7 and neutrino mass mea-
surements.8 There is also growing interest in using TESs as massive particle calorimeters for electron or ion
measurements.9–12 With the expanding range of applications for this technology, it is important to be aware
of how the environments these detectors are used in may impact their performance. The sensitivity of TESs to
magnetic fields has been investigated13,14 but there has been little consideration of the effect of static electric
fields on TES operation. Understanding the sensitivity of TESs to DC electric fields is valuable when considering
the application of these devices to measuring charged particles, where the ability to use strong electric fields to
accelerate, screen or deflect charged particles would be highly advantageous.

Transition-edge sensors exploit the extremely sharp resistance-temperature dependence of a metal in its
superconducting transition window to provide high-resolution energy measurement of incident particles. In
operation, the TES is voltage-biased at a point within the resistive-superconducting transition. An electrothermal
feedback process maintains the device temperature by balancing absorbed power against reduced Ohmic power
dissipation. The corresponding change in the device current can be measured to determine the total energy
absorbed. A key factor in the versatility of TESs is the ability to decouple energy absorption and measurement
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into separate absorber and superconducting structures. This allows for a range of absorber designs, targeting
specific particles and energy ranges, all using the same detector technology.

However, as the TES is sensitive to the deposition of any source of thermal energy into the detector, there
remains the potential for the absorption and measurement of unwanted particles. For example, in space-based
measurements, cosmic ray events have been observed to be a considerable source of measurement noise.15 Alter-
natively, in electron spectroscopy techniques such as Auger and x-ray photoelectron spectroscopy, a high level of
low-energy electrons under 200 eV are present that are of no interest to the measurement.

One possible solution to preventing charged particles reaching the detector would be to integrate electrostatic
deflection into the TES absorber design itself but this would require the TES to be robust in the presence of
the resulting electric field. Such designs could also prove valuable for preventing the measurement of secondary
electrons from cosmic rays, for example. Alternatively, instead of screening charged particles, static electric fields
could be used to controllably shift the energy of charged particles reaching the TES, allowing one to shift the
energy range of interest for a particular experiment to align with the energy range of greatest detector energy
resolution.

It is not immediately clear whether static electric fields with the intensity required for these applications
would observably change the behaviour of TESs. While we expect that applying electric fields will have little
effect upon the superconducting components themselves, the electric fields could alter the operation of a TES
measurement, for example by coupling to two-level systems within the substrate changing the TES heat capacity.
There also remains the possibility of coupling between the TES and the field by previously unconsidered mecha-
nisms. Therefore, we investigated the electric field sensitivity of Mo/Au bilayer TESs to determine whether the
application of static electric fields to these devices observably alter the behaviour of these devices.

2. EXPERIMENTAL

SiN
Legs

Mo/Au
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Nb
Contact

50 μma)

140 μm
∙

225 μm

500 μm

21 μm

Backing Plate

Bias Ground

Bias Plate

Device
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Figure 1. a) Image of a suspended Mo/Au TES with backing plate pillar visible beneath, representative of design of the
10×10 µm device reported here. The inset shows an enhanced depth of field image of a different device with a backing
plate pillar visible underneath. b) Diagram of device and backing plate positions in relation to bias plate and ground.

TES electric field sensitivity was measured using voltage-biased 40/120 nm Mo/Au bilayer TESs and a Tc

of 200 mK. The TES was suspended on 225 nm thick micromachined silicon nitride membrane connected to the
thermal bath by four 50 µm long and 1.5 µm wide silicon nitride legs. Electrical contacts were made to the TES
using niobium leads. Fig. 1a provides an image of a representative TES; the device reported here has bilayer
dimensions of 10×10 µm. Further details of device design and fabrication are provided in Ref. 14.

The devices were cooled using an adiabatic demagnetisation refrigerator (ADR) with the sample temperature
regulated to 120 mK for the described measurements. TES readout was performed using two-stage SQUID
amplification.

The TES device chip was clamped to a grounded copper surface of the ADR cold stage with a backing plate
placed between the chip and the grounded circuit. A copper bias plate was attached to the clamp such that it was



held 140 µm above device chip, parallel to the TESs. The backing plate was made of silicon with pillars extending
204 µm into each device well, positioning the top of the pillar 21 µm from the device layer. This arrangement is
shown in Fig. 1b and an example of a backing plate pillar is visible in Fig. 1a. The top of each silicon pillar was
capped with 300 nm of niobium. This experimental arrangement was adapted from14 to perform these electric
field measurements.

The dielectric backing plate pillars have the effect of enhancing the electric field strength in the vicinity of the
device. Modelling the structure with parallel-plate capacitance between the bias and backing plates, the electric
field strength experienced by the TES, E, is

E = V
ε2

ε1d2 + ε2d1
, (1)

where V is the applied plate bias, ε1 and ε2 are the permittivities of vacuum and silicon, and d1 = 704µm
and d2 = 161µm are the distances from the top of the backing plate pillar to the bias plate and bias ground,
respectively. Using Eq. 1, at 20 V applied plate bias and relative permitivitty of 11.5 for low-temperature silicon,
the TES experiences 90 kV m−1 electric field strength.

3. RESULTS AND DISCUSSION
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Figure 2. a) TES voltage-current relation measured at 120 mK bath temperature. b) TES power flow to bath plotted
against TES bias voltage measured. In both figures, measurements taken from 0 V to 20 V applied plate bias at 1 V
intervals have been overlaid with no clear effect of the plate bias at this scale.

Fig. 2a shows the TES voltage-current relation measured at 120 mK with applied bias plate voltages spanning
0 to 20 V. The TES was biased within its superconducting transition and so the device displayed finite resistance
and Joule heating. At equilibrium temperature, with no external energy absorption, Joule heating, Pv, and
power dissipation, Pb, from the TES to the bath must balance such that

Pv (VTES, T ) =
V 2

TES

R(T )
= Pb (T, Tb) , (2)

where VTES is the TES bias voltage, R(T ) is the temperature-dependent TES resistance and Tb is the bath
temperature. Fig. 2b shows the TES voltage-power relation calculated using Eq. 2. In both of these graphs, the
measurements at different electric field strengths from 0 to 90 kV m−1 have been overlaid with no clear differences
between the lines observable at this scale.

Fig. 3 shows the thermal power dissipation measured at a fixed TES bias point, shown by the vertical lines
in Fig. 2 as a function of plate bias voltage (Vplate). At this bias point, the TES displays half of its normal state
resistance. A small negative correlation was observed between the Pb and the applied plate bias. Additionally,
the measurements at 17 and 18 V biases were notably smaller than the rest of the measurements. Fig. 3b plots
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Figure 3. a) TES power flow to bath plotted against plate bias voltage from 0 to 20 V, measured at the normal-state
resistance (Rn/2) TES bias voltage. The error bars were calculated using a standard deviation of the measured tempera-
ture variation during each measurement. b) The data in (a) plotted against bath temperature with the Vplate colour scale
showing the applied plate bias.

the data from Fig. 3a but against measured bath temperature where a clear downward trend is also visible. The
anomalous readings at 17 and 18 V are the two datapoints visible over 121 mK.

The thermal power flow between the TES and the thermal bath can be modelled as

Pb (Tc, Tb) = K (Tn
c − Tb

n) , (3)

where Tc is the critical temperature, K is a constant determining the strength of the thermal conductance between
the TES and the bath, and n is a parameter dependent on the dimensionality of this thermal link. The gradient
of the dotted line in Fig. 2c was calculated using Eq. 2 and previously measured values of n, and K of 2.4 and
5.4 pW/Kn, respectively. The agreement between predicted and observed temperature dependence shows that the
anomalously low measurements at 17 and 18 V biases are demonstrably dominated by temperature effects and so
they were excluded from the gradient calculation in Fig. 2b, resulting in a gradient of -0.026±0.012 fW V−1. The
standard error of this linear fit is ±0.012 fW V−1 showing that the TES is far more sensitive to sub-millikelvin
changes in bath temperature than the electric field strengths below 90 kV m−1 and the observed trend in dP/dV
could have arisen from small drifts in bath temperature below the temperature measurement’s precision limit.

The results from Fig. 2 and Fig. 3 do not show any observable electrostatic effect but can be used to obtain
an upper bound on the relation between TES thermal conductivity G and electric field strength. Thermal
conductivity, G depends on K by the relation

G =
dP

dTc
= nKTn−1

c . (4)

If we assume that dP/dVplate from Fig. 3a is solely due to a linear dependence of K due to electric field strength,
the upper bound sensitivity of G to the applied field is calculated as (dG/dE) = 1 × 10−19 (W K−1)/(V m−1).

This value can be rewritten as a proportional change in G of G−1(dG/dE) = -0.07 (MV/m)
−1

.

With an upper bound placed upon the change in thermal conductivity, the sensitivity of the effective TES
response time, τeff, to electric fields places a limit on the change in TES heat capacity C to electric field strength.
The TES effective response time is given by

τeff =
nC

αG
, (5)

where α is a measure of the TES temperature-resistance gradient. Fig. 4a shows the measured TES response at 0
and 20 V plate bias. Both responses were modelled as exponential decays with fitted decay constants of 0.370 ms
and 0.368 ms. The standard error of these fits are ±0.002 ms, highlighting the similarity in the responses. It is
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Figure 4. a) TES response measured at 0 and 20 V applied plate bias. The inset provides the residual from subtracting
the 0 V and 20 V measurements. The red line shows the fitted response using a single exponential decay constant. b) The
maximum difference between two exponential decays with time constants differing by ∆τeff calculated using Eq. 6 for the
exponential fit in (a).

important to note that a single exponential decay constant does not fully characterise the TES response and so
additional uncertainty is present in the estimates of τeff that has not been accounted for. However, of interest
here is the possible change in τeff upon applying an electric field. If the observed time constant τeff is assumed
to differ at 0 and 20 V applied biases, the deviation in current between the two time response measurements,
represented by ∆I, is

∆I = A

(
exp

(
−t
τeff

)
− exp

(
−t

τeff + ∆τ

))
(6)

with the difference in response times represented as ∆τ , for a pulse starting at t = 0 with maximum amplitude
A. As no shift in TES response was observed, the magnitude of ∆τ must be constrained by the measurement
noise. One conservative estimate of this constraint would be to require that ∆I be smaller than the observed
RMS noise in the measurement. ∆I reaches its maximum value at

tm =
−τeff (τeff + ∆τ)

∆τ
log

(
τeff

τeff + ∆τ

)
. (7)

Fig. 4b shows the maximum deviation calculated using Eq. 6 and Eq. 7 between two exponential decays of the
form fitted in 4 when modifying one decay constant. The dashed horizontal line labelled σ represents the RMS
noise level in the TES response measurements. The upper bound deviation in τeff can be seen to be 33 µs,
corresponding to an 9% uncertainty in τeff. The constraint on τeff is an order of magnitude less restricting than
that placed on the thermal conductivity using Fig.2 and so can be largely attributed to a possible change in heat
capacity. Once more, assuming C varies linearly with applied field strength, a 9% change in heat capacity by
applying 20 V plate bias sets an upper bound of C−1(dC/dE) = ±1.0 (MV/m)

−1
on the sensitivity of TES heat

capacity to applied electric fields.

4. CONCLUSION

We have measured no observable effect of electric field upon TES behaviour up to 90 kV m−1. This null result
has been used to determine upper bounds upon the change of TES heat capacity and thermal conductivity in
the presence of a DC electric field. The relative changes in thermal conductivity and heat capacity are smaller
than -0.07 (MV/m)

−1
and 1.0 (MV/m)

−1
, respectively. These values are limited by measurement uncertainty

rather than any observable effect and so it is likely that significantly greater field strengths can be used with no
negligible impact on TES performance. This lack of sensitivity allows for the use of components with a strong
DC field to be used in the vicinity of operational TESs without the need for shielding. Such components would
be desirable when using TESs in the presence of charged particles, either to screen unwanted particles or enhance
absorption efficiency of charge particles of interest.
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CREX and PREX-II motivated relativistic interactions and their implications to the

bulk properties of nuclear matter and neutron star
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We investigate the implications of parity-violating electron scattering experiment on neutron
skin thickness of 48Ca (CREX) and 208Pb (PREX-II) data on the bulk properties of finite nuclei,
nuclear matter and neutron stars. The neutron skin thickness from the CREX and PREX-II data
is employed to constrain the parameters of relativistic mean field models which includes different
non-linear, self and cross-couplings among isoscalar-scalar σ, isoscalar-vector ω, isovector-scalar δ
and isovector-vector ρ meson fields up to the quartic order. Three parametrizations of RMF model
are proposed by fitting CREX, PREX-II and both CREX as well as PREX-II data to assess their
implications. A covariance analysis is performed to assess the theoretical uncertainties of model
parameters and nuclear matter observables along with correlations among them. The RMF model
parametrization obtained with the CREX data acquires much smaller value of symmetry energy
(J= 28.97± 0.99 MeV), its slope parameter (L= 30.61±6.74 MeV) in comparison to those obtained
with PREX-II data. The neutron star properties are studied by employing the equations of state
(EoSs) composed of nucleons and leptons in β equilibrium.

I. INTRODUCTION

The nuclear equation of state (EoS) plays a vital role
for understanding the properties of strongly interacting
many body systems like atomic nuclei and neutron stars
[1–3]. The nuclear symmetry energy and its density de-
pendence are key features of nuclear EoS. Constraining
the density dependence of symmetry energy represents a
long-standing and unresolved question in nuclear physics
and astrophysics [3]. The density dependence of the sym-
metry energy has implications in a variety of phenomena
such as heavy-ion collisions, core-collapse supernovas and
neutron-star structures. Although important, this quan-
tity cannot be directly measured in the laboratory, it
can only be derived from theories and thus to constrain
their values it is necessary to identify and use relevant
observables on finite nuclei. A neutron star is a highly
dense and asymmetric nuclear system that has a central
density of about 5-6 times the nuclear saturation den-
sity [4]. The study of the neutron star proclaims that
its internal structure is more complex as new degrees of
freedom like hyperons and quarks appear in the core.
The properties of the neutron star like mass, radius, and
tidal deformability can be explained by taking into ac-
count the interaction between nucleons and the mesonic
degree of freedom in the form of Lagrangian. This pro-
vides an EoS which is the main input for the calculation
of neutron star properties. The several relativistic mean
fields (RMF) models having effective lagrangian density
consisting of nonlinear σ, ω, ρ and δ terms and cross
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terms have been analyzed for nucleonic matter and nu-
cleonic along with hyperonic matter and accosted with
the constraints of nuclear matter properties and astro-
physical observations of compact star masses [5–7]. The
nuclear theory studies [8–10] are mainly focusing on un-
derstanding the dense matter in compact stars (CS). The
constraints on EoS at high density are imposed with accu-
rate information of a neutron star’s maximum mass and
radius [1, 11, 12]. The precise measurement of masses
of millisecond pulsars such as PSR J1614-2230 [13], PSR
J0348+0432 [14] show that the maximum mass of the
neutron star should be around 2 M⊙. The recent obser-
vations with LIGO and Virgo of GW170817 event [15, 16]
of Binary Neutron Stars merger and the discovery of CS
with masses around 2M⊙ [13, 14, 17–20] have intensi-
fied the interest in these intriguing objects. The analysis
of GW170817 has demonstrated the potential of gravita-
tional wave (GW) observations to yield new information
relating to the limits on CS tidal deformability.
The recent precise parity-violating electron scattering ex-
periments on 48Ca (CREX) [21] and 208Pb (PREX-II)[22]
provide new insights into the neutron skin thickness of
nuclei. These experiments are helpful in determining the
nuclear weak charge form factor by measuring the parity-
violating asymmetry. The weak charge form factor has a
strong correlation with the density dependence of sym-
metry energy and neutron skin thickness of nuclei and
plays an important role in probing the isovector chan-
nels of energy density functionals. The parity-violating
electron scattering experiments give precise and model-
independent data for the nuclear weak charge form factor
that can be used to constrain the energy density function-
als [23]. The weak charge form factors of 48Ca and 208Pb
reported by CREX and PREX-II experiments and their
measured parity-violating asymmetry has been analyzed
using density functionals and reached on a conclusion
that it is difficult to describe parity-violating asymme-
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try simultaneously in both nuclei [24, 25]. The Calcium
Radius Experiment (CREX) has recently given a model-
independent extraction of neutron skin thickness of 48Ca
as ∆rnp = 0.121 ± 0.026 fm [21] which suggests softness
of density dependence of symmetry energy. The Lead
Radius Experiment (PREX) has recently given a model-
independent extraction of neutron skin thickness of 208Pb
as ∆rnp = 0.283 ± 0.071 fm [22] by combining the orig-
inal PREX result with the new PREX-II. The ∆rnp has
been identified as an ideal probe on symmetry energy - a
key but poorly known quantity that describes the isospin
dependence of EoS of nuclear matter and plays a crucial
role in various issues in nuclear physics and astrophysics.
The neutron skin thickness of the Lead nucleus exhibits
a strong positive linear correlation with the slope of sym-
metry energy (L) at saturation density. The value of L
around the saturation density strongly affects the Mass-
Radius relation and tidal deformability (Λ) of a neutron
star and provides a unique bridge between atomic nuclei
and neutron star. The large value of ∆rnp = 0.283 ±
0.071 fm suggests a very stiff EoS and large value of L
around saturation density and generally gives rise to a
large value of neutron star radius and the tidal deforma-
bility [26]. The upper limit on Λ1.4 ≤ 580 for GW170817
requires softer EoS and hence softer symmetry energy
coefficient [15]. The heaviest neutron star 2.14+0.10

−0.09M⊙

of PSRJ0740+6620 [27] also limits the EoS for symmet-
ric nuclear matter (SNM). The flow data from heavy ion
collisions suggests that the EoS for SNM should be rela-
tively softer [28].
The motivation of the present work is to generate three
new relativistic interactions for the Lagrangian density
of the RMF model to investigate the effect of CREX and
PREX-II data on neutron skin thickness for 48Ca and
208Pb nuclei on the bulk nuclear properties and observed
astrophysical constraints on neutron stars. A covariance
analysis can also be performed to assess the theoretical
uncertainties of model parameters and nuclear matter ob-
servables along with correlations among them.
The paper is organized as follows, in section II, a brief
outlines of the RMF Lagrangian, equations of motion
and EoS for neutron stars is provided. In section III, the
procedure for optimization of the model parameters and
covariance analysis is discussed. Numerical results and
detailed discussions features of model parametrizations,
finite nuclei, bulk nuclear matter, neutron star matter
and correlations amongst nuclear matter observables and
model parameters are presented in section IV. Finally, we
give a summary in section V.

II. THEORETICAL MODEL

The Lagrangian density for the RMF model used in the
present work is based upon different non-linear, self and
inter-couplings among isoscalar-scalar σ, isoscalar-vector
ωµ, isovector-scalar δ and isovector-vector ρµ meson fields

and nucleonic Dirac field Ψ [5–7, 29], is given by

L =
∑

B

ΨB[iγ
µ∂µ − (MB − gσBσ − gδBδ · τ3)− (gωBγ

µωµ

+
1

2
gρBγ

µτB .ρµ)]ΨB +
1

2
(∂µσ∂

µσ −m2
σσ

2)

−
κ

3!
g3σNσ3 −

λ

4!
g4σNσ4 −

1

4
ωµνω

µν +
1

2
m2

ωωµω
µ

+
1

4!
ζg4ωN (ωµω

µ)2 −
1

4
ρµνρ

µν +
1

2
m2

ρρµρ
µ

+
1

2
(∂µδ∂

µδ −m2
δδ

2) +
1

2
Λωρg

2
ωg

2
ρωµω

µρµρ
µ

−
1

4
FµνF

µν −
∑

B

eΨBγµ
1 + τ3B

2
AµΨB

+
∑

ℓ=e,µ

Ψℓ (iγ
µ∂µ −Mℓ)Ψℓ. (1)

The equation of motion for baryons, mesons, and photons
can be derived from the Lagrangian density defined in
Eq.(1). The equation of motion for baryons can be given
as,

[

γµ
(

i∂µ − gωBωµ − 1
2
gρBτB .ρµ − e 1+τ3B

2
Aµ

)

−

(MB − gσBσ − gδBδ · τ3)

]

ΨB = ǫBΨB. (2)

The Euler-Lagrange equations for the ground-state ex-
pectation values of the mesons fields are

(

−∆+m2
σ

)

σ =
∑

B

gσBρsB −
κ

2
g3σNσ2 −

λ

6
g4σNσ3

(3)

(

−∆+m2
ω

)

ω =
∑

B

gωBρB −
ζ

6
g4ωNω3

− Λωρg
2
ωNg2ρNωρ2, (4)

(

−∆+m2
ρ

)

ρ =
∑

B

gρBτ3BρB −
ξ

6
g4ρNρ3

−Λωρg
2
ωNg2ρNω2ρ, (5)

(

−∆+m2
δ

)

δ =
∑

B

gδBρs3B (6)

−∆A0 = eρp. (7)

where the baryon vector density ρB, scalar density ρsB
and charge density ρp are, respectively,

ρB =
〈

ΨBγ
0ΨB

〉

=
γk3B
6π2

, (8)
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ρsB =
〈

ΨBΨB

〉

=
γ

(2π)3

∫ kB

0

d3k
M∗

B
√

k2 +M∗2
B

, (9)

ρp =

〈

ΨBγ
0 1 + τ3B

2
ΨB

〉

, (10)

with γ the spin-isospin degeneracy. The Dirac effective
mass for the neutron and proton can be written as

M∗
p = (M − gσσ − gδδ), (11)

M∗
n = (M − gσσ + gδδ), (12)

Following the Euler-Lagrange formalism one can readily
find the expressions for energy density E and pressure P
as a function of density from Eq. (1) [30].
The energy density of the uniform matter within the

framework of the RMF model is given by;

E =
∑

j=B,ℓ

1

π2

∫ kj

0

k2
√

k2 +M∗2
j dk

+
∑

B

gωBωρB +
∑

B

gρBτ3BρBρ+
1

2
m2

σσ
2

+
κ

6
g3σNσ3 +

λ

24
g4σNσ4 −

ζ

24
g4ωNω4

−
ξ

24
g4ρNρ4 −

1

2
m2

ωω
2 −

1

2
m2

ρρ
2

−
1

2
Λωρg

2
ωNg2ρNω2ρ2 +

1

2
m2

δδ
2

(13)

The pressure of the uniform matter is given by

P =
∑

j=B,ℓ

1

3π2

∫ kj

0

k4dk
√

k2 +M∗2
j

−
1

2
m2

σσ
2

−
κ

6
g3σNσ3 −

λ

24
g4σNσ4 +

ζ

24
g4ωNω4

+
ξ

24
g4ρNρ4 +

1

2
m2

ωω
2 +

1

2
m2

ρρ
2

+
1

2
Λωρg

2
ωNg2ρNω2ρ2 −

1

2
m2

δδ
2

(14)

Here, the sum is taken over nucleons and leptons.

III. OPTIMIZATION AND COVARIANCE
ANALYSIS

The optimization of the parameters (p) appearing in
the Lagrangian (Eq. 1) has been performed by using the
simulated annealing method (SAM) [31, 32] by following
χ2 minimization procedure which is given as,

χ2(p) =
1

Nd −Np

Nd
∑

i=1

(

M exp
i −M th

i

σi

)2

, (15)

where Nd is the number of experimental data points and
Np is the number of fitted parameters. The σi denotes
adopted errors [33] and M exp

i and M th
i are the experi-

mental and the corresponding theoretical values, respec-
tively, for a given observable. The minimum value of χ2

0

corresponds to the optimal values p0 of the parameters.
After the optimization of the energy density functional,
it is important to explore the richness of the covariance
analysis. It enables one to calculate the statistical un-
certainties/errors on model parameters or any calculated
physical observables. The covariance analysis also pro-
vides additional information about the sensitivity of the
parameters to the physical observables, and interdepen-
dence among the parameters [33–36]. Having obtained
the parameter set, the correlation coefficient between two
quantities Y and Z can be calculated by covariance anal-
ysis [33, 35–38] as

cY Z =
∆Y∆Z

√

∆Y 2 ∆Z2
, (16)

where covariance between Y and Z is expressed as

∆Y∆Z =
∑

αβ

(

∂Y

∂pα

)

p
0

C−1
αβ

(

∂Z

∂pβ

)

p
0

. (17)

Here, C−1
αβ is an element of inverted curvature matrix

given by

Cαβ =
1

2

(

∂2χ2(p)

∂pα∂pβ

)

p
0

. (18)

The standard deviation, ∆Y 2, in Y can be computed
using Eq. (17) by substituting Z = Y.

IV. RESULTS AND DISCUSSION

We obtain parameterizations for RMF models by em-
ploying CREX, PREX-II and combined CREX -PREX
II data by following the procedure discussed in Section
III. The model parameterizations obtained are then used
to calculate the properties of finite nuclei and infinite nu-
clear matter and neutron stars. We also discuss the cor-
relations among nuclear matter observables and model
parameters.

A. Parametrizations of RMF Model

In the present study, three new relativistic interac-
tions BSRV-CREX, BSRV-PREX and BSRV-CPREX
have been generated for the Lagrangian density given by
Eq. (1) to investigate the effect of CREX and PREX-II
data on neutron skin thickness for 48Ca and 208Pb nu-
clei on the properties of finite nuclei and neutron star
matter. The parameters of the BSRV-CREX, BSRV-
PREX and BSRV-CPREX models are obtained by fit-
ting exactly the available experimental data of [39] on



4

binding energies (BE) and charge rms radii (rch) [40] of
some closed/open-shell nuclei 16,24O, 40,48Ca, 56,68,78Ni,
88Sr,90Zr, 100,116,132Sn, 144Sm and 208Pb. In addition, we
also include in our fit the value of neutron skin thickness
for 48Ca and 208 Pb nuclei, which is a very important
physical observable to constrain the value of L that de-
termines the linear dependence of symmetry energy.
The BSRV-CREX parametrization has been obtained by
incorporating the recently measured neutron skin thick-
ness ∆rnp= 0.121 ± 0.026 fm for 48Ca using the parity-
violating electron scattering experiment [21]. The pa-
rameters of BSRV-PREX model have been searched by
incorporating the recently measured neutron skin thick-
ness ∆rnp= 0.283±0.071 fm for 208Pb from the PREX-II
data [21] in our fit. The BSRV-CPREX parametrizations
has been obtained by incorporating both the CREX and
PREX-II data for neutron skin thicknesses for 48Ca and
208Pb nuclei in the fit data. In addition, we have also
included the maximum mass of neutron star [44] in our
fit data.
For the open shell nuclei, the pairing has been in-
cluded using BCS formalism with constant pairing gaps
[45, 46] that are taken from the nucleon separation en-
ergies of neighboring nuclei [39]. Neutron and pro-
ton pairing gaps are calculated by using the fourth-
order finite difference mass formula (five-point difference)
[47]. The neutron and proton pairing gaps (∆n,∆p)
in MeV for the open shell nuclei are 68Ni(1.46,0.0),
88Sr(0.0,1.284), 90Zr(0.0,1.239), 116Sn(1.189,0.0) and
144Sm(0.0,1.0) The neutron pairing gap for 24O prac-
tically vanishes since the first unoccupied orbit 1d3/2 is
almost 4.5 MeV above the completely filled 2s1/2 orbit
[34, 48]. The pairing correlation energies for a fix gap ∆
is calculated by using the pairing window of 2~ω, where
~ω = 45A−1/3 - 25A−2/3 MeV [7, 29]. We have obtained
three different parametrizations by calibrating the pa-
rameters to a suitable set of finite nuclei as discussed
earlier. Three different parameterizations obtained in the
present work give an equally good fit to the properties
of finite nuclei which were used for the optimization pro-
cedure. In Table I, We display the model parameters
for the newly generated parameter sets BSRV-CREX,
BSRV-PREX and BSRV-CPREX along with theoretical
uncertainties/errors. We also list the value of parame-
ters for NL3 [41], FSUGarnet [34], IOPB-1 [42] and Big
Apple [43] for comparison. It can be seen from the ta-
ble that comparatively a large value of isovector scalar
meson coupling parameter gδ (4.27816), isovector vector
meson coupling gρ (16.18406) and cross-coupling between
ω and ρ meson quantified by the term Λωρ (5.18286)
are obtained for BSRV-CREX parameterization in which
only CREX data is included in the fit. The values of
coupling parameters gδ, gρ and Λωρ is more or less the
same for BSRV-PREX and BSRV-CPREX models. In
Figs. 1, 2 and 3 we show the colour-coded plots for the
correlation coefficients between the coupling parameters
appearing in Lagrangian (Eq.1) for BSRV-CREX, BSRV-
PREX and BSRV-CPREX models. A strong correlation

g σ gω g ρ κ λ Λωρ ζ m σ g δ

g σ

gω

g ρ

κ

λ

Λωρ

ζ

m σ

g δ

1 0.81 0.35 0.14 0.054 0.22 0.31 6.7e-05 -0.012

0.81 1 0.47 -0.1 0.4 0.14 0.69 -0.36 0.14

0.35 0.47 1 0.022 0.21 0.23 0.47 -0.22 0.32

0.14 -0.1 0.022 1 -0.81 0.25 -0.27 -0.49 -0.2

0.054 0.4 0.21 -0.81 1 -0.2 0.76 0.064 0.3

0.22 0.14 0.23 0.25 -0.2 1 0.023 -0.042 -0.84

0.31 0.69 0.47 -0.27 0.76 0.023 1 -0.45 0.26

6.7e-05 -0.36 -0.22 -0.49 0.064 -0.042 -0.45 1 -0.092

-0.012 0.14 0.32 -0.2 0.3 -0.84 0.26 -0.092 1
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−1.00

−0.75

−0.50
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0.75

1.00

FIG. 1. (color online) Correlation coefficients among the
model parameters of the Lagrangian given by Eq. (1) for
BSRV-CREX parametrization.

exists between the pairs of coupling parameters gσ - gω ,
Λωρ−gδ , and κ−λ for BSRV-CREX model. The strong
correlation is also observed for pair of coupling param-
eters gσ - gω, gρ with gδ and Λωρ. For BSRV-CPREX
model, a strong correlation is observed for gδ with gρ,

λ and ζ. The coupling parameter ζ is found to be well
correlated with gρ and λ. A strong correlation between
the model parameters indicates a strong interdependence
i.e. if one parameter is fixed at a certain value then the
other must attain the precise value as suggested by their
correlation. It can be seen from Fig. 3 that when the
skin thickness for 48 Ca and 208 Pb fitted together there
is an overall reduction among the model parameters cor-
relations as compared to those obtained by fitting the
individual neutron skin.

B. Finite Nuclei and Infinite Nuclear Matter

In Table II, different observables fitted in the present
work, their experimental values [39, 40], adopted errors
σ on them along with their calculated values for different
BSRV’s parametrizations and theoretical uncertainties
are displayed. The newly generated parameterizations
BSRV-CREX, BSRV-PREX and BSRV-CPREX give an
equally good fit to the properties of finite nuclei. The
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TABLE I. Newly generated parameter sets BSRV-CREX, BSRV-PREX and BSRV-CPREX for the Lagrangian of RMF model
as given in Eq.(1) along with theoretical uncertainties/errors. The parameters κ, is in fm−1. The mass for nucleon, ω, ρ and δ
mesons are taken as MN = 939 MeV, mω= 782.5 MeV, mρ= 762.468 MeV and mδ= 980 MeV respectively. The values of κ,
λ, and Λωρ are multiplied by 102. Parameters for NL3 [41], FSUGarnet [34], IOPB-1 [42], and Big Apple [43] are also shown
for comparison.

Parameters BSRV-CREX BSRV-PREX BSRV-CPREX NL3 FSUGarnet IOPB-1 Big Apple
gσ 10.71506± 0.02086 10.40613 ±0.08977 10.44537±0.02480 10.21743 10.50315 10.41851 9.67810
gω 13.82692±0.03539 13.37605±0.13078 13.43408±0.03477 12.86762 13.69695 13.38412 12.33541
gρ 16.18406±1.20866 10.27951±2.23787 10.28003±2.15232 8.94880 13.87880 11.11560 14.14256
gδ 4.27816±0.75631 1.19517±4.29242 1.70339±3.97826 – – – –
κ 1.41726±0.04886 1.64259±0.04079 1.66238±0.05821 1.95734 1.65229 1.85581 2.61776
λ 0.46733±0.08773 -0.08316±0.09341 -0.20868±0.19224 -1.59137 -0.035330 -0.075516 -2.16586
ζ 0.03441±0.00130 0.02611±0.00212 0.02429±0.00326 0.00000 0.23486 0.017442 0.000699

Λωρ 5.18286±1.21735 2.90293±2.60556 2.25722±1.70126 0.00000 8.6000 4.80000 9.40000
mσ 504.679±0.689 502.050±1.099 501.933±1.600 508.194 496.731 500.487 492.975

g σ gω g ρ κ λ Λωρ ζ m σ g δ

g σ

gω

g ρ

κ

λ

Λωρ

ζ

m σ

g δ

1 0.97 0.51 0.51 -0.018 0.6 0.5 -0.091 0.26

0.97 1 0.43 0.42 -0.009 0.51 0.44 -0.32 0.21

0.51 0.43 1 0.43 0.39 0.66 0.74 0.17 0.86

0.51 0.42 0.43 1 -0.41 0.59 0.26 0.01 0.18

-0.018 -0.009 0.39 -0.41 1 0.08 0.74 0.083 0.47

0.6 0.51 0.66 0.59 0.08 1 0.57 0.17 0.2

0.5 0.44 0.74 0.26 0.74 0.57 1 0.092 0.61

-0.091 -0.32 0.17 0.01 0.083 0.17 0.092 1 0.14

0.26 0.21 0.86 0.18 0.47 0.2 0.61 0.14 1
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FIG. 2. (color online) Same as Fig. 1, but for BSRV-PREX
parametrization.

fitted values of finite nuclei are quite close to their ex-
perimental values. The root mean square (rms) errors
in total binding energy for all the nuclei considered in
our fit are found to be 1.62, 1.39 and 1.39 MeV, whereas
the root mean square (rms) errors in total charge radii
are 0.071, 0.080, and 0.081 fm for BSRV-CREX, BSRV-
PREX and BSRV-CPREX parameter sets respectively.
We also depict the predicted values of neutron skin thick-

g σ gω g ρ κ λ Λωρ ζ m σ g δ

g σ

gω

g ρ

κ

λ

Λωρ

ζ

m σ

g δ

1 0.5 0.36 -0.5 0.26 0.44 0.21 0.67 0.22

0.5 1 0.08 -0.15 0.044 0.087 0.13 -0.2 0.053

0.36 0.08 1 -0.2 0.68 0.33 0.74 0.22 0.93

-0.5 -0.15 -0.2 1 -0.55 -0.01 -0.3 -0.71 -0.22

0.26 0.044 0.68 -0.55 1 -0.0052 0.95 0.27 0.73

0.44 0.087 0.33 -0.01 -0.0052 1 0.046 0.33 -0.045

0.21 0.13 0.74 -0.3 0.95 0.046 1 0.046 0.78

0.67 -0.2 0.22 -0.71 0.27 0.33 0.046 1 0.12

0.22 0.053 0.93 -0.22 0.73 -0.045 0.78 0.12 1
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FIG. 3. (color online) Same as Fig. 1, but for for BSRV-
CPREX parametrization).

ness ∆rnp = Rn − Rp and charge rms radii (rch)for all
our parametrizations. It can be observed from the ta-
ble that for BSRV-CREX parametrization, the value of
∆rnp for 48Ca nucleus is 0.146 ±0.019 fm and is con-
sistent with the recently reported value of ∆rnp of 48Ca
from CREX data [21] while the value of ∆rnp for 208Pb
nucleus comes out to be 0.13±0.018 fm that is also in
good agreement with the value reported for neuton skin
thickness of ∆rnp = (0.18± 0.07) fm for 208Pb obtained
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by dispersive optical model analysis of the Washington
University group [49]. The values of ∆rnp obtained for
208Pb using the BSRV-CREX model does not satisfy the
PREX-II measurement. The values of ∆rnp for

208Pb ob-
tained for BSRV-PREX and BSRV-CPREX parametriza-
tions is in good agreement with the recently reported
value ∆rnp = (0.283 ± 0.071) fm for 208Pb for PREX-II
data, but the value of ∆rnp predicted for 48Ca overesti-
mates the CREX data [21]. In Fig 4 we show the neutron
skin thickness ∆rnp for nuclei considered in our data fit
as a function of neutron-proton asymmetry parameter
δ = N−Z

A . The predicted result of ∆rnp for the nuclei
used in our fit data (Table II) for BSRV-CREX, BSRV-
PREX and BSRV-CPREX parametrizations are com-
pared with the corresponding available experimental val-
ues along with error bars taken from Refs.[21, 22, 49, 50].
The shaded regions represent the linear dependence of
neutron skin thickness on asymmetry (neutron excess) δ
of a nucleus that can be fitted by [50, 51].

∆rnp = (−0.09± 0.02) + (1.45± 0.12)δ (fm) (19)

The values of ∆rnp obtained for BSRV-PREX and BSRV-
CPREX parameter sets for some of the nuclei deviate
from shaded region as can be observed from the Fig.
4. This may be attributed to the fact that for these
paramerizations the value of ω -ρ meson coupling pa-
rameter Λωρ that constrains the density dependence of
symmetry energy and coupling parameters gδ and gρ is
relatively smaller as compared to BSRV-CREX parame-
ter set. For BSRV-CREX parameter set, the values of
∆rnp lie in the shaded region or very close to it ex-
cept for 24O nucleus for which asymmetry is 0.33. For
BSRV-CREX, BSRV-PREX and BSRV-CPREX mod-
els, the calculated values of neutron skin thickness for
208Pb nucleus are 0.130±0.018 fm, 0.243±0.048 fm and
0.252±0.028 fm and for 48Ca nucleus are 0.146±0.019
fm, 0.212±0.022 fm and 0.215±0.018 fm respectively.
The value of ∆rnp=0.146±0.019 fm for 48Ca predicted
by BSRV-CREX is consistent with the recently mea-
sured ∆rnp = 0.121 ± 0.026 fm from parity-violating
electron scattering experiment (CREX) [21]. The val-
ues of neutron skin thickness ∆rnp= 0.243±0.048 fm and
0.252±0.028 fm predicted for 208Pb by BSRV-PREX and
BSRV-CPREX are also in agreement with the recently
reported neutron skin thickness from updated Lead Ra-
dius Experiment(PREX-II) [22].
In the present work, we have tried to resolve the seri-
ous conflict of CREX and PREX-II measurements by
searching the model parameters of BSRV-CPREX pa-
rameterization by including both the ∆rnp of 48Ca from
the CREX and 208Pb from PREX-II in our fit data for
the optimization of model parameters. But the ∆rnp pre-
dicted by this model overestimates the recently reported
value by CREX and the serious conflict between CREX
and PREX-II measurements continues as also discussed
in Ref. [52].
In Table III, we present our results for the symmetric nu-
clear matter (SNM) properties such as binding energy per

0 0.1 0.2 0.3
δ = (Ν−Ζ)/Α
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FIG. 4. (color online) Variation of neutron skin thickness
predicted for the nuclei considered in the fit data as a function
of asymmetry parameter (δ). The shaded region is calculated
by using Eq. (19).

nucleon (E/A), incompressibility (K) , symmetry energy
coefficient (J), density dependence of symmetry energy
(L) and ratio of effective mass to the mass of nucleon
at the saturation density (ρ0) and curvature of symme-
try energy (Ksym) along with theoretical uncertainties.
These properties play a vital role for constructing the
EoS for nuclear matter. E/A is more or less the same
for all BSRV’s parameterizations. For newly generated
parameterizations BSRV-PREX and BSRV-CPREX, the
value of J and L are consistent with the constraints from
observational analysis J = 38.1 ± 4.7 MeV and L =
106 ± 37 MeV as reported by Reed et. al.,[26] and for
BSRV-CREX parameter set, the value of J = 28.97±0.99
MeV and L = 30.61± 6.74 MeV is in close proximity
to that reported in Ref.[52], it is also consistent with
the constraints from observational analysis J = 31.6 ±
2.66 MeV [53]. The neutron skin thickness as reported
by CREX collaboration suggests softness i.e. low value
of symmetry energy coefficient (J) and its corresponding
density dependence (L). The value of K lies in the range
222.29±13.08 - 227.45±6.95 MeV which is also in good
agreement with the value of K = 240 ± 20 MeV deter-
mined from isoscalar giant monopole resonance (ISGMR)
for 90Zr and 208Pb nuclei [54, 55]. The curvature of sym-
metry energy Ksym also satisfies the empirical limit dis-
cussed in [56]. The ratio of effective mass to the nucleon
mass is found to be similar for all BSRV’s parameteriza-
tions as shown in Table III. The SNM properties calcu-
lated with NL3, FSUGarnet, IOPB-1 and Big Apple are
also shown for comparison.
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TABLE II. The calculated values of binding energy (BE) and charge radii (rch) along with theoretical uncertainties/errors for
various BSRV parametrizations are presented. The predicted value of neutron skin thickness ∆rnp =rn -rp is also depicted for
various models. The corresponding experimental values of BE and rch [39, 40] and ∆rnp [21, 22, 49, 50] are also listed. The
adopted errors on the observables (σ) used for the optimization of parameters and the asymmetry parameter δ = (N − Z)/A
for the nuclei are also displayed. The value of BE are given in units of MeV and rch, ∆rnp are in fm.

Nucleus Observables Exp. σ δ BSRV-CREX BSRV-PREX BSRV-CPREX NL3 IOPB-I
16O BE 127.62 4.0 0.0 129.82±0.32 128.71±0.55 128.57±0.60 127.08 128.05

rch 2.699 0.04 2.690±0.024 2.706±0.031 2.709±0.029 2.727 2.719
∆rnp – - -0.029±0.020 -0.028±0.009 -0.028±0.008 -0.027 -0.029

24O BE 168.96 2.0 0.33 166.89±1.41 170.71±1.29 171.03±1.15 170.54 169.48
rch – – 2.753±0.033 2.734±0.011 2.732±0.015 2.737 2.741

∆rnp - - 0.559±0.023 0.511±0.010 0.632±0.021 0.635 0.613
40Ca BE 342.04 3.0 0.0 344.53±0.47 343.75±0.56 343.51±0.81 341.32 342.68

rch 3.478 0.04 3.445±0.035 3.455±0.029 3.457±0.014 3.469 3.464
∆rnp −0.08+0.05

−1.0 - -0.052±0.002 -0.050±0.012 -0.050±0.002 -0.048 -0.050
48Ca BE 415.97 1.0 0.167 416.07±0.46 415.46±0.56 415.52±0.60 414.52 414.57

rch 3.477 0.04 3.475±0.014 3.467±0.010 3.467±0.020 3.471 3.471
∆rnp 0.121± 0.026 0.026 0.146±0.019 0.212±0.022 0.215±0.018 0.226 0.199

56Ni BE 484.01 5.0 0.0 483.92±0.62 481.55±1.00 482.14±0.78 482.12 482.48
rch 3.750 0.02 3.709±0.015 3.721±0.015 3.718±0.016 3.716 3.707

∆rnp −0.03+0.08
−0.11 - -0.038±0.001 -0.037±0.004 -0.036±0.009 -0.034 -0.037

68Ni BE 590.41 2.0 0.176 592.43±0.50 592.43±0.53 592.35±0.49 591.21 591.66
rch – – 3.883±0.015 3.866±0.027 3.864±0.020 3.863 3.869

∆rnp - - 0.239±0.019 0.310±0.027 0.317±0.029 0.333 0.299
78Ni BE 642.564 3.0 0.282 640.19±1.24 641.61±1.41 641.83±1.27 643.04 640.55

rch – – 3.971±0.024 3.952±0.015 3.950±0.017 3.942 3.950
∆rnp - - 0.403±0.033 0.526±0.123 0.535±0.034 0.553 0.506

88Sr BE 768.42 2.0 0.136 768.51±0.51 767.69±0.55 767.62±0.56 767.31 766.65
rch 0.02 4.237±0.013 4.227±0.012 4.226±0.014 4.225 4.229

∆rnp - - 0.069±0.009 0.130±0.026 0.134±0.021 0.148 0.118
90Zr BE 783.81 1.0 0.111 783.92±0.59 783.19±0.60 783.16±0.62 782.95 782.44

rch 4.269 0.02 4.289±0.018 4.282±0.012 4.282±0.014 4.280 4.284
∆rnp 0.09+0.02

−0.02 - 0.033±0.013 0.083±0.022 0.086±0.018 0.097 0.072
100Sn BE 825.10 2.0 0.0 827.55±0.97 826.96±1.04 827.55±1.34 829.33 827.52

rch – – 4.515±0.014 4.522±0.014 4.521±0.026 4.511 4.514
∆rnp - - -0.129±0.002 -0.126±0.018 -0.125±0.002 -0.117 -0.126

116Sn BE 988.67 2.0 0.138 987.42±0.65 987.15±0.72 986.85±0.69 986.89 986.24
rch 4.627 0.02 4.631±0.017 4.617±0.015 4.617±0.014 4.610 4.620

∆rnp 0.10+0.03
−0.03 - 0.098±0.013 0.163±0.024 0.169±0.028 0.183 0.149

132Sn BE 1102.22 2.0 0.242 1102.55±0.94 1102.51±1.05 1102.37±0.96 1104.81 1101.93
rch 4.709 0.02 4.742±0.013 4.723±0.019 4.722±0.014 4.710 4.721

∆rnp - - 0.226±0.025 0.348±0.048 0.357±0.025 0.383 0.325
144Sm BE 1195.77 2.0 0.139 1197.69±0.82 1197.21±0.91 1196.90±0.82 1198.14 1195.82

rch – – 4.978±0.021 4.965±0.102 4.965±0.014 4.956 4.967
∆rnp - - 0.047±0.013 0.116±0.023 0.121±0.031 0.137 0.103

208Pb BE 1636.34 1.0 0.212 1637.11±0.92 1636.57±0.94 1636.00±0.93 1639.43 1636.75
rch 5.501 0.04 5.551±0.016 5.533±0.018 5.532±0.029 5.517 5.532

∆rnp 0.283 ± 0.071 0.071 0.130±0.018 0.243±0.048 0.252±0.028 0.279 0.219
(0.18 ± 0.07) -

In Fig. (5 and 6), we plot the EoS i.e. pressure as a func-
tion of baryon density scaled to saturation density ( ρ

ρ0

)

for SNM and pure neutron matter (PNM) using BSRV-
CREX, BSRV-PREX and BSRV-CPREX parameteriza-
tions which are in good agreement and lie in the allowed
region with the EoS extracted from the analysis of par-
ticle flow in heavy ion collision [28]. These results are
also compared with the NL3, IOPB-1, FSUGarnet and
Big Apple parameterizations. It can be easily seen that

the EoSs for SNM and PNM obtained from NL3 and Big
Apple parameterizations are very stiff and are ruled out
by constraints imposed by heavy ion collision data. The
stiffness of the EoSs for NL3 and Big Apple parameter
sets may be due to the fact that the coupling parame-
ter ζ which is responsible for varying the high-density
behavior of EoS is zero for NL3 and very small for Big
Apple parameter sets. The EoSs calculated using BSRV’s
parameter sets are relatively much softer and lie in the
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FIG. 5. (color online) Variation of Pressure as a function
of baryon density for symmetric nuclear matter (SNM) com-
puted with BSRV’s parameterizations along with NL3, IOPB-
1, FSUGarnet and Big Apple models. The shaded region rep-
resents the experimental data taken from the reference [28].

allowed region of heavy ion collision data [28]. The EoS
calculated from BSRV-CREX parametrization is the soft-
est amongst all EoSs and it might be due to the relatively
somewhat higher value of parameter ζ and Λωρ obtained
for this parameter set during the calibration procedure
which is responsible for varying high-density behavior of
EoS. In Fig.7 we plot the density dependence of symme-
try energy (L) as a function of baryon density for BSRV’s
paramerizations. The results for NL3,IOPB-1, FSUGar-
net and Big Apple parameter sets are also displayed for
comparison. It can be seen from the figure that in low
or medium density regime the behvior of BSRV-CREX
is softest (Low value of L at a given baryon density)
amongst all parametrizations and changes to stiffest in
high density regime even though the ∆rnp for 208Pb nu-
cleus is smallest for this parameter set. This may be
attributed to the large value of coupling parameter gδ
(4.27816) obtained for BSRV-CREX parameter set. The
coupling parameter gδ is responsible for changing the be-
hivior of L from soft in low - medium density regime to
stiff in high density regime. The stiffness of L for BSRV-
PREX and BSRV-CPREX parameter sets may also be
due to the coupling parameter gδ and large value of ∆rnp
for 208Pb nucleus. A large value of ∆rnp for 208Pb NL3
parameter and its small value for Big Apple may be re-
sponsible for for stiffness and softness behaviour of L re-
spectively.
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FIG. 6. (color online) Variation of Pressure as a function
of baryon density for pure neutron matter (PNM) computed
with BSRV’s parameterizations along with NL3, IOPB-1,
FSUGarnet and Big Apple models. The shaded region repre-
sents the experimental data taken from the reference [28].
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FIG. 7. (color online) Variation of density dependence of sym-
metry energy (L) as a function of baryon density for various
parametrizations considered in the present work.
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TABLE III. The bulk nuclear matter properties at saturation density along with theoretical uncertainties for BSRV-CREX,
BSRV-PREX and BSRV-CPREX parametrizations are listed along with NL3, IOPB-1, FSUGarnet and Big Apple models.
ρ0, E/A, K, J, L, Ksym and M∗/M denotes the saturation density, binding energy per nucleon, incompressibility coefficient,
symmetry energy, density dependence of symmetry energy, the curvature of symmetry energy and the ratio of effective nucleon
mass to the nucleon mass, respectively.

Parameters BSRV-CREX BSRV-PREX BSRV-CPREX NL3 IOPB-1 FSUGarnet BigApple

ρ0 (fm−3) 0.148±0.003 0.148±0.001 0.148±0.002 0.148 0.149 0.153 0.155
E/A (MeV) -15.99±0.03 -16.10±0.06 -16.09±0.05 -16.24 -16.09 -16.23 -16.34
K (MeV) 222.29±13.08 227.45±6.95 226.99±3.74 271.56 222.57 229.62 227.09
M∗/M 0.600±0.007 0.606±0.004 0.602±0.006 0.595 0.593 0.578 0.608

J (MeV) 28.97±0.99 34.41±2.71 34.99±2.15 37.40 33.30 30.98 31.41
L (MeV) 30.61±6.74 77.08±28.87 82.32±22.93 118.56 63.85 50.92 40.33

Ksym(MeV) 61.79±32.74 -71.48±5.53 -65.65±20.32 100.90 -37.79 58.46 89.58
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FIG. 8. (Color online) EoSs i.e. pressure as a function of en-
ergy density for β-stable equilibrated nuclear matter for vari-
ous parametrizations.The shaded region represents the obser-
vational constraints reported in Ref. [57].

C. Neutron star properties

In Fig (8) we display the EoS i.e. the variation of
pressure with the energy density for the neutron star in
β equilibrium for all BSRV’s parameterizations. The re-
sults calculated with NL3, IOPB-1, FSUGarnet and Big
Apple parameter sets are also shown for comparison. The
shaded region in Fig. 8 represents the observational con-
straints at rph=R with the uncertainty of 2σ [57]. Here
rph and R are the photospheric and neutron star radius
respectively. It can be observed from the figure that the
EoS computed with newly generated BSRV’s parameter
sets are softer and lie in the lower boundary of the shaded
region at very high density (E ≈ 700-1000 MeV fm−3).
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Direct Urca

FIG. 9. (Color online) The plot of proton fractions as a func-
tion of baryon density. The dotted horizontal line represents
the threshold for the direct Urca process i.e. (ρp/ρ) = 0.11
[58].

The softness of EoSs for BSRV’s parameter sets may be
due to the moderate value of ω meson coupling parame-
ter ζ that governs the high-density behavior of EoS. The
EoSs calculated for NL3 and Big Apple parameter sets
are stiffer and may be attributed to either zero or very
small value of coupling parameter ζ for these parameter
sets respectively. In Fig. 9 we illustrate the proton frac-
tion in neutron star matter. One remarkable point is that
the gδ has an influence on proton fraction at high densi-
ties. The large value of gδ for BSRV-CREX suppresses
the proton fraction and then delays the direct Urca pro-
cess in which neutrinos can be emitted rapidly. It can
also be observed that ∆rnp of 208Pb nucleus also plays a
significant role in the direct Urca process. The large value
of ∆rnp for 208Pb may be attributed to the early start of
the direct Urca process for BSRV-PREX, BSRV-CPREX
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FIG. 10. (Color online) Variation of the gravitational mass of
non-rotating neutron stars as a function of radius. for BSRV’s
parameterizations. The results for NL3,IOPB-1, FSUGarnet
and Big Apple parameter sets are also shown.

and NL3 whereas its small value for BSRV-CREX pa-
rameter set may be responsible for delayed direct Urca
process for BSRV-CREX parameterization.
The mass and radius of a neutron star are obtained by
solving the Tolman-Oppenheimer-Volkoff (TOV) equa-
tions [59, 60] given as:

dP (r)

dr
= −

{ǫ(r) + P (r)}{4πr3P (r) +m(r)}

r2(1− 2m(r)/r)
(20)

dm

dr
= 4πr2ǫ(r), (21)

m(r) = 4π

∫ r

0

drr2ǫ(r) (22)

where P (r) is the pressure at radial distance r andm(r) is
the mass of neutron stars enclosed in the sphere of radius
r. In Fig. 10 we plot the results for the gravitational mass
of a non-rotating neutron star and its radius for BSRV-
CREX, BSRV-PREX and BSRV-CPREX parameter sets.
The results are also displayed for NL3, IOPB-1, FSUG-
arnet and Big Apple parameterizations. It is observed
that the maximum gravitational mass of the non-rotating
neutron star for BSRV’s parameter sets lies in the range
1.95±0.04M⊙ - 2.04±0.04M⊙ which is in good agreement
with the mass constraints from GW170817 event, pulsars
PSRJ1614-2230, PSRJ0348+0432, and PSRJ0740+6620

[13, 44, 61–63]. The EoS for β- equalibrated matter cal-
culated with BSRV-CREX model is the softest amongst
all parametrizations considered in this work. The ra-
dius of canonical mass (R1.4) including BPS crust [64]
for low density region is 12.66 ± 0.39 Km, 13.27±0.55
Km and 13.41±0.71 Km for BSRV-CREX, BSRV-PREX
and BSRV-CPREX parameterizations which satisfies the
radius constraints from NICER on R1.4 and PREX-II
reported in Ref. [26]. The value of R1.4 for BSRV’s
paramerization is consistent with the softness and stiff-
ness behaviour of symmetry energy coefficient. The value
of R1.4 for NL3 parameterization is 14.65 Km which
seems to be ruled out by the constraints for R1.4 ex-
tracted from Ref. [65].
The tidal deformability rendered by the companion stars
on each other in a binary system can provide significant
information on the EoS of neutron stars [66, 67]. The
tidal influences of its companion in the binary neutron
star (BNS) system will deform neutron stars in the bi-
nary system and, the resulting change in the gravitational
potential modifies the BNS orbital motion and its corre-
sponding gravitational wave (GW) signal. This effect on
GW phasing can be parameterized by the dimensionless
tidal deformability parameter, Λi = λi/M

5
i , i = 1, 2. For

each neutron star, its quadrupole moment Qj,k must be
related to the tidal field Ej,k caused by its companion as,
Qj,k = −λEj,k, where, j and k are spatial tensor indices.
The dimensionless tidal deformability parameter Λ of a
static, spherically symmetric compact star depends on
the neutron star compactness parameter C and a dimen-
sionless quadrupole Love number k2 as, Λ=(2k2/3)C

−5.
The Λ critically parameterizes the deformation of neu-
tron stars under the given tidal field, therefore it should
depend on the EoS of nuclear dense matter. To mea-
sure the Love number k2 along with the evaluation of
the TOV equations we have to compute y2 = y(R) with
initial boundary condition y(0) = 2 from the first-order
differential equation [66–69] simultaneously,

y′ =
1

r
[−r2Q− yeλ{1 + 4πGr2(P − E)} − y2], (23)

where Q ≡ 4πGeλ(5E+9P+E+P
c2s

) -6 eλ

r2 -ν
′2 and eλ ≡ (1−

2Gm
r )−1 and, ν′ ≡ 2G eλ (m+4πPr3

r2 ). First, we get the
solutions of Eq.(23) with boundary condition, y2 = y(R),
then the electric tidal Love number k2 is calculated from
the expression as,

k2 =
8

5
C5(1− 2C)2[2C(y2 − 1)− y2 + 2]{2C(4(y2 + 1)C4

+(6y2 − 4)C3 + (26− 22y2)C
2 + 3(5y2 − 8)C − 3y2 + 6)

−3(1− 2C)2(2C(y2 − 1)− y2 + 2) log(
1

1 − 2C
)}−1.

(24)

In Fig. (11), we display the results of dimensionless
tidal deformability Λ as a function of gravitational
mass for neutron stars for BSRV’s parametrizations.
For the sake of comparison, we also display the results
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TABLE IV. The properties of nonrotating neutron stars for the various EoSs computed with BSRV’s parameter sets are
displayed along with theoretical uncertainties on them. Mmax(M⊙) and Rmax denote the Maximum Gravitational mass and
radius corresponding to the maximum mass of the nonrotating neutron stars respectively. The values for Rmax, R1.4, and Λ1.4

denote radius and dimensionless tidal deformability corresponding to Mmax and 1.4M⊙.

SN EoS Mmax(M⊙) Rmax R1.4 Λ1.4

(km) (km)
1. BSRV-CREX 1.95±0.04 11.34±0.21 12.66±0.39 525.84±151.48
2 BSRV-PREX 2.01±0.04 11.67±0.26 13.27±0.55 638.51±142.03
3. BSRV-CPREX 2.04±0.04 11.79±0.29 13.41±0.71 682.57±219.73
4. NL3 2.77 13.28 14.65 1274
5 IOPB-I 2.15 11.95 13.29 682
6 FSUGarnet 2.06 11.65 12.98 622.51
7 Big Apple 2.60 12.41 13.12 715.96
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FIG. 11. (Color online) Variation of dimensionless tidal de-
formability (Λ) with respect to gravitational mass for all
BSRV’s parameterizations. The results for NL3, IOPB-1,
FSUGarnet and Big Apple parameter sets are also shown.

calculated with NL3, IOPB-1, FSUGarnet and Big
Apple parameterizations. The values of Λ1.4 obtained
for canonical mass are 525.84±151.48, 638.51±142.03
and 682.57±219.73 corresponding to BSRV-CREX,
BSRV-PREX and BSRV-CPREX respectively and
satisfy the constraints as reported in Ref. [26, 70, 71].
It may be noted that the value of tidal deformability
of 1.4M⊙ neutron star obtained for BSRV-PREX and
BSRV-CPREX models have overlap with the revised
limit of Λ1.4 ≤ 580 within 1σ uncertainty [15]. The value
(525.84±151.48) of Λ1.4 obtained for the BSRV-CREX
parameter set is also consistent with the constraints
imposed in Ref. [15]. This might be attributed to the
high value of coupling gδ for this parametrization that
governs the softness and stiffness of EoS in the low and
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FIG. 12. (Color online) The thresholds for the onset of di-
rect Urca Process in neutron stars. The threshold density is
represented by the solid black circles and the corresponding
neutron star mass for such central density is depicted by solid
magenta squares.

the high-density regime.
In Table IV, we summarize the results for non-rotating
neutron star properties such as maximum gravitational
mass (M), neutron star radius corresponding to the
maximum mass (Rmax), radius R1.4, radius R2.0 and
tidal deformability (Λ) corresponding to canonical and
maximum mass of neutron star along with theoretical
uncertainties. In Fig. 12 we plot the threshold central
density (solid black circles) and corresponding neutron
star mass (solid magenta squares) as a function of
neutron skin thickness for the onset of the direct Urca
process for BSRV’s parameter sets. Similar results for
NL3, IOPB-1, FSUGarnet and Big Apple models are
also displayed. It can be observed that the onset of
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the Urca process has a strong dependence on neutron
skin thickness of 208Pb and hence on symmetry energy
coefficient. In particular, stiff symmetry energy as
suggested by PREX-II favors large proton fractions that
may trigger the onset of direct Urca process at lower
central density [26]. It is evident from the figure that
the onset of the direct Urca process is delayed with
the decrease in the ∆rnp of the 208Pb. The threshold
density for the onset of the direct Urca process for the
BSRV-CREX model is 0.71 fm−3. This high value is
attributed to the small neutron skin thickness and soft
L for BSRV-CREX. The threshold density for the onset
of the direct Urca process decreases from 0.71 fm−3 to
0.21 fm−3 as the value of ∆rnp for 208Pb increases from
0.13 fm (BSRV-CREX) to 0.28 fm (NL3). The neutron
star mass corresponding to threshold central density for
the direct Urca process decreases from 2.53 to 0.86 M⊙

for the parametrizations considered in the present work.

D. Correlations amongst nuclear matter
observables and model parameters

In this sub-section, we discuss the correlations between
nuclear matter observables and model parameters. In
Fig. 13 to Fig. 15, we display the correlations of bulk nu-
clear matter properties at saturation density and neutron
star observables with the model parameters for BSRV’s
parametrizations.
For the BSRV-CREX model, the isoscalar bulk nuclear

matter properties like K, M*/M show strong correlations
with isoscalar parameters κ. It can also be observed from
the Fig. 13 that the symmetry energy coefficients (J),
its density dependence (L) and curvature of symmetry
energy Ksym can be well constrained by the coupling pa-
rameter gρ as suggested by their correlations. The neu-
tron star observables like Mmax, R1.4 and Λ1.4 display
strong correlations with couplings Λωρ and gδ. A strong
correlation between Mmax and ω-meson self-coupling pa-
rameter ζ is missing in the case of BSRV-CREX param-
eterization. The parameter gδ might be responsible for
the large maximum mass of neutron star as it makes the
EOS somewhat stiffer at high density and thus weakens
the correlation between Mmax and ζ.
For the BSRV-PREX model, the isoscalar bulk nuclear
matter properties like E/A, K and M*/M show strong
correlations with isoscalar parameters gσ and gω. As ex-
pected, a strong correlation of the isovector properties
like J, L and ∆rnp for 208Pb with isovector parameters
gρ and Λωρ is observed. The neutron star observables like
Mmax, R1.4 and Λ1.4 display good correlations with cou-
pling gδ and weak correlations with ζ. This suggests that
the neutron star observables results from a competition
between gδ and ζ. For the BSRV-CPREX model, J, L
and ∆rnp for

208Pb are very well constrained by couplings
gρ and Λωρ as can be observed from their correlations.
Ksym shows strong dependence upon Λωρ. The ∆rnp for

48Ca is very well constrained by gρ, gδ and Λωρ. The
R1.4 and Λ1.4 is found to have strong correlation with
gδ. These findings are quite in harmony with the results
reported in Refs. [34, 36].

V. SUMMARY

Three relativistic interactions BSRV-CREX, BSRV-
PREX and BSRV-CPREX for the relativistic mean field
model have been generated keeping in view the recently
reported constraints on neutron skin thickness of 48Ca
(CREX) and 208Pb nuclei by PREX-II data. The precise
measurements of neutron skin thickness give an opportu-
nity to modify or readjust the coupling constants of RMF
models without compromising the bulk properties of nu-
clear matter and neutron stars. The Lagrangian density
for the RMF model used in the present work is based
on different non-linear, self and inter-couplings among
isoscalar-scalar σ, isoscalar-vector ωµ, isovector-scalar δ
and isovector-vector ρµ meson fields and nucleonic Dirac
field Ψ. The BSRV-CREX parametrization has been ob-
tained by incorporating the recently measured neutron
skin thickness ∆rnp= 0.121 ± 0.026 fm for 48Ca using
the parity-violating electron scattering experiment [21].
The parameters of the BSRV-PREX model have been
searched by incorporating the recently measured neu-
tron skin thickness ∆rnp= 0.283 ± 0.071 fm for 208Pb
from the PREX-II [21] in our fit. The BSRV-CPREX
parametrizations have been obtained by including both
the CREX and PREX-II data for neutron skin thick-
nesses for 48Ca and 208Pb nuclei in the fitting data. The
BSRV’s parameter sets reproduce the ground state prop-
erties of the finite nuclei, bulk nuclear matter and also
satisfy the constraints on mass and radius along with
dimensionless deformability (Λ) of a neutron star from
recent astrophysical observations [15, 26, 57, 65]. All
the BSRV’s parametrizations give an equally good fit to
the finite nuclear properties. The Bulk nuclear matter
properties obtained are well consistent with the current
empirical data [26, 52, 55]. The maximum gravitational
mass and radius (R1.4) of the neutron star lie in the range
between 1.95±0.04 - 2.04±0.04 M⊙ and 12.66±0.39 -
13.41±0.71 km for BSRV’s parameter sets respectively.
The value of Λ1.4 which lie in the range 525.84±151.48 -
682.57±219.73 for BSRV’s parameterization also satisfies
the GW170817 event [15, 71] and constraints obtained
using Bayesian analysis and PREX-II reported in Refs.
[26, 70, 71]. Covariance analysis to measure the accuracy
of the model parameters is also performed. This enabled
us to estimate the statistical uncertainties in the model
parameters along with various correlations amongst the
nuclear matter observables and parameters.
CREX and PREX-II data on neutron skin thickness
has opened an important new perspective to constrain
the density dependence of symmetry energy and energy
density functionals and having a considerable effect on
the isovector channel. The BSRV-CREX parameteriza-
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FIG. 13. (Color online) Correlation coefficients amongst neutron star observables as well as the bulk properties of nuclear
matter at the saturation density and model parameters for BSRV-CREX parametrization.

tion obtained by incorporating CREX data provides the
smaller value of symmetry energy, its slope at satura-
tion density and neutron skin thickness are significantly
very small. This may be due to the large value of cou-
pling gδ which seems to play an important role during
the calibration procedure of model parameters and is re-
sponsible for soft and stiff behaviour of symmetry energy
in medium and high density regime. But the radius and
tidal deformability of 1.4M⊙ neutron star reveals some
tension with the revised limit of Λ1.4 ≤ 580 [15]. The
BSRV-PREX parametrization obtained keeping in view
the PREX-II data suggests stiff symmetry energy and
stiff EoS. For BSRV-PREX and BSRV-CPREX models,

the tidal deformability of 1.4M⊙ neutron star has some
overlap with the revised limit of Λ1.4 ≤ 580 within 1σ
uncertainty reported in Ref.[15]. BSRV-CREX gives soft
density dependence of symmetry energy whereas BSRV-
PREX and BSRV-CPREX provide its stiff value. The
analysis of the present work shows that no consistent con-
clusion from the theoretical side could be obtained when
using recently measured CREX and PREX-II data. We
are hoping that novel experimental studies are necessary
to resolve this conflict or discrepancies.
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FIG. 14. (Color online) Same as Fig. 13, but for BSRV-PREX paramerization.
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tions of state for supernovae and compact stars. Rev.
Mod. Phys., 89:015007, Mar 2017.



15

g σ gω g ρ κ λ Λωρ ζ m σ g δ

E/A

K

ρ 0

M
* /M

J

L

K sy
m

Mma
x

R 1.
4

Λ 1.4

Ca
48
sk
in

Pb
20
8
sk
in

0.04 -0.33 0.57 0.12 0.64 0.06 0.71 0.04 0.6

-0.42 0.22 -0.75 0.21 -0.73 -0.34 -0.76 -0.46 -0.68

-0.19 0.57 0.089 0.59 -0.14 0.022 0.15 -0.79 0.079

0.13 -0.58 0.36 -0.57 0.67 -0.023 0.47 0.64 0.4

-0.56 0.0097 -0.77 0.28 -0.48 -0.78 -0.49 -0.53 -0.52

-0.51 -0.076 -0.79 0.16 -0.41 -0.84 -0.46 -0.39 -0.51

-0.39 -0.025 -0.39 0.04 -0.065 -0.98 -0.1 -0.33 -0.014

0.0084 -0.051 0.28 0.059 -0.23 -0.33 -0.24 0.059 0.4

0.0089 -0.012 0.68 -0.18 0.61 -0.47 0.62 -0.019 0.9

0.0072 -0.024 0.66 -0.18 0.57 -0.48 0.58 -0.0052 0.89

-0.48 -0.1 -0.91 0.18 -0.55 -0.67 -0.62 -0.33 -0.71

-0.51 -0.1 -0.62 0.097 -0.26 -0.94 -0.32 -0.37 -0.29

BSRV-CPREX

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

FIG. 15. (Color online) Same as Fig. 13, but for BSRV-CPREX paramerization.

[3] X Roca-Maza and N Paar. Nuclear equation of state
from ground and collective excited state properties of nu-
clei. Progress in Particle and Nuclear Physics, 101:96–
176, 2018.

[4] J. M. Lattimer and M. Prakash. Science, 304:536, 2004.
[5] Shashi K Dhiman, Raj Kumar, and B. K. Agrawal. Non-

rotating and rotating neutron stars in the extended field
theoretical model. Phys. Rev. C, 76(4):045801, 2007.

[6] Virender Thakur, Raj Kumar, Pankaj Kumar, Vikesh
Kumar, BK Agrawal, and Shashi K Dhiman. Relativis-
tic mean field model parametrizations in the light of
gw170817, gw190814, and psr j 0740+ 6620. Physical
Review C, 106(2):025803, 2022.

[7] Virender Thakur, Raj Kumar, Pankaj Kumar, Vikesh
Kumar, Mukul Kumar, C Mondal, BK Agrawal, and

Shashi K Dhiman. Effects of an isovector scalar meson on
the equation of state of dense matter within a relativis-
tic mean field model. Physical Review C, 106(4):045806,
2022.

[8] Pawe l Haensel, Aleksander Yu Potekhin, and Dmitry G
Yakovlev. Neutron stars 1: Equation of state and struc-
ture, volume 326. Springer Science & Business Media,
2007.

[9] J. M. Lattimer. Neutron stars. Gen. Rel. Grav., 46:1713,
2014.

[10] G. Baym, T. Hatsuda, T. Kojo, P. D. Powell, Y. Song,
and T. Takatsuka. From hadrons to quarks in neutron
stars: a review. Rep. Prog. Phys., 81:056902, 2018.

[11] K. Hebeler, J. M. Lattimer, C. J. Pethick, and
A. Schwenk. Constraints on neutron star radii based on



16

chiral effective field theory interactions. Phys. Rev. Lett.,
105:161102, Oct 2010.

[12] K Hebeler, JM Lattimer, Christopher J Pethick, and
A Schwenk. Equation of state and neutron star proper-
ties constrained by nuclear physics and observation. The
Astrophysical Journal, 773(1):11, 2013.

[13] P. B. Demorest, Tim Pennucci, S. M. Ransom, M. S. E.
Roberts, and J. W. T. Hessels. A two-solar-mass
neutron star measured using shapiro delay. nature,
467(7319):1081, 2010.

[14] John Antoniadis, Paulo C. C. Freire, Norbert Wex,
Thomas M Tauris, Ryan S Lynch, Marten H van Kerk-
wijk, Michael Kramer, Cees Bassa, Vik S Dhillon,
Thomas Driebe, et al. A massive pulsar in a compact
relativistic binary. Science, 340(6131):1233232, 2013.

[15] B. P. Abbott, R Abbott, T. D. Abbott, F Acernese,
K Ackley, C Adams, T Adams, P Addesso, R. X. Ad-
hikari, V. B. Adya, et al. Gw170817: Measurements of
neutron star radii and equation of state. Phys. Rev. Lett.,
121(16):161101, 2018.

[16] B. P. Abbott, R Abbott, T. D. Abbott, F Acernese,
K Ackley, C Adams, T Adams, P Addesso, R. X. Ad-
hikari, V. B. Adya, et al. Properties of the binary neu-
tron star merger gw170817. Phys. Rev. X, 9(1):011001,
2019.

[17] Zaven Arzoumanian, Adam Brazier, Sarah Burke-
Spolaor, Sydney Chamberlin, Shami Chatterjee, Brian
Christy, James M Cordes, Neil J Cornish, Fronefield
Crawford, H Thankful Cromartie, et al. The nanograv
11-year data set: high-precision timing of 45 millisecond
pulsars. Astrophys. J. Suppl. S., 235(2):37, 2018.

[18] M. C. Miller, F. K. Lamb, A. J. Dittmann, S. Bog-
danov, Z. Arzoumanian, K. C. Gendreau, S. Guillot,
A. K. Harding, W. C. G. Ho, J. M. Lattimer, R. M. Lud-
lam, S. Mahmoodifar, S. M. Morsink, P. S. Ray, T. E.
Strohmayer, K. S. Wood, T. Enoto, R. Foster, T. Oka-
jima, G. Prigozhin, and Y. Soong. PSR j0030+0451
mass and radius from NICER data and implications for
the properties of neutron star matter. The Astrophysical
Journal, 887(1):L24, dec 2019.

[19] T. E. Riley, A. L. Watts, S. Bogdanov, P. S. Ray, R. M.
Ludlam, S. Guillot, Z. Arzoumanian, C. L. Baker, A. V.
Bilous, D. Chakrabarty, K. C. Gendreau, A. K. Harding,
W. C. G. Ho, J. M. Lattimer, S. M. Morsink, and T. E.
Strohmayer. A nicer view of psr j0030+0451: Millisecond
pulsar parameter estimation. The Astrophysical Journal
Letters, 887(1):L21, dec 2019.

[20] G. Raaijmakers, T. E. Riley, A. L. Watts, S. K. Greif,
S. M. Morsink, K. Hebeler, A. Schwenk, T. Hinderer,
S. Nissanke, S. Guillot, Z. Arzoumanian, S. Bogdanov,
D. Chakrabarty, K. C. Gendreau, W. C. G. Ho, J. M. Lat-
timer, R. M. Ludlam, and M. T. Wolff. A NICER view
of PSR j0030+0451: Implications for the dense matter
equation of state. The Astrophysical Journal, 887:L22,
2019.

[21] D. Adhikari, H. Albataineh, D. Androic, K. A. Aniol,
D. S. Armstrong, T. Averett, C. Ayerbe Gayoso, S. K.
Barcus, V. Bellini, R. S. Beminiwattha, J. F. Benesch,
H. Bhatt, D. Bhatta Pathak, D. Bhetuwal, B. Blaikie,
J. Boyd, Q. Campagna, A. Camsonne, G. D. Cates,
Y. Chen, C. Clarke, J. C. Cornejo, S. Covrig Dusa,
M. M. Dalton, P. Datta, A. Deshpande, D. Dutta,
C. Feldman, E. Fuchey, C. Gal, D. Gaskell, T. Gau-
tam, M. Gericke, C. Ghosh, I. Halilovic, J.-O. Hansen,

O. Hassan, F. Hauenstein, W. Henry, C. J. Horowitz,
C. Jantzi, S. Jian, S. Johnston, D. C. Jones, S. Kakkar,
S. Katugampola, C. Keppel, P. M. King, D. E. King,
K. S. Kumar, T. Kutz, N. Lashley-Colthirst, G. Lev-
erick, H. Liu, N. Liyanage, J. Mammei, R. Mammei,
M. McCaughan, D. McNulty, D. Meekins, C. Metts,
R. Michaels, M. Mihovilovic, M. M. Mondal, J. Napoli-
tano, A. Narayan, D. Nikolaev, V. Owen, C. Palatchi,
J. Pan, B. Pandey, S. Park, K. D. Paschke, M. Petrusky,
M. L. Pitt, S. Premathilake, B. Quinn, R. Radloff,
S. Rahman, M. N. H. Rashad, A. Rathnayake, B. T.
Reed, P. E. Reimer, R. Richards, S. Riordan, Y. R. Rob-
lin, S. Seeds, A. Shahinyan, P. Souder, M. Thiel, Y. Tian,
G. M. Urciuoli, E. W. Wertz, B. Wojtsekhowski, B. Yale,
T. Ye, A. Yoon, W. Xiong, A. Zec, W. Zhang, J. Zhang,
and X. Zheng. Precision determination of the neutral
weak form factor of 48Ca. Phys. Rev. Lett., 129:042501,
Jul 2022.

[22] D Adhikari, H Albataineh, D Androic, K Aniol, DS Arm-
strong, T Averett, C Ayerbe Gayoso, S Barcus, V Bellini,
RS Beminiwattha, et al. Accurate determination of
the neutron skin thickness of pb 208 through parity-
violation in electron scattering. Physical review letters,
126(17):172502, 2021.

[23] P-G Reinhard, J Piekarewicz, W Nazarewicz,
BK Agrawal, Nils Paar, and X Roca-Maza. Infor-
mation content of the weak-charge form factor. Physical
Review C, 88(3):034325, 2013.

[24] Paul-Gerhard Reinhard, Xavier Roca-Maza, and Witold
Nazarewicz. Information content of the parity-violating
asymmetry in 208Pb. Phys. Rev. Lett., 127:232501, Nov
2021.

[25] Paul-Gerhard Reinhard, Xavier Roca-Maza, and
Witold Nazarewicz. Combined theoretical analysis of
the parity-violating asymmetry for 48Ca and 208Pb.
arXiv:2206.03134v1, 2022.

[26] Brendan T Reed, Farrukh J Fattoyev, Charles J
Horowitz, and Jorge Piekarewicz. Implications of prex-2
on the equation of state of neutron-rich matter. Physical
Review Letters, 126(17):172503, 2021.

[27] H. T. Cromartie, E. Fonseca, S. M. Ransom, P. B. De-
morest, Z. Arzoumanian, H. Blumer, P. R. Brook, M. E.
DeCesar, T. Dolch, J. A. Ellis, R. D. Ferdman, E. C.
Ferrara, N. Garver-Daniels, P. A. Gentile, M. L. Jones,
M. T. Lam, D. R. Lorimer, R. S. Lynch, M. A. McLaugh-
lin, C. Ng, D. J. Nice, T. T. Pennucci, R. Spiewak, I. H.
Stairs, K. Stovall, J. K. Swiggum, and W. W. Zhu. Rela-
tivistic shapiro delay measurements of an extremely mas-
sive millisecond pulsar. Nature Astronomy, 4:72, 2020.

[28] P. Danielewicz. Science, 298:1592, 2002.
[29] Raj Kumar, B. K. Agrawal, and Shashi K. Dhiman. Ef-

fects of ω meson self-coupling on the properties of finite
nuclei and neutron stars. Phys. Rev. C, 74:034323, Sep
2006.

[30] N. K. Glendenning. Compact stars: Nuclear physics,
particle physics, and general relativity. Springer-Verlag,
New York, 2000.

[31] TJ Bürvenich, DG Madland, and P-G Reinhard. Ad-
justment studies in self-consistent relativistic mean-field
models. Nuclear Physics A, 744:92–107, 2004.

[32] Scott Kirkpatrick. Optimization by simulated anneal-
ing: Quantitative studies. Journal of statistical physics,
34(5):975–986, 1984.



17

[33] J Dobaczewski, W Nazarewicz, and PG Reinhard. Er-
ror estimates of theoretical models: a guide. Journal of
Physics G: Nuclear and Particle Physics, 41(7):074001,
2014.

[34] Wei-Chia Chen and Jorge Piekarewicz. Searching for
isovector signatures in the neutron-rich oxygen and cal-
cium isotopes. Physics Letters B, 748:284–288, 2015.

[35] C Mondal, BK Agrawal, and JN De. Constraining the
symmetry energy content of nuclear matter from nu-
clear masses: A covariance analysis. Physical Review C,
92(2):024302, 2015.

[36] FJ Fattoyev and J Piekarewicz. Accurate calibration of
relativistic mean-field models: Correlating observables
and providing meaningful theoretical uncertainties. Phys-
ical Review C, 84(6):064302, 2011.

[37] Siegmund Brandt. Statistical and computational methods
in data analysis. Springer, 1997.

[38] P.-G. Reinhard and W. Nazarewicz. Information content
of a new observable: The case of the nuclear neutron
skin. Phys. Rev. C, 81:051303, 2010.

[39] Meng Wang, WJ Huang, Filip G Kondev, Georges Audi,
and Sarah Naimi. The ame 2020 atomic mass evaluation
(ii). tables, graphs and references. Chinese Physics C,
45(3):030003, 2021.

[40] István Angeli and Krassimira Petrova Marinova. Table
of experimental nuclear ground state charge radii: An
update. Atomic Data and Nuclear Data Tables, 99(1):69–
95, 2013.

[41] GA Lalazissis, J König, and P Ring. New parametriza-
tion for the lagrangian density of relativistic mean field
theory. Physical Review C, 55(1):540, 1997.

[42] Bharat Kumar, S. K. Patra, and B. K. Agrawal. New rel-
ativistic effective interaction for finite nuclei, infinite nu-
clear matter, and neutron stars. Phys. Rev. C, 97:045806,
Apr 2018.

[43] F. J. Fattoyev, C. J. Horowitz, J. Piekarewicz, and Bren-
dan Reed. Gw190814: Impact of a 2.6 solar mass neutron
star on the nucleonic equations of state. Phys. Rev. C,
102:065805, Dec 2020.

[44] Luciano Rezzolla, Elias R. Most, and Lukas R. Weih. Us-
ing gravitational-wave observations and quasi-universal
relations to constrain the maximum mass of neutron
stars. The Astrophysical Journal Letters, 852(2):L25, jan
2018.

[45] P. Ring and P. Schuck. The Nuclear Many-body Problem.
Texts and monographs in physics. Springer, 1980.

[46] S Karatzikos, AV Afanasjev, GA Lalazissis, and P Ring.
The fission barriers in actinides and superheavy nuclei in
covariant density functional theory. Physics Letters B,
689(2-3):72–81, 2010.

[47] T. Duguet, P. Bonche, P.-H. Heenen, and J. Meyer. Pair-
ing correlations. ii. microscopic analysis of odd-even mass
staggering in nuclei. Phys. Rev. C, 65:014311, Dec 2001.

[48] C. Mondal, B. K. Agrawal, J. N. De, and S. K. Samaddar.
Sensitivity of elements of the symmetry energy of nuclear
matter to the properties of neutron-rich systems. Phys.
Rev. C, 93:044328, Apr 2016.

[49] CD Pruitt, RJ Charity, LG Sobotka, MC Atkinson, and
WH Dickhoff. Systematic matter and binding-energy dis-
tributions from a dispersive optical model analysis. Phys-
ical Review Letters, 125(10):102501, 2020.

[50] J Jastrzebski, A Trzcinska, P Lubiski, B Kos, FJ Hart-
mann, T von Egidy, and S Wycech. Neutron density
distributions from antiprotonic atoms compared with

hadron scattering data. International Journal of Mod-
ern Physics E, 13(01):343–351, 2004.

[51] A Trzcinska, J Jastrzebski, P Lubinski, FJ Hartmann,
R Schmidt, T Von Egidy, and B Klos. Neutron density
distributions deduced from antiprotonic atoms. Physical
review letters, 87(8):082501, 2001.
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The propagation of gravitational waves can reveal fundamental features of the structure of space-
time. For instance, differences in the propagation of gravitational-wave polarizations would be a
smoking gun for parity violations in the gravitational sector, as expected from birefringent theo-
ries like Chern-Simons gravity. Here we look for evidence of amplitude birefringence in the lat-
est LIGO-Virgo catalog (GWTC-3) through the use of birefringent templates inspired by dynam-
ical Chern-Simons gravity. From 71 binary-black-hole signals, we obtain the most precise con-
straints on gravitational-wave amplitude birefringence yet, measuring a birefringent attenuation of
κ = −0.019+0.038

−0.029 Gpc−1 at 100 Hz with 90% credibility, equivalent to a parity-violation energy¥
scale of MPV & 6.8× 10−21 GeV .¥

I. INTRODUCTION

Gravitational wave (GW) detections by the LIGO-
Virgo-KAGRA Collaboration (LVK) [1–3] are now rou-
tinely used to test various aspects of Einstein’s theory
of general relativity (GR) [4–6]. Among those, mea-
surements of the basic properties of GWs, like their
speed and polarization, can directly probe the funda-
mental symmetries of the underlying theory of gravity
[7]. For instance, unequal propagation of GW polariza-
tion eigenstates would reveal that spacetime is birefrin-
gent, a smoking gun for parity-odd theories like Chern-
Simons gravity [8–10]. Here we constrain the magni-
tude of possible amplitude birefringence using binary
black hole (BBH) signals from the latest LVK catalog,
GWTC-3 [11].

Previous studies have constrained amplitude birefrin-
gence by performing different statistical analyses. Ya-
mada and Tanaka [12] and Wang et al. [13] both per-
formed parameter estimation (PE) on the events in the
first GW transient catalog [14], GWTC-1, using birefrin-
gent templates. Okounkova et al. [15] considered the dis-
tribution of observed inclinations of the GW events in
the second GW transient catalog [16], GWTC-2, to look
for signs of birefringence. While this manuscript was fi-
nalized, Zhu et al. [17] reported an analysis of GWTC-3.

In this study, we use a frequency-dependent birefrin-
gence model to constrain the strength of GW ampli-
tude birefringence by performing PE on LVK binaries.
This model is a better approximation of the birefrin-
gence effect expected from theory than the frequency-
independent model used in Okounkova et al. [15]. Com-

∗ thomas.ng@link.cuhk.edu.hk
† misi@flatironinstitute.org
‡ kwong@flatironinstitute.org
§ wfarr@flatironinstitute.org

pared to other studies, we perform PE on more events,
including events new to GWTC-3 [11], and use a
phenomenology-oriented parametrization. We consider
71 binary black hole merger events with a false-alarm
rate (FAR) ≤ 1/yr, as listed in Table I of Abbott et al.
[18]. We discuss single-event results in detail, and iden-
tify degeneracies between birefringence and spin effects,
in addition to the already known correlations with source
orientation and distance. We use the results from indi-
vidual events to place a collective population constraint
on the strength of GW amplitude birefringence from
GWTC-3.

In Sec. II, we briefly review the background of GW am-
plitude birefringence. In Sec. III, we describe the mod-
ification we apply to the baseline GR waveform, sum-
marize our PE configuration and outline our statistical
methods for combining information from multiple events.
In Sec. IV, we present our constraint on GW amplitude
birefringence, discussing individual events and the cata-
log collectively. In Sec. V, we discuss the implications of
our result, comparing to previous constraints in the liter-
ature and outlining correlation structures that appear in
our measurements. Finally, we conclude in Sec. V with
a summary.

II. BACKGROUND

A. Birefringence

In GR, GWs are comprised of two independent polar-
ization modes, usually represented in the linear basis of
plus (+) and cross (×) states. In the Fourier domain,
these can be combined into left-handed (L) and right-
handed (R) circular states (see, e.g., [19]),

hL/R =
1√
2

(h+ ± ih×) , (1)
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where h is the frequency domain strain, with the plus
and minus signs for L and R respectively. These circular
modes represent eigenstates of the helicity operator (he-
licity ±2) and possess a definite parity. Einstein’s theory,
which is parity even, predicts no difference in the dynam-
ics of these two states.

Yet, parity odd extensions of GR may make distinc-
tions between the two circular polarizations, potentially
appearing in both the generation and propagation of
GWs. The latter can manifest in changes to the rela-
tive amplitude and phase of the polarizations that accrue
as the wave propagates, giving us hope of detecting ini-
tially small effects that compound over long propagation
distances.

In particular, amplitude birefringence would enhance
one polarization mode over the other. To first order, in
theories like Chern-Simons gravity, the Fourier-domain
waveform observed a comoving distance dC away from
the source can be written as

hbr
L/R(f) = hGR

L/R(f)× exp

(
±κdC

f

100 Hz

)
, (2)

where the emitted waveform hGR
L/R is modified by an expo-

nential birefringent factor to yield the observed waveform
hbr
L/R. The overall magnitude of this effect for a given

frequency f is set by an attenuation coefficient, κ, which
encodes the intrinsic strength of the birefringence. The
emitted waveform for a given source (i.e., the waveform
observed in the near zone, very close to the source) will
generally differ from the analogous waveform predicted
by GR [9, 20]; however, since we expect most viable mod-
ifications to GR to be intrinsically small (e.g., [21]), it is
standard to approximate the emitted waveform by the
prediction from GR (hence the notation “hGR” above).

Although the intrinsic modification is small, the effect
targeted by Eq. (2) accumulates as the GW propagates.
During propagation, the effect of birefringence will be
built up with the number of cycles, which is itself a func-
tion of the distance traveled and the frequency of the
GWs. According to Eq. (2), a positive κ means the left-
handed polarization is enhanced over the right-handed
polarization, while a negative κmeans the opposite; when
κ = 0, the observed waveform is the same as GR predicts,
meaning there is no birefringence.

Equation (2) can be derived as the first order effect
in an expansion away from GR under multiple frame-
works. In general, κ will be a function of the theory
parameters and the cosmological history, e.g., the value
of the pseudo-scalar field and its derivative in Chern-
Simons gravity [9]. Since it originates from a truncated
series expansion1, Eq. (2) is a good approximation only
for small exponents,

|κ| dC (f/100 Hz) < 1 . (3)

1 Often the birefringent effect is written as an expansion in red-
shift, z [e.g. 22], rather than distance. Here we use dC to empha-
size that the effect accumulates per cycle, or with propagation
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FIG. 1. Illustration of amplitude birefringence. The GR
waveform for the ` = |m| = 2 mode of a nonprecessing BBH
seen edge-on (cos ι = 0) is linearly polarized and thus con-
tains equal amounts of left- and right-handed modes for all
frequencies (dotted, top). However, if spacetime were bire-
fringent following Eq. (2), the waveform observed on Earth
would contain different fractions of the two circular modes,
with higher frequencies affected more strongly (solid, top). In
the time domain, this manifests as a time-dependent amplifi-
cation of the waveform, with a stronger effect at later times
when the chirp reaches a higher instantaneous frequency (bot-
tom). For this example, the black holes do not spin and have
equal masses m1 = m2 = 10M�, and we have chosen a lumi-
nosity distance dL = 400 Mpc and κ = 0.6. ¥

Otherwise, more frequency-dependent terms would enter
the exponent of Eq. (2) in a theory-dependent way.

B. Inclination and other degeneracies

Under certain conditions, the effect of birefringence can
be degenerate with a change in the orientation of the
source with respect to the line of sight [9]. Concretely,
for a nonprecessing compact binary inspiral in GR, the
observed amplitude ratio of the left-handed and right-
handed polarizations is only a function of the inclination
ι, the angle between the orbital angular momentum of
the source and the line of sight [23]. For the dominant
` = |m| = 2 angular mode of the radiation, the relation
between the amplitude ratio and the inclination is

hGR
L

hGR
R

=

(
1− cos ι

1 + cos ι

)2

(4)

distance. Thus, current ground-based experiments, which can
detect gravitational waves to z ' 1, dC ' dH (Hubble distance),
are already observing propagation over a large fraction of the
universe and constrain this effect meaningfully.

https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/src/scripts/birefringence.py
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for all frequencies (see, e.g., Sec. IIIC in [19]).
Since birefringence impacts the observed amplitude ra-

tio of left- and right-handed modes, it could also affect
inferences about the source inclination [9]. However,
the two effects are degenerate only if the frequency de-
pendence of Eq. (2) is neglected. This is easy to see
from Eq. (2), since the implied polarization ratio for the
` = |m| = 2 mode of a nonprecessing source is

hbr
L

hbr
R

=

(
1− cos ι

1 + cos ι

)2

exp

(
2κdC

f

100 Hz

)
. (5)

For an isolated Fourier mode of definite frequency f , the
effect of birefringence will be degenerate with a change
in inclination; however, if multiple modes come into play,
then no change in inclination alone can mask the effect of
birefringence, which will affect the time domain waveform
nontrivially (Fig. 1).

Okounkova et al. [15] took the effect of birefringence
to be independent of the frequency, which is a zeroth-
order approximation of the birefringence model in Chern-
Simons gravity. This assumption results in a full degen-
eracy between κ and ι: to reconstruct the amplitude ratio
from the interferometer data, a value of ι representing a
more face-off inspiral can pair with a positive value of κ,
or a value of ι representing a more face-on inspiral with
a negative value of κ. That fact can be used to constrain
frequency-independent birefringence by searching for fea-
tures in the distribution of inferred inclinations [15].

By implementing Eq. (2), which is a first-order approx-
imation of the birefringence model, we generally break
the degeneracy between birefringence and source orien-
tation; this was also the case in the frequency-dependent
relations studied in [12, 13]. Nevertheless, there exist
systems for which the degeneracy cannot be broken in
practice because not enough frequencies are available in
the data. This may also be the case for quasimonochro-
matic sources, like nonaxisymmetric pulsars or very light
binaries, which are well approximated by a single Fourier
mode.

As we will find in Sec. IV, the effect of birefringence can
be (partially) degenerate with other parameters besides
source inclination. Indeed, the frequency-dependent am-
plification or dampening of polarizations caused by κ can
sometimes be absorbed by changes in intrinsic parame-
ters, like the spins, with concurrent adjustments to the
source inclination and distance. As a measure of the
black hole (BH) spin magnitudes along the orbital angu-
lar momentum, we will use the effective spin parameter
[24–26]

χeff ≡
1

1 + q

(
χ1‖ + qχ2‖

)
(6)

where χi‖ are the norms of the projections of the dimen-
sionless spin vectors along the orbital angular momen-
tum, and the mass ratio is q ≡ m2/m1 ≤ 1. We will
study the interplay between birefringence and precession

by focusing on the posterior of the precessing spin pa-
rameter χp, defined as [27]

χp ≡ max {χ1⊥, kχ2⊥} , (7)

where χi⊥ are the norms of the projections of the di-
mensionless spin vectors onto the orbital plane at a ref-
erence time, and k ≡ q (4q + 3) / (4 + 3q). We chart this
and other approximate degeneracies as part of the results
presented in Sec. IV.

III. METHOD

A. Single-event parameter estimation

To constrain birefringence, we reanalyze events from
GWTC-3 [11, 28] implementing Eq. (2) to directly obtain
a posterior on κ from the strain of each event. We ana-
lyze the 71 BBHs that were detected with FAR < 1/yr; to
avoid extended computations on longer signals and con-
sidering these are generally at closer distances, we do not
analyze systems involving neutron stars in this work. We
procure strain data from the Gravitational Wave Open
Science Center (GWOSC) [29].

We estimate source parameters using a custom version
of the Bilby software [30], modified from the baseline
version to apply Eq. (2) for any GR baseline waveform.
We take the PE configuration in [11, 28, 31, 32] as a start-
ing point, with IMRPhenomXPHM [33] as the reference
waveform. We apply a distance prior corresponding to a
uniform distribution over comoving volume and source-
frame time, and set the prior on κ to be uniform between
−1 Gpc−1 and 1 Gpc−1.

For GW190521, we increase the maximum distance al-
lowed by the prior to 1.5× the original value in [31], as the
birefringence effect results in posterior support at larger
distances. For GW190720, we decrease the analysis seg-
ment from 16 s to 8 s, in order to accommodate missing
data near the edges of the 16 s segment in Virgo. Other-
wise, the configuration is as in [11, 28, 31, 32].

In order to validate our PE implementation, we re-
produce the LVK PE results obtained assuming GR by
enforcing κ = 0; this also has the advantage of producing
GR runs that are directly comparable to our birefringent
runs. All our PE results, including the GR validation
runs, are published in Ng et al. [34].

B. Collective analysis

1. Shared birefringence parameter

In the most simplified scenarios, birefringence is a
property of spacetime that is not intrinsic to any source
or region in space. Consequently, we should expect κ to
take the same value for all signals, whether it vanishes or
not. Under this assumption, the posterior on κ inferred
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collectively from all events is simply obtained from the
product of the individual likelihoods, p(di | κ) ∝ p(κ |
di)/p(κ), such that

p(κ | {di}) ∝ p(κ)
∏
i

p(κ | di)
p(κ)

, (8)

where di is the strain data for the ith event, and p(κ)
is the prior on κ; since the prior is uniform, in our case
Eq. (8) reduces to the product of the posteriors, namely
p(κ | {di}) ∝

∏
i p(κ | di). We use Eq. (8) to obtain the

primary constraint presented in this work.

2. Nonshared birefringence parameters

Under many frameworks, birefringence is brokered by
an extra parity-odd field that couples to gravity. In
that case, the effective strength of birefringence may vary
along the different lines of sight to each event, depending
on cosmic history and the local evolution of the field. The
simplest assumption is that the field manifests equally for
all events, as assumed in the previous subsection, but this
is not strictly required. These considerations motivate
a collective analysis that does not assume κ is shared
across events [35, 36]. Such an analysis has the addi-
tional advantage of helping us further characterize our
set of measurements, and identify potential outliers.

To do this, we apply hierarchical Bayesian inference
[37, 38] to model the distribution of κ’s consistent with
the observed data: we posit that, rather than a unique
global value of κ, there is a specific value of the pa-
rameter, κi, associated with each event, and that this
is drawn from some unknown distribution of true under-
lying values; from the imperfect measurements of κi for
each event, we may reconstruct the underlying distribu-
tion. If we are interested in constraining the first two mo-
ments of the distribution, it is convenient to parametrize
the κi’s as drawn from a Gaussian with unknown mean
µ and variance σ2, i.e., κi ∼ N (µ, σ2) [39], and measure
those hyperparameters from the collection of observed
data.

If GR is correct and there is no birefringence, we
should find the observed κ distribution to be consistent
with a delta function at the origin (κi = 0 for all i, or
µ = σ = 0); on the other hand, if spacetime is globally
birefringent, we expect to find a delta function at some
nonzero value (κi = κ 6= 0, or µ = κ and σ = 0). But this
analysis also has the power to reveal unexpected physics
or systematics in our measurements: if σ is confidently
found to be nonzero, this would imply that our set of
measurements is statistically unlikely to originate from
a unique κ value. This could signal richer physics than
is implied by Eq. (2) or, more prosaically, that there are
outliers in our measurements due to mismodeling, e.g., in
the waveform approximant or the noise of the detector.

Starting from the posterior on κ from each ith event,
p(κi | di), the posterior on the hyperparameters µ and σ

can be calculated by

p(µ, σ | {d}) ∝ p(µ, σ)
∏
i

∫
p(κi | di)
p(κi)

p(κi | µ, σ) dκi,

(9)
where p(κ) is the prior initially applied to κ during PE,
which in our case is a uniform distribution, U [−1, 1]. Fur-
ther choosing the hyperpriors on µ and σ to be uniform,
Eq. (9) simplifies to

p(µ, σ | {d}) ∝
∏
i

∫
p(κi | di) p(κi | µ, σ) dκi (10)

where p(κi | µ, σ) ∝ exp(−|κi − µ|2/2σ2) is the usual
Gaussian likelihood.

Beyond measuring the population mean and variance,
we also calculate the expected population distribution of
κ marginalized over µ and σ. This is defined by

p(κi | {d}) =

∫
p(κi | µ, σ)p(µ, σ | {d}) dµdσ , (11)

and represents our overall expectation for the true values
of κ, given the observed set of individual measurements
and, crucially, assuming the underlying distribution is
Gaussian. Although the measurement of the popula-
tion mean and variance applies irrespective of whether
the underlying κi distribution is truly Gaussian, the
specific shape of the population-marginalized distribu-
tion of Eq. (11) is not; therefore, Eq. (11) should not
be interpreted as giving a generic inference on the κ
distribution—more expressive models than a Gaussian
would be better suited to that purpose. To sample the
posterior distribution of µ and σ, we use the sampling
package flowMC [40].

IV. RESULTS

In this section, we present the results of our study.
We first show the κ measurements from of all events
in our set, as well as the resulting global measurement
of κ that represents our primary constraint on birefrin-
gence (Sec. IV A). We then assess the collection of mea-
surements in more detail through a hierarchical analysis
(Sec. IV B). Finally, we discuss some special events indi-
vidually, and outline the degeneracies that arise between
birefringence and orbital precession (Sec. IV C).

A. GWTC-3 result

Figure 2 shows the main result of our GWTC-3 analy-
sis as represented by the posterior distribution on κ (ab-
scissa) obtained individually for each event (ordinate).
Posteriors are colored by the respective posterior mean
distance to the origin in units of standard deviation, i.e.,
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FIG. 2. Individual-event κ posteriors (distributions), and
joint measurement (blue band, 90% CI; blue line, median). ¥
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TABLE I. Events that best constrain κ, sorted by posterior
standard deviation σi. CL is the credible level of κ = 0.

Event κ (Gpc−1) σi (Gpc−1) CL

GW200129 065458 −0.072+0.085
−0.071 0.048 0.876

GW200224 222234 −0.069+0.086
−0.071 0.058 0.860

GW200311 115853 −0.036+0.115
−0.077 0.061 0.584

GW190412 −0.091+0.129
−0.086 0.068 0.857

GW191204 171526 +0.004+0.100
−0.109 0.069 0.205

GW190512 180714 +0.002+0.113
−0.109 0.070 0.005

GW170818 +0.146+0.136
−0.088 0.076 0.977

GW200219 094415 −0.001+0.125
−0.118 0.079 0.109

GW190701 203306 −0.041+0.158
−0.086 0.084 0.587

GW190413 052954 +0.008+0.137
−0.113 0.087 0.081

¥

TABLE II. Events with bimodality in the κ posterior, the GR
measurement of their detector-frame total mass (M), precess-
ing spin χp and effective spin χeff , as well as the credible level
of κ = 0 (CL) from the birefringence analysis.

Event M (M�) χp χeff CL

GW170104 60.6+4.0
−3.9 0.42+0.41

−0.32 −0.04+0.15
−0.20 0.786

GW190413 134308 133.3+20.6
−20.5 0.56+0.35

−0.41 −0.04+0.28
−0.36 0.837

GW190521 250.1+40.3
−37.5 0.46+0.36

−0.32 +0.04+0.29
−0.39 0.996

GW190805 211137 146.6+19.8
−20.1 0.53+0.33

−0.33 +0.33+0.29
−0.36 0.895

GW191105 143521 22.4+2.6
−0.6 0.31+0.44

−0.24 −0.03+0.11
−0.08 0.802

¥

|µi/σi| for each event i.2 The collective measurement ob-
tained by assuming a shared κ across events, Eq. (8), is
represented by its 90%-credible symmetric interval (blue
band) around the median (blue line); this joint measure-
ment is fully consistent with κ = 0 (dashed line) with the
credible level of 0.209 , meaning we find no evidence for¥
birefringence.

Figure 2 makes it clear that not all BBHs in GWTC-3
are equally informative about birefringence. When con-
sidered individually, the events that best constrain κ are
listed in Table I, in order of increasing standard devia-
tion σi. That table also shows the credible level (CL)
at which the posterior supports κ = 0, whereby CL = 0
(CL = 1) means the posterior supports that value with
high (low) probability.

Judging by µi/σi, the two events that show the largest
tension with κ = 0 are GW170818, for which µi/σi =
2.0 , and GW200129 065458 (henceforth GW200129),¥
for which µi/σi = −1.5 . However, as we discuss in¥
Sec. IV C 3, we have reason to think that the preference
for κ < 0 in GW200129 might be driven by noise anoma-
lies in the Virgo detector; with that in mind, in the next
section we consider the effect of excluding this event from

2 We use the i notation for individual events here to disambiguate
from the population mean µ and standard deviation σ of Eq. (9).

https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/src/scripts/violin_kappa.py
https://zenodo.org/record/7338924
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L34
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L58
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L19
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L42
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L50
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FIG. 3. The posterior of the κ population hyperparameters
µ and σ, including (blue) and excluding (orange) GW200129
from the collection of events. The 2D contours correspond to
the 39.35% and 90% credible levels. The plot shows that the
population constraint on κ is consistent with no birefringence
(µ = σ = 0) at the 90% credible level. ¥
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the joint result (we find its impact to be minimal).
Finally, a set of events stands out in Fig. 2 due to evi-

dent bimodality in the κ posterior. To a varying degree,
that is the case for those events listed in Table II, which
tend to have quite high total masses in the detector frame
(Table II shows total mass as measured in the standard
GR analysis). For these bimodal posteriors, µi/σi is not
a good proxy for agreement with GR; instead, we can
rely on CL(κ = 0). By this measure, the bimodal events
are some of the least consistent with κ = 0, GW190521
in particular.

As we anticipated in Sec. II B, we understand the bi-
modality in κ to be linked to spin effects, and often to
precessing morphologies in particular. Other parameter
degeneracies also come into play, especially for the lighter
events GW191105 143521 (henceforth GW191105) and
GW170104. We discuss this further in a dedicated sec-
tion below (Sec. IV C).

B. Hierarchical modeling

Figure 2 shows a certain degree of variance in the dis-
tribution of κ posteriors for different events, including
some apparent outliers like GW170818 or GW190521.
This is not unexpected: assuming independent Gaussian
noise instantiations for each event, we might expect up
to ∼3 out of the 71 posteriors (i.e., ∼5%) to deviate away
from the true κ value by over ∼2σ due to noise alone.

To further assess the statistical properties of the set

−0.2 −0.1 0.0 0.1 0.2
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κ
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GW200224 222234
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FIG. 4. Individual-event κi distributions of Fig. 2 reweighted
in light of the population-level inference of Fig. 3, marginaliz-
ing over µ and σ. Curves are colored by the magnitude of the
supported deviation, as represented by the respective poste-
rior |µi/σi|; we label the events most in tension with κi = 0
by that same measure. ¥

ó

of posteriors in Fig. 2, we apply the hierarchical analysis
described in Sec. III B 2. By characterizing the popula-
tion mean and standard deviation over events, this also
allows us to obtain a collective measurement that does
not assume all events share the same value of κ.

We summarize the result of this exercise in Fig. 3,
which shows the posterior on the population mean µ
and standard deviation σ inferred from the collection of
observations in Fig. 2. The figure shows two distribu-
tions, which result from analyses with (blue) and without
(orange) the potentially-contaminated event GW200129;
the difference between the two is mainly restricted to a
slight shift in µ, indicating that GW200129 has a small
effect on our overall population inference.

Both versions of the posterior support the lack of bire-
fringence (µ = σ = 0) within 90% credibility; from the
marginals of the result including all events, we constrain
µ = −0.009+0.032

−0.032 Gpc−1 for 90%-credible symmetric in-¥
tervals around the median, and σ < 0.051 Gpc−1 for¥
the 90%-credible one-sided upper limit. However, even
though σ = 0 is well supported, the σ posterior peaks
visibly away from the origin, indicating some preference
for a nonzero variance. This could be a sign of the pres-
ence of outliers in our sample.

As a visual check for outliers, we reconsider the set
of measurements in Fig. 2 in light of the hierarchical re-
sult for µ and σ in Fig. 3, including GW200129 (blue
curve). This amounts to reweighting the κ posterior for
each event under a population prior marginalized over µ
and σ, conditional on the measurements from all other
events [41, 42]. The result in Figure 4 does not show evi-
dence for any of the events being in obvious tension with
the population, even though the GW170818 curve stands

https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/src/scripts/corner_Gaussian.py
https://zenodo.org/record/7338924
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/src/scripts/reweighed_kappa.py
https://zenodo.org/record/7338924
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L1
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L1
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out from the rest due to its higher support for κ > 0. This
feature appears to offset a few other events which tend
to favor κ < 0. The interaction between these distri-
butions leads to a hyperposterior that is fully consistent
with µ = 0 while offering some support for σ > 0 (Fig. 3).
Future observations will determine whether there is truly
evidence for a nonvanishing variance in this population.

Finally, the hierarchical result in Fig. 3 can be trans-
lated into an overall expectation for κi under the assump-
tion of a Gaussian distribution via Eq. (11). We show
the result of doing this in Fig. 5, where we also com-
pare to the posterior on κ obtained by assuming a shared
value across events (same result shown as a blue band in
Fig. 2). The hierarchical measurement leads to an ex-
pectation that κi = −0.013+0.068

−0.053 Gpc−1 , whereas the¥
shared-κ measurement implies κ = −0.019+0.038

−0.029 Gpc−1

, both symmetric 90%-credible intervals around the me-¥
dian.

C. Notable events

Having established that the collection of detections is
globally consistent with κ = 0, here we focus on three
events whose κ posteriors stand out in Fig. 2: GW170818,
GW190521 and GW200129. When considered in isola-
tion, the first of these is the unimodal event with the
most significant support for nonzero κ, the second is the
most extreme representative of a class of events with bi-
modal κ posteriors, and the third shows signs of potential
noise anomalies. Through these examples, we elucidate
some of the interactions between κ and the source lumi-
nosity distance, inclination and spin parameters.
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FIG. 6. GW170818 posterior on κ, luminosity distance dL
and inclination cos ι from our birefringence analysis (blue),
compared to the GR result (orange). The top right panel
shows the marginalized posterior on χp: allowing for birefrin-
gence reduces the preference for precession. (See Fig. 10 for
a full corner plot.) ¥
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1. GW170818

GW170818 produced the posterior most displaced from
κ = 0, when judged by µi/σi in Fig. 2. Figure 6 shows
that this happens because birefringence opens up a re-
gion of parameter space with κ > 0 for larger distances
and smaller inclination angles than would be allowed
in the GR case. We can make sense of this by noting
that an edge-on, nonprecessing source produces linearly-
polarized waves, meaning that a smaller inclination leads
the two circular polarizations to have similar amplitudes.
On the other hand, having κ > 0 enhances the left-
handed modes during propagation, per Eq. (2). The two
effects can be balanced to match the polarization ratio
observed at the detector (predominantly left-handed, per
the preference for cos ι ≈ −1 in the GR analysis), as long
as the distance is also enhanced to yield the right amount
of birefringence and overall signal power. This is similar
to the degeneracy mentioned in Sec. II B.

It is difficult to unequivocally identify a specific feature
of the GW170818 data that leads to this posterior struc-
ture. However, it appears to be related to this event’s
support for precession, in conjunction with its uncom-
monly definite measurement of the polarization, phase
and spin angles [43] (see Appendix A 1). The relevance
of precession is evident from the posterior on χp (Fig. 6,
top right): allowing for κ 6= 0 leads to reduced support for
precession. We can understand this in reference to Fig. 1:

https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/src/scripts/posterior_kappa.py
https://zenodo.org/record/7338924
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L10
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L19
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/src/scripts/corner_GW170818.py
https://zenodo.org/record/7338924
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if only a short portion of the signal is observed, then
the frequency-dependent signal enhancement or dampen-
ing due to birefringence can mimic the time-dependent
amplitude modulation produced by a precession cycle.
Therefore, under these circumstances, similar morpholo-
gies can be obtained by setting χp > 0 or κ > 0, as
long as the distance and inclination can also be adjusted
accordingly.

The fact that the birefringent analysis favors a high κ
rather than a high χp can be explained a consequence
of prior volume: many more configurations are available
with long distances and high κ than with short distances
and small |κ|. The preference for κ > 0 over κ < 0 (and,
therefore, the lack of bimodality in the cos ι and κ poste-
riors), is likely related to both the definite measurement
of left-handed polarizations and the specific phasing of
the precession cycle. The latter manifests as a precise
constraint on the spin orientation and phase angles in the
GR analysis [43] (see also Appendix A 1). The observed
amplitude modulation (say, increasing vs decreasing to-
wards the merger) likely determines the allowed sign of
κ for this event. We provide the full corner plot for all
relevant parameters in Fig. 10 in Appendix A 1.

2. GW190521

GW190521 is the most extreme representative of a
class of events with bimodal κ posteriors (Table II). Fig-
ure 7 shows that the two peaks of the κ distribution arise
from respective modes in the inclination (lower left cor-
ner): one solution corresponds to an intrinsically face-on
source (cos ι ≈ 1) with negative κ, and the other to a face-
off source (cos ι ≈ −1) with positive κ. In the former, an
initially right-handed signal is birefringently enhanced by
κ < 0 as it propagates towards the detector; in the lat-
ter, an initially left-handed signal is enhanced by κ > 0.
The two outcomes (a right-handed or left-handed signal
at the detector) match the two possibilities allowed also
in the reference GR run, which itself yields a bimodal
cos ι posterior. In both cases, the overall amplification
of the signal introduced by a nonzero κ is balanced by a
large luminosity distance (dL & 5 Gpc), so as to match
the observed signal-to-noise ratio.

Introducing birefringence affects our inference of the
spins in the GW190521 system. We illustrate this in
Fig. 7 through the posterior on the effective spin χeff ,
which is favored to take values closer to zero in the bire-
fringent analysis; this can also be seen, perhaps more
clearly, in the joint posterior for the individual spin mag-
nitudes, provided in Appendix A 2. This suggests that
at least part of the data features that lead the GR anal-
ysis to infer near extremal spins can be alternatively ex-
plained as a consequence of birefringence. The fact that
this is possible is not fully surprising given that the signal
from this heavy system is only observed for a very small
number of cycles [44, 45] (cf. Fig. 1).

All in all, the situation for GW190521 is not unlike that
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FIG. 7. GW190521 posterior on κ, luminosity distance dL
and inclination cos ι from our birefringence analysis (blue),
compared to the GR result (orange). The marginalized pos-
terior on χp is shown in the top right panel. ¥
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for GW170818 discussed above (Sec. IV C 1): structures
in the data that would normally be interpreted as traces
of high component spins are instead (at least partially)
attributed to birefringent propagation, driven by a prior
preference for high distances. The degeneracies in the
case of GW190521 are likely exacerbated by the heavier
mass of the system, which reduces the observed number
of cycles. Crucially, GW190521 also lacks a definite mea-
surement of the polarization state at the detector: with-
out certainty about the ratio of right- versus left-handed
components in the observed signal, it is not possible to
disambiguate between κ > 0 versus κ < 0; hence the κ
distribution remains bimodal for GW190521, unlike for
GW170818. The poor determination of the polarization
state of the detected signal is evidenced by the bimodal
cos ι posterior inferred assuming GR in Fig. 7, and is
attributable to several factors including sky location.

3. GW200129

GW200129 is the event with the second largest |µi/σi|
in Fig. 2. However, data for this event were affected by
a non-Gaussian noise disturbance (glitch) in the Virgo
instrument, which was subtracted from the publicly-
available data used for parameter estimation [46]. Since
previous work suggests the degree of glitch subtraction af-
fects the inference for this event [47], we consider whether
the apparent preference for κ < 0 could also be tied to
the instrumental artifact.

https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/src/scripts/corner_GW190521.py
https://zenodo.org/record/7338924


9

1000

2000

3000

4000

d
L

(M
p

c) HLV

HV

LV

HL

−0.5 0.0 0.5

κ (Gpc−1)

−0.5

0.0

0.5

co
s
ι

2000 4000

dL (Mpc)
−0.5 0.0 0.5

cos ι

0.2 0.5 0.8
χp

FIG. 8. GW200129 posterior on κ, luminosity distance dL
and inclination cos ι, including different sets of detectors in
the analysis per the legend. The marginalized posterior on
χp is shown in the top right panel. The main run with all
three detectors (HLV, filled blue), shows a preference for κ <
0, as in Fig. 2; this preference is more pronounced for two-
detector runs that include Virgo (HV and LV, orange and
green); however, it disappears if we remove Virgo (HL, dashed
black). The 2D contours correspond to the 90% credible level. ¥

ó

To this end, we perform three additional PE runs for
GW200129, considering only two detectors at a time:
LIGO Hanford and Virgo (HL), LIGO Livingston and
Virgo (LV), and LIGO Hanford and LIGO Livingston
(HL). If the preference for κ < 0 is tied to the glitch in
Virgo, we expect it to disappear in the HL run, which
excludes Virgo data.

This is indeed the case, as we show in Fig. 8: all runs
including Virgo lean towards κ < 0 (solid curves in color),
whereas the LIGO-only run is fully consistent with κ = 0
(dashed black). While this is not conclusive proof that
the glitch itself is driving the result, it does indicate that
the Virgo data play a key role in the inference of κ. Since
more work would be needed to understand the effect of
the glitch, this motivated us to consider the effect of
excluding this event from the collective analyses above
(Sec. IV B). In any case, the outcome of that test showed
the role of GW200129 to not be significant (e.g., Fig. 3).

TABLE III. Comparison of our constraints with previous
studies. CL is the credible level.

MPV (10−21 GeV) |κ| (Gpc−1) CL (%)

Wang et al. [13] > 0.10 < 2.96 90

Okounkova et al. [15] > 0.40 < 0.74 68

Zhu et al. [17] > 0.41 < 0.72 90

Ng et al. (this work) > 6.81 < 0.04 90
¥

V. DISCUSSION

A. Comparison with previous studies

Our primary constraint on birefringence is given by
the combined constraint on the birefringent attenuation
from GWTC-3, κ = −0.019+0.038

−0.029 Gpc−1 with 90% cred-¥
ibility, obtained in Sec. IV A (blue band in Fig. 2). We
can compare this to previous measurements of amplitude
birefringence in the literature. We summarize these con-
straints in Table III.

1. Okounkova et al.

Okounkova et al. [15] produced a constraint on
frequency-independent GW amplitude birefringence from
the distribution of measured inclinations of BBHs in
GWTC-2. As opposed to our Eq. (2), this reference pa-
rameterized the effect of birefringence as

hbr
L/R(f) = hGR

L/R(f)× exp (±κ̃ dC) , (12)

where κ̃ is a frequency-independent attenuation (simply
denoted “κ” in Ref. [15]). Assuming a fiducial redshift of
z = 0.3 for all events in GWTC-2, Okounkova et al. [15]
obtained a constraint of |κ̃| . 0.74 Gpc−1 at 68% credi-
bility. On the other hand, our constraint from Sec. IV A
is |κ| < 0.03 Gpc−1 at 100 Hz at 68% credibility. This is¥
a factor of ∼25× more stringent than Ref. [15], besides¥
arising from a less simplified model.

2. Wang et al.

Wang et al. [13] performed PE on GWTC-1 events with
a frequency-dependent model of birefringence resembling
ours. Following [22], that reference parameterized the
birefringent waveform in terms of some amplitude and
phase modifications to the linear polarizations (δh and
δΨ respectively), such that

hBR
+/×(f) = hGR

+/×(f)∓ hGR
×/+(f)(iδh− δΨ) , (13)

with the plus (minus) sign for the cross (plus) polariza-
tion. In terms of circular polarizations, this is equivalent

https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/src/scripts/corner_GW200129.py
https://zenodo.org/record/7338924
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L19
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L19
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L19
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L19
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to

hBR
L/R(f) = hGR

L/R(f) (1∓ δh∓ iδΨ)

≈ hGR
L/R(f) exp(∓δh∓ iδΨ) , (14)

assuming a small δh and δΨ in the last line. To con-
sider only amplitude birefringence, as in this work, we
must compare to the result in Ref. [13] that set δΨ = 0
and parameterized δh = πfz/MPV, where MPV is the
energy scale of the birefringent (parity-violating) cor-
rection.3 Comparing to our Eq. (2) and approximating
z ≈ dCH0/c via the Hubble constant, H0, this means

|κ| ' πH0

c

h (100 Hz)

MPV
' 3.0× 10−22 GeV

MPV
Gpc−1, (15)

where h is Planck’s constant. Wang et al. [13] quote
a constraint of MPV > 10−22 GeV at 90% credibility,
which translates into |κ| . 2.96 Gpc−1 . We obtained a¥
tighter 90% upper limit of |κ| < 0.04 Gpc−1 , or MPV &¥
6.8× 10−21 GeV .¥

The parameterization of Wang et al. [13] is the same
as that in the more recent work by Zhu et al. [17]. That
work, which appeared while this manuscript was final-
ized, reported a constraint of MPV > 4.1 × 10−22 based
on GWTC-3.

B. Parameter degeneracies

In examining our results in Sec. IV C, we identified
interactions between birefringence and the inference of
source properties like the component spin parameters—
in addition to expected partial degeneracies with incli-
nation and distance (Sec. II B). In particular, we found
that the frequency-dependent modification to the wave-
form induced by birefringence can effectively mimic spin
effects, including precession, especially for heavier sys-
tems which are observed over short durations.

As a consequence, a system that would be inferred to
be highly spinning in GR may instead be inferred to be
low-spinning but highly birefringent if nonzero values of κ
are allowed. These morphological degeneracies can inter-
act with the distribution of prior probability mass to yield
a preference for nonzero κ in some events: in absence of a
strong constraint from the data, it can be more favorable
to place a source at far distances with large |κ|, than at
close distances with a fine tuned spin configuration and
low |κ|. The resulting posterior can be unimodal or bi-
modal depending on the specific phase and polarization
states observed at the detector. The events GW170818

3 Concretely, Wang et al. [13] write δh = −Aνπf with Aν =
M−1

PV [αν(z = 0)− αν(z) (1 + z)], for αν some function of red-
shift encoding the evolution of a birefringence-mediating field;
to produce their constraint, however, they further set αν(z) = 1,
yielding Aν = −z/MPV and hence δh = πfz/MPV.
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(Sec. IV C 1) and GW190521 (Sec. IV C 2) appear to fall
into these two categories respectively.

Conversely, we expect that support for birefringence
can also appear for signals that do not necessarily show
significant spin effects in the GR analysis, as long as the
spins or other source parameters can be tuned to coun-
teract the frequency-dependent dephasing that would be
otherwise induced by a nonzero κ. In those situations,
κ may become at least partially degenerate with inclina-
tion, also leading to a bimodal posterior. This is because
the intrinsic source parameters may, to an extent, “ab-
sorb” the frequency dependence of the birefringent effect,
approximately reinstating the degeneracy expected for a
single Fourier mode (Sec. II B).

Besides spins, other parameters can interact with κ
either directly or through their own couplings with the
spins. Since the mass ratio can affect the phasing of
a GW inspiral at similar order as the spins [23], we
might expect some degree of interaction between q and
κ. This seems to indeed be the case for some events, like
GW170104 or GW191105, as we demonstrate in Fig. 9.
In the former, introducing birefringence increases the
preference for asymmetric masses (q < 1) while decreas-
ing the inferred level of precession; in the latter, bire-
fringence increases the preference for symmetric masses
(q = 1) but does not affect the inference on precession.
The κ posteriors are bimodal for both events, but do not
rule out κ = 0 (Fig. 2). In neither case is χeff significantly
impacted by birefringence. The coupling between q and κ
is likely limited by the fact that changes in the mass ratio
alone cannot produce significant amplitude modulations.

Since our inference on κ can be tied to precession and
the spin orientations, we might be susceptible to system-
atics in the modeling of spin angles in IMRPhenomX-
PHM and might thus benefit from further analysis with
other waveforms like NRSur7dq4 [48].

https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L19
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L19
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L19
https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/src/scripts/mass_ratio.py
https://zenodo.org/record/7338924
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VI. CONCLUSION

We have reanalyzed all BBHs in GWTC-3 with FAR <
1/yr to constrain amplitude birefringence in the propa-
gation of GWs. To this end, we implemented a model
in which right or left handed polarizations are amplified
or suppressed over distance as a function of frequency,
with an overall strength parametrized by a birefringent
“attenuation” parameter, κ, following Eq. (2). This pa-
rameterization is consistent with parity-odd theories like
Chern-Simons gravity, and can be used to constrain them
where applicable.

We found no evidence of amplitude birefringence in the
GWTC-3 data, and constrained κ = −0.019+0.038

−0.029 Gpc−1

with 90% credibility when treating κ as a global quantity¥
shared by all GWTC-3 events (Sec. IV A). This measure-
ment is significantly more stringent than past constraints
(Table III). As an additional check, we implemented a hi-
erarchical analysis that allowed for each event to probe
different effective values of κ, as might be the case if
birefringence is mediated by a field that is nonuniform
over the angular separations between detected sources
(Sec. IV B). The result of that analysis was consistent
with a vanishing κ for all events in our catalog within 90%
credibility, but hinted at some possible variance in the
population. Future catalogs with more events will shed
light on this feature, and enable richer models with ex-
plicit correlations between birefringent attenuation and
source parameters like sky location [49, 50].

From the set of results from individual events, we high-
lighted two, GW170818 and GW190521, whose posterior
manifests interactions between birefringence and our in-
ference of source parameters (Sec. IV C). In particular,
we identified the relevance of spins and their (partial)
degeneracy with κ, in addition to expected correlations
with source inclination and distance. The mass ratio can
also play a role, by coupling with the spins or κ directly
(Sec. V B).

This study was restricted to BBHs because of the ex-
pectation that they should dominate the birefringence
constraint thanks to their larger redshifts. However,
lower mass systems involving neutron stars may also
be informative thanks to the wide band of frequencies
spanned by their signals, in spite of their closer distances.
Analysis of future catalogs will benefit from the inclusion
of those events, as well as a much larger number of BBH
sources at increasingly greater distances. Future mea-
surements will also be enriched by the addition of KA-
GRA [3] and LIGO India to the GW detector network,
which will allow us to better disambiguate between polar-
ization states and hence between models of birefringent
propagation.

All our data are available in Ng et al. [34].
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Appendix A: Extended results for notable events

1. GW170818

Here we provide further details on the GW170818 mea-
surement. Figure 10 displays the posterior on all param-
eters we consider relevant for this event, of which Fig. 6
in the main text represents a subset. As in that fig-
ure, Fig. 10 shows the regular IMRPhenomXPHM GR
analysis (GR; orange) and the birefringent analysis (BR;
blue), both of which show notable features.

The GR analysis stands out for its relatively confident
identification of the spin angles, θ1/2, ∆φ and φJL, as well
as the phase and polarization angles, φref and ψ. Of the
former, the two θ1/2 angles encode the tilts of the compo-
nent BHs with respect to the orbital angular momentum,
~L, ∆φ is the angle between the spin projections onto the
orbital plane, while φJL is a similar angle separating the

projections of ~L and the total angular momentum, ~J ;
of the latter, φref is an overall reference phase, and ψ
encodes the orientation of the binary within the plane

https://github.com/thomasckng/Constraining-Birefringence-with-GWTC-3/blob/b3b48ea3cc4be04590d2dd7ab301b2df2e9f0366/Snakefile#L19
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of the sky [19]. All these parameters are anchored to a
reference point in the inspiral, which in this case corre-
sponds to the time at which the dominant multipole of
the observed GW signal reaches 20 Hz at the detector
(spin angles may be better identified by using a more
physical reference point [43]). It is unusual for all these
angles to be well constrained, which suggests that data
for this event display a particular phase and polarization
signature.

The joint posterior on the spin magnitudes, χ1 and χ2,
disfavors the origin χ1 = χ2 = 0 with high credibility, in-
dicating that at least one of the component BHs must
have been highly spinning (this is not apparent from the
marginals because the BHs were equal in mass [52]). Fur-
thermore, the fact that the tilts are favored to be close to
θ1/2 ≈ π/2 implies that the spins must lie along the or-
bital plane; this is a restatement of the support for high
χp in Fig. 6.

On the other hand, the birefringent analysis does not
strongly favor high spins; this is evidenced by the joint
posterior on χ1 and χ2, which now favors χ1 = χ2 = 0
and assigns relatively low probability densities to higher
values. Although the spin tilts are similarly constrained
to θ1/2 ≈ π/2, the low spin magnitudes would imply
weak if any precession, which is reflected in the support
for lower values of χp in Fig. 6 of the main text. As dis-
cussed in Sec. IV C 1, this can be explained by the intro-
duction of κ, which can result in morphologies that are
approximately degenerate with precession over a small
number of waveform cycles (cf. Fig. 1). See the main
text for further discussion.

2. GW190521

As in the previous section, here we display additional
parameters from the GW190521 measurement in Fig. 11,
expanding upon Fig. 7 in the main text. The reference
GR analysis, obtained with the IMRPhenomXPHM
waveform, favors near extremal spins, in particular for
the heavier component, and rules out nonspinning ob-
jects (i.e., χ1 = χ2 = 0) with ≥ 90% credibility. This can
be seen most clearly in the joint posterior for χ1 and χ2,
rather than in the respective 1D marginals because the
BHs in this system were inferred to have equal masses
[52].

Similar to GW170818, the GR analysis for GW190521
also provides an informative measurement of the polar-
ization angle ψ and reference phase φref . However, the
fact that ψ is constrained does not alone imply that the
degeneracy between right- and left-handed states is bro-
ken (for a nonprecessing source, ψ is related to the dif-
ference in phase between the circular polarization modes
[19]). Additionally, the posterior for tilt angle of the
primary BH, θ1, shows support for an antialigned spin
(cos θ1 ≈ −1). For these events, spin and phase angles
are referred to 10 Hz at the detector.

Unlike the GR analysis, the birefringent analysis does
not favor extremal spins and is, in fact, consistent with
nonspinning objects within 90% credibility (lighter blue
region encloses χ1 = χ2 = 0 in the respective panel of
Fig. 11). In Fig. 7, this same fact manifested as a χeff

posterior with higher support for the origin. As we dis-
cussed in Sec. IV C 2, this suggests that some of the spin
effects in these data are being absorbed by a nonzero
κ. Other than the spins, the birefringent analysis differs
most notably from the GR one in the inference of the
luminosity distance, which is favored to be much greater.
See Sec. IV C 2 in the main text for related exposition.
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Scattering events around a supermassive black hole will occasionally toss a stellar-mass compact
object into an orbit around the supermassive black hole, beginning an extreme mass ratio inspiral.
The early stages of such a highly eccentric orbit will not produce detectable gravitational waves
as the source will only be in a suitable frequency band briefly when it is close to periapsis during
each long-period orbit. This burst of emission, firmly in the millihertz band is the gravitational
wave peep. While a single peep is not likely to be detectable, if we consider an ensemble of such
subthreshold sources, spread across the universe, together they produce an unresolvable background
noise that may obscure sources otherwise detectable by the Laser Interferometer Space Antenna, the
proposed space-based gravitational wave detector. Previous studies of the extreme mass ratio burst
signal confusion background focused more on parabolic orbits going very near the supermassive
black hole and on events near the galactic center. We seek to improve this characterization by
implementing numerical kludge waveforms that can calculate highly eccentric orbits with relativistic
effects focusing on orbits which are farther away from the supermassive black hole and thus less
likely to be detectable on their own, but will otherwise contribute to the background signal confusion
noise. Here we present the waveforms and spectra of the gravitational wave peeps generated from
recent calculations of extreme mass ratio inspirals/bursts capture parameters and discuss how these
can be used to estimate the signal confusion noise generated by such events.

I. INTRODUCTION

Gravitational waves were first detected with the Laser
Interferometer Gravitational Wave Observatory (LIGO)
on September 14th, 2015, generated from two black holes
on the order of ∼ 30 M� [1]. While LIGO allowed us ac-
cess to high-frequency gravitational wave sources at low
redshift, the Laser Interferometer Space Antenna (LISA),
the proposed ESA-NASA space-based gravitational wave
detector, will allow us to look into lower frequencies (0.1
mHz - 0.1 Hz) and expand our range to redshifts of
z ∼ 20. [2–6]. The technology behind LISA has been
successfully tested by LISA Pathfinder which produced
outstanding results showing that the drag-free technol-
ogy can work with great accuracy [7].

Observations suggest that almost all galaxies contain
at their centers, a supermassive black hole (SMBH), with
a mass range of 104 M� – 109 M�. This includes our
own Milky Way Galaxy, whose central black hole has
a mass of ∼ 4.31 × 106 M� [6, 8–10]. These are be-
lieved to be massive Kerr (spinning) black holes [2, 6, 11].
The inner few parsecs around the SMBH contain a dense
cusp of millions of stars, including significant numbers of
stellar-mass compact objects (COs) such as black holes,

∗ Email: mail@danieljoliver.com

neutron stars, or white dwarfs. Two-body gravitational
interactions will occasionally toss one of those bodies
into a highly eccentric orbit around the SMBH. These
events give rise to Extreme Mass Ratio Inspirals (EMRIs)
and are expected to be a major source of gravitational
wave detections for LISA. The mass ratio is defined by
q ≡ µ/M , where µ is the CO mass and M is the SMBH
mass. EMRI orbits typically have a very small mass ra-
tio q ∼ 10−7 − 10−4 and can be modeled using black
hole perturbation theory [3–7, 11]. Due to the extreme
mass ratio, the orbital parameters will evolve adiabati-
cally with radiation reaction, meaning that the param-
eters will evolve on a much longer time scale than the
orbital period. These are typically highly eccentric long-
period orbits at the point of capture, and because they
evolve adiabatically we can assume that the EMRI is in
a state of approximate equilibrium such that the orbital
parameters do not decay over a single orbit [2–7, 11, 12].

There are two types of capture events for compact ob-
jects falling into SMBHs: the first is a direct plunge event
and the second is a slow inspiral which is the type that
will be focused on in this paper.These types of orbits can
be modeled by treating the CO as a test particle moving
in the gravitational field of the SMBH. At the point of
capture, these are considered generic orbits (but with ec-
centricity e ≈ 1) with an inclination with respect to the
SMBH’s equatorial plane. As the CO passes the pericen-
ter on its highly eccentric orbit it will emit gravitational
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radiation carrying away energy and angular momentum
which will then cause the orbit to evolve secularly, cir-
cularizing and inspiraling closer to the central black hole
forming the familiar EMRI orbit [3, 5, 7, 13, 14].

Eccentric EMRI orbits tend to have orbits which ex-
hibit “Zoom-Whirl” behavior (these orbits are also called
homoclinic orbits [14, 15]). These are characterized by
a relatively long period gravitational wave feature asso-
ciated with the complete orbit, but with a much shorter
period feature at periapsis. It is normal, of course, in
Keplerian orbits, for the orbiting body to zoom into peri-
apsis at its highest orbital velocity (Kepler’s second law),
but relativistic effects associated with strong spacetime
curvature and (sometimes) gravitomagnetic effects pro-
duce a complete cycle, sometimes several complete cycles,
of this higher frequency emission at periapsis. This latter
feature is the whirl. Zoom-whirl orbits near the end of
the inspiral are of interest as suitable candidates for de-
tection by LISA. It has also been observed that parabolic
orbits can produce whirl-like behavior (though typically
with only one whirl) as they swing (or “zoom”) by pe-
riapsis. These are known as extreme mass ratio bursts
(EMRBs), since they do not form part of a continuous
or periodic gravitational wave signal. In between these
two extremes there exist highly eccentric orbits, most
probably not individually detectable, which nevertheless
produce “whirl” or “burst” like features at periapsis re-
peatedly throughout their history [13, 14, 16–22]. In or-
der to draw attention to the periodic, repetitive nature
of these features, we will refer to them as “peeps1” in
this paper. Each EMRI is to be thought of as a small
bird, occasionally peeping. The ensemble of EMRIs in
the nearby Universe creates a background of peeps. In
addition, the peep evolves in “chirp” fashion during the
inspiral, both in frequency and in amplitude. Indeed, in
amplitude terms the peep is the most prominent feature
of each EMRI chirp throughout most of its evolution.
Unfortunately, the ensemble of “peeps” from around the
Universe is likely to constitute a signal confusion noise
which may be an issue for LISA signal analysis. Hence
the purpose of this paper is to study the “peep” waveform
and spectrum more closely.
Throughout this paper we use geometric units G = c = 1.

II. BACKGROUND

A. Semi-relativistic Approximation Waveforms

To model waveforms from early stage EMRIs, we used
a time domain code developed by Babak et al (2007). The
“numerical kludge” (NK) produces an inspiral trajectory

1 The short high-pitched signal coming amidst a low-frequency
background suggests a bird sound, but the word ”chirp” is al-
ready in use in this field.

in phase space defined by orbital energy (E), axial angu-
lar momentum (L), and the Carter constant (Q). It then
numerically integrates the Kerr geodesic equations along
the inspiral to obtain the Boyer-Lindquist coordinates
{t, r, θ, φ} of the test particle. With these coordinates, it
constructs the gravitational waveform from the inspiral
trajectory [3]2.

The NK waveforms utilize a semi-relativistic approxi-
mation (first developed by Ruffini et al 1981 [23]) with
initial parameters of SMBH spin (a/M), semi-latus rec-
tum (p/M), orbital eccentricity (e), orbital inclination
(ι), the mass ratio (q), as well as the viewing angles
{Θ,Φ} (The latitude and azimuthal angles respectively).
For simplicity in this paper, we will be assuming that
the gravitational waves will be entirely in the h+ polar-
ization.

The semi-relativistic approximation works very well for
rp > 5M (which for our high eccentricities e ' 1 is equiv-
alent to p > 10M using rp = p

1+e ) when compared to
more exact methods such as a Teukolsky based approach
[3, 24]. The numerical kludge captures more relativistic
effects at the cost of computation time compared to the
analytical kludge model (AK). The augmented analytical
kludge (AAK) model was not implemented as it is unable
to model the EMRI waveforms at the eccentricity needed
for this project [25].

B. Extreme Mass Ratio Bursts (EMRBs)

Extreme mass ratio bursts occur when a stellar mass
compact object encountering a super massive black hole
has a pericenter passage with a timescale of less than
105 s. They are traditionally modelled as parabolic or-
bits with e = 1 [16]. However bursts with eccentricity
close to unity are the precursors to EMRIs which a peri-
odically repeated burst or “peep,” with a very long lapse
between peeps. On these fly-by orbits, the CO passes
through periapsis, where there is a beamed burst of grav-
itational radiation which carries away energy and angular
momentum from the system. This emission of gravita-
tional waves causes the orbital period to decrease and
leads to the orbit circularizing over time forming an ex-
treme mass ratio inspiral [13, 16–22].

Previous studies of these bursts have discussed the de-
tectable event rates for eLISA [19–21], LISA [16–18], and
TianQin [22]. The rates seem to be on the order of
∼ 1 yr−1 for the Milky Way Galaxy and lower for extra-
galactic sources. These extra-galactic signals require a
very close approach of the CO to the SMBH for the am-
plitude to be large enough for detection.

Much of the previous work on EMRBs focused primar-
ily on orbits which brought the CO close to the SMBH as

2 For a more detailed description of the methods behind the nu-
merical kludge see Babak et al (2007) which discusses the full
calculations used in the code [3].
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these are likely to be detectable with parameter estima-
tion being possible. The waveform calculations for these,
however, were utilizing either Newtonian waveforms or
the numerical kludge. Both of these dramatically lose
accuracy when the orbiting particle is close to the SMBH
[3, 13, 16–22].

C. Background Signal Confusion Noise

In the very late stages of the inspiral, EMRIs are ex-
pected to be a major source of gravitational wave detec-
tions by LISA. However, during the early stages of the
inspiral, the “peep” part of the signal recurs so rarely as
to likely be undetectable. The signal-to-noise ratio from
a single peep is generally below the detectability level of
LISA, since a single peep is too brief and low in ampli-
tude to be seen. However, an ensemble of these sources
will create a potentially unresolvable background noise
[4, 6, 26, 27].

Previous studies of this EMRI signal confusion noise
were undertaken by [4, 6, 27, 28]. These studies primar-
ily focused on the EMRI waveforms when they are emit-
ting gravitational waves in LISA’s frequency band much
more frequently. Barack and Cutler (2004) utilized ap-
proximated Schwarzschild (non-rotating) EMRI spectra
generated from the analytical kludge model. Bonetti and
Sesana (2020) utilized a similar waveform model while
implementing updated relativistic population data from
Babak et al. (2017) as well as a more recent LISA sensi-
tivity curve [4, 6, 7].

Some additional studies on the effects of EMRB
sources on the gravitational wave background have also
been performed [18, 22]. Toonen et al. (2009), observed
the potential gravitational wave background from such
EMRB sources for LISA using a Newtonian order ap-
proximation for waveforms and found that the EMRB
background constituted a signal that was an order of
magnitude below the LISA instrumental noise [18]. They
also found that by using the O’Leary et al. (2009) model
the EMRB background was smaller than the LISA in-
strumental noise by a factor of ∼ 1.5 [29]. Fan et al.
(2022), took the sources which were considered not de-
tectable and analyzed the gravitational wave background
generated from a single pass of these sources during one
year of observation time for TianQin and found that the
background was 6 orders of magnitude lower than the
detectable range [22].

Our study begins with determining the estimated cap-
ture parameters of EMRIs based on updated literature
and then modeling highly eccentric EMRIs from the point
of capture. We focus on the evolution of the peep during
an inspiral as a first step in understanding its ability to
mask sources that would otherwise be observable.

We will provide waveforms and spectra of EMRIs with
peeps, paying attention to variations of peeps depending
on EMRI parameters, such as the spin of the SMBH, rep-
resented by a/M , the eccentricity of the orbit denoted by

TABLE I: EMRI Parameters at Capture from
Literature

Parameter Value
Black Hole Spin (a/M) 0.7 − 0.95a

0.66 − 0.99b

Semi-Latus Rectum (p/M) 15 − 120c

Eccentricity (e) 0.999-0.999999c

0.99-0.999999d

Orbital Inclination (ι) Greatest Deviation at
ι = 60◦e

a Gammie et al (2004) [30]
b Reynolds (2021)[10]
c Freitag (2003)[31]
d Vázquez-Aceves et al (2022)[32]
e Hughes (2000)[33]

e, the semi-latus rectum as p/M , and the orbital inclina-
tion ι (see Table I).

D. Defining the parameter range

Barack and Cutler (2004) modeled signal confusion
noise with the orbits of EMRIs farther into their lifes-
pan, specifically near plunge when the EMRIs would be
detectable by LISA. They state the parameters of EMRIs
at capture as they were known at the time.

The parameters at capture for the radius at periapsis
were found to be rp = 8M−100M , with an orbital eccen-
tricity of 0.999 < e < 0.999999. These were determined
from Freitag (2003) who performed a Monte Carlo sim-
ulation studying the stellar mass objects in the cusp of
the Milky Way galaxy scattered due to gravitational in-
teractions [31]. The radius at periapsis values were then
converted into semi-latus rectum using rp = p

1+e with
the eccentricity range from the same source. The SMBH
spins were found to be between 0.7M < a < 0.95M by
Gammie et al. (2004) [30].

Some recent work has been done to update the param-
eters of EMRI orbits and SMBH, specifically the capture
eccentricity and the SMBH spin. Reynolds (2021) imple-
mented X-ray reflection spectroscopy and thermal con-
tinuum fitting to measure the spins of accreting SMBHs.
SMBHs were found to be rapidly spinning with an aver-
age spin of a/M ∼ 0.9 for masses M < 3 × 107M�. For
larger masses, Reynolds (2021) found moderately spin-
ning SMBHs with an average spin of a/M ∼ 0.8 (sum-
marized in Table II) [10].

Previous studies of EMRI signal confusion noise fo-
cused primarily on equatorial orbits (inclination ι = 0).
To better characterize the orbital inclination parameters,
we looked at studies comparing the effects of inclined
orbits. The most notable of these has been done by
Hughes (2000) where it was shown that the results of a
Schwarzschild (non-spinning SMBH) EMRI can have its
gravitational flux at infinity differ by up to 20% at an
inclination of ι ≈ 60◦ but differing much less, even hardly
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TABLE II: Summary of published SMBH/AGN spin
measurements using X-ray reflection method from
Reynolds (2021). Separated into two ranges of masses
as it was stated in the paper that there were higher
average spins until M = 3× 107M�[10].

Mass Range Spin Range Spin Average
(×106M�) (a/M) (a/M)

∼ 1.1 − 29.8+5.4
−5.4 0.66+0.30

−0.54 − 0.99 ∼ 0.912
∼ 34 − 4500+1500

−1500 0.4 − 0.98 ∼ 0.782

at all at other inclinations [33]. We determined that the
best place to begin with generic orbits would be at the
greatest deviation, giving us an orbital inclination of 0◦

and 60◦ and sticking to strictly prograde orbits, with the
stellar mass compact object orbiting in the same direc-
tion as the spin of the SMBH. While we have ambitions
to do inclination, at this early stage it is not critical, and
so the figures seen in this paper will be equatorial orbits.

To our knowledge, no studies were found to improve
upon the initial work for the semi-latus rectum at cap-
ture determined by Freitag (2003). However, after re-
examining the data from Freitag’s Monte Carlo simula-
tion, we chose to focus only on the higher concentrated
regions of the simulated “stars” at capture, thereby con-
straining the radius at periapsis to rp = 30M . More work
has been done for the eccentricity at capture with recent
estimates of 0.99 < e < 0.999999 found by Vázquez-
Aceves et al (2022) [32].

A compilation of our estimated parameters at capture
useful to our study is shown in Table III. These encom-
pass higher spin SMBH as shown from [10], slightly lower
semi-latus rectum values converted from [31], eccentric-
ity ranges from [31, 32], and finally inclined orbits based
on the results shown in [33].

TABLE III: EMRI Capture Parameters useful for
gravitational wave “peeps”

Parameter Minimum Value Maximum Value
SMBH Spin, a 0.8M 0.9M
Semi-Latus Rectum, p 15M 120M
Eccentricity, e 0.99 0.999999
Inclination, ι 0◦ 60◦

III. RESULTS

A. Peep Waveforms

To better visualize the orbit of the CO around the
SMBH, we included the geodesic orbit created using the
Black Hole Perturbation Toolkit [34], shown in Fig. 1.
From the geodesic orbit, one can see that the CO after
completing one full orbit will have a slight phase shift
as it leaves the proximity of the SMBH. At its closest

-1000 -800 -600 -400 -200

-1000

-500

500

FIG. 1: Kerr geodesic orbits created using the Black
Hole Perturbation Toolkit [34] for parameters of
a = 0.9M , p = 120M , e = 0.999999, ι = 0.0◦. The
geodesic is plotted using Boyer-Lindquist coordinates
with units of M converted to Cartesian coordinates.
The figure zooms in on the region of the periapsis where
the peep part of the gravitational waveform is produced.
The orbit otherwise extends outward very far. This
figure also shows periapsis precession as the CO exits
the orbit at a different trajectory than it entered.

approach to the SMBH the CO is quite close to the un-
stable circular orbit in the relativistic effective potential
and thus emits a close to complete cycle gravitational
wave at a frequency which is not far from that associ-
ated with that unstable circular orbit. The behavior is
similar to the type of orbit (from later in the inspiral)
known as a Zoom-Whirl orbit. The “whirl”, and in this
case the “peep” is associated with the prominent peri-
helion advance which can be clearly seen in Fig. 1 [11].
While the single orbit itself is not likely to be detectable
on its own, the frequency of the whirl part of the or-
bit could be detectable with a large enough number of
whirls. Fig. 1 shows an equatorial orbit with a spin of
a = 0.9M , a semi-latus rectum of p = 120M , and an
orbital eccentricity of e = 0.999999. In this figure, the
orbit crosses its initial trajectory at a different location
indicating this phase shift.

The geodesic orbit can be further viewed as a time
domain waveform such as in Fig. 2 which shows a sin-
gle period orbit at capture with parameters a = 0.9M ,
p ≈ 120M , e ≈ 0.999999, ι = 0.0◦, Θ = π

2 , Φ = 0◦. This
is at a portion of the inspiral with an extremely large
time period (T ≈ 185000 years). As the orbit evolves
through multiple cycles the period drastically decreases
until the EMRI is near plunge where there is near con-
tinuous emission. An example of this can be seen in Fig.
3 which shows a complete inspiral from the point of cap-
ture through plunge. The entirety of this inspiral lasts
t ≈ 6 × 108 years which is far longer than LISA’s pro-
posed observing time. This figure is included as a proof
of concept to demonstrate the portion of the inspiral this
paper is focused on. There are two subfigures included
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FIG. 2: (top): NK peep waveform created with
a = 0.8M , p = 120M , e = 0.999999, ι = 0.0◦,
Θ = 90.0◦, Φ = 90◦. The length of the data was chosen
as ≈ 10× the width of the peep itself equivalent to ≈ 7
days of observation. The full orbital period at this point
in the inspiral is T ≈ 455000 years. The x-axis is time
measured in years. The y-axis shows the h+ polarized
waveform scaled with D, the radial distance of the
observational point, and µ, the test-body’s mass.
(bottom): Spectra created from an FFT of the
waveform on the left with the same orbital parameters.
The x-axis is frequency measured in Hertz and is
limited to the range detectable by LISA. The y-axis is
scaled by the same D and µ as the waveform.

in Fig. 3 which each show 7 days’ worth of data. It is
very clear to see the difference, as in (a) the orbital pe-
riod is T ≈ 185000 years and is zoomed in to a portion
around the gravitational wave peep. In subfigure (b), in
the same amount of time there are roughly 115 peaks
indicating near continuous gravitational wave emission.
Subfigure (b) is very likely to be detectable as it will
have a much higher signal-to-noise ratio. This project
however is far more focused on subfigure (a), the gravi-
tational wave peep. Since most EMRIs will remain in this
long-period portion of their inspiral for a vast majority of
their “lifetime” it is possible that these small peeps may
combine together in various ways and possibly obscure
otherwise detectable sources such as those in subfigure

(b). One feature of Fig. 3 is especially worthy of note.
The characteristic chirp profile of the inspiral is largely
confined to the late stage of the waveform, at least in am-
plitude terms. The amplitude of the waveform increases
sharply at the end of the inspiral but is roughly constant
for most of the time elapsed. The reason is that a highly
eccentric orbit evolved under radiation reaction chiefly
by decreasing its apoapsis radius. The periapsis radius
changes very little. It is this radius that determines the
frequency and amplitude of the peep, which thus evolves
very little over the course of the inspiral waveform. This
will undoubtedly help in modeling the peep signal confu-
sion noise.

B. Peep Spectra

To determine the frequency of our EMRI waveforms,
we take a Fast Fourier Transform (FFT) (using a Tukey
window α = 0.25) of the gravitational wave peep and
plot the values in the LISA frequency band (0.1 mHz -
0.1 Hz). Fig. 2 shows the peep waveform for a = 0.9M ,
p = 120M , e = 0.999999, ι = 0.0◦, Θ = 90.0◦, Φ = 0◦ as
well as the corresponding FFT spectra.

To better understand the relationship between the
peep parameters and the resulting spectra we have plot-
ted the effect of changing the semi-latus rectum 15M <
p < 120M while maintaining fixed parameters of a =
0.9M , e = 0.999999, and ι = 0.0◦. Fig. 4 shows that as p
decreases, the peak frequency increases, and for p = 30M
and p = 15M there is a noticeable divot before the peak
which is firmly in the LISA bandwidth. The amplitudes
of the spectra also remain consistent regardless of semi-
latus rectum.

Adjusting eccentricity, while having a consistent a =
0.9, p = 90M , and ι = 0◦ has less noticeable changes and
has an overall significant overlap for 0.99 < e < 0.999999.
These parameters were chosen based on the estimated
capture parameters detailed in Table III.

C. Adjusting the Observing angles Θ and Φ

While we have shown one iteration of the gravitational
wave peep in Fig. 2, the actual shape, amplitude, and
phase of the waveform can and will be adjusted based on
the viewing angles of the observer {Θ,Φ}, the latitude
and azimuthal angles respectively. Fig. 7, found in the at
the end of the paper, we kept the azimuthal angle Φ fixed
at 0◦ and 90◦ respectively and then adjusted the latitude
from 0◦ to 180◦, where 0◦ is the face-on-case. Between
the two waveforms, one can see that in the Φ = 0◦ case
there is far more negative h+ compared to the Φ = 90◦

case where the waveform is nearly all positive. When
looking at the respective FFT spectra in Fig. 7, we notice
very little differentiation between the two which implies
that the observing angle of the gravitational wave peep
will not significantly affect the final spectra.
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FIG. 3: Fully evolved inspiral utilizing a mass ratio of q = 10−6 and initial parameters of a = 0.8M ,
p = 119.999916M , e = 0.9999981, ι = 0.0◦, Θ = 90◦, Φ = 0◦. Each of the two subplots A and B are ≈ 7 days of
data. During this time B had ≈ 115 peaks (continuous emission) whereas A had 1. It is important to note that A,
representing a gravitational wave “peep” has an orbital period of T ≈ 185000 years at this early stage of the
inspiral. The y-axis is the plus polarized strain amplitude h+ scaled by D, the radial distance of the observation
point from the source and µ is the test-body’s mass.

Fig. 6, found in the at the end of the paper, is very
similar, though we instead kept the latitude angle Θ fixed
at 0◦ and 90◦ respectively. The largest difference between
Fig. 6 and Fig. 7 is that instead of a large difference in
amplitude, keeping Θ fixed and adjusting the azimuthal
angle Φ instead adds a phase shift to the waveform. The
phase shift makes sense because if the system is rotated
with respect to the observer then the gravitational radi-
ation will be emitted at a slightly different time.

IV. CONCLUSION

It is well known that the later stages of an EMRI inspi-
ral are characterized by moderate to low eccentricies be-
cause of the circularization tendency of radiation damp-
ing. For this reason, and because of the inherent diffi-
culty of calculating waveforms from highly eccentric or-
bits, the early stages of the inspiral have received less
attention. Using the numerical kludge approach, which

permits quite accurate modelling of highly eccentric or-
bits, we present here (in Fig. 3) a complete inspiral wave-
form, albeit at a fairly low resolution. Nevertheless, the
resolution is sufficient to catch the “peep” of the signal,
which is a relatively brief part of each orbit during which
the gravitational wave signal. During the peep the signal
effectively switches from a long period, small amplitude
waveform into one which is in the LISA bandwidth and
with a far greater amplitude. The inset in Fig. 3 is a
much higher resolution snapshot of one of the peeps, giv-
ing a close-up of just a tiny portion of the early inspiral
orbit.

If we look for evolution in the very long waveform, over
the course of 600 million years, we know that the period
of each orbit reduces steadily, and the frequency of the
peep itself also increases, so the “chirp” characteristic
of binary inspirals is observed (though difficult to see
at the scale of Fig. 3). However one’s eye does notice
that there is surprisingly little amplitude evolution, the
other “chirp” characteristic, for most of the inspiral. This
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FIG. 4: FFT Spectra with parameters a = 0.9M ,
p = 15M − 120M , e = 0.999999, ι = 0.0◦, Θ = 0.0◦, and
Φ = 90◦ overlaid on top of each other plotted over the
LISA frequency band. The semi-latus rectum values
were chosen based on the capture parameters in Table
III. As p decreases, the peak frequency of the peep
increases. Also notable is that the peak becomes
increasingly demarcated as the orbit evolves. At
p = 30M and p = 15M the spectrum exhibits a
noticeable divot separating the high-frequency peak
associated with the peep from the low frequency full
orbit spectrum. The amplitude of the spectra remain
fairly constant regardless of the semi-latus rectum
values.
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FIG. 5: FFT Spectra with parameters a = 0.9M ,
p = 90M , e = 0.99− 0.999999,ι = 0.0◦, Θ = 0.0◦, and
Φ = 90◦ overlaid on top of each other plotted over the
LISA frequency band. The eccentricity values were
chosen based on the parameters in Table III. As
opposed to Fig. 4, the eccentricity at this high of a
range doesn’t seem to significantly impact the resulting
spectra leading to a consistent overlap.

is because it is only the amplitude of the peep which is
discernable in Fig. 3. The main orbit waveform is simply

too small in amplitude to be noticeable. Essentially Fig.
3 respresents the “chirp” of the “peep”, and the peep does
not do as much “chirping” as we might expect, at least in
terms of amplitude increase. The reason is probably that
a highly eccentric orbit principally evolves by reducing its
apoapsis. The periapsis radius (rp) barely changes from
one orbit to the next, and thus the amplitude evolves
relatively little. Only at the tail end of the inspiral, when
the eccentricity becomes moderate, do we see significant
amplitude evolution in Fig. 3.

Unfortunately, a single peep does not represent a de-
tectable signal for LISA, because they are repeated so
rarely, given the long period nature of the typical peep
orbit. However, at any given moment there must be
a large number of peeps being emitted across the cos-
mos, and modelling of this confusion noise signal is defi-
nitely a challenge for LISA data analysis. The choice of
the term “peep” is intended to evoke a large number of
chicks each peeping away. Individually they are not par-
ticularly loud, but as an ensemble they may drown out
normal conversation in the hen house. While the outline
of the EMRI signal confusion noise has been reasonably
accurately laid down in the work of Barack and Cutler,
Bonetti and Sesana, Toonen et al., and Fan et al. we pro-
pose to model it more precisely using the basic approach
discussed in this paper, the numerical kludge applied to
complete orbits with sufficient resolution to catch the in-
dividual peeps and include them in the full spectrum for
LISA.

To determine the potential for resolving individual
sources from the background noise, we will use our study
of the gravitational wave peep. Then using relativistic
population data and an updated black hole mass func-
tion from the Illustris Project we can expand our project
[35–37]. This will be completed in a further paper and
will allow us to take a Monte Carlo sample to generate
an estimate for the number of captures as a function of
redshift in a Milky Way type galaxy which we will use to
create our updated LISA noise curve following the meth-
ods listed in Robson et al. (2019) [38]. To this end, our
study will provide an update to the EMRI signal confu-
sion noise problem.
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Adjusting Viewing Angle Φ for a = 0.9M , p = 120M , e = 0.999999, ι = 0◦, and Θ = 0◦/90◦
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(c) Waveform for Θ = 90.0◦
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FIG. 6: Numerical Kludge waveform created with a = 0.9M , p = 120M , e = 0.999999, ι = 0.0◦, Θ = 0◦/90◦ while
adjusting the azimuthal viewing angle Φ. In Figures a and c, we are showing the waveforms created with same
parameters just adjusting the azimuthal angle which is changing the time in which the gravitational wave signal is
emitted. This causes a slight phase shift for each of the waveforms in addition to a small amplitude change which
was seen in Fig. 7. Just as in Fig. 7, Figures b and d show the corresponding FFT spectra with very little discernible
change between the two indicating that adjusting the viewing angle does not seem to affect the outgoing signal.
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Adjusting Viewing Angle Θ for a = 0.9M , p = 120M , e = 0.999999, ι = 0◦, and Φ = 0◦/90◦
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(c) Waveform for Φ = 90.0◦

10−5 10−4 10−3 10−2 10−1

f [Hz]

10−10

10−8

10−6

10−4

10−2

100

102

h̃
+

(D
/µ

)

Θ = 0.0◦, Φ = 90.0◦

Θ = 30.0◦, Φ = 90.0◦

Θ = 60.0◦, Φ = 90.0◦

Θ = 90.0◦, Φ = 90.0◦

Θ = 120.0◦, Φ = 90.0◦

Θ = 150.0◦, Φ = 90.0◦

Θ = 180.0◦, Φ = 90.0◦

(d) Spectra For Φ = 90.0◦

FIG. 7: Numerical Kludge waveform created with a = 0.9M , p = 120M , e = 0.999999, ι = 0.0◦, Φ = 0◦/90◦ while
adjusting the latitude viewing angle Θ. In Figures a and c, we are showing the waveforms created with same
parameters just adjusting the latitude angle from face on (a) to edge on (c). Figures b and d show the
corresponding FFT spectra with very little discernable change between the two indicating that adjusting the
viewing angle does not seem to affect the outgoing signal.



SPECTRUM OF THE LINEARIZED VLASOV–POISSON

EQUATION AROUND STEADY STATES FROM GALACTIC

DYNAMICS
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Abstract. We study the linearized Vlasov–Poisson equation in the
gravitational case around steady states that are decreasing and con-
tinuous functions of the energy. We identify the absolutely continuous
spectrum and give criteria for the existence of oscillating modes and
estimate their number. Our method allows us to take into account an
attractive external potential.
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1. Introduction

In this paper, we study the linearization of the Vlasov–Poisson system
around steady states. Our goal is to obtain precise results on the spectrum
of the linearized operator, depending on the classical trajectories in the
potential generated by the steady state solutions. We obtain two results of
different natures.

First, for the case of spherically symmetric perturbations in dimension 3
and sufficiently regular steady states, we show that the self-interaction is
a relatively trace-class perturbation. This statement has important conse-
quences for the dynamics of solutions to the linearized equations. It means
that the dynamics when restricted to this spectral subspace is very similar
to the dynamics without the interaction.

The second part of our work considers the point spectrum of the linearized
operator, building on previous work by Mathur [Mat90] and the recent ar-
ticle of Hadžić-Rein-Schrecker-Straub-Günther [HRSS23, HRS22]. We give
a condition on the steady state to determine whether bound states exist
or not, see Theorem 1.2. Bound states correspond to oscillating modes in
the linearized dynamics of the Vlasov–Poisson system. These results com-
plement those in the recent preprint [HRSS23], which appeared during the
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preparation of this manuscript. In [HRSS23], the linearized equation is stud-
ied around steady states where the angular momentum takes a fixed value
L0 > 0, and thus there is no matter in a neighborhood of the origin. In this
paper, we study the complementary case, in the sense that the steady states
are functions of the energy only.

The Vlasov-Poisson system in d = 3 is the system

∂tf = −v · ∇xf +∇x(Uf + Uext) · ∇vf (1)

Uf (t,x) = −(1/| · | ∗ ρf )(t,x) (2)

We allow for radially symmetric external potentials Uext ∈ C2(R3). Global
existence for this system has been shown in [Pfa92].

The Vlasov–Poisson system has steady state solutions that can be ob-
tained from the minimization of the so-called Energy-Casimir functionals
(see for instance [Rei98, GR01]).

Orbital or neutral stability, i.e., initial conditions close to a steady state
remain close to this steady state, has been established for the case Uext = 0.
This stability can be obtained in the variational context, see e.g. [Wol99,
Guo99, Guo00, DSS04, SS06, LMR08], under the assumption that mini-
mizers are isolated, which has been proven for the polytropic solutions in
[Sch04]. In [LMR11, LMR12] the authors overcome the need for isolated
minimizers using decreasing rearrangements on the level sets of the ground
state energy.

The question is then whether initial conditions close to a steady state
converge or relax to some steady state, or might oscillate forever. In the
plasma context (repulsive interactions), the former holds and the phenome-
non is called Landau Damping. It has been shown to hold in the spatially ho-
mogeneous context by [MV11] (see also [BMM16] for further developments).
The analogous question for a spatially inhomogeneous steady states remains
widely open.

The behaviour of the linearized equation plays a crucial role in the proofs
of Landau damping, and this fact motivates the present study. The lin-
earized equation has appeared before in the physics literature. In [DBF73,
GCDB76, KS85], the linear stability of the linearized equation is studied,
while Mathur investigated the possibility of eigenvalues or oscilating modes
in [Mat90], which assumes a confining background potential. His treatment
has been placed on a rigoruous footing in [HRS22].

In this paper, we will not use the variational picture and study the lin-
earization of (1) around a fixed, radially symmetric stationary solution
(f0, Uf0), such that

v · ∇xf0 −∇x(Uf0 + Uext) · ∇vf0 = 0. (3)

To shorten the notation, we define

U = Uf0 + Uext.
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We refer to the introduction in [HRS22] for details on the derivation of
the linearized equation and its interpretation, and limit ourselves to a formal
calculation for a small and regular perturbation of the stationary state in
the form f0 + g. Dropping quadratic terms in g from equation (1) gives

∂tg = −Lg +∇vf0 · ∇xUg, (4)

with the potential

Ug(x) := −
∫
Rd×Rd

g(y,v)

|x− y|
dv dy,

and the Liouville operator associated to the stationary state

L := v · ∇x −∇x(Uf0 + Uext) · ∇v.

Following Antonov [Ant87] (see again [HRS22]) for a detailed derivation),
this equation can be rewritten as a system for the projections g± of g on
the subspaces of functions that are even (g+) and odd (g−) in the velocity
variable. One obtains the following equation for the odd part:

∂2
t g− = L2g− + Bg− := −Ag−, (5)

with

Bg(x,v) := ∇vf0(x,v) · ∇x

∫
Rd×Rd

u · ∇yg(y,u)

|x− y|
dy du.

In the three-dimensional case, the gradient and the integral can be exchanged
to obtain the force generated by the charge density

∫
u · ∇yg(y,u) du.

In order to state our results, we start by making precise assumptions on
the steady states.

Assumption 1. (1) The external potential Uext is negative, nondecreas-
ing, of class C2. Furthermore, Uext is radially symmetric, subhar-
monic and tends to 0 at infinity. We will abuse notation and write
Uext(x) = Uext(|x|).

(2) The steady state f0 is rotation invariant and depends on the energy
E(x,v) = U(x) + |v|2/2 only. We define f0 = φ ◦ E. The function
φ has compact support [U(0), E0] for some E0 < 0.

(3) φ is differentiable in the interior of its support, φ′(E) < 0 and
φ′(E(x,v)) is integrable.

Remark 1. Hypotheses 2 and 3 are automatically satisfied for a large range of
steady states, in particular those obtained as minimizers of Energy-Casimir
functionals. They are satisfied by the polytropic solutions φ(E) = (E0−E)k+
for all k ∈ (0, 7/2).

We now group some basic consequences of this Assumption. Point 1
implies that the sublevel sets of E are bounded. Hence, f0 has compact
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support in Rd × Rd. For later reference, we define

Ω0 = Int supp(f0) ⊂ Rd × Rd, B(0, R0) = Int supp(ρf0) ⊂ Rd. (6)

Point 3 implies that φ is continuous inside its support and hence the mass
density

∫
f0(x,v) dv is finite. Also, note that∫

Ω0

φ′(E) = (4π)2

∫ E0

U(0)
φ′(E)

∫ U−1(E)

0
r2[2(E − U(r))]

1/2
+ dr dE. (7)

The innermost integral is bounded away from zero for E close to E0, so
integrability of φ′(E) in Ω0 is equivalent to integrability of φ′ in (U(0), E0).

Finally, the subharmonicity of Uext from Assumption 1 implies that U
is subharmonic, which in turn assures that the effective potential r−2L2 +
U(r) = e has at most one minimum. This allows us to define for each
E ∈ [U(0), 0) and L ∈ [0, Lmax(E)], the turning points r±(E,L) and the
associated frequencies ω(E,L), through the classical formula

2π

ω(E,L)
= T (E,L) = 2

∫ r+(E,L)

r−(E,L)

dr√
2(E − U(r))− L2/r2

. (8)

It can be shown that ω(E,L) extends in a continuous way to the lin-
ear orbits L = 0, r−(E, 0) = 0 and the circular orbits characterized by
r+(E,Lmax(E)) = r−(E,Lmax(E)).

The frequencies ω(E,L) determine the properties of the Liouville operator
L. Heuristically, if ω varies fast with E,L, different orbits evolve at different
speeds and phase-space mixing occurs. In this paper, we show that the
frequencies are also crucial when studying the interacting operator −L2−B.

We summarize our main results in the following two Theorems. We denote
by Arad, Lrad the restriction of the respective operators to the subspace of
rotationally invariant functions.

Theorem 1.1. Under Assumption 1, Arad has the same absolutely contin-
uous spectrum as non-interacting operator −L2

rad.

For a more precise statement, see Section 3. The essence is that for many
radial perturbations, phase space mixing occurs. A complete proof of this
fact, however, would require to show that A has no singularly continuous
spectrum, which is beyond the scope of this paper.

In order to state our results on the point spectrum of A, we need to define

ω∗ = min
Ω0

ω(E,L). (9)

and the function

ρ∗(x) :=

∫
Rd

φ′(E(x,v))ω2(E(x,v), L(x,v))

ω2(E(x,v), L(x,v))− ω2
∗

dv. (10)

It is known ([HRS22], or see Section 2 below) that σess(Ãrad) has a gap
(0, ω∗).
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Theorem 1.2. Under Assumption 1

(1) If |x|−1ρ∗(x) belongs to L1(B(0, R0)) and∥∥|x|−1ρ∗(x)
∥∥
L1 ≤ m ∈ N

then Arad has at most m− 1 (possibly 0) eigenvalues below ω∗
(2) If ρ∗ does not belong to L1, and ω∗ is not attained at the circu-

lar orbits, then Arad has at least one eigenvalue below ω∗, and the
corresponding eigenfunction is odd in v.

This theorem gives a criterion, depending on the regularity of φ′ and
how ω approaches its minimum value, to distinguish two different scenarios.
In the regular case, the number of eigenvalues can be controlled and no
eigenvalues occur when φ′ is small. In the divergent case, eigenvalues occur
even for arbitrarily small φ′. Whether they are finite in number or not,
remains an open question.

In principle, this theorem gives no information when |x|−1ρ∗ is not inte-
grable, but ω∗ is attained at the circular orbits or ρ∗ is integrable. However,
we are not aware of realistic scenarios that belong to this case. If the min-
imum frequency is attained for some orbit inside the support of the steady
state, then the denominator in the definition of ρ∗ diverges quadratically
and the resulting function is never in L1. For many polytropic solutions,
ω(E,L) is expected to be strictly increasing in E and decreasing in L, such
that ω∗ = ω(E0, 0). In this case, the factor (ω(E,L)− ω∗)−1 diverges as(

∂Eω(E0, 0)(E − E0) +
∂2
Lω(E0, 0)

2
L2

)−1

(11)

A computation with this ansatz gives the following corollary.

Corollary 1.3. Consider a steady state where φ(t) = tn and n ∈ (0, 7/2).
Furthermore, assume that ω∗ = ω(E0, 0) and that ∂Eω(E0, 0) < 0, and
∂2
Lω(E0, 0) > 0. Then 1 of Theorem 1.2 holds.

2. Preliminaries

In this section, we look at the basic properties of A, defined as a differen-
tial expression in (5). As a first step, we need to realize it as a self-adjoint
operator on domain in a suitable Hilbert space.

For our purposes, it is sufficient to realize −L2 as the Friedrichs extension
of (Lf,Lg)L2(Ω0) initially defined on functions in C∞(Ω0). For the identifi-
cation of the domain of L see [HRS22].

Next, we rewrite the interaction term B from (5) in a convenient form.
By the divergence theorem,∫

∇y · ug(y,u) du =

∫
Lg(y,u) du,

and also
∇vf0(x,v) = vφ′(E(x,v)).
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Hence,

Bf(x,v) = φ′(E(x,v))(v ·∇x)

∫
1

|x− y|

∫
Lf(y,u) dudy.

After integration by parts, several applications of Fubini’s Theorem and the
commutation of L with the function φ′(E), we can write the quadratic form
in a convenient form

〈g,Bf〉 = D
(∫
|φ′(E(·,v))|Lg(·,v) dv,

∫
Lf(·,v) dv

)
,

where the Coulomb-inner product is defined by

D(ρ1, ρ2) :=

∫
Rd

∫
Rd

ρ̄1(x)ρ2(x)

|x− y|
dx dy. (12)

In order to work with a manifestly symmetric expression, we define the
multiplication operator

Af = |φ′|−1/2(E)f

and to simplify notation, define µ from L2(Ω0) to L2(B(0, R0)) by

µ(h)(x) =

∫
|φ′|1/2(E(x,v))h(x,v) dv. (13)

With this notation, we obtain

〈g,ABA−1f〉 = D (µ(Lg), µ(Lf)) .

This motivates the definition

Ã := AAA−1 = −L(1−Kφ)L with Kφf = |φ′|1/2U|φ′|1/2f . (14)

Note that, if an (odd) function g solves (5), then g̃ := Ag solves the
equation

∂2
t g̃ = −Ãg̃.

In the remainder of the paper, we study the spectral properties of Ã. We first
show that Ã is a self-adjoint operator, as a relatively compact perturbation
of −L2.

Proposition 2.1. The operator Kφ as defined above, is Hilbert-Schmidt,
and we have Antonov’s bound

∥∥Kφ|Ran(L)

∥∥ < 1.

Proof. From the Cauchy-Schwarz inequality, we see that the operator µ is
bounded from L2(Ω0) to L2(B(0, R0)) by

sup
x∈B(0,R0)

∫
|φ′(E((x,v))|dv,
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provided that this expression is finite. We compute∫
|φ′(E((x,v))| dv = −4π

∫ ∞
0

φ′(v2/2 + U(x))v2 dv

= −ωd
∫ E0

U(x)
φ′(E) (2(E − U(x)))1/2 dE

≤ −ωd
∫ E0

U(0)
φ′(E) (2(E − U(0)))1/2 dE,

which is indeed finite by (7).
NowKφ = µ∗Rµ, whereR is convolution with 1/|x| restricted toB(0, R0).

That R is compact can be seen in a number of ways. The kernel belongs to
L2(B(0, R0)×B(0, R0)), hence the operator is Hilbert-Schmidt.

We repeat the argument essentially due to Antonov [Ant87] in a formu-
lation that allows to include the external potential. In principle, we need to
bound Kφ restricted to the range of L. To obtain the bound it is sufficient
to estimate

λ := sup
g∈F

〈g,Kφg〉
‖g‖2

with F := 〈|φ′(E)|1/2〉⊥.

Since any function of the energy E belongs to the kernel of L, the space F
is larger than the range of L. By compactness of Kφ, an optimizer g(x,v)
exists and satisfies

Kφg = λg + ν|φ′(E)|1/2, (15)

for some Lagrange multiplier ν ∈ R. This equation implies that g(x,v) =

|φ′(E(x,v))|1/2χ(x) for some radial function χ depending on the space-
variable only. Hence, it reduces to

λχ(x) =

∫
R3

χ(y)

|x− y|

∫
R3

|φ′(E(y,v))|dv dy + ν

=

∫
B(0,R0)

χ(y)

|x− y|
ρ|φ′|(y) dy + ν,

and the constraint reads ∫
χρ|φ′| = 0.

Applying −∆ to both sides of the equation shows that χ is an eigenfunction
of a Schrödinger operator

− λ∆χ = 4πρ|φ′|χ. (16)

The Vlasov–Poisson equation provides us with a comparison function.
The equation for the potential reads

−∆Uf0 = −4πρf0 = −4π

∫
R3

φ(E(·,v)) dv.
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Since both sides are functions of the radial variable only, we can study the
radial derivative

−∆U ′f0 = −4π

∫
R3

φ′(E(·,v))(U ′f0 + U ′ext) dv

= 4πρ|φ′|(U
′
f0 + U ′ext).

Multiplying this equation by χ and (15) by U ′ρ, integrating and subtracting
the results gives, for any r ∈ (0, R0], the identity∫

B(0,r)

(
χ(−∆)U ′f0 − U

′
f0(−∆)χ

)
=

∫
B(0,r)

χU ′f0 4πρ|φ′|(1− 1/λ) +

∫
B(0,r)

χU ′ext 4πρ|φ′|.

Since ρ|φ′| is positive, χ changes sign in B(0, R0). We denote by R1 the
first value of r > 0 such that χ(r) = 0. For definiteness, we assume that χ
is nonnegative in B(0, R1). We integrate by parts on the left hand side and
use the positivity of χ and of U ′ext, such that∫

∂B(0,R1)

(
U ′f0∂rχ− U

′′
f0χ
)
≥ 4π(1− 1/λ)

∫
B(0,R1)

χU ′f0 ρ|φ′|.

In the boundary term, we use that U ′f0χ
′(R0) < 0 by the Hopf [GT, Lemma

3.4], and χ(R1) = 0, such that (1− 1/λ) < 0, which shows that λ < 1 . �

Corollary 2.2. The sum −L2 + LKφL can be realized as a self-adjoint
operator, which is relatively compact with respect to −L2. We will denote

this operator by Ã throughout the paper.

Proof. The quadratic form 〈Lg,KφLg〉 is relatively bounded with respect
to 〈Lg,Lg〉 with relative bound λ < 1. Therefore, the quadratic form

〈Lg,Lg〉 − 〈Lg,KφLg〉 is positive semi-definite and Ã can be realized as
a Friedrich’s extension [RS79, Theorem X.23]. �

3. Essential spectrum

Note that all of the previous calculations do not require spherical symme-
try of the perturbation g. The essential spectrum of Ã coincides with that
of −L2 ( L is skew-adjoint).

In order to study this spectrum, it is convenient to write the Liouville
operator in action-angle coordinates associated with the trajectories in the
central potential U := Uρ0 + Uext. The conserved quantities are energy
E(x,v) = |v|2/2 + U(|x|) and angular momentum L = x × v. Once the
direction of angular momentum is fixed, motion is restricted to a plane and
the position can be given in polar coordinates (r, ϕ). The evolution of the
r-variable in can be described by a Hamiltonian with effective potential
depending on L := |L|

Veff(L, r) := U(r) +
L2

2r2
.
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As discussed in the introduction, to each pair (E,L) with L < Lmax(E)
corresponds to periodic trajectories1 in the plane (r, pr), between the turning

points r±(E,L). The angle θr parametrises this trajectory such that θ̇r =
ω(E,L) and we fix it such that θr(E,L, r+(E,L)) = 0.

Since a change of coordinates can be realized as a unitary transformation,

σ(iLrad) = σ(iω(E,L)∂θ) = {kω(E,L)|k ∈ Z, (E,L) ∈ Ω0}.

Since ω∗ > 0, this spectrum has a gap around zero. Away from zero (the
contribution of k = 0), it is a union of bands. If the set of critical points
of ω(E,L) in Ω0 has Lebesgue measure zero, these bands are absolutely
continuous.

In dimension d = 3, the expression for (Kφ)rad can be simplified by using
Newton’s theorem [LL01, Sec. 9.7], in the form

Uρ(x) = −4π

∫ +∞

0

ρ(r)

max(|x|, r)
r2 dr,

valid for radial functions ρ.

Proposition 3.1. In d = 3, Krad
φ is trace class. Hence Ã is a relatively

trace class perturbation of −L2.

This proposition implies that the absolutely continuous spectrum of Arad

is the same as the absolutely continuous spectrum of −L2, by the Kato-
Rosenblum Theorem [Kat57, Ros57] and [RS79, Theorem XI.9], and the
associated subspaces are unitary equivalent. Within the absolutely contin-
uous spectral subspace, the dynamics of the system corresponds to mixing,
by the Riemann-Lebesgue Lemma, see e.g. [Yaf04, Section 5] for the second-
order case.

Proof. Radially symmetric functions in phase space depend on the three
variables r = |x|, v = |v| and w := x · v, having as range the set

T := {(r, v, w)|r ≥ 0, |w| ≤ rv}.

Integration over v reduces to integration over the last two variables with
weight 2πv/r, and integration over the total phase space corresponds to
integration over T with weight (2π)2vr. By Newton’s theorem, we can
represent Kφ as an operator in L2(T, 2πvr dr dv dw) with kernel

κφ(r, v, w; r′, v′, w′) :=
|φ′(E(r, v))|1/2|φ′(E(r′, v′))|1/2

max(r, r′)
.

1The actual trajectory of a test particle in space is typically not periodic, since the
angular frequency may be incommensurate with the radial frequency.
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Hence,

Tr(Kφ) =

∫
κφ =

∫
T

|φ′|(E(r, v))

r
(2π)2vr dr dv dw

= 8π2

∫ ∞
0

∫ ∞
0

(−∂vφ(E(r, v))) vr dv dr,

where the integration over w contributes 2rv. Integration by parts (without
boundary terms since φ(E0) = 0), gives

Tr(Kφ) =8π2

∫ ∞
0

∫ ∞
0

rφ(E(r, v)) dv dr,

which is finite as the integral of a continuous function over the bounded
domain {(r, v)|E(r, v) < E0}. �

4. Eigenvalues

In this section, we study eigenvalues in the gap in the essential spectrum
of Arad, the interval (0, ω2

∗). If λ is such an eigenvalue with associated eigen-

function g, a short computation shows that
√
−L2 − λ g is an eigenfunction

of

K(λ) :=
√
−L2 − λ

−1
LradKφLrad

√
−L2 − λ

−1
,

with eigenvalue 1. We first state a direct consequence of the Birman-
Schwinger principle that is the first point of Theorem 1.2.

Proposition 4.1. If

φ′(E)

|x|
1

ω(E,L)− ω∗
∈ L1(Ω0)

we have the bound

‖K(λ)‖ ≤ Tr(K(λ)) ≤
∫

Ω0

|φ′(E)|
|x|

ω2(E,L)

ω2(E,L)− ω2
∗

dv dx

Proof. We write 〈g,K(λ)g〉 = D(µλ(g), µλ(g)), where

µλ = µL(−L2 − λ)−1/2 (17)

with µ defined in (13). For k ∈ Z, the function k 7→ |kω|/
√
k2ω2 − λ

attains its maximum at k = ±1, hence

|L|(−L2 − λ)−1/2 ≤ ω(E,L)(ω(E,L)2 − λ)1/2.

By using Newton’s theorem as in the proof of Theorem 3.1, we obtain the
result. �

Proof of Theorem 1.2.1. The eigenvalues of K(λ) are continuous and in-
creasing in λ ∈ [0, ω∗), and coincide with those of Kφ at λ = 0. A qualitative
picture is given in Figure 1. For a given value of λ, the number of eigenval-
ues of Ãrad below λ equals the number of eigenvalues of K(λ) above 1. The
trace of K(λ) gives an upper bound on this number. �
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λ

σ(κ(λ))

1

ω*λ1 λ2 λ3 λ

σ(κ(λ))

1

ω*λ1 λ2

Figure 1. Sketch of possible scenarios for the eigenvalues
of the Birman-Schwinger operator. Left : if ρ∗(x)/|x| is in-
tegrable, all eigenvalues are bounded. Right : if ρ∗ is not
integrable, the first eigenvalue diverges as λ aproaches ω∗.

Recall that Ω0 is the support of the steady state in phase space. In order
to state the next proposition, we also need to define

Ωε = Ω0 ∩ {(x,v)|r+(E,L) > r−(E,L) + ε}. (18)

Hence, Ωε is a subset of the support bounded away from the circular orbits.

Proposition 4.2. If φ′(E)/(ω(E,L)−ω∗) is not integrable in Ωε with some
ε > 0, then ‖K(λ)|odd‖ diverges as λ↗ ω2

∗.

The relevance of the restriction to Ωε, is that it allows to construct test
functions, localized near a point where ω approaches ω∗, which give rise to
a nonzero density. Since we will need subsets of phase space determined by
fixed values of (E,L), we introduce the following notation:

Â := {(E(x,v), L(x,v))|(x,v) ∈ A}

Lemma 4.3. Under the Hypotheses of Proposition 4.2, there exists Λ̂ ⊂ Ω̂ε

such that Λ := (E,L)−1(Λ̂) has the following properties.

(1) φ′(E)/(ω(E,L)− ω∗)|Λ is not integrable
(2) There exists r1 such that for all (E,L) ∈ Λ and for all r ∈ (r1, r+(E,L))

we have cos(θr(E,L, r)) > 0
(3) There exists r2 > r1 such that for all (E,L) ∈ Λ, and all θr ∈

(0, π/3), r(E,L, θr) ≥ r2

We first prove the Proposition and then the Lemma.

Proof of Proposition 4.2. Coordinates for the odd subspace Rotation-
ally symmetric functions f can be written as functions of r := |x|, v := |v|
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and w := x · v. Such an f is odd in v, if and only if it is odd in w. In order
to study the norm of K(λ), it is more convenient to use the action variables
E,L, and associated angle θr, defined such that θr = 0 corresponds to the
outer turning point r+. In these coordinates functions f̃(E,L, θr) that are
odd in θr correspond to odd functions in v. This is because a change of
sign in θr corresponds to a change of sign in the radial component of w.
Hence, a function in the odd subspace can be written as a function of the
variables (E,L, θr) that is odd in the last variable. Such a function can be
decomposed in turn in a Fourier series

g = g̃(E,L, θr) =
∞∑
k=1

g̃k(E,L) sin(kθr).

The advantage of this form is that

Lg =
∞∑
k=1

g̃k(E,L)kω(E,L) cos(kθr).

Definition of the test function. In order to show divergence of the
operator norm, it is sufficient to construct, for each λ, a test function hλ in
the odd subspace, such that

lim
λ↗ω∗

〈hλ,K(λ)hλ〉
‖hλ‖2

= +∞ (19)

We construct a function by defining

gλ := g̃λ(E(x,v), L(x,v)), g̃λ :=

√
|φ′(E)|√

ω(E,L)2 − λ

∣∣∣∣∣
Λ̂

, (20)

where Ω̂δ is the set of values of (E,L) defined in Lemma 4.3. Then, we take
as a test function

hλ(x,v) = gλ(x,v) sin(θr(x,v)). (21)

hλ is odd, bounded, we have that

L√
−L2 − λ

hλ =
ω(E,L)√
ω2(E,L)− λ

gλ cos(θr) =
ω(E,L)√
|φ′(E)|

g2
λ cos(θr). (22)

Note that by hypothesis, ‖gλ‖2L2 diverges as λ → ω2
∗. Now, we consider µλ

defined in (17) and obtain

µλ(hλ)(r) :=

∫
ω(E,L)g2

λ cos(θr) dv.

This computation motivates the definition of the functions

γλ(r) := µλ(hλ)(r)/ ‖gλ‖2L2 ,
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such that, since ‖gλ‖2L2 ≥ ‖hλ‖2L2 ,

〈hλ,K(λ)hλ〉
‖hλ‖2L2

≥ 〈hλ,K(λ)hλ〉
‖gλ‖2L2

=
D(µλ(hλ), µλ(hλ))

‖gλ‖2L2

= ‖gλ‖2L2 D(γλ, γλ).

(23)
If D(γλ, γλ) is unbounded along some sequence of λ’s, we have proven (19).

Hence, we assume that D(γλ, γλ) is bounded. We will prove that in this
case, D(γλ, γλ) is bounded uniformly away from zero, which implies the
divergence of ‖K(λ)‖ in view of (23). Since D(·, ·) extends to a scalar
product in H−1(B(0, R0)), there is a sequence λn such that γλn converges
weakly to some γ0 ∈ H−1. Since norms are weakly lower semi-continuous,

D(γ0, γ0) ≤ lim inf
n
D(γλn , γλn).

We just need to show that γ0 6= 0.
Proof that γ0 6= 0. To this end, take a non-negative function χ in C∞,
such that χ(r) = 0 if r < r1 and χ(r) = 1 if r ∈ (r2, R0). For an even
function in θr, we can integrate over θr ∈ (0, π), where there is a one-to-one
correspondence between the variables (r, v, w) and (E,L, r). We use the
positivity of cos(θr) in the support of χ,

〈γλ, χ〉 = 4π ‖gλ‖−2
L2

∫
R+

χ(r)µλ(gλ)(r)r2 dr

≥ 4π ‖gλ‖−2
L2

∫
(r2,R0)

χ(r)

(∫
ω(E,L)g2

λ cos(θr) dv

)
r2 dr

≥ 2π ‖gλ‖−2
L2

∫
(r2,R0)

(∫
ω(E,L)g2

λ cos(θr) dv

)
r2 dr.

For an even function in θr, we can integrate over θr ∈ (0, π), where there is
a one-to-one correspondence between the variables (r, v, w) and (E,L, r). We
write the v-integral as an integral over E and L, with Jacobian J(E,L, r) :=

[2(E − U(r))− L2/r2]
−1/2
+ L/r2 and apply Fubini’s theorem to obtain

∫ R0

r2

(∫
ω(E,L)g2

λ(r,v) cos(θr) dv

)
r2 dr

= 4π

∫
Λ̂
ω(E,L)g̃2

λ(E,L)

(∫ r+(E,L)

r2

J(E,L, r) cos(θr)r
2 dr

)
dE dL,

Since θr(E,L, r2) ≥ π/3, the inner integral is comparable to the inte-
gral over all values of r. Concretely, we define r2(E,L) < r2 such that
θr(E,L, r2) = π/3. For r ≤ r2(E,L), cos(θr) ≥ cos(π/3) = 1/2. Finally, by
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2

Figure 2. Sketch of some orbits in phase space. Red
(resp. blue) dots indicate the point where cos(θr) = 0 (resp.
cos(θr) = 1/2).

using (8), we find∫ r+(E,L)

r2

J(E,L, r) cos(θr)r
2 dr ≥ L

2

∫ r+(E,L)

r2(E,L)

1√
2(E − U(r))− L2/r2

dr

≥ LT (E,L)

12

=
1

6

∫ r+(E,L)

r−(E,L)
J(E,L, r)r2 dr.

Hence

〈γλ, χ〉 ≥ ‖gλ‖−2
L2

1

6

∫
Λ̂
ω(E,L)g̃2

λ(E,L)

(∫ r+(E,L)

r−(E,L)
J(E,L, r)r2 dr

)
dE dL

≥ ω∗
6
.

This allows to conclude

〈γ0, χ〉 = lim
n→∞

〈γλn , χ〉 > 0. �

Proof of Lemma 4.3. The set Ω̂0 in R2 bounded by the lines E = E0, L = 0,
and a curve L = Lmax(E), for some increasing function Lmax. For ε >

0, Ω̂ε stays away from the boundary L = Lmax(E). For each fixed pair

(E,L) ∈ Ω̂ε, the r-variable takes values between the turning points r+(E,L),
corresponding to θr = 0, and r−(E,L), corresponding to θr = π.

We define two functions r2(E,L) > r1(E,L) such that θ(E,L, r1(E,L)) =
π/2 and θ(E,L, r2(E,L)) = π/3. A sketch of this situation is given in Fig-

ure 2. Since r2 and r1 are continuous functions inside Ω̂0, there exists a neigh-
borhood VE,L of any given (E,L) ∈ Ω̂0 such that maxVE,L

r1 < minVE,L
r2.

This stays true on the boundary of Ω̂ε : for pairs of the form (E0, L) with
L < Lmax(E0), we use that the action-angle variables are well-defined for all
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E < 0. On the part of the boundary with L = 0, the trajectory collapses
to one half of the line trajectory from r+ to 0. Still, limL→0 θr(E,L, r) is
well-defined for r > 0 and r1,r2 have continuous extensions.

Hence, the open sets {VE,L|E,L ∈ Ω̂ε} cover the compact set Adh Ω̂ε.
After extracting a finite number of these sets, there is some (E∗, L∗) such
that 1 holds on Λ = {(x,v) ∈ Ωε|(E,L) ∈ VE∗,L∗}. Next, taking r1 =
maxVE∗,L∗ r1, point 2 is satisfied, and r2 = minVE∗,L∗ r2 ensures point 3. �

5. Calculation for polytropes

We finally prove Corollary 1.3. Under the hypotheses stated in the Corol-
lary, we can bound

ω(E,L)− ω∗ ≥ a(E0 − E) + bL2

for some a, b > 0 and all (E,L) ∈ Ω0. Since ω is bounded and strictly
positive in Ω0, we can then estimate

ρ∗(r) ≤ C
∫
E(x,v)<E0

(E0 − E)n−1

(E0 − E) + cL2
dv := Cρ̃(r)

for suitable constants C and c independent of x.

Lemma 5.1. For ρ̃ defined above, and for any m ∈ (0,min(n, 1)), there is
a constant C independent of r ∈ (0, R0) such that

ρ̃(r) ≤ Cr2−2m(E0 − U(r))n−1/2

This upper bound shows that |x|−1ρ∗(x) is integrable for all values of
n > 0 and proves Corollary 1.3.

Proof. As before, we change variables from v to v, w and express v, w in
terms of E,L. We obtain

ρ̃(r) =
4π

r2

∫ E0

U(r)

∫ Lmax(E)

0

(E0 − E)n−1

((E0 − E) + cL2)
√

2(E − U(r))− L2/r2
LdLdE.

Changing variables to t = L2/(2r2(E − U(r)) and defining α(E,R) =
2cr2(E − U(r))/(E0 − E) gives

ρ̃(r) =
4π√

2

∫ E0

U(r)
(E0 − E)n−2

√
E − U(r)

∫ 1

0

dt

(1 + α(E, r)t)
√

1− t
dE.

The inner integral can be computed in closed form, so we are left with

ρ̃(r) = 4π
√

2

∫ E0

U(r)

(E0 − E)n−2
√
E − U(r)√

α(E, r)(1 + α(E, r))
tanh−1

(√
α(E, r)

α(E, r) + 1

)
dE.
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In order to estimate the behaviour in r of this integral, it is convenient to
take α as the variable. We use the identities

dE =
(E0 − E)2

2cr2(E0 − U(r))
dα,

E0 − E =
2cr2

2cr2 + α
(E0 − U(r)), E − U(r) =

α

2cr2 + α
(E0 − U(r)).

To obtain

ρ̃(r) = 4π
√

2(E0−U(r))n−1/2

2cr2

∫ ∞
0

(
2cr2

2cr2+α

)n (
α

2cr2+α

)1/2 tanh−1
(√

α
α+1

)
√
α(1+α)

dα.

(24)
For n < 1, we bound the first fraction by 2cr2/α and the second fraction by
1, to obtain

ρ̃(r) ≤ C (E0 − U(r))n−1/2

(2cr2)1−n

∫ ∞
0

tanh−1
(√

α
α+1

)
αn
√
α(1 + α)

dα.

The last integral is finite: for α ∈ (0, 1), we use the bound tanh−1(t) ≤ 2t to

check that the function is integrable. For α > 1, we can use tanh−1
(√

α
α+1

)
≤

C ln(α).
Finally, if n > 1, for some m ∈ (0, 1), we return to (24), bound the

first parenthesis in the integrand by (2cr2/α)m, and repeat the previous
arguments. �
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Abstract: Starobinsky inflation is currently one of the best models concerning agreement
with cosmological data. Despite this observational success, it is still lacking a robust em-
bedding into a UV complete theory. Previous efforts to derive Starobinsky inflation from
string theory have been based on the derivation of higher derivative curvature terms from
the low-energy limit of ten-dimensional string theory. This approach is however known
to fail due to the difficulty to tame the effect of contributions proportional to the Ricci
scalar to a power larger than two. In this paper we investigate an alternative attempt
which exploits instead the ubiquitous presence of scalar fields in string compactifications
combined with the fact that Starobinsky inflation can be recast as Einstein gravity coupled
to a scalar field with a precise potential and conformal coupling to matter fermions. We
focus in particular on type IIB Kähler moduli since they have shown to lead to exponen-
tial potentials with a Starobinsky-like plateau. We consider three classes of moduli with a
different topological origin: the volume modulus, bulk fibre moduli, and blow-up modes.
The only modulus with the correct coupling to matter is the volume mode but its potential
does not feature any plateau at large field values. Fibre moduli admit instead a potential
very similar to Starobinsky inflation with a natural suppression of higher curvature correc-
tions, but they cannot reproduce the correct conformal coupling to matter. Blow-up modes
have both a wrong potential and a wrong coupling. Our analysis implies therefore that
embedding Starobinsky inflation into string theory seems rather hard. Finally, it provides
a detailed derivation of the coupling to matter of fibre moduli which could be used as a
way to discriminate Starobinsky from fibre inflation.
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1 Introduction

Starobinsky inflation [1] is presently one of the most successful inflationary models in fitting
cosmological observations [2]. This predictive model is based on a simple extension of the
Einstein-Hilbert action via the introduction of an R2 contribution. Applying a conformal
transformation on the Jordan frame metric, the model can be recast as ordinary gravity in
Einstein frame coupled to a scalar field φ with an exponential potential which asymptotes
to an inflationary slow-roll plateau at large field values. Moreover, the conformal trans-
formation of the metric fixes the Yukawa coupling of the inflaton to ordinary matter to
be yφ = −1/

√
6. While elegant, this formulation of Starobinsky inflation is still lacking

a quantum gravity embedding which is crucial to trust its robustness, especially against
higher derivative curvature corrections which are naively expected to arise from the effec-
tive field theory point of view and which ruin the flatness of the inflationary potential. In
fact, a working UV embedding of the Starobinsky model should explain why corrections to
the Einstein-Hilbert action involving the Ricci and Riemann tensors are absent or can be
ignored. Moreover, it should be characterised by at least two mass scales: M ' 1013 GeV,
which controls the R2 contribution, and a much larger scale, M∗ � M , which suppresses
higher curvature terms Rn with n > 2.

String theory is at the moment one of best developed candidate theories of quantum
gravity, and so it is natural to try to embed Starobinsky inflation in this framework. In
string theory higher derivative corrections to the four-dimensional Einstein-Hilbert action
do in fact arise as the low-energy limit of α′ corrections in ten dimensions. They are
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naturally suppressed by the string scale with potentially additional powers of the vacuum
expectation values of universal moduli like the internal volume or the dilaton which fixes
the string coupling. This observation gives some hope to obtain more than one suppression
scale to justify the inclusion of just R2 effects. However, as argued in [3], a detailed analysis
of the low-energy limit of both heterotic and type II string theories reveals that letting the
first higher derivative term compete with the leading term results in a loss of control over
the perturbative α′ expansion. In summary, allowing higher order terms to scale as expected
from string theory quickly destroys any inflationary dynamics.

In this paper we will instead explore a different attempt to derive Starobinksy inflation
from string theory based on the dual formulation of the model in terms of Einstein gravity
coupled to a scalar field, the inflaton. Since string theory features many scalar fields, called
moduli, arising as Kaluza-Klein zero modes of deformations of the internal compactifica-
tion space, our hope is to reinterpret one of these scalars as the Starobinsky inflaton and
recover the Starobinsky model in Einstein frame. This modulus should have two impor-
tant features: (i) a scalar potential which reproduces the one of Starobinsky inflation, with
in particular a plateau at large field values which can sustain at least 50-60 efoldings of
slow-roll inflation without being destroyed by higher order corrections (like Rn terms with
n > 2 in Jordan frame); (ii) the correct conformal Yukawa coupling to matter coming from
minimally coupled fermions in Jordan frame.

Several different mechanisms to drive inflation from string theory have been derived,
both at single and a multi-field level (see [4] for a recent and updated review). Focusing
on single-field models (as in the Starobinsky case), the most popular inflaton candidates
are open string moduli, axions and Kähler moduli. The potential of open string moduli
and axions is typically power-law, or at most sinusoidal for axions, while Kähler moduli
feature exponential potentials [5, 6] which arise naturally in the supergravity effective field
theory of string compactifications once the potential is expressed in terms of canonically
normalised fields. Given that the potential of the Starobinsky model is characterised by an
exponential dependence on the inflaton, we will focus on Kähler moduli within type IIB
compactification where moduli fixing is better understood. The stabilisation of these modes
is crucial, not just to compute the inflationary potential, but also to derive their couplings
to fermions living on stacks of either D7-branes wrapping internal four-cycles or D3-branes
at singularities.

We will focus on three different classes of Kähler moduli in type IIB Calabi-Yau com-
pactifications. From the microscopic point of view, they are different since they control the
volume of internal four-cycles with a different topology. Let us summarise our results for
each of these classes of Kähler moduli:

• Volume mode: The volume mode has the correct conformal Yukawa coupling to
matter fermions living on either D3-branes or D7-branes wrapped around a blow-
up mode. It also has the right coupling to open string modes living within the
worldvolume of D7-branes wrapping the overall volume. However, the potential of
the volume mode cannot mimic the one of Starobinsky inflation since it does not
feature any plateau at large field values. On the contrary, the potential of the volume
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modulus has a steep runaway at large field values and realisations of volume mode
inflation require to tune different terms to induce a near inflection point [7–9].

• Fibre moduli: Fibre inflation is a class of models where inflation is driven by a bulk
fibre modulus which is a leading order flat direction lifted by subdominant pertur-
bative corrections to the Kähler potential [10–16]. These effects generate a potential
that is very similar to Starobinsky inflation. In fact, when recast as an f(R) theory,
fibre inflation looks effectively like f(R) ' R1.3 + R2 [17]. Its predictions for the
main cosmological observables are thus very similar to the predictions of Starobinsky
inflation. If the relation between the scalar spectral index ns and the tensor-to-scalar
ratio r is written as r = 3α(ns − 1)2, Starobinsky inflation corresponds to α = 1,
while fibre inflation to α = 2 [3]. However, fibre moduli can never reproduce the cor-
rect Yukawa coupling to matter since they are effectively decoupled from fermions on
D3-branes or on D7-branes wrapping blow-up modes. On the other hand, they have
a non-zero coupling to fermions if the Standard Model is realised on branes wrapping
bulk four-cycles, but the actual value of the Yukawa coupling is always different from
yφ = −1/

√
6. More precisely, matching this value would require irrational modular

weights in the Kähler metric for matter fields, a situation which seems impossible to
achieve.

• Blow-up modes: Moduli controlling the volume of local exceptional divisors re-
solving point-like singularities seem the worst candidates to reproduce Starobinsky
inflation since both their potential and coupling take the wrong form. Despite fea-
turing an exponential dependence, the potential of blow-up inflation is much flatter
than the one of Starobinsky inflation [18–20]. Moreover, blow-up modes are effectively
decoupled from fermions on D3-branes or on D7-branes wrapping bulk cycles, while
they have a much stronger than Planckian coupling to matter on D7-branes wrapped
around the blow-up mode itself (due to the localisation of the interaction in the extra
dimensions).

As a result of our analysis, we conclude that no string modulus seems to have the right
properties to effectively realise an R+R2 inflationary model, at least within the framework
of type IIB Calabi-Yau compactifications at large volume and weak string coupling where
the low-energy effective field theory is under control. Embedding Starobinsky inflation in a
UV complete theory like string theory seems therefore to be very challenging. If agreement
with cosmological observations will become even better after the inclusion of more data,
our analysis suggests that the underlying model is more likely to be fibre inflation which
can be discriminated from Starobinsky inflation, not just from the slightly different relation
between ns and r, but also from the different coupling to matter fermions. For example, we
find that for matter at the intersection of D7-branes wrapping bulk four-cycles, the Yukawa
coupling of fibre moduli is yφ = 1/

√
3.
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2 Basics of Starobinsky inflation

Starobinsky inflation [1] uses higher derivative corrections to the Einstein–Hilbert action,
in particular the R2 correction. Let us first review how this theory is classically equivalent
to a standard Einstein gravity coupled to a scalar field with a scalar potential characterised
by a large field plateau that can drive inflation. We shall then extend the scenario to more
general f(R) theories.

2.1 R+R2 gravity

The starting point of Starobinsky inflation [1] is the following action

S =
1

2
M2
P

∫
d4x
√
−g f(R) +

∫
d4xLmat(gµν , ψ) , (2.1)

where

f(R) = R+
R2

M2
, (2.2)

and Lmat describes the minimal coupling to matter fields collectively denoted as ψ. Here
MP = 1/

√
8πG and M is a constant with the dimension of a mass. The Einstein-Hilbert

linear term, R, is responsible for a deviation from an eternal de Sitter solution: it will cause
inflation to end as required in any realistic inflationary model. However, the conformally
equivalent form of the model is more useful for our purposes. In order to understand the
universal features of the inflaton model, let us describe the conformal transformation in
some detail.

A conformal transformation is a point-dependent rescaling of the metric tensor gµν of
the form

gµν → g̃µν = Ω(x)2gµν = e2ω(x)gµν , (2.3)

with the scale factor ω(x) ≡ ln Ω(x). One of its properties is to leave the light cones
unchanged [21]. The Ricci tensor Rµν and the Ricci scalar R constructed out of the metric
gµν , and R̃µν and R̃ obtained from g̃µν , are related by [22]

R = Ω2(R̃+ 6�̃ω − 6g̃µν∂µω∂νω) , (2.4)

where
∂µω ≡

∂ω

∂xµ
, �̃ω ≡ 1√

−g̃
∂µ

(√
−g̃ g̃µν∂νω

)
. (2.5)

We want to use this transformation to derive an action in Einstein frame from the
Starobinsky model. As a preliminary step, it is useful to rewrite the action in the equivalent
form [22]

S =

∫
d4x
√
−g
(

1

2
M2
PFR− U

)
+

∫
d4xLmat(gµν , ψ) , (2.6)

where we defined

F ≡ ∂f

∂R
= 1 + 2

R

M2
, U ≡ 1

2
M2
P (FR− f) =

1

2
M2
P

R2

M2
. (2.7)
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Using the relation
√
−g = Ω−4

√
−g̃ and (2.4), the action becomes

S =

∫
d4x

√
−g̃
[

1

2
M2
P

F

Ω2
(R̃+ 6�̃ω − 6g̃µν∂µω∂νω)− U

Ω4

]
+

∫
d4xLmat(Ω

−2 g̃µν , ψ) .

(2.8)
One can see that for F > 0, the conformal factor which brings the action into Einstein
frame is Ω2 = e2ω = F . Since the scale factor has a kinetic term in this frame, we promote
it to a scalar field φ, defined by

φ(x) ≡
√

6ω(x)MP . (2.9)

Now we have all the necessary ingredients to write the action in the Einstein frame, where
it takes the form [22]

S̃ =

∫
d4x
√
−g̃
[

1

2
M2
P R̃+

1

2
g̃µν∂µφ∂νφ− V (φ)

]
+

∫
d4xLmat(F

−1(φ)g̃µν , ψ) , (2.10)

with
V (φ) =

U

F 2
. (2.11)

Note that the scalar field φ is canonically normalised. For ease of notation let us name the
scalar part of the Lagrangian as Lφ so that L =

√
−g̃
(
M2
P R̃/2 + Lφ

)
+ Lmat.

2.2 Inflationary plateau

To determine the scalar potential, note that the scalar field can also be expressed as

φ

MP
=

√
3

2
lnF =

√
3

2
ln

(
1 + 2

R

M2

)
. (2.12)

Then the scalar potential of the Starobinsky model gives the Starobinsky inflaton potential

V (φ) =
R2M2

P

2M2

(
1 + 2

R

M2

)−2

=
1

8
M2M2

P

(
1− e−

√
2/3φ/MP

)2
. (2.13)

This potential is plotted in Fig. 1. From the form of the potential, we recognise two phases
of evolution of the scalar field. Slow-roll inflation is realised for large values of the scalar
field, φ � MP , where V (φ) ' M2M2

P /8. Here the potential is sufficiently flat to drive
an epoch of accelerated expansion of the universe. More precisely, inflation ends around
φ ' MP and 50-60 efoldings of inflation are realised around φ ' 5-6MP . Note that the
WMAP normalisation of the CMB anisotropies constraints M to be M ' 1013 GeV. After
this phase, the regime φ � MP takes place, where V (φ) ' 3M2φ2 and the field oscillates
around φ = 0 leading to the reheating process.

2.3 Coupling to matter

Through the conformal transformation of the metric, the scalar field φ is directly coupled
to matter in the Einstein frame [22]. We can see this better after obtaining an equation of
motion for φ. By taking the variation of (2.10) with respect to φ we obtain

− ∂µ
(
∂(
√
−g̃Lφ)

∂(∂µφ)

)
+
∂(
√
−g̃Lφ)

∂φ
+
∂Lmat

∂φ
= 0 , (2.14)
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ϕ
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Figure 1: Starobinsky potential (2.13). Inflation occurs for trans-Planckian values of the
field φ.

which simplifies to

�̃φ− ∂φV +
1√
−g̃

∂Lmat

∂φ
= 0 . (2.15)

The matter term ∂Lmat/∂φ is given by

∂Lmat

∂φ
=
δLmat

δgµν
∂gµν

∂φ
=

1

F (φ)

δLmat

δg̃µν
∂(F (φ)g̃µν)

∂φ
= −

√
−g̃

∂φF

2F
T̃ (mat)
µν g̃µν , (2.16)

where T̃ (mat)
µν is the energy-momentum tensor for matter

T̃ (mat)
µν ≡ 2√

−g̃
δLmat

δg̃µν
. (2.17)

With this we obtain the field equation in the Einstein frame

�̃φ− ∂φV +
yφ
MP

T̃ (mat) = 0 , (2.18)

with the Yukawa coupling between φ and matter given as

yφ ≡ −
1

2
MP ∂φ lnF = −1

2
MP

∂φ(e

√
2
3
φ/MP )

e

√
2
3
φ/MP

= − 1√
6
. (2.19)

This shows that the scalar field φ is directly coupled to matter with a universal coupling
constant yφ = −1/

√
6. Alternatively, the coupling can be read off directly from the action

Lmat ⊃ −yφ
mψ

MP
φψ̄ψ , (2.20)

which gives the same universal result. This is also the way we shall compute the coupling
for stringy models in Sec. 3.
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Figure 2: Starobinsky potential with R4 corrections given by (2.22).

2.4 General f(R) expansion

Let us now consider a more general f(R) theory where the function f(R) is analytic around
zero, and so can be expanded in a series in R2/M . This is motivated by the fact that if
Starobinsky inflation arises from a more fundamental UV complete theory, we expect it to
be an effective field theory obtained after integrating out massive modes below some high
scale M (which can still be several orders of magnitude below the Planck scale). In this
effective theory we expect all possible terms compatible with the underlying symmetries
and particle content. Hence we expect not just terms involving the Ricci scalar, but also
contributions which depend on the Ricci and the Riemann tensors. Setting this issue aside,
and focusing just on an effective f(R) theory, we generalise (2.2) by a series expansion in
R2/M of the form (see [23–26] for similar studies):

f(R) = R+
R2

M2
+ µ

R3

M4
+ λ

R4

M6
+ ... (2.21)

The resulting scalar potential in Einstein frame would look like

V =
1

8
M2M2

P

[(
1− e−

√
2
3

φ
MP

)2

+ λ e

√
2
3

φ
MP + ...

]
(2.22)

where we have set µ = 0 since in the following we shall focus on supersymmetric models
where this coefficient vanishes. A working Starobinsky inflation model requires λ � 1 or,
in other words, that the R4 term is suppressed by an effective scale M̃ = M λ−6 � M

which is well above M . Fig. 2 shows the effect of R4 corrections for different values of λ. It
is easy to infer that these corrections do not ruin 50-60 efoldings of standard Starobinsky
inflation only if |λ| < 10−4.

This has to be the case, more in general, for all higher order terms Rn with n ≥ 5.
Thus, a working Starobinsky inflation model requires the presence of at least two different
suppression scales, which might be hard to justify from a low-energy perspective. The idea
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is that M̃ could correspond to the Planck scale so that (2.21) behaves as

f(R) = R+
R2

M2

(
1 + c1

R

M2
P

+ c2
R2

M4
P

+ ...

)
(2.23)

where the ci are now O(1) coefficients. While this expression can certainly be postulated
from an effective field theory point of view, it definitely deserves an explanation from a
more fundamental theory which is valid at higher energy scales.

3 A stringy embedding?

In this section we will explore the possibility to embed Starobinsky inflation in string theory
by either deriving higher curvature corrections from ten dimensions in Jordan frame, or by
reproducing the correct potential and Yukawa coupling of the Starobinsky scalar in Einstein
frame.

3.1 Higher curvatures from ten dimensions

Let us investigate if the structure outlined in (2.23) with two suppression scales can be
reproduced from string theory following [3]. The low-energy ten-dimensional action below
the string scale takes the schematic form

1

α′4

∫
d10ξ
√
−Ge−2Φ

[
R+ k1 α

′R2 + k3 α
′3R4 + ....

]
(3.1)

where k1 6= 0 for heterotic and type I strings, while k1 = 0 for type IIB string theory, and
k3 ∼ O(1) for all string theories. Let us set the dilaton Φ and the internal volume V to
their vacuum expectation values, given respectively by

eΦ0 = gs and
∫
d6y

√
−g(6D) = V α′3 . (3.2)

Dimensional reduction to four dimensions then gives (showing only the terms which involve
four-dimensional curvatures)

M2
P

2

∫
d4x
√
−g

[
R+

R2

M2
s

(
k1 +

k̃1

V2/3
+ ...

)
+ k3

R4

M6
s

+ ....

]
(3.3)

where k̃1 ∼ O(1) and

Ms '
1√
α′
, and M2

P 'M2
s

V
g2
s

. (3.4)

This analysis shows that Starobinsky inflation is very unlikely to emerge in string theory
from the dimensional reduction of ten-dimesional higher derivative terms for the following
reasons:
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• Heterotic string: in this case k1 6= 0 and the Starobinsky suppression scale M is
identified with the string scale Ms, M ' Ms. Due to the relation (3.4), it might not
seem difficult to achieve Ms ' 1013 GeV which is necessary to match the observed
amplitude of the density perturbations if gs � 1 and V � 1, which are the limits
where the supergravity approximation is under control. However the string scale
is tied to the gauge coupling of the visible sector (generically a GUT theory) since
α−1

GUT ' V/g2
s . To avoid hyperweak couplings, the string scale is therefore around

the GUT scale, Ms ' 1016 GeV, which is too high to reproduce Ms ' 1013 GeV.
Let us stress that, even ignoring this issue, the R4 term would still be suppressed
by the same scale, the string scale, resulting in a positive exponential that spoils the
inflationary plateau.

• Type IIB string: In this case k1 = 0, and so the Starobinsky suppression scale M has
to be identified with

M 'MsV1/3 =
gsMP

V1/6
, (3.5)

which could again reproduce M ' 1013 GeV for gs � 1 and V � 1. In type IIB
the overall internal volume is decoupled from the visible sector gauge coupling since
the Standard Model (or genelisations thereof) is realised on stacks of D3 or D7-
branes which are localised in the extra-dimensions. However the mass scale which
suppresses the R4 terms would be given simply by the string scale, and so it would
be even smaller than the one suppressing the R2 term. This implies that the positive
exponential arising from the R4 term would destroy inflation very quickly.

3.2 Moduli inflation and Yukawa couplings

String theory proposes various candidate scalar fields that could drive inflation. Many in-
teresting scenarios have been explored in the past years (see [4]). Inflationary solutions have
been developed by employing open string fields controlling the position of either warped,
unwarped or relativistic branes. Alternatively axions have also been proposed as candidates
to drive inflation thanks to their perturbative shift symmetry. Most importantly for us, the
possibility that Kähler moduli, naturally arising in string compactifications, could be the
inflaton field has also been considered in a vast literature [7–20, 27, 28] since these fields
(particularly the modes orthogonal to the overall volume) enjoy an effective and approxi-
mate non-compact shift symmetry [3, 6]. In what follows we will focus on Kähler moduli
since in supergravity effective theories they naturally admit an exponential potential that
is the typical feature of Starobinsky inflation.

Our goal here is to explore the possibility that any of these Kähler moduli can resem-
ble the Starobinsky field and therefore be eligible as a candidate for driving Starobinsky
inflation. The first step is to verify that the coupling of this candidate modulus to matter co-
incides with the coupling to matter of the Starobinsky field, which is equal to yφ = −1/

√
6.

This will be our primary objective in the following discussion, where we will first consider
as possible candidates the volume modulus and blow-up modes. Subsequently, we analyse
the form of the scalar potential to check if it resembles the Starobinsky potential. We will
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also examine a particular class of constructions known as fibre inflation. Again, we will
focus on the computation of the couplings to matter and of the scalar potential of bulk
moduli appearing in fibred Calabi-Yau models of string inflation.

3.2.1 Volume modulus and blow-up modes

Due to the presence of the compactification volume in all the four-dimensional effective
theories of string compactifications, it is natural to ask if it could be the field driving
slow-roll inflation. The most concrete models have been constructed in the Large Volume
Scenario (LVS) [29]. Following [30], we will consider compactifications on P4

[1,1,1,6,9]. This is
the single-hole Swiss cheese geometry with two Kähler moduli, Tb = τb+iθb and Ts = τs+iθs,
and Calabi-Yau volume given by (up to an irrelevant overall 1/(9

√
2) factor)

V = τ
3/2
b − τ3/2

s . (3.6)

The big modulus τb controls the size of the overall volume, while τs controls the size of the
blow-up of a point-like singularity. The Kähler potential and the superpotential are given
by (setting from now on MP = 1)

K = −2 ln

[(
τ

3/2
b − τ3/2

s

)
+
ξ̂

2

]
(3.7)

W = W0 +As e
−asTs , (3.8)

where ξ̂ = ξ/g
3/2
s , with ξ = ζ(3)χ(M)/(2π)3 a constant controlling the size of O(α′3)

corrections [31]. Here ζ(3) ' 1.20 is Apéry’s constant and χ(M) is the Euler number of the
Calabi-Yau manifold.

We will assume that the procedure of moduli stabilisation has been performed, giving
the moduli a potential and a mass. Expanding the fields in τi = 〈τi〉 + δτi, we can write,
around the minimum of the moduli potential, the following Lagrangian [30]

L = Kij̄∂µ(δτi)∂
µ(δτj)− V0 − (M2)ij(δτi)(δτj)−O(δτ3)− 1

4g2
SM

FµνF
µν , (3.9)

where the Standard Model gauge coupling gSM can take three different expressions depend-
ing on the brane realisation of the visible sector: (i) g−2

SM = τs for D7-branes wrapped around
the blow-up mode τs; (ii) g−2

SM = τb for D7-branes wrapped around the big four-cycle τb (in
this case the overall volume cannot be too large in order to avoid a hyperweak Standard
Model gauge coupling); (iii) g−2

SM = s for D3-branes at singularities (where s is the dilaton
with 〈s〉 = g−1

s ).
It is useful to rewrite the Lagrangian in terms of mass eigenstates σ and φ (the heavy

and the light field, respectively), defined by(
δτb
δτs

)
=

(
vσ

)
σ√
2

+

(
vφ

)
φ√
2
, (3.10)

where vσ and vφ are the normalised eigenvectors of (K−1)ij̄(M2)j̄k. In the following, we will
need an expression for the original fields δτb and δτs in terms of σ and φ. These relations
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are given at leading order by [30]

δτb =
(√

6〈τb〉1/4〈τs〉3/4
) σ√

2
+

(√
4

3
〈τb〉

)
φ√
2
∼ O

(
V1/6

0

)
σ + O

(
V2/3

0

)
φ (3.11)

δτs =

(
2
√

6

3
〈τb〉3/4〈τs〉1/4

)
σ√
2

+

(√
3

as

)
φ√
2
∼ O

(
V1/2

0

)
σ + O (1)φ , (3.12)

with V0 = 〈V〉 ' 〈τb〉3/2 � 1.

Couplings to matter

Let us now compute the couplings between moduli and chiral matter fields. We consider
the following relevant terms of the supergravity Lagrangian [30]

L = Kψ̄ψiψ̄γ
µ∂µψ +KHH̄∂µH∂

µH̄ − eK/2yHHψ̄ψ . (3.13)

The Kähler metric for the chiral matter fields is given by

Kψ̄ψ ∼ KH̄H ∼
τλss

τλbb
= K0

(
1 + λs

δτs
〈τs〉
− λb

δτb
〈τb〉

+ . . .

)
, (3.14)

with K0 ≡ 〈τs〉λs/〈τb〉λb and, depending on the detailed origin of the matter fields as open
strings on branes, one can have [32]

λs = 1, 1/2, 0 , λb = 1 if g−2
SM = τs , (3.15)

λs = 0 , λb = 1, 1/2, 0 if g−2
SM = τb , (3.16)

λs = 0 , λb = 1 if g−2
SM = s . (3.17)

More precisely, when the Standard Model is realised with D7-branes wrapping the four-cycle
τi, the modular weight λi = 1 corresponds to open strings living within the D7-worldvolume,
λi = 1/2 to matter fields at the intersection between two stacks of D7-branes, and λi = 0

to open string moduli controlling the position of D7-branes.
Moreover we will use the expansion [30]

eK/2 =
1

V
' 1

τ
3/2
b − τ3/2

s

=
1

V0

(
1− 3

2

(
δτb
〈τb〉

)
+ . . .

)
. (3.18)

In terms of these expressions, we can now write the Lagrangian (3.13) as

L = K0 iψ̄γ
µ∂µψ +K0 ∂µH∂

µH̄ − yH
V0
Hψ̄ψ +

(
λs

(
δτs
〈τs〉

)
− λb

(
δτb
〈τb〉

))
K0 iψ̄γ

µ∂µψ

+

(
λs

(
δτs
〈τs〉

)
− λb

(
δτb
〈τb〉

))
K0 ∂µH∂

µH̄ +
3

2

(
δτb
〈τb〉

)
yH
V0
Hψ̄ψ . (3.19)

The next step is to canonically normalise the fields and impose electroweak symmetry
breaking. The Higgs will acquire a vacuum expectation value and the following fermion
mass will be generated

yH〈Hc〉 = mψ . (3.20)

– 11 –



Therefore the Lagrangian describing the cubic couplings between matter fields and moduli
looks like

Lcubic =

(
λs
δτs
〈τs〉
− λb

δτb
〈τb〉

)
ψ̄ (iγµ∂µ−mψ)ψ+

[
λs
δτs
〈τs〉

+

(
3

2
− λb

)
δτb
〈τb〉

]
mψ ψ̄ψ , (3.21)

where only the last term gives a non-zero contribution after the equations of motion are
taken into account. Our first goal is to prove that the volume modulus τb has the right
coupling to matter.

Let us first remark that from (3.11), it is possible to notice that τb is mostly given by
φ while τs is mostly σ. To get the coupling, let us now consider the last term of (3.21), in
particular focussing on the τb part

Lφψ̄ψ '
(

3

2
− λb

)
δτb
〈τb〉

mψψ̄ψ . (3.22)

Given that the light field φ is dominantly the volume modulus, we can reduce (3.11) to

δτb
〈τb〉
'
√

2

3
φ . (3.23)

Using this, (3.22) can be written as

Lφψ̄ψ ' −
√

2

3

(
λb −

3

2

)
mψ φψ̄ψ , (3.24)

from which we can easily read off the coupling between the light field φ and matter, which
is equal to

yφ =

√
2

3

(
λb −

3

2

)
= − 1√

6
if λb = 1 . (3.25)

As shown above, (3.25) reproduces the correct conformal coupling to matter of Starobinsky
inflation, yφ = −1/

√
6, if λb = 1. As can be seen from (3.15), (3.16) and (3.17), this is

indeed very often the case since λb = 1 if the Standard Model lives on D7-branes wrapped
around the blow-up mode, on D3-branes but also on D7-branes wrapped around the big
four-cycle τb provided the matter fields originate from the reduction of gauge fields within
the D7-worldvolume [32]. In our limit, the light field φ is basically the volume modulus τb.
The fact that the volume modulus has the same coupling to matter as the Starobinsky field
represents a first step towards a possible identification between the two.

Let us now present the coupling to matter of the heavy field σ, showing that it is
different from −1/

√
6, therefore excluding the possibility for the τs modulus to be the

scalar field responsible for Starobinksy inflation. To proceed, let us consider the τs part in
the last term of (3.21)

Lσψ̄ψ ' λs
(
δτs
〈τs〉

)
mψ ψ̄ψ . (3.26)

From the expansion (3.11), we can see that it is possible to make the following approximation

δτs
〈τs〉

'
√
V0 σ . (3.27)
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We conclude that
Lσψ̄ψ ' λs

√
V0mψ σψ̄ψ . (3.28)

The general classification (3.15), (3.16) and (3.17) shows that λs is non-zero only when the
Standard Model lives on D7-branes wrapped around τs. However in this case the absolute
value of the Yukawa coupling to matter of the heavy field σ (mainly the small modulus
τs) is much larger than 1/

√
6 since V0 � 1. Note also that σ is approximately decoupled

from ordinary matter when the Standard Model is realised via D7-branes on τb or via D3-
branes at singularities since these cases are characterised by λs = 0. A non-zero Yukawa
coupling would be generated by considering the term in (3.21) proportional to δτb and then
exploiting the dependence of δτb on σ in (3.11). However it is easy to check that this would
induce a very suppressed coupling proportional to V−1/2

0 � 1. We therefore conclude that
σ cannot be identified with the Starobinksy field.

Scalar potential

Although the Kähler modulus τb controlling the overall volume of the Calabi-Yau manifold
has the right coupling to matter, it is well known that its scalar potential is not suitable
for a slow-roll inflationary behaviour. Recall that the Starobinsky potential has the form
(2.13) with a slow-roll plateau at large values of φ.

Such a constant behaviour of the inflationary potential can never be reproduced for
the volume mode since any contribution to the scalar potential has to depend on V due to
the Weyl rescaling to express the four-dimensional action in Einstein frame. Alternatively,
this can also be seen from the general expression of the supergravity scalar potential that is
proportional to eK = V−2. This has to be the case since the potential has to go to zero in
the infinity volume limit, V → ∞, in order to recover a ten-dimensional Minkowski solution
in the decompactification regime.

Due to these very general considerations, at large field values, the potential of the
volume modulus will feature a runaway behaviour, instead of a Starobinsky-like plateau,
regardless of the effects (perturbative or non-perturbative) which break the no-scale struc-
ture and generate the potential for V. Without loss of generality, we therefore illustrate
this claim by focusing on the simplest LVS scenario where the (uplifted) scalar potential
reads

V =
8
√
τs(asAs)

2e−2asτs

3V
− 4W0asAsτse

−asτs

V2
+

3ξ̂W 2
0

4V3
+ Vup , (3.29)

where, again without loss of generality, we parameterised the uplift potential as Vup =

δ/Vα with α < 3. A single-field potential for the volume modulus can be obtained upon
integrating out τs

V =
ξ̂W 2

0

2V3

(
1− 8 (lnV)3/2

3 ξ̂a
3/2
s

)
+

δ

Vα
. (3.30)

This expression depends only on the volume V, which is related to the modulus τb and to
the canonically normalised field φ through

V2/3 ' τb = e

√
2
3
φ
. (3.31)
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Figure 3: The volume modulus potential (3.32) for a parameter choice that realises an
uplift to Minkowski, featuring the typical runaway towards large volume.

In terms of the canonical field φ, the volume mode potential reads

V (φ) =
ξ̂W 2

0

2

1−
8
(√

3
2φ
)3/2

3 ξ̂a
3/2
s

 e
−
√

27
2
φ

+ δ e
−α

√
3
2
φ
. (3.32)

This potential is shown in Fig. 3. As anticipated, due to the volume dependence of the
uplift term, the potential does not have the necessary plateau of the Starobinsky potential,
featuring instead a typical runaway at large field values. Thus the volume modulus τb
cannot drive Starobinksy inflation.

On the upside, since the uplift depends on the volume only, the uplifting contribution
is constant in other directions of moduli space. If we can find another modulus with the
correct coupling to the matter sector, this could provide the plateau we need.

3.2.2 Fibre moduli

In the context of LVS moduli stabilisation in type IIB Calabi-Yau orientifold compactifica-
tions, another particular realisation of inflation is given by the class of constructions known
as fibre inflation [3, 10–16]. We now briefly discuss its setup following [3, 10, 33].

The main idea behind fibre inflation is to use as the inflaton one of the Kähler moduli
whose potential is generated by perturbative (in α′ or gs) corrections to the Kähler potential
[34–39] which are subdominant with respect to the leading O(α′3) term [31] that we have
considered to stabilise the volume modulus. The simplest construction uses a Calabi-Yau
manifold which is a K3 fibration over a P1 base. For concreteness, let us consider the
P4

[1,1,2,2,6] geometry. The model has two Kähler moduli τ1 and τ2. We require also the
existence of a third Kähler modulus which is implemented by the presence of an additional
blow-up cycle, whose volume we denote by τs [40, 41]. To summarise, this model (and also
fibre inflation models in general) involves a Calabi-Yau manifold with at least three Kähler
moduli (denoting them by Ti = τi + iθi, with τi the geometric modulus and θi its axionic
partner):
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• T1 = τ1 + iθ1. The geometric modulus τ1 corresponds to the volume of a K3 fibre
over a P1 base.

• T2 = τ2 + iθ2, where τ2 is the volume of a divisor which contains the P1 base.

• Ts = τs + iθs. As in the Swiss cheese example, τs corresponds to the volume of a
blow-up cycle (the ‘hole’ of the Swiss cheese).

There are some differences with respect to the previously considered LVS model. Here, τ1

is stabilised at subleading order due to string loop or higher α′ corrections to the Kähler
potential. The overall volume V is mainly controlled by τ2 which is stabilised at leading
order by O(α′3) corrections. The most important difference is that the volume modulus
V acts only as a spectator during inflation and it is heavier than the inflaton. For what
concerns τs, it is fixed by non-perturbative corrections to the superpotential W and it is
heavier than the inflaton τ1 during inflation.

In terms of these moduli, the compactification volume is given by

V = κ0

(√
τ1τ2 − κsτ3/2

s

)
, (3.33)

with κ0 and κs two model-dependent constants of order one, which are determined by the
Calabi-Yau intersection numbers. Without loss of generality, we shall set κ0 = κs = 1.

Scalar potential

The idea behind fibre inflation is to rely on perturbative corrections to the effective action.
Before including these, it may be useful to summarise the procedure for obtaining the
leading order scalar potential.

We compute the scalar potential by considering the leading α′ corrections to the Kähler
potential K, and non-perturbative corrections to the superpotential W

K = K0 + δKα′ = −2 ln

(
V +

ξ̂

2

)
and W = W0 +

∑
i

Ai e
−aiTi . (3.34)

Since we are interested in the large volume regime where

√
τ1τ2 � τ3/2

s , (3.35)

we can actually neglect non-perturbative effects involving τ1 and τ2 (i.e. the T1 and T2

dependence in W ) and keep only the Ts dependence:

W 'W0 +As e
−asTs . (3.36)

Including an uplifting sector, the leading order scalar potential takes the form (3.29).
The key point of this construction is that this potential depends only on τs and V. These
get stabilised at (in the asτs � 1 limit)

〈τs〉 =

(
ξ̂

2

)2/3

and 〈V〉 =

(
3

4asAs

)
W0

√
〈τs〉 eas〈τs〉 . (3.37)
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Most importantly, we have a completely flat direction in the (τ1, τ2)-plane, along which
V is constant. This flat direction is lifted by subdominant contributions to the Kähler
potential. In fibre inflation these are the corrections providing the leading terms in the
inflaton potential.

Focusing on the version of fibre inflation where the inflaton potential arises from string
loop effects [34–37], we have1

δVgs =
W 2

0

V2

(
A
g2
s

τ2
1

− B
√
τ1V

+ C
g2
sτ1

V2

)
, (3.38)

where A, B and C are functions of the complex structure moduli which are expected to
become O(1) constants after these moduli are frozen by background fluxes. Taking this
contribution into account, the fibre modulus τ1 gets fixed at

〈τ1〉 ' g4/3
s 〈V〉2/3 . (3.39)

So, how can we achieve inflation? We have established the existence of an LVS minimum
of the potential. The idea is to displace a field away from its minimum and explore the
possibility of having an inflationary dynamics. Due to the fact that the potential for τ1

is flat if we do not include string loop corrections, this is the field we displace to drive
inflation. Displacing τ1 from its minimum is equivalent to increasing the size of the K3
fibre while shrinking the base. If we consider τs and V stabilised at their minima, we can
integrate them out to obtain a single-field potential.

Instead of working with τ1 and τ2, we will define two new fields, ρ and φ. These are
the physical mass eigenstates which diagonalise the mass matrix. They are related to τ1

and τ2 through [42]

ln τ1 =

√
2

3
ρ+

2√
3
φ , (3.40)

ln τ2 =

√
2

3
ρ− 1√

3
φ . (3.41)

Notice that ρ corresponds to the volume, while φ gives the ratio u between τ1 and τ2

V =
√
τ1τ2 = e

√
3
2
ρ
,

u ≡ τ1

τ2
= e
√

3φ.
(3.42)

Let us consider the field φ and shift it from its minimum φ = 〈φ〉+ φ̂. The potential takes
the form

V (φ̂) = V0

(
3− 4 e−φ̂/

√
3 + e−4φ̂/

√
3 + λ e2φ̂/

√
3
)
, (3.43)

where V0 ≡ O(1) × V−10/3
0 is the inflaton-independent uplifting contribution and λ ≡

16g4
sAC/B

2 ∝ g4
s � 1. This potential is shown in Fig. 4 and it resembles Starobinsky

1Recall that string loops are perturbative corrections, and so we work in the regime W0 & O(1), where
they become relevant.
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Figure 4: The inflationary potential (3.43) for fibre inflation with λ = 10−6 features a
plateau-like region very similar to Starobinsky inflation.

inflation very closely. The similarity between the two is clearer if we focus on the slow-roll
region where the fibre inflation potential can be very well approximated as

V (φ̂) ' V0

(
1− 4

3
e−φ̂/

√
3

)
. (3.44)

In fact, ref. [17] tried to apply the standard f(R) duality to fibre inflation with approxi-
mated potential (3.44) finding that its version in Jordan frame would be an f(R) theory
with f(R) = R2−1/

√
2 + R2 ' R1.3 + R2 which is very similar to the Starobinsky model

f(R) = R+R2. Moreover, fibre inflation predicts a relation among the scalar spectral index
ns and the tensor-to-scalar ratio r of the form r = 6(ns − 1)2 which is almost analogous to
the one of Starobinsky inflation r = 3(ns − 1)2 [3].

As can be clearly seen in Fig. 4, the fibre inflation potential (3.43) features a rising be-
haviour for large field values. Again this is in complete analogy with the case of Starobinsky
inflation, where higher derivative corrections make the potential too steep to drive inflation
at large field values, as demonstrated in Fig. 2 for the case of R4 corrections. There the
coefficient λ has to satisfy |λ| � 1 to preserve inflation. However, as explained in Sec. 2.4,
λ is expected to be of O(1) from effective field theory arguments, as well as from explicit
dimensional reduction of ten-dimensional higher derivative effects in string theory. In fi-
bre inflation, on the other hand, the situation is improved since the smallness of λ is now
guaranteed by the fact that it turns out to be proportional to the string coupling, which
is a priori required to be small in order to trust perturbation theory, λ ∝ g4

s . 10−4 for
gs . 0.1.

Couplings to matter

We now proceed to compute the couplings to matter of the two moduli τ1 and τ2. Working
in the large volume regime, we have

√
τ1τ2 � τ3/2

s ⇒ V '
√
τ1τ2 . (3.45)
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The tree-level Kähler potential is given by

K = −2 ln V ' − ln τ1 − 2 ln τ2 . (3.46)

The kinetic Lagrangian for the moduli becomes (at leading order)

Lkin = Kij̄∂µTi∂
µT̄j̄ =

1

4τ2
1

∂µτ1∂
µτ1 +

1

2τ2
2

∂µτ2∂
µτ2 . (3.47)

After including matter fields, the relevant Lagrangian takes the form

L =
1

4 τ2
1

∂µτ1∂
µτ1 +

1

2 τ2
2

∂µτ2∂
µτ2 +Kψ̄ψiψ̄γ

µ∂µψ − eK/2 m̃ ψ̄ψ . (3.48)

Before proceeding, we have to specify the form of the Kähler metric for the matter fields. We
start by considering the case where the Standard Model is localised in the extra dimensions
since it is realised by either D7-branes wrapped around a shrinkable four-cycle τs or by D3-
branes at singularities. As listed in (3.15) and (3.17) for a simple Swiss-cheese geometry,
in this case the matter Kähler metric would scale as Kψ̄ψ ∼ τ−1

b . This expression can be
used also in our case after substituting τb ∼ V2/3, and then generalising to

Kψ̄ψ '
1

V2/3
' 1

τ
1/3
1 τ

2/3
2

, (3.49)

where we ignored the dependence of the Kähler matter metric on τs since it would induce
just a subdominant contribution to the couplings of τ1 and τ2. Moreover, we have

eK/2 ' 1
√
τ1 τ2

. (3.50)

Using these expressions, we arrive at the following Lagrangian

L =
1

4τ2
1

∂µτ1∂
µτ1 +

1

2τ2
2

∂µτ2∂
µτ2 +

1

τ
1/3
1 τ

2/3
2

iψ̄γµ∂µψ −
1

√
τ1τ2

m̃ ψ̄ψ . (3.51)

We can now canonically normalise the fields as follows

τ1 = e
√

2φ1 , τ2 = eφ2 ,
ψ

τ
1/6
1 τ

1/3
2

= ψc , (3.52)

The Lagrangian in terms of the canonical fields looks like

L =
1

2
∂µφ1∂

µφ1 +
1

2
∂µφ2∂

µφ2 + iψ̄cγ
µ∂µψc − e−

√
2

6
φ1 e−

1
3
φ2 m̃ ψ̄cψc . (3.53)

We can now read off the fermionic mass which is given by

m = e−
√
2

6
〈φ1〉 e−

1
3
〈φ2〉 m̃ . (3.54)

Let us now focus on the last term of (3.53), shift the fields as φi = 〈φi〉 + φ̂i, and expand
the exponentials up to linear order to get

L ⊃ −

(
1−
√

2

6
φ̂1

) (
1− φ̂2

3

)
mψ̄cψc ' −mψ̄cψc+

√
2

6
mφ̂1 ψ̄cψc+

1

3
mφ̂2 ψ̄cψc . (3.55)
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Recall that we are interested in the mass eigenstates ρ and φ. Out of (3.40), it is
straightforward to obtain a relation between ρ, φ and φ1 and φ2

φ1 =
1√
3
ρ+

√
2

3
φ , (3.56)

φ2 =

√
2

3
ρ− 1√

3
φ (3.57)

Substituting these expressions into (3.55) we get

L ⊃ −mψ̄cψc +

√
2

6
m

(
1√
3
ρ̂+

√
2

3
φ̂

)
ψ̄cψc +

1

3
m

(√
2

3
ρ̂− 1√

3
φ̂

)
ψ̄cψc

= −mψ̄cψc +
1√
6
mρ̂ ψ̄cψc ,

(3.58)

from which we can easily read off the couplings to matter of the physical fields

yρ = − 1√
6
, yφ = 0 . (3.59)

We see that the field ρ has the right Yukawa coupling to matter. This is not surprising
since ρ corresponds to the overall volume mode which we have already shown to feature the
same coupling to matter as the Starobinsky field, even if its potential is just a runaway at
large field values.

On the contrary, φ is effectively decoupled at this level of approximation. A non-zero
yφ would be induced by any perturbative corrections to the matter Kähler metric which
depends explicitly on the mode u = τ1/τ2 orthogonal to V. However this coupling would be
much weak than Planckian due to volume suppression factors. However, we have seen that
a suitable scalar potential with the desired plateau can be constructed for φ (or equivalently
u). This motivates the search for other D-brane configurations leading to different choices
for the Kähler metric of matter fields. Since φ features a promising inflationary potential,
the hope is to find a configuration for which it also couples to matter appropriately.

Let us therefore consider the situation where the Standard Model lives on D7-branes
wrapped around the two bulk cycles τ1 and τ2 which control the Calabi-Yau volume. In
analogy with the Swiss-cheese case summarised in (3.16), we expect modular weights which
can take values in {0, 1/2, 1}. To be as general as possible, we consider however a Kähler
matter metric with arbitrary modular weights

Kψ̄ψ '
1

τλ11 τλ22

. (3.60)

We determine now the values of the modular weights for which the coupling of φ to matter
reproduces yφ = −1/

√
6. The starting point is the following Lagrangian

L =
1

4τ2
1

∂µτ1∂
µτ1 +

1

2τ2
2

∂µτ2∂
µτ2 +

1

τλ11 τλ22

iψ̄γµ∂µψ −
1

√
τ1τ2

m̃ ψ̄ψ . (3.61)
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The canonically normalised versions of τ1 and τ2 are still given by φ1 and φ2 as in (3.52).
The matter fields, instead, are normalised according to

ψ

τ
λ1/2
1 τ

λ2/2
2

= ψc . (3.62)

Having canonically normalised the fields, let us focus on the relevant term in the Lagrangian

L ⊃ −τ (λ1− 1
2

)

1 τ
(λ2−1)
2 m̃ ψ̄cψc . (3.63)

Using
τ1 = e

√
2φ1 , τ2 = eφ2 , (3.64)

substituting this result in the Lagrangian (3.63), and expanding to first order, we obtain
the following cubic couplings

L ⊃ −
(

1 +
√

2

(
λ1 −

1

2

)
φ̂1

)(
1 + (λ2 − 1) φ̂2

)
m̃ ψ̄cψc

⊃ −m̃ ψ̄cψc −
(√

2

(
λ1 −

1

2

)
φ̂1 + (λ2 − 1) φ̂2

)
m̃ ψ̄cψc .

(3.65)

At this point, we substitute the expressions (3.56) giving φ1 and φ2 in terms of ρ and φ

and obtain

L ⊃ −m̃ ψ̄cψc

[√
2

3

(
λ1 + λ2 −

3

2

)
ρ̂+

1√
3

(2λ1 − λ2) φ̂

]
. (3.66)

The Yukawa coupling to matter of the inflaton field φ̂ of fibre inflation models takes therefore
the generic form

yφ =
1√
3

(2λ1 − λ2) . (3.67)

This Yukawa coupling can match the conformal coupling of the Starobinsky scalar yφ =

−1/
√

6 only if

2λ1 − λ2 = − 1√
2
. (3.68)

This equation can never be satisfied if the modular weights are rational numbers, implying
that fibre inflation cannot reproduce the conformal coupling to matter typical of Starobinsky
inflation. As already pointed out, the Kähler metrics for chiral matter fields on different
brane setups in toroidal/orbifold orientifolds have been studied in [32], noting that the
modular weights are generally rational numbers. For the toroidal case, the only three
possibilities are λi ∈ {0, 1/2, 1}. In more general setups, it is hard to determine the modular
weights directly. Fortunately they normalise the physical Yukawa couplings, which are also
given by the triple overlap of wave functions in the extra dimensions [43]. Thereby one
can extract the sum of three modular weights,2 which is related to the scaling of the wave
functions with the cycle volumes given by the moduli. It is clear that there are no irrational
numbers involved here, so also the individual modular weights must be rational. Hence
(3.68) does not seem to be achievable.

2Unless the unnormalised coupling vanishes, i.e. there is no trilinear coupling between the fields.
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For rational modular weights, the Yukawa couplings of fibre moduli to fermions are
expected to be of O(1) with exact numerical values which depend on the D-brane origin of
matter fields. As illustrative examples, we consider two cases following again [32]. Fermions
at the intersection between a D7-stack wrapping τ1 and another D7-stack wrapping τ2 would
be characterised by λ1 = 1/2 and λ2 = 0, resulting in yφ = 1/

√
3. On the other hand, open

string modes living within the worldvolume of a D7-stack wrapping τ1 would have λ1 = 0

and λ2 = 1, resulting in yφ = −1/
√

3. Note finally that the couplings of fibre moduli to
gauge bosons and Higsses on τ1, as well as to ultralight bulk axions, play a relevant role for
reheating and have been computed in [33, 44].

4 Conclusions

In this paper we have investigated the possibility to embed Starobinsky inflation in a UV
complete theory as string theory. Previous studies [3] have already shed light on the be-
haviour of higher curvature terms arising as the low-energy limit of ten-dimensional α′-
corrections. In particular, when the R2 term competes with the standard Einstein-Hilbert
action, Rn terms with n > 2 can never be neglected, and tend to spoil the flatness of the
inflationary plateau.

We instead took a different approach which exploits the fact that R + R2 inflation is
conformally dual to a standard Einstein gravity coupled to a scalar field with a flat expo-
nential potential and a precise Yukawa coupling to matter fermions which are minimally
coupled in Jordan frame. We tried therefore to search for string moduli which can effec-
tively reproduce these features within the four-dimensional low-energy theory of Calabi-Yau
compactifications at large volume and weak string coupling. We focused on type IIB Kähler
moduli which naturally admit an exponential potential and tend to couple to matter with
Planckian strength.

We investigated three different classes of stringy inflaton candidates: the volume modu-
lus, blow-up modes and fibre moduli. While the overall volume modulus generically features
the correct Yukawa coupling to matter, the typical runaway behaviour of its potential does
not allow for the plateau necessary for Starobinsky-like inflation. Blow-up moduli couple
instead too strongly to matter fermions localised on D7-branes wrapping these four-cycles,
or are effectively decoupled in other Standard Model realisations. Moreover, their poten-
tial is too shallow to reproduce Starobinsky inflation. Finally, the moduli of fibre inflation
models feature a promising scalar potential which leads to cosmological predictions very
similar to the ones of Starobinsky inflation, for example for the scalar spectral index and
the tensor-to-scalar ratio. Moreover, fibre inflation features a nice mechanism to tame
higher order corrections since they are proportional to a small suppression factor of order
g4
s � 1. However fibre moduli cannot reproduce the correct Yukawa coupling to fermions in
any D-brane setup which realises the visible sector. In particular, we found that to produce
the universal coupling that would allow us to identify a fibre modulus as the Starobinsky
inflaton, its modular weight would need to be irrational. Given that modular weights are
expected to be rational [32], engineering the correct coupling in this way seems impossible.
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We conclude therefore that providing a UV complete justification of Starobinsky infla-
tion remains a big challenge. Our detailed computation of moduli couplings to fermions,
provides also a way to discriminate between Starobinsky inflation (setting aside the issue
of UV consistency) and fibre inflation.
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Extreme-mass-ratio inspirals into rotating boson stars:
nonintegrability, chaos, and transient resonances
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General relativity predicts that black holes are described by the Kerr metric, which has inte-
grable geodesics. This property is crucial to produce accurate waveforms from extreme-mass-ratio
inspirals. Astrophysical environments, modifications of gravity and new fundamental fields may
lead to nonintegrable geodesics, inducing chaotic effects. We study geodesics around self-interacting
rotating boson stars and find robust evidence of nonintegrability and chaos. We identify islands
of stability around resonant orbits, where the orbital radial and polar oscillation frequency ratios,
known as rotation numbers, remain constant throughout the island. These islands are generically
present both in the exterior and the interior of compact boson stars. A monotonicity change of
rotation curves takes place as orbits travel from the exterior to the interior of the star. Therefore,
configurations with neutron-star-like compactness can support degenerate resonant islands. This
anomaly is reported here for the first time and it is not present in black holes. Such configurations
can also support extremely prolonged resonant islands that span from the exterior to the interior
of the star and are shielded by thick chaotic layers. We adiabatically evolve inspirals using approx-
imated post-Newtonian fluxes and find time-dependent plateaus in the rotation curves which are
associated with island-crossing orbits. Crossings of external islands give rise to typical gravitational-
wave glitches found in non-Kerr objects. Furthermore, when an inspiral is traversing an internal
island that is surrounded by a thick chaotic layer, a new type of simultaneous multifrequency glitch
occurs that may be detectable with space interferometers such as LISA, and can serve as evidence
of an extreme-mass-ratio inspiral around a supermassive boson star.

I. INTRODUCTION

Ground-based gravitational-wave (GW) interferome-
ters are about to start a new observation run and will con-
tinue detecting GW signals from the coalescence of com-
pact binaries [1–3], and possibly from other GW sources
in the years to come. Till date, almost a hundred of
compact binary mergers have been reported. Despite
the fact that the majority of events are well-understood
as either black-hole (BH) or neutron-star (NS) or mixed
BH-NS mergers, some puzzling “mass-gap” events, such
as GW190814 [4] and GW190521 [5, 6], challenge stan-
dard formation scenarios and have motivated exotic al-
ternatives (see, e.g., [7]). With the GW event catalog
ever increasing, the possibility of detecting exotic com-
pact objects (ECOs) other than BHs and NSs is worth
exploring [8, 9].

We are now convinced that an important amount of
non-luminous exotic matter, known as dark matter [10–
12], is paramount in the formation [13] and amalgama-
tion of galaxies [14], as well as in determining the ear-
liest, current, and future state of the universe [13, 15–
19]. This raises the possibility of new fundamental par-
ticles comprising the missing cosmological mass. With
scalar fields predominantly used to model early universe
physics, the case arises that such fields could form equi-
librium condensates, held together by their own grav-
ity, through a mechanism known as gravitational cool-
ing [20, 21]. Such prototypical class of ECOs has been
dubbed boson stars (BSs), and their conceptualization
dates back to the late 1960s [22–25] and 1980s [26–33].

At the fundamental level, BSs are the simplest local-

ized configurations of a complex scalar field, governed by
classical equations, thus even if they have not yet been
observed in nature, they still can serve as models for
compact objects ranging from particles to stars and less
dense galactic halos. In all these cases, BSs are endowed
with a balance between the dispersive nature of scalar
matter and the gravitational pull holding them together
(see [34–36] for reviews on various types of BSs). BSs do
not have an event horizon nor a singularity, are asymp-
totically flat, and may exhibit stable light rings, isolated
ergoregions, and super-extremal spins, which can lead
to new GW phenomenology [36–42]. As a consequence,
they are considered among the best models of ECOs and
a proxy to test the nature of compact objects in the
extreme-gravity regime [8, 43–45]. Another important
motivation concerns the fact that BSs (and their real-
scalar counterparts, known as oscillons [46]) could form
in the early universe [47, 48] from large overdensities,
being thus (meta)stable relics of inflation [49, 50] and
compelling dark-matter candidates [51, 52].

Static BS configurations are linearly stable to pertur-
bations [38, 40, 53–57] and can consistently form dynami-
cally from diffuse initial states [33, 58–61], as well as from
collisions and binary mergers [7, 62–73]. On the other
hand, spinning BSs were found to be unstable toward a
bar-mode instability [21, 74], unless scalar self-interaction
terms in the model are sufficiently strong [75]. This insta-
bility is not present for rotating BSs made by a massive
vector field [74].

Till date, a variety of bosonic potentials have been con-
sidered [26, 27, 76–81] each one providing a different rela-
tion between the BS maximum mass and the underlying
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field-theory parameters. As a rule of thumb, strong self-
interactions can make the maximum mass parametrically
larger than in the free-scalar case, motivating alternative
models for supermassive objects in galactic cores, which
can mimic the shadows [82–86] and particle orbits around
ordinary BHs [38, 87].

Hence, it is of utmost importance to devise further
tests in order to distinguish BSs through orbital dy-
namics and GW observations. In this work we focus
on extreme-mass-ratio inspirals (EMRIs), consisting of
a primary supermassive compact object (which we as-
sume to be a self-interacting, compact, spinning BS)
and a stellar-mass compact secondary. So far, geodesic
and inspiral studies have been carried out at the equa-
torial plane of non-rotating [37–39, 88, 89] and rotating
BSs [90–92] (see also the recent [93] for circular, equato-
rial EMRIs around hairy BHs [94] interpolating between
a Kerr BH and a BS without self-interactions). The emit-
ted GWs during circular equatorial geodesics and EMRIs
were also analyzed in some BS models [37, 38, 93, 95, 96].
However, a geodesic and inspiral analysis is lacking
for generic, non-equatorial and non-circular, trajectories
around spinning BSs. Generic orbits will not only help
to further constrain the existence of supermassive BSs
through their considerably more intricate waveform sig-
nal, but are also tools to examine the integrability of
the underlying geodesic equations that govern particle
motion. If geodesics around BSs are integrable, then
the evolution is purely deterministic and no chaotic phe-
nomena are present, as in the Kerr case. In this case,
geodesics and EMRIs between rotating BSs and Kerr
BHs will differ only by their different multipolar struc-
ture [44, 45, 97–100]. Alternatively, if geodesics around
rotating BSs break integrability then direct and indirect
chaotic imprints emerge that are clearly distinguishable
both at the orbital [101–110] and GW level [111–113].

It is the main goal of this work to study generic
orbits and EMRIs around supermassive self-interacting
BSs in order to assess if their exotic multipolar struc-
ture [44, 45, 97–100] breaks integrability and gives rise
to imprints of chaos. If geodesics around such ob-
jects are nonintegrable, then GW observations from fu-
ture spaceborne detectors like the Laser Interferome-
ter Space Antenna (LISA) [114–119], TianQin [120] and
Taiji [121, 122] may lead to distinguishable effects that
can break the degeneracy between supermassive BHs and
BSs in galactic centers1. In what follows, we adopt ge-
ometrized units so that G = c = 1.

1 Note that also EMRIs around stellar-mass compact objects
would be potentially detectable by third-generation detectors
such as the Einstein Telescope if the secondary is a subsolar
compact object [123].

II. GEODESICS AND CHAOS

Generic stationary and axisymmetric spacetimes can
be written as

ds2 = gttdt
2 +2gtϕdtdϕ+grrdr

2 +gθθdθ
2 +gϕϕdϕ

2, (1)

where the metric tensor components are, in general, func-
tions of r and θ, and the coordinate system (t, r, θ, ϕ)
can be, e.g., of Boyer-Lindquist type [124] or quasi
isotropic [125]. The motion of a secondary point-particle
orbiting the spacetime geometry of the primary compact
object (as defined by Eq. (1)) is described by the geodesic
equations,

ẍκ + Γκλν ẋ
λẋν = 0, (2)

where Γκλν are the Christoffel symbols of spacetime, xκ

is the four-position vector of the orbit, and the overdots
denote differentiation with respect to proper time τ . The
geodesic equation (2) breaks down into four equations of
motion, one for each coordinate component of the parti-
cle’s trajectory, xκ(τ). This system of second order, cou-
pled differential equations can be considerably simplified
using spacetime symmetries. The spacetime (1) assumed
in this work possesses two Killing vector fields resulting
from stationarity and axisymmetry (the metric tensor is
t- and ϕ-independent), yielding two conserved quantities
throughout geodesic motion, i.e. the specific energy and
z-component of the angular momentum of the particle,

E/m = gttṫ+ gtϕϕ̇, Lz/m = gtϕṫ+ gϕϕϕ̇, (3)

where m is the mass of the orbiting particle. Rearranging
Eq. (3) we obtain two first-order, decoupled differential
equations for the t and ϕ momenta as

ṫ =
Egϕϕ + Lzgtϕ

m
(
g2
tϕ − gttgϕϕ

) , ϕ̇ =
Egtϕ + Lzgtt

m
(
gttgϕϕ − g2

tϕ

) , (4)

which can be solved once r(τ) and θ(τ) are known. The
two remaining equations of motion for r and θ are, in
general, coupled and of second differential order. Test
particles in geodesic motion provide a third constant of
motion, namely the conservation of their rest mass (or
equivalently their four-velocity gλν ẋ

λẋν = −1) which
leads to a constraint equation of the form

ṙ2 +
gθθ
grr

θ̇2 + Veff = 0, (5)

with Veff being a Newtonian-like potential,

Veff ≡
1

grr

(
1 +

gϕϕE
2 + gttL

2
z + 2gtϕELz

m2
(
gttgϕϕ − g2

tϕ

) )
, (6)

that characterizes bound geodesic motion. When Veff = 0
the resulting curve is called curve of zero velocity (CZV)

since ṙ = θ̇ = 0 there.
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If a hypothetical rank-two (or higher-rank) Killing ten-
sor field exists, then the motion of r(τ) and θ(τ) decou-
ples into first-order differential equations. A special case
where a rank-two Killing tensor exists is the Kerr solu-
tion where the role of the separation constant is played
by the famous Carter constant [126]. However, since the
compact object we will assume throughout our analysis
has a different multipolar structure than that of a Kerr
BH (and furthermore it is known only numerically), it
is unlikely that a separation, Carter-like, constant (or
any other higher-rank Killing tensor) exists. Thus, to
evolve orbits we will use the coupled second-order differ-
ential equation system for r and θ, together with Eqs. (4)
and (5), without any further symmetry assumptions be-
sides stationarity and axisymmetry.

The existence of Carter’s separation constant is not
only a useful tool to evolve trajectories in Kerr space-
time faster, but rather implies an important aspect of
geodesics, namely their integrability. Kerr spacetimes
have four degrees of freedom. Stationarity and axisym-
metry leads to the reduction of degrees of freedom to two.
Taking into account the existence of the Carter constant
and the conservation of the rest mass of the test parti-
cle reduces the degrees of freedom of orbital motion to
zero; geodesics around Kerr BHs are integrable, deter-
ministic and do not present chaotic features [127]. Un-
fortunately, Carter’s symmetry is extremely fragile and in
many occasions is broken by simply deforming the mul-
tipolar structure of spacetime by considering accretion
disks and BH environments [128–130], modifications of
gravity [108, 109], neutron stars [131–134], exotic com-
pact objects [135, 136], or in a parameterized way by in-
troducing agnostic deformations to Kerr; a class of met-
rics called bumpy or non-Kerr BHs [137–148]. In these
cases, the integrability property may be broken, leading
to chaotic effects [127]. Full-blown, ergodic chaos is not
expected to occur in astrophysical scenarios, such as EM-
RIs, but nonintegrability-like effects are anticipated even
when geodesics are integrable [149–152] due to dissipa-
tion. This is mainly due to the manifestation occurring
around transient orbital resonances which are expected to
affect EMRI evolution and parameter estimation, though
nonintegrable EMRIs are even more likely to amplify
these effects and can introduce clear chaotic phenom-
ena [101–107, 111–113]. A generic orbit of an integrable
system can be described by its revolution frequency ωϕ
and two libration-like frequencies; the frequency of os-
cillation from the periapsis to the apoapsis and back,
ωr, and the oscillation frequency through the equatorial
plane, ωθ. Generic orbits possess irrational ratios of the
above frequencies and these orbits fill densely the avail-
able phase space of a three-dimensional torus. On the
other hand, resonant (periodic) orbits, have commensu-
rate (rational) ratios of orbital frequencies which means
that the particular orbits are returning to their initial po-
sition after some revolutions depending on their period-
icity, thus they are not phase-space filling. When orbital
resonances are encountered during inspirals of equal mass

binaries, e.g. in the kHz band of LIGO/Virgo/KAGRA
detectors, they do not affect the evolution since the in-
spiral is extremely rapid. However, when the binary is
asymmetric, i.e. an EMRI, then the adiabatic nature of
the secondary’s motion can experience orbital resonances
for a significant number of cycles and lead to substantial
effects, such as cumulative dephasing and putative erro-
neous parameter estimation [149–151].

When a nonintegrable perturbation is intro-
duced to the system, two theorems, namely the
Kolmogorov-Arnold-Moser (KAM) [153, 154] and
Poincaré-Birkhoff [155] theorems, dictate how the phase
space structure is altered around resonant points. KAM
theorem ensures that when the orbits are sufficiently
away from resonances, the system behaves as if it
were integrable. The trajectories in the phase space
lie on a torus defined by the integrals of motion and
successive intersections of the orbits on a perpendicular
2-dimensional surface (the Poincaré surface of section)
form curves that organize around a common, fixed,
central point. These are called KAM curves and the
whole structure is known as Poincaré map, whose
central point corresponds to a planar circular orbit.
Close to periodic orbits, the KAM curves disintegrate
into two sets of periodic points in the Poincaré map,
in accord to Poincaré-Birkhoff theorem; the stable ones
which are surrounded by islands of stability (resonant
islands) and the unstable ones where chaotic orbits
emanate and surround the islands of stability with
thin layers. The whole structure around resonances of
nonintegrable systems is called a Birkhoff chain (see
Fig. 2 in [102] for an illustration). The crucial aspect
of resonant islands, and their significance in EMRIs, is
the fact that the rational ratio of the orbital frequencies
ωr/ωθ is shared throughout the island for all geodesics
that occupy it. Put in other words, integrable EMRIs
experience resonances that occupy a zero-volume point
in phase space while nonintegrable EMRIs exhibit
prolonged resonances where the secondary is locked
in perfect resonance for a rather significant amount
of revolutions (∼ 200 − 300 cycles depending on the
non-Kerr object [102, 107, 111–113]) without taking
into account pre- and post-resonant effects [156] and
conservative effects from gravitational self-force [157]
which are essential for integrable EMRIs to show signs
of transient resonant phenomena.

The existence of ergodic chaos and islands of stabil-
ity around periodic points are direct and indirect signa-
tures of nonintegrability, respectively, therefore sketch-
ing a detailed Poincaré map can unravel if the system
under study is deterministic. When the perturbation in-
troduces a slight nonintegrable deformation to the sys-
tem there are other techniques to assess if and at which
initial conditions of geodesics the aforementioned phe-
nomena manifest themselves. The rotation number is
one of the most helpful tool to find regions of interest in
order to search for islands of stability. We calculate it
by tracking the angle ϑ between successive intersections
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on KAM curves, relative to the fixed central point of the
Poincaré map. The rotation number is defined as the
summation of all angles ϑ measured between consecutive
intersections, i.e. [127]

νϑ =
1

2πN

N∑
i=1

ϑi, (7)

where N is the number of angles measured. When
N → ∞, Eq. (7) asymptotes to the orbital frequency
ratio νϑ = ωr/ωθ. Calculating consecutive rotation num-
bers for different initial conditions of orbits, by smoothly
varying one of the parameters of the system while keeping
the rest fixed, leads to a rotation curve.

Integrable systems show monotonous rotation curves,
while nonintegrable systems display discontinuities in the
monotonicity through the formation of transient plateaus
with a non-zero width when geodesics transverse resonant
islands. Inflection points can also appear when trajecto-
ries pass through unstable periodic points. Nevertheless,
by changing the initial conditions properly, the orbit can
be driven through the island and give rise to a plateau.
So far, all studies have dealt with compact objects that
are either non-Kerr or bumpy in nature and either possess
an event horizon or have serious causal structure patholo-
gies. In the following sections, we will examine the char-
acteristic features of rotating self-interacting BSs with
geodesics and approximate EMRI evolutions in order to
first assess whether geodesic motion in such spacetimes is
nonintegrable and, then, to establish various phenomeno-
logical imprints of chaos in the associated GW signal.

III. SELF-INTERACTING ROTATING BSS

The equilibrium configurations of rotating BSs can be
constructed starting from the globally U(1)-invariant ac-
tion

S =

∫
d4x
√
−g
[
R

16π
− Lφ

]
, (8)

which describes the dynamics of a complex, massive
scalar field φ, minimally coupled to gravity. The La-
grangian Lφ considered in this work is characterized by
a mass parameter µ, plus quartic repulsive corrections,
controlled by the coupling λ, which add linearly to the
kinetic term as

Lφ = −1

2
gαβφ∗,αφ,β −

1

2
µ2|φ|2 − 1

4
λ|φ|4 . (9)

The requirement of stationarity and axisymmetry, leads
to the following ansatz for the scalar field

φ = φ0(r, θ)ei(sϕ−Ωt) , (10)

where Ω > 0 is the field’s angular frequency, which de-
termines the phase evolution in time, while s is an in-
teger called the azimuthal (or rotational) winding num-
ber and can be proven to correspond to the ratio be-
tween the conserved angular momentum and particle

number [35, 158, 159]. The ansatz (10) ensures that the
stress-energy tensor Tαβ [gαβ , φ, ∂αφ] does not depend on
t and ϕ and sources a spacetime metric with time and
azimuthal symmetry.

In this work, following [97, 100], we consider spinning
BSs with large self-interactions, i.e. characterized by
λ/µ2 � 1. In this limit the (r, θ) scalar profile is approxi-
mately constant in the star’s interior and one can neglect
the radial and polar derivatives of the field (∂rφ ∼ 0,
∂θφ ∼ 0), while assuming φ ∼ 0 in the exterior. This
allows expressing the stress-energy tensor of the BS as
that of a perfect fluid and to define the radius as in
ordinary stars2. Furthermore, with an appropriate re-
definition of the variables and parameters, the coupling
constants in the Lagrangian can be factored out, so that
each numerical solution corresponds to a one-parameter
family of configurations, controlled by the effective mass
parameter MB =

√
λ/µ2 [100]. The dimensionful phys-

ical quantities characterizing each BS, such as its mass,
radius and energy-density, can be obtained from the di-
mensionless ones, characterizing each numerical solution,
by multiplying them by the required power of MB to
match their dimension in mass and scale correspondingly
as it changes.

Adopting quasi-isotropic coordinates, the line ele-
ment (1) can be described through four independent func-
tions (ρ, γ, ω, α) of (r, θ) as

gtt(r, θ) = −eγ(r,θ)+ρ(r,θ)

+ ω(r, θ)2eγ(r,θ)−ρ(r,θ)r2 sin2 θ , (11a)

grr(r, θ) =
gθθ(r, θ)

r2
= e2α(r,θ) , (11b)

gtϕ(r, θ) = −ω(r, θ)eγ(r,θ)−ρ(r,θ)r2 sin2 θ , (11c)

gϕϕ(r, θ) = eγ(r,θ)−ρ(r,θ)r2 sin2 θ . (11d)

We constructed the solutions numerically following the
method described in [56, 100] which makes use of an inte-
gral representation of the Einstein equations to set up an
iterative integration scheme. The algorithm starts with
a solution corresponding to a non-rotating BS defined on
a two-dimensional grid of r ∈ (10−6, 10)MB (which typ-
ically corresponds to r ∈ (10−5, 100)M in terms of the
BS mass M), θ ∈ (0, π/2), and converges to a spinning
configuration, close to the initial one, within roughly 150

2 In the general case, the stress-energy tensor of a BS contains
anisotropic terms and the scalar field, although exponentially
decreasing, extends up to infinity, so that the radius is conven-
tionally defined as the value of the radial coordinate enclosing
a sufficiently large fraction (typically 99%) of the total mass
[24, 25, 160]. In our case, instead, the scalar field has compact
support and the radius is uniquely defined.
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iterations, with a relative error of O(10−4)% for all met-
ric functions and the scalar profile. The details of the
numerical implementation are provided in [100].

The maximum mass that can be reached by these stars,
scales as [26, 100]

Mmax ∼ γ(χ)MB = γ(χ)

√
λ~
m2
s

M3
p , (12)

where ms = µ~ is the mass of the boson, Mp the Planck
mass and γ(χ) is a O(0.1) factor which depends on the
dimensionless spin χ = J/M2 (where J is the angular
momentum of the solution). This means, for instance,
that, for λ ∼ O(~−1) and ms in the range 0.1–100 MeV,
the model allows for compact stellar configurations with
Mmax in the range 10–107 M�.

In what follows, we consider rapidly-rotating super-
massive configurations with χ ∼ 0.8, same mass and
decreasing compactness, whose properties are listed in
Table I. All the configurations have topological genus
1 [100], at variance with their vector counterparts, spin-
ning Proca stars [161], which have instead a spherical
topology even when spinning.

M/M� χ C Ω MB/M�
Case 1 106 0.8 0.25 0.73 8.5× 106

Case 2 106 0.8 0.19 0.80 9.0× 106

Case 3 106 0.8 0.16 0.82 1.0× 107

Table I. Self-interacting, rotating BSs considered in this work.
The three configurations have the same dimensionless spin
and mass but different compactnesses and frequencies (due
to the different effective coupling MB). The compactness
is defined by C ≡ M/R, where R is the star’s perimeteral
radius [162]. The order of magnitude chosen for MB corre-
sponds, considering λ/µ2 ∼ O(100) � 1, to a mass of the
boson ms = ~µ ∼ 10−14 eV.

The configuration of Case 1 is the most compact one
and corresponds to the maximum-mass solution for χ =
0.8. A comparison with the Kerr solution, sharing the
same mass and spin, is shown in Fig. 1, in terms of the
functions Utt ≡ (gtt − 1)/2 and Urr ≡ (grr + 1)/2 eval-
uated on the equatorial plane. The corresponding Kerr
event horizon and BS radius are also shown, as well as
the Newtonian gravitational potential M/r for an object
of the same mass.

All the configurations in Table I are in a linearly per-
turbative stable branch of the mass-frequency diagram.
It is known that BSs with no or weak self-interactions are
subject to a dynamical non-axisymmetric instability that
develops on short timescales [21]. Such instability has
been shown to be quenched if the scalar self-interactions
are sufficiently strong [75]. This is precisely the limit in
which our solutions are obtained, with the explicit value
of λ/µ2 depending on the individual choices for λ and
µ, once MB is fixed. Rotating BSs in this regime have
also recently been formed dynamically in numerical sim-
ulations as a result of a binary coalescence, starting from
non-rotating components in a quasi-circular orbit [73].

Utt

Urr

H
or
iz
on

B
S
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di
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Kerr BH

Newtonian
Rotating BS

0.5 1 5 10

0.0

0.5

1.0

1.5

2.0

2.5

3.0

r/M

Figure 1. Comparison between the Newtonian potential M/r
(black dashed) and the equatorial radial profiles of Utt ≡
(gtt − 1)/2 and Urr ≡ (grr + 1)/2 for the Kerr metric (red
dashed), and the rotating BS (blue solid) corresponding to
Case 1. The black solid and gray dashed vertical lines corre-
spond to the location of the Kerr horizon and the BS radius
in the quasi-isotropic radial variable r/M .

Another source of instability is potentially linked to the
presence of light rings. It has been recently shown [163]
that exotic ultracompact objects, i.e. compact objects
featuring a light ring [8], are unstable under nonlinear
perturbations due to the presence of a stable photon or-
bit in their interior, which traps massless perturbation
modes [145]. Light rings are found as stationary points
of the effective potentials

V± ∝
−gtϕ ±

√
g2
tϕ − gttgϕϕ

gϕϕ
, (13)

where the plus (minus) sign corresponds to orbits that
are co-rotating (counter-rotating) with the star. Among
our three configurations, only Case 1 exhibits a pair of
light rings (one stable and one unstable) in the effec-
tive potential for counter-rotating orbits V−, as depicted
in Fig. 2. Although this likely makes this configuration
prone to instability– either through migration to a stable
non-ultracompact configuration or collapse into a BH –
the timescale of such instability is unknown due to the
absence of simulations for these particular BS models.
Furthermore, the frequency of the star is close to the
critical frequency for which no light rings are featured,
corresponding to an infinite timescale. For these reasons,
we chose to keep this solution as an example of high-
compactness spinning BS. In any case, stable configura-
tions near Case 1 are expected to have similar geodesic
properties.

For completeness, in Fig. 3, we present the vertical
section of the energy density of the rotating BS cases
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Case 1

Case 2

Case 3

2 4 6 8 10
0.0

0.1

0.2

0.3

0.4
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r/M

V
-
(r
)

Figure 2. Equatorial effective potentials V−(r) for the BS con-
figurations corresponding to our three case studies. The BS
in Case 1 has two light rings, corresponding to the stationary
points V ′−(r) = 0, one of which is unstable and outside the
star, while the other is stable and inside it. Stationary points
of V−(r) correspond to counter-rotating circular photon or-
bits, while V+ (not shown here) is associated to co-rotating
photon orbits which are not present for these configurations.

considered, where the relative compactness and star radii
are evident. All energy densities have been normalized
with respect to the maximum value reached by Case 1.

IV. GEODESIC ANALYSIS OF GENERIC
ORBITS

Before embarking into the discussion of the results ob-
tained through geodesic evolutions of orbits around ro-
tating BSs, we report that the metric tensor components
of our three configurations have been constructed with
varying number of grid points on the r and θ coordinates
to test convergence. The islands of stability and corre-
sponding plateau widths at resonance in rotation curves
reported below converge to . 1% as we increased the
number of grid points from 300×200 to 1000×700. Inter-
estingly, the island and plateau widths converge from be-
low, meaning that more grid points lead to slightly larger
islands till convergence occurs, which guarantees their
existence regardless of the grid resolution, and therefore
ensures nonintegrability. For all simulations presented
herein, we find that the constraint equation (5) is satis-
fied to within one part in 108 for the first 5 to 10 thou-
sand revolutions (and intersections through the equato-
rial plane, depending on the initial conditions and BS
configuration).

Finally, in all cases we fix the mass ratio of the EMRI
to m/M = 10−6 and choose the initial energy and z-
component of the angular momentum as E/m = 0.95
and Lz/m = 3M , respectively.

A. Case 1

Case 1 is a representative example for a compact spin-
ning BS. The Poincaré map shown in Fig. 4 clearly shows
that rotating BSs with large compactness are noninte-
grable, since around resonances such as νϑ = 1/2, 2/3
islands of stability form that encapsulate stable periodic
points of geodesics.

From the maps, we calculate the rotation curves for
two different choices of initial radial velocity, one with
ṙ(0) = 0 and one with ṙ(0) = 0.1, shown in Fig. 5. The
rotation curves for this configuration looks quite similar
to those found in [102, 108, 113], i.e. an inflection point
around the 2/3 resonance and a plateau at 1/2 resonance
when ṙ(0) = 0. The absence of an event horizon allows
for bound geodesics even inside the BS, with its radius
designated with a vertical dashed line, where surprisingly
the 1/2 plateau resides. Therefore, the first non-BH fea-
ture is the existence of resonant islands even inside the
star. Another interesting feature is the change in mono-
tonicity close to plunge3 for Case 1, which has also been
observed for Kerr BHs with soft scalar hair and BSs in
the study of epicyclic frequencies [164]. The inflection
point at rotation number 2/3 for ṙ(0) = 0, in the left
panel of Fig. 5, designates the passage of an orbit be-
tween two edges of resonant islands, where there is an
unstable periodic point. Changing the initial radial ve-
locity to ṙ(0) = 0.1, as we show for the rotation curve
in Fig. 5 (right panel), the phase space trajectory crosses
the island and a plateau at 2/3 appears.

B. Case 2

As we slightly decrease the compactness of the BS, fur-
ther non-BH effects arise. For an intermediate compact-
ness rotating BS (Case 2) the Poincaré map, shown in
Fig. 6, displays a much more intricate structure around
subdominant resonances. Firstly, the radius of the star
increases, therefore orbits are allowed to exist in its in-
terior, which is precluded for BHs, and should lead to
more prominent effects. Intriguingly, due to the afore-
mentioned phenomenon, here we find for the first time
degenerate resonant islands – namely islands of stability
occurring for two different ranges of the radial coordi-
nate. In particular, Fig. 6 shows the typical exterior 2/3
island as well as two sets of Birkhoff chains for the 4/7
resonance, one in the exterior and one in the interior of
the BS.

The rotation curve in Fig. 7 for ṙ(0) = 0 (left panel)
confirms all the above. Decreasing the compactness leads

3 We refer to plunge for the orbits that exit the CZV (the sepa-
ratrix). In the BH case, these orbits end up plunging into the
horizon, while in BSs there might be cases in which plunging
orbits escape to infinity.
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Figure 3. Vertical section showing the energy density distribution ε of our representative BSs (from left to right with decreasing
compactness: Case 1, 2, 3), normalized to the largest value εmax (attained in Case 1).

Figure 4. Left: Poincaré map of a secondary with m = 1M� orbiting around a compact rotating BS with M = 106M�, C = 0.25
while the rest of the configuration quantities are stated in Table I (Case 1). The secondary’s conserved energy and angular
momentum are E/m = 0.95, Lz/m = 3M , respectively. The fixed initial conditions chosen here are ṙ(0) = 0, θ(0) = π/2, and

θ̇(0) is defined by the constraint equation to guarantee bound motion, while r(0) is varied. Black curves that surround the
central fixed point of the map designate intersections of generic orbits through the equatorial plane, with different initial r(0),
while colored curves designate intersections that belong to different resonant islands of stability. Right: Zoom into the leftmost
region where the 1/2 island of stability resides. Similar encapsulated structure is found for the rest of the islands.

to a more prominent change in monotonicity when the
secondary enters the star. This in turn allows for de-
generate plateaus both in the interior and the exterior
of the star’s geodesics, with the interior plateau being
wider than the exterior one. Again, choosing a different
initial velocity, we can turn the inflection point of 2/3
resonance into a plateau, since the velocity pushes the
orbit to traverse the island.

C. Case 3

Case 3 is probably the most interesting one. Its rela-
tively smaller compactness allows for a plethora of new
phenomena in both Poincaré maps (Fig. 8) and rotation

curves (Fig. 9). The radius of the BS increases even more
and the CZV enters deep inside the star where bound
geodesics are still possible. This leads to a multitude
of dominant and subdominant resonances, as shown in
the top left panel of Fig. 8, as well as further degener-
ate Birkhoff chains. In the top right and bottom left
panels, a zoom of the interior 5/8 and 4/7 islands is pre-
sented. Probably the most interesting feature is displayed
in the bottom right panel. Two islands of stability ap-
pear, namely the 2/3 (in red) and the interior 13/20 part
of the island (in pink). Furthermore, we find a visible
chaotic layer that surrounds the 2/3 island, designated
with scattered black points. Their source is the unstable
periodic point at ṙ(0) = 0 and r(0) ∼ 3.31M . To the
best of our knowledge, this is the first case in which a
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Figure 5. Left: Rotation curve corresponding to the same system as in Fig. 4. The vertical dashed line represents the radius of
the BS while the inset zooms in the surrounding region of the 1/2 plateau. Right: Same as in the left panel but with ṙ(0) = 0.1.
The initial velocity gives access to the 2/3 island of stability.

Figure 6. Left: Same as in Fig. 4 but for Case 2 (intermediate compactness C = 0.19). Right: Zoom into the leftmost region
where the 4/7 island of stability resides. Similar encapsulated structure is found for the rest of the islands.

chaotic layer appears for a motivated model of compact
object without any pathologies. This layer should give
rise to significant effects on rotation curves and eventual
EMRIs crossing through the particular 2/3 island when
the fluxes will be taken into account [111–113].

Figure 9 shows the significantly modified rotation
curves with respect to a typical non-Kerr BH (see,
e.g., [101–105, 107–110, 113]). Degenerate 4/7 plateaus
are visible in the interior and exterior of the star, as well
as a robust internal plateau for the 5/8 resonance. Al-
though finding its external counterpart requires extreme
fine-tuning, it is guaranteed that such region exists in the
exterior. Closing in to the plunge (i.e., the inner bound-
ary of the CZV), deep inside the star, a very large inflec-
tion point appears, which after zooming in (see Fig. 9,

bottom left) reveals a thick chaotic layer with ill-defined
rotation numbers. We also find a couple of extremely
subdominant islands for the 13/20 (also shown in Fig. 8)
and 15/23 resonances. Even more interestingly, by as-
suming an appropriate initial velocity for the geodesics,
we managed to find, for the first time, an island (which
leads to a plateau) that begins from the exterior of the
star and ends in the interior. Its width (∼ 2.6M in quasi-
isotropic or ∼ 3.6M in Boyer-Lindquist coordinates) is so
wide-spread that supersedes any other plateau ever found
in non-Kerr spacetimes, where the widest one found is
of order ∼ 0.05M (in Boyer-Lindquist coordinates) and
barely compares with the plateaus for Case 1 (2/3 reso-
nance) and Case 2 (4/7 resonance) island widths.

For completeness, in Fig. 10 we present all rotation
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Figure 7. Left: Rotation curve corresponding to the same system as in Fig. 5. The horizontal dashed line represents the radius
of the BS while the inset zooms in the surrounding region of the external 4/7 plateau. Right: Same as in the left panel but
with ṙ(0) = 0.058. The initial velocity gives access to the 2/3 island of stability.

curves obtained with ṙ(0) = 0 and varying r/M , together
with the rotation curve of a Kerr BH with χ = 0.8. The
differences between BH orbits and non-compact rotating
BSs are evident and the BSs present novel features due
to the absence of an event horizon. For fixed E and
Lz, we find that even the most compact configuration
considered differs dramatically from that of Kerr, while
the rest completely disengage with the typical behavior
of a Kerr rotation curve. Perhaps a rotation curve in
the lines of those presented in [102, 108] may seem more
similar to that of Case 1 BS but still the existence of the
radius, the change in monotonicity when the orbits enters
the star, the degenerate plateaus, and the existence of an
observable chaotic layer should make rotating BSs having
a contrasting and discernible behavior of geodesics when
compared to those of non-Kerr spacetimes.

V. ADIABATIC INSPIRAL AND WAVEFORMS

Inspiral in the EMRI limit can be conveniently de-
scribed within BH perturbation theory [157, 165]. Owing
to the hierarchy of scales, the dynamics can be studied
as a small perturbation of the geodesic motion of the sec-
ondary test mass around the primary object. To leading
order in the mass ratio, one could evolve geodesic quanti-
ties adiabatically by taking into account dissipation due
to radiative degrees of freedom. Higher order corrections
require including conservative and, in general, self-force
effects during the inspiral [157, 165–168].

While this program has been extremely successful for
standard EMRIs around a Kerr BH within General Rela-
tivity, going beyond the standard paradigm is much more
challenging, even at the leading order. Indeed, dissipative
corrections are computed using the Teukolsky formal-
ism [169–171], which allows separating the perturbations

of a Kerr BH in General Relativity and computing fluxes
through numerically integration of inhomogeneous ordi-
nary differential equations with a point-particle source
term [172, 173]. This technology has been widely tested
in the frequency [174–176] and time domain [177–180].
However, it heavily relies on the separability of the per-
turbation equations, which does not occur if the back-
ground is not described by the Kerr metric as in our
case (which is, in addition, only known numerically).
Likewise, the gravitational self-force was computed up
to second-order in perturbations [165, 181, 182] for or-
bits around BHs [167, 183], but the case of ECOs is an
uncharted territory.

In the absence of a consistent framework to study
EMRI dynamics around a non-Kerr spinning object,
here we use the only framework available at the
moment, namely approximate semi-relativistic inspi-
rals [184, 185] and waveforms with methods known as
“kludge” schemes [186–188]. Kludge waveforms are con-
structed through the so-called numerical kludge scheme,
namely by combining flat spacetime weak-field (PN) GW
emission together with a fully-relativistic treatment for
the secondary’s motion.

A. Numerical kludge scheme

To approximate EMRIs around rotating BSs we inte-
grate the second-order dynamical system for r, θ, aug-
mented with weak-field PN fluxes for the energy and an-
gular momentum loss due to GW emission [184, 185, 189].
This treatment, though approximate and valid only for
small orbital velocities, takes into account the dominant
contribution of the secondary’s radiative backreaction to
the primary’s geometry, at second PN order, and re-
sults in an adiabatic evolution of the EMRI. During the
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Figure 8. Top left: Same as in Figs. 4 and 5 but for Case 3 (smaller compactness, C = 0.16). Top right: Zoom into the region
where the leftmost 5/8 island of stability resides. Bottom left: Zoom into the region where the leftmost 4/7 island of stability
resides. Bottom right: Zoom into a region of the Poincaré map on the top left where a chaotic layer is present, shown with
scattered black points that emanate from the unstable 2/3 periodic point with ṙ(0) = 0, and parts of two islands of stability,
namely the 2/3 and 13/20.

evolution, the orbit is treated, at small timescales, as
a geodesic, while for longer timescales the trajectory is
slowly driven through consecutively damped geodesics.
This scheme has been shown to perform well when com-
pared to Teukolsky-based waveforms of EMRIs [188].

BSs have non-trivial multipolar structure which dif-
fers from the one of a Kerr BH [44, 45, 97–100]. At
second PN order, the kludge scheme [184] involves the
mass quadrupole moment M2. Thus, to construct a more
faithful (though still approximate) inspiral around a ro-
tating BS, we augment the fluxes with its modified mass
quadrupole moment (see [101, 102, 111, 112, 190, 191]).
This kludge scheme, together with the modified mass
quadrupole moment, has recently been examined and
found to provide results qualitatively equivalent to evo-
lutions with instantaneous self-force in non-Kerr electro-
magnetic analogs, which indicates that this method can,
in principle, describe resonance and island-crossings in

nonintegrable EMRIs with sufficient accuracy [192].
We employ linear variations of E and Lz in an iterative

way, such that [111, 112, 193]

E1 =
E(0)

m
+

〈
dE

dt

〉∣∣∣∣
t=0

Nr Tr, (14)

Lz,1 =
Lz(0)

m
+

〈
dLz
dt

〉∣∣∣∣
t=0

Nr Tr, (15)

where E(0), Lz(0) are the energy and z-component of
the angular momentum at t = 0, respectively. In turn,
〈dE/dt〉|t=0, 〈dLz/dt〉|t=0 are the averaged PN fluxes cal-
culated at the beginning of the inspiral, through the com-
plicated equations outlined in [112, 185]. Nr is the num-
ber of radial periods elapsed between each update of (14)
and (15), which improves the scheme and includes cumu-
lative nonlinear variations, while Tr is the radial period
of the EMRI. Equations (14) and (15) are iterated along
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Figure 9. Top left: Rotation curve corresponding to the same system as in Fig. 8. The vertical dashed line represents the radius
of the BS while the inset zooms in the surrounding region of the external 4/7 plateau. Top right: Zoomed part of the rotation
curve on the top left figure on the subdominant resonances νϑ = 5/8 and 4/7 in descending order. Bottom left: Zoomed part
of the rotation curve on top left figure at the chaotic layer of the unstable periodic point for 2/3 resonance. A further zoom
is shown in the inset of two extremely subdominant islands with νϑ = 15/23 and 13/20 in descending order. Bottom right:
Rotation curve for the same parameters and initial conditions as in the top left figure but with ṙ(0) = 0.155. The initial velocity
gives access to the 2/3 island of stability.

the whole EMRI evolution with appropriate choices of
Nr and Tr to obtain the dissipative orbit. If the sys-
tem was integrable, then through the evolution of the
Carter constant, we would be able to also evolve the rest
of the components of the angular momentum, namely Lx
and Ly, which are imprinted in Carter’s constant. Our
case though is nonintegrable and lacks of a separation
Carter-like constant; therefore, we have no explicit way
of evolving Lx and Ly but rather we keep them constant.

Even though, due to dissipation, the constraint equa-
tion (5) is not anymore a constant of motion (that can
be monitored to assess the accuracy of the numerical
scheme), we have tested numerous random time instants
of the inspirals obtained with the aforementioned scheme
from which we extract the instantaneous position and ve-
locity vectors of the orbit, E and Lz, and calculate (5) for

these values. We then compare the resulting constraint
with the one obtained by evolving a geodesic with the
aforementioned parameters of the same time instants as
initial conditions. For all cases, we find that the new dis-
sipated constraint is satisfied to within 1 part in 107 for
the first ∼ 104 revolutions. Through geodesic evolutions
of successive time instants of an inspiral, we can built dis-
sipative Poincare maps with adiabatically decreasing E
and Lz and therefore calculate time-dependent rotation
curves [107, 112].

B. GW modeling

To present the phenomenological imprints of inspiral-
ing secondaries onto supermassive BSs, we employ the
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Figure 10. Combined rotation curves of a secondary with
m = 1M� orbiting around a rotating BS with M = 106M�,
varying compactness C and χ = 0.8. The secondary’s con-
served energy and angular momentum are E/m = 0.95,
Lz/m = 3M , respectively. The fixed initial conditions cho-

sen here are ṙ(0) = 0, θ(0) = π/2 and θ̇(0) is defined by the
constraint equation to guarantee bound motion, while r(0)
is varied. The horizontal dashed lines represents the radii of
each BS configuration. For comparison, we include the rota-
tion curve of a Kerr BH with the same spacetime and geodesic
parameters.

quadrupole approximation. In the traceless and tran-
verse gauge the metric perturbations read (e.g., [125])

hij =
2

d

d2Qij
dt2

, (16)

where Qij is the symmetric and trace-free (STF) mass
quadrupole tensor, which can be written as

Qij =

[∫
xixjT tt(t, xk) d3x

]STF

, (17)

with t the coordinate time of the secondary source, and

T tt(t, xi) = mδ(3)
[
xi − Zi(t)

]
. (18)

Here, we employ the approximation where quasi-isotropic
coordinates at infinity are identified with spherical ones
as Z(t) = (x(t), y(t), z(t)), where

x(t) = r(t) sin θ(t) cosφ(t), (19)

y(t) = r(t) sin θ(t) sinφ(t), (20)

z(t) = r(t) cos θ(t), (21)

and then transform them from spherical to Euclidean co-
ordinates that describe the secondary’s trajectory.

An incoming wave from an EMRI onto an interfer-
ometer can be projected in two polarizations, + and ×,
by introducing two unit vectors p̂ = n̂ × ẑ/|n̂ × ẑ| and
q̂ = p̂×n̂ (here × is the cross product of two vectors and

should not be confused with the cross polarization sym-
bol of the incoming GW), which are defined in terms of
a third unit vector n̂ that points from the EMRI source
to the detector. Finally, the unit vector ẑ designates
the spin direction of the BS. The triplet p̂, q̂, n̂ forms
an orthonormal basis from which the polarization tensor
components are defined as

εij+ = pipj − qiqj , εij× = piqj + pjqi, (22)

and allow us to write the metric perturbation in the
quadrupole approximation as

hij(t) = εij+h+(t) + εij×h×(t), (23)

where h+,× are the plus and cross polarizations of the
incoming GW. The GW components are then expressed
in terms of the position, Zi(t), velocity, vi(t) = dZi/dt,
and acceleration, ai(t) = d2Zi/dt2, vectors. One finally
obtains

h+,×(t) =
2m

d
ε+,×ij

[
ai(t)Zj(t) + vi(t)vj(t)

]
. (24)

LISA’s response to an incident GW event is correlated
with the antenna pattern functions, F+,×

I,II (t), describing
the motion of the detector on its respective spacecraft
channels I and II (see Refs. [108, 194, 195] for details).
The total waveform detected by a LISA-like interferom-
eter reads

hI,II(t) =

√
3

2

[
F+
I,II(t)h+(t) + F×

I,II(t)h×(t)
]
, (25)

We assume a detector that lies at a luminosity distance
d with fixed orientation n = (0, 0, 1) with respect to
the EMRI source, and that the primary’s polar and az-
imuthal angles are fixed at the equatorial plane. The
data streams that will be considered in what follows will
contain the GW together with stationary and Gaussian
noise. For simplicity, we will further assume that the two
data stream channels are uncorrelated, thus we will abide
to a single-channel approximation of our detector.

VI. EMRIS AROUND A SPINNING BS

In this section, we discuss the effects of non-
integrability and chaos on EMRI evolution and GW emis-
sion. Even though approximate, the results shown below
demonstrate the basic features of the chaotic phenomena
taking place in rotating BSs. Since the most interest-
ing cases of the BSs constructed are Cases 1 and 3, we
will focus on them from now on. We fix E(0)/m = 0.95,
Lz(0)/m = 3M as initial parameters of the secondary in
Eqs. (14) and (15), respectively, and perform a different
numbers of updates depending on how quick the inspiral
evolves, namely how close we are to the inner boundary
of the CZV (separatrix).

Note that in some cases the inspiral would occur inside
the BS. This is a striking difference with respect to the
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Figure 11. Left: Sustained resonance for Case 3, with mass ratio m/M = 10−6, and simplified linear fluxes without any
updates as given in Eqs. (14) and (15). The secondary’s initial parameters and conditions are E(0)/m = 0.95, Lz(0)/m = 3M ,

r(0) = 6.5M , ṙ(0) = 0.155, θ(0) = π/2, while θ̇(0) is defined from the constraint Eq. (5). The total evolution time is
t = 5 × 106M ∼ 10 months. The linearly dissipative inspiral spends roughly 1 month off resonance and 9 months in perfect
resonance. Here, we have chosen a stroboscopic depiction for the trapping to be easier identified, i.e. from the time series of
the full Poincaré map, only every third consequent point is kept. Right: Same as in left panel but starting from a point of the
inspiral where the 1 month off resonance have lapsed and the orbit enters the (putatively) eternal resonance.

BH case in which the signal disappears after the particle
has crossed the horizon. We can, therefore, continue the
evolution as long as the orbits do not cross the separatrix,
where the inspiral plunges.

It is worth noticing that the potential inside the BS is
approximately constant (see Fig. 1) and not particularly
strong, which justifies the use of PN fluxes even inside
the star. For EMRIs around Kerr, the overlap between
PN and Teukolsky-based waveforms starts to completely
deteriorate typically when the periapsis radius rp ∼ 5M
(in Boyer-Lindquist coordinates) or smaller [188], but in
the BH case the potential is stronger, as shown in Fig. 1,
due to the larger compactness at the horizon. Thus, our
PN approximation should be accurate enough also inside
the star all the way to the edge of the CZV, especially
for the least compact configurations. Furthermore, we
stress that we are only considering radiation-reaction ef-
fects, neglecting environmental effects such as dynamical
friction and accretion within the BS [38], as well as di-
rect (non-gravitational) coupling between the secondary
and the scalar field, both of which might significantly
contribute to the inspiral.

A. Sustained resonances

A first interesting result arises when we ignore the
updates on the flux, Eqs. (14) and (15), an approx-
imation that has been considered in various analy-
ses [101, 102, 104]. This simplification leads to the fol-

lowing linearly-variated fluxes

E(t) =
E(0)

m
+

〈
dE

dt

〉∣∣∣∣
t=0

t, (26)

Lz(t) =
Lz(0)

m
+

〈
dLz
dt

〉∣∣∣∣
t=0

t, (27)

Such assumption inevitably leads to sustained reso-
nances, that cannot exist in Kerr [196], where the sec-
ondary is trapped in a resonant island for an extremely
long (potentially infinite) time. In Fig. 11 we present
one such case, where a 10 month inspiral spends 1 month
evolving normally and 9 months in perfect resonance.
It never eventually escapes the island, at least for the
timescale over we have evolved the EMRI. In order to
identify the trapping more easily, Fig. 11 presents a stro-
boscopic depiction, i.e. from the time series of the full
dissipative Poincaré map, only every third consequent
point is kept due to the multiplicity of the 2/3 resonance.

The initial position for a sustained resonance to occur
is not fine-tuned but rather a quite large region of ini-
tial conditions r(0) ∈ [6.46, 6.58]M exists (which corre-
sponds to [7.47, 7.59]M in Boyer-Lindquist coordinates),
when fixing the rest of the parameters as ṙ(0) = 0.155,

θ(0) = π/2, and define θ̇(0) through the constraint equa-
tion (5). Similar results have recently been found in [107]
for linear variations of the fluxes like Eq. (26). Even
if the range of initial conditions giving such sustained
resonances is not negligible, in practice such sustained
resonances are an artifact due the assumption of low-
order energy and angular-momentum fluxes throughout
the evolution. Namely, the linear approximation in en-
ergy and angular momentum is valid as long as the tra-
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Figure 12. External 2/3 resonant island crossing for Case 1.
To produce the inspiral we have updated the fluxes 300
times. The secondary’s initial parameters and conditions are
E(0)/m = 0.95, Lz(0)/m = 3M , r(0) = 5.026M , ṙ(0) = 0.1,

θ(0) = π/2, while θ̇(0) is defined from the constraint Eq. (5).
The EMRI spends ∼ 200 cycles in resonance.

jectory of the EMRI does not get too far from the initial
geodesic, on which the orbital elements and fluxes have
been initialized.

By taking into account updates (from 50 to 150 for
some representative cases) on the fluxes for the afore-
mentioned radial range, which effectively includes non-
linear terms on the fluxes, all sustained resonances van-
ish. Of course, we cannot exclude the possibility that
the region of sustained resonances either shrinks signifi-
cantly or hides into a different range of initial conditions,
although we consider this option as unlikely. Note also
that putative sustained resonances should persist (and
not disappearing) as the number of flux updates is in-
creased. A similar case was recently studied for an EMRI
analog in [192], where lower order flux approximations
gave rise to sustained resonances whereas, when higher
order terms were involved, the sustained resonances dis-
appeared.

B. Time-dependent rotation curves

Figures 12 and 13 show typical, time-dependent, island
crossings for Cases 1 and 3. In Fig. 12, the non-zero ini-
tial velocity leads to the EMRI crossing the 2/3 island in
the exterior of Case 1 configuration. The plateau is finite
and lasts for around 200 revolutions before it exits the
island. The fact that the rotation number decreases with
time shows that the orbital motion is outside of the star
and tends towards circularization. On the other hand, in
Fig. 13, we show the dissipative rotation curve of the 4/7
island crossing which resides inside the BS of Case 3. The
fluxes have increased at this point significantly, therefore
the EMRI evolves faster. Nevertheless, the secondary
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Figure 13. Internal 4/7 resonant island crossing for Case 3.
To produce the inspiral we have updated the fluxes 250
times. The secondary’s initial parameters and conditions are
E(0)/m = 0.95, Lz(0)/m = 3M , r(0) = 4.06025M , ṙ(0) = 0,

θ(0) = π/2 while the θ̇(0) is defined from the constraint
Eq. (5). The EMRI spends ∼ 100 cycles in resonance.

spends ∼ 100 cycles in perfect resonance which is ex-
traordinary for a subdominant resonance. Equivalently,
the fact that these orbits are inside the star and both the
eccentricity and rotation numbers increase, justifies why
the dissipative rotation curve increases with time4.

The final, and most interesting scenario examined
for Case 3 is the very large plateau that arises when
ṙ(0) = 0.155, that begins from the exterior and ends
in the interior of the BS. Even though one would ex-
pect a dissipative rotation curve with a plateau that lasts
for thousands of cycles, the existence of a thick chaotic
layer around the island induces a significant alteration
to the rotation curve, which we find here for the first
time. In Fig. 14 we present the behavior of the wide 2/3
island. On the left, we show that instead of a plateau
we encounter mostly the chaotic layer (regardless of the
initial condition r(0)), where the rotation numbers are
ill-defined. Nonetheless, there are points (marked in red
in the zoom-in inset of the left panel in Fig. 14) that ac-
tually enter the island. To make sure that these points
do enter the resonance, we plot on the right the corre-
sponding KAM curves of these points. As shown, they
form islands with tips that do not touch, therefore the
EMRI is not occupying the chaotic layer, unlike the rest
of the black points in the inset of Fig. 14 that correspond
to orbits residing in the chaotic layer. What seems to
occur here is a strong chaotic shielding which does not

4 It has been shown that, before plunge, Kerr EMRIs enter a short
phase of increasing eccentricity [185]. In our case, due to the
absence of an event horizon, the eccentricity EMRI can enter
the star and the eccentricity continues increasing and leads to
orbits as those found in [90]. Since the eccentricity is directly
proportional to the periapsis-apoapsis oscillation frequency ωr,
the rotation number increases as well.
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Figure 14. Left: Interior 2/3 resonant island crossing for Case 3. To produce the inspiral we have updated the fluxes 200 times.
The secondary’s initial parameters and conditions are E(0)/m = 0.95, Lz(0)/m = 3M , r(0) = 6.5M , ṙ(0) = 0.155, θ(0) = π/2,

while θ̇(0) is defined from the constraint Eq. (5). The EMRI spends ∼ 10 cycles on and off the resonant island and ∼ 100
revolutions in the vicinity the 2/3 Birkhoff chain until the chaotic layer and island are crossed. Right: The produced KAM
curves from the red dots shown in the inset of the left panel. All of them (namely, 10 points) belong to the 2/3 resonant island.

allow the EMRI to spend continuous time intervals in-
side the island. Even so, we should expect interesting
GW imprints for all cases discussed above and especially
those from Case 3 which take place in the interior of the
rotating BS. We present those effects in the next section.

We stress that our results are based on PN fluxes and
neglect effects other than radiation-reaction within the
BS, e.g. dynamical friction and accretion, which can nev-
ertheless be added into the evolution.

C. GW frequency evolution

After obtaining the inspirals for Case 1 and 3, it is
straightforward to use Eq. (25) in order to find the
approximate GW emitted by such EMRIs. The time-
domain waveforms are Fourier transformed to the fre-
quency domain where the frequency evolution of the in-
spiral can be constructed. Here, we follow [111–113] and
construct the spectrograms by performing consecutive
short-time Fourier transforms, with appropriate window
sizes and offsets in order to maximize the quality of the
resulting figures.

In Fig. 15, we present the most typical glitch waveform
for Case 1, where the BS is rather compact and mimics
a non-Kerr BH. Its fundamental and first-harmonic fre-
quency evolution display the standard modulation that
occurs when the EMRI crosses the 2/3 island (that lies
on the exterior of the rotating BS and lasts for 200 rev-
olutions). This should lead to a significant dephasing
with respect to an integrable EMRI evolution that crosses
the same resonance. The resemblance with glitches
found in [111, 112] for non-Kerr spacetimes is remarkable.
Therefore, since we use the hybrid kludge scheme and the

quadrupole formula, in this case it would be almost im-
possible to distinguish between non-Kerr BHs or rotating
BS based only on these glitches. Fortunately, Case 3, the
less compact configuration we have constructed, changes
this picture completely. Figure 16 shows the frequency
evolution of an EMRI through the internal 4/7 island.
The frequency evolution becomes nonlinear due to the
acceleration of the fluxes and the EMRI frequencies after
the glitch increase towards a chirp.

Finally, we examine the spectrogram of an EMRI cross-
ing the internal 2/3 resonant island that corresponds to
the inspiral shown in Fig. 14. The GW frequency modu-
lation shown in Fig. 17 is the first one of its kind found
in any non-integrable spacetime so far. We do not only
observe similar nonlinear frequency evolution as a func-
tion of time for the strongest Fourier peaks (fundamental
and first harmonic) as in Fig. 16, but also linear-in-time
subdominant frequency peaks that evolve and glitch in
a similar manner. We have performed the same inspi-
ral for two different initial conditions r(0), one that lies
outside and one that lies inside the range of sustained
resonances (if linear fluxes are assumed) and the result-
ing spectrogram is qualitatively the same as that shown
in Fig. 17. This feature is significantly different from all
the other glitches found in previous non-integrable space-
times, and is associated to the fact that the plateau in the
dissipative rotation curve is replaced with an observable
chaotic layer with glimpses of island occupancy.

When an orbit is fully chaotic and resides in a chaotic
sea [127], then we expect rotation curves and spectro-
grams to be rendered useless since no well-defined ro-
tation numbers and discrete GW frequencies exist [191,
197]. On the other hand, when an orbit is close to a
slightly chaotic region but otherwise not a fully chaotic
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Figure 15. Frequency evolution of an EMRI around rotating BS from Case 1, through the 2/3 resonant island with parameters
and initial conditions as in Fig. 12. As a reference, the approximate GWs (fundamental frequency on the left panel and first
harmonic on the right panel) are detected at luminosity distance d = 100 Mpc.

Figure 16. Same as Fig. 15 but for the rotating BS configura-
tion of Case 3, through the 4/7 interior resonant island with
parameters and initial conditions as in Fig. 13.

part of phase space, such as the chaotic layer that shields
the interior 2/3 island of Case 3, the waveform and its
frequency content resemble a lot those of a regular or-
bit, with discrete Fourier peaks and indistinguishable ef-
fects of chaos in the time-domain waveform. The only
key difference is that the discrete Fourier peaks are not
comprised by single harmonics (for geodesics) but rather
harmonics that are broken down to subpeaks. The spec-
trum, nevertheless, remains discrete. This has been
shown in [197] for a secondary particle with spin orbiting

around a Schwarzschild BH (see Figs. 4, 10, 11 and 13
therein), although in that case this behavior disappears
as the secondary spin is treated perturbatively, as also
requested for consistency within the perturbative expan-
sion in the mass ratio (see, e.g., [198]). It is therefore
interesting that we recover the same feature, that is a
slightly chaotic region that embeds the island, but oth-
erwise normal generic orbits around this region, discrete
Fourier spectra, and harmonics with multiple peaks, but
in rotating BS spacetimes (where motion is not even in-
tegrable in a perturbative sense). This is the reason why
Fig. 17 has such a distinctive and peculiar nature, which
can be explained by the effects discussed in [197]. If we
consider the effects on the spectrogram and the dissi-
pative evolution through the Birkhoff chain, the EMRIs
spends around 100 cycles to cross it, and 10 cycles in
perfect resonance. Yet, a Birkhoff chain is composed of
both stable and unstable periodic points, and the chaotic
layer helps to amplify the frequency glitch in a significant
way, with frequency jumps as large as ∼ 0.07 mHz for
the most dominant fundamental Fourier peak evolution,
which is almost one order of magnitude larger than any
other frequency glitches presented here, and also higher
than those found in [111, 112] for various deformation
parameters that were either exaggerated or chosen ar-
bitrarily. Our case presents a well motivated model of
ECOs that has a precise formation scenario, thus the re-
sults presented here can be used in the future as a testbed
to understand if weak or strong (or no) chaos exists in
GW observations.
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Figure 17. Same as Fig. 15 but for the rotating BS configuration of Case 3, through the 2/3 interior Birkhoff chain with
parameters and initial conditions as in Fig. 14.

VII. CONCLUSIONS

The detection of EMRIs by LISA [115] and other space-
borne detectors [120–122] will provide for the first time an
extremely accurate mapping of the primary’s spacetime
geometry, due to the large mass hierarchy that creates the
conditions for long-lasting inspirals with continuously ob-
servable GW emission. The associated signal will present
very rich phenomenology [117] like the appearance of res-
onances [101, 103, 104, 107] and, remarkably, carries in-
formation about spacetime symmetries [102, 108].

The observation of these systems, will also help to de-
cide if BHs are the only compact objects in the universe
or if other exotic configurations exist in nature. The
different multipolar structure, relative to Kerr BHs, can
lead to fascinating phenomena around resonances such as
frequency modulation and GW glitches [111], in partic-
ular for those spacetimes that lack a Carter constant (or
any other higher-rank Killing tensor) that would guaran-
tee the integrability of geodesics. So far, only bumpy and
non-Kerr solution of GR – that are plagued with patholo-
gies [112, 113] and do not come from a well motivated,
first-principle theory – have been analyzed in order to
inspect their different phenomenology.

Here, we considered for the first time one of the most
well-behaved and simple compact object that may as well
exist in our universe, namely rotating BSs. These exotic
objects can serve as prototypical BH mimickers, includ-
ing supermassive ones, do not have an event horizon or
singularities in their interior and have a clear formation
mechanism. They also constitute compelling dark matter
candidates, and could have formed in the early Universe,
e.g. as remnants of inflation.

While the majority of analyses for BSs have been per-

formed for equatorial orbits, here we took a different turn
on examining supermassive self-interacting rotating BSs
in the context of EMRIs for generic orbits (without con-
straints on the orbital plane or eccentricity). In an at-
tempt to study geodesics that are peculiar enough to be
distinguishable from those around Kerr BHs, we evolved
geodesics around and inside supermassive rotating con-
figurations and studied their GW signatures. We have
built numerically three of such configurations with rep-
resentative values of the spin and compactness.

Our geodesic analysis reveals the existence of resonant
islands (with finite width) and Birkhoff chains in the
phase space of orbits, which signals that rotating BSs
are non-integrable. We also found that compact rotat-
ing BSs behave similarly to non-Kerr BHs up to the
point where the geodesic enters the star smoothly and
the godesic structure becomes qualitatively different. De-
creasing the compactness makes things much more dif-
ferent between rotating BSs and non-Kerr BHs. First,
the geodesic phase space hosts many orbits that reside
in the star’s interior, where the rotation curve exhibits
a change in monotonicity and begins to increase due to
the increment of eccentricity [90]. The latter effect leads
to a newly-found phenomenon, that is the existence of
degenerate islands of stability, in the interior and the ex-
terior of the star, with the same rotation number. We
have also found regions in the phase space of geodesics
where there exist not only a plethora of resonant islands,
but also a thin chaotic layer surrounding the most dom-
inant 2/3 island of stability. This is, to our knowledge,
the first time that a full Birkhoff chain appears in a gen-
eral relativistic setup, which has important implications
in GWs emitted by EMRIs that cross this region. With
appropriate initial conditions, we find that the 2/3 is-
land encounters a plateau in the rotation curve, where
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the geodesic enters the island in the exterior and exits in
the interior of the star; a fascinating outcome of the fact
that the compactness of the BS of Case 3 (albeit as large
as a typical neutron star) is relatively smaller than in the
other cases.

To achieve some initial estimates of the elementary
structure of approximate waveforms from such rotating
BSs, and especially for generic inspirals that cross tran-
sient resonances, we use the quadrupole approximation to
model GWs and evolve the inspiral, with augmented PN
fluxes to account for the modified multipolar structure
of our configurations [45, 100]. Despite these approxima-
tions, the phenomenology of the inspiral and GW signal
is expected to be robust.

At first sight with a linear approximation of the fluxes,
we stumble upon inspirals that enter the 2/3 island, in a
generous range of initial conditions r(0), and never exit
the resonance, as also found in [107] but in a much smaller
radial domain. However, when we consistently update
fluxes during the inspiral (though in a discretized way af-
ter some amount of revolutions), higher order terms seem
to destroy such sustained resonances. Although unlikely,
we cannot unequivocally exclude the existence of other
regions of phase space where such resonances occur even
when updates in the fluxes are introduced. We sketch the
dissipative rotation curves by using time instants of each
EMRI as initial condition to a geodesic evolution and
find that external resonant islands are indistinguishable
with those occurring in non-Kerr objects [111–113]. The
plateaus that characterize islands situated in the interior
of the star are approached from below in the rotation
curves, which then reprise a monotonically increasing be-
havior. This corresponds to a reversed time and radial
dependence with respect to the rotation curves in the
neighbourhood of external islands, related to the non-
zero energy-density distribution inside the star. Such
monotonicity reversal also pairs with the different evo-
lution of the eccentricity. Indeed, inside the star, eventu-
ally a point is reached where the circularization of orbits
have lapsed and the eccentricity increases with decreas-
ing radius, in contrast to what happens in the exterior.
The most prominent island of all found to date, the one
for Case 3 that has a record width of 2.6M (in quasi-
isotropic coordinates), is even more complicated due to
chaotic shielding. The EMRI does not enter and stay in
the island but rather oscillates between on and off island
states. It manages to do so at least 10 times during which
the evolution drives the orbit around the chaotic layer till
the secondary eventually exits the particular part of the
Birkhoff chain.

Overall, the time spent in these cases spans from 200
cycles in external resonances, where the evolution is adi-
abatically slow, to around 100 cycles in the interior of the
star, when the Birkhoff chain is taken into account as a
part of the whole chaotic KAM curve (and not just the
island with the periodic stable point at its center).

When the EMRI crosses a resonant island, all the
above effects are imprinted onto the EMRI waveform ei-

ther in a typical way, analogous to other non-Kerr sys-
tems, or as novel signatures that designate the existence
of a supermassive BS primary. GW signals from the
exterior islands are qualitatively indistinguishable from
those in non-Kerr EMRIs; a result which is expected
from the close similarity in the rotation curves discussed
above. The case of internal motion is instead quite differ-
ent. Even subdominant resonant islands introduce signif-
icant nonlinear frequency modulation because the orbits
is close to exit the CZV (see e.g. Fig. 16). The widest
resonant island of Case 3 has a very special behavior im-
printed in the GW when the EMRI crosses it. The prox-
imity of the orbits to the otherwise mild (but still observ-
able) chaotic layer leads to an effect in the GW Fourier
peaks first found in [197]. Moderate chaotic layers do
not produce continuous GW spectra, as fully chaotic or-
bits do, but rather discrete sets of harmonics that are
broken down to sub-harmonics. This phenomenon is ev-
ident in Fig. 17 where two simultaneous glitches occur
under to the evolution of each sub-frequency due to mild
chaos. The underlying reason is, again, the fact that the
EMRI is close to crossing a thin chaotic region. This
turns each single harmonic of the frequency content of
the approximated GW signal into multiple sub-peaks,
that arise in the spectrogram in the particular fashion
shown in Fig. 17. The most prominent (the brightest)
one, which leads to a frequency glitch of O(0.1) mHz, ren-
ders all exterior glitches subdominant and should affect
significantly the orbital evolution and eventual parameter
estimation. Yet, we stress that our results are qualitative
and should be extended with more accurate inspiral and
waveform modeling.

In this respect it would be very interesting to perform
proper perturbation theory around a spinning BS, al-
though nonseparability of the equations makes the flux
computation quite challenging compared to the Teukol-
sky case for a Kerr BH. Nevertheless our results provide
solid evidence that chaos does exist in EMRIs around ro-
tating BSs, and the fact that this is a quite compelling
model for ECOs should drive us to further understand
these objects, as well as their effects in geodesics and
EMRI dynamics.

Along these lines it would be relevant to include envi-
ronmental effects such as dynamical friction and accre-
tion [38, 199–201] and assess their impact on the chaotic
motion and EMRI signal. Finally, although we focused
on a specific model of BS with large quartic interactions,
we expect to find the same qualitative features in other
spinning BS models, spinning Proca stars, and in fact in
all spinning ECOs where geodesic motion is most likely
nonintegrable. In particular, we expect the same (and
perhaps even more prominent) signatures of chaotic mo-
tion for EMRIs in generic orbits around BH microstates
predicted in the fuzzball scenario (see [202] for a recent
review), due to their rich multipolar structure and break-
ing of the axial and equatorial symmetry [203–207].
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Abstract

We study inflationary models based on a non-minimal coupling of a singlet scalar to gravity,
focussing on the preheating dynamics and the unitarity issues in this regime. If the scalar does
not have significant couplings to other fields, particle production after inflation is far less efficient
than that in Higgs inflation. As a result, unitarity violation at large non-minimal couplings
requires a different treatment. We find that collective effects in inflaton scattering processes
during preheating make an important impact on the unitarity constraint. Within effective field
theory, the consequent upper bound on the non-minimal coupling is of order a few hundreds.
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1 Introduction

Inflation is one of the cornerstones of modern cosmology [1, 2, 3, 4]. An attractive class of
inflationary models is based on a non-minimal scalar coupling to curvature ξ [5, 6, 7],

∆L =
1

2
ξRφ2 , (1)

where R is the scalar curvature and φ is the inflaton. A well-known example is “Higgs inflation”
[8]. An important feature of these models is that they provide an excellent fit to the current
PLANCK data [9]. Furthermore, the presence of the coupling ξ is expected on general grounds,
e.g. it is generated radiatively, making the framework theoretically well motivated.

One of the constraints on the size of the non-minimal coupling to gravity is imposed by
unitarity considerations [10, 11]. The inflationary models are based on the effective field theory
(EFT) description and thus are valid up to a certain energy scale. After inflation, when the
inflaton background has become negligible, the corresponding EFT cut-off is of order [10, 11]

Λ ∼ MPl

ξ
, (2)

while during inflation, the presence of the large scalar background raises it to

Λinfl ∼MPl (3)

in the Einstein frame [12]. If ξ � 1, the effective description may be problematic after inflation
bringing consistency of such models in question. For example, in the original version of Higgs
inflation, postinflationary particle production is so efficient that it generates states with momenta
far above the cut-off (2) [13]. This phenomenon was explored further in [14].

In our current work, we study the unitarity issues in singlet scalar inflation driven by ξ � 1,
where the singlet does not have significant couplings to other fields, unlike the Higgs. In this
case, postinflationary particle production is far less efficient than that in Higgs inflation and
the corresponding unitarity considerations do not apply. Nevertheless, it is clear that very large
ξ would be problematic: due to inflaton quanta production, the energy density after inflation
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decreases in time slower than the inflaton background does, thus violating the bound (2) even-
tually. We quantify this statement using lattice simulations. More importantly, we evaluate
the impact of inflaton collective effects on scattering amplitudes during preheating and find that
these make the unitarity bound substantially stronger. Finally, we study the effect of a significant
non-derivative inflaton coupling to another field. Our main result is that the unitarity bound
requires ξ to be below a few hundreds, which is important for inflationary model building.

We confine ourselves to unitarity studies in Higgs-like inflationary models in the metric for-
mulation. Analogous unitarity bounds become much looser in Palatini formalism [15], although
this set-up is not as minimalistic. The original Higgs inflation model can also be unitarized,
i.e. made UV-complete, for the price of Higgs inflation being a “mirage” in the sense that the
inflationary dynamics gets dominated by a different field [16, 17, 18]. Other relevant studies of
unitarity issues during and after Higgs inflation can be found in [19, 20, 21, 22]. In particular,
[21] focuses on explicit calculation of the scattering amplitudes, while [22] discusses the relevant
field redefinitions which make the computations transparent. Numerical studies of the preheating
dynamics in Higgs-like inflation models have been performed in [23, 24, 25, 26].

2 Inflaton background dynamics

We start with the inflaton action in the Jordan frame,

S =

∫
d4x
√
−g
(

1

2
M2

PlR+
1

2
ξRφ2 − 1

2
gµν∂µφ∂νφ− V

)
, (4)

where the metric convention is −+ ++ and ξ > 0.1 The potential is

V =
1

4
λφφ

4 , (5)

where we have neglected the inflaton mass term irrelevant at large field values. In what follows,
we will use the Planck units

MPl = 1 . (6)

and consider a large ξ regime,
ξ � 1 . (7)

2.1 Basics of inflation in the Einstein frame

The transition to the Einstein frame, where the curvature-dependent term is 1
2R, is accomplished

by the metric transformation [28]
gE
µν = Ω gµν , (8)

with
Ω = 1 + ξφ2 . (9)

This eliminates the scalar coupling to curvature for the price of a non-canonical φ kinetic term.
The canonically normalized inflaton χ satisfies dχ

dφ =
√

1+ξ(1+6ξ)φ2

(1+ξφ2)2
, which is solved by [29]

χ(φ) =

√
1 + 6ξ

ξ
sinh−1

(√
(1 + 6ξ)ξ φ

)
−
√

6 sinh−1

( √
6ξφ√

1 + ξφ2

)
. (10)

1The ξ convention differs from that of our previous work [27].

2



Inflation takes place when ξφ2 � 1, in which case χ '
√

3/2 ln ξφ2 and the Einstein frame
potential V E = V/Ω2 has the form

VE(χ) '
λφ
4ξ2

(
1− e−

√
2
3
|χ|
)2

. (11)

It is exponentially close to a flat potential and provides an excellent fit to the PLANCK data
[8, 9]. The energy density during inflation can be approximated by V E = 3H2 ' λφ

4ξ2
. Computing

the ε parameter from the above potential and applying the COBE normalization [8], one gets

λφ
4ξ2

= 4× 10−7 1

N2
, (12)

where N is the number of e-folds of inflation. For N = 60, λφ
4ξ2
' 10−10. This constraint implies

that there is only one independent variable in our analysis, e.g. ξ.
Inflation ends when χ ∼ 1. After that, the potential becomes quadratic and, subsequently,

quartic [29]:

VE(χ) '

{
λφ
6ξ2
χ2 for 1

2ξ � |χ| � 1 ,
λφ
4 χ

4 for |χ| � 1
2ξ .

(13)

In our work, we focus primarily on these regimes.

2.2 Postinflationary background dynamics in the Jordan frame

To study the inflaton background dynamics after inflation, it is often convenient to use the
Jordan frame. This also applies to lattice simulations of postinflationary dynamics [30] since the
equations of motion are easier to handle in the Jordan frame. In this section, we analyze how
the system behaves in terms of two field variables: the homogeneous inflaton field φ(t) and the
scale factor a(t).

In the Friedmann metric
ds2 = −dt2 + a(t)2 dxi dxi , (14)

the scalar curvature has the form

R = 6

[
ä

a
+

(
ȧ

a

)2
]
, (15)

where the dot denotes the time derivative. As usual, the Hubble rate is defined by H = ȧ/a. The
individual components of the Ricci tensor Rµν can be found, for instance, in [30]. The system
satisfies the Einstein equation Rµν − 1

2gµνR = Tµν , where Tµν is the scalar energy-momentum
tensor. Due to the non-minimal coupling to gravity, it contains a curvature-dependent contribu-
tion.

Since there are two field variables in the system, it is sufficient to use two independent
equations of motion (EOM). The scalar EOM for the homogeneous background φ and the Einstein
equation R00 − 1

2g00R = T00 can be written as

φ̈+ 3H φ̇− 1

a2
∇2φ− ξRφ+

∂V

∂φ
= 0 , (16)

3H2 = ρ(φ) . (17)
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These equations can be recast in a more convenient form. Tracing over the indices of the Einstein
equation, R = −Tµµ , and computing T00(φ) = ρ(φ) for the inflaton, one finds [30, 27]

R =
1

1 + (6ξ + 1)ξ φ2

[
(1 + 6ξ) ∂µφ∂µφ+ 4V + 6ξ φV ′φ

]
, (18)

ρ(φ) =
1

2
φ̇2 + V (φ)− 3ξH2φ2 − 6ξHφφ̇ , (19)

accounting for the difference between our definition of ξ and that of [27]. Note the unusual
presence of the Hubble-dependent terms in the scalar energy density, which appear due to the
kinetic scalar-graviton mixing in the Jordan frame (see the discussion in [27]).

Plugging the expression for R in the scalar EOM, we get for 6ξ � 1,

φ̈+ 3H φ̇+
6ξ2φ̇2 + λφφ

2

1 + 6ξ2φ2
φ = 0 , (20)

such that 6ξ2φ̇2+λφφ
2

1+6ξ2φ2
can be viewed as the effective mass squared. We observe that there is no

tachyonic instability and the effective mass squared at large φ is λφ/(6ξ2). To solve the scalar
EOM, we need an expression for H in terms of φ. Denoting the usual ξ = 0 Hubble rate by H0,

3H2
0 =

1

2
φ̇2 + V , (21)

one solves the quadratic equation (17) to get

H =

√√√√ H2
0

1 + ξφ2
+

(
ξφφ̇

1 + ξφ2

)2

− ξφφ̇

1 + ξφ2
. (22)

Plugging this into (20), we obtain an equation just for φ, which can be solved numerically. Note
that at large φ, H = H0/(

√
ξφ) which is not constant during inflation, unlike the Hubble rate in

the Einstein frame.

Figure 1: The inflaton and Hubble rate evolution in the Jordan frame for ξ = 10.

The inflationary solution is φ̈ ' 0 such that φ(t) is linear, with a small velocity φ̇ ∼
√
λφ ξ

−3/2.
A numerical example of the field and Hubble rate evolution in the Jordan frame is shown in
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Fig. 1.2 At large field values, both φ and H are linear in time. Inflation ends when φ becomes of
order

φ ∼ 1√
ξ
, (23)

such that 1+ ξφ2 can no longer be approximated by ξφ2. At this point, the velocity contribution
to the effective inflaton mass in (20) becomes important, ξ2φ̇2 ∼ λφφ

2. Similarly, the velocity
terms in (22) start playing a significant role. The energy density at the end of inflation is of
order ρ ∼ λφ/ξ

2. Finally, when φ reaches zero, it starts oscillating inducing oscillations in the
Hubble rate as well.

2.2.1 Spike-like feature in the inflaton evolution

Ema et al. [13] have observed that the inflaton field derivative exhibits a spike-like feature
relevant to particle production. Such a spike is caused by the shape of the inflaton potential,
as viewed in the Einstein frame, because it combines a quadratic potential at larger field values
with a quartic potential at smaller inflaton values. An earlier study of preheating in this system
can be found in [31].

Let us examine the appearance of the spike using our equations of motion. To understand
the essence of the mechanism, one may neglect the Universe expansion. We then have

φ̈+ ω2(φ)φ = 0 , ω2 =
6ξ2φ̇2 + λφφ

2

1 + 6ξ2φ2
. (24)

The quantity ω has a different behaviour at large and small field values. Consider first the larger
φ values.

(a) ξ2φ2 � 1.
In this regime, ω2 ' λφ/(6ξ

2) + (φ̇/φ)2. Let us use the Ansatz φ = φ0 cosωt, where φ0 and ω
are treated as approximately constant. As long as the field value is large enough, i.e. cos2 ωt�
sin2 ωt, the oscillation frequency is indeed almost constant and

ω2 '
λφ
6ξ2

. (25)

This expression therefore gives the frequency of large-amplitude oscillations.
(b) ξ2φ2 � 1.

Consider the small field limit φ→ 0. In this case,

ω2 ' 6ξ2φ̇2 (26)

and ω cannot a priori be treated as a slowly varying function. The EOM becomes

φ̈+ 6ξ2φ̇2 φ = 0 . (27)

This is easily solved for φ̇,
φ̇ = const× e−3ξ2φ2 , (28)

where the constant is determined by the boundary conditions. In the small field regime, the
exponent is close to one, so φ̇ ' const. The size of the constant can be evaluated using approxi-
mate energy conservation. The energy density at the end of inflation, λφ/ξ2, gets converted into
the kinetic energy at φ = 0, so φ̇2 ∼ λφ/ξ2. Hence

φ̇ ∼
√
λφ/ξ (29)

2The λφ dependence can be eliminated from the scalar EOM by introducing a rescaled time variable t′ =
√
λφ t.
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Figure 2: The inflaton field and its velocity evolution in the Jordan frame at ξ = 104.

and
ω ∼

√
λφ . (30)

This corresponds to a much sharper variation of φ compared to the large field case, by a factor
of ξ. As |φ| increases away from the zero crossing, the velocity becomes exponentially suppressed
according to (28), which generates a spike in φ̇.

The Hubble friction does not change this behaviour fundamentally, so the full system exhibits
similar features. The main point is that the frequency ω characterizing the variation of φ in time
changes abruptly around inflaton zero crossings φ = 0, which indicates non-adiabaticity. A
numerical example illustrating the presence of spike-like features in shown in Fig. 2. Due to the
logarithmic scale, there also appear “negative” spikes corresponding to φ̇→ 0.

2.2.2 Non-adiabaticity

Semiclassical particle production is characterized by the non-adiabaticity parameter ω̇/ω2. The
oscillation frequency ω changes abruptly at the border of the regions considered above, so let us
focus on ξ|φ| . 1. In this case,

ω '
√

6ξ|φ̇|√
1 + 6ξ2φ2

. (31)

This is because λφφ2 � ξ2φ̇2 in this region. Indeed, approximate energy conservation requires
λφ/ξ

2 ∼ φ̇2 + λφφ
4, while the potential term is negligible at φ ∼ 1/ξ.

One then finds for φ̇ > 0,
ω̇

ω2
' −2

√
6ξφ√

1 + 6ξ2φ2
. (32)

The second factor in this expression is bounded by one, so |ω̇/ω2| > 1 at ξφ ∼ 1 with the maximal
value of 2. This behaviour is seen in Fig. 3.

These considerations can be extended to modes with non-zero momenta by replacing

ω2 → k2

a2
+ ω2 . (33)

6



Figure 3: The non-adiabaticity parameter for ξ = 104.

As long as k2/a2 . ω2, the above conclusions apply. In the non-adiabatic region, ω .
√
λφ.

Therefore, the momentum cut-off for the produced particles is of order

k

a
.
√
λφ . (34)

3 Postinflationary dynamics on the lattice and unitarity

The dynamics of the inflaton field after inflation are complicated by backreaction and rescattering
effects. These lead to fast decay of the zero mode and growth of inhomogeneities, both of which
have an impact on unitarity violation considerations. To take such effects into account, we resort
to lattice simulations using the tool CosmoLattice [32, 33].

Figure 4: Evolution of the energy density scale ρ1/4 in Planck units. Left: ξ = 100, λφ =
4.4× 10−6. Right: ξ = 2000, λφ = 1.8× 10−3.

The initial conditions for the simulation are chosen as follows: at the end of inflation, φ ∼
1/
√
ξ in Planck units, we neglect φ̇ and solve Eq. 20 to find φ, φ̇ at later times.3 At the same

time, we evolve the field fluctuations with a Python code to set up the boundary conditions
for the CosmoLattice simulations. For the latter, we use φ = 0.01 as the initial value (a = 1)
and adopt the normalization (12) with N = 60. This implies, for example, that at a = 1,

3We find that the results are insensitive to the initial value of φ̇ as long as it is small.
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ρ1/4 = 0.0023 for ξ = 100 and ρ1/4 = 0.00247 for ξ = 500. At this stage, we set vacuum
fluctuations as the initial conditions for the inflaton momentum modes and evolve these with the
help of lattice simulations. We find that using inflationary fluctuations instead does not make a
visible difference since inflation affects superhorizon modes k/a . H, while the hard modes are
much more important for our purposes (see also [30]).

Given the shape of the inflaton potential, one expects the energy density to scale as non-
relativistic matter initially, while at later times, the scaling becomes radiation-like. In practice,
the field fluctuations play an important role such that the truly non-relativistic regime shortens
significantly and most of the time at φ > 1/ξ the system behaves as semirelativistic, i.e. exhibits
a scaling law between a−3 and a−4. For φ . 1/ξ, the system becomes radiation-like, so

ρ ∝ a−(3+x) , 1/ξ . φ . 1/
√
ξ ,

ρ ∝ a−4 , φ . 1/ξ , (35)

where 0 < x < 1. Numerical examples of the energy density evolution are shown in Fig. 4. The
apparent strong oscillatory behaviour is due to lattice limitations, yet the above scaling applies
to ρ averaged over a few oscillation periods.

Figure 5: Evolution of the inflaton momentum spectrum (red to blue). Left: ξ = 100, aend = 300.
Right: ξ = 500, aend = 70. nk is the occupation number and the comoving momentum k is in
units of

√
λφ, where λφ is fixed by the COBE normalization.

The oscillating inflaton background evolves non-adiabatically (Sec. 2.2.2) and resonantly ex-
cites non-zero momentum modes via an analog of Eq. 20. The process is highly non-linear and
can be studied reliably only on the lattice. Expanding φ(x) in 3-momentum modes φk as in
[34], it is convenient to define a rescaled variable Yk ≡ aφk as a function of conformal time τ :
dτ = dt/a. Then, the oscillator number nk and the corresponding frequency ωk are defined by

nk ≡
1

2

(
ωk|Yk|2 +

1

ωk
|Ẏk|2

)
, (36)

ω2
k ≡ k2 + a2

〈
∂2V (φ)

∂φ2

〉
, (37)

where 〈...〉 denotes spacial averaging. nk changes in time signifying particle production and
rescattering. Evolution of the (comoving) momentum spectrum for two representative examples
ξ = 100 and ξ = 500 is shown in Fig. 5. One observes the momentum cut-off of order

√
λφ, as
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expected. The typical occupation numbers are very large, nk � 1, manifesting the importance
of collective effects. At late times, one also observes an isolated peak in the spectrum. It is due
to the momentum modes excited in the φ4 potential via the Lamé equation [34]. The magnitude
of this momentum band is given approximately by

k ∼
√
λφ φ∗ , (38)

where φ∗ ∼ 1/ξ corresponds to the onset of the quartic potential regime. This only gives a rough
estimate since the velocity of the field at φ∗ is non-zero, unlike in the analysis of [34], and φ∗ is
not precisely defined. Finally, the bump is expected to be smoothed out on a larger time scale
due to rescattering.

An important ingredient in our study is the evolution of the inflaton zero mode. The inflaton
background affects the unitarity bound, hence it is essential to determine its decay time. Fig. 6
displays the evolution of the background |〈φ〉| and the fluctuation amplitude

√
〈φ2〉 − 〈φ〉2 for

ξ = 100, 2000. We observe that at large ξ, the fluctuations become larger than the background
when the zero mode is of the size

φ∗ ∼
1

ξ
. (39)

This inflaton value signifies the transition to the quartic potential regime. From this point on,
the system becomes fully dominated by fluctuations and the background can be neglected for
most purposes. (For small ξ ∼ 5, these conclusions do not apply and the fluctuations are much
suppressed.)

Figure 6: Evolution of the inflaton zero mode and the inflaton variance. Left: ξ = 100,
λφ = 4.4× 10−6. Right: ξ = 2000, λφ = 1.8× 10−3.

3.1 Unitarity violation: simple estimate

When the inflaton background value is negligible, a ballpark estimate of the unitarity bound on
ξ can be obtained by analyzing the energy density of the system. Since ξ〈φ2〉 � 1, the difference
between the Jordan and Einstein frames is insignificant in terms of the energy scales, hence one
can use either frame to estimate the unitarity bound.

The canonically normalized inflaton variable χ in the Einstein frame is defined by the dif-
ferential equation

dχ

dφ
=

√
1 + ξφ(1 + 6ξφ)φ2

(1 + ξφφ2)2
. (40)
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The solution is given by (10), although it is often more convenient to work directly with (40) in
specific limits.

Since the kinetic and the curvature terms are canonical, all the non-trivial physics resides in
the scalar potential V = λφφ

4/
[
4(1 + ξφ2)2

]
formulated in terms of χ. Given the inflaton back-

ground value at the particular evolution stage, one expands the potential in terms of fluctuations
over the background. Perturbative unitarity within the effective field theory description then
imposes a constraint on the energy scale of the fluctuations. During inflation, the expansion is
of the form (δχ)n so that the unitarity violation scale is MPl [12]. The same bound also applies
at the end of inflation when χ ∼ ξφ2 ∼ 1. This can be shown by examining (40) in the vicinity
of ξφ2 ∼ 1. However, at very small φ� 1/ξ and large ξ � 1,

φ ' χ (1− ξ2χ2) . (41)

The expansion around the vacuum then has the form (ξχ)n, which implies that the perturbative
scattering amplitudes based on V (χ) blow up at the energy scale 1/ξ .4 The characteristic energy
scale for the scattering processes can be taken to be ρ1/4 at the time when the background
becomes negligible, so the unitarity limit corresponds to

ρ1/4(φ∗) ∼
1

ξ
. (42)

The resulting bound on ξ can be estimated by
(
λφ/4ξ

2
)1/4 × a−3/4

∗ ∼ 1/ξ, where a∗ is the scale
factor corresponding to the decay of the zero mode and we have assumed non-relativistic scaling
of the energy density before a∗. Since typically a∗ is between 5 and 10, this gives the critical
value of ξ around 1000. A more careful numerical analysis yields

ξ0
max ' 2000 . (43)

Here the superscript 0 serves to emphasise that this result is based on simple dimensional analysis.

3.2 Impact of collective effects on the unitarity bound

After inflation, the inflaton field exhibits complicated dynamics where collective effects are impor-
tant. The system can be treated as a collection inflaton quanta with given occupation numbers
nk, which can be very large. On the other hand, the typical momentum can be much below the
naive estimate ρ1/4. In what follows, we estimate the impact of collective effects on the unitarity
bound within the effective field theory approach.

To be specific, let us study the Higgs quanta production by the inflaton field. Since the
system must be reheated at some stage, consider a small trilinear coupling in the Jordan frame,

∆V = σφh φH
†H , (44)

which leads to inflaton decay at late times. In the Einstein frame, the corresponding interaction
is ∆V/

[
4(1 + ξφ2)2

]
written in terms of χ� 1. We may choose σφh to be so small that it does

not affect the preheating dynamics. When the inflaton background becomes negligible, one can
use (41) or, more precisely, a high order expansion of (10) around zero, which gives φ as a series
in (ξχ)n plus subleading terms. As a result, we obtain a set of interactions

σφhH
†H

χn

Λn−1
, (45)

4The size of the coupling λφ does not matter for a sufficiently large n.
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where
Λ ≡ 1

ξ
. (46)

Such interactions induce, in particular, n → 2 Higgs production processes. Their efficiency
depends on the mode occupation numbers or, in other words, momentum distribution function.
For highly occupied modes, the corresponding amplitude can become large violating perturbative
unitarity.

To make simple estimates, let us approximate the inflaton momentum distribution function
by a step function,

f(p) = f × θ(pmax − |p|) , (47)

where f is a constant and pmax corresponds to the “maximal” 3-momentum. The inflaton num-
ber density and the energy density are defined by n =

∫ d3p
(2π)3

f(p) and ρ =
∫ d3p

(2π)3
Ep f(p) ,

respectively. In practice, the inflaton quanta can be treated as relativistic, Ep ' |p| since the
induced inflaton mass

√
λφ〈φ2〉 is smaller than the typical momenta. Then,

n =
1

6π2
p3

max f , ρ =
1

8π2
p4

max f . (48)

We observe that for f � 1, the characteristic momentum pmax is far below ρ1/4.
The probability of the Higgs pair production with fixed momenta via (45) is given by

ρ(n→ 2) =
1

n!

∫ ( n∏
i=1

d3ki
(2π)32Ei

f(ki)

)
(2π)4δ(4)

∑
i

Ki −
∑
j

Pj

 |M(n→ 2)|2 , (49)

where Ki and Pj are the initial and final 4-momenta, respectively; M(n → 2) is the standard
QFT transition amplitude, and n! accounts for identical particles in the initial state. Let us
normalize the coefficient of operator (45) to 1/n! to avoid large combinatorial factors in the
amplitude. Then, performing the integrals and using the Stirling approximation for n!, one finds
that for sufficiently large n, the transition probability grows as

ρ(n→ 2) ∝
(
cn
pmax
√
f

Λ

)2n

, (50)

with cn =
√
e/(8π2n). The prefactor in (50) is unimportant for large enough n so that the

precise value of σφh does not play any role. If the factor in the parentheses is significantly larger
than one, the probability grows uncontrollably violating unitarity. We note that the precise
value of cn depends on the coefficient of operator (45): for instance, if it is order 1 instead of
1/n!, the

√
n factor in cn would appear in the numerator instead of the denominator. Given this

ambiguity, in what follows we will simply assume cn ∼ O(1).5

We conclude that the figure of merit for the effective field theory expansion is roughly

κ ∼ pmax
√
f

Λ
(51)

5Although the coefficients of higher dimensional operators can be computed, their signs alternate. Given that
our system is a superposition of states with fixed particle numbers (“squeezed” state), the collective impact of
these operators is difficult to estimate, hence we simply focus on a single term assuming cn ∼ 1.
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for moderately large n, and unitarity requires

κ . 1 . (52)

Hence, highly occupied states can cause problems even for low characteristic energy of the inflaton
quanta. To give an example, we find that for ξ = 500 at a ∼ 6 corresponding to the decay of the
inflaton zero mode,6

pmax ∼ 10−2
√
λφ , f ∼ 104 , (53)

which makes κ ∼ 5. The inflaton effective mass at this stage is of order
√
λφ〈φ2〉 ∼

√
λφ/ξ,

which is below pmax justifying our relativistic approximation. For larger ξ, κ grows further: the
main factors are pmax ∝

√
λφ ∝ ξ due to the inflationary constraint and 1/Λ ∝ ξ, making κ ∝ ξ2.

Even though
√
f decreases tending to O(1) at very large ξ and the decay time for the zero mode

increases slowly with ξ (Fig. 6), these factors do not overcome the ξ2 growth. We conclude that
unitarity is violated at

ξmax ∼ few × 100 (54)

according to the above criterion, keeping in mind the uncertainty associated with cn.
We see that collective effects lead to a stronger unitarity bound. This tendency can be

understood as follows. If we impose a bound on the energy density of the system, this constrains
pmax f

1/4 according to (48). On the other hand, the combination that appears in scattering
processes is pmax f

1/2. Thus, we have

pmax f
1/2 � pmax f

1/4 , (55)

and the scattering bound is stronger by the factor f1/4 � 1. For small occupation numbers, on
the other hand, the results are similar. Below we illustrate the above statement with a simple
example.

Example. Let us apply an analogous analysis to Higgs production by an inflaton background
in the φ2 potential. The process can be viewed as annihilation of the non-relativistic inflaton
quanta. Suppose V = 1

2m
2φ2 and the interaction term is φ4h2/Λ2. The momentum distribution

function for the inflaton can be written as f(p) = (2π)3δ(3)(p)n, where n is the number density.
Although this system is non-relativistic, n and ρ can be expressed in terms of the parameters
of our box-shaped distribution function. Since ρ = mn, one finds pmax = 4m/3 which plays
the role of the characteristic energy scale. The average occupation number is then found via
f = 8π2 ρ/p4

max, which yields f ∼ 15φ2/m2 � 1. In the case at hand, we can also take into
account the effect of cn: with the above normalization, the analog of cn is about 1/7 such that
cn pmax

√
f/Λ becomes unity at φ ∼ Λ, which signals unitarity violation. Therefore, we obtain

the expected result. The cutoff Λ is far above the typical energy of the inflaton quantum m and
the large occupation number plays a crucial role. Note that requiring ρ1/4 of the inflaton field
to be below the cut-off would impose a very different constraint φ < Λ2/m.

Similar considerations apply to inflaton self-interaction χl+4/Λl. The corresponding n → 2
reaction rate is enhanced by a further factor f2 from the final state, which is however inconse-
quential for a sufficiently large l. Thus, one again obtains the unitarity bound (54). Note also
that, if the bound is violated, the system becomes sensitive to arbitrarily small couplings to new
fields, which signals pathology, at least within effective field theory.

6We obtain these numbers from the lattice output by parametrizing the physical energy and particle densities
in terms of pmax and f . These quantities are obtained in the Jordan frame, however, at this stage φ ∼ χ and the
difference between the frames is insignificant for our purposes.
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It is important to understand the limitations of our analysis. We have relied on perturbative
description within effective field theory, yet violation of perturbative unitarity does not always
imply fundamental problems [35, 36]. Also, we have dealt with n-particle states, whereas the
system in reality is a complicated superposition of such states. However, we believe that our
analysis captures the main physical features and results in a reasonable estimate of ξmax, above
which the effective field theory description becomes inadequate.

3.3 Effect of a significant Higgs-inflaton coupling

Figure 7: Evolution of the inflaton zero mode and the variances in the presence of the inflaton-
Higgs coupling λφh = 0.5 at ξ = 1000 with 4 Higgs d.o.f.

A significant inflaton coupling to other fields, e.g. the Higgs boson [37, 38], leads to more
efficient particle production and quicker background decay. Fig. 7 shows an example for ξ = 1000
with λφh = 0.5, where the coupling is defined by

∆V =
1

2
λφh φ

2H†H . (56)

The zero mode decays by a ∼ 3, which makes its lifetime shorter by a factor of 2-3 compared to
the zero coupling case. This occurs due to strong backreaction effects of the produced Higgses
on the inflaton background. By the time a ∼ 4, the Higgs field variance becomes larger than
that of the inflaton. At this stage, the system reaches quasiequilibrium such that each degree of
freedom carries the same fraction of the total energy. Since the Higgs field has 4 d.o.f. at high
energies, it dominates. We find that the Higgs self-coupling between 0 and 10−2 at this scale
does not affect the results in any significant way.

Since the background decays very quickly, the simple unitarity bound based on ρ1/4(φ∗) ∼ 1/ξ
becomes stronger. For the above parameters, it requires ξ < 1000. Another effect of a strong
inflaton-Higgs coupling is that the spectrum shifts to the UV which increases κ. For instance,
ξ = 1000 yields κ ∼ 20 at the background decay time. The resulting ξmax decreases by about
a factor of 2. Although this makes the unitarity constraint stronger, the improvement does not
change the estimate (54) fundamentally, given the uncertainties involved.

A significant Higgs-inflaton coupling is interesting in the context of inflaton dark matter [39]
and inflaton thermalization [40]. As shown recently in [41], the minimal inflaton dark matter
model is only viable if mφ ' mh/2. This conclusion was based on the assumption that the
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non-minimal coupling ξ cannot exceed about 300 without violating unitarity. Our current work
supports this assumption and reinforces the conclusions of [41]. We note also that the direct
dark matter detection limits have become significantly stronger [42], which puts many variants
of Higgs portal dark matter under extra pressure and confines inflaton dark matter to a narrow
resonance region.

Particle production becomes even more efficient if the inflaton has derivative couplings, as in
original Higgs inflation [8]. This case was studied in [13] with the conclusion that, for ξ � 1, much
of the inflaton energy can be converted into particles already within a single inflaton oscillation.
Clearly, this is problematic for unitarity since Higgs inflation requires ξ ∼ 5× 104.

Finally, let us note that this framework offers interesting reheating, dark matter and leptoge-
nesis phenomenology [43, 44, 45]. It does not require an explicit coupling of dark matter to the
inflaton. Since the inflationary scale is high, dark matter is abundantly produced by gravitational
effects during inflation and/or preheating [46].

4 Conclusion

Models of inflation driven by a non-minimal scalar coupling to curvature are among the most
attractive and experimentally viable models of the Early Universe. We have studied postinflation-
ary dynamics in a singlet scalar model of this type. In particular, employing lattice simulations,
we have focused on perturbative unitarity constraints after inflation with a large non-minimal
coupling ξ. The main ingredients in our study are the decay time of the inflaton zero mode and
collective effects associated with large occupation numbers of the inflaton momentum modes.
We find that for values of ξ above a few hundreds, such collective effects lead to large scattering
amplitudes within effective field theory, thereby violating perturbative unitarity. This is the
case even if the inflaton does not have any substantial couplings to other fields. We thus obtain
an upper bound on ξ, at least, in the effective field theory description. If the inflaton has a
significant coupling to other fields, particle production becomes more efficient and the unitarity
bound becomes stronger.
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Detection of axion dark matter heavier than a meV is hindered by its small wavelength, which
limits the useful volume of traditional experiments. This problem can be avoided by directly detect-
ing in-medium excitations, whose ∼ meV − eV energies are decoupled from the detector size. We
show that for any target inside a magnetic field, the absorption rate of electromagnetically-coupled
axions into in-medium excitations is determined by the dielectric function. As a result, the plethora
of candidate targets previously identified for sub-GeV dark matter searches can be repurposed as
broadband axion detectors. We find that a kg · yr exposure with noise levels comparable to re-
cent measurements is sufficient to probe parameter space currently unexplored by laboratory tests.
Noise reduction by only a few orders of magnitude can enable sensitivity to the QCD axion in the
∼ 10 meV− 10 eV mass range.

Introduction.— Despite constituting roughly 27% of
the energy density of the universe [1], the fundamental
nature of dark matter (DM) remains elusive. Of the
theoretically motivated DM candidates, the QCD ax-
ion is particularly remarkable since its existence would
also solve the longstanding strong CP problem [2–5]. A
generic feature of QCD axion DM models is a coupling
between the axion field a and electromagnetism,

L ⊃ −1

4
gaγγ aF

µν F̃µν = gaγγ aE ·B . (1)

In the presence of a static magnetic field B0, the inter-
action in Eq. (1) converts an axion to an oscillating elec-
tromagnetic field [6]. Directly detecting this field is the
underlying principle of many ongoing and planned exper-
iments [7]. Traditional detection schemes utilize cavities
with electromagnetic modes resonantly matched to axion
masses of ma ∼ (10−6− 10−5) eV, as motivated by post-
inflationary misalignment production and a standard cos-
mological history [8–12]. However, searches across a
larger parameter space are motivated by alternative pro-
duction mechanisms [13–33] and axions that couple to the
Standard Model similarly to the QCD axion but with-
out the strict connection between coupling strength and
mass [34–44].

Cavities are an exceptional tool to search for axion
DM. However, they are fundamentally limited in the ax-
ion mass that they can probe. This is because the axion
mass must be matched to a resonant frequency of the
cavity, which are inversely related to its size. There-
fore, to resonantly search for higher axion masses, the
cavity must be prohibitively small, limiting the total ex-
posure. Recent strategies to boost exposure to high-mass
axions include non-resonant detection of single-photons
in a large volume dish antenna [45], and modifications to
the photon’s dispersion relation in dielectric [46–48] or
plasma [49–51] structures tuned to a specific mass.

∗ aberlin@fnal.gov
† ttrickle@fnal.gov

While these searches are focused on photon detection,
another possibility is to directly detect the in-medium ex-
citations in crystal targets involving, e.g., electrons [52–
80], phonons [76, 77, 81–87], and magnons [82, 88–92].
Since the energy of these modes (∼ meV− eV) is not set
by the target size, but rather by the physics of the local
environment, they are ideal for high-mass axion searches.
Furthermore, the manufacturing of low-noise targets and
the technology required to detect single quanta of such
excitations is at the forefront of the DM direct detec-
tion community and is thus an active area of develop-
ment [93]. In particular, current experiments, such as
CDEX [94], DAMIC [95–100], EDELWEISS [101–103],
SENSEI [104–106], and SuperCDMS [107–109], utilize
eV-scale electronic excitations in Si and Ge targets. More
novel targets with sub-eV electronic excitations have also
been proposed, such as narrow gap semiconductors [110],
Dirac materials [61, 63, 65, 69–72], spin-orbit coupled
materials [57, 79], and doped semiconductors [73]. Addi-
tionally, phonon excitations have been studied in a wide
variety of target materials [76, 80, 82–85, 111], includ-
ing GaAs and Al2O3 as planned for the TESSARACT
experiment [112].

In this Letter, we demonstrate that the entirety of these
ideas can be used to search for the axion-photon coupling
in Eq. (1), provided that the target can be placed inside
a magnetic field, thus creating a “magnetized medium.”
In particular, we show that in a magnetized medium the
inclusive axion absorption rate into in-medium excita-
tions is directly related to the dielectric function. While
certain signals of axion DM have previously been found
to be related to the dielectric function on a case-by-case
basis, we show here that this is universal. This is im-
portant both experimentally, since the dielectric can be
measured, and theoretically, because it broadly captures
the absorption rate into any in-medium excitation, ab-
stracting away from calculations specific to any single
excitation. This allows us to easily evaluate the sensi-
tivity of various materials, as well as identify a larger
scope of relevant signals that have previously been over-
looked, such as low-energy electronic excitations. Below,
we begin by deriving the absorption rate with two meth-
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FIG. 1. Projected sensitivity to electromagnetically-coupled axion dark matter, for a kg · yr exposure of various targets inside a
10 T magnetic field. Solid colored lines assume negligible backgrounds, and dotted colored lines assume a dark count (DC) rate
of RDC = 1010/kg · yr. Targets utilizing single-phonon excitations include GaAs (light blue) and Al2O3 (purple) (proposed for
the TESSARACT experiment [112]), as well as SiO2 (turquoise). The Si (dark green) and Ge (light green) targets correspond to
single-electron excitations currently searched for by the CDEX [94], DAMIC [95–100], EDELWEISS [101–103], SENSEI [104–
106], and SuperCDMS [107–109] experiments. Doped Si (Si∗, pink) [73] and ZrTe5 (red) [57] correspond to novel targets
utilizing low-energy electronic excitations. Shaded gray regions are existing limits derived from horizontal branch (HB) star
cooling [113], the CAST helioscope [114, 115], and searches for a→ 2γ decays by the MUSE [116], HST [117], and VIMOS [118]
telescopes. Also shown as gray lines are projections from the IAXO (solid) [119], BREAD (dashed) (assuming DCs of ∼ 104

or <∼ 1 for masses below or above ∼ 100 meV, respectively, over 103 days) [45], and LAMPOST (dotted) (assuming ∼ 10 DCs

per 106 s run and ∼ 104 runs) [48] experiments. The orange band denotes the range of couplings and masses as motivated by
the QCD axion.

ods. The first derivation involves self-energies, analogous
to calculations performed in the context of direct detec-
tion experiments; the second is provided within the lan-
guage of classical axion electrodynamics. These deriva-
tions provide complementary ways to understand the un-
derlying physics. We then discuss the projections shown
in Fig. 1, which illustrate the promising ability to explore
new, high-mass, QCD axion parameter space.

Absorption Rate.— Before deriving the rate for axion
absorption in a magnetized medium, we begin with a
synopsis of the final result for isotropic targets. The total
axion absorption rate, per unit exposure, is given by

R '
(
gaγγ B0

ma

)2
ρ

DM

ρT

Im

[ −1

ε(ma)

]
, (2)

where ρ
DM
' 0.4 GeV/cm3 is the local axion DM energy

density, ρ
T

is the mass density of the target, and ε(ma)
is the dielectric function evaluated at energy ω = ma and
momentum deposition q = 0, appropriate for absorption
kinematics (q � ω) which are assumed throughout. The
simplicity of this expression derives from the separability
of the axion absorption process as a+B0 → E followed by
absorption of the corresponding electric field.1 The for-
mer process is governed by the strength of the external

magnetic field and gaγγ , while the latter is determined
by the dielectric function, independent of both the axion
physics and, in the q � ω limit, the magnetic permeabil-
ity. This separability is advantageous since, in princi-
ple, the dielectric function of the target can be measured
directly. In the absence of measurement, this parame-
terization is useful as a bridge between particle physics
and first principles condensed matter calculations. First
principles calculations are a useful tool to understand
the contributions of individual excitations, which cannot
be understood from a measurement of the inclusive di-
electric function. However, this generally ceases to be
a problem when the various excitations are sufficiently
separated in energy.

The idea of relating the dielectric function to the DM
absorption rate into in-medium excitations has been used
for other DM models [52–54, 56, 79, 80], as well as in
calculations of the DM absorption rate into in-medium
photon states [50, 51, 120]. For example, for kinetically-
mixed dark photon DM, A′, the absorption rate into in-
medium excitations is [52, 56, 80]

R ' κ2 ρDM

ρ
T

Im

[ −1

ε(mA′)

]
, (3)

where κ is the kinetic-mixing parameter andmA′ is theA′
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a a

B0 B0

FIG. 2. An illustrative Feynman diagram for the axion a
self-energy in a magnetized medium. The optical theorem
relates the imaginary part of this diagram to the axion ab-
sorption rate. The external magnetic field B0 is represented
as a background source, and the shaded “blob” represents any
in-medium modifications to the photon propagator (e.g., from
electron and phonon excitations).

mass. The similarity between the dark photon absorption
rate in Eq. (3) and the axion absorption rate in Eq. (2)
is immediately clear. As a result, for DM particles of the
same mass, the sensitivity to electromagnetically-coupled
axions can be simply rescaled via the mapping gaγγ B0 ↔
κma, corresponding to

gaγγ ∼ 10−10 GeV−1 ×
(

κ

10−14

) (
ma

meV

)(
T

B0

)
. (4)

We now turn to the details of the calculation, begin-
ning with a self-energy treatment similar to Refs. [53, 56,
121], then turning to an alternative derivation employing
classical equations of motion, similar to Refs. [87, 122].

Self-Energy Calculation.— The starting point of the self-
energy derivation is the optical theorem, which relates
the absorption rate of a particle to the imaginary part of
its self-energy. The self-energy can then be computed by
summing over all the relevant Feynman diagrams. The
Feynman diagram for axion absorption in a magnetized
medium is shown in Fig. 2; the vertex Feynman rule is
derived from the Lagrangian in Eq. (1), and the pho-
ton propagator is modified due to the presence of the
medium.

Following Refs. [53, 56, 121], instead of directly com-
puting the diagram in Fig. 2, we identify the diagrams
which mix the axion and photon, and those which do
not. If the axion and photon mix, the in-medium fields
are those that diagonalize the 2× 2 self-energy matrix of
a and A. The diagonalizing fields â and Â (the axion-like
and photon-like fields, respectively) are a linear combi-
nation of a and A. The probability of axion absorption
per unit time is then related to the self-energy of â,

Γ ' − 1

ma
Im

[
Πaa +

∑
λ

Πλ
aA Πλ

Aa

m2
a −Πλ

AA

]
, (5)

1 This description is appropriate for the axion masses of interest
here, such that the target size is much larger than the skin-depth

∼
(
ma Im

[√
ε
] )−1

. In this case, the effects of boundary condi-
tions (arising from, e.g., the finite size of the target or external
electromagnetic shielding) can be ignored [51, 123, 124].

written in terms of the unmixed self-energies of the a,A
fields, Πaa and ΠAA, respectively, and the mixing terms,
ΠaA, ΠAa. Πλ

AA is the self-energy of A projected onto
the λth polarization eλµ, defined to diagonalize Πµν

AA:

Πλ
AA = −eλµ Πµν

AA e
λ
ν . Πλ

aA is the self-energy mixing a and
A, projected onto the same photon polarization vector,
i.e., Πλ

aA = −eλµ Πµ
aA.

In the absence of direct axion couplings to electrons,
the only non-zero self-energies (ignoring vacuum pro-
cesses) are Πµν

AA and Πµ
aA. Furthermore, since the Ward

identities (QµΠµν
AA = QµΠµ

aA = 0, where Qµ = (ω,q))

relate the temporal and spatial components, only Πij
AA

and Πi
aA need to be computed. The photon self-energy

is determined by the dielectric tensor εij through Πij
AA =

−ω2(1 − εij). Note that the spatial component of the
photon polarization vectors diagonalize the dielectric ten-
sor, εij =

∑
λ ελe

i
λe
j
λ, where ελ ≡ eλi ε

ij eλj , such that

Πλ
AA ' ω2(1 − ελ). The axion-photon self-energies

are determined by the term in Eq. (1) involving the
vector potential which, after integrating by parts, is
gaγγ ȧA · B0. The mixed self-energies are then given
by Πi

aA = igaγγmaB
i
0 = −Πi

Aa. Substituting ΠAA and
ΠaA into Eq. (5), and taking the q → 0 limit, results in

Γ ' g2aγγ
ma

∑
λ

(eλ ·B0)
2

Im

[ −1

ελ(ma)

]
. (6)

This expression can be further simplified in the limit of
an isotropic target. The dielectric of an isotropic target
is independent of polarization, ελ = ε, and the photon
polarization vectors are the standard transverse eµ± =

(0, q̂±) and longitudinal eµL = (q, ωq̂)/
√
Q2 ones, where

q̂± are two vectors mutually orthonormal to q̂. The sum

over polarizations can be performed using
∑
λ e

i
λe
j
λ = δij .

Applying these approximations, Eq. (6) simplifies to

Γ ' (gaγγ B0)2

ma
Im

[ −1

ε(ma)

]
. (7)

The rate per unit exposure R in Eq. (2) is then obtained
by multiplying Γ by the number of axions in the target
and dividing by the target mass.

Classical Equations of Motion.— Alternatively, the ab-
sorption rate can be derived using classical axion electro-
dynamics. Throughout, we will implicitly work in Lorenz
gauge. Our starting point is the wave equation for the
vector potential, which is approximately ε ∂2tA ' ja,
where ja = gaγγ ȧB0 is the axion effective current and ε
is the dielectric tensor. This equation is trivially solved
for A by switching to momentum space and projecting
onto the photon polarization vectors eλ, which deter-
mines the corresponding electric field to be

E ' −gaγγ a
∑
λ

(eλ ·B0)

ελ
eλ . (8)
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The rate for axion absorption is governed by the axion
equation of motion, which is approximately

(∂2t +m2
a) a ' gaγγ E ·B0 , (9)

with E given by Eq. (8). The probability per unit time
for axion absorption is determined by solving for the
imaginary component of the axion frequency in Eq. (9),
Γ ' Im(−ω2)/ma. This leads to a result in agreement
with Eq. (6).2

Projected Sensitivity.— The sensitivity of a variety
of targets is shown in Fig. 1, assuming a kg · yr expo-
sure and B0 = 10 T. In our estimates, we demand
N > 3

√
1 +NDC + δ2N2

DC , where N = RMT t and
NDC = RDCMT t are the the number of signal events
and dark counts (DCs), respectively, RDC is the DC rate,
MT is the target mass, t is the exposure time, and δ ≤ 1
is the systematic uncertainty in the DC. In the absence
of background, NDC � 1, the sensitivity to the axion-
photon coupling scales as gaγγ ∝ (MT t)

−1/2. If back-
grounds are instead significant, NDC � 1, the reliance
of the signal on B0 allows these DCs to be directly mea-
sured by removing the magnetic field, thereby suppress-
ing systematic uncertainties, δ � 1. In the statistically-
limited regime, δ � 1/

√
NDC, an observable signal only

needs to overcome Poisson fluctuations in noise, such
that gaγγ ∝ (RDC/MT t)

1/4. Below, we begin by dis-
cussing the sensitivity of various targets assuming neg-
ligible backgrounds, and then proceed to examine the
impact of currently measured noise sources.

For ma
>∼ eV, enough energy is deposited to excite an

electron across the ∼ 1 eV band gap in standard semi-
conductors, such as Si and Ge, which is then read out by
drifting the charge to a sensing output. This is the op-
erating principle of many ongoing experiments, such as
CDEX [94], DAMIC [95–100], EDELWEISS [101–103],
SENSEI [104–106], and SuperCDMS [107–109]. In our
estimate of the signal rate in Eq. (2), we use the mea-
sured dielectric functions of Si and Ge from Ref. [127],
and do not incorporate multi-phonon responses at lower
energies [80] since these are subdominant to the single-
phonon responses of the polar materials discussed below.
As shown in Fig. 1, background-free Ge targets have the
potential to be the best laboratory-based search for the
QCD axion for masses greater than that probed by the
CAST helioscope [114, 115] and smaller than that probed
by astrophysical searches for a→ 2γ decays [116–118].

2 A similar calculation yields the kinetically-mixed dark photon
absorption rate. To leading order in κ, the approximate equation
of motion for the visible vector potential is ε ∂2t A ' −κm2

A′A
′,

where we have employed the visible/invisible field basis in which
A and A′ are coupled and decoupled from Standard Model
sources, respectively (see, e.g., Refs. [125, 126]). Analogous to
the axion case, the A equation of motion can be solved for in mo-
mentum space, and then substituted into the equation of motion
for A′, (∂2t + m2

A′ )A
′ ' −κm2

A′A, whose imaginary frequency
component determines the absorption rate of Eq. (3).

While the energy of electronic excitations is limited to
∼ eV scales in standard semiconductors, novel targets
have lower ∼ meV electronic excitations. For example,
Dirac [61, 63, 65, 69–72] and spin-orbit coupled materi-
als [57, 79] have small bulk band gaps. One such tar-
get that falls under both categories is ZrTe5; while its
Dirac character is somewhat debated [57], the presence
of its small band gap has been firmly established [128].
However, since its dielectric response has not been ac-
curately measured, we adopt the first-principles calcula-
tion performed in Ref. [57]. In addition to pure targets,
doping is another method to create electronic states be-
low the band gap. Recently, Ref. [73] studied Si doped
with phosphorus as a candidate target, using an analytic
model for the dielectric response consistent with measure-
ments [129, 130]. In Fig. 1, we rescale their quoted dark
photon sensitivity, using the mapping described above.

Phonon excitations [76, 80, 82–85, 111] in the ∼ (1 −
100) meV energy range have also been studied as an
avenue to detect axions [82, 87]. The results shown in
Fig. 1 are consistent with the first principles calculation
done in Ref. [82]. We have chosen to focus on GaAs,
Al2O3, and SiO2 targets, as they are of active investiga-
tion in the sub-GeV DM community; the first two are cur-
rently planned for the TESSARACT experiment [112],
and SiO2 has also been identified as an optimal target for
light DM scattering [76]. The measured dielectric data
for these targets in the phonon energy regime is taken
from Ref. [80].

Backgrounds.— The sensitivity of detectors focused on
readout of single-electron excitations are currently lim-
ited by DCs [93]. The SENSEI experiment [105, 131],
utilizing a Si Skipper CCD detector, is the current state-
of-the-art for measuring charge from single-electron ex-
citations. Recent measurements indicate a DC rate of
108/kg · yr and 106/kg · yr for energy ranges of <∼ 4.7 eV
and ∼ (4.7 − 8.3) eV, respectively, and rates consistent
with zero for larger energies. Assuming that similar back-
ground levels in the two-electron bin can be achieved in
a Ge based detector, noise reduction by three orders of
magnitude (RDC ∼ 103/kg · yr) is necessary to attain
sensitivity to the QCD axion at eV-scale masses. Similar
noise levels, but at much lower energies, are also neces-
sary for doped Si and ZrTe5 targets to attain sensitivity
to the QCD axion at ∼ 100 meV masses.

Calorimetric detectors (e.g., SuperCDMS CPD [132],
which measures phonons produced from single-electron
excitations) have registered significantly higher noise lev-
els, RDC ∼ 1010/kg · yr. As an estimate of the back-
grounds that will contaminate sensors based on detec-
tion of single-phonon excitations, we assume RDC =
1010/kg · yr and δ <∼ 1/

√
NDC for the dotted colored

lines shown in Fig. 1. If the DCs are reduced to just
∼ 108/kg · yr at ∼ 100 meV energies, an Al2O3 or SiO2

target can be sensitive to the QCD axion at couplings
smaller than that bounded by considerations of stellar
energy loss.
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While their origin is unknown, noise levels are gener-
ally peaked towards smaller energies [133]. Recent work
has focused on progressing the understanding of such
backgrounds. For instance, it has been calculated that a
subdominant fraction of DCs arises from secondary ra-
diation generated by high-energy tracks [134] and pho-
tons [135] in low-threshold charge and phonon detectors,
respectively. Additionally, a bulk of eV-scale phonon
backgrounds in superconducting calorimetric detectors
has recently been shown to emerge from cooling-induced
micro-fractures in auxiliary detector components [136].

The setup investigated in our work differs from previ-
ously proposed applications of these targets in the use
of a large external magnetic field, whose dominant ef-
fect will be disrupting detection technology based on su-
perconducting devices (measurements of typical semicon-
ducting sensors have found minor changes to their oper-
ation when exposed to ∼ 1 T magnetic fields [137]). For
example, transition edge sensors (TES) (the main tech-
nology for reading out single-phonon excitations in the
TESSARACT experiment) are not operative in >∼ µT
magnetic fields [138]. However, there is a strong depen-
dence on the direction of the magnetic field relative to the
face of the TES. Additionally, if the region of bulk tar-
get within the external magnetic field can be physically
separated from the superconducting detector, these prob-
lems can be avoided. Other complications arising from,
e.g., additional radioactive components or Lorentz-force
induced mechanical stress may also be introduced. A de-
tailed investigation of these effects is beyond the scope
of this work and these will also need to be confronted
in other axion experiments operating in the meV − eV
energy range [45, 48]. However, we do not expect fun-
damental roadblocks in this approach since ∼ 10 T mag-
netic fields only change electronic energies at the level of

∼ meV, well below the energies investigated here.

Discussion.— The past decade has seen a meteoric rise
in target proposals to hunt for sub-GeV DM. In an exter-
nal magnetic field these targets are also powerful probes
of axions in a mass range that is notoriously difficult
to explore, corresponding to ma ∼ 10 meV − 10 eV.
Searching for axions with these targets has the intrin-
sic advantage of directly utilizing all future experimental
improvements in background reduction, an effort which
has assiduously driven direct detection experiments to
incredible precision in recent history. The axion absorp-
tion rate in a magnetized medium can be simply written
in terms of the measurable dielectric function, encoding
all in-medium responses. This synergizes with future de-
velopments towards optimizing the energy loss function
of the material, Im(−1/ε), as well as further study into
other novel low-energy excitations, such as axion quasi-
particles [139, 140] or chiral phonons [141].
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1 Introduction

Discovering a new fundamental interaction would be striking evidence of physics beyond

the Standard Model. Yet, because new interactions are likely feeble, they are difficult to

detect. And because they may manifest in a variety of ways, they are difficult to search for

comprehensively. So far, there is no evidence for them, despite a long history of searches,

though there are stringent limits on their strength [13–18].

Starting in the 2030s, the next-generation long-baseline neutrino experiments, Deep

Underground Neutrino Experiment (DUNE) [19] and Tokai-to-Hyper-Kamiokande (T2HK) [20,
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Figure 1: Projected upper limits on the coupling, g′αβ, of the new boson, Z ′αβ, with mass

m′αβ, that mediates flavor-dependent long-range neutrino interactions, using DUNE,

T2HK, and their combination. DUNE runs for 5 years in ν mode and 5 years in ν̄ mode. T2HK

runs for 2.5 years in ν mode and 7.5 years in ν̄ mode. For this plot, we assume that the neutrino

mass ordering is normal. For Lµ−Lτ , we assume mixing strength of (ξ− sin θWχ) = 5× 10−24 [1].

Existing limits are from a recent global oscillation fit [2] (2σ), atmospheric neutrinos [3] (90%

C.L.), solar and reactor neutrinos [4] (3σ), and non-standard interactions [5–7] (90% C.L.). We

show the projected sensitivity (1σ) expected from flavor-composition measurements of high-energy

astrophysical neutrinos in IceCube-Gen2 [8]. These limits are for the Le − Lµ symmetry; see

Fig. 6 for others. Indirect limits [9] are from tests of the equivalence principle (95% C.L.) [10] and

black-hole superradiance (90% C.L.) [11], and the weak gravity conjecture [12], assuming a lightest

neutrino mass of 0.01 eV. Our projected limits may improve on existing ones, especially for ultra-

light mediators of masses below about 10−18 eV. See Section 4.2 for details, Fig. 6 for constraints

using DUNE or T2HK separately, and Figs. 7–9 for discovery plots.

21], presently under construction, will bring about an opportunity to search for new physics,

via neutrinos, more incisively than ever before. Neutrinos have immense potential to re-

veal new physics [22–26]. DUNE (e.g., Refs. [27–39]) and T2HK (e.g., Refs. [40–47]) target

this potential via rich physics programs, both within the standard neutrino paradigm and
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beyond it, that stem from their high expected event rates and well-characterized neutrino

beams. We focus on their capability to look for new neutrino-matter interactions: be-

cause, in the Standard Model, neutrinos interact only weakly, the presence of an additional

neutrino interaction may be more easily spotted, even if it is feeble.

We consider flavor-dependent neutrino-matter interactions, originally introduced in

Refs. [48–52], and explored and constrained in earlier literature, e.g., in Refs. [2–4, 8, 9,

40, 53–63]. Two reasons motivate our choice. First, if these interactions are long-range,

i.e., if they act across long distances, then large collections of nearby and distant matter

may source a sizable matter potential that affects neutrino flavor oscillations appreciably.

Thus, we concentrate on interactions mediated by new, ultra-light mediators, with masses

below 10−10 eV, that subtend ultra-long interaction ranges. Second, the flavor-dependent

interactions we consider are born from gauging, anomaly-free, global symmetries of the

Standard Model [64–69]: Le − Lµ, Le − Lτ , and Lµ − Lτ , where Le, Lµ, and Lτ are

the electron, muon, and tau lepton numbers. This makes them arguably natural and

economical extensions of the Standard Model. Gauging each one introduces a single new

neutral vector boson that mediates new neutrino interactions with electrons or neutrons

(interactions with other particles are suppressed, as we elaborate on later).

Previous works have explored the sensitivity of existing and future long-baseline neu-

trino experiments to flavor-dependent long-range interactions. However, they either fixed

the interaction range, typically to be equal to the Sun-Earth distance (see, e.g., Ref. [57]),

or considered mediator masses only as small as about 10−18 eV (see, e.g., Ref. [2]). We

abandon both limitations and explore mediator masses down to 10−35 eV. Doing so opens

up a largely unexplored regime of ultra-long-range interactions. As pointed out in Ref. [8],

a mediator this light allows for electrons and neutrons in the Earth, Moon, Sun, Milky

Way, and the cosmological distribution of matter to affect neutrino oscillations. To make

our forecasts realistic, we base them on detailed simulations of DUNE and T2HK, including

their different detection channels, efficiency, backgrounds, and run times.

Figure 1 conveys the novel perspectives revealed by our work. It shows the first half

of our main results, concerning constraints: separately or, as in Fig. 1, together,

DUNE and T2HK may place the strongest constraints on long-range inter-

actions, especially for mediators lighter than 10−18 eV . (Future sensitivity from

flavor measurements of high-energy astrophysical neutrinos in the IceCube-Gen2 neutrino

telescope might be comparable [8], but, for now, they are subject to large uncertainties in

the neutrino flux, not pictured in Fig. 1, unlike the constraints from DUNE and T2HK.)

The other half of our main results, not contained in Fig. 1, concerns discovery. We find

that, separately, DUNE and T2HK will likely be unable to discover subdominant flavor-

dependent long-range neutrino interactions, due to degeneracies between their effect on

neutrino oscillations and that of the standard mixing parameters. Yet, together, their

complementary capabilities may lift degeneracies and enable the discovery of

the new interactions; see Fig. 7. Below, we elaborate on these perspectives.

This paper is organized as follows. Section 2 introduces lepton-number gauge symme-

tries, long-range interactions, and their effect on neutrino oscillations. Section 3 overviews

DUNE and T2HK, and shows oscillation probabilities and event rates in them. Section 4
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1Figure 2: Feynman diagrams for neutrino-matter interactions. Each diagram corresponds

to a term in the Lagrangian, Eq. (2.1): (a) SM contribution mediated by the Z boson, (b) new

contribution from the gauge symmetry U(1)Lα−Lβ
, mediated by the new boson Z ′αβ , and (c) mixing

between Z and Z ′αβ . In our analysis, (a) is significant only for neutrinos inside the Earth. For Le−Lβ
symmetries, (b) is the only additional contribution sourced by electrons. For Lµ−Lτ , (c) is instead

the only additional contribution sourced by neutrons. See Section 2.1 for details.

shows projected constraints and discovery prospects. Section 5 summarizes and concludes.

2 Flavor-dependent long-range neutrino interactions

2.1 Gauged lepton-number symmetries

In the Standard Model (SM), the baryon number and the lepton numbers, Le, Lµ, and

Lτ , are accidental U(1) global symmetries. Linear combinations of the lepton-number

symmetries can be gauged anomaly-free, i.e., without introducing a new fermion or right-

handed neutrino (although not simultaneously) [49–52]. To showcase the capabilities of

DUNE and T2HK, we explore three such new U(1) gauge symmetries, generated by Le−Lµ,

Le − Lτ , and Lµ − Lτ , that introduce new flavor-dependent neutrino-matter interactions;

later, we show how they affect neutrino oscillations. (Other combinations of baryon and

lepton numbers can also be gauged anomaly-free; see Ref. [2].)

Figure 2 shows the Feynman diagrams for neutrino-matter interaction that we consider.

For a particular lepton-number symmetry, the corresponding effective Lagrangian is

Leff = LSM + LZ′ + Lmix . (2.1)

The first term describes the SM contribution, mediated by the Z boson, i.e.,

LSM =
e

sin θW cos θW
Zµ

[
−1

2
l̄αγ

µPLlα +
1

2
ν̄αγ

µPLνα +
1

2
ūγµPLu−

1

2
d̄γµPLd

]
, (2.2)

where e/(sin θW cos θW ) = 0.723, e is the unit charge, θW is the Weinberg angle, να and

lα are a neutrino and charged lepton of flavor α = e, µ, τ , PL is the left-handed projection

– 4 –



operator, and u and d are up and down quarks. Because the Z boson is heavy, the

interaction that it mediates is short-range; in our work, it matters only inside the Earth.

(Equation (2.2), and also Eq. (2.4) below, assumes that matter is electrically neutral, i.e.,

that it has equal abundance of electrons and protons [1], which is also what we assume

later when computing the new matter potential; see Section 2.2.)

The second term in Eq. (2.1) describes the interaction between να and lα mediated by

the new Z ′αβ boson [1, 48, 51], i.e., for the Lα − Lβ symmetry,

LZ′ = g′αβZ
′
σ(l̄αγ

σlα − l̄βγσlβ + ν̄αγ
σPLνα − ν̄βγσPLνβ) , (2.3)

where g′αβ is a dimensionless coupling constant. Due to the dearth of naturally occurring

muons and tauons with which neutrinos can interact, we neglect this contribution under

Lµ−Lτ and consider it only under Le−Lµ and Le−Lτ , for which the interaction is sourced

by comparatively abundant electrons.

The final term in Eq. (2.1) describes the mixing between Z and Z ′αβ [1, 61, 70], which

can arise directly or by radiative mixing [71, 72]. In the physical basis, this term is [70]

LZZ′ ⊃ (ξ − sin θWχ)Z ′µZ
µ, where χ is the kinetic mixing angle between the two bosons

and ξ is the rotation angle between gauge eigenstates and physical states. This introduces

a four-fermion interaction between neutrinos and charged leptons, protons, and neutrons

via Z–Z ′αβ mixing, i.e.,

Lmix = −g′αβ(ξ − sin θWχ)
e

sin θW cos θW
J ′ρJ

ρ
3 , (2.4)

where J ′ρ = ν̄αγρPLνα − ν̄βγρPLνβ and Jρ3 = −1
2 ēγ

ρPLe+ 1
2 ūγ

ρPLu− 1
2 d̄γ

ρPLd. However,

the contribution of electrons is nullified by that of protons, leaving only neutrons to source

the new interaction via mixing. The term (ξ − sin θWχ) effectively describes the strength

of the Z–Z ′αβ mixing. Its value is unknown; in our analysis, we fix it to 5 × 10−24, which

saturates its maximum allowed value for an interaction with a range of the order of the

Earth-Sun distance [1, 10, 73]. In order to showcase the effect of mixing, we include Lmix

only under Lµ − Lτ .

In summary, under Le−Lµ and Le−Lτ , the new interactions are described by LZ′ , and

are sourced by electrons only, whereas under Lµ − Lτ , the new interactions are described

by Lmix, and are sourced by neutrons only. In all cases, in addition, standard neutrino-

electron interactions, described by LSM, are active only inside the Earth.

2.2 Long-range matter potential

The above interactions induce flavor-dependent Yukawa potentials, sourced by electrons

and neutrons, that affect the mixing of neutrinos [8, 9, 48, 50–52]. Under Le−Lβ (β = µ, τ),

a neutrino located at a distance d from a collection of Ne electrons experiences a potential

Veβ = g′2eβ
Ne

4πd
e−d/m

′
eβ , (2.5)

where m′eβ is the mass of the mediating Z ′eβ boson. Under Lµ − Lτ , a neutrino located at

a distance d from a collection of Nn neutrons experiences a potential

Vµτ = g′µτ (ξ − sin θWχ)
e

sin θW cos θW

Nn

4πd
e−d/m

′
µτ , (2.6)
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where m′µτ is the mass of the mediating Z ′µτ boson. At distances longer than the interaction

range of 1/m′αβ, the potential is suppressed due to the mediator mass. Like Ref. [8], we

explore light mediators with m′αβ = 10−35–10−10 eV, corresponding to interaction ranges

from 103 Gpc — larger than the observable Universe — to hundreds of meters; see Fig. 1.

We adopt the methods introduced in Ref. [8] to compute the total potential sourced by

nearby and faraway electrons and neutrons in the Earth (⊕), Moon ($), Sun (�), Milky

Way (MW), and by the cosmological distribution of matter (cos) in the local Universe, i.e.,

Vαβ = V ⊕αβ + V$
αβ + V�αβ + V MW

αβ + V cos
αβ . (2.7)

The specific value of m′αβ determines the relative size of the contributions of the above

sources to the total potential. We do not compute the changing potential along the under-

ground trajectories of the neutrinos from source to detector inside the Earth; see Ref. [2] for

such treatment. Instead, like Ref. [8], we compute the average potential experienced by the

neutrinos at their point of detection. This approximation is especially valid for mediators

lighter than about 10−14 eV, for which the interaction range is longer than the radius of

the Earth (see Fig. 1), and so all of the electrons and neutrons on Earth contribute to the

potential experienced by a neutrino regardless of its position along its trajectory. Below

10−14 eV is also where we place novel projected limits.

We assume that the matter that sources the potential is electrically neutral, so that the

number of electrons and protons is the same, and isoscalar, so that the number of electrons

and neutrons is the same, except for the Sun [1] and for the cosmological distribution

of matter [74–76]. We treat the Moon (Ne,$ = Nn,$ ∼ 5 · 1049) and the Sun (Ne,� ∼
1057, Nn,� = Ne,�/4) as point sources of electrons and neutrons, and the Earth (Ne,⊕ ≈
Nn,⊕ ∼ 4× 1051), the Milky Way (Ne,MW ≈ Nn,MW ∼ 1067), and the cosmological matter

(Ne,cos ∼ 1079, Nn,cos ∼ 1078) as continuous distributions. We defer to Ref. [8] for a

detailed calculation of Eq. (2.7), but adopt two differences introduced by Ref. [77]. First,

unlike Ref. [8], which studied extragalactic neutrinos and so averaged the contribution of

cosmological matter over redshift, here we consider V cos
αβ to be only the contribution from

the local Universe, i.e., we evaluate Eq. (A8) in Ref. [8] at redshift z = 0. Second, unlike

Ref. [8], which only computed the potential sourced by electrons under Le−Lµ and Le−Lτ ,

here we compute also the potential sourced by neutrons under Lµ − Lτ .

2.3 Neutrino oscillation probabilities under long-range interactions

We consider mixing between the three active neutrinos, νe, νµ, and ντ . Under the Lα−Lβ
symmetry, the Hamiltonian that drives neutrino propagation, in the flavor basis, is

H = Hvac + Vmat + Vαβ . (2.8)

The first two terms on the right-hand side induce standard oscillations, including SM

matter effects; the third one, oscillations due to the new interactions.

In vacuum, oscillations are driven by

Hvac =
1

2E
U diag(0,∆m2

21,∆m
2
31) U† , (2.9)
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where E is the neutrino energy, ∆m2
ij ≡ m2

i −m2
j are the mass-squared splittings between

neutrino mass eigenstates, and U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mix-

ing matrix, parametrized [78] in terms of the mixing angles θ12, θ23, and θ13, and the

CP-violating phase, δCP. In the main text, we show results assuming normal neutrino

mass ordering (NMO), where m1 < m2 < m3; Table 1 shows the values of the mixing

parameters that we use, taken from Ref. [79]. Appendix C contains results obtained under

the inverted mass ordering (IMO), where m3 < m2 < m1.

In Eq. (2.8), the contribution of SM coherent forward scattering on electrons, mediated

by the W boson, is

Vmat = diag(VCC, 0, 0) , (2.10)

where VCC =
√

2GFne ' 7.6Ye[ρ/(1014 g cm−3)] eV is the charged-current neutrino-

electron interaction potential, GF is the Fermi constant, ne is the electron number density,

Ye ≡ ne/(np+nn) is the electron fraction, i.e., its abundance relative to that of protons and

neutrons, np and nn, and ρ is the matter density. In our work, this contribution is relevant

only inside Earth, where matter densities are high. We take ρ to be the average density of

underground matter along the trajectory from source to detector, calculated using the Pre-

liminary Reference Earth Model [80]: 2.848 g cm−3 for DUNE and 2.8 g cm−3 for T2HK.

The potential above is for neutrinos; for antineutrinos, it flips sign, i.e., Vmat → −Vmat.

Finally, in Eq. (2.8) the contribution from the new matter interaction is

Vαβ =


diag(Veµ,−Veµ, 0), for α, β = e, µ

diag(Veτ , 0,−Veτ ), for α, β = e, τ

diag(0, Vµτ ,−Vµτ ), for α, β = µ, τ

, (2.11)

where the potential, Vαβ, Eq. (2.7), depends on the mediator mass, m′αβ, and coupling, g′αβ.

The potential above is for neutrinos; for antineutrinos, it flips sign, i.e., Vαβ → −Vαβ.

The να → νβ transition probability associated to the Hamiltonian, Eq. (2.8), is

Pνα→νβ =

∣∣∣∣∣
3∑
i=1

U ′αi exp

(
∆m̃2

i1L

2E

)
U ′∗βi

∣∣∣∣∣
2

, (2.12)

where L is the distance traveled by the neutrino from production to detection, ∆m̃2
ij ≡ m̃2

i−
m̃2
j , with m̃2

i /2E the eigenvalues of the Hamiltonian, modified from those of Hvac by matter

effects, and U′ is the unitary matrix that diagonalizes the Hamiltonian. We parametrize U′

with the same shape as the PMNS matrix, but evaluated at mixing parameters θm12, θm23, θm13,

and δmCP modified by matter effects. In our work, we compute the oscillation probability,

Eq. (2.12), exactly and numerically to arbitrary precision; see Refs. [57, 59, 81–87] for

approximate analytical solutions.

For the new matter interactions to affect the oscillation probability, the new matter

potential must be at least comparable to the standard contributions in Eq. (2.8), i.e., in

vacuum, Vαβ & (∆m2
31/2E) [inside the Earth, this is instead Vαβ & max

(
∆m2

31/2E, VCC

)
].

In DUNE and T2HK, where the first oscillation maxima occur at 2.6 GeV and 0.6 GeV,

respectively, this implies that they become important for Vαβ & 10−13 eV. This sets the

scale of the potential to which our analysis is sensitive. Later, in Section 3.2, we show how

the new interactions affect the probabilities in DUNE and T2HK.
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2.4 Existing limits

Figure 1 (also Fig. 6) shows existing limits on flavor-dependent long-range neutrino inter-

actions. Below, we summarize them. We focus on light mediators; the complementary case

for heavy mediators was first studied in Refs. [48, 50–52, 88].

Pioneering studies in Refs. [3] and [4] identified the potential of neutrino oscillations to

test new long-range interactions, possibly more stringently than gravitational probes. They

focused on interactions with a range equal to the Earth-Sun distance [though ignoring the

Yukawa suppression in Eq. (2.5)] and sourced by solar electrons. Reference [3] used Super-

Kamiokande atmospheric neutrino data to find g′eµ < 8.32× 10−26 and g′eτ < 8.97× 10−26,

at 90% confidence level (C.L.) Reference [4] used solar and reactor neutrino data from

KamLAND to find g′eµ < 2.06× 10−26 and g′eτ < 1.77× 10−26, at 3σ, assuming θ13 = 0◦.

Reference [1] studied the effect of the Lµ − Lτ symmetry via kinetic mixing (see

Section 2.1) on νµ in the long-baseline experiment MINOS. By comparing the potential

Vµτ sourced by a neutron in the Sun to the fifth-force gravitational potential sourced

by it, and applying upper limits on the strength of the latter from torsion-balance experi-

ments [10, 73], Ref. [1] set an upper limit on the mixing strength of (ξ−sin θWχ) < 5×10−24

at 95% C.L. for a long-range interaction with range equal to the Earth-Sun distance. (This

is the limit that we saturate when computing the Vµτ potential, Eq. (2.6); see Section 2.1.)

This translates into an upper limit of g′µτ ≤ 2.51× 10−26. For an interaction with a range

of the size of the Earth, the upper limit degrades to g′µτ ≤ 10−24.

Reference [9] showed that upper limits on the coefficients that parametrize the strength

of non-standard neutrino interactions (NSI) can be translated into upper limits on the

coupling strength of flavor-dependent long-range interactions. Figure 1 shows the resulting

limits, based on the NSI limits from Refs. [5–7].

Recently, Ref. [2] performed a global oscillation analysis of new U(1) symmetries,

including Le − Lµ and Le − Lτ , by using the same experimental data sets used in Nu-

FIT 5.0 [89, 90]. Unlike our analysis, Ref. [2] computed the changing long-range matter

potential due to underground matter in the Earth along the trajectory of the neutrinos.

Their procedure is more detailed than ours for mediators lighter than 10−14 eV. However,

they explore masses only as low as 10−18 eV, i.e., an interaction range of 1 A.U.

Reference [8] first showed that the flavor composition of TeV–PeV astrophysical neutri-

nos, i.e., the relative number of νe, νµ, and ντ , can be used to probe long-range interactions

under Le − Lµ and Le − Lτ sourced by the same collections of nearby and distant elec-

trons that we consider here. Reference [77] refined the statistical methods and included also

Lµ−Lτ . The main effect is that, if the potential sourced by electrons or neutrons were to be

dominant, oscillations would turn off, and the flavor composition emitted by the astrophys-

ical sources and received at Earth would be the same; see also Ref. [91]. Figure 1 shows

the projected upper limits obtained in Ref. [8] based on estimates of flavor-composition

measurements in the envisioned IceCube-Gen2 neutrino telescope [92].

Finally, following Ref. [9], Fig. 1 includes three indirect limits. First, Ref. [11] excluded

three mediator mass windows (“Black-hole superradiance”) by considering the superradi-

ant growth rate of a gravitationally bound accumulation of light vector bosons around
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Standard mixing parameters (NMO)

sin2 θ12 sin2 θ23 sin2 θ13
∆m2

31

10−3 eV2

∆m2
21

10−5 eV2 δCP (◦)

Benchmark 0.303 0.455 0.0223 2.522 7.36 223

Status in fits Fixed Minimized Fixed Minimized Fixed Minimized

Range – [0.4, 0.6] – [2.438, 2.602] – [139, 355]

Table 1: Values of the standard mixing parameters used in our analysis. We assume

normal neutrino mass ordering (NMO) in the main text. The benchmark values are the best-fit

values from Ref. [79]. For each parameter over which we minimize our test statistic (see Section 4.1),

the minimum is searched for within the range shown, which is the 3σ allowed range from Ref. [79].

We assume no correlation between the parameters. Table C1 shows the parameter ranges that we

use in Appendix C to obtain results under the inverted mass ordering (IMO) instead.

selected stellar-mass and supermassive black holes. Second, Ref. [12] placed a tentative

lower limit on the coupling (“Weak gravity conjecture”) by studying low-energy effective

theories that contain gravity and U(1) gauge fields where at least one particle charged

under U(1) is essential for gravity to be the weakest force. Third, Ref. [10] placed limits

on composition-dependent gravitational interactions between two bodies made of different

materials. (Limits from fifth-force searches [93, 94] are relevant [9] at mediator masses

larger than those considered in Fig. 1.)

In Fig. 1, we show existing limits as they were published in their original references.

Hence, they do not extend to mediators lighter than 10−14–10−20 eV, depending on the

limit (except for the proof-of-principle sensitivity based on projected IceCube-Gen2 mea-

surements of the flavor composition [8]). These limits could be recomputed and extended

to span lighter mediators, using the same long-range matter potential that we have used,

Eq. (2.7), though doing so lies beyond the scope of this work.

3 Long-range interactions in DUNE and T2HK

3.1 Overview of the experiments

Long-baseline neutrino experiments are powerful probes of neutrino oscillations [95–98].

Owing to baselines of hundreds of kilometers and well-characterized GeV-scale neutrino

beams, they can probe matter effects in oscillations, CP violation, neutrino mass order-

ing, and a large number of possible new neutrino physics [95–100]. Today, long-baseline

experiments T2K [101] and NOνA [102] contribute high-precision data to global oscilla-

tion fits [79, 89]. In the coming decade, next-generation experiments DUNE [19, 103–107],

T2HK [20, 21], and the European Spallation Source neutrino Super Beam (ESSνSB) [108,

109], currently under construction, will take this further [95–100].

In our forecasts, we focus on DUNE and T2HK. Below, we overview their features.

For each one, we compute appearance and disappearance oscillation probabilities and event

rates in neutrino (ν) and antineutrino (ν̄) beam modes:

Appearance, ν mode: This is sensitive mainly to νµ → νe transitions. The beam works

in neutrino mode, and the detector targets νe-initiated events.
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Appearance, ν̄ mode: This is sensitive mainly to ν̄µ → ν̄e transitions. The beam works

in antineutrino mode, and the detector targets ν̄e-initiated events.

Disappearance, ν mode: This is sensitive mainly to νµ → νµ survival. The beam works

in neutrino mode, and the detector targets νµ-initiated events.

Disappearance, ν̄ mode: This is sensitive mainly to ν̄µ → ν̄µ survival. The beam works

in antineutrino mode, and the detector targets ν̄µ-initiated events.

DUNE will also detect ντ with energies larger than 3.4 GeV via their charged-current

interactions, which allows for interesting physics opportunities [110–114]. However, in our

analysis, we focus on νe appearance only and treat ντ appearance as background; see below.

Table 1 shows the values and allowed ranges of the mixing parameters that we use in

our analysis, taken from the global oscillation fit of Ref. [79]. In the main text, we show

results assuming that the true neutrino mass ordering is normal, since there is currently

weak preference for it [79, 89, 90, 115]. However, as part of our statistical analysis in

Section 4, we report sensitivity after minimizing over the mass ordering. Appendix C

contains results assuming instead that the true mass ordering is inverted.

3.1.1 DUNE

DUNE will consist of a near detector, about 600 m downstream of the neutrino production

point on the Fermilab site, and a far detector, 1285 km away and about 1.5 km underground,

in the Sanford Underground Research Facility in South Dakota [116]. The near detector

will monitor and characterize the neutrino beam (though it has physics capabilities itself,

too [117, 118]). We focus on the far detector since it offers prime sensitivity to neutrino

oscillations. It is a state-of-the-art liquid-argon time projection chamber with a net volume

of 40 kton; to generate our results, we consider single-phase detection only [106]. Neutrino

detection is via charged-current neutrino-argon interaction. Detector deployment will be

phased [107], but in our simulations we consider only the final, total detector volume.

DUNE will use the Long Baseline Neutrino Facility (LBNF) neutrino beam produced

at Fermilab. There, the Main Injector of the LBNF fires a 1.2-MW beam of protons of

120 GeV onto a graphite target, producing charged mesons that decay in flight to neutrinos.

The resulting neutrino flux is wide-band, ranges from a few hundreds of MeV to a few tens

of GeV, and is expected to peak at 2.5 GeV, with most neutrinos in the 1–5 GeV range. By

changing the polarity of the focusing horns [119, 120], the experiment can run in neutrino

or antineutrino mode. Following the DUNE Technical Design Report [106], we adopt a

run time of 5 years in neutrino mode and 5 years in antineutrino mode. This amounts to

1.1×1021 protons-on-target per year and a net exposure of 480 kton MW year. To produce

our results, we use the DUNE simulation configuration from Ref. [19].

3.1.2 T2HK

T2HK will consist of near detectors, about 280 m downstream from the neutrino production

point at the Japan Proton Accelerator Research Complex (JPARC), and a far detector,

295 km away and about 1.7 km underground, in the Tochibora mines of Japan, 8 km from
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Figure 3: Neutrino oscillation probabilities for T2HK (left column) and DUNE (right

column) under flavor-dependent long-range neutrino interactions. The interactions are

induced by the lepton-number symmetry Le − Lµ, Le − Lτ , or Lµ − Lτ . For this figure, we fix the

long-range potential to Vαβ = 1.3× 10−13 eV as illustration, and the standard mixing parameters

to their benchmark values from Table 1. See Section 3.2 for details.

Super-Kamiokande [47]. Like in DUNE, the near detectors will monitor and characterize

the neutrino beam, and we focus on the far detector. It will be a tank filled with purified

water, with a net volume of 187 kton, whose internal wall is lined with photomultipliers

(PMTs). Neutrino detection is via quasielastic charged-current scattering (QECC), i.e.,
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νl + n → p + l− and ν̄l + p → n + l+ (l = e, µ, τ), and via charged-current deep inelastic

scattering (DIS), i.e., νl+N → l−+X and ν̄l+N → l+ +X (l = e, µ), where X represents

final-state hadrons (ντ DIS is suppressed due to the large tauon mass). Electrons emit

gamma rays by bremsstrahlung and e+e− annihilation, which register as a fuzzy ring on

the PMTs. Muons emit Cherenkov light, which registers as a sharply defined ring.

Like its predecessor, T2K (Tokai-to-Kamioka) [101], T2HK will use the 2.5◦-off-axis

JPARC neutrino beam [121]. To produce it, JPARC fires a 1.3-MW beam of protons of

30 GeV onto a graphite target. The resulting neutrino flux is narrow-band, ranges from a

few MeV to a few GeV, and is expected to peak at 600 MeV, with most neutrinos in the

100–3000 MeV range. As in DUNE, by changing the polarity of the focusing horns, T2HK

can run in neutrino or antineutrino mode [122]. Following Ref. [20], we adopt a run time

of 2.5 years in neutrino mode and 7.5 years in antineutrino mode, in accordance with the

default 1:3 ratio planned for them. This amounts to 2.7× 1022 protons-on-target per year

and a net exposure of 2431 kton MW year. To produce our results, we match the binned

event spectra that we generate under standard oscillations with those of Ref. [20].

3.2 Oscillation probabilities

Appendix A, especially Fig. A1 therein, shows in detail the effects of long-range interactions

on the modified mixing parameters θm12, θm23, and θm13; here, we summarize them. Differences

in their behavior under the different symmetries stem from differences in the flavor structure

of the new matter potential, Vαβ in Eq. (2.8).

The solar angle in matter rapidly approximates its maximum value of θm12 = 90◦ already

at a few GeV, for all symmetries. (We use this later, in Section 4.1, to justify why we neglect

the effect on our forecasts of the uncertainty in its value in vacuum, θ12.) For DUNE and

T2HK, the mixing angles that drive the probabilities are the atmospheric angle, θm23, and the

reactor angle, θm13. Assuming θm12 = 90◦, Ref. [59] showed that the transition probabilities

for νµ → νe and ν̄µ → ν̄e are ∝ sin2 θm23 sin2 θm13 and the survival probabilities for νµ → νµ
and ν̄µ → ν̄µ are ∝ sin2 2θm23, with a more nuanced dependence on θm13. The deviation

of θm23 relative to θ23 grows with energy, though there are differences depending on which

symmetry is active: θm23 grows under Le−Lτ and Lµ−Lτ , and shrinks under Le−Lµ. The

reactor angle in matter, θm13, grows appreciably with energy under Le − Lµ and Lµ − Lτ ,

and falls to about 0◦ under Lµ − Lτ .

Figure 3 shows the oscillation probabilities, Eq. (2.12), computed under the three

symmetries in each of the four detection channels listed in Section 3.1, for DUNE and

T2HK. To illustrate the effects of long-range interactions, we pick a relatively high value

of the potential, Vαβ = 1.3 × 10−13 eV; later, when producing our results, we vary this

value. Via Eq. (2.7), multiple combinations of m′αβ and g′αβ can yield this value of the

potential, or any other. Because the baseline for DUNE is longer than for T2HK, the effects

of long-range interactions with underground matter on the probabilities in the former are

more prominent than in the latter [87]. The effects are more clearly visible in the transition

probabilities: the oscillation maxima shift to lower energies, due to a change in the effective

mass-splitting ∆m2
31,m, in agreement with Ref. [57], and the oscillation amplitudes grow,

especially after the first maximum. The effects are more prominent under Le−Lτ because

– 12 –



Detector

Mean number of events (standard oscillations, NMO)

Appearance Disappearance

ν mode ν̄ mode ν mode ν̄ mode

DUNE
Signal 1390 387 15574 8975

Bkg. 690 457 347 210

T2HK
Signal 1374 1166 10083 13905

Bkg. 802 991 1686 1769

Table 2: Mean number of signal and background events, summed over all background

channels, expected in DUNE and T2HK after their full run times. For this table, whose

aim is illustrative only, we assume standard oscillations and normal mass ordering (NMO). DUNE

runs for 5 years in ν mode and 5 years in ν̄ mode. T2HK runs for 2.5 years in ν mode and 7.5 years

in ν̄ mode. To compute the rates in this table, we fix the values of the standard mixing parameters

to their benchmark values from Ref. [79]; see Table 1. In the main text, to produce results, we also

compute event rates in the presence of the new long-range neutrino interactions (not shown in this

table). In those cases, the relative sizes of the event rates in the different detection channels are

roughly as in this table. See Section 3.3 for details.

θm23 and θm13 are enhanced, whereas under Le − Lµ and Lµ − Lτ only one of them is; see

Appendix A for details. Naturally, for weaker potentials, the above effects are lessened.

3.3 Event rates

We compute event rates in DUNE and T2HK using GLoBES [123, 124], extended with

the snu matrix-diagonalization library [125, 126], by modeling their technical design speci-

fications [19, 21] of efficiency, operation times, and backgrounds. Because we are interested

in assessing the mean sensitivity of the experiments (Section 4.1), we compute only mean

event rates and do not generate event spectra that include fluctuations from the mean rates.

We bin event rates in reconstructed energy, Erec, built from the detected secondaries born

in neutrino interactions. In both experiments, because the far detectors cannot distinguish

between neutrinos and antineutrinos, there is irreducible contamination from “wrong-sign”

events; we add it to the signal.

DUNE.— We consider events with Erec in the range 0–110 GeV, with 64 bins within

0–8 GeV, each 0.125 GeV wide, and 16 bins within 8–110 GeV, of varying widths. In the

appearance channel, the signal is due to the charged-current (CC) interactions of νe, in

neutrino mode, and of ν̄e, in antineutrino mode. The background consists of (i) the CC

interactions of “intrinsic” νe and ν̄e, i.e., those created as such that survive the flight to

the detector (from νe → νe and ν̄e → ν̄e); (ii) the CC interactions of νµ and ν̄µ whose

final-state muons are misidentified as electrons (from νµ → νµ and ν̄µ → ν̄µ); (iii) the

CC interactions of ντ and ν̄τ (from νµ → ντ and ν̄µ → ν̄τ ); and (iv) the neutral-current

(NC) interactions of neutrinos of all flavors. In the disappearance channel, the signal is

due to the CC interactions of νµ, in neutrino mode, and of ν̄µ, in antineutrino mode. The

background consists of (i) the CC interactions of ντ and ν̄τ (from νµ → ντ and ν̄µ → ν̄τ );

and (ii) the NC interactions of neutrinos of all flavors.
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Figure 4: Expected mean number of detected events in T2HK (left column) and DUNE

(right column) under flavor-dependent long-range neutrino interactions. The interac-

tions are induced by the symmetry Le−Lµ, Le−Lτ , or Lµ−Lτ . For T2HK, we use 2.5 years in ν

mode and 7.5 years in ν̄ mode. For DUNE, we use 5 years in ν mode and 5 years in ν̄ mode. For

this figure, we fix the long-range potential to Vαβ = 1.3×10−13 eV as illustration, and the standard

mixing parameters to their benchmark values from Table 1. See Section 3.3 for details.

T2HK.— We consider events with Erec in the range 0.1–3 GeV, with 29 bins, each

0.1 GeV wide. In the appearance channel, the signal is due to the CC interactions of νe,

in neutrino mode, and of ν̄e, in antineutrino mode. The background consists of (i) the CC
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interactions of intrinsic νe and ν̄e (from νe → νe and ν̄e → ν̄e); (ii) the CC interactions

of νµ and ν̄µ whose final-state muons produce fuzzy Cherenkov rings; and (iii) the NC

interactions of neutrinos of all flavors. In the disappearance channel, the signal is due

to the CC interactions of νµ, in neutrino mode, and of ν̄µ, in antineutrino mode. The

background consists of (i) the CC interactions of intrinsic νe and ν̄e (from νe → νe and

ν̄e → ν̄e); and (ii) the NC interactions of neutrinos of all flavors.

Figure 4 shows the mean event-rate spectra under long-range interactions for each

detection channel in DUNE and T2HK, including all the above backgrounds, and computed

using the same illustrative value of the long-range potential Vαβ as in Fig. 3. The event rates

in T2HK are higher than in DUNE due to its larger size. The shapes of the event spectra in

Fig. 4 reflect those of the oscillation probabilities in Fig. 3. Long-range interactions affect

each detection channel differently, but there are common features among them. Broadly

stated, in the appearance channels, they enhance the event rates relative to the standard-

oscillations rates (with the exception of Le−Lµ in neutrino mode for DUNE). For DUNE,

additionally, they slightly shift the event rates to lower energies, reflecting the shift in the

oscillation maxima. In the disappearance channels, the effect of long-range interactions

is more nuanced; the event rate is enhanced or reduced depending on the symmetry and

the energy. The above features in the event spectra hold for other values of the potential,

though, naturally, their prominence varies depending on the value.

Table 2 shows the mean expected number of signal and background events for each

detection channel, assuming standard oscillations. In all channels, the signal is dominant.

In T2HK, unlike DUNE, neutrino and antineutrino event rates are comparable, due to the

1:3 ratio between run times in neutrino and antineutrino modes that compensates for the

smaller antineutrino cross sections. In DUNE, neutrino event rates are higher than T2HK

due to its longer run time in neutrino mode. These general features of the event rates hold

also in the presence of long-range interactions.

Below, we show how the above features grant DUNE and T2HK the capability to probe

long-range interactions, and how they organically complement each other.

4 Projected constraints and discovery potential

4.1 Statistical methods

We forecast the capability of DUNE and T2HK to probe long-range interactions that stems

from the modification of the oscillation probabilities (Section 3.2), based on the detailed

computation of event rates outlined above (Section 3.3). Our forecasts are two-fold: we

forecast constraints on long-range interactions — on the long-range matter potential and

ultimately on the mediator mass and coupling — assuming that no evidence for them is

found, and we forecast prospects of discovering them and measuring their parameter values.

We study each symmetry, Le − Lµ, Le − Lτ , and Lµ − Lτ , separately. For a given

symmetry, we generate two sets of event spectra, including signal plus backgrounds, for

each of the four detection channels of T2HK and DUNE (Section 3.3): a “true” spectrum,

which we take to be the observed spectrum, and a set of “test” spectra, generated for
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test values of the parameters, that we compare against it. When forecasting constraints,

in Section 4.2, we compute the true spectrum fixing the true value of the potential to

be V true
αβ = 0, which corresponds to standard oscillations. When forecasting discovery

prospects, in Section 4.3, we compute the true spectrum fixing V true
αβ to a specific nonzero

choice. We expand on this below.

To compare true and test event spectra, we follow Refs. [127–129] and adopt a Pois-

sonian χ2 function. For each experiment e = {T2HK, DUNE}, and for each detection

channel c = {app ν, app ν̄, disapp ν, disapp ν̄}, this is

χ2
e,c(Vαβ,θ, o) = min

{ξs,{ξb,c,k}}

{
2

Ne∑
i=1

[
N test
e,c,i(Vαβ,θ, o, ξs, {ξb,c,k})

−N true
e,c,i

(
1 + ln

N test
e,c,i(Vαβ,θ, o, ξs, {ξb,c,k})

N true
e,c,i

)]
+ ξ2

s +
∑
k

ξ2
b,c,k

}
,(4.1)

where N true
e,c,i and N test

e,c,i are the true and test event rates in the i-th bin of Erec, Ne is the

number of bins of Erec (Section 3.3), θ ≡ {sin2 θ23, δCP, |∆m2
31|} are the test values of the

most relevant mixing parameters (more on this later), o = {NMO, IMO} is the test mass

ordering, and ξs and ξb,c,k are, respectively, pull terms for the systematic uncertainties

on the signal and the k-th background contribution to detection channel c, from the list

of contributions in Section 3.3. The pull terms have the same values in neutrino and

antineutrino mode, and are uncorrelated with one another. The true number of events is

N true
e,c,i = N s,true

e,c,i +N b,true
e,c,i , (4.2)

where N s,true
e,c,i and N b,true

e,c,i are, respectively, the number of signal (s) and background (b)

events, summed over all channels, computed using the true values of the mixing parameters,

mass ordering, and potential. The test number of events is

N test
e,c,i(Vαβ,θ, o, ξs, {ξb,c,k}) = N s

e,c,i(Vαβ,θ, o)(1+πse,cξs)+
∑
k

N b
e,c,k,i(θ, o)

(
1 + πbe,c,kξb,c,k

)
,

(4.3)

where πse,c and πbe,c,k are normalization errors on the signal and background rates, which lie

between 2% and 10%; see Table D1 in Appendix D for their values, taken from Refs. [19, 21].

The background rates do not vary significantly upon changing the mass ordering.

For T2HK or DUNE, separately or together, we compute the total χ2 by adding the

contributions of all the detection channels, i.e.,

χ2
DUNE(Vαβ,θ, o) =

∑
c

χ2
DUNE,c(Vαβ,θ, o) , (4.4)

χ2
T2HK(Vαβ,θ, o) =

∑
c

χ2
T2HK,c(Vαβ,θ, o) , (4.5)

χ2
DUNE+T2HK(Vαβ,θ, o) = χ2

DUNE(Vαβ,θ, o) + χ2
T2HK(Vαβ,θ, o) , (4.6)

and we take the contributions of different channels to be uncorrelated.
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We report sensitivity by comparing the minimum value of the χ2 function, χ2
e,min,

reached when it is evaluated at the true values of the parameters, V true
αβ , θtrue, and otrue,

against the value of χ2 evaluated at test values of the parameters. We treat θ and o as

nuance parameters and profile over them (more on this below). For instance, for DUNE,

∆χ2
DUNE(Vαβ) = min

{θ,o}

[
χ2

DUNE(Vαβ,θ, o)− χ2
DUNE,min

]
, (4.7)

and similarly for T2HK and DUNE+T2HK. In the main text, we fix θtrue to its present-

day best-fit value under NMO, from Ref. [79] (Table 1) and otrue also to NMO; we fix

them to inverted mass ordering in Appendix C. When reporting constraints on long-range

interactions, we set V true
αβ = 0 and extract from ∆χ2

DUNE, ∆χ2
T2HK, and ∆χ2

DUNE+T2HK the

upper limits on the inferred value of Vαβ, for 1 degree of freedom (d.o.f). When reporting

discovery potential, we fix V true
αβ to a nonzero illustrative value and report the inferred range

of values of Vαβ, again for 1 d.o.f. When reporting discovery, we also study the correlation

between Vαβ and δCP or sin2 θ23. In those cases, we use instead, respectively,

∆χ2
DUNE(Vαβ, δCP) = min

{sin2 θ23,|∆m2
31|,o}

[
χ2

DUNE(Vαβ,θ, o)− χ2
DUNE,min

]
, (4.8)

∆χ2
DUNE(Vαβ, sin

2 θ23) = min
{δCP,|∆m2

31|,o}
[
χ2

DUNE(Vαβ,θ, o)− χ2
DUNE,min

]
, (4.9)

and similarly for T2HK and DUNE + T2HK, and we show allowed regions for 2 d.o.f.

After placing bounds on Vαβ, we translate them into bounds on g′αβ for varying m′αβ by

means of the definition of the long-range matter potential, Eq. (2.7).

When profiling, we minimize the ∆χ2 functions above with respect to sin2 θ23, δCP,

and |∆m2
31| by varying them within their 3σ allowed ranges from Ref. [79]; see Table 1. We

do not include correlations between them, since these are expected to weaken in coming

years (see, e.g., Ref. [130]), nor do we include pull terms on the mixing parameters in the

test-statistic, in order to be conservative. We keep θ13 and θ12 fixed at their present-day

best-fit values [79]. For θ13, the precision that Daya Bay has achieved, of 2.8% [131], is

not expected to be improved upon by upcoming experiments. For θ12, whose present-

day uncertainty is of 4.5%, we expect only weak sensitivity in the oscillation probabilities

(see Section 3.2), so fixing its value is a justified approximation. For the neutrino mass

ordering, we adopt a simplified approach where switching from NMO to IMO amounts only

to flipping the sign of ∆m2
31 to make it negative. This approach is motivated by the fact

that the present-day 3σ allowed ranges of the mixing parameters are similar in the NMO

and IMO [79, 89, 90], except for δCP and ∆m2
31. (Further, in the next decade, DUNE is

expected to determine the mass ordering, though, admittedly, non-standard oscillations

like those induced by long-range interactions may confound this [57].)

Below, we compute the test-statistics by varying the long-range matter potential in the

range 10−15 ≤ Vαβ/eV ≤ 3× 10−13, where its effects are potentially visible in DUNE and

T2HK. This range is wide enough to comfortably place constraints or make measurements

with significant statistical confidence.
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Figure 5: Projected test-statistic used to constrain the long-range matter potentials Veµ,

Veτ , and Vµτ , using DUNE, T2HK, and their combination. The ∆χ2 function is Eq. (4.7)

and similar ones, assuming V true
αβ = 0 for the true value of the potentials. We profile over the values of

the most relevant standard mixing parameters and over the neutrino mass ordering; see Table 1. See

Table 3 for the resulting upper limits on the potentials and Fig. 6 for the corresponding constraints

on the mass and coupling of the new mediator. Combining DUNE and T2HK not only provides

sensitivity to lower values of the potential, but also removes degeneracies in the test-statistics that

would otherwise weaken the sensitivity. See Sections 4.1 and 4.2 for details.

4.2 Projected constraints on long-range interactions

Figure 5 shows how the test-statistics for constraints, e.g., Eq. (4.7), vary with the potential,

for the three symmetries and for DUNE, T2HK, and their combination. As expected, they

are smallest closer to the true value of the potential, V true
αβ = 0, and grow as they move

away from it. At high values of Vαβ, the test-statistics for DUNE and T2HK dip, reflecting

a loss of sensitivity due to Vαβ being degenerate with θ23 and δCP. Appendix B expands on

this. Combining DUNE and T2HK removes the dips: T2HK lifts the degeneracies due to

θ23 and δCP, while DUNE fixes the mass ordering, i.e., the sign of ∆m2
31. Thus, our results

reveal novel insight: the interplay of DUNE and T2HK facilitates degeneracy-free

constraints on flavor-dependent long-range neutrino interactions.

Table 3 shows the resulting upper limits on the potential. They are strongest for Vµτ ,

followed by Veτ and then Veµ. For DUNE, the limits are driven predominantly by the

runs in neutrino mode, which contribute most of the total event rate; see Table 2 and

Fig. 4. For T2HK, the runs in neutrino and antineutrino modes contribute comparably.

For Lµ − Lτ , the limits on Vµτ are strongest because long-range interactions affect mainly

the disappearance probabilities, νµ → νµ and ν̄µ → ν̄µ (see Fig. 3), whose associated

disappearance detection channels have high event rates (see Fig. 4), making deviations from

standard oscillations easier to spot. For Le − Lτ , long-range interactions enhance instead

the appearance probabilities, νµ → νe and ν̄µ → ν̄e, but the appearance detection channels

have lower rates, so the limits on Veτ are weaker. For Le−Lµ, long-range interactions affect

both the appearance probabilities — though less so than under the other two symmetries
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— and the disappearance probabilities — though less so than under the Lµ−Lτ symmetry;

as a result, the limits on Veµ are the weakest. Figure 6 (also Fig. 1) shows the corresponding

upper limits on g′αβ for varying m′αβ, translated from the upper limits on Vαβ in Table 3

via the definition of the potential, Eq. (2.7). Each curve in Fig. 6 is an isocontour of

potential that saturates each of the upper limits in Table 3. The curves show step-like

transitions at various values of m′αβ: as explained in Ref. [8] (see also Section 2.2), each

transition reflects the interaction range becoming long enough for a new source of electrons

or neutrons to contribute to the total potential, Eq. (2.7). For m′αβ ∼ 10−18–10−10 eV, the

Earth and the Moon dominate the upper limits; for m′αβ . 10−18 eV, the Sun dominates;

for m′αβ . 10−27 eV, the Milky Way dominates; and, for m′αβ . 10−33 eV, cosmological

electrons and neutrinos dominate.

Down to m′αβ ∼ 10−18 eV, where direct limits on flavor-dependent long-range neutrino

interactions exist, our projected limits improve on existing ones that use atmospheric neu-

trinos [3], are comparable to limits that use solar, reactor [4], and accelerator neutrinos [1],

and to limits culled from non-standard interactions [5–7], but are weaker than limits from

a global fit to oscillation data [2].

Below m′αβ ∼ 10−18 eV, our projected limits tread into a largely unexplored range. To

our knowledge, the only constraints that exist there, other than the indirect, tentative one

from the weak gravity conjecture [12], are from measurements of the flavor composition of

high-energy astrophysical neutrinos in the IceCube neutrino telescope, from Ref. [8], which,

however, were only produced at the 1σ level as a proof of principle of the sensitivity. A

recent recalculation [77] found comparable results at higher statistical significance, using

more solid statistical methods. Ideally, the sensitivity that could be reaped from high-

energy astrophysical neutrinos is unmatched due to them having energies in the TeV–PeV

range — which enhances the possible contribution of long-range interactions relative to

standard oscillations — and to the fact that neutrinos of all flavors are detected. However,

it is presently downplayed by large astrophysical uncertainties, limited event rates, and

the difficulty in measuring the flavor composition in neutrino telescopes. These issues

will likely be surmounted in the future [132–134]. For now, Fig. 6 shows the projected

proof-of-principle sensitivity of the envisioned IceCube-Gen2 upgrade [92], from Ref. [8].

Our limits from DUNE and T2HK improve on it significantly due to high event rates and

well-characterized neutrino beams.

Detector
Upper limits (2σ) on potential [10−14 eV]

Veµ Veτ Vµτ

DUNE 1.9 1.3 0.82

T2HK 4.4 4.2 2.2

DUNE + T2HK 1.4 1.0 0.73

Table 3: Projected upper limits (2σ) on the long-range matter potentials Veµ, Veτ ,

and Vµτ , using DUNE, T2HK, and their combination. See Fig. 5 for the test-statistics

from whence they originate and Fig. 6 for constraints on the mass and coupling of the associated

mediator. See Sections 4.1 and 4.2 for details.
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Figure 6: Projected upper limits on the coupling, g′αβ, of the new boson, Z ′αβ, with mass

m′αβ, that mediates flavor-dependent long-range neutrino interactions, using DUNE,

T2HK, and their combination. Same as Fig. 1, but now showing also limits using DUNE and

T2HK separately. Left: For neutrino-electron interactions under the Le − Lµ symmetry. Center:

For neutrino-electron interactions under Le − Lτ . Right: For neutrino-neutron interactions under

Lµ − Lτ ; existing limits from accelerator neutrinos in MINOS (95% C.L.) are from Ref. [1]. The

span in the values of the coupling for Lµ − Lτ is different because Vµτ scales ∝ g′µτ , whereas Veµ
and Veτ scales ∝ g′2eµ and ∝ g′2eτ ; see Section 2. See Section 4.2 for details.

4.3 Discovering subdominant long-range interactions

Figure 7 shows the inferred allowed ranges of the coupling, for varying mediator mass,

for three illustrative choices of the true value of the long-range potential, one for each

symmetry: V true
eµ = 2.12× 10−14 eV, V true

eτ = 1.6× 10−14 eV, and V true
µτ = 1.12× 10−14 eV.

They represent long-range interactions that are subdominant to standard oscillations; see

Section 2.3. To generate Fig. 7, first we compute the allowed ranges of Vαβ using the

discovery test-statistics, e.g., Eq. (4.7) with V true
αβ fixed to the above illustrative choices,

and then we use Eq. (2.7) to translate those into allowed ranges of g′αβ for different values

of m′αβ. We present results for a modest discovery significance of 3σ.

Figure 7 shows that DUNE and T2HK, by themselves, can only place upper limits

on g′αβ. Thus, our discovery forecasts also reveal novel insight: DUNE and T2HK, by

themselves, may be unable to discover subdominant long-range interactions,

but their combined action may. For the illustrative choices of the potentials, the

allowed 3σ ranges combining DUNE and T2HK are Veµ ∈ [3.62× 10−15, 4.04× 10−14] eV,

Veτ ∈ [1.41× 10−15, 3.13× 10−14] eV, and Vµτ ∈ [5.87× 10−16, 2.24× 10−14] eV, implying

a relative measurement uncertainty of 90%–100%. For larger values of the true potential,

discovery claims should be stronger and the uncertainty in its measurement should shrink.

Figures 8 and 9 reveal that the reason behind the difficulty of T2HK and DUNE to
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Figure 7: Projected discovery potential of flavor-dependent long-range neutrino inter-

actions. We show allowed ranges (3σ) of the coupling, g′αβ , of the new boson, Z ′αβ , with mass m′αβ ,

that mediates the interactions, using DUNE, T2HK, and their combination. The ∆χ2 function is

Eq. (4.7) and similar ones, fixing the true value of the long-range potential, V true
αβ , at test values

chosen to make the long-range interactions subdominant. Like in Fig. 6, we either fix or profile over

the standard mixing parameters and the neutrino mass ordering; see Table 1. See related Figs. 8

and 9. DUNE or T2HK may not be able to discover long-range interactions separately, but their

combination may. See Sections 4.1 and 4.3 for details.

10−15 10−14

180

200

220

240

260

280

δ C
P

[◦
]

Le− Lµ–Le− Lµ

DUNE + T2HK
DUNE
T2HK

10−15 10−14

Le− LauLe− Lτ
2σ

3σ

10−15 10−14 10−13

Lµ− LauLµ− Lτ

0.0 0.2 0.4 0.6 0.8 1.0
Long-range potential, Vαβ [eV]

0.0

0.2

0.4

0.6

0.8

1.0

Figure 8: Allowed regions of the long-range potential, Vαβ, and the CP-violating phase,

δCP. The true values of the potentials are the same as in Fig. 7. The test-statistic is profiled over

sin2 θ23, |∆m2
31|, and the mass ordering; see, e.g., Eq. (4.8). See Sections 4.1 and 4.3 for details.

discover subdominant long-range interactions by themselves are the uncertainties in δCP,

θ23, and the neutrino mass ordering. Appendix B shows this in detail; here we summarize.

On the one hand, in T2HK, the shorter baseline provides less contamination from fake

CP violation induced by SM matter effects and, therefore, higher precision in measuring
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Figure 9: Allowed regions of the long-range potential, Vαβ, and the atmospheric mixing

angle, sin2 θ23. Same as Fig. 8, but profiling the test-statistic instead over δCP, |∆m2
31|, and the

mass ordering; see, e.g., Eq. (4.9). See Sections 4.1 and 4.3 for details.

δCP [135–139], while the high event rates in the disappearance channels provide high preci-

sion on θ23. However, at the same time, the shorter baseline reduces the sensitivity to the

mass ordering and provides a shorter neutrino travel time during which long-range inter-

actions may act. On the other hand, in DUNE, the longer baseline helps to pin down the

mass ordering, but introduces more contamination from fake CP violation, which degrades

the sensitivity to δCP compared to T2HK. Also, in the presence of long-range interactions,

DUNE can measure θ23 significantly less precisely than T2HK.

Thus, combining DUNE and T2HK improves the sensitivity with which δCP, θ23, and

the mass ordering can be measured, weakens the degeneracies between them and the long-

range potential, and allows for its measurement at a high statistical significance.

5 Summary and outlook

Neutrinos are powerful probes of new physics. Extant uncertainties in their properties leave

room for the conceivable possibility that they experience interactions with matter beyond

weak ones. Discovering them would not only further our view of neutrino physics, but also

represent striking evidence of physics beyond the Standard Model. In the 2030s, the next-

generation long-baseline neutrino experiments DUNE and T2HK may provide us with an

opportunity to look for new neutrino interactions more incisively than ever before, thanks

to high event rates and well-characterized neutrino beams. We have forecast their reach.

Because we use detailed simulations of the detectors, including efficiencies, run times, and

backgrounds, our predictions are realistic.

Our forecasts are geared at new flavor-dependent neutrino interactions that are in-

troduced by gauging three different accidental global lepton-number symmetries of the

Standard Model, generated by Le − Lµ, Le − Lτ , and Lµ − Lτ , that have received prior

attention in other experimental settings [1–4, 8, 9, 57, 59]. We focus on them because they
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can be gauged anomaly-free, so the only new particle introduced is a neutral vector boson

that mediates the interaction. Its mass and coupling strength are a priori undetermined.

Gauging Le − Lµ and Le − Lτ introduces new neutrino-electron interactions. Gauging

Lµ − Lτ introduces new neutrino-neutron interactions.

Under these interactions, electrons and neutrons source a flavor-dependent potential

that may affect neutrino oscillations. We concentrate on ultra-light mediators, with masses

below 10−10 eV. They induce interactions whose range is ultra-long — ranging from hun-

dreds of meters to Gpc, depending on the mass — so that neutrinos may experience the

potential sourced by a large number of nearby and distant electrons and neutrons in the

Earth, the Moon, the Sun, the Milky Way, and the cosmological matter distribution [8].

Yet, because the coupling strength may be tiny, their effects on the oscillation probabilities

may be subtle and, therefore, testable with future experiments, like DUNE and T2HK.

Our forecasts reveal two novel, promising perspectives. First, while DUNE and T2HK,

individually, should be able to improve on present-day upper limits on the coupling strength

of the new interaction, their individual sensitivities are hampered by degeneracies due to

uncertainties in the mixing angle θ23, the CP-violating phase, δCP, and the neutrino mass

ordering. Yet, DUNE and T2HK have complementary capabilities: while T2HK is espe-

cially well-suited to measure θ23 and δCP, DUNE is especially well-suited to measure the

neutrino mass ordering. Thus, combining DUNE and T2HK removes parameter

degeneracies, which tightens the upper limits on long-range neutrino interac-

tions. Second, and more importantly, neither DUNE nor T2HK, by itself, may

discover subdominant long-range interactions, owing to parameter degenera-

cies, but their combination may . Thus, our forecasts stress the need for combining

measurements in DUNE and T2HK to probe long-range interactions.

More broadly, our results illustrate the known need for complementarity in the future

long-baseline neutrino program, not only to measure the standard mixing parameters,

but to search for new physics. For flavor-dependent long-range neutrino interactions, a

future global fit to oscillation data is poised to deliver substantially improved limits or

transformative discovery.
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Figure A1: Variation of the effective neutrino mixing angles with neutrino energy, for

the three lepton-number symmetries, Lα − Lβ. For this plot, we adopt the baseline, average

matter potential, and approximate energy range of DUNE; see Section 3.1.1. For all the symmetries,

we adopt an illustrative value of the new matter potential of Vαβ = 1.3×10−13 eV. For comparison,

we include results using only standard matter effects and in a vacuum. The values of the mixing

parameters in vacuum are from Table 1, except with sin2 θ23 = 0.5. See Appendix A for details.
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Figure A2: Variation of the effective neutrino mass splittings with neutrino energy,

for the three lepton-number symmetries, Lα − Lβ. Same as Fig. A1, but for the mass

splittings. See Appendix A for details.

by the Villum Fonden under the project no. 29388. The numerical simulations are car-

ried out using the “SAMKHYA: High-Performance Computing Facility” at the Institute of

Physics, Bhubaneswar, India.

A Effects of long-range interactions on neutrino oscillation parameters

Figures A1 and A2 show the variation with neutrino energy of, respectively, the mixing

angles and mass splittings under the new matter interactions for the three symmetries, and
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Parameters in test event spectra

Test-statistic, ∆χ2

Le − Lµ Le − Lτ Lµ − Lτ
D T D+T D T D+T D T D+T

Fixed δCP, sin2 θ23, |∆m2
31|, o 23 8 25 37 10 41 50 18 58

Profiled over δCP only 22 7 25 20 3 31 44 16 54

Profiled over sin2 θ23 only 10 2 19 35 8 40 25 8 48

Profiled over |∆m2
31| and o only 23 5 25 37 7 41 50 15 58

Profiled over δCP, sin2 θ23, |∆m2
31|, o 6 2 19 18 3 31 11 7 44

Table B1: Effect of profiling over the different parameters on the test-statistic for

constraints. The test-statistic is computed using Eq. (4.7), assuming V true
αβ = 0. In this table, we

report the values of the test-statistic calculated at an illustrative choice of the potential, Vαβ = 3×
10−14 eV. We show effects separately for DUNE (D), T2HK (T), and their combination (D+T). Our

main results are obtained by profiling over δCP, sin2 θ23, |∆m2
31|, and the neutrino mass ordering, o,

i.e., the sign of ∆m2
31, in our prescription (see Section 4.1). Results for partial profiling are shown

only for the purpose of singling out the effect of different parameters. The values of the parameters

that are not profiled over are fixed to the benchmark values in Table 1.

geared at DUNE for illustration. Their behavior when geared at T2HK is similar.

Regarding the mixing angles, their behavior in Fig. A1 backs the explanation of the

behavior of the oscillation probabilities in Section 3.2, in agreement with Refs. [57, 59, 87].

Regarding the mass splittings, the energy at which the first oscillation maximum occurs

in the probabilities (Fig. 3) is determined mostly by ∆m2
31,m. Figure A2 shows that, under

Le−Lµ and Le−Lτ , ∆m2
31,m evolves similarly with energy; this explains why the oscillation

maxima for these two symmetries occur at approximately the same energy. The change

with energy of ∆m2
21,m affects the νµ → νµ and νµ → ντ probabilities, but only for baselines

of around 10000 km, as shown in Ref. [86].

B Effects of oscillation parameter uncertainties on constraints

Table B1 illustrates how the uncertainty on different oscillation parameters affect the con-

straint the test-statistic, ∆χ2, i.e., Eq. (4.7) and similar ones, via profiling over them. The

table reports the test-statistic computed assuming that the true value of the potential is

V true
αβ = 0, and evaluated at an illustrative test value of Vαβ = 3× 10−14 eV. The observa-

tions we make regarding Table B1 hold also for other test values of Vαβ. Our main results

are computed by profiling the test-statistic over δCP, sin2 θ23, |∆m2
31|, and o. Table B1

shows what the effect is of profiling only over one or two of them at a time.

Because DUNE can measure |∆m2
31| and the mass ordering precisely, profiling over

their values has little effect compared to keeping them fixed. Similarly, because T2HK

can measure θ23 and δCP precisely, profiling over their values has little effect compared to

keeping them fixed. Combining DUNE and T2HK affords both.

Profiling over sin2 θ23 and δCP has the largest effect on the test-statistic. The shrinking

of ∆χ2 by profiling over sin2 θ23, compared to keeping it fixed, comes via the νµ → νµ and

ν̄µ → ν̄µ disappearance probabilities, which are ∝ sin2 θ23 (see, e.g., Eq. (33) in Ref. [84]).

The shrinking of ∆χ2 by profiling over δCP comes instead via the νµ → νe and ν̄µ → ν̄e
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Figure C1: Projected test-statistic used to constrain the long-range matter potentials

Veµ, Veτ , and Vµτ , using DUNE, T2HK, and their combination, assuming that the

true neutrino mass ordering is inverted. Same as Fig. 5, made assuming that the true mass

ordering is normal, but instead assuming that it is inverted. See Table C2 for the resulting upper

limits on the potentials. See Sections 4.1 and 4.2 in the main text, and Appendix C for details.

appearance probabilities, which depend on δCP. Thus, under Le − Lµ, the test-statistic is

driven by the uncertainty in sin2 θ23 and δCP — via profiling over them; under Le − Lτ , it

is driven mostly by δCP; and, under Lµ − Lτ , it is driven mostly by sin2 θ23.

C Constraints assuming inverted mass ordering

In the main text, we showed results obtained assuming that the true neutrino mass ordering

is normal. Here we show constraints assuming instead that the true ordering is inverted.

They are broadly similar to the ones obtained under normal ordering (Section 4.2).

Table C1 shows the values and allowed ranges of the mixing parameters that we use

when assuming that the inverted mass ordering is true, taken from the global oscillation

fit of Ref. [79]. The values are similar as for normal ordering (Table 3), with the important

Standard mixing parameters (IMO)

sin2 θ12 sin2 θ23 sin2 θ13
∆m2

31

10−3 eV2

∆m2
21

10−5 eV2 δCP (◦)

Benchmark 0.303 0.569 0.0223 2.418 7.36 274

Status in fits Fixed Minimized Fixed Minimized Fixed Minimized

Range – [0.4, 0.6] – [2.341, 2.501] – [193, 342]

Table C1: Values of the standard mixing parameters used in our analysis, assuming

that the true neutrino mass ordering is inverted. Same as Table 1, made assuming that

the true mass ordering is normal, but instead assuming that it is inverted (IMO). The benchmark

values are the best-fit values from Ref. [79].
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Detector
Upper limit (2σ) on potential [10−14 eV]

Veµ Veτ Vµτ

DUNE 0.99 3.4 0.92

T2HK 1.2 3.9 1.1

DUNE + T2HK 0.82 2.2 0.75

Table C2: Projected upper limits (2σ) on the long-range matter potentials Veµ, Veτ , and

Vµτ , using DUNE, T2HK, and their combination, assuming that the true neutrino

mass ordering is inverted. Same as Table 3, made assuming that the true mass ordering is

normal, but instead assuming that it is inverted. See Fig. C1 for the test-statistics from whence

they originate and Fig. 6. See Sections 4.1 and 4.2, and Appendix C for details.

Experiment

Normalization errors [%]

Signal, πse,c Background, πbe,c,k
App. ν App. ν̄ Disapp. ν Disapp. ν̄ νe, ν̄e CC νµ, ν̄µ CC ντ , ν̄τ CC NC

DUNE 2 2 5 5 5 5 20 10

T2HK 5 5 3.5 3.5 10 10 – 10

Table D1: Normalization errors of the event rates associated to the signal and back-

ground detection channels in DUNE and T2HK. They are shown separately for the neutrino

(ν) and antineutrino (ν̄) modes, and for the appearance (“App.”) and disappearance (“Disapp.”)

channels. Normalization errors are used to compute test event spectra, Eq. (4.3). The values are

taken from Ref. [19, 20]. See Section 4.1 for details.

difference that for inverted ordering the benchmark value of θ23 lies in the higher octant,

which has consequences for the sensitivity, as we point out below.

Figure 5 shows how the test-statistics for constraints, e.g., Eq. (4.7), vary with the long-

range potential, for the three symmetries and for DUNE, T2HK, and their combination,

assuming the true mass ordering is inverted. Their behavior is broadly similar to that in

Fig. 6 for normal ordering. However, in Fig. C1 the weakening of the sensitivity due to

parameter degeneracies is milder than in Fig. 5 because, assuming inverted mass ordering,

θ23 lies in the higher octant, which lessens the influence of δCP [135, 139].

Table C2 shows the resulting upper limits on the long-range potentials. Like for normal

ordering (Table 3), they are strongest for Vµτ . Compared to normal ordering, the limits

on Veµ are stronger by a factor of 2 or more, and the limits on Veτ are similarly weaker.

D Normalization errors in event rates

Table D1 shows the systematic normalization errors on the signal, πse,c and background

event rates, πbe,c,k, of DUNE [19] and T2HK [20]. In Section 4.1, we use them to compute

test event spectra, Eq. (4.3), as part of computing the test-statistic.
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ABSTRACT
Modelling nonlinear structure formation is essential for current and forthcoming cosmic shear experiments. We combine the halo
model reaction formalism, implemented in the REACT code, with the COSMOPOWER machine learning emulation platform,
to develop and publicly release REACTEMU-FR �, a fast and accurate nonlinear matter power spectrum emulator for 𝑓 (𝑅)
gravity with massive neutrinos. Coupled with the state-of-the-art baryon feedback emulatorBCEMU, we useREACTEMU-FR to
produceMarkov ChainMonte Carlo forecasts for a cosmic shear experiment with typical Stage IV specifications. We find that the
inclusion of highly nonlinear scales (multipoles between 1500 ≤ ℓ ≤ 5000) only mildly improves constraints on most standard
cosmological parameters (less than a factor of 2). In particular, the necessary modelling of baryonic physics effectively damps
most constraining power on the sum of the neutrino masses and modified gravity at ℓ & 1500. Using an approximate baryonic
physics model produces mildly improved constraints on cosmological parameters which remain unbiased at the 1𝜎-level, but
significantly biases constraints on baryonic parameters at the > 2𝜎-level.

Key words: cosmology: theory – cosmology: observations – large-scale structure of the Universe – methods:statistical

1 INTRODUCTION

One of the main goals of forthcoming Stage IV cosmic shear surveys,
such as Euclid (Laureĳs et al. 2011)1, the Vera Rubin Observatory’s
Legacy Survey of Space and Time (VRO-LSST, Ivezić et al. 2019)2
and the Nancy Grace Roman Telescope (Spergel et al. 2015)3, is to
perform precise and accurate tests of gravity on cosmological scales.
Constraints on deviations from General Relativity, the gravity theory
underlying our standard LCDM model of cosmology, will particu-
larly benefit frommeasurements of the cosmic shear power spectrum
from unprecedentedly large numbers of galaxies. Contributions to
the cosmic shear power spectrum from small, nonlinear scales, will
be of the utmost importance to distinguish between competing grav-
ity models with different nonlinear screening mechanisms (see e.g.
Koyama 2016; Harnois-Déraps et al. 2022).
On the theoretical end, the achievement of this goal hinges on

various factors. We list some of the primary criteria below:

(i) we require accurate prescriptions for the key observables of
Stage IV surveys, at both linear and nonlinear scales;
(ii) we require these prescriptions to be computationally efficient,

to use them within rigorous Bayesian analysis pipelines;

★ E-mail: a.spuriomancini@ucl.ac.uk
1 https://www.euclid-ec.org/
2 https://www.lsst.org/
3 https://roman.gsfc.nasa.gov/

(iii) we need to theoretically model all relevant and known phys-
ical phenomena in order to distinguish any potential new physics.

So far, these criteria have only been met for a subset of theo-
retical descriptions of gravity and cosmology, and all suffer from
various limitations. Emulators trained on 𝑁-body simulations (e.g.
Lawrence et al. 2017; Knabenhans et al. 2019, 2021; Angulo et al.
2021; Ramachandra et al. 2021; Arnold et al. 2021) are restricted to
the parameter space probed by their training simulations, and can-
not be safely extended without running new simulations. Analytic
prescriptions (e.g. Takahashi et al. 2012; Zhao 2014; Mead et al.
2016; Winther et al. 2019; Mead et al. 2020) are also restricted to the
simulations which they have originally been fit to.
A method potentially capable of overcoming some of these is-

sues is the halo model reaction, a theoretically flexible framework
introduced in Cataneo et al. (2019) (see also Mead 2017, for initial
motivations) based on 1-loop perturbation theory and the halo model
(see e.g. Asgari et al. 2023, for a recent review), shown to be consis-
tent with 𝑁-body simulations at the ∼ 2% level down to 𝑘 ∼ 3ℎ/Mpc
for a wide range of non-standard cosmological scenarios (Srinivasan
et al. 2021; Bose et al. 2021; Carrilho et al. 2022; Parimbelli et al.
2022; Adamek et al. 2022). However, this method is not as accurate
as 𝑁-body based emulators (see e.g. Arnold et al. 2021), nor is the
associated codeREACT (Bose et al. 2020, 2022,�) as fast as current
emulators.
This being said, the sacrifice in accuracy of the halomodel reaction

may be a non-issue in real data analyses, once we take into account

© 2022 The Authors

ar
X

iv
:2

30
5.

06
35

0v
1 

 [
as

tr
o-

ph
.C

O
] 

 1
0 

M
ay

 2
02

3

https://github.com/cosmopower-organization/reactemu-fr
a.spuriomancini@ucl.ac.uk
https://github.com/nebblu/ACTio-ReACTio


2 A. Spurio Mancini & B. Bose

relevant physical effects such as baryon feedback processes and mas-
sive neutrinos. Furthermore, the computational inefficiency of RE-
ACT can be circumvented by employing the recent COSMOPOWER
machine learning platform (Spurio Mancini et al. 2022, �), which
trains fast neural network emulators of key cosmological quantities
starting from a set of ‘slow’ theoretical predictions. Once trained,
these emulators can be used in Bayesian inference pipelines to re-
place the call to the original, computationally intensive prescription,
massively accelerating parameter estimation. Developing similar ac-
celerated pipelines is critical to the success of forthcoming Stage
IV cosmic shear analyses, as these will have to be carried out over
unprecedentedly large parameter spaces for accurate modelling of
baryons, massive neutrinos, systematics and deviations from LCDM.
In this paper we presentREACTEMU-FR, an emulator of the non-

linear effects on the matter power spectrum caused by massive neu-
trinos in Hu-Sawicki 𝑓 (𝑅) gravity (Hu & Sawicki 2007), a popular
non-standard model of gravity being considered by Stage IV surveys
(e.g. Amendola et al. 2018; Ramachandra et al. 2021). This emu-
lator is constructed by COSMOPOWER using REACT predictions,
demonstrating the ease by which non-standard model emulators can
be generated using the two codes, and seamlessly integrated into
analysis pipelines. We use this emulator to forecast the constraining
power on cosmology and gravity, as well as to investigate parameter
degeneracies using cosmic shear, in the context of Stage IV sur-
veys. We check the capability of such surveys to detect new physics
given a full host of secondary physical phenomena including baryon
effects and massive neutrinos. Conversely, we also investigate the
importance of including all non-standard physical effects in order to
remain unbiased in the final parameter constraints.
This paper is outlined as follows. In section 2 we present and

validate REACTEMU-FR and discuss baryonic effects and cosmic
shear. In section 3 we perform forecasts for a Stage IV survey using
different sets of degrees of freedom. We summarise our findings and
conclude in section 4.

2 MODELLING COSMIC SHEAR WITH EMULATORS

2.1 Massive neutrinos and 𝑓 (𝑅) gravity: REACTEMU-FR

Massive neutrinos entered the regime of standard physics two
decades ago with the measurements of flavour oscillations (Fukuda
et al. 1998; Ahmed et al. 2004), and were shown to have a significant
effect on cosmological structure formation (Lesgourgues & Pastor
2006). They are usually parameterised in terms of the combined
neutrino mass,

∑
𝑚a . Neutrino oscillation experiments have placed

a lower bound on this parameter of
∑
𝑚a ≥ 0.06 eV. There is also

an upper bound from the KATRIN collaboration of
∑
𝑚a ≤ 0.8 eV

(Aker et al. 2022).
Modified gravity theories are extensions of General Relativity de-

veloped to deviate from standard gravity on cosmological scales,
where it remains largely untested. These models can provide inter-
esting solutions to fundamental physical problems (see e.g.Bernardo
et al. 2023, for a recent review). In this paper we select a specific
theory of modified gravity - the popular Hu-Sawicki 𝑓 (𝑅)model (Hu
& Sawicki 2007). In the 𝑓 (𝑅) class of models, the Einstein-Hilbert
action is generalised to include an arbitrary function of the scalar
curvature, 𝑅. The Hu-Sawicki form is given by

𝑓 (𝑅) = −𝑚2 𝑐1 (𝑅/𝑚2)𝑛

𝑐2 (𝑅/𝑚2)𝑛 + 1
, (1)

where we choose 𝑛 = 1 and 𝑚2 = Ωm𝐻20 . 𝑐1 and 𝑐2 are parameters

of the theory, and as is commonly done, we reparametrise these in
terms of the the value of 𝑓R = 𝑑𝑓 (𝑅)/𝑑𝑅 today

𝑓R0 = − 𝑐1

𝑐22

(
𝑚2

�̄�0

)2
, (2)

�̄�0 being the background scalar curvature today. In the following we
take the effective LCDM-limit to be | 𝑓R0 | = 10−9. We have checked
that this value induces effects in the observable of interest much
smaller than all other sources of error, making it indistinguishable
from the true LCDM limit of 𝑓R0 = 0.
This model predicts non-trivial scale dependencies in the growth

of structure. It has been shown to have degeneracies with massive
neutrinos (Mead et al. 2016; Wright et al. 2019). The degree of devi-
ation from LCDM in this model is parameterised by the value of the
additional scalar degree of freedom today, 𝑓R0 , with the LCDM limit
of the theory given by 𝑓R0 → 0. Current cosmological bounds on
𝑓R0 are of O(10−5) (Cataneo et al. 2015; Lombriser 2014; Desmond
& Ferreira 2020; Brax et al. 2021).
We train an emulator for the 𝑓 (𝑅) + a-boost, i.e. the nonlinear

modification to a LCDM spectrum caused by 𝑓 (𝑅) and massive
neutrinos, as a function of Fourier mode 𝑘 and scale factor 𝑎:

𝐵 𝑓 (𝑅)+a (𝑘, 𝑎) ≡
𝑃
𝑓 (𝑅)+a
NL (𝑘, 𝑎)
𝑃ΛCDM
NL (𝑘, 𝑎)

, (3)

where 𝑎 is the scale factor and 𝑃 𝑓 (𝑅)+a
NL and 𝑃ΛCDM

NL are the nonlinear
matter power spectra in the 𝑓 (𝑅) with massive neutrino cosmology
and LCDMmodel, respectively. The nonlinear power spectrum under
the halo model reaction prescription (Cataneo et al. 2019) is given
by

𝑃
𝑓 (𝑅)+a
NL (𝑘, 𝑎) = R(𝑘, 𝑎) × 𝑃

pseudo
NL (𝑘, 𝑎) . (4)

R is the halo model reaction and 𝑃pseudoNL is the pseudo power spec-
trum. The latter is defined as originating from a LCDM cosmology
whose initial conditions are tuned such that the linear clustering
matches the non-standard cosmology at a target redshift. In practice,
we can construct this by supplying prescriptions such as HALOFIT
(Takahashi et al. 2012) or HMCODE (Mead et al. 2020) with a
modified linear power spectrum (see Bose et al. 2020, for details).

R encodes nonlinear corrections to the pseudo power spectrum
due to 𝑓 (𝑅) and massive neutrinos – in essence, it is a ratio between
halo model predictions for the non-standard cosmology and a pseudo
cosmology, with a correction factor coming from a calibration with
1-loop perturbation theory at quasi-nonlinear scales. We refer the
reader to Bose et al. (2021) for more details, and we follow this
reference in ourmodelling ofR. Note that the background cosmology
is assumed to be LCDM, with the effects of modified gravity and
massive neutrinos only entering at the level of the perturbations.
In this paper we use HMCODE (Mead et al. 2020) to model

the pseudo and LCDM power spectrum appearing in Equation 3
and Equation 4. To compute the halo model reaction we use the
REACT code (Bose et al. 2022). Our COSMOPOWER emulator,
REACTEMU-FR, is then built on Equation 3 computed within the
parameter ranges in Table 1, sampled using a Latin Hypercube. The
ranges are chosen as the rough 5𝜎 bounds around the Planck 2018
(Aghanim et al. 2020) best fit values including a varying

∑
𝑚a . We

take an upper bound on 𝑓R0 to be the 3𝜎 limit found in the cosmic
shear forecast of Bose et al. (2020) using only linear scales. These
represent very conservative ranges, with any deviation outside these
being in strong disagreement with current observations. Note that
the emulator can always be trained on extended ranges as the halo
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Figure 1.Quantiles of the relative accuracy of REACTEMU-FR on ∼ 2 · 104
testing samples.

model reaction effectively has no prior range. The authors of Bose
et al. (2020) found the pseudo prescription of the earlier HMCODE
(Mead et al. 2016) to be insufficiently accurate for highly nonlinear
scales in Stage-IV contexts. Here we use the more accurate version
of Mead et al. (2020), and we model the boost, which is far more
accurate as the ratio of HMCODE predictions reduces systematics
significantly (Cataneo et al. 2019). Given that we wish to primarily
investigate the bias incurred from incomplete baryonic physics mod-
elling, we believe this prescription is sufficiently accurate for our
purposes. REACTEMU-FR is deemed to have an accuracy of ∼ 3%
at scales of 𝑘 ≤ 1ℎ/Mpc within its prior range as shown by compar-
isons with emulators and 𝑁-body simulations (Cataneo et al. 2019;
Bose et al. 2021; Arnold et al. 2021), with worsening accuracy for
larger deviations from LCDM. For reference, for | 𝑓R0 | = 10−6 and∑
𝑚a ≤ 0.1, the boost was shown to be 2% consistent with 𝑁-body

measurements (Bose et al. 2021; Arnold et al. 2021).
We train a COSMOPOWER emulator on ∼ 105 REACT pre-

dictions and test its performance on ∼ 2 · 104 testing samples,
finding ≤ 0.05% residuals across the entire emulated 𝑘-range
𝑘 ∈ [0.01, 3]ℎ/Mpc, i.e. the entire validity range of REACT. Figure 1
shows a quantile plot of the accuracy of our emulator on the testing
set. This accuracy level is more than an order of magnitude bigger
than that used in Spurio Mancini et al. (2022) to validate their matter
power spectrum emulators, which were shown to be comfortably ac-
curate to guarantee unbiased emulated Stage IV posterior contours.
The speed up factor provided by this emulation is above O(104) as
the standard boost computation requires multiple Boltzmann solver
calls, multiple HMCODE calls and a call to REACT, with a typical
boost taking up to∼ 25 s to compute compared toREACTEMU-FR’s
∼ 1 ms.

2.2 Baryons: BCEMU

Beyond massive neutrinos and modified gravity, we must also con-
sider the effects of baryons as we move into the nonlinear regime.
These have been shown to have a significant impact on the matter
power spectrum and the cosmic shear spectrum (Semboloni et al.
2011; Mead et al. 2020; Martinelli et al. 2021; Schneider et al.
2020a,b; Aricò et al. 2021).
BCEMU (Giri & Schneider 2021,�) is a state-of-the-art baryonic

boost, 𝐵baryons, emulator giving the nonlinear effects of baryons
on the matter power spectrum. It requires a set of cosmology-

independent parameters as input, augmented with the baryon fraction
𝑓b = Ωb/Ωm. Some BCEMU parameters have also been shown to
have a time evolution to varying degrees, depending on which hy-
drodynamical simulation they are fit to. In Giri & Schneider (2021)
the authors propose a power law dependence

\𝑖 (𝑧) = \𝑖,0 𝑎
a𝑖 , (5)

where a𝑖 is a free parameter giving the time dependence of the
BCEMU baryon input parameter \𝑖 , with the value today, \𝑖,0 =

\𝑖 (𝑎 = 1), also being a free parameter. Giri & Schneider (2021)
investigate two parameterisations:

• a 7-parameter model, \𝑖 ∈ {log10 𝑀c, [𝛿 , \ej, `, 𝛾, 𝛿, [};
• a 3-parameter model, \𝑖 ∈ {log10 𝑀c, [𝛿 , \ej}.

We refer to Giri & Schneider (2021) for an in-depth discussion of the
meaning of each of these parameters. We note that the 3-parameter
model is motivated by its ability to fit within 1% a large suite of
hydrodynamical simulation measurements at a fixed redshift. One of
our goals (see section 3) is to investigate to what degree this reduced
parameterisation improves or biases cosmological inference. Note
that an 𝑁-parameter model actually has 𝑁 × 2 degrees of freedom
when including the time dependence.
In Table 1 we list the chosen BCEMU parameters along with their

fiducial values today (𝑎 = 1) and prior ranges that we select for our
analysis. The ranges are 20% tighter than the defaults implemented
in the BCEMU software. The reason for this is to prevent any devi-
ations outside the BCEMU allowed ranges when we consider higher
redshifts, given the time dependence we impose. These ranges are
also the edges of the uniform prior distributions used for these baryon
parameters in our Markov Chain Monte Carlo (MCMC) analyses of
section 3. Priors on the power law parameters a𝑖 are given in Table 2,
which are also chosen so as not to exceed the allowed BCEMU range
at any redshift considered in this work (0 ≤ 𝑧 ≤ 5). As fiducial values
for these parameters, we take alog10 𝑀𝑐

= 0.01 and a[𝛿
= 0.06, with

all other a𝑖 = 0.

2.3 Cosmic Shear

We model the nonlinear matter power spectrum 𝑃NL as

𝑃NL = 𝐵
𝑓 (𝑅)+a
REACTEMU−FR × 𝐵

baryons
BCEMU × 𝑃ΛCDM

HMCODE , (6)

where nonlinear LCDM effects are modelled using a COS-
MOPOWER emulator of HMCODE (Mead et al. 2016), the baryonic
effects are modelled using BCEMU and the massive neutrino and
𝑓 (𝑅)-gravity effects by REACTEMU-FR.
The cosmic shear power spectrum 𝐶

𝛾𝛾

𝑖 𝑗
(ℓ) can be obtained from

the nonlinear matter power spectrum 𝑃NL (𝑘, 𝑎) as an integral along
the line of sight (e.g. Bartelmann & Schneider 2001; Kilbinger 2015;
Kilbinger et al. 2017; Kitching et al. 2017; Asgari et al. 2021):

𝐶
𝛾𝛾

𝑖 𝑗
(ℓ) =

∫ 𝜒H

0
𝑑𝜒

𝑊
𝛾

𝑖
(𝜒)𝑊𝛾

𝑗
(𝜒)

𝜒2
𝑃NL

(
ℓ + 1/2

𝜒
, 𝑎

)
, (7)

where 𝜒 is the comoving distance as a function of the scale factor,
𝜒H is the Hubble radius 𝜒H = 𝑐/𝐻0, and𝑊

𝛾

𝑖
are weighting functions

for each redshift bin 𝑖,

𝑊
𝛾

𝑖
(𝜒) =

3𝐻20 Ωm
2 𝑐2

𝜒

𝑎

∫ 𝜒H

𝜒
d𝜒′ 𝑛𝑖 (𝜒′)

𝜒′ − 𝜒

𝜒′
, (8)

where 𝑛𝑖 is the redshift distribution for bin 𝑖, 𝐻0 is the Hubble
constant and Ωm is the total matter density parameter. Note that
throughout the paper we assume the extended Limber approximation
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4 A. Spurio Mancini & B. Bose

Table 1. Varied cosmological, beyond-LCDM and baryonic parameters at 𝑧 = 0, with prior ranges and fiducial values. The cosmological parameter fiducials are
taken to be the Planck 2018 best-fits, while the baryonic parameter fiducials are the default values of BCEMU.

Ωm Ωb ℎ 𝑛s 𝐴s109
∑
𝑚a | 𝑓R0 | log10 𝑀c ` \ej 𝛾 𝛿 [ [𝛿

Lower 0.2899 0.04044 0.638 0.9432 1.9511 0 10−10 11.4 0.2 2.6 1.3 3.8 0.085 0.085
Upper 0.3392 0.05686 0.731 0.9862 2.2669 0.1576 10−5.46 14.6 1.8 7.4 3.7 10.2 0.365 0.365
Fiducial 0.3164 0.04966 0.671 0.9647 2.1031 0.06 See main text 13.32 0.93 4.235 2.25 6.4 0.15 0.14

Table 2. Priors and fiducial values for time dependent baryonic parameters.

a𝑖 : log10 𝑀c ` \ej 𝛾 𝛿 [ [𝛿

Lower -0.02 -0.05 -0.04 -0.04 -0.04 -0.05 -0.05
Upper 0.015 1. 0.146 0.146 0.131 0.296 0.296
Fiducial 0.01 0 0 0 0 0 0.06

(Kaiser 1998; LoVerde & Afshordi 2008) for the projected power
spectra.
The lensing signal is contaminated by the intrinsic alignment (IA)

of galaxies. Similarly to Spurio Mancini et al. (2022) and Spu-
rio Mancini & Pourtsidou (2022), we model the IA contamination
adding a sum of IA contributions to Equation 7, namely

𝐶
𝛾I
𝑖 𝑗
(ℓ) + 𝐶

I𝛾
𝑖 𝑗
(ℓ) + 𝐶II𝑖 𝑗 (ℓ) , (9)

where the superscript I refers to the IA weighting function

𝑊 I𝑖 (𝜒) = −𝐴IA
(
1 + 𝑧

1 + 𝑧pivot

) [IA 𝐶1 𝜌cr Ωm
𝐷 (𝜒) 𝑛𝑖 (𝜒) . (10)

𝐷 (𝜒) in Equation 10 represents the linear growth factor, 𝜌cr denotes
the critical density,𝐶1 is a constant, and 𝑧pivot is an arbitrary redshift
that has been set to 0.3. The IA contamination is parameterised by an
amplitude 𝐴IA and a power law redshift dependence parameter [IA
(see e.g. Bridle & King 2007). We remark that intrinsic alignment
modelling and priors are also an open question (see Samuroff et al.
2021, for a recent study). We defer this issue to future work and focus
on the impact of baryonic, massive neutrino and beyond-LCDM
modelling.

3 FORECASTS FOR STAGE IV SURVEYS

3.1 Setup

Our mock survey configuration has the following Stage IV speci-
fications: sky fraction 𝑓sky = 0.4, number density of galaxies per
arcminute squared 𝑛 = 30 arcmin−2 and shape noise parameter
𝜎𝑒 = 0.3. We take 10 equipopulated tomographic bins with galaxies
following 𝑛i (𝑧) ∼ 𝑧2 exp(−(𝑧/𝑧0)3/2) (Smail et al. 1995; Joachimi
& Bridle 2010), with 𝑧0 = 0.9. For each redshift bin 𝑖 = 1, . . . 10
we include a parameter 𝐷𝑧i that shifts the mean of the redshift dis-
tribution in the bin (Asgari et al. 2021; Spurio Mancini et al. 2022).
We vary these parameters assuming a Gaussian priorN(0, 10−4) for
each of them, following Spurio Mancini et al. (2022).
We perform MCMC analyses on a set of mock cosmic shear data

vectors, adopting the fiducial cosmology and baryonic boost param-
eters given in Table 1. We then consider two scenarios:

(A) The Universe is LCDM (| 𝑓R0 | = 10−10). We aim at checking
to what extent Stage IV experiments can constrain 𝑓R0 and

∑
𝑚a .

(B) The Universe is 𝑓 (𝑅) (| 𝑓R0 | = 10−6). We aim at checking to
what extent Stage IV experiments can detect | 𝑓R0 | > 0.

In all analyses we vary all 5 cosmological parameters as well as
| 𝑓R0 | &

∑
𝑚a . To investigate the importance of the baryon parame-

ters when looking to constrain cosmology and gravity, we perform
analyses varying both the 7 × 2- and 3 × 2-parameter sets (see sub-
section 2.2). Note that all fiducial spectra are generated using the
7 × 2-parameter set. Lastly, to examine the impact that nonlinear
scales have on the degeneracies, biases and constraints of the vari-
ous parameters, we adopt three scale cuts, ℓmax = 1500 (pessimistic),
ℓmax = 3000 (realistic) and ℓmax = 5000 (optimistic). The pessimistic
case is well within the current capabilities of REACT and available
fitting formulae such as HMCODE, as shown in Bose et al. (2020),
which is what we employ here. The realistic case is also possibly
within the current capabilities of available codes, for example using
REACT to construct the boost with the newest version of HMCODE
(Mead et al. 2020), and combining with state-of-the-art LCDM emu-
lators such as the Euclid Emulator (Knabenhans et al. 2021). Finally,
the optimistic case represents a possible modelling potential given,
for example, high quality emulators for the pseudo power spectrum
(Giblin et al. 2019). To implement these choices we use 50 ℓ bins
in the range [30, 5000], which for our ℓmax = 1500, 3000 runs we
cut to multipoles up to the corresponding values. For each setup we
assume a simple Gaussian covariance matrix (Joachimi et al. 2007).
Note that we leave for future work the inclusion of non Gaussian
(Sato & Nishimichi 2013; Krause & Eifler 2017) and super sample
(Takada & Hu 2013; Li et al. 2014; Lacasa et al. 2018) contributions
(see also a discussion on their possible impact in section 4).
In summary, we study 3 scale cuts and 2 baryonic models for

each of the 2 scenarios, giving a total 12 analyses. We vary 33
(25) parameters in total: 5 cosmological +∑𝑚a & log10 | 𝑓R0 |, 14
(6) baryonic, 2 intrinsic alignment and 10 redshift distribution shift
parameters. We sample our posterior distribution using PolyChord
(Handley et al. 2015a,b), using 1000 live points to ensure accurate
contours despite the large parameter space.

3.2 Results

The 2𝜎 constraints on all cosmological and baryonic parameters are
summarised in Table 3 for all cases considered in this work. We
also show the constraints and shifts of the recovered cosmological
parameters in Figure 2. Note that log10 | 𝑓R0 | takes values below the
effective LCDM-limit of−9 as we emulate down to−10. In section A
we give the full set of posterior distributions for all parameters except
the redshift-dependency parameters of the baryonic effects, whichwe
find to be largely unconstrained. This is provided for both scenarios,
all scale cuts and both choices of baryonic parameter sets.

3.2.1 Scenario A

In Figure 3 we show the marginalised 2-dimensional 95% (2𝜎) and
68% (1𝜎) distributions for the cosmological parameters as well as
the beyond-LCDM parameters

∑
𝑚a and | 𝑓R0 |. We summarise the
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Baryons, neutrinos and 𝑓 (𝑅) gravity from Stage IV cosmic shear 5

Figure 2. The marginalised means and 2𝜎 constraints on the cosmological and beyond-LCDM parameters, normalised to their fiducial values for Scenario A
(left) and Scenario B (right), and for all scale cuts and baryonic parameter models.

main findings below and forward the reader to Table 3 for the exact
constraints.

• In the conservative case (ℓmax = 1500) we find that cosmic
shear is able to constrain all LCDM cosmological parameters at least
at the ∼ 10% level (95 % C.L.), with almost an order of magnitude
better constraints on Ωm and 𝜎8. 𝑛s is also better constrained, but to
a lesser extent (3.8%).

• The inclusion of scales 1500 ≤ ℓ ≤ 5000 does not signifi-
cantly improve the base LCDM cosmological parameters, with the
most significant improvement being in constraints on ℎ (up to a 6%
measurement) and Ωb (roughly a factor of 2 with respect to the
conservative case).

• Even in the conservative case (ℓmax = 1500) cosmic shear is
able to constrain | 𝑓R0 | ≤ 10−7 (95 % C.L.), while

∑
𝑚a remains

largely unconstrained.
• The inclusion of scales 1500 ≤ ℓ ≤ 5000 does not significantly

improve the constraints on
∑
𝑚a and | 𝑓R0 |.

• Reducing the number of baryonic degrees of freedom from 7×2
to 3 × 2 does not notably improve constraints on any parameter nor
does it lead to any significant (up to 1𝜎) biases in the recovered

cosmological parameters. We find at most ∼ 1𝜎 shifts on the ∑𝑚a

and | 𝑓R0 | marginalised posteriors in the ℓmax = 5000 case.

These results show that the highly nonlinear scales have only a
marginal amount of information on massive neutrinos and modified
gravity which is not degenerate with baryonic degrees of freedom.
Similarly, the baryonic degrees of freedom dampen the cosmological
information one is able to extract from small, nonlinear scales. This
was already shown in Copeland et al. (2018). There the authors il-
lustrate how cosmological and dark energy constraints degrade with
marginalisation of baryonic effects and that there is little improve-
ment by going to smaller scales. Further, highly consistent results
were also found in Bose et al. (2020), where similar poor gains in
constraining power on log10 | 𝑓R0 | was found when including scales
1500 ≤ ℓ ≤ 3000. They do however obtain worse overall constraints
compared to ours, by almost half an order of magnitude on 𝑓R0 , de-
spite their analysis not including baryonic degrees of freedom nor
massive neutrinos. This is likely due to the difference in setup, as for
example we use 10 tomographic bins while they only considered 3.
To investigate further the origin of this lack of constraining power

on cosmological parameters at highly nonlinear scales, we plot the
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6 A. Spurio Mancini & B. Bose

Table 3. Percent 2𝜎 constraints on cosmological and baryonic parameters (at 𝑧 = 0) for both Scenarios, both baryonic parameter models and all scale cuts. For
Scenario A, we quote the upper 2𝜎 bound for log10 | 𝑓R0 | as the fiducial is 𝑓R0 = 0.

Model ℓmax Ωm Ωb ℎ 𝑛s 𝜎8
∑
𝑚a log10 | 𝑓R0 | log10 𝑀c ` \ej 𝛾 𝛿 [ [𝛿

A

14p
1500 1.6 15.0 9.0 3.8 0.9 233.8 -7.25 [upper] 5.8 85.4 66.5 63.5 44.7 146.3 179.2
3000 1.6 13.0 8.0 3.7 0.9 204.8 -7.42 [upper] 5.2 53.7 52.5 49.3 33.3 104.7 108.5
5000 1.7 9.6 6.0 3.5 0.9 222.3 -7.53 [upper] 3.2 55.8 33.2 45.6 21.4 79.0 99.6

6p
1500 1.6 14.8 9.2 4.5 1.0 199.1 -7.09 [upper] 3.0 - 21.8 - - - 88.6
3000 1.5 10.8 7.3 3.5 0.9 190.1 -7.35 [upper] 2.3 - 14.4 - - - 85.0
5000 1.4 7.0 5.0 3.3 0.9 134.1 -6.94 [upper] 1.7 - 9.8 - - - 82.4

fixed
1500 1.1 9.6 7.1 3.1 0.8 225.0 -7.98 [upper] - - - - - - -
3000 0.9 5.7 5.5 3.2 0.6 166.1 -8.28 [upper] - - - - - - -
5000 0.7 4.8 4.3 3.1 0.5 104.6 -8.37 [upper] - - - - - - -

B

14p
1500 2.0 15.3 8.7 3.7 2.6 193.6 12.2 6.0 89.8 63.4 73.4 55.0 119.2 147.0
3000 2.0 12.6 7.3 3.5 2.3 207.0 9.9 5.4 58.4 45.3 53.0 37.3 98.0 104.6
5000 2.1 9.3 5.4 3.3 2.3 221.7 9.8 3.2 49.4 35.0 43.7 32.0 79.8 102.9

6p
1500 1.8 14.9 9.1 4.5 1.9 195.8 8.0 2.8 - 24.5 - - - 86.8
3000 1.7 12.1 7.7 3.8 1.8 196.5 6.9 2.0 - 17.3 - - - 84.1
5000 1.6 7.9 5.5 3.5 1.8 229.5 7.0 1.2 - 12.1 - - - 83.4

fixed
1500 1.5 8.3 5.4 3.5 1.6 221.2 4.6 - - - - - - -
3000 1.4 6.2 4.6 3.3 1.4 179.6 4.1 - - - - - - -
5000 1.0 5.2 4.1 3.2 1.1 126.8 3.6 - - - - - - -

posteriors for the cosmological, intrinsic alignment and baryonic de-
grees of freedom. This is shown in Figure 4. It is clear from these plots
that much of the information at nonlinear scales is associated with
the baryonic degrees of freedom, with all of these parameters seeing
significant gains in constraints when moving from ℓmax = 1500 to
ℓmax = 5000. This is also clearly seen in Table 3. Notably, in the 7×2
parameter case, there are no large degeneracies between baryonic
degrees of freedom and cosmological ones, which supports the lack
of improvement in constraining power on cosmological parameters
when moving to nonlinear scales. Baryonic parameters are in general
less constrained than cosmological parameters, with the exception of
log10 𝑀c which can be constrained down to the ∼ 5% level even
in conservative configurations. However, baryonic parameters are in
general more heavily biased, up to 2𝜎 for \ej, when using the reduced
model with 3 × 2 parameters over the one with 7 × 2 parameters.
In Table 3 we also show the marginalised constraints for Scenario

A analyses but with all baryonic degrees of freedom fixed to their
fiducial values. As in Schneider et al. (2020a), this represents an ideal
situation where baryonic effects are completely known 4. In Figure 5
we plot the posterior contours for the cosmological parameters in this
setup where we assume perfect knowledge of the baryonic parame-
ters, for the realistic configuration ℓmax = 3000, and we compare the
results against those obtained with the same ℓ-cut, but varying either
all of the 7 × 2 or all of the 3 × 2 baryonic parameters. We see that
knowing the baryonic effects improves constraining power, relative
to the 7 × 2 parameter model, on Ω𝑚, ℎ and

∑
𝑚a by 50%, and by

almost an order of magnitude on 𝑓R0 . Unlike Schneider et al. (2020a)
we see little improvement on 𝑛𝑠 , which is likely due to the mild
degeneracy of 𝑛𝑠 with 𝑓R0 and

∑
𝑚a . As expected, the constraint

on Ωb is significantly improved, by roughly factor of 2, which just
indicates that the baryon fraction is degenerate with baryonic effects.

4 One can constrain these degrees of freedom from other observations such
as gas X-ray emissions (Merloni et al. 2012; Schneider et al. 2020b).

3.2.2 Scenario B

In Figure 6 we show the marginalised 2-dimensional distributions
for the cosmological parameters as well as the beyond-LCDM pa-
rameters. The main findings are consistent with Scenario A, with
marginally worse constraints on 𝜎8 and

∑
𝑚a . This is driven by the

strong degeneracies between 𝜎8, | 𝑓R0 | and
∑
𝑚a . At all scales, in-

creasing log10 | 𝑓R0 | will naturally increase 𝜎8 as the modification
works to enhance power, giving the correlation we see between these
parameters. Conversely, massive neutrinos are known to suppress
power and so we expect an anti-correlation between

∑
𝑚a and 𝜎8.

We note that weak lensing alone is able to provide a clear detection
of 𝑓 (𝑅) gravity, given a modification of log10 | 𝑓R0 | = 10−6, even in
the presence of massive neutrinos. This detection is not changed
notably by including scales 1500 ≤ ℓ ≤ 5000, and is moderately im-
proved by reducing the baryonic parameters. These results are highly
consistent with the results of Bose et al. (2020), which performed a
similar analysis without massive neutrinos and no baryonic effects.
It is clear that even without baryons and massive neutrinos, most
constraining power comes from scales ℓ ≤ 1500.

We also show the marginalised posterior distributions between the
cosmological and baryonic parameters in Figure 7. This uncovers
clear degeneracies between 𝑓 (𝑅) effects and baryonic physics in
the reduced baryonic parameter model, which accounts for the gain
in constraining power when moving to very nonlinear scales, which
breaks these degeneracies. On the other hand, the full baryonicmodel
does not exhibit such strong degeneracies and we gain less in this
case when moving to highly nonlinear scales.

In Table 3 we report the expected constraints obtained in the real-
istic case ℓmax = 3000 assuming perfect knowledge of the baryonic
parameters. In Figure 8 we compare these results against the con-
tours for the 7×2 and 3×2 parameter models. From this comparison
we observe that opening up the parameter space for baryonic pa-
rameters leads to significantly worse constraints on all cosmological
parameters, particularly on | 𝑓𝑅0 |.
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4 CONCLUSIONS

In this work we have presented a lightening fast pipeline to perform
cosmic shear analyses in beyond-LCDM scenarios. To accomplish
this we have created an emulator, REACTEMU-FR for the modi-
fication to the nonlinear LCDM power spectrum coming from Hu-
Sawicki 𝑓 (𝑅) gravity and massive neutrinos based on halo model
reaction predictions. Together with the state-of-the-art baryonic feed-
back emulator,BCEMU, the pipeline has sufficient accuracy to be ap-
plied to Stage IV surveys’ mildly nonlinear data (roughly multipoles
ℓmax ≤ 1500). Combining with available tools such as the Euclid
Emulator (Knabenhans et al. 2021) would upgrade our pipeline to be
safely applied to nonlinear scales, which we roughly define as mul-
tipoles ℓ ≤ 3000. Given the development of high quality emulators
for the pseudo spectrum (Giblin et al. 2019), a necessary component
of the 𝑓 (𝑅)-massive neutrino boost, one could push to even larger
multipoles, say ℓ ≤ 5000. We consider all these scale cuts in our
paper and denote them as pessimistic, realistic and optimistic cases
respectively.
Using our pipeline, we have run a number of mock data analyses

using cosmic shear, providing forecasts for forthcoming surveys on
modified gravity and massive neutrinos. Our main findings are as
follows:

(i) Scales between 1500 ≤ ℓ ≤ 5000 offer only mild improve-
ments to constraining power on cosmology, with most power going
into constraining non-degenerate baryonic parameters.
(ii) Using a reduced baryonic parameter set (3 × 2 = 6 instead

of 7 × 2 = 14) does not impact constraints on any cosmological pa-
rameters significantly, but does improve massive neutrino constraints
marginally. Further, using this reduced model may lead to significant
biases in the baryonic degrees of freedom.

A number of papers have provided similar forecasts in the literature.
First, we compare with the LCDM forecasts of Blanchard et al.
(2020). We obtain surprisingly consistent constraints on Ω𝑚, 𝑛s and
𝜎8, but significantly better constraints on Ω𝑏 and ℎ, of factors of
4 and 2 respectively. The differences we observe may be caused
by our higher redshift range (they stop at 𝑧 = 2.5) and our slightly
higher sky fraction. Further, our nonlinear prescriptions are also very
different. We make use of HMCODE while they employ halofit,
and we include baryonic feedback via BCEMU while they do not
consider feedback at all. These differences to the absolute power can
have significant impacts on the constraining power (Martinelli et al.
2021).
In any case, it is expected that the inclusion of cross-correlations

with galaxy clustering, and the full 3×2pt analysis, will give far better
constraints on all cosmological parameters (Blanchard et al. 2020).
Future surveys will also offer constraints on baryonic physics (Huang
et al. 2021) which can be combined with other probes of baryonic
physics. As we have shown, this will lead to improved constraints on
massive neutrinos and 𝑓 (𝑅) gravity, besides being interesting in its
own right. However, we also note that our analysis has optimistically
assumed aGaussian covariance, ignoring super-sample contributions
which in all likelihood will degrade the overall constraining power.
A detailed investigation of this aspect is left for future work, as is
the inclusion of optimal weighting schemes for physical scales (e.g.
Bernardeau et al. 2014; Taylor et al. 2018a; Deshpande et al. 2020).
Moving on to studies of 𝑓 (𝑅) gravity, in Bose et al. (2020) they do

not include baryonic or massive neutrino physics and have slightly
different survey specifications, including far fewer tomographic bins
(3 bins vs our 10 bins). Despite these differences, we find similar
contributing constraining power when including multipoles between

1500 ≤ ℓ ≤ 3000 for both the LCDM fiducial and the 𝑓 (𝑅) fiducial
mock data analyses as well as similar overall constraints on 𝑓 (𝑅).
Similarly, Harnois-Déraps et al. (2022) do not include massive

neutrinos nor baryonic effects, and have significant differences in
the survey specifications and setup. Notably they use 5 tomographic
bins up to 𝑧 = 3, a quarter of our sky fraction, only consider auto-
tomographic bins and have a restricted prior on 𝑓R0 . Given this, they
naturally report weaker overall constraints in their full MCMC anal-
yses. Interestingly, their Fisher analysis finds that the constraints on
𝑓R0 will improve when including highly nonlinear scales, in contrast
to what we find. We remind the reader though that they do not con-
sider baryons, which also dampen the 𝑓 (𝑅) constraints as well as
their analysis having fixed the other cosmological parameters, and so
representing an absolutely ideal scenario.
More similar to our analysis is that of Schneider et al. (2020a,b)

which include a similar baryonic model as used in this work, but
without redshift evolution, and includingmassive neutrinos and 𝑓 (𝑅)
gravity, albeit separately and using different theoretical prescriptions.
They also use a different nonlinear power spectrum prescription, as
well as only include 3 tomographic bins in the range 0.1 ≤ 𝑧 ≤ 1.5,
and take ℓmax = 4000. The authors report significantly weaker con-
straints on cosmological, 𝑓 (𝑅) and neutrino mass parameters. The
number of tomographic bins may lead to our improved constraints,
particularly on cosmological parameters. Schneider et al. (2020b) do
find almost 2 orders of magnitude worse constraints on 𝑓R0 than Bose
et al. (2020) but include baryonic degrees of freedom which signif-
icantly worsen the constraints. On the other hand, we also include
baryonic degrees of freedom and obtain ∼2.5 orders of magnitude
better constraints.
Another possibility could be the difference in tomographic bin-

ning and maximum redshift, which would contribute highly to these
improved constraints as 𝑓R0 , 𝜎8 and

∑
𝑚a all have different redshift

evolutions. The power spectrum becomes highly insensitive to 𝑓R0 at
early times (it being a late-time modification), breaking degeneracies
with 𝜎8 and

∑
𝑚a . This means more redshift information will im-

prove constraints, particularly high redshift information which was
also pointed out in Harnois-Déraps et al. (2022), where they showed
that most Fisher information on modified gravity is contained in the
highest redshift bin. Finally, it was shown in Taylor et al. (2018b)
that a large number of bins are needed to capture the high-redshift
information when using equipopulated binning.
Lastly, a recent analysis (Aricò et al. 2023) of the Dark Energy

Survey year 3 data including baryons, massive neutrinos and the
same intrinsic alignment model employed here has shown consistent
constraints on the 𝑆8 parameter after considering they employ a sky
fraction that is roughly 4 times less than that employed here. Their
constraints on Ω𝑚 are still significantly worse than ours, and the
forecast of Blanchard et al. (2020) for example. We also employ 6
times the number density of their analysis, which will vastly improve
constraining power on small scales. Survey specifications and the
full power of Stage IV make such comparisons difficult, but we deem
these results to be well within our expectations. It is also worth
noting that this analysis (Aricò et al. 2023) was possible due to
improvements in the prior ranges of the BACCO emulator. Priors
can be informative and it is important to have accurate nonlinear
modelling across a wide parameter space (see Carrilho et al. 2023,
for example), making REACT emulation an easy and viable means
of performing data analyses for beyond-LCDM scenarios.
We conclude by noting that such a high dimensional parame-

ter space analysis is both necessary and challenging when looking
to optimise reliable information extraction from Stage IV surveys.
It is also worthwhile as nonlinear scales can provide considerable
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information on interesting extensions to LCDM. Our analyses has
focused on a minimal extension to LCDM, and serves as a ‘proof of
principle’ and ‘proof of worth’ for the tools used in this paper, no-
tably COSMOPOWER and REACT, which we combined to provide
REACTEMU-FR. One key goal of forthcoming Stage IV surveys is
to provide clues for solving the looming theoretical issues of Dark
Energy and, even more broadly, the cosmological constant problem
(see Bernardo et al. (2023) for a recent review on modified gravity
solutions). Thus, pipelines able to accurately model comprehensive
extensions to LCDM becomes an absolute necessity. Such exten-
sions have already been proposed (see Bose et al. 2022, for example),
but include a number of new degrees of freedom, making the need
for emulation even more clear, as is the development of fast infer-
ence pipelines based on gradient-based sampling techniques (see e.g.
Ruiz-Zapatero et al. 2023; Campagne et al. 2023). It is straightfor-
ward to include existing models of gravity and dark energy into this
emulation framework. It is also the goal of ongoing work to integrate
these and perform similar tests as part of necessary preparation for
the data releases of the largest galaxy surveys to date.

MNRAS 000, 1–16 (2022)
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Figure 3. 2-dimensional cosmological parameter posteriors for the 7× 2 (bottom-left) and 3× 2 (top-right) baryonic parameter models in Scenario A (LCDM
data vector). We show the ℓmax = 1500, 3000, 5000 cases for both baryonic models.
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Figure 5. Selected 2-dimensional cosmological parameter posteriors for analyses varying 7×2 (blue), 3×2 (red) and no (green) baryonic parameters in Scenario
A (LCDM data vector) using ℓmax = 3000.
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Figure 6. Same as Figure 3 but for Scenario B.
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Figure 8. Selected 2-dimensional cosmological parameter posteriors for analyses varying 7×2 (blue), 3×2 (red) and no (green) baryonic parameters in Scenario
B (f(R) data vector) using ℓmax = 3000.
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APPENDIX A: FULL POSTERIORS

In this appendix we present the full 2-dimensional marginalised pos-
teriors for all analyses, with the exception of the baryonic feedback
redshift-dependency parameters, which we have found to be largely
prior dominated.

In Figure A1 we show the results for the 7× 2 baryonic parameter
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model, bothwhen considering a fiducial LCDMdata vector and 𝑓 (𝑅)
data vector (Scenarios A & B respectively in the main text). All scale
cuts are also shown. Similarly, in Figure A2 we show the results for
the reduced 3 × 2 baryonic parameter model.
These plots visually highlight the vast parameter space that one

needs to probe in order to comprehensively account for all known
physics, and probe minimal extensions to LCDM. This space can
forseeably increase when looking to move deeper into the nonlinear
regime or when wishing to probe more general deviations to LCDM.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–16 (2022)
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Figure A1. Full set of marginalised 2-dimensional posterior distributions for the 7 × 2 baryonic parameter model. We show all scale cuts as well as the case
where we fit to a LCDM fiducial data vector (bottom left) and 𝑓 (𝑅) fiducial data vector (top right).

MNRAS 000, 1–16 (2022)
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Figure A2. Same as Figure A1 but for the 3 × 2 baryonic parameter model case.

MNRAS 000, 1–16 (2022)
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Abstract

We present CosmoPower-JAX, a JAX-based implementation of the CosmoPower framework, which ac-
celerates cosmological inference by building neural emulators of cosmological power spectra. We show
how, using the automatic differentiation, batch evaluation and just-in-time compilation features of
JAX, and running the inference pipeline on graphics processing units (GPUs), parameter estimation
can be accelerated by orders of magnitude with advanced gradient-based sampling techniques. These
can be used to efficiently explore high-dimensional parameter spaces, such as those needed for the
analysis of next-generation cosmological surveys. We showcase the accuracy and computational effi-
ciency of CosmoPower-JAX on two simulated Stage IV configurations. We first consider a single survey
performing a cosmic shear analysis totalling 37 model parameters. We validate the contours derived
with CosmoPower-JAX and a Hamiltonian Monte Carlo sampler against those derived with a nested
sampler and without emulators, obtaining a speed-up factor of O(103). We then consider a combin-
ation of three Stage IV surveys, each performing a joint cosmic shear and galaxy clustering (3x2pt)
analysis, for a total of 157 model parameters. Even with such a high-dimensional parameter space,
CosmoPower-JAX provides converged posterior contours in 3 days, as opposed to the estimated 6 years
required by standard methods. CosmoPower-JAX is fully written in Python, and we make it publicly
available to help the cosmological community meet the accuracy requirements set by next-generation
surveys. �

1. INTRODUCTION

Bayesian inference of cosmological parameters from
next-generation large-scale structure (LSS) and cosmic
microwave background (CMB) surveys such as Euclid
(Laureijs et al. 2011)1, the Vera Rubin Observatory
(Ivezić et al. 2019)2, the Nancy Grace Roman Space
Telescope (Spergel et al. 2015)3, the Simons Obser-
vatory (Ade et al. 2019)4, CMB-S4 (Abazajian et al.
2016)5, and CMB-HD (Sehgal et al. 2019)6, will require
the exploration of high-dimensional parameter spaces
– O(100) parameters and higher – necessary to accur-
ately model the physical signals and their several system-
atic contaminants. Sampling the posterior distribution
in these high-dimensional spaces represents a significant
computational challenge for Markov Chain Monte Carlo
(MCMC) algorithms (Roberts et al. 1997; Katafygiotis
& Zuev 2008; Liu 2009), which are traditionally used
in cosmological analyses (Lewis & Bridle 2002; Audren
et al. 2013; Brinckmann & Lesgourgues 2019; Torrado &
Lewis 2021). Gradient-based inference methods, such as
Hamiltonian Monte Carlo (HMC, Duane et al. 1987; Neal
1996) and variational inference (VI, Hoffman et al. 2013;
Blei et al. 2017), manage to concentrate the sampling
in regions of high posterior density, even in large para-

? E-mail: davide.piras@unige.ch
† E-mail: a.spuriomancini@ucl.ac.uk
1 https://www.euclid-ec.org/
2 https://www.lsst.org/
3 https://roman.gsfc.nasa.gov/
4 https://simonsobservatory.org/
5 https://cmb-s4.org/
6 https://cmb-hd.org/

meter spaces, provided one has efficient access to accur-
ate derivatives of the likelihood function with respect to
the model parameters (Brooks et al. 2011; Neal 2011;
Zhang et al. 2017; Betancourt 2017). Combining differen-
tiable and computationally inexpensive likelihood func-
tions with gradient-based inference techniques is thus
crucial to efficiently obtain unbiased posterior distribu-
tions in high-dimensional parameter spaces.

Recently, there has been growing interest in the use
of machine learning emulators to accelerate cosmolo-
gical parameter estimation (e.g. Mootoovaloo et al. 2020;
Aricò et al. 2022; Nygaard et al. 2022; Günther et al.
2022). Spurio Mancini et al. (2022) (SM22 hereafter),
in particular, developed CosmoPower, a suite of neural
network emulators of cosmological power spectra that
replaces the computation of these quantities tradition-
ally performed with Einstein-Boltzmann solvers such as
the Code for Anisotropies in the Microwave Background
(CAMB, Lewis & Challinor 2011) or the Cosmic Linear
Anisotropy Solving System (CLASS, Blas et al. 2011). In
SM22 the authors show how Bayesian inference of cosmo-
logical parameters can be accelerated by several orders
of magnitude using CosmoPower; the speed-up becomes
particularly relevant when the emulators are employed
within an inference pipeline that can be run on graphics
processing units (GPUs).

An additional advantage in using machine learning
emulators is that they efficiently provide accurate de-
rivatives with respect to their input parameters. This is
made possible by the automatic differentiation features
implemented in the libraries routinely used to build these
emulators, such as TensorFlow (Abadi et al. 2015), JAX
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(Frostig et al. 2018) or PyTorch (Paszke et al. 2019).
Automatic differentiation (autodiff, Bartholomew-Biggs
et al. 2000; Neidinger 2010; Baydin et al. 2018; Paszke
et al. 2017; Margossian 2019) can be used in gradient-
based sampling algorithms to compute the derivatives of
the likelihood function, provided the emulators are in-
serted within likelihood functions that can also be auto-
matically differentiated. In practice, this means that the
entire software implementation of the likelihoods should
be written using primitives that belong to the aforemen-
tioned libraries. This is, for example, the main idea be-
hind jax-cosmo (Campagne et al. 2023), a JAX-based lib-
rary recently developed to compute cosmological observ-
ables, validated against the widely used Core Cosmology
Library (CCL, Chisari et al. 2019). For other examples
of gradient-based inference in cosmology, see e.g. Hajian
(2007); Taylor et al. (2008); Jasche et al. (2010); Jasche &
Wandelt (2013); Lavaux & Jasche (2015); Valade et al.
(2022); Loureiro et al. (2023); Porqueres et al. (2023);
Ruiz-Zapatero et al. (2023).

In this paper, we first develop an implementation of
CosmoPower built using purely JAX primitives. We train
the neural network emulators on the same data used in
SM22, achieving an accuracy similar to that obtained
by the TensorFlow-based implementation of SM22. We
additionally compare the derivatives of the power spec-
tra with respect to the input cosmological parameters
computed using autodiff against those obtained with nu-
merical differences and CAMB, showing a good agree-
ment overall. We then couple CosmoPower-JAX with
jax-cosmo to build likelihood functions completely writ-
ten in JAX; this allows us to run parameter estimation
pipelines using gradient-based algorithms on GPUs over
very large parameter spaces. In particular, we consider
two examples of future Stage IV survey configurations.
In the first one, we study a single cosmic shear sur-
vey with typical Stage IV specifications; we compare the
posterior contours obtained with our JAX-based pipeline
against those obtained with a standard pipeline based on
CCL, CAMB and the nested sampler PolyChord (Hand-
ley et al. 2015a,b). In the second case, we consider a joint
analysis of three Stage IV surveys, each carrying out a
joint shear - galaxy clustering (3x2pt) analysis. We show
how CosmoPower-JAX enables efficient exploration of the
157-dimensional parameter space required for the mod-
elling of the observables at a fraction of the time that
would be required with traditional methods. In both ex-
periments, inference is performed using the No U-Turn
Sampler (NUTS) HMC variation (Hoffman & Gelman
2014), as implemented in the NumPyro library (Bingham
et al. 2019; Phan et al. 2019).

The structure of this paper is as follows. In Sec. 2 we
first describe our new JAX emulators and how they are
trained on the same data used in SM22. We then review
gradient-based methods for posterior inference and de-
scribe our JAX-based cosmological likelihoods. In Sec. 3
we validate the accuracy of our emulators and report our
inference results in the two simulated Stage IV configur-
ations described above. We conclude in Sec. 4. We make
CosmoPower-JAX, which is fully written in Python, pub-
licly available.7

7 https://github.com/dpiras/cosmopower-jax

2. METHODS

2.1. CosmoPower-JAX

CosmoPower is a suite of neural network emulators of
cosmological power spectra, namely matter and cosmic
microwave background power spectra (albeit the emu-
lation framework is highly flexible and can be used to
emulate any other cosmological quantity; see e.g. Burger
et al. 2023; Gong et al. 2023). Power spectra represent
the key component of 2-point statistics analysis of cos-
mological fields, and are typically computed by Einstein-
Boltzmann solvers such as CAMB or CLASS. These com-
putations usually represent the main bottleneck in para-
meter estimation pipelines, particularly when high ac-
curacy is required or when the cosmological scenario con-
sidered is not standard (see e.g. Spurio Mancini & Pourt-
sidou 2022; Balkenhol et al. 2022; Bolliet et al. 2023).
CosmoPower-JAX is a JAX-based implementation of

CosmoPower; as such, it implements the same two emula-
tion methods present in the original CosmoPower soft-
ware. These are either a direct neural network map-
ping between cosmological parameters and logarithmic
spectra, or a neural network mapping between cosmo-
logical parameters and the coefficients of a principal
component analysis (PCA) of the spectra; we refer to
SM22 for a detailed discussion. In our release version of
CosmoPower-JAX these differences are dealt with intern-
ally; therefore, the user can simply obtain fast predictions
of cosmological power spectra in three lines of code.

The neural networks we employ are made of four lay-
ers of 512 nodes each, with the same activation function
described in SM22. In the case of the CMB temperature-
polarisation and lensing power spectra, we preprocess the
spectra using PCA, keeping 512 and 64 components, re-
spectively. We optimise the mean-squared-error loss func-
tion using Adam (Kingma & Ba 2015), and keep a con-
stant batch size of 512. The starting learning rate is 10−2,
which we decrease by a factor of 10 (until 10−6) every
time the validation loss does not improve for more than
40 consecutive epochs.

Building the emulators in JAX unlocks its automatic-
differentiation features, as well as the efficient batch eval-
uation and just-in-time compilation. Importantly, JAX is
built around the popular NumPy library (Harris et al.
2020), which facilitates its use and portability. We refer
the reader to Frostig et al. (2018) and Campagne et al.
(2023) for a complete description of the features of JAX,
especially in the context of cosmological analyses.

2.2. Data

We consider the same datasets as in SM22 to train
and validate our emulators. Using CAMB, we produce a
total of ∼ 2×105 matter power spectra at 420 wavenum-
bers in the interval k ∈

[
10−5 − 10

]
Mpc−1 and with

varying redshift z ∈ [0, 5]. We consider both the linear
matter power spectrum PL

δδ and the non-linear correc-

tion PNL−CORR
δδ , such that the non-linear matter power

spectrum Pδδ can be written as:

Pδδ(k, z) = PL
δδ(k, z)P

NL-CORR
δδ (k, z) , (1)

where PNL-CORR
δδ is computed with HMcode (Mead et al.

2015, 2016). This non-linear correction introduces two
extra baryonic parameters: the minimum halo concen-

https://github.com/dpiras/cosmopower-jax
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tration cmin, and the halo bloating η0, which we vary
when performing Bayesian inference.

Using CAMB we also produce ∼ 5 × 105 CMB power
spectra, including the temperature CTT

` , polarisation
CEE
` , temperature-polarisation CTE

` and lensing poten-

tial Cφφ` power spectra in the interval ` ∈ [2, 2508]. All
emulators are trained on the same parameter range in-
dicated in table 1 of SM22. In both cases, we use ∼ 90%
of the data to train the neural networks (of which we
leave 10% for validation), and evaluate the trained mod-
els on the remaining O(104) test spectra.

2.3. Gradient-based Bayesian inference

The goal of Bayesian inference is to sample the pos-
terior distribution p(θ|d) of some parameters θ given
observed data d. Bayes’ theorem relates the posterior
distribution to the likelihood function p(d|θ):

p(θ|d) =
p(d|θ)p(θ)

p(d)
, (2)

where p(θ) expresses prior knowledge on the paramet-
ers θ, and the evidence p(d) is a normalisation factor
commonly ignored in parameter estimation tasks.

Drawing from p(θ|d) requires the use of stochastic
samplers to generate a list of samples drawn from the
posterior distribution. MCMC and nested sampling al-
gorithms are the two main classes of samplers typically
used in cosmological applications. Widely used examples
of MCMC methods in cosmology include the Metropolis-
Hastings and affine ensemble algorithms (Lewis & Bridle
2002; Lewis 2013; Goodman & Weare 2010; Foreman-
Mackey et al. 2013), whereas the most widely adop-
ted nested sampling algorithms are multimodal nested
sampling and slice-based nested sampling (Feroz & Hob-
son 2008; Feroz et al. 2009, 2019; Handley et al. 2015a,b).

MCMC and nested sampling methods can struggle
to explore large parameter spaces, due to their inher-
ent rejection sampling nature. In these challenging in-
ference scenarios it is useful to resort to gradient-based
algorithms, which manage to concentrate the sampling in
regions of high posterior density despite the large number
of model parameters. A popular gradient-based method
is Hamiltonian Monte Carlo (HMC, Duane et al. 1987;
Neal 1996), which formulates the problem of sampling
the posterior distribution as the dynamical evolution of a
particle with position θ and momentum p. The Hamilto-
nian of the system is written as:

H(θ,p) =
1

2
pTM−1p+ U(θ) , (3)

whereM is a “mass matrix”, which is assumed to be the
covariance matrix of a zero-mean multivariate Gaussian
distribution used to sample p, and the potential energy
U(θ) is defined as:

U(θ) ≡ − ln p(θ|d) . (4)

Starting from an initial point in the phase space (θ,p), it
is possible to collect samples of the posterior distribution
by numerically solving the Hamilton’s equations using a
leapfrog algorithm. A new proposed state (θ∗,p∗) is then
either accepted or rejected based on the new energy value
H(θ∗,p∗). HMC can thus be seen as a modification to the

original Metropolis-Hastings algorithm, which leverages
the analogy with a Hamiltonian system to find a better
proposal distribution and results in a higher acceptance
rate.

A practical difficulty of HMC is the need for tuning
of the hyperparameters governing the leapfrog numer-
ical integration of the Hamiltonian dynamics. These are
the number and the size of steps to be taken by the in-
tegrator before the sampler changes direction to a new
random one. These numbers can be particularly hard to
tune and lead to inefficient sampling of the posterior. The
No U-Turn Sampler (NUTS, Hoffman & Gelman 2014)
tackles this issue by forcing the sampler to avoid U-turns
in parameter space. In particular, rather than fixing the
number of integration steps, NUTS adjusts the integra-
tion length by running the leapfrog algorithm until the
trajectory starts to return to previously-visited regions
of the parameter space; while the number of model eval-
uations increases, this leads to a higher acceptance rate,
and therefore to faster and more reliable convergence.

In our experiments, we use the NUTS implementation
provided by the NumPyro library (Bingham et al. 2019;
Phan et al. 2019). We set the integration step size to
10−3, and find no difference in the final results by increas-
ing or decreasing this value by one order of magnitude.
Additionally, we set the maximum number of model eval-
uations before sampling a new momentum to 27, and spe-
cify a block mass matrix according to the expected correl-
ations among parameters. Finally, to further improve the
geometry of the problem we perform a reparameterisa-
tion of the inference variables: all of the parameters with
a Gaussian prior distribution are decentered (Gorinova
et al. 2020), while all of those with a uniform prior are
rescaled to U [−5, 5, ]. All original prior distributions are
reported in Table 1.

We run the NUTS algorithm on three NVIDIA A100
GPUs with 80 GB of memory. Using multiple GPUs al-
lows us to showcase the pmap feature of JAX to distribute
the NUTS chains over multiple GPU devices. We report
below an example snippet to run inference over multiple
GPUs using NumPyro, where the parallelisation happens
simultaneously over a single device and across multiple
devices.

def do_mcmc(rng_key, n_vectorized=8):
# All posterior details are defined in this kernel
nuts_kernel = NUTS(log_posterior)
mcmc = MCMC(

nuts_kernel,
num_chains=n_vectorized,
chain_method="vectorized"
)

mcmc.run(rng_key)
return {**mcmc.get_samples()}

# Number of devices to pmap over
n_parallel = jax.local_device_count()
rng_ks = jax.random.split(PRNGKey(rng_seed), n_parallel)
samples = pmap(do_mcmc)(rng_ks)

In this example, 8 chains are run on each GPU, and
the total number of GPUs available is determined at run
time.

2.4. Likelihoods

To test the computational efficiency and accuracy of
our CosmoPower-JAX emulators, we run examples of cos-
mological inference on large parameter spaces, such as
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Parameter Prior range Fiducial value

C
o
sm

o
lo
g
y

ωb = Ωbh
2 U [0.01875, 0.02625] 0.02242

ωcdm = Ωcdmh
2 U [0.05, 0.255] 0.11933

h U [0.64, 0.82] 0.6766

ns U [0.84, 1.1] 0.9665

ln1010As U [1.61, 3.91] 3.047

B
a
r
y
o
n
s

cmin U [2, 4] 2.6

η0 U [0.5, 1] 0.7

N
u
is
a
n
c
e
S
1

AS1
IA,i i = 1, . . . , 10 U [−6, 6] 1− 0.1i

DS1
zi,source

i = 1, . . . , 10 N (0, 10−4) 0

mS1
i i = 1, . . . , 10 N (0.01, 0.02) 0.01

DS1
zi,lens

i = 1, . . . , 10 N (0, 10−4) 0

bS1i i = 1, . . . , 10 U [0.1, 5] 1

N
u
is
a
n
c
e
S
2

AS2
IA,i i = 1, . . . , 10 U [0, 10] 6.45− 0.5i

DS2
zi,source

i = 1, . . . , 10 N (0, 10−3) 0

mS2
i i = 1, . . . , 10 N (0, 0.002) 0

DS2
zi,lens

i = 1, . . . , 10 N (0, 10−3) 0

bS2i i = 1, . . . , 10 U [0.8, 3] 1.2+0.1i

N
u
is
a
n
c
e
S
3

AS3
IA,i i = 1, . . . , 10 U [0, 6] 1.1− 0.1i

DS3
zi,source

i = 1, . . . , 10 N (0, 10−3) 0

mS3
i i = 1, . . . , 10 N (0, 0.003) 0

DS3
zi,lens

i = 1, . . . , 10 N (0, 10−3) 0

bS3i i = 1, . . . , 10 U [0.8, 3] 1.25+0.05i

Table 1: Prior distributions and fiducial values of the
cosmological and nuisance parameters for the simulated
analyses performed in this work. Uniform (Gaussian)
prior distributions are indicated with U (N ). For the
cosmological parameters and the baryonic feedback para-
meters (cmin, η0) the prior range corresponds to the range
of validity of our emulators. The superscripts S1, S2 and
S3 refer to three simulated Stage IV surveys, whose de-
tails we discuss in Sect. 2.4.

those that will characterise the analysis of future surveys.
We consider a power spectrum analysis of both cosmic
shear alone, as well as in cross-correlation with galaxy
clustering (3x2pt), which in recent years has become the
standard method to combine information on the cos-
mic shear and galaxy clustering field (e.g. Joachimi &
Bridle 2010; Sanchez et al. 2021; Heymans et al. 2021;
Abbott et al. 2022). Redshift information is included in
the analysis through tomography, assigning galaxies to
one of Nbins bins based on their photometric redshift.
The angular power spectra of the probes are jointly mod-
elled computing all of the unique correlations between
tomographic bins i, j = 1, . . . , Nbins. In the following we
briefly review the modelling of the power spectra for cos-
mic shear, galaxy clustering and their cross-correlation

S1 S2 S3

fsky 0.35 0.05 0.45

n̄source [gal/arcmin2] 30 50 50

n̄lens [gal/arcmin2] 40 55 60

σε 0.30 0.25 0.35

Table 2: Specifications for the three Stage IV surveys
S1, S2 and S3 that we consider in this work. All details
can be found in Sect. 2.4.

(“galaxy-galaxy lensing”), as well as describe the Stage
IV surveys we take into consideration. We follow the
notation of SM22.

Angular power spectra for the three probes can be
expressed as integrals of the matter power spectrum
Pδδ(k, z) (a function of wavevector k and redshift z),
weighted by pairs of window functions W for the shear
(γ), clustering (n) and intrinsic alignment (I) fields:

CABij (`) =

∫ χH

0

dχ
WA
i WB

j

χ2
Pδδ

(
k =

`+ 1/2

χ
, z

)
, (5)

where {A,B} = {γ,n, I}, χ is the comoving distance (it-
self a function of redshift), and the upper limit of in-
tegration is the Hubble radius χH = c/H0, with c the
speed of light and H0 the Hubble constant. In Eq. (5) we
assumed the extended Limber approximation (LoVerde
& Afshordi 2008) which connects Fourier scales k with
angular multipoles `.

The angular power spectrum Cεεij (`) of the cosmic shear
signal for tomographic bins i and j is a combination of a
pure shear contribution and an intrinsic alignment con-
tamination:

Cεεij (`) = Cγγij (`) + CγIij (`) + CIγ
ij (`) + CII

ij(`) . (6)

For a tomographic redshift bin distribution
ni,,source(z), i = 1, . . . , Nbins, the weighting function
W γ
i (χ) for the cosmic shear field γ is given by:

W γ
i (χ) =

3H2
0 Ωm

2 c2
χ

a

∫ χH

χ

dχ′ ni,source(χ
′)
χ′ − χ
χ′

, (7)

where Ωm is the matter density parameter and a is the
scale factor. To model the window function for the in-
trinsic alignment field I, we start from the commonly-
used non-linear alignment model (Hirata & Seljak 2004;
Joachimi et al. 2011):

W I
i (χ) = −AIA

(
1 + z

1 + zp

)ηIA C1 ρcr Ωm

D(χ)
ni,source(χ) ,

(8)

with two free parameters AIA and ηIA; the linear growth
factor D(χ), the critical matter density ρcr, a constant
C1 and a pivot redshift zp also enter Eq. (8). We modify
the redshift dependence in Eq. (8) by setting ηIA = 0 and
using one amplitude parameter AIA,i for each redshift bin
i. This gives more flexibility to the modelling, at the cost
of increasing the number of free parameters. Thus, the
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window function for the intrinsic alignment field reads:

W I
i (χ) = −AIA,i

C1 ρcr Ωm

D(χ)
ni,source(χ) . (9)

We include a multiplicative bias in our modelling of
the cosmic shear signal. This keeps into account that
the ellipticities measured in a survey are typically biased
with respect to an ideal measurement, due to e.g. point
spread function modelling errors, selection biases or de-
tector effects (Huterer et al. 2006; Amara & Réfrégier
2008; Kitching et al. 2015; Mandelbaum et al. 2018;
Taylor & Kitching 2018; Mahony et al. 2022; Cragg
et al. 2022). We consider a multiplicative bias coeffi-
cient mi for each redshift bin i; therefore, the multi-
plicative bias rescales the cosmic shear power spectrum
Cεεij (`) by a factor (1 + mi)(1 + mj). Another import-
ant source of uncertainty is the imperfect knowledge of
the redshift distributions ni,source(z). Errors in these dis-
tributions have traditionally been modelled through the
addition of a shift parameter Dzi,source for each red-
shift bin i, which changes the mean of the bin redshift
distribution by shifting the distribution ni,source(z) to
n′i,source(z) = ni,source(z−Dzi,source) (see e.g. Eifler et al.
2021).

For the modelling of the galaxy clustering power spec-
trum Cnn

ij (`) we assume a linear bias model between
galaxy and dark matter density, with a free parameter
bi for each redshift bin i. The window function W n

i for
the galaxy clustering field n is then given by:

W n
i (χ) = bi ni,lens(χ) , (10)

where for the galaxy clustering we use a different sample
of redshift distributions ni,lens(χ), which is also not per-
fectly known and therefore includes a set of shiftsDzi,lens.
We do not take into account redshift space distortions.
Finally, the galaxy-galaxy lensing power spectrum is
given by

Cnε
ij (`) = Cnγ

ij (`) + CnI
ij (`) . (11)

The first experiment we run is a simulated cosmic shear
analysis of a Stage IV survey (dubbed “S1”). We assume
10 tomographic bins for nsource(z), with galaxies follow-
ing the distribution:

n(z) ∝ z2 exp
(
− (z/z0)

1.5
)
. (12)

with z0 = 0.64 (Smail et al. 1994; Joachimi & Bridle
2010). We consider a Gaussian covariance matrix (e.g.
Tutusaus et al. 2020) with a sky fraction fsky = 0.35,
a surface density of galaxies n̄source = 30 galaxies per
arcmin2, and an observed ellipticity dispersion σε = 0.3.
The C(`) spectra are computed for 30 bin values between
`min = 30 = and `max = 3000.

We use the nested sampler PolyChord to sample the
posterior distribution and run the inference pipeline
within Cobaya (Lewis 2013). To compute the theoretical
predictions for the cosmological observables we use the
Core Cosmology Library (CCL, Chisari et al. 2019). The
three upper blocks of Table 1 summarise the prior distri-
butions assumed for the parameters used in this analysis.
These include:

• five standard ΛCDM cosmological parameters,
namely the baryon density ωb = Ωbh

2, the cold
dark matter density ωcdm = Ωcdmh

2, the Hubble
parameter h, the scalar spectral index ns, and the
primordial power spectrum amplitude ln1010As;

• the HMcode parameters cmin, η0;

• one intrinsic alignment amplitude AIA for each of
the ten redshift bins;

• one shift parameter Dz,source for each of the ten
source redshift distributions;

• one multiplicative bias coefficient m for each of the
ten redshift bins,

for a total of 37 model parameters.
We run a second experiment in which we consider the

joint analysis of three surveys, dubbed “S1”, “S2” and
“S3”, each one performing a 3x2pt analysis over 10 red-
shift bins over different z ranges. nsource(z) and nlens(z)
are sampled from Eq. (12), with different galaxy densities
n̄source and n̄lens reported in Table 2. In this analysis, the
cosmological and baryon parameters are unique, while
each survey has its own set of nuisance parameters to
model redshift distribution shifts, multiplicative biases
and galaxy bias. With respect to the cosmic shear ana-
lysis, for each survey we add:

• one shift parameter Dz,lens for each of the ten lens
redshift distributions;

• one linear galaxy bias coefficient b for each of the
ten redshift bins,

for a total of 157 parameters. The prior distributions and
fiducial values of the nuisance parameters for all surveys
are reported in Table 1, while we report all survey spe-
cifications in Table 2.

3. RESULTS

3.1. Emulator accuracy

Having used the same dataset and training settings,
the accuracy of our JAX emulators is in excellent agree-
ment with the results presented in SM22, i.e. the differ-
ence with respect to the CAMB test spectra is always
sub-percent for both the matter power spectrum and the
CMB probes. We do not show the accuracy plots here
for brevity, and refer the reader to SM22 for an extended
comparison.

In Fig. 1 we then compare the derivatives of the linear
matter power spectrum and the non-linear boost with
respect to cosmological parameters, using CAMB and fi-
nite differences with a five-point stencil as a benchmark.
These numerical derivatives rely on a simple Taylor ex-
pansion of the function f(x) being considered, and are
calculated as:

f ′(x) ' −f(x+ 2s) + 8f(x+ s)− 8f(x− s) + f(x− 2s)

12s
,

(13)
where s is a small step size. We choose the step size for
each derivative by ensuring that the numerical derivative
would only change at the sub-percent level, or within
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Figure 1. Derivatives of the matter power spectrum components as defined in Eq. (1) with respect to cosmological
parameters for random samples in the test set. Solid red lines represent finite differences calculated using CAMB
and a five-point stencil as in Eq. (13), while dashed blue lines are obtained with the CosmoPower-JAX emulator and
automatic differentiation (autodiff ).
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Figure 2. Same as in Fig. 1 for the CMB temperature power spectrum CTT
` .

machine precision, when increasing or decreasing s by
one order of magnitude.

The derivatives computed by our JAX emulators are ef-
ficient to obtain and show excellent agreement with the
numerical ones, despite the latter being prone to numer-
ical instabilities due to the choice of the step size. Analog-
ously, in Fig. 2 we repeat this comparison for the CTT

`
power spectrum, showing again good agreement for all
cosmological parameters.

3.2. Bayesian inference

Here we present and comment on the results of run-
ning our gradient-based inference pipelines. We emphas-
ise that, while the survey configurations that we consider
are representative of the ones expected from upcoming
surveys, our goal is not to obtain official forecast predic-
tions, but rather to focus on the challenge represented by
the large parameter space required by these analyses, and
how to implement viable solutions to efficiently explore
these spaces.

In Fig. 3 we show the posterior contours for the cosmo-

logical and nuisance parameters in the case of a cosmic
shear analysis of a single Stage IV-like survey. The results
obtained with NUTS and the CosmoPower-JAX emulators
on three GPUs in one day are in excellent agreement with
those yielded by the PolyChord sampler using CAMB
and CCL, which however require about 4 months on 48
2.60 GHz Intel Xeon Platinum 8358 CPU cores. The total
speed-up factor is then O(103) in terms of CPU/GPU
hours, and O(102) in terms of actual elapsed time.

In Fig. 4 and Fig. 5 we then show the posterior con-
tours for the 7 cosmological parameters and the 150 nuis-
ance parameters, respectively, of the joint analysis of the
three Stage IV-like surveys described in Sect. 2.4. Ob-
taining the corresponding contours using PolyChord and
CAMB would be extremely computationally expensive:
optimistically, assuming a linear (rather than exponen-
tial, see e.g. Bishop 1995) scaling of the run time with
the number of inference parameters, we would expect to
be able to obtain such contours in at least 6 years on
48 CPU cores. Therefore, we only show the results with
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Figure 3. Inference results for the cosmic shear analysis of a simulated Stage IV survey with a total of 37 parameters.
The contours show the 68% and 95% credibility contours and 1-D marginals for all of the parameters. The inset
table reports the plot range and corresponding parameter name of every axis symbol; all parameters are described in
Sect. 2.4, while in Table 1 we report the prior distributions and fiducial values. The contours in blue are obtained with
the No U-Turn Sampler (NUTS) combined with our CosmoPower-JAX emulators. The contours in red are produced
using the PolyChord sampler together with the Boltzmann code CAMB. The CosmoPower-JAX results are obtained
over 3 graphics processing units (GPUs) in about 1 day, while the benchmark ran on 48 CPU cores for about 4 months,
so that the total speed-up factor in terms of CPU/GPU hours is O(103). All of the contours shown in this paper are
plotted using GetDist (Lewis 2019).
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NUTS and CosmoPower-JAX, which we obtain in about 3
days over 3 GPUs, for a total speed-up factor of O(104)
in terms of CPU/GPU hours. These results are unbiased
and in good agreement with the fiducial values of our
analysis.

4. CONCLUSIONS

We presented CosmoPower-JAX, a JAX-based
implementation of the cosmological neural emu-
lator CosmoPower (Spurio Mancini et al. 2022).
CosmoPower-JAX adopts the same emulation methods of
the original TensorFlow-based version of CosmoPower,
but implements them using the JAX library. The key
feature of JAX is the ability to automatically differentiate
functions written in common Python libraries, such as
NumPy. Additionally, JAX allows NumPy software to be
dynamically compiled, evaluated in batch, and run on
graphics processing units (GPUs) and tensor processing
units (TPUs). In this paper, we made use of these
JAX features to show how they can accelerate Bayesian
cosmological inference by orders of magnitude.

We started by training a set of CosmoPower-JAX
emulators of matter and cosmic microwave background
(CMB) power spectra, using the same datasets of
Spurio Mancini et al. (2022). We compared the accur-
acy of our JAX-based emulators with the Boltzmann code
CAMB, showing excellent agreement both at the power
spectra level as well as at the level of their derivatives.
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Figure 4. Inference results for the joint analysis of three
simulated Stage IV surveys, each performing a 3x2pt
analysis, for a total of 157 model parameters. Here we
show the posterior contours for the cosmological para-
meters, while we report the marginal distribution of the
nuisance parameters in Fig. 5. The blue contours repres-
ent the 68% and 95% credibility contours and 1-D mar-
ginals. These are obtained with the No U-Turn Sampler
(NUTS) combined with our CosmoPower-JAX emulators
in about 3 days on 3 graphics processing units (GPUs).
Dashed grey lines represent the fiducial values, reported
in Table 1 together with the prior distributions.

Crucially, rather than being obtained with finite differ-
ences, which are prone to numerical instabilities and re-
quire fine-tuning of the step size, derivatives of the power
spectra with CosmoPower-JAX are obtained straightfor-
wardly and efficiently with the built-in automatic differ-
entiation (autodiff ) features provided by JAX. We note
that the usefulness of our differentiable power spectra
emulators is not limited to 2-point-statistics analyses
of cosmological fields: for example, field-level inference
pipelines (e.g. Makinen et al. 2021, 2022; Loureiro et al.
2023; Porqueres et al. 2023) greatly benefit from efficient
access to power spectra and their gradients.

We combined our emulators with the JAX-based cos-
mological library jax-cosmo (Campagne et al. 2023)
to write likelihood functions that are fully differenti-
able by virtue of their pure-JAX implementation. Run-
ning these likelihoods within inference pipelines us-
ing gradient-based Monte Carlo algorithms like the
No U-Turn Sampler (NUTS), we showed how to use
CosmoPower-JAX to perform cosmological Bayesian infer-
ence over parameter spaces with O(100) parameters, us-
ing multiple graphics processing units (GPUs) in parallel.
We performed a cosmic shear analysis for a Stage IV-like
survey configuration with a total of 37 parameters, show-
ing good agreement with standard nested sampling infer-
ence performed with CAMB, while being O(103) times
faster. We finally showed that with CosmoPower-JAX and
NUTS it is possible to perform a combined Bayesian in-
ference on three different Stage IV-like surveys, each per-
forming a joint cosmic shear and galaxy clustering ana-
lysis (3x2pt), for a total of 157 parameters, of which 150
represent nuisance parameters used to model systematic
effects for each survey. We obtained unbiased posterior
contours in about 3 days on 3 GPUs, as opposed to an
optimistic estimate of at least 6 years needed to obtain
the same results with traditional sampling methods and
standard Boltzmann codes, for a total speed-up factor of
O(104) in terms of CPU/GPU hours.

Developing fully differentiable, GPU-accelerated im-
plementations of key analysis pipelines is of the utmost
importance to tackle the massive computational require-
ments imposed by upcoming Stage IV surveys. To this
purpose, we envision the use of differentiable libraries
such as TensorFlow, JAX and PyTorch to become stand-
ard practice in cosmological software implementations,
not least because they can all be used within the Python
programming language, which is becoming the de facto
standard programming language in both the cosmolo-
gical and machine learning communities.

Libraries such as CosmoPower-JAX and jax-cosmo are
therefore of paramount importance for the success of
next generation surveys. To this purpose, we plan to
integrate the public release of CosmoPower-JAX with
the jax-cosmo library. In parallel, we will explore im-
proved gradient-based posterior samplers, such as those
described in Ver Steeg & Galstyan (2021); Park (2021);
Robnik et al. (2022); Karamanis et al. (2022); Wong et al.
(2023), to further improve the sampling efficiency, and
thus the usefulness of our differentiable emulators.
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Figure 5. Marginal posterior distributions obtained in about 3 days on 3 graphics processing units (GPUs) with
our CosmoPower-JAX emulators and the No U-Turn Sampler (NUTS) for the nuisance parameters of the the joint
analysis of three simulated Stage IV surveys. Each survey performs a 3x2pt analysis, for a total of 157 parameters.
The corresponding cosmological constraints can be found in Fig. 4. Dashed grey lines represent the fiducial values,
reported in Table 1 together with the prior distributions.
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DATA AVAILABILITY

We make the CosmoPower-JAX emulat-
ors available in this GitHub repository
(https://github.com/dpiras/cosmopower-jax, also
accessible by clicking the icon �).
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ABSTRACT
We present the first 3D fully coupled magneto-thermal simulations of neutron stars (including the most realistic background
structure and microphysical ingredients so far) applied to a very complex initial magnetic field topology in the crust, similar to
what recently obtained by proto-neutron star dynamo simulations. In such configurations, most of the energy is stored in the
toroidal field, while the dipolar component is a few percent of the mean magnetic field. This initial feature is maintained during
the long-term evolution (∼ 106 yr), since the Hall term favours a direct cascade (compensating for Ohmic dissipation) rather
than a strong inverse cascade, for such an initial field topology. The surface dipolar component, responsible for the dominant
electromagnetic spin-down torque, does not show any increase in time, when starting from this complex initial topology. This is
at contrast with the timing properties of young pulsars and magnetars which point to higher values of the surface dipolar fields. A
possibility is that the deep-seated magnetic field (currents in the core) is able to self-organize in large scales (during the collapse
or in the early life of a neutron star). Alternatively, the dipolar field might be lower than is usually thought, with magnetosphere
substantially contributing to the observed high spin-down, via e.g., strong winds or strong coronal magnetic loops, which can
also provide a natural explanation to the tiny surface hotspots inferred from X-ray data.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION

In the last years, increasing efforts have been dedicated to magneto-
hydrodynamical (MHD) simulations of core-collapse supernovae
(CCSN) (e.g., Obergaulinger et al. 2014; Mösta et al. 2014, 2015;
Bugli et al. 2020; Aloy & Obergaulinger 2021; Powell et al. 2022;
Obergaulinger & Aloy 2022). Besides the intrinsic importance in
understanding the underlying explosion mechanisms and the funda-
mental physics of hot dense matter (Janka 2012; Obergaulinger &
Aloy 2020), CCSN simulations are important to define the charac-
teristics of its compact remnant, a hot proto-neutron star (PNS, e.g.
Pons et al. 1999; Barrère et al. 2022). The highly dynamical process
consists in three main stages, as follows. (i) For about one second
after the core bounce, the system consists of a relatively cool central
region surrounded by a hot mantle, collapsing and radiating off neu-
trinos quickly, while still also accreting material. (ii) Over the next
∼ 20 seconds, a slowly developing state of the PNS can be identi-
fied; the system first deleptonizes and heats up the interior parts of
the forming star, later it cools down further through neutrino diffu-
sion. The PNS is born extremely hot and liquid (𝑇 ≈ 1010 K), with
a relatively large radius of ∼ 100 km. (iii) After several minutes,
it becomes transparent to neutrinos and shrinks to its final radius
𝑅 ∼ 10 − 14 km Burrows & Lattimer (1986); Keil & Janka (1995);

★ E-mail: c.dehman@csic.es

Pons et al. (1999). Neutrino transparency marks the birth of a NS,
which starts its long-term cooling, dominated first by neutrinos and
later (𝑡 & 105 yr) by photon emission from the surface.
The NS magnetic field configuration at birth is largely unknown,

and explaining how to generate strong dipolar fields able to explain
the timing properties of magnetars is still an open question (see e.g.
Igoshev et al. 2021b for a review). Different scenarios were dis-
cussed in the literature to explain the origin of the magnetic field in
magnetars. Magnetic flux conservation can lead to the strongest mag-
netic fields in the case of highly magnetized progenitors that could
be formed in stellar mergers (Ferrario & Wickramasinghe 2006;
Schneider et al. 2019; Makarenko et al. 2021), although it may not
explain the formation of millisecond magnetars since highly magne-
tized progenitors are slow rotators (Shultz et al. 2018). To have both
fast rotation and a strong magnetic field a possible scenario is the
magnetic field amplification by a turbulent dynamo in the PNS (Ray-
naud et al. 2020). Different approaches of magneto-hydrodynamic
(MHD) local or global simulations have been recently put forward to
quantify the magnetic field amplification.
On one side, box simulations with simplified background fields

showed the development of the magneto-rotational instability (MRI)
(Balbus & Hawley 1991; Akiyama et al. 2003; Obergaulinger et al.
2014; Rembiasz et al. 2017; Aloy & Obergaulinger 2021). On the
other side, global simulations have explored the PNS dynamo mech-
anisms (Raynaud et al. 2020; Reboul-Salze et al. 2021; Masada et al.

© 2023 The Authors
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2022), including the effects of differential and rigid rotation and con-
vection. As usual in dynamo simulations, the system reaches an equi-
librium configuration in which, although the fields are not static at
all, the distribution of energy over the scales (or multipoles) is statis-
tically at (quasi)-equilibrium due to the balance between the overall
forces in the magnetized fluid. In particular, the magnetic energy
of the PNS spreads over a wide range of spatial scales, with non-
axisymmetric and toroidal components dominating over the poloidal
large-scale dipole. The total energy is compatible with magnetar-like
magnetic fields, but it is dominated by the small scales.
In this sense, the approach and results of these studies repre-

sent a major advance that improves the highly simplified pictures
of static idealized equilibria known as twisted torus, often used as
initial field configurations. As a matter of fact, such purely large-
scale and axisymmetric configurations have a completely different
spatial distribution of the magnetic energy, compared to the dynamo
configurations, but they have been often used as starting point for the
long-term evolution in NSs.
Here we present the first 3D coupled magneto-thermal simulation

having at the same time a realistic background structure and micro-
physics, and an initial magnetic field topology similar (in terms of
spectral distribution) to Reboul-Salze et al. (2021). The simulation is
performed using MATINS (Dehman et al. 2023a & Ascenzi et al. in
prep.) The latter works used the most recent temperature-dependent
microphysical calculations, a star structure coming from a realis-
tic equation of state (EOS) and the inclusion of the corresponding
relativistic factors in the evolution equations. Such simulations fur-
ther complements the recent efforts to describe crust-confined 3D
magnetic field evolution without or with thermal evolution that used
a simplified microphysical prescription described in the PARODY-
based published works (Wood & Hollerbach 2015; Gourgouliatos
et al. 2016, 2020; De Grandis et al. 2020, 2021; Igoshev et al.
2021a,c). In particular, our simulations confirm the general trend
seen from the initially purely small-scale field of Gourgouliatos et al.
(2020), but using a more realistic model and performing a deeper
analysis.
This letter is structured as follows. In Sect. 2, we briefly review

the theoretical framework adopted to simulate the magneto-thermal
evolution ofNSs. The results of the first 3D coupledmagneto-thermal
evolution usingMATINS are displayed in Sect. 3. Finally, we discuss
our results and we draw the main conclusions in Sect. 4.

2 3D MAGNETO-THERMAL EVOLUTION

2.1 Basic equations

After few minutes from birth, NSs settle to a stratified, hydrodynam-
ical static configuration, where no convection or differential rotation
operate. If they are isolated, they have then no further relevant energy
source, which implies that the kinetic (i.e., rotation), magnetic and
thermal energy will decay in the long term. In fact, all the rich multi-
wavelength phenomenology during the active life of NSs (beamed
non-thermal emission, thermal X-ray emission, transient bursts and
flux enhancements), ultimately relies only on the electro-magnetic
torque and re-arrangement (via long-term dissipation and sporadic
abrupt re-configurations) of the PNS huge magnetic energetic inher-
itance.
In order to quantify the long-term evolution ofNS’smagnetic fields

®𝐵 (in the crust) and the internal temperature 𝑇 , the MHD equations
can be then reduced to only two coupled equations (see the review by
Pons & Viganò (2019) for more details), the Hall induction equation

and the heat diffusion equation for the crust, which read respectively:

𝜕 ®𝐵
𝜕𝑡

= −®∇ ×
[
[ ®∇ × (𝑒a ®𝐵) + 𝑐

4𝜋𝑒𝑛𝑒
[ ®∇ × (𝑒a ®𝐵)] × ®𝐵

]
, (1)

𝑐𝑉 (𝑇)
𝜕
(
𝑇𝑒a

)
𝜕𝑡

= ®∇ · (𝑒a ˆ̂(𝑇, ®𝐵) · ®∇(𝑒a𝑇)) +

+𝑒2a (𝑄𝐽 ( ®𝐵,𝑇) −𝑄a ( ®𝐵,𝑇)) , (2)

where: 𝑐 is the speed of light, 𝑒 the elementary electric charge, 𝑛𝑒
the electron number density, [(𝑇) = 𝑐2/(4𝜋𝜎𝑒 (𝑇)) the magnetic
diffusivity (inversely proportional to the electrical conductivity 𝜎𝑒),
𝑐𝑉 the heat capacity per unit volume, �̂� the anisotropic thermal
conductivity tensor, 𝑄𝐽 and 𝑄a the Joule heating rate and neutrino
emissivity per unit volume, and 𝑒a is the relativistic redshift correc-
tion.
The system of equation must be supplemented by an equation of

state, which allows to set: (i) the fixed, spherical background structure
of the star (e.g., density and composition as a function of radius)
which is obtained through solving the Tolmer-Oppenheimer-Volkoff
equation for a given central pressure (i.e., a given total mass), (ii)
the local microphysics [, 𝑐𝑉 , ˆ̂,𝑄a . Superfluid and superconductive
models for neutrons and protons respectively must also be taken into
account, since they have a huge impact on the cooling timescales,
via 𝑐𝑉 and 𝑄a In this study, we assume the superfluid models of
Ho et al. (2015). Equation of state and superfluid models have an
important impact on the cooling, but they play a lesser role in the
magnetic field evolution (compared for instance to the chosen initial
topology).
The main couplings between 𝑇 and ®𝐵 in their evolution equations

are explicitly marked as dependencies in the equations above. On one
side, a main effect is the magnetic-to-thermal energy conversion via
Joule heating 𝑄𝐽 . This in turn depend on [(𝑇), which decreases as
the NS cools down (and becomes basically temperature-independent
for sufficiently low temperatures when impurities dominate the scat-
tering processes, e.g. Aguilera et al. 2008). On the other hand, the
magnetic field makes the thermal conductivity ˆ̂ anisotropic, ham-
pering the transmission of heat across the magnetic field lines and
allowing important dis-homogeneities in the surface temperature dis-
tribution 𝑇𝑠 , for which observations can give constraints. At a much
less extent, ®𝐵 has also an effect on 𝑐𝑉 and 𝑄a .
The core and the crust (accounting together for more than 99%

of mass and volume) are fully considered in the thermal evolution.
For the outermost envelope, where the timescales are much shorter
than in the interior, we rely on the modeling of an effective function
𝑇𝑠 (𝑇𝑏 , ®𝐵), which depends on the temperature and the magnetic field
at the bottom of the envelope 𝑇𝑏 (Potekhin et al. 2015a). We assume
for simplicity a blackbody emission from the surface, which might
be a simplification (Potekhin et al. 2015b), but doesn’t affect our
conclusions.
We neglect the poorly known magnetic evolution in the core (see

e.g. Gusakov et al. (2020); Wood & Graber (2022) for recent discus-
sions), by assuming that currents circulate only in the crust. Indeed,
eq. (1) is valid for the solid crust only: the first term is the Ohmic
term, and the second is the non-linear Hall term, which is the effect of
the Lorentz force acting on the ultra-relativistic electrons which carry
the charge by freely moving through the solid (or plastic) ion lattice.
The Hall term tends to push the electric currents toward the crust-
core boundary, where the high impurity content and pasta phases
could cause a fast dissipation of the magnetic field and therefore
much less spin-down Pons et al. (2013). In addition, the Hall term
tends to redistribute the magnetic energy across all scales. This effect
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Figure 1. Spectrum of the total magnetic energy at different evolution time up to 100 kyr (Hall balance is reached in the system). Left panel: 𝑙−energy spectrum.
Right panel: 𝑚−energy spectrum.
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Figure 2. Decomposition of the poloidal and toroidal magnetic energy as
a function of time. Poloidal magnetic energy is represented with red color,
the toroidal energy with blue, and the total magnetic energy with black solid
lines. The dots correspond to the axisymmetric components of these energies
and the dashed lines to the non-axisymmetric components. The axisymmetric
and non-axisymmetric component are taken in PNS dynamo simulations with
respect to the axis of the PNS rotation. This has no role in our simulations
and we define these components with respect to the magnetic axis, starting
with only 𝑚 = 0 for a dipole.

compensates the Ohmic dissipation of the smallest scales and, after
O(104) yr, the crustal magnetic topology approaches a very slowly
varying configuration, with the energy distributed over a broad range
of multipoles, a Hall cascade with slope ∼ 𝑙−2 for the intermediate
and small scales (Dehman et al. 2023a).

2.2 Numerical setup

We use MATINS (Dehman et al. 2023a), a finite-volume 3D code
employing the cubed-sphere coordinates, originally introduced by
Ronchi et al. (1996).MATINS is designed for this scenario and evolves
both the Hall induction and the heat diffusion equations eqs. (1) and
(2) (see Dehman et al. 2023a and Ascenzi et al. in prep. for details
about the magnetic and thermal evolution details separately). We
consider the magnetic field confined in the crust employ potential

magnetic boundary conditions (current-free magnetosphere) at the
outer numerical boundary, places at density 𝜌 = 1010 g cm−3 (close
to the transition between liquid envelope and solid crust takes place
for young or middle-age NSs). We implement the state-of-the-art
calculations for the temperature-dependent electrical conductivity
at each point of the star using Potekhin’s public codes1 (Potekhin
et al. 2015a). The background NS model can be built using different
models of the equation of state at zero temperature, taken from the
online public database CompOSE2 (CompStar Online Supernovae
Equations of State). In particular, we will show results that employ a
Skyrme-type model of EOS, SLy4 (Douchin & Haensel 2001), and
we consider a mass 𝑀 = 1.4𝑀sun. We employ the 𝑇𝑠 (𝑇𝑏 , ®𝐵) relation
of Potekhin et al. (2015a) for iron magnetized envelopes. For more
details on the impact of magnetized envelopes on the cooling of NSs,
we refer the reader to Dehman et al. (2023b). Themicrophysics, star’s
structure and envelope modules are the same as in our 2D models
(Viganò et al. 2021).
We adopt a grid resolution of 𝑁𝑟 = 40 and 𝑁b = 𝑁[ = 43

per patch (a cubed-sphere has 6 patches), corresponding to a total
number of resolved multipoles in the system of about 𝑙max ∼ 40. We
follow the evolution for 100 kyr, an age where most NSs have cooled
down enough to be hardly detectable (bolometric thermal luminosity
𝐿 < 1032 erg s−1).

2.3 Initial topology

We start from the work by Reboul-Salze et al. (2021), who performed
global simulations using MagIC (Wicht 2002). They consider a shell
representative of the convective region of a PNS, and simulate the
dynamo coming from the typical differential rotation profile seen
during an advanced state of the core-collapse. At saturation, they
found a very complex topology, with most of the magnetic energy
contained in the toroidal axisymmetric large-scale component (es-
pecially the quadrupolar component given by winding) and in the
non-axisymmetric small or medium-scale size magnetic structures,
both for the toroidal and the poloidal components. The large-scale
dipolar component represents only about ∼ 5% of the average mag-
netic field strength.

1 http://www.ioffe.ru/astro/conduct/
2 https://compose.obspm.fr/
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Figure 3. Spectrum of the toroidal magnetic energy (blue) and the poloidal magnetic energy (red) as a function of the spherical harmonics order 𝑙 at 𝑡 = 0, 10, 50
& 100 kyr. The dots correspond to the axisymmetric components of these energies and the dashed lines to the non-axisymmetric components. The total number
of multipoles in the system is 𝑙max = 40 and the initial number of multipoles is 𝑙 = 20. The top left panel of this figure (𝑡 = 0) is inspired from a core-collapse
generated turbulent field (Reboul-Salze et al. 2021, Fig. 7 top panel).

We adopt an initial field with an angular spectral energy dis-
tribution, shown in the upper left panel of Fig. 3, comparable to
(Reboul-Salze et al. 2021, Fig. 7 top panel). Here we indicate toroidal
(blue)/poloidal (red) and axisymmetric (spherical harmonics order
𝑚 = 0)/non-axisymmetric (𝑚 ≠ 0) components as a function of
the spherical harmonics degree 𝑙. The initial configuration is then a
smooth cascade in 𝑙 (truncated for simplicity at 𝑙 = 20) and 𝑚, with
an exception for the quadrupolar toroidal component which domi-
nates. The average initial magnetic field of a few 1014 G, corresponds
to a total magnetic energy of the order of ∼ 6 × 1044 erg. Note that
axial symmetry here refers to the rotational axis in the PNS phase,
but the rigid rotation of the NS plays no role in the magnetic evolu-
tion (we don’t evolve the full MHD, with the momentum equation,
that includes the Coriolis force, since the background is assumed
static for the solid crust). Therefore, hereafter, in our simulations, the
reference axis can be thought as the PNS rotational axis.

In the absence of a realistic core evolution, we simplify the topol-
ogy by confining the magnetic field to the NS crust (smaller than
the PNS shell), using the same (arbitrary) initial radial dependence
described in Dehman et al. (2023a). If the core evolution timescales

are much longer than the crust (see e.g. Gusakov et al. 2020), most
results of the crustal evolution should hold anyway.
Of course, it is unrealistic to expect that the birth NS configuration

is given exactly by the ones simulated for the PNS stage. As a matter
of fact, there is plenty ofMHD timescales to change the topology. On
one side, PNS will experience shrinking to the final NS size, which
will probably imply an increase of the energy by flux conservation
(here considered since we obtain similar volume-integrated energy
spectra). On the other side, the smaller scale will experience a fast
decay as soon as the dynamo processes will stop feeding them. This
is the reasonwhy, to be conservative, we only consider the first 𝑙 ≤ 20
multipoles. However, the details of the spectral slope for the small
scales are not important, since the Hall effect quickly regenerates
them via direct cascade (Dehman et al. 2023a).

3 RESULTS

In this section, we present the results of our simulation assuming a
crustal-confined initial field topology as described in Sect. 2.3. The
studied model has an average magnetic field of a few 1014 G and a
dominant Hall evolution (the magnetic Reynolds number is greater
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than unity and reaches a maximum of 𝑅𝑚 ∼ 1600 during evolution).
For a more quantitative analysis of the 3D magnetic evolution, we
survey the magnetic energy spectrum to observe the redistribution of
the magnetic energy over the different spatial scales.
We examine at different evolution times the 𝑙 and 𝑚 energy spec-

trum, illustrated respectively in the left and right panels of Fig. 1.
The transfer of the magnetic energy occur from large to small scales
(the latter are initially empty): the direct cascade dominates. The
magnetic energy spectra have reached a quasi-stationary state, i.e.,
the Hall-saturation, at about 20 − 30 kyr. Small-scale structures dis-
sipate faster than large-scale ones, enhancing the Ohmic heating in
the system. At the same time, the former are continuously fed by
the latter, thanks to the Hall term in the induction equation. This is
known as the Hall cascade, it happens thanks to the Hall-dominated
dynamics and it consists in an equilibrium distribution of magnetic
energy, over a quite broad range of multipoles, with an approximate
𝑙−2 slope (Goldreich & Reisenegger 1992).
Throughout ∼ 100 kyr of evolution, the total magnetic energy

drops by about half an order of magnitude as indicated in Fig. 2 (solid
black line). We also display in the same figure the decomposition of
the total magnetic energy (black) into its poloidal (red) and toroidal
(blue) components. The dots correspond to the axisymmetric com-
ponents (𝑚 = 0) and the dashed lines to the non-axisymmetric ones
(𝑚 ≠ 0). The studied initial topology has a poloidal field governed by
its non-axisymmetric component whereas the toroidal field has a sig-
nificant contribution from both axisymmetric and non-axisymmetric
pieces. For the first ∼ 104 kyr, the dissipation of magnetic energy
is relatively small compared to later time. One could notice that the
magnetic energy is transferred from the toroidal to the poloidal field
during the evolution. The most efficient transfer in terms of relative
energy increase, is for the poloidal axisymmetric field, probably be-
cause it is initially much weaker than the others. It shows a significant
growth of one order of magnitude during the first 40− 50 kyr. A sat-
uration occurs for rest of the evolution (i.e., the system has reached
the Hall balance). This quasi-constant energy trend appears for both
the poloidal and the toroidal axisymmetric energy for 𝑡 ≤ 50 kyr. At
the same time, a strong transfer of magnetic energy to the poloidal
non-axisymmetric component takes place. The non-axisymmetric
toroidal energy tends to dissipate faster than the totalmagnetic energy
in the system. That is because part of the toroidal non-axisymmetric
is transferred to the poloidal non-axisymmetric energy. The latter
dominates the axisymmetric toroidal component at ∼ 10 kyr and the
non-axisymmetric one at ∼ 50 kyr. Nevertheless, the total toroidal
field governs the magnetic energy at all time (solid blue line).
For a further understanding, we study in Fig. 3 the evolution in

time of the spectra. We display four snapshots of the toroidal (blue)/
poloidal (red) and axisymmetric (dots)/non-axisymmetric (dashed
lines) components as a function of the spherical harmonics degree 𝑙
at different evolution time, e.g., 𝑡 = 0, 10, 50& 100 kyr. At ∼ 10 kyr,
a transfer of energy to the non-axisymmetric toroidal dipole (blue
dashed line, 𝑙 = 1) takes place due to the inverse Hall cascade.
A significant transfer of energy to the poloidal axisymmetric field
happens at large- and small-scales. Instead, at late time (Hall balance
is reached in the system) the dipolar component dissipates. For a
better understanding, we discuss the behaviour of small- and large-
scales independently. During the evolution, the small-scale modes
(10 ≤ 𝑙 ≤ 40) gain a significant fraction of the magnetic energy
thanks to the Hall cascade in the system. The different behaviors are
listed below

• At 𝑡 = 10 kyr, both toroidal components (i.e., axisymmetric and
non-axisymmetric) decay in time, whereas the two poloidal com-

ponents gain energy at small scales. That also agrees with Fig. 2
and indicates equipartition at small scales, since isotropy is easier to
achieve. As a matter of fact, the peculiar crust geometry (a thin shell
of ∼ 1 km) and the strong stratification, play against isotropy and,
therefore, equipartition between large-scale components.

• At about 40 − 50 kyr, the system approaches an Hall-balance
(see also Fig. 1). At this stage, one can notice a slightly different be-
haviour for the axisymmetric and the non-axisymmetric components.
On one hand, the axisymmetric components reach an approximate
equipartition of the magnetic energy between poloidal and toroidal
components at small-scales. That is in agreement to what was found
using the axisymmetric 2D code Pons & Viganò (2019). A change
of phase in the oscillations occur on a timescale of 40 − 50 kyr. On
the other hand, for the non-axisymmetric modes, the slight toroidal
dominance over poloidal seen at 10 kyr inverts at 50 and 100 kyr.
That is due to a transfer of energy from toroidal to poloidal field
which, however, can be interpreted as equipartition of energy on the
small isotropic scales.

Minor differences appear in the spectrum at 50 and 100 kyr and
that is because the system has reached the Hall balance and the
spectra remains stationary as it is shown in Fig. 1. Note also how the
large scales barely evolve, compared to the others. This is another
confirmation that theNS tends to a universal behaviour (Hall cascade)
for intermediate and small scales, but it has a strong memory of
the large-scale magnetic topology at birth (Dehman et al. 2023a).
This has important implications to relate current observables to the
formation process (PNS stage).
The field lines in the crust of a NS at 𝑡 = 0, 10 and 50 kyr are

displayed in Fig. 4. The magnetic field lines are highly multipolar
and many small scale structures cover the surface. The field lines are
very tangled throughout evolution, making it difficult to discern any
clear dominant component.
In Fig. 5, we show the evolution of the thermal luminosity and (in

color scale) of 𝐵poldip, the dipolar component of the poloidal magnetic
field at the surface of the star (value at themagnetic pole). For such an
initial configuration, the luminosity ranges from 5×1032−1033 erg/s
in the neutrino cooling era, soon after, in the photon cooling era
(t∼ 105) yr, the luminosity drops sharply below 1032 erg/s. The rapid
cooling during the photon cooling era is also caused by the low
core heat capacity, which in turn depends on the assumed pairing
details. A comprehensive revision of the microphysics embedded in
magneto-thermal models can be found in Potekhin et al. (2015a). On
the other hand, 𝐵poldip drops from ∼ 1012 G to ∼ 4 × 1011 G without
any noticeable increase.
At the surface of the star, we define the average field strength in

each multipole 𝑙 as follows

�̄�surf
𝑙

=

[
1
4𝜋

∫
𝑑Ω(𝐵2𝑟 + 𝐵2\ + 𝐵2𝜙)

]0.5
=

[
𝐵20
4𝜋

∑︁
𝑚

(𝑏𝑚
𝑙
)2

(
𝑒−2_(𝑅) (𝑙 + 1)2 + 𝑙 (𝑙 + 1)

)]0.5
, (3)

where 𝑒−2_(𝑅) is the relativistic metric correction at the surface,
𝑏𝑚
𝑙
are the dimensionless weights of the multipoles entering in the

spherical harmonics decomposition of the radial magnetic field, and
𝐵0 is the normalization used in the code (see eq. 26 of Dehman
et al. 2023a for more details). In the top panel of Fig. 6, we show the
time evolution of �̄�surf

𝑙
as a function of 𝑙. At t=0, the NS surface is

dominated by the dipolar mode due to the specific radial function that
we assume for each multipole in this case. However, as soon as we
start the evolution the small-scale modes become dominant at about
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Figure 4. Field lines in the crust of a NS at 𝑡 = 0 (on the left), 𝑡 = 10 kyr (in the center) and 𝑡 = 50 kyr (on the right). The color scales indicates the local field
intensity in units of 1012 G.
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Figure 5. Luminosity curve as a function of time. The colorbar indicates
the evolution of the dipolar component of the poloidal magnetic field at the
surface of the star (value at the magnetic pole).

1 kyr. Then the system reaches some sort of balance throughout
the evolution. The balanced configuration is dominated by small-
scale structures only (𝑙 ≥ 10). This finding implies that during the
evolution the 𝐵

pol
dip value (the colorbar of Fig. 5) is much weaker

than the one inferred for most magnetars (1014 − 1015 G), when the
classical spin-down formula is used to interpret the timing properties.
So far we have focused only on different choices of the tangential

distribution of magnetic energy (the initial multipole weights). How-
ever, the initial radial profile of the topology (i.e., the set of radial
functions of each multipole (𝑙, 𝑚)) is also an important parameter
that potentially affect our results (also connected to the outer and
inner boundary conditions). For this reason, in the bottom panel of
Fig. 6, we compare the evolution for two different initial sets of ra-
dial functions (both equally arbitrary), which result in very different
initial shapes of �̄�surf

𝑙
. The solid lines correspond to a set of radial

functions that allow a smooth matching with a pure dipole outside
(see App. B of Dehman et al. 2023a), confining inside all the other
multipoles. The dots correspond to another set of radial functions
that allows an initial distribution of small- and large-scale multi-
poles on the star’s surface, with an initial non-zero tangential current

that is quickly dissipated by the re-arrangement of the field. Both
simulations are soon (∼ 1 kyr, red) dominated by the small-scale
structures and approach a similar spectral distribution of �̄�surf

𝑙
after

about 20 kyr, when the Hall balance is reached. From the comparison
of these two simple choices, it seems that, independently from the
initial radial distribution of the magnetic field inside the NS’s crust,
the star surface is anyway dominated by small-scale structures.

4 DISCUSSION

In the previous work (Dehman et al. 2023a), we have explored dif-
ferent initial field configurations using MATINS. Our simulations
confirmed that the spectra and topology of the magnetic field keep a
strong memory of the initial large scales, which are much harder to
be restructured or created. This indicates that the type of large-scale
configurations attained during the PNS stage and the NS formation
is crucial to determine the magnetic field topology at any age of
its long-term evolution. Dynamo simulations of PNS show a com-
plex field configuration in which most of the energy is stored in
the toroidal field and only a small fraction (∼ 5%) of it is stored in
the dipole component, with small-scale components dominating over
the large-scales ones (in particular, the dipolar poloidal component
responsible for the spin-down).
To assess how such complex initial topology evolves, we presented

the first coupled 3Dmagneto-thermal simulation of a NS field evolu-
tion, starting from a configuration similar (in energy spectra) to the
recent PNS dynamo simulations by Reboul-Salze et al. (2021). We
include the most realistic background structure and microphysical
ingredients so far. We perform a long-term simulation until a age of
∼ 100 kyr, i.e., until the Hall balance is reached and the luminosity
evolution is driven by mostly by photon cooling.
Following the analysis of our results (Sect. 3), we found that the

surface dipolar component experiences no relevant growth in time
in this timescale, independently from the initial radial distribution
of the magnetic field in the NS crust (see Fig. 6, bottom panel). We
argue that only starting from an initial magnetic energy distribution
mostly concentrated in the dipolar component alone (in the crust
or in the core) could result in a dominant surface dipolar magnetic
field. As in our previous work, and in PARODY-based studies (Gour-
gouliatos et al. 2020; Igoshev et al. 2021c), we find a wide range
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Figure 6. Time evolution of the surface average field strength as a function
of 𝑙 (eq. 3). Top Panel: evolution up to 100 kyr. The colorbar reflects the
evolution in time. Bottom Panel: Comparison of the evolution for different
radial functions at 𝑡 = 0 (black), 1 kyr (red) and 20 kyr (yellow). The solid lines
correspond to the radial function that fits the potential boundary conditions
(Dehman et al. 2023a, , App. B) and results in an initial purely dipolar field
at surface (black solid lines), whereas the dots correspond to (Aguilera et al.
2008, eq. 8) applied to both toroidal and poloidal field. The latter allows an
initial distribution of small- and large-scale multipoles on the star’s surface.

of spatial scales over which the magnetic energy is distributed, and
the large-scale components are sub-dominant. However, it is unclear
how core collapse could yield to a NS with such an almost pure dipo-
lar configuration. Indeed, several observations suggest that internal
non-dipolar components (toroidal and multipolar components) are
dominant: low field magnetars (Rea et al. 2013; Tan et al. 2023),
high-B pulsars (Zhu et al. 2011), CCO with outbursts (Rea et al.
2016), spectral features in magnetars (Tiengo et al. 2013) and X-
ray Dim Isolated NSs (XDINS) (Borghese et al. 2017). At last, in
Dehman et al. (2020), the 2D simulations showed that 𝐵poldip played a
minor role in determining magnetars bursting activity and the mag-
netic energy stored in the crust of the star is a better indicator.
These features, already partially explored in Gourgouliatos et al.

(2020); Igoshev et al. (2021c) (where they started with only small-
scale multipoles), could be suitable for describing CCOs, X-ray
sources with luminosity ranging between 1032−1034 erg/s, located at
the centres of supernova remnants, with an estimated surface dipole
magnetic field in the range 1010 − 1011 G. The dissipation of such
weak large-scale component alone cannot provide sufficient thermal
energy to power their observedX-ray luminosity. It is believed instead
that CCOs have a hidden strong magnetic field due to the fall-back
accretion (Ho 2011; Viganò & Pons 2012). This magnetic field dis-

sipates in the star interior to provide the bright thermal luminosity of
CCOs (Fig. 5).
We may consider that some other physical effects could act during

the collapse or in the early NS life, to provide at the surface of the star
large-scale dipole 𝐵poldip � 1013 G. Strong inverse cascade could be
triggered by helical magnetic fields (e.g. Brandenburg 2020 for box
simulations with no stratification), but it has not been seen so far in
global simulations. We might be missing some important dynamics
able to have a large-scale organization of the sustaining currents.
On one side, the PNS dynamo simulations are intrinsically affected
by the chosen simple boundary conditions (see e.g. Raynaud et al.
(2020) for a comparison between perfect conductor and potential
configuration), which are anyway not realistic for the dirty, dense
and hot plasma-filled environment of the PNS. On the other hand,
the field sustained by currents in the coremight be relevant, especially
in the long-term, since its evolution timescales are arguably longer
(but see Gusakov et al. 2020). However, it is unclear how to generate
a strong poloidal dipolar field (supported by strong toroidal and
organized currents) during the PNS or early NS stages.
A radically different alternative is possible, compatible with the

absence of strong dipolar fields. The values of 𝐵poldip might indeed
always be lower if the electromagnetic torque is dominated by mag-
netospheric effects, like particle winds and the presence of strong
and extended loops, charges of particles. Indeed, for the Sun (Yeates
et al. 2018) and for Zeeman-Doppler studies of main sequence stars
(Neiner et al. 2009) inferred magnetospheric topology show field
lines stretched by the wind and complex topologies. Strong magne-
tospheric structures could also be compatible with the presence of
tiny hotspots (radii less than 1 km), commonly inferred from mag-
netars’ X-ray thermal spectra (in quiescence or outburst), and with
the more studied resonant Compton scattering causing the observed
non-thermal tails in spectra. However, quantifying the additional
magnetospheric contributions to the spin-down are so far limited by
the models of Tong et al. (2013), and more work is needed in this
sense to support this scenario. Along this line, the coupling of the
interior evolution with the magnetosphere is essential to allow the
currents to flow and the surface dipolar field to be larger (Akgün
et al. 2018; Urbán et al. 2023).
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Abstract. Galaxy clusters induce a distinct dipole pattern in the cosmic microwave back-
ground (CMB) through the effect of gravitational lensing. Extracting this lensing signal
will enable us to constrain cluster masses, even for high redshift clusters (z & 1) that are
expected to be detected by future CMB surveys. However, cluster-correlated foreground
signals, like the kinematic and thermal Sunyaev-Zel’dovich (kSZ and tSZ) signals, present
a challenge when extracting the lensing signal from CMB temperature data. While CMB
polarization-based lensing reconstruction is one way to mitigate these foreground biases, the
sensitivity from CMB temperature-based reconstruction is expected to be similar to or higher
than polarization for future surveys. In this work, we extend the cluster lensing estimator
developed in Raghunathan et al. [1] to CMB temperature and test its robustness against
systematic biases from foreground signals. We find that the kSZ signal only acts as an
additional source of variance and provide a simple stacking-based approach to mitigate the
bias from the tSZ signal. Additionally, we study the bias induced due to uncertainties in the
cluster positions and show that they can be easily mitigated. The estimated signal-to-noise
ratio (SNR) of this estimator is comparable to other standard lensing estimators such as the
maximum likelihood (MLE) and quadratic (QE) estimators. We predict the cluster mass
uncertainties from CMB temperature data for current and future cluster samples to be: 6.6%
for SPT-3G with 7,000 clusters, 4.1% for SO and 3.9% for SO + FYST with 25,000 clusters,
and 1.8% for CMB-S4 with 100,000 clusters.
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1 Introduction

Galaxy clusters are the largest gravitationally bound structures in the Universe. The evolution
of the number density of galaxy clusters as a function of mass and redshift is a remarkable
cosmological probe provided that their masses are accurately measured. In general, masses
of galaxy clusters are inferred indirectly from observables like the Sunyaev-Zel’dovich effect
[2–6], X-ray luminosity [7], and cluster richness, which is a measure of the number of galaxies
inside a cluster [8, 9]. The process of converting these observable quantities into mass involves
certain assumptions about complex astrophysics that are not yet well understood and hence
prone to systematic errors [10].

Gravitational lensing, which fully traces the matter distribution in clusters, has proven
to be a powerful tool to obtain unbiased cluster masses [11]. Significant efforts have also
been undertaken to use lensing to calibrate the observable-mass relations of the quantities
listed above in order to extract cosmological constraints from clusters [12–15]. Given that
the recently launched and future surveys are forecasted to increase the sample size of galaxy
clusters by more than two orders of magnitude, it is crucial to eliminate the systematic errors
in their mass measurements. These surveys include cosmic microwave background (CMB)
experiments such as SPT-3G [16–18], AdvACTPol [19], Simons Observatory (SO) [20], Fred
Young Submillimeter Telescope (FYST) [21, 22], formerly called Cerro Chajnantor Atacama
Telescope (CCAT-prime), and CMB-S4 (S4-Wide) [23, 24]; optical and near-infrared surveys
like Euclid [25] and Vera C. Rubin Observatory [26]; and X-ray surveys such as eRosita [27].
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Measurements of gravitational lensing require a background light source behind the
cluster. Optical weak lensing probes the total mass of a cluster through a statistical analysis of
the image distortions induced on background galaxies by the foreground cluster [28]. However,
since the signal-to-noise ratio (SNR) of the background galaxies that can be used for weak
lensing measurements decreases with redshift, it is challenging to measure masses of high-
redshift clusters (z & 1) that are expected to be detected by future surveys.

An effective alternative source is the CMB [29, 30]. The statistical properties of the
CMB are well understood and since it originates behind all clusters in the Universe at z ≈
1100, it constitutes a powerful tool to constrain masses of clusters with z & 1 [31]. Several
estimators have been developed to extract cluster lensing signatures from CMB maps. Among
these are matched filtering techniques [29, 32, 33]; maximum likelihood estimators (MLE)
[30, 31, 34, 35]; quadratic estimators (QE) [36–41]; and deep learning approaches [42]. More
recently, Raghunathan et al. [1, hereafter R19] developed a real-space estimator which fits
lensing dipole templates to observed dipoles.

One limitation of using the CMB as background source is that the SNR of the CMB-
cluster lensing signal for a single cluster is small (only ∼ 10 µK even for a cluster mass
∼ 1015 M�). Therefore, a large number of clusters have to be stacked to achieve a reasonable
SNR. Following the first detection of the signal in 2015 by ACT [43], SPT [34], and Planck
[2], several groups have detected the signal using CMB temperature data [44–49]. The cluster
lensing signal can also be observed in CMB polarization. However, since the CMB gradient
in polarization is roughly an order of magnitude lower than in temperature, and the strength
of the lensing signal is directly proportional to the amplitude of the background gradient, the
lensing SNR in polarization is much lower compared to temperature. R19 reported the first
and only detection of the cluster lensing signal using solely CMB polarization maps, which
were obtained from the SPTpol survey.

While the lensing SNR is higher in temperature, it is important to take into account the
effects of foreground signals in CMB temperature maps. In particular, CMB temperature-
based lensing reconstruction is contaminated by astrophysical foreground signals that are
correlated with the cluster under study. These include the kinematic and thermal Sunyaev-
Zel’dovich (kSZ and tSZ) signals [50, 51], and emission from galaxies associated with the
cluster. Hence, it is important to develop strategies to mitigate the biases from foreground
signals when using CMB temperature data.

Madhavacheril and Hill [52] modified the QE to eliminate the bias from the cluster’s tSZ
signal. This modification involves estimating the large-scale background CMB gradient from a
tSZ-free map. Since the QE uses lensing-induced correlations between large- and small-scales,
eliminating the tSZ signal in the large-scale leg of the QE fully eliminates the bias. Such a
tSZ-free map can be constructed using data from multiple frequency bands by making use of
the frequency dependence of the tSZ signal. On the other hand, a bias from the kSZ signal,
which has the same frequency dependence as the CMB, cannot be eliminated using the same
method. Raghunathan et al. [53] made further modifications to the QE by estimating the
large-scale gradient from an inpainted map that is free from all cluster-correlated foreground
signals.

In this work, we analyze and extend the lensing estimator constructed in R19 such that
it can be applied to CMB temperature data. We show that the estimator can be trivially
modified to remove biases from cluster-correlated foreground signals and compare its perfor-
mance with that of standard lensing estimators. Additionally, we forecast the expected cluster
mass constraints for SPT-3G and upcoming CMB experiments such as SO, SO + FYST, and
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S4-Wide.
This paper is structured as follows: we give a brief overview of CMB cluster-lensing in

§2; the simulations to which the estimator is applied are described in §3; the lensing estimator
itself is described in §4; we validate the lensing pipeline in §5.1, compare the estimator with
standard CMB-cluster lensing estimators like the MLE and QE in §5.2, analyze the influence
of uncertainties in the cluster positions in §5.3.1, and discuss foreground systematics in §5.3.2;
we present lensing SNR forecasts for several CMB experiments in §6 and summarize our results
in §7.

Throughout this paper, we set the underlying cosmology to the results obtained from
Planck 2018 TT,TE,EE+lowE+lensing measurements [54].

2 CMB-Cluster Lensing

CMB photons free-stream towards us from the surface of last scattering, constituting a diffuse
source field that covers the entire sky. Due to the effect of gravitational lensing, the path
of the CMB photons gets continuously deflected by the matter distribution between the last
scattering surface and the observer, leading to a redistribution of the CMB temperature and
polarization fields. Specifically, the fluctuation pattern of the lensed CMB field X(n̂) ∈
[T (n̂), Q(n̂), U(n̂)], with T (n̂) denoting the lensed temperature field, and Q(n̂) and U(n̂)
denoting the lensed polarization fields, is given by a surface brightness conserving remapping
of the unlensed field X̃(n̂) [55]:

X(n̂) = X̃[n̂+α(n̂)] , (2.1)

where n̂ denotes the line-of-sight direction and α(n̂) the deflection angle due to the mass
distribution between the last scattering surface and the observer.

In the case of lensing by a spherically symmetric halo, the deflection angle can be written
as

α(n̂) = − 1

π

∫
d2n̂′κ(n̂′)∇ ln(|n̂− n̂′|) , (2.2)

where the convergence κ is given by

κ(n̂) =
Σ(n̂)

Σcrit
, (2.3)

with Σ(n̂) being the surface mass density of the cluster. The critical surface mass density
Σcrit is a function of the angular diameter distance of the lens and source from the observer,
and of the angular diameter distance between lens and source. Taking the divergence of Eq.
(2.2) leads to a simple relation between the deflection angle and the convergence:

∇α(n̂) = −2κ(n̂) . (2.4)

When considering CMB lensing by galaxy clusters, only scales of a few arcminutes are
of interest, corresponding to the angular size of galaxy clusters and to the amplitude of the
produced deflection angle. On these small scales, the unlensed CMB is very smooth due to
Silk damping [56] and resembles a gradient field. Therefore, the lensed CMB field can be well
approximated by a first order Taylor expansion of Eq. (2.1):
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X(n̂) ≈ X̃(n̂) +α(n̂)∇X̃(n̂) . (2.5)

Gravitational lensing will cause a local reversal of the background gradient, known as lensing
dipole. As can be seen from Eq. (2.5), the dipole signal depends linearly on the magnitude of
the gradient for a given cluster mass. Hence, the highest SNR is obtained for clusters in front
of a significant CMB background gradient. Since the root-mean-square (rms) temperature
gradient is ∼ 10 µK/arcmin and clusters can produce deflections of ∼ 1 arcmin, the lensing
signal in CMB temperature maps will be ∼ 10 µK. For polarization, the rms gradient is only
∼ 1 µK/arcmin, leading to a signal of ∼ 1 µK and therefore requiring ×10 lower noise levels
compared to temperature data to be detected.

3 Simulations

To analyze the performance of the lensing estimator, we generate simulated CMB temperature
skies. Throughout this work, we neglect Galactic foregrounds since only small angular scales
are relevant for CMB-cluster lensing.

3.1 Basic Ingredients

The large-scale structure lensed CMB temperature power spectrum is computed with CAMB
[57]. We create Gaussian realizations of the CMB power spectrum using the flat-sky approxi-
mation. The simulated maps have a size of (60′× 60′) with a pixel resolution of 0.5′, which is
large enough to avoid edge effects from discrete Fourier transformations, and to capture the
large scale gradients across the map.

We model the cluster dark matter distribution using a Navarro-Frenk-White (NFW)
profile [58], which is characterized by its mass M ≡ M200c and redshift z. M200c is the
mass inside a volume having a mean mass density equal to 200 times the critical density of
the Universe at the redshift of the cluster. From the corresponding convergence profile [11]
we compute the deflection angle using Eq. (2.4). The cluster lensed map is obtained by
remapping the CMB temperature anisotropy map using fifth order spline interpolation at the
lensed positions.

In real observations, the cluster position depends on the position of the brightest central
galaxy, X-ray or SZ centroid, which, depending on the dynamical state of the cluster, can be
different between observables. We study the bias due to the positional uncertainties in §5.3.1.
To introduce the cluster centroid uncertainty in the simulated maps, we draw a positional
offset from a Gaussian distribution centered around zero with a given standard deviation
σoffset, and add it to the cluster position.

The maps are convolved by a Gaussian instrumental beam, which, in Fourier space, is
given by

b` = e−
1
2
`(`+1)σ2

, (3.1)

where σ = FWHM/
√

8 ln(2) and FWHM denotes the full width at half maximum of the
beam.

For the noise, we add a Gaussian realization of the following noise power spectrum model
[20, 21, 24]:
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N` = N`,white +Nred

(
`

`knee

)αknee

. (3.2)

The first term on the right-hand sight refers to the white noise power spectrum of the detector
of the experiment. The second term is used to parameterize the atmospheric 1/f noise. It is
the dominating noise source in ground based observations at large angular scales and will be
added to the maps in §6 to forecast the lensing SNR for different CMB experiments. As can
be seen from Table 2, which contains the `knee and αknee values for the considered experiments
in this work, the atmospheric noise is not the main noise contributor, given that `knee is much
smaller than the typical `-values for cluster-lensing.

3.2 Extragalactic Foreground Signals

To quantify the impact of cluster-correlated kSZ and tSZ signals on the lensing reconstruction,
we make use of Agora simulations [59]. To gain statistics, we extract kSZ and Compton-y
cutouts for galaxy clusters in the mass rangeM200c ∈ [1.25, 1.69]×1014 M� and redshift range
z ∈ [0.6, 0.8]. The Compton-y cutouts are converted into tSZ cutouts in CMB temperature
units using the relation

∆TtSZ = yf(x)TCMB , (3.3)

with TCMB = 2.72548 K [60] being the mean CMB temperature; x = (hν)/(kBTCMB) being
the dimensionless frequency; and h and kB are the Planck and Boltzmann constants, respec-
tively. f(x) describes the frequency dependence of the tSZ signal, which, ignoring relativistic
corrections, is given by [61]

f(x) = x coth(x/2)− 4 . (3.4)

Ignoring the frequency dependent relativistic corrections is a reasonable assumption for the
cluster masses considered in this work [62, 63]. The kSZ and tSZ simulations are added at
the center of the lensed CMB temperature maps to analyze their impact on the lensing-based
mass estimates using single frequency tSZ maps at 150 GHz (see §5.3.2). Additionally, we
use them to get realistic forecasts of the lensing SNR for different CMB experiments using
optimally weighted tSZ maps based on all the available frequency bands of a given experiment
(see §3.3 and §6).

For the lensing SNR forecasts, we also include the expected residual noise from cluster-
uncorrelated extragalactic foregrounds (see §3.3). The foregrounds include emission from
radio galaxies (RGs), thermal emission from dusty star-forming galaxies making up the cosmic
infrared background (CIB), and diffuse kSZ and tSZ signals. Since these foregrounds are
uncorrelated with the cluster, they can be included as Gaussian realizations using a foreground
power spectra model based on SPT measurements [64, 65]1. We do not lens any of the
foregrounds. Although some part of the uncorrelated foregrounds will get lensed by the
clusters, this effect is negligible and can therefore be neglected.

1Although one can expect to observe galaxies within clusters, and as a result expect the signals from the
CIB and RGs to be correlated with the cluster, we ignore them in this work for simplicity.
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3.3 Internal Linear Combination

To forecast the lensing SNR for current and future experiments, we include information
from all the frequency bands of a given experiment. We do this by using an internal linear
combination (ILC) algorithm that preserves the signal of interest in an unbiased way while
minimizing the variance of the output map (see e.g. [66–68]). This is done by computing the
optimal frequency dependent weights ω` defined in Fourier space as

ω` =
C−1` a

T
CMB

aTCMBC
−1
` aCMB

, (3.5)

where aTCMB = (1 ... 1)Nch×1 is the mixing vector containing the spectral energy distribution
of the CMB in temperature units, Nch is the number of frequency channels of the experiment,
and C is the Nch × Nch covariance matrix containing the auto- and cross-spectra of maps
from different channels at a given multipole `. The covariance matrix receives contribution
from all the signals in the map such that

C
(νi,νj)
` = C

(νi,νj)
`,RGs + C

(νi,νj)
`,CIB + C

(νi,νj)
`,kSZ + C

(νi,νj)
`,tSZ + C

(νi,νj)
`,tSZ-CIB +N

(νi,νj)
` . (3.6)

We model the power spectra of the extragalactic components based on the best-fit power
spectra at 150 GHz from George et al. [64], Reichardt et al. [65]. The residual foreground
and noise spectra in the ILC map can be computed as

N `,ILC =
1

aTCMBC
−1
` aCMB

. (3.7)

4 Lensing Estimator

Ignoring the effect of foregrounds, an estimate of the mean lensing dipole signal can be
obtained from Nclus cluster-centered and Nrand random CMB maps using the following steps
[1]:

1. Using the central (6′× 6′) region in every map, compute the median gradient direction,
θ∇ = tan−1(∇y/∇x), and magnitude, |∇| =

√
∇2
x +∇2

y.

2. Rotate each map along its gradient direction.

3. Extract central (6′ × 6′) cutouts from the rotated maps.

4. Subtract the median from each cutout.

5. Compute the gradient magnitude weighted cluster-lensed and background stacks, sclus
and sbg, respectively.

6. Get an estimate of the mean lensing dipole sdipole by subtracting the background stack
from the cluster-lensed stack.

Note that the cutout size used in this work is slightly smaller compared to the size used in the
original paper: (6′×6′) vs (10′×10′). Using this smaller cutout size does not degrade the SNR
since the majority of the lensing signal comes from regions close to the center. Additionally,
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the smaller cutout size reduces the number of elements in the covariance matrix. In summary,
the individual stacks are given by

sclus =

∑Nclus
c wc

[
d̃c − 〈d̃c〉

]
∑Nclus

c wc
, (4.1)

sbg =

∑Nrand
r wr

[
d̃r − 〈d̃r〉

]
∑Nrand

r wr
, (4.2)

sdipole = sclus − sbg . (4.3)

Every rotated cutout, d̃i, is weighted by the corresponding gradient magnitude value, wi =
|∇|i, since the dipole signal scales linearly with the CMB background gradient for a given
cluster mass. When using real observations, additional weights can be used based on the
inverse noise variance σ−2i in each cutout, giving a final weight of wi = |∇|iσ−2i . Since the
noise realizations in our CMB simulations are Gaussian, the noise weights will be the same
for each cutout and are neglected in this work.

To reduce the noise penalty in the estimation of the median value of the gradient direction
and magnitude, a Wiener filter of the form

W` =

{
C`

C`+N`
, ` 6 2000

0 , ` > 2000
(4.4)

is applied to the lensed and random maps. C` is the large-scale structure lensed CMB tem-
perature power spectrum and C`,noise refers to the total noise power spectrum of the map.
The sharp multipole cut at ` = 2000 is used to remove the lensing signal in the cluster-lensed
cutouts, which magnifies the background image and leads to a decrease of the CMB gradient
[37]. Note that this cut does not degrade the SNR on the gradient measurement since the
majority of the CMB gradient comes from ` 6 2000 and the modes beyond those scales are
exponentially suppressed due to Silk damping. Thus, this `-cut should ensure that the ran-
dom and cluster-lensed cutouts are rotated and weighted in the same way. We compute the
gradient within the (6′ × 6′) box around the center of the filtered maps using second order
accurate central differences.

When working with CMB temperature data, cluster-correlated foregrounds, such as
the clusters’ own kSZ and tSZ signals, can significantly bias the mass results. Since the
estimator analyzed in this work is based on stacking rotated cutouts, the kSZ effect should
not compose a source of bias, as the radial peculiar velocity of a cluster can be positive or
negative. The tSZ signal, on the other hand, is rotationally invariant on average, and will be
the dominant signal in the background subtracted stack if not accounted for. An estimate of
the mean tSZ signal can be obtained from randomly rotated cluster-lensed cutouts, d̃

θrand
c , by

computing the corresponding gradient weighted stack. The random rotation ensures that any
correlations between CMB gradients in different cutouts, which could exist between cluster-
centered cutouts that are close to each other on the sphere, will be eliminated. Therefore,
the resulting stack will only contain the mean tSZ signal and some residual noise, which can
be reduced by averaging over a given number of tSZ stacks obtained from different sets of
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Figure 1. Illustration of the lensing pipeline when applied to CMB temperature mock data. Besides
the lensing signal, the cluster-centered cutouts include the cluster-correlated kSZ and tSZ signals.
All the cutouts have been smoothed by a Gaussian beam with FWHM = 1′ and contain a white
noise level ∆Twhite = 2 µK-arcmin. While the kSZ effect cancels out during the stacking process,
the rotational-invariant tSZ signal remains in the cluster-lensed stack. An estimate of the mean
tSZ signal can be obtained by randomly rotating and stacking the lensed cutouts. This will remove
the CMB gradients and lensing dipoles, and thus only leaving the mean tSZ signal. The random
rotation process ensures that the gradients between different cutouts are uncorrelated. Additionally,
this process can be repeated to obtain a given number of tSZ stacks which can be averaged over to
reduce the residual noise within the tSZ stack. Note that, when using CMB polarization data, the
additional tSZ mitigation step is not necessary, since foregrounds are largely unpolarized.

random rotations:

stSZ =

〈∑Nclus
c wc

[
d̃
θrand
c − 〈d̃θrand

c 〉
]

∑Nclus
c wc

〉
θrand

. (4.5)

The final dipole stack is then given by

sdipole = sclus − sbg − stSZ . (4.6)

Fig. 1 illustrates the above steps to extract the lensing dipole signal from CMB temperature
maps.

5 Statistical and Systematic Analysis

We now perform several statistical and systematic error checks and compare the performance
of the estimator to standard CMB-cluster lensing estimators. For these checks, we use Nclus =
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25, 000 cutouts for the lensed stack and Nrand = 50, 000 random cutouts for the background
stack. We set the redshift to z = 0.7 for all the clusters. The large number of random
maps is used to ensure that the variance in the background stack is negligible. The assumed
cluster masses, white noise levels, positional offsets and foregrounds are described below in
the individual sections. All the simulations have been smoothed by a Gaussian instrumental
beam with FWHM = 1′.

The cluster mass is estimated from the lensing dipole stack by computing the natural
logarithm of the likelihood function:

lnL(M |s) = −1

2
[s−m(M)]T C−1 [s−m(M)] , (5.1)

where s is the mock dipole vector and m(M) the mass-dependent model vector. The pixel-
pixel covariance matrix C is estimated using a jackknife re-sampling technique by dividing
the Nclus mock observations into Njk sub-samples:

C =
Njk − 1

Njk

Njk∑
i=1

(si − 〈s〉)(si − 〈s〉)T . (5.2)

The dipole models are generated using a flat prior for masses selected from a parameter
grid ranging fromM ∈ [0, 6]×1014 M� with a mass resolution of ∆M = 0.01×1014 M�. The
model for each mass is obtained from Nclus fixed CMB simulations, lensed by the cluster with
the respective mass. We smooth the maps with a Gaussian beam identical to the one used
for the mock data. The background stack for the models is obtained from the corresponding
unlensed simulations. We subtract this stack from each lensed stack to get the final lensing
dipole models. We add the same noise level to the model simulations that was added to the
mock data when estimating the median gradient direction and magnitude. Otherwise, the
uncertainty in the determination of the gradient directions will be smaller for the models than
for the mock data, leading to a higher amplitude in the model dipoles since the cutouts will
be aligned more precisely, and thus to a bias towards lower mass values.

Note that, to create the models, we do not rotate each of the lensed maps by the gradient
angles obtained from the corresponding Wiener filtered cutouts, since this introduces a scatter
in the likelihood curves. This scatter is due to differences in the uncertainties in the gradient
estimation for different cluster masses. Instead, we lens the ith CMB simulation by every
mass in the mass bin, infer the gradient angle for each of these lensed simulations, and rotate
the maps by the median angle. This ensures that all the different lensed model stacks have
been rotated in the same way.

The best-fit mass, Mfit, and corresponding 1σ uncertainty, ∆M , are given as 50th per-
centile and half the difference between the 16th and 84th percentile of the likelihood function,
respectively.

5.1 Pipeline Validation

We begin our analysis by applying the estimator to simulations lensed by different masses to
verify whether we can properly recover the input masses. Besides the lensing signal and the
instrumental beam, the simulations contain a white noise level ∆Twhite = 2 µK-arcmin, which
roughly corresponds to the noise expected for SPT-3G [17] and S4-Wide [24] experiments. We
consider three input masses: Minput ∈ [1, 2, 4] × 1014 M�, for which we compute the lensing
dipole stacks according to Eq. (4.3). The likelihood curves of 10 individual simulation sets,
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Figure 2. Individual likelihood curves (light shaded turquoise curves) from 10 sets for three mass
cases: Minput ∈ [1, 2, 4] × 1014 M�. Each set includes 2,500 lensed maps, smoothed by a Gaussian
beam with FWHM = 1′ and containing a map noise level of ∆Twhite = 2 µK-arcmin. The combined
likelihood curve of the 10 sets is shown as solid purple curve. The input mass used for the mock data
is highlighted as dashed black line.

each containing 2,500 clusters, can be seen as light shaded curves in Fig. 2 for each mass
case. The combined likelihood of the 25,000 clusters is shown as thick purple curve. We find
median masses and 1σ uncertainties of M1×1014M� = (1.00± 0.01)× 1014 M�, M2×1014M� =
(1.99±0.02)×1014 M�, andM4×1014M� = (3.98±0.02)×1014 M�, indicating that, although
we can recover the input masses within 1σ for the considered settings, there seems to be
a small systematic shift towards lower masses with increasing cluster mass. The reason for
this being that the filter given by Eq. (4.4) does not entirely remove the lensing effect of
the cluster, making the rotation process slightly mass dependent. We verify this by redoing
the analysis, using the gradient angles estimated from the corresponding underlying unlensed
simulations to rotate the lensed mock data and model simulations, and see no mass-depend
shift in the recovered masses.

A possible method to get unbiased masses for massive clusters would be to inpaint the
maps [53, 69] before applying the Wiener filter. Inpainting mitigates the lensing signal, as
well as any cluster-correlated foreground signals, by masking the cluster region and filling the
corresponding pixel values based on information from surrounding regions using constrained
Gaussian realizations. While outside the scope of this work, inpainting the maps before esti-
mating the CMB background gradient orientation constitutes an interesting implementation
for a future analysis.

5.2 Estimator Comparison

In this section, we compare the fractional mass uncertainty, ∆M/Minput, of the lensing esti-
mator to those obtained for the MLE [29–31] and QE [37, 45]. The QE estimates the mean
cluster mass by exploiting the lensing-induced correlations between previously uncorrelated
modes. In the MLE, cluster-lensed CMB templates are fitted to observed CMBmaps using the
full pixel-space likelihood. For easier comparison, we use the same settings as in Raghunathan
et al. [45]: M = 2× 1014 M�, z = 0.7, FWHM = 1′, and ∆Twhite ∈ [0.1, 0.5, 1, 3, 5, 7] µK-
arcmin. Since the values in Raghunathan et al. [45] were obtained for Nclus = 100, 000, we
scale those values by a factor of

√
100, 000/25, 000 = 2. The resulting fractional mass uncer-
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Figure 3. Fractional mass uncertainties for white noise levels ∆Twhite ∈ [0.1, 0.5, 1, 3, 5, 7] µK-arcmin
using the QE (turquoise squares), the MLE (yellow diamonds), and the estimator of this work (purple
circles). The cluster stack is obtained from Nclus = 25, 000 lensed cutouts. The three considered
estimators have a similar performance for ∆Twhite > 3.0 µK-arcmin. For lower noise levels, both, the
MLE and our estimator, outperform the QE. Specifically, for the case ∆Twhite = 0.1 µK-arcmin, the
fractional mass uncertainty of the QE is ×2 worse.

tainties can be seen in Fig. 3, together with the values obtained in Raghunathan et al. [45]
for the QE and MLE.

The MLE and the estimator analyzed in this work give similar fractional mass uncer-
tainties over the whole noise range. The QE has a similar performance for white noise levels
∆Twhite > 3.0 µK-arcmin but is outperformed for lower noise levels. For the lowest considered
noise level, ∆Twhite = 0.1 µK-arcmin, the fractional mass uncertainty of the MLE and the
current estimator are improved by ×2 compared to the one obtained for the QE. Since the
QE is only a linear approximation, it misses some of the information included in the MLE
and the estimator of this work. As demonstrated by [38, 39], using an iterative version of
the QE can make it match with the MLE and the current estimator even for low map noise
levels.

5.3 Systematic Biases and Mitigation Strategies

We now turn to the systematic analysis by examining biases due to uncertainties in the cluster
positions and the clusters’ own tSZ and kSZ signals. The relative bias due to these systematics
is quantified as

blens =
Mfit

Minput
− 1 . (5.3)

5.3.1 Cluster Positions

To quantify the potential bias due to normal positional uncertainties in the cluster positions,
we add a random offset to the position of each cluster, taken from a Gaussian distribution,

– 11 –



0.0 0.5 1.0 1.5 2.0
σoffset [arcmin]

−1.00

−0.75

−0.50

−0.25

0.00

0.20

M
fit

M
in

pu
t
−

1

Biased
Mitigated

Figure 4. Bias analysis due to uncertainties in the cluster positions for 25,000 clusters. Unaccounted
positional uncertainties in the data will lead to a bias towards lower masses (turquoise squares). For
a typical positional offset of 0.5′ expected in SZ surveys [70], marked with a dashed black line, we find
a bias blens = −0.05± 0.01. Accounting for the uncertainties in the models helps mitigating the bias
at the cost of an increased mass error (purple points), which is . 10% for σoffset . 0.5′, and hence
negligible.

N(0, σoffset), with a standard deviation σoffset ∈ [0′, 0.25′, 0.5′, 0.75′, 1′, 1.25′, 1.5′, 1.75′, 2′]. We
use a cluster mass M = 2 × 1014 M� and a white noise level ∆Twhite = 2 µK-arcmin.
Fig. 4 shows the biases due to the centroid shifts. Since the clusters are all shifted from
the true center of the maps, the final cluster stack will have a lower dipole amplitude since
the lensing signal got smoothed out to some extent, which leads to a bias towards lower
masses. Specifically, we find a bias of blens = −0.05 ± 0.01 for σoffset = 0.5′, which is a
typical offset between the SZ centers in CMB data and the red brightest cluster galaxy in
optical and near-infrared data [70]. Having an estimate of the expected centroid shift for
the considered galaxy cluster survey, σexpected, the bias can be mitigated by shifting the
lensed model simulations according to a Gaussian distribution N(0, σexpected). While this
increases the mass uncertainties, we find that it is . 10% for the cases σoffset . 0.5′, and
thus negligible (see Fig. 4). For the typical case of σoffset = 0.5′, we find a relative bias value
blens = −0.01± 0.01 after correction.

5.3.2 Foreground Bias

While cluster-correlated signals are largely unpolarized and were not a concern for the results
in R19, they can have a large impact on the lensing mass reconstruction when using CMB
temperature data. In this section, we analyze the effects of the cluster-correlated kSZ and
tSZ signals on the final mass result both separately and together. For this, we add (60′× 60′)
kSZ and/or (60′ × 60′) 150 GHz tSZ maps, obtained from Agora simulations [59], to the
cluster-lensed maps. Since we are using 25, 000 lensed cutouts in this analysis, we pick clusters
in the mass range M200c ∈ [1.25, 1.69] × 1014 M� and redshift range z ∈ [0.6, 0.8] to get a
large enough sample of kSZ and tSZ simulations. For this section, we set the cluster mass to
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Figure 5. Bias analysis due to cluster-correlated kSZ and tSZ signals. The underlying CMB
realizations have been fixed for all the cases to highlight the impact of the foregrounds on the mass
estimates. The kSZ signal (turquoise square) only acts as an additional source of variance, while the
tSZ signal has to be mitigated to get an unbiased mass estimate (red diamond).

M200c = 1.47 × 1014 M� and use a redshift z = 0.7 for the cluster-lensed maps. As in the
previous section, we add a white noise level ∆Twhite = 2 µK-arcmin to all the maps.

Since the clusters can either have a positive or negative kSZ signal depending on their
peculiar velocity relative to us, the estimator is naturally immune to kSZ-induced lensing
biases when we stack the lensing signal from multiple clusters. However, including the kSZ
signal slightly increases the variance in the final lensing dipole stack. Specifically, the mass
uncertainties are increased by a factor of 1.2 compared to the baseline case.

On the other hand, the tSZ signal introduces significant issues. For example, when we
compare the model dipole stack to the mock data stack in the presence of the tSZ signal, we
get a Probability-To-Exceed (PTE) value ' 0, since the final stack is dominated by the mean
tSZ signal of all the clusters. This improves and matches the baseline and kSZ cases after
applying the tSZ mitigation step (see Eq. (4.5) and (4.6)). In that case, we find a relative
bias blens = −0.01± 0.02, indicating that the tSZ contamination has been effectively reduced.
However, the tSZ mitigation step increases the mass uncertainty by a factor of ∼ 2 compared
to the baseline case. As expected, we find similar results when considering the impact of
both, the kSZ and tSZ signals, after applying the tSZ mitigation step.

Similar to §5.1, we note that the gradient direction estimation could be contaminated
by the tSZ signal for massive clusters. This can be mitigated either by using the inpainting
technique or by using a tSZ-nulled map for the gradient estimation. Since the SNR of the
CMB for modes ` < 2000 is extremely high for current and future CMB surveys, the noise
enhancement due to tSZ nulling will have negligible impact on the final lensing SNR.
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6 Lensing SNR Forecasts

The next generation CMB experiments are expected to improve the CMB-cluster lensing-
based mass calibration substantially [35, 71, 72]. In this final section, we forecast the lensing
SNR for SPT-3G and three upcoming experiments.

The mock data for each experiment includes the CMB lensing signal along with residual
noise and foregrounds, calculated using Eq. (3.7) and the frequency bands and noise levels
given in Table 1 and 2. To make the forecasts realistic, we also include the cluster-correlated
kSZ and tSZ signals. Note that, compared to the foreground signals in §5.3.2, the tSZ signals
will be slightly down-weighted here because of the frequency dependent ILC weights given by
Eq. (3.5).

6.1 Experiments

The CMB experiments considered in this work include

• SPT-3G: The South Pole Telescope2 (SPT) [73] is a 10-meter telescope located at the
Amundsen–Scott South Pole Station in Antarctica. SPT-3G [16–18] is the third gener-
ation receiver operating on SPT, dedicated to high-resolution observations of the CMB.
The receiver contains ∼16,000 polarization-sensitive detectors, providing arcminute-
scale resolution maps of the CMB using 95 GHz, 150 GHz, and 220 GHz frequency
band centers. SPT-3G was installed in 2017 and started a 6-year 1500 deg2 survey in
February 2018. The expected number of clusters is 7,000 [74].

• SO: The Simons Observatory3 (SO) [20] is a next-generation CMB observatory located
in the Atacama Desert in Northern Chile inside the Chajnator Science Preserve at
5,200 meters. It consists of one 6-meter diameter large-aperture telescope (SO-LAT)
measuring CMB temperature and polarization. The observed fraction of the sky will be
40% for the LAT instrument. The frequency band centers used for all the instruments
are 27 GHz, 39 GHz, 93 GHz, 145 GHz, 225 GHz and 280 GHz, and the expected
number of cluster is 25,000 [20, 72, 74].

• FYST: The Fred Young Submillimeter Telescope4 (FYST)[21, 22], previously known
as CCAT-prime, is a 6-meter diameter telescope located at 5,600 meters on the Cerro
Chajnantor mountain in the Atacama Desert of Northern Chile. FYST will cover 35%5

of the sky area using 220 GHz, 280 GHz, 350 GHz, and 410 GHz frequency bands. Com-
bining its submillimeter imaging with the millimeter imaging of SO will allow precise
separation of foreground dust emission from the CMB signal.

• S4-Wide: The fourth-generation ground-based CMB experiment6 (S4-Wide) [23, 24]
will be operating at the South Pole and in the Chajnantor Plateau in the Atacama
desert in Northern Chile . The anticipated year for the start of the survey is 2029. The
South Pole telescopes will conduct an ultra-deep survey (S4-Ultra deep), covering 3%
of the sky, while the Atacama telescopes will conduct a wide (S4-Wide) and a deep (S4-
Deep) survey with a 65% sky coverage. For this work, we will only consider S4-Wide,

2https://pole.uchicago.edu/public/Home.html
3https://simonsobservatory.org/
4https://www.ccatobservatory.org/
5In this work, we assume that FYST covers the exact region of SO.
6https://cmb-s4.org/
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Table 1. Instrumental beam and detector noise specifications for the current and future experiments
considered in this work.

Frequency [GHz]
Beam [arcminutes] ∆Twhite [µK-arcmin]

SPT-3G SO SO +
FYST S4-Wide SPT-3G SO SO +

FYST S4-Wide

27 - 7.4 - 52.1 21.5
39 5.1 27.1 11.9
93 - 2.2 - 5.8 1.9
95 1.7 - 3.0 -
145 - 1.4 - 6.5 2.1
150 1.2 - 2.2 -
220 1.0 - 0.95 - 8.8 - 14.6 -
225 - 1.0 - 15.0 6.9
280∗

-
0.9 0.75 0.7

-
37.0 27.5 16.8

350 - 0.58 - - 104.8 -410 0.50 376.6
∗ For the 280 GHz band that overlaps for SO and FYST, we combine the noise power spectra from the two
using inverse variance weighting.

Table 2. Atmospheric noise specifications for the current and future experiments considered in this
work.

Frequency `knee αknee ∆Tred [µK-arcmin]
[GHz] SPT-3G SO S4-Wide SPT-3G SO S4-Wide SO SO + FYST

27 -

1000

415
-

-3.5 -3.5

6.1
39 391 3.8
93∗ 1200 1932 -3 9.3
145∗ 2200 3917 -4 23.8
225∗ 2300 6740 -4 80.0 434.8
280

-
6792

-
108.0 1140.2

350 - - - 5648.8
410 14174.2

∗ For simplicity, we do not include all the frequency bands in this table by assuming 93 ↔ 95 GHz, 145 ↔
150 GHz, and 220 ↔ 225 GHz.

which will use 27 GHz, 39 GHz, 93 GHz, 145 GHz, 225 GHz and 280 GHz frequency
band centers. The expected number of cluster is 100,000 [71, 72, 74, 75].

Table 1 lists the instrumental beams and the detector noise levels ∆Twhite of each frequency
band for the four experiments. The parameters governing the atmospheric noise (`knee, αknee,
and ∆Tred) are listed in Table 2. While the four high-frequency (HF) channels of FYST
cannot be used independently for CMB science, they can be combined with the SO frequency
channels to reduce the residual noise in the final maps.

6.2 Results

As in the previous section, we use Nrand = 50, 000 random cutouts for the background stack.
For the lensed stacks, we use the expected cluster number for each experiment: NSPT−3G

clus =

7, 000, NSO
clus = NSO+FYST

clus = 25, 000, and NS4−Wide
clus = 100, 000. We use a cluster mass

M = 1.47× 1014 M� and a cluster redshift z = 0.7, since this is the mean mass and redshift
used to extract the kSZ and tSZ signals from Agora simulations. After adding a Gaussian
realization of the expected ILC residual noise power spectrum (see Fig. 6), and the kSZ and
ILC weighted tSZ maps to the cluster-lensed simulations, we smooth each map by a Gaussian
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Figure 6. ILC noise power spectra for the CMB experiments considered in this work. Also shown is
the CMB temperature power spectrum (solid gray line). SPT-3G (dashed purple line) and S4-Wide
(long-dashed yellow line) are roughly similar since they are dominated by the residual CIB signals
which set a noise floor. The residual power for SO (dotted turquoise line) can be slightly decreased
using the additional HF channels from FYST (dash-dotted red line).

instrumental beam with a FWHM corresponding to the beam at the 145 GHz or 150 GHz
channel of the experiments given in Table 1. As was done in §5.3.2, we get an estimate of the
mean tSZ signal using Eq. (4.5) and compute the lensing dipole according to Eq. (4.6).

The lensing SNR for each experiment is obtained as

SNR =
√

∆χ2 =
√

2 [lnL(M = Mfit)− lnL(M = 0)] . (6.1)

Specifically, we find SNRSPT−3G = 15.1 (6.6% mass constraints), SNRSO = 24.4 (4.1% mass
constraints), SNRSO+FYST = 25.6 (3.9% mass constraints), and SNRS4−Wide = 57.0 (1.8%
mass constraints). The resulting SNR values are shown in Fig. 7. Adding the HF information
from FYST to SO has little impact on the lensing SNR. However, we note that the HF
channels can give a better handle on the foregrounds for cluster detection. It is expected
that SO will detect nearly four times more clusters than SPT-3G due to a much larger sky
coverage, resulting in a SNR value roughly twice the value of SPT-3G. On the other hand,
S4-Wide will have a ×14 larger cluster sample than SPT-3G, which leads to a significantly
higher lensing SNR (roughly ×4 higher than for SPT-3G).

7 Conclusions

In this work, we extended the cluster lensing estimator developed in R19 to CMB temperature
data. We compared the performance of the estimator to the MLE and QE, finding that the
SNR of the current estimator matches the MLE for all map noise levels. We also analyzed
the impact of the cluster-correlated kSZ and tSZ signals. Unlike other CMB-cluster lensing
estimators, we showed that the kSZ signal does not introduce a bias and only acts as an
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Figure 7. Expected CMB-cluster lensing SNR values for current (SPT-3G) and future experiments
(SO, SO + FYST, S4-Wide). The SNR values for SO and SO + FYST are nearly twice as high as
the one for SPT-3G. For S4-Wide, the sensitivity is ×4 higher compared to SPT-3G. However, this
increase in the lensing SNR for future experiments is driven by the much larger sky coverage providing
more clusters to stack. We note that the sensitivity for a single cluster is roughly the same for both
SPT-3G and S4-Wide.

additional source of variance. We also demonstrated that the bias induced by the tSZ signal
can be trivially mitigated by subtracting a tSZ estimate obtained from the cluster-lensed
cutouts themselves.

We did not include the effects of the rotational kSZ [76–79] or the moving-lens effect
[80, 81], which are also expected to produce a dipole signal. However, the orientation of
the dipole will be aligned along the direction of the cluster rotation in the former and the
direction of the large-scale velocity field in the latter, which are both not correlated with the
direction of the background CMB gradient. As a result, these signals tend to dilute in our
final stack. Moreover, the amplitude of these signals are expected to be similar in level or
smaller than cluster lensing for the typical clusters considered in this work. Therefore, the
level of bias should be negligible compared to the statistical errors.

We also studied the impact of mis-centering and found a bias blens = −0.05 ± 0.01 for
realistic positional uncertainties in the cluster location (σoffset = 0.5′). However, this bias can
be easily mitigated by including the positional uncertainties in the model lensing dipoles with
a negligible degradation of the lensing SNR for σoffset . 0.5′.

Finally, we presented forecasts for the expected lensing SNR for current and future CMB
surveys. We predict cluster mass uncertainties of 6.6% for SPT-3G with 7,000 clusters, 4.1%
for SO and 3.9% for SO + FYST with 25,000 clusters, and 1.8% for S4-Wide with 100,000
clusters. The additional HF bands from FYST did not significantly increase the lensing SNR
of SO. However, they might be useful to handle the contamination of the tSZ signal due to
dusty galaxies for cluster detection.

The lensing estimator presented in this work can also be applied for mass calibration of
clusters identified from optical or X-ray surveys.
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Abstract. The evolution of superhorizon curvature perturbations in a two-

component interacting universe is considered. It is found that adiabatic modes

conserve the total curvature perturbation ζ, unless there are stages in which the rate

of dissipation of one component into another is not constant. Moreover, our result

shows that when the rate is varying it is possible for ’isocurvature’ perturbations

generated during reheating to alter the amplitude of an adiabatic curvature mode

even when the mode is outside the horizon. Specifically, if an indefinitely large rate

Γ for massive particles decaying into photons develops rapidly amid vanishingly small

initial values (before decay) of the total curvature ζi and Newtonian potential Φi,

such that the product Γζi and ΓΦi become a pair of finite and universal constants for

all superhorizon scales afterwards, Harrison-Zel’dovich scale-invariant power spectrum

could be synthesized from a homogeneous state without inflation at all.
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1. Introduction

In cosmological inflation, (Guth 1981, Linde 1982, Albrecht & Steinhardt 1982,

Starobinsky 1987, Allahverdi et al. 2010, Lalak et al. 2007, Lozanov 2020), it is

widely believed a single scalar field drives the inflation, which is compatible with the

observational data (Chowdhury et al. 2019, for example). Although models with multi-

field drew some attention (Abedi & Abbassi 2019, Martin & Pinol 2021, for instance)

and are not ruled out by any observational data, our discussion here only limits to

the single-field mode, which states that there exist many e-folds of expansion of space

during the slow-roll phase of the process, by the end of which the inflaton scalar field φ

rolls down a steep slope of the V (φ) versus φ curve towards the bottom of the potential

well V (φ), where it is trapped and the ratio wv of its pressure pv to energy density ρv
undergoes rapid coherent oscillations at the frequency ∼ V ′′(φmin). Specifically, the two

quantities are given to the lowest order by

pv = φ̇2/2− V (φ), ρv = φ̇2/2 + V (φ); (1)

so that wv = 1 at the potential minimum where V (φmin) = 0 while wv = −1 at the two

topmost points of each cycle where φ̇ = 0. In the standard treatment of the problem,

this oscillation is regarded as a ‘massive condensate’ of average 〈wv〉 = 0, i.e. cold non-

relativistic particles capable of decaying into radiation at some constant rate Γ that

becomes finite only when the inflaton is trapped at the potential minimum, a phase

representing the final leg of inflation known as reheating, (Bardeen et al. 1983). The

resulting outcome is the conservation of the total superhorizon curvature perturbation

in the longitudinal gauge, a quantity often symbolized by ζ (ζ is in fact gauge invariant).

There are two fundamental limitations to the above approach to the evolution of

ζ. First is the procedure of averaging wv, which is valid only if the oscillation of wv
does not cause ζ to become large at certain times. Second is the neglect of the role of

Γ̇. If the decay rate Γ is vanishingly small during slow-roll, but becomes significant in

reheating, there must have been an intervening stage of finite Γ̇, and the question is

whether this too would exert any appreciable effect upon ζ.

Let us remind the reader of the relevant background material, (Liddle & Lyth 2000).

The total curvature perturbation, defined as (Malik et al. 2003)

ζ = −Φ−Hδρ

ρ̇
, (2)

may also be expressed in terms of the contribution from the multiple fluids that

constitute the universe as

ζ =
∑
ν

ρ̇ν
ρ̇
ζν , (3)

where

ζν = −Φ−Hδρν
ρ̇ν

. (4)

In both equ.(2) and (4) the − sign in front of Φ is the convention of Malik et al.(2003).
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If each fluid has an ‘adiabatic’ sound speed and constant equation of state, or more

precisely if the derivative dpµ/dρµ of fluid µ happens to equal the following quantity

ṗµ
ρ̇µ

=
wµρ̇µ
ρ̇µ

= wµ, (5)

as shown in equ.(A.3) in Appendix A, the rate of change of ζ will be

ζ̇ =
−1

6ρ̇(ρ+ p)

∑
µ,ν

ρ̇µρ̇ν(wµ − wν)Sµν , (6)

where

Sµν = 3(ζµ − ζν) (7)

is the relative entropy (isocurvature) perturbation between a pair of fluids. In the

present context of the two interacting fluids of vacuum (the inflaton) and radiation, viz.

v and r, equ.(6) reduces to

ζ̇ = −H
ρ̇2
ρ̇vρ̇r(wv − wr)Svr, (8)

where

ρ̇ = −3H[(1 + wv)ρv + (1 + wr)ρr] = −3H(ρ+ p) (9)

is assumed.

Two points about equ.(6) are noteworthy. (a) The growth equation for ζ is only a

function of the difference between ζµ and ζν . (b) There is no evolution in this difference

unless an energy-exchange interaction takes place between the two fluids. Thus, if the

inflaton decays to radiation at some constant rate Γ, one may describe the change in

the mean density of the two fluids by the equations

ρ̇v = −3(1 + wv)Hρv − Γρv, (10a)

ρ̇r = −3(1 + wr)Hρr + Γρv, (10b)

in which case the relative entropy Svr of the two-component fluid evolves, as derived in

Appendix A, as

Ṡvr = Γ

[
ρv
2ρ

ρ̇v
ρ̇r

(
1− ρ̇2

r

ρ̇2
v

)
− ρ̇v
ρ̇r

]
Svr. (11)

Now neither (a) nor (b) is valid in general. If the equation of state of either fluid,

characterized by wv and wr, is time-varying, it will be shown that (a) no longer holds.

Similarly, if the v → r decay rate is not constant, (b) will need modification.

2. Generalized Growth Equations

Let us first extend equ.(6) to include the possibility of finite ẇv. We start by taking the

time derivative of equ.(2) and using (9), to get

ζ̇ = −Φ̇+
δρ̇

3[(1 + wv)ρv + (1 + wr)ρr]
− (δρv + δρr)[(1 + wv)ρ̇v + (1 + wr)ρ̇r + ρvẇv]

3[(1 + wv)ρv + (1 + wr)ρr]2
.(12)
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Next, we need the following equation for the evolution of ρ, which is the perturbed

equation of energy conservation,

δρ̇ = 3(ρ+ p)Φ̇− 3H(δρ+ δp)

= 3[(1 + wv)ρv + (1 + wr)ρr]Φ̇− 3H

[(
1 + wv +

ẇvρv
ρ̇v

)
δρv + (1 + wr)δρr

]
.

(13)

Note that in establishing equ.(13) we invoked an ‘adiabatic’ sound speed amidst a time-

varying equation of state for the inflaton, viz. by ‘adiabatic’ one means that

dpv
dρv

=
ṗv
ρ̇v
, (14)

with the latter of the form ṗv/ρ̇v = (wvρ̇v + ẇvρv)/ρ̇v in the case of a finite ẇv. The

only difference from the subtext of equ.(8) as clarified by the words before that equation

is the absence of time dependence in the wv there. It has to be emphasized that the

quantity c2
µ is defined as ṗµ/ρ̇µ in many literatures (Malik et al. 2003, Riotto 2017, for

instance). Thus, in the present paper here, the c2
ν above defined is not automatically

the square of the actual sound speed of fluid µ (i.e. it is not dpµ/dρµ); only when the

sound speed is ‘adiabatic’ will the two be equal. Substituting equ.(13) into (12), one

arrives at

ζ̇ =
3H

ρ̇
[(wv − wr)ρ̇v + ρvẇv](ζ − ζv), (15)

after laborious algebra.

Next, we turn to Γ̇. Here we revisit the first principles, by returning to equ.(A.8)

and invoking equ.(14) for each fluid; for the inflaton this is the so-called ‘canonical

inflation’ scenario (as opposed to the brane inflation scenario of subluminal sound speed

advocated (Peiris et al. 2007)). This enables the δpintr term of (2.33) to vanish. For

the two interacting fluids v and r as in equ.(9), (10a) and (10b), the remaining terms of

(2.33) lead, after some algebra and with the aid of (2.37), to the following equation,

ζ̇v = −H
ρ̇v

(
δQv −

Q̇v

ρ̇v
δρv

)
−
(
HQvρ̇

2ρρ̇v

)(
ρ̇r
ρ̇

)(
δρv
ρ̇v
− δρr

ρ̇r

)
;

or, in alignment with the (2.33) and (2.36) combination,

ζ̇v = −H
ρ̇v

(
δQv −

Q̇v

ρ̇v
δρv

)
+

Qv

6ρρ̇v
ρ̇rSvr. (16)

A similar equation for ζ̇r exists, with the v and r subscripts interchanged.

Since the inflaton and radiation interact with each other in the manner of equ.(10a)

and (10b), we have Qv = −Γρv, Qr = Γρv. Equ.(16) and its counterpart may now be

written as

ζ̇v = − Γρvρ̇r
2ρρ̇v

(ζv − ζr) +
Γ̇ρv
ρ̇v

(ζv + Φ); (17a)

ζ̇r =

(
−Γρvρ̇v

2ρρ̇r
+

Γρ̇v
ρ̇r

)
(ζv − ζr)−

Γ̇ρv
ρ̇r

(ζr + Φ), (17b)
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where use was made of equ.(4) and (7) to arrive at the Γ̇ terms. There is moreover an

accompanying equation, the superhorizon version of the gravitational Poisson equation,

or equ.(A.7), which yields (namely. equ.(A.11))

Φ̇ +HΦ =
ρ̇v(ζv + Φ) + ρ̇r(ζr + Φ)

2ρ
. (18)

In the Γ̇ = 0 limit, one can use only equ.(17a) and (17b) in conjunction with equ.(7) to

obtain (11).

But as far as the rapid variations in ε = 1 + wv = φ̇2/[φ̇2/2 + V (φ)], (ẇv = ε̇)

and Γ during reheating are concerned, we prefer the perturbation variables (ζ, ζv,Φ) to

(ζv, ζr,Φ). This new set will prove to be a better choice because ρ̇r vanishes at the end

of reheating (when it changes sign from positive to negative as the inflaton decay wanes

and the radiation is redshifted by the Hubble expansion) and causes the coefficients

of the growth equations for ζr, equ.(17b), to diverge. In terms of the new variables,

equ.(17a) becomes, with the help of equ.(3),

ζ̇v =
Γρvρ̇

2ρ̇vρ
(ζ − ζv) +

Γ̇ρv
ρ̇v

(ζv + Φ). (19)

Together with equ.(15) and (18), with the latter re-expressed in terms of the new

variables as

Φ̇ +HΦ =
ρ̇

2ρ
(ζ + Φ), (20)

one has a complete set of three equations and three unknowns, as before. One has a

complete set of three equations (15), (19), and (20) and three unknown variables of

perturbation ζ, ζv, and Φ as before.

3. Reheating at the end of inflation

It is now necessary to be very specific about the model. We assume that the time th at

which the inflaton scalar field departs from slow-roll and enters the coherent oscillation

phase is sharp and well-defined, and that Γ becomes finite, i.e. Γ > 0 at this time (the

physical statement of the ‘sudden turn on’ approximation for Γ(t) at t = th is actually

Γ̇� ωh ∼ V ′′(φmin), the frequency of the oscillation). Mathematically we write

Γ(t) = Γθ(t− th); (21a)

ε(t) = 1− cos[ωh(t− th) +
√

2εh ], ωh � Γ� H, (21b)

where θ(t) is the Heaviside step function, and εh = ε(th) is a positive constant � 1.

In the construction of equ.(21b), ε(t) is small and oscillates between 0 and 2 at t > th
(because ε = 1 + wv, with −1 ≤ wv ≤ 1 for all reasonable equation of state). Γ(t) is

lately discussed in a form of a continuous function, such as the sigmoid function (Diaz &

Meza-Aldama 2020), which described a high temperature, within the range of Plank’s

bounds, during the reheating.

Our period of interest is only restricted to t ≥ th, however, since Γ = 0 and hence

ρr = ρ̇r = 0 for t < th (there is no radiation in the absence of dissipation), i.e. we have
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ζ = ζv by equ.(3) and ζ = constant by equ.(15). Moreover, even when t > th one could

(but erroneously) argue by appealing to equ.(21a) that the situation will not change,

because equ.(15) and (19) can be combined to yield

ζ̇− ζ̇v = −
[
(
4

3
− ε)(3εH + Γ)ρv

ερv + 4
3
ρr

+
ρv

ερv + 4
3
ρr
ε̇+

Γ(3ερv + 4ρr)

2ρ(3ε+ Γ/H)

]
(ζ−ζv); for t > th, (22)

and the absence of any Γ̇ term in equ.(22) allows one to deduce that ζ = ζv is maintained

at t > th as in the case of t < th. The flaw in using this line of reasoning as the basis

for the conservation of ζ is that it neglects what happens at t = th. Here, by equ.(21a)

Γ̇(t) = Γδ(t− th) becomes large, and so the Γ̇ term of equ.(19) dominates, leading to a

finite jump in ζv without an accompanying jump in ζ (the latter is because in equ.(15) ζ̇

does not contain any Γ̇ term). Thus, the correct conclusion is that as a result of ζ = ζv
before t = th, one must have ζ 6= ζv afterwards. By equ.(15), this phenomenon causes ζ

to evolve during times t > th.

It is therefore important to calculate the change in ζv across t = th. Here the reader

is referred to Appendix B for details on the exact jump condition. Moreover, Appendix

C provided an analytic solution for ζ(t) at early and late times in the post-reheating

era.

4. Numerical Solution

While the analytical treatment of Appendix B and C can shed light on the behaviour of

the perturbation variables ζ, ζv, and Φ during specific (and critical) moments of time,

one must resort to numerical methods in order to evolve these variables for t = t−h to

late time t� 1/H.

We combine equ.(15), (19), and (20) to explore the evolutions of variables ζ, ζv
and Φ as functions of time t. Because of the presence of ρv and ρr in these equations,

equ.(10a) and (10b) have to be included in the above combination. To be convenient,

time is in the unit of Hubble time as setting H to be 1, and the time variable t is

replaced with t−th in the numerical computation. (To avoid confusion, this replacement

is constrained only to the numerical code. In the context of the paper, including the

figures, t− th remains.) Then we have a combination of five ODEs (ordinary differential

equation), which is consisted of (10a), (10b), (15), (19), and (20), Runge-Kutta‡ method

is employed to solve our ODEs. In the stage of t < th, the radiation field is absent

before reheating happens. There is ρv0 = 1 and ρr0 = 0. Perturbation only exists in

the curvature, which gives us ζ0 = ζv0. We choose the initial value of the perturbation

and potential are ζ0 = ζv0 = 3.0 × 10−5 and Φ0 = 1.0 × 10−5, respectively. Integrating

the combination of ODE from t − th = −0.5 to 0, we obtain the evolution of the

perturbation before reheating. With the aid of the jump condition, derived in Appendix

B, we implemented the analytical solution of Appendix B across the instance of t = th

‡ To be specific, we use algorithm Verner’s 7/6 Runge-Kutta method here.
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Figure 1. (a) Reheating (large decay rate) commences as a step function Γθ(t− th)

and triggers a jump in ζv. The ensuing jump in ζ is actually gradual. The subsequent

spikes are due to coherent oscillations in ε(t) = 1 +wv(t). This subfigure clearly shows

how adiabatic curvature perturbations are not conserved during reheating because of

Γ̇. It means the superhorizon isocurvature modes, sourced by reheating, can affect

the adiabatic modes. The ζ-axis is plotted in linear scale. The horizontal variable

is t − th + 1 in order to plot this axis in log-scale and to show spikes at t close to

th. After t = th, ζ, instead of being discontinuous, drops steeply and approaches ζv
rapidly. The greater Γ is, the deeper ζ drops. Those peaks, standing on solutions of

Γ = 1, 10, and 20, are spikes described in equ. (24). When Γ = 100, those spikes are

too small to be seen in the figure. (b) Show the approximate proportional relation

between (ζ−v − ζ+
v ) and Γ. The heights of ζ−v − ζ+

v , shown as open circles, versus values

of Γ corresponding to (a). ζ−v − ζ+
v is proportional to Γ approximately. The slope of

the black straight line is [ζ−v + Φ(th)]η/2 (see Appendix B). (c) To test whether the

Gaussianity is distorted by reheating, 104 samples of ζ0 are drawn from a Gaussian

distribution of N (0.0, σζ0). And 104 of Φ0 ∼ N (0, σΦ0) are drawn independently. With

a given Γ, one can calculate numerically the values of ζT = ζ(t � 1). These ζT form

a histogram. The histogram is drawn in the probability density, in which each bin

displays its density = (raw count)/[(total count) ∗ (bin width)]. The histogram fits

a Gaussian model p(ζT |Γ) = N (0, σT ) very well. When varying the value of Γ, one

observes that the Gaussian profile of ζT changes accordingly with σT approximately

proportional to Γ.
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and continue integrating ODEs forwards until reaching t− th � 1, which is t− th = 50

(or 500 initial Hubble times) in the example of our numerical calculations here.

Before reheating where t < th, ζ and ζv remain equal to each other, both are at the

initial value of ζ0. Reheating (large decay rate) commences as a step function Γθ(t− th)
and triggers a jump in ζv to another value ζT = ζv(t� 1) around t = th and maintains

itself at this value ζT . The ensuing jump in ζ is actually gradual. The subsequent

spikes are due to coherent oscillations in ε(t) = 1 + wv(t). This subfigure clearly shows

how adiabatic curvature perturbations are not conserved during reheating because of

Γ̇. It means the superhorizon isocurvature modes, sourced by reheating, can affect the

adiabatic modes.

One must now account for the salient features of fig. 1(a) in analytical terms. In

equ.(B.4), we derived the jump condition of ζv across t = th, due to the Γ̇ term of

equ.(19) under the scenario of Γ̇ being given by equ.(21a). Since α changes slowly

when Γ increases, as discussed in Appendix B, the height of the jump ζ−v − ζ+
v is

approximately proportional to Γ, shown as open circles in fig. 1(b). The proportional

factor approximates to [ζ−v +Φ(th)]η/2, which is the slope of the black straight line in fig.

1(b). One also finds from equ.(15) and (19) that neither ζ nor Φ jumps across t = th.

In the immediate aftermath of t = th, when ρ = ρv, (9), (10a) and (19) indicate that

ζ̇v ≈ 3H(1 + wv)(ζ − ζv)/2. Thus ζv changes on timescale ∼ 1/H, which is very slow

(in our numerical solution H = 1 at t = th− 0.5). To find out how ζ evolves during this

time, return to equ.(10a) and (15) to observe that the dominant contribution is from

the term of ε̇ (since ωh � Γ� H), namely

ζ̇ − ζ̇v = − ωh sin[ωh(t− th) +
√

2εh]

1− cos[ωh(t− th) +
√

2εh]
(ζ − ζv). (23)

At early time, ζ̇ − ζ̇v ≈ −ωh
√

2/εh(ζ − ζh) is negative when ζ > ζv and positive when

ζ < ζv. Thus the sign of ζ̇ − ζ̇v is always to reduce the difference |ζ − ζv|. And because

ωh is the largest of all the frequencies, the drop of |ζ − ζv| to negligible values occurs

on the timescale ∼ √εh/ωh � 1/ωh. Towards larger times t ∼ 1/ωh, equ.(23) may be

integrated to yield

ζ − ζv =
1− cos(

√
2εh)

1− cos[ωh(t− th) +
√

2εh]
(ζ+ − ζ+

v ). (24)

Here we see there are resonances in ζ−ζv when ωh(t− th)+
√

2εh = 2nπ, which explains

the spikes of fig. 1(a). And the reason why the spikes gradually become shorter is that

ρr develops as t increases beyond th. Specifically, the denominator on the right side of

equ.(24) reads 1− cos[ωh(t− th) +
√

2εh] + 4ρr/(3ρv), as can be seen in equ.(22). This

means that the denominator becomes further and further above zero every cycle around

when it is minimized. The problem is particularly acute when Γ is larger, as more

radiation ρr is produced in the same amount of elapsed time. In fact, when Γ = 100

(i.e. Γ = 0.01ωh) the spikes are hardly visible.

The overall conclusion is, in agreement with fig 1(a), that after ζv jumps, it

stays constant as ζ rapidly evolves to become equal to ζv. Thus the excess curvature
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perturbation created by the Γ̇ term at t = th is to cause ζ to change by an amount

proportional to the product of Γ and the value of ζv + Φ just before t = th. This is

borne out by the fig. 1(a).

Reheating may affect adiabatic mode amplitudes but it does not distort the

Gaussianity in ζ. This means if an initial ζ0 variable is normally distributed so will the

final. As discussed in Appendix B, the standard deviation σT of the Gauss distribution

of ζT is approximately proportional to the value of Γ. To test whether Gaussianity

nature of ζ is distorted by the reheating, we drew 104 samples of ζ0 ∼ N (0, σζ0) and

Φ0 ∼ N (0, σΦ0). Integrating them numerically to t− th = 50 with a given Γ, we obtain

104 corresponding results of ζT . When setting σζ0 = 1.48× 10−6 and σΦ0 = 1.0× 10−6,

it yields that σT = 2.97 × 10−5. Varying the value of Γ, the histogram of ζT changes

accordingly, shown fig. 1(c). It is emphasized that the histogram here is drawn in its

probability density. The density on each bin is (its raw count)/[(total conut) ∗ (bin

width)]. σT is found to assume values, with the same ζ0 and Φ0 as well as other

parameters, of 1.51 × 10−4 for Γ = 5, 3.02 × 10−4 for Γ = 10, and 3.02 × 10−3 for

Γ = 102 (this case is not plotted in fig.1(c) because its Gauss profile becomes too flat to

be seen).

5. Scale Invariant Adiabatic Curvature Modes Without Inflation

Guided by the results of the previous section, one could envisage a viable alternative

approach to the origin of structures which bypasses inflation altogether. To elaborate,

if reheating could seed adiabatic perturbations via particles decaying into radiation,

it would seem more natural to envisage an initial condensate of massive particles

instead of the inflaton. This may leave the remaining problems of flatness, horizon, and

absence of monopoles unsolved, but as pointed out by (Lieu 2013, Lieu & Kibble 2013),

to successfully trigger 50-60 e-folds of inflation one must ignore many even more

complicating features of the pre-inflationary state than the three problems listed above.

Thus inflation opens more difficult questions than it answers.

Let us therefore proceed to postulate the early Universe as a homogeneous

distribution of massive particles, i.e. ζmΦ → 0 for t < th (ζm now replaces ζv; also

ρ̇v → ρm and ε = 1), which at some point decays into radiation. Let the commencement

of the decay be at t = th and consists of an episode of sudden and spontaneous decay,

by writing.

Γ̇ = γ0/τ
2, for th − τ/2 ≤ t ≤ th + τ/2; and Γ̇(t) = 0 otherwise, (25)

where γ0 is dimensionless, and τ → 0 is an infinitesimal amount of time (one could also

write Γ̇ as Γ̇(t) = γ0δ(t− th) with Γ = γ0/τ →∞). Upon integration across t = th, we

find, from equ.(B.2) and (B.3), that ζ+
m = ζ+

m − ζ−m ≈ −γ0(ζ−m + Φ)/(12Hτ).

Since both ζ−m + Φ and τ are infinitesimally small, ζ+
m is an indeterminate of the

the form 0/0, and can certainly assume the observed value of 3× 10−5. The subsequent

evolution of ζv is, by equ.(19), on the time scale of 1/H (Γ = γ0/τ → ∞ is � H).
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Yet, by the first of the three terms on the right side of equ.(22) with ρ+
m ≈ 0, ρ+

m ≈ ρ−m
(since Γ→∞, the decay of particles in radiation is effectively instantaneous; also note

that the ε̇ term vanishes because ε = 1 + wm = 1 for massive particles), ζ rapidly

converges to become ζv on the timescale ≈ 4/Γ. Moreover, the final and constant ζ

applies to all superhorizon modes, as γ0(ζ−m + Φ)/τ is the same finite quantity resulting

from the spontaneous decay process, which is a universal constant characteristic only of

the process, and is independent of the wavelength of a perturbation mode.

6. Conclusion: Scale-Invariant Adiabatic Curvature Modes without

Inflation

We demonstrated by solving the coupled linear equation that ’isocurvature’ modes,

generated during the reheating decay of the massive scalar field into radiation, can alter

the adiabatic curvature mode amplitude if a large decay rate Γ into photons arises

suddenly as a step function in time, such that Γ̇ = Γδ(t− th).
Although ζ does settle to another constant (i.e. ζ is an invariant) in the end, for

reheating models of inflation any quantum fluctuations successfully propagating into

the reheated thermal Universe remains precarious because of the large spikes in ζ(t) at

times during coherent oscillations when ε = 1 + wv vanishes. Here we adopted ratios

of ωh/Γ between 100 and 104, but the massive scalar field at the end of inflation (and

before reheating) could cause the frequency ωh of coherent oscillations to reach values

� 104ωh. Under the scenario, ζ(t) could become > 1, and perturbation theory would

break down.
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Appendix A. Mathematics Supplement

This supplement contains the details on the derivation in the main body of the paper.

Let’s start with the linear isotropic perturbations on a spatially-flat FRW universe,

which is commonly written as

ds2 = −(1 + 2Ψ)dt2 + 2aB ,idtdx
i + a2[(1− 2Φ)δij + 2E ,ij]dx

idxj, (A.1)

where a(t) is the scale factor. Ψ, Φ, B and E are scalar perturbations. E and B

are not involved in the discussion in the current paper. The total perturbation on the

background, referring to equ.(2), is ζ = −Φ − Hδρ/ρ̇. In the long-wavelength limit,

the divergence of the momenta of the zero-shear gauge is negligible. The change of the

perturbation on the total density, from the energy conservation, is

δ̇ρ = −3H(δρ+ δp) + 3(ρ+ p)Φ̇. (A.2)

Taking the time derivative of ζ

ζ̇ = −Φ̇− Ḣ δρ

ρ̇
−H δ̇ρ

ρ̇
+H

δρρ̈

ρ̇2

and substituting equ.(9), (A.2) and H2 = ρ into the expression of ζ̇, one gets the

equation of ζ̇ in the multi-component fluid,

ζ̇ = − H

ρ+ p
(δp− c2

sδρ) =
−1

6ρ̇(ρ+ p)

∑
µ,ν

ρ̇µρ̇ν(wµ − wν)Sµν , (A.3)

where Sµν = 3(ζµ−ζν) describes the relative entropy between two different components.

On the right-handed side of the second equal sign, we assign µ = v for the curvature

and ν = r for the radiation. One obtains the change of ζ in the two components fluids,

which is

ζ̇ = −H
ρ̇2
ρ̇vρ̇r(wv − wr)Svr. (A.4)

The unperturbed equation of energy conservation in the µ component is

ρ̇µ = −3H(ρµ + pµ) +Qµ, (A.5)

where Qµ is the energy transfer between components. When the curvature converts to

the radiation in a rate of Γ during the reheating stage, we obtain equ (10a) for µ = v

by setting Qµ = −Γρv and obtain equ (10b) for µ = r when Qµ = Γρv.

The first order of the perturbation of equ.(A.5) in the the µ-component, in the

long-wavelength limit (Malik et al. 2003, Riotto 2017), is

δ̇ρµ + 3H(δρµ + δpµ) = 3(ρµ + pµ)Φ̇ +QµΨ + δQµ. (A.6)

where δQµ is the perturbation of the energy transfer. The 00 component of the perturbed

Einstein equation for the large wavelength (or super-horizon) version is

Φ̇ +HΨ = −Hδρ
2ρ

. (A.7)
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Combining equ.(A.5) and (A.7), we re-arrange equ.(A.6) in terms of ζµ, defined by

equ.(4), to solve the change of ζ of the µ-component,

ζ̇µ =
3H2

ρ̇µ
(δpµ − c2

µδρµ)− H

ρ̇µ

(
δQµ −

Q̇µδρµ
ρ̇µ

+
Qµρ̇δρµ

2ρρ̇µ
− Qµδρ

2ρ

)
. (A.8)

When energy transfers from the curvature to the radiation in a constant rate of Γ, there

are δQv = −Γδρv, δQr = Γδρv, Q̇v = −Γρ̇v, and Q̇r = Γρ̇r. Substituting these relations

into equ.(A.8), one immediately calculates that

ζ̇v = −Γ

6

ρv
ρ

ρ̇r
ρ̇v
Svr, and ζ̇r =

Γ

3

ρ̇v
ρ̇r

(
1− ρv

2ρ

)
Svr. (A.9)

Next, the change of Svr in the fluid with two components can be yielded from
˙Svr = 3(ζ̇v − ζ̇r)

Ṡvr = Γ

[
ρv
2ρ

ρ̇v
ρ̇r

(
1− ρ̇2

r

ρ̇2
v

)
− ρ̇v
ρ̇r

]
Svr. (A.10)

Moreover, because of the absence of the anisotropic stress, namely the energy-

momentum tensor is diagonal, one concludes, from the non-diagonal component of

Einstein equation, that Φ = Ψ (Riotto 2017, Brandenberger 2004). Substitute this

condition into equ.(A.7), equ.(18) and (20) are yielded, namely

Φ̇ +HΦ =
ρ̇

2ρ
(ζ + Φ) =

ρ̇v(ζv + Φ) + ρ̇r(ζr + Φ)

2ρ
. (A.11)

Appendix B. Solution to Superhorizon Growth Equations at and after the

Commence of Reheating

Among the three coupled growth equations (15), (19), and (20) for ζ, ζv, and Φ,

respectively, only ζv jumps across the boundary of t = th because, in equ.(19), ζ̇v
has a term of Γ̇ = Γδ(t− th). Integrating the term across t = th and applying equ.(10a)

yields, in the limit of Γ� H,

ζv(t
+
h ) = −αζv(t+h ) + (1− β)ζv(t

−
h )− βΦ(th), (B.1)

where the factor α is assigned to as

α =
Γ

6[1 + wv(th)]H(th) + Γ
; η =

1

6[1 + wv(th)]H(th)
; β = ηΓ. (B.2)

Since neither ζ(t) nor Φ(t) jump across t = th, this leads to the jump condition for ζ−ζv
from ζ− − ζ−v = 0 (ζ− = ζ(t−h ) etc.) to

ζ+ − ζ+
v = ζ−v − ζ+

v =
α + β

α + 1
ζv(t

−
h ) +

β

α + 1
Φ(th). (B.3)

It is obvious that α ' 1 and β � 1 when not a necessary condition. The jump condition

is approximated to ζ−v − ζ+
v ≈ [ζv(t

−
h ) + Φ(th)]β/2 = Γ[ζv(t

−
h ) + Φ(th)]η/2. Because

Γ = 0 when t < th, Φ(th) is independent of Γ at t = th, so is ζv(t
−
h ). Then ζ−v − ζ+

v
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is approximately proportional to Γ in the slope as [ζv(t
−
h ) + Φ(th)]η/2. Substituting

equ.(B.3) into (15) now leads to a finite ζ̇ after reheating commence, given by

ζ̇+ =
3H(th)β

2ρ̇(th)

{[
wv(th)− wr

]
ρ̇v(t

+
h ) + ρv(th)ẇv(th)

}[
ζ(t−h ) + Φ(th)]. (B.4)

This is the origin of the slope in ζ(t) immediately after t = th.

Equ.(20), by following which Φ(t) evolves from its initial value Φ0 to Φ(th) at the

instance of t = th, makes a one-to-one mapping between Φ0 and Φ(th). So when Φ0 is

in a Gauss distribution N (0, σΦ0), the distribution of Φ(th) is Gaussian as well, referred

to as N (0, σΦh). Meanwhile, when t < th, ζv keeps in a constant, which makes ζ−v equal

to its initial value. If the initial value ζv0 is in a Gauss distribution N (0, σζ0), ζ−v will

share the same distribution along with ζv0. We also notice that because ζv keeps itself

in the constant and ζ(t) approaches ζv at t � 1, there is ζT = ζ+
v . ζ+

v is solved from

equ.(B.1) trivially as

ζT = ζ+
v =

1− β
1 + α

ζ−v −
β

1 + α
Φ(th) ≈ −

β

2
[ζ−v + Φ(th)]. (B.5)

Here ζ−v and Φ(th) are both Gaussian, namely ζ−v ∼ N (0, σζ0) and Φ(th) ∼ N (0, σΦh),

respectively, and independent of each other. ζT , as a linear combination of two

Gaussian variables, must be Gaussian. Its standard deviation σT is evaluated as

σT ≈
√
σ2
ζ0 + σ2

Φh · β/2. Because factor β is proportional to Γ, we obtain σT ∝ Γ.

Appendix C. Post-Reheating (Γ̇ = 0)olution to the Growth Equations for

Early and Late Times

At time t ≥ th, one can subtract equ.(19) from (15) to get

ζ̇−ζ̇v = −
[
(
4

3
− ε)(3εH + Γ)ρv

ερv + 4
3
ρr

+
ρv

ερv + 4
3
ρr
ε̇+

Γ(3ερv + 4ρr)

2ρ(3ε+ Γ/H)

]
(ζ−ζv); for t > th.(C.1)

In the limit of ω � Γ� H and for these early times the middle term of (22) dominates,

so that

ζ(t)− ζv(t) =
1− cos(

√
2εh)

1− cos[ωh(t− th) +
√

2εh ] + 4ρr
3ρv

[
ζ(t+h )− ζv(t+h )

]
, t ≥ t+h . (C.2)

Thus, in these early times, ζ − ζv oscillates and exhibits sharp spikes at times when the

denominator is minimized at 4ρr/(3ρv) ' 4Γ(t − th)/3. Evidently, then the larger the

ratio of ωh to Γ (or in the case of a fixed ω but Γ decreasing), the taller the spikes. This

is borne out by the numerical solution (namely, Section 4) of the context in the main

body.

On the other hand, at late times t� 1/Γ when ρv → 0 and ρ→ ρr, the last term

on the right side of (22) dominates, and

ζ̇ − ζ̇v = −2H(ζ − ζv) = −1

t
(ζ − ζv), (C.3)

or ζ − ζv tends to zero as 1/t. By (19), ζv tends to a constant, and hence ζ reaches the

same constant at large t.
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ABSTRACT

We present a sample of 30 massive (log(M∗/M�) > 11) z = 3 − 5 quiescent galaxies selected from

the Spitzer-HETDEX Exploratory Large Area (SHELA) Survey and observed at 1.1mm with Atacama

Large Millimeter/submillimeter Array (ALMA) Band 6 observations. These ALMA observations would

detect even modest levels of dust-obscured star-formation, on order of ∼ 20 M�yr−1 at z ∼ 4 at a

1σ level, allowing us to quantify the amount of contamination from dusty star-forming sources in our

quiescent sample. Starting with a parent sample of candidate massive quiescent galaxies from the

Stevans et al. (2021) v1 SHELA catalog, we use the Bayesian Bagpipes spectral energy distribution

fitting code to derive robust stellar masses (M∗) and star-formation rates (SFRs) for these sources, and

select a conservative sample of 36 candidate massive (M∗ > 1011M�) quiescent galaxies, with specific

SFRs at > 2σ below the Salmon et al. (2015) star-forming main sequence at z ∼ 4. Based on ALMA

imaging, six of these candidate quiescent galaxies have the presence of significant dust-obscured star-

formation, thus were removed from our final sample. This implies a ∼ 17% contamination rate from

dusty star-forming galaxies with our selection criteria using the v1 SHELA catalog. This conservatively-

selected quiescent galaxy sample at z = 3 − 5 will provide excellent targets for future observations to

better constrain how massive galaxies can both grow and shut-down their star-formation in a relatively

short time period.

1. INTRODUCTION

Traditionally, it is well established observationally

that galaxies follow a strong bimodal color and mor-

phological distribution. Galaxies that are disk domi-

nated and star-forming show strong blue colors, whereas

spheroid dominated galaxies that have stopped forming

Corresponding author: Katherine Chworowsky

k.chworowsky@utexas.edu

stars and have predominantly old stellar populations

are generally red (Baldry et al. 2004; Bell et al. 2004;

Balogh et al. 2004). While recent results have pointed

to a more nuanced understanding of galaxy colors and

populations, and exceptions exist within this bimodality

(Fraser-McKelvie & Cortese 2022; Newman et al. 2018),

the majority of galaxy populations still fall within this

dichotomy, providing us a powerful tool in character-

izing galaxies. The most massive galaxies in the local

Universe are also quiescent, forming stars well below

the stellar mass and star-formation relation. The stel-
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lar mass and number densities of these galaxies has in-

creased significantly since z ∼ 2, while the mass density

of star-forming galaxies have stayed roughly constant

(e.g. Brammer et al. 2011; Kriek et al. 2006; Fang et al.

2012; Muzzin et al. 2013; Faber et al. 2007; Brennan

et al. 2015). This implies that there is some physical

mechanisms causing star-formation activities to cease,

commonly referred to as the process of “quenching”.

To attempt to understand the dominant mechanisms

responsible for quenching, one can turn to simulations

of galaxy formation. Modern theoretical models are

able to reproduce the present day observed quiescent

population through a combination of physical effects

(e.g. active galactic nuclei (AGN) activity, disk insta-

bilities, mergers). There is now a general consensus

that the dominant mechanism leading to the continu-

ation of quenching, suppressing star-formation not only

on short timescales but producing galaxies that remain

passive through time, is related to feedback from active

galactic nuclei (AGN feedback) (e.g. Choi et al. 2014;

Springel et al. 2005; Fabian 2012; King & Pounds 2015;

Somerville & Davé 2015, and references within).

Historically it has been a challenge for modern the-

oretical models and simulations to reproduce the ob-

served population of massive quiescent galaxies at higher

redshifts (z > 4), with most models and simulations

severely under-predicting the number densities of quies-

cent sources compared to observations (Brennan et al.

2015; Merlin et al. 2018, 2019; Valentino et al. 2020;

Cecchi et al. 2019). Constraining when these galaxies

appear in the Universe and their abundance at high red-

shifts can provide critical constraints on the physics re-

sponsible for forming and evolving massive galaxies in

the early Universe.

Many studies have measured the number densities of

quiescent galaxies or the quiescent fraction out to high

redshifts using selection criteria based on broadband

colors and physical properties derived from photomet-

ric spectral energy distribution (SED) fitting (e.g. Davé

et al. 2019; Muzzin et al. 2013; Spitler et al. 2014; Bren-

nan et al. 2015; Stefanon et al. 2015; Merlin et al. 2018,

2019; Schreiber et al. 2018; Glazebrook et al. 2017; For-

rest et al. 2020; Valentino et al. 2020; Dickey et al. 2021),

while recent studies with JWST find a significant pop-

ulation of massive quiescent galaxies at z = 3 − 5 (Car-

nall et al. 2022), implying that star-formation occurs

on faster timescales and quenching more efficiently than

predicted by most models. However, in order to fully

understand the timescale of formation for these galax-

ies, we not only need to identify these galaxies, we must

also gather a consensus of their number densities across

redshifts. Currently, number densities for massive qui-

escent galaxy samples at high redshift often differ from

one study to another, largely due to differing definitions

of quiescence as well as the fact that these surveys have

typically probed relatively small volumes contributing

to large statistical uncertainties and high field-to-field

variance.

Stevans et al. (2021) attempted to overcome this sta-

tistical uncertainty by performing the current largest

volume systematic search for massive quiescent galax-

ies in the early universe using deep multi-wavelength

imaging across a wide area within the Spitzer/HETDEX

Exploratory Large-Area (SHELA) field (Papovich et al.

2016). Stevans et al. (2021) presented a photometric

catalog, along with a catalog of galaxy properties from

SED-fitting for massive galaxies (M∗/M� > 1011) at

z = 3 − 5. Due to the red nature these galaxies in

the optical – infrared (IR) range, often times optical-

IR selected samples of high-redshift massive quiescent

galaxies are contaminated by lower redshift dust ob-

scured star-forming galaxies. Thus, while Stevans et al.

(2021) initially selected a sample of ∼500 quiescent can-

didate galaxies, in order to limit contamination, they

only published an extremely conservative sample of nine

candidate massive quiescent galaxies which satisfied all

of their cuts even when including a redshift-luminosity

prior. This represents a lower limit on the number den-

sity in the SHELA field. For this study we seek to im-

prove upon selection by investigating potential contam-

inants in the Stevans et al. (2021) parent sample, prior

to the application of a redshift-luminosity prior.

The somewhat limited depth of the ground-based op-

tical observations mean that many candidate quiescent

galaxies have SEDs which are also consistent with dusty

star-forming galaxies. The presence of dust suppresses

emission at UV and optical ranges, while heating of

this dust by massive stars results in increased flux at

far-IR (FIR) or sub-millimeter wavelengths, allowing us

to easily distinguish between star-forming and quiescent

galaxies that may look similar in the optical-IR range.

The deployment of the Atacama Large Millimeter Array

(ALMA) allows constraints on the dust emission of the

massive galaxy population (e.g. Schreiber et al. 2017;

Casey et al. 2018; Capak et al. 2015; Maiolino et al.

2015a; Scoville et al. 2016). By looking at candidate

massive quiescent galaxies through ALMA, we can confi-

dently constrain the presence of obscured star-formation

across large redshift ranges, thus ruling out dusty star-

forming sources in samples (Schreiber et al. 2018; Santini

et al. 2019).

In this paper we present the results from ALMA fol-

lowup of 100 of the original sample of quiescent candi-

dates from Stevans et al. (2021). We improve upon their
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selection by deriving galaxy properties from a conserva-

tive and more robust SED-fitting re-analysis of these

100 candidates. Using both eazy and Bagpipes, we

constrain photometric redshifts and physical parameters

of each galaxy, further honing those which are likely to

be truly quiescent. We present ALMA Cycle 7 Band 6

1.1 mm observations for these sources to probe for ob-

scured star-formation, ultimately arriving at a higher-

confidence and more complete sample of massive qui-

escent galaxies. This paper is organized as follows: in

Section 2 we present our parent sample from SHELA.

Our method of determining photometric redshifts with

eazy and deriving galaxy properties with Bagpipes is

described in Section 3. Our ALMA data and measure-

ments are detailed in Section 4. We discuss the expected

contamination of our selection process based on ALMA

results in Sections 5 and 6, and we summarize our work

and discuss future work in Section 7. Where applica-

ble, we assume a cosmology of H0=70 km s−1 Mpc−1,

ΩM=0.3 and ΩΛ = 0.7. All magnitudes given are in the

AB system (Oke & Gunn 1983).

2. DATA

We select our sample of massive quiescent galaxies

from the SHELA survey. The SHELA dataset includes

modest depth (22.6 AB mag, 50% completeness) 3.6

µm and 4.5 µm imaging from Spitzer/IRAC (Papovich

et al. 2016), u’g’r’i’z’ imaging from the Dark Energy

Camera over 18 deg2 (DECam; Wold et al. (2019)),

VISTA J and Ks photometry from the VICS82 survey

(Geach et al. 2017), and a growing database of full-field

IFU spectroscopy from Hobby-Eberly Telescope Dark

Energy Survey (HETDEX; Hill et al. 2008; Gebhardt

et al. 2021), the HETDEX observations in SHELA are

presently ∼ 20% complete. Stevans et al. (2021) also

obtained imaging with NEWFIRM on the KPNO May-

all 4m with the NEWFIRM HETDEX Survey (NHS;

PI Finkelstein), a moderately deep Ks (2.1 µm) near-

infrared imaging survey, adding deeper Ks=22.4 mag

(5σ) imaging across 22 deg2. These Ks-band data re-

duce the fraction of catastrophic errors in photomet-

ric redshifts and measure robust star-formation rates

(SFRs) by breaking the age-dust degeneracy. The

SHELA field has also been observed by Herschel/SPIRE

at 0.25–0.5mm (PI Viero; Viero et al. (2014)), however,

these data are very shallow, sensitive to obscured SFRs

> 200 M�yr−1 at z ∼ 1, and > 1000 M�yr−1 at z ∼ 3,

much higher than the expected SFRs of the contami-

nants we search for here, therefore, these data were not

included in the analysis presented.

2.1. Initial Sample

Stevans et al. (2021) constructed a multi-wavelength

(0.4-4.5 µm) K-band-selected catalog, using Tractor

(Lang et al. 2016) to deblend the IRAC photometry.

To perform their selection of massive galaxies at z >

3, Stevans et al. (2021) required a 5σ or greater de-

tection significance in Ks, a 2σ or greater detection in

IRAC 3.6 µm, and a u′-band S/N < 2, as well as a

measurement in all optical DECam bands to allow for

reliable constraints on zphot. Stevans et al. (2021) then

used eazy-py 1, based on the eazy code (Brammer et al.

2008), to measure photometric redshifts and stellar pop-

ulation properties for all 1.53 million catalogued galaxies

in SHELA. To fit galaxy SEDs, eazy-py finds the lin-

ear combination of 12 Flexible Stellar Population Syn-

thesis (FSPS) templates (Conroy et al. (2009), Conroy

& Gunn (2010)) that minimizes the χ2 with respect to

the fluxes in all available photometric bands. For this

initial sample, Stevans et al. (2021) ran eazy-py with

flat priors and selected a parent sample of 3684 mas-

sive galaxies (log (M∗/M�) > 11) which have signifi-

cant detection in K and both IRAC bands with > 60%

of their integrated photometric redshift probability den-

sity (P (z)) at 3 < z < 5. Of these galaxies, Stevans

et al. (2021) found 506 likely quiescent sources, with

log(sSFR/yr−1) < −11.

Stevans et al. (2021) also explored the possibility of

contamination by red galaxies at low redshift, which can

have SED shapes that appear similar to z = 3 − 5 qui-

escent galaxies within our filter set. They attempted

to minimize contamination by using an apparent mag-

nitude prior, which applies a Bayesian prior based on a

source’s apparent magnitude. eazy has a built in prior,

derived based on the luminosity functions of the De Lu-

cia & Blaizot (2007) semi-analytic model (SAM), which

resulted in only nine of the original 506 quiescent can-

didates being classified as massive quiescent galaxies.

Stevans et al. (2021) noted that this likely results in

significant incompleteness in the published sample.

In this study, we chose to revisit their initial parent

sample to investigate the contamination by low redshift

dusty sources. To achieve this, ALMA Cycle 7 Band 6

1.1 mm observations (rms = 80µJy) were obtained for a

selected subsample of 100/506 massive quiescent candi-

dates (P.I. Finkelstein). The target sample is selected to

span 3 < z < 5, log(M/M�) = 11.1 – 11.9, 20 < Ks <

22, with log(sSFR/yr−1) < −11 (Figure 1). We perform

the subsequent analysis on this subset of 100 candidate

massive quiescent candidates.

1 Version 0.2.0-16-g6ab4498; https://github.com/gbrammer/eazy-
py
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Parameter Prior limits

age / Gyr Uniform (0.1, 15)

log10(Mform / M�) Uniform (1, 15)

log10(U) Uniform (-4, 2)

Z / Z� Uniform (0, 2.5)

τ / Gyr, timescale of decrease in SFH Logarithmic (0.3, 10)

AV Uniform (0, 8)

δ, deviation from Calzetti slope Gaussianµ=0,σ=0.1 (-0.3, 0.3)

B, 2175 ÅBump Strength Uniform (0, 5)

zobs eazy P(z) variable

Table 1. Fixed and fitted parameters with their associated priors for the declining exponential SFH model and Salim et al.
(2018) dust models, assuming a Kroupa initial mass function. Mform is the total mass of stars formed by the galaxy up to time
τ , δ and B are parameters unique to the Salim 2018 dust models. Priors listed as logarithmic are uniform in log-space.

Figure 1. The small data points show the z = 3−5 massive
(log(M∗/M�) > 11) sample from Stevans et al. (2021). The
blue, orange, and red circles denote star-forming, moderately
star-forming, and quiescent galaxies, respectively. The red
circles are sources with ALMA observations presented here,
shown with the Stevans et al. (2021) eazy-py based SFR and
stellar mass values. The larger red circles are > 3σ detections
in ALMA. We also show the Salmon et al. (2015) z = 4 star-
forming main sequence, with lines highlighting the region of
1, 2 and 3σ scatter from the main trend.

3. SELECTING MASSIVE QUIESCENT GALAXIES

3.1. Photometric Redshifts with eazy

While Stevans et al. (2021) performed SED fitting us-

ing the python version of eazy, eazy-py, we elected

to perform an independent photometric redshift selec-

tion using the more well-tested command-line version

of eazy, using the same set of twelve FSPS (Con-

roy et al. (2009), Conroy & Gunn (2010)) templates

(“tweak fsps QSF 12 v3”) as Stevans et al. (2021),

which utilize a Chabrier (2003) initial mass function,

Kriek & Conroy (2013) dust law, and solar metallic-

ity. These FSPS models span a wide range of galaxy

types (star-forming, quiescent, dusty), with different re-

alistic star-formation histories (SFH; bursty and slowly

rising). The best-fit combination of templates is deter-

mined through χ2 minimization.

As described above, Stevans et al. (2021) elected to

include a redshift-luminosity prior in their selection of

quiescent galaxies. eazy has such a built-in prior, based

on the De Lucia & Blaizot (2007) SAM. These priors are

typically peaked at low-redshift with a tail to higher red-

shift, with the tail becoming more prominent at fainter

magnitudes. This prior will typically make any low-

redshift solution be the dominant solution, even if the

higher-redshift solution is a better fit to the photometry.

However, the accuracy of luminosity function of galax-

ies in the De Lucia & Blaizot (2007) SAM is in doubt,

as the red (B − V ≥ 0.5) galaxy density at z ∼ 3 in

this SAM under-predicts the observed density by a fac-

tor of ∼ 8 (Marchesini & van Dokkum 2007). Therefore,

we elect to perform our SED fitting without a redshift-

luminosity prior to mitigate the possible effects of an

unreliable prior.

To select our candidate high redshift sources, we re-

quire the integral of the normalized redshift probability

distribution function (PDF) to be > 70% for z > 2.5,

compared to Stevans et al. (2021) cut of> 60% for z > 3.

Of our initial sample of 100 candidate quiescent galax-

ies observed with ALMA, 61 satisfied this photometric

redshift cut, forming our high-redshift sample.

3.2. SED Fitting with Bagpipes

While eazy provides a robust photometric redshift de-

termination, due to the small set of templates, it has a

limited ability to explore the full parameter space of

physical properties of galaxies. Thus, in order to deter-

mine the stellar mass and star formation rates of our

sources, we utilize the Bagpipes modeling code. Bag-

pipes is a Bayesian spectral fitting code which models
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Figure 2. An example of Bagpipes results for a single source. The median SED is plotted in the top panel. The black points
show the observed fluxes from SHELA and the blue shaded points are the 1σ range of the posterior photometry. The lower
left plot shows the redshift distribution from eazy in red, and the posterior redshift distribution from Bagpipes in blue. The
bottom right panel shows the posterior on the sSFR: the black dashed line shows the sSFR limit for our quiescent selection, and
the red line shows the median value of the posterior in sSFR.

the emission from galaxies from the far-ultraviolet to the

millimeter regime, allowing the user to build up complex

models for fitting, with user-defined stellar population

synthesis models, star formation histories, and dust at-

tenuation and emission models. Bagpipes is a Python

tool, and can fit these models to arbitrary combinations

of spectroscopic and photometric data using the Multi-

Nest nested sampling algorithm (Carnall et al. 2018).

After using eazy to generate our sample of high red-

shift sources, we run Bagpipes on the SHELA observa-

tions. We modify Bagpipes to take as input the redshift

probability distribution as determined by eazy as a prior

on the modelled redshift. We further force Bagpipes to

ignore any potential low-redshift solution (already lim-

ited to <30% of the redshift probability density) by set-

ting P(z < 2.5) to zero. This allows us to assume that

the high-redshift solution is generally correct, essentially

implementing an additional prior that each source is at

z > 2, but also to generate a posterior probability dis-

tribution of the stellar masses and SFRs of each source

with uncertainties inclusive of the photometric redshift

uncertainties. We elected to include the photometric

redshift prior since eazy is optimized for photometric

redshift recovery, whereas Bagpipes is allowed to ex-

plore a large range of parameter space. Furthermore,

allowing for lower redshift solutions would result in un-

physical marginalized uncertainties on the physical pa-

rameters of interest, which would combine both low- and

high-redshift solutions. Therefore, by constraining the

redshift space, we force Bagpipes to explore a wider

range of galaxy parameters within the likely redshift of

each source.

As our parent sample was initially selected to be qui-

escent, each galaxy was fit with a declining exponen-

tial star-formation history with a logarithmic prior on

τ , the timescale of star formation decline; the complete

fit parameters are listed in Table 1. We also compared

Bagpipes ability to probe the complete parameter space

by changing the number of live points (n_live) in the

MCMC fit and found that a value of 3000 live points

produces the best fit results within a reasonable fit time.

Each SED fit is returned with a posterior distribution in

mass and SFR (an example is shown in Figure 2), from

which we classify sources as quiescent based on the dis-

tribution of the sSFR posterior. SEDs for the entire
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high redshift sample can be seen in Figures 10 and 11

in the Appendix.

To determine which of our sources are likely quiescent,

we compare the derived specific star formation rates to

the z = 4 star-forming main sequence (SFMS) as pre-

sented in Salmon et al. (2015). To be classified as quies-

cent, we require 84% of the sSFR posterior to be > 2σ

below the SFMS at the best-fit photometric redshift.

We note that this is a much more conservative selec-

tion than the typical process of using best-fit values. In

fact, while the majority of our galaxies have a sSFR me-

dian well below the SFMS at the best-fit stellar mass,

this method allows us to encompass the full uncertainty

on the sSFR posterior due to other possible solutions in

our SED modeling. We also note the difference from the

Stevans et al. (2021) selection, who used a fixed sSFR

threshold of log (sSFR/yr−1) < −11. By using the z =

4 main-sequence as a threshold, our selection accounts

for the evolution of galaxy typical sSFRs to higher val-

ues with increasing redshift (Speagle et al. 2014; Rinaldi

et al. 2022; Sandles et al. 2022). With this conservative

selection, we find that 36 out of the 61 high redshift

sources were classified as quiescent based on optical-IR

SED fitting. These sources are shown in Figure 3. To

summarize, based on our updated photometric redshift

and stellar population modeling, we consider 36 of the

original 100 ALMA-observed galaxies from Stevans et al.

(2021) to be robust candidate massive quiescent z > 3

galaxies, with the smaller number due to our more ad-

vanced selection procedure.

4. ALMA OBSERVATIONS

For the sample of galaxies presented here, we have

obtained ALMA Band 6 1.1mm observations in Cycle

7 program 2019.1.01219.S (PI Finkelstein). These data

were obtained in December 2019. Each source was ob-

served 6 × 26.4 seconds, for a total integration time of

158 seconds for each source. While relatively short in-

tegrations, the sensitivity of ALMA allows us to reach

sufficiently deep to robustly detect dust emission from

contaminating dusty star-forming galaxies (and possibly

detect weak low-level star formation from truly quies-

cent galaxies). Figure 4 illustrates how the SEDs of qui-

escent and dusty star-forming galaxies diverge at longer

wavelengths, rest-frame far-IR (FIR) observations to a

sensitivity of 80 µJy at 1.1mm with ALMA can robustly

rule out star-forming solutions for our quiescent candi-

dates.

We use the default continuum images of each source

produced by the ALMA pipeline in our analysis. These

images use Briggs weighting with robustness parameter

0.5, and reach a typical spatial resolution of 1.30” ×

Figure 3. The sSFR vs stellar mass distribution of our 61
high redshift sources. The grey shaded region is the 1σ range
of the Salmon et al. (2015) SFMS, the grey solid lines are 2
and 3 σ below the SFMS. To be classified as quiescent, we
require 84% of the integral of the P(sSFR) from Bagpipes to
fall below 2σ of the SFMS for the given best-fit stellar mass
(red). For the sources not selected as quiescent (grey arrows),
the majority have a sSFR median well below the SFMS at
the best-fit stellar mass. However, their sSFR distributions
are broad, such that the 84% of the integral of the P(sSFR)
falls above our 2σ selection. For the 36 quiescent candidates
shown in red, we plot the upper limits from our Bagpipes
fit if the median of the SFR is less than 0.1 M�yr−1, which
is the case for all sources. The yellow star shows the median
stellar mass and sSFR measured from SHELA for the sample
of 36 candidate massive quiescent galaxies.

Figure 4. Example photometry of one of our quiescent
sources (black) with the best-fit Bagpipes SED and exam-
ple dusty star-forming galaxy (DSFG) SEDs at both low and
high redshifts. Although the SHELA photometry is best-fit
to a high redshift quiescent galaxy (red), with sSFR=-10.3,
it is also consistent with high redshift DSFG with sSFR=-
8.0 (dotted blue) and a low redshift DSFG solution with
sSFR=-8.5 (solid blue). The ALMA 3σ depth is shown in
the downward arrow, significantly ruling out dust obscured
star-formation at any redshift.
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0.80” (corresponding to a physical size of order 9 × 6

kpc at z = 4). For quiescent sources, We do not expect

these galaxies to be spatially resolved in our ALMA ob-

servations, as high redshift quiescent galaxies are often

compact, with half-light sizes of a few kpc (Straatman

et al. 2015; Stefanon et al. 2013). For sources with pos-

sible IR-emission (i.e. dust obscured star-forming galax-

ies), previous studies with sufficient resolution in ALMA

to measure sizes suggest that dust emission takes place

within compact regions of the galaxy, with observed

Re(FIR) to be generally smaller than Re(optical), on

order of . 2 kpc at z ∼ 3, (Fujimoto et al. 2017; Franco

et al. 2018; Ikarashi et al. 2017). In both cases, quiescent

or dusty star-forming galaxies, the galaxy is expected to

be roughly point-like for the spatial resolution of the

presented observations.

From the 100 targets observed, we visually examined

each source observation and removed 2 due to obser-

vational artifacts, resulting in 98 sources with reliable

data. We measured the sensitivity in each observation as

the 5σ clipped rms of the images from the non primary-

beam corrected map. We show the distribution from

our 98 observations in Figure 5. The median value of all

images is 79 ± 3 µJy/beam. Of the 36 robust candidate

high redshift massive quiescent galaxies, all had reliable

data, and we perform the following analysis on this sub-

sample. We also present results from the 62 sources not

included in our subsample in Appendix B.

Figure 5. The distribution of the rms in our 98 ALMA
observations. The reported rms values are calculated by re-
moving pixels with >5σ detections, and then calculating the
rms of the remaining pixels. The median rms is 79 µJy, with
a standard deviation of 3 µJy, comparable to our desired
sensitivity of 80 µJy.

4.1. Astrometric Corrections

To determine the source emission, we first match the

source location between SHELA and the ALMA obser-

vations. The DECam exposures in SHELA were ob-

served through a seven-year period, and the images

were reduced using different versions of the NOAO DE-

Cam Community Pipeline, therefore, we performed a

re-calibration of the astrometry and flux scaling of each

image uniformly prior to stacking. The process is sum-

marized here, but details can be found in the updated

SHELA catalog paper (Leung et al. 2023). The astrome-

try of each image is tied to the Gaia EDR3 catalog (Mar-

rese et al. 2018). For each image, an initial source cata-

log is generated using SEP (Barbary 2016) and matched

to the reported coordinates of astrometry stars in the

Gaia EDR3 catalog. The median x- and y-offset re-

quired to match the good stars to the Gaia coordinates

in each image was determined and applied to SHELA to

correct the astrometry. We use these astrometric cor-

rected coordinates as the source position in our mea-

surements on the ALMA band 6 imaging.

4.2. Source Flux Determination

In order to determine the integrated flux of each

ALMA observed source, we employed the Common

Astronomy Software Applications package (CASA)

imfit2 task, which attempts to fit one or more ellip-

tical Gaussian components on an image region. We per-

formed two iterations of imfit. For the first iteration,

we fix the elliptical Gaussian to the ALMA synthesized

beam shape with the center of the beam allowed to move

freely (beam-fixed). This method allows us to recover

accurate fluxes accounting for slight deviations of the

source position due to astrometry in the SHELA cata-

log. In the second iteration, we fix both the elliptical

Gaussian to the ALMA synthesized beam shape, and

the center to the Right Ascension and Declination of

the source (beam+position-fixed), accounting for non-

detections. The initial estimates provided to imfit are

chosen to be the astrometrically corrected center of the

quiescent candidate and the flux of the pixel at that lo-

cation, since the sources of interest are unresolved by

ALMA.

We use the integrated flux as determined from the

beam-fixed fit as our fiducial flux value if the fit returns

a source with S/N > 3. Our tests show that at that

significance level, imfit is able to accurately find the

source center. Four sources (out of the full selected par-

ent sample of 36) were found to have a source with S/N

> 3, and thus were fit in this way. Within these images,

we then determine the separation of the imfit deter-

mined source from the expected source RA and Dec.

We determine that if the fitted center is within the K -

2 https://casa.nrao.edu/docs/taskref/imfit-task.html
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band PSF (FWHM ∼ 1.41”), that the emission is indeed

coming from the quiescent candidate. All four images

with S/N > 3 were determined to be consistent with

the quiescent candidates from the parent sample. For

the sources for which the beam-fixed fit found a S/N <

3, we chose to use the integrated flux as calculated from

the beam+position-fixed fit as the flux of our source,

since the reliability of the fitted position for a source

with such low S/N is questionable. The remaining 32

candidate massive quiescent galaxies were all found to

have a S/N < 3 at the center, therefore we chose to re-

port the flux calculated from the beam+position-fixed

fits.

5. OBSCURED STAR-FORMATION RATES &

CONTAMINATION

ALMA 1.1mm observations measures dust emission

corresponding to dust obscured star-formation, allow-

ing us to remove obvious contaminants from our quies-

cent sample. In order to determine the obscured SFR of

each source, we generate model dust SEDs at our ALMA

sensitivity limit based on the prescription of Drew &

Casey (2022): we adopt a range of dust temperatures

and fit the ALMA 1.1mm flux to a modified optically

thin black-body with a mid-infrared powerlaw of index

α ∼ 2. We take three sample SEDs at the wavelength

of the peak dust temperature (T ) and the upper and

lower 1σ range, based on our ALMA sensitivity. For the

quiescent candidates, this corresponds to T = 25± 5K.

We then scale each dust SED to the ALMA observations

to calculate each galaxies’ infrared luminosity (LIR) by

integrating each scaled dust SED from 8 − 1000µm and

assuming each source is at the best fit redshift (also the

peak of P (z), za) from eazy. From this LIR, we then ap-

proximate the level of obscured star-formation following

Kennicutt & Evans (2012), which assumes the Kroupa &

Weidner (2003) IMF with a Salpeter slope of α∗ = −2.35

from 1 − 100M� and α∗ = −13 from 0.1 − 1M�:

SFR = log(LIR) − 43.41 (1)

Where SFR is given in M� yr−1 and LIR is in erg s−1.

To determine LIR, each of the 36 sources is fit with a

20, 25, and 30 K (characteristic dust temperature T =

25± 5K) modified black-body as described above. For

these dust temperatures, a 1σ detection ALMA 1.1mm

flux at our sensitivity limit (∼ 80µJy) would result in

an obscured SFR upper limit of ∼ 15, 21, 27 M� yr−1,

respectively.

Six sources that satisfy our massive quiescent selec-

tion have measured dust-obscured SFRs that place them

above our sSFR selection threshold using these charac-

teristic dust temperatures. We thus refit these sources

using dust models more typical of dusty star-forming

galaxies at z ∼ 4, with T=40±5 (Sommovigo et al. 2022)

and recalculate the dust-obscured SFRs. The ALMA

Band 6 images of these sources are shown in Figure 7,

the ALMA fluxes as well as estimated obscured SFRs

for these sources are reported in Table 2. We note that

detections in ALMA do not necessarily imply that these

are not high redshift sources, instead it only speaks to

the existence of significant star-formation activity, there-

fore are no longer characterized as quiescent in this con-

servative sample.

Figure 6. The median stack of our final sample of 30 mas-
sive quiescent galaxies. The cyan ellipse is the median ALMA
beam centered on the expected source positions. The red de-
notes 1- and 2-σ contours, the measured flux is 9µJy ±17µJy.

5.1. Quiescent Sample

The removal of the six sources with significant ob-

scured SFRs from our quiescent sample leaves us with

a final sample of 30 candidate massive quiescent galax-

ies, images for these sources are shown in Figure 8, the

reported errors are the 5σ-clipped rms of the images.

This implies that we expect a contamination rate of

6/36, or ∼ 17%, based on SED fitting using only SHELA

photometry for selecting massive high redshift quiescent

galaxies. To explore the constraints on the obscured

SFR made possible from the ALMA imaging, we cre-

ate a median stack of the 30 quiescent galaxies, shown

in Figure 6. We show the distribution of the measured

dust-obscured star formation with respect to the SFMS

of our sample in Figure 9. We determine the median

flux of our final quiescent sample by repeating the anal-

ysis detailed in §4.2 using a beam+position fixed imfit

fit on the stacked image, finding a flux density of 9 ± 17

µJy, a < 1σ detection.
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Figure 7. ALMA 1.1 mm images for the 6 of our 36 quiescent candidates for which > 1σ ALMA flux was detected and, based
on estimated obscured SFR, were removed from our quiescent sample, we note that, all of these sources in fact have a S/N> 2.5
in the ALMA Band 6. The red lines are 3σ contours, the source RA and Dec are denoted by the cyan cross and the fitted
ALMA beam is shown as the cyan ellipse. Each stamp is 10”×10”.

Figure 8. ALMA images for the 30 selected quiescent galaxies. The red lines are 3, 4, and 5 σ contours, the ALMA beam
is shown as the cyan ellipse, and the source RA and Dec is denoted by the cyan cross. To be characterized as quiescent, we
calculate the dust-obscured SFR from the measured flux and require the upper 1σ limit of the SFR to fall 2σ below the SFMS
at the galaxies best-fitting stellar mass. Each stamp is 10”×10”.
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We thus calculate the corresponding obscured SFR at

the median redshift of our sample in the same way as

above, using the 1σ flux error of 17 µJy as the flux, and

find an obscured SFR upper limit of < 4 M�/yr−1. At

the median mass of our sample of log(M/M�) = 11.5,

this corresponds to a sSFR of −10.9 yr−1. We show the

median stellar mass and upper limit in obscured SFRs

of our final sample in Figure 9.

Figure 9. Similar to Figure 3, but shown here are the
measured sSFR based on ALMA 1.1mm imaging. The grey
shaded region is the 1σ range of the Salmon et al. (2015)
SFMS, the grey solid lines are 2 and 3 σ below the SFMS. The
distribution of our 61 high redshift sources with respect to
the star-forming main sequence. The grey points are sources
removed from our quiescent sample from SED fitting with
Bagpipes (§3.2). For the 36/61 sources classified as qui-
escent from optical data (colored points), we then examine
ALMA band 6 1.1mm observations. Similar to the measured
optical SFR, to be classified as quiescent, we require the up-
per 1σ limit of the FIR SFR to fall below 2σ of the SFMS
for the given best-fit stellar mass as recovered by Bagpipes.
This removed 6/36 sources (shown in blue) from our final
quiescent sample (red,details in §5).

6. DISCUSSION

This work presents a robust exploration into the con-

tamination rate in a sample of z > 3 massive quies-

cent galaxy candidates. The primary contaminants of

massive quiescent galaxies at z > 3, particularly in the

optical-IR range, are lower redshift (z ∼ 1 − 2) dust

obscured star-forming galaxies. However, these galaxies

will be easily distinguishable at longer wavelengths as

this dust will be detected in emission with submm/mm

observatories such as ALMA.

In this work, we develop a methodology to robustly

select high-redshift (z > 3) massive quiescent galaxies

from broadband imaging (in the SHELA field). We show

that by examining ALMA observations for our sam-

ples of candidate high redshift quiescent galaxies only

6/36 sources have significant ALMA flux. This implies

a contamination rate of ∼ 17% from dust obscured star-

forming galaxies with SFRs of & 20 M�/yr−1 (calcu-

lated from a 1σ detection of 80 µJy, corresponding to a

log (sSFR/yr−1) < −10.2 at log(M∗/M�) = 11.5). This

relatively low contamination rate indicates that future

work in the SHELA field using these selection crite-

ria can compose a robust sample of massive quiescent

galaxies with limited contamination from dusty star-

forming galaxies. This lays the groundwork to leverage

the extraordinary volume made available by SHELA to

measure robust number densities of these sources across

z = 3 − 5.

7. SUMMARY & FUTURE WORK

We present a robust selection of high redshift massive

quiescent galaxies based on photometric fitting, with a

goal of exploring contamination via ALMA Band 6 1.1

mm imaging. We begin with a parent sample of 100

sources in the SHELA catalog, fit their photometric red-

shifts using eazy, and limit ourselves to a sample of 61

high redshift sources using a conservative photometric-

redshift selection criteria of 70% of the redshift proba-

bility integral P (z) > 2.5.

From these sources, we perform SED fitting using

Bagpipes to constrain the physical properties of each

source, and select likely quiescent sources. We found

that 36/61 high redshift sources were quiescent (with

SFR > 2σ below the SFMS from Salmon et al. (2015)

at z = 4). We then examine ALMA Band 6 1.1mm

imaging, which allows us to rule out significant dust ob-

scured star-formation activity and found 6/36 sources

were likely star-forming. We determined the obscured

SFR by fitting model dust SEDs at our ALMA sensi-

tivity limit based on the prescription of Drew & Casey

(2022) to obtain a LIR. We then approximate the level

of obscured star-formation following Kennicutt & Evans

(2012). We report the sSFR of these six sources, con-

firming that they lie above our quiescent threshold, and

removed them from our final sample of massive quies-

cent galaxies. These results imply that the selection

of massive quiescent sources based on SED fitting of

the SHELA catalog will have an expected contamina-

tion rate of ∼ 17% by dusty star-forming galaxies.

This results in a final sample of 30 massive

(log(M/M�) > 11) quiescent galaxies at z > 3. It is

important to note that this is a preliminary sample, the

goal of this paper is to determine a selection criteria and

measure the contamination by dusty star-forming galax-
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SHELA ID za K-band Mag ALMA 1.1mm flux [µJy] Obscured SFR [M�yr−1] log sSFR [yr−1]

406680 3.2 21.2 251 ± 79 66 ± 25 -9.8 ± 0.2

130774 3.2 21.1 254 ± 80 60 ± 21 -9.7 ± 0.1

309122 3.1 20.0 236 ± 76 56 ± 20 -10.0 ± 0.2

928088 3.1 20.8 249 ± 82 62 ± 22 -9.7 ± 0.2

399980 4.2 20.8 204 ± 77 46 ± 16 -9.8 ± 0.1

444706 4.5 21.3 225 ± 80 50 ± 18 -9.7 ± 0.2

Table 2. ALMA fluxes and obscured SFRs of the six sources from our initial sample of 36 candidate quiescent galaxies removed
based on flux measurements in AMA 1.1mm imaging, assuming these sources are at the eazy photometrically-fitted redshifts.
These galaxies were classified as quiescent based on SED fitting of SHELA photometry, however, flux in ALMA 1.1mm indicate
the presence of obscured star-formation, therefore were removed from the final sample of quiescent sources. We report the
estimated dust-obscured SFRs calculated from a dust model with characteristic dust temperature T=45±5K expected from
dusty star-forming galaxies at z ∼ 4. Based on these results, we expect a contamination rate of ∼ 17% in future quiescent
samples within SHELA. We report the obscured SFR as described in Section 5.

ies by utilizing ALMA observations. We intend to repeat

this SED fitting process with the updated SHELA cata-

log (Leung et al. 2023), which will be 1-1.3 mag deeper

across all bands, as well as include newly acquired Y -

band imaging to better constrain our future sample.

This sample of 30 massive high redshift quiescent

galaxies also provide excellent potential targets for

follow-up spectroscopy with JWST NIRSpec spec-

troscopy. Deep spectroscopy from JWST will be able to

detect Balmer absorption features at these redshifts and

provide the all-important redshift confirmation for these

extreme sources. With NIRSpec, observations of key

star-formation features (H-alpha emission, Balmer ab-

sorption, Dn4000, UV/IR slopes) will also allow investi-

gations into the details of the formation and subsequent

quenching of high redshift massive quiescent galaxies,

which are encoded in their stellar populations.
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APPENDIX

A. BAGPIPES FITS

Figure 10. SEDs for selected massive high redshift quiescent galaxies, which were not detected by ALMA. The best-fit SED
is in red, photometry are denoted by the black points and the red shaded points are 1σ posteriors on the photometry.
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Figure 11. SEDs for candidate massive high redshift quiescent galaxies which were removed based flux measurements in ALMA
1.1mm. While in the optical-IR, these sources seem quiescent based on the best-fitting SED, the measured dust-obscured star-
formation rate from 1.1mm flux for these sources place them at < 2σ below the SFMS at z ∼ 4. The best-fit SED is in blue,
photometry are denoted by the black points and the blue shaded points are 1σ posteriors on the photometry.

B. ALMA OBSERVATIONS

Here we present ALMA observations for the 62 sources which did not satisfy our selection criteria to be considered

high redshift and quiescent. 52 of these sources had no significant detection in ALMA 1.1mm imaging, shown in Figure

13. While the other 10 sources were determined to have a > 3σ detection in 1.1µm, these are shown in Figure 12.

Figure 12. ALMA observations for 10 sources which did not satisfy the selection criteria presented in this paper and have
significant flux detected in 1.1mm. Each stamp is 10”×10”. These observations indicate the presence of dust-obscured star-
formation. Some sources have an apparent offset between the source position, indicated by the cyan cross in the center of each
stamp, and the ALMA flux. This offset between stellar emission and dust radiation has been observed in several other similar
studies (Maiolino et al. 2015b; Franco et al. 2018; Fujimoto et al. 2020, e.g.), the ALMA flux detection here has been determined
to be from the targeted source and within the K-band PSF.
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Figure 13. ALMA observations for 52 sources which were not considered high redshift and quiescent. Each stamp is 10”×10”.
These sources do not have significant flux in 1.1 mm. We stress that while we do not include these sources in our final sample,
due to the conservative nature of our selection, discussed in Section 3, many of these sources do still have sSFRs well below the
SFMS.
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Starting from May 2023, the LIGO Scientific, Virgo and KAGRA Collaboration is planning to con-
duct the fourth observing run with improved detector sensitivities and an expanded detector network
including KAGRA. Accordingly, it is vital to optimize the detection algorithm of low-latency search
pipelines, increasing their sensitivities to gravitational waves from compact binary coalescences. In
this work, we discuss several new features developed for ranking statistics of GstLAL-based inspiral
pipeline, which mainly consist of: the signal contamination removal, the bank-ξ2 incorporation, the
upgraded ρ− ξ2 signal model and the integration of KAGRA. An injection study demonstrates that
these new features improve the pipeline’s sensitivity by approximately 15 % to 20 %, paving the way
to further multi-messenger observations during the upcoming observing run.

I. INTRODUCTION

The recent consistent detections [1–4] of gravitational
waves (GWs) by the Laser Interferometer Gravitational-
wave Observatory (LIGO) [5] and Virgo [6] have opened
up a new window to observe the Universe and established
the field of GW astronomy, allowing us to study some of
the most energetic events in the Universe, e.g. the merg-
ers of binary black holes (BBHs) and binary neutron stars

∗ leo.tsukada@ligo.org
† prathamesh.joshi@ligo.org

(BNSs). In particular, the discovery of a GW signal from
a BNS, GW170817 [7], enabled the subsequent detec-
tion of electromagnetic counterparts across a broad fre-
quency spectrum, including gamma-rays, X-rays, optical
light, and radio waves. [8] This real-time observation of
GW170817 was made possible by the low-latency detec-
tion pipelines to search for GWs. The GstLAL-based in-
spiral pipeline (referred to as GstLAL hereafter), in par-
ticular, played a significant role in detecting GW170817,
as it identified the signal in low latency [9], which al-
lowed for a public alert sent out to external facilities.
The multi-messenger observation, involving both gravi-
tational and electromagnetic radiation has enriched our
understanding of nuclear physics and astrophysical pro-
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cesses involved in such mergers [10–13].

Starting from May 2023, the LIGO Scientific, Virgo
and KAGRA Collaboration (LVK) is planning to conduct
the fourth observing run (O4) [14] with the improved
detector sensitivities and an expanded detector network
including KAGRA [15]. Therefore, it is increasingly im-
portant to continue improving the detection efficiency of
the pipeline, so that we can identify more of GW170817-
like events in real time and make more multi-messenger
discoveries.

GstLAL [16–18] is a GW detection pipeline that pro-
cesses the strain data from ground-based GW detec-
tors to search for GW signals in low latency. The Gst-
LAL library [19] consists of a collection of GStreamer
libraries [20] and plug-ins that depend on the LIGO Al-
gorithm Library, LALSuite [21]. One of the key tech-
niques of GstLAL is the matched-filtering algorithm [22–
30], which involves comparing observed strain data to a
group of theoretical waveforms (referred to as a template
bank [31, 32]) that describes the expected GW signals
from compact binary coalescences (CBCs). This tech-
nique has been widely used in several detection pipelines
such as PyCBC [33], MBTA [34] and spiir [35].

After the pipeline identifies GW candidates, it assigns
significance to each of them to make a statistical state-
ment about the detections. The definition of this signif-
icance assignment is different across detection pipelines
and one of the unique features of GstLAL is its use of a
likelihood ratio as a ranking statistic [36]. This statistic
measures the probability of the data being produced by
a GW signal compared to noise alone, and is a powerful
tool for identifying weak signals buried in noise.

This work presents the recent developments in the Gst-
LAL’s detection algorithm, with a particular focus on
the likelihood ratio statistic. First, in Sec. II we review
an overview of GstLAL’s ranking statistics. Second, in
Sec. III we describe several new features developed in the
likelihood ratio calculation, which are implemented in the
analysis configuration for O4. Sec. IV illustrates the im-
provement of the detection sensitivity due to these new
features, using a simulated injection analysis. Lastly, in
Sec. V we summarize our findings and future work re-
garding the developments described here.

II. RANKING STATISTIC

Since the era of the first observing run, GstLAL has
adopted the likelihood ratio as the ranking statistic to
evaluate the significance of GW candidates [36]. Accord-
ing to the Neyman-Pearson lemma [37], the use of the
likelihood ratio is known to provide the most powerful
statistical test at a fixed false alarm probability. Here
we summarize the likelihood ratio implemented in Gst-
LAL with particular notes for the terms relevant to our
development toward O4.

In GstLAL, the likelihood ratio takes the form of [36]

L =
P
(
~O, ~ρ, ~ξ2,~t, ~φ, θ | Hs

)
P
(
~O, ~ρ, ~ξ2,~t, ~φ, θ | Hn

) , (1)

which represents the probability of obtaining a set of
observable parameters under the signal hypothesis (Hs)
relative to that under the noise hypothesis (Hn). Each
vector quantity in Eq. (1) denotes observable parame-

ters specific to GW detectors. ~O is a subset of the N

detectors detecting an event in coincidence. ~ρ and ~ξ2

are the vectorized signal-to-noise ratios (SNRs) and ξ2-
signal-based-veto parameter (see Sec. III B) respectively,

measured by each of these detectors. Similarly, ~t (~φ) are
the vectorized event’s time (phases) at the coalescence on
each detector’s frame. Note that θ represents four tem-
plate parameters θ = {m1,m2, s1,z, s2,z}, where mi, si,z
are i-th component mass such that m1 ≥ m2, and i-th
spin component along with the orbital angular momen-
tum vector of a binary system, respectively. These pa-
rameters are unique across the entire template bank, and
hence θ also serves as a template identifier.

A. Signal model

The probability density function (PDF) in the numer-
ator of Eq. (1) describes our assumption or prior knowl-
edge about the observable parameters in the presence of
GW signals. We factorize this whole PDF as follows [18]

P (. . . | Hs) = P (θ | Hs)

× P (tref , φref | θ,Hs)

× P
(
~O | tref ,Hs

)
× P

(
~ρ, ~∆t, ~∆φ | ~O, tref ,Hs

)
× P

(
~ξ2 | ~ρ, θ,Hs

)
,

(2)

where ~∆t = ~t − tref , ~∆φ = ~φ − φref are the time and
phase vectors with reduced dimensions, being defined rel-
ative to a reference detector. Some of the conditioned
parameters are assumed to be independent of others and
so do not appear in every component of the factorized
PDF. We discuss each component of the factorized PDF
in what follows.

The term P (θ | Hs) denotes our model of how likely
each template is to recover a GW signal, the so-called
population model. This model encodes our prior knowl-
edge about source distributions in a template bank, as
well as the effect of noise fluctuation pushing the point
estimate from the true template to another [38]. Refer
to [32] for more details of the population model we use
for O4.

For a given template, we track its horizon distance for
each operating detector, which can vary over time due to
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subtle change in the detector configuration during its ob-
servation. This allows us to compute P (tref , φref | θ,Hs),
which scales with the observable volume for isotropically
distributed GW sources

P (tref , φref | θ,Hs) ∝ D3
H(tref ; θ), (3)

where DH(tref , θ) is a horizon distance of the reference
detector for a given template at a given timestamp, tref .
During an analysis, the power spectral density (PSD)
of each detector is measured and continuously updated.
Accordingly, a horizon distance with a fiducial SNR of 8
is calculated for every template and stored as a timeseries
data.

To compute P ( ~O | tref ,Hs), we consider the situation

where the SNRs observed by a subset of detectors, ~O,
pass a pre-determined threshold, i.e. ρ > 4, given their
horizon distances at t = tref . Recall that we record the
horizon distance as a function of observation time, which
makes tref interchangeable with a vector of the horizon

distances for the operating detectors, ~DH . This PDF is
computed with sufficient accuracy by simulating isotrop-
ically distributed GW sources across a range of distances
and performing the Monte Carlo integration of the de-

tectable sources for a given ~DH (see Sec. III A of [36] for
more details).

The term P (~ρ, ~∆t, ~∆φ | ~O, tref ,Hs) provides a signal-
consistency test for the observed SNR values and the
difference in the event times and phases among multiple
detectors [18]. Since these parameters defined relative to
those of a reference detector depend on extrinsic param-
eters, e.g. the sky location of a GW source, they follow
characteristic correlation among themselves, which helps
us distinguish GW signals from noise. In this formalism,
we first apply the following coordinate transformation

~ρ→ (ρnet,∆ ~lnD), (4)

where ∆ ~lnD is a N − 1 dimensional vector of logarith-
mic effective distances for each detector relative to that
of a reference detector, i.e. ∆ ~lnD = ~lnD − lnDref . Ac-
cordingly, to take into account the conversion of volume
elements, we introduce a Jacobian matrix J (~ρ) in the
calculation of this PDF, which reads

P (~ρ, ~∆t, ~∆φ | ~O, tref ,Hs) ∝ |J (~ρ)| × ρ−4
net

× P (∆ ~lnD, ~∆t, ~∆φ | ~O, tref ,Hs).

(5)

Here, note that the factor of ρ−4
net, where ρnet =

√∑
ρ2
i ,

stems from the PDF of ρnet conditioned on other param-

eters [36, 39], namely P (ρnet | ∆ ~lnD, ~∆t, ~∆φ, ~O, tref ,Hs).
The determinant of the Jacobian matrix, |J (~ρ)|, is given
by

|J (~ρ)| = ρnet∏
i ρi

, (6)

which is derived in Appendix A.

The PDF P (~ξ2 | ~ρ, θ,Hs) gives the distribution of the
ξ2 parameter across the detectors under the assumption
of a GW signal. Although, in principle, this PDF de-
pends on individual template information θ, for simplic-
ity we approximate that this θ dependence is uniform
across a group of neighboring templates, denoted as {θ̄}.
We also approximate the ξ2 values given by multiple de-
tectors to be independent of one another, leading to the
multiplicative form of this joint PDF:

P
(
~ξ2 | ~ρ, θ,Hs

)
≈
∏
d∈~O

P
(
ξ2
d | ρd, {θ̄},Hs

)
(7)

such that θ ∈ {θ̄}. The PDF for individual detectors
is approximated as a semi-analytic function. As part of
the improvements in the likelihood ratio for use in O4, we
have derived this functional form with improved accuracy
as discussed in Sec. III C.

B. Noise model

In contrast, the PDF in the denominator of Eq. (1)
describes how likely a given event is to be of terrestrial
origin. This noise model PDF is factorized as follows

P (. . . | Hn) = P (tref , θ | Hn)

× P
(
~O | tref , θ,Hn

)
× P

(
~∆t, ~φ | ~O,Hn

)
× P

(
~ρ, ~ξ2 | tref , θ,Hn

)
,

(8)

where, similarly to Eq. (2), some of the conditioned pa-
rameters are omitted from each conditional probability
when there is no correlation.

The term P (tref , θ | Hn) quantifies the probability of
an event with the template θ being caused by the random
noise fluctuation at t = tref . We approximate that the
occurrence of such a noise event obeys a Poisson process
and that it is uniform across a template group {θ̄}, find-
ing this PDF being proportional to its occurrence rate1,

P (tref , θ | Hn) ∝ µ(tref , {θ̄}). (9)

Here, µ(tref , {θ̄}) is the mean rate of temporally coinci-
dent events among any combination of operating detec-
tors at t = tref and for the template group {θ̄}. There-
fore, this is given by adding all the contributions from
each subset of detectors, which reads

µ(tref , {θ̄}) =
∑
~N⊆~D

µN1∧N2∧..., (10)

1 See Appendix B for derivation.
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where ~D represents all the operating detectors, and
µN1∧N2∧... is the mean rate of coincident events found

by exactly the subset ~N = {N1, N2, · · · }. For example,
the two LIGO detectors at Hanford (H) and Livingston

(L) are operating, ~D = {H,L}, whereas the subsets in-
clude {H,L}, {H} and {L}. Note that a single detector
case belongs to these subsets, where the modeled noise
event is not necessarily in coincidence. We estimate this
rate from event rates for individual detectors measured
at the time segment associated with tref and for {θ̄}. See
Sec. III D in [36] for more details. From the mean rate of
events for each combination of detectors, it follows that

P
(
~O | tref , θ,Hn

)
=

µO1∧O2∧...

µ(tref , {θ̄})
(11)

where we recall that ~O is only the subset of operating
detectors that detected the event in coincidence.

In the absence of GW signals, the coalescence phases
and the event time at each detector’s frame relative to
t = tref are approximated to be uniformly distributed,

i.e. P ( ~∆t, ~φ | ~O,Hn) is constant. Also, for P (~ρ, ~ξ2 |
tref , θ,Hn), we take an approximation similar to the sig-
nal model and assume the probabilities are uncorrelated
across detectors, so

P
(
~ρ, ~ξ2 | tref , θ,Hn

)
≈
∏
d∈~O

P
(
ρd, ξ

2
d | tref , {θ̄},Hn

)
.

(12)

Unlike Eq. (7) in the signal model, we construct this
PDF in Eq. (12) for individual detectors by collecting
non-coincident events (i.e. found by only one detector)
during observation and histogram them in the (ρd, ξ

2
d) pa-

rameter space. When calculating the ranking statistic for

given (~ρ, ~ξ2) values, Eq. (12) is evaluated after a smooth-
ing process is applied on each (ρd, ξ

2
d) histogram in order

to obtain a smooth distribution of the ranking statistic
L. We note that this PDF depends on the event time tref

as GstLAL collects (~ρ, ~ξ2) values continuously during its
analysis. This allows us to track the noise characteristics
evolving over time and provide a more accurate estimate
of L. Technically, we model this time-dependent PDF in
a different manner between the online and offline analy-
sis, e.g. cumulatively for online analysis as compared to
segment-wise for offline analysis.

C. Single-detector events

So far, the signal (noise) model formulated in Eq. (2)
(Eq. (8)) implicitly assumes an event identified in coin-
cidence across multiple detectors. Yet, it is possible that
real GW signals trigger only one detector for various rea-
sons, e.g. only one detector operates at the time of such
an event in the first place or the other detectors observe
the event below the SNR threshold due to their blind

spots. To handle these cases, GstLAL has been capa-
ble of evaluating the likelihood ratio for single-detector
events since the second observing run (O2) [17]. In this
situation, all the vector quantities shown in Eq. (1), e.g.
~t, ~φ, ~ρ and ~ξ2, are considered as scalar quantities. In par-
ticular, Eq. (5) is simplified as

P (ρ | ~O, tref ,Hs) ∝ ρ−4, (13)

and the multiplicative PDFs shown in Eqs. (7) and (12)
reduces to a function with single term.

Also, since O2 we have introduced a penalty term in
the likelihood ratio to properly downrank the statistical
significance of such events. While this is a somewhat ar-
bitrary parameter to tune, we adopt the penalty value
of −13 in log likelihood ratio after assessing the distri-
bution of single-detector events of terrestrial origin we
detected during the Mock Data Challenge conducted as
a preparation of O4. See [40] for more details.

III. DEVELOPMENTS

Having described the components of the numerator
and denominator in the likelihood ratio in Sec. II, in this
section we describe the improvements to the likelihood
ratio made in advance of O4.

A. Removal of signal contamination

As described in Sec. II B, we construct the PDFs given
in Eq. (12) by forming histograms of non-coincident
events in (ρd, ξ

2
d) space. Given the noise hypothesis,

we only collect events originating from noise to populate
these histograms. Since we expect that GW signals co-
incide between detectors, most of the events originating
from GW signals are properly eliminated by requiring the
events to be non-coincident while more than one detector
is running.

However, it is possible that a GW signal is recovered
as a non-coincident event when more than one detector
is running, due to both astrophysical and terrestrial rea-
sons. An example of an astrophysical reason is the GW
signal originating from a sky location detectable for only
one detector, whereas a terrestrial reason would be that
only one detector is sensitive enough to detect the signal.
In addition, a loud GW signal might be recovered as a
coincident event in one template group with good match,
but as a non-coincident event in some neighboring groups
with less match, which populates the background his-
tograms of those groups. This can potentially cause the
PDFs in Eq. (12) to be constructed incorrectly, which
is commonly called signal contamination of the ρ − ξ2

histograms, leading to a biased significance estimation.
To prevent this, it is necessary to remove the events

associated with such GW signals from the background
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FIG. 1. Left: An example of signal contamination in a ρ − ξ2 PDF for Livingston. Right: The same PDF, with the
contamination removed using the mechanism described in Sec. III A. The color scheme encodes the probability density in a
logarithmic scale with a brighter region having larger values. Note that kernel smoothing has been applied to these PDFs.

histograms. However, there exists a tradeoff regard-
ing which events one should choose to remove. Blindly
removing all potential contamination risks undesirably
eliminating actual noise events with high significance.
Therefore, this contamination removal is designed to be
a manual operation so that the user can decide the cri-
terion by which to remove background events. For the
GstLAL analysis, while the data is being analyzed and
the histograms are being populated, we keep a temporary
record of the non-coincident events from the last 5000 s.
If an event is above the open public alert significance
threshold [41], it is considered as a potential contamina-
tion, and events within a 10 s window around the event
of interest are permanently stored across all the template
bins. Subsequently, these events are subtracted from the
histograms so that the likelihood ratio can be evaluated
without their contamination.

An example of the effect of signal contamination on a
ρ− ξ2 PDF, and the subsequent removal of the contami-
nation are shown in Fig. 1. More information about the
mechanism of removing signal contamination and its ef-
fect on the sensitivity of the GstLAL search can be found
in [42].

B. Incorporation of bank ξ2

Although SNR is known to be the optimal ranking
statistic under Gaussian noise, nonstationary noise de-
viating from the Gaussian distribution, often referred
to as glitches, can yield large SNR values and mimic a
GW signal. Therefore, SNR alone does not character-
ize GW signals sufficiently. To deal with this, GstLAL
adopts signal-based vetoes by introducing the ξ2 param-
eter. Conceptually, these vetoes perform a consistency
test between SNR values of a given event across a pa-
rameter space of our interest and its expected evolution
in the presence of a signal. Up to the third observing

run (O3), GstLAL calculated the ξ2
a parameter2 by con-

sidering residual between SNR time series of a given event
associated with a template α and its auto-correlation
function. In what follows, we start with our conventional
formalism of the ξ2

a parameter and subsequently intro-
duce an alternative ξ2 parameters, which we call bank-ξ2,
developed for O4.

Given the two polarizations of GWs, we conventionally
describe a template as complex values whose real and
imaginary parts represent either + or × polarization so
that

hα[τ ] = h+
α [τ ] + ih×α [τ ]. (14)

With this representation of a template, we express the
SNR timeseries associated with the template α as the
following complex values

ẑα[t] = ẑ+
α [t] + iẑ×α [t]. (15)

Note that for the rest of this paper, we denote a hat sym-
bol x̂ to explicitly indicate x is a random variable subject
to noise fluctuation. The real and imaginary parts are
the matched filter output for the template with either
polarization, i.e.

ẑAα [t] =
∑
τ

hAα [τ ]ŝ[t+ τ ]. (16)

Here ŝ[t] is whitened strain timeseries given from the up-
stream of a pipeline and hAα [τ ] is a whitened template
normalized such that∑

τ

hAα [τ ]hAα [τ ] = 1 (17)

2 Note that a subscript a indicates the parameter derived from
an auto-correlation function to make a distinction from bank -ξ2

parameter we mention subsequently.
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for the two polarizations A = {+,×}.
Being analogous to the χ2 test in statistics, the ξ̂2

a pa-
rameter is defined as [16]

ξ̂2
a =

1

Na

∑
t

|ẑα[t]− ẑα[0]Rα[t]|2 , (18)

where Rα[t] is a complex auto-correlation function of the
whitened template α

Rα[t] =
1

2

∑
τ

hα[τ ]h∗α[t+ τ ], (19)

normalized as Rα[0] = 1. Na is given by

Na =
∑
t

{
2− 2 |Rα[t]|2

}
(20)

so that the expectation value of ξ̂2
a is unity, i.e. 〈ξ̂2

a〉 =
1. Also, t = 0 in Eq. (18) is chosen from the peak of

|ẑα[t]|2, which is the best estimate of the merger time of
a CBC signal. In practice, the summation over τ does
not cover an infinite range, but rather one needs to select
a finite auto-correlation length. For O4, we adopt the
length of 701 (351) samples for templates with the chirp
mass below (above) 15M�, respectively. Note that in
the case of the noiseless limit and a signal being identical
to the associated template, the evolution of ẑα[t] follows
the auto-correlation function with the proper scaling and
phase shift accounted. Thus under Gaussian noise, the
residual elements, ẑα[t]− ẑα[0]Rα[t], are each distributed
as a Gaussian with zero mean and some correlation across
samples at different timestamps. Given this property,

the ξ̂2
a parameter allows us to assess the consistency of

the SNR evolution over time by comparing the ξ̂2
a value

against its expected distribution under the signal and
noise models.

In general, ξ2 parameters can be defined differently to
perform a consistency test of SNR values in a parameter
space other than time. Hence, we have developed bank-ξ2

parameter [43], denoted as ξ̂2
b, to explore the SNR evo-

lution in template-bank space. Similarly to the conven-

tional ξ̂2
a parameter shown in Eq. (18), we evaluate this

statistic for an event associated with the template α by
calculating the SNR residual across a group of templates
denoted as {θ̄}:

ξ̂2
b =

1

Nb

∑
β∈{θ̄}

∣∣∣∣ẑβ [0]− 1

2
(hβ |hα)ẑα[0]

∣∣∣∣2 , (21)

where (hβ |hα) is the matched filter output between the
two complex whitened templates, i.e.

(hβ |hα) =
∑
τ

hβ [τ ]h∗α[τ ]. (22)

Here Nb is the normalization factor

Nb =
∑
β∈{θ̄}

{
2− 1

2
|(hβ |hα)|2

}
(23)

so that the expectation value of ξ̂2
b is unity, i.e. 〈ξ̂2

b〉 = 1.

Given the different parameter space which the ξ̂2
b param-

eter involves, its consistency test provides additional in-

formation about GW signals complementary to the ξ̂2
a

parameter.

To take advantage of the benefits from both ξ̂2
a and ξ̂2

b,

we introduce a ξ̂2
ab parameter that combines the residual

components of ξ̂2
a and ξ̂2

b as follows

ξ̂2
ab =

1

Na +Nb

(
Naξ̂

2
a +Nbξ̂

2
b

)
(24)

=
1

Na +Nb

{∑
t

|ẑα[t]− ẑα[0]Rα[t]|2

+
∑
β∈{θ̄}

∣∣∣∣ẑβ [0]− 1

2
(hβ |hα)ẑα[0]

∣∣∣∣2
 ,

(25)

where the normalization factor is applied similarly such

that 〈ξ̂2
ab〉 = 1. In Sec. IV, we show the sensitivity im-

provement of GstLAL pipeline due to this ξ̂2
ab parameter,

using a simulated search for injected GW signals.

C. Upgraded ρ− ξ2 signal model

Previously in O3, P (~ξ2 | ~ρ, θ,Hs) in Eq. (2) followed an
analytic function that was empirically obtained by tun-
ing free parameters. Here, we describe a more accurate
approximation of this PDF derived from the statistical
properties of the ξ2 parameter. In the rest of this sub-
section, we assume the signal hypothesis where a GW
signal is present in Gaussian noise unless stated other-
wise.

1. General formalism

We start with the general definition of the ξ2 parame-
ter:

ξ̂2 =
1

N

∑
j

|ẑj − Cij ẑi|2 , (26)

where ẑi is a matched filter output at a reference point,
denoted by the index i, of an arbitrary parameter and N
is a normalization factor, which reads

N =
∑
j

〈
|ẑj − Cij ẑi|2

〉
. (27)

Cij is a coefficient to construct expected morphology of
{ẑj}, which can be thought of as a transfer function that
relates ẑi to ẑj , and this is given by Cij = 〈ẑj ẑ∗i 〉 in
the absence of a signal. Although ξ2, N and quantities
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derived from these are specific to the reference point, in-
dexed by i, of the parameter of interest, for brevity we do
not explicitly indicate its dependence in these symbols.

Here, introducing a vector of the residual components

~U = {Ûj} = ẑj − Cij ẑi, (28)

it follows that ξ̂2 ∝ ~U†~U , where † represents Hermitian
transpose of a given vector or matrix. Given the statis-

tical properties of the matched filter output ẑi, ~U obeys
a complex Gaussian distribution. In practice, there re-
mains a systematic mismatch between the true signal and

its associated template, leading to a non-zero mean of ~U ,

which we denote as ~µ = 〈~U〉. Also, its covariance matrix
is given by

Σjk = 〈(Û∗j − µ∗j )(Ûk − µk)〉 (29)

= Cjk − C∗ijCik. (30)

Consequently, one can find that

~U†~U =
∑
j

λj |n̂j + ηj |2, (31)

where {λj} is an eigenvalue of the covariance matrix Σ,
{n̂j} is normal random variables, and {ηj} is the j-th
component of ~µ projected onto the eigenvector space of
Σ. See Appendix C for the derivation of Eq. (31).

The expression in RHS of Eq. (31) is known as gener-
ized chi-square distribution and there does not exist any
closed-form expression of this PDF. However, this can be
well approximated with a single chi-square distribution3

whose mean and variance are matched up with those de-
rived from Eq. (31) [44], which yields

〈ξ̂2〉 =
1

N

∑
j

λj +
∑
j

λj |ηj |2
 , (32)

=
1

N

{
TrΣ + ~µ†~µ

}
, (33)

Var(ξ̂2) =
2

N2

∑
j

λ2
j + 2

∑
j

λ2
j |ηj |2

 . (34)

=
2

N2

{
TrΣ2 + 2~µ†Σ~µ

}
. (35)

Given these known mean and variance, we parametrize
the desired chi-square distribution with the following two
parameters:

neff =
2〈ξ̂2〉2

Var(ξ̂2)
(36)

b =
Var(ξ̂2)

2〈ξ̂2〉
, (37)

3 Eq.(13) of [44] shows the approximation by a Gamma distribu-
tion, but this is equivalent to a chi-square distribution with the
proper degree of freedom (neff) and multiplied factor in the co-
ordinate (b).

such that χ2(x/b;neff) reproduces its mean and variance4

consistent with Eqs. (32) and (34), respectively. There-
fore, we approximate that P (ξ2 | ρ,Hs) ≈ χ2(ξ2/b;neff).
Note that this chi-square distribution depends on ρ im-
plicitly through {ηj}, which will be described in more
details below in the case of the ξ2

a parameter.

2. Application to ξ̂2
a parameter

We apply the above formalism to GstLAL’s conven-

tional ξ̂2
a parameter based on its definition shown in

Eq. (18). In this case, i, j indices in Eq. (26) represent
timestamps of SNR timeseries and specifically ti = 0.
Also, from Cij = R[tj − ti] and Eq. (29), it follows that

Σjk = R[tk − tj ]−R∗[tj ]R[tk]. (38)

Regarding the mismatch between a true signal and its as-
sociated template, for simplicity we approximate it with
the original auto-correlation function R[t] overall scaled
with the detected SNR and a fractional mismatch factor
k, such that

µ[t] = 〈ẑ[t]− ẑ[0]R[t]〉 ≈ kρR[t]. (39)

It is nontrivial to assess the accuracy of this approxi-
mation. Another possible approach would be to take
the cross-correlation between a neighboring pair of tem-
plates. We leave the investigation of this and other av-
enues for improving the accuracy of this approximation
to future work.

Nevertheless, Eq. (39) allows for rewriting Eqs. (32)

and (34) in terms of ~R = {R[t]} as follows

〈ξ̂2
a〉 =

1

N

{
TrΣ + ρ2k2 ~R† ~R

}
, (40)

Var(ξ̂2
a) =

2

N2

{
TrΣ2 + 2ρ2k2 ~R†Σ~R

}
. (41)

This implies that, for given Σ, ρ and k, a single chi-
square distribution χ2(ξ2/b;neff) is constructed based on
Eqs. (36) and (37). Furthermore, this PDF is marginal-
ized over a range of k, 0.1 % to 30 %, as currently im-
plemented in GstLAL. We iterate this process across dif-
ferent ρ values until the (ρ, ξ2) parameter space is suffi-
ciently covered. See Fig. 5 for a visualization.

Eq. (18) shows that the ξ̂2
a parameter and its PDF are

specific to the whitened auto-correlation function Rα[t]
of a particular template α, which in turn implicitly de-
pends on a GW detector through whitening by its PSD.
Also, as indicated by Eq. (7), for the sake of memory

management we assign a common P (~ξ2 | ~ρ, θ,Hs) PDF

4 χ2(x;n) represents a chi-square PDF with n degrees of freedom
as a function of x.



8

to a group of neighboring templates {θ̄}, which con-
tains around 1000 templates in average, assuming that
GW events associated with any of these templates fol-
low the same signal model. To construct this repre-

sentative PDF, the median of 〈ξ̂2
a〉 and Var(ξ̂2

a) values
are computed for each template group. The validity of
this PDF depends on the similarity among the templates
within each group, i.e. the efficiency of template group-
ing, whose details are described in [32]. As a result, we
construct one P

(
ξ2
d | ρd, {θ̄},Hs

)
signal model per tem-

plate group per GW detector, and for a given detected

event, P (~ξ2 | ~ρ, θ,Hs) is evaluated in a multiplicative

form with regard to participating GW detectors { ~O} as
shown in Eq. (7).

D. KAGRA integration

KAGRA participated in the joint observation with
GEO600 [45] detector at the end of O3 [46], and is plan-
ning to join the full GW detector network including Ad-
vanced LIGO and Virgo detectors during O4 [47]. Ac-
cordingly, GW detection pipelines need to incorporate
the additional detector and conduct analysis across all
the detectors in coincidence. With regard to GstLAL’s
likelihood ratio, the two PDFs in the signal model, e.g.

P ( ~O | tref ,Hs) and P (∆ ~lnD, ~∆t, ~∆φ | ~O, tref ,Hs) are rel-
evant to this integration. Here, we illustrate these PDFs
in the presence of KAGRA and briefly discuss its char-
acteristics.

Fig. 2 shows, as an example, the probability of only
LIGO Hanford and KAGRA forming a coincident event
while the two LIGO detectors and KAGRA operate, i.e.
P ({H,K} | tref ,Hs). This probability is evaluated as
a function of horizon distances of KAGRA (DK) and
LIGO Livingston (DL) relative to that of LIGO Hanford
(DH). Recall that tref is interchangeable with a vector of
horizon distances, and hence taking different tref values
is equivalent to exploring the two-dimensional parameter
space (DK/DH , DL/DH). The peak of the probability
is located at DK/DH ∼ 1 and DL/DH � 1, which is
expected for both LIGO Hanford and KAGRA detectors
to observe a signal and for LIGO Livingston detector to
miss it. In practice, however, reasonable values of the
fractional horizon distance among these detectors during
O4 is far from the peak as indicated by the red marker
in Fig. 2, implying heavy downranking if such an event
is observed.

In Fig. 3 we illustrate the two-dimensional PDF for the
difference in GW arrival time and phase between LIGO

Hanford and KAGRA, i.e. P ( ~∆t, ~∆φ | {H,K}, tref ,Hs).
Here we set the horizon distances5 of LIGO Hanford and

5 One can obtain the BNS range, which is commonly used as
a measure of detector sensitivity in literature, by multiplying
the horizon distance by the orientation-average factor F '
(2.2627)−1 [48].

FIG. 2. Example P ({H,K} | tref ,Hs) while LIGO Hanford,
Livingston and KAGRA operating, is evaluated as a func-
tion of fractional horizon distance between KAGRA (DK)
and LIGO Hanford (DH) or between Hanford and Livingston
(DL), respectively. The color scheme in the two-dimensional
plot encodes the probability density with a brighter region
having larger values. The red marker indicates the reason-
able values of the fractional horizon distance among these
detectors during O4, being far from the peak.

KAGRA for a typical BNS source to be 410 Mpc and 6
Mpc, being consistent with the projected O4 PSD of the
two detectors [47], and their representative SNRs to be
5 and 4, respectively. Therefore, Fig. 3 represents a slice

of the three-dimensional PDF P (∆ ~lnD, ~∆t, ~∆φ | ~O, tref)
where the effective distance ratio between the two de-
tectors is given by their horizon distances and repre-
sentative SNRs mentioned above. Also, we observe the
characteristic structure in the marginalized ∆t distribu-
tion, P (∆t | {H,K}, tref ,Hs). This can be explained
by the extreme value of the effective distance ratio be-
tween the two detectors, DH/DK = 16.5, which allows
only a narrow range of extrinstic parameters to con-
tribute to the PDF. In particular, such a limited range
of sky position is manifested by the noticeable structure
in P (∆t | {H,K}, tref ,Hs).

IV. RESULTS

A. Sensitive space-time volume

We conduct an injection study using GstLAL with the
new features described in Sec. III and discuss the im-
provement in the pipeline’s sensitivity, focusing on the
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FIG. 3. Example P ( ~∆t, ~∆φ | {H,K}, tref ,Hs) and its
marginalized PDF for LIGO Hanford and KAGRA. The color
scheme in the two-dimensional plot encodes the probability
with a brighter region having larger values. Here we set the
horizon distances of LIGO Hanford and KAGRA to be 410
Mpc and 6 Mpc respectively to be consistent with the pro-
jected O4 PSD of the two detectors [47], and show a slice of
the three-dimensional PDF where the ratio of the effective
distance between the two detectors is somewhat reasonable
given their horizon distances.

bank-ξ2 incorporation and the upgraded ρ − ξ2 signal
model. For each injection run, to quantify the sensitivity
we measure the sensitive space-time volume (V T ) as a
function of false alarm rate (FAR), which is defined as

V T (FAR) = T

∫ ∞
0

ε(z,FAR)
dVc(z)

dz

1

1 + z
dz, (42)

where T is the duration of a simulated observation,
ε(z,FAR) is the detection efficiency for the GW signals
which are injected at the redshift in [z, z + dz] and re-
covered at FAR below a given threshold, and Vc(z) is
the comoving volume at the redshift of z. Note that V T
depends on the source distribution of injected GW sig-
nals, and in what follows, we apply the same injection
set between two runs for valid V T comparison.

B. Incorporation of bank ξ2

For a simulated observation, we analyze the O3 dataset
between 18 April 2019 16:46 UTC and 26 April 2019
17:14 UTC with 86606 synthetic CBC signals injected.
This injection set contains signals from BNSs whose com-
ponent masses (m1,m2) go up to 3M�, BBHs whose

FIG. 4. Ratio of the V T value measured by the run with
the combined ξ2 to that with the normal ξ2

a as a function of
FAR, and hence the value above 1 indicates the sensitivity
improvement due to the incorporation of bank ξ2 statistics.
The different colors represent the four chirp-mass (Mc) bins
mentioned in the legend.

m1,m2 go up to 50M�, and intermediate-mass black
holes (IMBHs) whose m1,m2 go up to 300M�. For this
study, we use the template bank used for O3 [4], which
covers the entire set of injections.

Given the injection set, we conduct two sets of the
simulated observations with the conventional ξ2

a and
the combined ξ2

ab statistics defined in Eq. (25), respec-
tively, and measure the V T value for each of the two
cases. When evaluating the V T values, we bin the en-
tire set of injections into four chirp-mass (Mc) ranges:
0.5 to 2.0 M�(BNS), 2.0 to 4.5 M�(lighter BBH), 4.5 to
45 M�(heavier BBH) and 45 to 450 M�(IMBH). Fig. 4
is a ratio of the V T value measured by the run with the
combined ξ2

ab to that with the ξ2
a as a function of FAR,

and hence the values above 1 indicates the sensitivity im-
provement due to the incorporation of bank-ξ2 statistics.
The different colors represent the four chirp-mass bins
mentioned above.

One can find that at the FAR of 3.2× 10−8 Hz(≈ 1
per year) the V T ratio increases by 10 % (or even more
at lower FAR) for IMBH injections, while the other three
categories do not exhibit noticeable improvement. This
difference can be understood by the duration of those in-
jected signals in the detector’s frequency band. Given
the shortest duration of IMBH signals, the time-domain
consistency test performed by the ξ2

a statistic do not help
those signals to be distinguished from noise, and hence
the complimentary test on the template domain using the
ξ2
ab statistic is rather informative, leading to the signif-

icant improvement in the V T value as shown in Fig. 4.
Note that the zig-zaggy structure in IMBH’s V T ratio is
due to relatively large uncertainty in each V T measure-
ment given a smaller number of recovered IMBH injec-
tions than other source categories.
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C. Upgraded ρ− ξ2 signal model

We analyze the same dataset and injection set de-
scribed in Sec. IV B. Yet, we use the template bank de-
veloped for O4, adopting the manifold placement algo-
rithm [49] and the sorting scheme using the orthogonal-
ized PN-phase terms described in [32, 50]. Fig. 5 shows a
scatter plot of recovered BNS injections, represented by
blue circles, on top of the P (ξ2

H | ρH , {θ̄},Hs) PDF as-
sociated with one of the BNS template groups for LIGO
Hanford detector. This visually demonstrates that the
density of recovered BNS injections on (ρ, ξ2) parame-
ter space is largely consistent with the upgraded signal
model, verifying the validity of the derivation described
in Sec. III C.

Given the injection set, we conduct two sets of the
simulated observations with and without the upgraded
ρ − ξ2 signal model, respectively, and measure the V T
value for each of the two cases. Binning the injection
set in the same way as Sec. IV B, Fig. 6 shows a ratio
of the V T value measured by the run with the upgraded
signal model to that with the original signal model as a
function of FAR. This figure implies that at the FAR
of 3.2× 10−8 Hz(≈ 1 per year) the V T ratio increases
by 15 % (20 %) for BNS (lighter BBH) injections, while
the heavier BBH and IMBH injections do not exhibit
noticeable improvement. Since BNS and lighter BBH
signals produce longer duration, the time-domain consis-
tency test by ξ2

a statistics tend to be more impactful for
these source categories than heavier ones.
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FIG. 5. Scatter plot of recovered BNS injections, denoted
by blue circles, on top of the P (ξ2

H | ρH , {θ̄},Hs) associated
with BNS templates for LIGO Hanford detector. The color
scheme encodes the probability density in a logarithmic scale
with a brighter region having larger values.

V. CONCLUSION

In this work we have described several new features
implemented in GstLAL-based insprial pipeline, leading
up to O4. These features consist of: the signal con-

FIG. 6. Ratio of the V T value measured by the run with the
upgraded signal model to that with the original signal model
as a function of FAR, and hence the values above 1 indicates
the sensitivity improvement due to the upgraded signal model.
The different colors represent the four chirp-mass (Mc) bins
mentioned in the legend.

tamination removal, the bank-ξ2 incorporation, the up-
graded ρ − ξ2 signal model and the integration of KA-
GRA. Specifically, we have demonstrated by the V T com-
parison that the bank-ξ2 incorporation improves the sen-
sitivity to IMBH signals by 10 % or more and that the
upgraded ρ− ξ2 signal model improves the sensitivity to
BNS (lighter BBH) signals by 15 % (20 %), respectively.
Although we have not quantitatively shown the perfor-
mance of the signal contamination removal, Fig. 1 visu-
ally illustrates that the signal contamination can be fully
removed. A more thorough investigation using blind in-
jections is described in [42]. Also, in the injection study
shown in Sec. IV, we did not incorporate the upgraded
ρ− ξ2 signal model and the bank-ξ2 statistic both simul-
taneously for one configuration, which requires deriva-
tion and recalculation of the covariance matrix shown in
Eq. (38). We leave this as future work to address dur-
ing offline reanalysis of O4 dataset. Regarding the over-
all performance of the latest GstLAL analysis, see [40]
for the detailed results of the Mock Data Challenge con-
ducted as preparation of O4.
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Appendix A: Derivation of Eq. (6)

We start with the following coordinate transformation
shown in Eq. (4):

~ρ→ ~x =


ρnet

ln {D2/Dref}
...

ln {Dn/Dref}

 . (A1)

In general, any coordinate transformation in the proba-
bility density involves modification in the volume element
characterized by Jacobian matrix, which explicitly reads

J (~ρ) =



∂x1

∂ρ1
· · · ∂xi

∂ρ1
· · · ∂xn

∂ρ1
...

. . .
...

∂x1

∂ρj
∂xi

∂ρj
∂xn

∂ρj
...

. . .
...

∂x1

∂ρn
· · · ∂xi

∂ρn
· · · ∂xn

∂ρn


. (A2)

Note that in this particular case the new coordinates, ~x,
can be written in terms of the original SNR coordinates
such that

x1 = ρnet, xi = ln

{
Di

D1

}
− ln

{
ρi
ρ1

}
, (A3)

where Di is the horizon distance for i-th detector.
For example, when evaluating Eq. (5) for coincident

triggers between LIGO Hanford and Livingston detec-
tors, the SNR coordinates are given by

ρ1 = ρH , ρ2 = ρL. (A4)

Hence, the Jacobian matrix Eq. (A2) takes the form of

J (ρH , ρL) =


ρH√
ρ2H+ρ2L

ρL√
ρ2H+ρ2L

1
ρH

− 1
ρL

 , (A5)

which leads to the determinant

|J (~ρ)| =
√
ρ2
H + ρ2

L

ρHρL
. (A6)

Similarly, this derivation can be extended to the three-
detector case, and in general, one finds the general ex-
pression of the determinant shown in Eq. (6).

Appendix B: Derivation of Eq. (9)

The probability of observing k noise events with the
mean rate µ during unit observation time T follows a
Poisson distribution

P (N = k | µ) =
1

k!
(µT )ke−µT . (B1)

In GstLAL’s implementation, the total event rate con-
sists of several categories characterized by a template
group {θ̄}, i.e. µ =

∑
{θ̄} µ{θ̄}, and Eq. (B1) is assumed

to hold independently for noise events from each cate-
gory. Since P (tref , θ | Hn) considers a situation where
the given event occurs for the associated template group
and no others, the PDF reads

P (tref , θ | Hn) = P (1 | µ{θ̄})
∏
i 6={θ̄}

P (0 | µi) (B2)

= µ{θ̄}T e−µT . (B3)

Since the exponential factor is constant across different
template groups, the only dependence on θ boils down to
µ{θ̄} as shown in Eq. (9).

Appendix C: Derivation of Eq. (31)

From the definition of Σ shown in Eq. (29), one can
find that Σ is positive semidefinite, and hence, there
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exists square root of Σ such that A2 = Σ. Introduc-

ing ~V = A−1~U , from ~U ∼ N (~µ,Σ), it follows that
~V ∼ N (A−1~µ,1). Furthermore, since Σ can be diag-
onalized as Σ = P †ΛP , where P is a unitary transfor-
mation matrix and Λ is a diagonal matrix with entries
λi, Eq. (31) reads

~U†~U = ~V †(A2)~V = ~V †(P †ΛP )~V (C1)

= ~W †Λ ~W =
∑
i

λi|n̂i + ηi|2. (C2)

Here Eq. (C2) is given by the fact that ~W = P ~V ∼
N (~η,1), where ~η = A−1~µ. This also implies that
|n̂i + ηi|2 obeys noncentral chi-square distribution with
the 2 degrees of freedom and noncentral parameter of

|ηi|2. Therefore, this formalism suggests that ~U†~U , or
equivalently the ξ2 parameter, is a weighted sum (char-
acterized by λi) of multiple chi-square random variables,
which is in general referred to as generalized chi-square
distribution. See [51] for more detailed discussion.
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ABSTRACT

We present a novel fully Bayesian analysis to constrain short gamma-ray burst jet structures associ-

ated with cocoon, wide-angle and simple top-hat jet models, as well as the binary neutron star merger

rate. These constraints are made given the distance and inclination information from GW170817,

observed flux of GRB 170817A, observed rate of short gamma-ray bursts detected by Swift, and the

neutron star merger rate inferred from LIGO’s first and second observing runs. A separate analysis

is conducted where a fitted short gamma-ray burst luminosity function is included to provide further

constraints. The jet structure models are further constrained using the observation of GW190425 and

we find that the assumption that it produced a GRB 170817-like short gamma-ray burst that went

undetected due to the jet geometry is consistent with previous observations. We find and quantify

evidence for low luminosity and wide-angled jet structuring in the short gamma-ray burst population,

independently from afterglow observations, with log Bayes factors of 0.45−0.55 for such models when

compared to a classical top-hat jet. Slight evidence is found for a Gaussian jet structure model over all

others when the fitted luminosity function is provided, producing log Bayes factors of 0.25−0.9± 0.05

when compared to the other models. However without considering GW190425 or the fitted lumi-

nosity function, the evidence favours a cocoon-like model with log Bayes factors of 0.14 ± 0.05 over

the Gaussian jet structure. We provide new constraints to the binary neutron star merger rates of

1−1300 Gpc−3 yr−1 or 2−680 Gpc−3 yr−1 when a fitted luminosity function is assumed.

Keywords: Gamma-ray bursts (629), Gravitational waves (678)

1. INTRODUCTION

The joint detection of both gravitational wave (GW)

GW170817 (Abbott et al. 2017a), and counterpart

short gamma-ray burst (sGRB) GRB 170817A (Gold-

stein et al. 2017; Savchenko et al. 2017), followed by

the detection of kilonova AT 2017gfo (McCully et al.

2017; Evans et al. 2017) not only solidified the belief

that sGRBs are produced from the merger of binary

neutron star (BNS) systems, but also began the era of

GW multimessenger astronomy (Abbott et al. 2017a).

The combination of both the and GW data gave insight

into various problems that a detection through a single

data channel could not provide; ranging from cosmol-

ogy (Abbott et al. 2017b), the origin of the abundance

fergus.hayes@glasgow.ac.uk

of heavy elements in the universe (Tanvir et al. 2017),

tests of general relativity and the speed of gravity (Ab-

bott et al. 2017c) among others.

However the detection of the event not only provided

answers but also provoked questions, as it was inferred

through GW parameter inference that the event was ex-

ceptionally nearby at only 40 Mpc (Abbott et al. 2019),

giving an observed isotropic luminosity of the event of

1047 erg s−1, three orders of magnitude lower than that

observed for any other sGRB (Abbott et al. 2017c). It

was also inferred through GW parameter inference that

the event was viewed at a wide angle of 14 − 41◦ from

the central axis (Abbott et al. 2019). This lead to the

hypothesis that the jet of GRB 170817A exhibited some

wide-angle structure to produce the observed flux, and

that it may still have had a typically luminous central

jet component. The long duration observations of the

event’s afterglow across the electromagnetic (EM) spec-
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trum provided further evidence for this claim (Troja

et al. 2017; Margutti et al. 2018; Lyman et al. 2018;

D’Avanzo et al. 2018; Mooley et al. 2018; Ruan et al.

2018; Troja et al. 2018; Alexander et al. 2018; Troja

et al. 2020).

While evidence for this wide-angled structure is pro-

vided by the multitude of afterglow observations, the

functional form of the luminosity profile over viewing

angle remains in question (e.g. Granot et al. 2017; Duf-

fell et al. 2018; Gottlieb et al. 2018; Lamb & Kobayashi

2018; Mooley et al. 2018; Troja et al. 2018; Ioka & Naka-

mura 2019; Beniamini et al. 2019; Fraija et al. 2019;

Lamb et al. 2019; Salafia et al. 2019; Biscoveanu et al.

2020; Lamb et al. 2020; Takahashi & Ioka 2021). Accu-

rate modelling of this jet structure is important in both

understanding the astrophysics of the event, and in pre-

venting systematic biases in any multimessenger analy-

sis that must make assumptions about the jet geometry

(Nakar & Piran 2021; Lamb et al. 2021), which include

constraints on the Hubble constant (Abbott et al. 2017b)

and the BNS merger rate (Wanderman & Piran 2015).

With the promise of future GW BNS merger de-

tections (Abbott et al. 2020b), a jet structure model

that best represents the data of joint detection events

should be discerned (Hayes et al. 2020). However,

current analyses are limited to the data provided by

GW170817/GRB 170817A (including AT 2017gfo), GW

BNS merger event GW190425 (Abbott et al. 2020a),

as well as the population of sGRBs detected indepen-

dently of GW detection (Poolakkil et al. 2021; Lien

et al. 2016). Previous similar work has considered con-

straining jet structure models with joint GW and EM

detections using a Bayesian analysis (Biscoveanu et al.

2020; Hayes et al. 2020; Farah et al. 2020). The his-

torical rate of detected sGRB and GWs has also been

used in Bayesian analyses to constrain the jet struc-

ture (Williams et al. 2018; Sarin et al. 2022). Work

by Mogushi et al. (2019) and Tan & Yu (2020) combine

the detection rates of sGRB and GWs with the prompt

emission data of GRB 170817A and the parameter infer-

ence results of GW170817, along with assuming a lumi-

nosity function fitted by short gamma-ray burst events

with known redshift. The jet structure has been con-

strained given the weak gamma-ray emission detected

by the INTEGRAL detector coincident with the gravi-

tational wave event GW190425 in the work by Saleem

et al. (2020). In this work, we put forward a compre-

hensive Bayesian framework that combines the prompt

emission data from GRB 170817A, GW parameter in-

ference posteriors of GW170817 and GW190425, GW

informed BNS merger rate, as well as the detection rate

of sGRBs by the Neil Gehrels Swift Observatory (Swift)

detector. This analysis is then further combined with

the information provided by a luminosity function fitted

by sGRB events with known redshifts to provide tighter

constraints, with the caveat of also introducing bias into

the analysis. We provide parameter constraints and

model comparison results between a classical top-hat jet

structure and three different jet structures with wide-

angled structuring: a Gaussian, power-law and double

Gaussian jet. These results are presented alongside con-

straints on the intrinsic luminosity (when it is not fit-

ted by the luminosity function), and the merger rate for

both cases.

The physical model assumed is detailed in Section 2,

before the analysis method and data are laid out in Sec-

tion 3. In Section 4 we report the results of the analysis,

both for when the fitted luminosity function is incorpo-

rated and when it is not. In Section 5 the implications

of the results are discussed and a conclusion provided in

Section 6.

2. BACKGROUND

The sGRB data consists of the observed T90 inte-

grated flux F as well as the number of observed sGRBs

NEM. The average T90 integrated flux F̂ is related to

the isotropic equivalent luminosity Liso at a given view-

ing angle θv, as well as a redshift z dependent luminosity

distance dL and k-correction k:

F̂ =
Liso(θv)

4πdL(z)2k(z)
. (1)

The mean number of sGRBs N̂EM observed by a de-

tector within a duration T that covers an area of sky

equal to ∆Ω depends on the redshift, viewing angle and

intrinsic luminosity Λ = {z, θv, L0} through the number

density:

N̂EM =

∫
dN̂EM

dΛ

[∫
p(DEM|Λ)dDEM

]
dΛ, (2)

where DEM denotes the selection effects of the detector,

such that DEM = 1 if a detection is made and DEM = 0

otherwise.

We consider sGRBs detected by the Swift instrument,

which has a detector response determined empirically in

(Lien et al. 2014) to fit:

∫
p(DEM|Λ)dDEM =

0 if F̂ < Fthr,

a b+cF̂ /F0

1+F̂ /dF0
else,

(3)

where a = 0.47, b = −0.05, c = 1.46, d = 1.45, F0 =

6×10−6 erg s−1 cm−2 and Fthr = 5.5×10−9 erg s−1 cm−2.
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The relation between the number density and the

physical parameters of Λ is:

dN̂EM

dΛ
= T

∆Ω

8π

RGRB(z)

1 + z

dV (z)

dz
p(L0|Σ) sin θv, (4)

where V (z) is the co-moving volume, RGRB is the rate of

sGRBs and p(L0|Σ) is the intrinsic luminosity function

given the hyperparameter Σ.

2.1. Short gamma-ray burst rate

The rate of sGRBs is assumed to be in the form:

RGRB(z) = RBNSRGRB(z), (5)

where RBNS is the local rate of BNS mergers and

RGRB(z) is defined so that RGRB(0) = 1. This assumes

that every BNS merger results in a sGRB, and that the

number of sGRBs produced by neutron star-black hole

mergers is negligible.

The form of RGRB(z) can be assumed to follow the

star formation rate R∗(z) convolved with the probability

distribution of the delay time between the system for-

mation and the eventual merger that leads to the sGRB

P (t) (Wanderman & Piran 2015):

RGRB(z) ∝
∫ T (∞)−T (z)

tmin

R∗(z∗)

1 + z∗
P (t)dt, (6)

where z∗ = z(T (z) + t) is the redshift when the system

was formed, T (z) is the look-back time and tmin is the

minimum delay time. This minimum delay time is set

to 20 Myr and P (t) ∝ 1/t according to (Guetta & Piran

2006). The star formation rate is assumed to be of the

form (Cole et al. 2001):

R∗(z) ∝
a+ bz

1 + (z/c)d
H(z), (7)

where the parameter values are taken from (Hopkins &

Beacom 2006) to be a = 0.017, b = 0.13, c = 3.3 and

d = 5.3.

2.2. Cosmology

A flat, vacuum dominated universe is assumed. The

co-moving volume distribution over redshift is defined:

dV (z)

dz
= 4π

c

H(z)

(
dL(z)

1 + z

)2

. (8)

For a flat cosmology, the luminosity distance is related

to the redshift by:

dL(z) = (1 + z)
c

H0

∫ z

0

H0

H(z′)
dz′, (9)

where H0 is the Hubble constant and H(z) is equal to:

H(z) = H0

√
Ωm(1 + z)3 + ΩΛ. (10)

Here Ωm = 0.308 and ΩΛ = 0.692 are the matter density

and dark energy density respectively (Hogg 1999), with

values taken from (Adam et al. 2016) along with H0 =

67.8 km s−1 Mpc−1.

The look-back time, defined as the time between when

a source emits light at redshift z and the time it is de-

tected, is then:

T (z) =
1

H0

∫ z

0

H0

(1 + z′)H(z′)
dz′. (11)

For a flat, vacuum dominated universe, the inverse func-

tion has an analytical expression (Petrillo et al. 2013):

z(T ) =

(
ΩΛ

Ωm

)1/3
[(

1 +W (T )

1−W (T )

)2

− 1

]1/3

− 1, (12)

where:

W (T ) = exp

[
ln

(
1 +
√

ΩΛ

1−
√

ΩΛ

)
− 3H0

√
ΩΛT

]
. (13)

The k-correction accounts for the cosmological red-

shifting in the intrinsic sGRB spectrum with respect to

the detector’s spectrum (Bloom et al. 2001):

k(z) =

∫ νs,2/(1+z)

νs,1/(1+z)
νf(ν)dν∫ ν2

ν1
νf(ν)dν

. (14)

Here we assume the form of f(ν) follows the Band func-

tion described in (Band et al. 1993).

2.3. Intrinsic and isotropic equivalent luminosity

The luminosity structure of a gamma-ray burst is de-

fined to be:

L(θ) = L0yL(θ), (15)

where L0 is the intrinsic luminosity at θ = 0. It is

assumed that the distribution of intrinsic luminosity L0

follows a Schechter function:

p(L0|Σ = {L∗0, γ}) ∝
(
L0

L∗0

)−γ
e−L0/L

∗
0 , (16)

for Lmin ≤ L0 ≤ Lmax where Lmin = 10−3L∗0 and

Lmax = 102L∗0.

Similarly the Lorentz factor’s dependence over angle

follows:

Γ(θ) = (Γ0 − 1)yΓ(θ) + 1, (17)

with Γ0 being the Lorentz factor of the jet at θ = 0.

Given these definitions, both yL and yΓ are defined to

equal 1 at θ = 0.
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The Lorentz factor determines the degree of relativis-

tic beaming, which for the luminosity is governed by:

BL(θv, θ) =
1

4Γ(θ)6(A2 −B2)2(
5

(
A√

A2 −B2

)3

+ 3

(
A√

A2 −B2

))
,

(18)

with A = 1−β cos θ cos θv and B = −β sin θ sin θv where

β =
√

1− Γ(θ)−2.

The apparent isotropic equivalent luminosity, for an

observer at θv from the jet axis, can then be related

to the intrinsic luminosity via the beaming function by

combining Eqn. 15 and Eqn. 18:

Liso(θv) = L0

∫ θj

0

1

2
B(θv, θ)yL(θ) sin θdθ, (19)

where θj is the maximum angle for which the beam-

ing of gamma-rays occurs. A conservative maximum

outer jet angle for the emission of gamma-rays is ap-

proximated by considering scattering by electrons ac-

companying baryons within the jet. The condition is

given by (Matsumoto et al. 2019; Lamb et al. 2022),

Γ(θj) ' 19.1

(
L(θj)

1051 erg/s

)1/6

, (20)

Beyond this limit, θ > θj , the jet becomes opaque to

gamma-rays.

2.4. Jet structures

The implications of structuring within compact stellar

merger jets for the EM counterparts from GW detected

systems has been highlighted in the literature (Lamb

& Kobayashi 2017; Lazzati et al. 2017; Kathirgamaraju

et al. 2018; Beniamini et al. 2020); here we choose a

sample of fiducial jet structure models that are repre-

sentative of the literature diversity.

The top-hat jet (TH) is the simplest structure, where

the beam is uniform until the jet opening angle θj where

the jet sharply cuts off:

yL(θ) =

1 if 0 ≤ θ ≤ θj ,

0 else.

yΓ(θ) =

1 if 0 ≤ θ ≤ θj ,

0 else.

(21)

We note that the condition expressed in Eqn. 20 is not

enforced for this case, as Γ0 is above the Eqn. 20 limit

at all points within the jet.

Wide-angle structure can be introduced with a Gaus-

sian jet (GJ) structure, described by a single width

parameter θσ (e.g. Rossi et al. 2002, 2004; Zhang &

Meszaros 2002; Kumar & Granot 2003):

yL(θ) = e−
1
2 ( θ

θσ
)
2

, yΓ(θ) = e−
1
2 ( θ

θσ
)
2

. (22)

An alternative to the Gaussian profile has the wide-angle

emission expressed as a three parameter power-law jet

(PL) structure (e.g. Kumar & Granot 2003; Zhang et al.

2004; Rossi et al. 2004), where the jet can be described

by some uniform core out to width θc, and then the

intrinsic luminosity structure falls off at wide angles ac-

cording to power s and the Lorentz factor with a:

yL(θ) =

1 if 0 ≤ θ ≤ θc,(
θ
θc

)−s
else.

yΓ(θ) =

1 if 0 ≤ θ ≤ θc,(
θ
θc

)−a
else.

(23)

Finally, let us consider a two component, or double

Gaussian jet (DG), with emission from both an inner

core described by a Gaussian structure of width θin and

an outer cocoon described by width θout (Salafia et al.

2020):

yL(θ) = (1− C)e−
1
2

(
θ
θin

)2

+ Ce−
1
2 ( θ

θout
)
2

,

yΓ(θ) =
(1− C)e−

1
2

(
θ
θin

)2

+ Ce−
1
2 ( θ

θout
)
2

(1− CA )e
− 1

2

(
θ
θin

)2

+ C
Ae
− 1

2 ( θ
θout

)
2
.

(24)

The luminosity of the outer cocoon is equal to CL0 and

the Lorentz factor A(Γ0 − 1) + 1.

We do not consider hollow-cone jet structure models
in our study (see e.g., Nathanail et al. 2021; Takahashi

& Ioka 2021); we expect that the combination of our in-

trinsic luminosity distribution (Eqn. 16) and the beam-

ing (Eqn. 19) will wash-out the effect of any hollow-cone

structuring within the core. For this study, the structure

outside of the jet’s core is the critical component.

3. BAYESIAN FRAMEWORK

Constraints are placed on model parameters λ of a

model M when given data D in Bayesian data analysis

by determining the posterior distribution using Bayes

theorem:

p(λ|D,M) =
L(D|λ)π(λ)

p(D|M)
, (25)

where L is the likelihood, π is the prior and the normal-

isation term p(D|M) is the evidence. Consider compar-

ing two models M1 and M2 when given data D. In the
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context of Bayesian data analysis, the statistic used to

compare two models is the posterior odds defined:

O12 =
p(M1|D)

p(M2|D)
=
p(M1)

p(M2)

p(D|M1)

p(D|M2)
. (26)

Normally we are interested in cases where the a priori

probability of either model being correct is comparable,

and therefore the posterior odds is dominated by the

Bayes factor :

B12 =
p(D|M1)

p(D|M2)
, (27)

which quantifies the contribution to the posterior odds

given by the data D. A value of lnB12 > 0 favours M1,

while lnB12 < 0 favours M2.

The analysis is performed by applying the model de-

scribed in Section 2 with an assumed jet structure from

Section 2.4 given both GW and sGRB prompt emission

data.

Table 1 lists the notation used in the following section.

The data can be split into that produced by a GW-

triggered event, denoted with the subscript ‘GW’, and

that produced from an EM trigger, denoted with the

subscript ‘EM’.

The data from the NGW GW-triggered events consists

of the GW strain xGW and the flux of the counterpart

FGW. The GW-triggered events may not necessarily

require a counterpart to be considered for the analysis.

If the sky localisation of the source coincides with the

sky coverage of gamma-ray burst detectors then we can

assume that it was not detected due to its distance and

orientation to us. The current events that meet this

criteria are both GW170817 with GRB 170817A as well

as GW190425 and the non-detection of its counterpart,

under the assumption that a sGRB was produced, given

the Fermi detector covered 50% of the sky localisation

and Konus–Wind covered the entire sky (Hosseinzadeh

et al. 2019).

The EM-triggered events are simply the number of

sGRB detections that Swift made within a 10 year op-

erational period NEM.

The likelihood can be decoupled into two terms, one

of which considers GW-triggered events and the other

EM-triggered:

L = LEMLGW. (28)

The likelihood of the EM-triggered events is a Poisson

distribution with a mean given in Eqn. 2:

LEM =
N̂EM(Θ, RBNS,Σ)NEMe−N̂EM(Θ,RBNS,Σ)

NEM!
. (29)

The mean is evaluated over a regular grid of shape

(z, (2θ/π)1/3, log10 L0) = (×50,×100,×1000).The an-

gular grid points were chosen to be distributed over a

Variable Description

xGW GW detector data

FGW sGRB detector data

NGW Number of detected GWs

NEM Number of detected sGRBs

Σ Luminosity function hyperparameters

RBNS BNS merger rate

Θ Jet structure parameters

Φ {θv, dL}
L0 Intrinsic on-axis luminosity

Table 1. Shorthand notation of the GW and EM data as
well as sets of parameters of interest.

Data set Data

D170817 {x170817, F170817}
D190425 {x190425, F190425}
DR {NEM, NGW}

D170817+R {D170817,DR}
Dall {D170817,D190425,DR}

Table 2. Summary of the data used in the analysis.

FGW xGW

Φ

Θ

NGWNEM

RBNS

L0

Σ

∀ i ∈ NGW

Figure 1. High-level Bayesian network of the model de-
scribed in Section 2. The variable names are defined in Ta-
ble 1.

power-law so as to populate low θ areas of the param-

eter space with grid points, while also maintaining a

relatively high density of points at wider angles where

emission from some jet structures is still significant.

The GW-triggered events likelihood is the product of

each of the NGW events:

LGW ∝
NGW∏
i=1

S∑
j=1

p(Fi,GW|Θ,Φi,j , Lj,0), (30)
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where S samples are taken of Φi,j and Lj,0 from

p(Φi, L0|xi,GW,Σ). The parameters can be sampled

from separate distributions p(Φi|xi,GW) and p(L0|Σ)

respectively, where p(Φi|xi,GW) are samples from the

posteriors produced from GW parameter estimation for

each event. The likelihood of the prompt emission of the

GW-triggered events is assumed to be a Gaussian distri-

bution of width σF about a mean described in Eqn. 1:

p(FGW|Θ,Φ, L0) =
1√

2πσ2
F

exp

(
− (FGW − F )2

2σ2
F

)
.

(31)

The priors for the model are specified in Table 3 for each

of the gamma-ray burst rate, luminosity function and jet

structure parameters. A normal distribution is denoted

N (µ, σ) with a mean of µ and standard deviation of σ,

a uniform distribution as U(A,B) with lower bound of

A and upper bound of B, a Gamma distribution and

inverse Gamma distribution as Γ(α, β) and Γ−1(α, β)

with a shape of α and a scale of β. We assume that

every BNS merger results in a gamma-ray burst so that

εBNS = 1.

Model Parameter Prior

log10R
′
BNS N (−6.6, 0.77)

log10 L
∗
0
′ N (51.6, 1)

γ U(0, 1)

log10 Γ0 Gamma−1(2, 2.5× 10−3)

TH θj U(0, π/2)

GJ θσ U(0, π/2)

PL

θc U(0, π/2)

s Gamma(2, 4)

a Gamma(2, 1)

DG

θin U(0, π/2)

θout U(0, θout)

log10 C U(−6, 0)

log10A U(−6, 0)

Table 3. Assumed prior distributions for each parameter.
The analysis assumes one jet structure out of the top-hat
(TH), Gaussian (GJ), power-law (PL) and double Gaussian
(DG) models. Some parameters are made unit-less so that
R′BNS = RBNS/Mpc−3 yr−1 and L∗0

′= L∗0/erg s−1.

The T90 integrated flux of GRB 170817A in the

Fermi detector’s 50 − 300 keV band is set at F170817 =

1.4×10−7 erg s−1 cm−2 with an uncertainty of σ170817 =

3.64×10−8 erg s−1 cm−2 (Goldstein et al. 2017). For the

unobserved counterpart of GW190425, it is assumed

that the T90 integrated flux takes a value of zero with

an uncertainty of σ190425 = 10−8 erg s−1 cm−2 as a con-

servative upper bound to the Fermi detector’s detection

threshold (Tan & Yu 2020). The distance and viewing

angle posteriors of GW170817 and GW190425 are each

represented by 500 samples taken from the their respec-

tive parameter estimation data releases. In this work we

consider an observing period of approximately 9.8 years

by the Swift detector in which it observed NEM = 107

sGRBs as recorded by Lien et al. (2016), given a sky

coverage of ∆Ω = 0.1. The log prior on the rate of BNS

mergers of N (−6.6, 0.77) is roughly chosen to reflect the

constraints imposed to the rates by GWTC-2 (Abbott

et al. 2020c). The log prior on L∗0 is centred around

the fitted value taken from Mogushi et al. (2019) with

a standard deviation set to span one order of magni-

tude. This is chosen to reflect some prior information

in the allowed luminosity from prior observations, but

with a width to allow for flexibility into higher or lower

luminosity regimes.

Posteriors and Bayes factors are calculated from

Eqn. 25 and Eqn. 27 by assigning D and λ as

the variables in Table 1. We collect the data into

three sets: one only given the number of Swift de-

tections NEM and GW detections NGW called DR,

another with the combined GW170817 GW x170817

and EM data F170817 called D170817, and the other

with GW190425 GW data x190425 and the flux

from the non-detection F190425 called D190425. The

analysis is performed on five combinations of these

data sets: D170817 = {x170817, F170817}, D190425 =

{x190425, F190425}, DR = {NEM, NGW}, D170817+R =

{D170817,DR}, and Dall = {D170817,D190425,DR}. We

allow that λ = {Σ,R0,ΘM}, where ΘM are the jet

structure model parameters dependent on jet structure

model M . The three analyses are repeated for each of

the jet structure models: M = TH, GJ, PL and DG.

The posterior samples and evidence for each case are

calculated via the nested sampling algorithm Nessai,

that utilises machine learning techniques to drastically

reduce the number of evaluations of the expensive like-

lihood function (Williams et al. 2021).

4. RESULTS

The analysis that is described in the previous section

is applied to all three sets of data. The full corner plots

for each jet structure model are shown in the appendix,

where Figure A1 shows the results for the top-hat jet,

Figure A2 the Gaussian jet, Figure A3 the power-law jet

and Figure A4 the double Gaussian jet structure model.

The posteriors for each of the data sets is overlaid upon

one another where D170817 is shown in red, D190425 in

orange, DR in violet, D170817+R in blue andDall in black.

The log evidence ln p(D|M) that corresponds to each

posterior is shown in Table A1 for each of the five data
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(a) (b)

Figure 2. Posterior distributions of (a) the rate of BNS mergers and (b) the mean intrinsic luminosity L̂0 assuming the top-
hat jet (TH, pink), Gaussian jet (GJ, green), power-law jet (PL, orange), and double Gaussian jet (DG, blue) models when
given Dall. The solid vertical lines represent the minimum and maximum of each distribution while the thickness of the fill in
between represents the probability density. The dashed vertical lines represent 90% credible intervals. The median is shown
by the middle solid line. The top distribution represents the prior distribution taken from Table 3 for log10RBNS, L0 and γ
respectively. Similar posterior distributions are recovered for models with wide-angled structuring in comparison to the top-hat
model case.

lnBrow,col Top-hat Gaussian Power-law Double Gaussian

Top-hat 0 − 0.54/− 0.91 − 0.46/− 0.45 − 0.55/− 0.64

Gaussian 0.54/0.91 0 0.08/0.46 − 0.01/0.27

Power-law 0.46/0.45 − 0.08/− 0.46 0 − 0.09/− 0.19

Double Gaussian 0.55/0.64 0.01/− 0.27 0.09/0.19 0

Table 4. The log Bayes factor lnB between each model when given Dall
w/o/with the fitted luminosity function. A positive

value is evidence towards the model of the row while a negative is evidence that favours the column model. Slight evidence
is provided for models with wide-angled structuring over the top-hat model while little evidence distinguishes between the
power-law, Gaussian and double Gaussian models without the fitted luminosity function. When the fitted luminosity function is
included, slight evidence is further provided in favour of the Gaussian jet over the double Gaussian and power-law jet structures
while the top-hat remains least favoured. All values can be assumed to have uncertainties of ±0.05.

sets over the four jet structure models. The log Bayes

factors between the different models given the same data

set can simply be calculated by taking the difference

between entries of the same row.
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Much of the discussion in this section concerns the

posterior constraints when all of the data is considered

D = Dall, however the outcomes given the other sub-

sets are considered to explain these results and provide

further insight.

The log Bayes factors between the jet structure mod-

els are given as the left-hand entries of Table 4 when

given the Dall data. A positive value indicates that

the data supports the model of the row while a nega-

tive value supports the column model. Evidently the

top-hat model is less favourable than the models with

wide-angled jet structuring, with Bayes factors of −0.54,

−0.46 and −0.55 between it and the Gaussian, power-

law and Double Gaussian jet structures respectively.

The log Bayes factors between the power-law, Gaussian

and the double Gaussian is slight, with only insignificant

evidence in favour of the Gaussian and double Gaussian

model of log Bayes factors of less than 0.1, and negligibly

small log Bayes factors between the two.

The constraints on the rate of BNS mergers when

given Dall are shown in Figure 4 for the four jet struc-

ture models. These constraints take the form of pos-

terior distributions that are represented in the violin

plots, where the outermost solid vertical lines indicate

the minimum and maximum sample value while the

fill in between represents the probability density. The

90% narrowest credible intervals are shown by the ver-

tical dashed lines which enclose the median indicated

by the middle solid line. The posterior distributions

are compared to samples from the prior distribution

at the top of the figure. For all cases, the posterior

places tighter constraints on the merger rate than the

prior distribution. The cases with wide-angled struc-

turing (Gaussian, power-law and double Gaussian mod-

els) produce similar posterior distributions to one an-

other, centred around a value of ∼10−7 Mpc−3 yr−1 con-

sistent with the mean of the prior. The Gaussian jet

structure produces the narrowest constraints with a 90%

credible interval of log10RBNS/Mpc−3 yr−1 = −6.7+0.7
−0.8,

compared to the power-law and double Gaussian mod-

els of −6.8+0.7
−0.9 and −6.6+0.9

−0.9 respectively. The top-hat

model favours lower rates of BNS mergers, and even

pushes the lower bound on the 90% credible interval to

lower values of that of the prior, constraining it between

log10RBNS/Mpc−3 yr−1 = −7+0.9
−1.0.

The median intrinsic luminosity posteriors determined

for each model when given Dall is shown in Figure 4.

The mean intrinsic luminosity L̂0 is determined by draw-

ing L0 and γ from the respective posterior distribution

and then drawing 1000 samples from the correspond-

ing Schechter function of Eqn. 16 before finding the en-

semble median. This process is then repeated for 2000

median intrinsic luminosity samples. These posteriors

take a form similar to the rates posteriors in Figure 4 as

violin plots where the shaded probability density is con-

tained within the outermost maximum and minimum

values indicated by the solid vertical lines, while the

median is marked by the middle solid line. The me-

dian is enclosed by the narrowest 90% credible inter-

vals displayed as dashed vertical lines. A distribution

of prior samples of L̂0 is also plotted at the top of the

figure, which is determined by sampling from the indi-

vidual log10 L
∗
0 and γ priors defined in Table 3. The

top-hat jet structure resembles the prior in width, but

shifts to favour lower luminosity and exhibits some bi-

modality as the probability density pinches at the me-

dian. This is due to the bimodality of the L0 posterior

distribution in Figure A1 given D170817+R, which shall

be discussed later in Section 5. The models with wide-

angled structure tend towards lower mean intrinsic lumi-

nosity values, with the Gaussian model constrained to

log10 L̂0/erg s−1 = 50.4+1.6
−1.3, power-law model 50.1+1.3

−1.6

and double Gaussian model of 50.2+1.5
−1.5. The top-hat

model is constrained to log10 L̂0/erg s−1 = 50.2+1.7
−1.7

which we can compare to the prior of 51+1.8
−1.8.

Model Parameter Constraints

w/o fitted LF Fitted LF

TH θj 14.9+46.0
−14.3

◦ 9.2+17.1
−7.9

◦

GJ θσ 5.9+28.2
−5.4

◦ 4.2+5.2
−3.2

◦

PL

θc 10.6+32.9
−10.0

◦ 6.0+9.2
−4.9

◦

s 6.7+8.1
−5.2 6.4+7.9

−4.3

a 1.5+2.2
−1.4 1.5+2.1

−1.4

DG

θin 6.3+24.1
−6.2

◦ 3.6+6.2
−2.8

◦

θout 49.3+40.7
−38.0

◦ 46.2+43.1
−36.3

◦

log10 C −3.8+2.9
−2.2 −4.1+1.9

−1.9

log10A −3.0+2.8
−2.9 −3.1+2.9

−2.7

Table 5. Constraints placed on each of the variables for
each model given data set Dall with and without the fitted
luminosity function (LF). The median of each posterior dis-
tribution is quoted along with upper and lower bounds placed
by 90% credible intervals.

The constraints from the posteriors on the jet struc-

ture parameters given each jet structure model are

shown in Table 5. The median is quoted along with the

upper and lower bounds placed by the 90% narrowest

credible intervals.

4.1. Fitted luminosity function

The analysis is repeated but instead of assuming a

prior distribution on the luminosity scale and shape, a

luminosity function fitted from the observed isotropic
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equivalent luminosity of sGRBs with associated red-

shifts. The values of L0 and γ are taken from the

mean fitted Schechter function in Mogushi et al. (2019)

of log10 L0/erg s−1 = 51.6 and γ = 0.55, fitted to the

isotropic equivalent luminosity of 35 sGRBs.

The log evidence between each of the jet structure

models and the different data sets are shown in Ta-

ble A2, while the respective Bayes factors when given

Dall between each of the jet structure models are shown

on the right-hand entries of Table 4.

Figure 3. Posterior distributions of the rate of BNS merg-
ers assuming the top-hat jet (TH, pink), Gaussian jet (GJ,
green), power-law jet (PL, orange) and double Gaussian jet
(DG, blue) models when given Dall and the fitted luminosity
function. The solid vertical lines represent the minimum and
maximum of each distribution while the thickness of the fill
in between represents the probability density. The dashed
vertical lines represent 90% credible intervals. The median
is shown by the middle solid line. The posterior distributions
are compared to samples from the prior of N (−6.6, 0.77) at
the top. All models recover similar constraints that narrow
about the mean value assigned to the prior.

The posteriors on the local rate of BNS merger when

given the fitted luminosity function and Dall are shown

in Figure 3 in the same format as Figure 4, where the

widths of the violin plots indicate the probability den-

sity, the maximum and minimum sample is indicated by

the extreme solid vertical lines, and median with the

middle solid vertical line. The narrowest 90% credi-

ble intervals are indicated by the dashed vertical lines

and are log10RBNS/Mpc−3 yr−1 = −7.0+0.7
−0.6, −7.2+0.7

−0.8,

−6.8+0.8
−0.9 for the Gaussian, power-law and double Gaus-

sian models respectively. For the top-hat jet model,

the rate is constrained to log10RBNS/Mpc−3 yr−1 =

−7.3+1.0
−0.9.

The constraints on the jet structure models when

given the fitted luminosity function and Dall are pre-

sented in Table 5 for each jet structure models, with the

upper and lower bounds representing the narrowest 90%

credible intervals.

5. DISCUSSION

5.1. Wide-angle jet structuring

The log Bayes factors are greater than 0.45 for all

models with wide-angle jet structure when compared

to the top-hat model. This is due to the top-hat jets

failing to resolve the number of observed sGRBs with

the flux of GRB 170817A when assuming that the event

had a typical event opening angle. Given the assumed

star formation rate and the constraints on the BNS

merger rate from gravitational-wave detections, to ob-

tain a Swift sGRB detection rate of 11 yr−1, the jets

are either predicted to have narrow opening angles and

high luminosities or wide opening angles and low lumi-

nosities. This constraint can be seen in the bottom left

corner plot panel of Figure A1 in the violet posterior,

where much of the probability density is concentrated

in the low luminosity and wide opening angle area of

the parameter space. In contrast, the constraints made

by GW170817 and GRB 170817A favour a wide opening

angle of θj . θv and a high luminosity event, as seen in

the bottom left-hand panel of Figure A1 in the red pos-

terior. This is as emission from an event from a top-hat

jet structure when viewed at wide angles can only come

from Doppler beaming, which falls off very sharply with

increased viewing angles. As θv > θj is more probable

than θv & θj , then a high luminosity event is deemed

more probable. The two constraints produce posteriors

that share very little overlap in the parameter space,

leading to the top-hat model providing a smaller evi-

dence than the other models. This contradiction also

manifests in the bimodality of the mean luminosity pos-

terior for the top-hat jet model, as seen in Figure 4,

as the lower luminosity high density region corresponds

to the constraint produced from the observed number

of gamma-ray bursts, while the higher luminosity high
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density region corresponds to the constraints made by

GW170817 and GRB 170817A.

Jet structure models with wide-angle struc-

turing are only favoured when the data from

GW170817/GRB 170817A of D170817 is combined with

the event rate information from DR. When these data

sets are considered individually the evidence for a top-

hat jet structure is comparable or higher than the other

models in most cases, as seen in the Table A1. The

inclusion of the GW190425 event provides evidence

against jets with wide-angle structuring. This can be

seen by comparing the difference in log evidence between

the top-hat jet and the other models given D170817+R,

and the difference when given Dall, where there is rel-

atively less evidence between the models when D190425

is included. As it is assumed that GW190425 produced

a counterpart that went undetected due to its distance

and viewing angle, the event places an upper-bound on

the luminosity and jet width. This upper bound on the

jet structure limits the possible wide-angle emission,

which makes wide-angle jet structuring unnecessary to

explain the event.

5.2. Cocoon emission

The double Gaussian jet structure provides a stand-in

for a jet structure with cocoon-like emission, where the

outer Gaussian provides a secondary component for the

emission contribution from an energetic cocoon. Inter-

estingly, comparing the log evidence given the double

Gaussian jet model to the other models shows weak evi-

dence for the double Gaussian jet structure when consid-

ering D170817, DR, D170817+R for all cases (with the ex-

ception of ln p(D170817+R|GJ) given the fitted Schechter

luminosity function), suggesting it is the favourable

model when considering both GW170817/GRB 170817A

and the observed rate data. As discussed in the previ-

ous section, GW190425 places an upper-bound on the

wide-angled emission and provides support for the top-

hat and power-law jet structure with sharper cut-offs.

Given that the suitability of GW190425 in the analysis

is not as clear-cut as an event like GW170817 due to the

uncertainty of the EM coverage of the event, this result

should not be disregarded. While this may not provide

convincing evidence for the observation of cocoon emis-

sion, it suggests that with the inclusion of future events,

the necessity for the cocoon-like component can be bet-

ter assessed.

5.3. Rate of binary neutron star mergers

The narrowest 90% credible intervals of the rate of

BNS mergers are constrained within 1−1300 Gpc−3 yr−1

independent of the jet structure model considered, im-

proving upon the constraints imposed by GWTC-3 (Ab-

bott et al. 2023). The rate is further constrained to the

interval of 2−680 Gpc−3 yr−1 when the fitted Schechter

luminosity function is assumed. Future BNS detections

will provide tighter constraints on their merger rate.

These constraints will allow for a tighter prior to be

placed on the rate of mergers, allowing the possible jet

structures to be distinguished.

5.4. Luminosity function

Two different cases are explored in the analysis: one

where the luminosity function is fitted in advance of the

analysis, and the other where priors are placed on the

luminosity function parameters L∗0 and γ. When priors

are placed on the luminosity function, the luminosity

function generally favours low luminosities for all models

assumed. This is apparent in Figure 4 where the L̂0 pos-

terior for all jet structure models shifts to low luminosity

when compared to the prior distribution, and mean val-

ues of log10(L∗0/erg s−1) shift to 51−51.25 in comparison

to the value of 51.6 taken from Mogushi et al. (2019) and

used as the mean of the prior.

The inclusion of the fitted luminosity function informs

the analysis of the prompt emission of all sGRBs that

are used in the fit — information that is excluded from

the case where the luminosity priors are placed. This al-

lows for narrower constraints on the jet structure model

parameters, as seen by comparing the left to right hand-

side of the last column of Table 5. Similarly, this also

leads to tighter constraints in the BNS merger rate pos-

teriors as seen by comparing Figure 4 to Figure 3. Inter-

estingly, fitting the luminosity function provides slight

evidence for the Gaussian jet structure model over all

other jet structures given all the data, as seen by the

right-hand log Bayes factors shown in Table 4. How-

ever, fitting the luminosity function requires assump-

tions about the jet structure to be made, which will

lead to biases in this analysis. In Mogushi et al. (2019)

which the fitted luminosity function is taken from, the

fit is produced by assuming that all 35 sGRB prompt

emission observations with associated redshifts are seen

on-axis. However, if some of the events used in fitting

the luminosity function where observed at an angle, then

the observed variability in their observed isotropic lumi-

nosity would be wrongly attributed to variability in the

intrinsic luminosity. Assuming a wider distribution to

the intrinsic luminosity would favour wider jet struc-

tures. To avoid this bias, a future analysis should ad-

just the likelihood to accommodate the flux data of all

observed sGRBs along with their associated redshifts

while placing priors on the luminosity function param-

eters. This would allow for the luminosity function to
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be fitted internally within the analysis without having

to make the additional jet structure assumptions in a

pre-processing step.

5.5. GW190425

The inclusion of GW190425 in the analysis provides an

upper bound to the wide-angled jet structure emission,

due to the absence of an EM detection. The viewing

angle posterior of the event exhibits a similar distribu-

tion as that of GW170817, while the distance to the

event is notably larger at a distance of approximately

160 Mpc compared to GW170817’s distance of 40 Mpc.

The event is close enough in proximity that, if observed

on-axis and is of typical luminosity, would produce a flux

tens or hundreds of times greater than GRB 170817A.

However, there are assumptions about the event that

are made by including it in this way. Firstly, it im-

plies that the event produced a sGRB. This assumption

is made explicitly in the analysis when incorporating

the observed rate of merger, where every BNS merger

is assumed to produce a sGRB in Eqn. 5. However as

the prior on the local rate of BNS mergers is relatively

wide and covers multiple orders of magnitude, this as-

sumption should not affect the analysis when consider-

ing the whole population as long as BNS mergers do

typically produce sGRBs. This assumption has a much

greater impact when analysing individual events where

wrongly asserting a particular event produced a sGRB

leads to false conclusions. Secondly, it is assumed that

the event would be observed given a wider jet structure

or higher luminosity. While the event was within the

field of view of the Konus-Wind satellite, the incom-

plete sky coverage of the event by the more sensitive

detectors such as the Fermi -GBM detector and Swift-

BAT bring the detectability of the event into question.

Despite the validity of these assumptions, and that the

event produces evidence against wide-angle jet struc-

turing, it is found that GW190425 is still compatible

with the jet structure models given the rest of the data.

This can be assessed by the comparison of ln p(Dall|M)

to ln p(D190425|M) + ln p(D170817+R|M) for each of the

jet structure models M . For all models, the value of

ln p(Dall|M) > p(D190425|M) + ln p(D170817+R|M), sug-

gesting that the observation of GW190425 is informa-

tive to the analysis in all cases, and does not conflict

with the constraints imposed to the model given by the

detection of GW170817/GRB 170817A and the rate of

observed sGRBs. This result suggests that it is feasible

for GW190425 to have had a typical sGRB counterpart

with the same jet structure as GRB 170817A that would

have remained undetectable to our instrumentation even

given full sky coverage. This observation is consistent

with the result obtained in Saleem et al. (2020) where

it was concluded that such a structured jet is consistent

with the observed flux of the INTEGRAL detector given

the detector’s flux upper limit.

6. CONCLUSION

We provide an extensive Bayesian analysis that con-

strains the jet structure, intrinsic luminosity function

and rate of BNS mergers as well as providing a com-

parison between competing jet structure models. This

is achieved by combining four data avenues: 1. the pa-

rameter inference posteriors from a GW trigger, 2. the

sGRB flux when a counterpart is detected or the detec-

tor flux upper limit otherwise, 3. the observation rate of

detected sGRBs, 4. the merger rate informed from GW

observations. We perform this analysis using the GW

triggers GW170817 and GW190425, GRB 170817A, the

non-detection of a GW190425 counterpart, the rate of

sGRB detections by the Swift detector within a 9.8 year

observation period and a merger rate consistent with the

constraints imposed by GWTC-2 (Abbott et al. 2020c).

This provides us with the following results:

• The rate of BNS mergers is constrained within

1 − 1300 Gpc−3 yr−1, improving upon the results

of GWTC-3.

• Wide-angled jet structures prove more compati-

ble with the given model than top-hat jet in ex-

plaining the observed number of sGRBs in the

wake of the low observed isotropic luminosity of

GRB 170817A.

• Slight evidence is provided for a cocoon-like wide-

angled jet structure when considering the observed

rate of sGRBs and GRB 170817A. However, the
evidence becomes awash across all wide-angled jet

structures when GW190425 is included in the anal-

ysis.

• While providing evidence against wide-angled

structuring, the hypothesis that GW190425 had a

typical sGRB counterpart with a GRB 170817A-

like jet structure and would remain undetectable

to the Fermi detector given full-sky coverage is fea-

sible given the model.

The analysis was extended to consider a fitted intrinsic

luminosity function to further incorporate the detected

flux and estimated redshifts of past sGRB detections.

This provides the results:

• The rate of BNS mergers is further constrained to

2− 680 Gpc−3 yr−1.
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• Slight evidence for the Gaussian jet structure is

provided, unless GW190425 is excluded in which

the cocoon-like double Gaussian jet structure is

equally favoured.

However, we note that the fitting of the luminosity func-

tion requires strong assumptions about the jet structure

and therefore introduces a bias towards jet structures

with wide central components. Interestingly, this bias

does not appear to manifest in the resulting Bayes fac-

tors where the top-hat jet loses favour over the wide-

angled jet structures. A future analysis will work to

incorporate the flux measurements and redshift estima-

tions of detected sGRBs directly, and therefore avoid

introducing this bias. Future work would also include

incorporating afterglow data into the analysis for events

that coincide with a GW detection (Lin et al. 2021).
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Lazzati, D., López-Cámara, D., Cantiello, M., et al. 2017,

The Astrophysical Journal Letters, 848, L6

Lien, A., Sakamoto, T., Gehrels, N., et al. 2014, The

Astrophysical Journal, 783, 24

Lien, A., Sakamoto, T., Barthelmy, S. D., et al. 2016, The

Astrophysical Journal, 829, 7

Lin, E.-T., Hayes, F., Lamb, G. P., et al. 2021, Universe, 7,

349

Lyman, J., Lamb, G., Levan, A., et al. 2018, Nature

Astronomy, 2, 751

Margutti, R., Alexander, K., Xie, X., et al. 2018, The

Astrophysical Journal Letters, 856, L18

Matsumoto, T., Nakar, E., & Piran, T. 2019, MNRAS, 486,

1563, doi: 10.1093/mnras/stz923

McCully, C., Hiramatsu, D., Howell, D. A., et al. 2017, The

Astrophysical Journal Letters, 848, L32
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APPENDIX

A. EVIDENCES

Data D Model M

Top hat Gaussian Power-law Double Gaussian

D170817 11.87± 0.02 11.8± 0.03 11.79± 0.03 12.08± 0.03

D190425 17.29± 0.01 16.3± 0.03 16.41± 0.02 16.42± 0.03

DR −7.67± 0.04 −7.8± 0.04 −7.73± 0.04 −7.53± 0.04

D170817+R 4.45± 0.05 5.23± 0.05 5.15± 0.05 5.37± 0.05

Dall 22.12± 0.05 22.66± 0.05 22.58± 0.05 22.67± 0.05

Table A1. The log evidence ln p(D|M) given the five different data sets when assuming each of the four models.

Data D Model M

Top hat Gaussian Power-law Double Gaussian

D170817 11.48± 0.02 11.6± 0.03 11.45± 0.03 11.62± 0.03

D190425 17.28± 0.01 16.23± 0.03 16.29± 0.03 16.21± 0.03

DR −8.08± 0.05 −8.53± 0.05 −8.23± 0.05 −7.84± 0.05

D170817+R 3.86± 0.05 4.97± 0.05 4.74± 0.05 4.91± 0.05

Dall 21.87± 0.05 22.78± 0.05 22.32± 0.05 22.51± 0.05

Table A2. The log evidence ln p(D|M) given the five different data sets when assuming each of the four models given the fitted
Schechter luminosity function.
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B. POSTERIORS

Figure A1. Parameter posterior for all data subsets when given the top-hat jet structure model.
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Figure A2. Parameter posterior for all data subsets when given the Gaussian jet structure model.
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Figure A3. Parameter posterior for all data subsets when given the power-law jet structure model.
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Figure A4. Parameter posterior for all data subsets when given the double Gaussian jet structure model.
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ABSTRACT

We conduct a three-dimensional hydrodynamical simulation of a common envelope evolution (CEE)

where a neutron star (NS) spirals-in inside the envelope of a red supergiant (RSG) star in a prede-

termined orbit. We find that the jets shed pairs of vortices in an expanding spiral pattern, inflate

two expanding spirally-shaped low-density bubbles, one above and one below the equatorial plane,

and deposit angular momentum to the envelope. In the simulation we do not include the gravity of

the NS such that all effects we find are solely due to the jets that the spiralling-in NS launches. The

angular momentum that the jets deposit to the envelope is of the same order of magnitude as the

orbital angular momentum and has the same direction. The turbulence that the jets induce in the

common envelope might play a role in transporting energy and angular momentum. The jet-deposited

energy that is radiated away (a process not studied here) leads to a transient event that is termed

common envelope jets supernova (CEJSN) and might mimic an energetic core collapse supernova. The

turbulence and the spiral pattern that we explore here might lead to bumps in the late light curve

of the CEJSN when different segments of the ejected envelope collide with each other. This study

emphasises the roles that jets can play in CEE (including jets launched by black hole companions) and

adds to the rich variety of processes in CEJSN events.

Keywords: (stars:) binaries (including multiple): close; (stars:) supernovae: general; transients: su-

pernovae; stars: jets

1. INTRODUCTION

Compact objects that spiral-in inside the extended en-

velope of giant stars, i.e., common envelope evolution

(CEE), might accrete mass through an accretion disk

and launch jets. This is very likely to be the case when

the compact objects are neutron stars (NSs) (e.g., Ar-

mitage & Livio 2000; Chevalier 2012) and black holes

(BHs), and to some degree also main sequence stars,

as some planetary nebulae hint at (e.g., Blackman &

Lucchini 2014; for a review see Soker 2016b) and the-

ory supports (e.g., Soker 2023). A key aspect is that

the jets regulate the accretion rate onto the compact

object and by that the energising process of the CEE.

Namely, the jets operate in a negative feedback mech-

anism, e.g., Soker (2016b) for a review, Grichener, Co-

hen, & Soker (2021) for one-dimensional (1D) simula-

tions, and Hillel, Schreier, & Soker (2022) for 3D sim-

ulations. There is also a positive feedback component

where the jets remove energy from the accreting body

vicinity, thereby facilitating accretion at a higher rate

(e.g., Shiber, Schreier, & Soker 2016; Chamandy et al.

2018).

Most 3D simulations of the CEE do not include jets

(e.g., Passy et al. 2012; Ricker & Taam 2012; Nandez

et al. 2014; Staff et al. 2016a; Kuruwita et al. 2016;

Ohlmann et al. 2016; Iaconi et al. 2017b; Chamandy et

al. 2019; Law-Smith et al. 2020; Glanz & Perets 2021a,b;

González-Boĺıvar et al. 2022; Lau et al. 2022a,b; On-

dratschek et al. 2022; Chamandy et al. 2023 for a very

limited list; for a recent thorough review with many

more references see Roepke & De Marco 2023). The

limited number of 3D hydrodynamical simulations of

the CEE (and the grazing envelope evolution) that do

include jets launched by the companion (e.g., Moreno

Méndez et al. 2017; Shiber & Soker 2018; López-Cámara

et al. 2019; Schreier et al. 2019; Shiber et al. 2019; López-

Cámara et al. 2020; Lopez-Camara et al. 2022; Zou et

al. 2022; Schreier, Hillel, & Soker 2023) are far from re-

vealing all aspects of jet-powered CEE (see Soker 2022

for a review of processes due to jets that NS/BH launch

in CEE and possible outcomes). A different class of sim-

ulations (e.g., Zou et al. (2020); Moreno et al. (2022))

study collimated outflow from the distorted envelope at

the final phases of the CEE (similar to the suggestion by
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Soker 1992), but this setting is not related to the present

study.

In this study we extend our exploration of CEE with

jets that a NS companion launches as it orbits inside

the envelope of a red supergiant (RSG) star. Using the

hydrodynamical code flash (section 2) we simulate the

effect of the jets that a NS launches as it spirals-in. Be-

fore we present the effects of the jets in sections 4 and

5 we discuss the construction of the 3D stellar model

(section 3). We summarise our main results in section

6.

2. THE NUMERICAL SETUP

Our numerical procedure is similar to that in our pre-

vious paper (Schreier, Hillel, & Soker 2023), but in some

simulations we employ higher resolution and, most im-

portantly, we set the NS to spiral-in into the RSG enve-

lope rather than have a constant orbit. We therefore do

not describe all numerical details here, but rather only

the essential ingredients.

2.1. The stellar model and the NS orbit

Using the MESA one-dimensional (1D) stellar evolution

code (Paxton et al. 2011, 2013, 2015, 2018, 2019) we

evolve a zero-age-main-sequence star of metalicity Z =

0.02 and mass M1,ZAMS = 15M� to the RSG phase.

We place the RSG stellar model at the centre of the 3D

hydrodynamical numerical grid at an age of 1.1×106 yr

when its radius is RRSG = 881R�, its mass is M1 =

12.5M�, and its effective temperature is Teff = 3160K.

We use the 3D hydrodynamical code flash (Fryxell et

al. 2000) with fully ionised pure hydrogen. We set the

numerical grid cells outside the stellar model to have a

very low density ρgrid,0 = 2.1× 10−13 g cm−3 and have

a temperature of Tgrid,0 = 1100 K.
To save numerical time we do not calculate the flow in

the inner 20% of the stellar radius, Rin = 176R�. We

rather take this inert core to be a central sphere with

constant density, pressure and temperature. We fully

take into account the gravity of the inert core in the

entire grid. We also include the gravity of the envelope

as it is at t = 0. Namely, the gravity of the stellar model

is constant throughout the evolution and at each radius

equals that of the stellar model at t = 0. We study the

behaviour of this model in the 3D grid in section 3.

We assume a common envelope jet supernova (CE-

JSN) event where the NS spirals-in inside the RSG ac-

cretes mass and launches jets. We do not include the

gravity of the NS nor the orbital energy or angular mo-

mentum. We preset the orbit of the NS as follows. The

NS spiral-in from ai = 850R� to aSR = 300R� in a

time period of 3 years that mimics the plunge-in phase

of the CEE, after which it stays in a constant circular

orbit which mimics the self-regulated CEE phase (for

that the subscript ‘SR’). The radial velocity during the

plunge-in phase is constant, whereas the orbital velocity

is Keplerian.

2.2. The numerical grid

Our simulations are performed on a cubic Cartesian

computational grid with a side of LG = 5×1014 cm. We

set outflow conditions on all boundary surfaces of the

3D grid. Adaptive mesh refinement (AMR) is employed

with a refinement criterion of a modified Löhner error

estimator (with default parameters) on the z-component

of the velocity. The gas in the whole computational do-

main is an ideal gas with an adiabatic index of γ = 5/3

including radiation pressure. The centre of the RSG is

fixed at the origin. The smallest cell size in the simula-

tion is LG/128 = 3.90625× 1012 cm.

In one simulation of the 3D stellar model without jets

(section 3) we use higher resolution where all grid cells

have the same size of LG/512 = 9.77× 1011 cm.

2.3. Jet-launching procedure

Our limited computational resources force us to em-

ploy a sub-grid procedure to study the effects of the

jets. In the new scheme that we developed in Schreier,

Hillel, & Soker (2023) we inject energy and momentum

that serve as the jets’ parameters rather than the jets’

energy and velocity. This sub-grid procedure does not

change the mass of any computational grid cell. We do

not add or remove mass in the launching procedure. We

only change the velocity and internal energy of the al-

ready existing mass in the volume where we inject the

jets’ energy.

The power of the two jets should vary with density

ρ(a) at the location of the NS a and the relative velocity

of the NS inside the RSG envelope, vrel(a), according to

Ė2j = ζ
GMNS

RNS
ṀBHL,0, (1)

where

ṀBHL,0 = πρ(a)vrel(a)

[
2GMNS

v2
rel(a)

]2

(2)

is the Bondi-Hoyle-Lyttleton (BHL) mass accretion rate

from the unperturbed envelope and ζ ' 0.002 − 0.005

(Grichener, Cohen, & Soker 2021; Hillel, Schreier, &

Soker 2022). For the mass and radius of the NS we

take MNS = 1.4M� and RNS = 12 km, respectively. In

the mass accretion rate expression we neglect the sound

speed in the envelope, which reduces the accretion rate,

and the envelope rotation, which reduces the relative
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velocity and therefore increases the accretion rate. Be-

cause we do not include the gravity of the NS, the prop-

erties of the NS enter through equations (1) and (2).

Because of numerical limitations we mostly simulate jets

with powers smaller than what equation (1) gives.

We set the NS to spiral-in from a = 850R� to a =

300R� in a time span of 3 years. The local unperturbed

density increases from ρ(850R�) = 3.3 × 10−9 g cm−3

to ρ(300R�) = 5.9×10−8 g cm−3. The power of the two

jets changes accordingly from Ė2j = 3.3 × 1040 erg s−1

to 3× 1041 erg s−1, keeping ζ = 2× 10−5 constant.

As stated before, we cannot resolve the launching re-

gion of the jets. Instead, we insert in the grid the two

opposite jet-envelope interaction zones near the NS. We

take these zones to be two cylinders touching each other

at the orbital plane, i.e., they form one cylinder with the

NS at its centre. The jets’ axis is the axis of the cylin-

der. The base of the cylinder has a radius of 4×1012 cm

and the total height is 14×1012 cm, i.e., 7×1012 cm on

each side of the equatorial plane. The momentum that

we deposit inside the cylinder is in the direction of the

axis of the cylinder and away from the NS, i.e., two zones

perpendicular to the equatorial plane with two opposite

outflows away from the equatorial plane.

The total momentum discharge rate is Ṗ2j ≡ |Ṗ1| +
|Ṗ2|, where the indices stand for the two opposite jets.

The value of Ṗ2j is related to the power of the two jets

by postulating that the jets are launched at a constant

speed of vj = 5× 104 km s−1, i.e.,

Ṗ2j =
2Ė2j

vj
. (3)

In each time step ∆t we first change the velocity inside

the jet-injection cylinder as a result of the momentum

that we add. To each grid cell inside the jet-injection

cylinder we add a momentum of

∆pc = fV,cṖ2j∆t, (4)

where fV,c is the fraction of the cylinder volume that

the cell occupies. Using the mass in each cell and its

previous velocity we compute the new velocity of the

cell. In the second step we compute the new energy of

each grid cell inside the jet-injection cylinder

Enew,c = Eold,c + fV,cĖ2j∆t, (5)

where Eold,c is the old total energy in the cell, including

only the kinetic energy and the internal energy because

the gravitational energy does not change during the jet-

injection process. Because we know already the new ki-

netic energy in the cell, Enew,kin,c, from the new velocity

as we calculate from the new momentum (equation 4),

equation (5) serves to calculate the new thermal energy

in each cell in the jet-injection cylinder. Namely, the

third step is taking Enew,therm,c = Enew,c −Enew,kin,c in

each cell inside the jet-injection cylinder.

This scheme conserves mass, momentum, and energy

(see Schreier, Hillel, & Soker 2023 for more numerical

details).

3. THE THREE-DIMENSIONAL STELLAR MODEL

Our goal in this section is to reveal the behaviour of

the 3D model that we transported from the 1D model

of mesa (section 2.1) and consider the implications for

the building of 3D giant models. For that goal we follow

the evolution of the 3D stellar model without jets. We

recall that in the 3D model we use there is a numerical

spherical inert core of radius Rin = 176R� (section 2.1)

that saves us expensive computational time. Its gravity

is fully included in the simulations. We set t = 0 when

we start the 3D simulations, at which time the RSG

radius is RRSG = 881R� and the RSG mass is M1 =

12.5M�.

We present the results of the regular resolution that

we use in the simulations with jets (section 4) and of a

simulation with higher resolution. The smallest cell size

in the regular resolution is LG/128 = 3.90625×1012 cm,

while in the high resolution simulation all cells have the

same size of LG/512 = 9.77×1011 cm. (We have no com-

puter resources to simulate jets with the high-resolution

grid; the simulations without jets are much faster than

those with jets, and we can afford the high-resolution

grid.)

There are two timescales that we will refer to in the

discussion to follow,

PKep = 2.35 yr, and PD ≡ (Gρ̄)−1/2 = 0.76 yr, (6)

where PKep is the Keplerian orbital time on the surface

of the initial RSG model, PD is the dynamical time, and

ρ̄ is the average density of the initial RSG model.

In Fig. 1 we present density maps in the plane

z = 0 for the regular (left column) and high (right col-

umn) resolution simulations without jets at three times

(see caption). We mark the initial surface of the 1D

(where the photosphere is well-defined) model with a

black circle. The pale-blue and blue colours depict den-

sities below the initial photospheric density, which is

ρp,0 = 2 × 10−9 g cm−3. In these regions the results of

our simulations are less reliable. The general behaviour

of the two resolutions is the same, but there are clear

small-scale differences. The density maps reveal an im-

portant behaviour of the 3D stellar model, namely, that

the star rapidly expands on a dynamical time scale of

' PD and then contracts somewhat. It actually per-

forms two oscillations before it relaxes.
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Figure 1. Density maps of the regular-resolution (left column) and of the high-resolution (right column) simulations without
any jets in the z = 0 plane and at three times of, from top row to bottom, t = 0.7 yr, t = 1.6 yr and t = 6.4 yr. The black circle
marks the surface the RSG model at t = 0, which is RRSG = 881R� = 61.3× 1012 cm. The density colour coding is according
to the upper colour bar from 10−12 g cm−3 (deep blue) to 10−6 g cm−3 (deep red). Units on axes are in cm.
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It is hard to follow the contraction from the density

maps because we cannot follow the photosphere as we

do not include radiative transfer. Instead, we mark each

of two initial spherical shells within the star with ‘trac-

ers’, two different tracers for the two shells. We assign

all cells inside a shell at t = 0 a value of tracer = 1.

As the material inside the initial shell mixes with gas

outside the shell the value of the tracer decreases and

it represents the fraction of mass in each cell that origi-

nated in the shell. The tracer value in each cell is always

between zero and one. The two initial shells we follow

are 600R� < r < 650R� and 800R� < r < 850R�.

In Fig. 2 we present the tracer maps at three times

for the regular-resolution (left column) and the high-

resolution (right column) simulations. Here we clearly

notice the limitation of the regular-resolution simula-

tions. The cells in the regular-resolution cannot resolve

the shells well, and the shells lose their identity very

early in the simulations, i.e., in less than the dynamical

time (not shown here) which suggests a large numeri-

cal effect. The high-resolution simulation maintains the

identity of the shells for longer than the dynamical time.

The mixing of the shells with each other and with the

rest of the envelope that we see in the last panel on the

right column (the high-resolution simulation) is a real

physical effect due to the convection that is developed

in the envelope (see below).

We also calculate at each time step the average radius

of the gas that started in each of the initial two shells.

We present the average radii of the gas that started in

the two shells as a function of time in Fig. 3.

Figs. 2 and 3 show two prominent types of behaviour.

(1) The two shells together with the entire star per-

form two oscillations (two maxima) before the star re-

laxes. (2) The two shells in the high-resolution sim-

ulation are mixed with each other on a time scale of

' 3.4 yr ' 1.5PKep. The two shells in the regular-

resolution simulation maintain their average separation

but are mixed as well. We follow only the tracers of

the two shells, but the entire envelope is actually mix-

ing with itself. Both of these types of behaviour are

physically real, as we now discuss.

Long period variables (LPVs) reach, in the non-linear

regime, variations in their radius (maximum radius mi-

nus minimum radius in a cycle) that are about equal to

their average radius, ∆R ' R (e.g., Trabucchi et al. 2021

for a recent study). With our code we cannot follow the

photosphere as we include no radiative transfer. If we

take the average radius of the outer shell that we fol-

low (blue lines in Fig. 3) before the shells are smeared,

i.e., t < 3 yr (see Fig. 2), we find the average radius to

be R̄ ' 850R� and the variation to be ' 200R�. The

photosphere is somewhat larger than the average radius

of the shell. Examining the sharp edge of the models in

the first two panels of Fig. 3 we find ∆R/R̄ ' 0.25−0.3.

Comparing the variations in the RSG radius during the

time t . PKep ' 3PD with the theoretical results of,

e.g., Trabucchi et al. (2021), we conclude that the 3D

stellar model simply performs the expected oscillations

of RSG stars, likely in the non-linear regime.

Consider then the mixing of the two shells, and actu-

ally the entire envelope. From the 1D model we know

that the envelope of our model is unstable to convec-

tion, i.e., entropy decreases outward. What we find here

is that the initial static 3D model develops convection

that flattens the entropy profile.

We first present the velocity maps in two planes and

at two times, separated by about the dynamical time,

in Fig. 4 for the regular-resolution simulation and in

Fig. 5 for the high-resolution simulation. As said, we

do not study here the flow in the very-low density zones

(pale-blue and blue regions) because of large numerical

uncertainties. The red inner zone is the inert core and

we do not consider the flow in its vicinity. We discuss

the flow structure in the green and yellow zones.

We note the following flow properties. (1) There are

large vortices as obtained in other 3D simulations of con-

vection (e.g., Gilkis & Soker 2016; Fields & Couch 2020).

(2) The velocity is stochastic. We infer this property

by comparing the velocity maps in the same planes at

the two times t = 4 yr and t = 4.5 yr in Figs. 4 and

Fig. 5. The velocity structure substantially changes be-

tween these two times separated by about the dynamical

time. We also learn this from the different flow struc-

tures in the two perpendicular planes at a given time.

(3) We find that the typical maximum convective veloc-

ity in our simulations in the shell around r ' 700R� is

vcon,3D ' 3 km s−1 − 8 km s−1. In the 1D model that

we used to build the 3D model the typical convective ve-

locity, from the mixing length theory, at the same zone

is vcon,1D = 5 km s−1. We find that vcon,3D ' vcon,1D.

However, we do not include the nuclear energy source

which would have forced the convection speed to be

larger. More accurate simulations find the 3D convec-

tive velocity to be larger. Fields & Couch (2021) find

that the angle-averaged convective speeds in the core of

massive stars before core collapse are 3-4 times larger

than the values of 1D models by MESA.

In Figs. 6 and 7 we present the evolution of the den-

sity profile (in units of g cm−3) and of the profile of the

quantity FS ≡ log(P/ρ5/3) (in units of g−2/3 cm4 s−2)

which is about proportional to the entropy (the accurate

entropy profiles have very similar slopes, but this func-

tion is easy to follow here). We present the profiles at
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Figure 2. Maps in the z = 0 plane of the tracers of two shells (see text) in the regular resolution (left column) and in the high
resolution (right column) of the no-jets simulations. The times from top to bottom are t = 0, t = 1.5 yr and t = 3.2 yr. The
value of the tracer is according to the upper colour bar from 0 (deep blue) to 1 in the upper two panels in the right column, and
to 0.5 in the left column and in the lower right panel (deep red). The initial value of the tracer is 1, but in the regular-resolution
grid the cells do not fully resolve the initial shell. Units on axes are in cm.
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Figure 3. The average radii of the tracers of two ini-
tial spherical shells 800R� < r < 850R� (blue lines) and
600R� < r < 650R� (red lines) in the simulations with-
out jets. The solid lines are for the high-resolution sim-
ulation and the dashed lines are for the regular-resolution
simulation. For reference, the Keplerian orbital period on
the surface of the unperturbed RSG is PKep = 2.35 yr and
PD ≡ (Gρ̄)−1/2 = 0.76 yr where ρ̄ is the average density of
the initial RSG model.

four times as indicated. The plots are made of points,

each representing one cell in the numerical grid. The

initial slope of FS has large regions of negative gradient

dFS/dr < 0 which implies convectively unstable zones.

And indeed, convection sets in and flattens the entropy

profiles (green to black to red colour). The density pro-

file does not change much in most of the envelope. Only

in the outer parts the density increases.

We found that the regular-resolution simulations add

mass above the envelope due to the steep density gra-

dient. This makes the results of the no-jets simulation

unreliable in those outer regions at times of t & PKep '
2.5 yr. The high-resolution simulations is reliable up to

t ' 3PKep in the outer regions and for much longer times

in the inner regions. In the simulation with jets we are

forced to use the regular-resolution grid. Because in a

short time the NS spirals in (section 4) and the inner

regions are reliable, we find that our regular-resolution

grid is adequate for the purposes of the present study.

We summarise this section as follows. The implica-

tion of our results to numerical simulations that involve

giant stars (RGB, AGB, RSG) that perform binary in-

teraction is that there is no need to stabilise the giant

star to a high degree when transferring a 1D model to

a 3D grid. If the 3D stellar model performs oscillations,

even non-periodic oscillations in the non-linear regime

(∆R ≈ R), this is perfectly fine as such stars are ex-

pected to have large-amplitude non-regular pulsations.

In addition, instabilities as we present in Fig. 2 are

expected in the convective envelope of giant stars. Re-

searchers simulating interacting red giant stars should

just let the 3D model oscillate in large amplitudes and

mix different layers by turbulence. These processes are

more realistic than building a completely stable red gi-

ant model.

4. JET-POWERED TURBULENCE

In this section we set jets from an orbiting NS. We do

not include the mass or the gravity of the NS, but rather

only the jets we assume the NS launches perpendicular

to the orbital plane. As we described in section 2.1 we

let the NS to spiral-in along a predetermined orbit from

ai = 850R� to aSR = 300R� in a time of 3 years. It

then performs a circular orbit at radius aSR. The radial

velocity during the rapid in-spiral (plunge-in) phase is

constant. The power of the two jets changes accord-

ing to equation (1) with ζ = 2 × 10−5 along the entire

evolution. We find that the power of the jets increases

from Ė2j(ai) = 3.3 × 1040 erg s−1 at the outer orbital

separation to 3× 1041 erg s−1 at the final orbit af .

The jets that the NS launches induce fast flows in-

side the envelope, including regions of outflows and re-

gions of vortices. The jets inflate two bubbles at mid-

latitudes in the expanding envelope. In 3D the mor-

phology of each bubble is a low-density spiral that ex-

pands outward along mid-latitude directions. We can

see the cross section of these two bubbles, one above

and one below the equatorail plane z = 0, in the plane

of Fig. 8 in four zones, two for each bubbles. The two

pale-blue regions to the right of the center that are sur-

rounded by the denser green regions and with a faster

outflow velocity than the surroundings show the cross

section of the bubbles’ segments (one above and one

below the equatorial plane z = 0) that the jets in-

flated at earlier times. The green zones to the left of

the center that are surrounded by yellow (higher den-

sity) regions and which have very high velocities are

segments of the bubbles that the NS inflated recently.

At the time of this figure (t = 3.2 yr) the NS is at

(x, y, z)NS = (−1.05× 1013 cm, 1.8× 1013 cm, 0).

The outflow pattern while the NS is still in the outer

regions of the envelope is similar to our earlier studies

where the NS had a fixed orbital separation in the outer

envelope (e.g., Hillel, Schreier, & Soker 2022; Schreier,

Hillel, & Soker 2023). The morphology of the ejected

envelope at these early times is qualitatively similar to

that in the GEE (e.g., Shiber, Kashi, & Soker 2017;

Shiber & Soker 2018). We here do not study the outflow

morphology but rather examine the vortices that the jets

induce.

In addition to the large scale flow that inflate the bub-

bles and sets an outflow, we notice the vortices that the

jets induce inside the envelope. To better reveal the vor-

tices we present in Fig. 9 the z component of the curl

of the velocity, (
−→
∇×−→v )z, in the z = 6× 1012 cm plane.
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Figure 4. Velocity vectors on top of density maps in part of the x = 0 plane (left) and in part of the the z = 0 plane (right),
at t = 4 yr (top), and t = 4.5 yr (bottom) for the regular-resolution no-jets simulation. The density scale and units of axes are
as in Fig. 1. The flow speed at each point is according to the length of the arrow. The maximum velocities in the vortices at
700R� ' 50× 1012 cm are vcon,3D ' 3 km s−1 − 8 km s−1.
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Figure 5. Similar to Fig. 4 but for the high-resolution simulation.
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Figure 6. Radial profiles of the density (top; density
in g cm−3) and of FS = log(P/ρ5/3), which is about
proportional to the entropy (bottom; P/ρ5/3 in units of
g−2/3 cm4 s−2) at four times as indicated in the insets and

for the regular-resolution no-jets simulation. Each scatter-
plot is the collection of the values in all cells at the given
time (a total of about 43, 000 points).

Figure 7. Similar to Fig. 6 but for the high-resolution
simulation where we have 1.1 × 106 points in each scatter-
plot.

This figure shows that the jets shed pairs of vortices with

opposite signs as the NS spirals-in inside the RSG enve-

lope. The typical width of each vortex with the typical

value of |(
−→
∇ × −→v )z| ' 10−7 s−1 is dv ' 1013 cm. The

corresponding typical velocity of gas in the vortices is

Figure 8. Velocity arrows on top of the density maps
of the spiralling-in simulation with jets in the y = 0 plane
at t = 3.2 yr, when the NS orbits at aSR = 300R�. This
plane cuts the low-density and high-outflow velocity bubbles
that the jets inflate in two regions above and two regions
below the equatorial plane. The older two regions (above and
below the equatorial plane) are to the right of the centre and
appear as pale-blue zones surrounded by green region. The
two newer regions are to the left of the centre and appear
as two green zones surrounded by yellow (higher density)
regions. Velocity magnitude is proportional to the length
of the arrows. Maximum velocity inside the old bubbles is
76 km s−1.

vv ' 10 km s−1. Some smaller regions within the above

regions have higher values of |
−→
∇ ×−→v )z ' 3× 10−7 s−1

and in these smaller regions vv ' 20− 30 km s−1

To further explore the properties of the vortices we

present in Fig. 10 the vortices in the inner region of

our numerical grid. In the upper-left panel we present

(
−→
∇×−→v )z in the z = 6×1012 cm plane and in the upper-

right panel we present (
−→
∇ ×−→v )y in the plane y = 1.8×

1013 cm. The vortices have larger values of (
−→
∇ × −→v )y

than of (
−→
∇ ×−→v )z. This is because the jets are injected

along the z direction. In the lower two panels we present

the velocity directions by arrows on top of the velocity

magnitude coded by the colour. The time and planes

are as in the upper panels. The outflow velocities reach

values of up to vout ' 100 km s−1. Overall, the outflow

velocities are higher than the circularisation velocity in

the vortices. Nonetheless, there are small regions where

there is an inflow. As we discuss in section 6, these

inflowing regions might lead to fall back material at late

phases of the evolution.

5. DEPOSITION OF ANGULAR MOMENTUM
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Figure 9. The quantity (
−→
∇ ×−→v )z in the z = 6× 1012 cm

plane for the simulation with jets. Values according to the
color bar in units of s−1. From top to bottom are plots
at t = 2 yr just as the NS reaches an orbital separation of
a = 500R�, t = 3 yr when the NS reaches aSR = 300R�,
and t = 4 yr as the NS continues to orbit at aSR = 300R�.
The black spiral in the centre indicates the trajectory of the
spiralling-in NS.

We calculate the angular momentum that the jets

deposit to the envelope as in Schreier, Hillel, & Soker

(2023). We take the envelope to be the gas between the

inert core at rinert = 0.2RRSG = 1.23× 1013 cm and an

outer radius of r = 1.25× 1014 cm which is about twice

the initial radius of the RSG star. Namely, in calculating

the envelope angular momentum we sum the quantity

mi~ri×~vi over all cells i with rinert < ri < 1.25×1014 cm,

where mi, ~ri and ~vi are the mass, the location with re-

spect to the centre of the RSG, and the velocity of cell

i. We recall that we do not include the orbital angular

momentum, nor the gravity of the NS. Therefore, only

jets influence the envelope as our goal is to explore the

role of jets.

In Fig. 11 we present the angular momentum that the

jet deposit to the envelope Jz, and the specific angular

momentum in the envelope, jz = Jz/Menv, as function of

time. The increase in angular momentum occurs while

the NS, which is the source of the jets, spirals-in. At

t > 3 yr the NS continues to orbit the core of the RSG

star at a constant radius of aSR = 300R�. The increase

in Jz (and in jz) is not monotonic. There is a time period

when the angular momentum stays almost constant for

about half a year, t ' 1.4−1.9 yr, before the NS reaches

its final orbit. This time corresponds more or less to the

time when the NS completes an orbital angle of ' 360◦.

In our previous study (Schreier, Hillel, & Soker 2023)

we simulated jets with a constant orbital radius of a =

700R� = 4.9 × 1013 cm and followed the angular mo-

mentum that the jets deposit to the envelope. We found

that when the jets are perpendicular to the orbital plane

the jets deposit substantial amount of angular momen-

tum to the envelope only in the first two orbits. Based

on that we suggested that jets deposit angular momen-

tum to the envelope only during the plunge-in phase,

when the NS rapidly spirals-in, but only small amounts

during the self-regulated phase when the spiralling-in is

very slow or does not take place at all. Our results here

where we let the NS to plunge-in in three years confirm

our expectation.

The total angular momentum that the jets deposit

to the envelope at the end of the plunge-in phase here

(t = 3 yr) is Jjets ' 1.8 × 1053 g cm2 s−1. In addi-

tion, the spiralling-in NS deposits orbital angular mo-

mentum to the envelope, a process we do not simulate

here. In spiralling-in from a0 = 850R� to the final

orbit during the self-regulated phase at aSR = 300R�
the decrease in the orbital angular momentum is Jorb =

4.5×1053 g cm2 s−1. Considering that the jets in reality

might be more powerful than what we simulate (which

we cannot numerically simulate with our resources due
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Figure 10. Upper panels: Velocity arrows on top of the curl of the velocity map (
−→
∇ ×−→v )z in the z = 6 × 1012 cm = 86R�

plane (left) and of (
−→
∇ × −→v )y in the plane y = 1.8 × 1013 cm = 259R� (right), at t = 3.2 yr. Lower panels: Velocity arrows

on top of velocity magnitude according to the color bar and in the same planes and the same time as in the upper panels.
Maximum velocity in the plane on the left is 40 km s−1 and in the plane on the right 105 km s−1. The high velocity flow on
both sides of the equatorial plane in the right panels are due to the two jets launched by the NS, which at this time is at
(x, y, z)NS = (1.05× 1013 cm, 1.8× 1013 cm, 0).

to too small time steps), we conclude that the contribu-

tion of jets to spinning-up the envelope is substantial,

and might event dominate.

6. SUMMARY

This study continues our exploration of the roles that

jets that a NS launches play in CEE. Our numerical

resources do not allow for high-resolution simulations

with jets. In section 3 we examined the behaviour of our

3D RSG stellar model without any jets, which does allow

for high resolution. We found that the stellar model,

in both the regular and the high-resolution simulations,

performs two non-linear oscillations before it relaxes in

a time of about 3 years (Figs. 1 and 3). Additionally,

turbulence is developed in the envelope (Figs. 2, 4 and

5).

Both the non-linear oscillations and the turbulence

are processes that take place in giant stars (RGB, AGB,

RSG). Because we have no source of nuclear burning

in the centre, the oscillations decay. We concluded in

section 3 that in 3D hydrodynamical simulations of the

CEE with giant stars there is no need to stabilise the gi-

ant star to a high degree when transferring a 1D model

to a 3D grid. One can start the binary simulations im-

mediately, even if the giant model is not completely
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Figure 11. The angular momentum that the jets deposit
to the envelope as function of time (dotted-blue line, scale of
the left) and the specific angular momentum in the envelope
(solid-red line, scale on the right) as function of time.

static. Just let it oscillate and develop turbulence, as

such giants should actually have.

We then presented the results of a simulation with

regular resolution where the NS, that serves here only

as the source of the jets as we do not include its grav-

ity (section 2), to spiral-in with a predetermined orbit

(spiral line in the three panels of Fig. 9). The exclusion

of the NS gravity as in our earlier studies (e.g., Hillel,

Schreier, & Soker 2022; Schreier, Hillel, & Soker 2023)

allows us to identify the role of jets and to perform the

simulations on our computer.

The new ingredient of this study is the spiralling-in

of the NS. The jets inflate two expanding spiral-shaped

low-density bubbles, one above and one below the equa-

torial plane. The two cross sections of each bubble with

the y = 0 plane are seen in Fig. 8 as two low-density

high-velocity regions above (one bubble) and two below

(the other bubble) the equatorial plane z = 0.

We also find that the NS sheds pairs of opposite-sign

vortices as it spirals-in, best seen as blue-red pairs in

Figs. 9 and 10. The pairs of vortices form an expanding

large-scale spiral pattern. Overall, the jets substantially

increase the turbulence in the common envelope, both as

random motion on small scales and as a global pattern

that substantially deviates from a spherical structure.

We emphasise that the spiral structure seen in and near

the equatorial plane as pairs of vortices (Fig. 9 and

upper-left panel of Fig. 10) and in the density (lower-

left panel of Fig. 10) are formed solely by jets, as we do

not include the NS gravity.

Convection in the envelope of red giants can efficiently

transport angular momentum (e.g., Gagnier & Pejcha

2023) and energy (e.g., Grichener, Sabach, & Soker

2018; Wilson & Nordhaus 2019, 2020, 2022). We showed

here that the jets can substantially increase the convec-

tion (turbulence) strength. This makes energy transport

more efficient. Namely, a fraction of the energy that the

jets deposit to the envelope is carried away and radiated.

The transient event, termed CEJSN, is very bright, lasts

for months to a few years, and might mimic a very en-

ergetic core collapse supernova.

The jet-induced non-spherical morphology of the

ejected envelope influences the late light curve. This

occurs if at later times inner envelope gas is ejected at

higher velocities and collides with early ejecta. This col-

lision converts kinetic energy to thermal energy and then

radiation. The non-spherical structure leads to bumps

in the light curve and to polarised emission.

We also confirm our suggestion from Schreier, Hillel,

& Soker (2023) that the jets deposit a non-negligible

amount of angular momentum to the envelope dur-

ing the plunge-in phase, when the spiralling-in is on

a dynamical timescale, but not much during the self-

regulated phase when the spiralling-in is very slow. The

direction of the angular momentum that the jets deposit

is the same as that of the orbital angular momentum.

The deposition of positive angular momentum results

from the fact that the jets eject envelope mass with neg-

ative angular momentum.

This study supports the general claim that jets that

NSs (and BHs) launch during CEE, namely during a CE-

JSN event, cannot be neglected. Jets power the CEJSN

event, influence the morphology of the ejected envelope,

induce vortices that strengthen the convection, and de-

posit angular momentum to the common envelope.
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Ohlmann S. T., Röpke F. K., Pakmor R., Springel V., 2016,

ApJL, 816, L9.
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DMPP-3: confirmation of short-period S-type planet(s) in a compact
eccentric binary star system, and warnings about long-period RV planet
detections
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ABSTRACT

We present additional HARPS radial velocity observations of the highly eccentric (𝑒 ∼ 0.6) binary system DMPP-3AB, which
comprises a K0V primary and a low-mass companion at the hydrogen burning limit. The binary has a 507 d orbital period and
a 1.2 au semi-major axis. The primary component harbours a known 2.2 M⊕ planet, DMPP-3A b, with a 6.67 day orbit. New
HARPS measurements constrain periastron passage for the binary orbit and add further integrity to previously derived solutions
for both companion and planet orbits. Gaia astrometry independently confirms the binary orbit, and establishes the inclination
of the binary is 63.89 ± 0.78◦. We performed dynamical simulations which establish that the previously identified ∼800 d RV
signal cannot be attributed to an orbiting body. The additional observations, a deviation from strict periodicity, and our new
analyses of activity indicators suggest the ∼800 d signal is caused by stellar activity. We conclude that there may be long period
planet ‘detections’ in other systems which are similar misinterpreted stellar activity artefacts. Without the unusual eccentric
binary companion to the planet-hosting star we could have accepted the ∼800 d signal as a probable planet. Further monitoring
of DMPP-3 will reveal which signatures can be used to most efficiently identify these imposters. We also report a threshold
detection (0.2 per cent FAP) of a ∼2.26 d periodicity in the RVs, potentially attributed to an Earth-mass S-type planet interior to
DMPP-3A b.
Key words: planetary systems – binaries: close – techniques: radial velocities – binaries: spectroscopic – stars: low-mass

1 INTRODUCTION

DMPP-3 is a unique eccentric binary star system, where a hot super-
Earth planet was found to orbit one of the stars in a close binary
pair (Barnes et al. 2020, hereafter B20). The circumprimary (S-
type) planet orbits the primary star DMPP-3A (HD42936), a slowly
rotating K0V star. The highly eccentric (𝑒 = 0.6) very low mass
stellar companionDMPP-3B is just above themass required to sustain
hydrogen burning (𝑀B = 82.5 Mjup). The DMPP-3AB orbit has a
semi-major axis of 𝑎AB = 1.23 au. Without the context of hosting
an S-type planet, DMPP-3AB is not a particularly close binary, but
it is the most compact binary system to harbour an S-type planet
observed thus far. It is also one of the few systems containing a radial
velocity (RV) detected S-type super-Earth around an FGK star (B20;
Unger et al. 2021; Barros et al. 2022). Su et al. (2021) compare
the known S-type RV discoveries, and show that DMPP-3A b is
an extreme outlier in their sample. In Figure 1, we have similarly
plotted the demographics of all known S-type planets, i.e. we have
included those discovered through their transits. DMPP-3A b lies in
the bottom left hand corner, with lowest separation and third lowest

★ E-mail: adam.stevenson@open.ac.uk

projected planetary mass in the sample. Only two other planets in this
sample have a binary separation less than 10 au, but with minimum
masses more than an order of magnitude higher. DMPP-3 provides
an excellent opportunity to challenge the current planetary system
formation and evolution models, through studying an extreme and
previously unseen system configuration.

The scarcity of DMPP-3A b analogues found in the general demo-
graphics reported by Su et al. (2021) can arise from a few factors.
In their work, the authors discuss the observational biases involved
in RV surveys, which often disregard binary star systems. The stars
in close binaries are typically unresolved, and the recorded spectrum
is a blend of light from both objects. If the mass ratio between the
two bodies is relatively equal, they will contribute a similar amount
of light, and confuse the derived RVs (Su et al. 2021). For these so-
called ‘double-lined’ spectroscopic binaries, the spectra consist of
two sets of superimposed lines, which require novel techniques and
extensive analyses to extract the signal of each component (Konacki
et al. 2009, 2010). The results can still suffer from residual scatter
due to the blending of the spectra.

Where the two stars in a stellar binary have very different luminosi-
ties, as is the case for DMPP-3AB, the light comes predominantly
from the primary component and the spectrum effectively reveals

© 2023 The Authors
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Figure 1. Planet mass as a function of binary separation for all S-type planets.
Adapted from Figure 2 in Su et al. (2021), we have extended the sample of
stars (to include other detection methods, see http://exoplanet.eu) in
order to highlight the outlying position of DMPP-3A b. The green diamonds
correspond to single-planet systems, the blue circles denote multiple planets
in a binary system, and the orange star shape identifies DMPP-3A b. Kepler-
693A b resides in the next closest binary, with separation 𝑎AB = 2.90 au.

only a single set of stellar lines. In this case there is no need for
complex deconvolution to recover individual spectra. It is possible to
obtain very precise radial velocities on such single-lined binaries, as
demonstrated by Standing et al. (2022) andTriaud et al. (2022). These
studies focus on binary signal subtraction to detect circumbinary (P-
type) planets orbiting outside the inner stellar pair, and are able to
reach a residual root mean squared scatter of 3 m s−1 (Standing et al.
2022). This is a different system architecture to the circumprimary
(S-type) planet hosts shown in Fig. 1 and under discussion in the
present paper.
The double-lined nature of many binary observations therefore

hinders the detection of low mass planets, almost certainly causing
them to be under-represented in the samples. However, some of the
scarcity of known DMPP-3 analogues must be due to the influence
that multiplicity has on the formation and retention of these planets
(Holman & Wiegert 1999; Jang-Condell 2015; Kraus et al. 2016;
Marzari & Thebault 2019). A highly eccentric, close in companion
dramatically affects the dynamical stability of any other orbiting bod-
ies, and would truncate the protoplanetary disc through dynamical
perturbations, limiting the available mass for the creation of planets.
Planetary stability in binary systems has been studied over the years

in an attempt to solve the three-body problem and find regions where
planets can reside such systems (Dvorak 1986; Mardling & Aarseth
1999). Holman & Wiegert (1999) performed numerical simulations
to investigate the possible stable S-type orbits for companions with
a variety of mass ratios, eccentricities, and semi-major axes. They
developed a semi-empirical formula to determine the critical semi-
major axis: a threshold value exterior to which a planet cannot orbit.
DMPP-3A b is within their ‘safe’ zone (which extends out to 0.16 au
from the primary star in this system), a finding confirmed through
simulations in B20.
Whilst DMPP-3A b’s present orbit is stable, we must also consider

challenges to the formation of this system. The protoplanetary disc
would be truncated by the presence of anothermassive body, an effect
strongest for large eccentricity and small semi-major axis of compan-

ion orbit: two features this system exemplifies (Jang-Condell 2015).
If S-type planets do begin to form, such systems can be short-lived,
with secular orbital evolution resulting in ejection on timescales of
millions to billions of years (Kraus et al. 2016). DMPP-3A is 9.6 Gyr
old (Table 1). It seems likely the architecture of the DMPP-3 system
has evolved to the current configuration through dynamical interac-
tions.
This systemwas selected for intensive high precision, high cadence

RV observations due to anomalously low chromospheric emission,
characterised by the log 𝑅′

HK metric, and attributed to the presence of
circumstellar material around the primary star. This is hypothesized
to be supplied by the loss of material from close-in planets (Haswell
et al. 2020), and is therefore indicative of short period planets. The
most dramatic examples of mass-losing short period planets are the
so-called catastrophically disintegrating exoplanets (CDEs). These
are rocky planets with very short orbital periods. They are heated
so intensely that the rocky surface is vaporised and carried off in a
thermal wind. The DMPP-3 system seems likely to be in a short-
lived planetary mass-losing phase, perhaps following a dynamical
reconfiguration. Employing an approximate relation for planetary
temperature to orbital distance (Rappaport et al. 2012), aCDE surface
temperature of approximately 2000 K (Jones et al. 2020) would
correspond to a ∼1.6 d orbit around DMPP-3A. Small planets on 1–2
day orbits are therefore likely to lose mass.
Despite the often disastrous influence close-in eccentric binary

companions are understood to have on planet formation (exemplified
by the dearth of planets found in binaries with separation . 10 au
seen in Fig. 1), the occurrence rate for hot Jupiter planet hosts hav-
ing a stellar companion is twice as high as the binarity ratio of
field stars with projected separations 20 – 10000 au (Cadman et al.
2022). A secondary star can modify the projected spin-orbit an-
gle between primary star and planet (observed through measuring
the Rossiter–McLaughlin effect), exciting secular evolution and in-
teractions that cause a departure from coplanarity for all orbiting
bodies (Martin & Lubow 2018; Franchini et al. 2020; Moe & Krat-
ter 2021; Best & Petrovich 2022). Recent evidence indeed suggests
that orbital misalignment between a planet and a secondary stellar
companion is relatively common for close-in giants (𝑃P < 10 d,
𝑅P > 4 𝑅⊕), with systems tending to favour a polar orbit. In com-
parison, smaller (𝑎P < 1 au, 𝑅P < 4 𝑅⊕) planets are mostly found in
less inclined orientations relative to a companion star, with inclina-
tion angles between the planetary and companion orbits of ∼10–50
degrees (Behmard et al. 2022).
The architecture we see in DMPP-3 could be created through the

eccentric Kozai–Lidov mechanism (EKL: Lidov 1962; Kozai 1962).
In hierarchical triple systemswhere the inclinations are not co-planar,
a perturbing companion can stir up oscillations in the inclination and
eccentricity, caused by the overall requirement for angular momen-
tum to be conserved (Naoz 2016). This is thought to be the cause of
non-zero eccentricities of S-type planets in binaries. Although close-
in planets have short tidal circularisation timescales, gravitational
interactions with a binary companion can excite eccentricity on an
even shorter dynamical timescale.
The EKLmay have driven the migration for some hot Jupiter plan-

ets (Rubie et al. 2015; Morbidelli et al. 2015; Angelo et al. 2022). A
companion can perturb the planet orbit into gradually more eccentric
configurations over secular timescales (far longer than the orbital
periods involved in the system), and with increased eccentricity the
periastron will gradually move closer to the primary star. Tidal forces
on the planet and star then tend to shrink the orbit and circularise it,
creating a close-in planet (Fabrycky & Tremaine 2007; Naoz 2016).
Dynamical interactions can significantly alter orbital parameters

MNRAS 000, 1–18 (2023)
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Table 1. HD42936 (DMPP-3A) stellar parameters. Updated from B20, the
values are shownwith corresponding 1𝜎 uncertaintieswhere appropriate, and
references are given for each external source. The remaining parameters were
re-calculated for this work with the latest version of the species code (Soto &
Jenkins 2018), using the ten highest S/N spectra from the DMPP HD42936
dataset. SIMBAD data are accessed from http://simbad.u-strasbg.fr.

Parameter Value Reference

Spectral type K0V Houk & Cowley (1975)
Parallax (mas) 21.25 ± 0.11 Gaia Collaboration et al. (2022)
Distance (pc) 47.06 ± 0.25 Gaia Collaboration et al. (2022)
𝑉 9.09 SIMBAD
𝐵 − 𝑉 0.91 SIMBAD
log𝑅′

HK −5.14 ± 0.05 Jenkins et al. (2011)
𝑇eff (K) 5201 ± 20
[Fe/H] 0.147 ± 0.013
log 𝑔 (cm s−2) 4.266 ± 0.045
𝑣 sin 𝑖 (km s−1) 3.17 ± 0.1
𝑣mac (km s−1) 1.58 ± 0.10
𝑅∗ (R�) 0.861 ± 0.005
𝑀∗ (M�) 0.900 ± 0.009
𝐿∗ (L�) 0.510 ± 0.003 Gaia Collaboration (2018)
Age (Gyr) 9.6 ± 0.8

of the system, but can also change the structure altogether. Gong &
Ji (2018) highlight that whilst formation of S-type planets in a close
binary is challenging, the formation of circumbinary (P-type) planets
would be comparatively easier to achieve - and should be relatively
common throughout the Universe. So far, a small number of transit-
ing P-type planets have been discovered, by theKepler (Borucki et al.
2010) and TESS (Ricker et al. 2015) missions (eg. TIC 172900988 b;
Kostov et al. 2021). The first P-type planet discovered purely through
RVs, TOI-1338/BEBOP-1 c, was also recently announced by Stand-
ing et al. (2023). Despite these discoveries, no planets have yet been
found with orbits of the scale of ∼ 3 au around a ∼ 1 au binary.
To study the evolution of such systems, Gong & Ji (2018) explore

planet-planet scattering, occurring for multiple planets when the ec-
centricities are stirred up (perhaps by the close binary pair developing
eccentricity too). Tidal interactions could cause the P-type planets
to be captured by the primary star in the close binary, becoming
S-type. The capture probability is low (and related to mass ratio and
eccentricity of the binary), but scattering through multiple planet in-
teractions would increase this probability by reducing the energy of
the planet (Gong & Ji 2018). The capture scenario should be possible
for close binaries with semi-major axes of 0.5 − 3 au, such as the
DMPP-3 system. DMPP-3 is therefore useful for investigating plan-
etary system evolution. Several physical processes with important
inferred roles in sculpting the demographics of the Galaxy’s short
period planets could be strongly at play in creating and maintaining
the exotic architecture we observe.
This paper presents additional RV data for DMPP-3. The new

observations are described in Section 2; updated stellar parameters
of DMPP-3A are discussed in Section 3; the RV analysis, refined
system parameters, and further periodicities identified are described
in Section 4. We discuss mutually inclined orbital simulations in
Section 5, reporting the resulting dynamical timescales for system
disruption. In Section 6 we consider the issue of stellar activity and
how that impacts the periodic variability of the spectra. Our results
are then discussed in Section 7, and we summarise the findings and
conclude in Section 8.

Table 2.TheDMPP-3 observations taken in 2021. These science observations
were performed with HARPS Echelle observing technique, for consistency
with the previous data. Each exposure lasted 900 s.

Date BJD −2450000 Local time (La Silla)

2021 Sept 07 9464.875 03:16:42
2021 Sept 13 9470.885 03:53:47
2021 Sept 16 9473.888 04:09:38
2021 Sept 20 9477.861 03:46:53
2021 Sept 22 9479.820 02:56:30

2 OBSERVATIONS

Previous RV observations with the High Accuracy Radial Velocity
Planet Searcher (HARPS, Mayor et al. 2003) enabled the binary
orbit of DMPP-3AB to be identified and characterised for the first
time (B20). The best solution indicated a highly eccentric, low mass
ratio binary, with large RV excursion around periastron. Since the
HARPS observations did not sample orbital phases close to peri-
astron, the RVs were supplemented with two further measurements
from the CORALIE spectrograph at the 1.2-metre Leonhard Euler
Telescope (see Fig. 2, and Figure 1 in B20). The CORALIE observa-
tions confirmed the RV trend predicted by HARPS, but are an order
of magnitude less precise, with RV uncertainties of 9 m s−1. More-
over, the use of a different spectrograph meant that the observations
had to be treated as a separate dataset. This necessitated an additional
RV offset parameter meaning that the two CORALIE observations
do not place a strong constraint on the orbital solution. We thus se-
cured five new observations in service mode with HARPS around
the September 2021 periastron, see Table 2.
We use a total of 106 spectra. The five new observations we re-

fer to as S21. The remaining observations comprise the data used
by B20 and are as follows: eight HARPS observations made be-
tween 2008 and 2013 by the Calan–Hertfordshire Extrasolar Planet
Search (CHEPS, Jenkins et al. 2009); the main body of ninety-one
HARPS observations made between 2015 and 2018 (DMPP); and
two CORALIE observations made in 2017.
Data from the HARPS spectrograph were reduced using the

harps-terra software (Anglada-Escudé & Butler 2012) to deter-
mine the radial velocities from the wavelength-calibrated spectra
through a template matching process. Ancillary measurements of
activity from the cross-correlation functions (CCF) are obtained
through the standardHARPS data reduction software (drs1) pipeline.
For more information on the reduction process used, see B20.

3 STELLAR PARAMETERS OF DMPP-3A

Properties of DMPP-3Awere derived from the stellar spectrum using
the ten highest S/N spectra from the DMPP dataset with the latest
version of the species code (Soto& Jenkins 2018). Alongwith values
from the literature, these are given in Table 1. The stellar parame-
ters which are consistent with those reported in B20 comprise: the
𝑉 and 𝐵 −𝑉 magnitudes; the chromospheric activity index log 𝑅′

HK
(derived from core emission in the Calcium ii H&K lines); effective
temperature 𝑇eff; metalicity [Fe/H]; surface gravity log 𝑔; macrotur-
bulence velocity 𝑣mac; stellar mass 𝑀∗; and age. The luminosity 𝐿∗
was not included.

1 http://www.eso.org/sci/facilities/lasilla/instruments/
harps/doc/DRS.pdf
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The parameters that are not consistentwith values and error bounds
from B20 are similar enough to not drastically impact the analysis.
The parallax and distance are altered solely due to the availability
of another Gaia data release between the analyses, but this has no
impact on any numerical solutions.
The two remaining parameters both come from the species analysis

using a program version updated from than that used by B20. The
projected rotation velocity 𝑣 sin 𝑖 changes considerably, from 1.97 to
3.17 km s−1. Despite this increase, DMPP-3A remains an old, slowly
rotating star. We will discuss the observed 𝑣 sin 𝑖 and indicators of
the rotation period in Section 6.6. The stellar radius 𝑅∗ is reduced by
0.05 R� (with error bounds in B20 being ±0.02 R�).

4 RV ANALYSIS

For the analysis of RV data we have made use of the exo-striker
software. This is a "transit and radial velocity interactive fitting tool
for orbital analysis and N-body simulations" (Trifonov 2019). The
tool takes transit and / or RV data as input, and provides quick ac-
cess tabs on a graphical user interface (GUI) to a suite of useful
functions. The tool can be used to fit Keplerian orbits to reflex RV
signals present in the data, with periods being identified from the gen-
eralised Lomb-Scargle periodogram (GLS: Zechmeister & Kürster
2009). Whilst fitting RV solutions, the routines can simultaneously
determine offsets between different datasets for the same object,
which is particularly useful here as the baseline covers instrument
fibre upgrades and COVID-19 shutdown. The maximum likelihood
parameters for the system can be explored using the built-in emcee
MCMC sampling functionality (Foreman-Mackey et al. 2013).
The DMPP-3AB binary RV modulation (hereafter Signal 1) is

shown in Fig. 2. The S21 observations with HARPS confirm the
previous fit and provide tighter constraints on the solution. The new
binary parameters and derived system parameters (using our new
estimates of the stellar properties from Table 1) are listed in the
Signal 1 column of Table 3. The significance of the binary orbit,
quantified by the Bayesian information criterion (BIC), is improved
by three orders of magnitude. The uncertainties in all the parameters
are reduced, in some case by orders of magnitude, compared to
those in B20. The 3𝜎 lower limit on the mass of DMPP-3B is now
80.9𝑀jup due to increased semi-amplitude and our recalculatedmass
of DMPP-3A. This suggests DMPP-3B is indeed massive enough to
sustain hydrogen burning, and is an object located at the very bottom
of the main sequence.
Fig. 3 c shows the periodogram of the RV data after subtracting our

best-fitting binary orbit. The 6.67 d super-Earth planet DMPP-3A b
(hereafter Signal 2), is resoundingly detected. The phase-folded RV
curve of DMPP-3A b is shown in the middle right panel of Fig. 2.
For the parameters of DMPP-3A b (Table 3 Column 3), most values
remain close to those previously reported. Period and semi-major
axis are both consistent with previous results. 𝑃 uncertainty remains
the same, whilst uncertainty on 𝑎 is reduced by a factor of 4. The
value for𝐾 has reduced from0.97 to 0.82m s−1, with uncertainties an
order of magnitude smaller. 𝑀0 and𝜔0 have changed by ∼ 30 ◦, with
much smaller uncertainties now as they previously covered a wide
range. The eccentricity is changed slightly, at 𝑒 = 0.17 comparedwith
𝑒 = 0.14 as found by B20. We started with the value of 0.14, and
used a uniform prior of 0 ≤ 𝑒 ≤ 0.8 during maximum a posteriori
fitting and MCMC simulations. The difference in the BIC between
circular and eccentric solutions is ΔBIC ∼ 5, indicating the data are
sufficient to constrain 𝑒. The uncertainties in 𝑒 are broadly similar
to those of B20, with eccentricity value ranges consistent between

both analyses. 𝑀p sin 𝑖 is reduced as a result of a smaller fitted 𝐾
value, changing from 2.58 to 2.22M⊕ , with uncertainties remaining
the same order of magnitude at roughly ±0.5M⊕
There is some variation in a few of the statistical parameters. The

RV offset (𝛾) values are different from those reported in B20. The
HARPS data were re-reduced with the terra software as a single
dataset, leading to different systematic offset values. The sampling
of periastron has slightly changed the offset parameters too, but only
has a small effect. The stellar jitter parameters are reduced slightly,
except for 𝜎CORALIE which is now small instead of non-zero as
previously reported (B20).
B20 also identified a periodogram power peak at ∼800 d in the

RV residuals after fitting for the signals corresponding to DMPP-
3B and DMPP-3A b, at 6 per cent false alarm probability (FAP).
They tentatively attributed this to intrinsic stellar activity and active
regions on DMPP-3A. If dynamical and co-planar, this RV signal
would indicate a body on an orbit crossing that of DMPP-3B. A
longer temporal baseline now allows us to investigate the cause of
this signal (henceforth Signal 3). The addition of the S21 RV data
affirms both Signals 2 and 3 in the residual GLS peaks at 6.67 d and
∼800 d (Fig. 3 c). The phase fold for Signal 3 is shown in Fig. 2. This
strengthens the argument that Signal 3, with maximum a posteriori
fitted period of 809 d, is genuinely present and persists throughout
the entire timespan of the data. The semi-amplitude of the variation
is 3.5 m s−1. If attributed to a Keplerian orbit, the best-fitting period
corresponds to a semi-major axis of approximately 1.64 au.

4.1 Long period RV variation

Despite producing a relatively convincing phase fold (Fig. 2, bottom
left panel), it is difficult to attribute Signal 3 to a body orbiting the
host star. If Signals 1 and 3 are co-planar, the orbits would cross due
to the large eccentricity of the DMPP-3AB binary orbit (as shown in
Fig. A1). We have performed initial orbital integrations to confirm
that in the coplanar case, a putative body following the∼800 d orbit is
either ejected or cannot be described with continuous variables. As a
further test, we report dynamical simulations relaxing the assumption
that the orbits are co-planar in Section 5, performing amore thorough
analysis of potential orbital configurations. As a consequence of the
simulation results, we suspect that this signal is due to activity, and
this is investigated in Section 6. A further point to note is that it is
unlikely that this confusing signal is a direct artefact of aliasing, as
the window function (Fig. 3 a) has a substantial local minimum at
the period of the signal.
Alias periods occur due to convolution between the uneven tem-

poral sampling of observations and other physical periods present in
the data. The window function is calculated by taking the discrete
Fourier transform (DFT) of the time samples. To accomplish this,
we first create a frequency array which depends on the smallest and
largest frequencies to be used, as well as the step size between sam-
ples. For each frequency, an array of observation phases is calculated.
Sums of the sine and cosines for every phase are then combined to
determine window function power at that frequency. Peaks of this
function denote frequencies that cause the largest interference on
physical signals. Alias frequencies (or periods upon inversion) are
calculated simply using 𝑓alias = 𝑓 ± 𝑓window , where 𝑓 is the peak of
the RV periodogram, and 𝑓window the peaks in the window function
(Dawson & Fabrycky 2010). Taking Signal 1 as the dominant period
that could be convolved with sampling, and Signal 3 as the potential
alias period, we can rearrange the previous equation to determine
where a window function peak would be required for Signal 3 to

MNRAS 000, 1–18 (2023)
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Figure 2. Top: Radial velocities of DMPP-3A. The RVs and residuals are shown along with the model fit for the 4 Kelperian solution described in Table 3.
Middle left: Phase folded plot of Signal 1, showing the DMPP-3AB binary orbit RVs (with an inset panel showing the S21 data points around periastron
passage).Middle right: The phase fold created from the Keplerian solution for a MLE fit at a period of 6.67 d. Bottom left: The RV phase fold of Signal 3 with
a folded period of 809 d from MCMC analysis. Bottom right: Phase folded residuals, showing Signal 4. The best-fitting period is 2.26 d. By observing BIC
changes it was determined that there was no statistical significance of fitting eccentricity as a free parameter, which is forced here to be e = 0. All plots: RV folds
were created for each Signal with all other identified Signals subtracted off, to show the individual solutions. Archival CHEPS measurements are marked with
dark blue hexagons, CORALIE data points are red triangles, the main body of DMPP observations are green circles, and the S21 observations are black squares.
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Table 3. Maximum a posteriori parameters for a model with four simultaneously fitted Keplerian signals. The false alarm probabilities (FAPs) describe the
confidence in the detected signals. Values are shown with uncertainties from the 68.3 per cent confidence intervals obtained from MCMC sampling. The change
in BIC and lnL as signals are added is listed, providing sufficient evidence for the inclusion of additional Keplerians. The 𝛾 values are the instrumental and
reduction zero point offsets for each dataset, and the 𝜎 values are the fitted stellar RV jitter parameters, which are shared between the four simultaneously fitted
signals. Reduced chi-squared 𝜒2r and r.m.s for the fit are also shown in the table. The subscript 0 for mean anomaly and longitude of periastron, 𝑀 and 𝜔, refers
to these being given at reference epoch 𝑡0. The columns shown for Signals 3 and 4 are Keplerian fits with eccentricities fixed at 0. Including eccentricity as a
free parameter yielded no significant improvement in the BIC for either signal (ΔBIC < 2), so these signals are assumed to be sinusoidal.

Parameter Signal 1 Signal 2 Signal 3 Signal 4

DMPP-3B DMPP-3A b — DMPP-3A c

FAP (GLS) 4.5 × 10−15 8.7 × 10−7 8.2 × 10−6 1.9 × 10−3

Δ lnL ∼ 107 20.10 31.48 10.38

𝜒2r 1.19 1.26 1.02 0.95

r.m.s (m s−1) 1.58 1.34 0.98 0.97

ΔBIC ∼ 108 16.89 44.31 2.14

𝑃 (d) 506.89+0.01−0.01 6.67+0.03−0.01 809.38+0.20−0.34 2.26+0.20−0.10

𝐾 (m s−1) 2657.31+0.33−0.02 0.82+0.20−0.07 3.52+0.20−0.34 0.52+0.09−0.14

𝑀0 (◦) 126.08+0.03−0.05 210.26+0.05−0.47 196.50+0.02−0.40 33.50+0.49−0.11

𝑒 0.596+0.001−0.001 0.174+0.032−0.084 [0, fixed] [0, fixed]

𝜔0 (◦) 158.88+0.03−0.01 52.63+0.10−0.46 286.71+0.28−0.11 47.40+0.08−0.22

𝑀p sin 𝑖 82.52+0.53−0.53Mjup 2.22+0.50−0.28M⊕ 0.156+0.007−0.007Mjup 1.065+0.173−0.259M⊕
𝑎p (au) 1.139+0.004−0.004 0.0670+0.0003−0.0002 1.641+0.006−0.005 0.033 +0.002

−0.0001

𝛾CHEPS (m s−1) -669.16+0.37−0.37

𝛾CORALIE (m s−1) 3583.29+0.41−0.41

𝛾DMPP (m s−1) -661.66+0.28−0.28

𝛾S21 (m s−1) -680.00+0.30−0.30

𝜎CHEPS (m s−1) 0.25+0.23−0.11

𝜎CORALIE (m s−1) 0.17+0.20−0.09

𝜎DMPP (m s−1) 0.11+0.42−0.10

𝜎S21 (m s−1) 0.27+0.31−0.01

𝑁obs 8+2+91+5

Baseline (d/yr) 4900 / 13.4

𝑡0 (BJD) 2454579.56

indeed be an alias of the binary orbit:

1
809.38

=
1

506.89
± 1
𝑃window

[1/d] . (1)

This gives a required window function peak at 1356 d. There is
no peak at this period in the window function (see Fig. 3 a): aliasing
seems unlikely to cause Signal 3.
While there is no window function peak at 1356 d, there is power

there. To investigate whether Signal 3 could be an artefact of the
temporal sampling of the DMPP-3B orbit, we simulated RVs for
Signal 1 only at the observation epochs of our data. The GLS of
the simulated data shows a broad period identified at ∼760 d that
could be an alias (Fig. 4 Top panel). By comparison, there is a
narrower peak in the observed RV data (Fig. 3 b) at a similar period.
We next simulated the reflex RV signals of both the binary and the
planet DMPP-3A b. After fitting and subtracting the binary orbit, the
residual GLS periodogram only shows a significant peak at 6.67 d

(Fig. 4 Bottom panel), rather than at 6.67 and 800 d which we would
see if Signal 3 was due to sampling.
We thus confidently rule out the possibility that Signal 3 is created

by the temporal sampling of our observations. It is a genuine signal.
As another test of RV signal nature, we investigated the stacked

Bayesian GLS periodogram (s-BGLS). Introduced by Mortier &
Collier Cameron (2017), this involves computing Bayesian GLS pe-
riodogram (Mortier et al. 2015) for an initial number of observa-
tions, and then incrementally including successive observations to
the GLS computation. With this method we can check the coherence
of a signal. A planet signal should be coherent and continually in-
creasing in significance, whereas activity signals (which are often
quasi-periodic) should be unstable and incoherent.
We see that Signal 2 (Fig. 5 top panel) is coherent and grows

monotonically in strength as one would expect for a genuine planet.
The s-BGLS for Signal 3 (Fig. 5 bottom panel) also seems to show
coherence from observation 20 onwards, after the period of the signal
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Figure 3. (a): Spectral window function computed by taking the discrete
Fourier transform, with a vertical line plotted at a period of 1356 d (see
Section 4.1). (b): The GLS periodogram of the radial velocities, identifying
a ∼ 507 d period corresponding to Signal 1. (c): The 507 d Keplerian has
been removed, clearly showing significant peaks at 6.67 d (for the planet)
and ∼ 800 d. The other significant peaks in the 10–100 d range are likely a
result of aliasing and are in a very busy region of the window function, so are
neglected for signal fitting. (d): Upon removal of the 6.67 d planet RVs by
fitting Signal 2, the periodicity at ∼ 800 d remains. (e):After fitting for Signal
3, a periodicity at ∼ 2.26 d is found in the residuals, at ∼ 0.2 per cent FAP.
In all periodogram plots the dashed horizontal lines correspond to 0.1, 1 and
10 per cent FAP levels, where FAP gets smaller with increasing power. The
vertical lines overlaid correspond to the periods of signals listed in Table 3,
identifying periodogram peaks.
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Figure 4. GLS periodograms for investigation into sampling. Top: The peri-
odogram for simulated RVs of DMPP-3B and DMPP-3A b. This plot shows
a similar but much broader peak in the 700–800 d region than Fig. 3 b, with a
maximum power at ∼ 760 d (denoted by a vertical dashed line, as is the binary
period at ∼ 507 d). Bottom: After fitting for the binary orbit, the simulated
6.67 d period is by far the strongest peak in the periodogram. There are no
long period peaks, and if Signal 3 was caused by sampling, we would expect
to see a feature at 800 d (and this plot would mimic an idealised version of
Fig. 3 c).

has been sampled. As the observing runs are much shorter than this
period, the peak is broad. However, with the addition of the S21
data the significance decreases slightly, and the peak power shifts
in period by ∼ 2.5 d. As these observations are separated from
the initial DMPP dataset by 3 years, any signals caused by activity
could evolve in the intervening time, whereas planetary signals are
strictly periodic. The change in significance and period after ∼ 100
observations suggests that Signal 3 is caused by activity. We discuss
this in later sections.

4.2 An additional interior S-type planet?

Wefitted a circular Keplerian to the RV residuals after the subtraction
of Signals 1 and 2, thus removing the ∼ 800 d Signal 3. The resulting
residuals were searched for further periodic modulations. The GLS
periodogram shows a 2.26 d signal, hereafter Signal 4 (see Fig. 3 e).
This is a tentative detection at ∼ 0.2 per cent FAP. The inclusion of
this signal improves the BIC by just over 2, the threshold for positive
evidence (Raftery 1995). This BIC improvement corresponds to a ∼
2-sigma detection, hence our current tentative stance on the planetary
nature of this signal (see Table 2 in Standing et al. (2022), where
Δ BIC = 2 is equivalent to a Bayes Factor = 3). The log likelihood
improves by ∼ 10, meaning this statistic shows significant evidence
that this signal is present in the data (with the threshold for strong
evidence being Δ lnL > 7, Kass & Raftery 1995). Fig. 2 (bottom
right panel) shows the residual RVs folded on the best fitting solution.
The posterior orbital period and other parameters for Signal 4 are
given in Table 3.
After fitting and subtracting Signal 4, no further signals remain in

the GLS periodogram at FAP < 10 per cent. Signal 4 corresponds to
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Figure 5. s-BGLS plots, where the Bayesian GLS periodogram is incremen-
tally calculated, to check the coherence of a signal. At the bottom of the plots
there is limited data so the periods are not sharply defined. At the beginning
of new observing runs there are step changes in the window function, e.g.
around observation 60. Top: A section of the RV residual s-BGLS after Sig-
nal 1 has been removed, focused on the 6.67 d period (with closely spaced,
lower power aliases). The coherence of the signal monotonically increases as
observations are added. Bottom: The s-BGLS section around 800 days. The
identified peak is not very coherent, and reaches a maximum that decreases
slightly with the addition of the final 5 (S21) observations. The 800 d period
is not fully sampled until around observation 20.

a putative planet orbiting at 0.033 au from DMPP-3A, interior to the
planet DMPP-3A b.
The stability of this two planet configuration has been validated

with the exo-striker package, using the symplectic massive body
algorithm (SyMBA) functionality (Duncan et al. 1998). This orbital
integrator allows for the time step to be recursively reduced upon
close interactions between bodies in the system to fully simulate the
interaction - whilst retaining the speed of traditional mixed variable
symplectic (MVS) algorithms, the previous gold standard of orbital
simulations (Wisdom & Holman 1991).
There is no indication that Signal 4 is due to aliasing: a 1-day alias

of DMPP-3A bwould lie at 1.18 d. The stellar activity and line profile
indicators show no periodicities on ∼ 2 day timescales. This is as
expected because the timescale is too short to be induced by stellar
rotation in an old star, but too long to be attributed to stellar p-mode
oscillations (Collier Cameron et al. 2019; Costes et al. 2021).

4.3 Combined RV and Astrometry

The reflex motion of a star caused by companions (either planetary
or stellar) can be assessed with other techniques aside from radial
velocities. Astrometry involves measuring the positions of objects
very accurately, and with this we can map out the 3D spatial and
velocity distribution of stars. If accompanied by another body, the
positions of a host star will vary as a result of motion about the
common barycentre, indicating a perturbing presence.
The cutting-edge of stellar astrometry measurements comes from

the third Gaia release (DR3; Gaia Collaboration et al. 2022). Gaia
has been in operation for ∼34 months, and therefore has amassed
sufficient observations to make the search for binary stars with Gaia
possible for the first time.
Stars in the Gaia catalogue are considered for multi-star analy-

sis when their motion does not fit the single star astrometric models.
Data processing identified these stars through use of the renormalised
unit weight error (RUWE) statistic. This is effectively a goodness-
of-fit metric, quantifying how well a star can be described as a single
body considering the observed movements through space (Almenara
et al. 2022). For RUWE & 1.4, the motion is not consistent with
a single star, with the excess astrometric noise potentially indicat-
ing an unseen companion (Lindegren et al. 2021; Almenara et al.
2022). DMPP-3 has RUWE = 6.85, so it is likely that Gaia has de-
tected significant deviation from a single star solution, and should
be able to quantify the motion of the binary system via astrometric
measurements.
The orbital solutions for non-single stars in DR3 are published on-

line (Gaia Collaboration et al. 2022), and using object identifiers, the
parameters can be extracted for particular systems. For stars such as
DMPP-3, which have both astrometric and single-lined spectroscopic
solutions, the orbital parameters are expressed in the Thiele-Innes el-
ements (𝐴, 𝐵, 𝐹, 𝐺, 𝐶, 𝐻). We have used the conversions detailed in
the appendices of Halbwachs et al. (2022) to convert these to the tra-
ditional Campbell orbital elements (𝑎, 𝜔,Ω, 𝑖), along with associated
errors.
Using this conversion, we can determine the inclination of the bi-

nary system DMPP-3AB with respect to the observers line of sight.
This allows us to eliminate the sin 𝑖 term in the projected mass re-
trieved from RV analysis. By assuming that the binary and planet(s)
orbit in the same plane, we can also form estimates for ‘coplanar’
masses of any bodies orbiting the central star. This adds credibility
to the super-Earth mass of DMPP-3A b, and is further evidence for a
rocky composition. These masses are listed in Table 4.
Astrometry alsomeasures the semi-major axis of the primary star’s

orbit about the system barycentre, 𝑎A (Ranalli et al. 2018; Halbwachs
et al. 2022). Calculated from Thiele-Innes elements𝐶 and 𝐻, we find
this to be 0.093 ± 0.005 au (Table 4). This is in excellent agreement
with that derived from RV analysis (0.094 ± 0.001 au). We observe
almost negligible deviation in the orbital sizes, at a level below the
error bounds in the parameters.

5 DYNAMICAL SIMULATIONS OF MUTUALLY
INCLINED ORBITS

B20 discussed only the case that the orbits corresponding to Signals
1 and 3 are coplanar. Since DMPP-3 is an exotic system that chal-
lenges current understanding, we cannot dismiss the possibility of
mutually inclined orbits. We explore the stability of these configura-
tions with orbital integrations performed with the rebound N-body
code (Rein & Liu 2012). In performing dynamical simulations we
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Table 4. Gaia derived parameters, and derived masses constrained by incli-
nation and the assumption that all bodies lie in the same orbital plane.

Parameter Value

𝑎A (au) 0.093 ± 0.005

𝑖 (◦) 63.89 ± 0.78

𝑀B (Mjup) 91.90 ± 0.85

𝑀Ab (M⊕) 2.47 ± 0.56

𝑀Sig.4 (M⊕) 1.186 ± 0.289

have used multiple integrators to ensure confidence in our results.
The first integrator used was IAS15, a non-symplectic 15th order
Gauss-Radau integrator with adaptive time stepping (see Rein &
Spiegel 2015 for further information). The second was WHFast, a
symplectic Wisdom–Holman integrator (Wisdom & Holman 1991;
Rein & Tamayo 2015). A high order kernel was used in WHFast to
improve the accuracy of the integrations (Rein et al. 2019).
To investigate the stability of the companion star and a hypothetical

body orbiting as described by Signal 3, we neglected the circumpri-
mary planet(s): their small mass and close-in orbits mean they have
a negligible effect on the large scale system dynamics.
Duncan et al. (1998) describe the ideal time step needed for an

integrator as ∼ 10−3 of the smallest orbital period. Accordingly we
set the time step for WHFast to 0.5 days. We assumed the orbit of
DMPP-3B is edge-on (𝑖 = 90◦), and varied the inclination of Signal
3 between 90◦ and 270◦, to investigate the full range of prograde
and retrograde relative orientations. Despite having an estimate of
the inclination from Gaia astrometry (see Section 4.3), we retain
the edge-on assumption here. If DMPP-3B inclination is included,
the mass would be higher by a factor of 1

sin 𝑖 and the gravitational
interactions we are simulating would be stronger. To investigate po-
tential stability, we have therefore chosen to use the very minimum
possible mass for DMPP-3B, to rule out even the most feasible sce-
nario for stable orbits. Relaxing this assumption therefore would only
strengthen the conclusions we will draw from the simulations. We
performed simulations for each mutual inclination for a set of 100
configurations: a grid of 10 × 10 evenly spaced starting points for
both DMPP-3B and the potential Signal 3 object. Signal 3’s orbit
was assumed to be circular, as there is no evidence for non-zero
eccentricity.
We present the results of the investigation into dynamical simula-

tions in Fig. 6. Simulations were generally performed until the eccen-
tricity of the 800 d signal became > 1. In most cases this happened
very quickly (years), so we did not need to extend total integration
time to very large values. The evolution was generally chaotic. A few
initial set-ups led to long 𝑒 < 1 timescales. Upon investigation, these
all asymptotically approached being unbound. We therefore prag-
matically dealt with this by slightly reducing the criteria for system
disruption. We chose to use 𝑒 = 0.98 as the threshold.
The resulting trend in disruption timescales can be easily under-

stood. The stability time rises from the co-planar case (where the
orbits are sure to cross) up to a maximum at approximately 75◦–80◦
mutual inclination. As the Signal 3 orbit approaches face-on, the pu-
tative mass asymptotically approaches infinity and thus the mutual
gravitational interactions strengthen.
Mutual inclinations of 90◦–180◦ degrees indicate retrograde or-

bits. In all cases, the disruption time is shorter for the retrograde case
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Figure 6. Figure showing median time (for 100 different set-ups) until system
disruption, the time where eccentricity passes the value 𝑒 = 0.98, indicat-
ing the orbit becomes unbounded. This is calculated for different orbital
configurations, showing variation with mutual inclination between the two
objects. The inclination for DMPP-3B is set at 90◦, and the inclination of
an 800 d period object varied. Top: integrations for this plot are performed
with IAS15. Bottom: integrations performed with WHfast. All simulations
predict instability at very short timescales. The two integrators give the same
result, verifying that different truncation errors in simulations are not causing
the observed timescales.

than in the corresponding prograde case because close approaches
occur more frequently.
The simulations imply there is no stable situation for Signal 3 to

be attributed to an orbiting object. The longest median timescale
identified in the simulations is 14–15 yr. This also suggests that it is
unlikely the system could exist in this state for a short period and
evolve to some other configuration. The observed 800 d modulation
appears roughly sinusoidal over the 13 yr baseline (Fig. 2) showing
no sign of the chaos and rapidly-induced eccentricity we see in the
simulations. We rule out the possibility that Signal 3 is caused by a
planet with 𝑃orb ∼ 800 d, and instead focus on assessing whether
this modulation can be attributed to stellar activity.

6 STELLAR ACTIVITY

Weuse theCCF full-width at half-maximum (FWHM),CCFcontrast,
and bisector inverse slope (BIS) time-series from the drs pipeline, as
well as the S-index,H𝛼, andNaD fromHARPS spectra to thoroughly
investigate our data for signatures of stellar activity. The atomic
emission line strengths are extracted from the spectra following the
procedure detailed in Barnes et al. (2016), and we direct the reader
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to that work for further information on how these time-series were
produced.
As we explain in Section 4, we suspect Signal 3 is a stellar activity

artefact.We alsowish to check that the signals we attribute to orbiting
bodies are indeed of dynamical origin.

6.1 S-index

The S-index is derived from the Calcium iiH&K line core emission,
and is calculated as described in Lovis et al. (2011) and Costes et al.
(2021). The S/N for this indicator is not high due to the very low
chromospheric emission from DMPP-3 and the poor throughput at
the extreme blue end of the HARPS spectral coverage. The average
S/N for HARPS spectral order 7 (containing both H&K lines) in our
data is < 15 (in comparison to S/N of ∼ 100 at redder orders), and
will be reduced further for the calcium lines, due to these being at
the edges of the order. The blaze function peaks very strongly at the
centre of the order, so the flux will be diminished towards the edges.
We searched for periodicities in the S-index time-series using the

GLS periodogram shown in Fig. 7 a. There is an extremely broad
band of power exceeding 0.1 per cent FAP ranging from around 500-
1000 d which covers the 800 d period of Signal 3. The S-index and
RV residuals after subtraction of DMPP-3B’s orbit show a very weak
negative correlation. The noise present in the S-index time-series
may be obscuring the correlation.
There is no trace of significant S-index or other activity indicator

power at either the 6.67 d period of DMPP-3A b, or the 2.26 d period
potential planet Signal 4 (Fig. 8 a).

6.2 Full width at half maximum

The FWHM of the CCF used to extract the stellar reflex RVs is
another identifier we can use to track stellar activity (Queloz et al.
2009; Barnes et al. in preparation).
To analyse the FWHM values for any long term periodicities,

we must first correct for instrumental effects, see Appendix B. The
period analysis for the corrected drs FWHM values gives a GLS
periodogram with a peak at ∼800 d (Fig. 7 b), with a best-fitting
sinusoid of 792 d period. These values are consistent with Signal 3
(Fig. 3 c). We searched for additional periodicities in the residual
FWHM time-series after subtracting a 792 d period sinusoid. None
were found. Through our extension of the baseline and a formal
treatment of the CHEPS archival measurements, the ∼ 800 d FWHM
periodicity identified by B20 has been refined: the peak has become
sharper, with a higher level of significance.
We inspected the correlation between the FWHMactivity indicator

and RV residuals, after subtraction of Signals 1 & 2, shown in Fig. 9.
The Pearson’s 𝑟 is 0.39, with 𝐹-test 𝑝-statistic of 4.9 × 10−5. This
indicates a stronger detection of correlation than reported in B20,
𝑟 = 0.30 & 𝑝 = 3.7 × 10−3. The connection between stellar activity
and the origin of Signal 3 is supported.
We also searched for periodicities in the FWHM to assess the

origin of Signals 2 and 4: as with S-index, there is no significant
power at the 6.67 d period of DMPP-3A b, or for the potential planet
Signal 4 at 2.26 d (Fig. 8 b).

6.3 Bisector inverse slope

We performed periodogram analysis of the BIS time-series which
failed to identify any significant periods, with all the peaks below the
10 per cent FAP level. The bisectors appear to be well behaved, with
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Figure 7.GLS periodograms for activity indicators. The S-index (a), FWHM
(b), CCF Area (c) and H 𝛼 (d) are shown for the periods longer than 100 d,
with the most significant peaks generally found around ∼ 800 d. The S-index
and H 𝛼 both show local peaks that are not the most significant globally,
whereas CCF FWHM and Area have stronger connections to the period of
Signal 3 - illustrated with a dashed vertical line in all plots. The dashed
horizontal lines correspond to 0.1, 1 and 10 per cent FAP levels as before,
with these peaks in S-index, FWHM, and Area clearly more significant than
the 0.1 per cent level.

only a couple of observations showing changes in the line profile
shapes, which can be seen in Fig. 10. The most drastically different
line shapes correspond to the lowest signal-to-noise (S/N) observa-
tions. There is no significant sign of activity in these bisector shapes.
This is consistent with a dynamical origin for Signals 2 and 4, but
provides no evidence that Signal 3 is an activity artefact. Importantly,
the bisectors are also not modulated on the binary orbital period ei-
ther, further solidifying the dynamical interpretation of the eccentric
binary solution.

6.4 CCF contrast and area

Contrast is defined as the amplitude (or depth in comparison to the
continuum) of the inverse Gaussian function fitted to the CCF profile
(Günther et al. 2018; Collier Cameron et al. 2019). As the intensity of
the spectral lines described by the CCF changes, the depth will also
change, tracking stellar activity where fluxes are affected by dark
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Figure 8. GLS periodograms focused on periods corresponding to S-type
planet Signals 2 and 4, with vertical dashed lines indicating periods of 2.26
and 6.67 d. (a): S-index, (b): FWHM, (c): Na 𝐷1, (d): Na 𝐷2, (e): H α. No
indicator shows significant periodicities at the relevant period values, with
FAP levels denoted by dashed horizontal lines, as before.

spots or bright plages. The measurements of FWHM and contrast
are expected to be linked, as changes in the spectral lines should
alter both the depth and width of the fitted profile. We do measure a
weak negative correlation between FWHM and depth: the data give
a Pearson’s 𝑟 = −0.163, with a 𝑝-statistic = 0.104
Combining the FWHM with contrast we obtain the CCF area,

which is also often used as an activity diagnostic (Collier Cameron
et al. 2019; Costes et al. 2021). The GLS periodogram of this time-
series is shown in Fig. 7 c, and shows a ∼ 800 d periodicity with
similar significance and a sharper peak than that in the FWHMalone.
This is further evidence for a connection between Signal 3 and the
stellar line profiles.
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Figure 9.Median subtracted FWHM plotted against RV residuals, after sub-
traction of Signal 1 & 2 in Table 3.
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Figure 10. Bisectors of DMPP-3A, colour coded by phase for Signal 3 (Ta-
ble 3). Projected quadrature points of the signal (were this due to a orbiting
body) are blue and red, with conjunctions in black. The bisectors are parallel
shifted by the barycentric drift corrected RV velocity, output from theHARPS
drs.

6.5 Periastron events

Stellar activity can be enhanced by the tidal andmagnetic interactions
in close binary stars. With a periastron distance of 0.498 au, DMPP-3
is not a particularly close binary. Since magnetic forces between stars
generally decline more rapidly with separation than tidal forces (e.g.
Bromley & Kenyon 2022), the tidal effects will dominate in DMPP-
3AB. A number of binary systems show signs of stimulated activity
around periastron passage, suggesting a connection with tidal effects
induced by the companion star (Moreno et al. 2011). Close binary
stars generally show higher levels of chromospheric activity than
single stars of the same mass (Eker et al. 2008; Qian et al. 2012),
and for eccentric orbits this is strongest at periastron (Frasca et al.
2022). Moreno et al. (2011) study the causes of enhanced activity
during periastron events. They find that as tidal shear deforms the
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Figure 11. Investigation into enhanced activity around periastron.Top:Com-
bined observations of line strengths for the sodium doublet, phase folded to
the binary orbital period (which is at phase = 0, denoted with the dashed
vertical line). We see a slight increase in comparison with the main body of
remaining observations. Bottom: The GLS periodogram computed for the
sodium time series data, identifying a period near the binary orbit of ∼ 507 d
(again marked with a dashed vertical line).

stellar surface, energy is dissipated into the stellar layers as heat. The
rapid increase in energy deposited around periastron is a promising
mechanism to explain increased stellar activity at these orbital phases.
The manifestation of increased activity is likely to be noticed in

emission line changes or enhanced X-ray luminosity during perias-
tron (Moreno et al. 2005; Lavail et al. 2020). When the star’s surface
is perturbed by a companion, patches of the photosphere move at
different speeds, and the departure from uniform effective tempera-
tures and gravities induces line profile variability (Harrington et al.
2016). Inhomogeneity of the external stellar gas layers is evident
when observing changes in photospheric lines. The strongest line
variation is also seen during periastron, when the influence of the
binary companion is strongest.
For the configuration of DMPP-3AB we might expect some sign

of enhanced activity around periastron. Fig. 7 shows that there are
no well-defined peaks in most activity indicator periodograms at the
binary orbital period. This may be because the modulation is non-
sinusoidal. We have searched the time series of activity indicators,
to investigate whether we see any enhanced activity. The only indi-
cator that hints at increased activity around periastron is the sodium
emission. By combining the two doublet lines, we have inspected
the binary orbit phase-folded points and found a slight enhancement
around periastron (phase 0, Fig. 11, top panel). The periodogram of
this time-series, shown in the bottom panel of Fig. 11, identifies a
global peak relatively close to the ∼ 507 d period of the binary orbit
(indicated with a dashed vertical line). However, it is perhaps over-
zealous to attribute the increased sodium emission to an observable
activity increase in the DMPP-3 system: Eker et al. (2008) predict
that periods longer than a few hundred days will not be important for
increased chromospheric activity.
Future observations will establish whether the elevated NaD emis-

sion is reproducible. So far, we only have HARPS activity indicator
information during a single periastron passage. The next periastron

Table 5. Projected rotation velocities of the star DMPP-3A (HD42936). These
values were obtained from the SIMBAD database, and are listed with refer-
ences to the publications they originate from. For information on how each
rotation velocity was calculated, see individual sources.

𝑣 sin 𝑖 (km s−1) Reference

0.5 ± 1 Hojjatpanah et al. (2020)

1.4 ± 0.1 Ivanyuk et al. (2017)

1.643 ± 0.437 Soto & Jenkins (2018)

1.97 ± 0.14 Barnes et al. (2020)

2.7 Jenkins et al. (2011)

3.17 ± 0.1 species (see Table 1)

epoch is forecast to be in 2023 (around February 09), and observing
this would provide a far stronger assessment of periastron effects in
the DMPP-3 binary system.

6.6 Rotation period searches

Values for projected rotation velocity (𝑣 sin 𝑖) of DMPP-3A vary from
source to source, as shown in Table 5. DMPP-3A is a slow rotator
and reliable measurement of 𝑣 sin 𝑖 close to or below the instrument
resolution is challenging (Reiners 2007). HARPS has resolution 𝑅
(Δ_/_) of ∼ 115000, corresponding to ∼ 2.6 km s−1 so we can rule
out 𝑣 sin 𝑖 >> 2.6 km s−1 but a precise measurement is difficult
and dependent on details of the instrumental line spread function.
Nevertheless, by using 𝑃rot = 2𝜋𝑅 sin 𝑖/ 𝑣 sin 𝑖, we can obtain lower
limits for 𝑃rot assuming 0.5 km s−1 ≤ 𝑣 sin 𝑖 ≤ 3 km s−1, c.f. Table 5.
We find 15 d . 𝑃rot/sin 𝑖 . 90 d. These is as expected for a star
of this spectral type and age (Stauffer & Hartmann 1986; Suárez
Mascareño et al. 2015; Angus et al. 2020).
We searched periodograms of the activity identifiers for signs

of the rotation period between 15 and 90 d. The most significant
periodicities were found in the analyses of H𝛼, Na D1&D2 and
FWHM; as shown in Fig. 12. These indicators seem to share peaks
at ∼ 33 – 36 days. This might suggest that the rotation period lies in
the range 33–36 d. A period of around 35 days would correspond
to a 𝑣 sin 𝑖 of approximately 1.25 km s−1. However, upon analysis of
the spectral window function (Fig. 12 a) for the same period range,
we see that these activity periodograms look similar to the window
plot. Especially for the FWHM, where there is not much periodic
structure over shorter periods, the periodogram appears to be strongly
affected by the sampling. When phase-folding the activity series on
the identified periods, it becomes clear that sampling effects are at
play. The points cluster into two distinct groups (with the majority
of points in a single region), and phase coverage is very obviously
uneven. These effects are characteristics of time series data folded
on alias periods.
It is perhaps unwise to draw conclusions on the rotation period of

the star from such activity analysis, when the temporal sampling is so
influential. Further study is warranted, however a different approach
might be needed: either through observations specifically scheduled
to reduce aliasing; or a different method to determine the rotation
period given that this is a slowly rotating, low activity star.

MNRAS 000, 1–18 (2023)



DMPP-3 Revisited 13

101 1020.0

0.2

0.4

0.6
Po

we
r

(a): Window

101 1020.0

0.2

0.4

Po
we

r

(b): H 

101 1020.0

0.2

0.4

Po
we

r

(c): Na D1

101 1020.0

0.1

0.2

Po
we

r

(d): Na D2

101 102

Period [d]
0.0

0.2

0.4

Po
we

r

(e): FWHM

Figure 12. The spectral window function (a) and GLS periodograms of
activity identifiers, to search for rotation period. (b) – (e):H α, Na𝐷1, Na𝐷2
and CCF FWHM. The plots use a logarithmic scale on the x-axes and focus
on the region between 10 and 100 days. We expect the rotation period to lie in
this range, based on initial stellar radius (Table 1) and rotation velocity values
(Table 5). The shaded band highlights periods in the range 33 – 36 d, where
these indicators all share peak features.

7 DISCUSSION

DMPP-3 is an exciting discovery which offers several potentially
productive avenues to explore. Most of these are phenomena we an-
ticipated or could have anticipated when the Dispersed Matter Planet
Project was conceived (Haswell et al. 2020), but the dynamically
impossible 800 d RV signal, Signal 3, is a surprise. We begin our
discussion by considering how it might arise. We did consider the
possibility Signal 3 could be an instrumental artefact, but this possi-
bility is quite easy to dismiss, given the excellent stability ofHARPS,
the many other stars which have been monitored over a similar tem-

poral baseline, and our analyses of the various observed line profile
properties.

7.1 Activity sources

Stellar activity can affect RVs, even in relatively inactive old stars
such as DMPP-3A. The main contribution to activity induced RVs
for slowly-rotating, low activity stars is the suppression of convective
blueshift (Cretignier et al. 2020; Costes et al. 2021). This is also the
dominant effect in the Sun’s RV variability (Meunier et al. 2010).
Convective blueshift (CB) is caused by up-welling of material in
a star’s convection granules on the photosphere. The rising of hot
(bright) material seen at the centre of the region outweighs the effect
from the cooler falling material, resulting in a net blue-shifted effect
in the spectral lines. In active regions, magnetic fields hinder the
convection and suppress the rising of new material, causing stellar
regions such as spots and plages to be red-shifted in comparison
to the surrounding disc (Bauer et al. 2018). The mean line profile
used to determine the RVs for the star will therefore include shifted
lines from the individual regions of suppressed CB, introducing an
overall broadening (that will affect the RVs), that will be reflected
in an altered FWHM measurement. Cretignier et al. (2020) simulate
stellar activity for slowly rotating stars and find that the changes in
RVs caused by diminished CB inside faculae likely dominates over
the RV changes caused by the reduced flux of dark spots.
Convective blueshifts of stars with HARPS have been calculated

recently by Liebing et al. (2021), who find empirical relations for the
scale factor between CB on the Sun and other stellar types. For K0
type stars, likeDMPP-3A, the relation predicts a value of 0.409CB� .
Spectroscopic and photometric variations of stars with periodic-

ities < 100 d will primarily be induced by the movement of ac-
tive regions as the star rotates, and hence show modulation on the
timescale of the rotation period. For longer periods (longer than the
evolution timescale of individual activity features) the measured ac-
tivity change would correspond to the activity level changing in a
similar way to the solar magnetic cycle modulation on the Sun. The
overall convective blueshift is dependent on the global activity level
(Meunier et al. 2017). Therefore if the activity level changes over
the course of a stellar cycle, the convective blueshift should roughly
trace the global activity level. The amplitude of variation from CB
over the Sun’s magnetic cycle is 11 m s−1 (Meunier et al. 2010),
and by comparison the full amplitude of Signal 3 is ∼7 m s−1 (Ta-
ble 3). This value is broadly consistent with the relation from Liebing
et al. (2021) discussed above, where the CB effect will be reduced
compared to the effect seen on the Sun. Therefore, whilst the ∼ 800 d
Signal 3 cannot arise from rotation, it perhapsmay arise from activity
modulation in DMPP-3A.

7.2 Stellar activity cycles

A modulation period of ∼ 800 d (∼ 2.2 yr) is much shorter than
the Sun’s magnetic cycle (approximately 11 yr). However, the cycle
period changes from star to star, depending on numerous factors such
as spectral type and binarity. A recent investigation into stellar cycles
discusses stars with identified cycle periods just over 1000 d (Sairam
&Triaud 2022).As our Signal 3 seems too long for rotation, it is likely
to be a short stellar cycle. We can compare with Suárez Mascareño,
Rebolo & González Hernández (2016), who studied magnetic cycles
of 12 K-type stars, and found a mean cycle length of 6.7 years.
Two cycles identified in stellar photometry were however 1.7 and
2.7 years, similar in length to our 2.2 year Signal 3.
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Suárez Mascareño et al. (2016) also identify some stars with mul-
tiple cycles. For example, GJ 729 has two superimposed cycles, of
7.1 and 2.1 years. The authors suggest that the shorter period might
be a "flip-flop" cycle. A flip-flop cycle is the repeated inversion in
longitude of spot regions on the stellar photosphere. This effect was
first studied on the Sun, where spot activity alternates in longitude
on timescales of 1.5 to 3 years, causing cycles of 3.8 and 3.65 yr in
the northern and southern hemispheres, respectively (Berdyugina &
Usoskin 2003). These periods are roughly 1/3 of the 11 year sunspot
cycle, a ratio that is seen to persist over long timescales. This flip-
flop effect can be observed in both spectroscopic and photometric
measurements (Suárez Mascareño et al. 2016).
The cycle observed on DMPP-3A with period of 2.21 years has a

range of potential origins. The cause could be: a short stellarmagnetic
activity cycle; a sub-cycle of a longer cycle that we are not sensitive
to detect; a harmonic of a longer cycle; or a flip-flop cycle. The cycle
length is consistent with a flip-flop cycle 1/3 the length of a longer
stellar magnetic activity cycle, given that the average found by Suárez
Mascareño et al. (2016) for K-type stars was 6.7 years – although this
could be purely coincidental.

7.3 Implications for RV detections

The lack of any well-defined periodicity at 800 d in the S-index and
the BIS is consistent with a dynamical interpretation of the 800 d
period. The absence of any systematic variation of the line bisector
shapes on the 800 d period is also a positive sign for a dynamical
interpretation. We did see power in the S-index between 540 d and
1000 d and more localised and higher significance peaks around
800 d in the FWHM and CCF area periodograms. It is possible
these latter periodicities would have caused us to doubt the 800 d
signal was due to a planet even if it had been found in a single-star
system. It is also possible that we would have attributed Signal 3
to a planet after examining the S-index and BIS periodograms and
the line bisector shapes. It was the impossibility of the dynamical
explanation of Signal 3 which motivated a very detailed examination
of all the available activity indicators, along with a consideration of
the long-term effects observed in the Sun.
This raises the possibility that there may be published planet ‘de-

tections’ which have an origin analogous to that of Signal 3. The
techniques for discerning the long-period spectroscopic signatures
of stellar activity cycles are only now being developed. Signal 3 in
DMPP-3AB provides a cautionary example and an opportunity to
learn. Further monitoring of DMPP-3 may reveal more clear-cut ev-
idence that Signal 3 is not strictly periodic, as the S21 data already
begins to suggest (cf. Fig. 5). If we are to confidently detect long
period planets, including analogues of the Solar System planets, we
must hope that this is the case. This is perhaps our most important
conclusion as it has serious and widely-applicable implications.

7.4 Consequences of a second planet

If the 2.26 d period Signal 4 is a planet, DMPP-3 becomes an even
more exciting prospect for study into planetary system formation,
evolution and dynamics. The tightest S-type planetary system cur-
rently known to contain multiple planets2 (strictly, a gas giant and
a brown dwarf) is HD87646, where the primary star in a binary of

2 Planets in binary systems are recorded in a machine-readable table,
accessed from https://lesia.obspm.fr/perso/philippe-thebault/
plan_bin500au.txt. The table is complete for all planets on S-type orbits

separation 19.5 au hosts two substellar objects (Ma et al. 2016). A
second planet in DMPP-3 would confront and challenge ideas about
planetary system evolution. A major factor in governing evolution
in binary star planetary systems is the separation; the nearest multi-
planet analogue has a binary separation over an order of magnitude
higher than that of DMPP-3.
The two close-in S-type planets will interact gravitationally with

each other as well as with the very low mass stellar eccentric bi-
nary companion DMPP-3B. Their orbits will evolve under dynamic
excitation of eccentricity and tidal circularisation. They potentially
offer opportunities to derive constraints on the material properties
of the objects, including the viscoelasticity and tidal response. This
ultimately could offer some empirical clues to the interior structure
of the two low mass planets, cf. Makarov et al. (2003). This is par-
ticularly interesting as these planets are likely to be losing mass,
and may be the remnant cores of previously more massive objects.
They lie below the Neptune desert in the orbital period – planet mass
plane. Furthermore, transmission spectroscopy may reveal the chem-
ical composition of the vaporising planetary surface, complementing
the information deduced from the tidal properties.
Our potential detection of a second S-type planet highlights the

power of the DMPP target selection. Amere ten years ago, Roell et al.
(2012) made conclusions on the state of discoveries of exoplanets in
multiple stellar systems, with two of the main points being that so
far planets hadn’t been detected in close binaries with separation
< 10 au, and that multiple planets had not been detected in systems
with separation < 100 au. DMPP has identified a system which
defies these limitations thus providing an excellent laboratory to
study extra-solar system formation and evolution.

7.5 Planet formation in a tight binary

The evolutionary history of theDMPP-3 system is an interesting topic
for debate. Much consideration has been given to the circularisation
of eccentric binary star orbits by tidal forces, with a comprehensive
recent summary of the theoretical work given in the introduction of
Zanazzi (2022). Tidal forces are obviously most influential for short
orbital periods, and observational selection effects make systems
with short orbital periods more likely to be discovered and further
studied. Zanazzi (2022) accordingly do not consider periods as long
as that of DMPP-3AB. Çakirli (2022) use a comprehensive sample of
eclipsing binaries to conclude that long period binariesmay be tidally
circularised significantly more efficiently than is usually assumed.
DMPP-3AB is more eccentric than any of their sample - cf. fig. 6 of
Çakirli (2022) - but offsetting the high eccentricity, DMPP-3B has
the lowest mass possible for a star. It is therefore difficult to rule out
the stellar binary existing in more or less the current configuration
for the entire main sequence lifetime of the primary star. HD137496
is orbitally similar to DMPP-3, with a dense, hot super-Mercury on
a 1.6 d orbit and a cold 𝑀𝑝 sin 𝑖 ≈ 7.7MJ giant on a 480 d orbit with
𝑒 = 0.477 ± 0.004 (Azevedo Silva et al. 2022). It is possible these
two systems share aspects of their evolutionary history.

7.5.1 In situ planet formation

Assuming the system began in essentially the present configuration,
we can consider the likelihood of in-situ planet formation. Though

in binaries of separations up to 500 au (last updated 2022 Sept 01, contains
171 systems).
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they orbit in the semi-empirical ‘safe’ zone for S-type planets (Hol-
man & Wiegert 1999), the available mass for DMPP-3A b (Signal
2) and the putative Signal 4 planet to form out of would have been
limited by truncation of the protoplanetary disc. Theoretical models
of tidal truncations (for dust discs in the Taurus region) are de-
scribed by Manara et al. (2019), who provide an analytical function
for truncation radius depending on input binary parameters. Using
their equation C.1 for the DMPP-3 system, we are able to determine
truncation radii for differing Reynolds numbers (which inform the
analytically derived coefficients used for a ` ∼ 0.1 binary). The
Reynolds number is related to the magnitude of viscous stress, which
resonant torques need to overcome in order to truncate the disc (Zeng
et al. 2022).
The resulting radii are < 0.4 au, for Reynolds numbers 104–

106. Zeng et al. (2022) show in their study of the Gliese-86 system
that truncation radius decreases with increasing Reynolds number,
and consider Reynolds number in the range in 103–1014. We thus
take a lenient upper limit of 0.4 au as the truncation radius. To
form the ∼ 2 M⊕ planet from a disc with radius 0.4 au, we would
require a mean dust surface density of Σd ∼ 100 g cm−2. Tazzari
et al. (2017) investigate dust densities in protoplanetary discs (in the
Lupus star forming complex) observed with ALMA. Through use
of their equations 1&2 and data in their table 3 we can determine
mean Σd. For the 22 systems included in Tazzari et al. (2017), we
calculate Σd . 2 g cm−2. For the discs studied, there seems to be no
relationship between disc parameters and stellar parameters (Tazzari
et al. 2017).We can conclude that unless the disc that formed DMPP-
3A b was anomalously dense, it is therefore unlikely that the system
formed in the current configuration. This conclusion is reinforced by
the likelihood that the hot planet(s) may also have been losing mass
since their formation.

7.5.2 Mass loss

DMPP target stars were selected through the spectroscopic signature
of circumstellar gas attributed to mass losing hot planets (Haswell
et al. 2020). DMPP-3 is ∼10 Gyr old; the planet(s) would need to
initially be more massive if they have been continually losing mass.
CDEs provide the most dramatic examples of mass loss, exemplified
by Kepler-1520b. The planet is a hot, ∼ 0.1M⊕ , rocky planet heated
to ∼ 2100K, where extreme irradiation vapourises the rocky surface
(Rappaport et al. 2012). Dust condenses from the metal-rich vapour
and subsequently forms a comet-like tail which causes variable-
depth transits. The planet DMPP-3A b has an estimated equilibrium
temperature of 𝑇eq ∼ 850 K (B20). The putative Signal 4 planet
would have 𝑇eq ∼ 1800 K, almost as hot as Kepler-1520 b.
Temperature is however not the only factor that dictates the mass-

loss rate for a disintegrating planet. Perez-Becker & Chiang (2013)
model the mass-loss history of a CDE for different initial masses.
The larger the formation mass of the planet, the more likely it is to
retain material due to the stronger surface gravity. Perez-Becker &
Chiang (2013) found for 𝑇 = 2145𝐾 , rocky planets of initial mass
above ∼ 0.12 M⊕ are able to survive for longer than 10 Gyr (see
their figure 9).
Booth et al. (2022) extend the simulations of CDE mass-loss his-

tory. For the first time, they include models for the formation of the
dust grains, as well as progressing the treatment of dust heating by
considering both stellar and re-emitted thermal radiation from the
planet itself. Their analysis builds on previous work, and predicts
mass-loss rate for a range of planet masses and temperatures (Fig-
ure 6; Booth et al. 2022). This then implies how long the planets

would survive under gas and dust loss. The shortest lived planets are
the hottest and smallest, in agreement with previous works.
The planet(s) in the DMPP-3 system, despite being heated to high

temperatures, have minimum masses that are far above the threshold
required for significant mass loss. The putative Signal 4 planet has
mass 𝑀p > 0.8 M⊕ , in comparison with the far lower formation
mass of ∼ 0.05 M⊕ required for it to not survive 10 Gyr at 1800 K
(cf. Fig. 6 in Booth et al. 2022). The mass-loss would be negligible in
comparison to the total mass of the planet, and the age of the system.
Therefore, solely from an evaporation history viewpoint, it would be
plausible that the planet(s) could reside in the current orbit(s) whilst
retaining the majority of their material.

7.5.3 Circumbinary capture

The protoplanetary disk truncation arguments (Section 7.5.1) imply
that DMPP-3 has undergone dynamical reconfiguration. Formation
of planets outside a close binary would bemuch easier to accomplish,
and is feasible for distances far enough away from the central stars
(Meschiari 2012). There exists an instability zone outside the binary
where the companion stirs up eccentricity of planetesimals causing
higher encounter velocities. Faster impacts reduce the likelihood of
forming large bodies through accretion (Paardekooper et al. 2012).
Holman & Wiegert (1999) simulated the critical semi-major axis
around the inner binary where a planet will always be stable, and
using their semi-empirical formula we find a P-type critical semi-
major axis of 3.95 au for the DMPP-3 system.
Some circumbinary planets have been found orbiting within this

‘critical semi-major axis’ in their system, e.g. Kepler-16 b (Meschiari
2012). The stability limit for a system also depends on mean motion
resonances, with regions of stability in-between first-degree (𝑁 : 1)
resonances (Quarles et al. 2018; Martin & Fitzmaurice 2022). The
most likely evolutionary scenario would be the formation of a core
far enough away from any unstable regions, followed by migration
inwards (often quickly passing through unstable resonances) due to
gravitational interactions – with either the protoplanetary disk or a
second circumbinary planet (Meschiari 2012; Fitzmaurice, Martin
& Fabrycky 2022).
Through migration towards the centre of the system, there is a

possibility that such a planet could then be captured by one of the
components of the binary. This was investigated byGong& Ji (2018),
who found that there was a low (but non-zero) probability of such a
scenario occurring. The probability is improved with planet-planet
scattering before a capture. This process would require an instability
mechanism to stir up chaotic motions for any chance of capture
– such as destabilising mean motion resonances (e.g. 5:1, 6:1, 7:1)
with the inner binary (Martin & Fitzmaurice 2022), or mutual inward
resonant migration of two P-type planets forcing an inner planet too
close to the central stars (Fitzmaurice et al. 2022). A P-type to S-type
conversion would be very rare, but could be possible provided that
the unstable motion does not end with ejection or collision with one
of the stars (Sutherland & Fabrycky 2016).
P-type planet capture seems plausible, albeit unlikely, for a single

planet, but not so for two planets in an S-type orbit around the pri-
mary. The likelihood for two planets to be captured, and not ejected
during any interactions, will then be far smaller. Further RV obser-
vations of DMPP-3 to confirm the putative second planet are needed
to reveal whether or not this formation channel is viable.
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7.5.4 Alternative initial configurations

We can also consider migrations within the system. The current lo-
cation of the binary and the instability zone it creates (Holman &
Wiegert 1999) would mean that for any planetary migrations from
wider orbits, the binary star would also have needed to start life
on a wider orbit. Interactions with protoplanetary discs can cause
migrations that allow formation of planet pairs in mean motion res-
onance (MMR) despite the presence of a binary companion. Roisin
et al. (2022) simulate the evolution of planet pairs, and find that res-
onances (such as the 3:1 resonance, close to the orbital period ratio
between Signal 2 to Signal 4) can arise during migrations.
If DMPP-3B formed further out and migrated inwards, perhaps

caused by interaction with an external object, then it would provide
a safer environment for the circumprimary planet(s) to form. Low
mass hydrogen burning secondary stars are typically formed through
fragmentation of protostellar accretion disks (Kaplan et al. 2012).
This fragmentation tends to happen on scales of ∼ 100 au, but a lot
of these very low mass stars (VLMSs) end up close to the primary
through scattering and secular migration (Kaplan et al. 2012).
The final scenario to consider here in the formation and evolu-

tion discussion is the possibility that the binary companion was not
present during the formation of the planets. It seems plausible for
planets to form (and potentially migrate inwards) close enough to
the parent star, where they could remain safe during a capture of a
more massive body at some point during the system’s history. Ex-
change reactions with another system could potentially swap existing
companions in four-body interactions, but would be rather unlikely
(Kaplan et al. 2012). Tidal capture could occur between two objects,
creating a binary system, which would tend to produce tight binaries
(Bodenheimer 2011). A chaotic capture of a VLMS by a Sun-like
star could also be the mechanism that provided the large eccentricity
we observe for DMPP-3B.

8 CONCLUSIONS

Wehave studied the dynamics of the compact, eccentric S-type binary
DMPP-3. New observations allowed us to study the reflex radial
velocities and examine the signatures of stellar activity in more depth
than previous work. Our main conclusions are:

(i) We derive significantlymore precise parameters for theDMPP-
3AB binary orbit. The 3𝜎 lower limit on the projected mass of
DMPP-3B is now 80.9Mjup. This establishes DMPP-3B can sus-
tain hydrogen burning, and is a star at the very bottom of the main
sequence.
(ii) The dynamically problematic 800 d RV signal identified by

B20 is confirmed, though the stacked periodogram suggests the signal
may not be strictly periodic.
(iii) Numerical simulations demonstrate that there is no mutual

inclination for which DMPP-3AB can harbour an object produc-
ing the 800 d signal via reflex radial velocities. This confirms and
strengthens the conclusion of B20, that the 800 d signal must arise
from stellar activity.
(iv) Comprehensive investigation of the activity indicators pro-

vides evidence (from the S-index, FWHM, and CCF area) that the
∼800 d Signal 3 is an artefact of stellar activity.
(v) We confirm the detection of the 6.67 d S-type super-Earth

planet DMPP-3A b and refine its parameters, finding 𝑀p sin 𝑖 =

2.224+0.502−0.279M⊕ .
(vi) An additional 2.26 d Earth mass S-type planet candidate is

tentatively detected (Signal 4; 0.2 per cent FAP; 2𝜎 significance).

Being both hotter and lower mass than DMPP-3A b this planet can-
didate would be more likely to produce radiation-driven mass loss,
and create a diffuse circumstellar gas shroud. Further high precision
RV observations are required to confirm this planet candidate.
(vii) There is no sign of either DMPP-3A b or Signal 4 being due

to stellar activity, and orbital simulations demonstrate stability for a
two-planet system.
(viii) The DMPP-3AB binary is detected astrometrically byGaia.

The resulting orbital inclination, 63.89±0.78◦, allows us to constrain
the mass of DMPP-3B to 91.90 ± 0.85 Mjup. If the planet(s) lie
in the same orbital plane, we can estimate ‘coplanar’ masses of
𝑀Ab = 2.47 ± 0.56M⊕ and 𝑀Sig.4 = 1.186 ± 0.289M⊕
(ix) Theremay be published long period planet ‘detections’ which

have an origin analogous to that of Signal 3. Further RV monitoring
of DMPP-3 will reveal signatures which can be used to most effi-
ciently identify these imposters. This is perhaps our most important
conclusion as it has serious and widely-applicable implications.
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Table B1. Coefficients for use in Equation B1. These were determined by
Costes et al. (2021) through analysis of HARPS data for 23 K-type RV
standard stars, all with a high number of spectra recorded over a long baseline.

Variable Value (km s−1)

a 1.5 ± 0.2 × 10−9

b 4.9 ± 8.9 × 10−7

c −1.2 ± 0.1 × 10−2

Zeng Y., et al., 2022, AJ, 164, 188
Çakirli Ö., 2022, MNRAS, 518, 2885

APPENDIX A: ORBITAL CONFIGURATION

To visualise the orbital configuration of the DMPP-3 system, dia-
grams detailing this are shown here in Fig. A1. The entire system is
shown, as is the zoomed-in section near the star where the planet(s)
exist in stable orbits after orbital evolution simulations. The orbits
are plotted with parameters corresponding to the maximum a poste-
riori parameters, as described in Table 3. The orbits are shown for
the co-planar case, and it is immediately apparent that if Signal 3
was attributed to a planet there would be a collision with the binary
companion. Since orbital simulations (Section 5) show that for any
mutual inclination of companion and ‘800 d object’ the system is
unstable, this is only included to illustrate the scenario.

APPENDIX B: FWHM CORRECTIONS

We used eight archival measurements made with HARPS between
2008 and 2013 (Jenkins et al. 2009) as well as many more recent
observations. Thus the observations span the HARPS fibre exchange
in 2015 (Lo Curto et al. 2015). We see a discontinuity in the FWHM
(Fig. B1 a). We normalised pre- and post-upgrade data by subtract-
ing the median FWHM value of each (Fig. B1 b). This corrects the
apparent 0.07 km s−1 offset but could, however, absorb some real
astrophysical differences.
Despite this, we anticipated the correction would not significantly

impact the search for periodicities on timescales less than 1000 days
as there are only 8 pre-upgrade points spanning 5 years, two of which
were ultimately discarded (see Appendix C).
The second correction to make is due to the systematic long-term

drift in the focus of the instrument (Dumusque 2018). In a recent
analysis by Costes et al. (2021), the authors analyse a sample of main
sequence stars, where they identify the HARPS instrumental focus
drift and apply a correction based on spectral class for FGK stars. A
polynomial trend is computed for the stars, but their study only uses
data points before the fibre upgrade. This is given, with empirically
determined coefficients for K-type stars in Table B1, as:

𝑎 × (BJD − BJD0)2 + 𝑏 × (BJD − BJD0) + 𝑐. (B1)

Here 𝑎, 𝑏, and 𝑐 are said coefficients, BJD denotes the observation
time, and BJD0 the reference initial time (2452937.57). We used
this polynomial to remove the trend from the CHEPS data points
(Fig. B1 c). To extend the analysis of Costes et al. (2021) we used the
same sample of stars to determine that the observed trend does not
continue after the fibre upgrade (Fig. B2). We already suspected this

from the DMPP-3 post-upgrade FWHM data, and we performed no
further corrections to the FWHM data.
The FWHM in the analysis presented above and in Section 6.2

comes directly from the HARPS drs. We tried also performing a
colour correction, using the flux templates from the HARPS reduc-
tion process to re-weight the CCF orders (A. Suarez-Mascareño,
private communication). A re-weighting of the CCF from the drs
improves results for M-dwarfs (Toledo-Padrón et al. 2021). For our
data this alternate approach did not provide improvement upon that
from drs, which was to be expected as the HARPS drs already im-
plements a colour correction for all except M-type stars (Cosentino
et al. 2014).

APPENDIX C: TWO OUTLIERS

A target radial velocity needs to be specified for the drs pipeline to
successfully extract RV values. If the target RV field is set to 99999
(km s−1), RV calculation can be turned off, and the data products
are calculated incorrectly. Two of the CHEPS spectra are flagged in
this way and have outlying FWHM, BIS and contrast values. We
have rejected them from these activity time-series. Note: the RVs
themselves were derived using the terra software, and we have no
reason to exclude them.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A1. Diagrams showing the DMPP-3 orbital configuration, if Signal 3 is indeed an orbiting body. Stellar objects shown as black star symbols, and planets
as red circles. Objects not shown to scale relative to orbit sizes. The axes of 𝑥 and 𝑦 help visualise the sizes of the orbits, but correspond to arbitrary directions
in the orbital plane (a) The entire view. (b) An enlarged section near the star, showing the possible orbits of two S-type planets.
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Figure B1. Visualisation of the corrections performed on the FWHM data before and after the fibre upgrade (at BJD ∼ 2457174). The 6 points on the left
(red) are the pre-upgrade FWHM values. (a) The uncorrected values, focusing on the CHEPS and DMPP datasets. (b) Normalising before and after upgrade to
a common zero median, treating as two independent datasets. The trend from Costes et al. (2021) is plotted over in dashed lines, and extends until the era of
the fibre upgrade. As can be seen from the main DMPP observations taken after the upgrade, they do not appear to follow a similar polynomial trend. (c) The
pre-upgrade values with the trend now subtracted off, bringing both datasets together coherently.
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There are no planets intermediate in size between Earth and Nep-
tune in our Solar System, yet these objects are found around a
substantial fraction of other stars [1]. Population statistics show that
close-in planets in this size range bifurcate into two classes based
on their radii [2, 3]. It is hypothesized that the group with larger
radii (referred to as “sub-Neptunes”) is distinguished by having
hydrogen-dominated atmospheres that are a few percent of the total
mass of the planets [4]. GJ 1214b is an archetype sub-Neptune that
has been observed extensively using transmission spectroscopy to
test this hypothesis [5–14]. However, the measured spectra are fea-
tureless, and thus inconclusive, due to the presence of high-altitude
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aerosols in the planet’s atmosphere. Here we report a spectro-
scopic thermal phase curve of GJ 1214b obtained with JWST in the
mid-infrared. The dayside and nightside spectra (average brightness
temperatures of 553± 9 and 437 ± 19 K, respectively) each show > 3σ
evidence of absorption features, with H2O as the most likely cause in
both. The measured global thermal emission implies that GJ 1214b’s
Bond albedo is 0.51± 0.06. Comparison between the spectroscopic
phase curve data and three-dimensional models of GJ 1214b reveal
a planet with a high metallicity atmosphere blanketed by a thick
and highly reflective layer of clouds or haze.

The exoplanet GJ 1214b has a radius of 2.6R⊕ and orbits its late M dwarf
host star with a period of 37.9 hours [15]. We observed the phase curve of
GJ 1214b using JWST’s Mid-Infrared Instrument Low Resolution Spectrome-
ter (MIRI LRS) [16] on July 20 – 22, 2022. The observation was a time series
of regular and continuous integrations using the slitless prism mode, starting
2.0 hours before the predicted time of secondary eclipse. The data acquisition
continued through the eclipse, a transit, and for 1.1 hours after a second eclipse
for a total of 41.0 hours. The telescope pointing was kept fixed during the obser-
vation; neither scanning nor dithering was used. A total of 21,600 integrations
with 42 groups per integration (6.68 s integration time) were obtained.

We used a custom pipeline to reduce the data and extract the combined
spectra of the planet and its host star from 5 to 12µm. We generated spectro-
scopic light curves (Extended Data Figure 1, inverted to equivalently produce
spectra at each orbital phase; Extended Data Figure 2) by binning the data
by 0.5µm (corresponding to 7 to 28 pixels per bin). We also produced a band-
integrated “white” light phase curve by summing the data over all wavelengths
(Figure 1). Although the raw JWST light curves exhibit systematics that are
typical for space-based phase curve observations, we clearly see the transit
and the secondary eclipse in the light curve prior to any detrending (Extended
Data Figure 3). We thus applied corrections for the systematics using standard
methods and fit the data with an exoplanet phase curve model. More details
of the data analysis are given in the Methods section.

Previous observations at 4.5µm with the Spitzer Space Telescope ten-
tatively detected the secondary eclipse of GJ 1214b half an orbital period
following the transit (i.e., at phase 0.5) with a corresponding brightness tem-
perature of 545+40

−50 K [17]. We confirm the timing of the secondary eclipse,
which is also consistent with prior constraints from radial velocity observations
[18], suggesting a nearly circular orbit for the planet. We measure a best-fit
brightness temperature for the MIRI 5 – 12µm secondary eclipse of 553± 9 K,
in further agreement with the prior Spitzer observation.

Our measurement of GJ 1214b’s thermal emission allows us to map out
the planet’s longitudinal brightness temperature distribution in the 5 – 12 µm
wavelength range (Figure 2). It is apparent from this calculation that the
planet must have a non-zero albedo, as its emission at nearly all longitudes
falls well below what is expected for a fully absorptive planet in the limit that
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Fig. 1 The white light phase curve of GJ 1214b. a, The phase curve integrated from
5− 12µm after subtraction of instrument systematics and removal of the first hour of data.
The transit and two eclipses are clearly seen at phase 0.0 and ±0.5, respectively. Red points
are binned at every 5 degrees in orbital phase. The black line is our best-fit astrophysical
model, which includes the primary transit, secondary eclipses, and phase-dependent thermal
emission assuming a second-order sinusoid functional form. b, Same as panel a, but zoomed
in to show the phase modulation in the planet’s thermal emission. The dashed black line
indicates the (presumed constant) stellar flux in the absence of any emission from the planet.
c, Residuals of the binned data from the astrophysical model with 1σ error bars.

it uniformly redistributes the energy received from its host star (dashed line in
Figure 2). Furthermore, we estimate that the MIRI LRS bandpass encompasses
approximately 50 – 60% of the planet’s emitted flux (see Methods). This gives
us confidence that we are capturing the majority (and the peak) of GJ 1214b’s
thermal emission and allows us to determine the planet’s Bond albedo with-
out heavy reliance on model extrapolations. We estimate a Bond albedo of
0.51 ± 0.06, implying that the planet reflects a considerable fraction of the
incident starlight it receives. The error bar is derived formally from the phase
curve data; we estimate that systematic uncertainty in the nightside flux from
choices in the data reduction could make the error as large as 0.12, as detailed
in the Methods. For context, hot Jupiter exoplanets have been found to have
very low geometric and Bond albedos [19–21]. The majority of solar system
planets have Bond albedos less than 0.35, with notable exceptions being Venus
(0.75) [22] and Jupiter (new upwardly revised value of 0.53) [23].
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Fig. 2 Temperature map of GJ 1214b. a, The equatorial 5 – 12µm brightness temper-
ature vs. phase angle of GJ 1214b, obtained by inverting the phase curve observations, as
described in the Methods section. The gray region is the 3σ confidence interval on the derived
temperature. The dashed line indicates the zero-albedo temperature of GJ 1214b under con-
ditions of uniform heat redistribution. b, The photospheric temperature map extrapolated
by inverting the phase curve assuming a cosine dependence of the temperature with lati-
tude. Black regions are where the mapping inversion of the measured planet-star flux ratio
produces negative planetary emission due to the functional form that is enforced [24].

To obtain further constraints on GJ 1214b’s atmospheric composition,
aerosol properties, and atmospheric dynamics, we ran a new set of 3-D gen-
eral circulation models (GCMs) spanning compositions from solar metallicity
to high mean molecular weight atmospheres (i.e., 3000× solar metallicity; see
Methods). Transmission spectroscopy of GJ 1214b requires a thick aerosol layer
at the planet’s terminator [11]. The composition of the aerosols is unknown,
but hydrocarbon haze is the favored culprit [25–29]. Prior 3-D modeling of
GJ 1214b has focused on clear atmospheres [30] and condensate clouds [31–33]
but neglected photochemical hazes. Given large uncertainties in the nature of
GJ 1214b’s aerosols, we ran end-member GCMs both with clear atmosphere
conditions and with a thick global haze. Our nominal haze model uses the opti-
cal properties of soot [34] and a vertical distribution based on results of 1-D
models of photochemical aerosol formation using CARMA [35, 36]. We addi-
tionally ran several simulations with more reflective hazes (specifically, tholins
[37] and an idealized conservative scattering haze) due to our finding that
GJ 1214b has a high Bond albedo. From these simulations, we forward-modeled
synthetic MIRI phase curves and phase-resolved spectra for comparison to the
data (see Figures 3 & 4).

We found that the broadband MIRI phase curve is best matched by GCM
simulations that include a metallicity in excess of 100× solar and a thick
haze composed of highly reflective aerosols (Figure 3). The high metallicity is
required to produce the large observed phase curve amplitude [30–33, Extended
Data Figure 4]. On the dayside, the observed phase curve falls between models
that assumed tholin-like aerosols and those with purely conservative scatterers,
implying single scattering albedos (SSA) in excess of ∼0.8 over the wavelength
range of GJ 1214’s peak luminosity. Clear atmospheres absorb too much stel-
lar radiation and are thus all globally too hot to match the observed phase
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Fig. 3 White light phase curve compared to GCM outputs. a, The best-fit phase
curve model (thick black line) is compared against GCM outputs for clear-atmosphere mod-
els, assuming various metallicities, as indicated. Dark and light gray shaded regions are the
1σ and 3σ uncertainty regions, respectively. All clear atmosphere models predict the planet
to be much hotter and therefore have considerably more 5 – 12µm thermal emission than
what is observed. b, The addition of a thick haze to the 100× solar metallicity GCM (solid
colored lines) alters the model predictions. Absorptive hazes (e.g., soot) heat the dayside
and cool the nightside, producing even stronger dayside emission and thus a poor fit to the
observations. More reflective hazes (e.g., tholins and “maximally reflective” hazes with a high
imposed SSA) cool the planet globally and provide a better match to the observed dayside
flux. c, Models with reflective hazes and high metallicity (e.g., blue and purple lines) pro-
vide the best qualitative fit to the observed phase curve, although further tuning of the haze
parameters and metallicity would be required to reproduce the observed thermal emission
at all orbital phases.

curve. Furthermore, the nominal CARMA haze model did not provide suf-
ficient radiative feedback to significantly alter GJ 1214b’s thermal structure;
models that best match the data required a haze optical thickness enhanced
by a factor of 10.

A consistent picture of a planet with a high metallicity atmosphere and a
thick, high-albedo haze qualitatively agrees with all of the available data prod-
ucts: the white light phase curve (Figure 3), the dayside and nightside spectra
(Figure 4, discussed further, below), the phase curve amplitudes and peak off-
sets (Extended Data Figure 4), and the transmission spectrum (Extended Data
Figure 5). The latter reveals a flat spectrum across the MIRI bandpass. Due
to the computational cost of running GCMs we were unable to fully sample
the possible parameter space, and we expect that a finer sampling and per-
haps introducing non-uniform aerosol coverage would serve to further refine
our best-fit results.



Springer Nature 2021 LATEX template

GJ1214b Phase Curve 7

Fig. 4 JWST MIRI dayside and nightside spectra of GJ 1214b. a, The dayside
spectrum is shown in black (filled symbols with 1σ error bars) with the best-fit blackbody
curve at T = 553 K overplotted in gray. b, The nightside spectrum (open symbols with 1σ
error bars) and its best-fit blackbody of T = 437 K. In both panels, colored lines show spectra
derived from GCMs with various metallicities (1 – 3000× solar), haze optical thickness (clear
atmospheres and 10× thicker than our nominal haze model), and haze optical properties
(soot, tholin, and highly reflective), as described in the Methods section. The dayside and
nightside spectra are jointly well-fit by models that have high metallicity accompanied by
thick and reflective haze (e.g., the solid light blue lines, representing a hazy atmosphere at
300× solar metallicity), suggesting a globally consistent solution.

Finally, we investigated whether the shape of GJ 1214b’s dayside and night-
side spectra can reveal anything about the planet’s atmospheric composition.
The planet’s dayside spectrum (Figure 4, panel a) appears blackbody-like by
eye, with a best-fit temperature of 553±9 K. However, a more careful analysis
reveals that the dayside spectrum is formally discrepant from an isothermal
atmosphere at the 3.1σ confidence level (see Methods). The nightside spec-
trum (Figure 4, panel b) is even more inconsistent with a single-component
blackbody (at > 6σ), with a deep absorption feature clearly visible at 5 – 9µm.
Interestingly, this feature is also mirrored in the GCM-derived spectra, which
arises in the models from overlapping bands of H2O (5 – 8µm) and CH4

(7 – 9µm).
We ran retrievals on the dayside and nightside spectra to obtain further

constraints on the planet’s atmospheric composition. When removing the data
at λ > 10.5µm due to concerns about correlated noise at these wavelengths
(see Methods), our dayside and nightside free retrievals identify H2O as the
absorber at the 2.5σ and 2.6σ confidence levels, respectively (Extended Data
Figure 6). There is some evidence of additional absorption on the nightside
from a combination of CH4 and HCN (identified at 1.6σ and 1.7σ confidence,
respectively). Interestingly, HCN is predicted to form as a byproduct of CH4

photolysis; the latter process is needed to catalyze the formation of hydrocar-
bon haze [38]. We caution that we consider all of these molecular detections to
be tentative because of the low resolution and signal-to-noise of the data and
having not performed an exhaustive search of all possible absorbers. In partic-
ular, we have found that minor changes in the shape of the spectrum around
the 5 – 9µm feature can result in a tradeoff between detections of H2O, CH4,
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and HCN. One of these molecules is always retrieved at high abundance, inde-
pendent of choices in the data reduction, and when taken together we find here
that H2O+CH4 (H2O+HCN) are jointly detected at the 3.0σ (3.1σ) level in
the nightside spectrum. Our retrievals allow for water abundances in excess of
100× solar, which is consistent with the results from our GCM investigations.

While direct spectroscopic characterization of GJ 1214b’s atmosphere
remains challenging due to thick and pervasive aerosol coverage, the JWST
MIRI phase curve provides considerable insight into the planet’s atmospheric
properties. Our finding that GJ 1214b’s atmosphere is highly enhanced in
heavy elements relative to its host star rules out the scenario of an unaltered
primary atmosphere. Instead, our observations are consistent with a hydrogen-
rich but metallicity-enhanced atmosphere. This is in line with predictions that
sub-Neptunes retain primordial atmospheres composed of nebular gases, which
are sculpted by mass loss that is either photoevaporative or core-powered
[39, 40]. Alternatively, given the possibility of high water abundance from our
retrievals and our inability to rule out very high metallicity atmospheres, our
results are also consistent with a “water world” planetary scenario, in which
the planet’s high bulk water content would result from formation beyond the
water ice line or incorporation of significant material from that region [41–43].

The high observed Bond albedo of GJ 1214b opens new questions as to the
nature of the planet’s aerosol layer. The previous candidates for hydrocarbon
hazes (i.e., soots and tholins) are too absorptive to match our observations.
Laboratory experiments that generate photochemical hazes for sub-Neptune-
like environments hint at a wider variety of outcomes for haze formation [44–46]
and could provide viable candidates. Reflective clouds such as KCl and ZnS
are also a possibility, but it has been challenging to find scenarios that form
sufficiently thick clouds high enough in the atmosphere to match the feature-
less nature of GJ 1214b’s transmission spectrum [25, 47]. The high observed
albedo of GJ 1214b motivates further work toward understanding the diversity
of aerosols that can exist in exoplanetary environments.

Methods

Data reduction

Our primary data reduction was carried out using a new, end-to-end pipeline
(SPARTA) that begins with the raw, uncalibrated files. This pipeline was tested
on the L 168-9b transit observation obtained during JWST commissioning and
we found agreement with the results of Ref. [48]. We also performed inde-
pendent reductions of the GJ 1214b phase curve using the Eureka! package
[49] as a further check of the robustness of our results. The Eureka! package
uses the stage 1 and 2 reduction routines from the JWST Science Calibra-
tion Pipeline. We found that we could get consistent results between SPARTA

and Eureka! when adopting the same assumptions for the exponential ramp
used to model the instrument systematics (see below). We ultimately chose the
reduction described in detail here as the primary result for this paper because
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it gave the smallest scatter of the residuals (significantly outperforming the
other reductions at wavelengths < 8µm), it was more robust to variations in
the reduction and analysis parameters, and it was more extensively developed
and tested for this data set.

The raw data files for the GJ 1214b observation contain 42 up-the-ramp
samples (“groups”) for every integration, row (the spatial direction), and col-
umn (the spectral direction). They are therefore 4D arrays. The phase curve
was broken up into five exposures due to data volume limitations. The breaks
between the exposures were 40 s, during which the telescope maintained fine
guidance pointing. STScI further divided the delivered data for the exposures
into ten segments each to keep file sizes reasonable, resulting in 50 uncalibrated
files.

First, we redivide segments 5 and 6 of exposure 3 into three segments: one
with only pre-transit data, one that covers the transit only, and one with only
post-transit data. This way, each segment has similar flux throughout, with
the exception of the short ingresses and egresses in the middle segment.

Second, we calibrate the data using the reference files provided by STScI:
version 32 of the nonlinearity coefficients, version 84 of the dark, version 789
of the flat, version 85 of the read noise, version 73 of the reset, and version 6
of specwcs. We subtract the reset anomaly, apply the non-linearity correction,
subtract the dark current, and multiply by the gain, in the same way as the
official JWST pipeline.

The gain value currently provided in JDocs and the calibration reference
files (5.5 e-/DN) is known to be incorrect. The MIRI detector gain was found
to be wavelength-dependent, varying from ∼2.9 e-/DN at 5µm to ∼3.6 e-/DN
at 15µm and beyond (STScI, private communication). We adopt here an inter-
mediate value of 3.1 e-/DN, which is consistent with the values adopted in the
JWST ETC over the MIRI LRS passband.

In addition, the non-linearity correction was found to leave higher than
desired residuals, especially in the brightest pixels (of order 100s of DN). Cur-
rently, the official JWST reference file reports the same correction parameters
for all pixels, whereas further investigation suggests that the pixels’ non-
linearity behavior displays a flux dependency. This issue is being investigated
further at STScI. Therefore, we adopt a two-step process to fit the up-the-
ramp samples and obtain slopes for each pixel of each integration. For each
file (corresponding to one segment of one exposure), we:

1. Fit the up-the-ramp samples for each pixel of each integration.
2. Calculate residuals of these fits.
3. Calculate the median residuals for every group and pixel, across all

integrations in the file.
4. Subtract these median residuals from the original data
5. Fit the up-the-ramp samples for each pixel of each integration again. Groups

with values that deviate from the fit by more than 5σ are rejected, and the
fit is repeated. Approximately 0.032% of all groups are flagged as bad. This
is repeated until convergence.
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Fitting a line to up-the-ramp data is not as trivial as it might appear,
because each sample has two sources of noise: read noise, which can be assumed
to be independent, and photon noise, which depends on all of the photons
accumulated so far and is thus not independent. The problem is simpler when
the differences between adjacent reads are considered. For the differences, there
are two sources of noise: photon noise for the photons accumulated between
the two reads, which is independent, and read noise, which is correlated with
the read noise on the previous difference. Due to this covariance, there is no
simple method of optimally estimating the slope. The other naive method of
subtracting the first read from the last and dividing by the interval is optimal
in the limit where photon noise far exceeds read noise, while the other method
of fitting a line to all reads with equal weights is optimal in the limit where
read noise far exceeds photon noise. The optimal estimate can only be obtained
by considering the covariance matrix of the differences [50]:


(s+ 2R2) −R2 0 0 ...

−R2 (s+ 2R2) −R2 0 ...
0 −R2 (s+ 2R2) −R2 ...
...

 (1)

where s is the signal in photons/group, and R is the read noise. The inverse
of this matrix is the precision matrix, and the sum of the precision matrix’s
columns (or rows; the matrix is symmetric) gives the optimal weights to apply
to the first differences so that their weighted average optimally estimates the
slope. The variance on the estimate is then the inverse of the sum of the
weights.

To invert the covariance matrix, we note that it is a tridiagonal matrix
with a constant diagonal and constant off-diagonals. This type of matrix has
an analytical inverse, given in Equation 10 of [51]. We sum over the rows of
the inverse with the help of Mathematica and obtain

l ≡ arccosh(1 +
s

2R2
) (2)

wj = −e
l(1 − e−jl)(e(jl−lN) − el)

R2(el − 1)2(el + e−lN )
(3)

for the weight of the jth first difference out of N . The sum of wj over j is also
analytic, but its expression is longer, so we numerically compute the sums.

After generating the rateints files, we measure the position of the trace in
each integration. We compute a 2D template by taking the pixel-wise median
of all integrations. To get the position of the trace in any given integration,
we shift and scale the template until it matches the data, using scipy’s

Nelder-Mead minimizer to find the optimal parameters. The template match-
ing algorithm ignores the 10 rows closest to either edge, and only consider
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columns 26–46 (that is, the 10 closest to the trace). We ignore trace rota-
tion. Although the inferred “scale” (the number which multiplies the template)
could be used directly as the flux, we decided to have a dedicated spectral
extraction step and consider the scale as a nuisance parameter.

After measuring trace positions, we perform spectral extraction. For each
row between 141 and 386 inclusive, corresponding to 5 – 12µm, we sum the
columns 33 – 39 inclusive. This 7-pixel extraction window is centered on the
brightest column, namely 36. The background is computed by averaging
columns 10:24 and 48:62 (inclusive and zero-indexed) of each row of each inte-
gration (i.e., two 15-wide windows equidistant from the trace, one on each side
of the trace) and subtracting the result from the flux on a per-integration, per-
row basis. We do not repair any bad pixels at this stage because our attempts
have resulted in minimal or deleterious effects.

As the final step of the reduction, we gather all 21,600 fluxes and positions,
and identify the bad integrations. The integrations where the minimizer failed
to find a position offset are flagged as bad. We compute a detrended version
of the light curve by subtracting a median-filtered version with a kernel of size
216. Integrations that are more than 4σ from zero in this detrended light curve
are flagged as bad. The first 10 integrations in the observation are also always
marked as bad. Excepting the 25 bad integrations at the very beginning, which
we trim off, we find 44 bad integrations (0.2% of the total).

Time-series systematics

We inspected the white light curve (Extended Data Figure 3) resulting from
the reduction described above to identify instrument systematics in the data.
We find that the time-series exhibits a ramp downward with a variety of e-
folding timescales (roughly 5 – 90 minutes), of which the shortest timescales
are most visible early in the visit. The white light curve also exhibits a linear
drift in time of ∼1300 ppm from one secondary eclipse to the next, partially
explained by a linear drift in the y-position of the spectrum (i.e., the dispersion
direction) of ∼0.033 pixels. Additional correlated (red) noise is apparent in
both the white light and spectroscopic light curves. It is not clear what the
exact noise sources are, but we suspect that they are primarily instrumental.
We refer the reader to Morrison et al. (submitted), where the various detector
systematics that are likely to be present in our data are described in more
detail. We also find that the time-series exhibits a mysterious 200 ppm pre-
transit brightening starting at phase -0.06 (see orange curve in Extended Data
Figure 3), with no obvious wavelength dependence. This brightening is seen in
all independent reductions. It is unclear whether the brightening is planetary,
stellar, or instrumental. Finally, there were six high gain antennae (HGA)
moves during the observation, four of which led to a momentary decrease in
flux (Extended Data Figure 3).

The JWST observation was obtained during a time of maximum brightness
for GJ 1214 over the last five years [52], suggesting a period of minimal spot
coverage. The rotation period of the star is also estimated to be >50 days,
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which is much longer than the timespan of the phase curve. No spot crossings
are seen in the transit. Therefore, we do not expect stellar activity to have
impacted the data.

Fitting the time series

We infer system parameters from the light curves with emcee [53]. The free
parameters in the white light curve fit are the transit and eclipse time, the tran-
sit and eclipse depth, the scaled semi-major axis (a/Rs), the impact parameter
(b), the nominal stellar flux (F?), a coefficient that multiplies the y-position of
the trace (cy), the amplitude (A) and timescale (τ) of the exponential ramp,
an error factor that multiplies the nominal errors, and the four sinusoidal
coefficients of a second order phase curve (C1, D1, C2, D2).

To avoid having to fit the steep ramp at the beginning of the observations,
we discard the first hour (550 integrations) of observations. We also identify
points that lie more than 4 sigma from the median-filtered light curve (fil-
ter size: 216 points, or 1% of the total length) as outliers and reject them.
Depending on the wavelength, we reject between 0 and 17 points (0–0.08% of
the total). The transit is modelled with batman [54], assuming a circular orbit
with a period of 1.58040433 d [18], and limb darkening coefficients computed
from a PHOENIX model. The PHOENIX model has parameters Teff = 3250 K,
log g = 5.0, and [M/H] = +0.2 and is part of the set of the models originally
used in Ref. [11]. This same stellar model is used throughout the rest of our
modeling and interpretation of the data, and for error propagation we adopt
an uncertainty on Teff of ±100 K [18]. The disk-integrated spectrum computed
in this model provides a good match to the flux calibrated spectrum of GJ 1214
extracted from the MIRI data, as shown in Extended Data Figure 7.

The systematics model is:

S = F∗(1 +A exp (−t/τ) + cyy +m(t− t)) (4)

The planetary flux model is:

Fp = E + C1(cos(ωt) − 1) +D1 sin(ωt) + C2(cos(2ωt) − 1) +D2 sin(2ωt)
(5)

where E is the eclipse depth, t is the time since secondary eclipse, t is the
mean time, and ω = 2π/P . The -1 is included so that at the time of secondary
eclipse, the planetary flux is E. The derived planetary flux model parameters
for the white light and spectroscopic phase curves are given in Extended Data
Table 1.

The y-position (i.e., dispersion direction) changes nearly linearly with time
during the observations, but with significant high-frequency fluctuations. To
reduce degeneracy, we subtract out the linear trend from y so that all of the
linear dependence of flux on time goes into the m(t − t) term. The y term
is important: without it, the scatter increases by tens of percent for both the
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white light curve and the spectral light curves. The x-position (i.e., spatial
direction) doesn’t carry a similar sensitivity, because small shifts in the spatial
position of the trace have nearly imperceptible impacts on the measured flux.

The transit parameters found by our fit to the white light curve are shown
in Extended Data Table 2. The transit time is within 3.7 seconds (0.4σ) of
that predicted by the ephemeris of Ref. [55]. The a/R∗ is similarly within
1σ of that reported by Ref. [18], although our b is smaller than their value
of 0.325 ± 0.025 by 1.4σ. The eclipse in our data happens 80 ± 16 seconds
after phase=0.5. Fifteen seconds of the delay can be explained by light travel
time, leaving 65± 16 s unexplained. If this delay is due to eccentricity and not
underestimated errors resulting from systematics, it would imply e cos(ω) =
0.00075 ± 0.0004. This is consistent with e cos(ω) = −0.007+0.032

−0.023 derived by
Ref. [17] from Spitzer eclipse observations. Alternatively, hot spot offsets in
planetary atmospheres can cause apparent timing delays, and we estimate
that GJ 1214b’s observed hot spot offset could cause a delay consistent with
the one we observe. Due to our overall degree of consistency with the system
parameters from Ref. [18], we ultimately adopt their values and associated
error bars for a, Rp, and R∗, as well as the size ratios a/R∗ and Rp/R∗ in
our subsequent theoretical modeling efforts and for all calculations that rely
on these parameters.

To fit the spectral light curves, we fix the transit time, eclipse time, a/Rs,
and b to the best fit values found in the white light curve fit. All other free
parameters in the white light curve are also free in the spectral fit. The limb
darkening parameters are again computed from the PHOENIX model. For
wavelengths larger than 10µm, the noise is large enough that the timescale
of the exponential ramp is poorly constrained, and large timescales become
degenerate with the phase curve parameters because, combined with cyy, they
can mimic the phase curve. We therefore give the timescale a Gaussian prior
with mean 0.035 d and standard deviation 0.01 d for the three reddest wave-
length bins, spanning 10.5 – 12.0µm. The prior of 0.035 d was chosen because
it is similar to the timescales at 9.0 – 10.5µm.

The white light fit achieves a RMS of 280 ppm, which is 12% above the
photon noise if the gain is assumed to be 3.1 electrons/data number. In the
spectroscopic channels, the RMS of our residuals is 6% above photon noise
in our bluest bin (5.0 – 5.5µm), dropping to 0.5% above photon noise at 8µm
before rising again to 13% in the reddest bin (11.5 – 12.0µm). We note again
that the gain is wavelength dependent and has not yet been finalized, so these
values are only accurate to several percent.

We performed many tests to assess the robustness of the results from our
primary reduction, most of which produced negligible changes (. 0.5σ for
every wavelength in the transit spectrum, emission spectrum, nightside emis-
sion spectrum, phase curve amplitude, and phase curve offset). For example,
we tried MCMC chain lengths of 3,000 and 30,000, and obtained identical
results. We tried ignoring the pre-transit anomaly by masking phases -0.06 to
-0.011, finding minimal differences even in the nightside emission spectrum.
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We tried decorrelating against the trace’s x-position, which changed nothing
because the vast majority of the flux was already within our window, and the
pointing was very stable. However, some of our tests resulted in small changes
(generally ∼0.8σ shifts at a few wavelengths). These include using optimal
extraction, shrinking the aperture half-width from 3 to 2 pixels, and not ignor-
ing the first five groups for the first round of up-the-ramp fitting. The last test
resulted in transit spectra ∼100 ppm lower, probably due to the reset switch
charge decay [56].

One test that resulted in more substantial changes was using different
regions to estimate the background. Using the rightmost 15 pixels instead of
two 15-pixel windows on either side of the trace results in a declining nightside
emission spectrum beyond 10µm instead of a flat spectrum, opening up a gap
of 300 ppm at the reddest wavelengths. The former approach results in fewer
artifacts in the spectral light curves, but the latter approach results in far
cleaner background-subtracted 2D images, making it unclear which approach
is best. Ultimately, we chose the latter approach. This finding that the night-
side spectrum at the reddest wavelengths depends on choices in background
subtraction led us to perform our retrievals only on the data shortward of
10.5µm, as detailed in the main text.

Among all our tests, the ones that most significantly affect our results are
those relating to the ramp. The ramp at the beginning of the observations is
degenerate with the phase curve. Intuitively, any curvature in the light curve
can be attributed to either the ramp or the phase curve. Since we have no
independent model of the ramp and do not know its exact functional form, it
is difficult to know what to attribute to the ramp and what to attribute to the
phase curve.

When we trim only 30 minutes instead of 60 minutes from the beginning of
the observations, both the white light fit and the bluer (<8µm) spectroscopic
fits strongly prefer negative planetary fluxes for the coldest hemisphere. The
inferred exponential decay timescale is shorter, likely because the ramp has
components with many different timescales and the short-timescale contribu-
tions are suppressed with more aggressive trimming. If we fix the timescale
to the value found in our fiducial fit, we fail to fit the very rapid decline in
flux at the very beginning. If we fit two exponential ramps instead of one, we
obtain larger error bars on inferred parameters, but do not resolve the problem
of the fit preferring negative fluxes. We can resolve the problem by imposing
Gaussian priors on the amplitude and timescale of the ramp, but we had no
physical justification for these priors.

In the end, we decided to trim as much data as we could before the first
eclipse in order to eliminate as much of the ramp as possible, and assume
that the remainder is accurately modelled by a single exponential. Across all
of our tests, the dayside spectrum and the shape of the nightside spectrum
shortward of 10µm remain consistent. The choice of ramp parameters impacts
the phase curve primarily by altering the (absolute) nightside flux and there-
fore the phase curve amplitude, and also the phase curve offset. Across all of
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our reductions using reasonable choices for trimming, fitting the ramp, and
background subtraction, we find that the phase curve amplitude, offset, and
nightside planet-star flux ratio differ by up to 17 ppm, 7◦, and 40 ppm, respec-
tively in the white light phase curves. The large uncertainty on the nightside
flux, in particular, impacts our estimates of GJ 1214b’s Bond albedo; derived
albedos from our various data reductions give values between 0.39 and 0.61.
This implies that our formal error bar on the Bond albedo reported the main
text may be underestimated by a factor of up to ∼2. Additionally, as with all
phase curve observations, the peak offsets (Extended Data Figure 4) are quite
sensitive to the treatment of time-varying systematics and therefore may also
have larger uncertainty than the formal error bars suggest. Ultimately a better
understanding of the origin and nature of the ramp is necessary for improving
confidence in these derived phase curve parameters.

Temperature Map

We followed [57] in producing a longitudinal brightness map from the white
light curve. The planetary flux given by Equation 5 is converted to longitude-
based sinusoids

Fp(φ)

F∗
= A0 +A1cos(φ) +B1sin(φ) +A2cos(2φ) +B2sin(2φ) (6)

where φ is longitude, and

A0 = (Fp − C1 − C2)/2
A1 = 2C1/π
B1 = −2D1/π
A2 = 3C2/2
B2 = −3D2/2.

(7)

We then inverted Fp(φ), assuming blackbody emission, to obtain the corre-
sponding longitudinal brightness temperature curve (Figure 2, panel a). By
assigning a cos(θ) weighting of the planetary flux with latitude, θ, we plot the
brightness temperature map (Figure 2, panel b) using a Robinson projection.
The black region on the map is where the planetary flux is negative.

Bond Albedo Calculation

To compute the Bond albedo of GJ 1214b, we need to answer four questions:

1. How much energy per second does the planet receive from its host star? For
illustrative purposes, we calculate the luminosity the planet receives from
the star. This quantity cancels out in the end, since we directly measure
Fp/F∗, so the error on the quantity is irrelevant. We adopt 2.48×1026 erg/s.

2. How much luminosity does the planet radiate from 5 to 12µm? We measure
Fp/F∗ as a function of phase and wavelength. We can derive Fp as a func-
tion of phase and wavelength because the stellar spectrum is known fairly
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accurately. At each phase, we integrate across 5 – 12µm to calculate what
the planet luminosity would be if it were isothermal. Since the planet is not
actually isothermal, we then take the mean across all phases. Our result
is 7.1 ± 0.6 × 1025 erg/s, where the error bar is derived from the MCMC
samples.

3. What fraction of total planet luminosity is within 5 – 12µm? For a black-
body, this fraction is close to 50% for a wide range of temperatures: it is
48% at 350 K, 57% at 500 K, 54% at 600 K, and 49% at 700 K. We also com-
puted this value for our GCMs to estimate the impact of the non-isothermal
nature of the energy output, and find that for almost every GCM, the value
is 50–60%. We adopt 54 ± 4% as our fiducial value. With this assumption,
the total planet luminosity becomes 1.31 ± 0.15 × 1026 erg/s.

4. What is the ratio of the planet flux as seen at infinite distance averaged
over the equatorial plane (which is effectively our own viewing geometry),
and the planet flux as seen at infinite distance averaged over all angles
(which is what is needed to determine the true planet luminosity)? We can
approximate this value by considering the case of zero heat redistribution, in
which case the flux the planet radiates would equal the flux it receives from
the star at every latitude and longitude. The emitted flux would therefore be
proportional to cos(θ). Further assuming isotropic emission, and integrating
the specific intensity, we find that the average observed flux is:

Fequator =
8

3
Iequator(R/D)2 (8)

Favg =
π2

4
Iequator(R/D)2, (9)

where Iequator is the specific intensity of emission from the equator. The
ratio Fequator/Favg = 32/(3π2) = 1.08 is the correction factor we are looking
for. Happily, it turns out to be a minor correction. We adopt an error of 0.01
on the correction factor. With this correction, the total planet luminosity
becomes 1.21 ± 0.14 × 1026 erg/s.

The Bond albedo is then 1 − Lp/Lin, where Lp is from step 4 and Lin is
the incident flux from step 1. We obtain AB = 0.51 ± 0.06.

We note that this assumes GJ 1214b’s global energy balance is dominated
by the stellar irradiation and that any flux from the interior is negligible in
comparison. If the planet has a considerable intrinsic luminosity (unlikely but
not possible to rule out with our data), then the Bond albedo would be even
higher.

As a consistency check on the previous calculation, we also calculate the
Bond albedo directly from the temperature map shown in Figure 2. In this
case, we calculate Lp by directly integrating the temperature field given by
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the map. This is then divided by Lin and subtracted from unity, to give

AB = 1 − a2

πT 4
∗R

2
∗

∫∫
Tp(θ, φ)4 sin θ dθ dφ, (10)

following Equations 6 and 9 from [58]. We obtain a result of AB = 0.49 ± 0.05,
which is consistent with the previous calculation. We formally adopt the pre-
vious calculation of the Bond albedo because it was more directly derived from
the observational data.

General Circulation Models

We simulated the atmosphere of GJ 1214b using the SPARC/MITgcm [59, 60].
The model solves the primitive equations using the dynamical core of Adcroft
et al. [61] and is coupled to wavelength-dependent radiative transfer [62] using
the correlated-k method in 11 wavelength bins. In the simulations, we used
the best-fit system parameters from Ref. [18], an internal temperature of 30 K,
and the same 3,250 K PHOENIX stellar model described in the data reduc-
tion section, above. All simulations assume equilibrium chemistry abundances
for the gas. For pressures greater than 10 bar, we employ a bottom drag that
linearly increases with pressure [63], with a maximum drag timescale of 105 s
at the bottom layer, and we apply a Shapiro filter throughout the simulation
to suppress small-scale numerical noise. Our simulations have a horizontal res-
olution of C32 (equivalent to 128×64) and vertically extend from 200 bars
to 2 × 10−7 bar, using 60 vertical layers. We used a dynamical timestep
of 25 s/10 s and a radiative timestep of 50 s/20 s for metallicities up to
100× solar/300× solar and above, respectively. The initial temperature pro-
files were calculated with the 1D radiative transfer code HELIOS [64, 65]. All
GCMs were run for 1,000 simulation days.

It has previously been shown that mean molecular weight has a leading
order effect on day-night heat transport in tidally locked exoplanet atmo-
spheres, with low mean molecular weight atmospheres (e.g., solar composition)
having the most efficient heat transport and therefore producing the small-
est phase curve amplitudes and largest peak offsets [66]. Prior 3-D modeling
of GJ 1214b has affirmed this trend in the sub-Neptune regime [30] and has
furthermore shown that condensate clouds only moderately perturb the clear
atmosphere expectations [31–33]. Thick photochemically-derived hazes how-
ever, such as are expected to be present in GJ 1214b’s atmosphere based on
prior transmission spectroscopy observations, have not been modeled in GCMs
previously. We include such haze layers in our modeling here, in order to
understand their impact on the JWST MIRI phase curve.

For our simulations with photochemical hazes, we added horizontally
uniform haze extinction to the model, with vertical profiles of the optical
depth, single-scattering albedo and asymmetry parameter derived from the 1D
microphysics model CARMA (Community Aerosol and Radiation Model for
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Atmospheres) [35, 36]. In particular, we follow the same haze modeling strat-
egy as [27]. Briefly, 10 nm radii spherical seed haze particles are added to the
model atmosphere from the topmost model layer with a user-chosen column-
integrated production rate and allowed to coagulate with each other to grow
to larger sizes. Primary (monomer) haze particle sizes range between a few
to a few tens of nm in the atmospheres of hazy solar system worlds [67–69],
motivating our choice of 10 nm for the radii of our initial seed particles. These
particles are also transported around the atmospheric column via sedimenta-
tion and eddy diffusion, with an eddy diffusion coefficient of 107 cm2 s−1 that is
constant with altitude. We base this value on the GCM simulations of Ref. [31],
The microphysics model assumed a column-integrated haze production rate of
10−12 g cm−2 s−1 and a background atmosphere with 100× solar metallicity.
The haze production rate was chosen as a typical value derived from photo-
chemical models [e.g., 26], though its value can vary by orders of magnitude.
To simulate higher (or lower) haze production rates in the GCMs, we mul-
tiplied the optical depth in each layer of the atmosphere by a fixed scaling
factor. We explored three different cases for the haze optical properties: soot
[34], tholins [37], and highly reflective hazes. The latter were constructed to
have identical properties as the soots, except that the single-scattering albedo
was raised to 0.9999.

We post-processed the GCM outputs to produce thermal emission spectra
using the same plane-parallel radiative transfer code as in the GCM but with
196 wavelength bins. Details on the post-processing procedure can be found in
Ref. [70]. We additionally post-processed the GCMs with a three-dimensional
ray-striking radiative transfer code [71, 72] to generate model transmission
spectra (Extended Data Figure 5). We adapted this code to accept the same
haze abundance and opacity profiles used in the GCM, employing a simi-
lar aerosol implementation to an emission spectroscopy version of this code
[73]. All of our post-processing calculations use the planet-to-star radius ratio
(Rp/R?) from Ref. [18].

The full set of GCMs that we ran for this work are listed in Extended
Data Table 3. The 3-D thermal structures and atmospheric dynamics of these
GCMs will be described in detail in Steinrueck et al. (in prep.). As described
above, our haze model was derived from a 1-D calculation and is therefore
homogeneous around the entire planet. Future work should entail the inclu-
sion of spatially inhomogeneous hazes, including their radiative feedback, and
transport, as well as the chemistry that leads to the formation and destruction
of the haze particles.

Retrievals

We performed atmospheric retrievals on the dayside and nightside emission
spectra of GJ 1214b using the HyDRo [74] and CHIMERA [75] retrieval frame-
works. As described in the main text and in the Methods (“Fitting the time
series”), we exclude data points at wavelengths >10.5 µm from the retrieval
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due to concerns about correlated noise in this region that arise from uncer-
tainty in how to best describe the ramp parameters and choices in background
subtraction.

HyDRo, which builds on the HyDRA [76–78] retrieval code, consists of a para-
metric atmospheric forward model coupled to a Nested Sampling Bayesian
parameter estimation algorithm [79], PyMultiNest[80, 81]. For each model
spectrum computed in the parameter exploration, we calculate the likeli-
hood assuming symmetric error bars on the data (calculated by averaging
the positive and negative error bars in Extended Data Figure 2). The atmo-
spheric temperature profile is modeled using the parameterization of [82],
which includes 6 parameters and is able to capture the range of temperature
structures expected for exoplanet atmospheres. We investigate cases with a
range of atmospheric opacity sources, including gas phase species and clouds.
The gas phase opacity sources we consider are: H2O[83], CH4 [84, 85], CO2[83],
HCN[86], NH3 [87], CO [83], N2 [88, 89] and collision-induced absorption
(CIA) due to H2-H2 and H2-He [90]. The absorption cross sections for these
species are calculated as described in [91] using data from the sources cited
above. We perform retrievals both with and without the assumption of a H2-
dominated background composition. When a H2-rich background is assumed,
the constant-with-depth abundance of each species other than H2 or He is
a parameter in the retrieval, and a solar H2/He ratio is assumed. When no
assumption of the background gas is made, we parameterize the abundances of
each species using the centered-log-ratio (CLR) method [74, 92], which ensures
identical priors for each of the chemical species in the retrieval.

The HyDRo retrievals also consider the effects of clouds using a simple
parameterization, including the modal particle size, cloud base pressure (Pb),
pressure exponent (α), and cloud particle abundance (f0). The particle abun-
dance is assumed to be zero below the cloud base, and to decrease at pressures
below Pb, such that at pressure P the abundance is f0(P/Pb)α. Given the
temperatures probed in the atmosphere of GJ 1214 b, KCl clouds may form
on the nightside. We therefore perform retrievals with KCl clouds, using the
KCl scattering and absorption properties from [93].

We also use HyDRo to calculate the detection significances of various chem-
ical species. These detection significances are calculated by comparing the
Bayesian evidences of retrievals which include/exclude the species in question
[94, 95]. Similarly, the joint detection of two or more species can be calculated
by comparing retrievals which include or exclude those species. In order to
calculate the significance to which the day/nightside spectrum is inconsistent
with a blackbody, we compare the Bayesian evidences of a blackbody model
(with a single temperature parameter) and a simple absorption model which
includes the six temperature profile parameters described above and the H2O
abundance (since H2O is the primary absorber detected on both the dayside
and nightside). We find that the observed dayside and nightside spectra are
inconsistent with blackbody spectra to 3σ and 6σ, respectively.
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We perform a series of HyDRo retrievals on the nightside spectrum to test
the sensitivity of our results to various modeling choices. We begin by testing
the sensitivity of the retrieval to the species listed above, assuming a H2-rich
background composition. We find that the abundances of CO and N2 are com-
pletely unconstrained, as expected given their minimal spectral features in this
wavelength range. Furthermore, the posterior distribution for the abundance
of NH3 shows a strong 99% upper limit of 10−4.2. Given the large number of
possible model parameters relative to the number of data points, we remove
CO, N2 and NH3 from subsequent retrievals in order to minimize unneces-
sary parameters. While CO2 was not constrained in this test, we include it
out of precaution in the subsequent retrievals, as we found it to be somewhat
constrained for some alternative data reductions. We also test the difference
between retrievals with and without KCl clouds, finding that cloudy models
are not preferred with statistical significance (< 1σ preference over the clear
model). Furthermore, the posterior distributions for all other parameters are
unaffected by the addition of clouds. This result does not rule out clouds (or
haze) on the nightside of GJ 1214 b, but suggests that such clouds do not show
significant spectral features (e.g., if the clouds are deeper than the infrared
photosphere). The effects of any clouds may also be taken into account by the
retrieved temperature profile which, for example, could mimic a deep cloud
layer with a deep isothermal layer.

We further test the effects of assuming a H2-rich background compared
to making no assumption about the background composition. We find that
both assumptions lead to consistent results. When a H2-rich background is
assumed, the detection significances for H2O, CH4 and HCN in the nightside
are 2.6σ, 1.6σ and 1.7σ, respectively. When no assumption is made about the
background composition (using the CLR method described above), the detec-
tion significances for H2O, CH4 and HCN are 2.5σ, 1.3σ and 1.6σ, respectively.
The tentative detection of H2O is therefore robust across all retrieval models
considered, while the inferences of CH4 and HCN are very marginal. Extended
Data Figure 6 (panels d, e, f) shows the retrieved nightside spectrum, temper-
ature profile and molecular abundances for our nominal HyDRo retrieval model,
which includes H2O, CH4, CO2 and HCN, and assumes a H2-rich background.

We also perform a similar suite of retrievals on the dayside emission spec-
trum (Extended Data Figure 6 panels a, b, c), and find a tentative 2.5σ
detection of H2O. Similarly to the nightside, we find that NH3, CO and N2

are not constrained by the retrieval, and we do not find statistically signifi-
cant evidence for KCl clouds (only a 1.3σ preference for the cloudy model over
the clear model). The results are consistent whether a H2-rich background is
assumed, or no assumption is made about the background composition.

We find that our retrieval results are broadly consistent with the inferences
based on GCM models. Hazes (and clouds) are expected to affect mini-Neptune
emission spectra via their radiative feedback on the atmospheric temperature
profile. For example, purely scattering hazes result in more isothermal temper-
ature profiles in 1D atmospheric models of mini-Neptunes [96]. While we do
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not explicitly include hazes in our retrieval models, we do include KCl clouds
in our models, which have qualitatively similar effects on the spectrum as haze.
As discussed above, the clouds are neither ruled out nor statistically preferred
over clear-atmosphere models, but we do retrieve a near-isothermal tempera-
ture profile for the dayside. This shallow temperature gradient may be a result
of strongly reflecting hazes, in agreement with the GCM models described in
the main text. Furthermore, the retrieved abundances for H2O are consistent
with several hundred times solar for both the dayside and nightside spectra.
This is consistent with the high atmospheric metallicities inferred from the
GCM models.

In order to further assess the robustness of our H2O detections, we apply
leave-one-out cross validation (LOO-CV) to the retrievals on the dayside and
nightside spectra, following the method described in [97]. We compute the
expected log pointwise predictive density (elpdLOO), which quantifies the abil-
ity of the fitted model to predict unseen data, where each data point in the
spectrum is left out in turn [98]. The difference in elpd score between two mod-
els (∆elpdLOO) divided by the standard error (SE) can be used as a means
of model comparison and as a complementary metric to Bayesian evidence,
which is commonly used to calculate detection significances from a retrieval.
Comparing models with and without H2O absorption, we find that the models
including H2O have higher elpdLOO scores for both the dayside and night-
side spectra: ∆elpdLOO = 2.39 (SE =1.46) for the dayside spectrum and
∆elpdLOO = 3.26 (SE = 1.64) for the nightside spectrum. These numbers indi-
cate that, in both cases, the inclusion of H2O absorption improves the out of
sample predictive performance of the model.

We perform a second retrieval analysis with CHIMERA to ensure that our
retrieved inferences are robust against different modelling frameworks and
model prescriptions. It has been shown that, to thoroughly explore JWST
observations, more than one framework needs to be used, as the precision on
the observations is at the level in which model differences can be seen [99].
We performed a similar retrieval to the nominal model of HyDRo. We assume
that the atmosphere is dominated by H2, with a H2 to He ratio of 0.17. We
use the same molecules, however with a different prior assumption for each.
For CHIMERA we assume a log prior from -12 to -1, hence each molecule has
an upper limit of 10% of the atmosphere.

We used a different parameterisation for the thermal structure. We use a
double gray analytic temperature-pressure profile from [100], which has five
free parameters: Tirr, κIR, γ1, γ2 and α. Tirr is the irradiation temperature, κIR

is the infrared opacity, the parameters γ1 and γ2 are the ratios of the mean
opacities in the two visible streams to the thermal stream: γ1 = κv1/κIR and
γ2 = κv2/κIR. The parameter α ranges between 0 and 1, and controls the
weighting used between the two visible streams, κv1 and κv2.

We find that our retrieved abundances and thermal structure are consistent
with HyDRo within 1-sigma. This confirms that our retrieved abundances are
robust against model assumptions.
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Extended Data Tables and Figures

Extended Data Table 1 Derived phase curve parameters. All units are ppm.
The penultimate column (RMS) gives the standard deviation of the unbinned
residuals, while the final column (RMSb) is the standard deviation of the
residuals binned to 5 degrees in phase (277 integrations).

λ (µm) E C1 D1 C2 D2 RMS RMSb

5.0 – 12.0 379+12
−13 127+4

−4 −139+7
−7 46+4

−4 −15+4
−4 280 31

5.0 – 5.5 134+30
−28 33+20

−33 −54+29
−28 6+14

−16 −8+9
−9 667 70

5.5 – 6.0 184+30
−31 75+18

−22 −68+21
−21 28+11

−11 −21+9
−9 703 67

6.0 – 6.5 228+30
−29 89+16

−22 −45+23
−22 −5+11

−12 −23+9
−9 673 58

6.5 – 7.0 241+33
−33 116+13

−18 −146+22
−21 31+11

−12 −24+10
−10 765 62

7.0 – 7.5 324+39
−39 154+13

−19 −45+29
−24 20+12

−14 −6+11
−12 803 75

7.5 – 8.0 426+46
−41 196+10

−11 −164+23
−19 42+10

−11 1+12
−12 879 72

8.0 – 8.5 474+39
−40 133+12

−14 −237+23
−20 67+12

−12 −72+13
−12 961 62

8.5 – 9.0 631+45
−47 91+21

−34 −90+35
−30 50+16

−18 −4+14
−14 1084 69

9.0 – 9.5 604+49
−49 103+12

−12 −161+21
−21 63+12

−13 31+14
−14 1165 86

9.5 – 10.0 758+57
−57 161+16

−18 −210+34
−30 52+16

−16 −10+17
−17 1268 76

10.0 – 10.5 881+69
−70 95+17

−17 −281+35
−33 82+18

−18 −5+19
−20 1531 108

10.5 – 11.0 962+83
−83 183+21

−21 −380+35
−35 129+21

−21 −40+26
−26 2067 156

11.0 – 11.5 1174+110
−114 271+31

−30 −275+54
−55 174+31

−30 −3+34
−35 2786 237

11.5 – 12.0 1180+148
−150 284+43

−41 −94+68
−72 218+40

−40 312+49
−50 3848 334

Extended Data Table 2 Transit parameters inferred from white light curve.

Parameter Value

T0 [BJD (TDB)] 2459782.0176719 ± 8.3 × 10−6

Te [BJD (TDB)] 2459782.80880 ± 1.8 × 10−4

a/R∗ 14.927+0.072
−0.067

b 0.282+0.014
−0.016
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Extended Data Fig. 1 MIRI spectroscopic light curves from 5 to 12 µm. Black
lines are the best-fit astrophysical model to the data, assuming a second-order sinusoid
functional form for the phase variation. Colored points are the data binned every 5 degrees
in orbital phase, plotted without error bars for clarity. Wavelength ranges for each light
curve are as indicated. Note the differing y-axis scale on each sub-panel.
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Extended Data Fig. 2 The observed emission spectrum of GJ 1214b at various
orbital phases. The upper left and upper right-hand panels correspond to the nightside and
dayside emission spectrum, respectively. Colored lines denote blackbody planetary emission
at temperatures of 400, 500, and 600 K, as indicated in the upper right-hand panel. Black
points with 1σ error bars are the wavelength-binned phase curve data.
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Extended Data Fig. 3 Raw white light curve for GJ 1214b. All the individual
integrations are shown in blue. A median filtered (64 points) version of the light curve is
shown in orange. For our analysis we discard the 550 integrations (63 min) before the vertical
black line. Note the higher discrepant integrations, some of which correspond to HGA moves
(vertical dashed lines); the ramp at the start of observations; and the pre-transit brightening.

Extended Data Table 3 Overview of GCM simulations

metallicity haze scaling factor haze optical properties

solar — —

solar 1 soot

solar 1 max. refl.

solar 10 max. refl.

100× solar — —

100× solar 0.1 soot

100× solar 1 soot

100× solar 10 soot

100× solar 1 tholin

100× solar 10 tholin

100× solar 1 max. refl.

100× solar 10 max. refl.

300× solar — —

300× solar 1 soot

300× solar 10 soot

300× solar 1 tholin

300× solar 10 tholin

300× solar 1 max. refl.

300× solar 10 max.refl.

300× solar 100 max.refl.

3, 000× solar — —

3, 000× solar 1 soot

3, 000× solar 10 max. refl.

3, 000× solar 100 max. refl.
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Extended Data Fig. 4 Phase curve amplitudes and offsets vs. wavelength. a,
The phase curve amplitude is defined as (Fmax − Fmin)/Fmax, where Fmax and Fmin are
the maximum and minimum planet/star flux ratios from the best-fit phase curve model,
respectively. b, The peak offset is defined as the number of degrees in phase away from
secondary eclipse at which the peak planet/star flux ratio is achieved. Negative values denote
the peak occurring prior to secondary eclipse, meaning that the maximum planetary flux is
eastward of the sub-stellar point. In both panels, colored lines are the GCM-derived values
for the same set of models shown in Figure 4 (see that figure’s legend). Models with higher
metallicity (i.e., ≥ 100× solar) tend to provide a qualitatively better fit to the data. All error
bars are 1σ.
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Extended Data Fig. 5 The transmission spectrum of GJ 1214b. a, The MIRI data
are shown compared to GCM-derived spectra from the same set of GCMs as in Figures 4 and
4 (see the legend in Figure 4). b, The same set of models are shown over a broader wavelength
range, with the HST/WFC3 transmission spectrum from Ref. [11] also over-plotted (smaller
symbols with error bars). The WFC3 data have been offset by 76 ppm to match the weighted-
average transit depth of the MIRI observations in order to account for a mismatch in the
system parameters applied in analyzing these two data sets and the potential for other
epoch-to-epoch changes in the stellar brightness profile. Models with higher metallicity and
thicker haze provide a qualitatively better fit to the transmission spectrum, in line with
our findings from the thermal emission data. A more detailed interpretation of the MIRI
transmission spectrum will be presented in Gao et al. (submitted). All error bars are 1σ.
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Extended Data Fig. 6 Dayside and nightside spectrum retrieval results obtained
using the HyDRo atmospheric retrieval framework. a,d, The best-fit retrieved spectra,
and b,e the best-fit retrieved temperature profiles from the dayside and nightside, respec-
tively. Dark red lines show the median retrieved spectrum and temperature profile, while
dark/light shading shows the 1σ and 2σ contours, respectively. The blue points and 1σ error
bars in panels a and d show the observed spectra. c,f The posterior probability distributions
for the abundances of H2O, CO2, CH4 and HCN on the dayside and nightside, respectively.
The black squares and error bars show the median retrieved abundances and 1 σ uncer-
tainties for cases in which a bounded constraint was obtained. Only data at wavelengths
< 10.5 µm were used in the retrievals to avoid potential systematics at longer wavelengths.
The retrievals are able to fit the slight absorption feature at . 8 µm on the dayside (panel
a) with opacity from H2O. The large absorption feature on the nightside at . 8 µm (panel
d) is best fit with opacity from H2O, CH4 and HCN.
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Extended Data Fig. 7 Observed stellar spectrum, compared to the PHOENIX
model we adopted. The top panel shows the modeled and observed spectra. The bottom
panel shows the residuals as a ratio.
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Data Availability The raw data from this study will become publicly avail-
able via the Space Science Telescope Institute’s Mikulski Archive for Space
Telescopes (https://archive.stsci.edu/) on July 20, 2023. The following Zenodo
repository hosts secondary data products including the white light and spec-
tral light curves, extracted fit parameters, and ipython notebooks to calculate
derived quantities: https://zenodo.org/record/7703086#.ZAZk1dLMJhE.

Code Availability
The primary data reduction code used in this paper (SPARTA) is avail-
able at https://github.com/ideasrule/sparta. The Eureka! code used for
ancillary data analysis is available at https://github.com/kevin218/Eureka.
We used adapted versions of the SPARC/MITgcm (https://github.com/
MITgcm/MITgcm) and CARMA (https://github.com/ESCOMP/CARMA) for
our GCM and 1-D aerosol modeling, respectively. The 1-D temperature-
pressure profiles used to initialize the GCMs were generated by HELIOS

(https://github.com/exoclime/HELIOS).
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ABSTRACT
A new generation of observatories is enabling detailed study of exoplanetary atmospheres and the diversity of alien climates,
allowing us to seek evidence for extraterrestrial biological and geological processes. Now is therefore the time to identify the
most unique planets to be characterised with these instruments. In this context, we report on the discovery and validation of
TOI-715 b, a Rb = 1.55± 0.06R⊕ planet orbiting its nearby (42 pc) M4 host (TOI-715/TIC 271971130) with a period Pb =

19.288004+0.000027
−0.000024 days. TOI-715 b was first identified by TESS and validated using ground-based photometry, high-resolution

imaging and statistical validation. The planet’s orbital period combined with the stellar effective temperature Teff = 3075±75 K
give this planet an instellation Sb = 0.67+0.15

−0.20 S⊕, placing it within the most conservative definitions of the habitable zone for
rocky planets. TOI-715 b’s radius falls exactly between two measured locations of the M-dwarf radius valley; characterising its
mass and composition will help understand the true nature of the radius valley for low-mass stars. We demonstrate TOI-715 b
is amenable for characterisation using precise radial velocities and transmission spectroscopy. Additionally, we reveal a second
candidate planet in the system, TIC 271971130.02, with a potential orbital period of P02 = 25.60712+0.00031

−0.00036 days and a radius
of R02 = 1.066±0.092R⊕, just inside the outer boundary of the habitable zone, and near a 4:3 orbital period commensurability.
Should this second planet be confirmed, it would represent the smallest habitable zone planet discovered by TESS to date.

Key words: exoplanets – planets and satellites: detection – planets and satellites: terrestrial planets – planets and satellites:
fundamental parameters

1 INTRODUCTION

At long last the era of JWST has arrived, and with it the age of de-
tailed exoplanetary atmospheric characterisation (The JWST Tran-
siting Exoplanet Community Early Release Science Team et al.
2022). This achievement was unlocked just as the community hit

∗E-mail: gxg831@bham.ac.uk
†Paris Region Fellow, Marie Sklodowska-Curie Action
‡ESA Research Fellow
§51 Pegasi b Fellow

another significant milestone: the discovery of the 5000th planet be-
yond the solar system1. This ever-growing sample combined with
the might of JWST is now set to deepen our understanding of plan-
ets, including those in our solar system, on a sub-population level.

One sub-population of particularly enduring interest consists of
small, potentially habitable planets orbiting cool M-type stars. With
current instrumentation, M dwarfs represent our best hope of find-

1 Reported on 2022 March 21: https://exoplanetarchive.ipac.
caltech.edu/docs/exonews_archive.html

© 2022 The Authors
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ing temperate terrestrial planets, the best example being the seven
Earth-sized planets of the TRAPPIST-1 system orbiting an M8V
type star (Gillon et al. 2017). The reduced radii of M dwarfs enable
small planets to produce large transit depths; this combined with the
shorter orbital periods of these more compact systems makes pho-
tometric monitoring from ground and space-based facilities consid-
erably more feasible (e.g. Nutzman & Charbonneau 2008; Reiners
et al. 2018; Sebastian et al. 2021; Triaud 2021). In the context of
atmospheric characterisation by transmission spectroscopy, bright,
nearby M dwarfs are ideal planetary hosts as small temperate plan-
ets will transit frequently, enabling high signal-to-noise detections
of atmospheric features with fewer hours of telescope time (Char-
bonneau & Deming 2007; Dressing & Charbonneau 2015; Morley
et al. 2017). Additionally, these low mass stars appear more likely to
host small planets from a theoretical and observational point of view
(Montgomery & Laughlin 2009; Dressing & Charbonneau 2013;
Bonfils et al. 2013; Mulders et al. 2015; Alibert & Benz 2017; He
et al. 2017; Sabotta et al. 2021).

The so-called ‘habitable zone’ is a circumstellar region where an
Earth-like planet could sustain liquid water on its surface (Kasting
et al. 1993). With sometimes contradictory definitions of its bound-
aries, which depend on stellar spectral type, planetary albedo, mass
and even cloud cover (Kopparapu et al. 2014; Underwood et al.
2003; Ramirez & Kaltenegger 2016), it can be challenging to cat-
egorise planets using this metric. However, the most widely applica-
ble and conservative definition comes from Kopparapu et al. (2013),
stating that rocky planets receiving between 0.42− 0.842S⊕ are in
their star’s HZ, irrespective of all other factors.

The activity of the M-dwarf host stars themselves is an additional
factor to consider in the habitability of planets orbiting M dwarfs,
as the effect of their frequent flaring is not fully known (O’Malley-
James & Kaltenegger 2017). Stellar flares could destroy a nascent
atmosphere entirely (Davenport et al. 2016; Dong et al. 2017), or
they might provide the energy needed to catalyse biological pro-
cesses (Buccino et al. 2007; Patel et al. 2015; Lingam & Loeb 2017;
Rimmer et al. 2018). Additionally, we must look beyond our own
terrestrial version of habitability, by exploring the possibility that
biology might arise on water-worlds (Madhusudhan et al. 2021) or
temperate sub-Neptunes (Seager et al. 2021), as both of these may
have different HZ boundaries.

We owe much of our current understanding of exoplanetary de-
mographics to the Kepler mission (Borucki et al. 2010), and one of
the most influential results to come out of statistical studies of the
Kepler sample was the bimodal radius distribution of sub-Neptune
sized planets, with a gap between 1.5−2R⊕ (Fulton et al. 2017; Van
Eylen et al. 2018). The current best explanations for this bimodality
are core-powered mass loss (Lopez & Fortney 2013; Ginzburg et al.
2018; Gupta & Schlichting 2019), photo-evaporation (Owen & Wu
2013, 2017) and volatile-poor formation (Lee et al. 2014; Venturini
& Helled 2017). While the exact location of this so-called ‘radius
valley’ depends on stellar mass among other things (Wu 2019; Gupta
& Schlichting 2020), it is still unclear whether it is present around
M dwarfs or not (Cloutier & Menou 2020). Therefore, planets with
sizes within the radius valley (e.g. Cloutier et al. 2020, 2021; Luque
et al. 2022) help us to understand the shape and depth of this gap
around M dwarfs. A recent study by Luque & Pallé (2022), however,
indicates that M-dwarf planets may have a density gap rather than a
radius gap separating two populations of small planets (rocky and
water worlds), and that these observations are also well explained
by formation pathways that include disc-driven migration (Venturini
et al. 2020).

At present TESS (Ricker et al. 2015) is providing the commu-

nity with ample new planets to improve our understanding of exo-
planetary demographics, including by populating the habitable zone.
Notably, while several ‘habitable zone’ planets discovered by TESS
have been confirmed (e.g. Gilbert et al. 2020; Vach et al. 2022), none
yet have fallen within the conservative habitable zone as described
by Kopparapu et al. (2013)—until now.

In this context we report on the discovery of TOI-715 b, a small
planet orbiting a nearby M4 star (TOI-715 / TIC 271971130). The
planet’s relatively long orbital period and cool host provide it with
a mild instellation, placing TOI-715 b comfortably within its star’s
conservative habitable zone. We additionally find a second candidate
in the system that, if confirmed, could be TESS’s smallest habitable
zone planet discovered to date.

Our paper is organised as follows: we begin by characterising
the host star using its spectral energy distribution and reconnais-
sance spectroscopy in Section 2. We then describe the identification
of planetary candidates in the data, first by TESS followed by our
own search, in Section 3. In Section 4 we describe our ground-based
follow-up campaign and our procedures to validate the system, and
in Section 5 we detail our global analysis of all available data. Fi-
nally, we contextualise our results in Section 6 and conclude in Sec-
tion 7.

2 STELLAR CHARACTERISATION

TOI-715 (TIC 271971130) is a nearby (42pc; Bailer-Jones et al.
2021) M dwarf of spectral type M4. It is a high-proper-motion target
with right ascension 07:35:24.56 hms and declination -73:34:38.67
dms (J2000, epoch 2015.5), placing it within TESS’s continuous
viewing zone (CVZ).

As all our planetary information will be derived using the host
star’s parameters, we begin in the section that follows by character-
ising TOI-715. All photometry and stellar parameters adopted for
this work can be found in Table 1.

2.1 Reconnaissance Spectroscopy

We collected an optical spectrum of TOI-715 on 2022 January 07
(UT) using the Low Dispersion Survey Spectrograph on the 6.5-
m Magellan II (Clay) Telescope at Las Campanas Observatory in
Chile. With its upgraded red-sensitive CCD (Stevenson et al. 2016),
this instrument is now known as “LDSS-3C”. We used LDSS-3C in
long-slit mode with the standard setup (fast readout speed, low gain,
and 1×1 binning) and the VPH-Red grism, OG-590 blocking filter,
and the 0.′′75×0.′4 center slit. This setup provides spectra covering
6000–10 000 Å with a resolution of R ∼ 1810, which is insufficient
to produce a notable constraint on vsin i?.

We observed TOI-715 during clear conditions with seeing of 0.′′5.
We collected six exposures of 300 s each, totaling 30 min on-source,
at an average airmass of 1.445. Afterwards, we collected three 1-
s exposures of the nearby F8 V standard star HR 2283 (Maiolino
et al. 1996) at an average airmass of 1.360. At each pointing, we
collected a 1-s HeNeAr arc lamp exposure and three, 10-s flat fields
with the “quartz high” lamp. We reduced the data with a custom,
PYTHON-based pipeline, which includes bias removal, flat field cor-
rection, and spectral extraction. For wavelength calibration, the He-
NeAr arc exposure was used, which was extracted similarly to the
science spectrum. For flux calibration, we used the ratio of the spec-
trum of the flux standard HR 2283 with an F8 V template from Pick-
les (1998) to compute a relative flux correction; no correction was
made to address telluric absorption. The final science spectrum has a

MNRAS 000, 1–19 (2022)
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Table 1. Stellar parameters adopted for this work.

Designations TOI-715, TIC 271971130, 2MASS J07352425-7334388,
APASS 33649915, Gaia DR2 5262666416118954368,
UCAC4 083-012601, WISE J073524.46-733438.7

Parameter Value Source

α 07:35:24.56 Gaia Collaboration (2022)
δ -73:34:38.67 Gaia Collaboration (2022)
Distance 42.46±0.03 pc Bailer-Jones et al. (2021)
µα 82.67±0.02masyr−1 Gaia Collaboration (2022)
µδ 9.92±0.02masyr−1 Gaia Collaboration (2022)
RV +55.8±2.7kms−1 Gaia Collaboration (2022)
U +29.7±0.6kms−1 This work
V −54.8±2.1kms−1 This work
W +0.7±0.9kms−1 This work
SpT M4 This work
R? 0.240±0.012R� This work
M? 0.225±0.012M� This work
Teff 3075±75 K This work
logg? 5.0±0.2 This work
[Fe/H] +0.09±0.20 dex This work (spectroscopy)

−0.25±0.25 dex This work (SED)
Age 6.2+3.2

−2.2 Gyr This work
T mag 13.5308±0.0073 Stassun et al. (2019)
B mag 18.14±0.16 Zacharias et al. (2013)
V mag 16.24±0.01 Zacharias et al. (2013)
G mag 14.8940±0.0007 Gaia Collaboration (2022)
J mag 11.808±0.024 Cutri et al. (2003)
H mag 11.264±0.026 Cutri et al. (2003)
K mag 10.917±0.019 Cutri et al. (2003)
W1 mag 10.753±0.023 Cutri et al. (2021)
W2 mag 10.571±0.020 Cutri et al. (2021)
W3 mag 10.387±0.049 Cutri et al. (2021)
W4 mag > 8.92 Cutri et al. (2021)

maximum SNR per resolution element of 193 at 9202 Å and a mean
SNR per resolution element of 124 in the 6000–10 000 Å range.

The reduced spectrum (Figure 1) was analyzed using KASTRE-
DUX2. We compared the spectrum to Sloan Digital Sky Survey tem-
plates from Kesseli et al. (2017), finding a best match to an M4
dwarf. This classification was verified through spectral classification
indices from Reid et al. (1995); Lépine et al. (2003); and Riddick
et al. (2007), all of which measure consistent spectral classifications
of M4. We evaluated the ζ metallicity index (Lépine et al. 2007,
2013), determining a value of 1.066±0.002 which corresponds to a
metallicity [Fe/H] = +0.09±0.20 dex based on the empirical calibra-
tion of Mann et al. (2013). There is no significant evidence of Hα

emission, with an equivalent width limit |EW | < 1.2 Å correspond-
ing to log10 LHα/Lbol <−6.5 (Douglas et al. 2014). We also find no
evidence of Li I absorption at 6708 Å (EW < 0.7 Å), ruling out a
young age and substellar mass (Magazzu et al. 1993).

2.2 Spectral Energy Distribution

As an independent determination of the basic stellar parameters, we
performed an analysis of the broadband spectral energy distribution
(SED) of the star together with the Gaia DR3 parallax (with no sys-
tematic offset applied; see, e.g., Stassun & Torres 2021), to deter-
mine an empirical measurement of the stellar radius, following the
procedures described in Stassun & Torres (2016) and Stassun et al.

2 https://github.com/aburgasser/kastredux.
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Figure 1. LDSS-3C red optical spectrum of TOI-715 (black line), compared
to its best-fit M4 template (Kesseli et al. 2017, magenta line). Spectra are
normalized in the 7400–7500 Å region, and major absorption features are
labeled, including regions of strong telluric absorption (⊕). The inset box
shows a close-up of the region encompassing Hα (6563 Å) and Li I (6708 Å)
features, neither of which is detected in the data.

Figure 2. Spectral energy distribution of TOI-715. Red symbols represent
the observed photometric measurements, where the horizontal bars represent
the effective width of the passband. Blue symbols are the model fluxes from
the best-fit NextGen atmosphere model (black).

(2017, 2018). We utilised the highest quality broadband photometry
available, which were the JHKS magnitudes from 2MASS, the W1–
W3 magnitudes from WISE, and the GGBPGRP magnitudes from
Gaia. Together, the available photometry spans the full stellar SED
over the wavelength range 0.4–10 µm (see Figure 2).

We performed a fit using NextGen stellar atmosphere models
(Hauschildt et al. 1999), with the free parameters being the effective
temperature (Teff), surface gravity (logg), and metallicity ([Fe/H]).
The remaining free parameter is the extinction AV , which we fixed
at zero due to the star’s proximity. The resulting fit (Figure 2) has a
reduced χ2 of 1.3, with best-fit Teff = 3075±75 K, logg= 5.0±0.2,
[Fe/H] = −0.25± 0.25. Integrating the (unreddened) model SED
gives the bolometric flux at Earth, Fbol = 8.21 ± 0.19 × 10−11

erg s−1 cm−2. Taking the Fbol and Teff together with the Gaia paral-
lax, gives the stellar radius, R? = 0.240±0.012 R�. In addition, we
can estimate the stellar mass from the empirical relations of Mann
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Figure 3. Distribution of ages for all sources in GALAH Data Release 3
(light grey histogram) and those GALAH sources that match the UVW ve-
locities and metallicity of TOI-715. (dark grey histogram). The latter distri-
bution is consistent with a median age of 6.6+3.2

−2.2 Gyr (green shaded region,
25% and 75% quantiles), which we adopt as the age of TOI-715.

et al. (2019), giving M? = 0.225± 0.012 M�, which is consistent
with the value of 0.21±0.05 M� determined via logg and R?.

2.3 Estimated age

The lack of detectable Hα emission in its optical spectrum, and ab-
sence of any significant flaring activity in its TESS lightcurve, both
suggest a relatively old age for TOI-715 given the persistent emis-
sion of most mid-type M dwarfs (Newton et al. 2017; Kiman et al.
2019). We estimated the age of TOI-715 by comparing its UVW
velocities and metallicity to local stars with previously-determined
ages from isochrone fitting and metallicities from high resolution
spectroscopy (cf. Burgasser & Mamajek 2017; Delrez et al. 2022).
Our comparison sample was drawn from the GALAH Data Release
3 catalogue (Buder et al. 2021), for which ages are estimated using
the Bayesian Stellar Parameter Estimation (BSTEP) code (Sharma
et al. 2018). A matched GALAH sample was selected by requiring a
distance ≤200 pc, and agreement with TOI-715 in individual UVW
velocities to within 10 km/s and metallicity to within 0.20 dex. The
age distributions of the full GALAH sample and matched stars are
shown in Figure 3. The latter shows a broad peak with a maximum
probability at 7 Gyr; the median age of the distribution and 25%
and 75% quantiles yields an age estimate of 6.6+3.2

−2.2 Gyr. TOI-715
is likely to be as old or older than the Sun, consistent with its low
degree of magnetic activity.

Analyses of ground-based and Kepler photometry by Newton
et al. (2016) and McQuillan et al. (2014), respectively, show that typ-
ical rotational periods of old M4 dwarfs (0.4−0.5M�) are roughly
15-50 days, most likely at the longer end of this range (and possi-
bly beyond; longer periods in Newton et al. (2016) are "grade B"
detections due to low amplitude variations). This range falls within
the detectable period range for the full TESS dataset; however, the
absence of detectable Hα emission suggests a lack of significant
spotting, so even if the period were within this range TESS measure-
ments may not be sufficient to detect variability. In either case, the
lack of Hα emission and rotationally-induced variability on a time
scale ≤ 50 days are both consistent with an old age.

3 IDENTIFICATION OF PLANETARY CANDIDATES

TOI-715 is in TESS’s southern continuous viewing zone (CVZ),
meaning that in principle, it would be observed in all southern sec-
tors. In practice, it was not optimally placed on the CCD during sec-
tors 28 and 38, so at the time of writing, there are 24 sectors of
short-cadence (2 minute) data for this target3.

In the following sections we describe first the initial candidate
identification in the TESS data, followed by our own search for fur-
ther candidates.

3.1 TESS Candidate Identification

All TESS 2-minute cadence data are processed in the first instance
by the SPOC (Science Processing Operations Center) pipeline, pre-
sented in Jenkins et al. (2016). Data products are then available to
the community in the form of Simple Aperture Photometry (SAP
Twicken et al. 2010; Morris et al. 2020) or Presearch Data Condi-
tioning Simple Aperture Photometry (PDCSAP Stumpe et al. 2012;
Smith et al. 2012; Stumpe et al. 2014), the latter having been cor-
rected for instrument systematics and for crowding effects. Data
products are downloadable from the NASA Mikulski Archive for
Space Telescopes (MAST) and available via the LIGHTKURVE pack-
age (Lightkurve Collaboration et al. 2018). All lightcurves are addi-
tionally searched by SPOC for periodic transit-like signals and can-
didates with SNR > 7.1 are reported as threshold crossing events
(TCEs).

TOI-715.01 was first reported as a candidate on 2019 May 24
(Guerrero et al. 2021) following a multi-sector transit search (Jenk-
ins 2002; Jenkins et al. 2010, 2020) conducted on 2019 May 5 for
sectors 1–9. The candidate was already identified in the multi-sector
search of Sectors 1—6 conducted on 2019 April 18, but did not at
this time pass the necessary tests to be reported as a TOI. The tran-
sit signal was fitted with an initial limb-darkened transit model (Li
et al. 2019) and subjected to a suite of diagnostic tests (Twicken et al.
2018) to help determine whether the signature is from an exoplanet.
The transit signature passed all of the tests reported in the Data Val-
idation report for Sectors 1-94, and the difference image centroiding
test located the source of the transit signal to within 3.′′7± 3.′′5 in
the subsequent data validation reports for the multi-sector searches
of Sectors 1–13 and 27–39.

At the time of the first reported TCE5, the TESS Input Catalog
(TIC) in use was version 7, which had not yet incorporated the Gaia-
DR2 data; as such, TOI-715 did not have a stellar radius and the
planet candidate was reported as a 7.1R⊕ object with a period of
∼ 19.2days. Following the update to the TICv8 (Stassun et al. 2019)
the planet candidate’s radius estimate was revised, demonstrating
that TOI-715.01 was likely a super-Earth and thus a high priority
target.

SPOC TCEs are subject to the TESS-EXOCLASS 6 automated

3 There are additionally two sectors of fast cadence (20 second) data avail-
able for TIC 271971130 (27 and 28). Observations at 2 minute cadence were
requested by two General Observer programs: G011180 (PI: Dressing) and
G03278 (PI: Mayo).
4 All data validation reports (Twicken et al. 2018) referred to in this
section are downloadable at https://tev.mit.edu/data/search/?q=
271971130
5 Multi-sector TCE statistics available at https://archive.stsci.edu/
missions/tess/catalogs/tce/tess2018206190142-s0001-s0006_
dvr-tcestats.csv
6 https://github.com/christopherburke/TESS-ExoClass
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Figure 4. PDCSAP flux extracted from the short (2 minute) cadence data of the 24 sectors (1–13, 27, 29–37, 39) in which TOI-715 was observed. Light grey
point show the 120s exposures and the purple line shows the flux in 3minute bins. The transit events of TOI-715.01 are shown with the dark pink arrows and
the locations of possible transits of TIC 271971130.02 are indicated with green arrows; we note that individual transits are not readily apparent by eye.

classifier that reduces the number of TCEs that undergo the manual
TOI vetting procedure. TESS-EXOCLASS applies a series of tests
that are similar to the Kepler ROBOVETTER (Coughlin et al. 2016;
Thompson et al. 2018). TOI 715.01 passes all the tests of TESS-
EXOCLASS and has been placed in the Tier 1 (highest quality can-
didate) category, and has been classified as a Tier 1 candidate in the
subsequent SPOC multi-sector 1–13, 1–36, and 1–39 searches. Fur-
ther details for the TOI assignment process are available in Guerrero
et al. (2021).

We present the PDCSAP TESS lightcurves for all 24 sectors of
2-minute cadence data in Figure 4; the timings of the 29 transits are
indicated with dark pink arrows.

3.2 Search for additional candidates

We make use of the custom pipeline SHERLOCK7, presented in
Pozuelos et al. (2020) and Demory et al. (2020), to search the TESS
data for additional transiting candidates, as was done in Dransfield
et al. (2022a). SHERLOCK downloads all lightcurves from MAST
and, using WOTAN (Hippke et al. 2019), applies a bi-weight func-
tion with varying window sizes to detrend the data. Each detrended
lightcurve and the original PDCSAP lightcurve are then searched
for transit-like signals using TRANSIT LEAST SQUARES (Hippke &
Heller 2019). We use only the 2-minute cadence in our candidate
search, applying a Savitzky–Golay (SG) digital filter (Savitzky &
Golay 1964) previously following the strategy described in Delrez
et al. (2022)8 and we test 11 window sizes between 0.19 and 1.9
days when detrending with the bi-weight filter. We thus carry out

7 SHERLOCK is publicly available at https://github.com/franpoz/
SHERLOCK
8 We use SCIPY’s implementation of the SG filter, using a 3rd order poly-
nomial and a window size of 11 points.

our transit search on the PDCSAP lightcurve and the 11 detrended
lightcurves and only consider signals with SNR>7 for further inves-
tigation.

We recover TOI-715.01 at a period of 19.29d in the first instance
in all 12 lightcurves, and we find that the highest SNR and SDE are
achieved in the PDCSAP flux without any detrending with WOTAN.

We additionally find two other periodic signals in the data. Of
these, the signal with highest SNR is at a period of 25.61d, putting
it within 0.4% of the first order 4:3 commensurability. The signal is
detected in nine of the searched lightcurves with a maximum SNR
of 13.81 and SDE of 11.6; it has a depth of ∼ 1ppt, making this a
∼ 1.16R⊕ candidate. In order to ensure this signal is not an artefact
produced by the SG filter, we additionally search the untreated PD-
CSAP lightcurve and recover the signal with an SNR of 6.81. We
adopt this candidate as TIC 271971130.029 and highlight the posi-
tions of transit events on Figure 4 with dark green arrows. In Figure
5 we present the TESS lightcurve folded on this signal, along with
the Lomb-Scargle periodogram.

Given the large amount of data in Figure 4, it is not apparent
by eye how much pre- and post-transit baseline each transit has.
We therefore note that the total number of in-transit points for
TIC 271971130.02 is 1371, while the total number of points before
and after the transits are 1349 and 1369 respectively (counted up to
1 transit duration). Thus on average the pre-transit baseline is 98.4%
of a transit duration, while the post-transit baseline is 99.9%.

The SPOC ran the Data Validation module at the ephemeris for the
second signal and obtained an SNR of 5.5 sigma, and additionally
identified other sub-threshold transit-like signals at higher SNR.

The second signal we recover has a period of 7.17d and a depth

9 This candidate has been submitted as a Community TESS Object of Inter-
est (CTOI): https://exofop.ipac.caltech.edu/tess/target.php?
id=271971130
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Figure 5. Results of our search for additional candidates in the data, us-
ing TRANSIT LEAST SQUARES as implemented by SHERLOCK. Upper
panel: TLS periodogram showing the detected 25.61 day period of TIC
271971130.02 and its harmonics. Lower panel: TESS PDCSAP lightcurve
phase-folded on this period, with a transit model overplotted. We note that
the errorbars on the binned points are smaller than the markers, and that the
lightcurve shown here is the one treated with the SG Filter

.

of < 1ppt; it has a maximum SNR of 9.63 and SDE of 8.17. The
very low SNR of the signal makes it challenging to discern by eye
whether or not the shape is consistent with that of a planetary transit.
We also note that this signal is only found in four of the detrended
lightcurves (with window sizes between 0.38–0.65 days, but not the
PDCSAP lightcurve, indicating that the signal could be dependent
on detrending. The duration of a transit at this period on a circular
orbit is should be of order 0.065 days, and all tested windows are
at least 3× this duration. We therefore do not believe the detrending
will have suppressed the transit in other lightcurves if it is real. When
TESS returns to the southern skies in its second extended mission,
the additional photometry will provide further insight into the nature
of this signal.

It is important to note that the SNR and SDE yielded by SHER-
LOCK are inherited from the TRANSIT LEAST SQUARES algo-
rithm, which uses a simple estimation that can not be compared with
values provided by other pipelines, such as SPOC. Instead, these
values are used internally in SHERLOCK to compare the signals
found and select the most prominent among them.

4 VETTING AND VALIDATION

In this section we describe the results of the multi-facility follow-up
campaign conducted between May 2020 and April 2022. We begin
with the high-resolution imaging observations, and then outline the
photometric observations collected from five southern observatories.
Finally, we describe how all our follow-up observations were used to
validate the planetary nature of TOI-715.01 and TIC 271971130.02.

All follow-up observations are summarised in Table 2.

4.1 High resolution imaging

Close stellar companions (bound or in the line of sight) can con-
found derived exoplanet properties in a number of ways. The de-
tected transit signal might be a false positive due to a background
eclipsing binary and even real planet discoveries will yield incor-
rect stellar and exoplanet parameters if a close companion exists and
is unaccounted for (e.g., Ciardi et al. 2015; Furlan & Howell 2017,
2020). Additionally, the presence of a close companion star leads to
the non-detection of small planets residing within the same exoplan-
etary system (Lester et al. 2021). Approximately 25% of M dwarfs
are part of binary or multiple star systems (e.g., Cortes Contreras
et al. 2015; Winters et al. 2019), though fewer than 5% of known
spectroscopic binaries include an M-dwarf primary star (Pourbaix
et al. 2004)10. Nonetheless, high resolution imaging provides cru-
cial information toward our understanding of exoplanetary forma-
tion, dynamics and evolution (Howell et al. 2021).

TOI-715 was observed on 2020 December 26 UT using the Zorro
speckle instrument on the Gemini South 8-m telescope (Scott et al.
2021). Zorro provides simultaneous speckle imaging in two bands
(562 nm and 832 nm) with output data products including a recon-
structed image with robust contrast limits on companion detection
(see Howell & Furlan 2022). TOI-715 was found to be a single star
to within the angular and brightness contrast levels achieved. Eight
sets of 1000× 0.06 s images were obtained and processed by our
standard reduction pipeline (Howell et al. 2011). Figure 6 shows
our final contrast curves and the 832 nm reconstructed speckle im-
age. These high-resolution observations revealed no companion star
brighter than 5 magnitudes below that of the target star from the 8-m
telescope diffraction limit (20 mas) out to 1.2′′. At the distance of
TOI-715 (42.4 pc) these angular limits correspond to spatial limits
of 0.84 to 50.9 AU.

4.2 Photometric follow-up

4.2.1 Las Cumbres Observatory

We used the Las Cumbres Observatory Global Telescopes (LCOGT;
Brown et al. 2013) 1.0 m network nodes at South Africa Astro-
nomical Observatory (SAAO) and Cerro Tololo Inter-American
Observatory to observe three transits of TOI-715.01. First and
second transits were observed with LCO-SAAO on 2020 May 13
and 2020 October 15, and third was observed with LCO-CTIO on
2021 April 25. All observations were carried out with the Sloan-i′

and an exposure time of 180 s.
Photometric brightness was measured using an uncontaminated

target aperture of 4.3′′(11 pixels). We used the TESS TRANSIT

FINDER, which is a customized version of the TAPIR software pack-
age (Jensen 2013), to schedule our photometric time series. The
1.0 m telescopes are equipped with 4096×4096 SINISTRO cameras

10 https://sb9.astro.ulb.ac.be
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Table 2. Summary of ground-based follow-up observations carried out for the validation of TOI-715.01 and TIC 271971130.02

.

Follow-up Observations

High Resolution Imaging
Observatory Filter Date Sensitivity Limit Result

Gemini South 562 nm 2020 December 26 ∆m = 4.69 at 0.5′′ No sources detected
Gemini South 832 nm 2020 December 26 ∆m = 5.07 at 0.5′′ No sources detected

Photometric Follow-up
Observatory Filter Date (Candidate) Coverage Result

LCO-SAAO Sloan-i′ 2020 May 13 Ingress Transit ruled out on or off target during the time covered
LCO-SAAO Sloan-i′ 2020 October 15 (.01) Ingress Transit detected on target

ExTrA 1.21µm 2021 February 26 (.01) Full Detection
ExTrA 1.21µm 2021 April 25 (.01) Full Detection

TRAPPIST-South I + z′ 2021 April 25 (.01) Full Detection
LCO-CTIO Sloan-i′ 2021 April 25 (.01) Full Detection

SSO-Callisto Sloan-r′ 2021 September 26 (.01) Full Detection
SSO-Io Sloan-r′ 2021 September 26 (.01) Full Detection

SSO-Europa Sloan-r′ 2021 September 26 (.01) Full Detection
SSO-Ganymede Sloan-r′ 2021 September 26 (.01) Gapped Interruption due to weather - ingress detected

TRAPPIST-South I + z′ 2021 September 26 (.01) Full Detection
OACC-CAO Sloan-i’2 2021 November 24 (.01) Full Detection
SSO-Callisto I + z′ 2021 November 24 (.01) Full Detection

SSO-Io I + z′ 2021 November 24 (.01) Full Detection
SSO-Ganymede I + z′ 2021 November 24 (.01) Full Detection

TRAPPIST-South I + z′ 2021 November 24 (.01) Full Detection
ExTrA 1.21µm 2022 February 08 (.01) Full Detection

TRAPPIST-South I + z′ 2022 April 07 (.01) Full Detection
ExTrA 1.21µm 2022 April 07 (.01) Full Detection

TRAPPIST-South I + z′ 2022 October 25 (.02) Egress Inconclusive (high airmass)

Spectroscopic Observations
Instrument Wavelength Range Date Number of Spectra Use

Magellan/LDSS3 380−1000 nm 2022 January 06 1 Stellar characterisation
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Figure 6. Plot showing the 5σ speckle imaging contrast curves in both fil-
ters as a function of the angular separation out to 1.2′′, the end of speckle
coherence. The inset shows the reconstructed 832 nm image with a 1′′ scale
bar. The star, TOI-715, was found to have no close companions to within the
angular and brightness contrast levels achieved.

with an image scale of 0.′′389 per pixel, resulting in a 26′×26′ field-
of-view. The raw images were calibrated with the standard LCO

BANZAI pipeline (McCully et al. 2018), and photometric data were
extracted with ASTROIMAGEJ (Collins et al. 2017).

The observation of 2020 May 13 only provided ∼ 20% in-transit
coverage as well as 1.2 hours of pre-transit baseline. The transit
was ruled out on or off target during the window covered by this
observation11. The subsequent observation of 2020 October 15 con-
firmed the transit event on target with the detection of an ingress
that was 29 minutes late relative to the ephemeris. The observation
of 2021 April 25 resulted in the detection of a ful transit.

4.2.2 SPECULOOS-Southern Observatory

The SPECULOOS Southern Observatory (SSO) is comprised
of four Ritchey-Chrétien 1.0 m-class telescopes installed at ESO
Paranal in the Atacama desert (Delrez et al. 2018). Designed to hunt
for small, habitable-zone planets orbiting ultra-cool stars (Sebastian
et al. 2021), all four telescopes are equipped with a deep-depletion
Andor CCD camera with 2048×2048 13-µm pixels. Each telescope
therefore has a field of view of 12′ × 12′ and a pixel scale of 0.′′35
(Burdanov et al. 2018).

All SPECULOOS observations are scheduled using the PYTHON

package SPOCK12 (Sebastian et al. 2021), and processed in the first
instance by an automatic data reduction pipeline, described in detail

11 With the updated ephemeris we confirm that transit would have started
just after the end of the window covered by this observation.
12 https://github.com/educrot/SPOCK
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in Murray et al. (2020). Successful observations of TESS targets are
then reprocessed using PROSE, a publicly available PYTHON frame-
work for processing astronomical images13 as described in Garcia
et al. (2021, 2022). Images are calibrated and aligned before per-
forming aperture photometry on the 500 brightest sources detected;
PROSE then performs differential photometry (Broeg et al. 2005) on
the target star to extract the lightcurve. Individual lightcurves are de-
trended for airmass, sky background and FWHM (full width at half
maximum) using second order polynomials in time, and they are
then modelled using EXOPLANET (Foreman-Mackey et al. 2021b).

We observed TOI-715.01 for the first time on the night of
2021 September 26 with all four telescopes simultaneously (Io, Eu-
ropa, Ganymede, Callisto) using the Sloan-r′ filter and 120-s expo-
sures. Cloudy skies during the transit caused some large systemat-
ics in three out of four telescopes, although this did not prevent the
transit from being detected. The fourth telescope, Ganymede, closed
during the weather alert, causing only the ingress to be detected.

We re-observed TOI-715.01 on the night of 2021 November 24
with three of our telescopes. We collected 13-s exposures using the
custom filter I + z′ (Sebastian et al. 2021). Observations were once
again hampered by the untimely appearance of clouds, which af-
fected the in-transit precision of our observations. Fortunately, the
transit was still detected with all three instruments despite the over-
cast conditions.

4.2.3 TRAPPIST-South

We observed four transits of TOI-715.01 with TRAPPIST-South
(TS) (Jehin et al. 2011; Gillon et al. 2011), located in ESO La Silla
Observatory in Chile. This 0.6-m telescope is equipped with a FLI
ProLine PL3041-BB camera and a back-illuminated CCD with a
pixel size of 0.′′64, providing a total field of view of 22′ × 22′ for
an array of 2048 × 2048 pixels. TS is a Ritchey-Chrétien telescope
with F/8 and is equipped with a German equatorial mount.

All four transits were observed with the custom I + z′ fil-
ter to maximize the photometric precision. The observations took
place on 2021 April 25, 2021 September 26, 2021 November 24 and
2022 April 07, with exposure times of 50s, 70s, 120s and 90s respec-
tively. We reduced the images using PROSE pipeline (Garcia et al.
2022, 2021) to extract optimal light curves. Individual lightcurves
were then modeled using the EXOPLANET (Foreman-Mackey et al.
2021b) package and detrended using a second order polynomial of
airmass, FWHM (full width at half maximum) and sky background.
None of the observations suffered weather losses.

We additionally observed TOI-715 on 2022 October 25 during a
partial transit of the second candidate (.02) but the target was too
low during the event. The observation was therefore inconclusive.

4.2.4 ExTrA

ExTrA (Bonfils et al. 2015) is a near-infrared (0.85–1.55 µm)
multi-object spectrograph fed by three 0.6 m telescopes located
at La Silla observatory. We observed four full transits of TOI
715.01 on 2021 February 26, 2021 April 25, 2022 February 08, and
2022 April 07. We observed the first three transits using two tele-
scopes, and the fourth using three; all observations were carried out
with 8′′ aperture fibers. For both nights, we used the spectrograph’s
low resolution mode (R ∼ 20) and 60s exposures. Five fibre posi-
tioners are used at the focal plane of each telescope to collect light

13 https://github.com/lgrcia/prose

from the target and four comparison stars. As comparison stars, we
also observed 2MASS J07381369-7347351, 2MASS J07410628-
7341297, 2MASS J07393394-7330535, and 2MASS J07372328-
7321411 with J-magnitude (Skrutskie et al. 2006) and Teff (Gaia
Collaboration et al. 2021) similar to TOI-715. The resulting ExTrA
data were analyzed with custom data reduction software, detailed in
Cointepas et al. (2021).

4.2.5 OACC-CAO

We observed a transit of TOI-715.01 with Campo Catino Austral
Observatory (OACC-CAO), located in El Sauce Observatory in the
Atacama desert in Chile, on the night of 2021 November 24. The
telescope is a 0.6m Planewave CDK 24′′ with a Planewave L600
mount, equipped with an FLI filter wheel with Sloan filters and an
FLI PL16803 camera with 4096× 4096 9 µm pixels. It has a field
of view of 32′ and a pixel scale of 0.′′48.

TOI-715.01 was observed with the Sloan-i’2 filter using 180s ex-
posures. The images were reduced using ASTROIMAGEJ (Collins
et al. 2017) and we detect the full transit in an uncontaminated aper-
ture.

4.3 Statistical Validation

We make use of the statistical validation package TRICERATOPS14

(Giacalone et al. 2021; Giacalone & Dressing 2020) to as-
sess the probability of the planet hypothesis for TOI-715.01 and
TIC 271971130.02. TRICERATOPS calculates the flux contribution
from nearby stars to check if any could be responsible for the tran-
sit signal. It then calculates the relative probabilities of a range of
transiting planet (TP) and eclipsing binary (EB) scenarios using
lightcurve models fitted to the phase-folded photometry.

In the first instance we find that the false positive probabilities
(FPP) are 0.403 and 0.592 for candidates .01 and .02 respectively
when examining the TESS data, while the threshold for validation is
0.015. For candidate .01, we make use of our follow-up photome-
try by folding in the four TRAPPIST-South lightcurves. We choose
these as they were observed with the custom I+z’ filter (which is
very similar to the TESS bandpass) and all four are at different
epochs.

With this phase-folded subset of our follow-up photometry, we
find that the false positive probability reduces to 0.0107, placing it
below the threshold for statistical validation. To similarly reduce the
FPP for TIC 271971130.02, we will need to collect ground-based
photometry to confirm the event on-target or rule out events on
nearby stars (such an observation was scheduled from Hazelwood
Observatory but cancelled due to bad weather).

4.3.1 Statistical validation conclusions

With a FPP of 0.0107 TOI-715.01 is now below the customary
threshold for statistical validation (0.015; Giacalone et al. 2021); we
therefore consider the planet validated and refer to it as TOI-715 b.
TIC 271971130.02 does not yet meet the criterion for statistical val-
idation, and is therefore classified as a ‘likely transiting planet’ until
more evidence such as ground-based photometry is collected.

14 Version 1.0.17.
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5 GLOBAL PHOTOMETRIC ANALYSIS

We carried out a global photometric analysis of the TESS photom-
etry and the datasets described in Section 4.3 using ALLESFITTER

(Günther & Daylan 2021, 2019), a flexible and publicly available
PYTHON-based inference package. We exclude all partial transits,
as well as the transit obtained from OACC (due to large scatter
in the data) from our analysis, leaving 15 full transits from our
ground-based facilities. ALLESFITTER generates lightcurve mod-
els using ELLC (Maxted 2016), and Gaussian Process (GP) mod-
els using CELERITE (Foreman-Mackey et al. 2017). The best fit-
ting models are then chosen using either a nested sampling algo-
rithm via DYNESTY (Speagle 2020), or MCMC sampling with EM-
CEE (Foreman-Mackey et al. 2013). For all modeling in this paper,
we make use of the nested sampling algorithm as it calculates the
Bayesian evidence at each step in the sampling; this allows us to
compare the Bayesian evidence for different models by calculating
the Bayes Factor (Kass & Raftery 1995). All prior distributions and
their bounds can be found in Table 3.

We adopt the signal parameters from Section 3 as uniform priors,
and the stellar parameters from Section 2 as normal priors and fit
for all planetary parameters (Rp/R?, (R?+Rp)/a, cos i, T0, and P).
We fit two models in the first instance: one where eccentricity is
constrained to zero and another where eccentricity is allowed to vary,
parametrised as

√
eb cosωb and

√
eb sinωb (as in Triaud et al. 2011).

The observations described in Section 4.3 span several photomet-
ric filters from the blue to the near-infrared ends of the spectrum.
To allow the colour-dependent transit depth to be a free parameter
in our models, we also fit each lightcurve for a dilution parameter
(D) which we give a uniform prior between -1 and 1. We fix the
dilution of the TESS observations at 0 as the PDCSAP lightcurve
is already corrected for crowding (Stumpe et al. 2012), and use
the transit depth as the reference depth; we then use ALLESFIT-
TER’s ‘coupled_with’ functionality to ensure that the dilution and
quadratic limb-darkening coefficients are fitted together for all ob-
servations taken in the same photometric band.

We use the PYTHON package PYLDTK (Parviainen & Aigrain
2015) and the PHOENIX stellar atmosphere library (Husser et al.
2013) to calculate quadratic limb-darkening coefficients for each
photometric band. These are also adopted as normal priors in
our models after we reparameterise them in the Kipping (2013)
parametrisation by converting from u1,u2 to q1,q2.

Finally, due to the complex instrument systematics present in the
data obtained with the ExTrA telescopes, we model the correlated
‘red’ noise in these observations using a GP. We select the Matérn
3/2 kernel as implemented by CELERITE due to its versatility and
its ability to model both long and short term trends. We fit for two
GP hyperparameters for each ExTrA telescope: the amplitude scale,
σ , and the length scale, ρ . We place wide uniform priors on these
terms. For all other telescopes, we make use of a hybrid spline to
model the baseline. ALLESFITTER also fits an ‘error scaling’ term
to account for white noise in the data.

The initial fits (1-planet circular, and 1-planet eccentric) both con-
firm that TOI-715 b is a 1.550± 0.061R⊕ planet with an equilib-
rium temperature of 234±12K. We find that the eccentric model has
slightly higher evidence, with a logged Bayes Factor of ∼ 6.5±1.1,
although the eccentricity derived from this more complex model,
e = 0.31+0.38

−0.20, is consistent with zero at the 2σ level, and we do
not consider this a detection of orbital eccentricity. All modelled
ground-based transits of TOI-715 b, as well as the phase-folded
TESS photometry, can be found in Figures 7 and 8. In Figure 10

we present the averaged depths, in each photometric band, demon-
strating the achromaticity of the observed transits.

We remind the reader that in Section 3, we identified a second
transiting planet candidate in the TESS data, which we now incorpo-
rate into the model, and test this two-planet hypothesis. We test two
further models to seek evidence of a second planet in the system,
starting by fixing the linear ephemerides of planet b and allowing the
mid-time of each individual transit to vary. This model is motivated
by the second candidate’s proximity to a 1st order 4:3 mean-motion
resonance with the first planet. If the second candidate is real, we
might expect for these planets to experience mutual gravitational in-
teractions exciting transit timing variations (TTVs).

We place a wide uniform prior on each transit mid-time, corre-
sponding to the linear predicted mid-time ±60 minutes.We find that
due to the low SNR of individual transits in the TESS data, the tran-
sit mid-times are not well constrained for events observed only by
TESS. However, transits observed simultaneously by several ground-
based observatories have significantly less scatter and smaller error
bars. In these events, we see evidence suggesting TTVs of up to 5
minutes, although the Bayesian evidence for this model is lower than
for the two linear models tested. Models with linear ephemerides are
preferred, with Bayes Factors of ∼ 9.5 and ∼ 16 for the circular and
eccentric models respectively. We note that we did not test a fixed
linear ephemerides fit with a 2-planet model as the individual tran-
sits in TESS for the second candidate have even lower SNR and we
have no ground-based transits at the time of writing.

The final model we test is a 2-planet circular Keplerian model. We
fit for all the same parameters as before, but now additionally include
the transit parameters for the second candidate. The phase-folded
TESS photometry for the second candidate is presented in Figure
9; the fitted and derived parameters for planet b resulting from the
2-planet model are consistent with those emerging from all previ-
ous models. Also noteworthy is that the host density as calculated
by ALLESFITTER following Seager & Mallén-Ornelas (2003) with
the transit parameters of the second candidate is 22.7± 3.0gcm−3,
which is within 1σ of the stellar density prior of 23.1±3.2gcm−3,
suggesting that both signals are produced over the same star. The
results of this fit indicate that if TIC 271971130.02 is confirmed,
it is likely a 1.066± 0.092 R⊕ planet with an orbital period of
25.60712+0.00031

−0.00036 and an equilibrium temperature of 215±12 K.
All fitted and derived parameters from the linear 2-planet circular

model are presented in Table 3.

6 DISCUSSION

TOI-715 is host to at least one planet (TOI-715 b), with Rb = 1.550±
0.064R⊕, receiving an instellation Sb = 0.67+0.15

−0.20 S⊕, which places
it within the ‘conservative habitable zone’ defined by Kopparapu
et al. (2013) as the circumstellar region where a rocky planet re-
cieves and instellation flux of 0.42−0.842S⊕.

Our model suggests that there is also a possibly second, smaller
planet in the system, with size R02 = 1.066±0.092 R⊕, just within
the outer edge of the host’s habitable zone, at an instellation S02 =
0.48+0.12

−0.17 S⊕.
Expectation of planet yield by TESS prior to launch showed TESS

would detect of order 70± 9 Earth-sized planets (< 1.25 R⊕) and
14± 4 conservative ‘habitable zone’ planets < 2 R⊕ (as in Koppa-
rapu et al. 2013), but that TESS would identify of order 0 Earth-sized
(< 1.25 R⊕) ‘conservative habitable zone planets’ (Sullivan et al.
2015). More recent yield estimates (post-launch) by Kunimoto et al.
(2022) appear more pessimistic, however, finding only 5± 2 ‘con-

MNRAS 000, 1–19 (2022)
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Figure 7. Photometry of TOI-715 b along with best fitting models. Grey points are raw flux and dark pink circles are 15-minute binned points. The dark pink
lines are 20 fair draws from the posterior transit model. The flux and the transit models have been corrected by subtracting the baseline models. The TESS,
ExTrA 2 and ExTrA 3 photometry are phase-folded, while the others are single transits.
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Table 3. Priors used in our fit, along with fitted and derived parameters. Uniform priors are indicated as U (lower bound, upper bound) and normal priors are
indicated as N (mean, standard deviation). ?Equillibrium temperature is calculated assuming an albedo of 0.3 and emissivity of 1.

TOI-715 b TIC 271971130.02

Fit Parametrisation and Priors

Transit Depth; Rp/R? U (0.01,0.1) U (0.01,0.1)
Inverse Scaled Semi-major Axis; (R?+Rp)/a U (0.01,0.05) U (0.008,0.04)

Orbital Inclination; cos i U (0.000,0.04) U (0.000,0.04)
Transit Epoch; T0 (BJD) U (2458327.3,2458327.7) U (2458342.0,2458342.4)

Period; P (days) U (19.0,19.4) U (25.4,25.8)

Limb Darkening Coefficients

TESS u1 0.3322±0.0013 TESS q1 N (0.413,0.050)
TESS u2 0.3103±0.0047 TESS q2 N (0.259,0.050)
I+z u1 0.2942±0.0014 I+z q1 N (0.453,0.050)
I+z u2 0.3791±0.0052 I+z q2 N (0.218,0.050)

Sloan-i’ u1 0.3863±0.0018 Sloan-i’ q1 N (0.532,0.050)
Sloan-i’ u2 0.3431±0.0060 Sloan-i’ q2 N (0.265,0.050)
Sloan-r’ u1 0.6408±0.0032 Sloan-r’ q1 N (0.768,0.050)
Sloan-r’ u2 0.2273±0.0079 Sloan-r’ q2 N (0.218,0.050)

ExTra (1.2µm) u1 0.2058±0.0007 ExTra (1.2µm) q1 N (0.142,0.050)
ExTra (1.2µm) u2 0.1708±0.0028 ExTra (1.2µm) q2 N (0.273,0.050)

External Priors GP Priors

Stellar Mass; M? (M�) N (0.225,0.012) Amplitude Scale GPlnσ(flux) U (−7,−7)
Stellar Radius; R? (R�) N (0.240,0.012) Length scale GPlnρ(flux) U (−7,2)

Stellar Effective Temperature; Teff (K) N (3075,75)

Fitted Parameters Source

Rp/R? 0.0618±0.0017 0.0425±0.0034 2-planet linear fit
(R?+Rp)/a 0.01367±0.00017 0.01129+0.00055

−0.00047 2-planet linear fit
cos i 0.00252+0.00030

−0.00032 0.0048+0.0021
−0.0024 2-planet linear fit

T0 (BJD) 2459002.63051+0.00070
−0.00074 2459007.9879+0.0045

−0.0041 2-planet linear fit
P (d) 19.288004+0.000027

−0.000024 25.60712+0.00031
−0.00036 2-planet linear fit

Fitted GP Hyperparameters Source

ExTrA 2 gplnσ −3.77+0.24
−0.19 gplnρ −2.73+0.26

−0.17 2-planet linear fit
ExTrA 3 gplnσ −4.60+0.22

−0.19 gplnρ −2.77+0.24
−0.15 2-planet linear fit

Derived Parameters Source

Companion radius; Rp (R⊕) 1.550±0.064 1.066±0.092 2-planet linear fit
Instellation; Sp (S⊕) 0.67+0.15

−0.20 0.48+0.12
−0.17 2-planet linear fit

Semi-major axis; a (AU) 0.0830±0.0027 0.0986±0.0054 2-planet linear fit
Inclination; i (deg) 89.856+0.018

−0.017 89.72+0.14
−0.12 2-planet linear fit

Impact parameter; b 0.195+0.023
−0.024 0.44+0.18

−0.22 2-planet linear fit
Total transit duration; Ttot (h) 1.980±0.025 1.99+0.14

−0.21 2-planet linear fit
Full-transit duration; Tfull (h) 1.741±0.022 1.79+0.15

−0.25 2-planet linear fit
Equilibrium temperature?; Teq (K) 234±12 215±12 2-planet linear fit
Transit depth TESS; δtr;TESS (ppt) 4.48+0.26

−0.23 2.03+0.31
−0.27 2-planet linear fit

Transit depth i+z; δtr;i+z (ppt) 4.48+0.54
−0.48 - 2-planet linear fit

Transit depth Sloan-i’; δtr;Sloan−i′ (ppt) 4.60+1.50
−1.20 - 2-planet linear fit

Transit depth Sloan-r’; δtr;Sloan−r′ (ppt) 4.81+0.78
−0.90 - 2-planet linear fit

Transit depth ExTra (1.2 µm); δtr;ExTra(1.2µm) (ppt) 4.20+1.10
−0.96 - 2-planet linear fit
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Figure 8. Photometry of TOI-715 b along with best fitting models. Grey points are raw flux and dark pink circles are 15-minute binned points. The dark pink
lines are 20 fair draws from the posterior transit model. The flux and the transit models have been corrected by subtracting the baseline models. All transits
shown here are single transits. For the TRAPPIST lightcurves, the number in the figure titles denotes the visit number. These are treated as single transits due
to the different exposure times of each visit. Increased scatter during the transit observed by SSO-Io (bottom right panel) cause the middle binned point to have
a large errorbar.

servative habitable zone planets’ < 2 R⊕ would be detected within
the primary mission and first extended mission of TESS, a factor
nearly three times lower than Sullivan et al. (2015). Should the sec-
ond planet candidate, TIC 271971130.02 be fully confirmed, its ex-
istence would thus represent an unexpectedly important discovery
made possible by the TESS mission, with the contributions of many
ground-based facilities.

In this section, we contextualise the system by examining other
factors required for habitability, and assessing its suitability for fur-
ther in-depth characterisation. We begin by revisiting the radius val-
ley to understand what can be learned about the mass of TOI-715 b
from current mass-radius relations. We then explore the prospects
for a precise mass measurement of this planet with current spectro-

scopic instrumentation, followed by a discussion of the potential for
atmospheric characterisation with HST and JWST.

6.1 TOI-715 b and the radius valley

The radius valley, as identified in the Kepler sample by Fulton et al.
(2017), shows a lack of close-in (P < 100 d) planets with sizes be-
tween 1.5−2 R⊕; TOI-715 b’s 1.55 R⊕ appears just inside this un-
derpopulated region of parameter space. The importance of the ra-
dius valley lies in its potential to teach us about planetary forma-
tion and post-formation evolution (e.g. Owen & Wu 2017; Ginzburg
et al. 2018; Venturini et al. 2020), and hence planets inside this gap

MNRAS 000, 1–19 (2022)
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Figure 9. Phase folded TESS photometry of TIC 271971130.02. Grey points
are raw flux and green circles are 15-minute binned points. The green lines
are 20 fair draws from the posterior transit model. The flux and the transit
models have been corrected by subtracting the baseline models.

Figure 10. Measured transit depths vs. wavelength. The dark grey horizontal
line indicates the depth of the TESS transits, while other depths are high-
lighted with circles for comparison.

are crucial in furthering our understanding of the factors that sculpt
it.

The location and slope of the radius valley has been shown to
depend on the properties of the host star (e.g. Fulton & Petigura
2018; Gupta & Schlichting 2019; Berger et al. 2020), and Cloutier
& Menou (2020) and Van Eylen et al. (2021) recently re-examined
this for low-mass stars. Cloutier & Menou (2020) looked at the
small, close-in planet distribution around stars cooler than 4700K
and found that the slope is opposite in sign compared with FGK
stars, and also that the peaks of the planet radius distributions are
shifted toward smaller planets. According to this, the center of the
radius valley also shifts towards smaller radii. The sample examined
in this study contained planets discovered by Kepler and K2, and
was corrected for completeness. This work states that planets falling
between their measured radius valley and the one measured by Mar-
tinez et al. (2019) for Sun-like stars are so-called ‘keystone planets’,
crucial for further understanding the radius valley around low-mass
stars. By this metric TOI-715 b’s radius of 1.55R⊕ is just below the

Figure 11. Plot of the current sample of planets orbiting hosts cooler than
4000 K in radius-period space. The grey circles are confirmed planets with
radii measured to better than 10% precision, and the dark pink and green cir-
cles are TOI-715 b and TIC 271971130.02 respectively. We note that some
errorbars are smaller than the markers. The blue line indicates the measured
radius valley according to Van Eylen et al. (2021) for hosts cooler than
4000 K. The black dashed line is the low-mass star radius valley as mea-
sured by Cloutier & Menou (2020) for hosts cooler than 4700 K, while the
dotted black line indicated the radius valley for Sun-like stars as measured
by Martinez et al. (2019). The yellow shaded area indicates where planets re-
ferred to as ‘keystone planets’ can be found. The histogram in the right-hand
panel does not include TOI-715 b or TIC 271971130.02.

boundary of 1.66R⊕ for a period of 19.288 days, falling within the
super-Earth category.

Van Eylen et al. (2021), however, used a significantly smaller
sample, restricted to confirmed and well-characterised planets, with
masses and radii measured to at least 20% precision, orbiting stars
cooler than 4000 K. They found a slope in radius-period space op-
posite in sign compared with Cloutier & Menou (2020), and there-
fore consistent in sign with FGK stars as measured by, for instance,
Martinez et al. (2019). They do, however, find that the valley shifts
towards smaller radii for later spectral types. Contrary to the work of
Cloutier & Menou (2020), the functional form of the radius valley
derived in this study places TOI-715 b above the radius valley and
with the population of sub-Neptunes.

In Figure 11 we present the current sample of exoplanets orbit-
ing stars cooler than Teff = 4000K with planetary radii measured
to better than 10% precision15 in radius-period space. We highlight
the positions of the radius valleys as measured by Martinez et al.
(2019); Cloutier & Menou (2020) and Van Eylen et al. (2021) and
the positions of TOI-715 b and TIC 271971130.02. In this sample,
a clear radius bimodality for planets orbiting M dwarfs is not visi-
ble. What is evident is that precise characterisation of planets such
as TOI-715 b that fall between the various definitions of the low-
mass star radius valley is essential to understand whether or not this
bimodality will eventually be borne out by the data.

15 Retrieved from the NASA Exoplanet Archive on 2022 Octo-
ber 05, https://exoplanetarchive.ipac.caltech.edu/cgi-bin/
TblView/nph-tblView?app=ExoTbls&config=PSCompPars
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6.2 TOI-715 b and the density gap

Luque & Pallé (2022) recently demonstrated using a sample of plan-
ets with precisely measured radii (to at least <8%) and masses (to
at least <25%) that small planets orbiting low-mass stars in fact
likely have a density gap rather than a radius valley. The results of
that study indicate that small planets come in three flavours: rocky,
water-worlds and gassy. For planets smaller than 2R⊕ they find a
clear bi-modality in density which allow us to estimate the mass of
TOI-715 b in both the rocky (∼ 7M⊕) and water-world (∼ 2M⊕)
scenarios; both different from the Chen & Kipping (2017) estimate
of ∼ 3.5M⊕ and the rocky and volatile-rich predictions from Otegi
et al. (2020) (∼ 4.1M⊕ and ∼ 3.5M⊕ respectively). While this re-
sult is very promising for our understanding of the composition of
small planets around low-mass stars, their sample contained only
34 planets; therefore continued systematic characterisation of these
systems with consistent sample selection criteria remains crucial to
understand this distribution and ultimately the composition of plan-
ets around M dwarfs.

6.3 Prospects for a mass measurement of TOI-715 b

Given the faintness of TOI-715, the only southern hemisphere in-
strument currently capable of the precision required to measure the
mass of planet b is ESPRESSO at the VLT (Very Large Telescope
Pepe et al. 2010). If the planet is rocky and has a mass of ∼ 7M⊕,
then we calculate a predicted RV semi-amplitude of 4.5ms−1. From
ESPRESSO’s exposure time calculator (ETC) we find that we could
achieve a precision of 7.4ms−1 per measurement, meaning that for
a 25% precision on the mass of the planet, 44 spectra need to be col-
lected, with 1800s exposures and SNR ∼ 14. For this, we assume
that TOI-715 is a relatively slow rotator (vsini . 2kms−1) which
is not unusual for old M dwarfs that do not show significant stellar
activity (Moutou et al. 2017; Reiners et al. 2022).

However the ETC is usually pessimistic. Based on observed
radial-velocity precision of mid-M type planet-host stars obtained
with ESPRESSO we expect a slightly better performance for this in-
strument. Observations of Proxima Cen (M5V) resulted in a mean
precision of 0.6ms−1 (Suárez Mascareño et al. 2020), which is
about 40% better than the ETC predicts. A similar case is LHS 1140
(M3V), for which a mean precision of 0.8ms−1 has been achieved
(Lillo-Box et al. 2020), which is a precision twice better than ex-
pected. Empirical results16 for M dwarfs using the MAROON-X
spectrograph at Gemini North (Seifahrt et al. 2020) found a more
than 40% increase in precision between M0 and M6 dwarf stars.
The ESPRESSO ETC assumes an M2 spectral type to predict the
RV precision. Thus, this apparent increase in RV precision for mid-
M dwarfs, compared to early M dwarfs can explain the observed
difference in performance.

Since TOI-715 is an M4 dwarf, we can conservatively expect a
20% better RV precision compared to the ETC (thus a precision of∼
5.9ms−1). This means a 25% precision on the mass of the planet can
be reached with only ∼ 30 spectra (1800s exposures; SNR ∼ 14).
This amounts to 15 hours of telescope time, which is not unrealistic
for a planet of this importance.

If however, TOI-715 b is in fact a ‘water world’, then a mass of ∼
2M⊕ would produce an RV semi-amplitude of just 1.3ms−1. In this
case 150 hours of telescope time are needed to constrain the mass
with 25% precision. Should the density bi-modality for small planets

16 Empirical RV Uncertainties - MAROON-X

Figure 12. Transmission spectroscopy metric vs. instellation for transiting
planets orbiting hosts cooler than 4000 K. The blue shaded area shows the
conservative habitable zone as defined by Kopparapu et al. (2013). The
two dark pink circles highlight the positions of TOI-715 b in the rocky
and water world scenarios, while the green circle indicates the position of
TIC 271971130.02. We highlight in yellow the positions of the seven planets
of TRAPPIST-1. The sizes of the circles are scaled with planetary radius.

around M dwarfs suggested by Luque & Pallé (2022) be confirmed,
a non-detection might enable us to infer the planet’s mass.

In Section 5 we found that there were small hints of transit tim-
ing variations (TTVs) in the ground-based transits of TOI-715 b. If
the second planet is confirmed and the orbits are commensurate, the
masses of both planets could be suitable for characterisation using
dynamical modelling. Given the low SNR of individual transits and
the long orbital periods, such a campaign would be well suited to
ASTEP (Antarctic Search for Transiting Exoplanets, Daban et al.
2010; Schmider et al. 2022), given its convenient Antarctic location
(Dransfield et al. 2022b).

6.4 Prospects for detailed atmospheric characterisation of
TOI-715 b

The Transmission Spectroscopy Metric (TSM) as established by
Kempton et al. (2018) is often used to quantify the suitability
of planets for atmospheric characterisation via transmission spec-
troscopy. We calculate the TSM for TOI-715 b in both mass lim-
its17 and for TIC 271971130.02, as well as the published sample
of planets with Rp < 2 R⊕ and Sp < 1.6 S⊕18. The comparison
sample contained 34 planets initially; we then removed the seven
planets discovered via radial velocity as these are not known to tran-
sit. In Figure 12 we present this sample of small habitable zone and
temperate exoplanets, highlighting the location of the conservative
habitable zone (Kopparapu et al. 2013). We also highlight the po-
sitions of the five TRAPPIST-1 planets that fall in this parameter

17 The formula for TSM calculations includes a planetary radius-dependent
scale factor, with the cutoff for ‘terrestrial planets’ at 1.5 R⊕. As the radius of
TOI-715 b is 1.55R⊕ we use the terrestrial scale factor (0.190) for the ‘rocky
world’ TSM, and the ‘sub-Neptune’ scale factor (1.26) for the ‘water world’
TSM to enable a fair comparison.
18 Retrieved from the NASA Exoplanet Archive on 2022 Septem-
ber 14, https://exoplanetarchive.ipac.caltech.edu/cgi-bin/
TblView/nph-tblView?app=ExoTbls&config=PSCompPars
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space (d-h) (Gillon et al. 2017), the recently discovered LP 890-9 c
(SPECULOOS-2 c/TOI-4306 c; Delrez et al. 2022), K2-3 d (Cross-
field et al. 2015), and the well characterised mini-Neptune, LHS
1140 b (Dittmann et al. 2017).

In the case of a ‘water world’ composition, TOI-715 b could have
a transmission signal comparable to LHS-1140 b if it does indeed
have detectable atmospheric features. In the higher mass limit we
find that TOI-715 b has a TSM of approximately 1.9, below the sug-
gested cutoff of 12 for follow-up of terrestrial planets.

We use TIERRA (Niraula et al. 2022) to calculate simulated
transmission spectra for TOI-715 b in the ‘rocky’ (∼ 7M⊕) and
‘water-world’ (∼ 2M⊕) mass scenarios in the case of a primordial
hydrogen/helium-dominated atmosphere. We then use PANDEXO

(Batalha et al. 2017) to simulate JWST observations in both cases to
assess the detectability of atmospheric features. We find that in the
low-mass case atmospheric features could be detectable with a sin-
gle JWST transit if the atmosphere is cloudless. In the higher mass
case, we find that extracting meaningful features would require at
least five transits, also in the cloud-free case. A secondary atmo-
sphere with higher mean molecular mass could suppress the scale
height by more than an order of magnitude, in turn making it chal-
lenging to detect atmospheric features of these planets (de Wit et al.
2016).

In both mass cases, the carbon dioxide feature centered on 4.5 µm,
the methane feature at 3.3 µm and multiple water bands are some of
the most accessible atmospheric features with the NIRSpec PRISM,
the most suitable instrument for JWST follow-up given the simi-
lar brightness of TOI-715 compared to TRAPPIST-1. Detection of
these features will constrain the metallicity of the putative plane-
tary atmospheres, providing first hints of the carbon-chemistry of
the atmosphere itself (Madhusudhan 2012), and insights into their
formation history (Öberg et al. 2011).

6.5 Flares and habitability

Both TOI-715 b and the candidate TIC 271971130.02 lie in an inter-
esting location of the parameter space with regard to insolation, ra-
dius, and potential rocky composition, naturally posing questions of
their habitability. Many recent prebiotic chemistry and astrobiology
studies investigated how life may have originated on Earth and other
planets (see e.g. Patel et al. 2015; Airapetian et al. 2016; Xu et al.
2018 and reviews by Sutherland 2017; Kitadai & Maruyama 2018).
The first processes leading from inorganic compounds towards RNA
precursors likely require a liquid solution (e.g. liquid surface water)
and an energy source. For the latter, the host star’s flaring may pro-
vide the necessary UV radiation (in the 200-280 nm range) to trigger
these early steps (e.g. Todd et al. 2018; Rimmer et al. 2018, 2021).

On the other hand, stellar activity can also pose a significant dan-
ger to exoplanets. Strong stellar winds and XUV outbursts can con-
tribute to atmospheric loss (e.g. Atri & Mogan 2020). Even if the at-
mosphere prevails, coronal mass ejections (charged particle streams)
may interact with and dissociate atmospheric ozone (e.g. Tilley et al.
2019). Without the major atmospheric absorber of harmful UV radi-
ation, the next flares might sterilize existing surface biology.

We investigate TOI-715’s 24 sectors of TESS data for signs of
stellar flaring. We find an average rate of 7 flares per 100 days of
observations, with a maximum flare amplitude of 5% in relative flux
over nearly 2 years of data. This analysis was performed using the
STELLA neural network (Feinstein et al. 2020) and as part of the
TESS flare catalog (Günther et al., in prep.), building on (Günther
et al. 2020). We also compare this flare frequency distribution with
the theoretical potential for ozone sterilisation (Tilley et al. 2019)

and laboratory thresholds for prebiotic chemistry (Rimmer et al.
2018). We find that the flaring is likely too rare and not energetic
enough to influence either of these effects.

As TOI-715 is an older star (6.6+3.2
−2.2 Gyr), its flaring is likely not

as prominent as in younger years, when its planets were forming and
prebiotic chemistry steps might have been triggered. Demographic
studies of young (< 100 Myr) and older M dwarfs show that flaring
activity decreases with stellar age, likely due to spin-down and a de-
creasing stellar dynamo (e.g. Günther et al. 2020; Feinstein et al.
2020). Thus, one could carefully speculate: if stronger flaring or
other processes (volcanoes, impacts, or lightning) had led to astro-
biology on TOI-715 b or TIC 271971130.02 several Gyr ago, there
might be a chance it could still exist (pending, of course, all other
criteria such as atmospheric composition, liquid water, etc. are ful-
filled).

7 CONCLUSIONS

In this work we have presented the discovery, validation and char-
acterisation of TOI-715 b, a Rb = 1.550± 0.064R⊕ habitable zone
planet orbiting an M4 star with a period of 19.288004+0.000027

−0.000024 days.
We also demonstrated that there is possibly a second, smaller planet
with radius R02 = 1.066±0.092 R⊕ at a period of 25.60712+0.00031

−0.00036
days, placing it just inside the outer edge of the circumstellar hab-
itable zone. This system represents the first TESS discovery to
fall within this most conservative and widely applicable ‘habitable
zone’.

We have also demonstrated that TOI-715 b is amenable to fur-
ther characterisation with precise radial velocities and transmission
spectroscopy; detailed follow-up of this planet is crucial to further
our understanding of the formation and evolution of small, close-
in planets. Given its location in radius-instellation space, TOI-715 b
could also help us understand the characteristics of the M-dwarf ra-
dius valley.

Confirmation of the existence of the TIC 271971130.02 in the
coming months will also be crucial in planning further characterisa-
tion of planet b, as disentangling the two planets in a putative radial
velocity campaign could prove challenging if the orbit of a second
planet is not well known.
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ABSTRACT

We present an extensive grid of numerical simulations quantifying the uncertainties
in measurements of the Tip of the Red Giant Branch (TRGB). These simulations in-
corporate a luminosity function composed of 2 magnitudes of red giant branch (RGB)
stars leading up to the tip, with asymptotic giant branch (AGB) stars contributing
exclusively to the luminosity function for at least a magnitude above the RGB tip. We
quantify the sensitivity of the TRGB detection and measurement to three important
error sources: (1) the sample size of stars near the tip, (2) the photometric measurement
uncertainties at the tip, and (3) the degree of self-crowding of the RGB population. The
self-crowding creates a population of supra-TRGB stars due to the blending of one or
more RGB stars just below the tip. This last population is ultimately difficult, though
still possible, to disentangle from true AGB stars.

In the analysis given here, the precepts and general methodology as used in the
Chicago-Carnegie Hubble Program (CCHP) has been followed. However, in the Ap-
pendix, we introduce and test a set of new tip detection kernels which internally incorpo-
rate self-consistent smoothing. These are generalizations of the two-step model used by
the CCHP (smoothing followed by Sobel-filter tip detection), where the new kernels are
based on successive binomial-coefficient approximations to the Derivative-of-a-Gaussian
(DoG) edge detector, as is commonly used in modern digital image processing.

Keywords: distances

1. INTRODUCTION

Over a century ago, Harlow Shapley (1918, 1919, 1930) used blue-sensitive photographic plates to
measure (by eye) the mean apparent magnitudes of the 25 brightest stars in galactic globular clusters
(his Table 1, 1919), in order to go on to (incorrectly) build a case for his version of an Island Universe
cosmology (see Berendzen, Hart & Seeley 1976). With the availability of newly-developed, red-
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sensitive photographic plates, Walter Baade (1944) serendipitously resolved the brightest red giant
stars (which, to his surprise, suddenly appeared at approximately the same red-band magnitudes)
in several dwarf elliptical companions galaxies to the Andromeda galaxy, M31. That unanticipated
discovery precipitated a revision in the size and age of the Universe by a factor of two. Four decades
later, and armed with some of the first available panoramic linear charge-coupled devices (CCDs)
Mould, Kristian & Da Costa (1984) revisited one of Baade’s original dwarf galaxies, NGC 205.
They produced full color-magnitude diagrams revealing a broad swath of RGB stars all of which
cumulatively defined a constant I-magnitude plateau in the CMD, later to be named the Tip of the
Red Giant Branch, or simply known by its initialism, the TRGB. They also had earlier observed
NGC 147 (Mould, Kristian & Da Costa, G.S. 1983) finding the same feature. But perhaps more
interestingly they observed TRGB stars in the halo of the Local Group spiral galaxy, M33. By
good fortune, at about the same time M33 had been the subject of two different investigations into
Cepheid distance moduli to this galaxy: one by Sandage & Carlson (1983) coming in high, with a
value of (m−M)o = 25.23 mag, and another by Madore et al. (1985) nearly a full magnitude closer
at (m −M)o = 24.25 ± 0.15 mag. The TRGB distance fell in the mid-range, at (m −M)o = 24.8
± 0.2 mag, right between the other two extremes. However, not all of the early cross-comparisons of
TRGB and Cepheid distance scales were in conflict. For example, Freedman (1988a) used the first
CCD camera available on the CFHT and measure the TRGB in the halo of the Local Group dwarf
irregular galaxy, IC 1613. She found a true distance modulus of (m −M)o = 24.2 mag, which did
agree the Cepheid-based distance modulus of (m−M)o = 24.3 mag (Freedman 1988b).

The TRGB Method finally came of age with the publication of two papers: The first was the
calibration paper by Da Costa & Armandroff (1990) who were inspired to undertake an I-band CCD
survey a sample of 8 southern Milky Way globular clusters. In doing so they demonstrated that,
while the mean colors of the giant branches were rank-ordered by the mean metallicities of the parent
globular clusters (as previous known to Frogel, Cohen & Persson 1983 from pioneering their studies
of red giant branch stars in globular clusters in the near-infrared) the brightest of those RGB stars
had a remarkably stable absolute magnitude, in the I band, independent of color. The second paper
was that of Lee et al. (1996). It laid out, in one place, most of the key issues concerning systematics
involving reddening, metallicity, star formation history and host galaxy type, etc. It also introduced
the widely adopted Sobel filter for precisely deriving the magnitude at which the discontinuity in
the RGB luminosity function occurs, as well as its uncertainty, while exploring a range of smoothing
kernels. This was carried out in the context of anticipating a re-furbished Hubble Space Telescope,
and applying the TRGB method widely to the extragalactic distance scale. The authors demonstrated
its ground-based application to 10 galaxies spanning a wide range of Hubble types, metallicities and
absolute magnitudes, and found overall consistency in the TRGB, Cepheid and RR Lyrae distance
scales at the level of 0.1 mag. The success of the TRGB method might be measured by its subsequent
adoption: over the intervening three decades, more than 500 TRGB distances to nearby galaxies have
been published (for instance NED lists over 900 references to TRGB distance determinations to 302
distinct galaxies (https://ned.ipac.caltech.edu) and EDD lists 588 galaxies that they have derived
uniformly processed TRGB distances to And recently, the TRGB method has been extended to the
calibration of Type Ia supernovae and determination of the Hubble constant (Freedman et al. 2019;
Freedman 2021).
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For theoretical discussions of the evolution of stars up to and including degenerate helium core
flash, we recommend that readers consult the monographs by Cassisi & Salaris (2013), Salaris &
Cassisi (2005) and Lamers & Levesque (2017). For updated discussions of modeling, with special
reference to near- and mid-infrared applications of the TRGB method see Serenelli et al. (2017),
McQuinn et al. (2019) and Durbin et al. (2020).

2. MOTIVATION

A quick census of the published determinations of the apparent magnitude of the tip of the red giant
branch (TRGB) in even the nearest of galaxies (NED-D August 2022 version) immediately reveals
a wide range of quoted uncertainties1. The published errors, for the tip measurement in a given
galaxy, can vary by as much as a factor of ten; as in the case of M31 (0.05 to 0.57 mag uncertainties
quoted) and M33 (0.03 to 0.30 mag), but more typically they range over a factor of 3 to 6 as, for
example, in the published values for the nearest galaxies: the LMC (0.04 to 0.25 mag), IC 1613 (0.05
to 0.20 mag) and NGC 6822 (0.06 to 0.19 mag). On the other hand, some of the reported statistical
uncertainties on the tip determination can go as low as 0.01 mag (e.g., Lee & Jang 2012 for M101; or
even smaller than that in the case of Conn et al. 2011 for Andromeda I and II). In an appendix to
Cioni et al. (2000) those authors rightly note that many of the methods used, (counter-intuitively)
do not in any way scale with population size of stars detected and measured at the tip. They should.
For a given photometric error, population size certainly needs to be a part of the calculation of the
statistical uncertainty on the mean of the TRGB distance.2 Upon closer examination of any given
paper, it is not always clear what exactly the source of the quoted uncertainty is or even how it was
actually calculated. In this paper we attempt to bring some clarity to the situation.

In earlier papers (Madore & Freedman 1995; Madore, Mager & Freedman 2009) we presented
computer simulations of the TRGB in its use as an extragalactic distance indicator. In the first
paper there is an often quoted and paraphrased conclusion that “at least 100 stars in the first
magnitude interval below the tip are needed to secure a distance modulus to better than ±0.1 mag”.
At that time, the method was still in its infancy and small number statistics were a major concern
(especially when the early focus was on applying the method to sparsely populated individual galactic
globular clusters, or very small fields of view in the halos of very nearby galaxies, say). The field
has matured, the demand for higher precision has prevailed, and the numbers of stars measured
in extragalactic halo fields has gone into the thousands, while at the same time other sources of
uncertainty in determining the precision of the TRGB have become clear. We feel that it is time now
to explore parameter space a bit more thoroughly. In the following we consider, in turn, a total of
three independent, major sources of uncertainty:

(1) The formal way in which the statistical uncertainty in the tip magnitude can be quantified,
specifically in terms of its sensitivity to numbers of stars at the tip, and its independent sensitivity to
individual photometric errors of those same tip-defining stars. (2) The effects of having an asymptotic
giant branch (AGB) population of stars contributing to the one-magnitude interval directly above
the TRGB. And finally, (3) The explicit modelling of the mutual (line-of-sight) crowding of all stars

1 That said, the errors presented in NED are in no way homogenized. NED presents the data as published, and in
many cases the original authors make no distinction between statistical and systematic error, or combinations of the
two.

2 However, see Mendez et al. (2002) and/or Makarov et al. (2006) for extensive discussions specifically concerning
the Maximum Likelihood technique and its error sensitivity to photometry and sample size.
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along the RGB, and the inevitable production of a new, but totally spurious, population of (crowded)
stars, systematically brighter than the TRGB.

We use a modified Sobel edge-detection filter (see Appendix I) for measurement of the TRGB,
which is largely consistent with our GLOESS-smoothed, Sobel-filtered analysis used in the Carnegie
Chicago Hubble Program (Hatt et al. 2017; Jang et al. 2018; Hoyt et al. 2018; Madore et al. 2018).
In Appendix I we derive and tabulate a complete series of new digital filters that are derived from
successive discrete approximations of the first derivative of a Gaussian, using the binomial theorem
as the gradient detector. We also adopt the weighted (noise-suppression) versions of these kernels as
first introduced and applied to a simple Sobel filter in Madore, Mager & Freedman (2009) and much
later adopted and utilized by Gorski et al. (2018).

3. THE UNDERLYING MODEL

The basic model adopted here for the intrinsic luminosity function, above and below the TRGB,
now consists of three distinct input populations: (a) a red giant branch (RGB) population with
a power-law increase in numbers with increasing (fainter) magnitudes, (b) a bright-end trunca-
tion/discontinuity of the RGB luminosity function, defining the tip, and (c) an asymptotic giant
branch (AGB) population, stretching at least one magnitude above and brighter than the TRGB.
We model the luminosity function from one magnitude above to two magnitudes below the TRGB
(but note that only the first magnitude below the tip is shown in the figures) assuming a flat lu-
minosity function for the AGB down to the TRGB3, at which point there is a discontinuous offset
to the RGB population. The RGB then assumes a steeply-rising luminosity function of the form
log[N(m)] = 0.3× [I− ITRGB]+a. In these first simulations the relative RGB-to-AGB normalization
is six to one, such that there are 17 AGB stars in total in the one-magnitude interval seen above
the TRGB, for every 100 RGB stars in the one-magnitude interval fainter than (i.e., below) the
tip. For the purpose of this simulation, the AGB luminosity function is assumed to be flat in the
one-magnitude interval above the tip and zero elsewhere. References to the literature justifying the
values for the parameters alluded to above are to be found in the first paragraph of Section 5.1.1.

Here we first examine an idealization in the form of a toy model that captures the essential in-
gredients of the detailed simulations that follow, and try to emphasize how the various components
contribute (or not) to the determination of the magnitude and location of the TRGB discontinu-
ity.The toy model is shown in Figure 1, a luminosity function centered on the TRGB. This a plot of
logarithm of numbers of stars per magnitude bin as a function of magnitude. The luminosity function
is composed of an AGB population, represented by a dispersionless straight line sloping upward from
left to right, stopping one bin short of the location of the discontinuity defining the TRGB. The
number of AGB stars in that final bin is N. One bin beyond that magnitude the luminosity function
is defined by red giant branch stars whose slope is independent of, and different from, the AGB slope.
The RGB luminosity function is normalized at the tip with a value that is six times the value of
the AGB population (i.e., 6N stars) at its starting point one bin brighter than the bin marking the
discontinuity. The bin between the two terminal points defines the tip, and its value is the average
of the two adjacent luminosity functions (i.e., 3N stars).

3 The referee has argued that a variety of shapes to the AGB luminosity are apparent in published CMDs including
data above the TRGB, and that a flat AGB LF may not be representative. We agree with that statement, but as
shown in the Appendix D the shape of the AGB luminosity function, be it falling rising or flat, has no impact on the
ability of the Sobel filter to detect the TRGB in an unbiased manner.
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Figure 1. Magnified view of the idealized toy model of the RGB + AGB luminosity function, centered on
the discontinuity in the RGB luminosity function at the TRGB. Solid yellow segments, from left to right
show the AGB LF, the discontinuity, and the RGB LF. The blue histogram is a binned version of straight
lines used as digital input to the differencing (Sobel) kernel: [-1,0,+1]. The digital output of the Sobel
Response Function is shown in red histogram form in the lower portion of the figure. The maximum of
the Sobel filter marks the position of the discontinuity. See text for a step-by-step description of the tip
detection.

The upper panel of Figure 1 shows the input luminosity function binned into 9 histogram-like
segments with bin No. 5 centered on the position of the discontinuity, marking the luminosity (in
magnitudes) of TRGB. The lower panel shows the result of running a Sobel filter [-1,0,+1] across the
binned luminosity function. The output of the Sobel filter is the discretely-sample first derivative of
the function being sampled. Moving from left to right the output of the Sobel filter is constant, as
expected, given the constant slope of the input AGB luminosity, i.e., at the first position the output
of the Sobel function is [-1×(N-3ε) + 0×2ε + 1×(N-1ε) =] 2ε, where ε is the width of the binning.
At the second position the output is [-1×(N-2ε ) + 0×(N-ε) + 1×N) =] again (the slope of the pure
AGB) 2ε. These first steps do not sample the discontinuity and therefore contain no information
about its position or presence. At step No. 3, the right-most element [+1] is the first to sample the
discontinuity and reports a increased value of the filter’s output, [-1×(N + ε) + 0×N + 1 × (6/2)N
= ] 2N - ε. The next step over continues to report larger values of its response function, where the
[+1] element now sees the undiluted height of the RGB luminosity function 6N, and differences that
against the response of the left-most element [-1] of the Sobel filter contributing a value of -N, with
the central element of the Sobel filter always reporting a null value regardless of the function’s value.
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The output is [-1×N + 0×(6/2)N + 1×6N = ] +5N. The central element simply keeps track of the
bin around which the derivative is being measured and reported. Moving the filter one more bin to
the right reports a value of [-1×(6/2)N + 0 × 6N + 1 × (6N+δ) = ] +3N + δ. One step more away
from the discontinuity gives [-1×6N + 0×(6N+δ) +1×(6N+2δ) = ] +2δ, the slope of the RGB. All
subsequent steps to the right continue to report the constant slope of +2δ. The maximum value of
5N for the Response Function is found at step No. 4 and marks the magnitide at which the TRGB
is to be found.

4. A FEW PRELIMINARIES

It is worth making explicit what exactly the criteria are for a successful experiment to be run,
that aims for a detection and measurement of the position of the discontinuity marking the TRGB
in magnitude space. It is then also important to list the real-world parameters over which we have
some control in optimally undertaking the observations and subsequently analyzing the results.

Generally speaking, there are two obvious performance indices in TRGB edge detection that we
are concerned with here: accuracy and precision. However, the latter (which can also be classified
as “bias”) can be further broken down into (a) false-positive “detections” of the TRGB, (b) non-
detections and (c) systematic bias attributed to the edge-detector itself. Each of these are discussed in
turn, below. And in the subsection following this we discuss what control we have, at the observational
design level, in mitigating each of these kinds of errors.

4.1. Accuracy

(i) False Positives: In the presence of random noise in the output of our TRGB edge-detection
response-function, there comes a point at which (a) Fluctuations in the number of detected stars
(from bin to bin) and/or (b) Poisson noise in the photometry of the individual stars themselves
will produce (spurious) features in the tip-detection/response-function output. These noise-induced
features, if large enough, can be both qualitatively and quantitatively indistinguishable from the
expected signal (i.e., being positive deflections in the response function, that have a similar width
and relative height when compared to the expected/true signal.) In the controlled simulations,
discussed below, we quantify when and where this situation starts to become a serious problem.

(ii) Non-Detections: Again, in the presence of excessive photometric noise, particularly for small
population sizes (or in a combination of the two) it is possible for the true signal to become so weak
that it is not detected at any significant thresholding level, with respect to the ambient response-
function noise. This situation is fatal; but the circumstances under which it is likely to occur can
be anticipated and identified using these simulations as a guide (see, for example, Figures 4 and 7).

(iii) Potential Bias in the Tip Detection Algorithm: Given the unequal count rates of stars con-
tributing to the luminosity functions above and below the TRGB, it might be thought that even a
symmetric response-function kernel might return an asymmetric (i.e., biased) answer, given that more
RGB stars are moving across the TRGB discontinuity to intrinsically brighter magnitudes than there
are bright AGB stars moving in the opposite direction (across the TRGB discontinuity) to fainter
magnitudes. We investigate this potential source of systematic error (detector bias) throughout the
simulations studied below.

4.2. Precision

We are endeavoring to measure (a) the tip magnitude, (b) its statistical uncertainty (its precision)
and (c) provide any estimate of bias (its accuracy) inherent in the methodology explored here. A
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number of factors contribute to the outcome. Some of these factors can be controlled in advance
while setting up the experiment/observation, and some of them can be ameliorated later in the data
analysis stage. For instance, the source-count population, the amount of crowding, and the signal-to-
noise ratio in the photometry can each be controlled with foreknowledge of the approximate surface
brightness of the region being targeted, knowing the approximate distance, and adjusting the total
exposure time (or size of the telescope), within allowable and practical limits. The type of kernel
employed in measuring the first derivative of the luminosity function at and around the tip, and the
amount of smoothing of the data chosen to be applied to the data, in advance of the kernel response
function application, can both be controlled to optimize the output of the detector once the data
have been obtained. We consider each of these parameters in turn.

5. RGB + AGB COMPUTER SIMULATIONS

In this series of simulations, we explore changing a number of parameters while holding others fixed.
These include the photometric errors and overall population size (Section 4.1), different smoothing
sizes (Section 4.2 & 4.3), and amount of crowding/blending (Section 6). In Section 5, we illustrate
how the width of the smoothing function does not carry information on the uncertainty of the tip
measurement.

Here we explore the systematics of changing the photometric errors at the tip (from one simulation
to the next) while holding the population size and smoothing fixed.

With Figure 2 we start at one extreme: A very densely-populated luminosity function (about
120,000 stars in total) having minimal (0.01 mag) smoothing and very high-precision photometry, as
shown in the first (upper left) panel. We then work (left to right and top to bottom) through the
observed effects of progressively increasing the photometric errors (at the tip) from ±0.02, to 0.05,
0.10, 0.15 and 0.20 mag, respectively (corresponding to signal-to-noise ratios of 50, 20, 10, 6 & 5).

In Figures 3 through 5 we then re-run parallel simulations, progressively dropping the total pop-
ulation of stars by about a factor of ten each time: starting with about 120,000 RGB stars in the
one-magnitude interval below the tip (in Figure 2), and ending with a simulation having only 127
RGB stars in that same one-magnitude interval (in Figure 5).

In each of the next sections (each also containing four figures and six main sub-panels) we explore
the effects of changing the smoothing (going up from 0.01 to 0.05, and finally 0.10 mag) in Figures
6 through 9, at fixed population sizes per figure and increasing photometric errors through each of
the sub-panels, as in the previous section.

We then close out in Section (4.1.9) holding the smoothing at a fixed value (at 0.10 mag) and
assessing the effects of changing the population size in Figures 10 through 13, while changing the
photometric errors in the sub-panels within those figures.

This extensive grid of plots is provided both for their use as predictors in planning future observa-
tions, and for their use as a guide in understanding the luminosity functions and edge-detector output
once they are acquired. To put this into perspective for the 12 galaxies observed by Freedman et
al. (2019) in their determination of a TRGB-based value of the Hubble constant, they detected an
average of 4,000 RGB stars in the one-magnitude interval below the TRGB (with anywhere from
1,000 to 20,000 RGB stars in individual cases, depending on the distance modulus of the host galaxy
and how far into the halo any given exposure was taken.) As for the typical photometric errors at the
tip, the exposures were scaled to the approximately known distances and they all have uncertainties
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Table 1. Guide to Simulations: Figs 2-13 and Panels a through f

RGB Stars Smoothing Error at TRGB

120,000 Fig. 2 Fig. 6 Fig. 10 a b c d e f

11,331 Fig. 3 Fig. 7 Fig. 11 a b c d e f

1,240 Fig. 4 Fig. 8 Fig. 12 a b c d e f

124 Fig. 5 Fig. 9 Fig. 13 a b c d e f

at the tip of about ±0.10 in F814W (I-band). This would roughly correspond to the middle-right
panels of Figures 6, 7 & 8.

To help navigate the various simulations we provide a guide to their ordered content in Table 1.

5.1. Low Degree of Smoothing

5.1.1. A Range of Photometric Errors: 120,000 RGB Stars, Fixed Smoothing ±0.01 mag

We start this detailed discussion with a high-definition simulation of the luminosity function be-
ginning one magnitude above, and ending one magnitude below the TRGB, where the discontinuity
is set to M = 0.00 mag across of the simulations in this paper. This would correspond to MI =
-4.05 mag, which closely matches the value currently adopted by the CCHP (Freedman 2021). The
first magnitude interval, above the tip, is populated uniformly as a function of magnitude by AGB
stars. For examples of published flat AGB luminosity functions above the tip see Beaton et al.
(2019), their Figure 4, Hoyt et al. (2018), their Figure 6, and Nikolaev & Weinberg (2000), the inset
histogram to their Figure 4, and their description of it being “The off-bar LF shows only a mild
increase in the source counts at the location of TRGB, but has the same, roughly constant profile at
Ks brighter than 12 mag, due to the AGB population, visible in the other two luminosity functions.”
At the TRGB discontinuity the RGB population turns on at an initial rate (of stars per magnitude
bin) 6x times greater than the AGB density above the tip (see Wu et al. 2023, where they calculate
a variant of this contrast ratio R (using bins 0.5 mag wide, above and below the tip) for a large
number of GHOSTS galaxies, finding that it ranges from R = 4 to 7 as seen by the annotations in
their Figure 5). Thereafter the binned number density of RGB stars increases with a logarithmic
slope of +0.3 (Mendez et al. 2002; Makarov et al. 2006).

The upper left panel in Figure 2 shows our highest-fidelity, and most optimistic realization, con-
sisting of 120,000 RGB stars and some 20,000 AGB stars. The bin size is 0.01 mag, giving a typical
RGB population of 1,200 stars per bin, leading to an expected 2-sigma scatter of ±70 stars per
bin (or ±6% one sigma, as can be seen in the plot). The solid line passing through the data is a
GLOESS fit with a Gaussian smoothing window of 0.01 mag, making it a close approximation, at
this fine binning/smoothing, to a spline fit through the individual data points. The vertical line at
M = 0.0 mag marks the exact position of the TRGB that is equidistantly flanked, in the lower panel,
by two dashed lines (barely visible in this panel) that are ±0.01 mag apart, showing the highest
attainable resolution of the data and the response function.

Below the luminosity function, in the lower part of the panel, is the first-derivative response function
as applied to the discretely-sampled and (minimally) smoothed luminosity data above it. We use the
MF5 edge detector described in Appendix A, which samples the luminosity function at 11 optimally-
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weighted points symmetrically placed around the output bin. Two versions of the output function
are shown: The thin solid line is the Raw Response Function (RRF) of the MF5 filter, while the thick
black line is the (inversely) Noise-Weighted Response Function (NWRF), as described in Appendix
A. The two response functions have been scaled to agree at the their respective (close-to-peak) values
at the center of the plot where the true/input value resides. As is evident from a casual inspection
of the various plots, noise suppression results in much reduced fluctuations everywhere across the
magnitude range probed by the tip detectors, without any obvious degradation (or improvement) of
the sought-after signal at the TRGB discontinuity. We do point out however, that the width of the
untreated TRGB detection is both asymmetric and wider than the noise-suppressed response, where
the latter has the expected width of ± 0.01 mag, which in turn is the sampling limit of the data. The
solid line marks the exact position of the TRGB and the two flanking solid lines are again separated
by ±0.01 mag for visual reference.

The GLOESS fit to the luminosity function faithfully tracks the discontinuity input at 0.0 mag, in
the upper panel, and the response function, in the lower panel, peaks precisely at the midpoint of
the M = 0.0 mag discontinuity, in all cases. At the resolution of the data and the detector output
(0.01 mag in both cases) there is no measurable bias in the first derivative response function being
used to detect the TRGB.

We do, however, want to emphasize that there is no pressing need for smoothing the data when in
this high-population, high-precision-photometry portion of parameter space; the Noise-Weighting is
sufficient in suppressing spurious signals, while simultaneously sharpening the edge-detector response.

In the second panel of this same figure (top right) we begin to explore the effects of adding photo-
metric errors to the individually “observed” stars contributing to the simulated luminosity function.
All of the other parameters (in this instance, population size, smoothing and the detection kernel)
used in the 12 sub-panels of Figure 2 are kept unchanged.

In this second simulation, randomly-generated photometric errors, having a Gaussian sigma of
±0.02 mag and a mean of zero, have been applied randomly to each of the sampled stars, which were
then re-binned at 0.01 mag intervals, re-plotted and re-analyzed.

The only effect obvious to the eye is the rounding of the originally sharp shoulders of the luminosity
function immediately above and below the magnitude of the TRGB discontinuity. The dashed vertical
lines in the upper panel mark the one-sigma “smoothing radius” inflicted on the discontinuity by the
degradation of the photometry. In the sub-panel below the luminosity function we again show the
MF5 response function, in both the raw (thin solid line) and the noise-suppressed (solid black line)
forms. Again the RRF is considerably noisier overall, and it is noticeably wider (with, noise-induced,
broad wings) at the discontinuity. The noise-corrected response function still has the band-width-
limited natural width of ±0.01 mag.

The same general trends continue as we increase the photometric errors (from ±0.05 to ±0.20 mag)
in the remaining four (lower) panels; that is, the raw response is always broader than the noise-
suppressed response width, which is stable and effectively unresolved at the ±0.01 mag level right up
to and including the largest tested photometric error of ±0.20 mag. What is progressively different
is the decreasing signal-to-noise ratio of both response functions as compared to the baseline noise,
at the fixed baseline width of the discontinuity-sampling kernel (MF5 in this case). As the observed
slope of the luminosity function at the TRGB discontinuity softens with increased photometric er-
rors, the power in the first derivative across a fixed magnitude interval drops, while the Poisson
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population-sampling noise in the baseline luminosity functions, on either side of the tip, remains
largely unchanged. We emphasize here that the lower, response-function plots have been sequentially
re-scaled for clarity, roughly normalized by the peak of TRGB response.

Summary 1 – For very large populations of stars defining the luminosity function around the Tip of
the Red Giant Branch, the Raw Response Function and the Noise-Weighted Response Function are
each found to be unbiased indicators of the position of the discontinuity in the luminosity function
marking the position of the TRGB. The RRF is found to slowly but systematically increase in
width with increasing photometric errors. A slight skewing of the RRF distribution function towards
fainter magnitudes may also be a generic feature of added noise affecting the wings. The NWRF is
unresolved in all of the instances, regardless of the input photometric errors. As the power in the
response functions fall (with increasing photometric errors) the noise on either side and surrounding
the discontinuity begin to encroach upon and become competitive in amplitude with the declining
response at the true position. This degradation is noticeable at a photometric error of ±0.10 mag,
and becomes problematic thereafter, for higher values of the photometric errors. In all cases, however,
the noise-suppression is effective in damping down this background noise by about a factor of two
compared to the raw response value (see the last three panels for the worst-case examples). At
the two largest values of the photometric errors (±0.15 and ±0.20 mag in the bottom two panels)
noise-induced spikes in the response function become sufficiently large with respect to the declining
response at the known/true position, that false positive detections start to become a problem especially
downstream of the true tip. Noise-suppression helps to damp these fluctuations down, but does not
eliminate all of the false positives in the regime of large photometric-errors (>0.15 mag).
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Figure 2. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to ±0.20 mag)
at fixed smoothing (±0.01 mag) and extremely large populations of RGB stars (about 120,000). The lower
portions of each of the six sub-panels shows the first-derivative edge-detector output in both its uncorrected
(thin black lines) and it noise-weighted (thicker black line) form. See text for a detailed discussion of the
trends.
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5.1.2. A Range of Photometric Errors: 11,000 RGB Stars, Fixed Smoothing 0.01 mag

At this iteration we drop the total population of stars contributing to the luminosity function by
about factor of ten (down to 11,000 RGB and 2,000 AGB stars), keeping the smoothing at a very
low level (±0.01 mag) as above, while again assessing the effects of increased photometric errors.

It is important to note at this point that the effects of decreased population size and increased
photometric errors are causally independent of each other in the plotted luminosity functions. At
fixed precision in the photometry, downsizing the population size can only decrease the number of
stars in any given bin and thereby increase the relative error (

√
N/N) in that bin. The increased

scatter in all of the panels of Figure 3 as compared to Figure 2 is a direct result of the decreased
number statistics and can be seen repeated and progressively amplified later on in Figures 4 and 5
as the population size decreases further.

What may not be immediately obvious is why the “photometric redistribution” of the data across
bins at a given population size has virtually no affect on the noise amplitude in the luminosity
functions, seen on either side of the discontinuity. The reason for this is that while this form of
smoothing redistributes data laterally, it does not significantly change the local mean value of N in any
given bin (i.e., photometric redistribution conserves total counts within its smoothing radius). That
means, of course, that

√
N/N is also “conserved”. Photometric blurring of individual data bin does

not reduce
√
N population noise in the RGB continuum; however, because of the strong asymmetry,

inherent in the jump in the luminosity function at the TRGB, more RGB stars migrate to higher
luminosities (and boost the apparent AGB population) than the other way around. Accordingly,
photometric errors erode the tip and systematically decrease the slope of the transition marking the
rise from the AGB to RGB populations, decreasing the contrast between the AGB and the tip, but
still not moving the position of the discontinuity.

The small degree of (±0.01 mag) smoothing in these simulations tracks not only the population
fluctuations from bin to bin, but also the precisely-defined, sharp rise marking the TRGB. As the
photometric errors increase and the transition widens and flattens the population, the power in the
response function crossing the ever-widening transition region starts to drop. From a photometric
error of ±0.05 mag onward (middle left panel) it is approaching the noise level of the RGB population
noise. In this simulation there are 3-4 noise spikes “downstream” of the true tip that are of similar
power, rendering the identification of the true tip ambiguous. At a photometric error of ±0.15 mag
(lower left panel) the number density of false peaks is overwhelming and even noise in the AGB
population starts to contribute to an “upstream” ambiguity. At this level of smoothing, population
size and photometric error, the tip cannot be extracted from the noise.

Summary 2 – For an RGB population of approximately 10,000 stars an unambiguous detection of
the tip can be assured with a photometric error of ±0.05 mag or less. At a photometric error of
±0.10 mag the first-detected discontinuity is the true one with false positives rapidly developing at
fainter magnitudes, downstream. However, at a photometric error of ±0.15 mag and beyond false
positives overwhelm the signal in power and in number, both below and above the true tip.
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Figure 3. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to ±0.20 mag)
at fixed smoothing (±0.01 mag) and moderately large populations of RGB stars (11,000). The lower portions
of each of the six sub-panels shows the first-derivative edge-detector output in both its uncorrected (thin
black lines) and it noise-weighted (thicker black line) form. See text for a detailed discussion of the trends.
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5.1.3. A Range of Photometric Errors: 1,000 RGB Stars, Fixed Smoothing ±0.01 mag

This simulation drops the RGB population to about 1,000 stars, another factor of ten below the
previous investigation. Almost immediately, at a photometric error level of ±0.02 mag, the power in
the response function at the tip has dropped to a level comparable to population noise in the RGB
luminosity function. Several ‘false positives’ are seen (in the middle left panel of Figure 3) downsteam
of the true TRGB. Noise spikes in the RGB magnitude range are so frequent (at this smoothing)
that they can randomly appear around the tip without really being detections of the tip. Note the
cluster of noise spikes well below the known position of the TRGB in the lower left panel and then
again a spike somewhat brighter (and certainly stronger) than the tip in the adjacent, lower right
panel.

Summary 3– For a population of only 1,000 RGB stars a photometric error in excess of ±0.02 mag
results in false positives overwhelming the tip detection, in the absence of any significant smoothing
(but see Sections 4.2 and 4.3 below).
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Figure 4. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to ±0.20 mag)
at fixed smoothing (±0.01 mag) and small populations of RGB stars (1,200). The lower portions of each of
the six sub-panels shows the first-derivative edge-detector output in both its uncorrected (thin black lines)
and it noise-weighted (thicker black line) form. See text for a detailed discussion of the trends.
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5.1.4. A Range of Photometric Errors: 124 RGB Stars, Fixed Smoothing ±0.01 mag

As may well have been anticipated by the trends already seen above in the increased number of false
positives as the sample size decreased and as the photometric errors increased (at fixed smoothing),
this last simulation (shown in Figure 5) contains only 120 RGB stars, and is dominated by noise.
While the six-to-one contrast ratio between the RGB and the AGB population still applies, the
depleted populations on either side of the jump at the TRGB are so dominated by Poisson noise that
(without smoothing) both the luminosity function itself and the tip-detection response function are
almost indistinguishable from noise. But with hindsight, gleaned from coming panels and figures,
there is still (surprisingly perhaps) meaningful information on the position of the TRGB in all of
these realizations.

Summary 4 – RGB populations of this size are insufficient to provide reliable measurements of the
tip magnitude, but some information can still be gained.
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Figure 5. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to ±0.20 mag)
at fixed smoothing (±0.01 mag) and impoverished populations of RGB stars (124). The lower portions of
each of the six sub-panels shows the first-derivative edge-detector output in both its uncorrected (thin black
lines) and it noise-weighted (thicker black line) form. See text for a detailed discussion of the trends.
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5.2. Increased Smoothing

5.2.1. A Range of Photometric Errors: 120,000 RGB Stars, Fixed Smoothing ±0.05 mag

We now repeat the cycle of exploring population size effects and photometric errors, but now at an
increased level of smoothing of the data set to ±0.05 mag.

Once again, returning to the upper left panel of Figure 6, we begin with an RGB population of
120,000 stars below the tip and a photometric error of 0.00 mag. At this level of precision in the data
the discontinuity occurs between two bins and the smoothing is inappropriately too large, needlessly
degrading the jump. Nevertheless the power in the first-derivative response function (bottom section
of the upper right panel) is very high and well defined, as one might expect. And its width is only
±0.01 mag. Increasing the error at the tip to ±0.02 mag (upper right panel) widens the discontinuity
somewhat, but the smoothing of ±0.05 mag is still too large. The output of response function itself
responds to the increased photometric errors by declining in power, and widening. In the middle
left panel the smoothing and the photometric errors are identical and the fit at the tip is almost
optimal. The response function is well centered, continues to widen with the increased errors and
can be seen to be starting to develop structured wings that are due to increased, but smoothed,
population noise down-stream of the TRGB. In the final (lower right) panel the photometric errors
are at their maximum for this simulation (±0.20 mag) and the response function is widened both by
the smoothing of the discontinuity in the luminosity function plane and by the encroaching population
noise, smoothed out in the response function plane. It is noteworthy that throughout this simulation
the mode of the response function at the true TRGB luminosity is stable at the 0.01 mag level despite
the widening of the response output and the asymmetric growth of its wings.

Summary 5 – A larger smoothing of 0.05 mag is too large for data with very small photometric errors.
However, this smoothing becomes more appropriate when the photometric errors are comparable to
the smoothing value. With a large population of RGB stars, the tip location is extremely stable in
all cases.
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Figure 6. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to 0.20 mag) at
fixed, but slightly larger smoothing (0.05 mag) than previously discussed and again for very large populations
of 120,000 RGB stars. The lower portions of each of the six sub-panels shows the first-derivative edge-detector
output in both its uncorrected (thin black lines) and it noise-weighted (thicker black line) form. See text for
a detailed discussion of the trends.
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5.2.2. A Range of Photometric Errors: 11,000 RGB Stars, Fixed Smoothing ±0.05 mag

Despite the under-fitting of the data around the TRGB (due to the larger smoothing) the filter
response is sharp, unambiguous and unbiased for photometric errors less than ±0.05 mag (which
coincidentally corresponds to the adopted smoothing here) for an RGB population size about 11,000
stars. At high photometric errors (i.e., in excess of ±0.10 mag) false positives predominate up-stream
(middle right panel of Figure 7) but eventually crowd around and compromise the integrity of the true
tip detection, encroaching both from fainter and brighter magnitudes. For instance, the strongest
peak in the lower left panels is due to a smoothed version of a clustering of random noise peaks two
tenths of a magnitude below the true TRGB. The existence of a peak at the correct position in the
lower right panel cannot be given much credibility given the ambient noise.

Summary 6 – Photometric errors greater than ±0.10 mag cause false positives and potential bias
in the (blended) tip magnitude for populations of 11,000 RGB stars. Increased smoothing does not
mitigate this effect.
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Figure 7. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to 0.20 mag)
at fixed, but slightly larger smoothing (0.05 mag) than previously discussed and for moderately large pop-
ulations of RGB stars (11,331). The lower portions of each of the six sub-panels shows the first-derivative
edge-detector output in both its uncorrected (thin black lines) and it noise-weighted (thicker black line)
form. See text for a detailed discussion of the trends.
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5.2.3. A Range of Photometric Errors: 1,200 RGB Stars, Fixed Smoothing ±0.05 mag

Dropping the sample size by another factor of ten, down to around 1,200 RGB stars below the TRGB
does not substantially change the description of the situation as given in the previous section. The
detection of the tip, as seen in in Figure 8, is relatively strong and unambiguous up to a photometric
error of ±0.05 mag after which competing false positives begin occurring above and below the true
tip.
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Figure 8. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to 0.20 mag)
at fixed, but slightly larger smoothing (0.05 mag) than previously discussed and for small populations of
RGB stars (1,240). The lower portions of each of the six sub-panels shows the first-derivative edge-detector
output in both its uncorrected (thin black lines) and it noise-weighted (thicker black line) form. See text for
a detailed discussion of the trends.
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5.2.4. A Range of Photometric Errors: 120 RGB Stars, Fixed Smoothing ±0.05 mag

At our smallest population size of 120 RGB stars below the tip, the advantages of smoothing are
now becoming quite apparent in the first two panels of Figure 9, illustrating the onset of decreased
photometric precision. The first detected tip is the true peak, up to an error of ±0.02 mag, after
which spurious noise peaks overwhelm the detection both in advance of and beyond the true position
of the TRGB. Confidently detecting the true position of the TRGB in RGB populations of around
100 stars in the upper magnitude range can only be done with high precision data and is still risky,
given that noise spikes of comparable power are found systematically positioned up to ±0.1 mag
above and below the true tip, in virtually all of the realizations shown here.

Summary 7 – Increased smoothing can help compensate for small population sizes if the photometric
quality is very good. However, using small populations is still not advisable.
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Figure 9. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to 0.20 mag)
at fixed, but slightly larger smoothing (0.05 mag) than previously discussed and for impoverished populations
of RGB stars 124). The lower portions of each of the six sub-panels shows the first-derivative edge-detector
output in both its uncorrected (thin black lines) and it noise-weighted (thicker black line) form. See text for
a detailed discussion of the trends.
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5.3. Largest Smoothing Considered

5.3.1. A Range of Photometric Errors: 120,000 RGB Stars, Fixed Smoothing ±0.10 mag

As we now move to overly aggressive smoothing, this large population (120,000 RGB star) simula-
tion is clearly being over-smoothed at the tip, up to the point that the smoothing and the photometric
error at the tip are of equal magnitude, ±0.10 mag in this case. As can be seen in Figure 10, the
width of the response function at high signal-to-noise is controlled by the adopted smoothing up to
the cross-over point of smoothing and photometric errors (middle right panel) after which the width
grows with the increased photometric errors (last two panels). At high values of the photometric er-
rors, the earlier-mentioned wings and low-level asymmetries are still present but obviously smoothed.
Again, no bias is detected in the response function. Smoothing offers little or no advantage in the
detection or measurement of the tip discontinuity in this particular scenario.

Summary 8 – High levels of smoothing are not advantageous for large populations of RGB stars.
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Figure 10. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to
±0.20 mag) at fixed, but moderate smoothing (±0.10 mag) and for very large populations of RGB stars
(120,000). The lower portions of each of the six sub-panels shows the first-derivative edge-detector output in
both its uncorrected (thin black lines) and it noise-weighted (thicker black line) form. See text for a detailed
discussion of the trends.
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5.3.2. A Range of Photometric Errors: 11,000 RGB Stars, Fixed Smoothing ±0.10 mag

As in the example discussed above, dropping the RGB sample to 11,000 stars in Figure 11 does
not quantitatively change the description of the response function to increased photometric errors.
However, there is now the first indication that the mode of the response function output is being
drawn off center (at the ±0.05 mag level) by the increased noise in the smoothed wings (last four
panels). Over-smoothing should be carefully monitored. Running through a range of smoothing
parameters can alert the user to systematic errors being introduced because of over-smoothing noise
into the true peak, as illustrated here in the last three panels.

When numerous (comparably significant) peaks are found with a low degree of smoothing, no
amount of additional smoothing will reveal the true peak, but rather the resulting “detection” will
be a weighted average of the surrounding peaks which may (with enough smoothing) appear to a
be a single (broad) peak, it will but probably be biased: consider smoothing the last three panels
in Figure 7, as then seen in Figure 11. Our recommendation is that future investigators always try
a number of smoothing kernels bracketing their preferred solution so as to reveal the presence (or
absence) of substructure that a high degree of smoothing would otherwise gloss over.

Real world investigations into selecting an optimal smoothing have been undertaken by Beaton et
al. (2019); see their Figures 5 and 8 for examples of the implementation of an iterative smoothing
analysis. There one can see solutions that are over-smoothed systematically drifting from their less-
smoothed solutions, being drawn away by adjacent, individually low significance, but sometimes
numerous peaks. Over smoothing in this context tends to occur when the smoothing parameter
is in excess of the photometric errors at the TRGB. In addition, we note that a wide range of
edge-detection methods using different smoothing kernels (and even including those using maximum-
likelihood fitting techniques) were found to agree to very high (0.01 mag) precision when applied
to the TRGB data for IC 1613 (Hatt et al. 2017, ApJ, 845, 146). The two papers both offer a
quantitative means of selecting an optimal smoothing parameter which is the one that minimizes the
quadrature sum of the random and systematic errors, generally selecting smoothing parameters that
are indeed close to the measured photometric errors reported for stars at the tip.4

Summary 9 – Over-smoothing can introduce a systematic bias in the presence of noise, and should
be cautiously examined.

4 It should be made clear that the IC 1613 dataset and its reduction is exquisite in nature given the very high
precision of the photometry and the sharpness of its tip. If similar investigations were to be shown for galaxies with
lower quality data (say due to their increased distance or mixed populations), they would be unlikely to demonstrate
such a high level of agreement.
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Figure 11. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to
±0.20 mag) at fixed, but intermediate smoothing (±0.10 mag) of a moderately large population of RGB
stars (11,000). The lower portions of each of the six sub-panels shows the first-derivative edge-detector
output in both its uncorrected (thin black lines) and it noise-weighted (thicker black line) form. See text for
a detailed discussion of the trends.
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5.3.3. A Range of Photometric Errors: 1,200 RGB Stars, Fixed Smoothing ±0.10 mag

At 1,200 stars in the RGB tip detection is unbiased and unambiguous at high signal to noise in
the photometry at the tip (upper left panel of Figure 12). At lower photometric precision adjacent
noise spikes broaden and can bias the true tip detection by up to 0.1 mag (bottom two panels). In
this realization several of the deflections are toward brighter magnitudes, but there is no reason to
believe that these are anything more than random fluctuations around the mean (see below).
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Figure 12. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to
±0.20 mag) at fixed, but intermediate smoothing (±0.10 mag) of a moderately large population of RGB
stars (12,000). The lower portions of each of the six sub-panels shows the first-derivative edge-detector
output in both its uncorrected (thin black lines) and it noise-weighted (thicker black line) form. See text for
a detailed discussion of the trends.
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5.3.4. A Range of Photometric Errors: 120 RGB Stars, Fixed Smoothing ±0.10 mag

This final realization shows the filter response to a small sample size (120 RGB stars) with large
(±0.10 mag) smoothing applied to monotonically increasing photometric errors. At high signal-to-
noise, (the top two panels of Figure 13) the true peak is properly detected, but it is not the highest
peak over the two-magnitude interval. In this particular simulation the strongest (all false positive)
peaks are found, four out of six times, at fainter magnitudes than the true tip, and by up to 0.35 mag
separation. With an average of one star per RGB bin, wild statistical fluctuations, both in the
luminosity function itself and in the discontinuity detector, are both to be expected and are seen.
This is far from being an acceptable situation for detecting or measuring the TRGB with any degree
of confidence.

Summary 10 – One should not even attempt to a tip detection at low signal to noise in situations
where the population size is only in the hundreds. Spurious signals will be found above and below
the true tip.
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Figure 13. Six sub-panels illustrating the effect of increasing the photometric noise, (from 0.00 to
±0.20 mag) at fixed, but intermediate smoothing (±0.10 mag) and an impoverished population of RGB
stars (120). The lower portions of each of the six sub-panels shows the first-derivative edge-detector output
in both its uncorrected (thin black lines) and it noise-weighted (thicker black line) form. See text for a
detailed discussion of the trends.
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6. EXPLORING SMOOTHING VERSUS TIP UNCERTAINTY

In Hatt et al. (2017) and in Jang et al. (2018), it has been shown that the output width of the Sobel
response function (and many of its variants) is dominated by the width of the smoothing function,
and it alone carries little or no quantitative information on the uncertainty in the tip measurement
itself. This non-response of the width of the Sobel Function output to variations in smoothing and
population size is shown in the three panels in Figure 14. At the bottom of each of the figures we show
the Sobel filter response to the smoothed luminosity functions plotted above them. The two thin
vertical lines centered on the response function are not determined by the the Sobel-filter response
itself but rather they mark the input width (±0.025 mag) of the GLOESS smoothing function, which
has nothing to do with any of the observed properties of the data. These lines match the observed
width of the Sobel filter response function because the smoothing dominates. To see this, in the
central panel the GLOESS smoothing width has been doubled to ±0.050 mag, and the response
function is seen to have exactly doubled as well; same data, same population size, but twice the
width of the response. The final (right) panel shows the effect of reducing the luminosity function
population by a factor of 10, keeping the GLOESS smoothing the same as the middle panel. The
width of the response function is unchanged, as shown by the predicted width based on the GLOESS
smoothing. For vastly different number of data points, there is no qualitative change in the width of
the response function. We end with where we started: the width of the Sobel filter response function
has little or no discernible information content on the uncertainty of the measured tip magnitude,
and it should not be used indiscriminately in any such applications.
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Figure 14. The direct dependence of the width of the Sobel Function response to variations in smoothing
(comparing the left and middle panels) and insensitivity to population size (comparing the middle and right
panels). The left panel shows the Sobel filter tip-detection response to the TRGB luminosity function,
which is shown rising diagonally across the top of the plot. The two thin vertical lines mark the input
width (±0.025 mag) of the GLOESS smoothing function. They match the observed width of the Sobel filter
response function. In the central panel the GLOESS smoothing width has been doubled to ±0.050 mag, and
the response function is seen to have doubled as well. The final (right) panel shows the effect of reducing the
luminosity function population by a factor of 10, keeping the GLOESS smoothing the same as the middle
panel. The width of the response function is unchanged, as shown by the predicted width based on the
GLOESS smoothing.

However, two other observables, population size and photometric errors, do have an expected and
predictable impact on the uncertainty of the TRGB measured magnitude. This is illustrated in the
three panels in Figure 15 where the run of (statistical) edge-detection errors with population size and
with photometric errors are shown. In each of the panels the vertical axis gives our desired output:
the standard deviation of the measured TRGB magnitudes. The plotted points are derived from 200
independent realizations of the luminosity function, each smoothed and individually scanned by our
edge-detection filter. The three line-linked symbols each track the increased precision in the TRGB
measurement as a function of increasing sample size for a given mean error in the TRGB photometry.
The horizontal axis tracks the population size of the luminosity function being scanned, defined here
by the number of RGB stars in the one-magnitude interval immediately below the TRGB. Filled
circles have photometric errors of ±0.10 mag. Circled plus signs have ±0.05 mag errors. And circled
dots represent error-free photometry. The amount of GLOESS smoothing increases by factors of two
(across the three panels), ranging from ±0.05 mag to ±0.20 mag top to bottom.

Modulo the Poisson noise inherent in these finite simulations, the trends are clear: All of the
determinations of the uncertainty in the TRGB measured magnitude decrease monotonically with
increased sample size. And all trend lines decrease more slowly as the photometric errors increase.
Moving from figure to figure the effects of the GLOESS smoothing are seen to be present but sub-
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Figure 15. Variations of the run of edge-detection errors with population size and with photometric errors,
as a function of the GLOESS smoothing changing from here through Figure 17. The vertical axis gives the
standard deviation of the measured TRGB magnitudes derived from 200 independent realizations of the
luminosity function for each plotted point. The three line-linked symbols each track the decrease in the
TRGB uncertainty as a function of increased sample size for a given mean error in the TRGB photometry.
The horizontal axis is gives the population size normalized by the number of RGB stars in the one-magnitude
interval immediately below the TRGB. Filled circles have photometric errors of ±0.10 mag. Circled plus
signs have ±0.05 mag errors. And circled dots represent error-free photometry. The amount of GLOESS
smoothing increases by factors of two from this to the next two figures. Here we show the results for a
±0.05, ±0.10 and ±0.20 mag smoothing. Ripples in these trends are not significant but due to small number
statistics in the individual simulations.

dominant. In any case, for any given observation the three parameters controlling the calculated
uncertainty on the TRGB magnitude (the population size, the photometric errors and the adopted
smoothing) are known and can be input into a numerical simulation tailor-made for that study giving
the uncertainty for that particular tip measurement. Failing that, these plots can be interpolated
for a first-order estimate of the uncertainty to be associated with the choice of smoothing, measured
population size and known photometric errors (labelling each of the three realizations in each of the
three smoothing plots).
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One, final caveat. The simulations in this section were undertaken for situations wherein crowding
is not a major source of error at the tip. However, if observations are made in regions of high surface
brightness (and commensurately higher levels of crowding) then the simulations presented in the next
section should take precedence.

7. CROWDING SIMULATIONS

Our final set of simulations targets the important question concerning the effect of source crowding
on the RGB luminosity function, especially at and around the discontinuity defining the tip.

In order to isolate and unambiguously determine the effects of crowding on the luminosity function
above the TRGB we have set the AGB population to zero, which would ordinarily be found in the
one-magnitude interval above the tip. We did this intentionally so as to show what the crowded
population looks like unhindered by superimposing it on a true AGB population; i.e., to see the
signature of crowding alone. In each of Figures 16 through 20 we show (in the left-hand panel) the
input luminosity function as a blue-shadowed white line rising in number abruptly at MI = -4.00 mag
and thereafter exponentially increasing to form the Red Giant Branch luminosity function. The actual
numbers of stars defining the simulated luminosity function are shown by the black-shadowed red
line, sampled at 0.01 mag intervals. In the right panel we show the output of the edge detector
in yellow. Running between the panels is a thin black (horizontal) line marking the input TRGB
discontinuity. In the right panel the position of the discontinuity as measured by the edge-detector
is shown as a dashed black line. Finally, in the left-hand panels in the otherwise empty space above
the TRGB we have inset the simulated CCD image used in the calculation (see the captions for the
key to the various symbols marking stars in the image).

The aforementioned “simulated CCD image” was instrumental in undertaking the crowding sim-
ulation. The image consists of a square array of 1000 by 1000 elements. As stars populated the
(smooth blue line) input luminosity function seen in the left panel, they were randomly assigned a
cell in the image, their magnitudes were converted to fluxes and they were added to that cell. If the
cell was already occupied the flux was augmented and the cell was considered to be crowded. The
process was continued until all stars were assigned to cells. The summed fluxes were then converted
back to magnitudes, and these magnitudes were rebinned (at 0.01 mag resolution) thereby creating
the “crowded luminosity function” shown by the jagged red line in the luminosity function plot.
Summary 11 – It is apparent from these simulations that self-crowding blurs the tip discontinuity.

In addition, high levels of crowding can cause a bias in the measured tip magnitude. In general, it is
preferred to make these measurements in low-density halo fields to avoid crowding issues.

8. ELIMINATING AGB STARS

Although AGB stars above the tip are naturally found in most halo fields they have a fairly flat
luminosity function that only serves to decrease the contrast of the tip discontinuity by placing
the RGB luminosity function on a slightly elevated background; but that loss of contrast does not
impose a bias, only a decrease in precision. If one considers the TRGB discontinuity as a step
function, then it is easy to visualize that, for reasonable high levels of the contrast ratio R > 3, say,
the measurement of the onset (when approached from brighter luminosities) is not influenced by level
of the baseline/background upon which it is being measured. The AGB contribution, close to the tip,
can be thought of as a relatively constant pedestal upon which the TRGB discontinuity is detected.
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The presence of true AGB stars can be eliminated by time-domain observations of the TRGB fields.
The Gaia Mission has shown that virtually all true AGB stars in this luminosity range are variable
(see Figure 3 in Eyer et al. 2019 for the types of variables in the Gaia CMD and especially Figure
8 which gives the fraction of variables sitting at unity (red points seen directly above the downward
slanting TRGB), while no RGB stars, at or below the tip, have been found to show variability greater
than 0.04 mag full amplitude (black points in the aforementioned Figure 8), they would then at most
contribute a ±0.01 mag blurring of the tip.5

Identifying and removing the variable AGB population will aid in de-blurring and “decontaminat-
ing” the tip from the bright side, and increase the contrast of the discontinuity defining the TRGB
as approached from either side.

5 The referee has correctly pointed out that Soszynski et al. (2004) have a paper entitled “Small Amplitude Variable
Red Giants in the Magellanic Clouds”. In that paper the largest amplitude variables are above the TRGB and consist
of AGB stars alone (LPVs, Miras and semi-regular variables); below the tip the amplitudes systematically decrease
with period (see examples in their Figure 4) and the authors believe that these fainter variables are a mix of AGB
and RGB stars. They name these stars OSARGs (OGLE Small Amplitude Red Giants). In their Figure 2 the TRGB
can be found at WI ∼11.5 mag, and at 1.5 < (V − I) < 2.4 in their Figure 3. In their Figure 2, cutting the lower-
left panel in color restricts the RGB sub-tip population to stars that have log P1 < -1.8. Applying that cut to the
Period-Amplitude plot in the panel directly above the Period-Color plot reveals that the OSARGs below the tip have
peak-to-peak amplitudes starting at 0.04 and dropping to 0.01 mag. Converting amplitudes to equivalent sigmas then
suggests that these very-small-amplitude variables contribute no more scatter than ±0.010 to 0.003 mag. The claim
in the subsequent literature (Anderson et al. 2023) that “Every star at the TRGB is variable” is true, at the millimag
level, but it is not of concern in the context of the TRGB extragalactic distance scale.
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Figure 16. A simulation of the RGB luminosity function consisting of 117,000 stars populating the mag-
nitude range from MI = -2.0 to a sharp cut-off at MI = -4.0 mag defining the TRGB. The individual stars
are assumed to be error-free in their individual magnitudes. Noise in the luminosity function is entirely
due to Poisson noise in the counts in the individual bins. Output from the Sobel-Pascal-7 edge detector is
shown in the right panel. The black horizontal line, spanning the two panels, is the TRGB magnitude set to
MI = -4.00 mag. The dashed black horizontal line in the right panel only is the mean value of the response
function. The inset “Simulated CCD Image” in the left panel shows the positions of all stars used in the
simulation. Large yellow dots, circled in red and black are all RGB stars from MI = -4.00 to -3.90 mag.
Crowded stars brighter than the TRGB are shown as larger black filled circles. This plot is given to provide
a visual impression of the self-crowding of stars near the TRGB that result in the small population of stars
above the tip in this particular luminosity function.
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Figure 17. Same as Figure 16 except this simulation involve slightly over 200,000 RGB stars in the frame.
Crowding is now quite apparent in the inset CCD Image, and has resulted in an appreciable population
of crowded stars falling in number from the tip to 0.75 mag brighter where the self-crowding of two stars
at the tip would appear as one unresolved source. For clarity, however only one star in 10 is plotted. See
text for additional details. The offset between the blue (input) line and the (red) output line in this and in
the following three figures is a direct consequence of the crowding systematically producing more stars at a
given magnitude by merging two or more fainter stars.

9. UNADDRESSED ISSUES: STAR FORMATION HISTORY OF THE HALO ON THE
POSITION AND COLOR DEPENDENCE OF THE TRGB

In a paper by Brown et al. (2003) the case has been made for a significant population of
intermediate-aged (6-8 Gyr), high-metallicity ([Fe/H] ¿ -0.5) RGB stars being present in the halo of
M31. These stars can exceed the luminosity of the old, metal-poor (standard) TRGB population,
but they also ascend at a color that is far to the red of the most metal-rich, old TRGB stars (see
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Figure 18. Same as Figure 16 except this simulation involves slightly over 700,000 RGB stars in the frame.
Crowding is now quite apparent in the inset CCD Image, and has resulted in an appreciable population of
crowded stars falling in number from the tip to 0.75 mag brighter where the self-crowding of two stars at
the tip would appear as one unresolved source. See text for additional details.

their Figure 1f) The application of both a blue and (especially in this case) a red cut-off to the RGB
stars, being used to detect the tip effectively deals with these stars. In any case, in a forthcoming
paper (Freedman, Madore & Owens, 2023) it is shown that a comparison of TRGB distances with
Cepheid distances to the same galaxies give a combined scatter of only +/- 0.066 mag which must
bracket the total impact of all remaining random errors, including scatter that might be introduced
by star formation history difference between these halos.

Additionally, concern about the presence of young populations of red giant stars in the halos of
galaxies have been raised in the literature, most recently and extensively by McQuinn et al. (2019).
Their message is mostly cautionary. We agree with that stance, but offer up a number of lines of
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Figure 19. Same as Figure 16 except this simulation involves slightly over 1,370,000 RGB stars in the frame.
Crowding is now quite apparent in the inset CCD Image, and has resulted in an appreciable population of
crowded stars falling in number from the tip to 0.75 mag brighter where the self-crowding of two stars at the
tip would appear as one unresolved source. For clarity only one star in 10 is plotted. See text for additional
details.

evidence arguing for optimism that the effect of younger populations (star formation history of the
halo) if present, is a minor contributor to the measured scatter in the TRGB, especially in the I
band.

Some of the concern about young populations interfering with the detection and measurement
of the TRGB are driven by ill-fated applications of the TRGB method too close to the disk. The
following quote from the GHOSTS Team (Monachesi et al. 2014) summarizes the situation very well.
“The CMDs are mostly populated by old RGB stars (older than 1 Gyr). There are however younger
populations such as blue, extended main-sequence (MS) stars (< 500 Myr) or massive stars burning
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Figure 20. Same as Figure 16 except this simulation involves slightly over 2,000,000 RGB stars in the frame.
Crowding is now quite apparent in the inset CCD Image, and has resulted in an appreciable population of
crowded stars falling in number from the tip to 0.75 mag brighter where the self-crowding of two stars at
the tip would appear as one unresolved source. See text for additional details.

helium in their core (25–600 Myr old red and blue loop sequence stars). These appear primarily
in the fields closer than R = 15 kpc to each galaxy, and especially along the major axis, which are
dominated by disc stars.”

Theory also suggests that a younger population would have little impact even if it were mixed in.
From model predictions of McQuinn et al. (2019), it is expected that the F814W absolute luminosity
of the TRGB should have a small dependence on stellar age of roughly 0.02 mag across an age range
of 5 Gyr and 0.04 mag across 0.5 dex. Indeed, inspection of lower panel in Figure 2 of McQuinn et
al. shows that the effect of age spread is indeed small, but it is also degenerate in its correlation with
metallicity. Furthermore, this point has also been recently addressed in the single-authored paper by
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Hoyt (2023) where he states: “A long-standing question of the TRGB concerns the extent to which
age can shift the observed colors and magnitudes of TRGB stars, potentially breaking the assumption
of universality in any single proposed calibration (Salaris & Girardi 2005). Encouragingly, in this
section it was shown that the Jang & Lee (2017) QT color dependence – based on observations in the
stellar halos of L∗ galaxies – describes very well the TRGB magnitude-color relation in the MCs (this
study), Local Group dwarfs, and M33 (Rizzi et al. 2007). This consistency indicates that for RGB
stars found in these environments either: the age distributions are identical, or that age-dependent
variations in the I-TRGB magnitude are minimal. In either case, the I-TRGB appears well-behaved
and without a measurable bias across these host environments.”6 Bottom line: If you detect blue
main sequence stars or red supergiant populations in your fields then you are clearly too close to the
disk and any attempt to determine a TRGB distance to any such a line of sight through the galaxy
is subject to systematic effects. Stay as far as possible out into the pure halo, preferably along an
extension of the galaxy’s minor axis.

10. SUMMARY CONCLUSIONS AND GENERAL ADVICE

TRGB distances have become one of the most precise and accurate means of measuring the distances
to galaxies in the nearby universe (see, for instance, Dalcanton et al. 2009; Karachentev et al.
Freedman et al. 2019; Anand et al. 2022; and the cumulative holdings of TRGB distances at
NED [ https://ned.ipac.caltech.edu/ ] and EDD [ https://edd.ifa.hawaii.edu/ ]) . We stress that
for accuracy and precision, the method should be applied in the outer halos of galaxies, where the
effects of extinction and self-crowding of TRGB stars are minimal. With these simulations, we have
shown the trade-offs between a number of factors, including photometric precision, numbers of stars
defining the RGB luminosity function and the effects of crowding. These simulations can be used as
a guide to optimize the choice of halo fields for accurate TRGB measurements.

The above simulations presuppose that observations of the TRGB for the purpose of extragalactic
distance determinations are being made in the halos of galaxies. Thus, they are well away from disk
contamination consisting of dust, gas, and stars of mixed ages, colors and spatial densities. This
contamination can only degrade the TRGB detection and act (in the case of dust extinction) in
biasing the apparent magnitude of the tip to fainter magnitudes.

In a review of TRGB modeling McQuinn et al. (2019) state “Given the building histories of halos,
it is reasonable to expect variations in ages and metallicities.” They then go on to say “Assuming
stellar halos are consistently metal-poor with little variation does not appear to be valid; and add
“To date, few constraints have been placed on the stellar ages.” However, in their conclusions they
more optimistically state “In the I-band equivalent HST F814W filter and JWST F090W filter, the
TRGB is remarkably constant across all ages and metallicities probed”. We feel that it would be
remarkable that any halo would not have a first-generation of low-metallicity red giant stars. These
stars will be the brightest TRGB stars in the I band and will trigger the edge detector before any
other higher-metallicity (potentially fainter) population would enter the mix. That is to say, if there
is a population of fainter, high-metallicity stars in any given halo, along with the generations of lower-
metallicity stars that gave rise to them, in the marginalization process undertaken before measuring

6 In terms of the lack of bias due to the AGB stars observed in these simulations we note that Hatt et al. (2017)
had already remarked on this (non-effect) in their own independent simulations, stating “... we find that the AGB
component simulated here has no substantial effect on the measured TRGB magnitude. The ratio of TRGB to AGB
stars near the tip is about 4:1, which might, conceivably, cause a TRGB measurement to be systematically brighter.
Nonetheless, we find that the signal-to-noise of the TRGB still outweighs the noise component due to AGB stars and
there are minimal systematic effects.”
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the tip, the high-metallicity stars will be systematically below the first triggering of the edge detector
and will simply augment the RGB luminosity function without a signature of their own (see Figure
12 in Hoyt 2023). Similar arguments can be made for the color-rectified TRGB at longer wavelengths
if the curvature downward to fainter magnitudes persists at higher metallicities (which is strongly
correlated with color). Finally, it needs to be emphasized that, as Figures 2 and 3 in McQuinn et al.
vividly demonstrate, the color and luminosity dependence of the TRGB on age is extremely small
(in the I band), and it is largely degenerate with the color dependence of the TRGB luminosity on
metallicity. The situation may be less straightforward at longer wavelengths. JWST observations
will be extremely important here.

But what do the observations of the TRGB have to say on this matter? Figure 5 of Freedman et
al. (2019) gives a comparison of TRGB distances with Cepheid distances to a variety of galaxies of
different star formation histories (ages), different mean metallicities, different distances and different
amounts of reddening. For the entire ensemble (near and far) the combined scatter is only +/-
0.11 mag, which, if equally shared between the two methods would imply that they are each good to
4% in distance. However, if you just look at the closest sample their sigma drops to +/-0.05 mag,
which means that the two methods are each good to 2% in distance. The take-away message is that
inside of that 2% all of the unresolved or unknown systematics are themselves contained at that same
level, be it metallicity, age or biased fitting methods. On that note we are optimistic.

Having population sizes that are sufficient to fill the RGB luminosity up to and including the tip
are crucial to the extraction of an unbiased TRGB magnitude. For example, for RGB populations
of less than 1000 red giant branch stars in the first magnitude interval below the true TRGB, false
detections of the tip can be expected at the ±0.1 mag level when the photometric precision of the
data is worse than ±0.05 mag (see the lower six sub-panels in Figures 8, 9, 12 & 13).

Degradation of the tip due to increased photometric errors can be compensated for by having
increased population sizes (compare Figures 2 & 6 with 3 & 7).

We have demonstrated that it is best to use the least amount of smoothing possible, commensurate
with the photometric errors and population sizes. When numerous (comparably significant) peaks
are found with a low degree of smoothing, no amount of additional smoothing will reveal the true
peak, but rather the resulting “detection” will be a weighted average of the surrounding peaks which
may (with enough smoothing) appear to a be a single (broad) peak, it will but probably be biased:
consider smoothing the last three panels in Figure 6, as then seen in Figure 10. Our recommendation
is that future investigators always try a number of smoothing kernels bracketing their preferred
solution so as to reveal the presence (or absence) of substructure that a high degree of smoothing
would otherwise gloss over. See Figure 5 and 8 of Beaton et al. (2019) for a recent implementation
of this iterative smoothing analysis.

Similarly, self-crowding of RGB stars near the tip results in a population of false AGB stars which
also decrease the contrast of the TRGB discontinuity, and eventually bias the tip detection (to
bright magnitudes). However, as the simulations in Figures 16 through 20 clearly demonstrate, this
effect can be predicted by the source density of RGB stars in any given field. Attempts to increase
population statistics of the RGB by moving into higher surface brightness regions of the inner halo
should be tempered because of this self-crowding effect, in addition to line-of-sight extinction issues
within the disk (that are not included in this simulation).
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In the end, the characteristic (exponentially increasing) luminosity function of the faux AGB stars
will betray their presence, and signal impending bias. This could, in principle be modelled away, but
might best be avoided by not observing in high-surface-brightness regions to begin with. However,
we do caution against smoothing data that are in the self-crowding regime. Smoothing Figures 19 or
20 would only lead to (unnecessarily) biasing the edge response to brighter magnitudes. Irreparable
damage to the tip detection is seen in the highest degree of self crowding simulated in Figure 20.
It too could be modelled; but, the best solution would be to re-observe the galaxy in a region of
significantly lower surface density of stars.

We have simulated the CCHP adopted smoothing and filtering of the AGB/RGB luminosity func-
tion that is being used to measure the magnitude of the TRGB. We find that the width of the Sobel
filter response function is totally dominated by the preceding GLOESS smoothing of the luminosity
function. We have, however, calibrated the run of the uncertainty in the measured value of the TRGB
as a function of (a) population size and (b) uncertainties in the stellar photometry at the tip.

For readers wishing to get a sense of the uncertainties on their distances in advance of making
the observations, we suggest consulting the three panels in Figure 15. They will also be useful in
validating the observed error on the tip after the population size and error at the tip have been
empirically defined.

Finally, it should be noted that all of the recommendations being derived from these simulations
(implicitly for the I band, where the run of TRGB magnitude is flat with color) apply equally well to
those other wavelengths once the color-magnitude diagrams have been rectified. By rotating the data
using predetermined slopes of the TRGB, the respective tips will also show no trend of magnitude
with color. The rectified magnitudes can then be marginalized, and an edge detection applied to the
resulting color-corrected luminosity functions. In support of this, recent articles, (purely observational
and mixed with modeling), both Wu et al. (2014), their Figure 5, and Durbin et al. (2020), their
Figure 3, show that in the near infrared F110W (J band) there is a clearly linear trend of TRGB
luminosities with color at least over the bluest colors ranging from 0.70 < (F110W – F160W) <
0.95 mag.

There are many additional sources of statistical and systematic error that these simulations have
not explicitly included. These uncertainties could stem from issues in assumed PSF libraries, CTE
corrections, etc.. While improving with time, some fraction of these issues still persist. And on top of
this there are additional systematics when dealing with PSF photometry, such as errors in aperture
corrections, or mismatching PSFs (due to telescope focus shifts, “breathing”, etc.). The list goes on,
and in light of that our error budget should be viewed as a lower limit on what is occurring in the
real world. Such is the price paid undertaking any simulation.

11. EPILOGUE

Imagine we have two people approaching each other in the fog. They each know that there is a cliff
ahead of them but it is too dark to see it. One is walking from the sea, approaching the cliff from
below. The other is high above the water on a gently sloping hill approaching the cliff from above.
The first may be noticing that he is walking uphill away from the water, navigating undulating sand
dunes, etc. None of this topology of the local terrain can alert him to the discontinuity that he is
walking towards . . . until he slams into it. The second adventurer notices the cracks and crevasses
that he has to walk over or around, but again nothing at his feet alerts him to his pending doom . . .
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until he walks off the cliff. The AGB is the sandy seaside below. The RGB is the grassy meadow
above. Neither of those features can predict what lays ahead.
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Appendix A: Digital Filters and Smoothing in Edge Detection

In most prescriptions for edge detection in digital image processing it is advised that the raw image
be smoothed first to reduce the random noise in the image and then followed by an additional scan
of the data using a first-derivative “edge detector” that responds to locally-detected gradients across
the image.

Smoothing can take various forms. They can range from simple moving rectangular averages
(equally weighted) over a finite number of adjacent pixels, to a more sophisticated smoothing using
triangular, biweight and/or higher-order Epanechnikov weightings, all of which symmetrically decline
over a finite range of pixel support and are identically zero everywhere outside that range (see, for
example, Silverman 1986 and also Jahne 1991). By the central limit theorem, multiple applications
of any of these smoothing kernels converge on a Gaussian. A discretely-sampled (digital) Gaussian
is itself, of course, a smoothing kernel (but one of infinite support, in principle).

One of the earliest applied and certainly one of the most elementary quantized edge-detection kernels
is the so-called Sobel filter. This filter involves the simple differencing of pixel intensity values on
either side of a target position. The Sobel filter, in one dimension, takes the normalized form of
[-1, 0, +1]. Indeed this is the first kernel in Figure 21 (named MF3 and shown in Panel A) At the
other extreme the first derivative of a Gaussian (the DoG) is also a highly effective gradient detector.
Invoking the binomial theorem once again we recall that for very small samples Pascal’s triangle
gives the binomial terms’ integer numbers of finite-support sampling (progressively approximating,
and eventually converging upon a Gaussian). That is well known. What is not commonly stated,
but must be equally true, is that the differences between adjacent binomial terms are then discretely-
sampled approximations to the first derivative of a Gaussian.

Evaluating the location of the tip can then be done in either of two equivalent ways: (i) Find the
value of x where the output of the Sobel filter is a maximum, or (ii) find the value of x where the
output of the slope of Sobel filter is flat. The Sobel filter is the first derivative of the input function,
the latter is the second derivative of the input function – it is commonly known as the Laplacian.
There is no difference between the two estimations of the position of the discontinuity.7

Pascal’s Triangle of integers can also be thought of as resulting from the repeated smoothing of
the initial solitary value of unit intensity by the elementary smoothing kernel [+1,+1]. Thus ...0, 0,
1, 0, 0, ... upon smoothing, becomes ... 0, 0, 1, 1, 0, 0, ... and then ... 0, 0, 1, 2, 1, 0, 0, ... and
then ... 0, 0, 1, 3, 3, 1, 1, 0, 0, ... etc. That sequence is Pascal’s Triangle. Differentiating any row
in Pascal’s triangle (that is, differencing adjacent numbers in the triangle) is similarly visualized by
having the row convolved by the zero-sum differencing kernel [+1,-1]. Applied to the first row of
Pascal’s Triangle gives ... 0, 0, -1, +1, 0, 0, ... which is a very compact first derivative of adjacent
pixels measured at their interface. Application of the differencing kernel to the second line of Pascal’s
triangle gives ... 0, 0, +1, 0, -1, 0, 0, ... which ushers in the appearance of Sobel filter, as mentioned
above. Application to the third line gives ... 0, 0, -1, -1, +1, +1, ... and then the fourth line gives
... 0, 0, -1, -2, 0, +2, +1, 0, 0, ... etc. Having said this in words, the table in Figure 22 shows
the first 13 rows of Pascal’s triangle, while the table in Figure 23 shows the first 13 rows of the first

7 Cioni et al. (2000) were the first to suggest the use of the Laplacian as a means of locating the TRGB. Their
approach differed somewhat from what we have discussed above, and they warn users about a potential bias between
the Laplacian and the Sobel filter solutions. We have been in communication with Dr. Cioni, and we now all agree
that when using the Laplacian, its zero crossing should be used to identify the discontinuity, and that this measure is
not biased with respect to the Sobel filter.
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(digital) derivative of Pascal’s triangle. In Figure 21 we show the first four even-numbers sets of
binomial coefficients (MF3 through MF9] with a smooth Gaussian overlaid in the upper panels and
symmetrically sampling the DoG, including its central point at the zero-crossing point of the kernel,
shown in the lower sub-panels,

This immediately suggests that, in the process of going to higher and higher approximations,
the discretely-sampled Gaussian (and its derivative) each having larger support, we are spanning
more and more pixels and thereby implicitly weight-smoothing the data, in addition to any previous
smoothing. In Figure 24 we show the application of this single-step methodology to a step function.
Here it is noteworthy that the width of the response is largely independent of the order of the filter
chosen.
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Appendix B: A Closing Comment about the Sensitivity of the Adopted Differencing Kernels to
Structure Surrounding the Discontinuity

It needs to be said in this closing remark that the discontinuity of the luminosity function (espe-
cially as seen directly in the I band, and in the rectified luminosity functions constructed at other
wavelengths) is a very locally-defined quantity. By that we mean, that only information contained
in a handful of milli-magnitude bins, ahead of and/or following the discontinuity itself, contribute to
tip’s detection. Moreover, the presence or absence of stars further away from the action (i.e., from
the TRGB discontinuity) can have little or no influence on the output of the edge-detection filter,
since all values outside of the kernel/filter’s support are set to zero. For instance, given the finite
range of support adopted by the Sobel filter (the simplest example being [-1,0,+1]) only those AGB
stars that have magnitudes that are within plus or minus one bin of the TRGB (AGB stars above,
and RGB stars below) will have any effect on the output of the filter at the tip. The slopes of the
respective AGB or RGB luminosity functions (be they positive, flat, or negative) will only produce a
constant output (of the first-derivative filter) up until a significant transition in the slope is detected
(above and beyond the noise). Poisson noise at the tip will serve to smooth the tip, but it will not
bias the tip detection, nor will the filter care (or know) what is happening to stars more than a tenth
of a magnitude (say) above or below the tip. The presence of AGB stars immediately before the
tip can only act to change the contrast in the jump by adding a pillar of counts to the difference
being measured between the AGB base (seen at one side of the differencing kernel) and (the sudden)
“onset” of the RGB (seen by the other side of the advancing kernel). Nothing else much matters.
Everything about the TRGB is local.

A more compact and mathematically formal way of looking at it is the fact that the derivative of
a function (dF/dx) at x(i) is found in the limit as the differencing interval (dx) goes to zero at x(i) .
It does not matter what F is doing at x(i+5), or x(i+10), or x(i-5), or x(i-10), etc.
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Figure 21. Binomial Coefficient and their First Derivatives. Each of the panels show the values of the
binomial coefficients, numerically in square brackets and graphically as vertical lines in the upper half of each
plot. The smooth curve is a Gaussian. In the lower half of the panel is the first derivative of the binomial
kernel, again given numerically inside of square brackets, and graphically as vertical black lines bounded by
the smooth black line which is the first derivative of the Gaussian.

Appendix C: Random Displacements of the Tip Revealed in Multiple Realizations of a Single
Numerical Experiment

At the urgings of the referee, we have investigated whether the mismatch between the observed and
true tip magnitudes are systematic or random in nature. This experiment has already been run and
published in the study of M101 by Beaton et al. (2019) and their Figure 5 (and extended caption) and
their Figure 8. The latter shows the effect of over-smoothing where highly smoothed detections drift
away from their lesser smoothed versions. In addition, a wide range of edge-detection methods using
different smoothing kernels and even including those using maximum-likelihood fitting techniques
agreed when applied to the same dataset for IC 1613 (Hatt et al. 2017, ApJ, 845, 146), Figure 12.
The two papers both offer a quantitative means of selecting an optimal smoothing parameter which
is the one that minimizes the quadrature sum of the random and systematic errors.

To shed further light on that question we offer Figure 24 which consists of nine sub-panels containing
repeated runs of the simulation displayed in Sub-Panel “e” of Figure 11. All of the input parameters
were fixed and only the random sampling of the luminosity function was allowed to change. Details are
given in the extended figure caption, but our conclusions are that at this smoothing the displacements
are random, but given the larger density of false (minor) peaks below the tip as compared to similar
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Binomial	Coefficients	of	Pascal’s	Triangle	

1	
1	1	
1	2	1	
1	3	3	1	
1	4	6	4	1	

1	5	10	10	5	1	
1	6	15	20	15	6	1	

1	7	21	35	35	21	7	1	
1	8	28	56	70	56	28	8	1	

1	9	36	84	126	126	84	36	9	1	
1	10	45	120	210	252	210	120	45	10	1	

1	11	55	165	330	462	462	330	165	55	11	1	
1	12	66	220	495	792	924	792	495	220	66	12	1	

1	13	78	286	715	1287	1716	1716	1287	715	286	78	13	1		
1	14	91	364	1001	2002	3003	3432	3003	2002	1001	364	91	14	91	

1	15	105	455	1365	3003	5005	6435	6435	5005	3003	1365	455	105	15	1		

Figure 22. The Binomial Coefficients of Pascal’s Triangle. Each line represents a digital kernel, each of
which is a progressively higher fidelity approximation to a Gaussian. Applied to digital data these kernels
act as weighted smoothing functions.

fluctuations being registered above the tip, we warn that larger amounts of smoothing will result in
systematic shifts of the measured tip to fainter magnitudes.
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First	Deriva+ves	of	the	Binomial	Coefficients	
in	Pascal’s	Triangle	

1		-1	
1		0	-1	

1		1		-1	-1	
1		2		0	-2	-1	

1		3		2		-2	-3	-1	
1		4		5		0	-5	-4	-1	

1		5		9		5		-5	-9	-5	-1	
1		6		14		14		0	-14	-14	-6	-1	

1		7	20	28	14		-14	-28	-20	-7	-1	
1			8		27		48		42		0	-42		-48	-27	-8	-1	

1			9		35		75		90		42		-42	-90	-75	-35		-9		-1	
1		10		44		110		165	132			0	-132	-165	-110	-44	-10	-1	

1		11		54		154	275	297	132		-132	-297	-275	-154	-54	-13	-1	
1			12			65		208		429		572	429			0		-429	-572	-429	-208	-65	-12	-1	

1		13		77		273		637	1001	1001	429	-429	-1001	-1001	-637	-273	-77	-13	-1	
1		14		90		350		910		1638		2002		1430			0	-1430	-2002	-1638	-910	-350	-90	-14	-1	

Figure 23. First Derivatives of the Binomial Coefficients in Pascal’s Triangle, as given in Figure 23 above.
The first derivative of a Gaussian (DoG) is a well-known edge detector in image processing, Each of the
entries in this figure are then also edge detectors, progressively more precise approximation to the DoG.
Examples of their application to the detection of a step function are shown in Figure 23 (below).

Appendix D. Demonstration of the Lack of Bias in the Sobel Tip Detection to
Smoothing of a Variety of AGB Luminosity Functions and RGB stars above and
below the TRGB

In the Figures 25 through 27 we show the robust nature of the simple Sobel filter response to the the
application of smoothing, and to three possible forms of the AGB luminosity function approaching
the TRGB from above. Figure 25 shows a declining AGB luminosity function. Figure 26 shows an
increasing AGB luminosity function and Figure 27 shows a flat AGB luminosity function as has been
adopted in the simulations given in the main paper.

As expected, given the symmetric nature of the kernels being applied in the smoothing and in the
tip detection, there is no resulting bias in the position reported by the Sobel filter response function.
The effects of noise and the Sobel response to smoothing is also nicely discussed in Nayar (2022),
especially his Figures 25, 26 and 27.
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Figure 24. Examples of the Pascal Edge-Detector response to a step function. These are the results of
applying the third, fifth and seventh (centrally-peaked) filters given in Figure 22 (above), shown as red, blue
and black lines, respectively. They are scaled to equal areas, demonstrating the relatively stable width of
the response functions, independent of the “smoothing” width of the chosen edge detector.
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Figure 25. Nine sub-panels illustrating a random sampling of TRGB measurements for the same number of
RGB stars (1,340) the same smoothing (0.10 mag) at the tip (±0.15 mag) as in Sub-Panel “e” in Figure 11.
These independently selected examples demonstrate the random drift of the peak response of the Sobel filter
around the input value shown by the solid vertical black line at 0.0 mag. One peak (b,h and i), Read left
to right and top to bottom, the peak in Sub-Panel “i” is noticeably displaced to a brighter magnitude; the
example in Sub-Panel “e” is displaced to fainter magnitudes. Other deflections are all within the one-sigma
expected deviations shown by the vertical dashed lines; five (a, b, d, g,and h) fall to the left and two (c and
f) fall to the right, although the latter is flanked by two peaks that are apparently more significant than the
one found closest to the known answer. We note that more (low-level) structure in the output response is
at magnitudes fainter than the true tip. Some of this structure is close enough (Sub-Panels “d” & “i”) that,
if excessive smoothing were applied, that action would preferentially draw the measured tip magnitudes
systematically towards fainter magnitudes.
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Figure 26. Toy model of a rising AGB luminosity function + an exponential RGB luminosity function,
Gaussian smoothed (upper sub-panes) and convolved with a Sobel edge-detection response filter (lower
sub-panels).
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Figure 27. Toy model of declining AGB luminosity + an exponential RGB luminosity function, Gaussian
smoothed (upper sub-panes) and convolved with a Sobel edge-detection response filter (lower sub-panels).
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Figure 28. Toy model of a flat AGB luminosity function + an exponential RGB luminosity function,
Gaussian smoothed (upper sub-panes) and convolved with a Sobel edge-detection response filter (lower
sub-panels).
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ABSTRACT

Core-collapse supernova explosions play a wide role in astrophysics by producing compact remnants

(neutron stars, black holes) and the synthesis and injection of many heavy elements into their host

Galaxy. Because they are produced in some of the most extreme conditions in the universe, they

can also probe physics in extreme conditions (matter at nuclear densities and extreme temperatures

and magnetic fields). To quantify the impact of supernovae on both fundamental physics and our

understanding of the Universe, we must leverage a broad set of observables of this engine. In this

paper, we study a subset of these probes using a suite of 1-dimensional, parameterized mixing models:

ejecta remnants from supernovae, ultraviolet, optical and infra-red lightcurves, and transient gamma-

ray emission. We review the other diagnostics and show how the different probes tie together to provide

a more clear picture of the supernova engine.

Keywords: gamma-ray bursts — supernovae — initial mass function — Galaxy chemical evolution —

X-ray observatories — gamma-ray observtories

1. INTRODUCTION

Supernova (SN) 1987A marked a major inflection point in our understanding of core-collapse supernovae. Obser-

vations of the progenitor and neutrinos proved that explosions could indeed occur from the collapse of the core of a

massive star down to a compact remnant (neutron star or black hole), confirming the basic core-collapse supernova

engine. But it also brought a number of surprises. One surprise was that material believed to be produced in the

innermost ejecta was somehow mixed into the outer layers of the star. For example, 56Ni is primarily produced near the

proto-neutron star and is believed to be in the innermost ejecta. Gamma rays from the decay of this 56Ni are initially

trapped in the flow and only when the ejecta expand to low densities can these gamma rays escape and be observed.

The gamma rays from SN 1987A began to escape (and were observed) much earlier than expected from spherically-

symmetric models (Pinto & Woosley 1988). In addition, this material is expected to be slow moving (producing narrow
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lines), but observations of the iron lines (decay product of 56Ni) were much broader than expected (Spyromilio et al.

1990; Haas et al. 1990).

Based on this observational evidence, Herant et al. (1994) developed a model where convection above the proto-

neutron star would both enhance the conversion of internal energy produced in the bounce of the stellar core when it

reaches nuclear densities and reduce the pressure of the infalling material. Their first 2-dimensional models demon-

strated that convection above the proto-neutron star could help drive a supernova explosion. This convection provided

a natural explanation for supernova energetics set by the ram pressure of the infalling star (Fryer et al. 2012) while its

asymmetries explained not only the features of SN 1987A, but also the properties of supernova ejecta remnants (Grefen-

stette et al. 2014) and properties (i.e. kick velocities) of the compact remnants (Herant 1995). Since these results, an

increasing number of simulations have produced explosions under this paradigm, and it has slowly gained traction to

become the leading theory model for the supernova engine (Fryer & Young 2007; Takiwaki et al. 2014; Lentz et al. 2015;

Melson et al. 2015; Burrows et al. 2018; Fields & Couch 2021). The combined observational success and theoretical

confirmation has caused this convection to become part of the standard paradigm in supernovae. But the details of this

engine remain a matter of intense debate and further observations are needed to help truly understand this engine (for

a review, see Fryer et al. 2022).

Other engine proposals exist, many invoking the collapse of rapidly-rotating stellar cores that either produce disks

around the newly formed neutron stars or produce a rapidly-rotating neutron star that, if magnetized, can produce

a strong outflow (for a review, see Fryer 2022; Soker 2022). Although the standard paradigm suggests these engines

are only a small subset of the observed supernovae but the role of this engine remains a matter of great debate in

astrophysics.

To date, the strongest observational constraints on the asymmetries in the supernova engine has been from obser-

vations of supernova remnants. These observations measure the distribution of elements produced in the innermost

ejecta, either from the material in the convective region or in material just above this convective region that is heated

by the supernova shock as it is launched. This ejecta then cools as it explosively expands producing the elements

observed in the remnants (Grefenstette et al. 2014, 2017). Observed through the hard X-ray/γ-rays emitted in nu-

clear decay, these remnant distributions provide a clean probe of the engine asymmetries. Both future morphology

measurements and more detailed nucleosynthetic yield estimates have the potential to further constrain the nature of

the convection engine.

In this paper, we outline the broad range of diagnostics that can be used to probe the supernova engine (Section 2).

We provide a review of those diagnostics that are beyond the scope of this paper and focus on a subset of these

diagnostics using a grid of supernova models (described in Section 3). In Section 4, we leverage our grid of 1-

dimensional models (as well as some 3-dimensional models) to determine how observations of supernova remnants

probe the supernova engine and the outward mixing of material. We also apply this grid to study the ability for

supernova light-curves (Section 5) and prompt gamma-ray emission (Section 6) to probe the supernova engine. We

summarize the multi-diagnostic constraints in Section 7.

2. DIAGNOSTICS OF THE SUPERNOVA ENGINE

Connecting the supernova engine to potential diagnostics requires coupling together a broad range of physics expertise

and numerical methods. Figure 1 outlines the different phases of supernovae from progenitor to remnants and the

diagnostics that can probe characteristics of the supernova engine. In this paper, we present new studies of three

diagnostics: supernova light-curves, gamma-ray emission, and ejecta remnants. However, in Section 7, we discuss the

correlations of these three diagnostics with the broad set of additional supernova diagnostics. In this section, we review

these additional diagnostics with a focus on their potential to constrain the nature of the supernova engine. We divide

these constraints into two categories: direct probes that require a single layer of modeling to tie to the central engine

(but are typically very rare) and indirect probes that require multiple layers of modeling to tie to the central engine

(but are typically more common).

2.1. Direct Probe: Gravitational Waves

Gravitational waves are the most direct probe of the supernova engine and can be used to both study the angular

momentum in the collapsing stellar core and the development and magnitude of convection in both the proto-neutron

star and in the convective engine region (above the proto-neutron star and below the infall shock). Gravitational waves

can also be produced through highly-asymmetric neutrino emission. Fryer & New (2011) reviewed potential sources
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Figure 1. The broad set of observations used to probe the supernova engine. To do these studies with a full understanding of
the uncertainties requires combining multiple studies using a variety of codes implementing different physics in different regimes.
Gravitational waves and neutrino emission peak near, or shortly after, core bounce (t0). Shock breakout occurs t0+30-300 s
(Type Ib/c supernovae) or t0+∼ 10, 000 s (Type IIP supernovae). Depending on the amount of asymmetry-driven mixing, MeV
Gamma-Ray can rise shortly thereafter (peaking anywhere between 5 d to beyond 100 d.) In UVOIR bands, shock interactions
and shock cooling dominates after shock breakout and peaks at roughly 10-20 d.

and processes driving gravitational waves from core-collapse and we will summarize this review here, focusing on the

detection probabilities for the major sources. For this discussion, we focus on the LIGO (O3), Cosmic Explorer and

Einstein Telescope sensitives using the analysis of the summary paper: Evans et al. (2021).

Much of the confusion on the detectability of gravitational waves lies in the assumptions behind the angular mo-

mentum of the collapsing core. This angular momentum is conserved in the collapse causing this material to spin

up. In the most extreme cases, the core can fragment or form bar instabilities as it collapses (Fryer et al. 2002). In

this extreme case, LIGO (operating at ’O3’ sensitivities) could have detected the collapse/bounce gravitational wave

signal out to 10 Mpc and Cosmic Explorer will detect the gravitational wave signal out to 100 Mpc (Evans et al. 2021).

The LIGO detector is already capable to place limits on the extreme rotations needed to produce bar instabilities.

However, the extreme rotations needed to produce these instabilities is well beyond what any stellar model (single or

in a binary) has ever produced.

A more likely scenario lies in the fast-spinning stellar models often invoked to explain pulsars born with fast spin

periods, magnetar-driven explosions, collapsar gamma-ray bursts and rapidly spinning black holes in X-ray binaries.

Based on observations of these phenomena, we know that these are rare (Fryer et al. 2019), but the fraction of stars with

this rapid rotation could be as high as 10%. Based on the gravitational wave signals predicted by rotating model (for

a review, see Takiwaki & Kotake 2018; Mueller & Janka 1997; Fryer et al. 2004; Fryer & New 2011), LIGO (O3) could

detect supernovae out to 1 Mpc and Cosmic Explorer would detect the signals out to 10 Mpc. After multiple years, a

Cosmic Explorer-class detector could firmly set the fraction of these rapidly-rotating collapses, placing limits on the

role fast-rotating magnetars play in producing supernovae and gamma-ray bursts.

For slowly- or non-rotating systems, the gravitational wave signal instead probes the growth timescales and mag-

nitude of the convection. Although convection in the proto-neutron star can possibly be detected (Fryer & New

2011), the bulk of the current work focuses on the convective region between the proto-neutron star and the infalling



4 Fryer et al.

shock (Nagakura et al. 2021; Marek et al. 2009). This convection region is what drives the explosion under the current

supernova engine paradigm (Herant et al. 1994). This signal is much weaker than rotating collapses and is detectable

with LIGO within a few kpc. However, even with Cosmic Explorer, the detection of these slowly rotating signals

beyond the local group will be difficult (Afle & Brown 2021).

In Summary, the gravitational wave signal can differentiate between rotational and convective engines, but this

will require multiple years with next generation (e.g. Cosmic Explorer) graviational wave detectors. For a Galactic

supernova, gravitational waves will probe the growth rate and magnitude of the convection.

2.2. Direct Probe: Neutrinos

The detection of neutrinos from SN 1987A (Bionta et al. 1987; Aglietta et al. 1987) proved definitively that at least

some supernovae were produced from the collapse of the core of a massive star down to nuclear densities. Coupled with

observations of the progenitor of SN 1987A (e.g. West et al. 1987; Sonneborn et al. 1987; Wamsteker et al. 1987), these

neutrinos solidified the core-collapse supernova paradigm. These neutrino observations have also been used to probe a

broad range of physical properties of neutrinos including the neutrino mass, magnetic moments, neutrino mixing and

oscillations (Sato & Suzuki 1987; Frieman et al. 1988; Barbieri & Mohapatra 1988; Jegerlehner et al. 1996; Minakata

& Nunokawa 2001).

The detection of neutrinos from supernovae have focused on two different sources: thermal emission from the collapse

and bounce of the stellar core and non-thermal neutrino production during shock interactions with the circumstellar

medium. The latter is a potential probe of the conditions in the circumstellar medium and the physics behind the

production of a wide range of high energy particles. These high-energy (> 100 GeV), non-thermal neutrinos can

be detected by the IceCube facility in the south pole (Necker et al. 2022). If supernovae produce ultra-high energy

neutrinos (neutrino energies above 1018 eV) in these shocks, they may be detected by missions such as ANtarctic

Impulsive Transient Antenna (ANITA) (Anita Collaboration et al. 2021).

To probe the supernova engine itself, astronomers must focus on the thermal neutrinos emitted during collapse,

explosion and proto-neutron star cooling phases. Observations of the bounce and proto-neutron star cooling phases

can be used to better understand the nature of the compact object, the potential formation of a black hole and the

dense nuclear physics shaping that object (for reviews, see Mirizzi et al. 2016; Roberts & Reddy 2017; Li et al. 2021).

Neutrino observations can also probe open questions in neutrino physics including neutrino oscillations (Duan et al.

2006, 2010). A suite of detectors are being developed and enhanced to detect electron, µ and τ neutrinos including

JUNO, DUNE and Hyper-Kamiokande. For a Galactic supernova 10 kpc from us, we expect roughly 250 neutrino

detections from Super-K (Li et al. 2021), allowing a detailed study of both the supernova engine and nuclear/neutrino

physics. Unfortunately, thermal neutrinos from supernovae will not be observed beyond roughly 100 kpc (Abe et al.

2021), limiting any supernova observations to the Milky Way and the local group.

Combining neutrinos and gravitational wave signatures can provide even further constraints (Kuroda et al. 2017;

Warren et al. 2020) and we will discuss this further in Section 7.

2.3. Indirect Probe: Shock Breakout Observations

The convective engine produces an asymmetric explosion and these explosion asymmetries in the engine propagate

through the star and then into the circumstellar medium surrounding the star. Throughout this evolution, it becomes

increasingly difficult to disentangle the explosion asymmetries from new instabilities that develop as the shock prop-

agates through the star and then the circumstellar medium. As we will discuss in Section 4, these new instabilities

can confuse the nature of the engine asymmetries. The shock breakout diagnostic refers to observations as soon as

the supernova blastwave breaks out of the star, prior to developing asymmetries from the propagation through the

circumstellar medium.

The best-known example of shock breakout observations was the serendipitous detection of this emission in SN

2008D (Soderberg et al. 2008). Using simple spherically-symmetric models, scientists estimated the stellar radius.

However, improved models have shown that the analysis of such observations is much more difficult once explosion

asymmetries (Irwin et al. 2021), stellar asymmetries (Goldberg et al. 2022) and wind asymmetries (Fryer et al. 2020)

are included. These different effects lead to a broad set of emission energies from UV to X-ray. The XMM-Newton

satellite has discovered a number of potential shock breakout events (Alp & Larsson 2020). The UltraSAT (Ben-Ami

et al. 2022) and CASTOR (Ménesguen et al. 2017) satellites are designed to increase the number of shock breakout

detections in the UV. But to disentangle all of this physics, joint UV and X-ray observations are required. The SIBEX
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mission (Roming et al. 2018) is designed to do exactly this science and, if launched, would provide detailed observations

of shock breakout, facilitating a better disentangling of the different asymmetries in this signal. For shock breakout to

truly be used to constrain the supernova engine, we need to obtain detailed observations of a large number of events

and couple them to increasingly detailed explosion models.

2.4. Indirect Probe: Compact Remnant Properties

The properties of the compact remnant (both mass and spin distributions) provide a probe of the central engine.

Engines driven by rotational energy (either magnetar or disk engines) require high rotation speeds. Current observa-

tions of pulsar spins suggest that such high rotation speeds are not common (Faucher-Giguère & Kaspi 2006; Igoshev

& Popov 2013; Fryer 2022). However, especially for magnetars, determining the birth spin rates can be difficult. But

it is harder to disguise birth spin rates of black holes which are believed to be low, arguing that the stars that form

them have little angular momentum (Belczynski et al. 2020; Roulet et al. 2021). If we extrapolate the low angular

momenta from black-hole forming stars down to neutron-star forming stars, we obtain the observed low spin rates

(few below 5 ms) of the observed pulsar distribution. Current observations strongly suggest that angular-momentum

powered engines are rare.

Other aspects of the compact remnants also can constrain properties of the supernova engine. Rotationally-driven

engines do not predict the mass distributions of compact remnants. Right now, these engines can not be constrained

by the remnant mass distribution. But our understanding of the convective engine allows scientists to make prelim-

inary predictions of the compact remnant mass distribution. These initial predictions argued for a distribution of

compact remnant masses (Fryer & Kalogera 2001). At the time, observations predict delta-function mass distribu-

tions (Thorsett & Chakrabarty 1999) and the ultimate discovery that the masses were more broadly distributed is one

of the strong validations of the convective engine. As the remnant mass distribution becomes increasingly refined, it

probes the convective supernova engine even further. For example, enhancements in our understanding of the convec-

tive engine have allowed astronomers to apply uncertainties of the growth time of convection to predict remnant mass

distributions (Fryer et al. 2012, 2022).

Asymmetries in the central engine can also be probed by the velocity distribution of compact remnants (assuming

the velocities are produced by asymmetric ejecta from large-scale convection; Herant 1995; Fryer 2004; Janka 2017).

The relative velocities of neutron star and black hole systems can also help determine whether these kicks are produced

through asymmetric ejecta or asymmetric neutrino emission (Fryer & Kusenko 2006). But such measurements are

indirect probes of the convective engine and depend sensitively on the assumption that kicks are produce by asymmetric

ejecta. If pulsar velocities are produced by alternate kick mechanisms, e.g. a neutrino kick mechanism (Fryer & Kusenko

2006), such measurements may not tie directly to the convective engine.

2.5. Indirect Probe: Galactic Chemical Evolution

The nucleosynthetic yields from core-collapse supernovae can probe both the inner engine and the propagation of

the shock, but they are one of the most indirect probes. The yields of the innermost ejecta depend sensitively on the

electron fraction that is, in turn, set by the nature of the engine (convection or disk properties) and the neutrinos

(probing dense nuclear matter and neutrino physics) emitted in the engine. In fact, deleptonization of the material in

this innermost ejecta was one of the major limitations of the core-collapse engine (Arnett 1980) until detailed models

found that the neutrinos could reset the electron fraction and avoid the production of neutron-rich isotopes (e.g.

Fröhlich et al. 2006).

The nature of the explosion can also affect the shock propagation yields. Most spherically-symmetric explosions

produce trajectories (density and temperature evolution with time) that match the adiabatic exponential and power-

law evolution assumed in many yield studies (e.g. Magkotsios et al. 2010). Asymmetric explosions drastically alter

these trajectories producing a wide range of results including shocks that reheat the ejecta (Vance et al. 2020; Sandoval

et al. 2021). These altered trajectories change the nucleosynthetic yields and detailed measurements of the yields can

constrain the nature of the explosion.

Astronomers have used a variety of probes to measure the nucleosynthetic yields. Galactic chemical evolution models

combine the yields ejected from both winds in low-mass stars and supernova explosions of high-mass stars to compare

to the observed abundances in stars. Galactic chemical evolution models use a series of assumptions to produce these

models: yields typically based on approximate models, star formation history, initial mass function, binary effects, etc.

These are typically combined in a single zone Galactic model with simplified assumptions for their mixing and models

are just now incorporating more detailed physics (e.g. Wanajo et al. 2021).
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The uncertainties in these calculations, many of which have yet to be characterized, have limited the constraints

Galactic chemical evolution models can place on our understanding of supernovae. To date, this diagnostic has yet to

produce reliable constraints on the supernova engine (which stars explode, their explosion energies or the nature of

the asymmetries that probe the supernova engine).

2.6. Indirect Probe: Other Constraints on Nucleosynthetic Yields

Another promising avenue to constrain nucleosynthetic yields is through observations, particularly of isotope ratios,

of presolar stardust grains. Grains that condensed in the ejecta of supernova recorded the isotopic signatures of the

region they formed in. Some of these grains have been incorporated into meteorite parent at the start of the Solar

System 4.56 Gyr ago and can today be recovered and analyzed (e.g., Nittler & Ciesla 2016). In order to use these grains

as messengers of the supernova engine, a deeper understanding of their formation location and conditions is required.

Although modeling of dust grains is starting to include results of supernova models (Sarangi & Cherchneff 2013, 2015;

Sadavoy et al. 2019; Brooker et al. 2022), advances in both the incorporation of supernova mixing and dust grain

production and destruction are needed to tie these observations to the supernova engine. Even with these detailed

models, many of the observations will constrain shell burning features of massive stars more than the supernova engine

itself. Detailed mixing models will allow deciphering which isotopic signatures are associated with the supernova

engine rather than with shell burning nuycleosynthesis and these signatures need to be subsequently analyzed in

presolar stardust grains. This requires close collaboration between the modeling and stardust grain measurement

communities.

Because of their limited lifetime, radioactive isotopes probe for a limited number of explosions, a cleaner constraint

than full Galactic Chemical evolution. The improved maps of 26Al, 60Fe and, potentially, r-process yields from satellite

missions such as the COmpton Spectrometer and Imager (COSI) (Tomsick et al. 2019) will constrain our understanding

of supernovae. If COSI can demonstrate that some radioactive r-process elements are formed in supernovae, this will

constrain both the supernova engine and the physics driving the explosions. 26Al and 60Fe are less constraining of the

engine itself. Even though large amounts of 26Al and 60Fe are produced in the supernova explosion (Jones et al. 2019),

the yields of these isotopes depend sensitively on the conditions in the shell burning and much more work is needed

to disentangle the conditions in the star and the explosion mechanism.

In this paper, we study two measurements of these yields: supernova remnants (Section 4) and gamma rays (Sec-

tion 6). Galactic chemical evolution (see Sec. 2.5) is a more indirect diagnostic.

3. MIXING AND MODEL GRID

Asymmetries in the explosion will cause the elements in the supernova ejecta to mix together and can cause dramatic

deviations from the “onion-skin” picture of stellar and supernova element distributions. The new studies in this paper

are primarily based on a grid of artificially-mixed supernova models. For our calculations, we leverage the grid of 1-

dimensional models, described in Fryer et al. (2018) and Andrews et al. (2020), spanning a range of supernova explosion
energies produced by altering the convective engine for three stellar progenitors (15, 20, and 25M� stars). For each

of these progenitor stars, we pick 2 explosions, a low and high-energy explosion. Each of these progenitors/explosions

produces a different amount of 56Ni. In the more massive progenitors, fallback is likely to occur (Fryer 2006, 2009)

and, for our 20M� and 25M� progenitors, even the strong explosion does not eject much 56Ni. Nonetheless, such

models can produce luminous supernovae, especially if shock heating is strong. Table 3 shows the energies and 56Ni

yields for each of our models.

The focus of this paper is to study a few supernova observables (gamma-ray emission, supernova spectra and

light-curves across the UV, optical and IR bands, and supernova remnants). Asymmetric explosions cause extensive

mixing and we can use this mixing to probe the explosion. The outward mixing of the 56Ni is one of the clearest

effects on these observables. For two decades, scientists have studied the evolution of asymmetric explosions on the

distribution of the 56Ni within the ejecta (Hungerford et al. 2003, 2005; Ellinger et al. 2012; Wongwathanarat et al.

2017; Utrobin et al. 2019; Vance et al. 2020; Utrobin et al. 2021). However, most of these studies were limited to a few

3-dimensional calculations based on the current status of supernova explosions. For example, Hungerford et al. (2003)

used the explosion models from Fryer & Warren (2004) to guide a set of bimodal and unimodal models to explain

qualitative features observed in SN 1987A. Wongwathanarat et al. (2017) followed an explosion from a first-principles

engine calculation out through late times. However, no engine calculation has, as yet, captured all of the physics

(neutrino processes, equation of state, magnetic fields, etc.) or resolved the convection and convective seeds in the
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Model Mprog Eexp Mejecta MNi

M� 1051 erg M� M�

M15E0.9 15 0.9 13.3 0.056

M15E2.5 15 2.5 13.5 0.105

M20E1.5 20 1.5 9.0 0.0

M20E4.3 20 4.3 11.2 0.0

M25E1.6 25 1.6 10.7 0.0

M25E7.5 25 7.5 13.0 0.0

Table 1. Key properties of our supernova explosions: progenitor mass, explosion energy, ejecta mass and 56Ni mass. These
explosions, from Fryer et al. (2018) are driven by artificial energy deposition within a convective engine where both the power
and duration of the engine are modified to produce a variety of explosion energies. The model name is based on the progenitor
mass and explosion energy.

explosion (Fryer et al. 2022). Added to the uncertainties in the pre-collapse progenitors (see, for example Fields &

Couch 2021), although it is possible to study trends in the behavior of supernova explosions, we are far from achieving

exact solutions or quantitative estimates of the extent of the mixing.

Guided by these simulations, we parameterize the mixing driven by the convective engine. For each of our progeni-

tor/explosion energies, we describe the mass coordinate and the extent of our mixing. For a given extent of the mixing,

the mixing mass coordinate (Mmix), we calculate the average abundance fractions (
〈
f i
〉
:

〈
f i
〉

=

∫ MMix

0

f i(m)dM/Mmix (1)

where f i(m) is the abundance fraction as a function of mass coordinate. The extent of the mixing is determined by

the mixing fraction (fmix) where our final abundances within the Mmix are given by:

f ifinal(m) = fmix

〈
f i
〉

+ (1 − fmix)f i (2)

This prescription conserves the total abundances in the explosion but allows us vary the extent of the mixing. For

example, if Mmix were set to the total ejecta mass and fmix = 1, the ejecta would be thoroughly mixed with a uniform

composition. Most explosion calculations suggest that the innermost ejecta is mixed out through part of the star with

only a fraction of the innermost ejecta getting mixed outward: e.g. Mmix set to the helium core mass and fmix = 0.25.

In such a moderate mixing scenario, most of the 56Ni remains in the innermost ejecta, but a small fraction is ejected

outward. Because there is little/no 56Ni produced in our more massive progenitors, we focus most of our studies of

mixing on the 15M� progenitor. For this study, our suite of explosion models and their mixing parameters are listed

in Table 3.
Our mixing model implementation is not so different than models used in the past to study gamma rays (Pinto

& Woosley 1988) and nucleosynthetic yields (Umeda & Nomoto 2002; Tominaga et al. 2007; Tominaga 2009). The

different approaches are partially set by the explosion models used and by the observational focus. The Umeda &

Nomoto (2002); Tominaga et al. (2007); Tominaga (2009) include a method to include fallback. Fallback was studied in

the suite of models used in this paper Fryer et al. (2018); Andrews et al. (2020) and we used models to produce a range

of results, but alternative methods of fallback (e.g. Tominaga et al. 2007) would produce slightly different quantitative

results, but the trends (and ultimate conclusions) from different mixing models will be the same independent on the

exact details of the mixing model.

It is important to understand that this mixing does not capture all of the features of the asymmetric explosions.

Capturing all the features of asymmetric shocks from the convective engine, or jet models, and their effect on nuclear

burning and their combined effect on supernova observables requires 3-dimensional models. However, this parame-

terized study will give us a first pass at the importance of the effects of the asymmetries produced in the different

explosive engines.

4. SUPERNOVA REMNANTS

Supernova ejecta produce remnants that are a powerful probes of the engine. The expansion of these remnants allow

astronomers to spatially resolve the remnant, providing a unique window not only into the ejecta composition but also
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Model Mmix fmix

M�

M15E0.9M0.25f0.25 0.25 0.25

M15E0.9M0.25f1 0.25 1.0

M15E0.9M4f0.25 4 0.25

M15E0.9M4f1 4 1.0

M15E0.9M13.3f0.25 13.5 0.25

M15E0.9M13.3f1 13.5 1.0

M15E2.5M0.25f0.25 0.25 0.25

M15E2.5M0.25f1 0.25 1.0

M15E2.5M4f0.25 4 0.25

M15E2.5M4f1 4 1.0

M15E2.5M13.5f0.25 13.5 0.25

M15E2.5M13.5f1 13.5 1.0

M20E1.5M0.25f0.25 0.25 0.25

M20E1.5M9.0f0.25 9.0 0.25

M20E4.3M0.25f0.25 0.25 0.25

M20E4.3M11f0.25 11.2 0.25

M25E1.6M0.25f0.25 0.25 0.25

M25E1.6M11f0.25 10.7 0.25

M25E7.5M0.25f0.25 0.25 0.25

M25E7.5M13f0.25 13.0 0.25

Table 2. Mixed models and their mixing parameters with the extent of the mixing and the mixing fraction. The filename is
based first on the progenitor mass (M15, M20, M25), the supernova explosion energy (e.g. E0.9, E2.5), the extent of the mixing
(e.g. M0.25, M13.5) and, finally, the mixing fraction (f0.25,f1.0).

the distribution (and asymmetries) of this ejecta. Combining a broad set of observations from radio to gamma ray,

scientists have been able to probe supernova explosion properties including the explosion energies and asymmetries.

Supernova remnants have provided some of the most direct support for the convective engine. The difficulties that

current 1-dimensional models have in explaining the yields in supernova remnants demonstrates the power of remnant

observations to constrain properties of the supernova and its progenitor (Braun et al. 2023, in preparation). But we

are currently limited by what we can detect (sensitivity) and the spatial resolution of the instruments.

But using observations of supernova remnants suffers from a few complicating factors. As the blastwave propagates

through the material surrounding the star, it decelerates, sending a reverse shock through the supernova ejecta. Most

observations of the supernova ejecta are limited to material heated by this reverse shock and, in many supernova

remnants, we are only observing part of the ejecta. In addition, the circumstellar medium, much of which is driven

by mass outflow from the star (from winds or binary interactions) can often deviate from spherical symmetry. These

asphericities in the circumstellar medium can drastically shape the features and instabilities of the outflow (Blondin

et al. 1996). This emission depends on the characteristics of both the supernova explosion and the circumstellar

medium (Ellinger et al. 2013). We can not take for granted that the features in the supernova remnant are caused

by asymmetries in the supernova explosion. By mapping the distribution of 44Ti, which is produced in the central

engine, scientists were able to demonstrate a multi-lobe asymmetry in the explosions, as predicted by the convective

engine (Grefenstette et al. 2014, 2017). After observing the 44Ti features of Cassiopeia A (Grefenstette et al. 2014), it

became clear that the jet-like structures (Hwang et al. 2004) in that remnant were not caused by asymmetries in the

supernova explosion (e.g. jet) but perhaps were produced by explosion/circumstellar medium interactions.

The initial conditions are not the only difficulty in using remnants to measure the abundances and abundance

distributions from supernovae (and hence constrain the engine properties). As the supernova blast wave moves outward,

many equilibrium assumptions begin to break down. For example, remnant shocks are typically in the “collisionless

regime” where the ion and electron distributions can deviate from a thermal Maxwellian (e.g. Pravdo & Smith 1979;

van Marle et al. 2022; Chevalier 1981; Nugent 1983). In addition, the atomic level states, typically set by collisional
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and radiative processes can deviate from equilibrium and even steady-state solutions (Patnaude et al. 2010; Broersen

2014; Vink et al. 2015; Raymond et al. 2017, 2020; Sarkar et al. 2021). Inferring abundances in such conditions can

be challenging. All of these deviations from equilibrium, including cosmic ray production, are actively studied by the

remnant community (Raymond et al. 2020; Yan et al. 2021; Sarkar et al. 2021; van Marle et al. 2022).

Another complicating factor lies in the fact that although spectral identifications are ideally suited to determine

elemental distributions, they are less powerful at differentiating isotopes. Many elements synthesized in the central

engine exist as stable elements in the star. At solar metallicity, these stable elements can dominate the signal. For

example, in the Woosley & Weaver (1995) yield database, 15-25% of the iron in solar-metallicity explosions is not

produced in the star or the explosion, but instead was there pre-explosion from the solar distribution of the gas

forming the star. In the Andrews et al. (2020) models that consist of a much broader range of explosion energies

and a more realistic implementation of the explosion to include fallback, this fraction ranges from 8-100%, where

the 100% models corresponds to a supernova where all of the synthesized iron falls back onto the neutron star. To

unambiguously probe the supernova engine, we must focus on elements which are only present or predominantly

present in the innermost ejecta.

Detailed modeling will help us to identify the best probes of this central engine. For example, Figure 2 shows the

distribution of elements as a function of enclosed mass from the explosion of a 15M � star with two different explosions

energies. The weaker explosion has more fallback, and the iron produced in the explosion is reduced by this fallback

(this is seen in the drop to zero of all yields at the innermost region in enclosed mass). In this case, the iron in the

solar metallicity gas forming the star dominates the iron in the remnant. For sufficiently-strong explosions, the iron

distribution remains an excellent probe of the explosion asymmetry. But other elements are less dominated by the

metals in the gas. Although the zinc and germanium elements exist in the solar abundance pattern (and hence in

the star upon formation), 90 − 99% of the zinc and germanium mass ejected in a supernova is formed during stellar

evolution or the supernova explosion itself1. The amount of these elements produced is sensitive to the neutrino physics

because it sets the electron fraction and hence they can be used to probe this physics. In Andrews et al. (2020), zinc

to iron ratio varies from 0.005− 0.4 and the germanium to iron ratio varies from 0.01− 0.3. In addition, their spectral

lines are observed in the UV and X-ray, leveraging the more sensitive telescopes in these energy bands.

Figure 2. Distribution of select elements in two supernova explosions of a 15 M� solar-metallicity progenitor with energies of
0.9 × 1051erg (left) and 2.6 × 1051erg (right). Although 56Ni probes only the innermost ejecta, a large amount of its ultimate
decay product, 56Fe, exists in the solar-metallicity material that forms its stars. Ge and Zn are also produced in the central
engine and less contaminated by solar abundances.

One way to avoid many of these issues is to focus on emission from the decay of radioactive isotopes. This emission

does not require shock heating and is much less sensitive to the circumstellar medium and out-of-equilibrium effects.

1 The difference between iron yields and germanium and zinc yields is that thermonuclear supernovae produce most of the iron in the Galaxy
whereas core-collapse supernovae are more dominant producers of germanium and zinc
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Because these isotopes decay, they are not in the solar abundance pattern and the only isotopes observed are synthesized

either in the star or the supernova explosion. Radioactive isotopes produced in the central engine are ideal probes

of the nature of this engine. From Figure 3, we see that 44Ti is a good tracer of the innermost ejecta and NuSTAR

observations of the Cassiopeia A supernova remnant (Grefenstette et al. 2014, 2017) provide the strongest evidence

case demonstrating that the convective engine produces at least some supernova explosions. Unfortunately, the only

radioactive isotope produced in the central engine in quantities that can be observed and with a half-life that allows it

to be observed in remnants is 44Ti, and its 60 y half-life limits observability to a narrow window. Combined with the

difficulty in line detection, it will not be easy to map out additional remnants like Cassiopeia A through radioactive

decay.

Figure 3. Distribution of select radioactive isotopes in two supernova explosions of a 15 M� solar-metallicity progenitor with
energies of 0.9 × 1051erg (left) and 2.6 × 1051erg (right). 44Ti, 48Cr, and 56Ni all probe the supernova engine. 26Al probes the
boundary layer between silicon and carbon/oxygen shells. And neutron-rich iron isotopes, e.g. 59,60Fe, are produced in both the
carbon/oxygen and helium shells. Although 26Al, 59,60Fe are all produced in the shell burning prior to collapse, the explosion
drives further production and destruction.

Instead, most probes of mixing using radioactive isotopes will focus on measuring the lines themselves. Figure 4

shows the velocity profiles for a few of the explosion models in our study. This figure compares the velocity profiles

of both 56Ni and iron from a subset of our mixing models. The observed velocity profile in a supernova remnant can

help provide insight into the extent of the mixing in the supernova itself. If we can observe the full extent of the line
profiles (depending upon the amount of mixing, these line wings can be orders of magnitude dimmer than the peak

line), we can use the line widths to probe the mixing of the elements. If we focus on those elements predominantly

produced in the engine, we can measure the extent of the engine asymmetry.

Figure 4 uses the artificially mixed models from our current study. In these models, we assume that the abundance

fraction is mixed. The mass or density distribution versus mass produces a distribution that, even if the material

is uniformly mixed, places a large amount of mass at low velocities. We have also studied a variety of models in 3-

dimensions. The nature of a 3-dimensional explosion can cause material to plow through the ejecta, producing clumps

of material at much higher velocities. For these models, the peak at low velocities can be much less pronounced than our

simple mixing models. Figure 5 shows the 44Ti velocity distribution of a set of 3-dimensional explosions with varying

levels of asymmetries from the convective or jet-driven engines (Ellinger et al. 2012; Vance et al. 2020). Additional

studies of such asymmetries are necessary to determine how well these observations can differentiate between different

levels of asymmetries and their engines.

By observing these distributions, either by mapping out supernova remnants or measuring line broadened profiles,

astronomers can probe the level of asymmetry in the explosion. We have already discussed how NuSTAR observations

of the 44Ti distribution of the Cassiopeia A remnant provides some of the strongest evidence for the convective

engine (Grefenstette et al. 2014, 2017). With its broad energy range from 0.1-150 keVHEX-P (Madsen et al. 2018)

has the potential take the NuSTAR observations to the next level, providing further constraints. JWST observations
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Figure 4. Mass of 44Ti as a function velocity for a variety of our artificially mixed models. Because of the mass distribution
as a function of velocity, even with a fully mixed solution, there is a peak in the mass at low velocities. But the mass can be
spread out to high velocities.

Figure 5. Distribution of 44Ti (left) and 56Ni (right) in two different 3-dimensional explosions each along three different lines
of site. Because of the more asymmetric explosion velocities, there is less of a peak in mass at really low velocities. Clumps of
high moving ejecta from the supernova engine can escape with higher velocities.

of unshocked iron in the Cassiopeia A remnant (Milisavljevic et al. 2021) will allow astronomers to conduct detailed

comparisons between 56Ni (which decays to iron) and 44Ti production in the central engine. High-resolution X-ray

spectroscopy with the soon-to-be-launched XRISM satellite (XRISM Science Team 2020) will map the spectral lines

with an unprecedented resolution needed to constrain progenitors. High-energy missions such as COSI (Tomsick et al.

2019), Strobe-X (Ray et al. 2019), and ASCENT (Ray et al. 2019) will measure line profiles that, coupled with models

such as those in Fig. 5, will allow us to probe the supernova engine for a wider set of supernova remnants. As we

extend the elements probed (e.g. Ge, Zn), we can also study different aspects of the supernova progenitor and its

engine.

5. SUPERNOVA LIGHTCURVES AND SPECTRA

For SN 1987A, the 56Ni produced in the innermost ejecta was mixed out in the star, causing it to achieve faster

velocities. These faster velocities broaden the line profiles and late-time observations of broad infra-red lines comprised

part of the evidence file of mixing in SN 1987A (Spyromilio et al. 1990; Haas et al. 1990). These observations
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demonstrated the strength of late-time spectral features in proving supernova mixing. But such late-time observations

are difficult to obtain and were only made possible by the proximity of SN 1987A. For most SNe, such observations

do not exist. Depending on the mixing, there may be other observable features in the UV, optical, and IR that can

probe the mixing. In this section, we compare light-curve and spectra calculations of our grid of models to determine

observable features in this emission that can be used to help probe mixing in supernovae.

For our spectra and light-curve calculations, we use the SuperNu Monte Carlo method that couples both Implicit

Monte Carlo Methods (Fleck & Cummings 1971) with Discrete Diffusion Monte Carlo (Densmore et al. 2012) in

optically thick regions (Wollaeger et al. 2013; Wollaeger & van Rossum 2014). Heating from radioactive decay assume

in-situ energy deposition from electrons/ions and a gray-opacity gamma-ray transport implementation for gamma-ray

deposition. This gamma-ray transport has been tested against multi-group opacity gamma-ray methods (Hungerford

et al. 2003), achieving good agreement in the amount and disposition of the energy deposition (Wollaeger et al. 2017).

Although the calculations are transport-only and assume a homologous outflow, we have included the effects of shock

heating by adding a small fraction of kinetic energy (up to 10%) to the thermal energy in the explosion. Our grid of

models include a set of models with this enhanced shock heating, discussed below.

Figure 6 shows the U-, V-, R-, K- and Swift W1-band light-curves for both our weak and strong explosions of our

15 M� progenitor for minimal, moderate and strong mixing. These models assume that the shock heating is set to the

value produced in our hydrodynamic explosion models. Because shock heating dominates the energy source, these type

II-plateau supernovae are not affected much by the mixing until after the peak and plateau phases. At late times, as

the photosphere moves through the star and the initial shock heating becomes less important, the additional heating

from radioactive decay does play a role. At these late times, the effects of mixing from the central engine alter the

light-curves.

Figure 6. U-, V-, R-, K- and Swift W1-band light-curves for both our weak (left) and strong (right) supernova explosions from
our 15 M� progenitor. The solid line shows minimal mixing limited to the inner 0.25 M� (model M15m0.25f1.0). The dashed
line shows partial mixing throughout the extent of the star (Mmix ≈ 13, fmix = 0.25) and the dot-dashed line shows the full
mixing out through the helium core (Mmix ≈ 4, fmix = 1.0).

Figure 7 shows the U-, V-, R-, K- and Swift W1-band light-curves for both our weak and strong 25 M� for minimal

and strong mixing. Because very little 56Ni is ejected in both our weak and strong 25 M� progenitor, the only affect

of mixing is to alter the opacities in the outflow and the net affect on the light-curve is minimal. But increasing the

amount of shock heating can dramatically alter the light-curve. Even a small amount of additional shock heating as

the shock progresses through the inhomogeneous wind medium can drastically alter the light-curve. In the UVOIR

bands, the emission is much more sensitive to shock heating than it is to the mixing of 56Ni into the outer layers of

the ejecta.

To compare the relative effects of progenitor, mixing and shock heating on the light-curves, Figure 8 shows the

bolometric light-curves for a wide set of models including models with no and extreme shock heating conditions.
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Figure 7. U-, V-, R-, K- and Swift W1-band light-curves for both our weak (left) and strong (right) supernova explosions from
our 25 M� progenitor. The solid line shows minimal mixing limited to the inner 0.25 M� (model M25m0.25f1.0). The dashed
line shows partial mixing throughout the extent of the star (Mmix ≈ 13, fmix = 0.25). The dot-dashed line shows this same
mixed model but with strong shock heating where 10% of the kinetic energy is converted to thermal energy.

Shock heating can have a dramatic effect on the light-curve and the extent of this mixing can easily mask a mixing

observation. Although this limits how well UVOIR light-curves can probe mixing, it does mean that this emission is

ideally suited to probing shock heating. Combined with other observations, shock breakout for example (Fryer et al.

2020), UVOIR emission is ideally suited to probing the nature of the circumstellar medium and stellar mass loss.

Figure 8. Bolometric light-curves for a sampling of our light-curve models varying progenitor mass and shock heating (with
a few models varying explosion energy and mixing). The breadth of the light-curves shows the sensitivity of this emission to
shock heating.

Spectra can also place constraints on the outward mixing of the elements. As we discussed at the beginning of this

section, the width of the iron lines in the late-time spectra of SN 1987A was part of the evidence file for mixing in su-

pernovae. Unfortunately, the emission can drop dramatically at late-times and these observations become increasingly

difficult. In Figure 9, we compare the spectra from highly-mixed models (M15E0.9M13.3f1, M15E2.5M13.5f1) and

low-mixing models (M15E0.9M0.25f1, M15E2.5M0.25f1) at early times (from before peak and throughout the plateau

phase). With high resolution, line broadening will be able to distinguish some features. The presence of line features

from Si-group and Fe-group elements in the early time spectra (primarily in the UV) is a clear indication of extensive
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mixing. The large difference between the low-mix and high-mix solutions with our low energy explosion arises because,

at these times, 56Ni heating starts to alter the light-curves in these models (as seen in our band light-curves). Also

note that these comparisons show extreme results (homoegeneously mixed models for our highly-mixed solutions) and

the amount of heavy elements in the spectra will be less for any realistic model.

Figure 9. Spectral emission (erg s−1Å−1) as a function of wavelength (Å) for our strong (left) and weak (right) explosions of
a 15 M� progenitor. These models include both low-mix solution with Mmix = 0.25, fmix = 1.0 (solid) and fully mixed with
Mmix = 13, fmix = 1.0 solutions. The primary feature of the fully mixed solutions is the appearance of heavy metal lines in the
early-time UV spectra. At late times, the 56Ni-heating in the low energy explosion alters the spectra dramatically as it did for
the band emission. However, this radioactive heating can be mimicked by shock heating.

6. TRANSIENT X RAYS AND GAMMA RAYS

The early rise in the MeV gamma-ray emission from SN 1987A (Sunyaev et al. 1989, 1990; Fishman et al. 1990) was

one of the key observations driving the development of the convective engine (Pinto & Woosley 1988) and implementing

the explosions produced by the convective engine not only explained the early rise time of the gamma-ray emission

but could explain the observed red-shifted line features (Hungerford et al. 2003, 2005). Combined with the NuSTAR

images of Cassiopeia A (we discussed these X-ray/gamma-ray detections in the section 4), these observations form the

foundation of the argument for asymmetries in the supernova engine.

For our study of the gamma-ray emission, we use the 3-dimensional Maverick code used in past studies and verified

against a a broad suite of 1-dimensional gamma-ray transport methods (Hungerford et al. 2003; Milne et al. 2004;

Hungerford et al. 2005). With this code, we model the same suite of explosions studied with our UVOIR light-curves.

Figure 10 shows the spectra at four different times from five of these models. Our 20 and 25 M� cases did not eject

much 56Ni and have very weak signals and we focus the study here on the 15 M� explosions. Even with the same 56Ni

yield, the continuum and line flux varies by a factor of 10. For the models with extended mixing, the line features at

early times will be strong. The models with low mixing only produce such strong lines at late times when the 56Ni

in their explosions can escape. The low-energy continuum emission, arising for many scatterings of the MeV photons,

quickly becomes strongest for the models with little mixing (where the gamma-rays must scatter, losing energy, many

times before escaping).

The efficacy of individual spectra to differentiate models depends on observation epoch and resolution of the acquired

spectra (i.e., Figure 10). Line intensities and their profiles can be characterized using high-resolution gamma-ray

spectroscopy; sensitivity limitations require a Galactic supernova. In addition, detailed line-based population studies

are precluded by the low SN event rate, at least for the current generation of space-based telescopes (e.g., Tomsick

et al. (2019)).

Time evolution is a valuable alternative diagnostic tool. Figure 11 shows the gamma-ray luminosity (photon energies

above 100 keV) as a function of time for our different 15 M� explosions. The interaction of nuclear line photons with

the ejecta leads to a gamma-ray continuum that is present at all epochs. Here, all electrons serve as scattering targets
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Figure 10. X-ray and gamma-ray spectra for 5 of our mixed explosion models: 4 models of our strong 15 M� explosion with
different mixing properties and one weak explosion. The shape of the continuum and its evolution allows us to differentiate the
different models.

at the energies of interest, independent of the thermal environment or ionization states that affect emergent spectra

in the X-ray and UV-optical-infrared (UVOIR) bands. The magnitude and shape of the continuum, as well as the

nuclear lines, are time-dependent.

The early-time emission, particularly in the first 20–40 days, is sensitive to the extent and amount of the mixing.

With early observations the extent of the mixing can be determined from the light curve rise time, or the early-time

luminosity if the source distance is known. At late epochs gamma rays can escape freely as the ejecta becomes optically

thin; in this late regime the light curves are dominated by nuclear lines and the intensity reflects the amount of 56Co

(and hence 56Ni) produced. Thus, light-curves spanning extended post-explosion epochs are excellent diagnostic probes

of mixing and elemental abundance yields; monitoring the spectral and temporal evolution of gamma-ray emission

(both lines and continuum), from early through late post-explosion epochs, contributes to a complete picture that can

facilitate model differentiation (e.g., Miller et al. 2023, in preparation).

7. SUMMARY AND DISCUSSION ON THE DIAGNOSTIC SYNERGIES

Core-collapse supernova explosions play a wide role in astrophysics by producing compact remnants (neutron stars,

black holes) and the synthesis and injection of many heavy elements into the Galaxy. Because they are produced in

some of the most extreme conditions in the universe, they can also probe the physics in extreme conditions (matter

at nuclear densities, neutrinos, etc.). Although the evidence that the convection-enhanced supernova engine (Herant
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Figure 11. Gamma-ray luminosity (photons above 100keV) as a function of time for our suite of 15 M� explosions. The
gamma-ray lightcurve is sensitive to both the extent and amount of mixing. The rise time depends on the extent and the
luminosity depends more sensitively on the amount of mixing. Late time signals are sensitive to the total 56Ni yield.

et al. 1994) is the primary engine behind these explosions, alternative mechanisms have been proposed and, at some

level, probably occur in Nature. Understanding these engines not only allows astronomers to both determine the

properties of supernovae and their products, but also better use these cosmic explosions to probe the extreme physics.

This understanding is gained both through concurrent measurements where multiple diagnostics observe a single event

as well as by combining information from a broad set of events. In this section, we discuss both how individual

diagnostics complement each other and the interplay between concurrent observations of a single event and single-

diagnostic observations of a large set of events. The diagnostics and their synergies are summarized in table 7. For

concurrent observations, the timescales are included to provide an indication of the coordination and preparedness

needed to obtain joint observations.

7.1. Concurrent Observations:

Concurrent observations are ideally suited to testing the efficacy of and calibrating diagnostics that then can used in

broader studies where only a single diagnostic is measured. However, as we discussed in this paper, many of the most

direct diagnostics are limited to nearby events. Here we give two examples (based on the distance of the supernova) of

how a well-studied event can calibrate the use of far-reaching diagnostics to study supernova populations (next section).

Galactic Event (within ∼ 10 kpc) — A Galactic event can leverage the full power of our direct diagnostics. By

comparing the detailed direct observations to features in our indirect, but more far-reaching diagnostics, we will be

better able to use these indirect observations to study supernova. Let’s review these diagnostics with these connections

in mind.

Especially with next generation detectors, gravitational wave observations can measure the growth time and mag-

nitude of the convection above the proto-neutron star. This physics is at the heart of our current understanding

of the supernova. At this distance, gravitational waves will be able measure even modest rotation in the collapsing

core, determining the role of rotation in the explosion mechanism. Comparing these direct observations with other

diagnostics can strengthen the interpretation of all supernova events:

• Neutrinos: In addition to probes of nuclear physics (e.g. neutrino oscillations), neutrino observations of a Galactic

event will probe the bounce structure. These observations will constrain the supernova models, and hence the

interpretation of the gravitational wave observations of both rotation and convection.

• Prompt Gamma-ray Observations: Gamma-ray observations of a Galactic supernova can be used to both probe

the structure of the star (using a variety of radioactive isotopes) and the mixing of radioactive Ni, and hence,

asymmetries in the supernova explosion (Andrews et al. 2020). Compared to gravitational wave observations,

this mixing can be tied directly to the supernova engine.
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Diagnostic Milky Way Andromeda Population

tpeak-tbounce

Gravitational Waves (GW) Convection Rotation

0

Neutrinos (ν) Bounce properties Bounce?

0

Gamma-Rays (γ-ray) Exp. Asym. Exp. Asym.

5-100 d Calibrated by GW and ν Compared to Shock Breakout

Shock Breakout (SBO) Exp. Asym. Exp. Asym. Exp. Asym. (within ∼ 200 Mpc)

30-300 s (Ib/c) Calibrated by GW and ν Compare to γ-rays compare to LC, CNR, CR

3000-10,000 s (IIp)

UVOIR (LC) Exp. Asym. (late-time obs.)? Mixing (late-time obs)? Exp. Asym. (metallicity evolution)?

10-20 d Calibrated by GW and ν Calibrated by γ-rays and SBO compare to SNR, SBO, CR

late-time obs (> 100 d)

Supernova Remnants (SNR) Exp. Asym. for MW SNR

compare to SBO, LC, CR

Compact Remnants (CR) convection (metallicity evolution)

compare to SBO, LC, SNR

Table 3. For each diagnostic, the capability of the probe is described and if it is calibrated by other observations. Some
diagnostics probe the convective engine or properties of the bounce (e.g. neutron star properties) directly. Many probe explosion
asymmetries that, in turn, can be used to probe the supernova engine. If blank, the probe is not effective for the conditions
suggested. For concurrent diagnostics, we provide the rough times post-bounce of peak emission. This gives an idea of the
coordination and preparation needed for joint observations.

• Shock Breakout: The shock breakout signal is driven by a broad set of effects (asymmetries in the explosion,

stellar structure, stellar wind). These effects can be disentangled in our shock breakout models by comparing

shock breakout observations of a nearby event to both gravitational waves and gamma rays.

• Supernova Lightcurves and Spectra: Galactic supernovae can be studied in detail and, even though these obser-

vations are not extremely sensitive to the details of the explosion, the fidelity of the observations, coupled with

comparisons to other diagnostics will help tie features in this diagnostic to the supernova engine. As we have

shown, e.g. in Figure 6, the evolution of the light curves at late-times (falling off of the plateau phase) can be

used to probe the mixing. The spectra vary as well at these late times and can be used to distinguish mixing.

Much more work is needed to improve our models to fully identify spectral features that probe mixing. At the
rate of such Galactic events and the model uncertainties in this emission, it may be difficult to truly calibrate

this diagnostic from Galactic events.

• Supernova Remnants: Observations of supernova 1987A have proven how difficult it is to determine the fate

(neutron star or black hole) of the compact remnant (Fryer et al. 1999; Alp et al. 2018; Page et al. 2020). With

better neutrino detectors, the fate of the remnant can be determined through neutrinos (Li et al. 2021), placing

some constraints on the engine (Li et al. 2021). But getting compact remnant masses which place more stringent

constraints on the engine will require a different set of observations.

The strength of coupling these observations lies in using the observations to refine and improve models of the diag-

nostics. The efficacy of such comparisons that tie these diagnostics together relies on a close interaction with a broad

range of supernova models.

Supernovae out to the Andromeda Galaxy (∼ 1 Mpc)

If we move to distances comparable to the Andromeda galaxy, we increase the number of detected supernovae, but

diminish the power of our direct diagnostics due to reduced signal to noise in the detection. Gravitational waves can be

used to rule out highly-rotating events, providing limits on the number of rotationally-powered supernovae. This could

not be studied easily with a small number of Galactic events because, if the standard theory (both stellar evolution

and supernova engine models) is correct, such rotationally-powered supernovae should be rare (10-20% of all events at
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most). Shock breakout and gamma-ray measurements are easily doable at 1 Mpc distances if next-generation detectors

are developed. These measurements can both be used to calibrate supernova light-curves and spectra measurements,

but also develop a better understanding of supernova populations to understand extended observations.

The current and funded suite of gamma-ray telescopes, including Fermi (Atwood et al. 2009), Integral (Ubertini

et al. 2003) and COSI (Tomsick et al. 2019) are all capable of these transient observations and will detect nearby

supernova events, but not out to this distance. A number of mission concepts have been proposed to increase the

distance of detection of radioactive decay emission from supernovae: AMEGO-X (Caputo et al. 2022), LOX (Miller

et al. 2019), (Miller et al., submitted), and ASCENT (Kislat et al. 2023). Similarly, detectors such as UltraSAT (Ben-

Ami et al. 2022) and CASTOR (Ménesguen et al. 2017) satellites are designed to increase the number of shock breakout

detections in the UV. Whether these missions will provide sufficient information to help us understand the supernova

engine remains to be determined, but it is more likely that to disentangle all of this physics, joint UV and X-ray

observations are required such as proposed by the SIBEX mission (Roming et al. 2018). In both cases considerable

modeling work is needed if we are to use these observations to use these supernova observations to both constrain the

engine and make predictions for extended populations.

7.2. Single Diagnostic Observations of Supernova Populations

Many diagnostics are not measured concurrently with other diagnostics. These diagnostics include compact remnant

properties, ejecta remnants, galactic chemical evolution, supernova light-curves and spectra. Although the diagnostics

are not concurrent, they still constitute a multi-messenger approach. Although a single, well-studied Galactic event can

provide a huge amount of insight into the supernova engine, single events can be abnormal (SN 1987A, for example,

was not a normal supernova explosion). To truly understand the supernova engine, diagnostics that study broad

populations of events are critical. Such studies often require refined theory models and these theoretical models must

work both to explain nearby, well-studied events and single-diagnostic populations. In this final section, we describe

a few examples of how these diagnostics of supernova populations.

Supernova light-curves and spectra are one of the few diagnostics of large populations that are also constrained by

nearby events. The models of these systems can be tested against nearby events and then applied to the increasingly

growing sample of observations. Because these observations can be calibrated against nearby observations, an empirical

approach can be used (without even invoking model simulations of this diagnostic) to constrain the supernova engine.

But the constraints will prove stronger if a strong theoretical understanding can be coupled to the observed populations.

Supernova ejecta remnants can also be weakly calibrated to nearby observations. Supernova light-curves and spectra

as well as gamma-ray emission can all provide some insight into the yields and yield distributions from supernova

explosions. These observations can be used to study supernova ejecta remnants empirically, but it is likely that these

studies will continue to use theoretical models, calibrated by observations, to tie ejecta remnant observations to the

explosion mechanism.

Although some information of compact remnants can be obtained through nearby events, data on spins and mass

distributions (which can be tied to the supernova engine through theoretical models) arise more through large popu-

lation studies (e.g. gravitational wave measurements). For this diagnostic, the tie between other diagnostics is almost

entirely through theoretical models.

In all three of these examples (light-curves, ejecta remnants and compact remnants), theoretical models strengthen

the synergy between diagnostics. These diagnostics all contribute to the multi-messenger constraints of the supernova

engine.
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ABSTRACT

In MeerKAT observations pointed at a Galactic X-ray binary located on the Galactic plane we serendipitously discovered a radio
nebula with cometary-like morphology. The feature, which we named ‘the Mini Mouse’ based on its similarity with the previously
discovered ‘Mouse’ nebula, points back towards the previously unidentified candidate supernova remnant G45.24+0.18. We
observed the location of the Mini Mouse with MeerKAT in two different observations, and we localised with arcsecond precision
the 138 ms radio pulsar PSR J1914+1054g, recently discovered by the FAST telescope, to a position consistent with the head of
the nebula. We confirm a dispersion measure of about 418 pc cm−3 corresponding to a distance between 7.8 and 8.8 kpc based
on models of the electron distribution. Using our accurate localisation and 2 period measurements spaced 90 days apart we
calculate a period derivative of (2.7 ± 0.3) × 10 −14 s s−1. We derive a characteristic age of approximately 82 kyr and a spin down
luminosity of 4 × 1035 erg s−1, respectively. For a pulsar age comparable with the characteristic age, we find that the projected
velocity of the neutron star is between 320 and 360 km/s if it was born at the location of the supernova remnant. The size of
the proposed remnant appears small if compared with the pulsar characteristic age, however the relatively high density of the
environment near the Galactic plane could explain a suppressed expansion rate and thus a smaller remnant.
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1 INTRODUCTION

Pulsar wind nebulae (PWN) are the result of the interaction between
the relativistic particle winds produced by rotationally-powered
pulsars and the surrounding medium. The rapid rotation of the
magnetic field of the neutron star (NS) powers a relativistic wind,
which, via interaction with the ambient medium, generates a termin-
ation shock downstream of which synchrotron radiation emerges
with a spectrum extending from the radio band up to the 𝛾-rays (see,
e.g., Gaensler & Slane 2006, for a review). Sometimes a PWN is
surrounded by a shell-like supernova remnant (SNR), legacy of the
explosion that gave birth to the pulsar itself, and in this case the
system is termed ‘composite’ (Matheson & Safi-Harb 2005).

If a pulsar moves through the interstellar medium (ISM) at a
supersonic speed, a bow shock forms, which redirects and channels
the pulsar wind in the direction opposite to that of the pulsar’s motion.
This may result in a detectable tail which can extend for several
parsecs behind the NS (see, e.g., Kargaltsev et al. 2015). In such cases,
the SNR associated with the formation of the NS may be located
parsecs away from the PWN, although the cometary tail may either
connect to or point in the direction of the supernova shell. Among the
several tens of PWN known, only a small number of objects present

such a cometary morphology, which is indicative of high proper
velocities and/or a dense ISM. High spatial resolution observations,
in radio and in the X-ray band are adding to this group (e.g., Klingler
et al. 2018).

Detailed studies of the PWNe and their pulsars can provide crucial
information on these systems, as the PWNe’s appearance, spectrum,
and radiative efficiency depend on the pulsars’ parameters (e.g., spin,
spin-down power, surface magnetic field and its orientation), on the
pulsars’ velocity, and on the properties of the pulsar wind (e.g., flow
speed and magnetisation). Additionally, since PWNe have a well-
defined central engine and are often close enough to be resolvable
with high angular resolution observations, they represent excellent
laboratories for studying both relativistic particle winds and the shocks
that result when such outflows collide with the ISM, thus offering the
opportunity to constrain the properties of their environment.

As part of the ThunderKAT Large Survey Program, which is aimed
at providing a long-term view of interesting transients in the radio
band, we observed the field of the black hole binary GRS 1915+105
with the MeerKAT radio telescope at L-band with a few arcsec angular
resolution (Motta et al. 2021). In the MeerKAT field of the source we
identified a feature that closely resembles ‘the Mouse’ (Yusef-Zadeh
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& Bally 1987), a radio nebula with axial symmetry, consisting of a
bright ‘head’ and a long ‘tail’, observed in the direction of the Galactic
Centre region, which hosts the young radio pulsar PSR J1747−2958
(Camilo et al. 2002). Based on the resemblance with the Mouse, we
named the newly identified feature in the GRS 1915+105 field ‘the
Mini Mouse’.

This paper is structured as follows; in §2 we describe the imaging
and time-domain data acquisition. In §3 we report the discovery of
the Mini Mouse, the identification of PSR J1914+1054g, recently
discovered by FAST, as the counterpart, and calculate the spin period
derivative. Finally, in §4, we discuss the inferred nature of the Mini
Mouse from these measurements.

2 OBSERVATIONS AND DATA ANALYSIS

2.1 Continuum observations

We observed the field of GRS 1915+105 61 times with MeerKAT as
part of the ThunderKAT Large Survey Project (Fender et al. 2016)
between December 2018 and April 2022. We observed at a central
frequency of 1.28 GHz across a 0.86 GHz bandwidth (856 – 1712
MHz). The correlator delivered either 4096 or 32768 channels, with
a 8-s integration time per visibility point, which were binned down to
1024 channels for consistency before any further analysis. Between 58
and 64 of the 64 available dishes were used in the observations, with
a maximum baseline of 7.698 km. Of 61 observations, 60 consisted
of 15 minutes of on-source time, book-ended by two 2 min scans of
the secondary calibrator J2011−0644, plus a 10 min observation of a
primary calibrator (J1939−6342) (Motta et al. 2021). One observation
lasted 90 minutes, of which 60 min was on-source, 20 minutes on the
primary calibrator, and 3 minutes on the secondary calibrator.

Imaging was conducted via a set of Python scripts specific-
ally tailored for the semi-automatic processing of MeerKAT data
(OxKAT1, Heywood 2020). Initial flagging to remove the first and
final 100 channels from the observing band, autocorrelations, zero
amplitude visibilities, and RFI was performed in CASA (McMullin
et al. 2007). Further flagging was performed using the TRICOLOUR
package 2, after averaging the data in time (8 s) and frequency (8 chan-
nels) for imaging purposes. We imaged the field of GRS 1915+105
using WSClean (Offringa et al. 2012) and combining the visibilities
from all our observations after uv-subtracting the variable emission
from GRS 1915+105. Direction independent self-calibration was
performed using CUBICAL (Kenyon et al. 2018) by solving for phase
and delay corrections for every 32 seconds of data.

2.2 Search for a pulsar counterpart

The most sensitive pulsar search previously conducted that covered the
position of the Mini Mouse is the ongoing FAST Galactic Plane Pulsar
Snapshot (GPPS) survey (Han et al. 2021), with a 10 σ sensitivity
threshold between 1 and 10 μJy for periods of 10−2 and 10 s. The
FAST GPPS survey recently discovered a faint (𝑆1400 = 33 μJy) pulsar,
PSR J1914+1054g (hereafter J1914) with a spin period of 138 ms,
and a position consistent with the head of the Mini Mouse within a
1.5′ uncertainty (Han et al. 2021).

In order to confirm the association between either J1914 or an
undiscovered pulsar and the Mini Mouse head, we conducted a 2 hr
observation (henceforth referred to as OBS1) as part of the TRAPUM

1 https://github.com/IanHeywood/oxkat
2 https://github.com/ska-sa/tricolour/

Large Survey project (Stappers & Kramer 2016) with a nominal 10 σ

sensitivity of 10.6 μJy. We observed at a central frequency of 1284
MHz and a bandwidth of 856 MHz (identical to that used in the
continuum observations), split into 4096 channels, with a sampling
time of 153 × 10−6 s. We used all 64 available dishes which gives the
minimum coherent beam (CB) size. A CB is formed by coherently
summing the digitised signals from each receiver after correcting
for the geometric delay, and accesses a much smaller field of view
than the primary (incoherent) beam does. The on-site Filterbank
and BeamForming User-Supplied Equipment (FBFUSE) computer
cluster, developed by the Max-Planck Institüt für Radioastronomie
(Barr 2017), uses the beamforming package mosaic3 to derive a set
of delay polynomials that will synthesise multiple CBs. This enables
the tessellation of hexagonally packed beams across a source (Chen
et al. 2021). For OBS1, 266 beams were arranged in a rectangle
overlapping at their 75 per cent power width, to densely cover the full
length and breadth of the nebula. The beam at the centre of the field
of view was placed on the head of the Mini Mouse at the position of
largest continuum flux. An additional 66 beams were used to tile over
the portion of the 1.5′ position error region that was not covered by
the rectangle.

Approximately 45 minutes into the observation, a failure of one of
the 8 capture nodes of the Accelerated Pulsar Search User Supplied
Equipment (APSUSE) resulted in ensuing data being corrupted in
some beams. The observation was suspended a short time later.
Luckily, the 7 most central beams positioned on the head of the Mini
Mouse were unaffected, yielding 104 minutes of good data. The
corresponding filterbanks were processed offline to search for J1914
directly before any global periodicity search was attempted.

Raw data is recorded on the APSUSE file system in the SIGPROC4
filterbank format, segmented by beam and in 5 minute chunks. The
initial search for J1914 was conducted first on the innermost beam as
it is located both at the point of maximum sensitivity (boresight) and
at the position of maximum flux of the nebula’s head. The filtool
program, which is part of pulsarX5, was used to clean Radio
Frequency Interference (RFI) and to stitch together the continuous
data into a single filterbank file. Using psrchive’s dspsr (Van Straten
& Bailes 2011), the filterbank file was folded using an ephemeris
containing J1914’s period and the DM for the epoch reported in Han
et al. (2021). clfd6 was then applied to the full resolution folded
data to clean any lingering RFI. Finally, a search over period and
DM was performed with pdmp (Van Straten & Bailes 2011; Hotan
et al. 2004) with a window of 50 μs in period and 20 units of DM.
The observation yielded a detection of J1914 with a significance of
19.4 in the beam directly placed on the Mini Mouse head, with 𝑃 =
138.867651 ms and a DM of 418.0 ± 0.3 pc cm−3. As a result of this
detection at the head of the nebula, no full scale periodicity search
of all CBs was attempted. Using the spin period measured by the
FAST telescope about 2 years before7 we estimated a tentative period
derivative of about 3 × 10−14 s s−1.

In order to obtain a second accurate measurement of the spin
period of J1914 with MeerKAT, and to meaningfully constrain the
spin derivative, we requested and obtained a Director’s Discretionary
Time (DDT) observation of the Mini Mouse position (henceforth

3 https://github.com/wchenastro/Mosaic by Weiwei Chen
4 http://sigproc.sourceforge.net/
5 https://github.com/ypmen/PulsarX by Yunpeng Men
6 https://github.com/v-morello/clfd by Vincent Morello
7 The period measured by FAST was kindly provided by Prof. JinLin Han via
private communication.
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MeerKAT caught a Mini Mouse 3

OBS2, project code DDT-20221028- SM-01). Only 7 beams at 75
per cent overlap were required to cover J1914’s position derived from
OBS1. The optimal tiling pattern selected by mosaic is a central beam
surrounded by a hexagon of 6, a configuration suited for signal-to-
noise-based localisation techniques. The reduction in the number of
beams also allowed for observing at a time resolution of 76×10−6 s.
These data were reduced and searched in the same way as in OBS1.
The observing parameters and resources used for both observations
are summarised in Tab. 2.

3 RESULTS

An image of the MeerKAT field is shown in Fig. 1, which also
includes a zoom into the Mini Mouse. The Mini Mouse appears as
a long structure extending from position RA, DEC 19h14m09.5s,
+10◦54′42.7′′ for over 5′ in the East-North-East direction, with a flux
density varying along its axis between about 0.08 and 0.2 mJy beam−1

(marked by a rectangle in Fig. 1). Unlike the original Mouse, the Mini
Mouse does not have an obviously extended head at the MeerKAT
resolution of 6.6′′), and remains unresolved in the transverse direction
for its entire length, albeit brighter in the first 2′ than in the tail. Further
observations at higher angular resolution and/or higher frequency
will help to clarify the finer angular scale structure of this nebula.

Our continuum radio map shows several bright extended structures,
including HII regions and several shell-like non-thermal radio struc-
tures, many of which can be associated with supernova remnants
(SNRs). One such structure is located to the East-North-East of the
Mini Mouse, and is a previously unidentified dim, remarkably circular
SNR candidate G45.24+0.18 (marked by a circle in Fig. 1. The geo-
metrical centre of the SNR is located within 30′′ from the extension
of the Mini Mouse axis of symmetry, and 12′ away from the head of
the Mini Mouse. The SNR has an apparent radius of 5.7′ and a flux
density of 20 to 40 μJy beam−1.

We detected J1914 in OBS2, this time with a significance of 24.3 σ,
as can be seen in Fig. 3. The results of the detection and analysis to
be discussed hereafter are reported in Tab. 2. Using the difference
in period, Δ𝑃, and time, Δ𝑡, between OBS1 and OBS2 we derive
for the first time8 the period derivative, ¤𝑃 = Δ𝑃/Δ𝑡, of J1914 to be
2.7(3) × 10−14 s s−1. Using both the NE2001 (Cordes & Lazio 2002)
and YMW16 (Yao et al. 2017) electron density models, we find the
distance for a DM of 418.9 pc cm−3 to be 𝑑1 ∼ 7.8 and d2 ∼ 8.8 kpc
respectively, with the usual caveat of large uncertainties associated
with this method. This distance range places J1914 (and thus the
Mini Mouse) in the same region of the Galaxy hosting the black hole
binary GRS 1915+105 (8.6+2.0

−1.6 kpc, Reid et al. 2014). At the above
distance the Mini Mouse has a projected length between 11.9 and 13.4
pc, and the SNR that we tentatively associated with the pulsar birth
has a radius between 12.8 and 14.4 pc (assuming that the remnant is
spherically symmetrical).

3.1 Localisation

Given a flux density of 62.1 μJy and a rms noise of about 50-55
μJy, we do not expect J1914 to be identifiable as a point source in
the image here. However, we are able to localise J1914 to arcsecond

8 FAST published the timing of one single visit to J1914, based on which
a first estimate of the pulsar period was made (Han et al. 2021). The period
derivative could not be estimated based on one single observation.

accuracy using SeeKAT,9 the Python implementation of TABLo (Tied
Array Beam Localiser, Bezuidenhout et al. 2023), which is used to
localise pulsars discovered by both the TRAPUM and MeerTRAP10

projects (see Vleeschower et al. 2022; Bezuidenhout et al. 2022
for respective examples). SeeKAT implements a novel method of
maximum-likelihood estimates using the S/N in each CB and a model
of the PSF from mosaic. The PSF changes shape and orientation as
the source moves through the sky (Chen et al. 2021) so we model
it at the observation midpoint. The beams used for the localisation
are shown in the left hand panel of Fig. 4. The S/N in each beam
was obtained by folding the data with dspsr using an ephemeris of
the best period and DM for the observation epoch, before reducing
these folded data to a single subintegration and frequency channel
and obtaining the S/N using the psrstat command. The results from
SeeKAT are shown on the right hand panel of Fig. 4. The position
quoted in Tab. 2 is the OBS2 result because the S/N is higher than
OBS1. The weighted mean position of OBS1 and OBS2 is also shown
for discussion purposes.

S/N values in OBS1 disfavour a position within the beam directly
on the nebula head, and instead indicate that it lies on its North-
Western edge, towards a little spur that may or may not be noise. The
analysis of OBS2 yields a bimodal likelihood, seemingly the result
of probability leakage towards the gaps in the CB ring11. There is
an island of 1 σ contour overlap very closely to the weighted mean
position, although both still appear in front of the nebula.

3.2 Period derivative significance

As mentioned in §3, we had two MeerKAT epochs that were not phase
connected and we used the period and its uncertainty, and standard
error propagation to calculate ¤𝑃 = 2.7(3) × 10−14 s s−1. However, this
calculation assumes that the period errors are the dominant source
of uncertainty. In order to verify such an assumption, we calculated
other contributions to the uncertainty on ¤𝑃. Firstly, we estimated
the error in the pulse arrival time at the Earth due to an assumed
position error. The Römer delay correction for an erroneous source
position changes the apparent spin-period as the Earth moves in its
orbit (see, e.g., Lorimer & Kramer 2005; Edwards et al. 2006). In
the worst case scenario the period is measured at the closest and
furthest position from the source on the ecliptic sphere. Using the
largest 1 σ error on RA and DEC from Tab. 2 of 6.2′′ and 13.4′′ and
assuming these are approximately equivalent to the uncertainty in
ecliptic longitude and latitude, the maximum change in arrival time
is 43.4 ms. This yields an apparent change in period of 3.8 × 10−10 s
over the 6 months, which would translate into a negligible additional
¤𝑃 of 2.4 × 10−17 s s−1.

Another small apparent change in 𝑃 could be caused by the Doppler
effect from the transverse motion of the pulsar as projected on the
celestial sphere, which is known as the Shklovskii effect (Shklovskii
1970). We estimate that the upper limit of this effect may induce an
apparent ¤𝑃 of ∼ 7 × 10−20 s s−1, which is much smaller than our
uncertainty, and thus can be ignored.

9 https://github.com/BezuidenhoutMC/SeeKAT by Mechiel C.
Bezuidenhout
10 More TRAnsients and Pulsars with MeerKAT
11 mosaic’s default is to pack beams within a circle region. Unfortunately, the
6-beam hexagon has gaps due to the ellipticity of the CBs. Care should have
been taken when planning OBS2 to make sure the source was observed closer
to the zenith, as more circular CBs would better enclose the central beam.
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Table 1. A summary of the observing parameters and resources used for the two MeerKAT observations of J1914. † The value refers to the co-ordinates of the
central CB.

Parameter OBS1 OBS2
UTC Start Time (yyyy-MM-dd-hh:mm:ss) 2022-08-03-21:03:30 2022-11-01-16:54:47
Start MJD 59794.877431 59884.704630
Duration (s) 6296 7186
Number of dishes 64 62
Central frequency (MHz) 1284 1284
Bandwidth (MHz) 856 856
Channels 4096 4096
Sampling time (s) 156 × 10−6 72 × 10−6

Right Ascension† (hh:mm:ss) 19:14:09.46 19:14:09.66
Declination† (dd:mm:ss) +10:54:43.7 +10:54:42.2

Table 2. Measured and inferred quantities for J1914 derived from OBS2. The value in brackets denotes the 1 σ uncertainty on the rightmost digit.

Measured quantities
Right Ascension, 𝛼 (J2000) . . . . . . . . . . . . 19h14m09.s83+0.41

−0.12
Declination, 𝛿 (J2000) . . . . . . . . . . . . +10◦54′35.9.′′+13.4

−2.0
Pulse period, 𝑃 (s) . . . . . . . . . . . . . . 0.138867860(17)
Pulse period derivative ¤𝑃 (s s−1) . . . . . . . 2.7(3) ×10−14

Duty cycle (%) . . . . . . . . . . . . . . . 14
Dispersion measure, DM (pc cm−3) . . . . . . 418.90(26)
Flux density, 𝑆1284 (μJy) . . . . . . . . . . . 62.1

Inferred quantities
Distance (NE2001) (kpc), 𝑑1 . . . . . . . . . 7.8
Distance (YMW16) (kpc), 𝑑2 . . . . . . . . . 8.8
Characteristic age, 𝜏𝑐 (kyr) . . . . . . . . . . 82(11)
Surface dipole magnetic field strength, 𝐵 (G) . . 1.9(1) × 1012

Spin-down luminosity, ¤𝐸 (erg s−1) . . . . . . 4.0(6) × 1035

Radio pseudo-luminosity, L1284 at 𝑑1 (𝑚Jy kpc2) 3.8
X-ray Luminosity, LX (1 − 10 keV) at 𝑑1 (erg s−1) < 7 × 1032

3.3 X-ray serendipitous observations

The position of J1914 was observed serendipitously by the Neil Ger-
hels Swift Observatory (Swift) for a total of 8.3 ks, although no source
is detected significantly according to the Swift-XRT LSXPS Upper
limit server (Evans et al. 2023). We derived an upper limit to the 1-10
keV X-ray flux of approximately 8 × 10−14 erg cm−2 s−1, assuming
a black-body spectrum with temperature 2 keV and an equivalent
column density in the direction of the source of 1.36 × 1022 cm−3.

4 DISCUSSION

In the MeerKAT observations of the black hole binary GRS 1915+105
we discovered an unusual collimated linear nebula, which based on
the similarity with the Mouse feature found in the ’80s in the direction
of the Galactic Centre (Yusef-Zadeh & Bally 1987), we named the
Mini Mouse. At a distance of 12′ from the Mini Mouse head, we
also identified a circular feature that we classify as a candidate SNR
based on its morphology, the apparent centre of which is found on
the direction indicated by the tail of the Mini Mouse. The relative
positions of the Mini Mouse and of the faint candidate remnant
are strongly reminiscent of three similar nebulae with radio pulsar
engines: the original Mouse (Yusef-Zadeh & Bally 1987; Camilo et al.
2002), the ‘Frying Pan’ (Kesteven et al. 1987; Camilo et al. 2009)
nebula, and the ‘Cannon ball’ pulsar PSR J0002+6216 (Schinzel et al.
2019; Kumar et al. 2023). All three systems have an accompanying
SNR, which have been associated with the birth of the escaping
pulsars. Such a resemblance motivated our pulsar search.

Our MeerKAT observations localise J1914 with an accuracy of
approximately 10′′ to a position fully consistent with the head of
the Mini Mouse, hence supporting a physical association. Thus, we
interpret the Mini Mouse nebula as the bow shock produced by the
pulsar escaping at supersonic speed through the local ISM away from
its birth location. Synchrotron radiation emerges from the pulsar
relativistic wind interacting in the nebular magnetic field, similarly
to what was concluded for the case of the aforementioned Mouse,
Frying Pan, and cannon-ball nebulae.

Although the J1914 is localised on the head of the Mini Mouse,
its a position lies on the North-Western edge of it rather than to the
center of the head. In principle we do not expect the pulsar to be in
front of the radio emission, as the bow shock is formed ahead of the
wind termination shock at the boundary where the ram pressure of the
ISM equals that of the PWN (Kargaltsev et al. 2017, e.g.,). However,
the ISM likely has pronounced density variability based on the flux
variation along the tail in Fig. 1 so it is possible that the pulsar is
moving into a higher density pocket and the the distance between the
two shocks is shrinking. An alternative explanation could be that there
may be emission on smaller angular scales here that is being missed in
the image. Finally, the discrepancy between the continuum map and
the pulsar localization inferred from the timing could be explained in
terms of a systematic positional offset which may affect MeerKAT
images, and is generally of the order 1-2′′ or larger (Mauch et al.
2020, e.g., ). High angular resolution observations of the Mini Mouse
will clarify this issue.

Our position uncertainty has an area of 7.5 × 10−6. The Mini
Mouse is directly in the centre of the first Galactic plane quadrant at

MNRAS 000, 1–8 (2020)
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Figure 1. A portion of the field centred on GRS 1915+105 as seen by the MeerKAT radio telescope at 1.28 GHz. The total on-source time is 15.5 hr. The restored
beam for this map is circular and has a radius of 6.6", shown in the bottom left corner of the image. The Mini Mouse and the SNR associated with the birth of
pulsar J1914 are marked by a rectangle and circle, respectively. The location of GRS 1915+105 is marked by a cross. Inset: a zoom into the Mini Mouse. Contours
are equally spaced, and span the range 10–200 uJy. The ‘tooth’ at the edge of the nebula is likely a background source.

Figure 2. A plot of ¤𝑃 against 𝑃 for the young pulsar populace, J1914 inclusive.
The canonical radio pulsars emerge towards the lower right of the plot. Pulsars
with confirmed associations with SNRs, PWNe or detections at high energies,
according to the ATNF Catalogue (Manchester et al. 2005) are indicated, as
are the contour lines for 𝐵, 𝜏c and ¤𝐸 .

𝑙 = 45◦, 𝑏 = 0◦. The region bound by 0◦ < 𝑙 < 90◦ and |𝑏 | < 2.5◦
contains 910 pulsars, giving a rough probability of chance alignment
of 1.5 × 10−5, and hence we are confident that the Mini Mouse nebula
is the result of J1914 in motion.

The MeerKAT data yielded a period 𝑃 and period derivative ¤𝑃 of
138 ms and 2.7(3) × 10−14s respectively for J1914, which imply a spin-
down luminosity of - ¤𝐸 = 4𝜋2 𝐼 ¤𝑃/𝑃3 = 4.0(6) × 1035 erg s−1 (where
𝐼 = 1045 g cm2 is the neutron star moment of inertia), a characteristic
age 𝜏𝑐 = 𝑃/2 ¤𝑃 = 82 kyr, and surface magnetic dipole field strength 𝐵

= 3.2 × 1019 (𝑃 ¤𝑃)1/2 = 2.1 × 1012 G. These parameters place J1914
near the young and energetic pulsars in the 𝑃- ¤𝑃 diagram (see Fig. 2),
characterised by an average spin-down luminosity ¤𝐸 ∼ 1036 erg s−1,
and a characteristic age 𝜏𝑐 ranging from 10 to 100 kyr. Given the
upper limit to the X-ray luminosity of the Mini Mouse, assuming
isotropic emission, we obtain an upper limit to the X-ray luminosity of
LX < 7 × 1032erg/s, and thus an upper limit to conversion efficiency
of the spin-down luminosity into X-ray emission of L𝑥 / ¤𝐸 < 1.5 ×
10−3. The non-detection is not surprising as this limit is a factor of
about 6 higher than the limit estimated for the ‘Frying Pan pulsar’,
which is also undetected in X-rays Camilo et al. (2009).

If we assume that the pulsar actual age is approximately equal to
its characteristic age (which is not necessarily true, see Gaensler &
Frail 2000), the SNR should be approximately 80 kyr old. At such an
age a typical remnant in a low density ambient medium is expected
to have entered the Snowplough expansion phase, having transitioned
from the Sedov-Taylor adiabatic expansion phase about 50 kyr after
detonation (see Jiménez et al. 2019, and references therein). In the
Snowplough phase the radio shell should have a very low surface
brightness Σ, and large diameter 𝐷 according to the Σ − 𝐷 inverse
relationship (see, e.g., Vukotić et al. 2019). At our DM-based distances
the SNR shell would have a diameter of 12.8 pc or 14.4 pc, which

MNRAS 000, 1–8 (2020)
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Figure 3. Second MeerKAT detection of J1914 folded at the best period and
dedispersed. Bottom panel: Frequency against pulse phase across the band
with a resolution of 128 channels. Middle panel: Band-integrated time series
for the 2 hr observation showing the flux for each 2 minute sub-integration. Top
panel: Integrated pulse profile made by stacking the time series into 128 bins.
Evidence for scattering in the ISM can be seen in the asymmetric broadening
of the pulse profile.

is more typical of a remnant in the mid-to-late Sedov-Taylor phase,
with an age of about 20 kyr. Such a discrepancy can be explained if
the ISM is sufficiently dense (Frail et al. 1994), as efficient radiative
cooling from expansion into a high density ambient medium can
inhibit the Sedov-Taylor phase, a plausible scenario given that this
remnant is located on the Galactic plane (see, e.g. Terlevich et al.
1992; Jiménez et al. 2019). We note that the distance derived from the
DM measure might not be accurate, and hence we could in principle
decide to ignore it and instead derive the distance from the Σ − 𝐷

relation. However, this method has often been treated with scepticism
due to possible intrinsic biases in the correlation, and in particular due
to the fact that (i) the Σ − 𝐷 relation is derived from independently
determined distances, which each have their own uncertainties (Green
1991); (ii) SNRs show a diversity of intrinsic properties, for example
the population of SNRs in the LMC that have are roughly all the same
distance from Earth (Green 1984). Therefore we decided to wait for
additional information on the source to make this attempt.

Again assuming that the pulsar characteristic age of 82 kyr is close
to the pulsar actual age, and that the faint circle of emission is the
progenitor remnant, we can obtain an estimate of the pulsar’s transverse
velocity component, 𝑣⊥, by considering the distance between the
centre of the SNR and the head of the Mini Mouse. For a pulsar
distance of 7.8 or 8.8 kpc the resulting projected pulsar velocity is
between 320 and 360 km/s, which is well within the kick velocity

distribution for young, isolated pulsars, centred at approximately
300 km/s, with a dispersion of approximately 190 km/s (Hansen &
Phinney 1997).

If the connection between J1914 and the faint SNR is correct, then
we may have a faint, fast-spinning, distant young pulsar with a high
kick velocity, i.e. a member of an under-sampled population, which
could help extrapolating the local young pulsar velocity distribution
to the wider Galactic one (Hansen & Phinney 1997). Under the
assumption that the magnetic moment of the pulsar remains constant,
the actual age and the characteristic age of a pulsar are connected by
the relation 𝜏 = 𝜏c [1 − 𝑃0/𝑃)𝑛−1]/(𝑛 − 1), where 𝑃0 is the pulsar
spin period at birth and 𝑛 is the breaking index of rotation (Manchester
et al. 1978). Using the standard assumptions of 𝑃0 � 𝑃 and 𝑛 = 3 in
the case of magnetic dipole breaking (see, e.g. Camilo et al. 2002, for
the case of the Mouse pulsar) and 𝜏 = 𝜏c, the above relation implies
that P0 is between 10-20 ms, which is consistent with the expected
theoretical values for a newborn radio pulsar and thus supports our
hypothesis of a young and fast spinning pulsar.

5 SUMMARY AND CONCLUSIONS

In the MeerKAT data dedicated to the monitoring of a Galactic
X-ray binary, we found a radio nebula, which we named "the Mini
Mouse". Such a feature is produced by a supersonic pulsar escaping the
location of its birth, marked by the presence of the faint and previously
unknown supernova remnant candidate G45.24+0.18 also discovered
in the MeerKAT data. Time-domain observations found the signal
from a radio pulsar in correspondence of the tip of the Mini Mouse,
confirming the association of the nebula with a previously poorly
localised faint pulsar discovered by the FAST telescope, J1914+1054g.

The Mini Mouse is the fourth case of a bow shock associated with
an escaping pulsar, for which both the pulsar signal and the SNR
associated with its birth have been observed. Additional high angular
resolution observations of the Mini Mouse will clarify its finer scale
structure, and will bring a better characterisation of the local ISM,
while additional high time-resolution observations of J1914+1054g
will significantly improve the timing solution, thus providing a better
constraints on the pulsar properties.

The ThunderKAT discovery of the Mini Mouse and the TRAPUM
confirmation of the association with J1914+1054g constitute an
excellent example of immense potential of the MeerKAT data. Thanks
to the detection of structures similar to the Mouse and Mini Mouse,
MeerKAT will help unveiling more young radio pulsars which will
add to the still small population of such objects, which is predicted to
count thousands of members in our Galaxy (e.g. Lorimer et al. 1993).
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Figure 4. The OBS1 (cyan) and OBS2 (yellow) localisation of J1914 from SeeKAT. The crosses indicate the maximum likelihood position. The bold white cross
is the weighted mean of the two positions. The ellipses (left) are the 75 per cent power radii of the CBs. The contours (right) are the 1 (bold), 2 and 3 σ levels of
the likelihood fit.
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20180923-MK-03, and for the DDT observation is DDT-20221028-
SM-01. Data that are not available thorough public archives, and all
source code, will be shared on reasonable request to the corresponding
author.

References

Barr E. D., 2017, Proceedings of the International Astronomical Union, 13
Bezuidenhout M. C., et al., 2022, MNRAS, 512, 1483
Bezuidenhout M. C., et al., 2023, arXiv e-prints, p. arXiv:2302.09812
Camilo F., Manchester R. N., Gaensler B. M., Lorimer D. R., Sarkissian J.,

2002, The Astrophysical Journal, 567
Camilo F., Ng C. Y., Gaensler B. M., Ransom S. M., Chatterjee S., Reynolds

J., Sarkissian J., 2009, ApJ, 703, L55
Chen W., Barr E., Karuppusamy R., Kramer M., Stappers B., 2021, Journal of

Astronomical Instrumentation, 10, 2150013
Cordes J. M., Lazio T. J. W., 2002, arXiv e-prints, pp astro–ph/0207156
Edwards R. T., Hobbs G. B., Manchester R. N., 2006, MNRAS, 372, 1549
Evans P. A., Page K. L., Beardmore A. P., Eyles-Ferris R. A. J., Osborne J. P.,

Campana S., Kennea J. A., Cenko S. B., 2023, MNRAS, 518, 174

Fender R., et al., 2016, in MeerKAT Science: On the Pathway to the SKA.
p. 13 (arXiv:1711.04132)

Frail D. A., Goss W. M., Whiteoak J. B. Z., 1994, ApJ, 437, 781
Gaensler B. M., Frail D. A., 2000, Nature, 406, 158
Gaensler B. M., Slane P. O., 2006, ARA&A, 44, 17
Green D. A., 1984, MNRAS, 209, 449
Green D. A., 1991, PASP, 103, 209
Han J. L., et al., 2021, Research in Astronomy and Astrophysics, 21
Hansen B. M. S., Phinney E. S., 1997, MNRAS, 291, 569
Heywood I., 2020, oxkat: Semi-automated imaging of MeerKAT observations

(ascl:2009.003)
Hotan A. W., Van Straten W., Manchester R. N., 2004, Publications of the

Astronomical Society of Australia, 21
Jiménez S., Tenorio-Tagle G., Silich S., 2019, MNRAS, 488, 978
Kargaltsev O., Cerutti B., Lyubarsky Y., Striani E., 2015, Space Sci. Rev., 191,

391
Kargaltsev O., Pavlov G. G., Klingler N., Rangelov B., 2017, Journal of Plasma

Physics, 83, 635830501
Kenyon J. S., Smirnov O. M., Grobler T. L., Perkins S. J., 2018, MNRAS,

478, 2399
Kesteven M. J., Caswell J. L., Roger R. S., Milne D. K., Haynes R. F.,

Wellington K. J., 1987, Australian Journal of Physics, 40, 855
Klingler N., Kargaltsev O., Pavlov G. G., Ng C. Y., Beniamini P., Volkov I.,

2018, ApJ, 861, 5
Kumar P., Schinzel F. K., Taylor G. B., Kerr M., Castro D., Rau U., Bhatnagar

S., 2023, arXiv e-prints, p. arXiv:2302.04927
Lorimer D. R., Kramer M., 2005, A Handbook of Pulsar Astronomy. Cam-

bridge University Press
Lorimer D. R., Bailes M., Dewey R. J., Harrison P. A., 1993, MNRAS, 263,

403
Manchester R. N., Lyne A. G., Taylor J. H., Durdin J. M., Large M. I., Little

A. G., 1978, Monthly Notices of the Royal Astronomical Society, 185
Manchester R. N., Hobbs G. B., Teoh A., Hobbs M., 2005, The Astronomical

Journal, 129, 1993
Matheson H., Safi-Harb S., 2005, Advances in Space Research, 35, 1099
Mauch T., et al., 2020, ApJ, 888, 61
McMullin J. P., Waters B., Schiebel D., Young W., Golap K., 2007, in

Shaw R. A., Hill F., Bell D. J., eds, Astronomical Society of the Pacific
Conference Series Vol. 376, Astronomical Data Analysis Software and
Systems XVI. p. 127

MNRAS 000, 1–8 (2020)

http://dx.doi.org/10.1017/S1743921317009036
http://dx.doi.org/10.1093/mnras/stac579
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.1483B
http://dx.doi.org/10.48550/arXiv.2302.09812
https://ui.adsabs.harvard.edu/abs/2023arXiv230209812B
http://dx.doi.org/10.1086/339799
http://dx.doi.org/10.1088/0004-637X/703/1/L55
https://ui.adsabs.harvard.edu/abs/2009ApJ...703L..55C
http://dx.doi.org/10.1142/S2251171721500136
http://dx.doi.org/10.1142/S2251171721500136
https://ui.adsabs.harvard.edu/abs/2021JAI....1050013C
https://ui.adsabs.harvard.edu/abs/2002astro.ph..7156C
http://dx.doi.org/10.1111/j.1365-2966.2006.10870.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372.1549E
http://dx.doi.org/10.1093/mnras/stac2937
https://ui.adsabs.harvard.edu/abs/2023MNRAS.518..174E
http://arxiv.org/abs/1711.04132
http://dx.doi.org/10.1086/175038
https://ui.adsabs.harvard.edu/abs/1994ApJ...437..781F
https://ui.adsabs.harvard.edu/abs/2000Natur.406..158G
http://dx.doi.org/10.1146/annurev.astro.44.051905.092528
https://ui.adsabs.harvard.edu/abs/2006ARA&A..44...17G
http://dx.doi.org/10.1093/mnras/209.3.449
https://ui.adsabs.harvard.edu/abs/1984MNRAS.209..449G
http://dx.doi.org/10.1086/132810
https://ui.adsabs.harvard.edu/abs/1991PASP..103..209G
http://dx.doi.org/10.1088/1674-4527/21/5/107
http://dx.doi.org/10.1093/mnras/291.3.569
https://ui.adsabs.harvard.edu/abs/1997MNRAS.291..569H
http://dx.doi.org/10.1071/AS04022
http://dx.doi.org/10.1071/AS04022
http://dx.doi.org/10.1093/mnras/stz1749
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488..978J
http://dx.doi.org/10.1007/s11214-015-0171-x
https://ui.adsabs.harvard.edu/abs/2015SSRv..191..391K
https://ui.adsabs.harvard.edu/abs/2015SSRv..191..391K
http://dx.doi.org/10.1017/S0022377817000630
http://dx.doi.org/10.1017/S0022377817000630
https://ui.adsabs.harvard.edu/abs/2017JPlPh..83e6301K
http://dx.doi.org/10.1093/mnras/sty1221
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.2399K
http://dx.doi.org/10.1071/PH870855
https://ui.adsabs.harvard.edu/abs/1987AuJPh..40..855K
http://dx.doi.org/10.3847/1538-4357/aac6e0
https://ui.adsabs.harvard.edu/abs/2018ApJ...861....5K
https://ui.adsabs.harvard.edu/abs/2023arXiv230204927K
http://dx.doi.org/10.1093/mnras/263.2.403
https://ui.adsabs.harvard.edu/abs/1993MNRAS.263..403L
https://ui.adsabs.harvard.edu/abs/1993MNRAS.263..403L
http://dx.doi.org/10.1093/mnras/185.2.409
http://dx.doi.org/10.1086/428488
http://dx.doi.org/10.1086/428488
http://dx.doi.org/10.1016/j.asr.2005.04.050
https://ui.adsabs.harvard.edu/abs/2005AdSpR..35.1099M
http://dx.doi.org/10.3847/1538-4357/ab5d2d
https://ui.adsabs.harvard.edu/abs/2020ApJ...888...61M


8 S. Motta et al.

Motta S. E., et al., 2021, MNRAS, 503, 152
Offringa A. R., van de Gronde J. J., Roerdink J. B. T. M., 2012, A&A, 539,

A95
Reid M. J., McClintock J. E., Steiner J. F., Steeghs D., Remillard R. A.,

Dhawan V., Narayan R., 2014, ApJ, 796, 2
Schinzel F. K., Kerr M., Rau U., Bhatnagar S., Frail D. A., 2019, ApJ, 876,

L17
Shklovskii I., 1970, Soviet Astronomy, 13
Stappers B. W., Kramer M., 2016, in Proceedings of Science. ,

doi:10.22323/1.277.0009
Terlevich R., Tenorio-Tagle G., Franco J., Melnick J., 1992, MNRAS, 255,

713
Van Straten W., Bailes M., 2011, Publications of the Astronomical Society of

Australia, 28
Vleeschower L., et al., 2022, MNRAS, 513, 1386
Vukotić B., Ćiprĳanović A., Vučetić M. M., Onić D., Urošević D., 2019,

Serbian Astronomical Journal, 199, 23
Yao J. M., Manchester R. N., Wang N., 2017, ApJ, 835, 29
Yusef-Zadeh F., Bally J., 1987, Nature, 330

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–8 (2020)

http://dx.doi.org/10.1093/mnras/stab511
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503..152M
http://dx.doi.org/10.1051/0004-6361/201118497
https://ui.adsabs.harvard.edu/abs/2012A&A...539A..95O
https://ui.adsabs.harvard.edu/abs/2012A&A...539A..95O
http://dx.doi.org/10.1088/0004-637X/796/1/2
https://ui.adsabs.harvard.edu/abs/2014ApJ...796....2R
http://dx.doi.org/10.3847/2041-8213/ab18f7
https://ui.adsabs.harvard.edu/abs/2019ApJ...876L..17S
https://ui.adsabs.harvard.edu/abs/2019ApJ...876L..17S
http://dx.doi.org/10.22323/1.277.0009
http://dx.doi.org/10.1093/mnras/255.4.713
https://ui.adsabs.harvard.edu/abs/1992MNRAS.255..713T
https://ui.adsabs.harvard.edu/abs/1992MNRAS.255..713T
http://dx.doi.org/10.1071/AS10021
http://dx.doi.org/10.1071/AS10021
http://dx.doi.org/10.1093/mnras/stac921
https://ui.adsabs.harvard.edu/abs/2022MNRAS.513.1386V
http://dx.doi.org/10.2298/SAJ1999023V
https://ui.adsabs.harvard.edu/abs/2019SerAJ.199...23S
http://dx.doi.org/10.3847/1538-4357/835/1/29
https://ui.adsabs.harvard.edu/abs/2017ApJ...835...29Y
http://dx.doi.org/10.1038/330455a0


Draft version May 11, 2023
Typeset using LATEX twocolumn style in AASTeX631

The Merging of a Coronal Dimming and the Southern Polar Coronal Hole

Nawin Ngampoopun ,1 David M. Long ,2, 1 Deborah Baker ,1 Lucie M. Green ,1

Stephanie L. Yardley ,3, 1, 4 Alexander W. James ,1, 5 and Andy S.H. To 1

1University College London, Mullard Space Science Laboratory, Holmbury St. Mary, Dorking, Surrey, RH5 6NT, UK
2Astrophysics Research Centre, Queen’s University Belfast, University Road, Belfast, Northern Ireland, BT7 1NN, UK

3Department of Meteorology, University of Reading, Reading, UK
4Donostia International Physics Center (DIPC), Paseo Manuel de Lardizabal 4, 20018, San Sebastián, Spain

5European Space Agency, European Space Astronomy Centre, Spain

(Received April 3, 2023; Revised May 9, 2023; Accepted May 9, 2023)

Submitted to ApJ

ABSTRACT

We report on the merging between the southern polar coronal hole and an adjacent coronal dimming

induced by a coronal mass ejection on 2022 March 18, resulting in the merged region persisting for

at least 72 hrs. We use remote sensing data from multiple co-observing spacecraft to understand

the physical processes during this merging event. The evolution of the merger is examined using

Extreme-UltraViolet (EUV) images obtained from the Atmospheric Imaging Assembly onboard the

Solar Dynamic Observatory and Extreme Ultraviolet Imager onboard the Solar Orbiter spacecraft. The

plasma dynamics are quantified using spectroscopic data obtained from the EUV Imaging Spectrometer

onboard Hinode. The photospheric magnetograms from the Helioseismic and Magnetic Imager are used

to derive magnetic field properties. To our knowledge, this work is the first spectroscopical analysis

of the merging of two open-field structures. We find that the coronal hole and the coronal dimming

become indistinguishable after the merging. The upflow speeds inside the coronal dimming become

more similar to that of a coronal hole, with a mixture of plasma upflows and downflows observable after

the merging. The brightening of bright points and the appearance of coronal jets inside the merged

region further imply ongoing reconnection processes. We propose that component reconnection between

the coronal hole and coronal dimming fields plays an important role during this merging event, as the

footpoint switching resulting from the reconnection allows the coronal dimming to intrude onto the

boundary of the southern polar coronal hole.

1. INTRODUCTION

Coronal holes (CHs) are regions of relatively low den-

sity and temperature in the solar corona, appearing dark

when observed in Extreme-Ultraviolet (EUV) and soft

X-ray passbands (see review by Cranmer 2009, and ref-

erences therein). Their main characteristic is the open

magnetic field configuration, which allows the plasma

to escape the corona as the solar wind (Altschuler et al.

1977; Levine et al. 1977). CHs generally have lifetimes

of up to several solar rotations (Harvey & Recely 2002;

Heinemann et al. 2018), and they can be found in both

Corresponding author: Nawin Ngampoopun

nawin.ngampoopun.21@ucl.ac.uk

polar regions (polar CH) and low-latitude regions (equa-

torial CH). It is thought that polar CHs are formed

gradually due to the result of open flux accumulation

and transport throughout the solar cycle, usually from

the poleward migration of open fields from lower latitude

(Harvey & Recely 2002; Lowder et al. 2017). In contrast,

the formation of isolated, low-latitude CHs was observed

to be related to active region evolution during either the

emergence phase (Harvey & Hudson 1998; Wang et al.

2010) or the decaying phase (Karachik et al. 2010). CHs

have been widely accepted as the source of the fast solar

wind, and CH boundaries have been proposed as one of

the sources of slow solar wind (see, e.g., Abbo et al. 2016;

Cranmer et al. 2017, and references therein). The fast

solar wind streams are thought to originate from open

magnetic flux tubes concentrated at the supergranular

ar
X

iv
:2

30
5.

06
10

6v
1 

 [
as

tr
o-

ph
.S

R
] 

 1
0 

M
ay

 2
02

3

http://orcid.org/0000-0002-1794-1427
http://orcid.org/0000-0003-3137-0277
http://orcid.org/0000-0002-0665-2355
http://orcid.org/0000-0002-0053-4876
http://orcid.org/0000-0003-2802-4381
http://orcid.org/0000-0001-7927-9291
http://orcid.org/0000-0003-0774-9084
mailto: nawin.ngampoopun.21@ucl.ac.uk


2 Ngampoopun et al.

network boundaries, where they show the outflow veloc-

ities of ∼ 10 km s−1 as determined from spectroscopic

observation using emission lines forming at the base of

the corona (Hassler et al. 1999; Tu et al. 2005). The slow

solar wind from CH boundaries, on the other hand, is

thought to be associated with the highly expanded open

field near the CH edges (Wang & Sheeley 1990), or be

driven by interchange reconnection at open-closed mag-

netic field boundaries between CH and the surround-

ing regions (Antiochos et al. 2011; Abbo et al. 2016;

Aslanyan et al. 2022). Interchange reconnection also af-

fects the evolution of CH areas (Baker et al. 2007; Kong

et al. 2018) and helps maintain the quasi-rigid rotation

of CHs (Wang & Sheeley 2004; Yang et al. 2011). Coro-

nal jets, the small, transient collimated plasma ejections

frequently observed inside CHs, may also play an im-

portant role in supplying mass and energy to the solar

wind(Raouafi et al. 2023).

Some dark regions in the solar corona resemble coronal

holes, but they have a more transient nature and shorter

lifespans. These features are historically called transient

coronal holes (Rust 1983) but now are more commonly

called coronal dimmings (Hudson et al. 1996). They can

be observed as regions of reduced emission in soft X-ray

and EUV passbands similar to CHs. Their appearance is

usually related to solar eruptions, such as coronal mass

ejections (CMEs) or solar flares (Bewsher et al. 2008;

Dissauer et al. 2018a, 2019). Coronal dimmings can be

categorised into core and secondary dimmings (Mandrini

et al. 2007). Core dimmings have substantially reduced

emissions and often appear in pairs localised close to the

eruption site. They are interpreted as the footpoints of

erupting flux ropes. Secondary dimmings, in contrast,

are more widespread and have a shorter lifespan and

weaker intensity reductions. They are understood to

be the result of plasma escaping along the expanding

overlying field arcades above the flux ropes.

It is believed that the formation of coronal dimmings is

due to density depletion as the plasma escapes from the

solar corona along the expanding CME structure (Hud-

son et al. 1996; Thompson et al. 2000). This is supported

by the spectroscopic observation of strong plasma out-

flows of up to a hundred km s−1 (e.g., Harrison & Lyons

2000; Tian et al. 2012; Veronig et al. 2019). Differential

emission measure analysis (DEM) of coronal dimmings

shows significant plasma density decreases of up to 50-

70 % (Cheng et al. 2012; Vanninathan et al. 2018). It

is also thought that coronal dimmings contain a quasi-

open magnetic field structure due to CMEs expansion,

and the upflows may then contribute to the solar wind

(Harra et al. 2007; Attrill et al. 2010; Lörinč́ık et al.

2021).

Interchange reconnection is also proposed to play an

essential role in the evolution of coronal dimmings (At-

trill et al. 2006; Krista & Reinard 2013) and their re-

covery after eruption (Attrill et al. 2008). Liu et al.

(2007) and Gutiérrez et al. (2018) observed the forma-

tion of CHs from long-lived coronal dimmings, suggest-

ing that CHs can also form through an abrupt opening of

the magnetic field by solar eruptions (Heinemann et al.

2018).

In this paper, we report a rare event of the merging

between a southern polar CH and the coronal dimming

resulting from a coronal mass ejection on 2022 March 18.

This event occurred during the first perihelion in the

science phase of the ESA/NASA’s Solar Orbiter (SO;

Müller et al. 2020) mission. Concurrently, the Slow

Solar Wind Connection Solar Orbiter Observing Plan

(Slow Wind SOOP; Yardley et al. 2023, submitted) was

in operation during its second remote sensing window

(2022 March 17 – 22). This campaign used remote sens-

ing and in situ instruments onboard SO to investigate

the origin of the slow solar wind at open-closed mag-

netic field boundaries. The northwestern edge of the

south polar CH was chosen as the target during 2022

March 17–18, which perfectly coincided with the time

of the CME eruption and the merging event.

The merging of coronal holes and coronal dimmings

has only been reported a few times (Nitta & Mulligan

2017; Gutiérrez et al. 2018; Lörinč́ık et al. 2021; Yard-

ley et al. 2021b; Nitta et al. 2021), and has never been

studied spectroscopically due to their rare occurrence

and transient nature. Fortunately, this merging event

was well captured by various spacecraft, allowing us to

analyse the merging in detail using high-resolution EUV

and X-ray observations alongside the coronal spectro-

scopic measurements. In this paper, we investigate the

changes in plasma dynamics inside the CH and the coro-

nal dimming due to the merging and propose a possible

process behind the merging of two open-field structures.

The instrumentations and datasets used in this study

and the technique used to identify the boundaries of the

CH and coronal dimming are described in Section 2.

The analysis results, including the evolution of CH and

coronal dimming, plasma dynamics across four different

timesteps during the merging event, and an example of

a jet found inside the merged region are presented in

Section 3. Finally, we discuss the results and their im-

plications in Section 4 and summarise the manuscript in

Section 5.

2. OBSERVATIONS

On 2022 March 18, a filament channel and the south-

ern polar coronal hole were observed on the solar disc.
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The filament partially erupted at ∼ 02:00 UT, result-

ing in a coronal mass ejection and a pair of coronal

dimmings. The southeastern coronal dimming then ex-

panded towards the southern polar CH due to the ex-

pansion of CME. Around 08:15 UT, the coronal dim-

ming reached the northwestern tip of the CH boundary

and appeared to merge with the CH, as observed using

EUV and X-ray passbands.

2.1. Coordinated Remote Sensing Observations

The merging and evolution of CH and coronal dim-

ming were observed using EUV images obtained from

the Atmospheric Imaging Assembly (AIA; Lemen et al.

2012) onboard Solar Dynamics Observatory (SDO; Pes-

nell et al. 2012), and the Extreme Ultraviolet Imager

(EUI; Rochus et al. 2020) onboard SO. SDO/AIA con-

tinuously observes the full solar disk in seven EUV pass-

bands, with a plate scale of 0.6′′ per pixel and 12 s

cadence. EUI consists of two telescopes, the Full Sun

Imager (FSI) and High-Resolution Imager (HRI). FSI

observes the full solar disc with a resolution of 4.4′′ per

pixel and a cadence of 10 minutes. HRI offers a smaller

field-of-view (FOV) of 1000′′×1000′′ but it has a high

spatial and temporal resolution with a plate scale of

0.492′′ per pixel and a cadence of 5 s. HRI was op-

erating from 10:15 UT to 11:15 UT on 2022 March 18,

capturing the merged region. Observations from AIA

were downloaded through the Virtual Solar Observatory

(VSO) databases as level 1 data and processed using the

aiapy (Barnes et al. 2020) Python library. For the EUI

observations, we used calibrated level 2 EUI data from

EUI data release 6 (Kraaikamp et al. 2023).

The line-of-sight (LOS) photospheric magnetograms,

obtained from the Helioseismic and Magnetic Imager

(HMI; Scherrer et al. 2012) onboard SDO, were used to

study the magnetic field structure inside CH and coro-

nal dimming. The full disc magnetograms were obtained

from the HMI front 4096 × 4096 pixel CCD camera,

which measures the Zeeman splitting of the Fe I 6173.3

Å absorption line. The temporal resolution is 45 s with

a plate scale resolution of 0.505′′ per pixel. The photon

noise level is approximately 7 G (Couvidat et al. 2016).

The HMI magnetograms were also downloaded from the

VSO database and were coaligned to match AIA obser-

vations.

In addition to the EUV images, we used coordi-

nated observations from the Extreme-Ultraviolet Imag-

ing Spectrometer (EIS; Culhane et al. 2007) and the X-

Ray Telescope (XRT; Golub et al. 2007) onboard Hinode

(Kosugi et al. 2007). Both instruments were observing

the boundary of the south polar CH on 2022 March 17–

18, as planned in the Hinode Operation Plan 434. On

the day of the merging event, four EIS raster scans were

obtained using two different EIS studies. The first study

was HPW021VEL240x512v2 b, a raster scan including

a large variety of spectral lines with a FOV of 240′′×
512′′, in 2′′ slit steps lasting 3 hr 34 min. This study

was run at 01:22 UT and 11:52 UT. Another study used

was Atlas 60, a full CCD spectrum scan with a FOV of

120′′×160′′. This study uses a 2′′ slit with a total run

time of 65 min. This study was run at 07:13 UT and

09:50 UT. The Doppler and nonthermal velocity can be

derived from spectral data, with the velocity uncertainty

of ∼ 5 km s−1 for Doppler velocity and ∼ 20 km s−1 for

nonthermal velocity.

XRT was observing the southern polar CH boundary

from 2022 March 17, 06:00 UT to March 18, 19:40 UT

and continuously provided soft X-ray observations using

the thin Al-poly filter, corresponding to a temperature

of ∼ 107 K. The observations have a plate scale of 1′′per

pixel, and a FOV of 384′′×384′′, except for the obser-

vation during 09:48–11:29 UT on March 18, where the

resolution was resampled to 4′′ per pixel, with a FOV of

2106′′×2106′′.

EIS data files were downloaded from the UCL/MSSL

database and were prepared using standard EIS rou-

tines in the SolarSoftWare Library (SSW/IDL Free-

land & Handy 1998). Spectra were corrected for in-

strumental effects, including slit tilt, orbital variation,

dark current, and warm/hot/dusty pixels. The XRT

data were obtained from Hinode/DARTS managed by

ISAS/JAXA and were prepared using the standard rou-

tine XRT prep.pro, also available in SSW/IDL.

2.2. Identifying Coronal Hole and Coronal Dimming

Boundaries

Coronal holes and coronal dimmings are best observed

at a coronal temperature of ∼ 106 K. Therefore, we

used the 193 Å passband of SDO/AIA, and the 174 Å

passband of EUI/FSI and EUI/HRI, to track the global

structure of the CH and coronal dimming. Note that SO

was at an angle of 10◦ to the Sun-Earth line, allowing

us to observe this event from two different viewpoints.

The CH and coronal dimming boundaries were de-

fined using SDO/AIA 193 Å observations. For the CH,

we implemented an intensity thresholding method, with

the threshold intensity chosen to be 35% of the solar

disc median intensity (Reiss et al. 2016; Hofmeister et al.

2017; Heinemann et al. 2018). For the coronal dimming,

on the other hand, we used base-ratio images to en-

hance the relative changes in brightness (Dissauer et al.

2018b). The SDO/AIA 193 Å observation at 01:30:04

UT, ∼30 minutes before the eruption started, was cho-

sen as the reference image. Subsequent images were di-
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Figure 1. SDO/AIA 193 Å (left column) and EUI/FSI 174 Å (right column) observations on 2022 March 18, capturing four
stages of the merging between a southern polar coronal hole (CH) and a coronal dimming. The CH and coronal dimming
boundaries are plotted in black and yellow, respectively. The FOVs of the coordinated observations are shown in coloured
rectangles. The white arrows in panels a and b indicate the location of the filament channel, while the flare loops are indicated
by the white arrow in panel d. The intensity maps have been enhanced using the Multiscale Gaussian Normalization method
(Morgan & Druckmüller 2014). An animated version of this figure is available as Fig1Movie edit.mp4. The movie has a duration
of 16 s and shows the evolution of the polar CH and the coronal dimming as observed from SDO/AIA and EUI/FSI from 00:00
UT to 14:00 UT.
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vided by the reference image to produce base-ratio im-

ages at each timestep. A thresholding technique was

then used to detect coronal dimmings, with a threshold

value of 0.35 (Dissauer et al. 2018b). After obtaining

the initial boundaries for the CH and coronal dimming,

we applied a Gaussian filter to each image to smooth

the sharp edges and fill any holes inside the boundaries.

The resulting smooth-edge boundaries of CH and coro-

nal dimming for each time step were then projected onto

other remote sensing observations.

3. RESULTS

3.1. Evolution of Coronal Hole and Coronal Dimming

Figure 1 shows the evolution of the southern polar

coronal hole and the coronal dimming observed by SDO

and SO at four different timesteps, corresponding to the

time at the middle of each EIS study1. The bound-

aries of CH and coronal dimming are illustrated as black

and yellow contours, plotted over SDO/AIA 193 Å and

EUI/FSI 174 Å observations. This colour scheme is

used throughout this paper. Each instrument’s FOVs

are displayed as coloured rectangles. The blue rectangle

is the FOV of Hinode/EIS, the red rectangle shows the

FOV of Hinode/XRT, and the magenta rectangle shows

the FOV of EUI/HRI. An animated version of Figure

1 shows the evolution of the polar CH and the coronal

dimming from 00:00 UT to 14:00 UT.

From the SDO’s point of view, the northern tip of the

southern polar CH was close to the central meridian,

with the northernmost edge at y = -500′′ . The filament

channel, indicated by the white arrows in Figure 1a-b,

was located ∼100′′ west of the CH. It appeared to have a

U-shaped structure spanning at least half the size of the

solar disk. Using photospheric LOS magnetograms from

HMI, we found that the CH had net negative polarity,
the same polarity as the eastern side of the filament

channel.

The filament partially erupted at the northern part

of the U-shaped structure at ∼02:00 UT, resulting in a

CME, flare loops, and coronal dimmings. The flare loops

can be seen close to the central meridian from EUI/FSI

174 Å at 03:36 UT, as indicated by the white arrow in

Figure 1d. The flare ribbons at the footpoints of the

flare loops can also be observed using 304 Å passband

of EUI/FSI (not shown here). Shortly after the eruption

had started, the coronal dimming started expanding in a

southeastern direction towards the polar CH, accompa-

1 Note that the distances of the individual spacecraft from the Sun
meant that phenomena were observed at different times by the
different spacecraft. Hence, to avoid confusion, we will use the
time at Earth throughout this discussion.

Figure 2. Base-ratio image produced from dividing
SDO/AIA 193 Å intensity at 03:05:04 UT by a reference im-
age before the eruption (see text). Boundaries of the coronal
dimming and the CH are plotted in yellow and black, re-
spectively. The yellow arrow indicates the region between
CH and coronal dimming where the intensity enhancement
(dark blue) is observed.
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Figure 3. SDO/AIA 193 Å observation on 2022 March 21,
showing the boundary of the southern polar coronal hole
three days after the merging occurred.

nied by the expansion of the flare loop footpoints. Figure

2 shows a base ratio image which was used to define the

boundaries of the coronal dimming. The coronal dim-

ming can be observed as an area of decreased intensity,

shown by red pixels. Figure 2 also shows the enhanced

intensity (dark blue pixels) at the region between the

southern polar CH and a coronal dimming, which are

not evident in normal 193 Å intensity observations.

The coronal dimming reached the northwestern edge

of CH at ∼07:30 UT before appearing to merge with the

CH at ∼08:15 UT. Note that we define the merging as

the moment the CH and coronal dimming boundaries

appear as a single contour using the threshold method.

Also, note that the stable part of the filament (lower arc)

was included in the merged region on the western side

beyond x ∼ 300′′ due to its low intensity comparable

to the CH in SDO/AIA 193 Å passband. However, the

flare loop footpoints stopped their expansion at around

11:30 UT, 3 hrs after the merging occurred. Accord-
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Figure 4. Plasma diagnostics of the coronal hole and coronal dimming at four EIS time steps. From left to right, the columns
show a) SDO/AIA 193 Å intensity, b) XRT Thin Al-Poly filter intensity, c) Fe XII 192.39 Å Doppler velocity map, d) Fe XII
192.39 Å nonthermal velocity map, and e) HMI line-of-sight photospheric magnetogram. The boundaries of CH and coronal
dimming are shown in black and yellow, respectively. The colour scale of Doppler velocity maps was set to [-10,10] km s−1. The
nonthermal velocity maps are saturated at [0,40] km s−1. HMI magnetograms are saturated at ± 50 G. The coloured arrows
indicate the interesting upflow regions discussed in Section 3.2.1.
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ing to the standard flare-CME model (CSHKP model,

Carmichael 1964; Sturrock 1968; Hirayama 1974; Kopp

& Pneuman 1976), the expansion of flare loop footpoints

indicates the ongoing reconnection process that simulta-

neously forms the flare loops and builds more magnetic

flux into the expanding CME, which results in the ex-

pansion of coronal dimming. Therefore, we may infer

that the coronal dimming was still expanding after it

merged with the CH until at least 11:30 UT.

In summary, the EUV and X-ray observations on 2022

March 18 show the evolution of the coronal dimming and

the southern polar CH as follows:

• 02:00 UT - The eruption started and the coronal

dimming began its formation

• 03:36 UT - The flare loops can be seen from

EUI/FSI 174 Å

• 08:15 UT - The coronal dimming merged with the

southern polar CH

• 11:30 UT - The footpoints of flare loops stopped

their expansion.

Figure 3 shows the merged region as seen from

SDO/AIA 193 Å on 2022 March 21, before the merged

region moved away from the Earth-facing solar disc. In-

terestingly, this figure shows that this merged region

persisted for at least three days after the merging oc-

curred. The merged region then appeared to shrink in

size and later disappeared on 2022 March 22, leaving

behind only the southern part of the polar CH (the part

of CH located approximately below y ∼ -800′′ ).

3.2. Spectroscopic Data Analysis

Hinode/EIS was pointing at the western boundary of
the CH, where the merging occurred. This allowed us

to track and analyse the plasma dynamics at the time

before, during, and after the merging of the CH and the

coronal dimming by using four consecutive EIS raster

scans. Although the merging of CHs and coronal dim-

mings have been reported in previous literature, this is

the first time that such an event was observed spectro-

scopically for the entire process.

3.2.1. Overview For Each EIS Raster

Figure 4 shows the Doppler velocity and nonthermal

velocity maps obtained from fitting the Fe XII 192.39 Å

spectral lines for four EIS rasters, along with SDO/AIA

193 Å intensity, XRT thin Al-poly filter intensity and

HMI line-of-sight (LOS) magnetogram at the median

time of each EIS scan (indicated on the right axis of

each row). We will use the median time to represent

the observation time of each study throughout the pa-

per. The Fe XII 192.39 Å spectral line was used be-

cause it is unblended, and the reference wavelength is

close to the peak emission and temperature response of

the SDO/AIA 193 Å observation. All observations were

aligned to the SDO/AIA 193 Å intensity maps, with the

CH and coronal dimming boundaries then overplotted.

The first raster was taken at ∼03:05 UT, associated

with the expansion of coronal dimming toward the east

as the filament eruption was in progress. In this raster,

we can see a large region of strong blueshift in the

Doppler velocity map (see panel 1c in Figure 4), indicat-

ing a strong plasma upflow inside the coronal dimming

region. This structured strong plasma upflow inside the

coronal dimming has been reported in previous litera-

ture and usually has been interpreted as a result of rapid

plasma evacuation onto expanding CME structure (see,

e.g., Harra et al. 2007; Attrill et al. 2010; Tian et al.

2012; Veronig et al. 2019).

During the second raster at ∼07:45 UT, EIS observed

the southeastern edge of the coronal dimming. During

that time, the coronal dimming was located close to the

southern polar CH boundary. Several bright points, pre-

viously located in the quiet Sun region, were found inside

the boundary of coronal dimming (see panel 2a, 2b in

Figure 4). There are two significant upflows regions in

the Doppler velocity map, indicated by pink and orange

arrows in panel 2c of Figure 4. The first region (pink

arrow) is located between two bright points at (260′′,

-680′′). Interestingly, this region had no observable sig-

nature in SDO/AIA 193 Å and XRT observation, de-

spite clear blueshift and enhanced nonthermal velocity.

The second region (orange arrow) is located at (170′′,

-630′′), close to a bright point and the interface between

the CH and coronal dimming boundaries. Similarly, the

source for this upflow is also uncertain.

The third EIS raster observed the newly merged at

∼10:20 UT. A clear signature of a thin collimated jet can

be seen at (190′′, -650′′), indicated by two pink arrows

in panels 3a and 3c of Figure 4. This feature can be

observed as a thin corridor of blueshifted plasma in the

EIS Doppler velocity map and a collimated thread-like

funnel in SDO/AIA 193 Å observation. The base of

upflow is located next to a bright point, which is the

same bright point located next to the observed upflow

indicated by the orange arrow in panel 2c of Figure 4.

The fourth raster was run at ∼13:35 UT, 5 hours af-

ter the merging occurred. The Doppler and nonthermal

velocity maps show that plasma flow became more dis-

ordered at this time, as indicated by the enhanced non-

thermal velocity and the mixture of plasma upflow and

downflow inside the merged region. However, this may



8 Ngampoopun et al.

100" 200" 300"

-500"

-600"

-700"

 

 

Box 1

Box 2
Box 3

Box 4

Fe XII 192.39 A Doppler Velocity 
 2022-03-18 03:04:46

200" 300"
 

Box 1

Box 2
Box 3

Box 4

Fe XII 192.39 A Doppler Velocity 
 2022-03-18 13:34:20

10.0

7.5

5.0

2.5

0.0

2.5

5.0

7.5

10.0

km
 s

1

Solar-X (arcsec)

So
la

r-Y
 (a

rc
se

c)

Figure 5. EIS Fe XII 192.39 Å Doppler velocity maps obtained from EIS studies centred at ∼03:05 UT and ∼13:35 UT. The
orange boxes indicate the approximate locations of regions where we averaged the spectral data to obtain the plasma dynamics
shown in Table 1.

be partially due to instrumental effects such as warm

pixels. A relatively structured upflow region was ob-

served at (250′′, -650′′), indicated by a pink arrow in

panels 4a and 4c in Figure 4. It seems to be related to a

breakout jet resulting from a mini-filament eruption at

the bright point that occurred at ∼13:30 UT.

3.2.2. Spatially Averaged Pixel Analysis

We use the spatially averaging method described in

EIS Software Note No.17 2 to obtain important plasma

dynamic parameters across the four EIS rasters in sev-
eral regions of interest. In doing this, we sacrifice the

spatial resolution to enhance the signal-to-noise ratio of

the low-emission coronal hole and coronal dimming.

First, we select four regions of interest, denoted as Box

1–4 in Figure 5. Box 1 is the thin upflow corridor at the

north tip of the CH that transcended the boundary into

the quiet Sun region. Box 2 is the strong upflow re-

gion inside the coronal dimming, Box 3 is the quiet Sun

region between the CH and the filament channel before

the merging event. Lastly, Box 4 is the jet’s location ob-

served in the EIS raster at 10:20 UT. The approximate

locations of these boxes are shown in Figure 5. Next,

we treat each box as a single pixel by averaging spectral

2 Access through https://vsolar.mssl.ucl.ac.uk/JSPWiki/Wiki.
jsp?page=EISAnalysisGuide

data inside the box. We then derive the plasma parame-

ters by fitting a Gaussian function to the averaged spec-

tral data. Note that in some cases, we choose smaller

regions at the same location with the boxes shown in

Figure 5 to obtain a better spectral fit.

Table 1 shows the results obtained from this spa-

tially averaged pixel analysis using data from the Fe XII

192.39 Å spectral line on all available four EIS rasters.

Boxes 1, 2 and 3 are located outside the FOVs of the

EIS rasters at 07:45 UT and 10:20 UT. Therefore, only

Box 4 is observed on every raster.

In Box 1 (CH edge), we observed the upflow velocity of

∼20 km s−1 and the nonthermal velocity of ∼30 km s−1.

These values are similar to the typical value of plasma

dynamics inside CH observed using coronal spectral line

(e.g., Harra et al. 2015; Fazakerley et al. 2016).

Boxes 3 and 4 are associated with the quiet Sun region

before the merging, which later became the merged re-

gion of CH and coronal dimming and showed significant

changes in plasma dynamics. Box 3 shows an increase

in LOS velocity, as evident from the stronger redshift

and blueshift pixels inside the box. The upflow profile

changes from no upflow (on average) to upflow of ∼3

km s−1. It also shows an increase in nonthermal veloc-

ity. The increase may be due to a change in the mag-

netic environment inside the region; the initially closed

field region became more open because of the merging

between CH and coronal dimming. The change in LOS

https://vsolar.mssl.ucl.ac.uk/JSPWiki/Wiki.jsp?page=EISAnalysisGuide
https://vsolar.mssl.ucl.ac.uk/JSPWiki/Wiki.jsp?page=EISAnalysisGuide
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Box Number (Feature) EIS raster Doppler Velocity (km s−1) Nonthermal Velocity (km s−1)
Secondary

Component

Box 1 (CH Edge)
03:05 UT -18 28 No

13:35 UT -22 31 No

Box 2 (Coronal Dimming)
03:05 UT -26 20 Yes

13:35 UT -16 33 No

Box 3 (Quiet Sun)
03:05 UT 0 25 No

13:35 UT -3 31 No

Box 4 (Jet)

03:35 UT -9 27 No

07:45 UT -6 28 No

10:20 UT -30 24 Yes

13:35 UT -23 34 No

Table 1. Results from EIS analysis using the averaged spectral data inside four boxes of interest. The table shows the Doppler
and nonthermal velocities for each box at different times and whether the spectra have significant signatures of the secondary
components in the line profile. Note that the merging occurred at ∼08:15 UT.
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Figure 6. Fe XII 192.39 Å emission line profiles obtained from the spatially averaged analysis for coronal dimming upflow
(Box 2 in EIS raster at 03:05 UT; left panel) and jet upflow (Box 3 in EIS raster at 10:20 UT; right panel). Both line profiles
show the signatures of blue-wing enhancement as indicated by the double gaussian fits, blue lines for the primary component
and red lines for the secondary component. The calculated LOS velocity and nonthermal velocity of the secondary component
are displayed in each panel.

velocity inside Box 4 is similar to Box 3, showing a more

significant upflow when comparing between EIS raster

at 03:05 UT and 13:35 UT, with a similar increase in

nonthermal velocity. Furthermore, plasma dynamics re-

mained almost the same in the EIS raster at 03:05 UT

and 07:45 UT before changing drastically at the EIS

raster at 10:20 UT, when there was a thin, collimated

jet outflow inside the box.

Lastly, only Box 2 shows a decrease in LOS upflow

velocity after the merging. The initial high upflow ve-

locity in coronal dimming may be due to the plasma

evacuation as the CME expanded. After the merg-

ing, the upflow velocity decreased to a level seen in the

CH, while the nonthermal velocity increased similarly to

other boxes.

By examining each line profile in detail, we see that

some profiles have noticeable enhancements in the blue-

wing region. This enhancement suggests that there

are at least two components of unresolved plasma up-

flow along the LOS (Tian et al. 2021); namely, the

background plasma flow (primary component) and high-

speed upflow (secondary component). The strong sec-

ondary components have previously been observed in

the upflows from active region boundaries (e.g., Baker
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et al. 2021; Yardley et al. 2021a) and coronal dimming

(Tian et al. 2012; Veronig et al. 2019). They can be

identified by fitting a double gaussian instead of a sin-

gle gaussian function to the profile. In our analysis, the

averaged pixels from Box 2 in EIS raster at 03:05 UT

and Box 4 in EIS raster at 10:20 UT show the significant

secondary component in line profiles, i.e., the secondary

component intensity is more than 10% of the primary

component (Tian et al. 2021). These line profiles corre-

spond to the coronal dimming (Box 2) and the jet inside

the merged region (Box 4). Both line profiles are shown

in Figure 6; the coronal dimming in the left panel and

the jet in the right panel. We also see comparable blue-

wing enhancement in both regions in Fe XII 195.12 Å

and Fe XIII 202.04 Å line profiles.

For the case of coronal dimming, the line profile looks

like a single gaussian function with a bump on its blue-

wing tail, indicating that the secondary upflow was weak

but had a very high velocity. The secondary component

has a LOS velocity of -187 km s−1, higher than the re-

ported value of CME upflows in the range of [50–150] km

s−1 (Tian et al. 2012; Veronig et al. 2019). We interpret

that the high-speed plasma upflow is a result of impul-

sive plasma outflow along the expanding magnetic field

structure (Harrison & Lyons 2000; Harra et al. 2007;

Veronig et al. 2019) rather than the plasma refilling the

coronal dimming after the eruption (Tian et al. 2012)

due to the extended coronal dimming lifetime. The non-

thermal velocity is 19 km s−1, lower than the primary

upflow. For the jet inside the merged region, the sec-

ondary component has a LOS velocity of -64 km s−1. It

also has a nonthermal velocity of 32 km s−1, higher than

the primary upflow. The secondary components for both

features can be observed in only one EIS raster, indicat-

ing the transient nature of high-speed plasma outflows.

3.3. A Coronal Jet at 10:30 UT

X-ray and EUV observations show several coronal jets

and brightenings of bright points during this merging

event, especially in the interface region between the

coronal hole and coronal dimming (see panels 2a, 2b,

3a and 3b of Figure 4). These bright points initially

resided in the quiet Sun region between the CH and the

filament channel, which later turned into the merged

region.

An example of a coronal jet is shown in Figure 7. We

selected this jet as an example because it was well ob-

served in SDO/AIA, EUI/HRI and Hinode/EIS Doppler

velocity map. Figure 7 displays a thin-collimated beam

of plasma observed by SDO and SO at ∼10:35 UT. The

jet is located around (180′′, -650′′) in helioprojective co-

ordinates as seen from SDO (blue arrows), close to the

boundary of the post-merging CH and the bright point

(red arrows). It also corresponds to the thin upflows

corridor observed in the EIS raster at 10:20 UT (indi-

cated by a pink arrow in panel 3c of Figure 4), which

is shown as the blue contours in Figure 7. The jet be-

came visible in SDO/AIA 193 Å at ∼10:00 UT. Note

that the jet formation might start earlier but is not no-

ticeable due to the brighter background emission. The

jet initially had a weak emission and consisted of sev-

eral thin upflows threads, with the jet’s base adjacent to

the eastern edge of the bright point. It then appeared

brighter and became more collimated into a thin beam

around 10:25 UT. Besides the coronal jet, we also ob-

served brightenings of coronal loops in the bright points

and the adjacent loops under it (pink arrows in Figure

7) at ∼10:30 UT. Finally, the jet slowly dispersed and

completely disappeared at ∼11:00 UT, marking a visible

lifetime of ∼1 hr.

The jet can be classified as a standard jet due to its

similar configuration (long-thin spire) to the model pro-

posed by Shibata et al. (1992) and the lack of emission

in the 304 Å passband (cf. Long et al. 2023). Using the

spectroscopic analysis discussed earlier, this jet had a

LOS velocity of -64 km s−1 with a nonthermal velocity

of 32 km s−1 (see right panel on Figure 6).

This jet is not clearly visible against brighter back-

ground emission in EUI/HRI 174 Å observations. How-

ever, we notice that the background emissions seem to

have an outflowing motion from the bright point that

the jet originated from, suggesting that they were coro-

nal plumes, hazy ray-like transient structures commonly

found in CH. Coronal plumes can be frequently observed

using white light and SDO/AIA 171 Å passbands and

may also contribute to supplying mass and energy to

solar wind (see review by Poletto 2015, and references

therein). The high resolution of EUI/HRI can resolve

the motion of closed loops inside the bright point and

surrounding area, which can be related to the reconnec-

tion process powering the jet. The observations also re-

veal numerous small-scale, short-lived brightenings that

are similar to ‘campfires’ (Berghmans et al. 2021) ob-

served in the quiet Sun region.

The photospheric magnetogram (the middle panel in

Figure 7) shows the minority polarity (positive, yel-

low contour) of the bright point surrounded by back-

ground majority polarity (negative, green contour) in

the merged region. In our scenario, this configuration

resembles dipoles embedded in a uniform open field,

which is often associated with a 3D fan-spine structure

of closed loops with a domed separatrix surface that sep-

arates closed and open magnetic field regions (e.g., Ku-

mar et al. 2019). It is also frequently used as the initial
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Figure 7. A coronal jet inside the newly merged region as observed from SDO/AIA 193 Å passband (left), HMI magnetogram
(centre), and EUI/HRI 174 Å passband (right) at 10:35 UT. The coloured arrows show the locations of the jet, the bright point
and the adjacent small coronal loops. The contour of jet upflow observed in the EIS study centred at 10:20 UT is overplotted in
dark blue. The green and yellow contours correspond to the magnetic field strengths of -50 and 50 G, respectively. An animated
version of this figure is available as Fig7Movie edit.mp4. The movie has a duration of 24 s and shows the evolution of the jet
as observed from SDO/AIA, SDO/HMI and EUI/HRI from 10:15 UT to 11:15 UT.

setup for simulating coronal jet formation (Yokoyama &

Shibata 1995; Pariat et al. 2009; Wyper et al. 2018). In

these setups, the interchange reconnections between the

open background field and closed loops are responsible

for allowing the reconnection exhaust to escape as jets

along the newly open field lines, which is compatible to

our observations.

Note that there were multiple brightenings of bright

points and jets inside the merged region other than this

jet in Figure 7. These jets can be different from the

example jet discussed above. For example, the jet ob-

served at ∼13:30 UT (indicated by pink arrows in panel

4a and 4c in Figure 4) was likely to be a breakout jet cor-

responding to a mini-filament eruption from the bright

point, as the EUV observations show the eruption of a

small coronal loop with the brightenings observable in

304 Å passband.

4. DISCUSSION

Our observations show that the coronal dimming in-

truded the boundary of the southern polar coronal hole,

resulting in the merging of two open field structures.

The merged region persisted for over 72 hr (see Figure

3), significantly longer than the typical coronal dimming

lifetime of 3–12 hr (Reinard & Biesecker 2008). The

merged region then shrank and disappeared alongside

the northern part of CH, suggesting that the coronal

dimming became indistinguishable from the polar CH. If

there were no interactions between the coronal dimming

and the CH, the northern part of the CH should still ex-

ist following the disappearance of the coronal dimming.

The spectroscopic observations from Hinode/EIS show

that the upflow speed inside the coronal dimming region

decreased to a roughly similar level with the CH after the

merging, with no significant sign of a secondary Gaus-

sian component, indicating an absence of superposed

high-speed plasma upflow associated with the coronal

dimming (see Table 1). The nonthermal velocities in ev-

ery region included in the analysis were enhanced after

the merging, further suggesting that there were under-

lying mechanisms contributing to the broadening of the

line profile.

4.1. Component Reconnection as Merging Mechanisms

We propose that the main interaction involved in this

merging process is the footpoint switching between open

field lines in the CH and coronal dimming. Since both

features had dominant negative polarity, we suggest that

component reconnection was responsible for this pro-

cess. Component reconnection is magnetic reconnection

in which the magnetic field lines are not anti-parallel to

each other, but there is still some angle between recon-

necting field lines (i.e., one component of the field lines

is anti-parallel). This type of reconnection can occur in

unipolar magnetic field regions and can be found in var-

ious places and scales throughout the solar atmosphere

(e.g., Parker 1983; van Driel-Gesztelyi et al. 2012; Rap-
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a)

c)

b)

Figure 8. A 2D diagram illustrating the merging process
of a coronal hole (CH, black) and a coronal dimming (CD,
orange). (a) Initially, the CH and the coronal dimming were
further apart. Coronal dimming field lines (orange lines)
were at an angle to the CH field lines (black lines). (b) The
coronal dimming then expanded towards the CH boundary.
The field lines from both structures reconnected at the in-
terface region. The zoomed-in view of the reconnection site
is shown in the red square. The CH and coronal dimming
magnetic field lines had an anti-parallel component, allow-
ing component reconnection to occur. (c) The footpoints of
CH and coronal dimming field lines were switched after the
reconnection, as indicated by newly reconnected field lines
(blue and pink). The mixture of plasma upflows and down-
flows observed after the merging may also be due to plasma
outflows from the reconnection site.

pazzo et al. 2012; Tenerani et al. 2016; Antolin et al.

2021; Chen et al. 2021).

In this scenario, the main driver for the component

reconnection between the CH and the coronal dimming

is the extensive lateral expansion of the CME. Figure

2 shows the brightening at the region between coronal

dimming and the southern polar CH in the base-ratio

image. We speculate that this brightening may be a re-

sult of the plasma compression inside the overlying field

arcade above the expanding CME since the overlying ar-

cade may not be able to expand further east due to the

open field of the coronal hole. Hence, the brightening

implies that the lateral expansion of CME is powerful

enough to compress the coronal plasma and potentially

drive the reconnection process.

Figure 8 shows a diagram explaining the component

reconnection during our merging event. Initially (panel

a), the CME resulted in a coronal dimming which con-

tained the newly open field. The coronal dimming field

lines (orange lines) were at an angle with the field lines

of nearby polar CH (black lines) due to the expansion

of the CME. The boundaries of coronal dimming then

reached the CH (panel b). Since at least one component

of magnetic field lines from each region was anti-parallel,

the component reconnection between coronal dimming

and coronal hole magnetic fields could take place at the

boundary interface, as shown in the diagram inside the

red rectangle in panel b.

Reconnection reconfigured the field lines and resulted

in footpoint switching (panel c); the post-reconnection

coronal dimming field (pink line) is rooted in the CH,

and the CH field (blue line) is rooted in the coronal dim-

ming. This made the boundaries of both regions overlap

with each other, resulting in the merging and allowing

the coronal dimming to intrude on the boundary of the

CH.

This scenario can explain why the coronal dimming

was still able to expand after the merging occurred (as

indicated from the expansion of flare loops footpoints in

Figure 1) since the ongoing footpoint switching allows

the coronal dimming to keep expanding further inside

the coronal hole. The footpoint switching might also

distribute the CH fields throughout the merged region,

which may help make the CH and coronal dimming in-

distinguishable and maintain the merged region’s struc-

ture. The plasma outflow due to the component re-

connection is a plausible explanation for the mixture

of disordered plasma upflow and downflow and the en-

hancement of nonthermal velocities observed after the

merging in EIS Raster 13:35 UT (see panel 4c and 4d of

Figure 4).

We hypothesise that the component reconnection

started at a higher altitude and moved to a lower height

as the merging progressed. The reconnection occurred

continuously until the expansion of coronal dimming
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stopped, at which point there was no further movement

of field lines that could drive the reconnection process.

4.2. Jets and Upflows Inside Coronal Dimming and

the Merged Region

Using the broadband EUV and spectroscopic observa-

tions, we found numerous signatures of coronal plasma

outflows throughout the merging processes, either as

coronal jets in EUV observations or blueshift (upflow)

regions in the Doppler velocity maps.

These events were more apparent after the merging,

which could be due to the darker background. However,

we believe that the main reason is the enhanced recon-

nection due to the change of the magnetic configuration

caused by the expanding coronal dimming and the sub-

sequent merging with CH. Before the eruption, these

bright points resided in the quiet Sun region between

the southern polar CH and the filament channel, where

the magnetic configuration mainly consisted of closed

magnetic loops. The erupting CME opened up the field

lines, resulting in the observed coronal dimming, which

later expanded to the region where bright points were lo-

cated. This drastically changed the magnetic configura-

tion from a closed environment to an open one, allowing

more interchange reconnections and jet outflows.

In our observations, the open fields from the coronal

dimming expanded across the bright point where the jet

occurred. This scenario is analogous to the simulation

setup for studying jets and bright point brightenings due

to the moving magnetic elements in a CH by Wyper

et al. (2018). In the first configuration in the study, they

simulated a moving embedded minor polarity inside the

background field of the net majority polarity, inducing

the shear flow at the separatrix surface, which is similar

to our scenario in the moving minority polarity frame.

The results from the simulation indicated quasi-periodic

weak bursts of interchange reconnection, which resulted

in the brightening of closed loops and weak outflow. The

outflow resembles a standard jet (i.e., long thin spire

with no emission in the 304 Å passband) with an outflow

speed of around 60 km s−1.

An example jet in Figure 7 has a LOS velocity of -

64 km s−1 and has no signature in 304 Å passband,

which agrees with the results of the simulation by Wyper

et al. (2018). Therefore, we believe that this jet corre-

sponds with the simulation setup. However, the main

differences between our events and the simulation are

the driving force of the magnetic field movement and

the angle of the background open field. The simulation

drove the magnetic elements through the vertical field

using photospheric flows, in contrast with the angled

field passing through bright points due to the expansion

of coronal dimming seen here.

Although we reported the source of several upflows in

the results, there are still some upflows whose sources

were less certain, such as the two upflow regions inside

the coronal dimming region observed in the EIS raster

07:45 UT (see the coloured arrows in panel 2c of Figure

4).

The first upflow region (pink arrow) is located well in-

side the coronal dimming, showing a strong blue-shifted

plasma with no EUV and X-Ray emission counterpart.

One possible explanation is that these outflows are es-

caping plasma alongside expanding structure caused by

the eruption, similar to CME-induced upflows observed

in the EIS raster at 03:05 UT (panel 1c of Figure 4).

However, due to its localised shape and position close to

two bright points, the upflow could also be a structure

resembling a ‘dark jet’ inside CHs discovered in a study

by Young (2015). The second outflow region (orange

arrow) is located at the interface region between the

CH and coronal dimming and close to the bright point,

which was the source of the jet in Figure 7. Hence, the

upflows could also be a jet originating from the bright

point. However, the brighter quiet Sun background in

both EUV and X-ray observation made jet identifica-

tion challenging. This upflow can also be caused by

reconnection at the boundary region between CH, coro-

nal dimming, and quiet Sun, either through interchange

reconnection or component reconnection between open

fields.

4.3. Relationship between Coronal Holes and Coronal

Dimmings

Coronal dimmings are often called transient coronal

holes due to their similar appearance. However, they

can be distinguished by their difference in lifetime and

formation process. Coronal dimmings arise from solar

eruptions and have a lifetime on a scale of hours, while

CHs are thought to form more gradually and usually

persist for several Carrington rotations. However, recent

observations indicate that solar eruptions could be an-

other way to form CHs (Liu et al. 2007; Gutiérrez et al.

2018; Heinemann et al. 2018), suggesting that some CHs

may actually be coronal dimmings with unusually long

lifetimes. Following this train of thought, we may infer

that long-lived coronal dimmings and CHs are almost

identical. Our observations show that the coronal dim-

ming (merged region) persisted for more than 72 hr after

its formation and became indistinguishable from the CH

after the merging. This provides another example of a

CH arising from coronal dimming and supports the idea

that coronal dimmings and CHs are similar structures.
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The recovery of coronal dimmings is thought to be fa-

cilitated by interchange reconnection with the surround-

ing quiet Sun regions (Attrill et al. 2008), which dis-

perses the concentration of open field inside the coronal

dimming and allows plasma to fill in the dimming re-

gion. Therefore, the speed of coronal dimming recovery

may be related to the surrounding magnetic field en-

vironment. In a unipolar region, the coronal dimming

recovery is expected to be slower due to fewer closed

loops to reconnect with open fields. In our observation,

the coronal dimming was located near the southern po-

lar CH and later merged with each other. Since the

coronal dimming and the CH had the same net mag-

netic polarity, this created a large, strong unipolar re-

gion which could slow the dispersion of the open fields

to surrounding quiet Sun regions, resulting in an unusu-

ally long lifetime of coronal dimming that later became

indistinguishable from CH. Several mergers of CHs and

coronal dimmings and the conversions from coronal dim-

ming to CH were reported by Gutiérrez et al. (2018), and

all of them were found in unipolar magnetic environ-

ments. Therefore, we speculate that if eruptions occur

near unipolar regions, the resulting coronal dimmings

will likely have longer lifetimes and could later turn into

isolated CHs or merge with a neighbouring CH.

Like CHs, coronal dimmings have been suggested as

a potential source of the solar wind due to observed

outflows and open-field configuration (Thompson et al.

2000; Harra et al. 2007; McIntosh et al. 2007). Lörinč́ık

et al. (2021) reported evidence of solar wind from a

coronal dimming as continuous outflow funnels were ob-

served in 171 Å and 193 Å passbands of SDO/AIA.

They lasted more than five hours and had a velocity

of up to 70–140 km s−1. The derived outflow speed

agrees with the coronal dimming upflow speed obtained

from spectroscopic observation in our work and previ-

ous literature (Tian et al. 2012; Veronig et al. 2019), and

has a similar outflow pattern and velocity with neigh-

bouring CH. Our result suggests that coronal jets and

coronal plumes can originate from bright points inside

the coronal dimming and could contribute to solar wind.

The component reconnection between open fields, which

could occur during our merging scenario, can also be an

important process for solar wind acceleration (Viall &

Borovsky 2020). However, post-observation connectiv-

ity analysis using the magnetic connectivity tool (Rouil-

lard et al. 2020) reveals that it was unlikely that SO

was magnetically connected with the western boundary

of CH during the merging event. Therefore, the solar

wind streams arising from this region were likely not

observed by the spacecraft.

5. CONCLUSION

In this paper, we report and analyse the merging of

the southern polar coronal hole with a coronal dimming

resulting from a coronal mass ejection on 2022 March

18 during the Slow Wind SOOP coordinated observa-

tion campaign. The coordinated observation allowed us

to analyse the merging process of two open-field struc-

tures in detail by combining high spatial and temporal

resolution EUV and X-ray observations with the coronal

spectroscopic data. The main results and discussion can

be summarised as follows.

1. The merging of the polar coronal hole and a coro-

nal dimming resulted in the merged region that

persisted for more than 72 hours, significantly

longer than a typical lifetime of coronal dimmings.

The cotemporal disappearance of the northern

part of the coronal hole alongside the coronal dim-

ming indicates that the coronal dimming and the

coronal hole became indistinguishable from one

another.

2. The plasma dynamics were observed to become

more disordered after the merging of the coronal

hole and the coronal dimming, as evident in the

mixing of upflow and downflow throughout the re-

gion and the overall enhancement of nonthermal

velocities. Using a spatially averaged pixel analy-

sis, we find that the upflow profile inside the coro-

nal dimming and quiet Sun regions became more

similar to the coronal hole upflow after the merg-

ing. In particular, the upflow velocity inside the

coronal dimming changed from the order of hun-

dred km s−1 initially to the order of ten km s−1

after the merging occurred.

3. Component reconnection is considered the pri-

mary driving process in the merging of these two

structures. The open fields from the coronal hole

and the coronal dimming reconnect and exchange

their footpoints, allowing the coronal dimming to

intrude into the coronal hole region and making

the coronal hole and the coronal dimming indis-

tinguishable. The mixture of plasma upflow and

downflow observed after the merging may also be

due to the reconnection.

4. Several bright point brightenings and coronal jets

are found inside the coronal dimming and the

merged region throughout the observation period,

suggesting ongoing reconnection processes. A

study of the coronal jet inside the merged region

shows that this jet may be driven by the inter-

change reconnection between the closed loops in a
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bright point and the expanding open fields in the

coronal dimming.

Coronal dimmings are traditionally called transient

coronal holes due to their resemblance to one another.

However, we provide evidence that they are also closely

related, as coronal dimmings can merge with coronal

holes and become the same structure. Their similarities

also suggest that coronal dimming may play an impor-

tant role in the formation of coronal holes. Further stud-

ies are needed to understand what happens during the

merging of two open-field structures and the potential

consequences in the heliosphere, such as precise mag-

netic field extrapolation during the merging, the study

of plasma composition evolution throughout the merg-

ing process, and the in-situ observation of the outflows

from the merged region. Our study also emphasises the

importance of coordinated solar observations as a power-

ful means to reveal the mysteries of the Sun. By combin-

ing several observations from various spacecraft, we can

improve our understanding of the coronal features, their

magnetic field structures and their influence towards the

heliosphere in the form of CME or solar wind.
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ABSTRACT

Context. Ultracool stellar atmospheres and hot exoplanets show absorption by alkali resonance lines severely broadened by collisions
with neutral perturbers. In the coolest and densest atmospheres, such as those of T dwarfs, Na I and K I broadened by molecular
hydrogen and helium can come to dominate the entire optical spectrum. The effects of Na-He collision broadening are also central to
understanding the opacity of cool DZ white dwarf stars.
Aims. In order to be able to construct synthetic spectra of brown dwarfs and cool DZ white dwarfs, where helium density can reach
several 1021 cm−3, Na-He line profiles of the resonance lines have been computed over a wide range of densities and temperatures.
Methods. Unified line profiles that are valid from the core to the far wings at high densities are calculated in the semiclassical approach
using up-to-date molecular data including electronic spin-orbit coupling from the sodium atom. Far wings are extended to more than
4000 cm−1 from the line center when the helium density can reach 1021 cm−3 at 5000 K.
Results. We present a comprehensive study of Na-He collisional profiles at high density, and temperatures from 5000 K, which is the
temperature prevailing in the atmosphere of ultra-cool DZ white dwarf stars, down to 1 K, which is the temperature in liquid helium
clusters. Collision broadening and shift parameters within the impact approximation obtained in the semiclassical and quantum theory
using our new accurate molecular data are presented.

Key words. brown dwarfs, – Stars: atmospheres - Lines: profiles

1. Introduction

The opacities of Na and K play a crucial role in the atmo-
spheres of brown dwarfs and exoplanets. The studies of ob-
served L and T dwarfs by Liebert et al. (2000) and Burrows et al.
(2001) clearly showed the importance of extended wings of
both sodium and potassium doublets centered at 0.589 µm and
0.77 µm, respectively. They pointed out the need for more ac-
curate line profile calculations than Lorentzian profiles. Clearly
understanding the shape of these lines is essential to modeling
the transport of radiation from the interior. A first improvement
was made by Burrows & Volobuyev (2003) using multiconfig-
uration self-consistent field Hartree-Fock potentials in the the-
ory of Szudy & Baylis (1975) and Szudy & Baylis (1996). In
Allard et al. (2003), we presented the first application of the ab-
sorption profiles of Na and K resonance lines perturbed by He
and H2 using molecular potentials of Pascale (1983) to describe
the alkali-He interaction and of Rossi & Pascale (1985) for the
alkali-H2 interaction. The line profiles were included as a source

⋆ Opacity tables are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5)
⋆⋆ This paper is dedicated to the memory of France Allard, who initi-
ated this work.

of opacity in model atmospheres and synthetic spectra using the
Allard et al. (2001) atmosphere program PHOENIX. The results
were compared to previous models and demonstrated that these
improvements are of fundamental importance for obtaining a
better quantitative interpretation of the spectra.

The far wings play a crucial role for the continuum gener-
ated far from the line center. It is then necessary to update all
the opacity tables provided in the past for the alkali perturbed
by helium and molecular hydrogen using the most recent ex-
isting ab initio potentials. In particular, using our new poten-
tials, we find that the blue far wing is significantly altered, in-
cluding the position of the blue satellite, compared to the re-
sults given in Allard et al. (2003), while the far red wing re-
mains the same. This paper is a continuation of Allard et al.
(2007b) and Allard et al. (2019) where new K–H2 and Na–H2
collisional profiles have been presented using accurate ab ini-
tio potentials. These profiles are now used in many studies of
brown dwarfs (e.g., Burningham et al. 2017; Oreshenko et al.
2020) and exoplanets (e.g., Phillips et al. 2020; Hou Yip et al.
2020; Gonzales et al. 2021; Chubb et al. 2021; Nikolov et al.
2022; Samra et al. 2023).
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There are various theoretical approaches for treating the
problem of atomic lines broadened by collisions with atomic
perturbers. Fully quantum-mechanical methods have been de-
veloped which allow practical calculations within the one-
perturber approximation (Julienne & Mies 1986; Mies et al.
1986; Herman & Sando 1978; Sando & Herman 1983). The
one-perturber approximation neglects the contribution of the
core of the line, and is only valid in the wing and in the limit of
densities low enough such that multiple perturber effects may be
neglected. However, at the high-density range prevailing in the
atmospheres of DZ white dwarfs (up to several × 1021 cm−3),
multiple perturber effects must be included in the theoretical
treatment. An exact methodology for the quantum calculation at
high densities, as encountered in stellar atmospheres or labora-
tory plasmas, is not known. Approximate unified-theory meth-
ods to construct density-dependent line shapes from one per-
turber spectra are available by Fano (1963), Jablonski (1945,
1948), Anderson (1952); Anderson & Talman (1956), Baranger
(1958c,b,a), and Szudy & Baylis (1975).

In dense plasmas, as in very cool DZ white dwarfs and liq-
uid helium clusters, the possibility of several atoms interact-
ing strongly is high, and the effects play a role in the wave-
length of the line center, such as in the shift of the line, as
well as the continuum generated far from the line center. For
such a high-perturber density, the collisional effects should be
treated by using the autocorrelation formalism in order to take
into account simultaneous collisions with more than one per-
turbing atom. The theory of spectral line shapes, especially the
unified approach we have developed and refined, makes pos-
sible models of stellar spectra that account for the centers of
spectral lines and their extreme wings in one consistent treat-
ment. Complete details and the derivation of the theory are given
in Allard et al. (1999). A rapid account of the theory is given in
Sect. 2. Using our semiclassical approach, we have computed
the cross sections separately for the two fine-structure compo-
nents of the P state of sodium, namely 2P1/2 (yielding the D1
line by a transition to ground state 2S1/2) and 2P3/2 (D2 line).
Calculations were made on the basis of adiabatic Na-He poten-
tials from Dell’Angelo et al. (2012), including atomic Na spin-
orbit coupling along the lines described in Cohen & Schneider
(1974). For ab initio calculations, it is the selection of basis
states and the optimization techniques that may determine the
final accuracy (Sect. 3). In Sect. 4 we illustrate the evolution of
the absorption spectra of Na-He collisional profiles for the den-
sities and temperatures prevailing in atmosphere of brown and
cool white dwarf stars and in laboratory experiments of helium
doped with alkali metals. The calculations span the range 1 K
to 5000 K. We compare the obtained spectral line parameters to
those calculated in the quantum Baranger-Lindholm (BL) the-
ory (Baranger 1958c) (Sect. 5).

2. General expression for the spectrum in an

adiabatic representation

A unified theory of spectral line broadening has been developed
to calculate neutral atom spectra given the interaction and radia-
tive transition moments for relevant states of the radiating atom
with other atoms in its environment. Our approach is based on
the quantum theory of spectral line shapes of Baranger (1958c,b)
developed in an adiabatic representation to include the degener-
acy of atomic levels (Royer 1974, 1980; Allard et al. 1994). The
spectrum I(∆ω) can be written as the Fourier transform (FT) of
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Fig. 1. Potential curve for the 3s X 2Σ1/2 state of Na-
He Dell’Angelo et al. (2012). The Na-He potentials
of Nakayama & Yamashita (2001) (dotted line) and Pascale (1983)
(dashed blue line) are superimposed.
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Fig. 2. Potential curves of the Na-He molecule for ab initio potentials
of Dell’Angelo et al. (2012) (solid line) compared to pseudo-potentials
of Pascale (1983) (dashed blue line).
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Fig. 3. Details of the intermediate range of potential curves for
the asymptotic Na 3p state with (solid line) and without (dashed
line) spin-orbit coupling. The Na-He energies are given relative
to the center of gravity of the 3p state from the ab initio po-
tentials calculated by Dell’Angelo et al. (2012). The prior work of
Nakayama & Yamashita (2001) is superimposed (dotted line).

Article number, page 2 of 12



N. F. Allard et al: Temperature and density dependence of line profiles of sodium perturbed by helium

the dipole autocorrelation function Φ(s) ,

I(∆ω) =
1
π

Re

∫ +∞

0
Φ(s)e−i∆ωsds, (1)

where s is time.
The FT in Eq. (1) is taken such that I(∆ ω) is normalized to

unity when integrated over all frequencies, and ∆ ω is measured
relative to the unperturbed line. A pairwise additive assumption
allows us to calculate the total profile I(∆ω), when all the per-
turbers interact as the FT of the Nth power of the autocorrelation
function φ(s) of a unique atom-perturber pair. Therefore,

Φ(s) = (φ(s))N . (2)

That is to say, we neglect the interperturber correlations. The
radiator can interact with several perturbers simultaneously, but
the perturbers do not interact with each other. It is what Royer
(1980) calls the totally uncorrelated perturbers approximation.
The fundamental result expressing the autocorrelation function
for many perturbers in terms of a single perturber quantity g(s)
was first obtained by Anderson (1952) and Baranger (1958c) in
the classical and quantum cases, respectively. From the point of
view of a general classical theory, the solution to the Anderson
(1952) model corresponds to the first-order approximation in the
gas density obtained by the cumulant expansion method (Royer
1972). The higher-order terms representing correlations between
the perturbers are neglected since they are extremely compli-
cated (Royer 1972; Kubo 1962a,b; Kampen 1974). We obtain
for a perturber density np

Φ(s) = e−npg(s). (3)

The decay of the autocorrelation function Φ(s) with time s leads
to atomic line broadening. It depends on the density of perturb-
ing atoms np and on their interaction with the radiating atom.
The molecular potentials and radiative dipole transition mo-
ments are input data for a unified spectral line shape evaluation.
The dipole autocorrelation function Φ(s) is evaluated for a clas-
sical collision path with an average over all possible collisions.
For a transition α = (i, f ) from an initial state i to a final state f ,
we have

gα(s) =
1

∑

e,e′
(α) |dee′ |

2

∑

e,e′

(α)

∫ +∞

0
2πbdb

∫ +∞

−∞

dx d̃ee′[ R(0) ]

[e
i
~

∫ s

0
dt Ve′e[R(t)] d̃∗ee′[R(s)] − d̃ee′[R(0)] ]. (4)

In Eq. (4), e and e′ label the energy surfaces on which the inter-
acting atoms approach the initial and final atomic states of the
transition as R→ ∞ . The sum

∑(α)
e,e′

is over all pairs (e, e′) such
that ωe′ ,e(R)→ ωα as R→ ∞. We define d̃ee′(R(t)) as a modu-
lated dipole (Allard et al. 1999)

D(R) ≡ d̃ee′[R(t)] = dee′[R(t)]e−
β

2 Ve[R(t)] , (5)

where β is the inverse temperature (1/kT ). Here Ve is the ground
state potential when we consider absorption profiles, or an ex-
cited state for the calculation of a profile in emission. Over re-
gions where Ve(r) < 0, the factor e−βVe(r) accounts for bound
states of the radiator-perturber pair, but in a classical approxima-
tion wherein the discrete bound states are replaced by a contin-
uum; thus any band structure is smeared out.

In the present context, the perturbation of the frequency of
the atomic transition during the collision results in a phase shift,
η(s), calculated along a classical path R(t) assumed to be recti-
linear, is

η(s) =
1
~

∫ s

0
dt Ve′e[ R(t) ] (6)

where ∆V(R), the difference potential, is given by

∆V(R) ≡ Ve′e[R(t)] = Ve′[R(t)] − Ve[R(t)] , (7)

and it represents the difference between the electronic energies
of the quasi-molecular transition. The potential energy for a state
e is

Ve[R(t)] = Ee[R(t)] − E∞e . (8)

At time t from the point of closest approach

R(t) =
[

ρ2 + (x + v̄t)2
]1/2
, (9)

with ρ being the impact parameter of the perturber trajectory, x
the position of the perturber along its trajectory at time t = 0,
and v̄ the average relative velocity between the radiating atom
and perturber.

3. Na-He diatomic potentials

Pascale (1983) obtained the diatomic adiabatic potentials for
ground states and numerous excited states of alkali-metal–He
systems by using l-dependent pseudo-potentials with param-
eters constrained by spectroscopic and scattering data. These
potentials, and subsequent ones for other rare gases and al-
kalis computed similarly, were the prevailing theoretical basis
to interpret and model spectral line profiles at the time and
remain in use today because they can be flexibly adapted to
measurements. However, with vast improvements in computa-
tional power and refinements in code and methodology, sig-
nificant progress in ab initio calculations of Na-He interac-
tions has been achieved as reported by Theodorakopoulos et al.
(1987), Nakayama & Yamashita (2001), Enomoto et al. (2004),
Mullamphy et al. (2007), and Allouche et al. (2009). Recent
work of Dell’Angelo et al. (2012) has been used for this paper.

We computed the ground state (X 2Σ) and the lowest first
two excited states’ (A 2Π and B 2Σ) adiabatic potential energy
curves (PECs) for the Na-He atom pair, correlating to Na(3s 2S)
+ He(1S) and Na(3p 2P) + He(1S), respectively, using the state-
averaged complete active space self-consistent field multiref-
erence configuration interaction (SA-CASSCF-MRCI+Q) high
level ab initio method, with additional Davidson cluster correc-
tion (Q) for a lack of size consistency. Complexation energies
were obtained within the supermolecule approach. Eleven (nine
from Na plus two from He) electrons were dynamically included
in the calculation, leaving only one inner 1s frozen atomic or-
bital for sodium. We used extensive correlation-consistent basis
sets of Dunning’s type, aug-cc-pV6Z for He and cc-pV5Z for
Na, whose accuracy have been checked against known atomic
energies (the absolute energy for ground state He and the rela-
tive position of levels 3s 2S and 3p 2P for Na). In particular,
we have obtained a total ground state energy for He(1S) within
0.3% of the best available ones as of yet (Thakkar & Koga 1994;
Freund et al. 1984; Levin & Shertzer 1985; Drake et al. 2002).

The active space used in the CASSCF method has been cho-
sen to provide the highest possible accuracy to the excited states’
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electronic energies, most sensitive to it, and it includes molecular
orbitals of bothσ and π types. The accuracy of the MRCI ground
X 2Σ PEC has been checked against (size-extensive) coupled
cluster calculations up to triple excitation corrections, CCSD(T),
using the same basis sets. Absolute energies obtained by these
two methods for the whole range of distances do not differ by
more than 0.001%, while complexation energies are essentially
indistinguishable.

Electronic energy grid points have been obtained for 220
internuclear distances, ranging from 0.5 a0 to 1000 a0, with
a higher density at short range and around the potential well.
We have paid particular attention to give a correct description
at short bond lengths, as energies in this domain change very
sharply, especially for the ground state, and line wing intensities
are extremely dependent on them. On the other hand, the long
range ab initio data are easily connected to a simple inverse even
power expansion series form with a leading term in R−6, express-
ing dispersion for a neutral-neutral interaction. More computa-
tional details can be found in Dell’Angelo et al. (2012).

Finally, the spin-orbit (SO) coupling within the Na-He dimer
has been included, while not having been computed ab initio
from Breit-Pauli SO terms in the Hamiltonian, nor even in the
Douglas-Kroll approximation, alongside electronic energies. In-
stead, given the still small value of the SO splitting for atomic
Na (roughly, ∆SO = 17.2 cm−1), SO mixing of adiabatic PECs
has been incorporated from it, assuming a smooth and slow
variation as the He atom approaches, along the lines described
in Cohen & Schneider (1974), Schneider & Cohen (1974), and
Nakayama & Yamashita (2001). This procedure seems entirely
reasonable, as shown by the rather acceptable agreement be-
tween the results obtained for the KHe dimer (for K alone,
∆SO = 57.7 cm−1) with the SO matrix explicitly computed
within a full CI procedure, (Chattopadhyay 2011), and those
using the asymptotic atomic alkali value mentioned above
(Nakayama & Yamashita 2001). All calculations have been per-
formed with the MOLPRO package (Werner et al. 2006).

Figures 1- 2 compare the potential data of Dell’Angelo et al.
(2012) to those of Pascale (1983) (dashed blue line). The main
difference occurs at short distances in the repulsive walls of the
B potential; we can see the effect on the potential differences
in Fig. 4 and, consequently, on the blue wing of this compo-
nent (Fig. 5). The potential curves of the A 2Π1/2,3/2 states are
very close and the red wings remain unchanged. Moreover the
fine structure is small and does not affect the extension of the
red wings. For the sake of clarity, we have further reported, in
Fig. 5, only the red wing of the D1 component obtained with the
potential data of Dell’Angelo et al. (2012).

The potentials computed by Nakayama & Yamashita (2001)
with a smaller basis set are overplotted (dotted line) in Figs. 1
and 3. They are in excellent agreement for the X2Σ+ and A2Π

states, which are most relevant in the study of Na attached to He
nanodroplets. The barrier in the 2Π1/2 that is influential on the
line profile is exactly identical in the two approaches, as shown
in Fig. 3.

4. Temperature and density dependence of the

Na-He line profiles

The spectra of alkali metal atoms perturbed by rare gases have
been extensively investigated in experimental and theoretical
work by Allard & Kielkopf (1982). In Allard et al. (2003), we
presented absorption profiles of Na resonance lines perturbed by
He using pseudo-potentials of Pascale (1983) to describe the in-
teraction. At low densities, the binary model, for an optically
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Fig. 4. ∆V(R) Dell’Angelo et al. (2012) (dashed black line) com-
pared to Pascale (1983) (dashed blue line) and the temperature de-
pendence of modulated dipole D(R) (solid line) corresponding to the
3s X → 3p B P3/2 transition of the Na D2 line.
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Fig. 5. Variation of the absorption cross section of the
D2 component with temperature (from top to bottom:
T =3000, 1000, 400, 250, and 150 K, and nHe=1020 cm−3). The
corresponding profile for T=3000 K using pseudo-potentials of Pascale
(1983) is overplotted (dashed blue line). The D1 component for
T=3000 K using ab initio potentials of Dell’Angelo et al. (2012) is also
overplotted (dashed red line).

active atom in collision with one perturber, is valid for the whole
profile, except for the central part of the line. Several quantum
mechanical calculations of absorption coefficients for far line
wing spectra of sodium resonance lines broadened by helium
were carried out by Zhu et al. (2006) and by Alioua et al. (2008)
using Theodorakopoulos et al. (1987) and Allouche et al. (2009)
ab initio potentials, respectively. More recently, Kielkopf et al.
(2017) reported on work that compares unified line shape cal-
culations based on ab initio potentials with experiments to de-
termine the wings of the sodium and potassium resonance lines
broadened by H2, He, and other rare gases.
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4.1. High temperatures

Two excited molecular levels B 2Σ1/2 and A 2Π3/2 contribute to
the D2 line and produce opposite wings. While A states radiate
on the red wing, B states radiate on the blue wing. We subse-
quently restrict our analysis to the blue wing of the D2 line as
the red wings of the doublet are unchanged compared to our pre-
vious results reported in Allard et al. (2003). The unified theory
(Anderson 1952; Allard 1978; Royer 1978) predicts that there
will be line satellites centered periodically at frequencies corre-
sponding to integer multiples of the extrema of the difference
potential ∆V(R):

∆V(R) ≡ Ve′e[R(t)] = Ve′ [R(t)] − Ve[R(t)] , (10)

which represents the difference between the electronic ener-
gies of a quasi-molecular e- e′ transition (Allard & Kielkopf
1982). The difference potential maximum as shown in Fig. 4
is 2600 cm−1 when using pseudo-potentials of Pascale (1983)
and 2100 cm−1 when using the ab initio potentials of
Dell’Angelo et al. (2012) and Nakayama & Yamashita (2001).
They give rise to satellites positioned at ∆~ω=∆Vmax (Allard
1978). Because of the large maximum in ∆V , the line satellite
is very well separated from the main line in the blue wing. The
presence of line satellite features is very sensitive to the temper-
ature due to the fast variation of the modulated dipole moment
D(R) (Eq. (5)) with temperature in the internuclear region where
the line satellite is formed (Fig 4). In Fig. 5 we show the absorp-
tion cross section for the resonance line of Na for a He density of
1020 cm−3 and temperatures from 150 to 3000 K, constituting the
temperature range of brown dwarfs. The density and temperature
range used in Fig. 5 span a pressure range of 2.1–41.4 bar. The
NaHe line satellite is apparent for T ≥ 1000 K; it disappears for
decreasing T when the transition moment D(R) gets very small.
There is formation of a NaHe quasi-molecule at 0.53 µm, which
is in agreement with theoretical results obtained by Zhu et al.
(2006), Kielkopf & Allard (2008), and Alioua et al. (2008).

At this moderate pressure, the line profile intensities are re-
lated to the perturbations caused by a single binary collision
event. However, the density of helium can reach 1021 cm−3 in
cool DZ white dwarfs, and for this density multiple perturber ef-
fects can appear in the blue wing of the D2 line (Fig. 6). We can
notice the presence of a bump due to NaHe2 at about 0.48 µm,
when the helium density, nHe = 1021 cm−3, is sufficiently high to
observe multiple perturber effects (Allard et al. 2012). Fig. A.1
shows the extension of the line wings at T = 5000 K and how the
unified theoretical approach is a major improvement compared
to the unrealistic use of a Lorentzian so far in the wings.

The strength of the line satellite at about 0.53 µm increases
with temperature (Fig. 5) and mostly remains at the same po-
sition, whereas the strength and extension of the red wings both
increase with temperature. There is a total blend of the line satel-
lite in the core of the line when the density reaches 5× 1021 cm−3

(Fig. 6), leading to the decreasing of the maximum of σ of the
D2 component.

We note that Na I line profiles have been observed in
extremely cool, metal-rich white dwarfs. The observations of
the oldest and colder white dwarfs following the studies of
Oppenheimer et al. (2001) and Harris et al. (2003) have re-
vealed two stars showing very unusual wide and deep absorption
at 5000-6000 Å. Homeier et al. (2007) investigated effects on
the Na doublet of high-perturber densities occurring for metal-
rich white dwarfs with a helium-dominated atmosphere. They
found that the density of neutral atomic helium in these two very
cool white dwarfs, showing very strong Na absorption, could
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Fig. 6. Variation of the absorption cross section of the D2 component
with He density (T = 5000 K, nHe=5× 1021 (solid line), 2× 1021 (dashed
line), and 1021 (dotted line) cm−3).

reach several 1021 to 1022 cm−3. Accurate pressure-broadened
profiles that are valid at high densities of He are required to be
incorporated into spectral models. Previous Na-He opacity ta-
bles used by Homeier et al. (2007) were constructed allowing
line profiles up to nHe=1019 cm−3 to be obtained. Moreover, the
line profiles needed to be calculated using up-to-date molecu-
lar data, which affect the blue satellite position, the NaHe line
satellite is closer to the main line than obtained with Pascale
(1983) (Fig. 5). A new analysis of these stars has been realized
by Blouin et al. (2019) who demonstrate that the NaHe satellite
at 0.53 µm (Fig. 7) is the large feature observed in the spectrum
of WD2356-209.
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Fig. 7. Variation of the absorption cross section of the Na D2 line with
helium density (T =5000 K, nHe=5× 1021 (solid line), and 1022 cm−3

(dashed line)).

4.2. Low temperatures

At extremely low temperatures, experimental measurements
and theoretical calculations of helium doped with alkali met-
als have been the subject of active study (see (Mateo et al.
2011; Hernando et al. 2010), and references therein). Large
liquid He clusters produced in a supersonic jet were doped
with alkali atoms (Li, Na, and K) and characterized by
means of laser-induced fluorescence (Stienkemeier et al. 1996).
The first physical interpretation of the spectra was done
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by Nakayama & Yamashita (2001). Using a diatomics-in-
molecules (DIM) type of calculation for describing the inter-
action potential between Na and He atoms, they performed
quantum path integral Monte Carlo (PIMC) simulations to ob-
tain the He density profile around Na in the ground state
and also the absorption spectra of Ak-Hen via the Franck-
Condon (FC) approximation (Ak=Li, Na, and K). They em-
ployed the semiclassical FC line shape theory for electronic
transitions in a condensed phase system. In Allard et al. (2013),
we compared our collisional approach to PIMC calculations of
Nakayama & Yamashita (2001) using the same ab initio Na-
He molecular potentials. Their Na-He potentials and those of
Dell’Angelo et al. (2012) are superimposed in Figs. 1 and 3, and
they are in excellent agreement. We have shown in Allard et al.
(2013) that both theoretical approaches successfully reproduced
the overall shape of the experimental spectra and they explained
distinctive features through a discussion of the potential differ-

ence and number of He atoms interacting with the Na atom in
the region of the collision volume.

At very low temperatures, the multiple perturber effects ap-
pear in the red wing of the D1 component. Figure 8 shows D(R)
together with the corresponding ∆V(R) for the bound-free tran-
sition 3s X 2Σ+ → 3p A Π1/2. At 1 K, D(R) is zero for R < 5Å
and is maximum for R=6.4 Å close to the position of the maxi-
mum of ∆V . At these low temperatures, T < 2 K, the long-range
potentials appear to be extremely important. The long time and
distance scales result in novel features such as quasi-molecular
satellites due to the high probability of a bound-free transition.
This increase of D(R) can be explained by the shallow 1.22 cm−1

well at 6.6 Å in the ground state potential. As shown in Fig. 1,
this results from a short range repulsion and a weakly attractive
interaction at an intermediate range.

Because ∆V for the transition 3s X 2Σ+ → 3p A Π1/2 is very
small, there is no resolved peak due to the line satellite; however,
the shoulder, at 2.8 cm−1 in the core of the line, is its signature.
Figure 9 clearly shows an asymmetrical shape of the D1 com-
ponent due to the bound-free transition. A similar shape was ob-
tained by Allard et al. (2016) for the triplet 3p-4s Mg lines per-
turbed by He, and the blue asymmetry is a consequence of low
maxima in the corresponding Mg-He potential energy difference
curves at short and intermediate internuclear distances.

Increasing the He density results in a shift of the D1 line
toward the position of the extremum of ∆V (Fig. 9). The in-
tensity variation is evidence of the presence of high-order ef-
fects, and we observe a blend of these structures. The com-
plex behavior observed experimentally (Fig. 10 of Allard et al.
(2013)) reflects the fact that the radiating alkali atom experi-
ences multiple encounters with He atoms and our collisional
analysis gives a good physical understanding of the phenom-
ena. In our unified approach, we use averages of independent
Na-He pair collision processes (Eq. (3)), emphasizing the col-
lisional process rather than the collective quantum description
(Nakayama & Yamashita 2001) of the interaction of Na with the
He cluster (which may be important for very small He atom
numbers). However, our collisional approach goes beyond the
FC approximation and provides a better description close to the
line center. The main limitation in the simulations obtained in the
quantum PIMC theoretical approach derives from the fact that
the FC treatment is valid in the line wing and does not take into
account the line core that is still present when red shoulders exist
as in the Na-He absorption spectra shown in Stienkemeier et al.
(1996) and Bünermann et al. (2007). Laboratory observations
remain a crucial tool for testing the potentials and assumptions
of line shape theory. The binding energy of the X2Σ+ state and
the interaction energies of the excited states at long range are
close to the limit of the accuracy of ab initio calculations. In the
next section, we examine the dependence of the line parameters
on the temperature.

5. Line core parameters

5.1. Semiclassical calculations

An atomic line broadened by collisions in a low-density gas has a
Lorentzian profile near the line center which can be related to the
FT of a radiative wave in which short duration collisions produce
sudden phase changes. In the theory of an impact-broadened line
shape, the phase shifts are given by Eq. (6) with the integral taken
between s = 0 and ∞. The Lorentzian profile can be defined by
two line parameters, the width and the shift of the main line.
These quantities can be obtained in the impact limit (s→∞) of
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the general calculation of the autocorrelation function (Eq. (4)).
In the following discussion, we refer to this line width w as mea-
sured by half the full width at half the maximum intensity, what
is customarily termed HWHM.

In Allard et al. (2007a), spectral line widths of the light alka-
lies perturbed by He and H2 were presented for conditions pre-
vailing in brown dwarf atmospheres. We used pseudo-potentials
in a semiclassical unified theory of the spectral line broaden-
ing (Allard et al. 1999) to compute line core parameters. For the
specific study of the D1 (0.5896µm) and D2 (0.5890µm) compo-
nents, we needed to take the spin-orbit coupling of the alkali into
account. This was done using an atom-in-molecule intermedi-
ate spin-orbit coupling scheme, analogous to the one derived by
Cohen & Schneider (1974). The asymptotic degeneracy of the
A2Π and B2Σ molecular states is partially split by the coupling,
resulting in a clear energetic distinction between 2Π1/2 and 2Π3/2
states. We used the molecular-structure calculations performed
by Pascale (1983) for the adiabatic potentials of alkali-metal–He
systems, and by Rossi & Pascale (1985) for the molecular poten-
tials of alkali–H2 systems.

For He density nHe below 1020 cm−3, the core of the line
is described adequately by a Lorentzian. The new determination
of line width using Dell’Angelo et al. (2012) potentials in a wide
range of temperatures are presented in Figs. 10 and Fig. D.1. The
line widths w (HWHM) are linearly dependent on He density,
and a power law in temperature is given for the 2P1/2 component
by

w = 0.063 × 10−20nHe T 0.4018 (11)

and for the 2P3/2 component by

w = 0.099 × 10−20nHe T 0.3987. (12)

These expressions may be used to compute the line widths
for temperatures of stellar atmospheres from 150 to at least
10000 K. When it is assumed that the main interaction between
two atoms is the long-range van der Waals interaction of two
dipoles, the Lindholm-Foley theory gives the usual formulae for
the line width and shift. The van der Waals damping constant is
calculated according to the impact theory of the collision broad-
ening.

5.2. Quantum calculations

We performed a fully quantum-mechanical calculation of the
line core parameters in order to check their consistency with
parameters obtained from semiclassical theory, presented in
Sect. 5.1, and to make a direct comparison with the Na-He quan-
tum calculations of Mullamphy et al. (2007) and Peach et al.
(2020). In the previous section, we have shown how the re-
sulting line widths are strongly dependent on the Na-He inter-
action potentials. Our new fully quantum calculations of the
line core parameters in the BL theory (Baranger 1958c) use the
Dell’Angelo et al. (2012) potentials. We have noted previously
that the potentials used in this work include spin-orbit coupling.
For direct comparison of the quantum calculations to the semi-
classical calculations of Sect. 5.1, which use the average relative
thermal velocity v̄, our quantum calculations use the correspond-
ing relative average wavenumber, k̄, to represent temperature;
this quantity is given by

k̄ =
µv̄

~
, (13)

where µ is the reduced mass of the radiating atom and perturber.
Our calculations use the quantum scattering theory of elas-

tic collisions in a spherically symmetric potential (Merzbacher
1998). For a given potential energy curve, at each k̄ within the
temperature range T = 300–3000 K, we solved the radial equa-
tions and computed the scattering phase shifts, δl(k̄), for partial
waves with orbital angular momentum quantum numbers l = 0–
lmax. The choice of lmax is discussed below. Phase shifts were
computed for potential energy curves of the upper states, AΠ1/2,
AΠ3/2, and BΣ1/2, and the lower state, XΣ1/2.

The BL equations (Baranger 1958c) connect the scattering
phase shifts, δl(k̄), to the real and imaginary parts of npg(s) ≈
(w+ id)s (Allard & Kielkopf 1982; Peach et al. 2020), which are
the line core width and shift at a given perturber density, np.
The approximation above is valid when line core asymmetry is
negligible. Convergence criteria for the w and d values make use
of the relation lmax ≈ ka for a potential energy curve of a finite
range, a (Merzbacher 1998). For the Na D1 and D2 lines, the
electronic states perturbed by helium all have potential energy
curves with nearly the same range, a ≈ 30 a.u. Therefore, for
these states we used

lmax = 30 k̄ + 10. (14)

In addition to setting lmax for a given state and temperature,
convergence of the line core parameters also requires the radial
equations to be solved outward to a sufficient internuclear dis-
tance, Rmax, to obtain accurate partial wave phase shifts in the
asymptotic limit. Examining the convergence of the broaden-
ing and shift rates, w/nHe and d/nHe, we found Rmax = 250 a.u.
gives convergence of the rates to the number of significant digits
shown in Tables B.1 and C.1.

Quantum calculations of line core parameters are in excellent
agreement with those predicted from semiclassical calculations,
over the temperature range 300–3000 K. Figure 11 shows the
broadening and shift rates versus temperature for the Na-He D1
and D2 lines, which were computed using the semiclassical cal-
culation (stars), and using a fully quantum calculation (dots). In
the absence of performing a Boltzmann average over k, and in-
stead using k̄ at the given temperature, oscillations in the quan-
tum calculations are evident and expected – the scattering of a
single coherent plane wave was computed, rather than obtain-
ing a weighted sum of coefficients over a distribution of plane
waves.
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Table 1. Comparison of experimental and theoretical broadening rates
w/nHe (10−20 cm−1/cm−3) of the Na resonance lines.

Reference D1 D2 T(K)

This work (BL) 0.7127 1.123 450

Mullamphy et al. (2007) 0.9507 1.109 450

Kielkopf (1980) 1.02 ± 0.01 1.06 ± 0.02 450 ± 50

This work (BL) 0.7314 1.1548 475

McCartan & Farr (1976) 1.01 ± 0.05 1.16 ± 0.10 475 ± 15

This work (BL) 0.7350 1.1612 480

Mullamphy et al. (2007) 0.9797 1.138 480

Broadening and shift rates for Na-He, based on fully quan-
tum close-coupling calculations and ab initio potentials, were
reported by Mullamphy et al. (2007). In Table 1 we compare the
D1 and D2 line broadening rates from our quantum calculations
with theirs, near T = 500 K, for which they tabulated the Na-He
results. Table 1 also compares the theoretical results with exper-
imental results. Near T = 500 K, we find our theoretical w/nHe

for the D2 line to be in good agreement with the results obtained
by Mullamphy et al. (2007), and also in good agreement with
the experiment. However, our results for the broadening rates of
the D1 line are smaller than those obtained by Mullamphy et al.
(2007) and also with the experiments. We do not make a similar
comparison of our shift rates, d/nHe, for the D1 and D2 lines
with the tabulated values from Mullamphy et al. (2007) since
d/nHe ≈ 0 near T = 500 K. Other previous theoretical and exper-
imental results are reported in Table 3 of Allard et al. (2007a).

Mullamphy et al. (2007) found their widths to increase as
Tα, with α taking the values 0.4389 and 0.3892 for the D1 and
D2 lines, respectively. The same power-law fit to the results
of our quantum calculations give α to be 0.4116 ± 0.0111 and
0.3976 ± 0.0041. Fitted values of α agree, to within the fitting
uncertainties, with those obtained from our semiclassical calcu-
lations and presented in sec. 5.1.

5.3. Contribution of the different components

In Tables B1 and C1, we report our computed broadening rates
and shift rates obtained in the semiclassical theory compared
to the quantum calculation for the different transitions. Fig-
ure D.1 shows their dependence on temperature. The D1 line
is due to a simple isolated A Π1/2 state, whereas the D2 line
comes from the A Π3/2 and B Σ1/2 adiabatic states arising from
the 3p P3/2 atomic state. The broadening of the B Σ1/2–X Σ1/2
transition is most sensitive to potential at intermediate to short-
range separations (R < 5 Å). This result confirms the study by
Roueff & van Regemorter (1969) and Lortet & Roueff (1969) of
the collisions with light atoms whose polarizability is small. It
was shown by them that the width of spectral lines due to colli-
sions with hydrogen atoms does not arise from the van der Waals
dispersion forces, but from a shorter range interaction.

The combined contribution of the A Π3/2–X Σ1/2 and B Σ1/2–
X Σ1/2 transitions leads to a larger width for the D2 line, as seen
in Fig. 11. We may compare the results of our ab initio calcula-
tions for the broadening rate versus temperature of the D1 and
D2 lines with those obtained by Mullamphy et al. (2007). The
power-law fits for our semiclassical and quantum calculations
were seen to agree to within the fitting uncertainties. Therefore,
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Fig. 11. Variation with temperature of the broadening rate (w/nHe) and
of the shift rate (d/nHe) of the D1 (red) and D2 (blue) resonance lines
of Na perturbed by He collisions: BL(circles), semiclassical (stars). The
rates are in units of 10−20 cm−1/cm−3.

we compared the broadening rates from Eqns. 11 and 12 with
the corresponding power-law fits obtained by Mullamphy et al.
(2007) and given, in their Table 4, for the D1 and D2 resonance
lines of Na perturbed by He. The comparison of the theoretical
broadening rates, shown in Fig 12, reveals that, at higher tem-
perature, our D2 line-broadening rate is slightly higher than the
result obtained by Mullamphy et al. (2007), while our D1 line-
broadening rate is significantly lower than the Mullamphy et al.
(2007) result.

We may also compare our quantum calculations of broaden-
ing and shift rates, shown in Fig 11, with those of Peach et al.
(2020) by combining the D1 and D2 rates at a given tempera-
ture into a single rate for 3P-3S , since Peach et al. (2020) give
the rates versus temperature only for the unresolved doublet. The
appropriate combination of D1 and D2 rates, based on the rela-
tive line strengths for the two transitions, is

r(3P−3S ) = 2r(D2) + r(D1), (15)

where r is the rate w/np or d/np. Figure 13 compares our quan-
tum calculated rates with those of Peach et al. (2020) at selected
temperatures. The differences between our broadening rates for
the D1 and D2 lines and those of Mullamphy et al. (2007),
shown in Table 1 and Fig 12, and between our broadening and
shift rates for the unresolved doublet with those of Peach et al.
(2020), shown in Fig. 13, are attributed to differences in the po-
tential energy curves used in the respective calculations.

6. Conclusions

Ultracool stellar atmospheres show absorption by alkali reso-
nance lines severely broadened by collisions with neutral per-
turbers. In the coolest and densest atmospheres, such as those of
T dwarfs, Na I and K I broadened by molecular hydrogen and
helium can come to dominate the entire optical spectrum. The
effects of collision broadening by He are also central to under-
standing the opacity of cool DZ white dwarf stars which have
high-pressure atmospheres. We have carried out a detailed anal-
ysis of the Na-He line profiles used for astrophysical applications
for cool DZ white dwarf spectra which show extreme absorption
by Na. In order to be able to construct synthetic spectra of brown
dwarfs and cool DZ white dwarfs, when helium density can be-
come as high as 1021 cm−3, line profiles were computed in a wide
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range of densities and temperatures. All line shape characteris-
tics depend on the accuracy of the ab initio potentials and of the
suitable line shape theory. As part of a more general or unified
concept of spectral line formation, quasi-molecular line satel-
lites, which appear in the line wing of alkali resonance lines per-
turbed by helium or molecular hydrogen, are the binary-collision
manifestation of a ubiquitous phenomenon, the many-body na-
ture of spectral lines from dense gases. Collision-broadened lines
show features that arise from the changed structure of the radiat-
ing atom in the presence of another atom. As such, their presence
is sensitive to the conditions of the radiating system and reveal
the composition, temperature, and pressure of the source.

New Na–He opacity tables were constructed. The complete
tables are available on request. They will be archived at the CDS,
with an explanation of their use and a program to produce line
profiles for the D1 and D2 components to nHe=1021 cm−3 from
Teff = 150 K to 2500 K and to nHe=1022 cm−3 from Teff =

3000 K to 10 000 K.
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Appendix A: Multiple perturber effects: Formation of NaHen quasi-molecular satellites
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Fig. A.1. Absorption cross section of the Na D2 component at T =5000 K, nHe=1× 1021 (solid line) compared to the corresponding Lorentzian
profile (dashed line)).

Appendix B: Line broadening rate

Table B.1. Computed broadening rates w/nHe (10−20 cm−1/cm−3) of Na resonance lines perturbed by He collisions. Values are
given from both semiclassical (sc) and quantum (BL) calculations.

Component Transition Calc. 500 K 1000 K 1500 K 2000 K 2500 K 3000 K weight

3s 2S 1/2-3p 2P1/2 A Π1/2-X sc 0.759 1.012 1.21 1.34 1.50 1.58 1

BL 0.750 1.035 1.208 1.303 1.439 1.672 1

3s 2S 1/2-3p 2P3/2 A Π3/2-X sc 0.426 0.557 0.659 0.731 0.809 0.854 0.5

BL 0.432 0.578 0.670 0.717 0.772 0.886 0.5

B Σ1/2-X sc 0.75 1.034 1.216 1.314 1.479 1.56 0.5

BL 0.755 1.022 1.198 1.339 1.478 1.597 0.5

2P3/2 sc 1.175 1.591 1.874 2.045 2.288 2.414

BL 1.187 1.600 1.868 2.057 2.249 2.483
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Appendix C: Line shift rate

Table C.1. Computed shift rates d/nHe (10−20 cm−1/cm−3) of Na resonance lines perturbed by He collisions. Values are given from
both semiclassical (sc) and quantum (BL) calculations.

Component Transition Calc. 500 K 1000 K 1500 K 2000 K 2500 K 3000 K weight

3s 2S 1/2-3p 2P1/2 A Π1/2-X sc 0.023 -0.047 -0.106 -0.174 -0.222 -0.266 1

BL -0.006 -0.087 -0.164 -0.199 -0.153 -0.181 1

3s 2S 1/2-3p 2P3/2 A Π3/2-X sc -0.147 -0.196 -0.231 -0.274 -0.298 -0.329 0.5

BL -0.162 -0.210 -0.260 -0.293 -0.275 -0.276 0.5

B Σ1/2-X sc 0.171 0.260 0.303 0.348 0.386 0.416 0.5

BL 0.209 0.278 0.345 0.383 0.441 0.472 0.5

2P3/2 sc 0.024 0.064 0.073 0.074 0.088 0.088

BL 0.047 0.068 0.085 0.090 0.166 0.196

Appendix D: Line parameters
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Fig. D.1. Comparison of the broadening rate (w/nHe) and of the shift rate (d/nHe) of the D2 line compared to the contribution of the different
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Article number, page 12 of 12



MNRAS 000, 1–10 (2023) Preprint 11 May 2023 Compiled using MNRAS LATEX style file v3.0

Observability of Photoevaporation Signatures in the Dust Continuum
Emission of Transition Discs

Giovanni Picogna1,★ Carolina Schäfer1, Barbara Ercolano1, Christian Rab1, Rafael Franz1, and Matías Gárate2
1Universitäts-Sternwarte, Ludwig-Maximilians-Universität München, Scheinerstr. 1, 81679 München, Germany
2Max-Planck-Institut für Astronomie, Königstuhl 17, 69117, Heidelberg, Germany

Accepted 2023 May 9. Received 2023 May 8; in original form 2023 January 12

ABSTRACT
Photoevaporative disc winds play a key role in our understanding of circumstellar disc evolution, especially in the final stages,
and they might affect the planet formation process and the final location of planets. The study of transition discs (i.e. discs with
a central dust cavity) is central for our understanding of the photoevaporation process and disc dispersal. However, we need
to distinguish cavities created by photoevaporation from those created by giant planets. Theoretical models are necessary to
identify possible observational signatures of the two different processes, and models to find the differences between the two
processes are still lacking. In this paper we study a sample of transition discs obtained from radiation-hydrodynamic simulations
of internally photoevaporated discs, and focus on the dust dynamics relevant for current ALMA observations. We then compared
our results with gaps opened by super Earths/giant planets, finding that the photoevaporated cavity steepness depends mildly on
gap size, and it is similar to that of a 1MJ mass planet. However, the dust density drops less rapidly inside the photoevaporated
cavity compared to the planetary case due to the less efficient dust filtering. This effect is visible in the resulting spectral index,
which shows a larger spectral index at the cavity edge and a shallower increase inside it with respect to the planetary case. The
combination of cavity steepness and spectral index might reveal the true nature of transition discs.

Key words: hydrodynamics – accretion, accretion discs -– protoplanetary discs — circumstellar matter — stars:pre-main-
sequence — X-rays: stars

1 INTRODUCTION

Transition discs are defined as circumstellar discs with a dust inner
cavity. Historically, this class of discs has been detected by studying
their spectral energy distribution (SED), which showed a dip in the
near-infrared part of the spectra, explainable by a lack of warm
dust emitting close to the central star (Strom et al. 1989). With
the advent of high-resolution imaging of protoplanetary discs in
the (sub)millimeter continuum emission, especially thanks to the
Atacama Large Millimetre Array (ALMA), we are now able to probe
directly the dust content in the inner regions of planet forming discs,
and detect potential cavities.
There are two leading theories to explain this class of discs. The

first is the theory of disc photoevaporation which has its foundation
in the seminal work by Hollenbach et al. (1994) and explains the
observed fraction of transition discs (∼ 10% of the entire disc pop-
ulation from SED studies) in a "two-time-scale" scenario (Clarke
et al. 2001). The X-ray and UV radiation from the central star drives
a constant thermal wind from the cicumstellar disc that, where and
when eventually the accretion rate drops below the wind mass-loss
rate, creates a gapped disc that is dispersed on a short timescale,
which is roughly 1/10-th of the total disc life-time (Alexander et al.
2014; Ercolano & Pascucci 2017). The second theory of transition
disc formation invokes the presence of super-Earth/giant planets that

★ E-mail: picogna@usm.lmu.de

can halt the flux of dust from the outer disc by creating a pressure
bump outside their location, and lead to a depleted inner dust disc.
This second scenario would explain the observed fraction of transi-
tion discs as a probability of 10% of forming a giant planet on a wide
orbit (Duffell & Dong 2015; Dong & Dawson 2016)
Recent ALMA observations have questioned this fraction of tran-

sition discs by observing several unresolved dust cavities where the
SED showed a dip in its near-infrared emission, and vice versa,
showing dust cavities in discs where the SED didn’t show any char-
acteristic features (Andrews et al. 2018; Kurtovic et al. 2021; van der
Marel et al. 2022). The fraction of giant planet on wide orbits seems
to be also much smaller than the 10% value necessary to explain the
SED population (Nielsen et al. 2019; Vigan et al. 2021).
There have been several theoretical studies to identify the region

of the parameter space that the two different models can explain,
with disc photoevaporation able to create small cavities with low
accretion rate onto the central star, and giant planets on the other
side of the spectra, creating mainly cavities where the accretion rate
onto the central star is still unperturbed (Ercolano & Pascucci 2017).
However, recent models have questioned this view pushing the region
of the parameter space explainable by disc photoevaporation both to
larger cavity sizes and to higher accretion rates (Picogna et al. 2019;
Ercolano et al. 2018; Gárate et al. 2021).
The best way to distinguish between the two mechanisms, if they

don’t occur in combination, is possibly trough dust observations.
Franz et al. (2022) showed that dust entrained in photoevaporative

© 2023 The Authors
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𝐿𝑥 𝑀★ 𝑅cav 𝛼 𝑠 𝜌𝑠

erg/s 𝑀� au cm g cm3

2 ·1030 0.7 10, 20, 30 0.001 0.01,0.1,1,10 1

Table 1. Main properties of the parameter space studied.

windsmight leave observable features that can be detected in the near
future. Another avenue is to understand the effect of a dust cavity
opened by photoevaporation on bigger dust particles settled towards
the disc mid-plane and directly observable with modern facilities
like ALMA. In this work we study how disc photoevaporation affects
the dust distribution close to the mid-plane and the cavity edge,
and compare the results with literature in order to understand the
characteristic fingerprints of photoevaporation and how to distinguish
them from a planetary scenario.
In Section 2we lay down themethods adopted to perform 2D dusty

hydrodynamic simulations of transition discs photoevaporated from
the central star, and the post-processing with Monte Carlo radiative
transfer simulations. In Section 3 we present the main results of our
work, which we then compare with previous literature to understand
its characteristic features in Section 4. Finally, in Section 5we present
the main conclusions.

2 METHODS

In this section we present our radiation-hydrodynamic model for
transition discs which includes X-ray photoevaporation from the
central star and dust dynamics. When an equilibrium configuration
is reached, we extract the radial and vertical dust distribution and
derive synthetic images from detailed radiative transfer calculations.

2.1 Hydrodynamics

We used the hydro-code pluto (Mignone et al. 2007) with the mod-
ifications of Picogna et al. (2019) to account for the stellar X(EUV)
irradiation. We adopted a spherical coordinate system centred onto
the star. In this reference frame we can compute, without increasing
the computational load, the column density from the central star at
each cell. Using the column density and the disc local properties we
determine the temperature in the bulk of the disc and in the disc
atmosphere as explained in Sec. 2.2. The initial density structure was
taken from the D’Alessio Irradiated Accretion Disc (diad) radiative
transfer models (D’Alessio et al. 1998, 1999, 2001, 2005, 2006) code
that provide also the gas temperature in the bulk of the disc that best
fit the median spectral energy distribution (SED) in Taurus. For more
details, the reader is referred to Picogna et al. (2019). A cavity was
then created by an exponential cut-off of the density

𝜌 = 𝜌0 · exp
[
2𝜋(𝑅−𝑅cav)

Δgap

]
for𝑅 ≤ 𝑅cav, (1)

where 𝜌0 = 𝜌(𝑅cav) is the initial density at the cavity location, 𝑅 is
the cylindrical radius, Δgap = 1 au is the width of the cavity wall,
and 𝑅cav is the cavity radius. We explore three different transition
disc setups with cavity sizes of 10, 20, and 30 au respectively. The
main physical properties of the numerical simulations are reported
in Table 1.
The grid radial coordinate 𝑅 extends from just inside the cavity

location (at 5, 10, and 15 au for increasing gas cavity sizes) to allow an
increased resolution of the cavity edge and at the same time save the
computational time needed to model the empty region inside it. The
outer radial boundary is placed at 1000 au, with an outer region from

800 au where the hydrodynamics is not evolved, in order to explore
the entire extent of the disc and avoid numerical reflections that would
alter the wind diagnostics (Picogna et al. 2019). The radial grid is
divided into 300 log-spaced cells, and open boundary conditions are
applied at the inner and outer edges. In the polar direction, the grid
ranges from the polar axis (\ = 0.005) to the mid-plane with 160
logarithmically spaced cells, which gives a higher resolution close
to the disc mid-plane where the dust dynamics is taking place. The
boundary condition is reflective both at themid-plane and close to the
polar axis. The grid is 2-dimensional, since the problem is symmetric
in the azimuthal direction.

2.2 Thermal Calculations

The gas temperature in the disc atmosphere is determined by a pa-
rameterisation based on detailedmulti-frequency gas photoionisation
and dust radiative transfer calculations performed with themocassin
code (Ercolano et al. 2003, 2005, 2008a) for typical protoplanetary
disc conditions, irradiated by a realistic XEUV spectrum presented
in Ercolano et al. (2008b, 2009). The resulting temperature is depen-
dent on the column density to the central star 𝑁 and the ionisation
parameter b = 𝐿𝑥/𝑛𝑟2, where 𝐿𝑥 is the stellar X-ray luminosity, 𝑛 the
local gas particle density, and 𝑟 the distance from the star, and it is tab-
ulated for fast calculation. This temperature prescription is valid up
to the maximum penetration depth of X-rays (𝑁𝑋 = 2 ·1022 pp/cm2,
Ercolano et al. (2009)). For larger column densities we assume per-
fect dust and gas thermal coupling and adopt the dust temperatures
from hydrostatic disc models obtained via the diad radiative transfer
models. The gas (and dust) temperature is thus tabulated and locally
isothermal. We do not include effects like adiabatic cooling, viscous
heating, dust-gas thermal interactions.

2.3 Dust dynamics

The simulation was initialized only with the gas component for a
few tens of orbits (at 10 au) to allow for the disc to reach a vertically
hydrostatic equilibriumbefore the dustwas inserted.Wemodelled the
dust component of the disc with 4 ·105 Lagrangian particles equally
distributed in four size bins (relevant to ALMA dust continuum
observations) with a radius 𝑠 ranging from 100 `m to 10 cm (see
Table 1). From a dynamical point of view, particles smaller than
100`m are almost completely coupled to the gas. Decreasing the
minimum size has been found to have a very limited impact also on
our synthetic maps for the wavelength considered, so we restricted
our analysis to this range. The dust particles were placed with an
initial scale height (Youdin & Lithwick 2007)

𝐻𝑝

𝐻
=

√︂
𝛼

𝛼+ 𝑆𝑡 , (2)

where we assumed an isotropic turbulence (𝛼𝑧 = 𝛼𝑅 = 𝛼 = 0.001), 𝐻
is the local gas scale height, 𝑆𝑡 = 𝑡𝑠Ω𝐾 is the particle Stokes number,
𝑡𝑠 is the particle stopping time, which in the Epstein regime (for dust
sizes much smaller than the mean free path of gas molecules) takes
the form

𝑡𝑠 =
𝑠𝜌𝑠

𝜌𝑔 �̄�𝑡ℎ
, (3)

𝜌𝑠 is the dust internal density, 𝜌𝑔 the local gas density, 𝑠 the dust
size, and �̄�𝑡ℎ the local gas thermal velocity. In this way, the initial
dust configuration is close to its equilibrium and we limit vertical
oscillations. The Stokes number (or analogously the stopping time)
is a measure of the dust-gas coupling. Dust with a small Stokes
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number is tightly coupled with the gas, following closely its distribu-
tion, while for increasing Stokes number the dust starts to decouple
from the gas, not feeling the pressure support, drifting towards the
central star and settling on the disc midplane (Whipple 1972; Wei-
denschilling 1977). The dust with Stokes number of order unity are
those that evolve more rapidly with respect to the gas. The four
dust sizes modelled correspond to minimum Stokes numbers of
1.4 · 10−3,1.2 · 10−2,9.6 · 10−2,0.98 respectively (calculated at the
disc midplane for the 10 au transition disc case). Any dust drifting
through the radial boundaries of the simulation was reinserted at
the outer boundary to keep the number of dust particles constant,
while reflecting conditions were applied for the azimuthal bound-
aries, similarly as for the gas component. The particles were evolved
using a leap-frog integrator. To prevent the dust to settle vertically
and keep the initial equilibrium scale height given by equation 2,
we apply random turbulent kicks to the dust particles proportional
to the level of turbulence 𝛼 adopted (see Table 1). For more details
on the numerical implementation, the reader is referred to Picogna
et al. (2018). We ran the hydrodynamical simulations together with
the dust evolution for ∼ 15 kyr, at which point the dust distribution
had reached a stable configuration for all modelled dust sizes.

2.4 Radiative transfer

The results of the hydrodynamical simulations were then further pro-
cessed with the radiative transfer code radmc3d (Dullemond et al.
2012) to obtain improved dust temperatures and dust continuum
emission maps at 0.85 and 3 mm, which can be observed in Band
7 and 3 by ALMA. The grid was first extended in the azimuthal di-
rection with 600 cells, using a modified version of fargo2radmc3d
code (Baruteau et al. 2019). The dust size distribution 𝑛 used for
the radiative transfer calculation is a power law function of particle
size 𝑎, 𝑑𝑛/𝑑𝑎 ∝ 𝑎−3.5 between the minimum and maximum sizes
modelled. We then compute the dust surface density of each size bin
from its spatial distribution as:

𝜎𝑖,dust (𝑟, \) =
𝑁𝑖 (𝑟, \)
𝐴(𝑟)

𝑀𝑖,dust∑
𝑟 , \ 𝑁𝑖 (𝑟, \)

, (4)

where 𝑁𝑖 is the number of dust particles per bin size in each grid
cell of the simulation, 𝐴 is the surface area of each grid cell (seen
face-on), and

𝑀𝑖,dust = b𝑀gas
𝑎
4−𝑝
𝑖∑
𝑖 𝑎
4−𝑝
𝑖

(5)

is the dust mass per bin size, with 𝑝 = 3.5 the power-law exponent
of the dust size distribution, b = 0.01 the dust-to-gas mass ratio, and
𝑀gas is the total gas mass in the simulation.
For the optical depth calculation we assumed a dust opacity of

compact spherical grains fromMie theory and adopt optical constants
of astronomical silicates (Draine 2003).
We place the disc at a distance of 140 pc, which is typical of

close star-forming regions. The temperature and radius of the star
were set to be 𝑇eff = 5000𝐾 and 𝑅∗ = 2.5𝑅� , consistent with the
X-ray luminosity adopted in the hydrodynamic model. We chose a
logarithmically-spaced wavelength grid 10−1 ≤ _[`𝑚] ≤ 104, 108
photon packages for ray-tracing, creating a 2048× 2048 pixel flux
map. Finally, we create mock observations by convolving the inten-
sity maps of the modelled images with ALMA beam sizes for Band 7
(0.85mm) and Band 3 (3mm). Specifically, we took the same set-up
used in Nazari et al. (2019) and adopted the configurations C43-8
and C43-5 for Band 7 giving a beam size of 0.034′′× 0.031′′, and
C43-9, C43-6 for Band 3 with a beam size of 0.067′′×0.056′′.

3 RESULTS

3.1 Hydrodynamics

The gas density distribution in the inner disc after several hundred
orbits is shown in Fig. 1 for the three simulated discs. After few hun-
dred orbits at 10 au the disc sets into a quasi-steady state in which the
cavity inner edge has moved inwards from the initial location until an
equilibrium between the viscous gas inflow and the photoevaporative
gas removal is reached. This condition is different from the few tens
of orbits needed to reach a vertically hydrostatic equilibrium, before
dust insertion, as here the timescale is set by the concurrent viscous
spreading and gas removal by the disc wind which take place over
a longer timescale, depending on the alpha disc viscosity and the
stellar mass and X-ray luminosity.
The dashed lines mark the disc region which is directly affected by

X-ray heating, while gas deeper in the disc is shielded from the star’s
radiation and in thermal equilibrium with the dust. The gas density is
increased also close to the mid-plane in the cavity region. This is due
to the streamlines of the photoevaporative wind, which move radially
inwards before carrying material outwards, as shown with red solid
lines. At large radii the disc aspect ratio, flaring and gas density in
the wind region are unaffected by the cavity size. Close to the cavity,
as the unshielded X-ray irradiation heats up the bulk of the disc,
the mid-plane temperature rises sharply and the disc scale height
steeply increases as shown in Figure 2a,b. Furthermore, plotting the
pressure gradient at the disc mid-plane one can see that a double peak
develops close to the inner gap edge (Figure 2d). The innermost peak
is created by the temperature increase, as the gas starts to be heated
by the direct X-ray irradiation. The outermost one is related to the
local maximum in the midplane gas density (see Figure 2c). These
effects have a strong impact on the gas and dust dynamics as shown
in Section 3.2, since the dust will collect at the locations where the
pressure reaches a maximum, or the gradient is zero. In Figure 2e,
we show the intensity of the dust continuum emission at 0.85 and 3
mm for direct comparison.

3.2 Dust dynamics

After few tens of orbital periods of the gaseous disc, the dust compo-
nent was included in the simulation. The strong vertical settling for
particles with Stokes number close to unity (last two rows) is clearly
visible in Figure 3 where the normalized dust surface densities are
shown for the different runs over the underlying gas pressure profiles.
In the radial direction the particles were initially spread over a range
of 30 au starting from the gas cavity. This means that the initial dis-
tribution reached out to 40 au for the 10 au cavity, 50 au for the 20 au
cavity, and 60 au for the 30 au cavity.
The smallest particles (St� 1) are very well coupled to the gas

and thus follow its distribution closely, spreading to higher heights
and very close to the inner cavity radius (see first row of Figure 3).
Particles of intermediate sizes (St ∼ 1) do not follow the gas distribu-
tion closely, though they interact strongly with the gas and migrate
quickly towards the (second) gas pressure maxima (correspondent to
the gas density maxima) just outside the gap. They also settle more
efficiently following equation 2. The effect of dust drift is evident
comparing the four dust sizes, where the 1 cm-sized particles (3rd
row) have St ∼ 1 and are the ones drifting faster towards the pressure
maxima at the gap edge.
Furthermore, the particle scale height is strongly increased close

to the inner cavity, since the gas temperature is higher due to the
X-ray direct irradiation and the gas scale height is puffed up, as
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Figure 1. Gas density distributions for the different runs in the inner 80 au. The black dashed line show the maximum penetration depth of X-rays (𝑁𝑋 = 2 ·1022
pp cm−2), while the red lines show gas streamlines in the wind every 8% of the cumulative mass-loss rate.

.

shown in Figure 2a. This might allow a fraction of the smaller dust
particles to be launched with the wind, however this effect is not
visible in Figure 3, since this fraction is too small to be captured
by our limited number of modelled particles, and it involves mostly
smaller (tightly coupled) dust particles. As explored recently in Franz
et al. (2022), the dust entrainment in transition discs can lead to
potentially observable features that can be signatures of a thermal
(or magnetic, see e.g. Rodenkirch & Dullemond (2022)) wind.
Interestingly, the particles with dust size equal to 0.1 cm (second

row) show a clear under-density at the disc mid-plane close to the
cavity edge. This effect is cause by the vertical distribution of the
pressure gradient, which is stronger at the disc midplane and gets
weaker for increasing heights. The increased dust scale height close to
the cavity edge allows particles of the same size to experience a large
range of Stokes numbers. When they eventually settle towards the
disc midplane their Stokes number increases and they drift directly
towards the pressure maxima which deplets the region just inside it
close to the disc midplane.
The particle distribution at the end of the simulation suffers from

the lack of constant dust flux from the outer edge due to our choice of
a constant particle number (bottom rows of Figure 3). As a result, for
Stokes numbers close to unity, dust is mostly concentrated close to
the disc cavity. In order to soften this effect we chose an intermediate
time to post-process our results for these dust sizes since the time-
scale to reach an equilibrium configuration is much faster for them.

3.3 Radiative Transfer

In Figure 4 we post-processed the equilibrium configuration of the
dust distribution with radmc-3d obtaining the dust continuum emis-
sion at 0.85 and 3mm, which represent Band 7 and 3 of ALMA, for
the 10, 20 and 30 au cases.
The intensity of the dust emission has a maximum just beyond the

gap edge, where the dust particles have accumulated at the location
of the second pressure maxima where the gas density peaks (as
highlighted with green dashed lines). This maximum takes the form
of a bright ring, clearly visible in the 3mm continuum emission (see

also Figure 2e), as it collects more flux for particles with Stokes
number close to unity.
Beyond the bright ring the intensity gradually declines, as the

dust at larger radii is increasingly shielded from stellar radiation.
For the 20 and 30 au cases a second peak is visible in the outer
disc, which corresponds to the flux of pebbles that is migrating from
the outer edge and is not replenished by a constant flux. To allow
for a more quantitative comparison of the emitted intensity we plot
in Fig. 5 (bottom row) a slice of the intensity map for the three
discs at the two different wavelengths. The slices for the different
wavelengths, which in principle trace different grain species, are of
very similar shape and their maxima are located at the same radial
distance, which doesn’t allow us to have a quantitative observable of
the effect of photoevaporation on different particle sizes (at least for
the parameter space studied).

3.4 Synthetic Images

We created mock observations by convolving the continuum dust
emission with beam sizes of two ALMA configurations, as explained
in Section 2.4, in order to understand whether the observed features
might be strong enough to be detected by current observational facil-
ities and distinguishable from other physical processes. The resulting
images are shown in Fig. 5. In the cases of the 3mm and 0.85mm
emission the clearly defined rings visible in Fig. 3 appear as broader
features. The radial intensity curves for these mock observations are
also shown in Fig. 5 (bottom panel) and are smoothed out compared
to the theoretical data but have their maximum at the same location,
just outside the inner gap edge.
Even though there are differences in the distributions of different

particle sizes, the location of the intensity maximum is the same
for 0.85mm and 3mm even in the theoretical images. Despite the
simplified way in which we simulated ALMA observations, it is
likely that the main rings in the 0.85mm and 3mm emission are
bright and broad enough to be observable.
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Figure 2. Panel a: disc scale height radial profile. Panel b: gas temperature ra-
dial profile. Panel c: mid-plane gas density radial profile. Panel d: normalized
mid-plane pressure gradient. Panel e: radial profile of the continuum intensity
in Band 3 (solid) and 7 (dashed dotted line). With dotted vertical lines the
location of zero pressure gradient are reported. In all panels the orange, red,
and brown lines represent the 10, 20, and 30 au cavity models respectively.

4 DISCUSSION

The features in the dust continuum emission formed by a photoe-
vaporative wind should create a unique fingerprint that can be dis-
tinguished from other physical processes, given enough resolution.
In order to measure in a quantitative way the difference between
gap forming mechanisms we compared the intensity profiles of dust
continuum emission for different physical processes, and the spectral
index obtained from the two frequencies studied.

4.1 Dust continuum emission

The most straightforward way to create a gap is via planet-disc inter-
action. Facchini et al. (2018) modelled the dust continuum emission
at 0.85mm wavelengths for a 1, 5, and 9MJup planets at 20 au from
the central star, postprocessing the hydrodynamical simulations by de
Juan Ovelar et al. (2016). We compared in Figure 6 the intensity and
radial gradient of the continuum emission in Band 7 (convolved with
the same beam size adopted in their work, i.e. 0.03′′ at a distance of
150 pc) with our photoevaporative cavity. The intensity profile show

a much stronger dependance for the transition discs as a function
of the cavity radius with respect to the planetary masses at a fixed
radius. On the one hand, the planetary case shows a clear trend of
shallower profiles for increasing masses. On the other hand the pho-
toevaporative gap shows a more complex behavior. Looking more in
depth at the gradient of the profile in the right panel, we can see that
the 10 au case shows a much sharper gradient, given by the higher
density close to the gap edge. The 30 au case is comparable with a
1MJ planet at 20 au (dot dashed orange line and solid brown line)
both looking at the intensity profile and its gradient. Potentially a
1MJ at 27-28 au would generate a very similar intensity profile at
the gap edge as a photoevaporative gap at 30 au. The steepness of
photoevaporative gaps seems then to increase as a function of gap
cavity as the larger gap is able to collect an increasing function of
the drifting dust. On the contrary a more massive giant planet will
open a deeper and wider, but shallower gap for increasing masses.
Thus, the only match between the two processes is for a 1 Jupiter
mass planet, for the current choice of the parameter space (i.e. X-ray
luminosity, disc properties).

4.2 Spectral index

To disentangle the planetary and photoevaporation scenario one can
extract from a multi-wavelength analysis of an object its spectral
index, defined as

𝛼73 =
log (𝐼7/𝐼3)
log (a7/a3)

, (6)

where 𝐼7 and a7 are the intensity and frequency in Band 7, and 𝐼3,
a3 are the intensity and frequency in Band 3. The spectral index
gives a measure of dust growth or dust dynamical configuration, in
the optical thin approximation. In Figure 7 we plotted the spectral
index for our three transition disc simulations, where the profiles
have been shifted to give a direct comparison and zoomed in close
to the cavity edge, that has been highlighted with a vertical dashed
black line. The two main trends that are observed are a reduction
of the spectral index in the bright ring corresponding to the gap
edge of the transition disc, and a general increase of the spectral
index as a function of the distance from the central star, which is
compatible with the current observations (e.g. Long et al. 2020).
The most notable difference between our models is that for smaller
cavities there is a less steep increase of the spectral index, since large
dust particles are not all collected close to the inner edge of the cavity
but spread across a larger region. Since we do not include dust growth
in these simulations, this is purely a dynamical effect. The reason for
this difference is the limited dust supply from the outer disc region,
and the larger Stokes number for dust particles of the same size in the
outer disc (because of the decreased gas surface density, see eq. 3)
which increases their drift speed towards the cavity edge.
We compared our results with Nazari et al. (2019), that modelled

the observability of a 30M⊕ planet with different orbital migration
for the same bands. They assumed a different approach than in the
current work, modelling the planet-disc interaction in 2D (assuming
a vertical dust distribution a posteriori), and adopting a pressureless
fluid approach to describe the dust evolution, which does not allow to
follow the history of a particular dust sample but lessen the problem
of a limited dust supply to the cavity edge. There is a stark difference
with respect to the planetary case. The minimum spectral index at the
ring location is larger for the photoevaporative case which implies a
less strong filtering effect with respect to the 30M⊕ planet. Inside
the cavity the spectral index increases again due to the low density
and low optical depth of the disc wind.
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Figure 3. Dust (normalized) density distributions for the four dust particles modelled and the different cavity edges. The red dashed line show the maximum
penetration depth of X-rays (𝑁𝑋 = 2 ·1022 pp cm−2), while the dashed black lines show the isocontours of gas pressure in log scale. The snapshot is taken after
1,500 yr of dust insertion.

There is a growing literature of multi-wavelength high-resolution
observations of planet forming discs, of which few of them cover also
transition and pre-transition discs. In particuar, theHD169142 system
(Macías et al. 2019) shows two bright rings at 25 and 60 au with
spectral index between Band 3 and 7 of 2.025±0.03 and 2.33±0.03
respectively, where the first is only compatible with a planetary origin
while the second is closer to the predictions of disk photoevaporation.
Indeed it has been recently suggested that a Jupiter mass planet might
be hiding in the disc cavity (Hammond et al. 2023), which render this
system an important test bed in order to constraint current modelling.
Furthermore, the transition disc GM Aur (Huang et al. 2020) shows
two bright rings at 40 and 84 au with a spectral index between 1.1
and 2.1 mm of 2.1 and 2.35, respectively. Here again the first value
is compatible with the planetary scenario, while the second one is

on the high end, but a targeted analysis of these systems should be
made to draw meaningful conclusions, which goes beyond the scope
of the current work.

4.3 Model limitations

The spectral index comparison with a 30M⊕ planet is inconsistent
with the more massive ones previously considered for the dust con-
tinuum emission, though a jupiter mass planet will create a steeper
cavity which will have a stronger filtering effect, enhanching the be-
havior observed for smaller mass planerts. However, recent results
point to more leaky giant planets (see e.g. Stammler et al. 2023)
which might alleviate the observed difference in the spectral indeces
between these two effects. Nevertheless, a self-consistent modelling
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Figure 4. Continuum emission maps for the different transition discs cavities in Band 7 (top row) and Band 3 (bottom row). The location of the pressure maxima
are highlighted with green dashed lines.

of planet and photoevaporation within the same framework would
help better to disentangle the two effects, and it is indeed our plan
for the future. Further differences given by the non axysimmetric
structures introduced by the planet, and the temporal variability on
an orbital timescale can be used to further distinguish a planetary
induced transition disc.
In this study we considered only a very specific set of parameters.

In the future we plan to relax these conditions by varying the disc
(alpha, disc mass) and stellar properties (stellar mass and X-ray lumi-
nosities). Furthermore, to expand the parameter space, a good avenue
would be to restrict to a 1D disc evolutionwith prescribedwindmass-
loss rates that would allow us to include dust growth/fragmentation,
similarly as in Gárate et al. (2021).

5 CONCLUSIONS

We modelled the dust dynamics in a 2D dusty hydrodynamical sim-
ulation of a transition disc carved by stellar X(EUV) irradiation
from the central star, and found the equilibrium distribution of a
range of dust sizes. From this result we calculated the dust contin-
uum emission at 0.85 and 3mm wavelengths and derived synthetic
ALMA observations. We then compared the cavity profiles created
by photoevaporation with those of transition discs carved by a super-

Earth/giant planets, in order to find characteristic features of each
physical process that can be observed in current and future observa-
tional campaigns. We found that the steepness of the 30 au photoe-
vaporated dust cavity is similar to that of a 1 MJ planet (at a similar
location), while larger planets and/or larger photoevaporated cavities
can generates distinguishable features. In order to further disentan-
gle these two effects, the spectral index analysis shows very different
profiles for the planetary and photoevaporative cases, with a higher
spectral index at the photoevaporated cavity edge due to the lower
filtering efficiency. This combination of features might be specific to
transition discs opened by photoevaporation, though a larger study
for different stellar X-ray luminosity and stellar mass, as well as a
direct comparison to a transition disc with similar physical proper-
ties opened by a planet should be necessary to better constrain the
parameter space covered by stellar photoevaporation.
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Figure 6. Panel a: radial intensity profile in Band 7 for this work in orange and from de Juan Ovelar et al. (2016); Facchini et al. (2018) for a 1, 5, and 9𝑀J mass
planet in brown. Panel b: gradients of the intensity curves. We adopted a 0.03′′ resolution beam and a distance of 150 pc for direct comparison.

Figure 7. Spectral indices calculated from the synthetic images in Band
3 and 7, for the three different transition disc models, compared with the
intermediate and fast migration case from Nazari et al. (2019), shifted to be
centred at the cavity edge and zoomed in the cavity region.
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used to create the Figures are available at
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Possible strong first-order hadron-quark phase transitions in neutron star interiors leave an im-
print on gravitational waves, which could be detected with planned third-generation interferometers.
Given a signal from the late inspiral of a binary neutron star (BNS) coalescence, assessing the pres-
ence of such a phase transition depends on the precision that can be attained in the determination of
the tidal deformability parameter, as well as on the model used to describe the hybrid star equation
of state. For the latter, we employ here a phenomenological meta-modelling of the equation of state
that largely spans the parameter space associated with both the low density phase and the quark
high density compatible with current constraints. We show that with a network of third-generation
detectors, a single loud BNS event might be sufficient to infer the presence of a phase transition at
low baryon densities with an average Bayes factor B ≈ 100, up to a luminosity distance (DL . 300
Mpc).

I. INTRODUCTION

In the standard picture, the interior of a neutron star
(NS) encompasses several phases of matter, from nuclei
in the iron region close to the surface via more exotic
neutron-rich nuclear clusters in the crust to a uniform
liquid of nuclear matter in the outer core [1]. In the
core, at densities above nuclear saturation, n0 ≈ 0.16
fm−3, the pressure becomes so high that further degrees
of freedom may emerge. These include, possibly, mesons
–which could also form condensates–, hyperons or ∆-
baryons. An even more dramatic possibility is that of
a phase transition to degenerate quark matter and the
formation of so-called hybrid stars. Under the hypothe-
sis of absolutely stable strange quark matter, even pure
quark stars might exist, see e.g. the reviews [2–6]. This
makes the compact objects a unique testbed of subatomic
physics, not only probing nuclear many-body phenomena
and their dependence on density and isospin asymmetry,
i.e. the neutron-to-proton ratio but also probing unex-
plored finite-density regimes of quantum chromodynam-
ics.
Currently, the main astrophysical constraints on NS

interiors stem from the precise mass determinations for
three NSs in NS-white dwarf systems [7–10], all three
with gravitational masses around 2 M⊙. The object
PSR J0740+6620 [10] is thereby particularly interest-
ing since NICER succeeded in obtaining a measurement
of its radius [11, 12], making it the second object after
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PSR J0030+0451 [13, 14] for which both mass and ra-
dius could be determined. Moreover, with the detections
of gravitational waves from binary neutron star (BNS)
mergers by the LIGO-Virgo collaboration, a new win-
dow has opened to explore the constituents of matter
under extreme conditions. For the first detected event,
GW170817, the tidal deformability was obtained [15], a
quantity strongly correlated with the NS radius. In the
coming years, starting with run O4 of the LIGO-Virgo-
Kagra (LVK) collaboration, the gravitational wave (GW)
detector network sensitivity will be further increased and
a number of additional detections is expected. Projects
for ground based third-generation detectors such as the
European Einstein Telescope [16, 17] and the American
Cosmic Explorer [18, 19] planned for ∼2035 will allow for
a considerable gain in sensitivity. They needmore strin-
gent constraints on theoretical models for the description
of the dense matter.

A particular question in this context is the possible
presence of a first-order phase transition (PT) in dense
neutron star matter. Since the first mention of possible
hybrid stars decades ago, e.g. [20], finding astrophysical
signatures of such a PT has been a very active field of re-
search, see for instance the reviews [21–23]. In this work,
we investigate if and how accurately we can detect a PT
in the core of two coalescing neutron stars during the
inspiral phase with a network of third-generation grav-
itational wave detectors. Several authors have already
pointed out that a PT in the post-merger phase leads
to a characteristic increase in the dominant post-merger
oscillation frequency [24, 25] with respect to the one ex-
pected from the measured inspiral parameters under the
assumption of a purely baryonic equation of state (EoS).
If the post-merger signal is detected it could even help to
constrain the onset density for the phase transition [26]
and a delayed PT could leave an imprint on the ringdown
of the black hole formed once the metastable remnant has
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collapsed [27]. These ideas apply if, prior to merger, both
stars do not present any PT, which is plausible for not
too massive stars.

The horizon for detecting a post-merger signal is, how-
ever, relatively small even for third-generation detectors
and only a few events are expected, see e.g. [28]. On
the contrary, a huge number of BNS mergers should
be detected with information extracted from the inspi-
ral among others about the chirp mass Mc, the mass
ratio q and on the combined tidal deformability Λ̃ (see
Eq. (15)), which is a function of the tidal deformabilities
Λ1 and Λ2 of both stars [17, 19, 29]. Since a PT changes
the relation between the mass and the tidal deformability
for each star, see e.g. [30–33], Λ̃ is modified, and this of
course raises the question of its detectability which many
studies have addressed recently.

For instance, based on the breakdown of quasi-
universal relations fitted to purely hadronic EoS in [34]
and a comparison of the inferred radius in [35] together
with a collection of simulated BNS merger events for
purely hadronic and hybrid EoS, it has been shown that
∼ 50-100 detections can be sufficient to distinguish dif-
ferent EoSs. In [36], the authors assess the possibility to
distinguish different equation of state models with and
without a PT from a GW170817-like event during the
O4 run of LVK.

The above studies, however, conclude on the de-
tectability of a PT by comparing a few EoS models, which
is clearly not sufficient to cover the entire space of all pos-
sible EoSs with and without PT. A different approach
has been used in [37, 38], where a non-parametric EoS
inference is applied to the GW170817 event with weak
statistical evidence in favor of two stable branches, i.e.
the existence of hybrid stars with a strong PT. In the
study by [39], the authors have performed a Bayesian in-
ference study with three different injected EoS models,
concluding that already 12 events with current detectors
could be sufficient to disentangle a strong PT. However,
the injected models represent only snapshots of all pos-
sible EoSs with a PT transition and the inference of a
PT is done based on the number of different polytropes
employed in the EoS reconstruction. Here, we will use
a meta-modelling approach as well for the models with
PT as for those without. The latter is a flexible pa-
rameterisation of the purely nuclear EoS, incorporating
constraints from nuclear experiments, theory and astro-
physical observations as priors [40]. For the former, we
have extended the nuclear meta-model to include a po-
tential PT taking as parameters the density for the onset
of the transition, the energy density jump and the sound
speed in the high-density phase controlling the stiffness
of the EoS. The injection models have been chosen from
the borders of the respective meta models. In addition,
we will concentrate here on the possibility to detect a PT
from one single loud event in third-generation detectors.

The paper is organised as follows: In section II we sum-
marise the EoS modelling which is used in the present
work. A brief summary of the Fisher matrix formalism

to quantify variances in various astrophysical parameters
connected to a binary neutron star (BNS) merger is pro-
vided in section III. Section IV contains the proposed
Bayesian framework to infer the possible signs of a PT
from the gravitational wave signal generated by a BNS
coalescence. We discuss the results in section V. Con-
cluding remarks and the future extensions of the present
work are discussed in section VI.

II. METAMODELLING OF NEUTRON STAR

MATTER

For our purposes, NS matter comprises an inhomoge-
neous crust and a core of uniform matter fully governed
by strong interaction. The crust and the purely nucle-
onic outer core are consistently calculated using the same
energy functional, see section II B. We describe then the
core, see section IIA in the nucleonic hypothesis up to a
certain density, beyond which we assume the appearance
of quarks at the very center of the star. The density of
the phase transition to the quark core is an input param-
eter in our model.

A. Neutron star core

1. Nucleonic part

For the description of the purely nucleonic outer core,
we follow a metamodelling approach. Below we will
briefly recall the main lines of the model, for details see
[40]. Within our model, the uniform nucleonic matter is
described by decomposing the energy density of infinite
nuclear matter as

εN(nn, np) = Ckin

∑

q=n,p

n
5/3
q

m⋆
q(n, δ)

+ U0(n) + Usym(n) δ2 ,(1)

where nn (np) is the neutron (proton) number den-
sity, n = nn + np is the baryon number density, δ =
(nn − np)/n is the isospin asymmetry and Ckin =

3(3π2
~
3)2/3/10 ≈ 2.87 ~2. The first term takes into ac-

count the zero point Fermi gas contribution, and the mo-
mentum dependence of the nuclear interaction through
the density-dependent effective mass m⋆

q (q = n, p). The
remaining term is broken down into an isospin symmetric
part, U0(n), and an isospin asymmetric part, δ2 Usym(n).
For both U0(n) and Usym(n) an expansion up to order
N = 4 around the nuclear saturation density nsat is used:

U0,sym(n) = n
N
∑

k=0

(vk)0,sym
k!

uN
k (x)xk , (2)

with

x =
n− nsat

3nsat
, and, uN

k (x) = 1−(−3x)N+1−k e−b(1+3x),

(3)
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where the uN
k terms ensure vanishing energy at zero

density. The coefficients (vk)0,sym are functions of nu-
clear matter properties (NMPs) at saturation density
nsat. Specifically, the coefficients of U0 in Eq. (2) can
be expressed as a function of the density derivatives at
different orders of the energy per baryon of symmetric
nuclear matter[41] (SNM), like the energy per particle
Esat, incompressibility Ksat, skewness Qsat and kurtosis
Zsat. Similarly, the coefficients of Usym are related to
other NMPs, like the symmetry energy Esym, symme-
try slope Lsym, symmetry incompressibility Ksym, sym-
metry skewness Qsym and symmetry kurtosis Zsym, all
evaluated at nsat and for symmetric matter.
The contribution of an ideal gas of electrons (e) and

muons (µ) to the energy density

εe,µ =
(me,µ)

4

8π2(~c)3
[

(2x2
r + 1)xrγr − ln(xr + γr)

]

, (4)

where, xr =
~c(3π2nl)

1/3

ml
and γr =

√

1 + x2
r with

l = e, µ. The net amount of electrons present in the sys-
tem is determined by the β-equilibrium condition solv-
ing the coupled equations of chemical potentials µn,p,e of
neutrons, protons and electrons, respectively, as

µn(n, δ)− µp(n, δ) = µe(n, δ), (5)

where µn,p = ∂εN/∂nn,p+mn,pc
2, and mn,p are the bare

neutron and proton masses. If the chemical potential
of electrons µe = ∂εe/∂ne exceeds the muon mass mµ,
they appear spontaneously in neutron star matter. Their
amount is fixed by local charge equilibrium nµ = np−ne,
and the global equilibrium condition µµ = µe. Once
the equilibrium composition δ(n) is determined at each
density from Eq. (5), the baryonic pressure is obtained
from the thermodynamic relation

pN(n) =
∑

q=n,p

nq

(

µq −mqc
2
)

− εN(n, δ). (6)

where nq, µq and δ are all functions of n, while mq are
the two bare masses of neutrons and protons.

2. Quark matter EoS

We assume that the appearance of quarks in the inner
core gives rise to a first-order phase transition, namely
two continuous branches pN (εN), pQ(εQ) separated by
a finite jump ∆ε in energy density at a given value pt
of the baryonic pressure. We note that εt is the highest
value of the energy density in the nucleonic (N) phase,
and εt + ∆ε represents the lowest energy density value
in the quark phase. As a consequence, a discontinuity
in the sound speed cs between the nucleonic and quark
phases is also expected. When the core gets converted
to quarks completely, we assume it fixes cs all the way
up to the center of the neutron star from the point of

transition. In this simple picture, the EoS of the quark
core can be specified by (see e.g. [42, 43]):

pQ(εQ) = c2s(εQ − εt), (7)

µQ(pQ) = µt

[

1 +
1 + c2s
c2s

pQ
εt

]c2s/(1+c2s)

, (8)

nQ(pQ) = nt

[

1 +
1 + c2s
c2s

pQ
εt

]1/(1+c2s)

= nt

(

µQ

µt

)1/c2s

.(9)

Here, µt represents the baryonic chemical potential at the
transition point (µB = µn in the nucleonic phase), and
nt is the baryonic density at the onset of the transition.
Three parameters nt, c

2
s and ∆ε are used on top of the

parameters for the nucleonic metamodelling to describe
the neutron star core. In [44] a similar approach is used to
model the neutron star EoS in order to obtain constraints
on a potential hadron-quark transition from neutron star
observables, but the nucleonic part in their case is limited
to one single EoS, obtained by fixing the NMPs to a
fiducial set.

B. Neutron star Crust

We model the neutron star crust by using the com-
pressible liquid drop model (CLDM) approximation of
[45], which allows us to extend the metamodel for uni-
form nucleonic matter in Sec. II A 1. In the CLDM, the
bulk energy of a spherical nucleus with A nucleons, Z
protons, radius rN and bulk density ni is described by
using Eq. (1) as Ebulk = AεN (ni, 1 − 2Z/A)/ni. The
total binding energy of a finite nucleus is obtained by
adding surface, curvature and Coulomb terms. The sur-
face and curvature contributions are expressed in terms
of surface and curvature tensions σs and σc as [46–48]

Esurf + Ecurv = 4πr2N

(

σs(Z/A) +
2σc(Z/A)

rN

)

,(10)

with, σs(x) = σ0
24 + bs

x−3 + bs + (1− x)−3
, (11)

σc(x) = 5.5σs(x)
σ0,c

σ0
(β − x). (12)

Finally, the Coulomb term in a spherical Wigner-Seitz
(WS) cell reads:

Ecoul =
8

3

(

πe
Z

A
ni

)2

r5N ηcoul

(

rN
rWS

)

, (13)

with ηcoul(x) =
1

5

[

x3 + 2

(

1− 3

2
x

)]

. (14)

Here, e is the elementary charge, rWS the radius of a
WS cell, and ηcoul the function taking into account elec-
tron screening in the Coulomb energy. The parameters
σ0, σ0,c, bs and β are obtained by optimizing the agree-
ment of nuclear masses in vacuum with the AME2016
mass table [49–51]. The EoS is eventually obtained
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by minimizing the energy of the WS cell by varying
A,Z, ni, rN , rWS , as well as the neutron gas density ng

[45, 50, 51].

III. ESTIMATION OF DETECTORS’

RESPONSE: FISHER INFORMATION

FORMALISM

In order to assess the uncertainty in the parameter
estimation associated with future observations of GWs
from the coalescence of BNSs, we make use of the pub-
licly available tool gwbench [52], which implements the
Fisher information paradigm [53, 54]. The main draw-
back of this approach is that it is valid for events with a
high signal-to-noise ratio (SNR) [55]. On the other hand,
its main advantage is the considerable increase in compu-
tational speed, as compared to standard Bayesian analy-
sis. Here we give a summary of our procedure to compute
a sequence of simulated GW events from BNSs and es-
timate the parameters that could be inferred from such
events by the third-generation Earth-based GW detec-
tors. For details about gwbench, the interested reader
can refer to [52].
We model events of BNS coalescence with masses

m1 and m2 by using the waveform templates imple-
mented in gwbench, namely the “TaylorF2 + tidal”
models [56]. They depend on the following parameters:
(

Mc, η, ~χ1, ~χ2,DL, ι, Λ̃, δΛ̃
)

. Here, η = m1m2/(m1 +

m2)
2, ~χ1,2 are the dimensionless spin vectors of the two

NSs, DL is the luminosity distance, ι is the inclination
angle of its orbital plane with respect to the line of sight.
Finally, Λ̃ and δΛ̃ are two parameters containing the tidal
deformabilities of both stars (Λ1,Λ2) and are defined as:

Λ̃ = 8
13

[(

1 + 7η − 31η2
)

(Λ1 + Λ2) +

+
√
1− 4η

(

1 + 9η − 11η2
)

(Λ1 − Λ2)
]

, (15)

δΛ̃ = 1
2

[√
1− 4η

(

1− 13272
1319 η + 8944

1319η
2
)

(Λ1 + Λ2)+

+
(

1− 15910
1319 η + 32850

1319 η2 + 3380
1319η

3
)

(Λ1 − Λ2)
]

.(16)

We use different EoS models as described in Sec. II to re-
late each NS mass (m1,m2) to the corresponding tidal de-
formability parameter (Λ1,Λ2). The M–Λ relation is ob-
tained for each EoS by solving the Tolman-Oppenheimer-
Volkov (TOV) equations, together with the differential
equations for perturbed relativistic stars described by
[57, 58]. In the case where a phase transition appears
in the NS, additional terms due to jumps in thermody-
namic quantities must be taken into account. To do this,
we follow the approach by [59].
For each EoS, we assume fixed values for the spins and

inclination χ1 = 0.01, χ2 = 0.005, ι = 45◦ and inject
a series of events into gwbench, with chosen values for
the chirp mass Mc, the mass ratio q = m2/m1 and the

luminosity distance DL. Λ̃ and δΛ̃ are deduced from
the M–Λ relation for the specific EoS considered and
Eqs. (15), (16). The detector features are those of the

projected third-generation ground-based ones: triangle-
shaped Einstein Telescope [ET, see 16] and two Cos-
mic Explorer detectors [CE, see 18]. Details about their
power spectral densities (PSD) and exact projected lo-
cations are given in Appendix C of [52]. gwbench then
returns estimates of measurement errors in the parame-
ters of our waveform models. These estimates shall be
used in the next sections, in particular for the case of Λ̃.
Concerning δΛ̃, this parameter only enters at the sixth
post-Newtonian (6 PN) order in the waveform, meaning,
it is subdominant with respect to the leading-order 5 PN
tidal correction [56]. For this reason, it is not possible to

obtain error-bound estimates of δΛ̃ within our approach;
it can be however estimated using EoS-independent rela-
tions [60].

IV. BAYESIAN FRAMEWORK

We use a Bayesian framework to quantify the com-
patibility of a simulated observation between a purely
nucleonic and a hybrid (nucleons+quarks) neutron star
core. For the different EoS, we employed the techniques
outlined in Secs. II A 1 and II B based on [61, 62]. To
build the prior for the nucleonic metamodel, 12 NMPs
corresponding to uniform matterwere varied randomly
with a constant probability distribution over a wide do-
main. Since the expansion in Eq. (2) is truncated at the
fourth order, it is necessary to use different Q(sat,sym)

and Z(sat,sym) below and above nsat to increase the re-
liability of the expansion over a large density range. In
particular, it makes the EoS free of any fictitious correla-
tions between observables connected more to the low and
high-density regimes, respectively. Since these high-order
NMPs have no contribution in Eq. (1) at nsat, this way
of choosing different values for coefficients of the same
order in the expansion does not induce any discontinuity
in the energy, pressure or sound speed. This leads to a
total of 16 parameters for the nucleonic EoS.
For the hybrid EoSs, containing nucleons and quarks,

we obtained three families namely “PT03”, “PT04” and
“PT05” based on the density nt at the onset of the
nucleon-quark transition fixed to 0.3, 0.4 and 0.5 fm−3,
respectively. For all hybrid models, the width of the
plateau ∆ε is chosen by imposing a random value for
the lowest baryon density in the quark phase varying be-
tween nt and 1.5nt. Finally, the squared sound speed
c2s is randomly varied between 0.1 and 0.9 c2, where c is
the speed of light. These large variations were used to
cover a large space in the p(ε) plane by our hybrid mod-
els. It should be kept in mind, that a constant sound
speed description can of course not recover a more com-
plicated behaviour inherent to more sophisticated micro-
scopic models for quark matter, see e.g. [63–70], but the
chosen range should be able to enclose most models such
that we consider our assumptions as very conservative.
It is quite important to mention here the particular

motivation to keep nt fixed at distinct values, rather than
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varying it randomly within a range, too. Since a random
nt would only introduce further uncertainty on top of the
nucleonic EoS, the fully nucleonic metamodel would be
systematically preferred irrespective of any observation.
We thus target to identify the signature of nucleon-quark
phase transition, based on its early or late appearance in
terms of density.

A. Obtaining an informed prior

On the whole, to perform the Bayesian analysis we
have used 16 parameters (Np = 16) for the nucleonic
metamodel and 19 parameters (Np = 19) for “PT03”,
“PT04” and “PT05” hybrid metamodels. The unin-

formed prior distribution PpriorX) =
∏Np

k=1 Pk(Xk) of
the parameter set X ≡ {Xk, k = 1, . . .Np} is obtained
with a flat uncorrelated distribution Pk(Xk). To obtain
a prior informed by different observations, the probabil-
ity of each model is then conditioned by the likelihood
models of the AME2016 mass evaluation [49], low density
constraints on SNM and PNM obtained from theoreti-
cal χ-EFT calculations [71], constraint from the observed
maximum mass of NS [7, 8] and constraints on the joint

tidal deformability Λ̃ of the GW170817 event [72] as

P informed
prior (X) = P (X|c) = N · PAME2016(X)Pχ−EFT (X)

× PMmax
(X)PGW170817(X)

∏

k

P (ck|X). (17)

Here,N is a normalization constant. The AME2016 filter
is obtained as

PAME2016(X) ∝ ωAME e−χ2

AME(X)/2, (18)

where, ωAME = 0 or 1 depending on the meaningful re-
production or not, of the whole AME2016 mass table [49],
respectively. The objective function for the AME2016
mass table is given by

χ2
AME(X) =

1

N

∑

n

(

(B/A)
(n)
CLDM (X)− (B/A)

(n)
AME

)2

σ2
BE

,(19)

with N = 2408 and the adopted error σBE = 0.04
MeV. The probability for the χ-EFT pass-band type fil-
ter based on the constraints on SNM and PNM between
n = 0.02 and 0.2 fm−3 is obtained from the theoretical
calculation in [71] as,

Pχ-EFT (X) ∝ ωχ-EFT (X), (20)

where, ωχ-EFT (X) = 0 or 1, depending on SNM and
PNM corresponding to X passing through the whole
range or not. This theoretical band was obtained from
the 90% confidence interval, which we have increased by
5% on the edges to interpret it as a 2σ band. The proba-
bility assigned to each model due to observed maximum

mass Mobs
max = 2.01± 0.04 M⊙ [8], following a cumulative

probability distribution, is given by

PMmax
(X) =

1

0.04
√
2π

∫ Mmax(X)/M⊙

0

e
−
(x− 2.01)2

2× 0.042 dx.(21)

The effect of the joint tidal deformability Λ̃ observed dur-
ing the GW170817 event [72] on the different metamodels
and hybrid metamodels are obtained from a two dimen-
sional probability distribution PGW170817(Λ̃(q), q) as,

PGW170817(X) =
∑

i

PGW170817

(

Λ̃(q(i)), q(i)
)

. (22)

Here, we have assumed a constant Mc = 1.186 M⊙ due
to the small uncertainty in the observed chirp mass. For
each model X, we sampled q ∈ [0.73, 1] and interpolated
the probabilities from the two dimensional distribution
PGW170817(Λ̃(q), q) to perform the sum in Eq. (22).
Once the informed prior probability for each model

is obtained, the corresponding probability distribution
for the observables is obtained by marginalizing over the
range of parameters X ∈ [Xmin,Xmax] as,

P informed
prior (Y ) =

N
∏

k=1

∫ Xmax
k

Xmin
k

dXkP
informed
prior (X)δ (Y − Y (X)) .(23)

B. Confronting the models with simulated

“observations”

To identify the signature of a phase transition in the
gravitational wave signal from a BNS coalescence, we ex-
amine the compatibility of the purely nucleonic meta-
model and the hybrid metamodels subjected to a given
event. As described in section III, we consider a hypo-
thetical BNS coalescing event specified by {M0

c , q0, Λ̃0},
where Mc is the chirp mass, q = m2/m1 the mass ratio,

and Λ̃ the tidal deformability. To determine Λ̃0(M0
c , q0)

we use a specific EoS model from one of the hybrid meta-
model families. Given the characteristics of the detector,
the distance (DL) and the sky location, we then calculate
the interferometer response to this event via gwbench

using the aforementioned EoS model. This gives us a pos-
terior experimental distribution p0GW (Mc, q, Λ̃), as well
as the marginalized distributions p0GW (Mc), p0GW (q),

p0GW (Λ̃), that of course will implicitly depend on the
choice M0

c , q0, together with the detector characteristics.
Since the chirp mass is very well measured, we will always
assume p0GW (Mc) = δ(Mc −M0

c).
Once an “observation” is simulated with a model from

the hybrid metamodel class, we want to confront the tidal
polarizability measurement p0GW (Λ̃) with the nucleonic
hypothesis. To make the comparison, in principle, we
could calculate

p
(0)
meta(Λ̃) ≡ p

(

Λ̃ | meta,BI = M0
c , q0

)

, (24)
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where meta denotes the nucleonic metamodel, and BI
the background information. However, if we consider
that p0GW (Λ̃) corresponds to a true measurement, M0

c

and q0 are not known exactly, but only as a distribution
p0GW (Mc, q). Thus, the only quantity we can meaning-

fully compare to p0GW (Λ̃) is the distribution given by,

p
(1)
meta(Λ̃) ≡ p

(

Λ̃ | meta,BI = M0
c , p

0
GW (q)

)

. (25)

Imposing to the nucleonic metamodel a q distribution
identical to the one hypothetically extracted from the
“observation” clearly gives a distribution more spread

than p
(0)
meta(Λ̃), which is the only one that we will be

able to compare to the observation. A similar probabil-
ity distribution corresponding to the hybrid metamodel
is expressed as

p
(1)
PT (Λ̃) ≡ p

(

Λ̃ | PT,BI = M0
c , p

0
GW (q)

)

, (26)

where PT signifies hybrid metamodels containing a first-
order hadron-quark phase transition.
In the end, to distinguish the compatibility of observa-

tion with the nucleonic metamodel and the hybrid meta-
models, one can resort to evidence in terms of Bayes fac-
tors. Given an event, the Bayes factor can be defined as
a function of Λ̃ as

BPT,meta(Λ̃) =
p
(1)
PT (Λ̃)

p
(1)
meta(Λ̃)

, (27)

Bmeta,PT (Λ̃) =
1

BPT,meta(Λ̃)
. (28)

The average Bayes factors associated to the simulated
observation p0GW (Λ̃) is specified as

log
(

〈B〉M
0

c ,q0
PT,meta

)

=

∫

dΛ̃ p0GW (Λ̃) log

[

p
(1)
PT (Λ̃)

p
(1)
meta(Λ̃)

]

,(29)

log
(

〈B〉M
0

c ,q0
meta,PT

)

=

∫

dΛ̃ p0GW (Λ̃) log

[

p
(1)
meta(Λ̃)

p
(1)
PT (Λ̃)

]

.(30)

V. RESULTS

A. Hybrid metamodels

To set the stage for confronting simulated observations
with families of EoS with or without a PT to quark mat-
ter, we need to obtain an informed prior as described by
Eq.(17) and (23). Distributions of these informed priors
for different nuclear matter parameters of the nucleonic
metamodelling can be found in [61, 62] as posteriors. In
Fig. 1 we display the distributions of the sound speed
parameter c2s in panel (a) and width of the plateau ∆ε in
panel (b) for the new class of hybrid metamodels PT03,
PT04 and PT05, as described in Sec. II A 2 and IV. To
highlight the impact of the astrophysical constraints like
the observed Mmax or Λ̃ from GW170817 on the hybrid

FIG. 1. Informed prior distribution of the width of plateau ∆ε

in units of energy density at transition εt and squared sound
speed c2s in units of speed of light c with phase transitions at
0.3, 0.4 and 0.5 fm−3 for hybrid metamodels PT03, PT04 and
PT05, respectively (see text for details).

metamodels, we display the prior distributions of ∆ε and
c2s in Fig. 1, too. For PT03, models with small values of
c2s (< 0.4c2) get suppressed significantly, but the rest still
remain uniformly distributed. The hybrid metamodel
PT04 clearly prefers to have larger c2s, which somewhat
evens out for PT05. The distributions of ∆ε for different
hybrid metamodels obtain crests at smaller values (i.e.
no first-order PT) compared to the uninformed flat prior.
In Fig. 2(a) we display the EoS of the nucleonic meta-

model along with hybrid metamodels PT03, PT04 and
PT05 in a 1σ confidence interval. We remind that these
EoS posteriors are consistent with various observational
constraints as described in section IVA. One can observe
that with increasing transition density nt from nucleonic
to quark matter, the overall region explored in the p-
n plane increases. An early phase transition requires a
very stiff behaviour of the quark phase, such as to meet
the 2M⊙ constraint. On the other hand, relatively softer
behaviours, corresponding to lower values of the c2s pa-
rameter, are allowed if the quark phase emerges at higher
densities. This is consistent with the distribution of c2s
displayed in Fig. 1(b).
In order to simulate hypothetical observations within

the Fisher formalism, one needs specific injection EoS
models. We chose different injection models for PT03,
PT04 and PT05 guided by the 1σ boundaries displayed in
Fig. 2(a). The representative injection EoS are displayed
in Fig. 2(b) for PT03, PT04 and PT05 hybrid meta-
models, respectively. Except for the plateau region, each
individual injection model follows the 16%, 33%, 50%,
67% and 84% quantiles of the corresponding posteriors
from the bottom to the top (or right to left), respectively.
We follow the nomenclature for the injection models ob-
tained at the 16% and 84% quantiles as “1σ-lower” and
“1σ-upper” models (c.f. Figs 4-7) of the corresponding
hybrid metamodel classes i.e. PT03, PT04 and PT05,
respectively.
In Fig. 3 we plot the two dimensional informed prior
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FIG. 2. (a): Pressure at β-equilibrium as a function of number
density n at the 1σ confidence interval obtained for nucleonic
Metamodel and hybrid metamodels PT03, PT04 and PT05;
(b): Injection models with first-order phase transitions based
on the intervals given in panel (a) obtained for simulated “ob-
servations” using gwbench (see text for more details).

distribution for M -R (panel(a)) and Λ-M (panel (b)) re-
lations of NSs using nucleonic and different hybrid meta-
models. Introducing a first-order hadron-quark phase
transition (c.f. Fig. 2(a)) in the hybrid metamodels and
the further requirements from various astrophysical con-
straints categorically soften the EoS. However, this does
not systematically shift the hybrid metamodels to explore
smaller R or Λ at a given M , with incremental nt i.e.

from 0.3 to 0.5 fm−3 due to the behaviour of the nucle-
onic model in between the different transition densities.
Beyond 1.2 M⊙, PT03 and the nucleonic metamodel ex-
plore almost complementary regions in the M -R and Λ-
M planes at the 1−σ level. The overlap regions increase
significantly between PT04 and nucleonic Metamodel for
both M -R and Λ-M . At larger masses (> 1.5 M⊙) PT04
also explores smaller R and Λ compared to the other
families of hybrid metamodels considered in this work.
PT05 almost engulfs the nucleonic metamodel, addition-
ally exploring smaller values of R and Λ at larger masses
(> 1.7 M⊙). Essentially these differences in Λ displayed
in Fig. 3 are manifested in the joint tidal deformability

FIG. 3. M -R and Λ-M relations at 1σ confidence interval
obtained for nucleonic Metamodel and hybrid metamodels
PT03, PT04 and PT05.

TABLE I. Different gwbench injection parameters which
were varied are listed. For all of them, χ1 = 0.01, χ2 = 0.005,
ι = 45◦ were kept fixed. Λ̃ and δΛ̃ were fixed by the underly-
ing injection models depicted in Fig. 2(b).

Parameter Range Step-size

M
0

c (M⊙) 1.1 - 1.46 0.045
q0 = m2

m1

0.79 - 0.99 0.05

DL (Mpc) 22, 120, 221, 326, 433,
544, 657, 772, 891, 1012

Λ̃, which is explored in detail in the next section.

B. Simulated observations

As an exploratory study, we start by considering single
events, choosing at each time specific values of chirp mass
M0

c , mass ratio q0, and luminosity distance DL keeping
the remaining parameters defining a BNS coalescence,
viz. spin ~χ of the constituents, inclination ι etc. fixed.
Altogether, we considered 9 values of M0

c , 5 values of
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FIG. 4. Probability distribution functions of joint tidal
deformability Λ̃ in nuclonic Metamodel, hybrid metamodel
PT03 and gwbench for mass ratio q = 0.79 (solid) and
q = 0.99 (dashed) obtained using PT03-1σ-lower injection
model, Mc = 1.19 M⊙ and DL = 22 Mpc.

q0 situated at 10 different DL as outlined in Table. I.
The response of the Fisher matrix formalism for a cho-
sen EoS was tested for these 450 assumed events with
equal probability. 5 different hybrid EoSs from each of
the PT03, PT04 and PT05 families were used for this
purpose, which are displayed explicitly in Fig. 2(b). Note
that we use the notation Mc and q instead ofM0

c and q0,
from here onward, respectively. This is just for simplicity.

We want to emphasize here that assumptions about
the chosen events, and how they are distributed in the
sky can affect the quantitative outcomes we are going to
demonstrate in this section. However, the methodology
proposed here can be used to incorporate models of neu-
tron star mass distributions, see e.g. [73]. We leave it as
a future study.

Before diving into the calculation of Bayes factors as
demonstrated in Eqs. (29)-(30), let us first analyze the
premises chosen in the different astrophysical parame-
ters and EoS modelling for the present endeavour. To
this aim, we compare systematically the probability dis-
tribution functions (PDFs) of Λ̃ of BNS merging events

that enter in Eqs. (29)-(30), i.e., p0GW (Λ̃), p
(1)
PT (Λ̃), and

p
(1)
meta(Λ̃) calculated from gwbench, hybrid and nucle-

onic metamodels, respectively, changing one variable at a
time, keeping the rest fixed. In Fig. 4, we plot the PDFs
of Λ̃ calculated from nucleonic metamodel (blue), hybrid
metamodel PT03 (green) and gwbench (red) for two
extreme mass ratios q = 0.79 (solid lines) and q = 0.99
(dashed lines) considered in the present calculation. In
both cases, Mc = 1.19 M⊙, DL = 22 Mpc were kept
fixed and the same injection model PT03-1σ-lower was
used in gwbench. The differences due to the variation
in q are almost negligible. In the case of a very close
detection shown in Fig. 4, the theoretical uncertain-
ties clearly prime over the observational ones. In spite

FIG. 5. The same as Fig. 4 but for Mc = 1.1 M⊙ (solid)
and Mc = 1.46 M⊙ (dashed) using PT03-1σ-lower injection
model, q = 0.89 and DL = 22 Mpc.

of those large uncertainties, the two theoretical distribu-
tions only marginally overlap. The Bayes factors calcu-
lated for q = 0.79 and q = 0.99 as depicted in Fig. 4 using

Eq. (29) turned out to be log
(

〈B〉1.19 M⊙,0.79
PT03,meta

)

= 2.15

and log
(

〈B〉1.19 M⊙,0.99
PT03,meta

)

= 1.56, respectively. We have

observed that the quantitative values of the Bayes factors
demonstrated here can further increase if a larger Mc is
chosen.

This is exactly what is analyzed in Fig. 5, where we
show the PDFs of Λ̃ calculated from the nucleonic meta-
model (blue) and one of its hybrid counterparts PT03
(green) along with gwbench (red) for two extreme cases
of chirp masses Mc = 1.1 M⊙ (solid lines) and Mc =
1.46 M⊙ (dashed lines) considered in the present cal-
culation. The same injection model PT03-1σ-lower was
used in this study as in Fig. 4. The mass ratio q and lu-
minosity distance DL was kept fixed at 0.89 and 22 Mpc,
respectively. Clearly, the difference in Mc results in a
change in the position of the peaks of the PDFs as well as
their widths. The particular scenario depicted in Fig. 5
for Mc = 1.1M⊙ and Mc = 1.46M⊙ results in a big dif-

ference in the Bayes factors, log
(

〈B〉1.1 M⊙,0.89
PT03,meta

)

= 1.54

and log
(

〈B〉1.46 M⊙,0.89
PT03,meta

)

= 3.22, respectively. In gen-

eral, the effect of Mc is found to be much stronger in
the Bayes factor compared to the mass ratio q, if the
rest of the variables are kept fixed. Identification of the
first-order PT will thus be more probable from the future
observations for events with larger Mc’s.

We lay our focus on the impact of injection models
on the PDFs of Λ̃ in Fig. 6. Like the analysis done in
Figs. 4 and 5, there is no exact guide to choose two
extreme injection models from the ones outlined in Fig.
2(b). Keeping an eye on Fig. 2(a), we choose PT03-1σ-
lower and PT05-1σ-upper with the idea that they have
the least and maximum overlap with the nucleonic meta-
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FIG. 6. The same as Fig. 4 but for injection models PT03-
1σ-lower (solid) and PT05-1σ-upper (dashed) using Mc =
1.19 M⊙, q = 0.89 and DL = 22 Mpc.

model, respectively. PDFs of Λ̃ obtained using PT03-1σ-
lower (solid lines) and PT05-1σ-upper (dashed lines) are
displayed in Fig. 6 for the nucleonic metamodel (blue),
hybrid metamodels (green) and gwbench (red). One
should note that, depending on the injection models we
display the corresponding hybrid metamodels PT03 and
PT05, respectively. Since the underlying astrophysical
event is the same with Mc = 1.19 M⊙, q = 0.89 and

DL = 22 Mpc, the PDF of Λ̃ obtained with nucleonic
Metamodel appears as a common one for both the injec-
tion models. The Bayes factors for the cases considered

in Fig. 6 turn out to be log
(

〈B〉1.19 M⊙,0.89
PT03,meta

)

= 1.79

and log
(

〈B〉1.19 M⊙,0.89
PT05,meta

)

= 0.02 for PT03-1σ-lower and

PT05-1σ-upper, respectively. This gives already an indi-
cation that identifying an early hadron-quark first-order
PT will be more probable than a later one from future
gravitational wave signals.

Depending on how far one BNS merger event takes
place, the signal-to-noise ratio (SNR) recorded in grav-
itational wave interferometers can vary a lot. We have
analyzed, to this aim, an event with Mc = 1.19 M⊙,
q = 0.89 simulated using PT03-1σ-lower injection model
at luminosity distances DL = 22 Mpc (solid lines) and

DL = 1012 Mpc (dashed lines) in Fig. 7. The PDFs of Λ̃
corresponding to the nucleonic metamodel, hybrid meta-
model PT03 and gwbench are displayed in blue, green
and red, respectively. The broadening of the PDFs from
the case with DL = 22 Mpc to the case with DL = 1012
Mpc is clearly visible, which eventually affects the cal-
culation of Bayes factors using Eq. (29). For DL = 22

Mpc, the Bayes factor is log
(

〈B〉1.19 M⊙,0.89
PT03,meta

)

= 1.79

(same as the one obtained from the solid lines in Fig.
6); for DL = 1012 Mpc the Bayes factor becomes

log
(

〈B〉1.19 M⊙,0.89
PT03,meta

)

= 0.76. Even though in this par-

ticular case depicted in Fig. 7, there is a clear hint of

FIG. 7. The same as Fig. 4 but for DL = 22 Mpc (solid)
and DL = 1012 Mpc (dashed) using PT03-1σ-lower injection
model, Mc = 1.19 M⊙ and q = 0.89.

FIG. 8. Average Bayes factor as a function of luminosity
distance DL for different injection models, averaged over the
respective class of hybrid metamodels using Eq. (29). The
distributions come from the variation in q and Mc considered
in the present calculation (see Table I).

hybrid metamodel to be preferred over the nucleonic one,
the evidence is not significant enough, even if we suppose
an early phase transition.
To have the global picture of the PT detectability, we

plot the Bayes factors at different luminosity distances
DL comparing PT03, PT04 and PT05 against the nu-
cleonic metamodel in panels (a), (b) and (c) of Fig. 8,
respectively. In each panel, at a given DL, the variation

in log
(

〈B〉Mc,q
PT,meta

)

comes from the variation in Mc, q

and injections models. Since we are interested in iden-
tifying the notion of a phase transition, high values of

log
(

〈B〉Mc,q
PT,meta

)

≥ 1 − 2 is our primary concern [74].
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From Fig. 8(c) it is evident that the existence of a first-
order transition at around 0.5 fm−3 (∼ 3nsat) can’t be
identified from a single gravitational wave signal with
third generation interferometers. In Fig. 8(a) the other
extreme case considered in the present calculation, i.e.,
a phase transition at 0.3 fm−3 (∼ 2nsat) seems to be a
viable situation that can be identified particularly with
high confidence at distances less than 300 Mpc. The

highest positive values of log
(

〈B〉Mc,q
PT,meta

)

at almost all

distances are associated with larger Mc’s obtained using
injection models with lower quantiles (see Fig. 2(b) and
the corresponding discussion). It seems from Fig. 8(b)
that only for a small percentage of events at low luminos-
ity distances (DL . 100 Mpc) a phase transition can be
identified if nature prefers to have it at ∼ 0.4 fm−3. Par-

ticularly, at DL = 22 Mpc the high log
(

〈B〉Mc,q
PT,meta

)

val-

ues correspond to Mc > 1.4M⊙ obtained with PT04-1σ-
lower injection model. We expect that the detectability
of a first order phase transition reported in the present
study will be largely improved by considering multiple
detections, as expected by the future Einstein Telescope.
To this aim, we plan to study the evolution of the Bayes
factors as a function of the number of detections, by in-
cluding realistic population distributions.

VI. SUMMARY AND DISCUSSION

In summary, we have presented an updated metamod-
elling technique for the EoS in neutron star matter in-
cluding potential first-order hadron-quark phase transi-
tions. The hadronic core is assumed to have only nucle-
ons and leptons up to a specified density. The EoS for
the nucleonic core is obtained by an optimized expansion
in number density truncated at fourth order following
[40]. The crust EoS and composition are subsequently ex-
tracted with a unified approach in the spherical Wigner-
Seitz approximation. The extension of the EoS modelling
in the quark core is done with the constant sound speed
model, without dwelling on the microscopic composition.
Three classes of hybrid (nucleon + quark) metamodels

PT03, PT04 and PT05 named after the density corre-
sponding to the hadron-quark phase transition, i.e., 0.3,
0.4 and 0.5 fm−3, respectively, were generated. These hy-
brid metamodels were already made compliant with dif-
ferent nuclear physics and astrophysics constraints within
the Bayesian paradigm. Using these hybrid and nucleonic
posteriors, we proposed a framework based on Bayes fac-
tors to discriminate a possible sign of phase transition
from future gravitational wave signals generated by BNS
mergers. To simulate future observational signals, we
used the Fisher matrix formalism employing the publicly
available tool gwbench [52] that simulates the gravita-
tional wave signal using the TaylorF2 + tidal waveform
templates and includes the detector features of the pro-

jected third- generation ground-based interferometers.
We considered a single detection, and compared different
chosen cases corresponding to different masses of NSs,
located at different distances, and using injection models
which include first-order phase transition. In particular,
these hybrid injection models were constructed out of
PT03, PT04 and PT05 1σ posteriors, which are already
informed by different physical constraints. We have crit-
ically assessed the impact of diversified variables in the
discrimination of a phase transition signature through
the Bayes factors.

We have found that the mass ratio of the constituents
of a BNS merger does not play a significant role in the
magnitude of the Bayes factors. Overall, higher chirp
mass, smaller luminosity distances and early phase tran-
sition with strong first-order effect can facilitate a pos-
sible identification of phase transition from future grav-
itational wave signals. Further, we have found that if
nature prefers to have a phase transition at higher den-
sities (& 3nsat), it is most likely to be masked, since it
would be possible to explain that with an EoS model
without phase transition.

This study is directed mostly towards structuring a
framework to look for the signatures of phase transition
in future gravitational wave signals generated by BNS
mergers. A further study incorporating realistic popula-
tion models is needed to estimate the effect of multiple
detections. It is also going to be important to incorporate
microscopic modelling in the quark phase to extract fur-
ther physical information regarding composition at high
densities. We leave these ventures for future studies.
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ABSTRACT

Current research indicates that (sub)surface ocean worlds essentially devoid of subaerial landmasses
(e.g., continents) are common in the Milky Way, and that these worlds could host habitable conditions,
thence raising the possibility that life and technological intelligence (TI) may arise in such aquatic
settings. It is known, however, that TI on Earth (i.e., humans) arose on land. Motivated by these
considerations, we present a Bayesian framework to assess the prospects for the emergence of TIs in
land- and ocean-based habitats (LBHs and OBHs). If all factors are equally conducive for TIs to
arise in LBHs and OBHs, we demonstrate that the evolution of TIs in LBHs (which includes humans)
might have very low odds of roughly 1-in-103 to 1-in-104, thus outwardly contradicting the Copernican
Principle. Hence, we elucidate three avenues whereby the Copernican Principle can be preserved:
(i) the emergence rate of TIs is much lower in OBHs, (ii) the habitability interval for TIs is much
shorter in OBHs, and (iii) only a small fraction of worlds with OBHs comprise appropriate conditions
for effectuating TIs. We also briefly discuss methods for empirically falsifying our predictions, and
comment on the feasibility of supporting TIs in aerial environments.

1. INTRODUCTION

It is a well-known fact that liquid water (or “water”
for short) is a critical prerequisite for life-as-we-know-it
because it exhibits many desirable properties as a sol-
vent (Pohorille & Pratt 2012; Ball 2017; Schulze-Makuch
& Irwin 2018). It is not surprising, therefore, that the
“follow the water” strategy is widely pursued in astrobi-
ology (Hubbard et al. 2002; Mottl et al. 2007; Westall &
Brack 2018); this approach is manifested, for instance,
in the concept of the habitable zone (HZ) (Dole 1964;
Kasting et al. 1993; Kopparapu et al. 2013, 2014).1

If we contemplate the Solar system, there are many
worlds that host(ed) extensive bodies of liquid water.
The majority of them can be termed “ocean worlds”
(or “water worlds”) due to the fact that they lack sub-
aerial landmasses (notably continents). Earth itself ap-
pears to have been mostly devoid of subaerial land-
masses for a fraction of its history as per several analyses
(Hawkesworth et al. 2017). In this context, some the-
oretical models and empirical geochemical constraints
suggest that continents may not have emerged for most

Corresponding author: Manasvi Lingam

mlingam@fit.edu

1 The HZ, which embodies the region around the star where water
could exist on a rocky planet’s surface, has a long history dating
back to at least the 19th century (Lingam 2021).

of the Archean (Flament et al. 2008; Bindeman et al.
2018; Johnson & Wing 2020), making the Earth effec-
tively (although not completely) an ocean world during
this interval of nearly 2 Gyr since its formation.

In our Solar system, the vast majority of objects with
liquid water may actually consist of subsurface oceans
underneath icy crusts, as opposed to containing oceans
on the surface. The quintessential examples in this cate-
gory are Enceladus and Europa, and several other worlds
(e.g., Titan) are also confirmed to host subsurface oceans
(Nimmo & Pappalardo 2016; Lunine 2017; Hendrix et al.
2019). Hence, substantial attention has been devoted
to gauging the habitability (via modeling and experi-
ments) of the subsurface ocean worlds discovered in our
Solar system (Hand et al. 2020; Taubner et al. 2020;
Cable et al. 2021; MacKenzie et al. 2021; Glass et al.
2022). The physicochemical prerequisites for habitabil-
ity of planetary bodies, which is an inherently multi-
faceted paradigm, are reviewed in Lammer et al. (2009);
Kasting (2010); Cockell et al. (2016, 2022); Shields et al.
(2016); Lingam & Loeb (2019a); Kane (2021).

Looking beyond the Solar system, the discovery of de-
bris disks (comprising analogs of the Kuiper belt) and
exocomets (Matthews et al. 2014; Hughes et al. 2018;
Rappaport et al. 2018; Strøm et al. 2020; Rebollido et al.
2020), in a sizeable fraction of planetary systems (Mon-
tesinos et al. 2016; Sibthorpe et al. 2018), supports the
surmise that small icy bodies – which could host subsur-
face oceans of liquid water in principle – are prevalent
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in the Milky Way. Changing tack, a combination of
exoplanet observations and modeling has demonstrated
that many of them are likely to be ocean worlds – build-
ing on early proposals by Kuchner (2003) and Léger
et al. (2004) – with only oceans and no landmasses on
the surface (Zeng et al. 2019, 2021; Venturini et al. 2020;
Mousis et al. 2020; Luque & Pallé 2022; Neil et al. 2022).

Some of the planets of the famous TRAPPIST-1 sys-
tem detected in 2016-17 (Gillon et al. 2017) might be-
long to this group, and host water fractions of . 10%
(Grimm et al. 2018; Agol et al. 2021; Acuña et al. 2021);
on the other hand, Earth’s oceans merely add up to
∼ 0.02% of its mass. The surficial habitability of ocean
worlds has been explored in numerous publications (e.g.,
Goldblatt 2015; Kitzmann et al. 2015; Noack et al. 2016;
Kite & Ford 2018; Lingam & Loeb 2021a; Madhusudhan
et al. 2021; Syverson et al. 2021). While the existence
of liquid water is a given for these worlds (by their for-
mulation), the prospects for maintaining stable climate,
nutrient supply, and water-rock interactions, inter alia,
on geological timescales are less clear.

Yet, it is an incontrovertible datum that humans
evolved on land-based habitats, and not in aquatic en-
vironments even though the latter are anticipated to be
commonplace in the Milky Way.2 Our emphasis on hu-
mans is not just mere anthropocentrism, but is instead a
reflection of the canonical received notion that no other
known species on Earth has (a) so radically transformed
the biosphere in such a short timescale, even leading
to the coinage of a potential new epoch, the Anthro-
pocene (Ellis 2011; Lewis & Maslin 2015; Zalasiewicz
et al. 2015; Waters et al. 2016); and (b) generated sig-
natures of its technology (technosignatures) that are de-
tectable across significant (e.g., interstellar) distances
(Tarter 2001; Socas-Navarro et al. 2021).

The preceding paragraphs raise the question: What is
the probability of the emergence of technological intelli-
gence (e.g., humans) in land- and ocean-based habitats?
Earth is composed of both types of environments, but
ocean worlds only possess the latter. This topic has an
unexpectedly long history. Alfred Russel Wallace, who
is renowned as the co-discoverer of the theory of natural
selection (along with Charles Darwin), contended over a
century ago that worlds with both continents and oceans
are apposite for the evolution of complex animal-like life-
forms (Wallace 1903, Chapter 12). In recent times, by
performing mathematical analyses, Simpson (2017) and
Lingam & Loeb (2019b) posited that the concomitant
existence of oceans and continents on Earth was pivotal
for the genesis of technological intelligence.

2 In a similar vein, other seemingly unusual circumstances linked to
humans include the presence of a large moon (Ward & Brownlee
2000; Benn 2001); the location of Jupiter in the Solar system
(Ward & Brownlee 2000; Horner & Jones 2008); orbit around a G-
type star (Haqq-Misra et al. 2018; Kipping 2021); and existence
in the current cosmic epoch (Loeb et al. 2016; Kipping 2021).

In contrast, a few publications have postulated the op-
posite stance either implicitly or explicitly, to wit, that
it is feasible to have technological intelligences emerge
on ocean worlds, which consist of surface or subsurface
oceans. As briefly reviewed hereafter in Section 4.1, sev-
eral marine animals evince multiple attributes of com-
plex (higher-order) cognition. Clements (2018) conjec-
tured, in connection with the Fermi paradox (Cirkovic
2018; Forgan 2019), that the majority of such intelligent
organisms may be sealed in subsurface ocean worlds. It
must be recognized, however, that in this case, the evo-
lution of humans in a land-based environment would be
rendered anomalous to a certain degree.

Motivated by the previous exposition, we carry out a
quantitative (viz., Bayesian) analysis of the emergence
of technological intelligence in land- and ocean-based
habitats, taking our cue from Bayesian approaches in
astrobiology that have sought to address a diverse ar-
ray of unknowns (e.g., Waltham 2011, 2017; Spiegel &
Turner 2012; Lacki 2016; Simpson 2017; Catling et al.
2018; Whitmire 2019; Lorenz 2019; Balbi & Grimaldi
2020; Kipping 2020, 2021; Snyder-Beattie et al. 2021;
Lineweaver 2022). The structure of the paper is con-
structed based on the following line of reasoning.

We begin with clarifying some central terms employed
throughout the paper and discussing the prevalence of
worlds with LBHs and OBHs in Section 2, thereby es-
tablishing the foundation(s) for the Bayesian analysis
in Section 3, which is mathematically (albeit not phys-
ically) equivalent to the formalism in Kipping (2021);
in this section, we also demonstrate how technologi-
cal intelligences in land-based habitats may be anoma-
lous. In Section 4, we qualitatively and quantitatively
describe avenues whereby technological intelligences in
land-based habitats could be rendered non-anomalous.
Lastly, our salient findings are summarized in Section 5.

2. BASIC CHARACTERISTICS OF THE MODEL

We will introduce a number of definitions and heuris-
tics that are vital for our subsequent mathematical anal-
ysis. The reader may, instead, proceed directly to Sec-
tion 3 for the statistical treatment.

2.1. Model definitions

To begin with, the classification that we shall tackle
is the demarcation of land- and ocean-based habitats,
because it is central to this work.

Land-based habitats (LBHs): In land-based habi-
tats, we include all terrestrial environments that can
exist on worlds with landmasses, but not on ocean
worlds. In other words, this category encompasses not
just subaerial settings like continents and volcanic is-
lands (and the water bodies ensconced amid them), but
also subterranean environments (typically) within the
continental crust; the latter on Earth host the thriving
deep biosphere (Edwards et al. 2012; Magnabosco et al.
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2018). A clarification worth underscoring is that organ-
isms in land-based habitats would still require access
to water, which is the solvent for life-as-we-know-it.3

Moreover, in the limit of the land fraction approach-
ing unity, the world is predicted to be covered by arid
deserts with minimal biological productivity (Wallace
1903; Lingam & Loeb 2019b; Höning & Spohn 2022).

Ocean-based habitats (OBHs): By ocean-based
habitats, we cover all environments that can theoreti-
cally exist on ocean worlds, as well as those harboring a
mixture of oceans and landmasses (i.e., akin to Earth).
Therefore, as indicated by the terminology, OBHs ne-
cessitate the presence of oceans in some form. This
category includes putative environments on the seafloor
(e.g., submarine hydrothermal vents) and underneath
it (i.e., in the oceanic crust),4 both of which feature
diverse ecosystems on Earth (Whitman et al. 1998; Or-
cutt et al. 2011; Orsi 2018) in addition to the oceans
themselves. The oceans can either occur on the surface
or underneath an icy crust or ice-rock mixture (Vazan
et al. 2022); the second case of this trio would resemble
certain icy worlds (e.g., Enceladus) in our Solar system.

At first glimpse, these two eclectic categories appear
to span the range of possible habitable worlds (for
life-as-we-know-it) along with the myriad environments
inherent to these worlds. It should be appreciated that
OBHs and LBHs, although by their formulation cannot
overlap, may nonetheless coexist in the same world, as
is the case for Earth. A handful of other noteworthy
subtleties warrant highlighting and elucidating.

1. It is natural to wonder in which category amphibious
organisms, which are quite widespread on Earth, should
be assigned; as suggested by their nomenclature, the
life cycles of these lifeforms may involve both LBHs and
OBHs. By virtue of the manner in which the two classes
were delineated, LBHs are automatically excluded from
ocean worlds, which are devoid of landmasses alto-
gether. If certain essential components of the life cycle
(e.g., reproduction) of a particular species entail LBHs,
it may be grouped in that category since LBHs still
permit localized water bodies in which organisms might
complete parts of their life cycle. In contrast, by simple
tautology, OBHs are sans land environments.
By the same token, habitats that lie at the interface of

3 Alternative biochemistries may be viable (Firsoff 1963; Bains
2004; Benner et al. 2004; Schulze-Makuch & Irwin 2018), but
remain empirically unsubstantiated to this date. Hence, we err
on the side of caution and restrict ourselves to lifeforms predi-
cated on the biochemistry of Earth (viz., carbon and water).

4 If the oceans (or overlying icy crusts) are deep and/or the parent
worlds are large, the formation of high-pressure ices could prevent
the actualization of some of these environments (Noack et al.
2016; Journaux et al. 2020; Nixon & Madhusudhan 2021).

landmasses and oceans are readily conceivable. We can
seek to classify such habitats as either LBHs or OBHs
on the basis of whether the underlying crust is continen-
tal or oceanic. If this distinction is not clear-cut, then
we may categorize the environments based on which
component (land or water) is more prominent in terms
of area, volume, or some other salient characteristic.

2. Aerial habitats are conspicuous by their absence
hitherto. It is well-established that microbes survive in
Earth’s upper atmosphere (Smith 2013; DasSarma &
DasSarma 2018), and that the likes of Venus (Morowitz
& Sagan 1967; Limaye et al. 2021), Jupiter and other
gas giants (Shapley 1967; Sagan & Salpeter 1976), and
brown dwarfs (Shapley 1967; Yates et al. 2017; Lingam
& Loeb 2019c) might be capable of harboring aerial
biospheres in principle. To the best of our knowledge,
however, we are not cognizant of any organisms that
complete their entire life cycle exclusively in Earth’s at-
mosphere. More importantly, the subject of this study
is technological intelligence (TI), as described below.
We outline some feasible reasons in the Appendix as to
why TI seems unlikely to transpire in aerial habitats.5

3. Although we have allowed for the possibility of sub-
terranean and subseafloor habitats, respectively, within
the continental and oceanic crust, we will discount
such settings hereafter. The chief rationale is that the
pores, cracks, and spaces in the rocks are conducive
to the existence of microbes, but are anticipated to be
inadequate for macroscopic organisms. As remarked
in the preceding paragraph, we are interested in TI,
and it is worth emphasizing that a general correlation
between high cognition,6 brain size, and body size is
documented on Earth (Jerison 1973; Armstrong 1983;
Herculano-Houzel 2016). In consequence, if the afore-
mentioned environments can merely host microscopic
(or mesoscopic) lifeforms, it is plausible that TI (needing
high cognitive skills) would be untenable. Furthermore,
these habitats are often severely energy-limited and/or
nutrient-limited (Hoehler & Jørgensen 2013; Lever et al.
2015; Magnabosco et al. 2018; Bradley et al. 2020),
thereby posing crucial issues for supporting TIs aside
from the above constraint of available space.
In the same vein, while ice might be an appropriate
medium for engendering the origin of life (Trinks et al.
2005; Attwater et al. 2013) and/or hosting small ex-
tremophiles (Price 2007; Martin & McMinn 2018), it

5 It must be recognized that these reasons implicitly adopt Earth-
based paradigms, which are not necessarily valid. However, in the
absence of credible alternative pathways, it is a common strategy
in astrobiology to employ Earth as the benchmark (e.g., Sullivan
& Baross 2007; Dick 2015; Cleland 2019; Powell 2020).

6 We caution, however, that constructing unequivocal metrics for
bracketing organisms by their cognitive abilities, or a sliding scale
for consciousness (Birch et al. 2020), is riddled with problems.
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does not appear suitable a priori for hosting TIs, which
are presumably macroscopic, because of the limited
space, energy, and nutrients. Hence, ice-based habitats
are excluded from our analysis of TIs.

Next, we unpack a vital aspect of the central theme of
this paper, to wit, exploring the prospects of the emer-
gence of lifeforms that belong to the same reference class
as humans. Under what conditions, however, can organ-
isms be placed in the same reference class as humans?
In grappling with this question, we encounter a cognate
fundamental question: What are the core differences be-
tween humans and nonhuman animals? Are they “one
of degree and not of kind”, as succinctly posited by Dar-
win (1871, pg. 101)? This subject has, unsurprisingly,
attracted intense debate since at least the 19th century.
Numerous publications contend that humans and non-
human animals may be separated by a discontinuity or a
profound gap in some respects (Penn et al. 2008; Corbal-
lis 2011; Suddendorf 2013; Tomasello 2014; Berwick &
Chomsky 2016; Heyes 2018; Kershenbaum 2020), while
others favor the opposite stance vis-à-vis select traits or
even on the whole (Griffin 2001; Roth & Dicke 2005;
Bekoff & Pierce 2009; Whitehead & Rendell 2015; De
Waal 2016, 2019; Andrews 2020). When viewed in to-
tality, the overall trend might be gradually shifting to-
ward the latter camp, which builds upon the philosophy
espoused by Darwin (Richerson et al. 2021).

In lieu of an in-depth discussion of this intricate and
wide-ranging topic, it suffices to state that we will
consider organisms occupying a socio-cognitive niche
broadly analogous to that attributed to humans as be-
longing to the same reference class. This niche is en-
dowed with components such as cultural transmission,
language, and theory of mind (Pinker 2010; Boyd et al.
2011; Whiten & Erdal 2012; Laland 2017), inter alia,
and is predicated on a high level of technology in con-
junction with the manifold facets of intelligence; or
equivalently technological intelligence (TI). Therefore,
we will designate the biological lifeforms drawn from this
reference class as TIs, or sometimes as extraterrestrial
technological intelligences (ETIs). While technology on
the one hand and intelligence/cognition on the other are
manifestly not independent – in fact, they are deeply in-
tertwined insofar as humans are concerned (Engels 1950
[1876]; Washburn 1959; Stout & Chaminade 2012; Os-
iurak & Reynaud 2020) – the above focus on TI renders
the connections with technosignatures more apparent.

Before moving on, we underscore that concepts such
as “technological intelligence” and “technology” are sub-
tle and exhibit a certain degree of ambiguity. Hence,
it is conceivable that TIs in OBHs are endowed with
characteristics that might place them in the same ref-
erence class as humans in some, but not in all, impor-
tant respects. As per the Ad Hoc Committee on SETI
Nomenclature, (technological) “intelligence” may be un-
derstood as (Wright et al. 2018):

In the acronyms SETI and ETI, the quality
of being able to deliberately engineer tech-
nology which might be detectable using as-
tronomical observation techniques.

And “technology” was defined by the aforementioned
committee to be (Wright et al. 2018):

The physical manifestations of deliberate en-
gineering. That which produces a technosig-
nature.

Due to the complexity of these concepts, a detailed
treatment lies beyond the scope of this paper.

2.2. Model set-up

Although the quantitative analysis is pursued primar-
ily in Section 3, we will perform a couple of simple esti-
mates herein that are employed later.

In the ensuing calculations, the labels ‘L’ and ‘O’
signify LBHs and OBHs, respectively. Our goal is to
gauge the potential number of worlds in the Milky Way
with LBHs and OBHs that possess suitable conditions
for the genesis and sustenance of TIs over geological
timescales (& 1 Gyr); these quantities are denoted by
NL and NO, respectively. In order to carry out these
rough calculations, we will resort to a heuristic approach
loosely reminiscent of the Drake equation (Drake 1965;
Shklovskii & Sagan 1966). Similar approaches have been
adopted for addressing the origin of life (Scharf & Cronin
2016), biosignatures (Seager 2018), and technosigna-
tures (Lingam & Loeb 2019d; Wright et al. 2022).

Let us begin with estimating NL, because NO will be
constructed similarly. Along the lines of the preceding
publications, we will express NL as

NL ∼ N? · nL · fL, (1)

where N? is the total number of main-sequence stars
in the Milky Way, nL is the mean number of worlds
per main-sequence star that can host LBHs in princi-
ple, and fL is the fraction of such worlds that actually
evince conditions appropriate for TIs, i.e., habitable in
this sense. The factor fL encompasses multiple desider-
ata from habitability (aside from liquid water), abiogen-
esis, and TI. Likewise, the equation for NO is as follows:

NO ∼ N? · nO · fO, (2)

where nO and fO are the oceanic counterparts of nL and
fL. We define the ratio of these two quantities by ξ, as
it plays a major role later, and it simplifies to

ξ ≡ NL

NO
∼

(
nL
nO

)(
fL
fO

)
. (3)

Although nL and nO are unknown, it is still possible to
constrain them (to an extent) because these variables
fall under the purview of (exo)planetary science.
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Turning our attention to nL, the worlds in question
must be rocky and situated in the HZ (introduced in
Section 1). The latter restriction follows from the fact
that even surficial LBHs (see point #1 in Section 2.1)
must have liquid water to permit habitability. The num-
ber of rocky (planet-sized) worlds in the HZ per star
(η⊕) is not yet precisely determined. We will work with
η⊕ ∼ 0.1 (see Kaltenegger 2017), which could be slightly
on the conservative side (Dressing & Charbonneau 2015;
Zink & Hansen 2019; Bryson et al. 2021). Next, we must
specify what fraction of these worlds may have a mixture
of landmasses and oceans on the surface. Worlds devoid
of surface water are excluded due to habitability issues
and worlds sans land (i.e., ocean worlds) are excluded
by definition in the context of estimating nL.

Both theoretical estimates (Lingam & Loeb 2021b,
pg. 438) and state-of-the-art simulations of exoplan-
ets around low-mass stars (Kimura & Ikoma 2022) in-
dicate that the above fraction is . 10% (cf. Tian &
Ida 2015). By combining the two factors, we end up
with nL ∼ 0.1 × η⊕ ∼ 0.01. The definition of nL delin-
eated below (1) emphasizes that this estimate is merely
in principle, and not in actuality. Hence, our calcula-
tion does not imply that 1% of all stars necessarily host
rocky worlds with LBHs, and only suggests that they
may do so. The rest of the uncertainty is, in essence,
folded into the variable fL; likewise, the corresponding
uncertainty for OBHs is incorporated in fO.

Now, we shall tackle nO, where we must divide the
calculation into two segments to account for surface and
subsurface oceans. In the case of surface oceans, the
analysis is similar to the previous paragraphs, which
leads us to ∼ 0.35× η⊕, with the fraction of 0.35 drawn
from the numerical simulations by Kimura & Ikoma
(2022); also refer to the model by Tian & Ida (2015).
When it comes to subsurface oceans, however, the value
of nO is much enhanced through two avenues. First, icy
worlds with subsurface oceans are ostensibly common in
the outer regions of planetary systems beyond the snow
line. Second, a substantial number of icy planetesimals
are ejected and comprise a free-floating population.

Tentative constraints on the number density of free-
floating icy worlds can be derived by extrapolating mi-
crolensing studies to a certain size threshold (Strigari
et al. 2012; Dai & Guerras 2018); the recent discovery of
interstellar planetesimals has furnished additional data
(Moro-Mart́ın 2022; Jewitt & Seligman 2022). With
regard to icy worlds that are gravitationally bound to
stars, their number is sensitive to planetary system ar-
chitecture, stellar spectral type, and so forth, thereby
requiring a statistical (population) study. Based on the
available data, Lingam & Loeb (2019e) proposed that
nO ∼ 100 for subsurface ocean worlds, which is compat-
ible with the analysis of Mojzsis (2021). Both these pub-
lications allow for the possibility of nO ∼ 1000. We re-
iterate that nO denotes the number of worlds per main-
sequence star that could support OHBs in principle.

After synthesizing the above data, and plugging them
into (3), we duly end up with

ξ ∼ 10−4

(
fL
fO

)
, (4)

owing to which we adopt the fiducial value of ξ ∼ 10−4

henceforth, unless stated otherwise. This choice is ob-
tained after specifying fL ∼ fO in (4). We revisit this
vital assumption in Section 4.3, since it merely consti-
tutes the default position whose validity is not assured.
If the chosen value of ξ ∼ 10−4 is approximately correct,
the potential number of worlds with OBHs (conducive
to TIs) may outnumber those with LBHs by orders of
magnitude, making the emergence of TIs in the latter
conceivably anomalous, as discussed subsequently.

3. MATHEMATICAL FRAMEWORK AND
IMPLICATIONS

With the various pieces assembled, we are equipped
to expound our Bayesian approach. This formalism can
be generalized, in principle, to a generic class of prob-
lems wherein some event/datum is observed in appar-
ently unusual conditions associated with some reference
class. However, as our current thrust is on TIs in LBHs
and OBHs, we will tailor our exposition accordingly.

To recap from Section 2.2, the labels ‘L’ and ‘O’ stand
for LBHs and OBHs, respectively. The variable ξ em-
bodies the ratio of the potential number of worlds with
LBHs and OBHs with settings appropriate for TIs, and
was estimated in (4). We are chiefly interested in calcu-
lating P (L|TI) and P (O|TI). The former roughly repre-
sents the probability of hosting TI (in the same reference
class as humans) on LBHs, while the latter is the anal-
ogous probability for OBHs. To put it more precisely,
each of these quantities embodies the probability that a
randomly picked habitat belongs to the L or O category,
given the condition that it hosts a TI.

As per the well-known Bayes’s theorem (Jeffreys 1973;
Jaynes 2003), P (L|TI) can be expressed as

P (L|TI) =
P (TI|L)P (L)

P (TI)
, (5)

where P (TI|L) is the probability of the emergence of TI,
given the condition that it unfolds in LBHs (namely, on
worlds containing LBHs); P (L) denotes the probability
of selecting a world with LBHs; and P (TI) is the prob-
ability of technological intelligence that will be defined
shortly. Likewise, the formula for P (O|TI) is derivable
by replacing L with O in (5), thereby yielding

P (O|TI) =
P (TI|O)P (O)

P (TI)
. (6)

Computing the probabilities P (L) and P (O) is
straightforward because this problem maps directly to
the classic problem of drawing black and red balls from



6

an urn. In consequence, these probabilities are given by

P (L) =
NL

NL +NO
=

ξ

ξ + 1
, (7)

P (O) =
NO

NL +NO
=

1

ξ + 1
, (8)

from which we notice that P (L) +P (O) = 1. This iden-
tity is expected because there are only two categories of
habitats for TI in our treatment; note that aerial habi-
tats are excluded, as adumbrated in Section 2.1. It is
worth recalling that habitable worlds could consist of
both LBHs and OBHs (e.g., Earth) or just OBHs (ocean
worlds), as per our conceptualization in Section 2.1.

Now, we consider the conditional probability P (TI|L).
If the origination of TI is encapsulated by a Poisson pro-
cess (e.g., Carter 1983; Spiegel & Turner 2012; Scharf &
Cronin 2016), we can introduce a uniform rate parame-
ter λL for the emergence of TI, and a “habitability in-
terval” tL, which is the time over which TI could arise;
both these parameters may be visualized as ensemble
averages. Since P (TI|L) is the probability that at least
one successful instantiation of TI has transpired in the
habitability interval, for Poisson statistics we have

P (TI|L) = 1− exp (−λLtL) . (9)

In a similar vein, we can write down the equation for
the conditional probability P (TI|O) as follows:

P (TI|O) = 1− exp (−λOtO) , (10)

where λO and tO are the associated rate parameter and
habitability interval for TI in OHBs, respectively.

Lastly, for computing P (TI), we will utilize the law of
total probability (Gut 2005, pg. 17), which leads to

P (TI) = P (TI|L)P (L) + P (TI|O)P (O). (11)

Finally, substituting (7)–(11) into (5) and simplifying
the ensuing expression, the probabilities are reduced to

P (L|TI) =
[1− exp (−λLtL)] ξ

[1− exp (−λLtL)] ξ + 1− exp (−λOtO)
,

(12)

P (O|TI) =
1− exp (−λOtO)

[1− exp (−λLtL)] ξ + 1− exp (−λOtO)
.

(13)
The two equations are formally equivalent to those de-
rived in Kipping (2021), who investigated the prospects
for TIs on planets around M-dwarfs versus FGK stars.
This exact correspondence is readily explainable from a
mathematical standpoint because our work and Kipping
(2021) both entail two categories of habitable worlds (al-
beit of different types) and explore the feasibility of the
emergence of TI on such worlds. Of this duo, owing to

the simple fact that human beings dwell on LBHs, the
former is of more relevance and interest to us. We will,
therefore, focus on (12) for the remainder of this section.
It is apparent from (12) that there are five unknowns, of
which we have tackled ξ in Section 2.2, thence leaving
us with four parameters. Of this quartet, we will now
delve into the habitability intervals below.

As elucidated in Section 2.2, LBHs are linked with
rocky worlds in the HZ. An upper bound on tL is conse-
quently set by the amount of time that an object spends
in the HZ. As per numerical models, the continuous HZ
lifetime ranges from ∼ 6.8 Gyr for 1M� stars to ∼ 42
Gyr for 0.2M� stars (Rushby et al. 2013, Table 5). How-
ever, it must be recognized that the habitability interval
could be lower in actuality due to the negative effects of
various physical processes. For instance, multispecies
magnetohydrodynamic simulations have demonstrated
that M-dwarf exoplanets with surface pressures of . 1
bar are susceptible to complete atmospheric depletion on
timescales of . 1 Gyr because of substantial nonthermal
escape rates (Garcia-Sage et al. 2017; Dong et al. 2017,
2018, 2019, 2020; Airapetian et al. 2020).

Aside from the putative drawback of atmospheric re-
tention, M-dwarf exoplanets are plausibly beset by a
bevy of challenges such as tidal locking, prolonged pre-
main-sequence phase with high irradiation, insufficient
photon fluxes for prebiotic chemistry and photosynthe-
sis, ozone depletion by regular stellar proton events,
and frequency of (super)flares, to name a few (Tarter
et al. 2007; Shields et al. 2016; Lingam & Loeb 2019a;
Airapetian et al. 2020).7 The primary rationale for sin-
gling out M-dwarf exoplanets stems from the datum that
M-dwarfs are the most common (∼ 75%) and long-lived
stars in the Milky Way (Tarter et al. 2007). Therefore,
on account of all the earlier reasons, we adopt a some-
what conservative value of tL ∼ 10 Gyr in lieu of the
suitable mean continuous HZ lifetime, which would be
a few times higher than our current choice for tL.

Next, we turn our gaze toward tO. As suggested in
Section 2.2, the vast majority of worlds with OBHs
might be those with subsurface oceans based on extrap-
olation of known data. In estimating their abundance,
we imposed a size cutoff roughly equal to the Moon (or
Europa), motivated by the prediction that such worlds
may retain liquid oceans on geological timescales of ∼ 1
Gyr (Spohn & Schubert 2003; Hussmann et al. 2006;
Mojzsis 2021). It is conceivable, however, that the hab-
itability interval for TIs is lower than this theoretical
bound, and we will address this hypothesis further in
Section 4.2. At present, we work with the premise of
tO ∼ 1 Gyr to explore the ramifications.

7 This group of factors may collectively explain why we do not find
ourselves orbiting an M-dwarf (Waltham 2011; Haqq-Misra et al.
2018; Lingam & Loeb 2018a, 2019f; Kipping 2021).
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Figure 1. The probability P (L|TI) for TIs corresponding

to LBHs as a function of the emergence rate of TIs in LBHs

(units of Gyr−1). The vertical line is an estimate of the

median value of this rate, based on the data from Earth.

We are finally left with only two parameters, namely,
the rate parameters λL and λO. We will study the im-
pact of varying rates in Section 4.1, but we will regu-
larly employ λO ≈ λL ≡ λ and seek to understand how
P (L|TI) behaves as a function of λ. Before doing so, we
note that TI on Earth – either genus Homo in general
or Homo sapiens in particular – emerged on an LBH in
Africa roughly 4.4 Gyr after the Earth first transitioned
to certain habitable conditions such as water oceans and
moderate temperatures (Wilde et al. 2001; Valley et al.
2002; Harrison 2020). Instead, if we presume that truly
continuous habitable conditions were established only
after an initial period of heavy bombardment, we may
select a timescale of ∼ 4 Gyr (Nisbet & Sleep 2001).

Thus, if we appeal to the so-called Principle of Medi-
ocrity, also dubbed the Copernican Principle (e.g., Dar-
ling 2001; Scharf 2014), we may tentatively suppose that
λL ∼ 1/(4 Gyr) ∼ 0.25 Gyr−1, which displays excellent
agreement with the Bayesian analysis of Kipping (2021)
that resulted in a median value of λL ∼ 0.26 Gyr−1.
Hence, if a fiducial estimate for λL is needed, we will ac-
cordingly adopt the latter value, although we emphasize
that this rate is not tightly constrained.

On invoking the above simplifications, it is easy to
verify that (12) is transformed into

P (L|TI) =
[1− exp (−λtL)] ξ

[1− exp (−λtL)] ξ + 1− exp (−λtO)
, (14)

and before plotting this probability as a function of λ,
it is instructive to evaluate two extreme cases. First, in
the limit wherein λ → 0 (i.e., the emergence of TI is

exceptionally hard), we determine that (14) becomes

P (L|TI)→ tLξ

tLξ + tO
∼ 10−3, (15)

and taking the opposite limit of λ→∞ (viz., the genesis
of TI is virtually guaranteed), we arrive at

P (L|TI)→ ξ

ξ + 1
∼ 10−4. (16)

On inspecting (15) and (16) and recalling that these
two expressions act as bounds, it follows that 10−4 .
P (L|TI) . 10−3, which is borne out by Figure 1. There-
fore, as the probability is always several orders of magni-
tude smaller than unity, we are led to the conclusion that
the occurrence of humans (classified as TI) in LBHs is
rendered highly atypical. To put it differently, we would
crudely expect the majority of TIs to dwell in OBHs.

If the preceding analysis is correct, then humanity’s
existence (in LBHs) would be apparently anomalous to
a significant extent. This statement runs counter to the
Principle of Mediocrity at first glimpse, which loosely
posits that humankind is typical (viz., a random sample
from an appropriate set) and that we are not special or
privileged. We caution that there are manifold issues
and subtleties associated with applying the Principle of
Mediocrity tout court, to wit, without taking the situa-
tion and context into proper consideration (Crick 1981;

Mash 1993; Kukla 2010; Ćirković & Balbi 2020). Hence,
it is not impossible that humans are indeed unusual in
this particular respect (of originating in LBHs), while
perhaps being typical in other ways. To put it more
succinctly, humans might be representative of some ref-
erence classes and not of certain other reference classes.
Thus, the basic concept of typicality is deeply inter-
twined with the choice of reference class.

4. COPERNICAN ALTERNATIVES

As the prior two paragraphs suggest, the ansätzen we
have chosen seem to collectively violate the Copernican
Principle, which is often implicitly taken to hold true;
this stance is potentially problematic, as indicated ear-
lier. If we want to preserve the näıve version of the
Copernican Principle, we must seek out tenable alterna-
tives. In keeping with this theme, we shall refer to these
hypotheses as “Copernican alternatives”.

Because the final probabilities, (12) and (13), are
equivalent to those in Kipping (2021), the Copernican
alternatives that can be constructed are likewise equiv-
alent, owing to which our discussion will largely mirror
this reference. In general, we highlight that similar hy-
potheses may come into play as long as we are dealing
with the emergence of life or TI in two generic cate-
gories that are, in essence, mutually exclusive and com-
plementary. A necessary, although not strictly sufficient,
criterion for Copernican alternatives is that P (L|TI) &
P (O|TI), thereby ensuring that the probability of TI
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linked with LBHs is higher than, or comparable to, that
in OBHs. By employing (12) and (13), this condition
converts into

[1− exp (−λLtL)] ξ & 1− exp (−λOtO) , (17)

and we shall draw on this criterion hereafter. It is
straightforward to extend this criterion to encompass
a desired confidence level by introducing a prefactor
(greater than unity) on the RHS.

At the outset, we emphasize that the trio of Coperni-
can alternatives put forward are not, perforce, wholly in-
dependent of each other. Indeed, multiple processes and
their effects may suppress the prospects for TIs in OBHs
in tandem; these mechanisms could, in turn, overlap
with more than one alternative. To offer a specific ex-
ample, let us turn our attention to the wide-ranging do-
main of abiogenesis (Fry 2000; Ruiz-Mirazo et al. 2014;
Luisi 2016; Sutherland 2017; Preiner et al. 2020), and
which sites (i.e., microenvironments) would be actually
crucial or even imperative for facilitating the origin(s) of
life (Stüeken et al. 2013; Camprub́ı et al. 2019; Sasselov
et al. 2020; Deamer et al. 2022).

If, for instance, LBHs such as hot springs (Damer
& Deamer 2020) or beaches and lagoons (Robertson
& Miller 1995; Lathe 2004) or arid intermountain val-
leys (Benner et al. 2012) are ineluctable for success-
ful abiogenesis, this scenario would effectively disqualify
OBHs, whereas including submarine alkaline hydrother-
mal vents – widely, albeit by no means universally, per-
ceived as promising environments for the origin of life
(Martin et al. 2008; Russell et al. 2014; Sojo et al. 2016;
Russell 2021) – allow OBHs to instantiate the origin of
life. The former case corresponds to fO → 0, and can
have a bearing on both the characteristic emergence rate
and habitability interval of TIs in OBHs.

By the same token, the trio of Copernican alternatives
is not exhaustive. To single out a possible explanation,
only TIs in LBHs may find themselves contemplating
the question of the rate of occurrence of TIs in various
habitats, and whether the Copernican Principle is vio-
lated in LBHs. In this example, however, it would be
necessary to justify why most or all TIs in OBHs do not
find themselves engaging with this question.

4.1. Emergence rate of technological intelligence in
OBHs is suppressed

The first Copernican alternative we tackle entails sub-
scribing to the notion that TI is much harder to en-
gender in OBHs than in LBHs. This premise was inti-
mated in Wallace (1903, Chapter 12), and postulated in
the Bayesian treatment by Simpson (2017). If this con-
jecture is correct, the water-to-land transition of verte-
brates constitutes one of the major evolutionary break-
throughs in Earth’s history (Knoll & Bambach 2000).

This proposition might seem untenable prima fa-
cie because aquatic animals, especially cetaceans and

cephalopods, evince manifold characteristics canonically
ascribed to high cognition and intelligence (Marino et al.
2007; Whitehead & Rendell 2015; Birch et al. 2020;
Schnell et al. 2021a), such as mirror self-recognition
(Reiss & Marino 2001, see also Kohda et al. 2019), self-
control (Schnell et al. 2021b), the ability to discriminate
numbers (Nieder 2021), cultural transmission and cre-
ation of cultural niches (Whitehead & Rendell 2015; Fox
et al. 2017), complex communication (Janik & Sayigh
2013), and tool use (Mann & Patterson 2013).

However, despite these attributes, it may be con-
tended that none of the species dwelling in OBHs on
Earth have evolved a level of TI exactly commensu-
rate with that of humans, whereby the biosphere is
shaped profoundly by their goal-directed actions. We
will briefly describe some ostensibly plausible reasons
that may hinder the emergence of TIs belonging to the
same reference class as humans (refer to Section 2.1) in
OBHs, before embarking on a quantitative analysis of
the criterion presented in (17). Before doing so, we high-
light that potentially 11 out of 13 high-performance in-
novations after the Ordovician transpired first (or only)
in LBHs (Vermeij 2017), and the majority of plant and
animal biodiversity is documented in LBHs (consult
Román-Palacios et al. 2022 and the references therein).

The density and viscosity of liquid water are ∼ 800
and ∼ 50 times higher than that of air (for a 1 bar at-
mosphere), respectively. This fundamental datum sug-
gests that the activity of organisms, broadly speaking,
in OBHs may be limited by the medium of water relative
to those in LBHs, which are typically expected to move
in air (Denny 1993; Kershenbaum 2020). For starters,
the drag force experienced by an organism is

FD ≈
1

2
CDAorgρfv

2, (18)

where CD is the drag coefficient, Aorg is the cross-
sectional area of the organism, ρf is the fluid density,
and v is the organismal velocity measured in the frame
of the fluid. As long as the Reynolds number is of order
unity and higher (Faber 1995, Section 7.8),8 it follows
that FD ∝ ρf and by extension, the power needed to
overcome the drag scales linearly with ρf . Therefore,
ceteris paribus, an organism moving through water is
anticipated to consume ∼ 800 times more energy than
in air to offset the effect of drag.

Due to the higher power requirements, it is conceivable
that putative budding TIs may be able to only traverse
limited distances during their emergence, as doing other-
wise would expend significant amounts of energy. These
potential limitations on the home range (defined suc-
cinctly in Burt 1943) could have several consequences
with respect to modulating intelligence. For instance,

8 https://www1.grc.nasa.gov/beginners-guide-to-aeronautics/
drag-of-a-sphere/

https://www1.grc.nasa.gov/beginners-guide-to-aeronautics/drag-of-a-sphere/
https://www1.grc.nasa.gov/beginners-guide-to-aeronautics/drag-of-a-sphere/
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there is some evidence, albeit equivocal in nature, that
home range correlates positively with certain aspects of
cognitive capacity (Deaner et al. 2000; De Waal & Ty-
ack 2003); this correlation might be explainable by the
necessity of possessing high cognition to handle the de-
mands of navigating and utilizing a sizeable home range
(van Horik & Emery 2011; see also Rosati 2017).

Aside from the power constraint, we remark that
swimming (intrinsically linked with OBHs) confers lower
speeds in general compared to some modes of locomo-
tion permitted in LBHs (Hirt et al. 2017). A simple scal-
ing model developed by Bejan & Marden (2006), which
has subsequently been refined by later publications, de-
termined that the ratio of optimal flying and running
speeds on the one hand to swimming speeds on the other

is (ρorg/ρa)
1/3

, where ρorg is the organism density and
ρa is the air density. After substituting the appropriate
values (when ρorg is close to that of water), the former
duo (for Earth-like atmospheres) are about an order of
magnitude higher than the swimming speeds.

One of the subtle, yet crucial, divergences between
land and water concerns the scope for information gath-
ering via sensory organs. This topic was reviewed in
Martens et al. (2015) and Andersen et al. (2016), and
its role was explicitly articulated in an astrobiological
context by Kershenbaum (2020) and Lingam & Loeb
(2021b, Chapter 7.7.2). We shall first assess vision (with
the proviso that the ambient radiation in a select wave-
length range is sufficient for sensing purposes). The in-
tensity I at distance d from the source is modeled as

I = I0 exp (−αd) , (19)

where I0 is the intensity at the source’s location, and α is
the attenuation coefficient. The attenuation coefficients
in water and air are, respectively, ∼ 10−5 m−1 and ∼
10−1 m−1 at 600 nm; even at other similar wavelengths
(Denny 1993, Figure 11.13), the discrepancy is & 2-3
orders of magnitude. In turn, the optical visibility range
of ∼ 80 m in pure water (Martens et al. 2015) is over
three orders of magnitude smaller than in clear air.9

The decreased visibility in water may have vital rami-
fications for the reification of high intelligence and TI, or
lack thereof to be precise. The enhanced visual range on
land could permit the evolution of more intricate preda-
tion strategies (relative to those in water) and concomi-
tantly favor the emergence of complex responses from
the prey, thereby possibly initiating a so-called evolu-
tionary arms race. It has been theorized that the emer-
gence of planning – an important facet associated with
higher-order cognition – was facilitated by the water-
to-land transition of vertebrates (MacIver et al. 2017;
Mugan & MacIver 2020; MacIver & Finlay 2022). In

9 In contrast, sound waves are much less attenuated in water
(Lingam & Loeb 2021b, pg. 618), thus making them a promising
avenue for information sensing and communication.

the absence of LBHs, the evolution of this characteris-
tic might not transpire at the same frequency. Before
proceeding ahead, we reiterate that our exposition is
not exhaustive. Subtle or prominent variations in the
sensory modalities and Umwelten of “complex multi-
cellularity” (Knoll 2011) dwelling in LBHs and OBHs,
which are indirectly explored in Von Uexküll (2010) and
Yong (2022), may translate to striking divergences in the
probability of emergence of TIs in these environments.

If we focus on TI specifically, lifeforms in OBHs could
be stymied by sparse access to raw materials and free
energy sources to construct technology. With regard to
the latter, to pick a potentially anthropocentric exam-
ple, the development of fire control (by humans) was so
pivotal that it has been postulated as part of one of the
“energy expansions” in the evolutionary history of Earth
(Judson 2017; see also Bowman et al. 2009; Scott 2018;
Pyne 2019).10 From the narrower standpoint of human
technology, fire patently offers numerous benefits (e.g.,
smelting of iron), but its relevance does not end there.
Fire is believed to have contributed profoundly to ho-
minin evolution in multiple ways: detoxifying food and
boosting nutrient yield, constructing novel tools, keep-
ing predators at bay, social bonding near the hearth, and
expanding into new and otherwise inhospitable environ-
ments (Bowman et al. 2009; Wrangham 2009, 2017; Smil
2008, 2010, 2017; Scott 2018; Pyne 2019).

Subsurface ocean worlds seemingly comprise the most
common repositories of OBHs, as outlined in Section 2.2.
Hence, in many (and perhaps most) OBHs, it is plausi-
ble that fire could be absent if one or more of the fuel,
oxidant, or heat source is unavailable, thereupon posing
major hurdles to reifying TI. With that being said, if
we specialize to Earth, the temperature of certain sub-
marine hydrothermal vents can reach > 400◦C (Haase
et al. 2007; Koschinsky et al. 2008) and the melts of sub-
marine volcanoes possess initial temperatures well above
1000◦C (Kelley et al. 2002, pg. 390), thus constituting
plausible energy sources that may be harnessed in lieu
of fire. Analogs of fire (vis-à-vis providing substantial
sources of free energy and temperature) could exist in
OBHs if strong oxidants and reductants are colocated,
although no such concrete alternatives have been identi-
fied so far. Lastly, with respect to raw materials for cre-
ating technologies, extracting them from the ocean sub-
seafloor (under high pressures) and transporting them
against the drag might entail unforeseen challenges.

Hitherto, we have delineated several mechanisms that
may be responsible for suppressing the emergence of TI
in OBHs. Now, we will compute the quantitative out-
comes of (17). Our goal here is to determine the con-
straint(s) on λO while holding all parameters aside from

10 The timeline for the harnessing of fire by humans is subject to
much uncertainty (Gowlett 2016), but it might have arisen as
early as ∼ 1.5 Ma (Hlubik et al. 2017, 2019).
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Figure 2. Ratio of the emergence rates of TIs in OBHs and

LBHs as a function of the rate of emergence of TIs in LBHs

(units of Gyr−1) to achieve a resolution roughly compatible

with the Copernican principle. The region under the curve

spans the parameter space for this Copernican alternative.

The vertical line is an estimate of the median value of the

emergence rate, based on the data from Earth.

λL fixed at their default values. On solving for λO as a
function of λL, we end up with

λO . − ln (1− ξ [1− exp (−λLtL)])

tO
. (20)

If we take the limit of λL → ∞ (i.e., TI is common in
LBHs) and ξ � 1, we obtain the analytical expression

λO .
ξ

tO
. (21)

On the other hand, taking the opposite limit of λL → 0
(i.e., TI is rare in LBHs) and ξ � 1, we arrive at

λO .
ξ λLtL
tO

(22)

Between (21) and (22), the smaller of the duo is the
latter because we relied on the condition λLtL � 1. In
other words, we have derived an upper bound on the
ratio of the rate parameters that is given by

λO
λL

. ξ
tL
tO

. 10−3, (23)

where the last equality has followed after substitut-
ing the fiducial values for the parameters on the RHS.
Hence, if the rate of the emergence of TIs in OBHs is at
least three orders of magnitude smaller than the corre-
sponding rate in LBHs, this explanation could serve as a

viable Copernican alternative. We have plotted the ra-
tio λO/λL as a function of λL, which is calculated from
(20, in Figure 2 and it is observed that the above trends
manifest along expected lines.

4.2. Habitability interval in OBHs is transient

In the second Copernican alternative, we will specify
λO ≈ λL in the same vein as Section 3 and counter to
that of Section 4.1. Instead, the hypothesis we inves-
tigate is that the habitability interval for TI in OBHs
(which is encapsulated by tO) is suppressed by orders of
magnitude with respect to LBHs. Before tackling the
mathematical aspects, we outline a couple of credible
routes that may engender this scenario.

It is plausible and perhaps likely that TIs are predi-
cated on metabolic pathways that are highly exergonic,
and yield ample energy to carry out essential functions
such as growth, maintenance, and reproduction. If this
reasonable premise is correct, it automatically follows
that the substrates involved in these pathways must be
available in sufficient abundances, among other prereq-
uisites for the existence of TIs. As a corollary, in the
event that OBHs permit such metabolisms to operate
only for transient periods of time on the whole, this
trend would lower the prospects for TIs in OBHs and
therefore act as a tenable Copernican alternative.

Let us consider a widely studied example in our So-
lar system: Enceladus. A combination of theoretical
models, laboratory experiments, and observational data
from the Cassini mission appear to support the conclu-
sion that the timescale for serpentinization on Enceladus
is ∼ 100 Myr (Zandanel et al. 2021; Daval et al. 2022).
Of the noteworthy byproducts of serpentinization, which
has been posited as “life’s mother engine” (Russell et al.
2013), molecular hydrogen (H2) stands out since it can
be employed in ancient chemoautotrophic pathways such
as hydrogenotrophic methanogenesis and acetogenesis
(Cockell 2020). Hence, if the availability of H2 were
to be temporally curtailed in general (more so than in
Enceladus), then the probability of the emergence of life
and possibly TIs in OBHs may be diminished.

Second, let us contemplate one of the most potent ox-
idizing agents in metabolic pathways on Earth: molec-
ular oxygen (O2). In worlds with subsurface oceans,
which are anticipated to constitute the dominant repos-
itories of OBHs (refer to Section 2.2), O2 levels are mod-
ulated by the delivery of oxidants from the surface and
by the radiolysis of water, among other channels (e.g.,
Chyba & Hand 2001; Chyba & Phillips 2001; Hand et al.
2007; Bouquet et al. 2017; Russell et al. 2017; Lingam
& Loeb 2019e; Ray et al. 2021); aside from the sources,
the magnitude(s) of the sinks must be taken into account
in gauging the O2 abundance. If the dissolved oxygen
attains high-enough concentrations, it is plausible that
OBHs in subsurface ocean worlds could support TIs, by
virtue of the fact that aerobic metabolisms can yield
approximately an order of magnitude more energy than
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anaerobic metabolisms for the same food intake (Catling
et al. 2005; McCollom 2007; Koch & Britton 2008).

At this stage, a brief digression is warranted. The
preceding exposition may suggest at first glimpse that
once the O2 levels exceed a certain threshold, the advent
of TIs would be facilitated. In actuality, the existence
of such a threshold is hard to establish, if the Earth’s
record is anything to go by. The hypothesis that the
evolution of animals (to which humans as TI belong) is
directly linked to the rise in Earth’s atmospheric O2 has
a long history (Nursall 1959; Cloud Jr. 1968; Runnegar
1982), but this posited causality has been called into
question by recent empirical evidence (Cole et al. 2020;
Lyons et al. 2021; Mills et al. 2022; Sperling et al. 2022);
in particular, some animals are documented to readily
survive under low-oxygen (e.g., Demospongiae) or com-
pletely anoxic (e.g., Henneguya salminicola) conditions
(Danovaro et al. 2010; Mills et al. 2014; Yahalomi et al.
2020). Notwithstanding this caveat, it is still conceiv-
able that the evolution of the forerunners of TIs (e.g.,
complex multicellular lifeforms that are macroscopic and
motile) might necessitate high O2 concentrations (Mills
et al. 2023); the latter could also promote higher bio-
diversity and complex food webs (Levin & Gage 1998;
Sperling et al. 2013; Knoll & Sperling 2014).

Circling back to the original theme, if worlds with
OBHs accrue substantial O2 levels only after a lengthy
duration (labeled by toxy), this path might translate to a
truncated habitability window for the emergence of TIs.
The timescale for oceanic oxygenation could be & 1 Gyr
(Greenberg 2010; Lingam & Loeb 2021b), consequently
narrowing the habitability window in principle. To il-
lustrate how this sequence of events may occur, we must
recognize that the depth of the subsurface ocean can de-
crease over time as the icy crust thickens with a decline
in the internal heat budget, eventually freezing over; the
timescale is denoted by tfreeze. The habitability interval
would thus be ∼ (tfreeze − toxy) in this context, which
ought to become small if toxy ≈ tfreeze is valid or even
zero if toxy ≥ tfreeze. To sum up the previous para-
graphs, temporal availability of reducing and oxidizing
agents represents a potential method of decreasing tO.

We will now perform our mathematical analysis; be-
fore doing so, recall that we have set λO ≈ λL ≡ λ. On
substituting this expression in (17), and solving for tO
as a function of λ, we accordingly obtain

tO . − ln (1− ξ [1− exp (−λtL)])

λ
. (24)

Before undertaking the plot, it is instructive to calculate
the twin limits of λ → ∞ and λ → 0 after using the
relation ξ � 1. The former case leads us to

tO .
ξ

λ
, (25)

and determining the second limit yields

tO .
ξ λtL
λ

, (26)
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Figure 3. Ratio of the habitability intervals for TIs in OBHs

and LBHs as a function of the emergence rate of TIs in LBHs

(units of Gyr−1) to achieve a resolution roughly compatible

with the Copernican principle. The region under the curve

depicts the parameter space for this Copernican alternative.

The vertical line is an estimate of the median value of the

emergence rate, based on the data from Earth. The hori-

zontal dashed line is the fiducial value of this ratio, which is

substantially greater than the Copernican alternative.

and of these two equations, the latter is the relevant
bound because of the built-in ordering of λtL → 0.
Thus, after simplifying (26), we arrive at

tO
tL

. ξ . 10−4, (27)

after we have utilized the default choice for ξ. The above
equation tells us that tO must be lowered by at least four
orders of magnitude relative to tL. Since we have chosen
tL ∼ 10 Gyr, we would require tO . 1 Myr; in contrast,
observe that the fiducial value for tO is much higher
at ∼ 1 Gyr. Hence, the factor by which tO must be
suppressed is undoubtedly significant, and it is unclear
as to whether the premise outlined in this subsection is
entirely tenable for this reason. We have plotted tO/tL
as a function of λ in Figure 3, from which we see that
the aforementioned characteristics are all apparent. For
example, it is evident that tO/tL must be suppressed by
orders of magnitude relative to its standard value.

Lastly, we comment on the fact that we held tL fixed
and sought to examine the ensuing constraints on tO.
In reality, the chief quantity of interest to us is the ratio
tO/tL. Therefore, boosting tL could also count as a
feasible Copernican alternative, given that it would be
analogous to decreasing tO instead. The elevation of tL
may arise if LBHs predominantly occur on K- and M-
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dwarf exoplanets, and the habitability intervals of these
worlds are markedly higher than their HZ lifetimes.11

4.3. Fraction of habitable worlds with OBHs is low

For TIs to originate, it is virtually a tautology to say
that the worlds in question must have some basic set(s)
of conditions that allow for this possibility. This notion
of “habitability” in connection with TIs is encapsulated
in the factor ξ, specifically in the form of fL and fO, as
delineated in Section 2.2. Hence, if we relax the assump-
tion made hitherto, namely that fL ∼ fO, it is easy to
enhance ξ and thereby fulfill the criterion in (17). Hence,
the third Copernican alternative we evaluate postulates
that the majority of worlds with OBHs are outright not
suitable for TIs (and their emergence) in any fashion.

As before, it behooves us to identify potential mecha-
nisms that may suppress fO and boost ξ. Although nu-
merous avenues could exist, we will single out a couple
of candidates. The first pertains to the access to energy
sources and the next two revolve around the abundances
of vital nutrients, all of which can be a major hurdle for
OBHs in subsurface ocean worlds; recall that this cat-
egory of worlds is predicted to be particularly common
in the Galaxy, as reviewed in Section 2.2.

We have touched on the first theme in both Sections
4.1 and 4.2. In the former, we discussed how certain
OBHs may lack energy sources that can be efficiently de-
ployed by TIs, akin to the role(s) played by fire on Earth
with regard to humans. In the latter, we commented on
the centrality of molecular oxygen for supporting com-
plex life and TIs. It should be recognized in this context
that not all ocean worlds are likely to attain high levels
of dissolved O2 if we extrapolate from the Solar system
(Ward et al. 2019), and in theory, only a small fraction
of them might actually do so. For instance, it is plausi-
ble that a sizeable fraction of worlds with (sub)surface
oceans lack O2 concentrations adequate for organisms
resembling macroscopic motile animals (Lingam & Loeb
2019b; Glaser et al. 2020; Höning & Spohn 2022).

The second major justifiable impediment is nutrient
availability. A bevy of publications have proposed that
a subset of worlds with surface (Wordsworth & Pierre-
humbert 2013; Lingam & Loeb 2019b; Glaser et al. 2020;
Olson et al. 2020) or subsurface (Zolotov 2007; Lingam
& Loeb 2018b) oceans may evince a scarcity of dissolved
phosphorus (a bioessential element for life-as-we-know-
it) in the form of phosphates, while other studies have
elucidated avenues that could raise phosphorus concen-
trations to Earth-like levels or higher (Pasek et al. 2013;
Syverson et al. 2021; Brady et al. 2022; Hao et al. 2022;
Pasek et al. 2022). Looking beyond phosphorus, many
other elements are critical for life-as-we-know-it (Fraústo

11 In the domain of technosignatures, we point out that such worlds
have been contemplated (Criswell 1985; Matloff 2017), although
they crucially presuppose the existence of TIs in the first place.
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Figure 4. Ratio of the fractions of habitable worlds (for TIs)

with OBHs and LBHs as a function of the emergence rate of

TIs in LBHs (units of Gyr−1) to achieve a resolution roughly

compatible with the Copernican principle. The region under

the curve is the parameter space for this Copernican alter-

native. The vertical line is an estimate of the median value

of the emergence rate, based on the data from Earth.

Da Silva & Williams 2001; Wackett et al. 2004), and
even if one or a few of them are scarce, putative com-
plex biospheres might be ruled out. Thus, when viewed
cumulatively, the dual restrictions imposed by the need
for appropriate energy sources and nutrients can jointly
suppress fO to produce the desired outcome.

Third, if worlds with OBHs are widely endowed with
substantial H2O inventories, manifesting as thick ice lay-
ers (for subsurface ocean worlds) and/or deep oceans,
the pressures at the ocean floor can become high enough
(typically & 1 GPa) to drive the formation of high-
pressure ices (Petrenko & Whitworth 1999). In this sce-
nario, vital water-rock reactions might be suppressed,
thereby stymieing access to nutrients, substrates, chem-
ical energy, and miscellaneous sources of disequilibria
(Noack et al. 2016; Journaux et al. 2020; Journaux
2022). However, this drawback may be mitigated by
recent numerical models, which imply that the slow
transport of salts, nutrients, and other substances into
the ocean is feasible even when high-pressure ices exist
(Choblet et al. 2017; Journaux et al. 2017; Kalousová &
Sotin 2018; Hernandez et al. 2022; Ojha et al. 2022).

Returning to (17), we can derive the necessary lower
bound for ξ, which duly leads to

ξ &
1− exp (−λtO)

1− exp (−λtL)
, (28)



13

and we have imposed the previous ordering λO ≈ λL ≡ λ
because our goal is to determine ξ as a function of λ. Let
us first take the limit of λ → ∞, which corresponds to
the emergence of TIs being virtually guaranteed – we
end up with the simple expression ξ & 1. On substitut-
ing (4) into ξ & 1 and simplifying, we arrive at

fO
fL

. 10−4. (29)

Now, let us tackle the opposite regime wherein the emer-
gence of TI is extremely hard (λ→ 0), which yields

ξ &
tO
tL

& 0.1, (30)

where the second inequality follows from inputting the
fiducial values for tO and tL motivated in Section 3.
After plugging (4) into (30), we arrive at

fO
fL

. 10−3. (31)

Therefore, upon inspecting (29) and (31), it is appar-
ent that the fraction of habitable worlds (sensu capable
of engendering TIs) with OBHs must be suppressed by
approximately 3-4 orders of magnitude at the minimum
compared to LBHs. Even though we have highlighted
some bottlenecks to habitability with respect to TIs in
OBHs, this factor is undoubtedly substantial, indicat-
ing that the vast majority of worlds (typically with sub-
surface oceans) comprising viable OBHs must be fully
incompatible with the conditions required for TIs.

Instead of plotting ξ, we have opted to depict the
above ratio fO/fL in Figure 4. This quantity is readily
obtained by merging (4) and (28), and we obtain

fO
fL

. 10−4

[
1− exp (−λtL)

1− exp (−λtO)

]
. (32)

Upon perusing Figure 4, the analytical criteria embodied
by (29) and (31) are manifested as anticipated.

In closing, let us recall that the current objective was
to boost ξ compared to its fiducial value of ∼ 10−4.
We have sought mechanisms that suppress fO/fL, and
thus raise fL/fO and ξ. On examining (3), however,
we notice that ξ can be increased if nL/nO is enhanced.
This result is realizable if the number of worlds with the
basic potential to host LBHs is higher than expected, or
the opposite trend (i.e., lower) is applicable for OBHs.
Exoplanet surveys and theoretical models have already
shed light on nL/nO, and this quantity will be further
resolved with additional data in the future.

5. CONCLUSION

Humans are an example of technological intelligence
(TI), albeit of the specific kind that can profoundly in-
fluence the biosphere through their purposeful activities

and produce detectable signatures of their technology. It
is a well-established fact that TI on Earth arose on land,
and not in the oceans, despite the prediction that ocean
worlds should be prevalent in the Milky Way. In this pa-
per, we performed a Bayesian analysis of the probability
of TIs existing in LBHs and OBHs.

There are four broad outcomes that appear to be con-
sistent with the datum that TI on Earth emerged in
a particular LBH; of this quartet, the first seemingly
violates the Copernican Principle, while the other trio
ostensibly preserve the elementary form of this principle.

1. The existence of TI in LBHs on Earth is a gen-
uine “fluke” with odds ranging from 1-in-103 to
1-in-104. To put it another way, one would expect
the overwhelming majority of TIs to inhabit OBHs
(which does not seem compatible with available
data from the Solar system).

2. OBHs have a much lower (ensemble-averaged) rate
of emergence of TIs relative to their counterpart
for LBHs. To be precise, in case the rate associated
with OBHs is at least three orders of magnitude
smaller than that of LBHs, the fact that TI dwells
in LBHs on Earth is not anomalous.

3. OBHs are endowed with a much more transient
interval of habitability for TIs compared to LBHs.
If the (ensemble-averaged) habitability timescale
for OBHs is more than four orders of magnitude
lower than its analog for LBHs, the existence of
TI on Earth in LBHs would not be anomalous.

4. Only a minuscule fraction of worlds with OBHs
(with respect to LBHs) feature desiderata con-
ducive to the emergence of TIs. If the fraction of
worlds containing OBHs with habitable conditions
for TIs is smaller by 3-4 orders of magnitude than
the corresponding fraction for LBHs, the presence
of TI in LBHs of Earth is not anomalous.

As remarked above, a clear distinction between hypoth-
esis #1 and the remaining three possibilities arises auto-
matically. In consequence, we are naturally propelled to-
ward the question of how to differentiate between these
scenarios, and thence falsify or validate them.

Let us contemplate the first conjecture once more. If
OBHs are not significantly disfavored in some fashion
compared to LBHs, then TIs should be far more com-
mon in the former. In this context, determining whether
a world has surficial landmasses and/or oceans is fea-
sible, in principle, via spectrophotometric observations
(Cowan et al. 2009; Fujii et al. 2010, 2018; Lustig-Yaeger
et al. 2018; Kuwata et al. 2022). Hence, if future tech-
nosignature surveys (reviewed in Wright 2021; Lingam &
Loeb 2021b; Socas-Navarro et al. 2021; Haqq-Misra et al.
2022) discover that the majority of signals emanate from
ocean worlds (sans LBHs by definition), this trend might
assist in confirming hypothesis #1. In contrast, if most
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technosignatures originate from worlds with LBHs, this
result may serve to falsify hypothesis #1 and thereby
lend credence to the other outcomes. We caution, how-
ever, that the process of falsification and verification is
not straightforward as the likes of false positives and
negatives must be accurately addressed.

For the sake of argument, let us suppose that we have
ruled out hypothesis #1 as described in the prior para-
graph. This route would still leave us with the conun-
drum of determining which of hypotheses #2, #3, and
#4 is/are correct. In view of the rather limited scope of
surveys as well as the data garnered from them in the
near-future, it seems very unlikely these hypotheses can
be differentiated from one another. Thus, at least in
the upcoming decades, any progress on this front could
be restricted to performing careful extrapolations from
Earth and/or carrying out theoretical modeling.

In summary, we have tackled the fundamental ques-
tion of why we – in the specific sense of constituting a
TI – find ourselves having evolved in LBHs and not in
OBHs, despite the latter being potentially much more
common than the former. A Bayesian approach suggests
that our emergence in the former setting was indeed

deeply unlikely prima facie, unless certain mechanisms
act to selectively suppress the prospects for TIs in OBHs
relative to LBHs. Future surveys for technosignatures,
backed by forthcoming missions seeking biosignatures,
may shed welcome empirical light on this question, and
enable us to gauge whether TIs in LBHs are actually
uncommon (in comparison to OBHs).
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APPENDIX

As stated in Section 2.1, the objective of this Appendix is to sketch severe challenges that could confront the
emergence of TIs in aerial biospheres, which may explain why atmospheric settings are unsuited for this purpose. We
emphasize that this summary is not exhaustive since other drawbacks can be readily identified.

The first hurdle we wish to underscore is the abundance of bioessential elements in the atmosphere. Even if the
availability of certain lighter bioessential elements and compounds (e.g., carbon and water) does not comprise a
bottleneck (a premise that is, however, not assured), the situation could prove to be completely different when it
comes to trace metals; these elements play crucial roles in biological processes (Fraústo Da Silva & Williams 2001;
Wackett et al. 2004). For example, molybdenum (Mo) is not only vital for biological functions such as nitrogen fixation
(Hille 2002; Williams & Frausto Da Silva 2002; Schwarz et al. 2009) but has also been implicated in the origin of life
itself (Schoepp-Cothenet et al. 2012, 2013). With regard to the latter, numerous experiments in recent times have
demonstrated that metals (e.g., iron, nickel, chromium) in some form can serve as nonenzymatic catalysts for initiating
protometabolic networks conceivably at the heart of life’s origins (Muchowska et al. 2020; Preiner et al. 2020).

To continue with our focus on molybdenum, it is possible that, by virtue of its high density either in elemental or
compound form, it would be liable to sink downward and thence become depleted over time. We have commented on
the prospects for an aerial biosphere on Venus in Section 2.1, and the habitable region under consideration appears
to have nutrients like phosphorus and sulfur at potentially adequate concentrations to support Earth-based microbes
(Milojevic et al. 2021), although significant uncertainties remain due to the paucity of reliable data (Cockell et al.
2021). This optimism must be appropriately counterbalanced by the fact that the abundances of most trace metals
are wholly unconstrained. Some of them (e.g., molybdenum) might not occur at desired abundances in the cloud decks
of Venus, and perhaps other aerial habitable environments (Lingam & Loeb 2018b).

The second difficulty we wish to foreground has to do with the challenge of staying afloat in the habitable region, i.e.,
preserving the altitude. The net downward force (weight minus buoyancy) that would be experienced by a hypothetical
organism of volume Vorg is given by

Fd ≈ (ρorg − ρa)Vorgg, (1)

where g is the acceleration due to gravity and the two densities were defined in Section 4.1. If the organism is to avoid
downward acceleration, which would eventually drive it beyond the habitable environment, the above force must be
balanced by the drag delineated in (18). As long as the Reynolds number is not smaller than unity, we end up with
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the following scaling for the terminal velocity (vt):

vt ∝
(
ρorg
ρa
− 1

)1/2 ( Vorg
Aorg

)1/2

, (2)

and if we specialize to a Reynolds number of order unity and lower, we arrive at

vt ∝
(
ρorg
ρa
− 1

)(
VorgLorg

Aorg

)
, (3)

in which Lorg represents the characteristic length scale of the organism. This equation is derived after invoking the
Stokes relationship CD ≈ 24/Re (Faber 1995, Section 7.8) in (18), where Re is the Reynolds number; the parameter
Lorg is manifested through Re.

Our goal is to decrease the terminal velocity, as otherwise, the organism would exit the habitable region swiftly
and thus lose functionality. Alternatively, this terminal velocity would need to be balanced by convection that is
vigorous enough to counterbalance vt. As revealed by (2) and (3), there are two noteworthy avenues whereby the
terminal velocity can be lowered. First, this result is effectuated when ρorg ∼ ρa, implying that the organism would
possess a balloon-like structure primarily composed of air, analogous to the “floaters” envisioned by Sagan & Salpeter
(1976). In that event, however, the protection conferred against galactic cosmic rays, stellar energetic particles, and
micrometeorites could be reduced owing to the relatively thin membrane enclosing air (and internal organs).

In addition, if the organism were to rely upon the aforementioned strategy, the majority of its area may be expected
to consist of the balloon-like component. This surmise leads us naturally to the second approach wherein Aorg is
substantially increased, while the volume, mass, and other properties of the organism are held fixed; boosting Aorg

will suppress vt as seen from (2) and (3). Lifeforms in this vein could resemble pancakes or something similar, either
with or without the balloon-like structure. However, as we shall describe below, this route of enhancing Aorg also has
some prominent shortcomings associated with it.

An organism at temperature Torg will radiate away energy at the rate Porg, which is expressed as

Porg = σAorgT
4
org, (4)

when we model it as a blackbody. Hence, if Aorg is significantly increased, it follows that Porg will be raised commen-
surately, thereupon leading to conceivably substantial energy losses. To counter this issue, it would be necessary for
the organism to locate, acquire, and process raw materials for metabolism in greater quantities or at higher efficiency
(Planinšič & Vollmer 2008), both of which might engender additional barriers to the evolution of complex, motile, and
macroscopic multicellular lifeforms.

Second, if the cross-sectional area is enlarged, the ratio of this quantity to the volume (denoted by SA:V) is raised by
the same amount because the volume is held constant. While increased values of SA:V may be rendered advantageous in
some respects, it is simultaneously accompanied by crucial downsides. For example, high SA:V ratios could translate
to elevated rates of water loss (Kühsel et al. 2017), which would be a critical issue in arid settings like the clouds
of Venus (Hallsworth et al. 2021). Moreover, when the SA:V ratio becomes substantial, it might amplify: (a) the
leakage rates of nutrient and useful metabolites, (b) the energy expended to sustain homeostasis, and (c) the costs
of maintaining the structures (e.g., cells and tissues) that demarcate the organism (Beardall et al. 2009; Okie 2013);
other negative ramifications of high SA:V can be gleaned from Kooijman (2000).
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Grasset, O. 2017, Icarus, 285, 252,

doi: 10.1016/j.icarus.2016.12.002

Chyba, C. F., & Hand, K. P. 2001, Science, 292, 2026,

doi: 10.1126/science.1060081

Chyba, C. F., & Phillips, C. B. 2001, Proc. Natl. Acad.

Sci., 98, 801, doi: 10.1073/pnas.98.3.801

Cirkovic, M. M. 2018, The Great Silence: Science and

Philosophy of Fermi’s Paradox (Oxford: Oxford

University Press)
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ABSTRACT
Pulsar timing arrays (PTAs) and the Laser Interferometer Space Antenna (LISA) will open
complementary observational windows on massive black-hole binaries (MBHBs), i.e., with
masses in the range ∼ 106 − 1010M�. While PTAs may detect a stochastic gravitational-wave
background from a population of MBHBs, during operation LISA will detect individual merg-
ing MBHBs. To demonstrate the profound interplay between LISA and PTAs, we estimate
the number of MBHB mergers that one can expect to observe with LISA by extrapolating
direct observational constraints on the MBHB merger rate inferred from PTA data. For this,
we postulate that the common noise currently detected in PTAs is an astrophysical background
sourced by a single MBHB population. We then constrain the LISA detection rate, R, in the
mass-redshift space by combining our Bayesian-inferred merger rate with LISA’s sensitiv-
ity to spin-aligned, inspiral-merger-ringdown waveforms. Using an astrophysically-informed
formation model, we predict a 95% upper limit on the detection rate of R < 134 yr−1 for
binaries with total masses in the range 107 − 108M�. For higher masses, i.e., > 108M�, we
find R < 2 (1) yr−1 using an astrophysically-informed (agnostic) formation model, rising to
11 (6) yr−1 if the LISA sensitivity bandwidth extends down to 10−5 Hz. Forecasts of LISA
science potential with PTA background measurements should improve as PTAs continue their
search.
Key words: black hole mergers – gravitational waves – methods: data analysis – pulsars:
general – galaxies: evolution – galaxies: formation.

1 INTRODUCTION

The formation and evolutionary paths of black holes observed at the
centers of galaxies are fundamental open problems in astrophysics.
While black holes with masses ∼ 109M� are likely already present
at redshift 𝑧 & 7.5 (Wang et al. 2021) and are essentially ubiqui-
tous in the cores of galaxies in the local Universe (Kormendy &
Richstone 1995; Kormendy & Ho 2013; Heckman & Best 2014),
the details of how they form, evolve, and interact with their host
galaxies are still largely unclear.

The mergers of binaries composed of comparable mass black-
holes with total mass 𝑀 & 106M� are a prime source for
gravitational-wave (GW) detectors to probe astrophysical and cos-
mological uncertainties across cosmic time (Sathyaprakash &

★ Contact e-mail: nsteinle@star.sr.bham.ac.uk

Schutz 2009; Bailes et al. 2021; Auclair et al. 2022; Amaro-Seoane
et al. 2023).

Two observational windows of GWs allow us to study these
massive black-hole binaries (MBHBs): the ultra-low (∼ 1 nHz −
1 `Hz) and low (∼ 0.1mHz − 100mHz) frequency regimes, the
focus of pulsar timing arrays (PTAs) (Foster & Backer 1990) and
Laser Interferometer Space Antenna (LISA) (Amaro-Seoane et al.
2017) observations, respectively. Theoretical modelling of sources
of interest for PTAs and LISA have generally proceeded separately,
as PTA observations are mainly sensitive to higher mass (𝑀 ∼ 108–
1010M�) binaries at low-to-moderate redshift (𝑧 . 2) whereas
LISA will provide information mainly about lighter (𝑀 ∼ 105–
106M�) binaries at high redshift (𝑧 ≈ 1–10 and beyond).

While the peak sensitivities of the two observatories are in
mostly different portions of the mass-redshift parameter space, they
still overlap and can be complementary (see also, e.g., Sesana et al.
2008; Ellis et al. 2023). More specifically, if one assumes that there

© 2023 The Authors
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is a (dominant) cosmic population of MBHBs spanning the full
mass range ∼ 106–1010M� PTAs and LISA will jointly provide
the tightest constraints on its properties. This is particularly timely
as PTAs may observe a stochastic GW background (SGWB) before
LISA is in science operation (2034+). In other words, direct obser-
vational results on MBHBs obtainable in the next few years can be
used to make falsifiable predictions once LISA is in orbit.

To illustrate our point, we consider the recent results from the
pulsar timing array collaborations, the North American Nanohertz
Observatory for Gravitational waves (NANOGrav; Arzoumanian
et al. 2020), the Parkes PTA (PPTA; Goncharov et al. 2021), and the
European PTA (EPTA; Chen et al. 2021), all of which combine the
datawithin the umbrella of the International PTA (IPTA;Antoniadis
et al. 2022). They have each identified a statistically consistent
common red-stochastic signal in the timing residuals of the pulsars
constituting their arrays of unknown origin. We assume, purely for
the sake of demonstration, that this signal is produced by a SGWB
generated by a cosmic population of MBHBs described by some
underlying (phenomenological) model. We show that the properties
of the MBHB population inferred from the PTA results directly
translate into predictions for the number of MBHB mergers – and
their properties, i.e. masses and redshift – that LISA will observe.

Theoretical estimates of the SGWB amplitude in the PTA band
are uncertain (e.g., Sesana 2013; Kelley et al. 2017; Chen et al.
2020; Sykes et al. 2022). Likewise, the merger rate of MBHBs
based on galactic evolution models are uncertain, mainly due to
incomplete knowledge of galactic formation at high redshift (Sesana
2021). LISA is generally expected to observe between ∼ 1 − 100
MBHBs per year (Rhook &Wyithe 2005; Sesana et al. 2011; Klein
et al. 2016; Katz et al. 2020; Barausse et al. 2020). These merger
rates are dominated by binaries in the mass range 𝑀 ∼ 106 −
107M� independent of the uncertainties of the possible formation
scenarios (Bonetti et al. 2019), implying it may be challenging for
LISA to observe binaries with higher mass, i.e., 𝑀 & 108M� .

LISA’s ability to detect such black holes depends on the phys-
ical attributes of the detector itself, such as the detector’s lower
frequency limit (Katz & Larson 2019), but also on waveform mod-
elling assumptions when computing the signal-to-noise ratio (SNR)
of LISA. For example, higher order multipole modes can enter the
LISA detection band at higher frequencies and extend the duration
of a very massive binary signal in the LISA band to increase its
accumulated SNR. Although this increase is at-best modest, it can
make or break the detection of higher mass binaries that reside on
the edge of LISA detectability. Importantly, using our framework for
PTA-constrained merger rate estimates, we find that the LISA de-
tection rate of higher mass binaries, i.e., 𝑀 & 108M� , is sensitive
to these instrumental and modelling assumptions.

This paper is organised as follows. In Section 2 we introduce
the phenomenological models we use to describe the merger rate
of MBHBs. In Section 3, under the assumptions mentioned above,
we use the PTA observations to place constraints on the MBHB
population parameters for the two models used in Middleton et al.
(2021) and compute themerger rate of sources of interest to LISA. In
Section 4, we revisit the LISA sensitivity toMBHBs by including in
the GW radiation modes higher than the dominant ℓ = |𝑚 | = 2 and
account for the (pessimistic) low-frequency limit at 0.1mHZ, which
plays a particularly significant role; by combining these results with
those of Section 3 we compute the LISA detection rate of these
binaries. Finally, in Section 5, we randomly draw a few binaries
from the population and use a Bayesian analysis on the full time-
delay-interferometry LISA observables to forecast the information
that LISA will be able to gather from the observations of these

systems. In Section 6 we conclude and discuss implications of the
results.

2 MODEL FOR THE MERGER RATE OF MASSIVE
BLACK HOLE BINARIES

We first briefly review the phenomenological models that we use to
describe the merger rate of MBHBs.

Generically, these models represent the merger rate of the
MBHB population with a function, F (𝝀) (Phinney 2001),

F (𝝀) ≡ d3𝑁 (𝝀)
d𝑉cd𝑡rd log10M

. (1)

Here, 𝑁 is the number of MBHB mergers per unit co-moving vol-
ume, 𝑉c, (source-frame) time, 𝑡r, and logarithmic (source-frame)
chirp massM, whereM = (𝑚1𝑚2)3/5 (𝑚1 + 𝑚2)−1/5 for a binary
with individual (source-frame) mass components 𝑚1,2. The param-
eter vector 𝝀 in Eq. (1) specifies the hyper-parameters that describe
the population. Different astrophysical assumptions necessarily pro-
vide different functional forms for Eq. (1).

Here, we are ultimately interested in the number of mergers
per unit observer time 𝑡 within a redshift-chirp mass shell between
𝑧 and 𝑧 + d𝑧 andM andM + dM,

d3𝑁 (𝝀)
d𝑡d𝑧d log10M

=
d3𝑁 (𝝀)

d𝑉𝑐d𝑡rd log10M
d𝑉c
d𝑧
d𝑡r
d𝑡

(2)

where d𝑉𝑐/d𝑧 = 4𝜋𝑐𝐷2L/𝐻0 (1 + 𝑧)2𝐸 (𝑧) is the differential co-
moving volume (Hogg 1999) (we assume sources are distributed
uniformly in the Universe), d𝑡r/d𝑡 = (1+ 𝑧)−1, 𝐷L is the luminosity
distance between source and observer, 𝐻0 is the present-day Hubble
parameter, 𝐸 (𝑧) = (Ω𝑀 (1 + 𝑧)3 + ΩΛ)1/2 for a flat Universe, and
Ω𝑀 and ΩΛ are the mass and Λ density parameters, respectively,
Hogg (1999). Integrating Eq. (2) over the relevant redshift and mass
intervals provides the merger rate ¤𝑁 ≡ d𝑁/d𝑡 as measured by an
observer.

We consider the two models used in Middleton et al. (2021)
for the population of MBHBs: the “agnostic” model which im-
poses minimal assumptions (Middleton et al. 2016), and a more
“astrophysically-informed” model which accounts for various ob-
servational and theoretical astrophysics inputs in the model design,
see (Chen et al. 2019). For complete descriptions of the details of
these two models, see Middleton et al. (2016, 2018, 2021); Chen
et al. (2017a,b, 2019).

In the agnostic model, Eq. (1) takes the simple parametric
form:

d3𝑁 (𝝀)
d𝑉cd𝑡rd log10M

= ¤𝑛0
(

M
107M�

)−𝛼M
𝑒−M/M★ (1 + 𝑧)𝛽 𝑒−𝑧/𝑧0 .

(3)

The model is characterised by five population hyper-parameters
𝝀 = { ¤𝑛0, 𝛼M ,M★, 𝛽, 𝑧0}. Here ¤𝑛0 is the number density of mergers
per unit rest-frame time and co-moving volume. The parameters𝛼M
andM★ describe the slope and cut-off of the distribution of sources
inM, respectively. The parameters 𝛽 and 𝑧0 provide the equivalent
function for the distribution of sources in 𝑧. This model assumes that
binaries merge in circular orbits driven by radiation reaction alone.
InMiddleton et al. (2021) it was assumed (somewhat arbitrarily) that
this model is valid in the redshift range 0 ≤ 𝑧 ≤ 5 and in the chirp
mass range 106M� ≤ M ≤ 1011M� . In this work, we consider a
total mass range of 106M� ≤ M ≤ 109M� (see Section 3). We
therefore extrapolate at the low mass edge from M = 106M� to
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Figure 1. Posterior distributions of the MBHB merger rate per year per unit redshift over the range 𝑧 = 0 − 5. The three panels correspond to three total
mass ranges, 𝑀 = 106–107M� , 107–108M� , and 108–109M� for the left, middle, and right panels, respectively. In each panel, data from the agnostic
(astro-informed) formation model is shown in red (blue), where the solid line marked by crosses (circles) is the median and the dark and light shaded regions
represent the central 50% and 90% credible regions, respectively. These merger rates are inferred using the IPTA DR2 results. The black dotted line is the 99.5
percentile of the prior distribution for the astro-informed model.

3.7 × 105M� which corresponds to total mass 𝑀 = 106M� for a
constant mass ratio 𝑞 = 1/3. The model is agnostic in the sense that
it allows for a wide range of distributions as broad prior ranges are
used for each of the parameters (see Appendix A).

The astrophysically-informed model (Chen et al. 2019) is de-
scribed by 18 population hyper-parameters and allows for binaries
to have a non-zero eccentricity. Of these parameters, 16 are related
to astrophysical observables which are informed by priors from ob-
servations and simulations. In brief, the number of MBHB mergers
is linked to the number of galaxy mergers through a 𝑀gal − 𝑀BH
relation (three parameters). Galaxy mergers are described by the
galaxy stellar mass function (five parameters), the fraction of galax-
ies in pairs (four parameters), which are then assumed to merge
within a given time (four parameters). The final two parameters are
related to the effects of the environment in which binaries evolve:
the eccentricity and a parameter that depends on the stellar density
in the galactic core and describes the interaction of a binary with the
environment. The mass range for this model is determined by the
galaxymasses 109–1012M� , which translates to≈ 106.3–109.3M�
inM. Like the agnostic model, we extrapolate at the low mass end
to 𝑀 = 106M� . In redshift, the astrophysically-informed model
assumes most PTA-sensitive sources are at low redshift (𝑧 ≤ 1.5).
Here we consider it valid up to redshift, 𝑧 = 5 as was done in Mid-
dleton et al. (2021).

In both of ourMBHB formationmodels, we assume cosmolog-
ical parameters𝐻0 = 70 km−1s−1Mpc−1,Ω𝑀 = 0.3, andΩΛ = 0.7,
which are consistent with those from the most recent Planck cos-
mology (Planck Collaboration et al. 2020).

3 BLACK HOLE BINARY POPULATION CONSTRAINTS
FROM PULSAR TIMING ARRAYS

The incoherent superposition of radiation from the cosmic MBHB
population produces an isotropic, Gaussian, unpolarized SGWB

with a characteristic amplitude (Phinney 2001) at GW frequency 𝑓 ,

ℎ2c ( 𝑓 ) =
4𝐺5/3

3𝜋1/3𝑐2
𝑓 −4/3 ×∫

dM
∫
d𝑧 (1 + 𝑧)−1/3M5/3 d3𝑁 (𝝀)

d𝑧d𝑉𝑐dM
, (4)

where 𝐺 and 𝑐 are the gravitational constant and speed of light,
respectively. In principle, the rate 𝑑3𝑁 (𝝀)/𝑑𝑧𝑑𝑉𝑐𝑑M can be found
from Eq. (1) in a similar manner as was done for Eq. (2).

Current PTAs are most sensitive to a SGWB over a small
frequency interval spanning the few lowest possible frequency bins
associated with the period covered by the observations, which at
present is ≈ 20 yr, see e.g. Arzoumanian et al. (2020); Goncharov
et al. (2021); Chen et al. (2021); Antoniadis et al. (2022). This
implies that the SGWB characteristic amplitude, regardless of its
physical origin, is well described over this sensitivity range by a
power-law,

ℎc ( 𝑓 ) = 𝐴yr

(
𝑓

1yr−1

)𝛼
, (5)

where 𝐴yr is the unknown SGWB amplitude at GW frequency 𝑓 of
1 yr−1 and 𝛼 is the spectral index. For a background produced by
MBHBs 𝛼 = −2/3, cfr. Eq. (4).

The most recent observational results from the PTA consor-
tia report statistically consistent evidence of a common stochastic
signal in the pulsar timing residuals (Arzoumanian et al. 2020; Gon-
charov et al. 2021; Chen et al. 2021; Antoniadis et al. 2022). As
we have already stressed in Section 1, further work and observa-
tions are required to ascertain the origin of the signal. However, if
we assume it to be generated by a SGWB, the corresponding me-
dian values of 𝐴1yr reported by each of the PTAs are in the range
1.92–2.95 × 10−15.

To illustrate our main contention that PTAs operating now can
inform future LISA observations, we shall assume that this signal
is due to a SGWB whose origin is a single cosmic population
of MBHBs. We consider the IPTA DR2 results (Antoniadis et al.
2022) to infer constraints on the population hyper-parameters of the
models described in Section 2 fromwhich we compute the posterior
probability distributions on the MBHB merger rate. That is, with
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the PTA data 𝑑 we evaluate,

𝑝(𝝀 |𝑑) ∝ L(𝑑 |𝝀) 𝑝(𝝀) , (6)

where 𝑝(𝝀) are the priors on the population parameters, and the
likelihood L(𝑑 |𝝀) is computed from the IPTA DR2 free-spectrum-
analysis posteriors, which are converted into characteristic ampli-
tude ℎ𝑐 for 𝛼 = −2/3, by taking the lowest five frequency bins and
summing the log-likelihoods at those values, as described in the
Methods in Moore & Vecchio (2021). The agnostic model assumes
circular binaries, and therefore requires ℎ𝑐 from a single frequency,
which we choose to be 1 yr−1. We assume priors 𝑝(𝝀) as those con-
sidered in Middleton et al. (2021) for both formation models. Not
surprisingly, the posterior distributions on 𝝀 we obtain with IPTA
results are very similar to those reported in Middleton et al. (2021),
which were computed using the NANOGrav 12.5 year results. as
the IPTA and NANOGrav results are statistically consistent. We
use cpnest (a nested sampling implementation Veitch & Vecchio
2010; Veitch et al. 2022) and ptmcmc (aMarkov ChainMonte Carlo
implementation Ellis & van Haasteren 2017) for the sampling. For
completeness we include the full posteriors in Appendix A.

For a given formation model, the above procedure pro-
vides a posterior distribution on the MBHB merger rate,
d3𝑁 (𝝀)/d𝑡d𝑧d log10M. UsingEq. 2we convert the intrinsicmerger
rate to rate in observer time and integrate overM or 𝑧 to derive the
posterior distribution on the merger rate as a function of 𝑧, as shown
in Fig. 1, or merger rate as a function of (source-frame) total mass,
as shown in Fig. 2. In both figures, the posteriors of the agnostic
(astro-informed) model are shown in red (blue). provides a set of
posterior samples, i.e., d3𝑁 (𝝀)/d𝑡d𝑧d log10M, that correspond to
a MBHB population distribution. With this distribution, we then
either integrate overM and 𝑡obs (mission duration) to estimate the
number of mergers anticipated by LISA as a function of 𝑧, as shown
in Fig. 1, or we integrate over 𝑧 and 𝑡obs to estimate the number of
mergers as a function ofM, as shown in Fig. 2. In both figures, the
posteriors of the agnostic (astro-informed) model are shown in red
(blue).

The left, middle, and right panels in Fig. 1 correspond to ranges
of total mass 𝑀 = 106−107M� , 107−108M� , and 108−109M� ,
respectively, where we have assumed a constant mass ratio 𝑞 = 1/3
to convert fromM to𝑀 . The lowestmass range (left panel) produces
the largest numbers of mergers, consistent with previous analysis
Middleton et al. (2021). While the agnostic model predicts < 1
high-mass (108 − 109M�) merger per year per unit redshift, dis-
played in the right panel, the astro-informed model affords & 1 yr−1
such mergers. The explanation for these differences lies in the priors
for each model. The priors of the astro-informed model, shown by
the black dotted line, are set by additional observational/theoretical
astrophysics considerations which are not included in the agnostic
model (the full set of priors on each individual parameter are are
shown by the green lines and contours in Fig. A2 inAppendixA). As
a consequence they allow narrower ranges of ¤𝑁 distributions com-
pared to the agnostic model which uses uniform and uninformative
priors over the parameters.

Addditionally, the agnostic model permits realisations with a
high number of low-mass binaries around 𝑀 ' 106M� and corre-
spondingly fewer high-mass mergers, scenarios that are disallowed
by the priors of the astro-informed model (see e.g., Fig. 3 of Mid-
dleton et al. 2021). This key difference between the two models
is more apparent in Fig. 2. The median of the posteriors of the
agnostic model vanishes at large 𝑀 before the median of the astro-
informed model’s posteriors, which are generally flatter across this
mass range, due to the astro-informed model’s prior distribution in-
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Figure 2. Posterior distributions of the MBHB merger rate per year per
unit logarithmic total-mass over the range 𝑀 = 106 − 109M� . As in Fig. 1,
the agnostic (astro-informed) model is shown in red (blue), where the solid
line marked by crosses (circles) is the median and the dark and light shaded
regions represent the central 50% and 90% credible regions, respectively.
These merger rates are inferred using the IPTA DR2 results. Sources are
integrated over a redshift range of 0 to 5. The black dotted line is the 99.5
percentile of the prior distribution for the astro-informed model.

dicated by the black dotted line. This highlights how themerger rates
calculated here are sensitive to population modelling assumptions,
in part due to the weak constraints from PTA results.

Now that we have established the PTA-constrained estimates
for the merger rates of MBHBs, we turn next to the detectability of
MBHBs with LISA to ultimately estimate their detection rates.

4 LISA DETECTIONS OF BLACK HOLE MERGERS

While PTAs detect (primarily) the contribution from the ensemble
of the MBHB population, LISA will resolve the coalescences of
individual MBHBs from the population. Despite naively appearing
to probe separate domains, these detectors are complimentary as
constraints from one can inform our expectations for the other.
In this section, we demonstrate how combining PTAs and LISA
can provide useful astrophysical insight. First, let’s examine the
waveforms of MBHBs and LISA’s detection capabilities.

The strain produced by aMBHB can be represented as a multi-
pole expansion with basis functions −2𝑌ℓ𝑚 (\, 𝜙), the spin-weighted
spherical harmonics of spinweight−2, andwith coefficients ℎℓ𝑚 (𝑡),

ℎ(𝑡) = ℎ+ (𝑡) − 𝑖ℎ× (𝑡) =
∑︁
ℓ≥2

ℓ∑︁
𝑚=−ℓ

ℎℓ𝑚 (𝑡) −2𝑌ℓ𝑚 (\, 𝜙) , (7)

where ℎ+,× (𝑡) are the polarisation amplitudes. Throughout this
work, we use the waveform approximant IMRPhenomXHM (Prat-
ten et al. 2020; García-Quirós et al. 2020) to compute Eq. (7):
it describes the full inspiral-merger-ringdown radiation produced
by the coalescence of binary systems in which the spins of the
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Figure 3. The real part of the strain amplitude ℎℓ𝑚 (𝑡) (top-left panel) and the frequency 𝑓 (bottom-left panel) of gravitational signals composed of the
ℓ = 2, 3, and 4 modes which correspond to the red, green, and blue solid lines, respectively. The characteristic strain ℎ𝑐 ( 𝑓 ) of each signal (right panel) passes
through the LISA detection band, i.e., the characteristic noise amplitude of the noise power spectral density ℎ𝑛 ( 𝑓 ) , shown by the black solid line. The dotted
black line is the usual lower frequency limit of LISA, 𝑓low = 10−4 Hz. Each of the three signals assume the same binary mass ratio 𝑞 = 1/3, source-frame total
mass 𝑀 = 3 × 107M� , luminosity distance 105 Mpc, and inclination ] = 𝜋/2.

black holes are aligned to the orbital angular momentum of the
binary. The multipoles ℎℓ𝑚 are calibrated to numerical relativ-
ity for mass ratios 𝑞 > 1/18, and the approximant includes the
(ℓ, |𝑚 |) = {(2, 2), (2, 1), (3, 3), (3, 2), (4, 4)} modes.

A single multipole mode (ℓ, 𝑚) is itself a complex-valued time
series, ℎℓ𝑚 (𝑡), which can be expressed via an amplitude 𝐴ℓ𝑚 and
phase Φℓ𝑚,

ℎℓ𝑚 (𝑡) = ℎ+ (𝑡) − 𝑖ℎ× (𝑡) = 𝐴ℓ𝑚 (𝑡)𝑒𝑖Φℓ𝑚 (𝑡) .

The corresponding frequency of this mode is the rate of change of
the phase angle,

𝑓ℓ𝑚 (𝑡) = 1
2𝜋
d
d𝑡
Φℓ𝑚 (𝑡) . (8)

The top-left (bottom-left) panel of Fig. 3 displays the amplitude
Re(ℎℓ𝑚 (𝑡)) (frequency 𝑓ℓ𝑚 (𝑡)) for three waveforms composed of
ℓ = 2, ℓ = 3, and ℓ = 4 modes that correspond to the red, green,
and blue solid lines. Although the leading ℓ = 2 modes dominate
in amplitude Re(ℎℓ𝑚 (𝑡)), the frequency 𝑓ℓ𝑚 is higher for the sub-
dominant ℓ = 3 and 4 modes.

The time spent by a GW signal in the detection band of a
detector that is sensitive to frequencies above 𝑓low is approximately,

𝜏 =
5
256

(
𝐺M
𝑐3

)−5/3
(𝜋 𝑓low)−8/3

(
ℓ

2

)8/3
. (9)

For high-mass black-hole binaries and a given 𝑓low, the leading
mode ℓ = 𝑚 = 2 spends less time in the LISA detection band
compared to the higher modes ℓ = 𝑚 = 3, 4. This implies that the
higher modes can improve the detectability of higher mass binaries
despite radiating more quietly than the lower modes.

The characteristic strain of a signal, useful when considering
the response of a GWdetector, is defined as [ℎ𝑐 ( 𝑓 )]2 = 4 𝑓 2 | ℎ̃( 𝑓 ) |2

(Moore et al. 2015)where ℎ̃( 𝑓 ) is the strain in the frequency domain,
i.e., ℎ̃( 𝑓 ) =

∫ ∞
−∞ ℎ(𝑡) exp[−2𝜋𝑖 𝑓 𝑡]d𝑡. Analogously, [ℎ𝑛 ( 𝑓 )]2 =

𝑓 𝑆𝑛 ( 𝑓 ) gives the amplitude that describes the noise of a detector
where 𝑆𝑛 ( 𝑓 ) is the (one-sided) power spectral density of the noise.
The right panel of Fig. 3 shows ℎ𝑐 ( 𝑓 ) for the same three sets of
modes where the black solid line is the noise amplitude ℎ𝑛 ( 𝑓 ) of
the LISA detector assuming 𝑆𝑛 ( 𝑓 ) is composed of instrumental
(Babak et al. 2021) and galactic confusion (Babak et al. 2017)
noises. Consistent with the bottom left panel, the right panel of
Fig. 3 demonstrates how higher modes enter the LISA detection
band at higher frequencies and extends the duration of the signal
from a high-mass binary in the LISA band. The low-frequency limit
of the LISA detector, shown by the dotted black line, plays a similar
role.

The presence of radiation multipoles higher than the domi-
nant ℓ = |𝑚 | = 2 mode is particularly important to take into ac-
count when considering observations of MBHBs whose total mass-
redshift combination produce a signal close to the low-frequency
sensitivity limit of LISA. These higher modes provide sensitivity
to a larger portion of the mass-redshift parameter space than only
considering the ℓ = |𝑚 | = 2 mode such as in Fig. 3 of Amaro-
Seoane et al. (2017). Motivated by this, next we apply the above
methodology to explore the detectability of MBHB mergers with
LISA and the impact of higher modes.

For an L-shaped GW detector, the SNR is (Moore et al. 2015),

𝜌2 = 〈ℎ|ℎ〉 =
∫ ∞

−∞

[
ℎ𝑐 ( 𝑓 )
ℎ𝑛 ( 𝑓 )

]2
d(log 𝑓 ) , (10)

where 〈ℎ|ℎ〉 denotes the noise-weighted inner product (Cutler &
Flanagan 1994). The SNR for a LISA-like detector can, in the limit
that GW wavelengths are much larger than the LISA arm length,
be approximated as the sum of the SNRs of two L-shaped detec-
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Figure 4. Contours of LISA signal-to-noise versus redshift 𝑧 and source-frame total binary mass 𝑀 assuming a mass ratio 𝑞 = 1/3, zero spins, inclination
cos ] = 0.8, and flat FLRW cosmology with cosmological parameters taken from Planck Collaboration et al. (2020). The completely (transparently) filled
contours in the left panel assume a lower frequency cut off 𝑓low = 10−4 Hz ( 𝑓low = 10−5 Hz) and are computed with the available ℓ = 2, ℓ = 3, and ℓ = 4modes
of the IMRPhenomXHM waveform approximant. The right panel shows a zoomed-in portion of these signal-to-noise contours as solid lines, and the dashed
and dotted lines are computed with only the ℓ = 2 and ℓ = 3 modes and only the ℓ = 2 modes, respectively.

tors, each given by Eq. (10) above, and accounting for the 𝜋/3
rather than 𝜋/2 angle between the LISA arms, i.e., LISA’s SNR is
𝜌2 = 〈𝐻1 |𝐻1〉 + 〈𝐻2 |𝐻2〉 where 𝐻𝑖 =

√
3(𝐹𝑖,+ℎ+ + 𝐹𝑖,×ℎ×)/2 are

the responses for two sets of L-shaped arms assuming each mea-
sures the same MBHB signal with the same detector noise as in
Fig. 3 and 𝐹𝑖,+× are the beam-pattern coefficients (Barack & Cutler
2004). We vary the MBHB total mass and redshift, and rather than
marginalizing over the source spins, orientation, and location, here
we assume that the MBHBs are nonspinning, oriented with modest
inclination (cos ] = 0.8), directly above the detector with constant
azimuth (i.e., \𝑠 = 0, 𝜙𝑠 = 𝜋/4) in the frame that is corotating
with the detector, and that the GW polarization is constant (i.e.,
𝜓 = 𝜋/6).

The contours of constant SNR in the left panel of Fig. 4 are
computed as functions of the redshift 𝑧 and source-frame total mass
𝑀 and with waveforms [Eq. (7)] composed of all the available
multipole modes of IMRPhenomXHM, i.e., (ℓ ≥ 2, |𝑚 | ≤ ℓ).
As lower mass binaries produce longer lived signals in the LISA
detection band, i.e., as shown by the black solid line in the right panel
of Fig. 3, much of their accumulated SNR comes from the binary
inspiral phase. Higher mass binaries spend less of their inspiral
in the LISA band, i.e., see Eq. (9), and for binaries with 𝑀 &
108M� essentially only the merger and ringdown are observable.
Such signals are on the cusp of the low-frequency limit 𝑓low of
LISA, implying that the value of 𝑓low is important for detecting very
massive binaries. We demonstrate this with two values of 𝑓low in the
left panel of Fig. 4, where the solid-filled contours are computed
assuming 𝑓low = 10−4 Hz, and the faded contours are computed
with a smaller frequency cut off 𝑓low = 10−5 Hz. The smaller 𝑓low
allows binaries with mass 𝑀 . 5 × 108M� and redshift 𝑧 . 2 to

have significantly larger SNR than compared to the higher 𝑓low, as
more of the inspiral extends into the LISA window. Binaries with
even higher mass are undetectable with the limit 𝑓low = 10−4 Hz,
and only become detectable with smaller 𝑓low because these signals
are already very short-lived in the peak of the LISA sensitivity
window. This effect indicates that utilizing 𝑓low ≤ 0.1 mHz will
help to maximize the detection horizon, and hence the constraining
power, of the LISA mission.

The right panel of Fig. 4 shows how including higher modes
can also modestly increase the SNR of MBHBs. The SNRs corre-
sponding to the solid lines are identical to the solid-filled contours
in the left panel, i.e., are computed with the ℓ = 2, 3, and 4 modes,
and are monotonically larger than the corresponding SNR contours
computed with the ℓ = 2 and ℓ = 3 modes (dashed lines), and
with the ℓ = 2 modes (dotted lines). This effect is essentially neg-
ligible for binaries with low mass (𝑀 . 107) and close proximity
(𝑧 . 2), but is noticeable for binaries with higher total mass and
distance. Again, this effect is most pronounced for very massive
binaries whose short-lived signals (as seen by LISA) are extended
with higher modes. We note that this effect is sensitive to the incli-
nation of the source, i.e., it is largest for edge-on systems, and we
choose a conservative inclination of cos ] = 0.8 in Fig. 4.

Both of the increases in SNR, due to smaller 𝑓low or inclu-
sion of higher modes, can make-or-break detections of higher-mass
binaries, but the former is an instrumental feature of LISA while
the latter is an observational modelling assumption. On this ba-
sis, we conclude that an optimal LISA detector should utilize as
low of a frequency limit as possible; nevertheless, including higher
modes in analysis of very massive mergers will systematically im-
prove LISA’s ability to probe these sources. As we shall see in
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Table 1. The 5th, 50th, and 95th percentiles of the detection rates (per year) R and the corresponding detectable fraction 𝐹det of populations of MBHBs with
LISA for the three mass bins 𝑀 = 106 − 107M� (A), 𝑀 = 107 − 108M� (B), and 𝑀 = 108 − 109M� (C). Four combinations of multipole modes (i.e., ℓ = 2
or ℓ = 2, 3, 4) and the LISA lower-frequency limit (i.e., 10−4 Hz or 10−5 Hz) are considered. The detection rates without (with) parenthesis are computed
with merger rates from the agnostic (astro-informed) model of Section 2. An entry of 0 indicates that the rate is < 0.1 yr−1.

(A) 𝑀 = 106 − 107M� (B) 𝑀 = 107 − 108M� (C) 𝑀 = 108 − 109M�
R5 R50 R95 𝐹det R5 R50 R95 𝐹det R5 R50 R95 𝐹det

[yr−1] [yr−1] [yr−1] [yr−1] [yr−1] [yr−1] [yr−1] [yr−1] [yr−1]
ℓ = 2 & 10−4 Hz 0 (0.1) 75 (5) 82700 (391) 1 (1) 0 (0.1) 13 (4) 373 (101) 0.8 (0.7) 0 (0) 0 (0) 1 (0) 0.1 (0.0)
ℓ = 2 & 10−5 Hz 0 (0.1) 75 (5) 82700 (391) 1 (1) 0 (0.2) 16 (7) 464 (147) 0.9 (0.9) 0 (0.1) 0.1 (0.8) 5 (7) 0.5 (0.3)
ℓ ≥ 2 & 10−4 Hz 0 (0.1) 75 (5) 82700 (391) 1 (1) 0 (0.2) 15 (6) 434 (134) 0.9 (0.9) 0 (0) 0 (0) 2 (0) 0.2 (0.0)
ℓ ≥ 2 & 10−5 Hz 0 (0.1) 75 (5) 82700 (391) 1 (1) 0 (0.2) 17 (7) 477 (154) 1 (1) 0 (0.1) 0.1 (1) 6 (11) 0.6 (0.4)

Section 5, including higher modes has the additional benefit of sig-
nificantly improving the estimation of source parameters as it breaks
the distance-inclination degeneracy.

Now thatwe understand howLISA’s sensivity depends on these
various ingredients,we can estimateMBHB detection rates for LISA
by relating theMBHBmerger rates from PTAs in Section 3 with the
SNR of LISA. To produce Fig. 4, we computed SNRs in the small-
wavelength approximation with a fitted curve for the detector noise.
Instead, here we compute LISA SNRs using the full time-delay-
interferometry implementation of balrog (Buscicchio et al. 2021)
(see Section 2 of Pratten et al. (2022) for a complete description)
and the IMRPhenomXHM approximant (Pratten et al. 2020;García-
Quirós et al. 2020) for the waveforms. We consider binaries with
redshift 𝑧 = 0 − 5 in three bins of (source-frame) total mass 𝑀 =

106 − 107M� , 𝑀 = 107 − 108M� , and 𝑀 = 108 − 109M� labeled
A, B, and Cwhich correspond to the left, middle, and right panels of
Fig. 1, respectively. The total mass and redshift are randomly drawn
from our PTA-constrained MBHB populations and the remaining
extrinsic and intrinsic MBHB parameters are chosen randomly for
each binary in the distribution. We use 10, 000 draws for each 𝑀

range.
The detection rate R is the number of mergers with LISA SNR

≥ 12 per year of observation time, i.e., R ≡ 𝐹det ¤𝑁 where 𝐹det is the
fraction of detectable mergers and ¤𝑁 is the integrated merger rate
from Eq. (2) for the given mass-redshift bin. The merger rate can be
sensitive to the formation model, as shown in Fig.’s 1 and 2, and can
be as large as ∼ 104 and ∼ 102 for the agnostic and astro-informed
models, respectively. Nevertheless, both models generate the most
mergers in bin A and fewer mergers in bins B and C since the loud,
very high-mass binaries that dominate the SGWB are outnumbered
by the quieter low-mass binaries. Simultaneously, the SNR of LISA
is largest in bin A and decreases nearly monotonically toward bins
B and C, as shown in Fig. 4. Therefore, one naively expects R
to be largest for moderate-mass binaries (bin A) and smallest for
very massive binaries (bin C) where modelling and instrumental
assumptions will be important for MBHBs on the cusp of LISA
detectability.

Our detection rates in these three mass-redshift bins are sum-
marized in Table 1 for both formation models and for four combi-
nations of multipole modes and the LISA low-frequency limit. We
indeed find that R is generally largest in bin A (𝑀 = 106−107M�),
where the agnostic model predicts & 100 times more detections
compared to the astro-informed model at the 95th percentile. The
enormous SNR of LISA in this portion of the parameter space al-
lows for all mergers to be detected, i.e., 𝐹det = 1, in either formation
history.

The detectability of MBHBs in bins B (𝑀 = 107 − 108M�)
and C (𝑀 = 108 − 109M�) is more sensitive to the LISA low-

frequency limit 𝑓low and the inclusion of higher multipole modes.
For the agnostic (astro-informed) formation model in bin B, R is
≈ 20% (≈ 50%) larger with higher modes included and 𝑓low = 10−5
Hz than with only the leading ℓ = 2 modes and 𝑓low = 10−4 Hz.
Importantly, for bin C, R is similarly boosted to 6 (11) yr−1 in the
agnostic (astro-informed) formation model when higher modes and
smaller 𝑓low are assumed. The fraction ofmergers that are detectable
𝐹det in bin C is larger for the agnostic model than the astro-informed
model as the latter generates more mergers with higher mass, shown
by Fig. 2. Thus, in our model, R is essentially only sensitive to the
SNR cut-off in bin C.

In Table 1we use an entry of 0 to indicateR < 0.1 yr−1. For the
agnostic formation model, the 5th percentile R5 is very small and
we are only able to place upper limits on R. However, the median
R50 ≈ 0.1 yr−1 in the high-mass bin C, implying that a 10 yr LISA
mission would detect at least 1 merger. This is especially relevant
for the astro-informed model, where R5 ' 0.1 yr−1 in all three bins.
We note that, in the first and third rows of Table 1, R is set to 0 for
the astro-informed model in bin C because 𝐹det ∼ 0.01.

These results demonstrate that not only are PTA constraints
of the SGWB capable of informing LISA detection rates, but that
our framework can also probe the very uncertain formation of the
MBHB population. We stress that higher modes and an optimistic
value for 𝑓low will aid the viability of such predictions.

5 PARAMETER ESTIMATION WITH LISA

Lastly, we perform a Bayesian parameter estimation study of five
representative MBHBs with the LISA inference tool balrog (see
e.g., Finch et al. 2022; Klein et al. 2022; Pratten et al. 2022; Busci-
cchio et al. 2021; Roebber et al. 2020) to provide an example of the
quality of LISA observations for these systems.

The five binaries are drawn randomly from the posterior dis-
tributions of the agnostic model in Section 2 which provides the
(source-frame) total mass 𝑀 and redshift 𝑧 of each binary. As the
merger-rate posterior for the agnostic model highly disfavours high-
mass binaries, but we are still interested in exploring the quality
of LISA observations for such systems, we force the highest-mass
draw to be detectable with 𝑀 > 107M� . The properties of these
systems are summarized in Table 2.

We compute the LISA noise-orthogonal time-delay-
interferometry observables as described in Section 2 of Pratten et al.
(2022). Consistent with our analyses above, the signals are injected
and recovered using the IMRPhenomXHM approximant (Pratten
et al. 2020; García-Quirós et al. 2020), and we convert between
redshift and luminosity distance with the same cosmology as in
Fig. 4. The injected (source frame) component masses (𝑚inj1 , 𝑚

inj
2 )
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Table 2. Summary of results of our Bayesian parameter estimation for five injected binaries. The first column provides an ID for each binary, and the second,
third, and fourth columns show the injected source frame component masses 𝑚inj1 , 𝑚

inj
2 and redshift 𝑧

inj, respectively. Consistent with earlier sections, we
assume an injected mass ratio 𝑞 = 1/3. All other injected parameters are identical for the five binaries: dimensionless spin magnitudes 𝜒1 = 𝜒2 = 0, ecliptic
longitude 𝑙 = 2.0, sin of ecliptic latitude sin 𝑏 = 0.3, inclination angle cos ] = 0.8, polarisation 𝜓 = 0.5, initial orbital phase 𝜙 = 0.0, and merger time at
𝑡c = 31536000 s from the start of the data. The fifth and sixth columns summarise the SNR for these binaries with different multipole modes. The final six
columns are the recovered posteriors for each binary, where 𝑚1, 𝑚2 are the source-frame component masses, 𝑧 is the redshift, 𝜒eff is the aligned effective
spin parameter, Ω90 is the 90th percentile of the (elliptical) sky area, and Δ𝑡c is the recovered time of merger centred at the injected value. The values quoted
with uncertainties are computed with all multipole modes, i.e., ℓ ≥ 2, and represent the median and central 90% credible region for each parameter. Note that
binaries 3 and 4 have multi-modal sky locations. Equal numbers of posterior samples from the nessai and dynesty analyses are used.

ID 𝑚
inj
1 𝑚

inj
2 𝑧inj SNR ( 𝑓low = 0.1mHz) 𝑚1 𝑚2 𝑧 𝜒eff Ω90 Δ𝑡c

[106M� ] [106M� ] ℓ = 2 ℓ ≥ 2 [106M� ] [106M� ] [deg2 ] [s]

1 1.1 0.4 0.8 7194 7260 1.1252+0.0004−0.0003 0.3749+0.0001−0.0001 0.8000+0.0004−0.0004 −0.0002+0.0003−0.0004 0.0049 0.1+0.3−0.3

2 0.9 0.3 2.3 2269 2595 0.900+0.001−0.002 0.3000+0.0004−0.0003 2.299+0.003−0.003 −0.001+0.001−0.001 0.04 0+1−1
3 1.4 0.5 3.2 745 1068 1.3506+0.0042−0.0042 0.4499+0.0012−0.0012 3.20+0.01−0.01 −0.001+0.003−0.003 25.7 1+4−3
4 1.7 0.6 4.3 276 383 1.73+0.01−0.02 0.574+0.005−0.005 4.30+0.04−0.04 −0.001+0.006−0.005 1.4 0+8−9
5 52.5 17.5 2.0 8 78 53+4−3 17+2−1 2.0+0.2−0.2 0.0+0.1−0.1 13784 174+658−848

and redshifts 𝑧inj for each of the binaries are shown in the left side
of Table 2 along with the corresponding SNR we compute by either
assuming only the ℓ = 2 modes or the ℓ = 2, 3, and 4 modes. We
inject zero spin (𝜒1 = 𝜒2 = 0) for all five binaries. The remaining
extrinsic and intrinsic parameters are identical for each binary and
are summarised in the caption of Table 2.We assume a LISA config-
uration with 2.5million-km arm length and a data duration of 4 yr,
and for recovery we use two implementations of nested sampling
(Skilling 2006): dynesty (Speagle 2020; Koposov et al. 2022) and
nessai (Williams et al. 2021; Williams 2021).

Fig. 5 shows selected posterior distributions, where the five
rows top-to-bottom correspond to the five binaries, and shows
a comparison between the two samplers. These results are sum-
marised in Table 2, where the first column provides an ID for each
binary, the next five columns specify the injected values and the
corresponding SNRs using only the leading modes or all available
modes, and the remaining six columns list the medians and cen-
tral 90% credible regions of the recovered posterior distributions.
These quoted values are computed from equally mixed samples of
the dynesty and nessai results shown in Fig. 5.

The five binaries are listed in Table 2 by decreasing SNRs,
which span a broad range. Intuitively, Binary 1 with the highest
SNR displays the smallest recovered parameter uncertainties, and is
closely followed by Binaries 2 and 3. However, the 90th percentile
of the (elliptical) sky area Ω90 for Binary 3 was found to be multi-
modal resulting in a larger estimate for Ω90, i.e., see the panel in
the third row and third column of Fig. 5 which shows that both
sky-location peaks are small. Binary 4, which was injected with
the furthest distance, has an order-of-magnitude smaller SNR and
corresponding parameters that are recovered with larger uncertain-
ties, especially the uni-modal sky area. Nevertheless, its masses and
spins are still precisely measured. The sky area of these four bina-
ries will be sufficiently small to support realistic electromagnetic
follow-up campaigns (Mangiagli et al. 2022). The precision with
which LISA can measure their masses, spins, redshift, coalescence
times, and sky locations will be unprecedented and will serve as
strong probes of their evolutionary history.

Importantly, Binary 1 stands out among the others as it has the
largest injected total mass, and hence the lowest SNR. In the context
of the three mass-redshift bins of Table 1, this is the only binary of
the five we consider here that lies in a higher mass region (bin B),

implying its SNRmay be sensitive to themodelling and instrumental
assumptions we explored earlier. Indeed, we find that the SNR of
Binary 5 is nearly insufficient, i.e., ≈ 8, to be detectable unless we
include higher modes, as shown in the fifth and sixth columns of
Table 2, or assume a smaller LISA low-frequency limit than 10−4
Hz. Consequently, compared to the other binaries, the recovered
parameters of this high-mass binary suffer from significantly larger
uncertainties and the sky location is burdened by multi-modality,
i.e., see the panel in the fifth row and third column of Fig. 5.

These results demonstrate LISA’s exceptional capability to
constrain properties ofMBHBs.We note that the inclusion of higher
modes is generally important in parameter recovery, as an analysis
that only assumes the leading ℓ = 𝑚 = 2 mode can encounter much
greater uncertainties, see e.g., Pratten et al. (2022).

6 CONCLUSIONS & DISCUSSION

The future GW detector LISA will observe MBHBs with remark-
able precision due to the high SNR it will achieve across large ranges
of redshift and mass. In this work, we have demonstrated how PTA
measurements of the SGWB can inform the potential of detecting
MBHBs with LISA. To do this we constrained MBHB formation
models to obtain estimates of the merger rates of the MBHB popu-
lation, and then we computed the SNR of these MBHBs to arrive at
their LISA detection rates. We also performed a parameter estima-
tion study of a handful of such binaries to showcase the tremendous
constraining power of LISA. Our findings are summarized in these
key conclusions:

(i) Despite primarily probing different portions of the parame-
ter space of MBHBs, PTAs and LISA can jointly provide robust
predictions for MBHBs.
(ii) The astrophysical assumptions of the two formation models

we consider can lead to different predictions for the merger rate, and
hence detection rate, of MBHBs.
(iii) Our LISA detection rates R for binaries with mass 𝑀 &

106M� , decreasemonotonically with increasingM,which parallels
the SNRof LISA, and are boosted by highermodes and a small LISA
low-frequency limit.
(iv) Binaries with higher mass, i.e., 𝑀 & 107M� , and near the

edge of theLISAhorizon can be undetectablewithout these boosting
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Figure 5. Density estimation of the posterior distributions for the five binaries in our Bayesian parameter estimation of Section 5. The dynesty (nessai) results
are indicated by the solid green (dashed orange) lines. Each row corresponds to one of the binaries, i.e., binaries 1-5 from top to bottom, and the four columns
correspond to the recovered source-frame component masses 𝑚1 and 𝑚2, the mass ratio 𝑞 and aligned effective spin 𝜒eff , the ecliptic longitude 𝑙 and latitude
𝑏, and the redshift 𝑧, respectively.

effects, e.g.,R ≈ 0(0.1)−6(11) yr−1 (central 90%credible interval),
but R can quickly vanish with a pessimistic LISA low-frequency
limit.
(v) A long mission duration for LISA helps to ensure detection

of high-mass binaries when R ∼ 0.1 yr−1.
(vi) LISA’s ability to adequately measure the parameters of high-

mass binaries will rely heavily on modelling assumptions (such as
including higher modes) and instrumental assumptions (such as the
low-frequency limit).

Although the MBHB formation models we consider are uncertain

and despite the current challenges with PTA measurements of the
SGWB, constraints on MBHB merger rates with PTAs can be used
to make meaningful predictions for LISA observations. The present
work is a proof-of-principle that multi-band studies of MBHBs are
advantageous and offer a viable probe of the MBHB population.

Precise sky location estimates from GWs are of particular im-
portance for multi-messenger, i.e., joint GW and electromagnetic,
observations ofMBHBs, see e.g. Piro et al. (2023). As highermodes
are known to break degeneracies and providemulti-modal sky local-
isations (Marsat et al. 2021; Pratten et al. 2022), including higher
modes will be important for multi-messenger detections, e.g., of
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bright quasars with high mass 𝑀 & 108M� and redshift 𝑧 & 6
(Volonteri et al. 2021).

There are a few caveats in our analysis worth discussion. We
want to emphasise that, to illustrate the point concerning the syn-
ergy between PTAs and LISA, we used an ansatz of assuming the
common red-stochastic signal observed in PTA data is due to a
SGWB from MBHBs. The nature of this signal is currently un-
known, and there is no statistically significant evidence that it is due
to a SGWB, e.g.’s see Arzoumanian et al. (2020); Goncharov et al.
(2021); Chen et al. (2021); Antoniadis et al. (2022) for detailed dis-
cussions. Moreover, if a SGWB is detected by PTAs in the future the
physical source of the signal would need to be identified, such as an
astrophysical population of MBHBs or some other (possibly more
exotic) process in the early Universe, see e.g.’s Moore & Vecchio
(2021); Arzoumanian et al. (2021); Xue et al. (2021). These are
highly non-trivial problems that we do not consider here. However,
under the assumption of a “universal” MBHB population in the
Universe, the results of the LISA survey may provide the strongest
clue in this direction and further the relationship between PTAs and
LISA.

Throughout this work we have assumed that the MBHBs are
non-spinning. Althoughwe do not explore it here, we expect that our
MBHBs detection rateswill bemost sensitive to the spinmagnitudes
and directions in the high-mass regime, i.e., 𝑀 & 107M� , as their
LISA SNR is more sensitive to higher modes than lower mass bina-
ries. Lastly, the detection rates that we compute are limited by the
uncertainties of the two formation models that we consider. Probing
astrophysical observables is challenging with present PTA datasets
(Chen et al. 2019), and further work is needed in the modelling of
MBHB populations.

Frameworks such as ours that attempt to forecast the science
potential of LISA using SGWB measurements from PTAs should
improve in the near future as PTAs continue the search for this
signal. Equally, once operational, LISA’s observations of individual
MBHBs at lower masses will aid PTAs in constraining the MBHB
population at highmasses, even if difficulties in detecting the SGWB
from MBHBs persists. These complementary observations, as well
as those at high LISA frequencies (Klein et al. 2022), will help
enable a multi-band era of GW astrophysics.
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APPENDIX A: POSTERIOR DISTRIBUTIONS ON THE
POPULATION HYPER-PARAMETERS

In this Appendix we show full corner-plots for the population hyper-
parameters for the two models of the MBHB populations described
in Sections 2 and 3.

The marginalised posterior distributions for the five agnostic
model parameters given the IPTADR2 results are shown in Fig. A1.
We use flat priors in the ranges: log10

¤𝑛0
Mpc3Gyr

∈ [−20.0, 3.0], 𝛽𝑧 ∈

[−2.0, 7.0], 𝑧0 ∈ [0.2, 5.0], 𝛼M ∈ [−3.0, 3.0], and log10
M★

M�
∈

[106, 109]. As in previous analysis, the only constraint from the
agnostic model is on ¤𝑛0.

The marginalised posterior distributions for the 18-parameter

astrophysically informedmodel are shown in Fig. A2. The priors are
are marked in green and are identical to the extended prior ranges
listed in Table I in Chen et al. (2019).
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Figure A1. Marginalised posterior distributions for the agnostic model. The contour plots show the two-dimensional posterior distributions for each parameter
combination, where the contours indicate the central 50% and 90% credible regions. The histograms show the one-dimensional posterior distributions for each
parameter.
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Figure A2. Identical to Fig. A1 but for the astro-informed model, i.e., the 50% and 90% contours in the 2-d plots and the 5, 50, 90 percentiles in the 1-d plots.
The green contours and histograms represent the astrophysical prior on the two-dimentional and one-dimentional distributions, respectively.
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ABSTRACT

Context. Pre-stellar cores represent the earliest stage of the star- and planet-formation process. By characterizing the physical and
chemical structure of these cores we can establish the initial conditions for star and planet formation and determine to what degree
the chemical composition of pre-stellar cores is inherited to the later stages.
Aims. We aim to determine the underlying causes of spatial chemical segregation observed in pre-stellar cores and study the effects
of the core structure and external environment on the chemical structure of pre-stellar cores.
Methods. A 3D MHD model of a pre-stellar core embedded in a dynamic star-forming cloud is post-processed using sequentially
continuum radiative transfer, a gas-grain chemical model, and a line-radiative transfer model. Results are analyzed and compared to
observations of CH3OH and c-C3H2 in L1544. Nine different chemical models are compared to the observations to determine which
initial conditions are compatible with the observed chemical segregation in the prototypical pre-stellar core L1544.
Results. The model is able to reproduce several aspects of the observed chemical differentiation in L1544. Extended methanol
emission is shifted towards colder and more shielded regions of the core envelope while c–C3H2 emission overlaps with the dust
continuum, consistent with the observed chemical structure. These results are consistent across a broad spectrum of chemical models.
Increasing the strength of the interstellar radiation field or the cosmic-ray ionization rate with respect to the typical values assumed in
nearby star-forming regions leads to synthetic maps that are inconsistent with the observed chemical structure.
Conclusions. Our model shows that the observed chemical dichotomy in L1544 can arise as a result of uneven illumination due to
the asymmetrical structure of the 3D core and the environment within which the core has formed. This highlights the importance of
the 3D structure at the core-cloud transition on the chemistry of pre-stellar cores. The reported effect likely affects later stages of the
star- and planet-formation process through chemical inheritance.

Key words. astrochemistry – radiative transfer - stars: formation – ISM: abundances – methods: numerical

1. Introduction

Stars like the Sun form from the collapse of cold self-gravitating
cores known as pre-stellar cores. The collapse of these cores
marks the earliest stage of the star and planet formation pro-
cess and consequently sets its initial conditions (e.g., Bergin &
Tafalla 2007). Studying the chemical inventory during this stage
thus provides direct insights into the chemical inventory that will
finally be inherited by forming planets. (e.g., Caselli & Cecca-
relli 2012).

Pre-stellar cores are found in a variety of different cloud en-
vironments, ranging from isolated Bok globules to dense clus-
ters embedded in molecular clouds. How variations in the lo-
cal environment influences the chemical composition of pre-
stellar cores remains an open question. In a recent work, Spez-
zano et al. (2016) mapped the emission of methanol (CH3OH)
and cyclopropenylidene (c-C3H2) in the pre-stellar core L1544
and found a complementary morphology in the emission of the
two molecules as shown in Fig. 1. The chemical segregation ob-
served in L1544 appeared to be caused by uneven illumination
of the core by the interstellar radiation field (ISRF) because the
methanol emission peaks on the north-western side of the core
where the H2 column density shows a more shallow drop than
the remaining directions. Later, Spezzano et al. (2017) mapped a

? e-mail: sigurdsj@mpe.mpg.de

large selection of molecules across L1544, and performed a prin-
cipal component analysis on the emission maps. Their analysis
confirmed the previous dichotomy between c-C3H2 and CH3OH
and found additional components linked to the dust peak of the
core and HNCO. The analysis suggested that the emission mor-
phology was determined by both local variations in temperature
and the external variation in the incident ISRF. Furthermore, the
observed dichotomy in c-C3H2 and CH3OH has recently been re-
ported in a larger sample of starless and pre-stellar cores (Spez-
zano et al. 2020). As such, the local cloud environment appears
to influence the chemical structure of pre-stellar cores and may
furthermore impact the chemical composition during planet for-
mation through chemical inheritance.

There is growing evidence that the chemistry at the pre-
stellar phase is partially inherited by the later stages of star
and planet formation and consequently this environmental ef-
fect could influence the chemistry during planet formation. One
prominent tracer of chemical inheritance is the degree of deu-
terium fractionation which record variations in the physical con-
ditions during the formation of deuterated molecules (e.g. van
Dishoeck et al. 2014; Ceccarelli et al. 2014). By comparing the
D/H ratio in Solar System bodies with astrochemical models of
the protosolar nebula, Cleeves et al. (2014) demonstrated that
the observed D/H ratio in the Solar System cannot be formed in-
situ and requires inheritance of pre-stellar water with a high D/H
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ratio. Likewise, the high D2O/HDO ratios in embedded proto-
stars indicate a substantial degree of inheritance of water from
the pre-stellar phases (Furuya et al. 2016; Jensen et al. 2021b).
Furthermore, comparison between the chemical content of the
Class 0 binary source IRAS16293–2422 and Comet 67P pro-
vides tentative support for a high degree of inheritance for a
larger number of molecules, as the relative abundances of com-
plex organic molecules (COMs) show a correlation between the
protostellar hot corino chemistry and the cometary composition
(Drozdovskaya et al. 2019). These results suggest that the chem-
ical composition during the pre-stellar phase plays a crucial role
in the chemical composition in protoplanetary disks during the
epoch of planet formation.

To understand the degree of chemical diversity among young
star-forming systems, the effect of the different environments
must be studied. Examples of previous work include the system-
atic studies between different molecular clouds (e.g., PEACHES
and ORANGES, Yang et al. 2021; Bouvier et al. 2022) and com-
parisons between carbon-chain molecules and complex organic
molecules in different regions of molecular clouds (e.g., Higuchi
et al. 2018). Another example is the comparison of the D/H ra-
tio of water between isolated and clustered Class 0 protostars
(Jensen et al. 2019). These studies indicate a dichotomy between
isolated and clustered protostars, and support an inheritance sce-
nario for water. However, it is not yet understood what drives
the apparent chemical differentiation between different environ-
ments and how strongly it can impact the chemical composition.

In this work we aim to explore the origin of the observed
chemical morphology of L1544 and establish what physical and
chemical processes drive the chemical segregation in pre-stellar
cores. L1544 is a pre-stellar core located on the edge of the Tau-
rus molecular cloud at a distance of 170 pc (Galli et al. 2018).
Both the physical and chemical structure of the core has been
the subject of several studies (e.g., Tafalla et al. 2002; Caselli
et al. 2012; Keto et al. 2015; Caselli et al. 2019, 2022). The cen-
ter of L1544 is cold and dense, with the temperatures reaching
6.5 K and the volume density being as high as 107 cm−3 (Crapsi
et al. 2007; Chacón-Tanarro et al. 2019). Molecular line emis-
sion observed towards the dust peak of L1544 has been success-
fully modeled using the 1D physical model presented in Keto
& Caselli (2010). However, maps of molecular emission shows
clear sign of a non-spherical structure (e.g., Spezzano et al.
2017). Both continuum emission and molecular emission shows
an elongated structure, which is not accounted for in 1D mod-
els and a full 3D model is likely needed to explain the chemical
segregation within the core. Furthermore, Caselli et al. (2019)
and Zhao et al. (2021) studied the collapse of a dense core using
a 3D non-ideal MHD code and found that an asymmetric disk-
like structure forms in the pre-stellar phase. This work presents a
3D ideal-MHD model of a pre-stellar core analog to L1544. The
model includes a detailed chemical network and realistic bound-
ary conditions from a large-scale molecular cloud simulation.
This allows us to study the chemical structure of a non-spherical
pre-stellar core in a realistic dynamic star-forming environment
and test the proposed origin of the chemical structure of the core.
In this initial work we focus on the chemical structure of CH3OH
and c-C3H2, leaving other molecules for future publications.

The paper is organized as follows. The second section intro-
duces each element of the model. In the third section, we com-
pare both the continuum and the molecular emission from the
simulated pre-stellar core with L1544. The implications of the
model, along with caveats, are discussed in the fourth section
and the conclusion are presented in the last section.

Fig. 1. Observations of c-C3H2 and CH3OH toward L1544 with the
IRAM 30m telescope. The red contours show the integrated emission
of c-C3H2 32,2–31,3 and the crosshair indicates the peak of the emission
map. White contours and crosshair show the same for CH3OH 21,2–11,1.
For both molecules the contours indicates 50%, 70%, and 90% of the
peak emission. The black dotted square indicates the region mapped
with the 30m. The colormap show the H2 column density map derived
from Herschel/SPIRE observations. Both column density and molecular
emission maps are from Spezzano et al. (2016).

2. Model description

2.1. Physical pre-stellar core models

To study the impact of the surrounding star-forming environ-
ment, we selected a pre-stellar core embedded in a large-scale
simulation of a 4 pc3 star-forming molecular cloud. The dynam-
ical evolution of the molecular cloud was modeled using the the
adaptive mesh refinement finite volume ideal-MHD code ramses
(Teyssier 2002). A detailed description of the physical model
is presented in Haugbølle et al. (2018) and we will here briefly
introduce the characteristic of the model. In the model, turbu-
lence in the gas is driven with a solenoidal powerspectrum on
the largest scales maintaining a 3D rms velocity of 2 km s−1,
and an isothermal equation of state is used. Sink particles that
can accrete gas from the surroundings and represent stars form
at the highest level of refinement, when a grid cell is detected
as unequivocally collapsing (Haugbølle et al. 2018). 134 mil-
lion Lagranian tracer particles with 6.6 Earth masses each that
passively follows the flow of the gas while recording density,
velocities, and magnetic field strengths are used to record the
flow of matter in the model. The molecular cloud model repro-
duce well the physical and statistical conditions of a local low
mass star forming region including the star formation rate and
initial mass function (Haugbølle et al. 2018), core mass func-
tion (Pelkonen et al. 2021), and the multiplicity distribution (Ku-
ruwita & Haugbølle 2022). The model is well suited to study star
formation as a heterogeneous process, where the physical evolu-
tion on larger scales may impact the physical and chemical evo-
lution on smaller scales. The physical simulation uses adaptive
mesh refinement (AMR) with a root grid of 5123 and six levels
of refinement. This results in a minimum cell-size of 25 au in
models presented here. This resolution is sufficient to study the
dynamics from the larger molecular cloud scales down to indi-
vidual pre-stellar cores. Protostellar feedback, e.g., jets and out-
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flows, were not included in the model, since we are concerned
with pre-stellar phase in this work. In addition, L1544 is rather
isolated so nearby protostars are unlikely to impact the structure
of the core. The entire 4 pc3 box is shown in Fig. 2.

Within the computational domain we selected a pre-stellar
core resembling L1544. A description of the selection criteria is
presented in Sec. 3.1. Around the selected pre-stellar core we
extracted a spherical cutout with a radius 5×104 au which is
used for the post-processing steps of the model, introduced in
the subsequent sections. We carry out the post-processing and
analysis on this reduced domain because performing a full ra-
diative transfer simulation on the entire 4 pc3 box is unfeasible
given the number of photons needed to sample a domain of that
size. The center of the core is defined as the cell with the highest
density.

2.2. Continuum radiative transfer

To determine the thermal structure of the pre-stellar core, we
computed the dust temperature in the core using the mctherm
routine from the Monte Carlo radiative transfer code radmc-3d
(Dullemond et al. 2012). The radiation source was the ISRF, ir-
radiating the core from the edges of the 5×104 au cutout around
the pre-stellar core. A high number of photons was necessary to
sample the central parts of the core due to the high opacity and
large computational domain and we chose to inject 2.5×108 pho-
tons in this work. We used the ISRF from Zucconi et al. (2001),
with the modification in the mid-infrared as presented in Hocuk
et al. (2017). The UV range of the ISRF is composed of the
Draine field (Draine 1978), similar to the one used to compute
the photo-rates in Heays et al. (2017) for consistency with the
chemical model. We denote the standard strength of the ISRF as
G. In the fiducial model, we assumed an external extinction of
Av,ext = 2 mag around the core. This value was previously used
in the 1D radiative hydrodynamical model presented in Sipilä
et al. (2017). Values with Av,ext = 0 mag and Av,ext = 4 mag were
also tested. A lower limit on the temperature of 6 K is imposed.
Due to the high density in the center of the core and the large
computational domain, some cells will not be well sampled (i.e.,
low photon counts) and have temperatures below this limit. We
do not consider this to be physical but rather a limitation of the
current model. Nonetheless, the hard limit of 6 K does not have
a notable impact on the results presented here as the cells with
temperature below 6 K represent less than 0.6% of the total num-
ber of cells.

We assumed that dust and gas are well-coupled and remain in
thermal equilibrium. This assumption only holds at higher densi-
ties (& 105 cm−3, Goldsmith 2001), however previous 1D studies
of pre-stellar cores with coupled radiative hydrodynamics have
found that the difference between gas and dust temperatures re-
mains limited (i.e., ∆T . 2 K, Sipilä et al. 2017) and conse-
quently the impact on the chemistry is negligible compared to
the uncertainties on other parameters in grain-surface chemical
models.

The fiducial model used the dust opacities for protostellar
cores presented in Ossenkopf & Henning (1994) for thin ice
layers and dust coagulation for 105 years at a density of n =
106 cm−3 (from here-on referred to as OH94). These opacities
provide a good match to observations of pre- and protostellar
cores (e.g., van der Tak et al. 1999; Evans et al. 2001; Jørgensen
et al. 2002). However, using a single set of dust opacities across
the core is a simplification, since the ice thickness, composition,
and grain size may vary across the core, impacting the opacity of
the dust grains. Changing the dust opacity to bare dust grains or

grains covered with thick ice layers from Ossenkopf & Henning
(1994) have only limited impact on the thermal structure of the
core presented here.

In addition to the thermal dust continuum calculation, we
calculated the radiation field in the core using the mcmono rou-
tine in radmc3d for a single wavelength λ = 550 nm. This
allows us to estimate the visual extinction in each cell of the
model, which was used for the chemical post-processing. We
compute the visual extinction following the approach of Hocuk
et al. (2017):

Av = 1.086 × τ550 , (1)

where τ550 is the optical depth at 550 nm computed from:

τ550 = − log
Icell,550

IISRF,550
, (2)

Here Icell,550 denotes the computed intensity in a cell at 550 nm
while IISRF,550 is the unattenuated intensity of the interstellar ra-
diation field at the same wavelength.

2.3. Chemical model

The chemical structure of the pre-stellar core was computed
using a rate-equation approach (Hasegawa et al. 1992). Rather
than calculating the evolution independently for each cell (> 106

cells), we computed the chemical evolution for a grid of physical
conditions and used linear interpolation to estimate the chemical
composition in each cell. The interpolation grid consisted of six
dimensions: total density of hydrogen nH , extinction Av, tem-
perature T , ISRF factor G, and cosmic-ray ionization rate ηCR.
A linear interpolation was performed using the NDLinearInter-
polation routine from scipy (Virtanen et al. 2020), which relies
on qhull (Barber et al. 1996) for interpolation in higher dimen-
sions. Density and cosmic-ray ionization rate were interpolated
in log-space. To validate the interpolation method, we compared
direct and interpolated chemical abundances on the 1D model of
L1544 derived in Keto et al. (2015) in Appendix A.

The chemical model was introduced in Jensen et al. (2021a)
and we will limit this introduction to the key aspects. The
gas-phase network was based on the kida network (Wakelam
et al. 2015), extended to include deuterated species and spin-
chemistry for H2 and H+

3 as presented in Majumdar et al. (2017)
and Sipilä et al. (2017). A total of ∼950 gas-phase species
and ∼50000 reactions are included. Furthermore, a number of
photo dissociation rates have been updated based on Heays et al.
(2017). Three-body reactions were not included in the network.

The grain surface network was based on the OSU network
(e.g., Garrod et al. 2007) and includes ∼450 species and ∼3500
reactions. The grain-surface formation pathway for methanol
formation is adapted from Taquet et al. (2014). Deuterated iso-
topologs are included for species with up to four carbon atoms.
Surface reactions occur through the Langmuir-Hinshelwood
mechanism using thermal diffusion on the grain surface. The
chemical model considered a single grain size, with a radius of
10−5 cm and 1.8×106 sites per grain (e.g., Semenov et al. 2010).
Reaction barriers can either be overcome thermally or through
quantum tunneling, depending on which is faster. A barrier width
of 1.0 Å was assumed except for the reactions listed in Appendix
B. The model included reaction-diffusion competition as intro-
duced in Chang et al. (2007). The effect of grain coagulation on
the chemistry was not considered in this work.

The grain-surface network included a number of non-thermal
desorption mechanisms which may be crucial in starless and pre-
stellar cores. Chemical desorption was included following the
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Fig. 2. Projected H2 column densities in the molecular cloud simulation. A total of 233 protostars, denoted with white crosses have formed in
this snapshot from the simulation (t = 1.66 Myr). Most protostars form in clusters along filaments. The red diamond marks the protostar which
is studied here during the pre-stellar phase. We have centered the pre-stellar core in the figure for clarity, since the box has periodic boundary
conditions.

implementation presented in Garrod et al. (2007) with an effi-
ciency factor of 0.01. Cosmic-ray (CR) desorption was included
using the description from Leger et al. (1985) and Hasegawa &
Herbst (1993a). An updated treatment of CR desorption is pre-
sented in Sipilä et al. (2021), but is not yet implemented here.
We consider both photodesorption by CR-induced UV photons
and UV photons from the ISRF. Photodesorption yields for N2,
CO, CO2, and H2O were based on laboratory studies of Oberg
et al. (2007); Öberg et al. (2009) and Fayolle et al. (2011, 2013).
For the remaining species, a fixed desorption yield of 10−3 was
adopted (Furuya et al. 2015). The network included photodis-
sociation of grain-surface species. The rates here were approxi-
mated using the approach from Furuya et al. (2015) which esti-
mates the grain-surface photodissociation rates by rescaling the
gas-phase photodissociation rates. The scaling factor was de-
rived from the ratio of the H2O photodissociation rates in gas

and on grain surfaces, which had been calculated explicitly. The
full network is available in the chemical model repository 1.

In Jensen et al. (2021a) a three-phase model was utilized
(i.e., separation of surface and mantle chemistry) while a sim-
pler two-phase model was utilized here. This was done to reduce
computational time. Furthermore, Sipilä et al. (2017) found that
their two-phase model provides a better match to observations
of L1544 than their three-phase model for a subset of deuterated
species. We therefore opted for the simpler model to reduce the
impact of uncertain parameters such as binding energies for sur-
face and mantle species and reduce the overall complexity of the
chemical model. Exploring the differences between the two and
three phases models goes beyond the scope of the present paper.

Our fiducial model starts from the elemental abundances
listed in Table 1 and is evolved for 106 years for each point in
the grid. A standard ISRF intensity G0 = 1 is used together with

1 https://github.com/ssjensen92/kemimo
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Table 1. Initial abundances following Semenov et al. (2010), except for
the inclusion of ortho and para spin-states of H2. The initial ortho-to-
para ratio is set to 10−3.

Species Abundance (/nH) Species Abundance (/nH)
o-H2 4.995(-1) S+ 8.00(-8)
p-H2 5.00(-4) Si+ 8.00(-9)
HD 1.60(-5) Mg+ 7.00(-9)
He 9.00(-2) Fe+ 3.00(-9)
O 2.56(-4) Na+ 2.25(-9)
C+ 1.20(-4) Cl+ 1.00(-9)
N 7.60(-5) P+ 2.00(-10)

A(B) = A × 10B.

a cosmic-ray ionisation rate of 3×10−17s−1. This value was re-
cently proposed as the best-fit constant value for L1544, based
on 1D astrochemical modeling of ionic emission fitted to ob-
servations (Redaelli et al. 2021). Since the initial conditions
and the timescale of the chemical model can have a substan-
tial impact on the chemical abundances we tested a number of
alternative chemical models. Variations include the addition of a
low-density initial phase Tinit at a fixed density and temperature
(nH = 5 × 102cm−3, T = 15 K), different chemical timescales
Tmain in the entire physical grid and variations in the intensity
of the ISRF and the cosmic-ray ionization rate. An overview is
listed in Table 2.

2.4. Line radiative transfer

The last step of the model is a non-LTE calculation of molec-
ular emission from selected molecules. We used the 3D LIME
radiative transfer code (Brinch & Hogerheijde 2010). LIME is
a Monte Carlo radiative transfer code which solves the radiative
transfer equation using the accelerated lambda iteration (ALI)
method (Rybicki & Hummer 1991). The computational grid in
LIME was constructed using 3×104 randomly sampled points P
and the domain is limited to a radius of 2.5 × 104 au. We limit
the domain to this region to reduce computational time. The re-
duced domain matches the region that is usually mapped across
L1544 with the 30m telescope (e.g., Caselli et al. 1999; Spez-
zano et al. 2016; Redaelli et al. 2019). The code connects the
random point distribution by performing a Delauney triangula-
tion in 3D using the Qhull library (Barber et al. 1996). The grid is
then constructed by performing Voronoi tesselation. In Voronoi
tesselation, individual cells are created for each point P. The ex-
tent of each Voronoi cell is defined as the 3D region nearest to a
point P. For a complete description of the grid construction we
refer to Brinch & Hogerheijde (2010). The molecular level popu-
lations based on collisional rates is provided in the LAMDA for-
mat (Schöier et al. 2005). We ran 24 iterations for all molecules,
which was sufficient to insure convergence of the level popula-
tions. LIME computes a spectral cube of the simulated frequency
range from which both molecular maps and spectra can be ex-
tracted. We place our source at a distance of 170 pc, similar to
the distance to L1544 (Galli et al. 2018), and convolve the spec-
tral cubes with a 2D Gaussian beam to match the observations
which we will compare with the simulated images in the subse-
quent sections.

3. Results

3.1. Selecting a L1544 candidate

We selected a pre-stellar core from the RAMSES simulation
which resembles L1544 both in terms of its intrinsic charac-
teristics such as mass and central density and the surrounding
environment. The estimated mass of L1544 varies based on the
method employed. From C18O (1–0) observations, Tafalla et al.
(1998) estimated a mass of 8 M� within a contour of approxi-
mately 0.1x0.2 pc. However, estimates from continuum obser-
vations point to a lower mass of ∼2 M� (e.g., Evans et al. 2001).
This difference of a factor of four likely stems from the assump-
tions and limitations of each method. The molecular estimate
assumes a fixed relative abundance XCO across the core, not
accounting for CO freeze-out. Meanwhile, mass estimates de-
rived from continuum observations assume a single dust opac-
ity across the core and are derived from observations using the
’chopping’ method. The use of chopping results in some filter-
ing of extended envelope emissions which contribute to the mass
estimated using molecular tracers (Shirley et al. 2000). The as-
sumption of a single dust opacity is not likely to be satisfied. At
lower densities in the exterior shells of the core, dust grains are
likely covered by less ice while dust grains at higher densities
are covered by thick ice shells and may undergo coagulation.
Furthermore, changes in the ice composition, e.g., due to CO
freeze-out, may also impact the exact opacity. Both mass esti-
mates also assume a single temperature across the core. To sum-
marize, the mass of L1544 is not well-constrained, but estimates
lie in the range M ∈ [2.0, 10.0] M�. We selected a core with a
mass of 8.25 M� within a radius of 2×104 au, compatible with
the estimated mass range.

Recent interferometric observations have revealed a kernel at
the center of the core, with a radius of 1800 au and a mean den-
sity of 106 particles cm−3 (Caselli et al. 2019). The selected core
in this study has a mean density of 1.2×106 particles within a ra-
dius of 1800 au. The line-of-sight CO depletion factor in L1544
was estimated by Caselli et al. (1999) to be of the order ∼10
using single-dish observations of 17CO (1–0) and continuum ob-
servations while the core studied here has a line-of-sight CO de-
pletion factor of ∼50 on similar scales (i.e., within r ∼6500 au).
This corresponds to a local CO depletion factor of more than
1000 in the central region of the core.

In terms of the local cloud environment, L1544 is located
at the edge of the Taurus molecular cloud and shows evidence
of uneven illumination (Spezzano et al. 2016). We therefore
searched for a pre-stellar core formed in relative isolation (i.e.,
no nearby stars during the pre-stellar phase). The selected pre-
stellar core is not representative of a Bok globule (i.e., not like
B68, Alves et al. 2001) as it is still embedded in the parent
molecular cloud. The core is isolated during the pre-stellar phase
and remains so for the first 2×105 years after the formation of the
protostar.

A simulated continuum image of the selected L1544 analog
is shown in Fig. 3 along side continuum observations presented
in Chacón-Tanarro et al. (2019). The spectral energy distribution
(SED) of the core is shown in Fig 4 and compared with the SED
presented in Chacón-Tanarro et al. (2017). As found in previous
works (e.g., Zucconi et al. 2001), the OH94 dust opacities lead
to a brighter continuum than what is observed, which is also evi-
dent from the SED in Fig. 4. A lower dust opacity of 0.2× κOH94
is also included for comparison. A lower-mass core would bring
the modeled continuum closer to the observed value, but be in-
consistent with the derived molecular masses. A more realistic
dust model, accounting for different dust sizes and ice coverage
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Table 2. Overview of the different chemical setups included in this work. The parameter Tinit indicates the duration of a static initial phase at
T = 15 K, nH = 5 × 102cm−3, and AV = 2 mag. The fiducial model is labeled I0.0_M1.0_standard.

Identifier Tinit (Myr) Tmain (Myr) ζCR (10−17 s−1) G0 comment
I0.0_M1.0_standard 0.0 1.0 3 1 Fiducial
I0.0_M0.5_standard 0.0 0.5 3 1
I0.5_M0.2_standard 0.5 0.2 3 1
I0.5_M0.5_standard 0.5 0.5 3 1
I1.0_M0.1_standard 1.0 0.1 3 1
I0.0_M1.0_κ × 0.2 0.0 1.0 3 1 κdust = 0.2 × κOH94
I0.0_M1.0_Gnot100 0.0 1.0 3 102

I0.0_M1.0_CR10 0.0 1.0 30 1
I0.0_M1.0_extAv0 0.0 1.0 3 1 AV,ext = 0

Fig. 3. Comparison of the continuum at 1.1 mm as modeled using radmc-3d and as observed using the AzTEC continuum camera at the LMT
(presented in Chacón-Tanarro et al. 2019). Contours indicate 40%, 60%, and 80% of the peak intensity in each case. The beam-size of the AzTEC
bolometer is 12.6′′ and the synthetic observation has been convolved with a Gaussian of the same size. The linear scale is shown in the lower left
of each panel, assuming a distance of 170 pc to L1544 and the model core. The beam size is shown in black in the lower left corner.

Fig. 4. Comparison between the spectral energy distribution of the mod-
eled core and L1544. The observed values for L1544 are indicated with
black crosses and are taken from the work by Chacón-Tanarro et al.
(2017). The blue line shows the SED for the core model computed us-
ing the standard OH94 dust opacities, while the orange line shows the
SED when the dust opacities have been multiplied by a factor of 0.2 to
match the continuum emission at 1.1 mm.

and the consequent variations in opacity would likely be needed
to remove these discrepancies.

The morphology of the selected core shares similarities with
L1544. The core is not spherically symmetric, but rather elon-
gated along the south-west to north-east diagonal in the sky. The
flattened disk-like appearance can arise from either the compres-
sive flows in the turbulent molecular cloud or due to the preferen-
tial collapse of the cloud parallel to the direction of the magnetic
field (e.g., Ciolek & Basu 2000).

3.2. Comparing 1D and 3D models of L1544

The 1D spherically symmetric model presented in Keto &
Caselli (2010) has been used in a number of works to success-
fully reproduce line profiles of several molecules toward the dust
peak (e.g., Caselli et al. 2012; Redaelli et al. 2019; Giers et al.
2022). However, the dust continuum emission toward L1544
shows a clear asymmetry which may impact the chemical struc-
ture on larger scales. In this section, we first compare the prestel-
lar core structure from the 3D MHD simulation to the 1D hy-
drodynamical structure from Keto & Caselli (2010). Later, we
compare the radial abundance profiles of select species.

In Fig. 5 we show a comparison of the radial temperature,
density, and visual extinction in the 3D MHD model and the
canonical 1D model from Keto & Caselli (2010). The 3D model
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shows higher temperatures for the region with r > 103 au. The
variation in temperature stems from both variations in the as-
sumed dust opacity, but also variation in the large-scale structure
of the core. For the density profiles, the 1D model resembles a
mean profile of the 3D profiles out to around 104 au. The visual
extinction profiles for the 3D model show some deviations from
the 1D profile, especially at larger radii (e.g., the pink and orange
profiles). Most notably is the brown profile for which the visual
extinction increases beyond Av = 10 at a radius of & 3 × 103 au,
while the remaining profiles reach Av = 10 at r < 2 × 103 au.
The higher shielding can locally increase the CO freeze-out and
promote the formation of complex organic molecules (Vasyunin
et al. 2017). Overall, the 3D model clearly shows a deviation
from the spherical model. Nonetheless, the structure of the 1D
model is a good match to the 3D model at lower radius, where
the density is high, and also follows a similar trend as the average
profile for the 3D model (Ciolek & Basu 2000; Chacón-Tanarro
et al. 2019). To provide a visual indication of the asymmetries in
the 3D model, we have computed Gaussian kernel density esti-
mates (KDE) for the cell temperature, density and extinction as
a function of radius. The results are shown in Fig. 6 and show
that the physical conditions present a large spread due to the
asymmetrical core structure. At 1000 au, the local density varies
by several orders of magnitude (105–107 cm−3), the temperature
varies between 6–9 K, and the visual extinction ranges from 7–
35 mag.

In Appendix C we have included the radial profiles similar
to Fig. 5 for the remaining two coordinate planes of the model.

3.3. Chemistry of c-C3H2 and CH3OH

The formation of methanol in star-forming regions has been
studied extensively and occurs primarily through sequential hy-
drogenation of CO on grain surfaces (e.g., Watanabe & Kouchi
2002; Hidaka et al. 2009; Fuchs et al. 2009; Minissale et al.
2016):

CO
H
−→ HCO

H
−→ H2CO

H
−→ CH3O

H
−→ CH3OH . (3)

Thus, the formation of methanol is dependent on the presence
of CO ice and H atoms on the dust grains, both of which de-
pendent strongly on the local temperature, irradiation, and den-
sity. Indeed, the formation of methanol is especially efficient at
the catastrophic CO freeze-out zone of pre-stellar cores (Caselli
et al. 1999; Vasyunin et al. 2017), as CO ice allow CH3OH
molecules to return in the gas phase via reactive desorption more
efficiently than H2O ice. The formation of c-C3H2 on the other
hand occurs through dissociative recombination in the gas-phase
(e.g., Thaddeus et al. 1985; Sipilä et al. 2016):

C3H+ + H2 → c−C3H+
3 , (4)

c−C3H+
3 + e− → c−C3H2 + H . (5)

These reactions are less dependent on the temperature and can
occur prior to CO freeze-out at higher temperatures and lower
densities. In Fig. 7 we compare the radial abundance profiles
of c-C3H2 and CH3OH for the 1D model of Keto & Caselli
(2010) with abundance profiles for the 3D core presented in this
work. The lower panel shows an enhancement of the methanol
abundance for the brown profile at ∼2500 au corresponding to
the density and visual extinction enhancements seen in Fig. 5.

This confirms that regions with higher visual extinction and den-
sity also show a higher methanol abundance which may be off-
set from the center of the core. Figure 7 shows a significant
scatter among the different radial directions of the 3D model
which results from the non-symmetrical structure of the core.
The same effect is seen in Fig. 8, where a Gaussian KDE is per-
formed for the gas-phase c-C3H2 and CH3OH abundances for
all cells in the core as a function of the local extinction. The fig-
ure shows that many cells in a model with low visual extinction
(log Av < 0.4) have number densities of c-C3H2 of ≥ 10−6 cm−3.
At higher visual extinction the number densities of c-C3H2 in-
creases until around 10 mag where freeze-out starts to lower the
absolute value. For CH3OH the picture is different. Methanol is
not formed at the lowest visual extinction, since CO does not
fully freeze-out yet. From log Av > 0.45 the number densities
of CH3OH reaches ∼ 10−6 cm−3 and at higher visual extinc-
tion methanol continues to reach higher number densities. Fig-
ure 8 also shows that c-C3H2 exhibits a stronger correlation with
the local extinction, while a larger spread is seen in the CH3OH
panel at higher visual extinction. To understand this difference,
we have to consider the different formation pathways of the two
molecules. Methanol is formed through grain-surface reactions
and desorbed into the gas-phase primarily through chemical des-
orption (Minissale et al. 2016; Vasyunin et al. 2017). c-C3H2 in
the other hand is formed in the gas-phase through ion-neutral
reactions. This difference in formation pathways leads to the dif-
ferent behavior at higher visual extinction: methanol formation
is still active at higher visual extinction, with different forma-
tion rates depending on the local physical conditions, resulting
in a continued release of methanol into the gas-phase through
chemical desorption. For c-C3H2 the formation rate is primarily
determined by the balance between the formation rate and the
adsorption rate. Thus, the larger spread in gas-phase abundances
for methanol stems from the stronger dependence on the local
temperature and density for the grain-surface chemistry. Addi-
tional KDE figures for the cell density, temperature, and radius
are shown in Appendix D.

3.4. Comparing molecular emission maps

The top row of Fig. 9 shows a comparison between the mor-
phology of the c-C3H2 32,2–31,3 transition at 84.728 GHz and
the CH3OH 21,2–11,1 transition at 96.739 GHz, for the fiducial
model. The contours show the structure of the integrated inten-
sity (moment-zero) maps for each transition. The three top pan-
els of the figure show that the spatial location and extent of each
molecular transition depends on the viewers location of the cloud
core. The selected transitions are the same as those observed in
Spezzano et al. (2016) toward L1544. In L1544, these molecules
were found to trace different environments, notably related to the
uneven illumination of the core. To test whether the molecular
morphology in the present model shows a similar dependence
on illumination, we present visual extinction and dust temper-
ature maps of the core in the middle and bottom rows of Fig.
9. Both panels show that the methanol emission is tracing the
more shielded region of the core where the impact of photochem-
istry is reduced. In the top left panel of Fig. 9 (x-y plane), the
methanol emission is shifted towards the right region of the dust
continuum. This region also shows a drop in temperature and
an increase in visual extinction, i.e., a higher shielding from the
ISRF. The same trend is seen in the middle figure on the top row
(x-y) where the methanol emission is again extended towards
the right of the dust peak which is more shielded (i.e., lower dust
temperature and higher visual extinction). For the third panel,
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Fig. 5. The physical structure of the simulated core in the x-y plane. Left and top right: Radial profile for the dust temperature, number density and
visual extinction are shown along 8 different radial cuts on the x-y plane for the simulated core. The profiles for the 1D hydrodynamical model
from Keto & Caselli (2010) is indicated by the black dotted line while the dashed-dotted line shows the mean of the 8 profiles in the 3D model.
Lower right: The greyscale images shows the continuum image of the core at 1.1 mm, while contours indicate 15%, 30%, 45%, 60%, and 75 % of
the peak intensity. The dashed colored lines indicate the direction along which the radial profiles in the left panel were extracted.

methanol emission is mostly centered on the dust continuum,
but still overlapping with the more shielded regions of the core.
For c-C3H2, the emission appears to trace a different gas com-
ponent. In the x-y and x-z planes, the emission of c-C3H2 peaks
close the dust peak while in the z-y plane the brightest emission
is shifted far from the dust peak. The contours of the c-C3H2 and
CH3OH emission overlaps to a large extend in all planes, but the
peak position varies considerably.

To better quantify the observed patterns we computed the
Pearson correlation coefficients p between column density maps
of N(H2), N̂(Av), N̂(Tgas), N(CH3OH), and N(c–C3H2). Here N
denotes the column density while N̂ denotes the normalized col-
umn density. We used normalized column densities for visual
extinction and gas temperature since the integrated column of
these quantities are non-physical. The results are shown in Table

3. First of all, the analysis shows correlation between the H2 col-
umn density and integrated visual extinction ( p̄ = 0.73 averaged
across the three principal planes), as well as an anti-correlation
between the integrated gas temperature and H2 column den-
sity ( p̄ = −0.67 averaged across the three principal planes).
The analysis also shows correlations between N(H2) and both
N(CH3OH) and N(c–C3H2), of p̄ = 0.62 and p̄ = 0.77, respec-
tively. Notably, a strong correlation of p̄ = 0.92 is found between
the normalized column density of the visual extinction N̂(Av)
and N(CH3OH), while a weaker correlation of p̄ = 0.82 is found
between N̂(Av) and N(c–C3H2). Similarly, an anti-correlation
is seen between the normalized integrated temperature and the
two molecular species. While both molecules correlate with both
the H2 column density and the integrated visual extinction in
the maps, the analysis shows that the carbon-chain molecule c–
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Fig. 6. Gaussian KDE for the cell temperature, density and visual ex-
tinction as a function of radius. White contours indicate the 50th and
75th percentiles.

C3H2 is more strongly correlated to the H2 column density than
CH3OH, while CH3OH is more strongly correlated to the inte-
grated visual extinction than c–C3H2.

3.5. Comparing different chemical models

The exact chemical age and initial conditions for the chemistry
in L1544 is uncertain and we have therefore tested a number of
different initial conditions for the chemical model, as introduced
in Table 2. In Fig. 11, we show the c-C3H2 and CH3OH emission
in contours of red and white, respectively, for each of the models
presented in Table 2. The integrated intensity of the line is also
included for each molecule. The chemical morphology for these
molecular emission lines show a similar morphology for models
I0.0_M1.0_standard, I0.5_M0.2_standard, I0.5_M0.5_standard,
and I1.0_M0.1_standard, with methanol peaking toward the
right of the core and c-C3H2 peaking close to the dust peak.
Models I0.0_M1.0_κ × 0.2 and I0.0_M1.0_CR10 also shows a
similar offset in the methanol contours, but the emission peaks
on the dust peak and not offset to the right. The remaining mod-

Fig. 7. Radial abundance profiles for c-C3H2 (top) and CH3OH (bottom)
along the 8 different profiles matching the colors shown in Fig. 5. The
profiles for the 1D hydrodynamical model from Keto & Caselli (2010)
is indicated by the black dotted line.

els show a different morphology. Model I0.0_M1.0_Gnot100
show very faint CH3OH emission which peaks on the dust
peak. Models I0.0_M0.5_standard and I0.0_M1.0_extAv0 also
show faint CH3OH emission and a brighter c-C3H2 with a
larger extent. Models I0.0_M0.5_standard, I0.0_M1.0_κ × 0.2,
I0.0_M1.0_Gnot100, and I0.0_M1.0_extAv0 are all inconsistent
with observations of L1544 due to the weak CH3OH emission or
the morphology of the emission. The stronger line strengths of c-
C3H2 in models I0.0_M0.5_standard, I0.5_M0.2_standard, and
I0.5_M0.5_standard is consistent with carbon-chain molecules
forming earlier than CH3OH since these models are more chem-
ically young. The behavior of models I0.0_M1.0_κ × 0.2 and
I0.0_M1.0_extAv0 are comparable as the effect of the changed
opacity on the temperature structure is comparable to that of the
lower visual extinction in model I0.0_M1.0_extAv0, although
the impact is strongest in I0.0_M1.0_κ × 0.2 where methanol
formation is weaker. Models with very weak CH3OH emission
are not consistent with observations of L1544 which shows rela-
tively bright CH3OH emission (See also Table 4 and the section
below).

In Appendix E we have included similar figures to Fig. 11
for all three planes.
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Table 3. Pearson correlation coefficients for the different column density maps. The coefficient is computed by comparing the different images
pixel-by-pixel. The coefficient are listed for each of the three principal planes: x–y, x–z, z–y

Quantity N(H2) N̂(Av) N̂(Tgas) N(CH3OH) N(c–C3H2)
N(H2) – 0.73, 0.73, 0.74 -0.65, -0.67, -0.68 0.56, 0.63, 0.66 0.80, 0.75, 0.76
N̂(Av) 0.73, 0.73, 0.74 – -0.99, -0.99, -0.99 0.93, 0.92, 0.91 0.84, 0.86, 0.77
N̂(Tgas) -0.65, -0.67, -0.68 -0.99, -0.99, -0.99 – -0.93, -0.91, -0.90 -0.78, -0.81, -0.71
N(CH3OH) 0.56, 0.63, 0.66 0.93, 0.92, 0.91 -0.93, -0.91, -0.90 – 0.68, 0.70, 0.61
N(c–C3H2) 0.80, 0.75, 0.76 0.84, 0.86, 0.77 -0.78, -0.81, -0.71 0.68, 0.70, 0.61 –

Fig. 8. Kernel density estimate for the chemical abundances as a func-
tion of the visual extinction. The analysis is carried out on a cell-by-cell
basis in the 3D model and weighted by cell mass. Contours show the
25th, 50th, and 75th percentiles. Top panel shows c-C3H2 and bottom
panel shows CH3OH.

3.6. Comparison of spectra for CH3OH and c-C3H2

Figure 12 presents a comparison between the c-C3H2 32,2–31,3
spectrum towards the dust peak of L1544 and towards the dust
peak of the simulated L1544 analog for the nine different chem-
ical models and Figure 13 is similar for the CH3OH 21,2–11,1
transition. An overview of the modeled spectra including fitted
Gaussian parameters is included in Table 4 for both transitions.
We fitted Gaussian profiles to the modeled lines although some
of the spectra deviate from a pure Gaussian profile due to asym-
metries related to self-absorption in the infalling core. This is

done because the spectral resolution of the observed spectra to-
ward L1544 is insufficient to resolve these features.

The models show a broad range of intensities for the tar-
geted lines, depending both on the choice of chemical age, ISRF
(G0), and the cosmic-ray ionization rate. For the fiducial model
the peak brightness for c-C3H2 is ∼3 times higher than what
is observed towards L1544, while the integrated line intensity
is higher by a factor of ∼2.5. The width of the modeled lines
are generally consistent to the observed line (0.47 km/s com-
pared to 0.38-0.44 km/s), indicating the the kinematics of the
modeled core is comparable to L1544 in the region traced by
this c-C3H2 transition. However, the limited spectral resolu-
tion of the observed line prohibits more detailed comparison. In
terms of the integrated intensities, models I0.0_M1.0_standard,
I1.0_M0.1_standard, I0.0_M1.0_κ × 0.2, I0.0_M1.0_CR10, and
I0.0_M1.0_extAv0 provide emission lines which agree to less
than a factor of three with the observed line. For CH3OH,
the fiducial model has a too low peak brightness by a fac-
tor of ∼8. Models I0.0_M0.5_standard, I0.5_M0.2_standard and
I0.0_M1.0_CR10 provide the closest match to the observed peak
brightness (0.33 K and 1.16 K respectively compared to the
observed 0.84 K). Model I0.0_M1.0_Gnot100 has a too low
methanol abundances to provide a decent Gaussian fit. Gener-
ally, the majority of the models show weaker methanol emis-
sion than what is observed. This could be due to missing (non-
thermal) desorption pathways in the shielded regions of the core.

To achieve a better match, the duration of the chemical model
could be fine-tuned to fit each specific molecule, but this is be-
yond the scope of this work where we focus on the chemical
structure of the core. Finally, we note that differences in the
physical structure of the modeled core and L1544 could limit
the degree to which the observed spectra can be reproduced.

4. Discussion

With the development of this 3D physico-chemical model we
aim to understand the origin of the observed chemical differen-
tiation in L1544 and other pre-stellar cores. Most notably, an
offset between the dust peak and the methanol peak has been re-
ported in several starless and pre-stellar cores (e.g., Spezzano
et al. 2020; Harju et al. 2020). The observed chemical distribu-
tion could result from uneven illumination of the cores which
are not considered in the one-dimensional models regularly used
to study these cores. Uneven illumination can arise from a num-
ber of different situations. In Spezzano et al. (2020), an offset
between methanol and cyclopropenylidene is reported for five
out of six cores, where the sixth core showing no offset is the
isolated Bok globule B68, thus uniformly illuminated. The re-
maining cores show an offset that is due to some form of uneven
illumination of the cores. The cause of the uneven illumination
varies from intrinsic variations in the density distribution to ex-
ternal illumination from nearby massive B-type stars. As such,
uneven illumination seem to be almost ubiquitous in cores lo-
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Fig. 9. Synthetic imaging and physical maps of the simulated core. Top) Comparison between the location and spatial extent of the c-C3H2 32,2–
31,3 transition (red contours) and CH3OH 21,2–11,1 transition (white contours) emission viewed from three different directions in the simulation.
Contours show 60%, 70%, 80%, and 90% of the peak emission in the moment-zero maps for each transition. The continuum emission at 1.1 mm
is shown by the color map.
Middle) The logarithm of the computed visual extinction in three planes of the core. A logarithmic scaling is applied to emphasize the variation
across the core. A lower limit of Av = 2 mag is applied.
Bottom) The computed dust temperature in three planes of the core. The black and red contours indicate the 8 K and 10 K temperature limits
respectively. A lower limit of 6 K is applied.

cated in star-forming regions, with several different factors con-
tributing to the effect. Indeed, Spezzano et al. (2022) studied the
methanol distribution around 12 cores in the Taurus molecular
cloud and found two different dichotomies related to the envi-
ronment of the core. In one group, the N(CH3OH)/N(C18O) ratio
peaks at the dust peak, while for the other group, the peak is off-
set by ∼10,000 au. The first group is identified as sources located
in regions with higher rates of star formation which can influence
the formation of methanol from CO in the outer layers of the
core. Nearby protostars can suppress the formation of methanol

through higher cosmic-ray fluxes from particles launched in out-
flow and jets (Padovani et al. 2016; Fitz Axen et al. 2021) or
through higher rates of photodesorption, limiting CO freeze-out.
Furthermore, the presence of outflows from the surrounding pro-
tostars will create a clumpier medium where the ISRF may pen-
etrate more efficiently. The second group is located in regions
with lower rates of star formation and as such these effects are
diminished. In the case of L1544, the uneven illumination of the
core is inferred from the sharp drop in the N(H2) column den-
sity on one side of the core (Spezzano et al. 2016). In the model
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Table 4. Overview of the modeled spectra for c-C3H2 and CH3OH shown in Figures 12 and 13. The columns list the peak brightness, the FWHM,
and the area of the emission lines. All spectra are extracted toward the dust peak and fitted with Gaussian profiles. Parameters for a Gaussian fit to
the observed spectra toward L1544 is included in the top row.

c-C3H2 CH3OH
Model Tpeak (K) dv (km/s) W (K km−1) Tpeak (K) dv (km/s) W (K km−1)
L1544 0.21 0.47 0.10 0.84 0.33 0.30
I0.0_M1.0_standard 0.57 0.39 0.23 0.09 0.45 0.04
I0.0_M0.5_standard 1.16 0.44 0.55 0.33 0.44 0.15
I0.5_M0.2_standard 1.16 0.44 0.55 0.33 0.42 0.15
I0.5_M0.5_standard 1.26 0.41 0.56 0.13 0.48 0.07
I1.0_M0.1_standard 0.14 0.39 0.06 2.4 0.41 1.06
I0.0_M1.0_κ × 0.2 0.20 0.40 0.08 0.02 0.38 0.01
I0.0_M1.0_Gnot100 0.05 0.43 0.02 – – –
I0.0_M1.0_CR10 0.36 0.41 0.16 1.16 0.40 0.49
I0.0_M1.0_extAv0 0.45 0.38 0.18 0.05 0.45 0.03

presented here, we apply a uniform ISRF around the computa-
tional domain. Thus, the uneven illumination in the 3D model
arises from the physical structure of the core within the compu-
tational domain (r ≤ 50,000 au), i.e., at the core-cloud boundary
and within the core itself. In the upper right panel in Fig. 5 a no-
table difference in the visual extinction is seen on scales ranging
from ∼1000 au to the edge of the domain at 50,000 au (e.g., from
∼6 mag to 30 mag at 2,000 au). Variations are also evident in the
density profiles and to a lesser extent in the temperature profiles.
These variations arise from the clumpy structure of the core and
envelope and are the cause of the observed chemical dichotomy
of the core shown in Fig. 9.

4.1. Comparison with the observed chemical morphology of
c-C3H2 and CH3OH in L1544

The observed chemical morphology of c-C3H2 and CH3OH in
L1544 is shown in Fig. 1. The methanol emission peaks to-
ward the north-west of the dust peak where the column density
is higher than toward the south-east. This is consistent with the
methanol emission in our model, which peaks on the right side of
the pre-stellar core in the x-y and x-z planes where the visual ex-
tinction is higher and the dust temperature lower, i.e., the more
shielded side of the core. Furthermore, this correlation is also
evident from the Pearson correlation coefficients, as mentioned
in Section 3. Meanwhile, the c-C3H2 contours in the emission
map of L1544 overlaps with the continuum, but peaks toward
the southern part of the core. This is also the case for our model
where the contours of c-C3H2 are centered around the dust peak.
Our model predicts that c-C3H2 is more abundant in the chem-
ically younger models similar to other carbon-chain molecules
(e.g., Sakai & Yamamoto 2013).

Spezzano et al. (2016) suggested that the observed offset be-
tween CH3OH, c-C3H2, and the dust peak of L1544 was the
result of an uneven irradiation of the core on different sides.
The synthetic observations presented here support this explana-
tion since the CH3OH emission peaks on the more shielded side
of our L1544 analog. This is a consequence of the more effi-
cient freeze-out of CO on this side of the core, which leads to a
higher production of CH3OH through grain-surface chemistry.
The desorption of methanol in the dense and cold core stud-
ied here is driven mainly by chemical desorption with insignifi-
cant contributions from cosmic-ray induced desorption and pho-
todesorption. Consequently, the modeled gas-phase abundances
depend sensitively on the assumed efficiency of the chemical
desorption of methanol. In this work we followed the descrip-

tion of Garrod et al. (2007) for all reactions, however the effi-
ciency can vary which could impact the gas-phase abundances
considerable (e.g., Minissale et al. 2016). This would however
not impact the morphology of the methanol emission which is
the main focus of this work. These results confirm that the core
structure and external environment has a notable impact on the
methanol distribution in the core by influencing the strength of
the local irradiation. Furthermore, the model predicts that the
brightness of CH3OH depends strongly on the choice of chem-
ical age and the UV irradiation. Models with lower shielding
or stronger ISRF (I0.0_M1.0_κ × 0.2, I0.0_M1.0_Gnot100, and
I0.0_M1.0_extAv0) show very faint CH3OH emission at the dust
peak.

For c-C3H2, the location of the peak molecular emission in
L1544 is closer to the high column density structure, peaking
on the southern side of the core. In our model, the targeted c-
C3H2 transition also peaks close to the dust peak in the x-y and
x-z planes (top left and middle figures, Fig. 9). However, the c-
C3H2 emission is shifted ∼8000 au from the dust peak in the
z-y plane. The variation between the different planes highlights
that caution is needed when interpreting observations. Combined
emission maps and multi-line analysis can help to constrain the
emission region (e.g., Lin et al. 2022). Comparing the synthetic
observations in Fig. 9 with the column density maps in Fig. 10,
it is evident that c-C3H2 is more extended than CH3OH, but the
c-C3H2 32,2–31,3 transition shown in Fig. 9 predominantly traces
the inner part of the core due to excitation effects (critical density
> 105 cm−3. When comparing the different chemical models in
Fig. 11, only minimal offsets (< 20

′′

, < 4000 au) between the
c-C3H2 contours are present in the different chemical models,
indicating that the distribution of c-C3H2 in the core does not
depend strongly on the choice of chemical initial conditions and
external fields.

To provide a quantitative overview, Figure 14 shows a com-
parison between the molecular offsets and integrated intensities
for selected models and the observed values for L1544 from
Spezzano et al. (2016). Focusing on the top panel with the x-
y plane, the offsets for methanol are comparable to the observed
value for L1544 (circles), except for model I0.0_M1.0_CR10.
However, this is not the case in the remaining planes where a
substantial scatter is visible. For c-C3H2 (crosses), the distance
from the dust peak is larger in L1544 then the model in most
models and planes. Outliers are seen in plane z-y where the c-
C3H2 emission shows a large offset of more than 50

′′

. Model
I0.0_M1.0_CR10 provide the best match to the observed inte-
grated intensities of both molecules, however it does not provide
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a good match for the observed chemical distribution, regardless
of the imaged plane. This is also seen in Fig. 9. We note that
while the present model does not reproduce the offset of the peak
c-C3H2 position observed in L1544 very well, the extent of the
contours show a similar trend for both models and observations,
with the contours of the c-C3H2 emission centered on the dust
continuum.

4.2. Caveats of the model

While the present model includes several improvements over
static or dynamic 1D models of L1544 and pre-stellar cores in
general, a number of caveats still remain. In the present model,
we do not account for the dynamical evolution of the core, i.e.,
the gradual increase of density and decrease in temperature as
the molecular cloud cools and contracts while forming the core.
Following the dynamical evolution of the core when computing
the chemical abundances may impact the abundance of certain
species which is not fully captured in the present setup. How-
ever, if the chemical evolution is followed over time, a three-
phase chemical model (i.e., separation of ice surface and ice
mantle chemistry) may also be needed since two-phase models
cannot record the chemical evolution in different ice layers. Such
a change would further enhance the computational demands of
the model. The omission of a dynamical core evolution means
that we cannot predict the chemical age of the core and instead
assumed several different values. Future work can address this by
calculating the chemical evolution along tracer particles which
trace the gas evolution during the evolution of the pre-stellar core
and allow a more realistic comparison between the modeled and
observed chemical abundances and morphologies (e.g., Droz-
dovskaya et al. 2014; Furuya et al. 2017; Jensen et al. 2021a;
Ferrada-Chamorro et al. 2021).

The present model does not include thermochemistry, i.e.,
the heating and cooling of molecular gas through absorption and
emission. Furthermore, the physical evolution as computed us-
ing ramses assumes an isothermal gas with no feedback from the
microphysics. These simplifications may impact the dynamical
evolution of the model and to some extent the structure of the
core. Instead, the model presented here includes the large-scale
turbulence of the molecular cloud. This approach is supported by
the success of the model in reproducing the star formation rate,
the initial mass function, and the core mass function (Haugbølle
et al. 2018; Pelkonen et al. 2021).

The present chemical model is limited to a two-phase gas-
grain model as opposed to the more computationally expensive
three-phase models (e.g., Hasegawa & Herbst 1993b; Vasyunin
et al. 2017; Furuya et al. 2017). This choice impacts the abun-
dances of molecules formed through grain-surface chemistry,
such as methanol. In the case of our fiducial model where the
chemistry was evolved for 1 Myr, the difference in abundances
between the two-phase and three-phase model is low for the cur-
rent network, however the differences for different chemical ages
can be significantly larger. However, as this work does not aim to
model the exact abundances of CH3OH and c-C3H2 the conclu-
sions in this paper would not be impacted be a change to three-
phase gas-grain model.

Another limitation of the model is the choice of a fixed
cosmic-ray ionization rate throughout the core. This is a com-
mon assumption in astrochemical models (e.g., Sipilä et al. 2015;
Aikawa et al. 2020). However, cosmic-rays are expected to atten-
uate at higher optical depths in pre-stellar cores such as L1544
(e.g., Padovani et al. 2018; Redaelli et al. 2021). This effect could
reduce the desorption of CH3OH in the central part of the core

where the cosmic-ray induced desorption is a significant factor
in the model. We nonetheless choose to use a constant cosmic-
ray flux in this work to limit the complexity of the model and
because the degree of attenuation of cosmic rays in cloud cores
remains uncertain (Silsbee & Ivlev 2019).

A 3D model of L1544 was recently presented by Ge et al.
(2023) to address the chemical dichotomy of L1544. The aims
of that work is similar to the work presented here but the meth-
ods differ. In Ge et al. (2023), the 3D structure is inferred from
the 2D density structure in the plane of the sky using the Avi-
ator code (Hasenberger & Alves 2020). The model assumes an
isothermal core and the extinction was estimated from the inte-
grated H2 column density instead of a direct computation using
radiative transfer modeling. As such the two models are comple-
mentary and show two different approaches to the 3D problem.
Nonetheless, both models find that the irregular structure of the
3D cores can induce the chemical dichotomy observed in L1544.

5. Summary

This work presents a 3D MHD physico-chemical model of a
pre-stellar core embedded in a realistic molecular cloud envi-
ronment. The model self-consistently computes the temperature
and visual extinction in the core which allows us to study the
impact of the local cloud environment and core structure on the
chemical morphology in the core. The model is compared with
observations of the pre-stellar core L1544 in order to explain the
chemical structure of L1544. The main results of the paper are
as follows.

– The transition from a spherically symmetric 1D model to
a more realistic 3D model embedded in a molecular cloud
leads to a chemical differentiation between CH3OH and c-
C3H2 which can be explained by the uneven illumination
within the pre-stellar core and envelope. This is consistent
with the observed dichotomy in L1544 and supports the ex-
planation provided in Spezzano et al. (2016). Uneven illumi-
nation occurs in this model as a direct consequence of the re-
alistic environment of the molecular cloud simulation which
determines the core and envelope structure and asymmetries
which provoke the chemical structure.

– The observed chemical differentiation between CH3OH and
c-C3H2 is present for a broad range of different initial con-
ditions for the chemical model, when standard values for the
ISRF (G0 = 1) and cosmic-ray flux (ζCR = 3 × 10−17 s−1)
are used. However, spectral comparison between the mod-
eled core and L1544 demonstrates that the model presented
here needs fine-tuning to better reproduce the brightness and
line profile of both molecules.

– The observed brightness and dichotomy of CH3OH and c-
C3H2 emission in L1544 cannot be reproduced by models
with an enhanced ISRF of G0 = 100 or an increased cosmic-
ray ionization rate of 3×10−16s−1.

– Comparison between the 1D and 3D models shows that
the inner core structure (r < 1000 au) shows a similar
structure and temperature profile. On larger scales the 3D
model shows considerable scatter between radial profiles.
We show in this work that these non-spherical features lead
to the chemical dichotomy of the core as observed in L1544
and other cores (Sipilä et al. 2016; Spezzano et al. 2020).
It is therefore necessary to consider non-spherical features
when interpreting molecular emission maps. Nonetheless,
the mean profile averaged over different directions remains
close to the 1D model.
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This work demonstrates how the local cloud structure can
directly impact the chemical structure of pre-stellar cores and
highlights the importance of realistic 3D models when study-
ing the core-envelope transition of young cores. This conclusion
is further supported by the observations of CH3OH and c-C3H2
presented in Spezzano et al. (2016) and Spezzano et al. (2020).
Through chemical inheritance, the imprinted chemical segrega-
tion can impact the system at later stages of the star- and planet-
formation process, particularly at the onset of planet formation.
Future work will extent this study to include the dynamics of the
gas and broaden the molecular tracers studied. With this model,
we can also study the accretion process onto the core and ana-
lyze the formation and evolution of streamers which may play
an important role in the physical and chemical evolution of pro-
tostellar envelopes and protoplanetary disks (e.g., Pineda et al.
2020; Valdivia-Mena et al. 2022; Gupta et al. 2023; Kuffmeier
et al. 2023).
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S. S. Jensen et al.: Environmental impact on chemical structure of pre-stellar cores.

Fig. 10. Column density maps for N(H2), N̂(Av), N̂(Tgas), N(CH3OH), and N(c–C3H2). All maps are for the fiducial model. In the top 3 rows the
contours indicate regions with column densities above 30% of the peak column density for CH3OH (white) and c–C3H2 (red).
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Fig. 11. Comparison between the c-C3H2 32,2–31,3 transition (red contours) and CH3OH 21,2–11,1 (white contours) integrated emission for each of
the 9 chemical models listed in Table 2. The figure shows the x-y plane seen in the first column of Fig. 9.
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Fig. 12. Comparison between the c-C3H2 32,2–31,3 spectrum for each of
the 9 chemical models listed in Table 2 and the observed spectrum from
IRAM 30m observations (Spezzano et al. 2016).

Fig. 13. Comparison between the CH3OH 21,2–11,1 spectrum for each
of the 9 chemical models listed in Table 2 and the observed spectrum
from IRAM 30m observations (Spezzano et al. 2016).

Fig. 14. Comparison of the molecular offsets and brightness for c-C3H2
32,2–31,3 transition (crosses) and CH3OH 21,2–11,1 (circles) for selected
chemical models and L1544. The x-axis shows the distance between the
dust peak and the molecular emission peak in arcseconds and the y-axis
shows the integrated intensity for the molecules.
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Appendix A: Comparing interpolation and direct
chemical modeling on 1D model of L1544.

Fig. A.1. Comparison between the radial chemical profiles when com-
puting the chemical abundances directly on the 1D model grid (solid
lines) and when using the interpolation module (dotted lines) for
CH3OH and c-C3H2.

Appendix B: Surface reactions with custom barriers

Table B.1. Reactions with custom barrier widths. Note that deuterated
variants of the reactions have been excluded from the list, but share the
same barrier widths.

Reaction Barrier width (Å) Reference
O + CO→ CO2 1.25 a,b
H + CH4 → CH3 + H2 2.17 a,b
H + CO→ HCO 2.0 b
H + H2CO→ CH2OH 2.0 b
H + H2CO→ CH3O 2.0 b
H + CH3OH→ CH2OH + H2 2.0 b
H + CH3OH→ CH3O + H2 2.0 b

References. (a) Garrod & Pauly (2011); (b) Garrod (2013); (c) Aikawa
et al. (2012)

Appendix C: Radial profiles for the core.
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Fig. C.1. The thermal structure of the simulated core. Left: Radial profiles for the dust temperature along 8 different radial cuts on the x-y, z-x, and
z-y planes. The profiles for the 1D hydrodynamical model from Keto & Caselli (2010) is indicated by the black dotted line. Right: The greyscale
images shows the continuum emission of the core at 1.1 mm, while contours indicate 15%, 30%, 45%, 60%, and 75 % of the peak intensity. The
dotted colored lines indicate the direction along which the radial profiles in the other panel were extracted.
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Fig. C.2. The visual extinction within the simulated core. Left: Radial profile for the visual extinction along 8 different radial cuts on the x-y,
z-x, and z-y planes. The profiles for the 1D hydrodynamical model from Keto & Caselli (2010) is indicated by the black dotted line. Right: The
greyscale images shows the continuum image of the core at 1.1 mm, while contours indicate 15%, 30%, 45%, 60%, and 75 % of the peak intensity.
The dashed colored lines indicate the direction along which the radial profiles in the left panel were extracted.
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Fig. C.3. The density structure of the simulated core. Left: Radial profile for the number density along 8 different radial cuts on the x-y, z-x, and
z-y planes. The profiles for the 1D hydrodynamical model from Keto & Caselli (2010) is indicated by the black dotted line. Right: The greyscale
images shows the continuum image of the core at 1.1 mm, while contours indicate 15%, 30%, 45%, 60%, and 75 % of the peak intensity. The
dashed colored lines indicate the direction along which the radial profiles in the left panel were extracted.
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Appendix D: Kernel density estimates.

Figures D.1 and D.2 show the Gaussian KDE for c-C3H2 and
CH3OH as a function of density and radius. Figure D.3 shows
the Gaussian KDE as a function of temperature.

Fig. D.1. Gaussian KDE for the absolute chemical abundances as a
function of number density for each cell in the 3D model. Contours
show the 25th, 50th, and 75th percentiles. Top panel shows c-C3H2 and
bottom panel shows CH3OH.
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Fig. D.2. Gaussian KDE for the absolute chemical abundances as a
function of radius for each cell in the 3D model. Contours show the
25th, 50th, and 75th percentiles. Top panel shows c-C3H2 and bottom
panel shows CH3OH.

Fig. D.3. Gaussian KDE for the absolute chemical abundances as a
function of temperature for each cell in the 3D model. Contours show
the 25th, 50th, and 75th percentiles. Top panel shows c-C3H2 and bot-
tom panel shows CH3OH. For CH3OH, the 25th percentile is not visible
is it is below the limit of the colorbar.
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Appendix E: Model comparison for plane z-x and z-y.

Fig. E.1. Comparison between the c-C3H2 32,2–31,3 transition (red contours) and CH3OH 21,2–11,1 (white contours) integrated emission for each
of the 9 chemical models listed in Table 2. The layout of the figure is similar to that of Fig. 11 but for the z-x plane in the model.
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Fig. E.2. Comparison between the c-C3H2 32,2–31,3 transition (red contours) and CH3OH 21,2–11,1 (white contours) integrated emission for each
of the 9 chemical models listed in Table 2. The layout of the figure is similar to that of Fig. 11 but for the z-y plane in the model.
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Abstract The Galactic black hole candidate MAXI J0637-430 was first discovered by

MAXI/GSC on 2019 November 02. We study the spectral properties of MAXI J0637-

430 by using the archived NuSTAR data and Swift/XRT data. After fitting the eight

spectra by using a disk component and a powerlaw component model with absorption,

we select the spectra with relatively strong reflection components for detailed X-ray

reflection spectroscopy. Using the most state-of-art reflection model relxillCp, the

spectral fitting measures a black hole spin a∗ > 0.72 and the inclination angle of the

accretion disk i = 46.1+4.0
−5.3

degrees, at 90 per cent confidence level. In addition, the

fitting results show an extreme supersolar iron abundance. Combined with the fitting

results of the reflection model reflionx hd, we consider that this unphysical iron

abundance may be caused by a very high density accretion disk ( ne > 2.34 × 1021

cm−3 ) or a strong Fe Kα emission line. The soft excess is found in the soft state

spectral fitting results, which may be an extra free-free heating effect caused by high

density of the accretion disk. Finally, we discuss the robustness of black hole spin

obtained by X-ray reflection spectroscopy. The result of relatively high spin is self-

consistent with broadened Fe Kα line. Iron abundance and disk density have no effect

on the spin results.

Key words: black hole physics — X-rays: binaries-stars — NuSTAR — MAXI J0637-

430
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1 INTRODUCTION

An X-ray binary consists of a compact object and a donor star. According to the donor star mass,

the X-ray binary can be divided into High mass X-ray binary (HMXB) and Low mass X-ray binary

(LMXB). In LMXBs, the companion star fills the Roche lobe and forms an accretion disk around

the compact object. While in HMXBs, the accreted matters from the companion stars via wind.

The compact object in the X-ray binary is commonly found to be a neutron star or a stellar-mass

black hole. So far, at least 20 black hole X-ray binaries (BHXRBs) have been discovered (Reynolds

2021). Most of the BHXRBs are transients, and a few are persistents such as Cyg X-1 and LMC

X-1.

BHXRBs are ideal objects for testing general relativity and studying the physical properties of

black holes with surrounding structures, like the accretion disk and corona. For a real astrophysical

environment, a black hole can be characterized by the black hole mass (MBH) and the black hole

spin (a∗). Usually the black hole mass can be measured from dynamical studies, including mass

function and radial velocity curve (Orosz et al. 2002, 2007). As for the black hole spin measurement,

it could be more complicated. Since the BHXRBs show various X-ray spectral features during the

whole outburst, which means that the geometric structure of the accretion disk and the physical

properties of the corona have been changed. The black hole X-ray binaries will experience an

evolution from hard state (HS) to soft state (SS), with a short time intermediate state between

them (Remillard & McClintock 2006). It is generally believed that the inner disk radius extends

to the innermost stable circular orbit (ISCO) in the soft state. According to Bardeen et al. (1972),

there is a degenerate relationship between the ISCO radius and black hole spin. So once we have

obtained the inner disk radius, we can estimate the black hole spin via X-ray spectroscopy. At

present, two methods that are widely used to measure the black hole spin are the continuum-fitting

method, which models the profile of the thermal emission from the accretion disk (Zhang et al.

1997); and the X-ray reflection spectroscopy method, which models the relativistic broadened Fe

Kα emission line and Compton hump (Fabian et al. 1989). Using the continuum-fitting method to

measure the black hole spin requires a prior information, that is the black hole mass, inclination,

and distance. In most cases, these three dynamical parameters of the black hole are unknown, we

need to utilize the other method, the X-ray reflection spectroscopy method. The thermal radiation

emitted from the accretion disk in the vicinity of the black hole undergoes Comptonization in

the corona, and the produced power-law radiation will be irradiated back to the accretion disk to

produce reflection emission. The significant reflection features are Fe Kα emission line and Compton

hump. At the inner region of the accretion disk in the vicinity of the black hole, the Fe Kα emission

line is distorted and broadened due to the Doppler effect, beaming effect and gravitational redshift.

Using the reflection model to fit the Fe Kα profile and the Compton hump, the black hole spin can

be obtained. So far, several sources have used both two methods to measure the black hole spin,

which include Cyg X-1 (Gou et al. 2014; Zhao et al. 2020, 2021b; Tomsick et al. 2013), XTE J1550-

564 (Steiner et al. 2011), LMC X-1 (Gou et al. 2009; Steiner et al. 2012), 4U 1543-47(Shafee et al.

⋆ E-mail: lgou@nao.cas.cn
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2006; Dong et al. 2020b), GRO J1655-40 (Shafee et al. 2006; Reis et al. 2009), GRS 1915+105

(Reid et al. 2014; Miller et al. 2013) and GX339-4 (Kolehmainen & Done 2010; Garćıa et al. 2015).

Because of the absence of the dynamical parameters or the Fe Kα emission line, other sources

could only use one of the methods to measure the black hole spin. BHXRBs such as A0620-00

(Gou et al. 2010), MAXI J1820+070 (Zhao et al. 2021a), MAXI J1659-152 (Feng et al. 2022c) and

MAXI J1305-704 (Feng et al. 2022a) have successfully used the continuum-fitting method to obtain

the black hole spin. The X-ray reflection spectroscopy method is also widely used in the study of

measuring the black hole spin, like MAXI J1535-571 (Xu et al. 2018; Dong et al. 2022), XTE J1752-

223 (Garćıa et al. 2018a), MAXI J1836-194 (Dong et al. 2020a), AT2019wey (Feng et al. 2022d),

MAXI J1348-630 (Jia et al. 2022) and MAXI J1803+298 (Feng et al. 2022b).

MAXI J0637-430 is a new transient source (Kennea et al. 2019), that was discovered by the

Monitor of All-sky X-ray Image Gas Slit Camera (MAXI/GSC ; Matsuoka et al. 2009) on November

2nd, 2019 (MJD 58789). And then the X-ray outburst was detected by several X-ray satel-

lites, such as the Neil Gehrels Swift Observatory X-ray Telescope (Swift/XRT ; Burrows et al.

2005), the Neutron star Interior Composition Explorer (NICER; Gendreau et al. 2012), Insight -

HXMT (Zhang et al. 2020), the Nuclear Spectroscopic Telescope Array (NuSTAR; Harrison et al.

2013), and the AstroSAT (Singh et al. 2014). The whole outburst lasted about six months. Unlike

the spectral evolution shown by a typical transient, MAXI J0637-430 lacks the characteristics

of the hard state at the beginning of the outburst or the duration of hard state is very short

(Tetarenko et al. 2021).

Since the outburst in 2019, MAXI J0637-430 has been studied several times. In the observation

of the optical band, the optical counterpart was first observed by the Southern Astrophysical

Research (SOAR) telescope on November 3rd, 2019 and then observed by Gemini in December,

2019 (Tetarenko et al. 2021). A correlation between the X-ray irradiation heating the accretion disk

and the evolution of the He ii 4686 Å emission line profiles detected in the optical spectra have been

found in Tetarenko et al. (2021). Several research were carried out in the X-ray band. Jana et al.

(2021) presented detailed studies of MAXI J0637-430 using by NICER and Swift. In the timing

analysis, they found no evidence of quasi-periodic oscillations (QPO) in the power density spectrum

(PDS) of the source. Under the assumption of the source distance of d < 10 kpc, they estimated

the mass of black hole to be in the range of 5 - 12 M⊙. This conclusion was also verified by the

work of Baby et al. (2021). The power spectrum density generated in the 0.01-100 Hz present no

QPOs by using AstroSAT. Lazar et al. (2021) used NuSTAR and Swift data to analyze the spectra

and timing properties of MAXI J0637-430. They found that a single multicolour disk component

could not be well fitted the soft state spectra, and the fitting results showed that there were at

least two components. They suggested that the additional soft excess is the emission from the

plunging region or a reflection component from the blackbody returning radiation with a thermal

Comptonization component. Different from typical X-ray binaries, MAXI J0637-430 has undergone

a strange evolution, with a rapid transition at the beginning of the outburst, a lower luminosity

and a shorter decay timescale (Ma et al. 2022). By fitting the soft state spectral, they find that it
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has deviations from the standard Ldisk ∝ T 4
in
relationship, and there may exist additional thermal

component. They propose some accretion disk geometry to explain the scenario, like a hotter

blackbody component plus a colder disk component or an ionized outflows plus a disk component.

Although MAXI J0637-430 has obtained a mass estimation, we also need to know the black

hole spin value if we could fully characterize a black hole. For this reason, we utilize X-ray reflection

spectroscopy to analyze the archived data of NuSTAR. The state-of-art reflection physical model

is used to fit the spectrum to obtain the spin and other parameters of the black hole.

This paper is organized as follows. In Section 2, we describe the observations and data reduction

of MAXI J0637-430. In Section 3, we present the spectral analysis results. In Section 4, we discuss

the the possible reason of the extreme high supersolar abundance, soft excess found in the soft

state and robustness of the high spin value. In Section 5, we summarize the results and present our

conclusion.

2 OBSERVATIONS AND DATA REDUCTION

We obtained the daily averaged light curve from MAXI/GSC 1 (Matsuoka et al. 2009). The hard-

ness ratio plot of MAXI J0637-430 is also shown in the same figure. At the beginning of the

outburst, MAXI J0637-430 seems to be missing the hard state or the time scale of the hard state is

very short, and it entered the intermediate state (IMS) when it was found. The X-ray flux reached

the maximum at MJD 58793, and then entered the relatively slow decay phase. The source re-

mained the soft state from MJD 58800 to MJD 58858 with a low hardness ratio. From MJD 58858

to MJD 58880, the source X-ray intensity has a steep declination and a significant increase on

hardness ratio, which means the source entered in the intermediate state. It is worth noting that

the properties of the two intermediate states are different when the source is in the first interme-

diate state and when the source returns to the intermediate state for the second time. From the

research of Jana et al. (2021), we can see that the normalization of the accretion disk component

shows a great difference, which is also verified in our fitting results in the Section 3. After that, the

source evolved to low hard state and remained low X-ray luminosity till the end of observations.

Our classification of spectral states refers to Jana et al. (2021).

2.1 NuSTAR

The observations of NuSTAR started from MJD 58792 and ended in MJD 58801. NuSTAR made

eight observations during the whole outburst. We use the v2.0.0 of NuSTARDAS pipeline with

version 202103152 of calibration database2 (CALDB) to process the NuSTAR archived data3. The

NuSTAR source spectra are extracted following the standard procedure4 provided by NuSTAR

guide. We then choose a circle (with r = 120′′) centered on the source to extract the source spectra.

The background spectra are extracted by using the same circle size (r = 120′′) from a source free

1 http://maxi.riken. jp
2 https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/caldb supported missions.html
3 https://heasarc.gsfc.nasa.gov/FTP/nustar/data/
4 https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar swguide.pdf
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Fig. 1: Upper panel: MAXI/GSC light curves of MAXI J0637-430 in 2.0 – 20.0 keV. The colourful

dashed vertical lines represent the observation of NuSTAR. Different spectral states are marked in

the color background. Lower panel: time evolution of the hardness ratio (4 – 20 keV/2 – 4 keV).

region. Using command GRPPHA in HEASOFT v6.28, the NuSTAR data are grouped to have at

least 25 photons per energy bin. The state of the source, the exposure time, and the count rates

with the different instruments are listed in Table 1.

2.2 Swift/XRT

When studying the spectrum of X-ray binaries, the disk composition sometimes requires data

less than 3 keV to limit the disk temperature, so we process the Swift/XRT data to obtain the

precise parameters of the thermal component. The observations of Swift/XRT covered whole out-

burst beginning from MJD 58790. The Swift/XRT spectra over 0.5-10 keV could jointly fit with

the NuSTAR spectra over 3-79 keV. However, we notice that the first observation of NuSTAR

has no corresponding Swift/XRT observation, and the X-ray flux of the Swift/XRT observa-

tion (obsID:00088999002) corresponding to the last NuSTAR observation (obsID:80502324016)

is too low. Here we carry out joint fitting for the second to seventh observations. The spectra

are generated from standard online Swift/XRT data products generator provided by UK Swift

Science Data Centre5(Evans et al. 2009). All the spectra are grouped to have at least 1 count per

bin(Kaastra & Bleeker 2016). Detailed Swift/XRT observations are shown in Table 2.

We use XSPEC v12.11.56 to ignore bad channels and then fit all the spectra. If not specifically

mentioned, all uncertainties quoted in this paper are given at 90 per cent confidence level.

5 https://www.swift.ac.uk/user objects
6 https://heasarc.gsfc.nasa.gov/xanadu/xspec



6 Nan Jia et al.

Table 1: NuSTAR observation log of MAXI J0637-430

ObsID MJD Statea Instrument Exposure Count ratesb

(ks) (cts s−1)

80502324002 58792 IMS FPMA\FPMB 36.8\36.8 16.89\15.20

80502324004 58801 SS FPMA\FPMB 67.7\67.6 11.89\10.59

80502324006 58812 SS FPMA\FPMB 48.6\48.4 4.67\4.12

80502324008 58866 IMS FPMA\FPMB 46.6\46.3 2.66\2.44

80502324010 58879 HS FPMA\FPMB 110.8\110.0 0.77\0.73

80502324012 58889 HS FPMA\FPMB 50.2\49.9 0.39\0.37

80502324014 58915 HS FPMA\FPMB 65.4\64.9 0.14\0.13

80502324016 58964 HS FPMA\FPMB 47.5\47.1 0.02\0.03

Notes. aThe classification of spectral states is referred to Jana et al. (2021).
b Count rates are measured in 3.0-79.0 keV for FPMA and FPMB respectively.

Table 2: Swift/XRT observation log of MAXI J0637-430

ObsID MJD Statea Instrument Exposure Count ratesb

(s) (cts s−1)

00012172008 58801 SS XRT 2515 86.70

00012172018 58812 SS XRT 1667 81.06

00012172066 58866 IMS XRT 667 9.15

00012172077 58879 HS XRT 1686 1.02

00012172085 58889 HS XRT 1860c 0.36d

00012172093 58915 HS XRT 944c 0.06d

Notes. aThe classification of spectral states is referred to Jana et al. (2021).
b Count rates of 0.5-10 keV from Swift/XRT
c Exposure time of the photon counting(PC) mode for the last two observations.
d Count rates of the photon counting(PC) mode for the last two observations.

3 SPECTRAL ANALYSIS AND RESULTS

In this section, we conduct a detailed spectral analysis of NuSTAR and Swift/XRT data. The spec-

tra with strong reflection characteristics are selected to measure the black hole spin. At the begin-

ning of the fitting process, we use a simple absorbed power-law model constant*tbabs*powerlaw

to fit the spectra. Constant is used to reconcile the calibration difference among the XRT, FPMA

and FPMB. When we use the joint fitting of the spectra of NuSTAR and Swift, we fix the con-

stant of XRT and make the constant of FPMA and FPMB change freely. tbabs is the inter-

stellar medium (ISM) absorption model. We set the cross-sections in Verner et al. (1996) and

abundances in Wilms et al. (2000). For the spectra of the intermediate state and the soft state,

we add diskbb model to fit the accretion disk component. We fix hydrogen column density (NH)

at 4.39 × 1020cm−2 corresponding to E(B-V) = 0.064 (Tetarenko et al. 2021). By ignoring 6-7 keV
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Fig. 2: The fitting residuals from model constant ∗ tbabs ∗ (diskbb + powerlaw) for 80502324002.

FPMA and FPMB data are plotted in black and red, respectively.

and 15-40 keV to fit the spectra, we find that the spectrum (obsid:80502324002) in the interme-

diate state has obvious reflection characteristics. A broadened Fe Kα emission line between 6-7

keV and a Compton hump component between 20-50 keV are clearly shown in Fig. 2. This is the

reason that we choose this spectrum to measure the black hole spin. All the fitting results are

listed in Table 3. From these fitting results, the spectra of the hard state could well be constrained

by model constant*tbabs*powerlaw with a good fitting statistics. However, when using model

constant*tbabs*(diskbb+powerlaw) to jointly fit the Swift/XRT and NuSTAR spectra of soft

states, it is found that there exist additional residuals in the soft energy bands. As shown in Fig.

3, there is an obvious residual near 1 keV in the spectrum of the soft state. We will discuss this

spectral feature in Section 4.2.

Then, we use a preliminary phenomenological model constant*tbabs*(diskbb+gaussian+powerlaw)

to fit the spectrum of the first observation. The model gaussian represents the iron emission line

and the central energy is set at 6.4 keV. After adding the model gaussian, the fitting result has

been greatly improved with χ2
ν = 1.20. In order to measure the spin of MAXI J0637-430, we use

the most state-of-art reflection model relxillCp v2.27 (Dauser et al. 2014; Garćıa et al. 2014) to

fit the spectrum of the intermediate state. The model relxillCp is widely utilized in the research

of black hole X-ray binary systems (Xu et al. 2018; Wang-Ji et al. 2018; Sharma et al. 2019). The

model combines the normal reflection model xillver (Garcia & Kallman 2010; Garćıa et al. 2011,

2013) and the relativistic model relline (Dauser et al. 2010, 2013). And the incident spectrum in

7 http://www.sternwarte.uni-erlangen.de/ dauser/research/relxill
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Fig. 3: The fitting residuals from model constant ∗ tbabs ∗ (diskbb + powerlaw) for 80502324006.

XRT, FPMA and FPMB data are plotted in green, black and red, respectively.

relxillCp is the nthcomp Comptonization continuum. The configuration of our physical model is

constant*tbabs*(diskbb+relxillCp). Before measuring the black hole spin, we need to examine

the location of the inner radius of the disk (Rin). If the inner radius of the disk does not extend to

the ISCO, the truncation of the accretion disk may occur, thus affecting the measurement of the

black hole spin. We set the black hole spin (a∗) at the maximum value of 0.998 and make the Rin

fitted freely. For the parameters of the emissivity index, we assume a canonical case (qout = qin = 3)

(Fabian et al. 1989). The outer radius of accretion disk (Rout) is frozen at the default value 400Rg

(gravitational radius Rg = GM/c2). Considering the MAXI J0637-430 is a Galactic transient, we

fix the redshift (z) at zero. Other parameters like inclination angle (i), photon index of the X-ray

spectrum (Γ), ionization of the accretion disk (logξ), iron abundance (AFe), reflection fraction (Rf),

electron temperature in the corona (kTe) and normalization (Norm) vary freely. The fitting result

is shown that the inner radius of the disk extended to the ISCO with Rin =1.73+1.30
−0.37

RISCO. After

examining the location of the inner radius of the disk, we set the Rin = RISCO and let the black hole

spin as a free parameter. By using the model relxillCp to fit the spectrum of the intermediate

state, we obtain that the black hole spin a∗ > 0.72. The inclination angle is constrained to be i

= 46.1+4.0
−5.3

degrees. Our fitting result shows that the accretion disk is highly ionized with logξ =

4.30+0.17
−0.18

and a hot corona with kTe > 197.1 keV. It is worth noting that the fitting result shows a

supersolar iron abundance with AFe > 8.89AFe,
⊙. This result has also appeared in other black hole

X-ray binaries, and we will discuss the issue of iron abundance in the Section 4. The spectral fit of
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Fig. 4: The fitting residuals from model constant ∗ tbabs ∗ (diskbb + relxillCp) for 80502324002.

FPMA and FPMB data are plotted in black and red, respectively.

Table 3: Fitting results for simple models

NuSTAR Swift/XRT diskbb powerlaw CFPMA/CFPMB Reduced χ2
ν

ObsId ObsId Tin Ndiskbb Γ NPowerlaw (×10−1)

80502324002 - 0.65+0.01
−0.01

1733.6+28.5
−27.6

2.44+0.02
−0.02

1.07+0.06
−0.05

-/0.99 1.80

80502324004 00012172008 0.62+0.01
−0.01

1661.2+15.5
−15.2

2.25+0.01
−0.01

1.31+0.03
−0.03

0.80/0.81 1.52

80502324006 00012172018 0.55+0.01
−0.01

1584.6+24.6
−24.0

2.67+0.03
−0.02

0.92+0.05
−0.04

0.97/0.94 1.46

80502324008 00012172066 0.17+0.01
−0.01

27150.3+6344.0
−5095.5

1.86+0.01
−0.01

0.26+0.01
−0.01

1.15/1.17 1.01

80502324010 00012172077 - - 1.77+0.01
−0.01

0.06+0.01
−0.01

1.17/1.16 1.02

80502324012 00012172085 - - 1.81+0.02
−0.02

0.03+0.01
−0.01

1.15/1.16 0.94

80502324014 00012172093 - - 1.78+0.03
−0.03

0.03+0.01
−0.01

1.14/1.16 0.85

80502324016 - - - 1.78+0.12
−0.12

0.03+0.01
−0.01

-/1.16 0.95

Notes. The best-fitting parameters obtained by NuSTAR observations with model constant*tbabs*powerlaw or

model constant*tbabs*(diskbb+powerlaw). The parameters with the symbol “†” indicate they are fixed at values

given. The errors are calculated in 90% confidence level by XSPEC.

model constant*tbabs*(diskbb+relxillCp) is shown in Fig. 4. All the best fitting parameters

for model constant*tbabs*(diskbb+relxillCp) are listed in Table 4.

4 DISCUSSION

4.1 Supersolar iron abundance

In this section, we mainly discuss the possible reasons for supersolar iron abundance from reflection

analysis of the first observation and the effect of supersolar iron abundance on black hole spin. In
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Table 4: Best-fitting parameters for relativistic reflection models

Components Parameter Free Rin Free a∗

a∗ = 0.998 Rin=RISCO

NuSTAR

tbabs NH (× 1020cm−2) 4.39† 4.39†

diskbb kTin (keV) 0.64+0.01
−0.01

0.64+0.01
−0.01

Ndiskbb 1908.10+46.28
−37.70

1908.15+44.36
−42.49

relxillCp a∗ 0.998† 0.91∗
−0.19

Rin(RISCO) 1.73+1.30
−0.37

1†

i (deg) 46.4+3.9
−5.0

46.1+4.0
−5.3

Γ 2.22+0.03
−0.02

2.22+0.03
−0.03

AFe 10.00∗
−1.02

10.00∗
−1.11

logξ 4.30+0.17
−0.18

4.30+0.17
−0.18

kTe(keV) 400.0∗
−198.2

400.0∗
−202.9

Rref 0.56+0.07
−0.12

0.56+0.16
−0.12

NrelxillCp(×10−4) 5.50+0.42
−0.61

5.49+0.63
−0.85

logN 15.0† 15.0†

CFPMB 0.99 0.99

χ2/ν 1235.08/10641235.82/1064

χ2
ν 1.16 1.16

Notes. The best-fitting parameters were obtained with reflection model constant*tbabs*(diskbb+relxillCp). The

parameters with “†” indicate they are fixed at the values given. * indicates that the upper or lower limit of the

parameter pegs the maximum or minimum value. The errors are calculated in 90% confidence level by XSPEC.

previous studies, some black hole X-ray binaries have shown supersolar iron abundance, such as

GX 339-4 ( AFe = 5 ± 1 AFe,
⊙ in Garćıa et al. 2015 and AFe = 6.6 ± 0.5 AFe,

⊙ in Parker et al.

2016), V404 Cyg (AFe ∼ 5 AFe,
⊙ in Walton et al. 2017), Cyg X-1 ( AFe = 4.7 ± 0.1 AFe,

⊙ in

Parker et al. 2015 and AFe = 4.0 - 4.3 AFe,
⊙ in Walton et al. 2016), 4U 1543-47 ( AFe = 5.05+1.21

−0.26

AFe,
⊙ in Dong et al. 2020b and AFe 3.6 - 10.0 AFe,

⊙ in Prabhakar et al. 2023), AT2019wey ( AFe

∼ 5 AFe,
⊙ in Feng et al. 2022d), MAXI J1836-194 ( AFe > 4.5 AFe,

⊙ in Dong et al. 2020a) and

MAXI J1348-630 ( AFe ∼ 7.0 - 10.0 AFe,
⊙ in Jia et al. 2022). Some of these sources show extreme

supersolar iron abundance like MAXI J0637-430. For the supersolar iron abundance obtained by

X-ray reflection, Garćıa et al. (2018b) proposes a possible explanation that the model shortfall

at very high densities (ne > 1018 cm−3) due to atomic data shortcomings in this regime. In the

parameter settings of the old version of the reflection model relxillCp, the disk density is fixed to

1015 cm−3. However, the prediction of the disk density in the research of the standard α-disk model

(Shakura & Sunyaev 1973) and 3D magneto-hydrodynamic (MHD) simulations is much larger

(Noble et al. 2010; Schnittman et al. 2013). The higher density of the accretion disk will contribute
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to the spectra in two aspects, 1) free-free heating produces a flux excess at soft energies; 2) effect

on the atomic parameters control line emission and photoelectric absorption. The underestimation

of the disk density may lead to the issue of supersolar iron abundance. The latest version of the

reflection model relxillCp already allows free fitting of the disk density, ranging from 1015 cm−3

to 1020 cm−3. In the previous work of Jia et al. (2022), the high-density model is successfully used

to explain the high iron abundance and the fitting results show that it has a negligible effect on the

spin measurement. Therefore, on the basis of the model constant*tbabs*(diskbb+relxillCp) in

Section 3, the disk density is freely fitted. We set the inclination angle to range from 40.8 - 50.1

degrees which is obtained by fitting spectrum in Section 3. From the fitting results by using high-

density reflection model constant*tbabs*(diskbb+relxillCp), we can see that the disk density

will be pegged at the maximum value of 1020 cm−3 after free fitting, and the iron abundance

appears to be much larger than that of the solar abundance. The phenomenon may be caused by

the maximum disk density (1020 cm−3) of the model relxillCp is still not enough to fit the actual

value of the iron abundance.

Tomsick et al. (2018) obtained the results of extreme supersolar iron abundance when using

the reflection model of constant density (1015 cm−3) to study Cyg X-1. They use a new version of

reflection model reflionx_hd8 to fit the spectrum, which obtained a result of high disk density ne

= 3.98 × 1020 cm−3(Tomsick et al. 2018). This decreases the need for extremely supersolar abun-

dances. We combine the relativistic convolution model relconv and the high disk density model

reflionx_hd as the reflection component. Moreover, we plus a Comptonization continuum model

nthcomp in the whole model configuration. In the parameters setting, we tie the photon index Γ of

reflionx_hd to the photon index Γ of nthcomp. The inclination angle of the accretion disk is in

the range of 40.8 - 50.1 degrees ( obtained from fitting results of Section 3 ). Because the temper-

ature of the corona is so high that it cannot be limited, we fix it at the maximum. Additionally,

the iron abundance of this model is set at the solar abundance. Under the assumption that the

iron abundance is set at the solar abundance, a higher disk density ( ne > 2.34 × 1021 cm−3 ) is

obtained by fitting. This result suggests that MAXI J0637-430 is a stellar-mass black hole with

an high-density accretion disk, which compared to the typical black hole X-ray binary systems .

There is no significant difference in the spin value obtained by using the high-density model ( both

relxillCp and reflionx_hd ). For model relxillCp, the black hole spin obtained by fitting is

a∗ > 0.83. For model reflionx_hd, the black hole spin obtained by fitting is a∗ > 0.79. In section

3, we obtain the spin of MAXI J0637-430 with a∗ > 0.72, which shows that the changes of iron

abundance and accretion disk density have a negligible effect on the spin measurement.

In addition, there is another possibility to explain the extremely supersolar iron abun-

dance. According to the research of Kinch et al. (2021) and Mondal et al. (2021), the Fe Kα

line strength increases with Fe abundance for sub-linearly. Therefore, an iron line with higher

equivalent width may lead to an abnormal increase in iron abundance. When we use the model

constant*tbabs*(diskbb+gaussian+powerlaw) for spectral fitting, we calculate the equivalent

8 https://ftp.ast.cam.ac.uk/pub/mlparker/reflionx/
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width of the model gaussian used to fit the iron line component. The equivalent width is about

381 eV, which represents a relatively strong iron line component. Besides, the line width of the

gaussian component is up to 1.4 keV. Therefore, the iron line profile is highly broadened by

the strong gravity. Such a strong iron line may be a potential reason for the extremely high iron

abundance. The discovery is expected to be verified in more researches in the future.

4.2 Soft excess

In the research of Lazar et al. (2021), the soft excess may be an emission from a combination of

thermal Comptonization component and reflection component of disk blackbody returning radia-

tion. We also explored this possible scenario by using the reflection model relxillNS9, in which

the incident spectrum was changed to a blackbody radiation. This model is usually used to study

the reflection components in the radiation of neutron stars. We set the blackbody temperature

kTbb in the reflection model relxillNS equal to the temperature of the disk component diskbb,

which represents the case that the light bent back to the accretion disk by strong gravity. In ad-

dition, we set the black hole spin and accretion disk inclination angle to the results in Section 3.

The fitting results of the soft state spectra by using relxillNS model are shown in Table 5. The

spectra can be well fitted by using the black hole spin and inclination results that we obtained

in Section 3. The additional thermal residuals in the soft state can be explained by the returning

blackbody radiation, which is consistent with the conclusion in Lazar et al. (2021). In Section 4.1,

we also discussed that the soft excess in the intermediate state spectrum may be caused by the

large density of the accretion disk. Therefore, we attempt to use the high-density version of the

typical reflection model relxillCp to fit the soft state spectral, which the incident radiation is

a Comptonization component from the hot corona. The fitting results of the soft state spectra

by using relxillCp model are shown in Table 5. We find that relxillCp model can also obtain

an acceptable fitting statistical results. Comparing the fitting results of the two reflection models,

we find that the blackbody temperature of the accretion disk is lower when using the relxillNS

model, while the higher disk density is obtained when using the relxillCp model, which may be

due to different description of the mechanism of soft excess. From the fitting statistical results of

the two reflection models, the relxillNS model can provide a better fitting. To distinguish which

physical scenario is more physical may require more observations and studies in the future. At

present, both the high density accretion disk and the return radiation from the accretion disk may

be the potential reasons.

4.3 Spin parameter

Using the most state-of-art reflection model to fit the spectral, the spin parameter of MAXI J0637-

430 is measured with a∗ > 0.72. In a recent work of MAXI J0637-430, Soria et al. (2022) proposed

to calculate black hole spin (a∗ < 0.25) using mass and distance. This inconsistency may be caused

by the difference between the inclination angle and the inner radius of the disk. Under this method,

9 http://www.sternwarte.uni-erlangen.de/ dauser/research/relxill/
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Table 5: Best-fitting parameters for different incident radiation of the reflection model

Components Parameter MJD 58801 MJD 58812

NuSTAR-Swift/XRT

tbabs NH (× 1020cm−2) 4.39† 4.39† 4.39† 4.39†

diskbb kTin (keV) 0.56+0.01
−0.01

0.62+0.01
−0.01

0.53+0.01
−0.01

0.55+0.01
−0.01

Ndiskbb 1489.87+46.28
−37.70

1755.03+19.94
−16.92

1477.52+40.74
−51.27

1524.27+44.36
−42.49

nthcomp Γ 2.07+0.03
−0.03

2.15+0.03
−0.03

2.32+0.03
−0.02

2.36+0.03
−0.03

kTe(keV) >330.6 >437.4 >219.8 >188.1

Nnthcomp(×10−2) 1.65+1.98
−0.61

1.24+0.01
−0.01

0.720.05
−0.03

0.32+0.08
−0.01

relxillNS/relxillCp a∗ 0.91† 0.91† 0.91† 0.91†

kT ∗
bb
(keV) 0.56+0.01

−0.01
− 0.53+0.01

−0.01
−

i (deg) 46.1† 46.1† 46.1† 46.1†

AFe 0.50+0.01 1.67+0.60
−0.60

0.50+0.08 0.72+0.32
−0.15

logξ 2.92+0.02
−0.02

2.89+0.10
−0.06

2.27+0.08
−0.09

2.66+0.07
−0.08

logN 19.0−0.6 19.0+0.1
−0.1

18.0+0.1
−0.4

19.0+0.1
−0.1

NrelxillNS(×10−3) 3.48+0.43
−0.24

− 1.97+0.16
−0.15

−

NrelxillCp(×10−4) − 4.52+0.56
−0.48

− 4.37+0.50
−0.56

CFPMA/CFPMB 0.84/0.85 0.80/0.81 0.99/0.96 0.96/0.94

χ2/ν 2536.13/2206 2686.52/2206 1725.76/1511 1782.54/1511

χ2
ν 1.15 1.21 1.14 1.18

Notes. The best-fitting parameters were obtained with different incident radiation of the reflection model. The

parameters with “†” indicate they are fixed at the values given. * indicates that the blackbody temperature of the

relxillNS is set equal to the temperature of the diskbb. The errors are calculated in 90% confidence level by

XSPEC.

the black hole mass, source distance, and inclination angle of the accretion disk have a great effect

on the spin measurement. Usually, we use the continuum-fitting method to measure the black hole

spin when the dynamical parameters are known. Using the X-ray reflection spectroscopy, we only

need to obtain the black hole spin by fitting the reflection components in the spectral regardless

of the precise dynamical parameters. In the work of Kinch et al. (2021) mentioned in Section 4.1,

the Fe Kα profile is more sensitive to the accretion rate than to the black hole spin. According to

the Tetarenko et al. (2021) and Ma et al. (2022), MAXI J0637-430 has a relatively low accretion

rate. This may suggest that the broadening of the Fe Kα emission line is caused by the strong

gravitational redshift effect from relatively high black hole spin rather than the mass accretion

rate.
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Table 6: Best-fitting parameters for high-density relativistic reflection models

Components Parameter M1 M2

NuSTAR

tbabs NH (× 1020cm−2) 4.39† 4.39†

diskbb kTin (keV) 0.65+0.01
−0.01

0.64+0.01
−0.01

Ndiskbb 1871.83+33.12
−34.50

2005.88+46.43
−42.15

relxillCp a∗ 0.92∗
−0.09

−

i (deg) 40.8+4.0
∗ −

Γ 2.07+0.07
−0.04

−

AFe 10.00∗
−1.33

−

logξ 3.77+0.13
−0.96

−

kTe(keV) 400.0∗
−216.0

−

Rref 0.62+0.37
−0.17

−

NrelxillCp(×10−4) 3.32+0.91
−0.81

−

logN 19.5∗
−1.2

−

nthcomp Γ − 1.94+0.03
−0.03

Nnthcomp(×10−2) − 1.91+1.98
−0.61

relconv a∗ − 0.93∗
−0.14

i (deg) − 40.8+2.5
∗

reflionx_hd AFe − 1†

logξ − 3.16+0.25
−0.06

Nreflionx hd(×10−2) − 8.99+0.84
−0.94

logN − 22.0∗
−0.6

CFPMB 0.99 0.99

χ2/ν 1229.01/10631181.94/1065

χ2
ν 1.15 1.11

Notes. The best-fit parameters were obtained by fitting the NuSTAR spectra for high disk density reflection model

M1: constant*tbabs*(diskbb+relxillCp) and M2: constant*tbabs*(diskbb+nthcomp+relconv*reflionx_hd).

The parameters with “†” indicate they are fixed at the values given. * indicates that the upper or lower limit of the

parameter pegs the maximum or minimum value. The errors are calculated in 90% confidence level by XSPEC.

5 CONCLUSION

In this work, we mainly analyze the NuSTAR and Swift/XRT archived data of MAXI J0637-

430 and use the spectra with strong reflection components for spin measurement. The reflection

model relxillCp can be used to fit the spectra well, and the parameters characterized by physical

properties can be obtained, including the relatively high black hole spin a∗ > 0.72 and the inclination
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angle of the accretion disk i = 46.1+4.0
−5.3

degrees (at 90% confidence level). Remarkably, the fitting

results show the extremely high iron abundance in the intermediate state. Using the reflection

model with higher disk density, we get a high-density accretion disk ( ne > 2.34× 1021 cm−3 ) under

the assumption of a solar abundance, which is consistent with the results predicted by previous

magnetohydrodynamics simulations. In addition, the relatively strong Fe kα line, that is, the Fe

Kα line with higher equivalent width, will show a sub-linear relationship with iron abundance.

The equivalent width of the Fe Kα line of MAXI J0637-430 is about 381 eV, which may be the

potential reason for the extreme supersolar iron abundance. Moreover, we discussed the results from

Lazar et al. (2021). We prove that the black hole spin and inclination angle obtained by fitting can

be used to well describe the soft state spectra. The additional residuals shown in the soft state

spectral can be well fitted by either the model relxillNS or the high density version of the model

relxillCp . This suggests that there are two possible scenarios to explain the soft excess in the

thermal state, one is from Lazar et al. (2021), which the soft excess is from a combination of thermal

Comptonization component and reflection component of disk blackbody returning radiation, a light

bending effect caused by the strong gravity. The other is from the extra free-free heating caused

by the high density of the accretion disk and produces a flux excess at soft energies. At present,

the study cannot determine which physical scenario is more realistic, and we hope that more data

and more advanced models can confirm the difference between the two possibilities in the future.

The spin parameter is also discussed, and its reliability is verified from the aspects of the model

fitting and theoretical application. The iron abundance and disk density have a negligible effect on

the spin measurement results.
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ABSTRACT

Deriving stellar atmospheric parameters and chemical abundances from stellar spectra is crucial

for understanding the evolution of the Milky Way. By performing a fitting with MARCS model at-

mospheric theoretical synthetic spectra combined with a domain-adaptation method, we estimate the

fundamental stellar parameters (Teff , log g, [Fe/H], vmic and vmac) and 11 chemical abundances for 1.38

million FGKM-type stars of the Medium-Resolution Spectroscopic Survey (MRS) from LAMOST-II

DR8. The domain-adaptation method, cycle-starnet, is employed to reduce the gap between ob-

served and synthetic spectra, and the L-BFGS algorithm is used to search the best-fit synthetic spectra.

By combining the 2MASS photometric survey data, Gaia EDR3 parallax, and MIST isochrones, the

surface gravities of the stars are constrained after estimating their bolometric luminosities. The ac-

curacy of Teff , log g, and [Fe/H] can reach 150 K, 0.11 dex and 0.15 dex, evaluated by the PASTEL

catalog, asteroseismic samples, and other spectroscopic surveys. The precision of these parameters and

elemental abundances ([C/Fe], [Na/Fe], [Mg/Fe], [Si/Fe], [Ca/Fe], [Ti/Fe], [Cr/Fe], [Mn/Fe], [Co/Fe],

[Ni/Fe], and [Cu/Fe]) is assessed by repeated observations and validated by cluster members. For

spectra with signal-to-noise (S/N) ratios greater than 10, the precision of the three stellar parameters

and elemental abundances can achieve 76 K, 0.014 dex, 0.096 dex, and 0.04-0.15 dex. For spectra with

S/N ratios higher than 100, the precision stabilizes at 22 K, 0.006 dex, 0.043 dex, and 0.01-0.06 dex.

The full LAMOST MRS stellar properties catalog is available on-line.

Keywords: stars: atmospheres – methods: data analysis – techniques: spectroscopic

1. INTRODUCTION

The atmospheric parameters and chemical abun-

dances of the stars play a pivotal role in elucidating

their evolutionary stages, and offer valuable information

Corresponding author: A-Li Luo

lal@bao.ac.cn & wangrui@nao.cas.cn

on revealing the formation history of the Milky Way.

Accuracy and precision of these parameters are impor-

tant statistical criteria in measurement work, and im-

proving both of them is always the goal pursued (Jofré

et al. 2019). So far, it is generally considered that high-

resolution (R ≥ 40,000) spectroscopy project, such as

Gaia-ESO (Gilmore et al. 2012), is suitable for the ob-

servation and measurement tasks of the standard bench-

mark stars because their fine spectral characteristics
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can well constrain theoretical models to provide accu-

rate star parameters and chemical abundances. How-

ever, limited by the observation condition and exposure

time, obtaining a huge collection of high-quality high-

resolution spectra is very expensive. In recent years, Rix

et al. (2016), Ting et al. (2017), Xiang et al. (2019) have

shown that stellar parameters and 10-20 chemical ele-

ments (with precisions of 0.01 dex to 0.1 dex) can be

extracted from low-resolution (R ≤ 6000) high-quality

(S/N > 100) spectra based on data-driven methods,

which provide theoretical and technical support for anal-

ysis of low-/medium-resolution (R from 1800 to 20000)

spectra of multiple objects spectroscopic survey such

as LAMOST (Luo et al. 2015; Liu et al. 2020), Sub-

aru PFS (Takada et al. 2014), 4MOST (de Jong et al.

2019). These surveys can greatly expand the distribu-

tion range of the atmospheric parameters and chemi-

cal abundances, and reveal the formation history of the

Milky Way by combining astrometric information (Xi-

ang & Rix 2022).

The spectral fitting techniques are mostly used to de-

rive stellar parameters by synthesizing the most simi-

lar theoretical spectra to transfer theoretical stellar la-

bels to the observed spectra. The industrial measure-

ment process often relies on meticulous spectral reduc-

tion, accurate theoretical spectral grids, and efficient fit-

ting algorithms. Besides, the most important materials

are the construction of the model spectra. The choice

of theoretical atmosphere model (1D/LTE or 3D/N-

LTE), the atomic and molecular line lists, the solar

abundances composition, isotope ratio, and the param-

eter sampling space should be made to produce syn-

thetic spectra according to the source selection strate-

gies and the characteristics of the observations. The

fitting techniques need to be specially designed based

on spectral characteristics. The theoretical spectra and

the observed spectra often show separate distributions

in the high-dimensional flux space, due to the imperfec-

tion of the theoretical spectra and the observed errors

caused by the observation conditions and various instru-

ment effects. O’Briain et al. (2021, 2020) proposed a

method, cycle-starnet, based on domain adaptation

to reduce the gap between the synthetic and the ob-

served spectra, which combines the data consistency of

data-driven methods and the physical interpretability of

model-driven methods.

The data-driven methods promoted cooperation be-

tween the international spectroscopic surveys, which im-

proved the development of the measurement of the stel-

lar parameters for low- and medium-resolution spec-

tra. Xiang et al. (2019) estimated the stellar parame-

ters and chemical abundances of 1.6 million LAMOST

low-resolution spectra by transferring APOGEE and

GALAH stellar labels. Wheeler et al. (2020) analyzed

millions of the low-resolution spectra to obtain several

chemical elements of 5 channels using the Cannon (Ness

et al. 2015) and revealed the distribution of the Milky

Way from the perspective of chemical kinematics. Xiang

et al. (2021a,b) also predicted the atmospheric param-

eters and elemental abundances of ∼ 100,000 hot stars

largely expanding the temperature range. For cool stars,

Li et al. (2021) derived the atmospheric parameters of

LAMOST M stars based on the methods SLAM (Zhang

et al. 2020a). Wang et al. (2020) and Guiglion et al.

(2020) demonstrated that data-driven methods are ca-

pable of estimating the stellar parameters and chemi-

cal abundances of the medium-resolution spectra (R ∼
7500) covering a narrow band such as LAMOST DR7

and RAVE DR6. The data-driven methods learn the

gradient variation between the input fluxes of spectra

and the output stellar labels (or input stellar labels with

output fluxes), but sometimes they learn the correlation

that is superficial to the data, not physical. Besides, the

extrapolation results beyond the range of training set

parameters are unreliable (Buder et al. 2021).

LAMOST-II medium-resolution spectroscopic survey

(LAMOST-II MRS) is the advanced project of the

LAMOST-I low-resolution spectroscopic survey (Luo

et al. 2015). LAMOST MRS survey is expected to

advance stellar physical science research, such as de-

tailed observations of various variable stars (Zong et al.

2020; Wang et al. 2021), planet host stars (Chen et al.

2021a,b), emission nebulae (Wu et al. 2021; Zhang et al.

2021; Ren et al. 2021), open star clusters, young pre-

main-sequence stars, etc (see Liu et al. (2020) for more

details). From the sixth Data Release, LAMOST be-

gan to release the medium-resolution (R ∼ 7500) spec-

tra by the LAMOST data-process pipeline, two catalogs

of the stellar parameters: one is by the LAMOST stel-

lar parameters pipeline (LASP; Luo et al. 2015); the

other one containing chemical abundances is by a par-

allel convolutional neural networks, SPCANet (Wang

et al. 2020). LASP derived the atmospheric parameters

(Teff , log g, [Fe/H]) based on spectral-fitting the interpo-

lation of the empirical spectra set–ELODIE v3.1 (Prug-

niel et al. 2007). While it is incapable of measur-

ing chemical abundances. Several non-physical trunca-

tions appear in the density distribution of the LASP

results (in the left-top panel of Fig.4) due to it us-

ing four interpolators of templates in different tempera-

ture ranges. The stellar parameters and chemical abun-

dances by SPCANet (Wang et al. 2020) are transferred

from APOGEE-ASPCAP (Garćıa Pérez et al. 2016) cat-

alog based on the data-driven method. Independent
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and atmospheric model-based chemical abundance mea-

surements are essential for LAMOST MRS, not only for

the examination of the previous catalog but also to add

physical support for each element.

In this paper, we aim to analyze the medium-

resolution spectra of LAMOST DR8 MRS by domain-

adaptation fitting the MARCS atmospheric model the-

oretical synthesis spectra. Five stellar parameters (Teff ,

log g, [Fe/H], vmic and vmac) and eleven chemical ele-

ments (C, Na, Mg, Si, Ca, Ti, Cr, Mn, Co, Ni and Cu)

of LAMOST MRS are firstly derived based on the at-

mospheric model by cycle-starnet. The main struc-

ture of this paper is organized as follows. Section.2 de-

scribes the observations of LAMOST DR8 MRS and the

theoretical spectra generated. Section.3 introduces the

method used to match the observed spectra and the syn-

thetic model spectra. Section.4 shows the results of the

stellar parameters and chemical abundances of LAM-

OST DR8 MRS, also the validation and analysis of the

results are displayed. The final section is the summary.

2. LAMOST-II DR8 MRS

2.1. Observations and Data Reduction

The Large Sky Area Multi-Object Fiber Spectroscopic

Telescope (LAMOST) is a 4-meter reflecting Schmidt

telescope located at the Xinglong Observatory (40.4174◦

N, 117.5006◦ E) in Hebei, China. It has been operating

normally for 10 years. The Medium-Resolution Spec-

troscopic survey has been carried out for 5 years so far,

and its detection limit is G∼17 mag. The light of sources

passes through 4000 fibers and is dispersed with a reso-

lution of 7500 into two separate bands (blue arm: 4950-

5350 Å and red arm: 6300-6800 Å), and recorded by

32 charge-coupled devices corresponding to 16 spectro-

graphs. Each non-time-domain spectrum is combined

using multi-exposes (at least three exposures) spectra

for a star. The Tu-Ar arc lamp spectra exposed three

times during one observing night are used in the pro-

cess of wavelength calibration of MRS spectra. Unfortu-

nately, no flux calibration process is done in MRS data

reduction, because there are not enough suitable flux

standard stars for each exposed plate (private commu-

nication with the LAMOST team).

LAMOST 8th data release (DR8) published 1,479,127

non-time-domain spectra and 4,559,091 time-domain

spectra. The footprints of LAMOST DR8 observations

(both low-resolution and medium-resolution survey) and

the color-absolute magnitude (without extinction cor-

rection) diagram of the sources are shown in Fig. 1 and

Fig. 2, respectively. The distributions of the spectral

signal-to-noise (S/N) of LAMOST DR8 MRS blue and

red arm spectra as a function of the Gaia photomet-

Figure 1. LAMOST DR8 observations’ footprints. The
low-resolution survey (LRS) is shown in blue and the median-
resolution survey (MRS) is in red.
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Figure 2. Color-absolute magnitude diagram of the LAM-
OST DR8 MRS objects color-coded by number density in
log-scale. Here, the magnitude is calculated without extinc-
tion correction.

ric G magnitude employed from Gaia DR3 are shown
in Fig. 3. Ting et al. (2017); Zhang et al. (2020b) used

theoretical spectra to explore the variation of star la-

bels accuracy with S/N and found that the stellar labels

suffering large biases for the ”mock” medium-resolution

(R=6000/7500) spectra with S/N lower than 10. Most

of the LAMOST MRS spectra with low data quality as

S/N lower than 10 are considered not suitable for de-

riving stellar parameters or chemical abundances using

spectral fitting methods. So, we excluded these low-

S/N (≤ 10) spectra from our dataset. The radial ve-

locities of LAMOST MRS spectra are derived by cross-

correlating with 2000 Kurucz model templates and cal-

ibrated by the RV standard stars, and the precision

of the MRS RVs reaches 1.36 kms−1 with signal-to-

noise (S/N) higher than 10 (Wang et al. 2019). For

this work, the relative radial velocities among multiple

exposure spectra of one observation were calculated by
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Figure 3. S/N density distributions of the LAMOST DR8 MRS blue (top panel) and red (bottom panel) arms as a function
of the Gaia photometric G magnitude are shown above. the errorbar in red represent S/N of blue (top panel) and red arms
(bottom panel) in different G mag bins, each of which spans 0.5 magnitude.

self-correlation and corrected during the co-adding pro-

cess. We separately pseudo-continuum normalized the

blue and red arms of LAMOST MRS spectra by fit-

ting a 5-order polynomial through multiple iterations

and then Doppler-shifted them to the rest-frame wave-

length with their radial velocities respectively. To get

reliable stellar parameters, we need to recognize and ex-

clude the spectroscopic binary or multi-system spectra.

Here, we eye-recognized a sample of 500 spectra with ob-

vious double or triple lines and a sample of 1000 spectra

of single stars to train a convolutional neural network

(CNN) model to classify the spectroscopic multi-system

spectra. The CNN model can identify target spectra

with a test accuracy of 96%. The spectroscopic binary

spectra with double line features will be processed by a

light curve-based binary spectral model to measure their

stellar parameters (Chen et al. accepted).

2.2. Stellar Parameters provided by LASP and

SPCANet

LAMOST Stellar Pipeline (LASP; Luo et al. 2015)

plays a continuous role in deriving basic stellar pa-

rameters of LAMOST MRS spectra based on ULySS

package (Koleva et al. 2009), fitting with the empirical

spectral templates–ELODIE v3 (Prugniel et al. 2007).

Three basic stellar parameters of 51.32 % non-time-

domain and 11 % time-domain spectra were officially

provided. Besides, a catalog including 3 basic stellar

parameters and 13 chemical abundances are reported

employing an updated version of neural networks SP-

CANet (Wang et al. 2020) by transferring APOGEE

DR16 ASPCAP (Jönsson et al. 2020) stellar parameters

and chemical abundances to LAMOST MRS spectra.

Fig. 4 shows the Kiel -diagram of LASP and SPCANet

results of LAMOST DR8 MRS. It can be found that sig-

nificant differences exist in the Kiel-diagram by the two

different methods. Artificial structures appear in dwarfs

at 7000 K, 4500 K, and 4000 K and giants at 4000 K in

LASP results due to fitting different kinds of empirical

interpolated spectra in different parameter spaces (Luo

et al. 2015). One-to-one comparisons of the stellar pa-

rameters also reflect that the two methods show a dis-

persion of 196 K and 0.2 dex in the effective tempera-

ture and surface gravity. The Teff by LASP is overes-

timated for hot stars compared with SPCANet results.

For [Fe/H], two kinds of results show good agreement

for most stars except part of stars with [Fe/H]SPCANET

in [-0.5, 0] dex having a slope greater than 1 compo-

nent. It should be mentioned that the results of the

label-transfer method suffer from the selection effect of

the training labels from MRS-APOGEE common stars.

And, the elemental abundances predicted by SPCANet

are only available for the stars with effective tempera-

tures between 4000 K and 5000 K, limited by the ele-

ments availability of the training samples.

3. METHODS

In order to increase the physical interpretability and

get rid of the disadvantages of the data-driven approach,

we use a stellar atmospheric model-driven method to

obtain the stellar parameters and chemical abundances

of LAMOST DR8 MRS. The forward modeling idea is

used to obtain an atmospheric model-based synthetic

spectrum to model the observed spectrum, and further

realize the transferring of the stellar parameters and

chemical abundances from the synthetic model to ob-

served spectra. However, due to the imperfection of the

existing stellar atmospheric model, the actual observed

conditions (such as skylight, anthropogenic light pollu-

tion), the instability of the instrument effects, and the
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Figure 4. Density distributions in the Kiel-diagram of LAMOST MRS stellar parameters by LASP(left-top) and SP-
CANet (Wang et al. 2020)(right-top). Comparisons of three stellar parameters between the two methods are shown in the
bottom three panels and the red dotted lines indicate the one-to-one lines.

errors introduced by the data processing, a gap exists be-

tween the synthetic spectra and the observed spectra (as

Fig. 6 up-left panel shows). Traditionally, the spectral

pixels with large flux differences between synthetic and

observed spectra are masked and excluded to optimize

the fitting process, but it would be effective only for

the stars close to the standard stars which are used to

evaluate the synthetic spectra. O’Briain et al. (2021)

proposed that the domain adaptation method can au-

tomatically solve this problem based on deep-learning

methods.

3.1. The theoretical synthetic spectra

Here, we generate the theoretical synthesis spectra of

FGKM type stars (Teff : 3500-8000 K) as the theoret-

ical part of the training data sets. We use 1D LTE

MARCS atmosphere models (Gustafsson et al. 2008)

and the spectrum synthesis code Turbo-Spectrum for

radiative transfer (Plez 2012) to calculate the theoreti-

cal spectra. The solar chemical abundances of Grevesse

et al. (2007) are adopted here and the atomic and molec-

ular line lists are from the latest version of Gaia-ESO

survey line lists (Heiter et al. 2015b, 2021). It is worth

mentioning that the line lists are state-of-art covering

the visual bands but it is not perfect for cool stars with

temperatures below 4300 K because of the incomplete-

ness of molecular lines.

Unlike most of the official pipelines, we do not fol-

low a fixed step to get theoretical spectra on parameter

grid points but randomly sample in a convex hull of the

MIST isochrones within an age range of 1-10 Gyr and

a metal abundance range of [-1.5, +0.5] dex, under the

17-dimensional stellar labels (effective temperature Teff ,

surface gravity log g, metal abundance [Fe/H], macro-

turbulence vmac and microturbulence vmic and 11 ele-

ments [X/Fe]). The purpose of introducing isochrones

here is to limit the range of parameters for the gen-

eration of the theoretical spectra, which can cover most

of the parameters space of LAMOST MRS observations,

but of course, individual stars at particular evolutionary

stages are lost. We generate 50,000 spectra with stochas-

tic combinations of stellar labels within the constraint

ranges above, which is a relatively time-consuming task.

About 50,000 CPU hours are spent using a 16-computer

distributed cluster armed with a SPARK computing sys-

tem (Zaharia et al. 2016).
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3.2. Reducing the Gap between LAMOST Observations

and the theoretical synthesis spectra

Whether a physical-driven method or a data-driven

method, the essence is to synthesize a spectrum model

to fit the observation. The assumption is that the spec-

tra with the same morphology have the same stellar at-

mospheric parameters and chemical abundances, which

is the idea of forward modeling (a data model or a phys-

ical model). When using spectral model-fitting technol-

ogy to derive stellar parameters, we need to ensure that

both the observed spectra and the model spectra follow

the same distribution of the fluxes in the n-dim pixels

space. Recent studies (Bialek et al. 2020; O’Briain et al.

2021) have shown that the distributions of the theoreti-

cal and the observed spectra do not overlap in the high-

dim fluxes space, so-called ”the gap”. The main reason

is that the theoretical model suffers the defects of the

internal assumptions of the physical model and the im-

perfect line lists, such as the determination of oscillator

strength log gf, which can’t perfectly express the spec-

tral features the observed spectra contained. To deal

with these situations, most researchers adopt the ap-

proach by masking the ”bad” pixels of which the differ-

ence between the observed and synthetic spectral fluxes

suffer large extent according to the standard stars (Ting

et al. 2019). Bialek et al. (2020) superimposed simu-

lated Gaussian noise, rotational and radial velocities,

masking disturbed regions, and bad pixels to augment

the theoretical spectra to minimize the synthetic gap

with the Gaia-ESO UVES spectra, which would lead

to the loss of much spectral information. However, the

cycle-starnet (O’Briain et al. 2021, 2020) can handle

a variety of observed effects and noise patterns instead

of masking spectral regions and pixels.

The unsupervised domain adaptation method cycle-
starnet (O’Briain et al. 2021, 2020) has been shown

to reduce the gap between the synthesis spectra and

observed spectra well. The main idea of this method

is to map the synthesis and observed spectra to a fea-

ture space through an auto-encoder and to separate the

shared and split features of the synthesis and the ob-

served spectra by using a Generative Adversarial Net-

work (GAN; Cohen & Giryes 2022). Accordingly, the

shared features represent the information shared by the

theoretical synthesis spectra with observed spectra; in

theory, these should represent the internal physical prop-

erties of the spectra. The split features mainly express

the unique information that the observed domain con-

tains, which could be the instrumental profiles (e.g., line

spread function), errors due to the data reduction (e.g.,

pseudo-continuum normalization), or variations that are

not found in the theoretical spectra (e.g. telluric lines

from the Earth’s atmosphere). Not only does Cycle-

StarNet separate the shared and split features in the

spectra, but it also accomplishes the task of transfer-

ring them to different domains through cross-combining

features. For instance, we can generate a theoretical

synthesis spectrum with the observed pattern of a given

LAMOST MRS observed spectrum by combining the

shared features of the theoretical synthesis spectrum and

the split features of the LAMOST MRS spectrum, then

generate the spectral fluxes by decoding the combined

features. Conversely, we can achieve the transfer to the

theoretical domain by stripping the split features from

the observed spectra.

To achieve the purpose above, the cycle-starnet

is designed with 3 main components: an auto-encode

network of the theoretical domain to map the synthe-

sis spectra to the feature space, an auto-encode network

of the observed domain to map the observed spectra to

the feature space, and a generative adversarial network

to separate the share and split feature space by judging

the cycle- or transfer- generative spectrum. We modified

the structure and hyper-parameters (such as convolution

kernel sizes, and the feature space size) in the original

version of cycle-starnet according to the bands and

resolution characteristics of LAMOST MRS, making it

adaptable to domain-transfer learning between LAM-

OST MRS observed and MARCS atmospheric model

synthetic spectra.

3.3. cycle-starnet training and test

To construct the training data set, we first build a the-

oretical spectrum generative model (Ting et al. 2019)

based on the theoretical synthesis spectra, which can

synthesize theoretical synthesis spectra with any com-

bination of stellar parameters within a certain range.

Then we randomly select 100,000 LAMOST MRS ob-

served spectra and synthesize 100,000 theoretical spec-

tra. Each of the spectra sets is divided into three parts:

80,000 samples for training, 10,000 for validation, and

10,000 for testing cycle-starnet. It is worth mention-

ing that the number of theoretical spectra in the train-

ing samples is the same as that of the observed ones,

but they are not paired.

We trained cycle-starnet on 500,000 iterations to

optimize the weight parameters of its neuron nodes by

minimizing the loss function (as shown in Fig. 5). The

loss function of cycle-starnet is weighted-composed

of three parts: transfer-loss, cycle-loss, and adversarial-

loss. The transfer-loss constrains the chi-square dis-

tance between the theoretical synthetic spectrum and

the ”synthetic” spectrum transferred by the observed

spectrum, and the chi-square distance between the ob-
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served spectrum and the ”observed” spectrum trans-

ferred by the theoretical synthetic spectrum; the cycle-

loss describes the distances between the spectrum, both

the theoretical and the observed, and the spectrum after

two times transfers back to their original domains; the

adversarial loss allows the spectra to achieve unsuper-

vised domain transfer in different domains. About 10

hours was cost to train the model each time using an

NVIDIA Tesla v100 GPU.
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Figure 5. Training losses of the cycle-starnet
as a function of epochs. The loss function of
cycle-starnet consist of three parts: transfer-loss
(Xsynth−>obs, Xobs−>synth), cycle-loss (Xsynth−>synth,
Xobs−>obs, Xsynth−>obs−>synth, Xobs−>synth−>obs) and
adversarial-loss(Csynth(Xreal), Csynth(Xfake), Cobs(Xreal),
Xobs(Xfake)).

We used 10000 LAMOST MRS spectra and 10000 the-

oretical synthetic spectra to test the model. A method,

t-distributed stochastic neighbor embedding (t-SNE), is

employed to examine the distributions of the spectral

sets before and after domain transfer, also their features

in hidden space (shown in Fig.6). T-SNE is a statis-

tical method for visualizing high-dimensional data by a

non-linear reduction in a low-dimensional space of two

or three dimensions. 4000-dimensional flux spectra can

be modeled as two-dimensional points in the way that

similar spectra are modeled by nearby points and dis-

similar objects are modeled by distant points with high

probability.

The T-SNE test results show that there is a clear gap

between the LAMOST and synthetic spectra, which is

why it is inappropriate to match them directly. The

spectra transferred by the cycle-starnet model make

their distributions in the same domain overlap together,

and the shared features of the theoretical and observed

spectra in the hidden space follow the same distribution,

which indicates that the extracted features of the the-

oretical and observed spectra during the transfer pro-

cess are physical-based, not data-based. The cycle-

starnet successfully morphs the synthetic domain to

the observed domain, and effectively reduces the fitting

residuals, especially for the cool stars.

Xsynth

Xobs

Zsynth

Zobs

Xsynth

Xobs→synth

Xsynth→obs

Xobs

Figure 6. T-SNE test pairs of two of 10,000 synthetic
spectra X synth, 10,000 LAMOST MRS observed spectra
X obs, 10,000 X synth obs spectra, 10,000 Xobs synth in
the observed domain (bottom-right panel), synthetic domain
(bottom-left panel) and their shared feature (top-right panel)
mapped into two-dim space by cycle-starnet.

3.4. Domain-transfer Spectral Fitting

After finishing the model training, we can search the

best-fit synthetic spectrum for a given observed spec-

trum either in the synthetic domain (SD) or the ob-

served domain (OD). The chi-square distance between

the original spectrum and the domain-transferred spec-

trum is minimized (according to equations 10 and 11 of

the paper O’Briain et al. (2021)) and the correspond-

ing stellar labels are obtained for the observed spec-

trum. For LAMOST DR8 MRS spectra, we process

the domain-transfer fitting in both the synthetic and
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observed domain by searching the best-fit stellar labels

based on the L-BFGS algorithm which is an iterative

method to solve unconstrained nonlinear optimization

problems. The minimized fitting distance in the syn-

thetic domain is obviously smaller than the one in the

observed domain because transferring the observed spec-

trum to the theoretical domain is a process of de-noising

while transferring the theoretical spectrum to the ob-

served domain is the opposite. The whole process is ac-

complished under the GPU framework and costs about

one week.

3.5. Constrain of the surface gravity with the

photometric and astrometric data

The region of LAMOST MRS spectra is not very sen-

sitive to surface gravity (Zhang et al. 2020b; Wang et al.

2020). So it is difficult to obtain accurate log g only using

spectral information. Fortunately, the Gaia EDR3 pro-

vides us with accurate parallaxes for most of LAMOST

MRS stars. Combined with relatively complete photo-

metric data, the surface gravity of LAMOST objects can

be further constrained as follows.

In this work, we employee the Gaia distances (Bailer-

Jones et al. 2021) and Ks magnitudes of 2MASS sur-

vey (Skrutskie et al. 2006). The Milky Way 3D dust

map (Green et al. 2019) is used to correct the extinction

for the apparent magnitude. After deriving the absolute

magnitude of Ks (MKs) by

MKs = Ks − 5 ∗ log(
Distance

10
) −A(Ks),

we calculate the bolometric luminosity of a star by

log(
Lbol

Lbol,�
) = −0.4 ∗ (MKs +BCKs −Mbol,�),

where, BCKs is the bolometric correction based on Choi

et al. (2016), Mbol,� is the bolometric absolute magni-

tude of Sun (we set as 4.7554). Then, the surface gravity

can be literally calculated as GALAH DR3 (Buder et al.

2021) by

log g = log g�+log(
M

M�
)+4∗log(

Teff

Teff,�
)−log(

Lbol

Lbol,�
),

where M is the mass of star, M� is the mass of Sun, Teff

is derived from LAMOST MRS spectrum, Teff,� is 5777

K, log g� is 4.44 dex. Here, the stellar mass M is the

only unknown quantity, we estimate the stellar mass by

interpolating MIST isochrones as given: spectra-derived

Teff , log g, [Fe/H], and distance from Bailer-Jones et al.

(2021). Then we can further calculate the new log g by

the above 3 equations, and then update the stellar mass

by interpolating isochrones with the updated log g, iter-

ate the steps above until the stellar mass converges, and

finally get the star mass M .

4. RESULTS

We derived 5 atmospheric parameters (Teff , log g,

[Fe/H], vmac, vmic) and 11 chemical abundances of 1.38

million LAMOST DR8 MRS spectra with S/N ≥ 10.

For 64.37% of the spectra, their surface gravities are re-

vised based on the photometric and astrometric informa-

tion. The distribution of the Kiel-diagram color-coded

by the metallicity [Fe/H] and number density is shown in

Fig. 7. Our results show good agreement with the MIST

isochrones, and the main sequence and red clumps are

evident. The temperature range of our results is from

3230 K to 8000 K. For stars with temperatures higher

than 7500 K and lower than 3600 K, the stellar param-

eters become less reliable because of large inconsistency

between the observed spectrum and the theoretical syn-

thetic spectrum in this parameter space, which is re-

flected by the fitting χ2 value exceeds 2.5 and the large

fitting error (< 0.1) of log g. Because these stars with

few spectral features may be reconsidered as metal-poor

stars by the code. It should be cautious when using the

results of these stars hotter higher than 7500 K.

We derive 11 elemental abundances, including C, Na,

3 alpha elements (Mg, Si, Ca), and 6 iron-peak elements

(Ti, Cr, Mn, Co, Ni, Cu). Although in the synthesis

process of the theoretical spectra we introduced carbon,

nitrogen, and oxygen elements, limited by the resolving

power of 7500 and the narrow band region of LAMOST

MRS spectra, it is challenging to obtain accurate abun-

dances of these three elements, particularly nitrogen and

oxygen. We only keep carbon in the final catalog by con-

straining its fitting χ2 in a small range (χ2 ≤ 1.5). The

chemical abundances [X/Fe] as functions of [Fe/H] are

shown in Fig. 8, where [α/M] is the mean of alpha ele-

ments. Through the [α/M] abundance distribution, we

can see that the structures of the chemical thin disk,
thick disk, and halo stars are revealed and the abun-

dances seem to be underestimated for thick disk and halo

stars. For iron-peak elements, most of them show sim-

ilar distributions to previous studies, except that man-

ganese has a larger slope and cobalt has a larger disper-

sion, compared to these studies based on different tech-

niques and particularly spectra that are of much higher

quality (Romano et al. 2010; Battistini & Bensby 2015;

Ernandes et al. 2018). Non-LTE correction for Mn is

necessary (Bergemann & Gehren 2008), while the theo-

retical model we used is the 1D LTE model.

4.1. Accuracy Analysis

Accuracy refers to the degree of closeness of the mea-

surements to the ”true” values of the quantity being

measured. The Gaia benchmark stars (Jofré et al. 2014;

Blanco-Cuaresma et al. 2014b; Heiter et al. 2015a; Jofré
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Figure 7. Distribution of LAMOST DR8 MRS stellar parameters (Flagquality=0) by cycle-starnet in Kiel diagram color-
coded by [Fe/H] (left panel) and number density (right panel). The MIST isochrones are superimposed on the left diagram.
The dashed and solid lines represent ages of 1.5 Gyr and 8 Gyr, respectively. For each age, the color red, yellow, light blue, and
blue represent [Fe/H] of -1.0 dex, -0.5 dex, 0, and +0.5 dex, respectively.

Figure 8. Distribution of elemental abundances [X/Fe] estimated by cycle-starnet, plotting as a function of [Fe/H] for
LAMOST DR8 MRS, color-coded by number density in log-scale.
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et al. 2015; Hawkins et al. 2016) can be used as anchor

points for the ”true” values, which show good consis-

tency. Regrettably, the LAMOST MRS observations

were unable to include Gaia benchmark stars due to

their brightness limitations, and some of these stars are

located in the southern sky, beyond LAMOST’s observ-

able regions. The PASTEL catalog (Soubiran et al.

2010, 2016) is a common option, which is a comprehen-

sive and regularly updated database of stellar parame-

ters, such as effective temperature, surface gravity, and

metallicity. These stellar properties are compiled from

a wide variety of sources, including published literature

and other catalogs. We employ the PASTEL catalog

to evaluate the accuracy of our stellar parameters in

the following sub-section.4.1.1. Besides, the asteroseis-

mic sample is one of the best choices to evaluate the

accuracy of log g, here we also choose the Kepler DR25

golden sample (Mathur et al. 2017) and APOKASC cat-

alog (Pinsonneault et al. 2014, 2018) to analysis our

log g in sub-section.4.1.2. In sub-section.4.1.3, compar-

ison with sources observed by other surveys, covering

different bands with medium/high resolving power, can

also reflect the accuracy among them.

4.1.1. Accuracy evaluated by PASTEL catalog

We cross-match our results with the PASTEL cata-

log (Soubiran et al. 2010, 2016) getting 934 common

stars. We excluded 82 suspect binary or multi-system

objects by checking whether two or more sources ap-

pear in 5 arcsec view of their Pan-Starrs or 2MASS

photometric images. After subtracting the null values

of the parameters in the PASTEL catalog, the remain-

ing available sample is 670, 244, 502 for Teff , log g and

[Fe/H], respectively. We used the standard deviation of

the weighted bias to measure the accuracy of the Teff ,
calculated as follows:

σX,i =
√

(σXi,LA
)2 + (σXi,PA

)2,

wX,i =
1

σX,i
,

µX,weighted =
∑
i

(Xi,LA −Xi,PA) ∗ wX,i∑
wX,i

,

SX,weighted =

√
1

N

∑
i

(Xi,LA −Xi,PA − µX,weighted)2,

where X represent one of Teff , log g, [Fe/H], σXi,LA
is

error of LAMOST, σXi,PA
is error of PASTEL, wX,i is

the weight of star i, µX,weighted is weighted bias of stellar

parameters and SX,weighted is the standard deviation of

the weighted bias.

Fig.9 shows the biases with standard deviations of the

differences between our results and the PASTEL cata-

log. It can be found that our Teff exists a bias of -39 ±
150 K to PASTEL’s measurements, 0.07 ± 0.17 dex for

log g, and -0.08 ± 0.15 dex for [Fe/H]. For log g, we used

other reference samples to evaluate, although its accu-

racy relative to PASTEL is shown in the figure. Here,

we could only perform a statistical analysis of the accu-

racy of the overall sample rather than the accuracy of

each parameter at different S/N levels, limited by the

number of common stars we have.

4.1.2. Accuracy evaluated by the asteroseismic sample

We employ two asteroseismic samples: one is Kepler

DR25 (Mathur et al. 2017; Huber et al. 2014) in which

the properties of golden samples contain log g are mea-

sured by asteroseismology; another one is APOKASC

catalog (Pinsonneault et al. 2014, 2018) which report

stellar parameters of 6676 evolved stars joint with

APOGEE spectroscopic and Kepler asteroseismic data

based on independent techniques. By cross-matching

our sample with these two datasets, we get 8034 and

4493 common samples respectively. After comparing our

results with the asteroseismic log g samples, we calculate

the standard deviation of the weighted bias as accuracy,

shown in Fig. 10. The bias between Kepler golden sam-

ple log g and ours is 0.04 dex with 84% quantile of 0.11

dex and 16% quantile of -0.11 dex. And for comparison

with the APOKASC sample, we get nearly the same ac-

curacy as the Kepler golden sample. We take 0.11 dex

as the accuracy of our log g. The proportion of giants

(93%: log g ≤ 3.8) in the MRS-Kepler golden sample is

much larger than that of dwarfs (7%: log g ≥ 3.8), so the

accuracy here is more likely to reflect the properties of

the giants, which also directly shown in the comparison

of LAMOST MRS-APOKASC common samples.

4.1.3. Accuracy evaluated by other surveys

The development of large-scale spectroscopic surveys

has provided us with many homogeneous spectral data

sets. Their respective scientific goals determine their

observed bands, resolving powers, and observation selec-

tion. These respective spectroscopic surveys inevitably

adopt different spectral analysis methods to obtain the

stellar atmospheric parameters and chemical composi-

tions as they can. Here we employ data sets from three

spectroscopic surveys (APOGEE DR16, GALAH DR3,

RAVE DR6) to analyze the accuracy of LAMOST MRS

stellar labels results.

1. APOGEE DR16 (Ahumada et al. 2020) published

473,307 median-high resolution (R ∼ 22,500)

near-infrared spectra of 437,445 stars observed
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Figure 11. Density distribution in Kiel-diagram of LAMOST DR8 MRS by cycle-starnet, APOGEE (ASPCAP) DR16,
GALAH DR3, and RAVE DR6. The color indicate number densities of spectra in log-scale.

Figure 12. Comparison of three stellar basic parameters between LAMOST DR8 MRS (cycle-starnet) and APOGEE
(ASPCAP) DR16 (top panel), GALAH DR3 (middle panel), and RAVE DR6 (bottom) survey datasets color-coded by the
number density. From left to right, the panels are for Teff , log g, [Fe/H] respectively. The numbers of the samples, medians and
scatters of the differences of each stellar parameter are marked in each panel. And the residuals vary with each stellar parameter
are shown below. The dashed lines are the reference lines.
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by APOGEE-north and APOGEE-south survey.

Their stellar parameters and elemental abun-

dances are derived by fitting the new version

of MARCS templates (Jönsson et al. 2020) and

are calibrated based on photometry, astroseismol-

ogy, and clusters. We cross-match our results

with APOGEE DR16 and get a dataset of 11,842

LAMOST MRS spectra with APOGEE stellar

labels with STARFLAG=0, ASPCAPFLAG=0,

and PARAMFLAG=0 from the ASPCAP catalog,

and Flag Teff=0, Flag logg=0, and Flag [Fe/H]=0

from LAMOST DR8 MRS cycle-starnet cata-

log.

2. GALAH DR3 (Buder et al. 2021) has published

768423 high resolution (R ∼ 28,000) optical spec-

tra of 342,682 stars with stellar parameters (Teff ,

log g, [Fe/H], vmic, vbroad, vrad) estimated by

the model-driven Spectroscopy Made Easy (SME)

and 1D MARCS model atmosphere. Also, as-

trometry from Gaia DR2 and photometry from

2MASS are employed to break the spectroscopic

degeneracies and 30 different elements measured

based on LTE/non-LTE computations. We cross-

match our results with GALAH DR3 and get

21,015 LAMOST-II MRS spectra with correspond-

ing stellar parameters after setting quality flags

in both GALAH DR3 and LAMOST DR8 MRS

cycle-starnet catalog.

3. RAVE DR6 (Steinmetz et al. 2020a,b) published

518,378 median-resolution (R ∼ 7500) spectra

of 451,783 stars with two versions of stellar pa-

rameters derived by pipelines: MADERA (MA-

tisse and DEgas used in RAVE) and BDASP

(Bayesian Distances Ages and Stellar Parameters).

An asteroseismic-based calibration of stellar at-

mospheric parameters is used for giants. The

abundance of the elements Fe, Al, and Ni, and

an overall [α/M] ratio are determined with the

pipeline GAUGUIN. We cross-match our results

with RAVE DR6 and get a set of 833 LAMOST-II

MRS spectra with corresponding RAVE DR6 stel-

lar parameters after restricting the quality with

the flags in RAVE DR6 and LAMOST DR8 MRS

Cycle catalog. Here, we choose the latter version

of the parameters for comparative analysis and do

not use RAVE’s chemical element abundance for

analysis.

The number density distributions of four surveys’

datasets in the Kiel-diagram are shown in Fig.11.

For dwarfs, LAMOST MRS shows the same trend as

GALAH and RAVE whose parameters are derived us-

ing Gaia parallax and photometric information, while

APOGEE’s dwarfs are different for that ASPCAP

uses one asteroseismic calibration relation for warmer

dwarfs and another approximate calibration based on

isochrones for cooler dwarfs (Jönsson et al. 2020). For

giant branches and red clumps (RC), four surveys show

similar distributions.

The comparison of three stellar basic parameters

between LAMOST MRS and the other three survey

datasets is shown in Fig. 12. In terms of effective tem-

perature comparison, our results are most consistent

with those of APOGEE, followed by GALAH, and fi-

nally RAVE. The scatters of the differences are con-

tributed by both the error of LAMOST MRS and the

comparison data sets. For log g, the differences between

LAMOST MRS gravity and GALAH, RAVE have small

and similar dispersion (∼ 0.1 dex), and the difference

with APOGEE is larger, mainly because the former

three all adopt the calibrations based on Gaia’s parallax.

The differences in metallicity between LAMOST MRS

and APOGEE, GALAH are at the same levels, less than

RAVE, which shows the advantage of high-resolution

spectroscopy for calculating metal abundances.

Fig.13 shows the differences of 11 elements be-

tween LAMOST MRS and APOGEE DR16, GALAH

DR3 very with [X/Fe]. Overall, the agreements with

APOGEE DR16 seem better than GALAH DR3. The

differences of α elements show less than those of [C/Fe],

[Na/Fe], [Cr/Fe], [Co/Fe], and [Cu/Fe] which suffer large

scatter and negative correlation trends with the elemen-

tal abundances. Because the blue bands of LAMOST

MRS spectra are mainly dominated by Mg-II triplet and

the red bands cover most Si lines. For the iron-peak el-

ement poor stars, most weak spectral characteristics in

MRS spectra suffering median resolving power and low

S/N make the measurements overestimated.

4.2. Precision Analysis

Precision refers to the degree of reproducibility of the

measurement results. Among the sub-projects carried

out by LAMOST MRS, the time-domain survey project

is one of the very distinctive projects, many sources of

which are repeatedly observed under different observed

conditions. This provides a good opportunity for us to

evaluate the precision of our results. Besides, the molec-

ular cloud origin of the cluster led to the homogeneous

chemical abundance pattern (De Silva et al. 2006; Car-

rera & Pancino 2011; Bovy 2016), which provides us a

strategy to evaluate the precision of our metallicity and

elemental abundances. Here, we analyzed repeated ob-

servations under different observing conditions in sub-
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Figure 13. Residuals density of elemental abundances between LAMOST DR8 MRS by cycle-starnet and APOGEE DR16
ASPCAP in left panels and GALAH DR3 in right panels. The distribution of the residuals is displayed beside. Biases and
scatters of each element are marked in the text. The dashed line is the value of zero in each panel.
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section.4.2.1 and studied elemental abundances in star

clusters in sub-section.4.2.2 to assess the precision of our

measurements.

4.2.1. Precision assessed by repeated observations

We calculated the standard deviation of the repeated

observation properties as precisions of stellar parameters

and chemical element abundances based on LAMOST

MRS sources repeat observed more than 6 times. Fig14

shows the trend of precision as a function of S/N and

the number of spectra used in each S/N bin. It can

be seen that the precision of the stellar labels decreases

with the increase of the S/N, and tends to be stable after

S/N higher than 100. For effective temperature, surface

gravity, and metallicity, their precision is 76 K, 0.014

dex, and 0.096 dex at the S/N level of 10. When the

S/N is increased to 100, the precision level converges

at 22 K, 0.006 dex, and 0.043 dex. For the elemental

abundances C, Na, Mg, Si, Ca, Ti, Cr, Mn, Co, Ni, and

Cu their level of precision is 0.05 dex at S/N of 10 and

eventually converges at 0.01 dex at S/N of 100. We fit

the precision of each stellar parameter by an exponential

relation:

Errrepeat,x = a ∗ e−b∗S/N + c,

where Errrepeat,x represents the precision of the stellar

label x, the S/N represents the signal-to-noise of the

observation, and a, b, c are the fitting coefficients (the

values are in the Fig14).

For each observation, the error of the stellar label con-

sists of two parts: one is the precision predicted by the

relation of repeat observations with S/N; the other one

is the fitting error contributed by the spectral fitting

process. The final errors of the stellar parameters and

chemical abundances are calculated following the equa-

tion:

Errfinal,x =
√
Err2

repeat,x + Err2
fit,x,

where Errfinal,x represents the final error of the stellar

label x, Errrepeat,x represents the repeated error and

Errfit,x represents the fitting error.

4.2.2. Precision validated by open clusters

Cantat-Gaudin et al. (2018) made use of Gaia DR2

astrometry and photometry information and obtained

a catalog of the members and properties for 1229 clus-

ters based on an unsupervised membership assignment

algorithm. Cantat-Gaudin & Anders (2020) expanded

the number of the clusters to 1481. Bossini et al. (2019)

derived parameters (age, distance modulus, and extinc-

tion) for 269 open clusters by applying a Bayesian tool

to fit stellar isochrones to Gaia DR2 photometric data of

the members. Monteiro et al. (2020); Dias et al. (2021)

presented a homogeneous catalog of fundamental pa-

rameters of 1743 open clusters in the Milky Way based

on Gaia DR2 data. Cross-matching with the catalog

of these open cluster members by a radius of 3 arc-

secs, we obtain a raw sample of 3229 stars. To improve

the reliability, we applied two conditions to the sample:

4000K < Teff < 7500 K and Probmember > 0.75 (the

open clusters members catalog (Cantat-Gaudin & An-

ders 2020) provides a value for each star representing

its probability belonging to the identified cluster). 891

objects are left with available stellar parameters after re-

moving the eye-checked optical binaries based on their

photometric images (same process as above in the last

subsection). For each individual star with multiple ob-

servations, we retained the one with the highest S/Nblue

value and removed the rest repeated observations. 9

clusters with more than 30 members with available mea-

surements of LAMOST MRS are finally selected, includ-

ing Melotte 20, Melotte 22, NGC 1039, NGC 2168, NGC

2281, NGC 2682, NGC 752, Stock 2, and Trumpler 2.

Totally, we got 687 samples of open cluster member stars

used to derive the precision of the metallicity.

The effective temperatures and gravities derived by

the LAMOST MRS spectra for the clusters’ members

are shown in Fig.15, in which the ages and metallicities

of MIST isochrones are employed from Bossini et al.

(2019); Monteiro et al. (2020); Dias et al. (2021). Our

results (Teff , log g, and [Fe/H]) fit the isochrones with

the properties of the literature well except for individ-

ual stars, which can roughly indicate that most of the

samples we selected are members of the target clusters.

Their [Fe/H] as a function of Teff are shown in Fig.16.

For Melotte 20, Metlotte 22, NGC 2682, and NGC 752,

we adopted the metallicities and dispersions by OCCAM

survey (Donor et al. 2020), and for the rest five clusters,

the values and dispersions of [Fe/H] are provided in the

literatures (Bossini et al. 2019; Monteiro et al. 2020; Dias

et al. 2021) as references. We also calculated the mean

metallicity and dispersion of each cluster based on our

results of the member stars. The dispersions are found

to be consistent with the measurements provided by the

OCCAM survey (Donor et al. 2020) and the literature,

although biases exist for the zero points to some clusters,

especially for the Trumpler 2 suffering 0.23 dex bias. For

most clusters, their [Fe/H] dispersions are below 0.1 dex.

For each chemical abundance, we used the cluster

member stars with LAMOST elements comparing with

the reference values of the clusters by OCCAM sur-

vey (Donor et al. 2020), and took the standard devi-

ations of the weighted biases (calculation process same

as the accuracy of stellar parameters above) as the pre-

cision.
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Figure 14. Repeated errors of LAMOST MRS stellar parameters and chemical abundances derived by cycle-starnet, plotted
as a function of S/N. The 1-σ values of the errors in each S/N bin are represented by black dots, and the fitting relationship is
shown by a red curve with corresponding expression text in the upper right corner of each panel. In the top panel, we show the
number of spectra in each S/N bin in light blue hist bars. Except for the [C/Fe], the number (ratio) of spectra in each S/N bin
for other elements is basically the same as that shown in the top panel.

The OCCAM survey (Donor et al. 2020; Myers et al.

2022), based on the data collected by APOGEE, specif-

ically focuses on analyzing the ages, distances, redden-

ing, and chemical abundances of stars in open clusters
to gain insights into the formation and evolution of the

Milky Way and its stellar populations. The OCCAM

DR17 catalog contains 153 clusters properties based on

26,699 APOGEE observations. We got 3720 LAMOST

MRS spectra (S/N ≥ 10) of 52 clusters from which we se-

lected 9 open clusters (ASCC 16, ASCC 19, ASCC 21,

Melotte 20, Melotte 22, NGC 2632, NGC 2682, NGC

6811 and NGC 752) by filtering the number of the clus-

ter members observed by LAMOST larger than 50.

The residuals between LAMOST MRS elemental

abundances with respect to the reference values of the

members of 9 open clusters are displayed in Fig.17. It

should be noted that the OCCAM DR17 catalog does

not provide copper abundance information, so no cop-

per precision can be provided here. Although plotted

error bars of the residuals in S/N bins in the figure, we

did not provide the precision by clusters at each S/N

level because the number of samples averaged in each

S/N bin is insufficient to provide statistically significant

values. Additionally, the precision does not vary signif-

icantly as the S/N changes. Finally, we got the overall

precision is 0.05 dex, 0.17 dex, 0.10 dex, 0.06 dex, 0.07

dex, 0.08 dex, 0.08 dex, 0.14 dex, 0.13 dex, and 0.04

dex of elements (C, Na, Mg, Si, Ca, Ti, Cr, Mn, Co

and Ni). The results of LAMOST MRS show different

homogeneity within acceptable dispersion for different

clusters, a large zero-point shift of C, and a large scat-

ter for Na. The homogeneity illustrates LAMOST MRS

data can contribute to the study of elements in star clus-

ters. We displayed the elemental abundances of several

clusters calculated using LAMOST MRS observations in

the APPENDIX.

4.3. The Contents of the LAMOST-II MRS

Value-added Catalogue

This work provides a catalog of stellar parameters and

chemical elements (C, Na, Mg, Si, Ca, Ti, Cr, Mn, Co,

Ni, and Cu) of 1.38 million LAMOST-II MRS spectra.
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Figure 15. Distribution of cycle-starnet estimates of nine open clusters in the Kiel-diagram, color-coded by their metallic-
ities. The MIST isochrones are drawn based on the cluster’s ages and metallicities provided by Bossini et al. (2019); Monteiro
et al. (2020); Dias et al. (2021) except Stock 2.
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Figure 16. Metallicities derived by cycle-starnet from LAMOST DR8 MRS spectra of 9 open clusters, shown as a function
of their effective temperatures. If reported in the OCCAM survey catalog (Donor et al. 2020), the ranges of the clusters’
metallicities are shown as red shadows, otherwise, blue shadows show the [Fe/H] ranges from the open clusters catalog (Bossini
et al. 2019; Monteiro et al. 2020; Dias et al. 2021). The means and dispersions are marked using the corresponding colors. The
grey ones represent values calculated by LAMOST MRS samples in each panel.



18 R. Wang et al.

0.5

0.0

0.5
 [C

/Fe
] Bias=0.15 ± 0.05 dex

0.5

0.0

0.5

 [N
a/F

e] Bias=0.10 ± 0.17 dex

0.5

0.0

0.5

 [M
g/F

e] Bias=0.08 ± 0.10 dex

0.5

0.0

0.5

 [S
i/F

e] Bias=0.06 ± 0.06 dex

0.5

0.0

0.5

 [C
a/F

e] Bias=0.05 ± 0.07 dex

0.5

0.0

0.5

 [T
i/F

e] Bias=0.11 ± 0.08 dex

0.5

0.0

0.5

 [C
r/F

e] Bias=0.06 ± 0.08 dex

0.5

0.0

0.5

 [M
n/F

e] Bias=-0.05 ± 0.14 dex

0 50 100 150 200 250
S/N

0.5

0.0

0.5

 [C
o/F

e] Bias=0.09 ± 0.13 dex

0 50 100 150 200 250
S/N

0.5

0.0

0.5

 [N
i/F

e] Bias=0.05 ± 0.04 dex

Figure 17. Residuals between LAMOST MRS elemental abundances with respect to the reference values of the member stars
of 9 clusters (ASCC 16, ASCC 19, ASCC 21, Melotte 20, Melotte 22, NGC 2632, NGC 2682, NGC 6811 and NGC 752), shown
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Figure 18. Same as Fig. 13 but for the elements by cycle-starnet (this work) and SPCANet (Wang et al. 2020) as a function
of elements [X/Fe]. The residual is represent SPECNet - cycle-starnet (this work).
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Although not the first publication of chemical abun-

dances for LAMOST MRS, it is the first one based on

the ab initio atmospheric model and the first applica-

tion of Cycle-StarNet to more than 1 million real data

sets. The method incorporates the physical model and

data-driven approaches to improve the shortcomings of

the low signal-to-noise ratio of observed spectra and im-

perfections of theoretical synthetic spectra in the fitting

process. The catalog is available online and contains

information: the identifier for the corresponding star

(starid), LAMOST spectrum identifier (medid), Gaia

identifier for 69 percent of spectra (Gaia source id),

coordinate information (right ascension (RA), decli-

nation (Dec)), signal-to-noise of the spectra (S/N of

blue and red arm), effective temperature (Teff), surface

gravity (log g), metallicity [Fe/H], macroturbulence,

microturbulence, elemental abundance ([X/Fe]), their

errors and quality flags, and the total quality flag re-

ported. A description of columns of the catalog is

shown in Tab 1 and the full catalog can be accessed

online at http://paperdata.china-vo.org/LAMOST/

LAMOST DR8 MRS CSN parameters abundances.csv.

Besides, a comparison of eight elements (C, Mg, Si,

Ca, Ti, Cr, Ni, and Cu in common) with the updated

version of the data-driven catalog provided by Wang

et al. (2020) are displayed in Fig. 18. For most stars, the

residuals of the elements (Mg, Si, Ti, Cr, Ni) obtained

by two methods are around 0 with dispersion less than

0.06 dex, while the residuals of C and Ca have different

slopes of trends. For [Cu/Fe], a bias of -0.08 dex exists

with a slope when [Cu/Fe] is higher than 0.2 dex, which

also appears in comparison with APOGEE.

5. SUMMARY

The traditional measurement of chemical abundances
is mainly for high-resolution spectroscopy. For individ-

ual elements, selecting the spectral lines of the special

window to fit the theoretical model or calculating the

equivalent width (EW) of the characteristic lines to de-

rive the element abundances. It often requires relatively

clean absorption line features, which further require a

high resolving power and a high signal-to-noise ratio of

a spectrum. For medium-resolution spectra, the charac-

teristic lines of individual elements always suffer contam-

ination and blend. The full spectrum fitting provides

the possibility to extract chemical information from the

medium-/low-resolution spectra, although the precision

may not be so high and the accuracy needs to be further

calibrated by benchmark stars or clusters.

We derived the fundamental stellar parameters (Teff ,

log g, [Fe/H], vmic and vmac) and 11 chemical abun-

dances ([C/Fe], [Na/Fe], [Mg/Fe], [Si/Fe], [Ca/Fe],

[Ti/Fe], [Cr/Fe], [Mn/Fe], [Co/Fe], [Ni/Fe], and

[Cu/Fe]) for 1.38 millions FGKM-type stars of the

Medium-Resolution Spectroscopic Survey (MRS) from

LAMOST-II DR8 by fitting MARCS theoretical syn-

thetic spectra. We use a domain adaptation method

to reduce the gap between the observed and synthetic

spectra and realize the measurement of 5 stellar param-

eters and 11 abundances simultaneously. The surface

gravities of the stars are calibrated after the bolometric

luminosities are estimated based on the 2MASS photo-

metric data and Gaia parallaxes.

The accuracy of the stellar labels is evaluated by the

PASTEL catalog, asteroseismic log g dataset, and three

other spectroscopic surveys (APOGEE DR16, GALAH

DR3, and RAVE DR6). The accuracy can reach 150

K to the PASTEL catalog for Teff , 0.11 dex to the as-

teroseismic samples for log g, and 0.15 dex to the PAS-

TEL catalog for [Fe/H]. Our results show consistency to

APOGEE, GALAH, and RAVE with minor biases and

different degrees of scatters.

The precision is assessed using repeated observations

and validated by open cluster members. For Teff ,

log g and [Fe/H], their precision can achieve 76 K, 0.014

dex, and 0.096 dex at the S/N level of 10. When the

S/N is increased to 100, the precision level converges at

22 K, 0.006 dex, and 0.043 dex. For the elemental abun-

dances C, Na, Mg, Si, Ca, Ti, Cr, Mn, Co, Ni, and Cu

their precision is 0.06-0.2 dex at S/N of 10 and eventu-

ally converges at 0.01 dex at S/N of 100. The precision

of LAMOST MRS open cluster members are show scat-

ters of about 0.04-0.10 dex for elements except for Na,

Mn, and Co.

A full catalog is provided online at http://paperdata.

china-vo.org/LAMOST/LAMOST DR8 MRS CSN
parameters abundances.csv. In the future, the age

information of LAMOST MRS stars can be derived

based on these stellar atmospheric parameters. Com-

bined with kinematic parameters, we will analyze the

chemical kinematic evolution of the Milky Way in the

next work.

Software: Numpy (Oliphant 2006), Scipy (Jones

et al. 2001–), Matplotlib (Hunter 2007), Pandas (McK-

inney 2011), Astropy (Price-Whelan et al. 2018), Py-

Torch (Paszke et al. 2017), iSpec (Blanco-Cuaresma et al.

2014a; Blanco-Cuaresma 2019), Apache Spark (Zaharia

et al. 2016), Topcat (Taylor 2005)
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Table 1. Description of the columns of LAMOST DR8 MRS stellar parameters and chemical abundances catalog.

Col. Name Description

1 starid ID for corresponding star based on the R.A. and decl., with the form of “LAMOST Jddmmss ddmmss”

2 medid LAMOST spectral ID, inform of Date-PlateID-SpectrographID-FiberID-MJM-PiplineVersion

3 Gaia source id Gaia source id by cross-matching Gaia DR2

4 RA Right ascension of J2000 (◦)

5 Dec Declination of J2000 (◦)

6 S/N blue Signal-to-noise of the blue arm

7 S/N red Signal-to-noise of the red arm

8 Teff Effective temperature (K)

9 log g Surface gravity (dex)

10 [Fe/H] Metallicity with respect to hydrogen (dex)

11 vmac Macroturbulence (km/s)

12 vmic Microturbulence (km/s)

13-23 [X/Fe] elemental abundance with respect to iron (dex)

24 Err Teff Error of the Teff (K)

25 Err logg Error of the log g (dex)

26 Err [Fe/H] Error of the metallicity (dex)

27 Err vmac Error of the macroturbulence (km/s)

28 Err vmic Error of the microturbulence (km/s)

29-39 Err [X/Fe] Error of the elemental abundance with respect to iron (dex)

40 Flag Teff Quality flag of the Teff: 0 for good, while 1 for bad

41 Flag logg Quality flag of the log g: 0 for good, while 1 for bad

42 Flag [Fe/H] Quality flag of the metallicity: 0 for good, while 1 for bad

43 Flag vmac Quality flag of the macroturbulence: 0 for good, while 1 for bad

44 Flag vmic Quality flag of the microturbulence: 0 for good, while 1 for bad

45-55 Flag [X/Fe] Quality flag of the elemental abundance with respect to iron: 0 for good, and 1 for bad

56 Flag Quality Quality flag of the results: 0 for good, 1 for bad spectra, 2 for large fitting k-square value (≤ 1.5),

3 for without log g calibrated, and 4 for suspected binary or multi-system.

Note—The full catalog can be accessed on-line.
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APPENDIX

Stellar clusters provide an excellent means to evaluate the precision of chemical abundance measurements. We

utilized nine stellar clusters to evaluate the precision of chemical abundance measurements in LAMOST MRS spectra

(in Figure. 19). These clusters serve as ideal samples for assessment, as their member stars share similar ages,

compositions, and distances. By comparing the variations in chemical abundances among stars within these clusters to

the measurement uncertainties, we can gain insights into the precision and reliability of LAMOST MRS measurements.

Figure 19. The elemental abundances by cycle-starnetdisplayed by grey points with errors as a function of Teff of the
clusters (Melotte 20, Melotte 22, NGC 2682, NGC 752, NGC 1039, NGC 2168, NGC 2281 and Stock 2), of which has reference
abundances range from the OCCAM DR17 catalog shown in red shadow.
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ABSTRACT
Seven ultra low-mass and small-radius white dwarfs (LSPM J0815+1633, LP 240-30, BD+20 5125B, LP 462-12, WD
J1257+5428, 2MASS J13453297+4200437, and SDSS J085557.46+053524.5) have been recently identified with masses ranging
from ∼0.02 𝑀� to ∼0.08 𝑀� and radii from ∼ 4270 km to 10670 km. The mass-radius measurements of these white dwarfs
pose challenges to traditional white dwarf models assuming they are mostly made of nuclei lighter than 56Fe. In this work we
consider the possibility that those white dwarfs are made of heavier elements. Due to the small charge-to-mass ratios in heavy
elements, the electron number density in white dwarf matter is effectively reduced, which reduces the pressure with additional
contributions of lattice energy and electron polarization corrections. This consequently leads to white dwarfs with much smaller
masses and radii, which coincide with the seven ultra low-mass and small-radius white dwarfs. The corresponding equation of
state and matter contents of dense stellar matter with and without reaching the cold-catalyzed ground state are presented, which
are obtained using the latest AtomicMass Evaluation (AME 2020). Further observations are necessary to unveil the actual matter
contents in those white dwarfs via, e.g., spectroscopy, asteroseismology, and discoveries of other ultra low-mass and small-radius
white dwarfs.
Key words: white dwarfs – stars: low-mass – equation of state

1 INTRODUCTION

White dwarfs represent the final destiny of the vast majority of stars,
which may reach temperature ∼100 eV and density ∼106 g/cm3 in
their centers (Saumon et al. 2022). The matter contents of typical
white dwarfs are 12C and 16O, covered by a thin envelope of 4He
(and 1H if not burned entirely). If the progenitor star approaches to
the 10𝑀� limit, white dwarfs are thought to be made of 16O and
20Ne (Siess, L. 2007), while He white dwarfs are also possible if
the progenitors are very low-mass and in a binary system (Iben &
Livio 1993; Marsh et al. 1995). As white dwarfs slowly cool down,
a crystallized core will be formed, releasing latent heat that delays
the cooling process (Tremblay et al. 2019). Most white dwarfs are
expected to go through at least one pulsation phase during their evo-
lution, displaying periodic variations in their brightness that arise
from global oscillations (Fontaine & Brassard 2008; Córsico et al.
2019). Additionally, various oscillation modes can be excited dur-
ing the late inspiral or merger of white dwarf binaries, which may
emit gravitational waves that are detectable for future space-borne
gravitational wave detectors (Tang & Lin 2023).

★ E-mail: cjxia@yzu.edu.cn
† E-mail: hyf@nju.edu.cn
‡ E-mail: lihb2020@stu.pku.edu.cn
§ E-mail: lshao@pku.edu.cn
¶ E-mail: r.x.xu@pku.edu.cn

Combined with the measurements on the distance and surface
temperature 𝑇eff of a white dwarf (Blouin et al. 2019), its radius 𝑅
can be inferred according to the observed flux. The surface gravity
of a white dwarf can also be measured according to the gravitational
redshift of the spectrum lines from atmosphere (Fontaine et al. 2001;
Gentile Fusillo et al. 2018; Chandra et al. 2020), which can be used to
fix themass with additional information on its radius. Throughout the
available data on themasses and radii of white dwarfs in theMontreal
White Dwarf Database (MWDD; Dufour et al. 2017), as indicated
in Table 1, seven ultra low-mass and small-radius white dwarfs have
been identified with the masses ranging from ∼0.02 𝑀� to ∼0.08
𝑀� and radii from ∼ 4270 km to 10670 km (Kurban et al. 2022).
This poses challenges to traditional white dwarf models, which are
considered to be made of light elements such as 12C, 16O, 4He, and
20Ne. Consequently, traditional white dwarf models predict much
larger radii than those indicated in Table 1.
To understand the physical origin of such low-mass and small-

radius white dwarfs, possible candidates made of various exotic mat-
ter were considered. For example, Kurban et al. (2022) proposed that
they are in fact strange dwarfs comprised of a strange quark matter
core and a thick normal matter crust (Glendenning et al. 1995). It
was suggested that the intermittent fractional collapses of the crust
induced by refilling of materials accreted from its low-mass compan-
ion lead to repeating fast radio bursts (Geng et al. 2021). Additionally,
there are also possibilities that those white dwarfs may be strangelet
dwarfs (Alford et al. 2012) or 𝑢𝑑QM dwarfs (Wang et al. 2021a; Xia

© 2015 The Authors
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Table 1. Masses, radii, and surface temperatures of seven ultra low-mass and small-radius white dwarfs (Rebassa-Mansergas et al. 2016; Blouin et al. 2019;
Kurban et al. 2022).

MWDD ID 𝑀 𝑅 𝑇eff
𝑀� km K

LSPM J0815+1633 0.082 ± 0.031 13563.23 ± 1024.76 4655 ± 35
LP 240-30 0.081 ± 0.016 13542.5 ± 626.6 4680 ± 25
BD+20 5125B 0.08 ± 0.038 13046.72 ± 1124.18 4395 ± 90
LP 462-12 0.054 ± 0.024 11999.23 ± 1552.78 4800 ± 20
WD J1257+5428 0.032 ± 0.03 12403.13 ± 3561.25 7485 ± 85
2MASS J13453297+4200437 0.031 ± 0.04 9186.23 ± 3405.51 4270 ± 75
SDSS J085557.46+053524.5 0.02 ± 0.245 14688.29 ± 767.07 10670 ± 1677

et al. 2022) comprised of strangelets or 𝑢𝑑QM nuggets emersed in a
sea of electrons.
In this work we consider the possibility that those low-mass and

small-radius white dwarfs are made of heavy elements such as 56Fe,
62Ni, 108Pd, and 208Pb, which reduces significantly the mass and
radius of a white dwarf in comparison with those made of light
elements. In fact, there exist extensive observations of (DZ) white
dwarfs contaminated by heavy elements, which was identified by
the characteristic spectral lines (Farihi 2016; Zuckerman & Young
2018; Coutu et al. 2019). It is thus reasonable to consider the possible
existence of low-mass white dwarfs made entirely of heavy elements,
where the shell of light elements is either stripped by its companion
object in a binary system or by nuclear explosion.
The paper is organized as follows. In Sec. 2 we present the theo-

retical framework for obtaining the properties of white dwarf matter
under various constraints on mass numbers of nuclei, including ei-
ther light or heavy elements. The obtained equation of state (EOS)
and matter contents that minimize the energy density of cold white
dwarf matter are presented in Sec. 3, while the corresponding white
dwarf structures are investigated and compared with the low-mass
and small-radius white dwarfs. We draw our conclusion in Sec. 4

2 THEORETICAL FRAMEWORK

For coldwhite dwarfmatter comprised of crystallized nuclei emersed
in a sea of electrons, the energy density can be divided into three
parts (Chamel 2020), i.e.,

𝐸 =
𝑀𝑁 𝑛𝑒

𝑍
+

(
1 + 𝛼

2𝜋

)
𝐸𝑒 + 𝐾𝑀𝛼

(
4𝜋𝑛4𝑒𝑍2

3

)1/3
𝜎(𝑍), (1)

where 𝑛𝑒 is the average electron number density and 𝛼 =

1/137.03599911 the fine structure constant. Here the first term rep-
resents the energy density of nuclei with 𝑀𝑁 (𝑍, 𝐴) being the mass
of a nucleus with 𝑍 protons and 𝐴 nucleons, which is determined by

𝑀𝑁 (𝑍, 𝐴) = 𝑀𝐴(𝑍, 𝐴) − 𝑍𝑚𝑒 + 𝐵𝑒 (𝑍) (2)

with𝑀𝐴(𝑍, 𝐴) being themeasured atomicmass (AME2020; Huang
et al. 2021; Wang et al. 2021b), 𝑚𝑒 = 510998.95 eV the electron
mass, and 𝐵𝑒 (𝑍) =

(
14.4381𝑍2.39 + 1.55468 × 10−6𝑍5.35

)
eV the

electron binding energy (Lunney et al. 2003). The baryon number
density is then 𝑛b = 𝑛𝑒/ 𝑓𝑍 with the charge-to-mass ratio 𝑓𝑍 = 𝑍/𝐴.
The second term in Eq. (1) corresponds to the energy density of
electrons including exchange contributions, where 𝐸𝑒 is the energy
density of free electron gas, i.e.,

𝐸𝑒 =
𝑚𝑒
4

8𝜋2

[
𝑥𝑒 (2𝑥2𝑒 + 1)

√︃
𝑥2𝑒 + 1 − arcsh(𝑥𝑒)

]
(3)

with 𝑥𝑒 ≡ (3𝜋2𝑛𝑒)1/3/𝑚𝑒. The third term in Eq. (1) represents
the lattice energy density including electron polarization correc-
tions. For a body-centered cubic lattice, the Madelung constant
𝐾𝑀 = −0.895929255682 (Baiko et al. 2001) and the function
𝜎(𝑍) (Chamel 2020; Potekhin & Chabrier 2000) is given by

𝜎(𝑍) = 1 + 12
4/3𝑍2/3𝛼

35𝜋1/3

(
1 − 1.1866

𝑍0.267
+ 0.27

𝑍

)
. (4)

For nuclei to stably exist inside white dwarfs, they should be stable
against electron capture and 𝛽-decay reactions, i.e.,

𝐴
𝑍 𝑋 + 𝑒− → 𝐴

𝑍−1𝑋 + a𝑒; (5)
𝐴
𝑍 𝑋 → 𝐴

𝑍+1𝑋 + 𝑒− + ā𝑒 . (6)

This indicates the following stability condition, i.e.,

𝐸 (𝑍 ± 1, 𝐴, 𝑛b) − 𝐸 (𝑍, 𝐴, 𝑛b) > 0 (7)

with the energy density 𝐸 fixed by Eq. (1). Note that the electron
number density changes into 𝑛𝑒 (𝑍 ± 1)/𝑍 as we vary the charge
number of a nucleus from 𝑍 to 𝑍 ± 1. A vast number of nuclei
species fulfilling the stability condition (7) is obtained, which could
all exist stably inside white dwarfs if there are no other decay chan-
nels. At fixed baryon number density 𝑛b, we search for the nucleus
that minimizes the energy density of white dwarf matter under three
different considerations, i.e.,

(i) Massive white dwarfs comprised of light elements (𝐴 ≤ 16,
24, 28);
(ii) Catalyzed ones with all possible nuclear species;
(iii) Ultra low-mass and small-radius white dwarfs made of heavy

elements (𝐴 ≥ 62, 108, 208).

Once the nucleus is fixed, the energy density can then be obtained
with Eq. (1). Similar procedure is carried out in a vast density range
with 𝑛b ≈ 10−13–10−4 fm−3. At larger densities, the nucleus be-
comes too neutron-rich so that neutrons start to drip out and form a
neutron gas, which is beyond the scope of current study. According
to basic thermodynamic relations, the pressure of white dwarf matter
is then determined by

𝑃 =

(
1 + 𝛼

2𝜋

)
𝑃𝑒 + 𝐾𝑀𝛼

(
4𝜋𝑛4𝑒𝑍2

34

)1/3
𝜎(𝑍), (8)

with 𝑃𝑒 = 𝑚𝑒

√︃
𝑥2𝑒 + 1𝑛𝑒 − 𝐸𝑒.

At smaller densities with pressure 𝑃 . 0.4𝑃𝑒 ≈ 10−17 MeV/fm3,
nuclei are not fully ionized as few electrons start to bound to them.
In such cases, the EOS predicted by Eqs. (1) and (8) is no longer
valid. We follow the treatment of Baym et al. (1971) and employ

MNRAS 000, 1–5 (2015)
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Figure 1. Proton number 𝑍 , mass number 𝐴, and charge-to-mass ratio
𝑓𝑍 = 𝑍/𝐴 of nuclei in white dwarf matter under different considerations,
where the latest atomic mass evaluation (AME 2020; Huang et al. 2021;
Wang et al. 2021b) has been employed. For comparison, the nuclear species
from BPS EOS is presented (Baym et al. 1971). The open circles indicate the
central densities of the most massive white dwarfs as in the sixth column of
Table 2.

the results obtained by Feynman et al. (1949), where the pressure of
white dwarf matter now becomes

𝑃 =
32/3𝜋4/3

5𝑚𝑒
[ 𝑓 (𝑍, 𝑛𝑒)𝑛𝑒]5/3 . (9)

Note that a dampening factor 𝑓 (𝑍, 𝑛𝑒) is introduced, where Eq. (9)
becomes the pressure of noninteracting electrons in the non-
relativistic limit if we take 𝑓 = 1. The exact value of 𝑓 (𝑍, 𝑛𝑒) is
fixed by interpolating the results presented in the Fig. 1 of Feynman
et al. (1949).

3 RESULTS AND DISCUSSION

In Fig. 1 we present the proton number 𝑍 , mass number 𝐴, and
charge-to-mass ratio 𝑓𝑍 = 𝑍/𝐴 of nuclei in white dwarf matter as
functions of energy density, where various constraints on the mass
numbers of nuclei are adopted with 𝐴 ≤ 16, 24, 28 or 𝐴 ≥ 62, 108,
208. Similar to the BPS model (Baym et al. 1971), the catalyzed
one indicted by the black solid curve is obtained by searching for all
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1 0 - 4
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Figure 2. Pressure of white dwarf matter as functions of energy density,
where the corresponding nuclear species is indicated in Fig. 1.

possible nuclear specieswithout any restriction on 𝐴, which generally
agrees with the BPS EOS at 𝐸 . 0.1MeV/fm3. The latest data from
the atomic mass evaluation (AME 2020) have been adopted in our
calculations (Huang et al. 2021; Wang et al. 2021b). It is found that
the nuclear species remains unchanged at 𝐸 . 3 × 10−4 MeV/fm3
except for the catalyzed one, covering most of the density range in
white dwarfs. As indicated by the symbols in the bottom panel of
Fig. 1 as well as in the second column of Table 2, at small densities
the nuclei 16O, 24Mg, 28Si, 56Fe, 62Ni, 108Pd, and 208Pb minimize
the energy density of white dwarf matter under various constraints
on 𝐴. The corresponding charge-to-mass ratio 𝑓𝑍 starts to decrease
with 𝐴 at 𝐴 ≥ 62, which reduces the electron number density with
𝑛𝑒 = 𝑓𝑍 𝑛b. As will be shown later, this will consequently reduces the
pressure and makes white dwarfs more compact. At larger densities,
the nuclear species starts to change, which typically takes place at
the center of the most massive white dwarfs (indicated by the open
circles in Fig. 1) except for the catalyzed one. If we further increase
the density, the nuclear species continues to change which decreases
the charge-to-mass ratio 𝑓𝑍 .
Based on the nuclear species indicated in Fig. 1, the pressure of

white dwarf matter can then be fixed using Eqs. (8) and (9). The
corresponding EOSs under various constraints are then presented in
Fig. 2. At 𝐸 & 10−4 MeV/fm3, the EOSs of white dwarf matter
generally coincide with each other, while there are slight variations
due to the sudden changes in nuclear species causing mild first-order
phase transitions. At 𝐸 . 10−4 MeV/fm3, the effects of chemical
composition become evident, where the pressure is effectively re-
duced if white dwarf matter is made of heavy elements. This is
attributed to the reduction of charge-to-mass ratio 𝑓𝑍 at 𝐴 ≥ 62,
which decreases the electron number density and consequently the
pressure. The pressure reduction becomes more evident at smaller
densities, where the variations in lattice energy density and electron
polarization corrections become sizable even for cases with same 𝑓𝑍 .
To better illustrate the effects of heavy elements on the EOSs of

white dwarf matter, in Fig. 3 we present the corresponding adiabatic
index as functions of energy density, which is determined by

Γ =
d ln 𝑃
d ln 𝑛b

. (10)

For electron gas in the non-relativistic limit, one expects Γ = 5/3,

MNRAS 000, 1–5 (2015)
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Table 2. Summary of white dwarf properties obtained under different constraints on nuclear mass numbers. The radii (𝑅0.03) of 0.03𝑀� white dwarfs and their
matter contents (𝐴𝑋0.03) are indicated in the third and second columns. The masses (𝑀max) and radii (𝑅max) of the most massive white dwarfs are presented,
along with the energy density 𝐸c, pressure 𝑃c, and nuclei species (𝐴𝑋c) at the center of these white dwarfs.

Criterion 𝐴𝑋0.03 𝑅0.03 𝑀max 𝑅max 𝐸c 𝑃c 𝐴𝑋c
km 𝑀� km eV/fm3 eV/fm3

𝐴 ≤ 16 16O 21300 1.38 1422 4790.2 4.283 16O
𝐴 ≤ 24 24Mg 19767 1.33 2201 976.4 0.489 24Mg
𝐴 ≤ 28 28Si 19123 1.30 2522 477.9 0.238 28Si

Catalyzed 56Fe 15137 1.00 2080 830.3 0.384 66Ni

𝐴 ≥ 62 62Ni 14300 1.00 2064 811.4 0.383 66Ni
𝐴 ≥ 108 108Pd 11760 0.89 2087 601.5 0.238 108Ru
𝐴 ≥ 208 208Pb 9130 0.75 1391 2040.7 1.098 208Hg
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Figure 3. Adiabatic index of white dwarf matter as functions of energy
density.

which turns into 4/3 in the extreme relativistic limit with a softer
EOS. This is indeed the case for white dwarf matter at 𝐸 & 10−4
MeV/fm3, where the EOSs in Fig. 2 generally coincide with each
other with Γ = 4/3. Nevertheless, there are few exceptions during the
first-order phase transitions with sudden changes in nuclear species,
which reduces the adiabatic index to Γ = 0. At smaller densities,
however, Γ easily exceeds the non-relativistic limit 5/3. In particular,
as density decreases, Γ quickly increases and becomes larger if white
dwarf matter is made of heavy elements with larger 𝐴. This can
be attributed to the additional contributions of lattice energy and
electron polarization corrections, which are sizable at small densities.
Based on the EOSs presented in Fig. 2, the structures of white

dwarfs are fixed by solving the TOV equation

d𝑃
d𝑟

= −𝐺𝑚𝐸
𝑟2

(1 + 𝑃/𝐸) (1 + 4𝜋𝑟3𝑃/𝑚)
1 − 2𝐺𝑚/𝑟 , (11)

d𝑚
d𝑟

= 4𝜋𝐸𝑟2, (12)

where 𝐺 = 6.707 × 10−45 MeV−2 is the gravitational constant. In
Fig. 4 we present the mass-radius relations of white dwarfs under
various constraints on their matter contents. Typical white dwarfs
with 𝑀 > 0.5𝑀� (Bond et al. 2017) and seven ultra low-mass
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Figure 4. Mass-radius relations of white dwarfs obtained with the EOSs
presented in Fig. 2. The dots with 𝑀 > 0.5𝑀� represent four typical
white dwarfs Sirius B, Stein 2051 B, Procyon B, and 40 Eri B (Bond et al.
2017), while the seven dots below correspond to the ultra low-mass and
small-radius white dwarfs LSPM J0815+1633, LP 240-30, BD+20 5125B,
LP 462-12, WD J1257+5428, 2MASS J13453297+4200437, and SDSS
J085557.46+053524.5 (Kurban et al. 2022).

and small-radius white dwarfs are indicated by the dots with the
corresponding error bars (Kurban et al. 2022). It is evident that
the typical white dwarfs are made of light elements, where the
mass and radius could become slightly larger if lighter elements
(12C, 4He, 1H), magnetic field, and temperature effects are ac-
counted for. If white dwarfs are made of heavier elements, as in-
dicated in Fig. 4, the mass and radius decrease significantly, which
coincide with the observed seven ultra low-mass and small-radius
white dwarfs LSPM J0815+1633, LP 240-30, BD+20 5125B, LP
462-12, WD J1257+5428, 2MASS J13453297+4200437, and SDSS
J085557.46+053524.5 (Kurban et al. 2022). This is attributed to the
reduction of pressure at small densities if white dwarfs are made
of heavy elements, which become more compact than typical white
dwarfs.
To show this explicitly, in Fig. 5 we present the internal energy

density profiles of 0.03𝑀� white dwarfs, where the horizontal axis
corresponds to the total mass𝑚(𝑟) enclosed in a sphere of radius 𝑟 in
Eq. (12). The corresponding nuclear species that makes up the white
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Figure 5. Energy density profiles of 0.03𝑀� white dwarfs as functions of
the total mass 𝑚(𝑟 ) enclosed in a sphere of radius 𝑟 in Eq. (12), where the
corresponding nuclear species and radius are indicated in the second and third
columns of Table 2.

dwarf and its radius are indicated in the second and third columns of
Table 2. It is evident that the energy density of white dwarf matter
increases with the nuclear mass number 𝐴, leading to more compact
white dwarfs with smaller radii.

4 CONCLUSION

The recent observations of the seven ultra low-mass and small-
radius white dwarfs LSPM J0815+1633, LP 240-30, BD+20 5125B,
LP 462-12, WD J1257+5428, 2MASS J13453297+4200437, and
SDSS J085557.46+053524.5 have posed challenges to traditional
white dwarf models assuming that they are mostly made of nuclei
lighter than 56Fe. In this work we consider the possibility that those
white dwarfs are made of heavier elements, which effectively re-
duces the pressure and leads to white dwarfs with much smaller
masses and radii. Further observations are necessary to unveil the
actual matter contents in those white dwarfs via, e.g., their cooling
processes (Tremblay et al. 2019), characteristic spectral lines emit-
ted by the heavy elements (Farihi 2016; Zuckerman & Young 2018;
Coutu et al. 2019), pulsation that arises from their global oscilla-
tions (Fontaine & Brassard 2008; Córsico et al. 2019), gravitational
waves excited during the late inspiral or merger of white dwarf bi-
naries (Tang & Lin 2023), and searching for other white dwarfs
with similar low-mass and small-radius characteristics (Kurban et al.
2022).
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ABSTRACT

Stars with zero age main sequence masses between 140 and 260 M� are thought to explode as pair-instability supernovae (PISNe). During their
thermonuclear runaway, PISNe can produce up to several tens of solar masses of radioactive nickel, resulting in luminous transients similar to some
superluminous supernovae (SLSNe). Yet, no unambiguous PISN has been discovered so far. SN 2018ibb is a hydrogen-poor SLSN at z = 0.166
that evolves extremely slowly compared to the hundreds of known SLSNe. Between mid 2018 and early 2022, we monitored its photometric
and spectroscopic evolution from the UV to the NIR with 2–10 m class telescopes. SN 2018ibb radiated > 3 × 1051 erg during its evolution,
and its bolometric light curve reached > 2 × 1044 erg s−1 at peak. The long-lasting rise of > 93 rest-frame days implies a long diffusion time,
which requires a very high total ejected mass. The PISN mechanism naturally provides both the energy source (56Ni) and the long diffusion time.
Theoretical models of PISNe make clear predictions for their photometric and spectroscopic properties. SN 2018ibb complies with most tests
on the light curves, nebular spectra and host galaxy, potentially all tests with the interpretation we propose. Both the light curve and the spectra
require 25–44 M� of freshly nucleosynthesised 56Ni, pointing to the explosion of a metal-poor star with a helium core mass of 120–130 M� at
the time of death. This interpretation is also supported by the tentative detection of [Co ii] λ 1.025µm, which has never been observed in any other
PISN candidate or SLSN before. We observe a significant excess in the blue part of the optical spectrum during the nebular phase in tension with
predictions of existing PISN models. However, we have compelling observational evidence for an eruptive mass-loss episode of the progenitor of
SN 2018ibb shortly before the explosion, and our dataset reveals that the interaction of the SN ejecta with this oxygen-rich circumstellar material
contributed to the observed emission. That may explain this specific discrepancy with PISN models. Powering by a central engine, such as a
magnetar or a black hole, can be excluded with high confidence. This makes SN 2018ibb by far the best candidate for being a PISN, to date.

Key words. supernovae: individual: SN 2018ibb, ATLAS18unu, Gaia19cvo, PS19crg, ZTF18acenqto

1. Introduction

Observations of stellar nurseries (e.g., Krumholz et al. 2019),
and massive stars (e.g., Crowther 2007) and their fates (e.g.,
Filippenko 1997; Gal-Yam 2017) have led to stellar evolution
models of ever-increasing complexity (e.g., McKee & Ostriker
2007). These models also predict the existence of stars with
& 100 M� (e.g., Heger & Woosley 2002; Heger et al. 2003),
which may have no analogues in the local Universe (Mackey
et al. 2003; Bromm & Larson 2004; Langer et al. 2007, but
see Brands et al. 2022), and exotic types of stellar explosions
(Fowler & Hoyle 1964; Rakavy et al. 1967; Woosley et al. 2007;
Sakstein et al. 2022).
? e-mail: steve.schulze@fysik.su.se

?? NASA Einstein Fellow

One of those predicted, yet not securely discovered object
classes, is pair-instability supernovae (PISNe). This SN class
is produced by the thermonuclear runaway of metal-poor stars
with zero age main sequence (ZAMS) masses between 140 and
260 M� (Fowler & Hoyle 1964; Barkat et al. 1967; Rakavy et al.
1967). When such a massive star dies, its helium core will have
grown to 65–130 M� (Heger & Woosley 2002). The combina-
tion of relatively low matter density and high temperature leads
to the production of e−e+ pairs, reducing the radiation pressure
that supports the star against the gravitational collapse. As a re-
sult, implosive oxygen and silicon burning produce enough en-
ergy to revert the collapse and obliterate the entire star, leaving
no remnant behind.

During the past 15 years, PISNe have been a focus of funda-
mental physics and supernova science. Stars with helium-topped
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Fig. 1. A false-colour image of the field when SN 2018ibb was bright (left) and after it had faded below the host level (right). The SN position,
marked by the crosshair, is located ∼ 1 kpc from the centre of its star-forming dwarf host-galaxy (Mhost

r ∼ −15.4 mag, M? ∼ 107.6 M�). For more
information about the host, see Section 4.6. The false-colour image was built with STIFF version 2.4.0 (Bertin 2012).

cores slightly less massive than ∼ 65 M� presumably leave
black holes behind, and stars whose helium-topped cores ex-
ceed ∼ 130 M� are thought to collapse directly into black holes.
In this paradigm, there should be a dearth of black holes with
masses between ∼ 50 and ∼ 120 M� (Farmer et al. 2019; Renzo
et al. 2020). Observations by the LIGO and VIRGO gravitational
wave detectors found tentative evidence for the existence of such
a drop in the black-hole mass function (The LIGO Scientific
Collaboration et al. 2020). A more recent study by the LIGO-
VIRGO collaboration using the larger Gravitational-Wave Tran-
sient Catalog 3 shows that the evidence of a mass gap at ∼ 50 M�
is inconclusive (The LIGO Scientific Collaboration et al. 2021).
However, this could be due to the inclusion of binary black holes
formed through dynamical channels involving repeated mergers
rather than evidence for the lack of a mass gap (e.g., Belczynski
et al. 2020; Gerosa & Fishbach 2021, and references therein).

Finding PISNe is one of the main challenges in the SN field.
PISN models predict that up to ∼ 57 M� of radioactive 56Ni are
produced during the thermonuclear runaway (Heger & Woosley
2002). Such high Ni-yield PISNe are thought to produce long-
lived (rise times > 80 days), luminous (Mpeak < −21 mag)
transients (Kasen et al. 2011; Kozyreva et al. 2017) in the
regime of superluminous supernovae (SLSNe; Quimby et al.
2011; Gal-Yam 2012, 2019b). Although the powering mecha-
nism of SLSNe is debated (Gal-Yam et al. 2009; Blinnikov &
Sorokina 2010; Inserra et al. 2013), numerous studies of both
H-poor and H-rich SLSNe have revealed that nickel is not the
primary source of energy (e.g., Chatzopoulos & Wheeler 2012;
Chen et al. 2013; Inserra et al. 2013; Nicholl et al. 2017; Inserra
et al. 2018; Moriya et al. 2018b; Gal-Yam 2019b; Inserra 2019;
Kangas et al. 2022; Chen et al. 2023b). Yet, a few SLSNe had
markedly broad and luminous light curves similar to predictions
of PISN models, e.g., SN 1999as, SN 2007bi, PTF12dam, PS1-
14bj, and SN 2015bn (Hatano et al. 2001; Gal-Yam et al. 2009;
Nicholl et al. 2013; Chen et al. 2015; Lunnan et al. 2016; Nicholl
et al. 2016b; Kozyreva et al. 2017). However, the published
candidates either had incomplete datasets, not long enough rise
times, too high ejecta velocities, too blue spectra, or exploded in
galaxies with too high metallicity to conclusively argue for the
discovery of a PISN (e.g., Nicholl et al. 2013; Jerkstrand et al.
2017).

Starting from June 2018, the Zwicky Transient Facility
(ZTF; Bellm et al. 2019b; Graham et al. 2019) surveys the north-
ern sky every 2–3 nights in two filters and detects thousands
of supernovae every year (Fremling et al. 2020; Perley et al.
2020). Until autumn 2021, we carried out a systematic survey
for SLSNe in ZTF (Chen et al. 2023a,b). SN 2018ibb, the slowest
evolving SLSN in our sample, has several properties that match
predictions of PISN models. Between mid 2018 and early 2022,
we built a comprehensive photometric and spectroscopic dataset
covering the evolution from tmax−93 to tmax+1000 rest-frame
days to scrutinise SLSN and PISN models. In this paper, we
present this dataset along with our conclusions on SN 2018ibb’s
source of energy and progenitor. The paper is structured as fol-
lows: we report the SN discovery in Section 2 and describe the
observations in Section 3. In Section 4, we derive the proper-
ties of SN 2018ibb’s light curve, spectra and host galaxy and in
Section 5 we contrast SLSN and PISN models with our dataset.
Finally, in Section 6 we summarise our findings and present our
conclusions on the nature of SN 2018ibb and its connection to
PISNe.

Throughout the paper, we provide all uncertainties at 1σ con-
fidence. The photometry is reported in the AB system. We as-
sume ΛCDM cosmology with H0 = 67.8 km s−1 Mpc−1, ΩM =
0.308, and ΩΛ = 0.692 (Planck Collaboration et al. 2016). Phase
information is reported in the rest-frame with respect to the g|r-
band maximum (tmax) at MJD=58455.

2. Discovery

SN 2018ibb, located at α = 04:38:56.950, δ = −20:39:44.10
(J2000), was discovered by the Asteroid Terrestrial-impact Last
Alert System (ATLAS; Tonry 2011; Smith et al. 2020) survey as
ATLAS18unu on 10 September 2018 with an apparent magni-
tude of o = 18.89 mag (wavelength range 5600–8200 Å; Tonry
et al. 2018). Later detections were reported by the public north-
ern sky survey of the Zwicky Transient Facility (Bellm et al.
2019a) on 16 November 2018 (internal name: ZTF18acenqto),
the Pan-STARRS Survey for Transients (Huber et al. 2015) on
8 January 2019 (internal name: PS19crg) and the Gaia Photo-
metric Science Alerts transient survey (Hodgkin et al. 2021) on
4 July 2019 (internal name: Gaia19cvo). A false-colour image
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of the field when SN 2018ibb was bright and after it had faded
is shown in Figure 1. Fremling et al. (2018a) initially classified
SN 2018ibb as a Type Ia SN on 5 December 2018 but retracted
this classification on 6 December 2018 and set a new classifica-
tion to ‘supernova’ on 6 December 2018 (Fremling et al. 2018b).
Pursiainen et al. (2018) obtained a spectrum with the 3.58 m New
Technology Telescope at La Silla Observatory (Chile) as a part
of the Extended Public ESO Spectroscopic Survey of Transient
Objects (ePESSTO; Smartt et al. 2015) on 14 December 2018
and classified SN 2018ibb as a H-poor SLSN at z = 0.16.

3. Observations and data reduction

3.1. Supernova photometry

Our imaging campaign had three tiers: i) all-sky surveys with
sufficient depth and cadence to monitor the evolution from
tmax−93 to tmax+306 days; ii) dedicated follow-up campaigns
to expand the wavelength coverage to the UV and near-IR and
to extend the light curve coverage to tmax+1000 days; and iii)
smaller targeted campaigns to mitigate data gaps, expand the
wavelength coverage to the near-IR, and ensure a good flux cali-
bration of the photometric and spectroscopic data. Owing to the
large number of facilities involved in this effort, we present the
details of each campaign and the data reduction in Appendix A.

The ground-based photometry was calibrated with field stars
from PanSTARRS1 (Chambers et al. 2016, PS1), the Dark
Energy Survey (DES; The Dark Energy Survey Collabora-
tion 2005), the Dark Energy Spectroscopic Instrument (DESI)
Legacy Imaging survey (LS; Dey et al. 2019), and the Two Mi-
cron All-Sky Survey (2MASS; Skrutskie et al. 2006). We ap-
plied known colour equations between PS1/DES and Bessel-
l/GROND/SDSS/ZTF filters (Finkbeiner et al. 2016; Drlica-
Wagner et al. 2018; Greiner et al. 2008; Medford et al. 2020) and
Lupton1, to account for differences in the filter response func-
tion. We applied the offsets from Blanton & Roweis (2007) to
convert all measurements to the AB photometric system. The
Swift/UVOT data were calibrated with zeropoints from the Swift
pipeline and converted to the AB system following Breeveld
et al. (2011).

SN spectra are characterised by strong absorption and emis-
sion features that evolve with time. This can lead to time-
dependent colour terms between similar but not identical filters
(e.g., Stritzinger et al. 2002) and add a non-negligible systematic
scatter to the light curves if these differences are not corrected.
To illustrate this issue, we compute the synthetic magnitude in
ZTF/g, GROND/g and EFOSC2/g at tmax and tmax+210 days2.
At tmax, the colour term between the EFOSC2/GROND and ZTF
filters is −0.01 and +0.04 mag, respectively, but at tmax+210 days
the differences increased to −0.13 and +0.12 mag. Since the
EFOSC2 and GROND data cover the late-time evolution, the
differences in the filters would be well visible in the final light
curve if they remained uncorrected.

To calibrate the various datasets into the same photomet-
ric system, we defined a set of reference filters consisting of
the Swift filters, ZTF/gr, GROND/izJH and 2MASS/K. Then,
we extracted synthetic photometry of all ground-based filters
used in our campaign from the Keck and VLT spectra (Sec-
tion 3.3), which were obtained in clear/photometric conditions,
1 https://www.sdss.org/dr12/algorithms/sdssubvritransform
2 The GROND, ZTF and EFOSC2 g-band filters have an effective
wavelength of 4504, 4723, 5104 Å and width of 1373, 1282, 788 Å, re-
spectively (retrieved from the Spanish Virtual; Rodrigo et al. 2012, and
references therein).

Table 1. Photometry of the host galaxy

Telescope Instrument Filter Brightness
(mag)

HST WFC3 F336W > 26.04
NTT EFOSC2 B 24.94 ± 0.22
VLT FORS2 g_HIGH 24.95 ± 0.05
VLT FORS2 R_SPECIAL 24.39 ± 0.05
VLT FORS2 I_BESSELL 24.32 ± 0.10
VLT FORS2 z_SPECIAL 23.78 ± 0.14

Notes. All measurements are reported in the AB system and not cor-
rected for reddening. Non-detections are reported at 3σ confidence.

and measured the expected colours with respect to our refer-
ence filter system as a function of time. After applying this
s-correction (Stritzinger et al. 2002), we merged the different
datasets to build a photometric sequence of SN 2018ibb from
tmax−93 to tmax+706 days. We omitted these corrections for the
BV JHK data because most observations in these filters were
done with the same instrument. Table A.1 in Appendix A sum-
marises the homogenised SN photometry. The measurements
are not corrected for Galactic extinction along the line of sight
[E(B − V) = 0.03 mag; Schlafly & Finkbeiner 2011], but this
correction is applied to all derived properties and photometric
data presented in this paper.

The photometry is available on WISeREP3 (Yaron & Gal-
Yam 2012). It will also be available as a machine-readable table
in the electronic version of this paper.

3.2. Host galaxy photometry

We obtained additional photometry with the ESO VLT, the
3.58 m New Technology Telescope and the Hubble Space Tele-
scope approximately 1000 days after maximum (Appendix A).
The brightness of the host galaxy was measured with ellipti-
cal apertures encircling the entire host galaxy and calibrated in
the same way as the SN photometry. The HST photometry was
done with a custom-made aperture photometry tool, based on the
python package photutils (Bradley et al. 2020) version 1.5, us-
ing an aperture comparable in area to the ground-based images
and calibrated against tabulated zeropoints in pysynphot version
2.0.0 (STScI Development Team 2013). In the R-band, we mea-
sure a brightness of 24.39±0.05 mag. The brightness in the other
filters is reported in Table 1.

3.3. Spectroscopy

We collected a series of spectra spanning from the time of maxi-
mum to tmax+989.2 days. Similarly to the imaging campaign, we
utilised a large number of 2–10 m class telescopes. A brief sum-
mary of the observations is provided in Table 2. The details of the
observations and data reduction are presented in Appendix B. All
spectra were absolute-flux-calibrated with multi-band photome-
try. Since the photometry was not obtained contemporaneously
with the spectroscopic observation, we linearly interpolated be-
tween adjacent observations.

The spectra obtained after August 2021 have an increas-
ing contribution from the host galaxy. The host contamination
was removed with the FORS2 spectrum from January 2022
(tmax+989.2 days). The slit did not cover the entire host galaxy.

3 https://www.wiserep.org
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Table 2. Log of spectroscopic observations

MJD Phase Telescope/Instrument Disperser Slit Wavelength Spectral Exposure
(day) width (′′) range (Å) resolution time (s)

58453.349 -1.4 Keck-I/LRIS 400/3400 + 400/8500 1.0 3076 – 9350 600/1200 300/300
58461.248 5.4 P60/SEDm IFU 4650 – 9200 100 2250
58464.228 7.9 P60/SEDm IFU 3950 – 9200 100 2250
58465.246 8.8 P200/DBSP 600/316 1.5 3500 – 10,000 1000/1000 1200
58467.254 10.5 NTT/EFOSC2 Gr#13 1.0 3650 – 9250 350 3600
58480.217 21.6 P60/SEDm IFU 5500 – 8850 100 1200
58483.292 24.3 Lick/Kast 600/4310 + 300/7500 2.0 3500 – 10,500 800 1960
58487.225 27.6 Lick/Kast 600/4310 + 300/7500 2.0 3500 – 10,500 800 2400
58490.934 30.8 NOT/ALFOSC Gr#4 1.3 3600 – 9600 280 1800
58491.226 31.1 NTT/EFOSC2 Gr#11 + Gr#16/OG530 1.0 3345 – 9995 460/460 1800/1800
58493.096 32.7 VLT/X-shooter 1.0/0.9/0.9 3000 – 24,800 5400/8900/5600 1800
58509.904 47.1 NOT/ALFOSC Gr#4 + WG345 1.3 3800 – 9450 280 600
58510.179 47.3 Lick/Kast 600/4310 + 300/7500 2.0 3500 – 10,500 800 3600
58515.100 51.5 NTT/EFOSC2 Gr#11 + Gr#16/OG530 1.0/1.0 3345 – 9995 460/460 1800/1800
58525.048 60.1 VLT/X-shooter 1.0/0.9/0.9 3000 – 24,800 5400/8900/5600 2400
58536.929 70.3 NOT/ALFOSC Gr#4 1.3 3900 – 9600 280 2400
58541.083 73.8 NTT/EFOSC2 Gr#11 + Gr#16/OG530 1.0/1.0 3345 – 9995 460/460 2200/2200
58550.037 81.5 VLT/X-shooter 1.0/0.9/0.9 3000 – 24,800 5400/8900/5600 3600
58559.153 89.3 Lick/Kast 600/4310 + 300/7500 2.0 3500 – 10,500 800 2400
58565.000 94.3 VLT/X-shooter 1.0/0.9/0.9 3000 – 24,800 5400/8900/5600 3600
58718.304 225.8 NTT/EFOSC2 Gr#13 1.0 3650 – 9250 350 5400
58724.585 231.2 Keck-I/LRIS 400/3400 + 400/8500 1.0 3076 – 9350 600/1200 300/300
58776.290 275.6 NTT/EFOSC2 Gr#13 1.5 3650 – 9250 230 5400
58776.907 276.1 LBT/MODS+LUCIa G400L/G670L/G200 1.2/1.2/1.0 3200 – 12,000 925/1150/1100 3049/3083/3800
58789.287 286.7 VLT/X-shooterb 1.0/1.0/0.9 3000 – 20,700 5400/8900/5600 3600
58866.134 352.6 VLT/X-shooterb 1.0/1.0/0.9 3000 – 20,700 5400/8900/5600 3600
58876.648 361.6 LBT/MODS+LUCIa G400L/G670L/G200/G200 1.2/1.2/1.0/1.0 3200 – 23,500 925/1150/1100/1100 7200/7200/3400/2800
58895.120 377.5 VLT/X-shooterb 1.0/1.0/0.9 3000 – 20,700 5400/8900/5600 3600
59110.570 562.3 Keck-I/LRIS 600/4000 + 400/8500 1.0 3400 – 10,275 1000/1200 4935/4935
59113.780 565.0 VLT/FORS2 300V 1.0 3800 – 9600 440 6600
59198.044 637.3 VLT/FORS2 300V 1.0 3800 – 9600 440 14400
59607.089 988.1 Gemini-S/GMOS R150/GG455 1.0 5000 – 10,000 310 4800
59608.380 989.2 VLT/FORS2 300V 1.0 3800 – 9600 440 14400

Notes. The modified Julian dates quote the beginning of each spectroscopic observation. The phase is reported for the mid-exposure time in the
rest-frame with respect to the g|r-band maximum at MJD=58455. For the multi-arm instruments Kast, LBT, LRIS and X-shooter, we report the
exposure time and spectral resolution of each arm. The wavelength ranges and the values of the spectral resolutions are taken from instrument
manuals and are reported in the observer frame. The spectral resolutions refer to the unbinned data.
(a) The optical spectra were obtained with MODS and the grisms G400L and G670L. The NIR spectra were obtained with the G200 grating and
the zJ (tmax+276.1 days) and zJ+HK (tmax+361.6 days) spectroscopy filters. The start time is the average of the start times of the visual and NIR
spectra.
(b) The observation was done with a K-band blocking filter.

We scaled the spectrum to the flux encircled by the slit. Note,
to determine whether SN 2018ibb contributed to the observed
spectrum from January 2022, we compared the observed spec-
trum to the fit of the spectral energy distribution (SED) of the
entire host galaxy. The continuum level of the January 2022
spectrum is fully consistent with the best fit to the host galaxy
SED (Figure D.1). The only remaining SN feature is broad
[O iii] λλ 4959,5007 in emission, produced by the interaction of
the SN ejecta with circumstellar material (Section 5.1). Owing
to that, we masked the region and estimated the host galaxy flux
with linear interpolation. To recover the host-subtracted spec-
trum of SN 2018ibb from the January 2022 epoch, we utilised
the best fit to the galaxy SED.

All data were also corrected for Milky-Way (MW) extinc-
tion. Note, a few spectra were affected by adverse weather con-
ditions. The absolute-flux calibrated spectra without MW extinc-
tion correction are available on WISeREP.

3.4. Imaging polarimetry

To measure the ejecta geometry, we acquired four epochs of
imaging polarimetry in the v_HIGH filter with VLT/FORS2 be-
tween tmax+31.9 and tmax+94.4 days (Table 3). In addition, we
got one epoch with the R_SPECIAL filter at tmax+94.4 days.
Each polarisation measurement required four exposures at four

different retarder-plate angles: 0◦, 22◦.5, 45◦, and 67◦.5. The beam
was split with a Wollaston prism into the ordinary (o) and the
extraordinary (e) ray. The o-ray and the e-ray were placed at the
7th and the 8th multi-object spectroscopy (MOS) stripes, respec-
tively.

We reduced the data in a standard manner using IRAF (Tody
1993) tasks. The flux of the SN in the o-ray and e-ray were mea-
sured through aperture photometry at all four retarder-plate an-
gles using the DAOPHOT.PHOT package (Stetson 1987). Stokes
parameters and polarisation of the target were derived based on
the FORS2 manual (Anderson 2018), and the polarisation de-
grees were corrected for polarisation bias, caused by the non-
negativity nature of the polarisation degree, following Wang
et al. (1997). The extracted, debiased polarisation properties are
summarised in Table 3.

These values need to be corrected for polarisation induced by
dichroic extinction from non-spherical dust grains that aligned
with the magnetic field of the interstellar medium of the Milky
Way (MW) and the host galaxy. Following Serkowski et al.
(1975), the polarisation level from the Milky Way can be as high
as . 9% × E(B − V). With a Galactic extinction of E(B − V) =
0.03 mag towards SN 2018ibb, the MW polarisation level could
be up to 0.26%. The determination of the interstellar polarisa-
tion from SN 2018ibb’s host galaxy is not feasible. Note, the po-
larisation degree is only p .0.3% in v_HIGH between tmax+32
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Table 3. Log of polarimetric observations

MJD Phase Exposure Mean airmass Filter q u p θ
(day) time (s) (%) (%) (%) (◦)

58492.241 31.9 4 × 100 1.60 v_HIGH 0.14 ± 0.08 −0.24 ± 0.08 0.28 ± 0.08 150.2 ± 7.9
58512.121 49.0 4 × 100 1.15 v_HIGH 0.10 ± 0.09 −0.31 ± 0.09 0.33 ± 0.09 140.0 ± 8.3
58524.125 59.3 4 × 100 1.35 v_HIGH 0.11 ± 0.10 −0.25 ± 0.10 0.28 ± 0.10 146.8 ± 10.2
58565.007 94.4 4 × 250 1.33 v_HIGH 0.21 ± 0.07 −0.09 ± 0.07 0.23 ± 0.07 168.5 ± 5.2
58565.020 94.4 4 × 250 1.43 R_SPECIAL 0.45 ± 0.07 −0.16 ± 0.07 0.48 ± 0.07 170.4 ± 4.0

Notes. The first four columns summarise the observations. The last four columns report the debiased polarisation properties: Stokes parameters q
and u, the debiased polarisation level p =

√
q2 + u2, and the position angle θ = 1/2 arctan (u/q).

Table 4. Log of X-ray observations

MJD Phase Count rate FX LX
(day) (10−3ct s−1) (10−15erg s−1 cm−2) (1042erg s−1)

Swift

58469.56 12.5+65.5
−4.1 < 0.7 < 27.0 < 2.2

58567.93 96.9+5.2
−6.9 < 1.9 < 68.6 < 5.6

58592.17 117.7+5.9
−6.0 < 2.3 < 82.7 < 6.7

58688.35 200.1 ± 24.2 < 0.6 < 22.9 < 1.9
58741.72 245.9 ± 12.8 < 1.8 < 64.9 < 5.3

XMM-Newton

58511.22 48.5 ± 0.3 < 9.1 < 17.1 < 1.4
58561.70 91.8 ± 0.3 < 10.2 < 19.2 < 1.6
58694.68 205.8 ± 0.3 < 19.9 < 37.4 < 3.0
58723.37 230.4 ± 0.3 < 8.7 < 16.4 < 1.3

Notes. The phases report the mid-exposure time. For Swift data, the
modified Julian date reports the mid-exposure time. The phase error
quotes the bin size after dynamically rebinning the data. For XMM-
Newton data, the modified Julian date reports the beginning of the ob-
servation. The total phase error corresponds to the on-source integration
time. All limits are reported at 3σ confidence. The measurements are
corrected for MW absorption and reported for the bandpass from 0.3 to
10 keV.

and tmax+94 days (see Table 3). Such a low level of polarisa-
tion is very unlikely to be caused by a high intrinsic polarisation
aligned and cancelled to a comparable level of significant in-
terstellar polarisation. Therefore, without correcting for the po-
larisation from the host galaxy, the observations point to a high
degree of spherical symmetry of SN 2018ibb during the phase of
our polarisation measurement.

3.5. X-ray Observations

3.5.1. Swift /XRT

While monitoring SN 2018ibb with UVOT between tmax+8.4
and tmax+224 days, Swift also observed the field with the X-
ray telescope XRT between 0.3 and 10 keV in photon-counting
mode (Burrows et al. 2005). We analysed these data with the
online-tools of the UK Swift team4 that use the software package
HEASoft version 6.26.1 and methods described in Evans et al.
(2007, 2009).

SN 2018ibb evaded detection in all epochs. The median 3σ
count-rate limit of all observing blocks is 0.005 count s−1 (0.3–
10 keV). Using the dynamic rebinning option in the Swift online
tools pushes the 3σ count-rate limits to 0.002 count s−1 (median
value). A list of the limits from the stacking analysis is shown
in Table 4. To convert the count-rate limits into a flux, we used

4 https://www.swift.ac.uk/user_objects

WebPIMMS5 and assumed a power-law spectrum with a pho-
ton index6 of Γ = 2 and a Galactic neutral hydrogen column
density of 1.97 × 1020 cm−2 (HI4PI Collaboration et al. 2016).
The average energy conversion factor for the unabsorbed flux is
3.66×10−11

(
erg s−1 cm−2

)
/
(
ct s−1

)
. The median count-rate limit

corresponds to an unabsorbed flux of < 7.4 × 10−14 erg cm−2 s−1

between 0.3–10 keV and a luminosity of < 4.9 × 1042 erg s−1.
The flux and luminosity limits of the individual bins are shown
in Table 4.

3.5.2. XMM-Newton

The field of SN 2018ibb was also observed by XMM-Newton
(Jansen et al. 2001, Principal Investigator: R. Margutti, Uni-
versity of California, Berkeley, USA). Four epochs were taken
with the European Photon Imaging Camera (EPIC) with the pn
(Strüder et al. 2001) and MOS1|2 cameras (Turner et al. 2001)
between 28 January 2019 and 28 August 2019 (tmax+48.5 –
tmax+230.4). We reduced the XMM-Newton/EPIC pn data using
the XMM-Newton Science Analysis System7 (SAS) following
standard procedures. We extracted the source using a circular
region with a radius of 32′′, and the background from a source-
free region on the same CCD. The MOS data are shallower than
the pn data, so we omit reporting them in this paper.

All XMM-Newton observations led to non-detections with
count rate limits between 0.009 and 0.020 ct s−1 between 0.3
and 10 keV. Using the same spectral model as for XRT and an
energy conversion factor of 1.88×10−12

(
erg s−1 cm−2

)
/
(
ct s−1

)
,

these limits translate to unabsorbed flux limits between 1.6 and
3.7× 10−14 erg cm−2 s−1. Table 4 summarises the measurements.

3.6. Radio observations

The field was observed by the VLA Sky Survey (Lacy
et al. 2020) between 2 and 4 GHz on 27 October 2020
(tmax+595 days). No source was detected. The flux at the SN
position is −47 ± 223 µJy, translating to a 3σ flux limit of
622 µJy and a luminosity of 2 × 1039 erg s−1. Eftekhari et al.
(2021) presented sub-mm observations at 100 GHz obtained
with the Atacama Large Millimeter Array on 24 December 2019
(tmax+331 days). These authors also reported a non-detection
with an r.m.s. of 19 µJy, translating to a 3σ flux limit of 58 µJy
and a luminosity of 5 × 1039 erg s−1.

5 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
6 The photon index is defined as the power-law index of the photon
flux density (N(E) ∝ E−Γ).
7 https://www.cosmos.esa.int/web/xmm-newton/sas
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Fig. 2. Galaxy absorption and emission lines at a common redshift
of z = 0.166 in the supernova spectra at tmax+32.7 days (top) and at
tmax+565.3 days (bottom). The error spectrum of each epoch is shown
in grey.

4. Results

4.1. Redshift

The X-shooter spectra between tmax+32.7 and tmax+94.3 days
show narrow absorption lines of Mg i λ 2852 and
Mg ii λλ 2796,2803 from the host galaxy at a common red-
shift of z = 0.1660 (Figure 2, top panel). The low-resolution
FORS2 spectrum obtained at tmax+565.3 days, shown in the
bottom panel of Figure 2, reveals narrow emission lines from
hydrogen and oxygen from the H ii regions in the host galaxy at
the same redshift as the absorption-line redshift. This redshift
translates to a luminosity distance of 822.6 Mpc using the
cosmological parameters from Planck Collaboration et al.
(2016).

4.2. Light curve

4.2.1. General properties

Figure 3 shows the evolution of SN 2018ibb from tmax−93 to
tmax+706 rest-frame days. The early-time evolution was captured
by the ATLAS, Gaia and ZTF surveys. Human scanners discov-
ered SN 2018ibb shortly before maximum light, which triggered
our large monitoring campaign from UV to NIR wavelengths.
The g, r and o band light curves cover the evolution from early
to late times. We use these datasets to infer the time of maximum
light and the rise and decline time scales. Fitting the light curves
with 3rd order polynomials between MJD = 58425 and MJD =
58485 returns the time of maximum light at MJD = 58458 ± 2,
58454 ± 2 and 58452 ± 4 in g, r and o, respectively. Through-
out the paper, we adopt the weighted mean MJD 58455±2 as the
time of maximum light. At the time of peak, SN 2018ibb reached
a brightness of 17.54 ± 0.02, 17.65 ± 0.01 and 17.92 ± 0.04 in
g, r and o band, respectively (all corrected for MW extinction;
Table 5).8 Using the Keck spectrum at tmax−1.4 days, we infer k-
corrected absolute magnitudes of −21.79 ± 0.02, −21.66 ± 0.01
and −21.43 ± 0.04 mag in the aforementioned bands (Table 5)
and a k-corrected g − r colour of −0.12 ± 0.02 mag at peak (cor-
rected for MW extinction), a typical luminosity and colour for a

8 The host extinction is negligible (Section 4.6).

H-poor SLSN (Nicholl et al. 2015a; De Cia et al. 2018; Lunnan
et al. 2018a; Angus et al. 2019; Chen et al. 2023a).

Similar to Chen et al. (2023a), we measure the rise and de-
cline time scales from 10% and 50% peak flux to peak in all
three bands. In the g band, we obtain τ1/2, rise = 52 ± 1 days,
τ1/2, decline = 88+1

−2 days, τ1/10, rise > 79.3 days, and τ1/10, decline =

242 ± 1 days, i.e., 1 mag (100 days)−1 (all measured in the rest-
frame). The light curve parameters in the other bands are sum-
marised in Table 5. Although the Gaia light curve is poorly sam-
pled, the data are of sufficient quality to improve the lower limit
on the rise timescale τ1/10, rise. The Gaia alert database reports the
first detection on MJD = 58346.11 (16 August 2018), 11.5 and
13.3 rest-frame days before the first ZTF and ATLAS9 detection,
respectively. At the time of discovery, SN 2018ibb had a bright-
ness of 19.8 mag; around the time of maximum light, the bright-
ness reached 17.7 mag. This sets a lower limit of > 93.4 days on
τ1/10, rise.

Between July 2018 and the date of the first Gaia detection
(16 August 2018), the field was visible to observing facilities in
the southern hemisphere. We searched the data archives of the
Australian Astronomical Observatory, the European Southern
Observatory, the Gemini Observatory, and the Las Cumbres Ob-
servatory for serendipitous observations of this field but found
no relevant data. We conclude that SN 2018ibb’s progenitor ex-
ploded > 93 rest-frame days before the maximum light, but we
have no firm constraint on the explosion date.10

The light curve exhibits several peculiar properties. Figure
4 compares the absolute magnitude versus the rest-frame phase
of SN 2018ibb to the light curves of the 78 H-poor SLSNe
from ZTF-I presented in Chen et al. (2023a). The absolute mag-
nitude of all objects is computed with M = m − DM(z) +
2.5 log (1 + z), where DM is the distance modulus and z the
redshift. SN 2018ibb has the longest rise in the ZTF sample.
The g-band rise time τ1/10, rise exceeds the sample mean value
(41.9 days) by a factor of 2.1 times the sample standard devi-
ation [σ(τ1/10, rise) = 17.8 days; Chen et al. 2023a]. This factor
could increase to even 4.9σ if the Gaia data are a good proxy
of the rise time in ZTF/g. The light curve fades by 1.1 mag (100
days)−1 for 500–600 days before the decline steepens to 1.5 mag
(100 days)−1. The decline time scale is slower than for any of
the other H-poor SLSNe from the ZTF-I sample. The rise is even
slower than any of the > 100 H-poor SLSNe found by other sur-
veys (as queried from the Transient Name Server and ADS Ab-
stract Service). Only the H-poor SLSN PS1-14bj (Lunnan et al.
2016) had a longer rise. We discuss this in more detail in Section
5.3.

A number of SNe have shown a pre-bump with observed
peak luminosities between Mg ∼ −18 and −23 mag (Leloudas
et al. 2012; Nicholl et al. 2015b; Smith et al. 2016; Angus
et al. 2019). Such a bump is not visible in the light curve
of SN 2018ibb (Figures 3 and 4). However, the progenitor of
SN 2018ibb exploded before the field came from behind the sun,
precluding drawing a firm conclusion on the absence or presence
of a pre-bump.

9 The last ATLAS non-detection is from 17 August 2018, i.e., 1.3 rest-
frame days after the first Gaia detection, reaching a limiting magnitude
of o ≈ 19.9 mag at 3 sigma confidence.
10 The Gaia alert database reports an observation on 5 July 2018 but
no measurement. This could either mean i) a non-detection (limiting
magnitude G = 20.7 mag) and hence imposing an upper limit of <
129 days on τ1/10, rise, ii) the observation was not performed, or iii) a
problem in the data processing (Hodgkin et al. 2021).
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Fig. 3. Multi-band light curve of SN 2018ibb from 1800 to 18,500 Å (rest-frame) after correcting for the Galactic extinction. SN 2018ibb was
first detected by Gaia. The last non-detections before the first detection by Gaia and ATLAS are shown by the downward-pointing triangles. With
a rise time of > 93 rest-frame days, SN 2018ibb is one of the slowest evolving SLSN known. The decline of 1.1 mag (100 days)−1 is similar to
the decay time of radioactive 56Co. After tmax+575 days, the decline steepened to 1.5 mag (100 days)−1. The light curve shows undulations up to
tmax+100 days and a longer-lasting bump at ∼ 300 rest-frame days. Vertical bars represent the epochs of spectroscopy and imaging polarimetry.
The absolute magnitude is computed with M = m − DM(z) + 2.5 log (1 + z), where DM is the distance modulus and z the redshift.

Table 5. Light curve properties

Property g r o

Peak time (MJD) 58458 ± 2 58454 ± 2 58452 ± 4
mpeak (mag) 17.54 ± 0.02 17.65 ± 0.01 17.72 ± 0.02
Mpeak (mag) −21.80 ± 0.02 −21.66 ± 0.01 −21.62 ± 0.02
τ1/2,rise (day) 52 ± 1 60 ± 1 64 ± 1
τ1/2,decline (day) 88+1

−2 93 ± 1 95 ± 3
τ1/e,rise (day) 68.3 ± 0.4 72.5 ± 0.5 73.8 ± 0.5
τ1/e,decline (day) 102 ± 2 117 ± 1 > 107
τ1/10,rise (day) > 79.3 > 82 > 80
τ1/10,decline (day) 242 ± 1 248 ± 1 235+1

−4

Notes. All magnitudes are corrected for Galactic extinction. The abso-
lute magnitudes include a k-correction inferred from the Keck spectrum
at tmax−1.4 days. All time scales are reported in the rest-frame. The un-
certainties reflect the 1σ statistical errors.

4.2.2. Bolometric light curve

We compute the bolometric luminosity of SN 2018ibb over a
wavelength range from ∼ 1800 to ∼ 14, 300 Å (rest-frame),
which is defined by the wavelength coverage of our photometric
dataset. However, our dataset does not have the same wavelength
coverage throughout the entire duration of the observations. In
the following, we describe how the bolometric light curve is con-

structed and discuss the bolometric corrections that we derived
for time intervals with incomplete spectral information.

The bolometric light curve is built as follows: i) correcting
all photometric data for the MW extinction, ii) dividing the en-
tire dataset into segments defined by the observing seasons, iii)
interpolating the light curve in each band of each observing sea-
son with a Gaussian process with the python package George
version 0.4.0 (Ambikasaran et al. 2015)11, iv) constructing the
spectral energy distributions for every time step, v) calculating
the bolometric flux by numerical integration of each SED, and
vi) multiplying the bolometric flux by 4π d2

L, where dL is the lu-
minosity distance, to obtain the bolometric luminosity.

Our dataset has the best spectral coverage between tmax and
tmax+375 days: 1800 to 14,300 Å between tmax to tmax+100 days
and 3000 to 14,300 Å between tmax+200 to tmax+375 days. The
bolometric light curves for these time intervals are shown as
solid lines in Figure 5 and their 1σ confidence intervals as a
shaded region. A tabulated version can be found in Table C.1.
Based on the blackbody fits to the data from u to H band, we
estimate that . 3% of the observed bolometric flux is emitted at
longer wavelengths between tmax and tmax+100 days, and there-
fore we omit to correct the observed bolometric flux. At later

11 We added a systematic error of 5% to all optical and NIR filters and
10% to all UV filters in quadrature to account for uncertainties in the
flux calibration.
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Fig. 4. The g-band light curve of SN 2018ibb in the context of the homo-
geneous ZTF-I SLSN sample. SN 2018ibb has a typical peak absolute
magnitude. The rise of > 93 rest-frame days is significantly longer than
of the average ZTF SLSN. The long-lasting rise implies a long diffusion
time, which requires a very high total ejected mass. The high peak lumi-
nosity requires a very energetic explosion. Both properties together hint
to an explosion mechanism that might be different from that of regular
SLSNe.

phases, the spectrum does not resemble a blackbody anymore
(Figure 6), and we cannot quantify the missing flux at longer
wavelengths.

For the other epochs, we used these time intervals (tmax to
tmax+100 days and tmax+200 to tmax+375 days) to estimate bolo-
metric corrections. The pre-max dataset consists of photometry
in ZTF g and r, and ATLAS c and o filters, and the Gaia white
band. We only use the ZTF data when computing the bolometric
luminosity because the ATLAS and Gaia filters are too broad for
building SEDs. At the time of the first epoch with coverage from
w2 to H, ∼ 26% of the bolometric flux was emitted in g+ r band.
We use this flux ratio as an estimate of the missing flux. Since SN
ejecta cool with time, such a universal correction will progres-
sively underestimate the bolometric flux towards earlier epochs.
Between the first and second observing seasons, we continued
the follow-up with Swift/UVOT in ubv when SN 2018ibb was no
longer visible from the ground. Similar to the pre-max data, we
chose time intervals with data from w2 to H or u to H band to
correct for the missing flux. At phases later than tmax+500 days,
photometric data are only available from g to z band. We omit
to apply any bolometric correction for this time interval because
we have no good estimate of the missing bolometric flux.

SN 2018ibb reached a peak luminosity of Lbol, peak ≥

2 × 1044 erg s−1. Integrating the light curve from tmax−93 to
tmax+706 days yields ≥ 3 × 1051 erg for the total radiated en-
ergy Erad. We emphasise that both values are strict lower limits.
Our multi-band campaign only started when SN 2018ibb peaked
in the g and r bands, which was likely after the bolometric peak.

Between tmax and tmax+100 days, the spectra of SN 2018ibb
are characterised by a cooling photosphere (Figure 6), and the
spectral energy distributions from the u to H band are adequately
fitted with a Planck function. The red and blue curves in the in-
set of Figure 5 show the evolution of the blackbody temperature
and radius (see also Table C.1), respectively. The photosphere
has a temperature of 12,000 K at the time of maximum light and
cools by 3000 K in 100 rest-frame days. During the same time
interval, the location of the photosphere hardly changes from its
mean value of 5 × 1015 cm. The values of the blackbody ra-
dius and temperature are comparable to regular SLSNe (Chen
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Fig. 5. The bolometric light curve of SN 2018ibb from 1800 to
14,300 Å (rest-frame). The dotted lines indicate time segments with
partial wavelength coverage. At peak SN 2018ibb reached a luminos-
ity of > 2 × 1044 erg s−1. Integrating over the light curve from tmax−93
to tmax+706 days yields a radiated energy of 3 > ×1051 erg. Both val-
ues are conservative lower limits. The inset shows the evolution of the
blackbody temperature and radius of the photospheric phase where pho-
tometry has been carried out from the u to H bands. The shaded regions
indicate the 1σ statistical uncertainties.

et al. 2023a) and the slow-evolving SLSN 2015bn (Nicholl et al.
2016b), which have observations in the UV. The blackbody tem-
perature of SN 2018ibb evolves slower than for regular SLSNe
(Chen et al. 2023a), mirroring its slowly evolving light curve. We
remark that including data at shorter wavelengths would have
led to lower temperatures (≈ 0.1 dex at tmax) and larger radii
(≈ 0.12 dex at tmax) due to absorption lines in the UV (Yan et al.
2017; Lunnan et al. 2018a; Angus et al. 2019). Owing to this, we
omit these data to infer the blackbody radius and temperature.

4.3. Spectroscopy

4.3.1. Spectroscopic sequence

Figure 6 shows the spectral evolution between ∼ 2800 Å to
∼ 10, 000 Å from the time of maximum to tmax+990 days (all
rest-frame). The spectra up to tmax+100 days capture the pho-
tospheric phase. To identify the elements and ions responsi-
ble for the most prominent features, we model the spectrum
at tmax+32.7 days with the spectrum synthesis code SYNOW
(Branch et al. 2005). The SYNOW fit, shown in the top panel
of Figure 7, was obtained for a photospheric expansion veloc-
ity of 8000 km s−1 (Section 4.3.2) and for a blackbody temper-
ature of 12,000 K (Section 4.2.2; a range in the order of ±500
is applicable for both properties). The major ions that are se-
curely identified and match the spectrum well are those of: O i,
Mg ii, Si ii, Ca ii, and Fe ii (the Mg ii mainly improves the match
of the feature around 4400 Å, together with the Fe ii line), in
agreement with Könyves-Tóth & Vinkó (2021). Various addi-
tional iron group elements, such as Ti ii, clearly help to lower
the model flux on the blue side (3000–4000 Å). However, we do
not include those in the final SYNOW fit because the overall fit
was not convincingly improved. Absorption from O ii between
3700 Å and 4700 Å, as seen in many SLSN spectra around peak
(Quimby et al. 2018), is not present.

Owing to the limitations of the SYNOW approach, for in-
stance, the simplifying underlying assumptions such as spher-
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Fig. 6. Spectroscopic sequence from 2500 Å to 10,000 Å and from the time of maximum to tmax+1000 days (rebinned to 5 Å and smoothed with
a Savitzky-Golay filter). Spectra up to tmax+100 days (left panel) are characterised by a blackbody continuum with superimposed absorption lines
from the SN ejecta, expanding with a velocity of ∼ 8500 km s−1. Between tmax+100 and tmax+225 days (while SN 2018ibb was behind the sun),
the spectroscopic behaviour of SN 2018ibb evolved drastically. The late-time spectra (right panel) are characterised in the blue (< 5000 Å) by
a pseudo-continuum and emission lines produced by the interaction of the SN ejecta with circumstellar material and in the red (> 5000 Å) by
nebular emission lines from the 56Ni-heated SN core. The regions with the fastest evolution are highlighted by the grey-shaded regions. Figure
7 shows the identification of the most prominent features of the photospheric and nebular phases. Regions affected by strong telluric absorption
were clipped. Their locations are indicated in Figure 7.

ical, homologous expansion, resonant scattering line formation
above a sharp blackbody spectrum-emitting photosphere, we
perform this modelling only for the identification and verifica-
tion of the major features. We avoid any fine-tuning of the dif-
ferent ion parameters and assessing the elemental abundances or
relative mass fractions.

A complementary analysis with the National Institute of
Standards and Technology (NIST) Atomic Spectra Database
(Kramida et al. 2018), following the methodology described in
Gal-Yam (2019a), which includes the same elements as above
for relative intensities ≥ 0.5 in the range 2000–10,000 Å (and
≥ 0.2 in the range 3000–6000 Å for the Fe ii lines), reveals ad-
ditional possible identification of features that are not accounted
for by the SYNOW fit. For instance, lines of Mg ii and/or Si ii
may contribute to the small dip redward of the ∼ 7773 Å (rest-
frame) O i triplet. Also, numerous Fe ii lines may contribute to
the valley around 3000–3200 Å as well as additional Mg ii lines
accounting for the dips around 4300 Å. Remarkably, in addi-
tion to absorption lines from the SN ejecta, the first spectrum at
tmax−1.4 days shows conspicuous [Ca ii] λλ 7291,7323 in emis-
sion. This is one of the strongest forbidden emission lines seen in
nebular SN spectra (Filippenko 1997; Gal-Yam 2017). The only

SLSNe that show [Ca ii] during the photospheric phase are slow-
evolving SLSNe (e.g., SN 2007bi, LSQ14an and SN 2015bn;
Gal-Yam et al. 2009; Nicholl et al. 2019; Inserra et al. 2017).

During the first seasonal observing gap, the photosphere re-
cedes and we start to see the core of the explosion. The nebular
spectra (right panel in Figure 6) are dominated by emission lines
with widths up to 10,000 km s−1 and a blue pseudo-continuum,
similar to that seen in SNe Ia-CSM, Ibn, and Icn and some SNe
IIn (e.g., Silverman et al. 2013; Hosseinzadeh et al. 2017; Gal-
Yam et al. 2022; Perley et al. 2022). Following previous obser-
vations of slow-evolving SLSNe (Nicholl et al. 2016a; Lunnan
et al. 2016) and theoretical models by Jerkstrand et al. (2016), we
identify the most conspicuous emission lines as allowed and for-
bidden transitions from neutral and ionised calcium, iron, mag-
nesium, and oxygen (Figure 7).

Common to both the photospheric and the nebular phase
is that the evolution is very slow with the exceptions of the
regions at ∼ 4360, ∼ 5000 and 7300 Å (highlighted in grey
in Figure 6). At about 30 days after maximum, the region at
∼ 5000 Å shows a rapidly growing emission feature. A weak
emission line at ∼ 4360 Å also emerges and reveals a similar
trend to the ∼ 5000 Å feature. Owing to this, we identify the
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Fig. 7. Line identification of the photospheric-phase spectrum (top) and nebular-phase spectrum (bottom). Top: The photospheric phase spectrum
was fitted with the parameterised spectral synthesis code SYNOW (red curve). Most of the spectral features can be attributed to O i, Mg ii, Si ii,
Ca ii, and Fe ii as seen in other SLSNe during their cool photospheric phase (Gal-Yam 2019b). In addition to the absorption lines in the SN
ejecta, the photospheric phase spectrum shows conspicuous [Ca ii] λλ 7291, 7324, a feature that gets dominated by [O ii] λλ7320,7330 at about
tmax+30 days. Bottom: The spectrum of the nebular phase consists of a blue pseudo-continuum and a series of allowed and forbidden emission
lines from singly and doubly ionised oxygen, calcium, magnesium and iron. Remarkable is the presence of [O ii] and [O iii] in emission (as early
as tmax+30 days), indicating ionising radiation from shock interactions (Section 5.1). SN absorption lines are indicated by dashed lines, and the
locations mark the absorption trough minima (blueshifted by 8500 km s−1 from their rest wavelengths). SN emission lines are indicated by solid
lines; their line centres are at the velocity coordinate v = 0. Regions of strong atmospheric absorption are grey-shaded.

two features as [O iii] λ 4363 and [O iii] λλ 4959,5007, respec-
tively. Most remarkably, the [O iii] λλ 4959,5007 emission lines
are present throughout the entire post-max evolution, even in the
spectrum at tmax+989.2 days after all other SN features faded be-
low the detection threshold of the 4-hour VLT spectrum. This has
never been observed in any SLSN before. Simultaneous with the
rise of [O iii], the centre of the 7300 Å feature moves a few Å to
longer wavelengths, the line profile changes from roughly top-
hat to bell-shaped, the width decreases and the peak flux in-
creases by a factor ∼ 2 within < 60 days (Figure 6, left panel).
This suggests that this line complex, commonly identified as
[Ca ii] λλ 7291,7324, gets dominated by [O ii] λλ 7320,7330.

[O ii] and even more so [O iii] are not common features for
SNe. [O iii] was only observed in the slow-evolving H-poor
SLSNe LSQ14an (Inserra et al. 2017) and PS1-14bj (Lunnan
et al. 2016) during the photospheric phase and in SN 2015bn in
the nebular phase (Nicholl et al. 2016a; Jerkstrand et al. 2017).
Occasionally, it is also seen in regular H-poor and H-rich SNe
predominantly years after the explosion (e.g., SNe II 1979C and
1980K, Milisavljevic et al. 2009 and Fesen et al. 1999; SN IIb
1993J, Milisavljevic et al. 2012; SNe IIn 1995N, 1996cr, 2010jl,
Fransson et al. 2002; Bauer et al. 2008; Milisavljevic et al. 2012;
Fransson et al. 2014; SN Ib 2012au, Milisavljevic et al. 2018),
and even more rarely during the photospheric phase of regular
SNe (e.g., Type Ic SN 2021ocs; Kuncarayakti et al. 2022). Pos-
sible mechanisms to produce [O ii] and [O iii] are i) excitation

by CSM interaction (Chevalier & Fransson 1994), ii) photoion-
isation by the interaction of the pulsar wind nebula with the SN
ejecta (Chevalier & Fransson 1992; Omand & Jerkstrand 2022),
and iii) radioactivity (for high ratios of deposited energy to O-
density; Jerkstrand et al. 2017). In Section 5.1, we show that
[O ii] and [O iii] are produced by the interaction of the SN ejecta
with circumstellar material.

Our series of NIR spectra (shown in Figure 8) covers the
photospheric phase from tmax+33 to tmax+94 days, and the neb-
ular phase from tmax+276 to tmax+378 days. The NIR spec-
tra show a limited number of absorption and emission lines.
The photospheric-phase spectra show two features at 1.093
and 1.13 µm. Following Jerkstrand et al. (2015), Hsiao et al.
(2019) and Shahbandeh et al. (2022), we tentatively identify
the former as an absorption line of Mg ii λ 1.092 µm blueshifted
by ∼ 8500 km s−1, and the latter as the recombination line
O i λ 1.13 µm. These features can also be blended with emission
lines from sulphur. The emission lines clearly stand out in the
nebular-phase spectra. Our NIR spectra at tmax+378 days show a
prominent emission line at 1.025 µm that we tentatively identify
as [Co ii] λ 1.025. This is the first time that a cobalt line has been
detected in a SLSN spectrum. In Section 5.2.5, we examine this
detection in more detail.
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Fig. 8. Spectroscopic sequence from 9500 to 21, 500 Å. The spectral sequence covers the evolution of the photospheric (top) and nebular (bottom)
phases. The NIR spectra at > 1 µm show only a few features in contrast to the optical spectra (Figure 6). The most prominent features are labelled.
All spectra were rebinned to 5 Å and smoothed with a Savitzky-Golay filter, except the spectrum at tmax+361.6 days that was rebinned to 10 Å.
The grey scale at the bottom of each panel displays the strength of telluric features (white = transparent, black = opaque). In addition, regions of
strong atmospheric absorption are grey-shaded.

4.3.2. Ejecta velocity

The photospheric-phase spectra of SN 2018ibb show a large
number of narrow absorption lines, mirroring a low ejecta ve-
locity and the slow light curve evolution. The ejecta velocities
are commonly measured from Fe ii λ 5169. Owing to the high
velocities of SLSNe (e.g., Liu et al. 2017; Chen et al. 2023b),
this line is usually blended with Fe ii λ 4924 and Fe ii λ 5018, ne-
cessitating template matching techniques to extract the veloci-
ties (Modjaz et al. 2016; Liu et al. 2017). However, the ejecta
velocity of SN 2018ibb is slow, and the Fe ii λ 5169 region is not
blended and resolves into three absorption lines that we identify
as Fe ii λλ 4924, 5018 and 5169 (Figure 9). By measuring the
minima of the three absorption lines, we extract a photospheric
velocity of ≈ 8500 km s−1 that remains constant between tmax
and tmax+100 days as demonstrated in Figure 9 (all measure-
ments are summarised in Table 6).

The maximum ejecta velocity is best determined from the
blue edge of the strong Mg ii λλ 2796,2803 and Ca ii λλ 3934,

3968 resonance lines. In Figure 10, we show the regions around
the two features at tmax+32.7 days, centred on the blue dou-
blet components. Because of the complexity of line features,
we omit to subtract any continuum. For illustration purposes,
we normalise the spectral regions so that the peak intensity and
maximum absorption approximately match both lines. The blue
components of the doublets exhibit complex profiles at low ve-
locities because of the superposition with the wings of the red
doublet components. The highest velocities are less affected by
this. The Ca ii λ 3934 line gives the best estimate for the maxi-
mum ejecta velocity, ∼ 12, 500 km s−1. This is consistent with
the extent of the absorption component of Mg ii λ 2796, which,
however, is more affected by other SN lines. The absorption
minima of Mg ii λ 2796 and Ca ii λ 3934 are at ∼ 8000 km s−1,
but are affected by the doublet nature of the lines. Nonetheless,
the locations of the absorption minima are consistent with the
photospheric velocity determined from the absorption minima
of Fe ii λλ 4924,5018,5169.
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Fig. 9. Zoom-in onto the Fe ii absorption lines from the SN ejecta at se-
lected epochs of the photospheric phase. The SN photosphere expands
with a velocity of merely ≈ 8500 km s−1. There are no signs of decel-
eration between tmax and tmax+100 days. Starting at about tmax+30 days,
emission from [O iii] λλ 4959, 5007 (grey shaded region), produced by
the interaction of the SN ejecta with circumstellar material, contami-
nates the blue wing of Fe ii λ 5169.

Table 6. Fe ii absorption line velocities during the photospheric phase

Phase Velocity Phase Velocity
(day)

(
km s−1

)
(day)

(
km s−1

)
-1.4 8489 ± 88 51.5 8371 ± 126
8.8 8610 ± 28 60.1 8382 ± 211

10.5 8349 ± 64 70.3 8303 ± 198
30.8 8453 ± 121 73.8 8313 ± 198
31.1 8426 ± 205 81.5 8417 ± 200
32.7 8637 ± 168 94.3 8431 ± 201
47.1 8433 ± 218

To put the measurements in the context of other SLSNe,
we first compare the velocity of SN 2018ibb at maximum light
to those of SLSNe in the ZTF-I sample (Chen et al. 2023b).
The histogram in the top panel of Figure 11 shows a kernel
density estimate of the velocity distribution of the 27 SLSNe
from the ZTF-I sample with Fe ii velocities measured within ±20
rest-frame days from maximum light. After bootstrapping the
sample and propagating the measurement uncertainties with a
Monte Carlo simulation, the median velocity of the ZTF-I sam-
ple is 14, 800 km s−1 and its 1σ confidence region extends from
10, 500 to 19, 000 km s−1. SN 2018ibb lies in the bottom 8% of
this sample, but its velocity is not unparalleled. SN 2019aamu
had a lower photospheric velocity at peak, but the measurement
is poorly constrained (5876+8110

−349 km s−1; Chen et al. 2023b). In
the bottom panel of Figure 11, we show the evolution of the Fe ii
velocities of SN 2018ibb together with those of H-poor SLSNe
from Liu et al. (2017) (in grey). Within 50 days after maxi-
mum, the ejecta usually decelerate from ∼ 15, 000 km s−1 to
. 10, 000 km s−1, whereas SN 2018ibb shows no evolution.

4.3.3. A CSM shell around the progenitor of SN 2018ibb

The X-shooter spectra between tmax+32.7 days and
tmax+94.3 days show two Mg ii absorption line systems
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Fig. 10. The maximum ejecta velocity. The extent of the Ca ii λ 3934
(black) absorption on the blue side can be traced to ∼ 12, 500 km s−1

at tmax+32.7 days. Mg ii λ 2796 (dark grey) has a comparable maximum
velocity, albeit this region is affected by additional SN features. The lo-
cation of the blue and red doublet components of Mg ii λλ 2796, 2803
and Ca ii λλ 3934, 3968 of the host galaxy ISM are indicated by brack-
ets in a darker shade at the top of the figure. We also mark the position
of the doublets of the CSM shell with brackets in a lighter shade. The
CSM shell is detected through an additional Mg ii absorption-line sys-
tem blueshifted by 2918 km s−1. The CSM shell is not detected in Ca ii.

(Figure 12). The narrow component is associated with the gas
in the SLSN host galaxy (Section 4.6). The lines of the broader
component have a full width at half maximum (FWHM) of
406 km s−1 and are blueshifted by 2918 km s−1 (not varying
between tmax and tmax+90 days; upper panels in Figure 12).
They are significantly broader than expected for the interstellar
medium in the dwarf host galaxy or any intervening dwarf
galaxy12 but also significantly narrower than the narrowest SN
features (∼ 1900 km s−1; measured from Fe ii). The equivalent
widths are 2.00 ± 0.09 and 1.27 ± 0.08 Å for Mg ii λ 2796 and
Mg ii λ 2803, respectively. The observed line ratio is 1.57 ± 0.12
in tension with the predicted value of 2 for unsaturated lines.
Assuming that the Mg ii lines are unsaturated, we can convert
their equivalent widths to a lower limit on the column density
of singly ionised magnesium in the CSM shell. The rest-frame
equivalent width EWr is related to the column density N, in
units of atoms per cm2, via N = 1.13 × 1020 EWr /

(
λ2

r f
)

where λr is the rest-frame wavelength, in units of Å, and f the
oscillator strength (Ellison et al. 2004). Using the oscillator
strengths from Theodosiou & Federman (1999) for Mg ii λ 2796
and Mg ii λ 2803, we derive a lower limit of N > 5 × 1013 cm−2.

The only other SLSN that showed such a blueshifted Mg ii
component was the H-poor SLSN iPTF16eh (Lunnan et al.
2018b). For that SLSN, the Mg ii doublet was blueshifted by
3300 km s−1. Lunnan et al. (2018b) also detected Mg ii in emis-
sion between 100 and 300 days after maximum light. More-
over, the line centre of the emission lines moved from -1600 to
+2900 km s−1 during that time interval. These authors attributed
the blueshifted Mg ii absorption line system with a CSM shell ex-
pelled decades before the explosion and the time and frequency
variable Mg ii emission lines with a light echo from that shell.
How such a light echo evolves depends mainly on its distance

12 Based on the correlations between the stellar mass of galaxies and
the width of galaxy absorption and emission lines (Krühler et al. 2015;
Arabsalmani et al. 2018).
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Fig. 11. Fe ii ejecta velocities of SN 2018ibb and general SLSN samples
(grey) at the time of maximum (top panel) and as a function of time
(bottom panel). SN 2018ibb has a remarkably low velocity at the time
of maximum and an unprecedentedly flat velocity evolution, which is in
stark contrast to known SLSNe.

to the progenitor star. With that in mind, we analyse the Keck
and X-shooter spectra between tmax+230 and tmax+378 days to
constrain the properties of the CSM shell. Rebinning the spec-
tra reveals Mg ii in emission (Figures 6 and 7). However, due
to heavy rebinning, the information about the variability of the
line centre was lost. We can, therefore, not ascertain whether the
Mg ii emission is connected with illuminated magnesium in the
CSM shell or produced by the interaction of the SN ejecta with
circumstellar material.

Motivated by the discovery of a CSM shell
around SN 2018ibb, we next search for corresponding
Ca ii λλ 3934,3969 absorption in the X-shooter spectrum from
tmax+32.7 (Figure 10). The search is aggravated by how the two
Ca ii doublets (CSM shell and SN ejecta) overlap in contrast to
the Mg ii doublets. Using the wavelength of Ca ii λ 3934 as the
velocity reference, the blue doublet absorption of Ca ii should
be at the same velocity as the Mg ii doublet (−2918 km s−1). The
red component of the Ca ii doublet will, however, be displaced
by 34.8 Å, or 2653 km s−1, to ∼ −265 km s−1. The position of
a possible Ca ii CSM component is marked with the light grey
bracket in Figure 10. We do indeed see a sharp drop in the Ca ii
profile at zero velocity, which could be the result of a red CSM
absorption. For the blue component, it is more difficult because
we do not know the line profile of the Ca ii absorption from the
SN ejecta. Therefore, it is difficult to assess the significance of
this. However, we conclude that there is no evidence for Ca ii
absorption from the CSM shell.

4.3.4. Circumstellar interaction — bumps and undulations in
the light curve

The multi-band light curves show a series of bumps and wig-
gles throughout the entire evolution of SN 2018ibb (Figures 3
and 5). Between tmax and tmax+100 days, the bumps are well vis-
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Fig. 12. Normalised X-shooter spectra from tmax+32.7 days to
tmax+94.3 days (top panels) and their inverse-variance weighted co-
added spectrum (bottom panel). The individual and stacked spec-
tra show barely resolved, narrow absorption lines from the host
ISM (marked by the solid vertical lines). In addition, a blue-shifted
(2918 km s−1) absorption line system is visible (marked by the dashed
vertical lines). The FWHMs of the blue-shifted component are 406
km s−1, significantly larger than the ISM lines but significantly smaller
than the SN lines. This blue-shifted absorption-line system is connected
with a shell of circumstellar material expelled by the progenitor star
shortly before the explosion. No significant evolution in the position or
shape of the absorption lines can be seen in the individual spectra (upper
panels). The error spectrum is shown in grey.

ible from u to H band (luminosity increases by a few 0.1 mag).
The amplitudes of the bumps in SN 2018ibb are comparable to
the bumps seen in light curves of the other SLSNe (e.g., Nicholl
et al. 2016b; Inserra et al. 2017; Fiore et al. 2021; Hosseinzadeh
et al. 2022; Chen et al. 2023b). Following the nomenclature in
Chen et al. (2023b), these bumps fall in the ‘weak’ category.
The bumps in SN 2018ibb also introduce wiggles in the evolu-
tion of its blackbody radius and temperature (Figure 5). These
modulations are well within the measurement uncertainties of
the long-term trends of these parameters, hindering a more in-
depth analysis of these features.

The late-time photometric evolution of SN 2018ibb reveals
an increase in luminosity of 0.2 dex between tmax+240 and
tmax+340 days (Figures 3 and 5) that is well isolated allowing
for a more in-depth analysis. The bolometric light curve before
and after this bump exhibits a decline rate of 1.18 mag (100
days)−1. After subtracting the underlying fading light curve, we
conclude that the light curve bump lasted for ∼ 80 days (mea-
sured between zero intensity) and reached its highest luminosity
at tmax+300 days. In total, 6.7 ± 0.8 × 1048 erg are radiated in
excess to the 8.1× 1049 erg that SN 2018ibb would have emitted
without the bump during this time.

Figure 13 presents the spectroscopic evolution of
SN 2018ibb during the bump phase. Assuming that all
spectral features fade on exponential timescales similar to the
multi-band and bolometric light curves, we use the spectra
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Fig. 13. Impact of the light curve bump between tmax+240 and
tmax+340 days on the SN spectrum at tmax+286.7 days. Top: The spec-
tra before, during and after the light curve bump. Bottom: The observed
spectrum at tmax+286.7 days (≈ 13 days before the peak of the bump) is
shown in black. We estimate the ‘bump-free’ spectrum of SN 2018ibb
at tmax+286.7 days (red) based on the spectra obtained before and after
the bump. The difference between the observed (black) and interpolated
(red) spectra at tmax+286.7 days is shown in blue. It reveals a series of
emission lines that can be attributed to [O ii] and [O iii]. An excess blue-
ward of 5000 Å is also visible, while no apparent residual can be seen
at the location of [O i].

obtained before (blue) and after (yellow) the light curve bump
to interpolate the spectrum at tmax+286.7 days (black). Such an
approach estimates the spectroscopic behaviour of SN 2018ibb
in the absence of the bump. The bottom panel of Figure 13
shows the observed spectrum at tmax+286.7 days in black
and the estimated spectrum without the bump in red. The
difference spectrum (blue) reveals substantially enhanced line
fluxes in [O ii] and [O iii] but no change in [O i]. The lightcurve
bump might also have increased the flux of the continuum
level blueward of 5000 Å. Its shape is reminiscent of the blue
pseudo-continuum seen in interaction-powered SNe (Silverman
et al. 2013; Hosseinzadeh et al. 2017; Gal-Yam et al. 2022;
Perley et al. 2022). Considering the similarity of the difference
spectrum to the spectrum before and after the bump raises the
question of whether a larger fraction of the emission blueward
of 5000 Å in all nebular spectra is due to CSM interaction. We
investigate that further in Section 5.2.4.

4.4. Radio and X-ray emission

The interaction of the SN ejecta with circumstellar material
and heating of the SN ejecta by a central engine (e.g., magne-
tar or a black hole) can produce thermal X-ray emission and
non-thermal radio emission (Chevalier & Fransson 1992, 1994).
SN 2018ibb was observed in the X-rays and radio between
tmax+13 and tmax+246 days (Sections 3.5 and 3.6). All observa-
tions led to non-detections with detection limits between 1 and
6 × 1041 erg s−1 in the X-rays and between 1039 and 1040 erg s−1

in the radio. To put those measurements in the context of the

UV-to-NIR bolometric light curve, we show the radio and X-ray
measurements together with the bolometric light curve in Figure
14. From that, we conclude that < 2% and < 10% of the total
emission are radiated in the radio and X-rays, respectively.

The non-detection limits are in the observed range of other
SLSNe with X-ray and radio observations (Levan et al. 2013;
Coppejans et al. 2018; Margutti et al. 2018; Law et al. 2019;
Eftekhari et al. 2021; Murase et al. 2021). Only four SLSNe
were detected at X-ray or radio frequencies: PTF10hgi (radio;
Eftekhari et al. 2019; Law et al. 2019), PTF12dam (X-ray;
Margutti et al. 2018; Eftekhari et al. 2021), SCP06P6 (X-ray;
Levan et al. 2013), and SN 2020tcw (radio and X-ray; Coppe-
jans et al. 2021; Matthews et al. 2021). Their measurements13,
shown in Figure 14, are a factor of > 50 smaller than the detec-
tion limits of SN 2018ibb.

To put the radio and X-ray properties of SN 2018ibb in the
context of interaction-powered SNe, we also show the light
curves of the most luminous X-ray and radio SNe in Figure
14. The Type IIn SNe 2006jd and 2010jl are the most lumi-
nous X-ray SNe with absorption-corrected luminosities of ∼
1042 erg s−1 (Chandra et al. 2012, 2015). The radio-loudest SNe
(e.g, SN Ic-BL PTF11qcj Corsi et al. 2014) reached luminosi-
ties of ∼ 1038 erg s−1, i.e., . 10 times fainter than the limits for
SN 2018ibb. Their observed luminosities before correcting for
host absorption can be significantly dimmer for hundreds of days
(Chandra et al. 2015).

In conclusion, the non-detection of SN 2018ibb neither rules
out CSM interaction nor a central engine as the dominant pow-
ering mechanism. Furthermore, the non-detection of SN 2018ibb
also agrees with theoretical models of magnetar- and interaction-
powered SLSNe that predict no bright radio and X-ray emission
for years after the SN explosion (Murase et al. 2016; Margalit
et al. 2018; Omand et al. 2018).

4.5. Imaging polarimetry

Our polarimetric observations between tmax+31.9 days and
tmax+94.4 days revealed a polarisation signal of 0.27 ± 0.04 %
in V (weighted average of all epochs) and 0.48 ± 0.07 % in the
R band (Table 3). Dust grains in the Milky Way and the host
galaxy could introduce a polarisation signal. As detailed in Sec-
tion 3.4, the polarisation level of the MW could be up to 0.26%.
The level of polarisation from the SN host galaxy is unknown,
meaning that all reported measurements are upper limits.

Considering the observed low degree of polarisation and
the consistent levels of Stokes parameters measured from
SN 2018ibb (Table 3), we conclude that the continuum polar-
isation intrinsic to SN 2018ibb is . 0.3% in V band between
tmax+31.9 days and tmax+94.4 days. To convert this measurement
into an asphericity of the ejecta, we assume an oblate ellipsoidal
ejecta with a Thomson scattering atmosphere and a number den-
sity distribution of N(r) ∝ r−n, where r is the ejecta radius and n
is the power-law index. Adopting p . 0.3%, we infer an axis ra-
tio B/A (minor axis vs. major axis) of & 0.9 for an optical depth
of τ = 1 and a power-law index of n = 2, and B/A of & 0.8 for
τ = 5 and n = 3–5 (Höflich 1991). The degree of polarisation in
the R band is slightly higher (p ≈ 0.5%). Therefore, we cannot
exclude that the continuum polarisation is p > 0.3%. A polari-
sation degree p ∼ 0.5% implies an axis ratio B/A of ∼0.88 for
τ = 1 and n = 2 (Höflich 1991).

13 PTF10hgi was detected in the radio > 7.5 years after the SN explo-
sion. Owing to this, we omit to show PTF10hgi in that figure.
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Fig. 14. Thermal and non-thermal emission of SN 2018ibb. Less than
a few percent of the total radiated energy is emitted in the radio and
X-rays. The luminosity limits lie in the ballpark of non-detections of
other SLSNe, and they are a factor of 50 larger than the luminosity of
the four H-poor SLSNe with either radio or X-ray detection. The limits
of SN 2018ibb are larger than the most luminous radio and X-ray SNe.

Therefore, we suggest that SN 2018ibb’s photosphere ex-
hibits a high degree of spherical symmetry. Pursiainen et al.
(2023) analysed the data of the 16 SLSNe-I with polarimetric
observations, including SN 2018ibb. After correcting the phases
of all objects for the diverse photometric decline rates, the prop-
erties of SN 2018ibb are well within the observed distribution.
While some of the events exhibit a non-zero level of polari-
sation at similar phases to SN 2018ibb (e.g., SN 2015bn and
SN 2021fpl; Leloudas et al. 2017; Inserra et al. 2016; Poidevin
et al. 2023), most SLSNe show a consistently low polarisation
degree at comparable normalised phases (see figure 6 in Pursi-
ainen et al. 2023).

The presence of any component in the atmosphere of
SN 2018ibb significantly deviating from spherical symmetry is
thus unlikely within the photospheric phases covered by VLT
polarimetry observations. Although Thomson scattering is wave-
length independent, broad emission lines (see spectra in Figure
6), which are in general not polarised, may dominate the polari-
sation spectrum in the V band and produce the apparent low po-
larisation values. Furthermore, iron-group elements in the ejecta
(Figure 7) have a large number of bound-bound transitions in the
blue and UV part of the spectrum, which can also depolarise the
signal (e.g., Chornock & Filippenko 2008), accounting for the
slightly different polarisation levels measured in V and R bands.

Table 7. Properties of the interstellar medium in the host galaxy

Transition EWr Flux
(Å)

(
10−18 erg cm−2 s−1

)
Absorption lines

Mn ii λ 2594 0.18 ± 0.13 . . .
(< 0.39)

Fe ii λ 2600 0.07 ± 0.13 . . .
(< 0.39)

Mn ii λ 2606 −0.12 ± 0.15 . . .
(< 0.45)

Mg ii λ 2796 0.51 ± 0.04 . . .
Mg ii λ 2804 0.46 ± 0.04 . . .
Mg i λ 2852 0.14 ± 0.04 . . .

(< 0.16)
Ca ii λ 3934 0.03 ± 0.01 . . .
Ca ii λ 3969 0.01 ± 0.01 . . .

(< 0.03)

Emission lines
Hβ . . . 3.68 ± 0.78
[O iii] λ 4363 . . . 0.25 ± 0.16

. . . (< 0.48)
[O iii] λ 4959 . . . 1.96 ± 0.81

. . . (< 2.43)
[O iii] λ 5007 . . . 12.96 ± 1.11
Hα . . . 10.43 ± 0.76
[Nii] λ 6584 . . . 0.12 ± 0.54

. . . (< 1.62)

Notes. We report rest-frame equivalent widths EWr for absorption lines
and fluxes for emission lines. For lines detected with a significance of
< 3σ, we also report the < 3σ upper limits. The rest-frame equiva-
lent widths are measured by averaging the measurements from the X-
shooter spectra between tmax+32.7 days and tmax+94.3 days of each line
species. The emission lines are measured from the FORS2 spectrum at
tmax+637 days. The emission-line fluxes are not corrected for reddening.

4.6. Host galaxy

SN 2018ibb’s host galaxy was detected in several optical broad-
band filters (mR ∼ 24.4 mag; Table 1). A false colour image of
the field is shown in Figure 1. The SN explosion site, marked
by the crosshair, is ≈ 1 kpc from the centre of its host galaxy,
a common offset for SLSNe (Lunnan et al. 2014; Schulze et al.
2018, 2021). To infer the mass and star-formation rate of the
host, we model the observed spectral energy distribution (black
data points in Figure 15) with the software package Prospec-
tor version 1.1 (Johnson et al. 2021).14 We assume a Chabrier
IMF (Chabrier 2003) and approximate the star formation his-
tory (SFH) by a linearly increasing SFH at early times fol-
lowed by an exponential decline at late times [functional form
t × exp (−t/τ), where t is the age of the SFH episode and τ is the
e-folding timescale]. The model is attenuated with the Calzetti
et al. (2000) model. The priors of the model parameters are set
identical to those used by Schulze et al. (2021). The observed

14 Prospector uses the Flexible Stellar Population Synthesis (FSPS)
code (Conroy et al. 2009) to generate the underlying physical model
and python-fsps (Foreman-Mackey et al. 2014) to interface with FSPS
in python. The FSPS code also accounts for the contribution from the
diffuse gas based on the Cloudy models from Byler et al. (2017). We
use the dynamic nested sampling package dynesty (Speagle 2020) to
sample the posterior probability.
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Fig. 15. Spectral energy distribution of the host galaxy from 1000 to
60,000 Å (black dots). The solid line displays the best-fitting model of
the SED. The red squares represent the model-predicted magnitudes.
The fitting parameters are shown in the upper-left corner. The abbrevi-
ation ‘n.o.f.’ stands for the number of filters.

SED is adequately described by a galaxy model with a stel-
lar mass of log M?/M� = 7.60+0.19

−0.22 and star-formation rate of
0.02+0.04

−0.01 M� yr−1 (grey curve in Figure 15).
The mass and the star-formation rate of the host of

SN 2018ibb agree with the expected values of SLSNe-I host
galaxies at z < 0.3 (Leloudas et al. 2015; Perley et al. 2016a;
Chen et al. 2017; Schulze et al. 2018, 2021), although both fall
in the lower half of the distributions. The specific star-formation
rate (SFR normalised by the stellar mass of the host) is compa-
rable to a common star-forming galaxy of that stellar mass (grey
band in Figure 16; Elbaz et al. 2007) but in the lower half of
the observed distribution of SLSN host galaxies (Schulze et al.
2021). We caution that specific SFRs are notoriously difficult to
measure (e.g., see figure 3 in Schulze et al. 2021) as they rely on
well-sampled SEDs from the UV to the NIR.

The X-shooter spectra up until Tmax + 80 days reveal nar-
row absorption lines from Mg i and Mg ii from the interstellar
medium in the host galaxy but no absorption features from Ca ii,
Fe ii, and Mn ii, which have prominent features in the wavelength
range accessible with X-shooter and are typically seen in low-
mass star-forming galaxies, e.g., Prochaska et al. (2007) and
Fynbo et al. (2009). The equivalent widths of the detected lines
and the upper limits of the strongest expected absorption fea-
tures are reported in Table 7. The measurements of Mg i λ 2852
and Mg ii λλ 2796, 2804 are comparable to those of the SLSN
host galaxies reported in Vreeswijk et al. (2014). Following the
methodology of de Ugarte Postigo et al. (2012), we infer an
absorption-line strength parameter of ∼ −3.5 from Ca ii, Mg i
and Mg ii, putting the host of SN 2018ibb at the low-metallicity
end of the distribution (albeit the diagnostic is tailored to host
galaxies of long-duration gamma-ray bursts, which are also con-
nected with the death of very massive stars but which prefer
galaxies with slightly higher metallicities and slightly older stel-
lar populations than SLSNe-I; Hjorth & Bloom 2012; Leloudas
et al. 2015; Vergani et al. 2015; Perley et al. 2016b; Schulze et al.
2018).

SN 2018ibb’s nebular spectra exhibit emission lines from hy-
drogen and oxygen from H ii regions in the host galaxy. We mea-
sure their intensities by integrating over their line profiles. To
apply emission-line diagnostics for measuring the oxygen abun-
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Fig. 16. The star-formation rate and stellar mass of the host galaxy of
SN 2018ibb in the context of SLSN-I host galaxies from the PTF sur-
vey (Schulze et al. 2021). The host galaxy of SN 2018ibb lies in the
expected parameter space of SLSN host galaxies but in the lower half
of the mass and SFR distributions (kernel density estimates of the ob-
served distributions are shown at the top and to the right of the figure).
Its specific star-formation rate (SFR / mass) is comparable to the typical
star-forming galaxies (grey band) but lower than for an average SLSN
host galaxy.

dance, we also need the flux of [N ii] λ 6584, which evaded detec-
tion. Using the Hα line profile as a template of the [N ii] λ 6584
line profile, we measure the nominal flux and its uncertainty. Ta-
ble 7 summarises all measurements. Using the O3N2 metallicity
indicator with the calibration from Marino et al. (2013) yields
a low oxygen abundance of 12 + log (O/H) = 8.06+0.07

−0.11 in ac-
cordance with the low value from the absorption-line strength
parameter. The oxygen abundance is comparable to the mean of
SLSN host galaxies at similar redshifts (Leloudas et al. 2015;
Perley et al. 2016a; Chen et al. 2017).

The flux ratio between Hα and Hβ is 2.76 ± 0.62, which
is consistent within 1σ with the theoretically expected value
of 2.86 for no extinction (assuming a temperature of 104 K
and an electron density of 102 cm−3 for Case B recombina-
tion; Osterbrock 1989). We conclude that the host attenuation
is negligible. The Hα flux translates to a star-formation rate of
SFR = 4.4 ± 0.3 × 10−3 M� yr−1 using Kennicutt (1998) and the
relation from Madau & Dickinson (2014) to convert from the
Salpeter to the Chabrier IMF in the Kennicutt (1998) relation.
This value is lower than the SFR estimated from the host SED
fitting but consistent within 2σ.

5. Discussion

5.1. SN ejecta emission vs. CSM interaction

In Section 4.3.3, we have shown that the progenitor of
SN 2018ibb is embedded in circumstellar material ejected
shortly before the explosion. In this section, we examine the line
profiles and evolution of selected oxygen and metal lines to infer
the physical conditions of the SN ejecta and the CSM.
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Fig. 17. The [O i] λλ 6300,6364 and Mg i] λ 4571 lines at
tmax+286.7 days. The Mg i] line is well fitted with a parabolic
shape (dark blue), expected from an optically thick expanding shell
(e.g., swept up CSM and unshocked SN ejecta), while the [O i] lines
show a strong blue deficit because the line-forming region is still
optically thick. The [O i] doublet is centred on the 6364 Å doublet
component.

The line profiles are most clear in the nebular phase. Fig-
ure 17 shows the continuum-subtracted Mg i] λ 4571 line with
the [O i] λλ 6300, 6364 doublet at tmax+286.7 days. Both lines
extend to ∼ 10, 000 km s−1. Their maximum velocity hardly
changes up to the last well-observed epoch at tmax+637.3 days.
Its similarity to the maximum velocity of Ca ii λ 3934 absorp-
tion line (Figure 10) suggests Mg i] and [O i] are produced in the
high-velocity ejecta. The Mg i] line is well fitted with a parabolic
line profile with similar maximum velocity, shown by the dark-
blue line in Figure 17. This indicates emission from an optically
thick shell with constant velocity (e.g., Fransson 1984).

A similar parabolic line profile is consistent with the red side
of the [O i] λ 6364 doublet component. However, the blue side
of the doublet, dominated by the 6300 Å component, lacks most
of the emission compared to the Mg i] line. By tmax+637.3 days
(Figure 18), the blue doublet component has grown and is now
the stronger of the two lines. The evolution of the [O i] line pro-
file may be explained if both doublet components are optically
thick to at least tmax+286.7 days. In that case, the blue compo-
nent will be scattered by the red component, which extends over
most of the blue component (the velocity difference between the
two components is 3016 km s−1). These photons will either be
thermalised or emerge on the red side of the 6364 Å doublet
component. Emission from the front side of the ejecta with ve-
locities . −(v − 3016 km s−1) are only partially scattered, and
some of this emission may leak out, explaining the ‘bump’ at
∼ −7500 km s−1. At tmax+565.0 days, the blue doublet compo-
nent has grown, and the blue wing is equally bright, or some-
what brighter, compared to the 6364 Å component. This trend
continues at tmax+637.3 days. The expected 3:1 ratio is still not
reached, indicating that the ejecta is not optically thin, yet.

Using the Sobolev (1957) theory for the line formation, we
can estimate the optical depth τ for a given O i density n(O i) in
the ejecta (e.g., Li & McCray 1992). Assuming LTE among the
3P ground state levels, the optical depth of each line of the [O i]
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Fig. 18. The late-time evolution of the [O i] λλ 6300,6364 doublet. Note
the strong evolution on the blue side, while the red side of the lines
is evolving slower. This indicates a transition from optically thick to
optically thin [O i] lines, implying that the scattering in the absorption
part of the P-Cygni profile is decreasing. Regions of strong atmospheric
absorption are grey-shaded.

doublet is given by

τ =
A

(
1D2,

3PJ

)
λ
(

1D2,
3P3

J

)3
g
(

2D2

)
8π gtot

n(O i) × t

where A(1D2,
3PJ) with J = 2, 1 are the transition probabilities

for the 6300 Å and 6364 Å lines, respectively, λ
(

1D2,
3P3

J

)
is

the wavelength of blue and red doublet component, respectively,
gtot = 9 is the total statistical weight to the ground multiplet, and
t is the time since the explosion, in units of day. Putting in the
atomic constants, we get an optical depth for the 6364 Å line of

τ = 2.7
(

n(O i)
1010 cm−3

) (
t

300 day

)
and a depth that is a factor of 2.9 larger for the 6300 Å line.
The typical O i density needed to get an optically thick line is,
therefore, >∼ 109 cm−3. This can be compared to the mean oxy-
gen density of the core. Assuming O i is the dominant species of
oxygen in the core, the number density is

n(O) ≈ 3 × 107 f −1
(

M(O)
30 M�

) ( vej

104 km s−1

)−3
(

t
300 day

)−3

cm−3

(1)

where M(O) is the mass of oxygen in the core, f is the filling
factor, and vej the ejecta velocity. To get an optically thick 6364 Å
line at tmax+286.7 days, i.e., a density >∼ 1010 cm−3, requires a
very small oxygen filling factor, . 10−3 (i.e., a highly clumped
medium), or an unphysically large oxygen mass of >∼ 103M�.

In a CSM/PPISN interaction scenario, the continued high
optical depth at late times could point to a highly compressed
cool dense shell (CDS). A CDS will form from the compression
behind the shock, which results from the interaction between
the ejecta and the CSM (for a discussion see, e.g., Chevalier &
Fransson 2017). If the density of the CSM is large, the forward
shock will be radiative and dominate the emission, which will
then have the composition of the CSM. In the opposite case, the
reverse shock dominates with a composition typical of the outer
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Fig. 19. The [O i] λλ 6300,6364, [O ii] λλ 7320,7330, and
[O iii] λλ 4959,5007 line profiles at tmax+565.0 days. The velocity
scale is centred on the blue doublet component in the left panel and on
the red component in the right panel. [O ii] and [O iii] only reach out to
approximately the velocity of the CSM shell (vCSM), much less than the
photospheric velocity (vFeII) and the maximum velocity of the ejecta
(vmax). In contrast to that, the [O i] profile extends to ≈ 12, 500 km s−1.
This points to [O ii] and [O iii] being produced close to the CSM shell
whereas [O i] is produced in the SN ejecta.

ejecta. The latter case is more relevant for lower mass loss rates.
In both cases, the density enhancement behind the cooling shock
will be very large. Assuming an approximate pressure balance
behind the shock, the density enhancement will be of the order of
Tshock/Tps ≈ 3/16 µmu v

2
rel/(k Tps), where µ is the mean molecu-

lar weight (∼ 1.7 for a fully ionised oxygen gas), mu the atomic
mass unit, vrel the relative velocity between the CSM shell and
the ejecta, Tshock the temperature immediately behind the shock,
and Tps the post-shock temperature in the CDS (∼ 104 K). With
vrel ≈ 5000 km s−115, the compression is of the order of 105. Both
vrel and Tps are uncertain and magnetic pressure could limit the
compression. The CDS is also most likely unstable (Chevalier &
Blondin 1995), leading to clumping of the shell and limiting of
the compression. However, the estimate shows that a very large
density could result in the CDS, making the line optically thick,
equivalent to a low filling factor. In the PISN scenario, strong
clumping in the ejecta is needed. This is, however, not indicated
from simulations of PISN models without CSM by Chen et al.
(2020).

We now turn to the origin of the higher ionisation [O ii] and
[O iii] lines. Figure 19 shows the line profiles of the [O i], [O ii]
and [O iii] lines after subtracting the continuum. Owing to the
doublet nature of the lines, we centre the line profiles on the blue
component in the left panel and on the red component in the right
panel. These line widths can be compared to the velocity of the
CSM shell, the photospheric velocity, and the maximum velocity
of the ejecta (vertical lines in Figure 19). It is clear that the [O ii]
and [O iii] line widths are closer to the velocity of the CSM shell
than to the photospheric velocity of the SN ejecta; in contrast to
the [O i] line, which extends to the maximum velocity of the SN
ejecta.

15 The photospheric velocity of the ejecta is < 8500 km s−1 at late
times (Section 4.3.2), and the velocity of the CSM shell is 2918 km s−1

(Section 4.3.3).
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Fig. 20. Comparison of the [O iii] λλ 4959,5007 lines with the [O iii]λ
4363 line. These lines are produced by the interaction of the SN ejecta
with circumstellar material. Due to the occulation of the CSM by an
optically thick SN ejecta, less of the ‘backside’ of the CSM is seen. The
velocities of the CSM shell (vCSM), the photospheric velocity (vFeII) and
the maximum velocity of the ejecta (vmax) are indicated.

The differences in the origin of the forbidden oxygen lines
are corroborated by the O i-O iii line profiles (Figures 19, 20).
The asymmetric [O iii] λ 4363 and [O iii] λλ 4959,5007 lines
have little emission in the red wings indicative of emission from
a thin shell, where most of the red emission is absorbed by the
photosphere. Examples of this can be seen in figure 4b in Frans-
son (1984). That scenario is also consistent with the evolution of
the [O ii] λλ 7320,7330 doublet. The 7300 Å line, which may be
a blend of the [O ii] λλ 7320,7330 lines and [Ca ii] λλ 7291,7324,
is shown in Figure 21, centred on the [O ii] λ 7320 line. Focusing
on the [O ii] lines (left panel), the blue wing has a nearly con-
stant line profile between tmax+231.2 and tmax+565.0 days. The
red wing of the [O ii] λ 7330 doublet component gets consider-
ably narrower during the same time interval. At tmax+637.3 days
(right panel), the entire 7300 Å line profile changes quite dra-
matically, becoming flat-topped and broader. This is a result of
the [Ca ii] λλ 7291,7324 lines becoming strong, while the [O ii]
lines get weaker.

The increasing asymmetry of the [O ii] doublet may be quali-
tatively understood by the CSM being occulted by the SN ejecta.
Assuming that the optically thick SN ejecta with the velocity vej
slams into the CSM shell with a low velocity (ideally v ≈ 0)
located at a distance Rs from the progenitor star, the maximum
velocity of the red wing vred is (a pure geometric effect)

vred = vs

(
1 −

(
vej t/Rs

)2
)
≈ vs

(
1 −

(
vej t/vs (t + τ)

)2
)

≈ vs

(
1 −

(
vej t/vsτ

)2
)

where τ is the time between the shell ejection and the explosion
and t the time since explosion. (We have assumed that t � τ.)
Because the ejecta with the CDS, which may define the photo-
sphere, expands with a much higher velocity (∼ 8, 500 km s−1 vs.
∼ 3000 km s−1) a progressively increasing portion of the dense
CSM will be occulted by the photosphere and less of the ‘back-
side’ of the CSM will be seen. This would lead to the red side
getting narrower with time. At the same time, an increasing por-
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Fig. 21. Evolution of the [O ii] λλ 7320,7330 + [Ca ii] λλ 7291,7324 line
complex. Left: Up to tmax+565.0 days, the line complex is dominated
by [O ii]. The red wing narrows due to an increasing occultation of the
CSM shell by the optically thick expanding SN photosphere. Right:
Between tmax+565.0 days and tmax+637.2 days days, the line complex
shifts to the blue, consistent with the [Ca ii] line becoming more domi-
nant. All profiles are centred on [O ii] λ 7320.

tion of the dense CSM will be shocked, leading to a decreasing
luminosity from the dense CSM, including the [O ii-iii] emission.

The fact that the forbidden [O ii] and [O iii] lines are seen
at about tmax+30 days adds additional constraints on the physi-
cal conditions where they originate. The critical densities, above
which collisional de-excitation becomes important, are less than
∼ 2 × 106 cm−3 for [O ii] and [O iii] (Osterbrock & Ferland
2006). This is much lower than the densities expected in the
ejecta (Equation 1). Therefore, the [O ii] and [O iii] lines would
be severely suppressed if they were coming from the ejecta. Not
only do [O ii] and [O iii] originate from the CSM, but also the
recombination lines O i λ 7773 and O i λ 9263. The blue wings
of their line profiles are similar to [O ii] λ 7320, extending to
∼ 5000 km s−1 (Figure 22).

In summary, we propose a two-component scenario where
the broad component, seen in particular in the [O i] λλ 6300,6364
and Mg i] λ 4571 lines as well as the broad absorption in
Mg ii λ 2800 and Ca ii λ 3934 come from either the CDS or pos-
sibly the unshocked ejecta. The low-velocity component seen in
the [O iii] lines, as well as the [O ii] and O i recombination lines
come from the CSM shell at ∼ 3000 km s−1. The fact that we
see [O iii] λλ 4959,5007 emission even at tmax+989.2 days means
that the dense CSM must extend out to at least a few ≈ 1017 cm.
The velocity width of the Mg ii absorption of the CSM shell of
406 km s−1 (Section 4.3.3; Figure 12) may correspond to the
velocity gradient over the CSM shell. That we do not see any
change in the width with time suggests that this gradient must
be small enough so that the velocity close to the shock is nearly
constant. The origin of this gradient is not clear, though. One ex-
planation could be that this is the result of a time-limited erup-
tion, where a Hubble-like outflow is expected after a few dy-
namical time scales. This has been observed, for instance, in the
Eta Carinae Homunculus nebula produced during the great erup-
tion in 1843 (e.g., Smith 2006). The absence of H and He lines
throughout the entire evolution reveals (Figure 6) that the CSM
shell must be processed gas from the stripped progenitor. Any
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Fig. 22. Comparison of the [O ii] λλ 7320,7330 lines with the O i λ 7773
and O i λ 9263 recombination lines. The similar line profiles, extending
to . 5000 km s−1 indicates an origin in a highly processed CSM shell.

hydrogen and helium must have been lost before this eruption
and reside at much larger radii.

Among the > 200 H-poor SLSNe known, SN 2018ibb is only
the seventh object with spectroscopic evidence of CSM interac-
tion. In previous cases, CSM interaction did not manifest itself
via [O iii] in emission (a possible candidate for CSM interaction
with O-rich material is PS1-14bj Lunnan et al. 2016). iPTF16eh
revealed CSM interaction through a light echo produced in a
shell of H-poor and He-poor material (Lunnan et al. 2016). Late-
time spectra of iPTF10aagc, 13ehe, 15esb and 16bad (Yan et al.
2015, 2017) and SN 2018bsz (Pursiainen et al. 2022) showed
broad Balmer emission lines, suggesting that their progenitors
lost their hydrogen envelopes much closer to the time of the ter-
minal explosion than SN 2018ibb and iPTF16eh.

5.2. Constraints on the powering mechanism and progenitor

In the following, we contrast SLSN and PISN models with our
photometric and spectroscopic datasets and discuss the most
likely powering mechanism and progenitor of SN 2018ibb.

5.2.1. Modelling the bolometric light curve

We first analyse the bolometric light curve. Katz et al. (2013)
proposed an exact method for testing whether a light curve is
powered by the decay of radioactive material and, therefore, al-
lows us to place an upper limit on any 56Ni produced during
the explosion of SN 2018ibb’s progenitor. This method is inde-
pendent of details in the radiative transport, including the highly
uncertain opacity, the velocity distribution and the ejecta geom-
etry. The method is described in detail in Wygoda et al. (2019)
and Sharon & Kushnir (2020). In brief, the Katz integral is given
by

QT = LT + ET with

QT =

∫ t

0
dt′ t′ Qdep

(
t′
)
, LT =

∫ t

0
dt′ t′ L

(
t′
)

and ET is the integrated time-weighted luminosity that would
be emitted if no 56Ni were produced. Assuming that there is no
additional source of energy, ET can be assumed to be negligible.
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Fig. 23. The bolometric light curve of SN 2018ibb from 1800 to
14,300 Å (rest-frame) and lightcurve fits to the fading light curve us-
ing the Katz et al. (2013) method. The entire fading light curve from up
to 706 days after peak is fully consistent by being powered 24–35 M� of
56Ni (dark red), suggesting that SN 2018ibb could be a pair-instability
supernova. At about 300 days after peak (i.e., & 400 days after the ex-
plosion), the γ-ray trapping decreases with time. The loss of trapping is
indicated by the difference between the light-red (100% trapping) and
dark-red (< 100% trapping) curves.

The total energy deposition rate from radioactive decay of 56Ni,
Qdep, is given by (Jeffery 1999)

Qdep(t) ≈ Qγ

(
1 − e(−t0/t)2)

+ Qe+ (t)

where t0 is the γ-ray escape time. The deposition rates from γ-
ray photons and positrons are

Qγ =
M(Ni)

M�

(
6.45 e−t/τNi + 1.38 e−t/τCo

)
× 1043 erg s−1

Qe+ = 4.64
M(Ni)

M�

(
−e−t/τNi + e−t/τCo

)
× 1041 erg s−1

where the mean lifetimes of 56Ni and 56Co are τNi = 8.76 days
and τCo = 111.4 days, respectively (Junde 1999).

Since the explosion time is not well known, we vary the ex-
plosion time between 0 and 50 rest-frame days before the first
detection and use the relation L/LT = Q/QT to determine the
γ-ray escape time. We measure a range of 600 to 700 rest-frame
days for t0. After the γ-ray escape time is determined, we infer
the nickel mass by comparing the luminosity in the fitted range
to the deposited radioactive energy. The best fit for each point
in the texp grid is shown in Figure 23. Indeed, the declining light
curve is fully consistent with being powered by 24–35 M� of
56Ni. The upper bound could be even larger if the SN explosion
happened more than 50 rest-frame days before the detection by
Gaia.

The rise time of 90–140 days, the range of γ-ray escape times
and the range of nickel masses are consistent with expectations
from PISN models (Kasen et al. 2011; Kozyreva & Blinnikov
2015; Kozyreva et al. 2017) and SN Ia (e.g., Wygoda et al. 2019;
Sharon & Kushnir 2020), after scaling their nickel mass to the
nickel mass of SN 2018ibb. Both the excellent match with nickel
powering and coverage of the fading light curve for 706 days is
unprecedented for any of the > 200 SLSNe known, suggesting
that SN 2018ibb could indeed be a PISN.

5.2.2. Modelling the broadband light curve

Next, we fit the multi-band light curve with the Modular Open-
Source Fitter for Transients MOSFiT software tool (Guillochon
et al. 2018). In addition to the MOSFiT nickel model that is
based on the parameterisation by Nadyozhin (1994), we also
select the central-engine models slsn (describing powering by
a spin down of a magnetar; Nicholl et al. 2017) and fallback
(describing powering by a black hole accreting fallback mate-
rial; Moriya et al. 2018a), and the Chatzopoulos et al. (2012)
model to characterise the powering by CSM interaction. We also
utilise the more complex models magni combining powering by a
magnetar and radioactive 56Ni (Blanchard et al. 2019) and csmni
which combines powering by CSM interaction and 56Ni. In all
models, the photosphere is assumed to have a blackbody spec-
tral energy distribution at all times. While this approximation is
adequate during the photospheric phase, it is inadequate at later
times when the spectrum is dominated by emission lines and an
interaction-powered pseudo-continuum. The spectral energy dis-
tribution of the model slsn is modified in the UV to account
for absorption by the SN ejecta. As our dataset covers a very
long time span, the trapping of γ-ray photons will eventually de-
crease, which accelerates the fading. All chosen models include
a component to account for the loss of trapping (Nicholl et al.
2017).

The priors of the model parameters are chosen to cover a
broad range of the physically allowed parameter spaces. Their
ranges and shapes are similar to Nicholl et al. (2017), Kangas
et al. (2022) and Chen et al. (2023a), and they are summarised
in Table 8. The model parameters are inferred using Bayes’ the-
orem using the nested sampler dynesty. The fits of each model
are shown in Figure 24. As the fit covers a wide time interval,
each panel in Figure 24 also contains a window zooming in onto
the region of maximum light. The marginalised posteriors of the
model parameters are summarised in Table 8.

Visually, all models capture the rise, peak and decline up to
tmax+400 days. There are noticeable differences between the fits
and the data because of i) not all models can be correct, ii) the
inherent assumptions of each model, and iii) the assumption of
a blackbody photosphere at all times. Owing to this, none of the
models can capture the bumps and undulations (see inset in Fig-
ure 24). The significant deviation in the z band at >tmax+200 days
is due to the assumption of a blackbody photosphere. The late-
time spectra reveal a blue pseudo-continuum with super-imposed
emission lines. The luminescent [O ii] λλ 7320,7330 emission
lines are redshifted to the z band and cause the apparent dis-
crepancy between the data and the models (Figure 6).

Besides these general caveats, differences in the fit quali-
ties between the models are visible. The pure magnetar and the
black-hole central-engine models predict slightly broader light
curves around the peak time, whereas the nickel and CSM mod-
els fit the data better (see insets in Figure 24). At epochs later
than tmax+500 days, the pure central engine models fail to de-
scribe the data. The discrepancies grow with time and reach
∼ 2 mag per band at tmax+706 days. These differences between
the model fits are also reflected in the fit statistics that we quan-
tify with the Bayesian evidence, Z, computed with dynesty. The
nickel and CSM models have a score of log Z ∼ 640, whereas
the pure central engine models reach only log Z ∼ 500. The
Bayes factor, defined as the ratio of two Z scores, is larger than
100, and, therefore, these central engine models can be rejected
on statistical grounds with high confidence (Jeffreys 1961).

The three nickel models require ≈ 30 M� of freshly synthe-
sised nickel to power the entire light curve from tmax−93 days to
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Fig. 24. Modelling of the light curves from the rest-frame UV to the NIR with MOSFiT. All models provide an adequate description of the data
up to tmax+400 days, though with differences in the fit quality. At later times, the models diverge. The pure nickel model is the only model that
captures the evolution after tmax+500 days and has physically meaningful parameters. The central engine models (magnetar and fallback) predict
a flattening of the light curve due to a power-law-shaped heating rate in contrast to powering by 56Ni that has an exponential energy deposition
rate. The magnetar+nickel model also captures the full evolution. However, the inferred model parameters would be either physically implausible
or require an exotic star which we deem not viable. Note, the Keck photometry at tmax+539 days and tmax+562 days is not corrected for host
contamination owing to the lack of Keck reference images to perform image subtraction. The expected host contribution is ≈ 10%.
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Table 8. Lightcurve fits with MOSFiT: models, parameters, priors and marginalised posteriors

Parameter Prior Magnetar Magnetar + 56Ni Fallback CSM CSM + 56Ni
56Ni 56Ni (red)

Fitted properties

General

ejecta mass Mej (M�) logU (1, 300) 86+12
−9 55+34

−15 55+34
−16 75+6

−4 63 ± 9 36+4
−3 54+26

−13
explosion date texp (day) U (−200, 0) −19+2

−3 −22 ± 2 −21+2
−3 −11 ± 2 −26+3

−5 −19+3
−2 −41 ± 6

“γ-ray” opacity κγ
(
cm2 g−1

)
logU

(
10−2, 104

)
0.012 ± 0.002 15+856

−15 45+1274
−43 0.010 ± 0.001 . . . 25+119

−21 26+1045
−26

optical opacity κ
(
cm2 g−1

)
U (0.01, 0.2) 0.17 ± 0.02 0.05 ± 0.02 0.05 ± 0.02 0.19 ± 0.01 . . . 0.06 ± 0.01 0.02 ± 0.01

scaling velocity vscale

(
km s−1

)
U (1000, 10000) 5166+213

−193 5667+173
−172 5679+180

−173 5580+250
−200 5765+148

−132 5774+126
−124 4192+262

−237

white noise parameter σ logU
(
10−3, 100

)
0.25 ± 0.01 0.21 ± 0.01 0.21 ± 0.01 0.26 ± 0.01 0.20 ± 0.01 0.21 ± 0.01 0.20 ± 0.01

Magnetar model

magnetic field B⊥
(
1014 G

)
logU (0.01, 20) 0.72+0.05

−0.08 1.45+1.07
−1.35 . . . . . . . . . . . . . . .

neutron-star mass MNS (M�) U (1, 2.2) 2.1 ± 0.1 1.4+0.4
−0.3 . . . . . . . . . . . . . . .

initial spin period P0 (ms) U (1, 20) 1.0+0.1
−0.0 15.4+2.9

−4.2 . . . . . . . . . . . . . . .

56Ni model

nickel fraction fNi logU
(
10−3, 1

)
. . . 0.6 ± 0.2 0.6 ± 0.2 . . . . . . 0.9 ± 0.1 0.6 ± 0.2

Fallback model

luminosity L1

(
1055erg s−1

)
logU

(
10−4, 103

)
. . . . . . . . . 4.5 ± 0.1 . . . . . . . . .

transition time ttr (day) logU
(
10−4, 104

)
. . . . . . . . . 0.003+0.014

−0.003 . . . . . . . . .

CSM

CSM mass MCSM (M�) logU (0.01, 300) . . . . . . . . . . . . 30 ± 1 0.4+0.7
−0.3 . . .

CSM density ρ
(
10−11cm−3

)
logU

(
10−14, 102

)
. . . . . . . . . . . . 4.4+9.1

−3.1 3.2+16.3
−2.4 . . .

power-law index of the CSM U (0, 2) . . . . . . . . . . . . 1.3 ± 0.2 1.8 ± 0.1 . . .
density profile s
slope of the outer SN ejecta U (8, 12) . . . . . . . . . . . . 11.2 ± 0.4 10.3 ± 0.6 . . .
density profile n
slope of the inner SN ejecta fixed . . . . . . . . . . . . 0 0 . . .
density profile δ
progenitor radius R0 (AU) logU (0.1, 1000) . . . . . . . . . . . . 2+4

−1 3+4
−2 . . .

Fit quality

log Bayesian evidence (log Z) 514 640 636 497 648 645 356
Number of free parameters 8 9 6 7 11 14 6

Derived properties

γ-ray escape time t0 (day) 500+230
−190 13000+100000

−13000 22000+120000
−22000 390+140

−100 . . . 13000+29000
−12000 23000+164000

−20000
nickel mass MNi (M�) . . . 32+23

−11 32+24
−12 . . . . . . 31+5

−4 35+20
−8

kinetic energy Ekin

(
1051erg

)
13.8+1.3

−0.1 10.6+8.1
−7.8 10.6+6.6

−1.9 14.0+1.3
−0.1 12.6+1.9

−0.3 7.3+0.9
−0.7 5.7+2.7

−0.7

rotational energy Erot

(
1051erg

)
33.7+5.1

−0.6 0.08+0.05
−0.01 . . . . . . . . . . . . . . .

Notes. The model ‘56Ni (red)’ only fitted the data in the r and redder bands. We used uniform (U) and log uniform (logU) priors. The uncertainties
of the marginalised posteriors are quoted at 1σ confidence. The explosion date is measured with respect to the date of the first detection. All
marginalised posteriors are reported in linear units. The Bayesian evidence is reported in log units. The kinetic energy of the ejecta was computed
via Ekin = 3/10 Mej v

2
scale and the rotational energy of the magnetar via Erot = 2 × 1052 (MNS/1.4 M�)3/2 (P0/1 ms)−2 erg.

tmax+706 days, consistent with our conclusions on the bolomet-
ric light curve (Section 5.2.1). Such a large nickel mass can only
be produced in a PISN explosion. PISN models predict no rem-
nant after the entire star is obliterated (Fowler & Hoyle 1964;
Barkat et al. 1967; Rakavy et al. 1967), eliminating the magne-
tar + 56Ni model. If we were to ignore stellar evolution theory,
the rotational energy of the magnetar, which defines how much
energy could be converted into radiation, would contribute < 1%
to the total radiated energy (≈ 8× 1049 erg), whereas 99% of the
radiated energy would come from the radioactive decay of 56Ni
model (Table 8). Moreover, the inferred spin period of 15.4 ms
is much larger than the median spin period of ∼ 2.6 ms from
the ZTF-I SLSN sample (Chen et al. 2023a, see also Nicholl
et al. 2017 and Blanchard et al. 2020). Even the slowest spinning
SLSN magnetars never exceeded 6–7 ms (Nicholl et al. 2017;
Blanchard et al. 2020; Chen et al. 2023b). (All measurements
are based on the fiducial assumption of dipole spin-down radia-
tion.)

The MOSFiT CSM + 56Ni model can also be rejected.
The nickel fraction would have a nonphysical value of ∼
90%. The inferred CSM mass is ∼ 0.5 M�. The kinetic en-
ergy that could be converted to radiation can be estimated as
Ekin = Mej MCSM /

[
2
(

Mej + MCSM

)]
×

(
vej − vCSM

)2
(Moriya

et al. 2018b). In the most optimistic case (vCSM = 0), CSM inter-
action could contribute 1050 erg, i.e., again . 1% of the total ra-
diated energy. Note, the Chatzopoulos et al. (2012) CSM model
used in MOSFiT is debated (see the discussion in Sorokina et al.
2016; Moriya et al. 2022b). Since CSM interaction is a highly
complex process (e.g., Chevalier & Fransson 2017; Tolstov et al.
2017a; Suzuki & Maeda 2021; Takei et al. 2022), a more so-
phisticated CSM + 56Ni model is needed to accurately infer the
contribution from CSM interaction with light curve modelling.

The PISN explosion channel has two further predictions that
can be tested. Firstly, producing ∼ 30 M� of nickel requires a
progenitor star with a mass of ∼ 120 M� at the time of the
explosion. Secondly, ∼ 30 M� of nickel would result in line-
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blanketing by iron-group elements that absorb most of the flux
blueward of ∼ 5000 Å (at late times). The nickel model requires
an ejecta mass of 55+34

−15 M�; lower than the 120 M� required
from the PISN models but only in tension by merely 1.9σ. Spec-
tra of SN 2018ibb show significant flux blueward of ∼ 5000 Å
even at tmax+637 days. This is in contradiction with the expec-
tations of PISN models. However, in Sections 4.3.4 and 5.1 we
showed that CSM interaction contributes to the observed emis-
sion. In Section 5.2.4, we investigate whether CSM interaction
could produce the blue excess.

We emphasise that the necessity for a large ejecta and nickel
mass is determined by the long rise, the high peak luminosity
and the slow decline. It does not depend on the availability of
the data in the blue bands. To corroborate that, we repeated the
fit with MOSFiT using only data in the r band and in redder
filters. Again, the fit returns Mej ∼ 54 M� and MNi ∼ 35 M�. The
nickel fractions of the fits with and without data blueward of the
r band are 60 ± 20% (Table 9). PISN models with MNi ∼ 30 M�
have nickel fractions of ∼ 26% (e.g., Kasen et al. 2011; Gilmer
et al. 2017; Kozyreva et al. 2017, see also Table 9). Our fitted
value is larger but in tension by merely 1.7σ and, therefore, not
statistically significant (see also Section 5.2.3).

While the pure magnetar model can be excluded on statis-
tical grounds, the inferred properties are also nonphysical. The
magnetar models push the parameter space to an extreme corner
(MNS ∼ 2.2 M�, P0 = 1 ms and Mej ∼ 80 M�) to squeeze out
as much energy as possible from the neutron star. Furthermore,
the lower limit on the progenitor mass (Mprogenitor > Mej + MNS)
exceeds 82 M�. Explosion models predict that such a massive
star leaves behind a black hole but not a neutron star (Heger
& Woosley 2002). Furthermore, the H-poor SLSNe, which are
thought to be powered by a magnetar, have ejecta masses of
∼ 5 M�. The most massive ejecta reach a few 10 M� but
never exceed 50 M� (Nicholl et al. 2017; Blanchard et al. 2020;
Tinyanont et al. 2022; Chen et al. 2023b; West et al. 2023).

To verify that our results are robust, we also fit the obser-
vations using the software package Redback (Sarin et al. 2023),
which implements these different models. We fit the multi-band
data in magnitude space with a Gaussian likelihood function and
the exact same priors, and utilise the nestle16 sampler imple-
mented in bilby (Ashton et al. 2019; Romero-Shaw et al. 2020).
We infer consistent parameters to MOSFiT. Our posteriors are
reported in Table F.1. We also fit the multi-band data with the
pure nickel model where capacities κ and κγ are fixed to 0.07
and 0.027, respectively. This fit agrees with the previous conclu-
sions and reveals that the degeneracy between κ and Mej could
yield a lower-than-expected ejecta mass if the value of κ is con-
strained by other means, e.g., theoretical models. We will present
further analysis with different models and Redback in a forth-
coming publication.

Previously, Eftekhari et al. (2021) reported that SN 2018ibb
can be modelled with the MOSFiT slsn model using the Gaia
data and a handful of observations by PanSTARRS. We caution
against this practice. Even with our comprehensive data set only
the data after tmax+600 days enabled us to break the degeneracy
between the central-engine models and the nickel-powered mod-
els. Furthermore, the best-fit magnetar properties presented here
and in Eftekhari et al. (2021) are significantly different, demon-
strating that datasets with a large wavelength coverage and a
wide time span are required to determine the powering mech-
anism of SLSNe. Our results echo the conclusions from Moriya
et al. (2017), who performed a parameter study of magnetar and

16 http://kylebarbary.com/nestle/

Table 9. Summary of PISN model parameters

Name M(ZAMS) M(He) M(Ni) Metallicity vejecta Ekin

(M�) (M�) (M�) (Z/Z�)
(
km s−1

) (
1051 erg

)
He100 205 100 6 0.01 8400 42
He120 242 120 26 0.01 10000 71
He125 251 125 34 0.01 10300 79
He130 260 130 44 0.01 10600 87
P250 250 127 25 0.07 7500 86

P250Ni34 250 127 34 0.07 8850 82

Notes. The mass in column (3) lists the mass of the He core before
the progenitor explodes. The values of the He100–He130 models were
taken from https://2sn.org/DATA/HW01/bulk_yields.txt and are based
on Heger & Woosley (2002). The values of the P250 model are from
Kozyreva et al. (2017). The ZAMS masses of the He100–He130 models
are computed with M(He) = 13/24 × [M(ZAMS) − 20 M�] (Heger &
Woosley 2002).

nickel models, that the two models could produce indistinguish-
able light curves if the time coverage is too short. These authors
also stressed that observations after tmax+700 days are needed to
break the degeneracy in the light curve modelling.

5.2.3. Matching the lightcurve with PISN templates

Motivated by the lightcurve fits, we compare the bolometric light
curve to the PISN templates from Kasen et al. (2011), Gilmer
et al. (2017) and Kozyreva et al. (2017). The grid of models
from Kasen et al. (2011) are the metal-free helium models from
Heger & Woosley (2002). The Gilmer et al. (2017) and Kozyreva
et al. (2017) models assume a metallicity of 7% solar. Very
massive stars in low-metallicity environments (Z ∼ 0.07 Z�)
lose their hydrogen envelopes during the early evolution, assum-
ing up-to-date wind mass-loss rates. The details about the used
mass-loss rates are described in Ekström et al. (2012) and Yu-
sof et al. (2013). Therefore, these stars are hydrogen-free by the
time of the pair-instability episode, and the helium-core models
from Heger & Woosley (2002) are a good representation of these
explosions. This is in agreement with the models from Gilmer
et al. (2017). Their suite of models, which were computed self-
consistently, are initially hydrogen-rich models; however, owing
to mass loss, the highest-mass models become hydrogen-free by
the time of the explosion.

Among the suitable models, we chose the P250 template
from Gilmer et al. (2017), and the He100, He120, He125 and
He130 templates from Kasen et al. (2011) (where the number
stands for the helium core mass in M�). The models have nickel
yields between 5.8 and 40 M�. The vital properties of these mod-
els are presented in Table 9. The P250 model starts with an ini-
tial mass of 250 M�. At the time of the explosion, a helium core
of 127 M� has formed, which is similar to the helium models
He125 and He130. We note that the P250 model not only loses
its hydrogen envelope but also most of its helium layer (total
mass of 2.6 M� before the loss of the He layer) and ends up as a
bare carbon-oxygen core with a tiny helium fraction by the time
of the pair-instability explosion. In contrast to that, the He125
and He130 models evolve without mass losses and retain 2.4 M�
and 2.8 M� of helium, respectively.

To build the bolometric light curves of the PISN models, we
use the hydrodynamics radiative transfer code STELLA (Blin-
nikov et al. 2006). The slight difference of the P250Ni34 light
curve between our calculation and that in Gilmer et al. (2017)
and Kozyreva et al. (2017) is caused by the different versions of
STELLA used in the two studies. A relevant discussion can be
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Fig. 25. Comparison of SN 2018ibb with the PISN models P250 and P250Ni34 from Kozyreva et al. (2017) (left panel) and the He100, He125,
and He130 from Heger & Woosley (2002) (right panel). Templates with nickel masses of 34–44 M� are required to describe the entire bolometric
light curve from tmax−93 to tmax+706 days. Models with M(Ni) = 25 M� systematically underestimate the observed bolometric light curve, but
they could still be viable if CSM interaction contributes significantly throughout the evolution.

found in Kozyreva et al. (2020). The re-calculated light curves of
the helium models are consistent with those calculated with the
spectral synthesis code SEDONA (Kasen et al. 2011). In Fig-
ure 25, we compare the bolometric light curve of SN 2018ibb
to those computed for a series of PISN models. The PISN tem-
plates with nickel yields between 34 and 44 M� (He125, He130,
P250Ni34) providing excellent matches to the rise, the peak, and
the fading parts of the bolometric light curve of SN 2018ibb.
While the He125 and P250Ni34 models describe the rise and
peak well, they systematically underestimate the late-time flux.
Such a deviation at the late epochs may not necessarily re-
fute these two models since the observed bolometric flux of
SN 2018ibb may include a time-varying contribution from CSM
interaction. As we show in Section 5.2.4, this contribution is not
negligible and could boost the luminosity by a few 0.1 dex.

The templates with M(Ni) ∼ 25 M� (He120 and P250)
also provide reasonable matches to the data, even though they
exhibit a faster rise and produce peak luminosities that are ≈
0.3 dex fainter. In the case that CSM interaction contributes at
all times, the apparent tension might be alleviated. The PISN
model He100, which produces the smallest amount of Ni in our
set, generates a light curve that is incompatible with observa-
tions. The peak bolometric luminosity of such a model is 0.8
dex lower compared to the observed value, implying that a dif-
ferent energy source must account for > 84% of the observed
peak luminosity.

The match of He125, He130 and P250Ni34 with the data
also addresses an issue in fitting the multi-band light curve with
MOSFiT. In Section 5.2.2, we reported that the inferred ejecta
masses of 55+34

−19 M� are possibly too low. The excellent match
of the entire light curve with the He125, He130 and P250Ni34
models demonstrates that this tension is not critical.

5.2.4. Late-time spectra of SN 2018ibb compared to PISN
models

Jerkstrand et al. (2016) computed spectra of the He100 [M(Ni) =
5.8 M�] and He130 [M(Ni) = 44 M�] PISN models at 400 and

700 days after the explosion.17 To compare these spectra with
the observations, we need to constrain the poorly measured ex-
plosion date of SN 2018ibb. The bolometric light curve of the
He100 and He130 models peaked at ≈ 130 rest-frame days. As-
suming that SN 2018ibb’s bolometric light curve peaked up to 20
days before the peak in the g|r band, we can scale the computed
spectra to the epochs of the observed spectra via exp (∆t/τCo),
where ∆t is the phase difference between the observed and com-
puted spectra and τCo is the mean lifetime of 56Co.

Figure 26 shows the observed spectra of SN 2018ibb at
tmax+286.7 (top row) and tmax+637.3 days (bottom row) in black.
The upper left and the bottom left panels compare the earlier and
the later spectra with the phase-adjusted He100 model (red) at
tmax+400 days and tmax+700 days, respectively. The right col-
umn presents the same comparison to the He130 model spectra.
The phase-adjusted spectra have a shaded band to indicate the
impact of the uncertain peak time of the bolometric light curve
on the model flux. We selected the observed spectra at these spe-
cific epochs to minimise the phase correction and cover a wide
wavelength range.

The He100 model fails to match the spectra of SN 2018ibb
at both tmax+286.7 and tmax+637.3 days. The predicted emission
lines are significantly weaker compared to the data, and the rel-
ative strength of the features does not match the shape of the ob-
served spectra. In addition, the model spectra also exhibit lines
that are significantly narrower compared to the observed spectra
since the He100 model yields a lower ejecta velocity (Table 9).
The He130 model provides a better match. At tmax+286.7 days,
the model spectrum describes the observed spectrum redward of
6000 Å well, in terms of the absolute and relative strength of
the features as well as the line widths. The computed spectrum
also matches the observed NIR spectrum, albeit the strongest
predicted feature at 1.2 µm (Fe i and Si i) is redshifted to a re-
gion that is strongly affected by atmospheric absorption (indi-
cated by the black-shaded region in the upper half of the figure).
The match at tmax+637.3 days appears to be less plausible com-
pared to that at tmax+286.7 days. While the model reproduces

17 The model spectra of the P250 templates will be presented in a forth-
coming paper by Kozyreva et al. (in prep.).
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Fig. 26. Late-time spectra of SN 2018ibb at 287 and 637 days after its maximum. Overlaid are the computed PISN spectra from Jerkstrand et al.
(2016) scaled to these epochs. The shaded region indicates the uncertainty of the explosion time. The He130 model provides an adequate descrip-
tion of the emission redward of 6000 Å at tmax+286.7 days, but a worse match for the second epoch. The observed spectra show a considerable
excess at shorter wavelengths that is not expected from the model spectra. We argue that the blue excess is due to the interaction of the SN ejecta
with circumstellar material, which is not included in existing PISN models. The He100 model matches the observation of neither epoch. The
vertical bars at the top of each panel indicate the location of telluric features.

the [O ii]+[Ca ii] at 7300 Å, the observed spectrum shows an el-
evated continuum level and stronger [O i] λλ 6300, 6364 in emis-
sion. The observed spectrum also shows prominent O i λ 7773 in
emission that is not generated by the model. However, in Section
5.1 we showed that O i λ 7773 is produced by the CSM interac-
tion.

Blueward of 6000 Å, the discrepancy between the observed
and computed spectra is considerable in both epochs. A similar
excess in the blue part of the spectrum was observed in other
slow-evolving SLSNe (e.g., Jerkstrand et al. 2017), and it was
used as a critical piece of evidence against the PISN interpreta-
tion (e.g., Dessart et al. 2013; Nicholl et al. 2013). However, in
Sections 4.3.3, 4.3.4 and 5.1, we showed that SN 2018ibb is not
exclusively powered by 56Ni. SN 2018ibb’s progenitor had an
eruptive mass-loss episode shortly before the explosion. The in-
teraction of the SN ejecta with CSM contributes to the observed
light curve via discrete emission lines, and it could even pro-
duce a blue pseudo-continuum similar to that seen in interaction-
powered SNe (Silverman et al. 2013; Hosseinzadeh et al. 2017;
Perley et al. 2022)18. This raises the questions of whether the

18 The pseudo-continuum in Type Ibn SNe is the product of the blend-
ing of thousands of iron emission lines (e.g., Dessart et al. 2022).

blue excess in SN 2018ibb is similar to that seen in interaction-
powered SNe and how large the contribution of CSM interaction
is to the bolometric light curve.

In Figure 27, we further inspect the spectrum of SN 2018ibb
at tmax+637 days against the phase-adjusted spectrum of the
He130 model. We attempt to decompose the spectrum of
SN 2018ibb into two elements, namely a PISN and an ejecta-
CSM interaction component. The CSM component is repre-
sented by a spectrum of the Type Icn SN 2021csp obtained at
∼ 52.7 days after the explosion from Perley et al. (2022).19

Its flux scale is scaled so that the sum of the PISN and CSM
components (green) matches the shape of SN 2018ibb’s pseudo-
continuum. This approach is similar to that in Ben-Ami et al.
(2014), where these authors used a spectrum of a Type IIn SN to
deduce that the ejecta of the Type Ic SN 2010mb interacted with
a large amount of H-free circumstellar material. Indeed, this toy
model captures the general shape of SN 2018ibb, suggesting that
a considerable fraction of the flux blueward of 6000 Å is pro-
duced by the CSM interaction. Most of the emission lines in the

19 Using spectra of Type Ia-CSM or Ibn SNe would give similar results.
We decided to use an Icn template because it shows no emission lines
from H and He, which are present in Type Ia-CSM and Ibn SNe.
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Fig. 27. The nebular spectrum of SN 2018ibb (black) at tmax+637.3 days
and its decomposition into a CSM interaction (blue) and PISN compo-
nent (red). This decomposition reveals that the shape of the spectrum in
the blue is similar to the pseudo-continuum seen in interaction-powered
SNe (Type Ia-CSM, Ibn, Icn and IIn). The emission lines in the blue
arise either from CSM interaction or from material in the CSM shell
excited by the SN light. The dotted vertical lines indicate the location
of strong galaxy emission lines.

blue and O i λ 7773 feature were not observed in the spectrum of
SN 2021csp. However, we have shown that some of the observed
lines in SN 2018ibb, e.g., O i λ 7773,9262, [O ii] λλ 7320,7330
and [O iii] λλ 4959,5007, are generated by the CSM interac-
tion. Others, e.g., [O i] λλ 6300,6364 and Mg i] λ 4571, are likely
formed in the unshocked SN ejecta or the contact discontinuity
(cool-dense shell) between the SN ejecta and the CSM (Section
5.1).

Assuming SN 2018ibb’s progenitor is similar to the He130
star model, we can roughly estimate the fractions of the ob-
served bolometric flux that have been produced by the nickel de-
cay and the CSM interaction. The bolometric luminosity calcu-
lated at tmax+286.7 days covers the wavelength range from 3020
to 14,250 Å (rest-frame). The phase-adjusted model spectrum
from Jerkstrand et al. (2016) accounts for 70% of the bolometric
flux, i.e., the nickel-powered light curve would be 0.1 dex fainter
than the observed bolometric light curve. At tmax+637.3 days, the
observed bolometric luminosity covers the range from 3930 Å
to 8500 Å (rest-frame). The phase-adjusted PISN spectrum ac-
counts for only 21% of the observed bolometric flux, i.e., the
Ni-powered light curve would be 0.7 dex fainter. To illustrate
that, we show in Figure 28 the observed bolometric light curve
(solid blue lines) and the fraction of the observed bolometric
light curve that can be attributed to the He130 model (dashed
red lines).

However, there is a critical detail that we need to take into ac-
count before drawing a conclusion. The bolometric light curves
of the P250 and He100–He130 models extend to 50,000 Å.
Therefore, our observed bolometric light curve could miss a
substantial fraction of the true bolometric flux. The Jerkstrand
et al. (2016) model spectra cover the wavelength range from
the far UV to 25,000 Å, and figure 13 in Jerkstrand et al.
(2016) shows the fraction of light emitted between 25,000 Å
and 50,000 Å, allowing us to estimate the missing IR frac-
tions. At tmax+286.7 days, the missing IR fraction is 0.14 dex.
This fraction increases to ∼ 0.39 dex at tmax+637.3 days, due
to the shorter wavelength coverage of the observed bolometric
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Fig. 28. The observed late-time bolometric light curve (solid blue lines)
and the fraction of light that could be attributed to 56Ni after accounting
for CSM interaction (dashed, red). The dotted green curves show the
56Ni light curve after adding the missing IR flux (up to 5 µm). The IR
correction pushes the light curves back to the regime of PISN models
that produce 25–44 M� of 56Ni. Even in the case of a substantial con-
tribution from CSM interaction, a total amount of 25–44 M� of 56Ni
appears to be essential to power SN 2018ibb.

light curve and an increased mid-IR contribution from the PISN
model. The dotted green line in Figure 28 shows the estimated
Ni-powered light curve of SN 2018ibb after correcting for the
missing IR flux. The IR correction fortuitously compensates for
most of the observed bolometric flux lost to CSM interaction,
corroborating that even with significant CSM interaction a total
mass of 25–44 M� of 56Ni is still needed to power the light curve
and spectra.

A progressively increasing contribution from CSM interac-
tion to the bolometric flux is not a contrived scenario. If the
shock is radiative, as is expected for a high metallicity and dense
CSM, then the luminosity from the shock is ∼ Ṁ∆v3

rel/2, where
∆vrel is the relative velocity of the ejecta and the CSM. If the
density gradient, n, of the ejecta is steep, the shock velocity is
only slowly decreasing, vs ∝ t−1/(n−s) for a CSM with r−s den-
sity profile, and the shock luminosity will only be a slowly de-
creasing function of time (Chevalier & Fransson 2017). Because
the radioactive input decreases exponentially, it is expected that
the shock contribution will increase relative to the radioactively
powered input.

5.2.5. [Co ii]λ1.025 µm

The NIR spectra of SN 2018ibb after tmax+300 days reveal an
emission line at 1.025 µm that we interpret as [Co ii] (a triplet of
individual lines at 1.019, 1.025 and 1.028 µm, which result from
the 9-1, 10-2, and 11-3 transitions as sorted from higher to lower
energies, respectively; Figure 29). The line luminosities are
(2.9±0.8)×1040 erg s−1 and (5.4±1.4)×1040 erg s−1 at tmax+352.6
and tmax+377.5 days, respectively. Assuming optically thin LTE,
we can convert the line luminosity to a (temperature-dependent)
Co ii mass. The line luminosity of the [Co ii] λ 1.025 µm multi-
plet can be written as the sum of the individual transitions

L(Co ii) = N9 A9−1 E9−1 + N10 A10−2 E10−2 + N11 A11−3 E11−3,

where Nu is the total number of ions in the upper state u, Au−l
the transition rate for spontaneous emission from the upper state
u to the lower state l, and Eu−l the energy level of the transition.
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Fig. 29. Zoom-in of the region from 9000 Å to 10,500 Å at
tmax+377.5 days. Cobalt has its strongest feature at 1.025 µm. Its ten-
tative detection translates to 56Ni mass of & 30 M�, consistent with
the light curve modelling. The second strongest cobalt feature is at
9340 Å. Its location is indicated by a fiducial Gaussian centred 9340 Å.
Its integrated luminosity is expected to be between 50 and 100% of
[Co ii] λ 1.025 µm. The absence of [Co ii]λ 9340 is not an argument
against the discovery of [Co ii] λ 1.025 µm (see Section 5.2.5 for de-
tails). Lines from other elements that could blend with the [Co ii] lines
are marked. Regions of strong atmospheric absorption are indicated by
vertical bars at the top of the figure.

We use Quinet (1998) for the values of the Einstein coefficients
and the energy levels. The partition function can be taken as 20,
with an error less than a factor of 2 for reasonable temperatures.
Then, using equation 42 in Jerkstrand (2017), the cobalt mass is
given by

M (Co ii) & 0.5 M� ×
[

L (Co ii)
5 × 1040 erg/s

]
×

exp (15410/T )
exp (15410/5000)

,

where T is the temperature of the ejecta, in units of K. The
temperature factor (the ratio of exponentials) varies from 0.2 at
T = 10, 000 K to 100 at T = 2000 K.

To calculate the initial nickel mass, we need to account for
the amount that has decayed over time. The initial nickel mass
is a factor of exp (t/τCo) & exp (450/111) ' 60 larger, where t
is the time since explosion and τCo is the mean lifetime of 56Co.
Averaging over the line luminosities of the two epochs, the in-
ferred 56Ni mass is & 30 M� if T ≈ 5000 K. This estimate is
consistent with the inferred 56Ni mass from the lightcurve mod-
elling (Sections 5.2.1, 5.2.2, 5.2.3). However, lower values of
the nickel mass would be expected if the temperature is higher
(6 M� at T = 10, 000 K). For temperatures below ∼3500 K, the
nickel mass becomes unphysically large, > 100 M�. We note
that [Co ii] λ 1.025 µm can be blended with S ii λ 1.032 µm20, in-
dicated by the hatched region in Figure 29.

This Ni-mass estimate assumes that the transitions are opti-
cally thin. The Sobolev optical depth of the 9-1 transition line in
LTE is (Jerkstrand et al. 2017, ignoring stimulated emission):

20 This feature consists of six lines between 1.0287 and 1.0370 µm.

τ9,1 = A9,1 λ
3
9,1

1
8π

g9

g1
n1t

≈ 0.08 ×
(

M (Co ii) [450d]
1 M�

)
x1

f
,

where λ9,1 is the wavelength of the emitted photon, gn is the mul-
tiplicity of the nth state, n1 is the number density of atoms in the
ground state, x1 is the fraction of Co II ions in the ground state,
and f is the filling factor for the 56Ni zone. In LTE at 5000 K
x1 is ≈ 0.5, whereas at lower temperatures and/or in NLTE x1
is typically higher (towards unity). A typical CCSN has a char-
acteristic filling factor of f ∼ 0.1 for any given zone, which
means that 0.5 M� of 56Co are optically thin at ∼ 450 days. For
SLSNe, filling factors for the oxygen zones have been derived to
be f ≈ 10−3−10−2 (Jerkstrand et al. 2017). If these filling factors
also hold for the 56Ni zone of SN 2018ibb, then the Co II lines
would be optically thick at ∼ 450 days, and determining a mass
from them would be impossible at that time (Jerkstrand 2017).
One may note that numerical simulations of PISNe show little
clumping or mixing of the inner material (Chen et al. 2020), and
the low filling factors derived for other SLSNe may be due to
mixing from the central engine (e.g., Suzuki & Maeda 2021) or
compression by circumstellar interaction (van Marle et al. 2010).

In the stripped-envelope-supernova models from Jerkstrand
et al. (2015), [Co ii] λ 1.025 µm is the strongest predicted line
from cobalt. The second strongest Co feature is a blend of two
lines at 9338 and 9344 Å. This [Co ii] feature could be blended
with the red wing of the O i λ 9263 recombination line. In op-
tically thin LTE, the expected line ratio between [Co ii] λ 9340
and [Co ii] λ 1.025 µm is between 0.5 − 1 for a wide range of
plausible temperatures. To examine whether [Co ii] λ 9340 could
be present in the spectrum at tmax+387 days, we show in Figure
29 in a Gaussian centred at 9340 Å that has either the same in-
tegrated luminosity as [Co ii] λ 1.025 µm or a luminosity that is
50% smaller. Clearly, [Co ii] λ 9340 is not present in our data at
those luminosities.

In the He130 model of Jerkstrand et al. (2016) at 400 days
after the explosion, neither of the [Co ii] lines are present in any
significant strength as they are absorbed by line blocking extend-
ing into the NIR. Under conditions with less line blocking (as in
the Jerkstrand et al. 2015 CCSN models), the [Co ii] λ 1.025 µm
line can still be visible, also as iron has few strong emission
lines around this particular wavelength. The same cannot be said
about the 9340 Å region where iron is stronger. In a PISN ejecta,
the densities are about 100-times higher for a given epoch, and
the NIR region is still largely opaque at 400 days after the ex-
plosion. To explain the observed [Co ii] λ 1.025 µm line but the
absence of the [Co ii] λ 9340 feature, we need to call upon ab-
sorption of the 9340 Å line but not the 1.025-µm line, i.e., the
He130 model reproduces the spectral shape near 9340 Å but not
at 1.025 µm if SN 2018ibb is a PISN.

While the association of [Co ii] λ 1.025 µm could be the
smoking gun signature that SN 2018ibb is a PISN, we caution
that the interpretation hinges on the detection of a single line.
An IR spectrum with NIRSpec (Jakobsen et al. 2022) aboard the
James Webb Space Telescope could resolve such ambiguity. It is
the only instrument that can provide an uncensored view from 1
to 5 µm. Such a spectrum could reveal, for instance, Co, Fe and
Ni lines at > 2.7 µm as seen in the Type Ia SN 2021aefx (Kwok
et al. 2023).
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5.3. Comparison to other slow-evolving SLSNe

Among the & 200 H-poor SLSNe known, only seven objects
belong to such a phenomenological subclass of slow-evolving
SLSNe: SN 1999as (Hatano et al. 2001), SN 2007bi (Gal-Yam
et al. 2009), PS1-11ap (McCrum et al. 2014), PTF12dam
(Nicholl et al. 2013), LSQ14an (Inserra et al. 2016), PS1-14bj
(Lunnan et al. 2016), and SN 2015bn (Nicholl et al. 2016b).21 In
the following sections, we compare the photometric and spec-
troscopic properties of SN 2018ibb to those of the historical
slow-evolving SLSNe to comprehensively examine its excep-
tional properties. We omit SN 1999as from this analysis because
its light curve and spectra were never published.

We utilise the multi-band and bolometric light curves and
host-subtracted spectra of LSQ14an presented in Inserra et al.
(2017) and Jerkstrand et al. (2017), PS1-11ap from McCrum
et al. (2014), PS1-14bj from Lunnan et al. (2016), PTF12dam
from Nicholl et al. (2013), Chen et al. (2015) and Quimby et al.
(2018), and SN 2007bi from Gal-Yam et al. (2009), Young et al.
(2010) and Jerkstrand et al. (2017), and SN 2015bn from Nicholl
et al. (2016b,a, 2018) and Jerkstrand et al. (2017). Furthermore,
we use the Fe ii velocity measurements from Liu et al. (2017) and
Lunnan et al. (2016). All light curves and spectra were corrected
for MW extinction. The spectrum of SN 2015bn in Nicholl et al.
(2018) is not corrected for any host contribution. In Appendix F,
we describe our approach to subtract the host contamination for
SN 2015bn.

5.3.1. Light curves

Following the methodology of Chen et al. (2023a), we mea-
sure for each slow-evolving SLSN the k-corrected peak abso-
lute magnitude in the g band, the k-corrected rest-frame g − r
colour, and the 1/e rise and decline time-scales of the g-band
light curves.22 All measurements are summarised in Table 10.
We also report in that table the measurements of SN 2018ibb
and, for a broader comparison, the median values of the homo-
geneous ZTF SLSN sample (Chen et al. 2023a).

Slow-evolving SLSNe, including SN 2018ibb, have peak ab-
solute magnitudes between ∼ −20.8 and −22 mag in the g
band and k-corrected g − r colours between −0.2 and 0 at peak
(Table 10). Both their absolute peak magnitudes and the peak
g − r-colours are comparable to the median values of the ZTF
SLSN sample (median values being Mg,peak − 21.5 mag and
g−r = −0.12 mag; Table 10). The rising parts of the light curves
of the historical slow-evolving SLSNe are not well sampled, lim-
iting the comparison with SN 2018ibb and the ZTF SLSN-I sam-
ple. Only PS1-14bj has a rise time that is at least as long as that
of SN 2018ibb and even 30 days longer than that of SN 2018ibb.
The decline time scales of the historical slow-evolving SLSNe
are well measured. They vary between 38 and 130 days, plac-
ing those events above the average of the ZTF-I sample (Table

21 The ZTF-I SLSN sample contains a further possible slow-evolving
SLSN. SN 2018lzx has a rise (τ1/e,rise = 60.5+8.2

−6.8 days) and a decline
(τ1/e,decline = 108.8+10.0

−13.2 days) time scale comparable to SN 2018ibb (Ta-
ble 5). The peak absolute magnitude is 0.2 mag brighter than that of
SN 2018ibb (Chen et al. 2023a). Owing to its high redshift of z = 0.44,
the light curve spans a short time interval before SN 2018lxz faded be-
low the detection threshold, and the quality of the spectra is signifi-
cantly lower compared to that of SN 2018ibb. Therefore, we exclude
this SLSN from the comparison.
22 Owing to the high redshift of PS1-11ap and PS1-14bj, we use their i-
band light curves, which probe a rest-frame wavelength interval similar
to that of the g band of SN 2018ibb.

Table 10. Light curve properties of slow-evolving SLSNe

Redshift t1/e,rise t1/e,decline Mg,peak (g − r)peak
(day) (day) (mag) (mag)

SN 2018ibb 0.166 68 102 −21.8 −0.12

LSQ14an1 0.163 . . . ∼ 100 < −20.8 −0.21
PS1-11ap2 0.524 < 25 38 −21.8 . . .
PS1-14bj2 0.521 83 130 −20.6 . . .
PTF12dam 0.107 50 56 < −21.7 −0.20
SN 2007bi3 0.128 < 23 < 77 −21.3 0
SN 2015bn 0.114 < 31 56 −22.0 −0.17

ZTF SLSNe 29 43 −21.5 −0.12

Notes. The peak absolute magnitudes and the colours at tpeak are k-
corrected and corrected for MW extinction. The uncertainty on the time
scales is on the order of a few days. The peak magnitudes and colours
have a statistical error of ≈ 0.1 mag. The row ‘ZTF SLSNe’ summarises
the median values of the homogeneous ZTF SLSN sample (Chen et al.
2023a). Chen et al. (2023a) do not report the median rise and decline
1/e time-scale. We inferred that value from their median 1/10 rise time-
scale and the relationship between the rise and decline time scales re-
ported in that paper.
(1) The light curve of LSQ14an covers only the post-peak evolution.
(2) The redshifts of PS1-11ap and PS1-14bj are so high that the rest-
frame g− r colour cannot be inferred from spectra published in Lunnan
et al. (2014) and McCrum et al. (2014).
(3) The light curve of SN 2007bi is only well-observed in R band. We
use the R-band data as an upper limit on the g-band time scale.

10). Yet, only one historical slow-evolving SLSN had a decline
time-scale as extreme as SN 2018ibb. With a decline time scale
of 130 days, PS1-14bj evolves even slower than SN 2018ibb
but its peak luminosity in the rest-frame g-band was 1.2 mag
fainter than that of SN 2018ibb. This makes SN 2018ibb an un-
precedented case even among the most extreme SLSNe known.
LSQ14an also has a decline time scale of 100 days, but the ob-
served light curve only covers the declining light curve, adding
an unknown systematic error to its time scale measurement.

Figure 30 shows the r-band absolute magnitude light curves
of all slow-evolving SLSNe. The supernovae 2015bn and
2018ibb are the only SLSNe with observations extending be-
yond 500 rest-frame days after maximum light. The light curve
of SN 2015bn faded much faster than that of SN 2018ibb. At
about 400 days after peak, the decline slowed down and became
very gradual. In contrast, SN 2018ibb’s light curve faded linearly
with a decline slope of ∼ 1.1 mag (100 days)−1 that steepened to
∼ 1.5 mag (100 days)−1 at 500 days after maximum. These dif-
ferences translate into differences in the powering mechanisms.
Magnetars lose their rotational energy efficiently through dipole
radiation, which scales as Ėrot ∝ t−2. The energy deposition (and
henceforth the SN luminosity) evolves as a power law. There-
fore, the light curve is expected to flatten at later times (in the
time vs. magnitude space). Radioactive material has an exponen-
tially declining energy deposition rate, which results in a linear
decline in the time vs. magnitude space. The loss of γ-ray trap-
ping accelerates the fading independent of the powering mech-
anism, but it only modifies the light curve without altering its
general shape, i.e., the loss of gamma-ray trapping cannot con-
vert a power-law decline into an exponential decline (e.g., Chen
et al. 2015; Wang et al. 2015; Nicholl et al. 2018). Therefore,
the power-law-shaped decline of SN 2015bn could point to mag-
netar powering, as concluded in Nicholl et al. (2018). In return,
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Fig. 30. SN 2018ibb in the context of the phenomenological sub-class
of slow-evolving SLSNe. Even among this rare sub-class of SLSNe,
SN 2018ibb with its exceptionally broad light curve and high peak lu-
minosity is an extreme object with unprecedented properties.

SN 2018ibb’s continued linear decline excludes powering by a
magnetar.

Nicholl et al. (2017) fitted the multi-band data of the slow-
evolving SLSNe with the slsnmagnetar model in MOSFiT. This
model provides an adequate description of the observations, even
to the data of SN 2015bn at 1000 rest-frame days after max-
imum (Nicholl et al. 2018). The best-fit parameters cover the
range from 5.3 to 14 M� for the ejecta mass Mej (median be-
ing 6.3 M�), 0.1 to 0.8 × 1014 G for the orthogonal component
of the magnetic field strength B (median being 0.3 × 1014 G),
and 2.3 to 3.9 ms for the initial spin period P0 (median being
2.8 ms). These values are typical for SLSN light curves fitted
with that particular magnetar model (Nicholl et al. 2017; Chen
et al. 2023b). SN 2018ibb has starkly different values (Section
5.2.2; Table 8). The best fit requires a magnetar with an initial
spin period of 1 ms and an ejecta mass of 86 M�, to squeeze
out as much energy as possible from the magnetar model. As al-
luded to in Section 5.2.2, such massive stars do not have neutron
star remnants. Furthermore, the magnetar model overpredicts the
late-time flux significantly due to its power-law-shaped energy
deposition.

In Figure 31, we compare the bolometric light curves of
the slow-evolving SLSNe to the suite of PISN models used for
SN 2018ibb in Section 5.2.3. The bolometric light curves of
all historical slow-evolving SLSNe are either inconsistent with
the PISN models or the comparison is inconclusive: PTF12dam
evolves too fast, the light curves of PS1-11ap and SN 2015bn
have a different shape to PISN templates, PS1-14bj shows a flat-
tening at late times, and the bolometric light curves of SN 2007bi
and LSQ14an have no pre-max data. The lack of an estimate of
the rising bolometric light curve for the latter two objects pre-
cludes concluding whether the two SLSNe could be PISNe or
not. Dedicated studies on PS1-11ap, PS1-14bj, PTF12dam and
SN 2015bn revealed that the magnetar model provides an ade-
quate description of the light curves (Nicholl et al. 2013; Mc-
Crum et al. 2014; Lunnan et al. 2016; Nicholl et al. 2018; Vurm
& Metzger 2021).

In conclusion, SN 2018ibb is the only SLSN among the hun-
dreds of SLSNe known whose entire light curve is consistent
with PISN models. This result is even more revelatory consider-
ing that the bolometric light curve covers an exceptionally wide
time interval from tmax−93 to tmax+706 days.
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Fig. 31. The bolometric light curves of SN 2018ibb and historical slow-
evolving SLSNe in the context of PISN models with nickel masses be-
tween 5 and 44 M�. SN 2018ibb is the only SLSN whose entire light
curve from tmax−93 to tmax+706 days is consistent with PISN tem-
plates. The other SLSNe have either too fast declining light curves,
light curve shapes inconsistent with PISN models, or their light curves
are poorly sampled, hindering a comparison with PISN templates. The
grey-shaded region indicates the 1σ uncertainty.

5.3.2. Spectra

In this section, we compare the spectroscopic properties of
SN 2018ibb to those of other slow-evolving SLSNe. First,
we compare the photospheric velocities measured with the
Fe ii λ 5169 region. The top panel of Figure 32 displays the pho-
tospheric velocities, measured from the Fe ii λ5169 region, of
SN 2018ibb and other slow-evolving SLSNe23 (in colour) and of
the ZTF-I sample (kernel density estimate). The slow-evolving
SLSNe have velocities between 8000 and 12, 000 km s−1 at
peak, lower than the median value of the ZTF-I sample
(14, 800 km s−1). PTF12dam and SN 2015bn have the fastest ex-

23 LSQ14an is omitted from this comparison. Conspicuous galaxy lines
from [O iii] λλ 4959,5007 contaminate the Fe ii λ5169 region.
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Fig. 32. Fe ii ejecta velocities of slow-evolving SLSNe (in colour) and
general SLSNe samples (grey) at the time of maximum (top panel) and
as a function of time (bottom panel). SN 2018ibb has a markedly low
velocity at the time of maximum and a flat velocity evolution, which
is in stark contrast to the bulk of the SLSN population. Its velocity at
peak is similar to the slow-evolving SLSNe PS1-14bj and SN 2007bi.
However, both comparison objects lack spectra at earlier and later times.

panding ejecta (∼ 12, 000 km s−1 at peak), but their ejecta rapidly
decelerate to ∼ 6000 km s−1 in ∼ 60 rest-frame days. Their ve-
locities and velocity evolution is similar to those of other SLSNe
(Liu et al. 2017). In stark contrast to that, SN 2018ibb has a
velocity of merely 8500 km s−1, comparable to those of PS1-
14bj and SN 2007bi. Furthermore, the velocity of SN 2018ibb
remains constant for 100 rest-frame days, which has not seen for
any other SLSN before. Though the velocities of PS1-14bj and
SN 2007bi are very similar to SN 2018ibb, the spectroscopic se-
quences of these two events are limited, precluding comparing
their velocity evolution to that of SN 2018ibb.

Next, we explore the spectroscopic properties of slow-
evolving SLSNe during their photospheric and nebular phases.
Panel A in Figure 33 shows the photospheric spectra at the time
of maximum light. PTF12dam and SN 2015bn sustained a hot
photosphere with a temperature of & 12, 000 K (Nicholl et al.
2016b; Vreeswijk et al. 2014). One of the strong features in
their spectra is a comb of O ii absorption lines, a characteris-
tic feature of SLSNe, which are only seen in photospheres with
T > 15, 000 K (Quimby et al. 2018) and probably also re-
quire non-thermal excitation (Mazzali et al. 2019). The spec-
tra of PS1-11ap, PS1-14bj and SN 2018ibb are cooler (black-
body temperatures of 10,000 to 12,000 K). Their spectra do not
show O ii absorption lines but instead absorption lines from Ca,
Fe, Mg, O and Si (see Figure 7 for the locations). Common
to PTF12dam, SN 2015bn and SN 2018ibb is the presence of
[Ca ii] λλ 7291, 7323 in emission. It is one of the strongest fea-
tures seen in nebular phase spectra of SNe (Filippenko 1997;
Gal-Yam 2017) but is only seen during the photospheric phase in
slow-evolving SLSNe (Gal-Yam et al. 2009; Inserra et al. 2017;
Nicholl et al. 2019). It is also seen in SN 2007bi and LSQ14an,
but these SLSNe lack spectra at peak.

Around the time of maximum light (Panel B), all objects
have similar spectra. Due to the differences in the ejecta ve-
locities, features appear sharper in LSQ14an, PS1-14bj and
SN 2018ibb that in PTF12dam and SN 2015bn. Some clear
differences are well visible though. LSQ14an, PS1-14bj and
SN 2018ibb reveal [O iii] in emission. As we concluded in Sec-
tion 5.1, the 7300 Å feature in SN 2018ibb is not dominated by
[Ca ii], but [O ii] λλ 7320,7330. In the other objects, the centre
of the 7300 Å feature is consistent with [Ca ii]. Moreover, the
7300 Å feature is well developed in SN 2007bi, LSQ14an and
SN 2018ibb but still very weak in PTF12dam and SN 2015bn.
The line profiles also differ. In SN 2018ibb the line profile is
flat-topped but triangular and skewed to the blue for the other
objects.

During the early nebular phase (t/tdecl. ∼ 2; Panel C),
all objects show a blue pseudo-continuum with superimposed
forbidden and allowed emission lines from calcium, magne-
sium and oxygen (for the line identifications see Figure 7).
SN 2018ibb and PS1-14bj are spectroscopically indistinguish-
able, though their overlap in wavelength is limited and PS1-14bj
is significantly fainter than SN 2018ibb (Figure 30). The other
objects reveal an increasing level of dissimilarities (LSQ14an
→ SN 2015bn → SN 2007bi). LSQ14an has a similar blue
pseudo-continuum but its emission lines are not well devel-
oped. This is best seen in Ca ii λλ 3933, 3968, [O iii] λ 4363 and
[Ca ii] λλ 7291,7324 + [O ii] λλ 7320,7330. The SNe 2007bi and
2015bn have redder pseudo-continua and significantly weaker
[Ca ii]+[O ii]. Moreover, SN 2007bi has only a few features blue-
ward of 5000 Å.

These differences develop further with time. During the late
nebular phase (t/tdecl. ∼ 5; Panel D), the pseudo-continuum of
all objects fades. SN 2018ibb and LSQ14an are characterised
by a weaker [O i] λλ 6300,6364 than SNe 2007bi and 2015bn.
The ratio between [Ca ii]+[O ii] and [O i] is 2–3:1. Intrigu-
ingly, the emission lines of SN 2018ibb evolved much slower
than for LSQ14an. Now, LSQ14an exhibits more conspicu-
ous emission lines than SN 2018ibb, best seen in [O iii] and
[Ca ii]+[O ii]. The [O ii] feature of SN 2018ibb has a Lorentzian
profile, whereas the profile of LSQ14an is double-peaked. In
contrast to LSQ14an and SN 2018ibb, PTF12dam, SN 2007bi
and SN 2015bn have exceptionally strong [O i]. It is, in fact,
their strongest feature. Moreover, the [O i] is markedly nar-
rower than for SN 2018ibb and LSQ14an: 6000–9000 km s−1 vs.
16,000 km s−1. The [Ca ii]+[O ii] to [O i] ratio is 1:2–3 and in-
verted compared to LSQ14an and SN 2018ibb.

Panel E shows spectra of SN 2018ibb and SN 2015bn at
1000–1100 rest-frame days after maximum (t/tdecline = 9–13).
These are the only two SLSNe with such extensive spectroscopic
observations. Despite the low signal-to-noise ratio, their spectra
exhibit well-defined SN features. SN 2018ibb continues to show
intermediate-width [O iii] with a similar width as in the spectral
epochs before, whereas SN 2015bn exhibits [O i] like in the pre-
vious epochs.

Figure 34 presents NIR spectra of LSQ14an, SN 2015bn and
SN 2018ibb at 3–4-times their respective decline time scales. All
spectra reveal only very few features beyond 1 µm, which is
expected for models of PISNe (Jerkstrand et al. 2016), SLSNe
(Jerkstrand et al. 2017), and regular stripped-envelope super-
novae (Jerkstrand et al. 2015). Some of the brightest expected
features are redshifted to regions of strong atmospheric ab-
sorption at the average redshift of SLSNe. A feature that has
been commonly seen among all known SLSNe is O i λ 1.13µm.
SN 2018ibb reveals an emission feature at 1.025 µm, which we
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Fig. 33. Comparison of the spectra of SN 2018ibb to those of other slow-evolving SLSNe between tmax+30 days and tmax+1000 days (darker
colour: 5 Å binning; light shade: unbinned spectra). Photospheric phase (Panels A–B): Around tmax (Panel A), the spectra of PTF12dam and
SN 2015bn are characterised by a hot continuum with superimposed O ii absorption lines as seen in many SLSNe at a similar epoch. SN 2007bi,
LSQ14an and SN 2018ibb have cooler photospheres, and their spectra exhibit absorption lines from Ca, Fe, Mg, O and Si (see Figure 7 for their
locations) but not O ii. At around tmax+60 days (Panel B), all spectra appear similar, though differences exist. LSQ14an, PS1-14bj, and SN 2018ibb
are the only SLSNe showing [O iii] in emission. Furthermore, SN 2007bi, LSQ14an and SN 2018ibb exhibit strong [Ca ii] + [O ii] in emission.
This feature is also present in PTF12dam and SN 2015bn but is less pronounced. Nebular phase (Panels C–E): Differences start to emerge during
the early nebular phase and become stronger with time. SN 2018ibb, LSQ14an and PS1-14bj continue to show conspicuous [O iii] in emission, in
contrast to PTF12dam, SN 2007bi and SN 2015bn that have very strong [O i] and O i in emission. SNe 2015bn and 2018ibb are the only SLSNe
with spectra at ∼tmax+1000 days (Panel E). SN 2018ibb continues to show intermediate-width [O iii], whereas the spectrum of SN 2015bn exhibits
[O i]. The elevated noise in the SN 2018ibb spectrum at tmax+989.2 days at λ > 6000 Å is due to residuals of the skyline subtraction. The dashed
vertical lines indicate the expected locations of emission lines commonly seen from H ii regions.

identified as [Co ii] (Section 5.2.5). [Co ii] is not present in any
of the other spectra. The data quality of the spectra of LSQ14an
and SN 2015bn is higher compared to that of SN 2018ibb, sug-
gesting that if a substantial amount of 56Ni was also formed in
these supernovae, the [Co ii] line should have been visible. In-
stead, SN 2015bn reveals Mg i λ 1.50 µm that is not visible in
SN 2018ibb but possibly in LSQ14an (Jerkstrand et al. 2017).

In conclusion, SN 2018ibb is spectroscopically similar to
other SLSNe, including slow-evolving SLSNe. During the pho-
tospheric phase, SN 2018ibb stands out by its low ejecta velocity
and flat velocity evolution. The early nebular phase does not dif-
fer from other SLSNe. Very late-time observations (t/tdecl. > 5)
show clear differences between SN 2018ibb and other SLSNe,
e.g., the weak and broad [O i] that stays optically thick through-
out the entire evolution. Late-time NIR spectroscopy revealed
the tentative detection of [Co ii] in SN 2018ibb. This feature is
unprecedented for a SLSN and could be the smoking gun that
SN 2018ibb is powered by the decay of 56Ni. In Sections 4.3.3,
5.1, 4.3.4 and 5.2.4, we argued that the blue pseudo-continuum
in SN 2018ibb is produced by the interaction of the SN ejecta
with CSM. The prevalence of this feature in the other slow-
evolving SLSNe raises the question of whether CSM interaction
is also present in these objects. If this is the case, it is necessary
to treat nebular spectra of SLSNe as the sum of at least two pow-

ering mechanisms, e.g., magnetar + CSM or 56Ni + CSM, neces-
sitating more complex SLSN models than the ones that currently
exist. This also means that distinguishing between different pow-
ering mechanisms is more difficult and requires comprehensive
data sets.

5.4. Is SN 2018ibb a pair-instability supernova?

Models of H-poor PISNe make very clear predictions for PISNe
in the regime of SLSNe (Mpeak . −20 mag) for their light curves
(Kasen et al. 2011; Dessart et al. 2013; Gilmer et al. 2017;
Kozyreva et al. 2017), ejecta velocities, spectra (Dessart et al.
2013; Jerkstrand et al. 2016) and the environments in which their
progenitors are formed (Langer et al. 2007). In Sections 4.6 and
5.2, we tested the most critical predictions of the PISN models
on the light curves, spectra and host galaxy. SN 2018ibb passes
most tests of PISN models with a nickel yield of 25–44 M�.
However, SN 2018ibb did not comply with two predictions, al-
though it could pass these tests with the interpretations that we
propose. Table 11 summarises all tests.

The tentative detection of [Co ii] λ 1.025µm is unprecedented
for a PISN candidate. However, existing PISN models do not
predict significant emission from [Co ii] because of line block-
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Fig. 34. Late-time NIR spectra of SN 2018ibb and the slow-evolving
SLSNe LSQ14an and SN 2015bn. The strongest features are labelled.
SN 2018ibb is the only SLSN that shows cobalt in emission, which has
its strongest optical-NIR feature at 1.025 µm. Its luminosity translates
to a nickel mass of & 30 M�, consistent with the light curve modelling.
All spectra are scaled so that O i λ 7773 has the same amplitude in all
objects. Regions of strong atmospheric absorption are cropped.

ing. In Section 5.2.5, we proposed that line blocking could be
less severe than predicted by existing models.

The shape and the relative line intensities of the nebular spec-
tra of SN 2018ibb are compatible with those predicted by PISN
models. Our observations reveal a significant excess at wave-
lengths shorter than 5000 Å, which should not be present if
25–44 M� of iron group elements were formed. As we con-
cluded in Section 5.2.4, we propose that CSM interaction may
account for some, if not all, of the excess. PISN models con-
sider mass loss (Kasen et al. 2011; Gilmer et al. 2017; Kozyreva
et al. 2017; Dessart et al. 2013) in the evolution of the progen-
itor star. However, their light curves and spectra are computed
assuming that any interaction between the SN ejecta and the cir-
cumstellar material is negligible. Kasen et al. (2011) pointed out
that the CSM interaction could actually have a non-negligible
contribution. Furthermore, the CSM might not only be produced
by stellar winds but also by eruptions similar to that seen in Eta
Carinae in 1843. That this is indeed a non-negligible effect is
corroborated by recent findings in Chen et al. (2023b). These
authors studied the light curves of 77 events from the homoge-
nous ZTF SLSN-I sample, and concluded that CSM is common
around H-poor SLSNe (in at least 25–44% of the events) and
that it contributes to the observed emission, albeit finding spec-
troscopic evidence in the spectra is difficult. Owing to the lack
of predictions of PISN models on CSM interaction, we cannot
firmly conclude that SN 2018ibb is a PISN.

Our observations demonstrate that interactions between the
SN ejecta and the ambient CSM play a non-negligible effect in
the observed photometric and spectroscopic properties (Sections
4.3.3, 4.3.4, 5.1, 5.2.4). PISN models of H-poor progenitors with
CSM are urgently needed. In the coming years, the Rubin Ob-
servatory, and the James Webb, Euclid and Roman Space Tele-
scopes will systematically explore the high-redshift Universe.
Since PISNe require metal-poor stars and the early Universe was
less chemically enriched than today, PISNe are thought to be

more abundant at higher redshifts. Several teams have proposed
search strategies to find PISNe with these new observing facil-
ities (e.g., Wang et al. 2017; Regős et al. 2020; Moriya et al.
2022b,a). However, their search strategies are based on PISN
models that, for instance, do not include CSM interaction. Con-
sidering that these new observing facilities either just started or
will commence their science operations in the next years, it is
critical to expand the suite of existing PISN models in order to
find high-z PISNe in real-time.

5.5. Could SN 2018ibb be a pulsational pair-instability
supernova?

The massive eruptions in a pulsational pair-instability supernova
(PPISN) with a large kinetic energy can, under the right condi-
tions, be an ideal case for a luminous interacting SN, as demon-
strated in several studies (e.g., Woosley et al. 2007; Yoshida et al.
2016; Woosley 2017; Leung et al. 2019; Marchant et al. 2019;
Renzo et al. 2020). While the PPI mechanism is difficult to avoid
for a He core in the mass range of 40–65 M� (Woosley et al.
2007), the number of pulses and the interval between these, as
well as the mass ejected and their kinetic energies, are more un-
certain and differ between various studies. For a bright event to
take place, the relative velocities between the shells of the differ-
ent ejections, as well as their relative masses are important. The
brightest event would result from the collision between a very
fast, massive shell and a shell of low or zero velocity. The first
shell must also be dense enough for the shocks to be radiative
and massive enough for the second shell to be completely de-
celerated. Finally, the collision has to take place close enough
to the star, on the order of 1015 − 1016cm, so that it will radiate
the energy on a timescale of approximately a year. This means
that the interval between the pulses should not be more than ap-
proximately a year. However, a collision at a very small radius,
and short time interval, will result in a very optically thick shell
where most of the released energy will go into adiabatic expan-
sion. In summary, there are a number of conditions which have
to be fulfilled for a bright SN to result. This has been illustrated
in detail by the different radiation-hydrodynamical models, e.g.,
Woosley (2017).

Below, we discuss the most extreme models in order to judge
whether a pure PPISN could explain the large total radiated en-
ergy we find for SN 2018ibb. For a pure He core, Woosley (2017)
finds an upper limit to the kinetic energy of ∼ 2 × 1051 erg, with
the highest energy from the highest He core mass, if no addi-
tional power source (e.g., magnetar or black hole accretion) is in-
volved. The most extreme model with a 62 M� He core resulted
in a 36 M� ejecta with a total kinetic energy of 2.1 × 1051 erg.
This is distributed over several pulses, with most of the energy
being dissipated in the first pulse. Without any previous strong
mass loss this will, however, not be converted into radiation over
a timescale of approximately a year. This is also confirmed by
the light curve models in Woosley (2017).

Brighter light curves could be obtained for models with a
remaining hydrogen envelope. The most extreme, T130D in
Woosley (2017), had three pulses, ejecting the 70 M� hydrogen-
rich envelope with a kinetic energy of 1.5×1051 erg. About 3300
years later a second pulse ejected a 7.7 M� shell with He, C and
O and energy 1.1×1051 erg, and after another 8 months a 13.5 M�
shell and energy 1.5 × 1051 erg. The last two shells were ejected
close enough in time to collide and create a luminous SN with a
total radiated energy of 4.5 × 1050 erg.

Similar calculations have been done by Marchant et al.
(2019) and Leung et al. (2019), using the MESA code (while
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Table 11. Summary of the PISN tests applied on SN 2018ibb

Test Condition Observation Section Pass Reference

Light curve

Rise time 120 – 150 days > 93 days 4.2 ? 1, 2
Decline rate 1 mag (100 day)−1 1.1 mag (100 day)−1 4.2 3 1, 2

Peak absolute magnitude Mbol −20 –−22.5 mag < −21.8 mag 4.2 3 1, 2
Nickel mass 10 – 40 M� 25 – 40 M� 5.2.1, 5.2.2, 5.2.3 3 1, 2

PISN template He100 – He130, He120 – He130, 5.2.3 3 1, 2, 3
P200 – P250 P250, P250Ni34

Spectra

Velocity 7000–11,000 km s−1 8500 km s−1 4.3.2 3 3, 4
Nebular spectra He100, He130 He130, but blue excess 5.2.4 8 5

[Co ii] λ 1.025µm not predicted detected 5.2.5 8 5

Contribution from CSM interaction to the light curve and spectra

CSM interaction not explored observed 5.1, 4.3.4, 5.2.4 ?

Host galaxy

Metallicity < Z�/3 very lowa 4.6 3 6

Notes. (a) We do not detect all required emission lines to measure the metallicity reliably. The galaxy mass of log M?/M� ∼ 7.7 is consistent with
a metallicity of < Z�/3 (Section 4.6).
References. 1) Kasen et al. (2011); 2) Kozyreva et al. (2017); 3) Gilmer et al. (2017); 4) https://2sn.org/DATA/HW01/bulk_yields.txt based on
Heger & Woosley (2002) 5) Jerkstrand et al. (2016); 6) Langer et al. (2007)

Woosley 2017 used the Kepler code). Qualitatively, these mod-
els agree, especially in the higher energies and mass ejected, as
well as the number of pulses with increasing He core mass. In
particular, Leung et al. (2020) find a maximum kinetic energy of
2.8 × 1051 erg for the highest PPI He core mass, similar to the
corresponding model by Woosley et al. (2007). However, as dis-
cussed by Leung et al. (2019), there are also substantial quanti-
tative differences between the models, including ejected masses
and time interval between the pulses. Some of the differences
can be traced back to the treatment of shocks, and convection in
both the hydrostatic and hydrodynamic phases.

We note that a large kinetic energy in PPISN models has also
been invoked to explain the light curves of other luminous SNe.
For the FBOT AT2018cow, Leung et al. (2020) invoked a kinetic
energy of 5 × 1051 erg from a 42 M� He-core interacting with
an ejected shell with mass of 0.5 M�. An obvious solution to
supply the extra energy is a hybrid model with a combination
of a PPISN and the energy from a magnetar or accretion. This
has been discussed by Woosley (2017) and for other energetic
SLSNe including PTF12dam (Tolstov et al. 2017a), Gaia16apd
(Tolstov et al. 2017b) and iPTF16eh (Lunnan et al. 2018a). How-
ever, it remains unclear how a magnetar can be formed from the
core collapse of the very massive He core in a PPISN.

In summary, a pure PPISN, close to the upper He core mass
limit, may potentially explain the observed radiated energy of
> 3 × 1051 erg (Section 4.2.2). The conversion of kinetic energy
to radiative energy, however, requires rather special conditions in
terms of pulse intervals, ejecta mass and velocities. The uncer-
tainties in the models are, unfortunately, large, and it is difficult
to draw any firm conclusions. Additional energy sources can not
be excluded, such as a magnetar or a black hole. A contribu-
tion from a magnetar would result in the flattening of the late-
time light curve which is in stark contrast to our observations.
In the case a black hole was formed during the gravitational col-
lapse of the progenitor star, the accretion rate would need to be
well-tuned to be consistent with the exponentially declining light
curve, making the PPISN scenario less likely.

6. Conclusion

In this paper, we have presented observations of the slow-
evolving H-poor SLSN 2018ibb covering an exceptionally long
time interval from −93 to +989 rest-frame days after maximum.

SN 2018ibb shares many similarities with H-poor SLSNe,
but its properties are extreme even for SLSNe. It is one of the
slowest evolving SLSNe known. The slow evolution is apparent
through the long rise of > 93 rest-frame days from 10% peak
flux to peak, the slow decline of merely 1.1 mag (100 days)−1,
and the low photospheric velocity of 8500 km s−1 that remains
constant between the time of maximum and the following 100
rest-frame days. At peak, SN 2018ibb reached an absolute mag-
nitude of Mr = −21.7 mag, comparable to the bulk of the SLSN
population. The bolometric light curve had a peak luminosity
of > 2 × 1044 erg s−1. During its lifetime, SN 2018ibb radiated
> 3×1051 erg. The peak luminosity and total radiated energy are
strict lower limits.

We compared SN 2018ibb with PISN and SLSN models.
SN 2018ibb complies with most tests of PISN models with peak
luminosity < −20 mag, and possibly all tests with the interpreta-
tions that we propose, making SN 2018ibb the best PISN candi-
date, to date. Specifically, SN 2018ibb passes the following tests:

i) a rise time of > 93 days (expected: 120–150 days)
ii) a decline time scale of 1.1 mag (100 day)−1 (expected:

1.1 mag (100 day)−1)
iii) the modelling of the multi-band light curves with physical

SLSN models and the Katz et al. (2013) method point to the
production of 25–44 M� 56Ni (expected: 10–44 M�)

iv) the bolometric light curve is consistent with PISN templates
that produce 25 and 44 M� of 56Ni

v) a low ejecta velocity of 8500 km s−1 (expected: 7000–
11, 000 km s−1)

vi) a low metallicity (expected: < 1/3 solar)
vii) none of the > 200 SLSNe has properties similar to

SN 2018ibb (expected: PISNe are rare).
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Such a huge amount of nickel of 25–44 M� can only be produced
in a pair-instability-supernova explosion of a star with a He-core
mass of 120–130 M� at the time of the explosion (ZAMS mass
of approximately 240–260 M�). However, SN 2018ibb does not
comply with the following tests:

i) the tentative detection of [Co ii] λ 1.025 µm in emission, im-
plying M(56Ni) & 30 M� (expected: no [Co ii] in emission)

ii) the nebular spectra are similar to the He130 [M(56Ni) =
44 M�] PISN model but show a substantial excess blueward
of 5000 Å due to CSM interaction.

The tentative detection of [Co ii] is unprecedented for a PISN
candidate and any SLSN. It could be the smoking-gun evi-
dence of SN 2018ibb being a PISN, though the line identifica-
tion hinges on the detection of a single line. PISN models pre-
dict no significant [Co ii] λ 1.025 µm in emission because of line
blocking extending by iron to the NIR. We propose that the line
blocking might be over-estimated in existing models.

While the late-time spectra are similar to PISN models, they
also exhibit a blue excess that should not be present due to the
massive line-blanketing of 25–44 M� iron-group elements. A
similar blue excess was also observed in previous PISN can-
didates. Its presence was used as a critical piece of evidence
against the PISN interpretation. We argue that this is not the case
for SN 2018ibb. Three lines of evidence reveal that SN 2018ibb
is not exclusively powered by radioactivity and that CSM inter-
action is also at play: i) the detection of a slow-moving CSM
shell around the progenitor star; ii) the presence of similarly
slow O i, [O ii], [O iii] emission lines; and iii) a blue pseudo-
continuum similar to that of interaction-powered SNe. This sug-
gests that some, if not all, of the blue excess is produced by
CSM interaction. We stress that even after accounting for a sub-
stantial contribution of CSM interaction to the bolometric flux,
25–44 M� are still required to power the entire bolometric light
curve.

PISN models consider mass-loss episodes (winds and to
some level eruptions) to evolve their progenitors to the point of
explosion. However, the SN light curves and spectra are com-
puted in sterile environments, assuming that any interaction be-
tween the SN ejecta and the circumstellar material is negligi-
ble. Our observations demonstrate that CSM interaction is an
important non-negligible effect that needs to be systematically
explored in PISN models. The lack of such PISN models is the
reason why we cannot conclusively argue for SN 2018ibb being
a PISN.

Our data set disfavours central engine models (magne-
tar powering and fallback accretion onto a black hole), the
magnetar+56Ni model and pure CSM models. The continued lin-
ear decline out to tmax+706 days and the absence of any light
curve flattening, expected for magnetar models, are in conflict
with existing analytical prescriptions of magnetar models. Fur-
thermore, the inferred values of the physical parameters of the
magnetar and magnetar+56Ni models are in conflict with exist-
ing stellar evolution models. A model with a simple-power-law-
shaped fallback accretion rate, the default assumption in fallback
models, would also result in a flattening of the light curve in con-
tradiction with our observations. Analytical CSM models did not
provide an adequate description either.

The extensive, high-quality dataset of SN 2018ibb is predes-
tined to perform definitive tests with SLSN and PISN models,
and to explore rare explosion mechanisms, e.g., axion-instability
supernovae (AISNe; Sakstein et al. 2022). Simulations by Mori
et al. (2023) suggest that AISNe evolve faster and are bluer than
PISNe for a given He-core mass. AISNe might also be more

abundant than PISNe. Therefore, revealing the powering mecha-
nism of SN 2018ibb will have immediate consequences not only
for SN science but also for stellar evolution theory. The final
confirmation of a PISN would also have ramifications for the in-
terpretation of the observed drop in the black hole mass function
and, therefore, gravitational wave astronomy.

In the coming years, the Rubin Observatory, and the James
Webb, Euclid and Roman Space Telescopes will be used to search
for SLSNe, PISNe, and the explosions of Population III stars
in the high-redshift Universe. To make this leap forward, the
community requires a significantly improved understanding of
the powering mechanisms and the progenitors of SLSNe. This
can be accomplished with i) comprehensive data sets of low-z
SLSNe similar to the one presented here and ii) more complex
theoretical models with clear predictions for light curves and
spectra. The James Webb Space Telescope could be transforma-
tive for studying low-redshift SLSNe. Its IR spectrograph NIR-
spec has the sensitivity to provide an uncensored view from 1 to
5 µm. Such an IR spectrum of a SN 2018ibb-like event could re-
veal strong emission lines from cobalt, nickel and iron between 2
and 5 µm during the nebular phase, which would be the smoking-
gun evidence for powering by 56Ni.
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Appendix A: Photometric observations

Appendix A.1: All-sky surveys

ATLAS — Between 2018 and 2019, the ATLAS survey utilised
two 0.5 m telescope systems on Haleakala and Mauna Loa,
Hawaii (USA). Each of the telescopes has a field of view of
29 square degrees. The two telescopes work in tandem to sur-
vey the entire visible sky from −45◦ < δ < 90◦ with a 2-day
cadence. ATLAS observes in two wide filters, called ‘cyan’ or
‘c’, which roughly covers the SDSS/Pan-STARRS g and r filters
(4200–6500 Å), and ‘orange’ or ‘o’, which covers the SDSS/-
PanSTARRS r and i (5600–8200 Å) to a depth of ∼ 19 mag
(5σ, averaged over both telescope sites and weather conditions;
Tonry 2011). All data immediately go through an automatic data-
processing pipeline, described in Stalder et al. (2017).

After the field of SN 2018ibb appeared from behind the sun,
the ATLAS survey obtained the first image on 7 August 2018
(tmax−107 days). On 10 September, SN 2018ibb got brighter than
the detection threshold of the ATLAS pipeline. To recover emis-
sion from SN 2018ibb between 7 August and 10 September and
boost the quality of all data, we ran the ATLAS Forced Photom-
etry service26 (Shingles et al. 2021) on all images starting from
summer 2018. We clipped and binned the data using the python
script plot_atlas_fp.py27. We used a bin size of 2 days for the
first observing season and 5 days for the second observing sea-
son. Measurements with a significance of < 3σ were removed
from the final light curve. To identify the epoch of first light,
we built custom-made nightly stacks and visually inspected each
coadded image. The earliest 3σ detection was recovered from
data obtained on 31 August 2018 (tmax−80.1 days). The bright-
ness was o = 19.13±0.21 mag. The last non-detection before the
first detection was on 17 August 2018 (tmax−92.1 days) and had
a depth of o ≈ 19.9 mag at 3σ confidence. The full light curve
covers the period up until tmax+386 days.

ZTF — The Zwicky Transient Facility uses the Samuel Oschin
48-inch (1.22 m) Schmidt telescope at Mount Palomar (USA)
equipped with a 47-square-degree camera (Dekany et al. 2020).
Since 17 March 2018, the public ZTF Northern Sky Survey mon-
itors the northern hemisphere every 3 days in g and r band to a
depth of ∼ 20.7 mag (5σ; Bellm et al. 2019a,b). The field of
SN 2018ibb was observed for the first time on 29 August 2018.

ZTF started its science operations only in March 2018.
This resulted in all reference images between September and
November 2018 being contaminated by SN 2018ibb. Hence,
the difference photometry in the ZTF alert packages only pro-
vided a partial event history, and the measurements were un-
usable. Owing to that, we obtained the science-ready but not-
template-subtracted images from the NASA/IPAC Infrared Sci-
ence Archive28. (Their data reduction is described in Masci
et al. 2019.) We measured the brightness of SN 2018ibb us-
ing the aperture photometry tool29 presented in Schulze et al.
(2018). Once an instrumental magnitude was established, it was
calibrated against the brightness of several stars from a cross-
matched PanSTARRS-Gaia catalogue. The full light curve cov-
ers the interval from tmax−81.9 to tmax+306 days.

26 https://fallingstar-data.com/forcedphot
27 https://gist.github.com/thespacedoctor/
gi86777fa5a9567b7939e8d84fd8cf6a76
28 https://irsa.ipac.caltech.edu/
29 https://github.com/steveschulze/Photometry
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Fig. A.1. The light curve from the Catalina Sky Survey in pseudo-V
band together with the r-band light curve of SN 2018ibb.

Gaia — The Gaia satellite has two 1.45 m × 0.5 m tele-
scopes pointing in two directions separated by an angle of 106◦.5
and merged into a single focal plane. It monitors the sky with
a & 30 day cadence in the unfiltered, white-light Gaia ‘G’
band (3320–10515 Å; Gaia Collaboration et al. 2016). We re-
trieved the light curve from the Gaia Photometric Science Alerts
database30. The light curve covers the period from tmax−93 to
tmax+259 days.

Catalina Sky Survey — The data were taken by the Catalina
Sky Survey (Larson et al. 2003) using the 0.7 m Schmidt tele-
scope31. All observations were taken unfiltered using 30 s expo-
sures and typically reach V ∼ 19.5 mag. The photometry was
performed using Source Extractor (Bertin & Arnouts 1996) and
is calibrated to a pseudo-V based on a preselected set of cali-
brator stars as described in Drake et al. (2011). The light curve
covers the period from tmax−72 to tmax+259 days. Owing to the
scatter in the data, we show the data in Figure A.1.

Appendix A.2: Large observing campaigns

2.2 m MPG — Between 16 December 2018 and 29 October
2019 (tmax+11 – tmax+283 days), we monitored the lightcurve
evolution with the seven-channel imager GROND (Gamma-Ray
Burst Optical/Near-Infrared Detector; Greiner et al. 2008) from
4500 to 22,000 Å at the 2.2 m Max Planck Gesellschaft telescope
at La Silla Observatory (Chile) as a part of the GREAT survey
(Chen et al. 2018).

The images were reduced with the GROND pipeline (Krüh-
ler et al. 2008), which applies bias and flat-field corrections,
stacks images and provides astrometric calibration. The photom-
etry was extracted similarly to the ZTF data. To establish the ab-
solute flux scale, we used a local sequence of stars from a cross-
matched PanSTARRS-Gaia catalogue (griz) and 2MASS (JHK;
Skrutskie et al. 2006). SN 2018ibb evaded detection in Ks band.
These images are very shallow, and we omit them in this paper.

3.58 m ESO/NTT — At the end of October 2019, we switched
from the 2.2 m MPG/ESO telescope to the 3.58 m ESO New

30 http://gsaweb.ast.cam.ac.uk/alerts/home
31 https://catalina.lpl.arizona.edu/telescopes
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Technology Telescope at La Silla Observatory (Chile). We ob-
tained photometry in BVgriz between 22 October 2019 and 11
November 2020 (tmax+277 – tmax+619 days) with the EFOSC2
instrument (ESO Faint Object Spectrograph and Camera version
2; Buzzoni et al. 1984). Furthermore, we obtained a few epochs
of JHK photometry with the SOFI (Moorwood et al. 1998). All
observations were carried out as a part of the ePESSTO survey
(Smartt et al. 2015). On 1 March 2022 (tmax+1023 days), we
obtained a final image in B band. At this phase, the brightness
of SN 2018ibb was well below the host level in the B band. We
use these data to expand the host galaxy observations to shorter
wavelengths.

The data were reduced with the PESSTO pipeline32 (Smartt
et al. 2015), which applies bias and flat-field corrections,
and provides astrometry calibration. We utilised the tool from
Schulze et al. (2018) to extract the photometry. For the SN pho-
tometry, we used circular apertures and an elliptical aperture for
the host galaxy whose size was matched to that of the VLT/-
FORS2 data. The BVgriz photometry was calibrated with a local
sequence of stars from a cross-matched PanSTARRS-Gaia cata-
logue and the JHK photometry with the stars from the 2MASS
point source catalogue.

8.2 m ESO/VLT — Between September 2020 and March 2021,
we obtained photometry in gRIz with the FOcal Reducer/low
dispersion Spectrograph 2 (FORS2, Appenzeller et al. 1998) at
the 8.2 m Very Large Telescope at Paranal Observatory (Chile),
covering the time interval from tmax+564 days to tmax+706 days.
These data suffered from a progressively increasing contamina-
tion by the host galaxy. To remove the host contribution, we ob-
tained a final set of gRIz photometry in January/February 2022
(tmax+991 days). These reference images were obtained under
similar observing conditions, but their integration time was a fac-
tor of 2 larger to ensure a reliable host subtraction.

We reduced the data with IRAF in the same way as the
GROND and NTT data. The world coordinate system was cal-
ibrated with the software package astrometry.net (Lang et al.
2010). To remove the host contribution, we aligned all images
in a given filter to the corresponding template image and sub-
tracted the images with the High Order Transform of Psf ANd
Template Subtraction code version 5.11 (HOTPANTS; Becker
2015). We measured the brightness in the difference images us-
ing aperture photometry. The photometry was calibrated against
a set of stars identified in archival griz CTIO/DECam images
from the Dark Energy Survey (Dark Energy Survey Collabora-
tion et al. 2016) and DESI Legacy Imaging Surveys Dey et al.
(2019)

Neil Gehrels Swift Observatory — We observed the field
with the 30 cm Ultraviolet/Optical Telescope (UVOT; Roming
et al. 2005) aboard the Swift satellite (Gehrels et al. 2004) be-
tween tmax+8.4 and tmax+224 days in w2, m2, w1, u, b, v. While
SN 2018ibb was not observable from the ground between April
and August 2019, we made strategic use of Swift’s orbit to re-
duce the seasonal gap of our ground-based campaigns from 100
to 54 rest-frame days.

We retrieved the science-ready data from the Swift archive33.
We co-added all sky exposures for a given epoch and filter to
boost the S/N using uvotimsum in HEAsoft34 version 6.26.1.

32 https://github.com/svalenti/pessto
33 https://www.swift.ac.uk/swift_portal
34 https://heasarc.gsfc.nasa.gov/docs/software/heasoft/

Afterwards, we measured the brightness of SN 2018ibb with the
Swift tool uvotsource. The source aperture had a radius of 5′′
while the background region had a significantly larger radius.
The photometry was calibrated with the latest calibration files
from September 2020.

Appendix A.3: Supplementary observations

We augmented the campaigns mentioned above with targeted
observations using

– the Alhambra Faint Object Spectrograph and Camera (AL-
FOSC)35 on the 2.56 m Nordic Optical Telescope (NOT) at
the Observatorio del Roque de los Muchachos on La Palma
(Spain) in griz

– the 0.76 m Katzman Automatic Imaging Telescope (KAIT)
in BVRI and ‘clear’ as part of the Lick Observatory Super-
nova Search (LOSS; Filippenko et al. 2001)

– the Las Cumbres Observatory (LCO) in ugriz and BVRI
– the optical imager (IO:O) on the robotic 2 m Liverpool Tele-

scope (LT; Steele 2004) located at the Observatorio del
Roque de los Muchachos in griz

– the Low Resolution Imaging Spectrometer (LRIS, Oke et al.
1995) on the 10 m Keck I telescope at Maunakea (USA) in
gVRi

– the Multi-Object Double Spectrographs MODS-1 and 2 cam-
eras in ugriz and the near-IR LUCI camera in JHK at the
8.4 m Large Binocular telescope at Mt. Graham (USA)

– 1 m Nickel telescope at Lick Observatory in BVRI (Li et al.
2003)

– the SED Machine (Blagorodnova et al. 2018) at the Palomar
60-inch telescope at Mount Palomar (USA) in gri

– the 28-inch telescope at the Wise Observatory (Israel) in gri
– the Wide Field Camera 3 in F336W aboard the Hubble Space

Telescope to obtain a late-time image in August 2022

All data were reduced in a similar fashion with instrument-
specific pipelines, e.g., FPipe for the SEDm data (Fremling et al.
2016), the LOSSPhotPypeline36 for the KAIT and Lick data
(Stahl et al. 2019) and IRAF. We applied aperture photometry to
extract the photometry similar to the method described in Sec-
tion A.2. In the case of KAIT and Lick data Point-spread func-
tion photometry (Stetson 1987) using DAOPHOT was applied.

The Keck observations were performed when the host con-
tribution was non-negligible but smaller than 10% in all filters.
Owing to the size of the host contribution, we omit any host
correction but added an error of 0.2 mag in quadrature to those
measurements.

The NOT data were obtained in adverse observing condi-
tions. We omit to report their photometry owing to issues in ob-
taining a reliable photometric calibration. The LCOGT z-band
images suffer from fringing, resulting in photometry with large
systematic errors. We omit to report these measurements in this
paper.

Appendix B: Spectroscopic observations

Appendix B.1: 10 m Keck Telescope

We obtained 3 epochs with LRIS between tmax−1.4 days
and tmax+562.3 days. The first two observations, acquired
on 1 December 2018 (tmax−1.42 days) and 29 August 2019

35 http://www.not.iac.es/instruments/alfosc
36 https://github.com/benstahl92/LOSSPhotPypeline
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Table A.1. Log of photometric observations

Telescope/ Filter MJD Brightness
Instrument (day) (mag)

Swift/UVOT uvw2 58464.766 21.07 ± 0.16
Swift/UVOT uvw2 58472.770 21.36 ± 0.19
Swift/UVOT uvw2 58476.387 21.26 ± 0.19
Swift/UVOT uvw2 58481.176 21.40 ± 0.24
Swift/UVOT uvw2 58484.828 21.76 ± 0.23
Swift/UVOT uvw2 58493.922 21.69 ± 0.25
Swift/UVOT uvw2 58497.102 21.55 ± 0.22
Swift/UVOT uvw2 58500.664 21.84 ± 0.36
Swift/UVOT uvw2 58501.531 21.92 ± 0.34
Swift/UVOT uvw2 58505.371 21.75 ± 0.21
Swift/UVOT uvw2 58507.598 21.80 ± 0.21
Swift/UVOT uvw2 58516.656 22.02 ± 0.25
Swift/UVOT uvw2 58521.641 21.80 ± 0.22
Swift/UVOT uvw2 58528.613 22.22 ± 0.34

Notes. All measurements are reported in the AB system. An s-
correction was applied to all measurements but no correction for red-
dening. A machine-readable table is available online on WISeREP.

(tmax+231.2 days), used the B400/3400 blue-side grism and the
R400/8500 red-side grating, the dichroic 560 and a 1′′.0 wide
slit. The integration times were 300 s for each epoch. The third
epoch was obtained with the B600/4000 blue-side grism and
R400/8500 red-side grating and a 1′′.0 wide slit on 18 September
2020 (tmax+562.3 days). The integration time was 4935 s. All
spectra were reduced in a standard fashion with the data reduc-
tion pipeline LPipe (Perley 2019).

Appendix B.2: Palomar 60-inch Telescope

We acquired 3 epochs of spectroscopy with the SED Machine
between tmax+5.4 and tmax+21.6 days. The SED Machine is a
very low resolution (R ∼ 100) integral field unit covering the
wavelength range from 3650 to 10,000 Å. The first two epochs (9
and 12 December 2018) are of sufficient quality and are reported
to WISeREP but are not presented in the paper owing to the
availability of higher resolution and higher S/N data. The final
epoch obtained on 28 December 2018 is of very poor quality and
is reported here only for completeness. All observations were re-
duced using the pipeline described by Rigault et al. (2019).

Appendix B.3: Palomar 200-inch Telescope

We obtained one epoch of spectroscopy with the DouBle-
SPectrograph (DBSP; Oke & Gunn 1982) on 13 December 2018
(tmax+8.8 days). The observations were taken using the D-55
dichroic beam splitter, a blue grating with 600 lines per mm
blazed at 4000 Å, a red grating with 316 lines per mm blazed
at 7500 Å, and a 1′′.5 wide slit. The data are reduced using the
python package DBSP_DRP37 that is primarily based on PypeIt
(Prochaska et al. 2020a,b).

37 https://github.com/finagle29/dbsp_drp

Appendix B.4: Extended Public ESO Spectroscopic Survey
of Transient Objects

Between 15 December 2018 and 20 October 2019 (tmax+10.5
– tmax+275.6 days), we obtained 6 epochs of spectroscopy us-
ing EFOSC2. The observations were performed with grisms #11,
#13 and #16. Depending on weather conditions, we used either
a 1′′.0 or 1′′.5 wide slit. The integration times were between 1800
and 5400 s. We reduced the data in a standard fashion using the
PESSTO pipeline (Smartt et al. 2015).

Appendix B.5: 2.56 m Nordic Optical Telescope

We acquired 3 epochs of low-resolution spectroscopy with AL-
FOSC between 7 January and 22 February 2019 (tmax+30.8 and
tmax+70.3 days). The spectra were obtained with a 1′′.3 wide slit
and grism #4. For the second epoch, we used the second-order
blocking filter WG345.

The data were reduced using IRAF (epoch 2), the pipeline
foscgui38 (epochs 1 and 3). The reduction includes cosmic-ray
rejection, bias corrections, flat fielding, and wavelength calibra-
tion using HeNe arc lamps imaged immediately after the target.
The relative flux calibration was done with spectrophotometric
standard stars observed during the same night.

Appendix B.6: 8.2 m ESO Very Large Telescope

X-shooter — We obtained 7 medium-resolution spectra with
the X-shooter instrument (Vernet et al. 2011) between 10 Jan-
uary 2019 and 16 February 2020 (tmax+32.7 – tmax+377.5 days).
All observations were performed in nodding mode and with
1′′.0/0′′.9/0′′.9 wide slits (UVB/VIS/NIR). The first four epochs
covered the full spectral range from 3000 to 24,800 Å. For the
other epochs, we used the K-band blocking filter (cutting the
wavelength coverage at 20,700 Å; Vernet et al. 2011) to increase
the signal-to-noise ratio (S/N) in the H band. The integration
times were varied between 1800 and 3600 s.

The data were reduced following Selsing et al. (2019).
In brief, we first removed cosmic-rays with the tool astro-
scrappy39, which is based on the cosmic-ray removal algorithm
by van Dokkum (2001). Afterwards, the data were processed
with the X-shooter pipeline v3.3.5 and the ESO workflow engine
ESOReflex (Goldoni et al. 2006; Modigliani et al. 2010). The
UVB and VIS-arm data were reduced in stare mode to boost the
S/N. In the background limited case, this can increase the S/N by
a factor of

√
2 compared to the standard nodding mode reduc-

tion. The individual rectified, wavelength- and flux-calibrated
two-dimensional spectra files were co-added using tools devel-
oped by J. Selsing40. The NIR data were reduced in nodding
mode to ensure a good sky-line subtraction. In the third step, we
extracted the one-dimensional spectra of each arm in a statisti-
cally optimal way using tools by J. Selsing. Finally, the wave-
length calibration of all spectra were corrected for barycentric
motion. The spectra of the individual arms were stitched by av-
eraging the overlap regions.

FORS2 — We obtained 3 low-resolution spectra with the
FORS2 spectrograph between 20 September and 1 February
2022 (tmax+565.3 – tmax+989.2 days). Each observation was per-

38 http://sngroup.oapd.inaf.it/foscgui.html
39 https://github.com/astropy/astroscrappy
40 https://github.com/jselsing/XSGRB_reduction_scripts
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formed with the 300V grism and a 1′′.0 wide slit. The first epoch
comprised of 6×1100 s (executed on 20 and 23 September), and
the latter two epochs consisted of 12×1200 s each. The data were
reduced with IRAF similar to the datasets mentioned above.

Appendix B.7: 3 m Shane Telescope

We obtained a series of four spectra with the Kast double spec-
trograph41 mounted on the Shane 3 m telescope at Lick Obser-
vatory. These spectra span the time period tmax+24.3 through
tmax+89.3 days. The Kast observations utilised the 2” slit,
600/4310 grism, and 300/7500 grating. This instrument config-
uration has a combined wavelength range of ∼ 3500-10,500 Å.
To minimize slit losses caused by atmospheric dispersion (Fil-
ippenko 1982), the Kast spectra were acquired with the slit ori-
ented at or near the parallactic angle.

The Kast data were reduced following standard techniques
for CCD processing and spectrum extraction (Silverman et al.
2012) utilizing IRAF routines and custom Python and IDL
codes42. Low-order polynomial fits to comparison-lamp spec-
tra were used to calibrate the wavelength scale, and small ad-
justments derived from night-sky lines in the target frames were
applied. The spectra were flux calibrated using observations of
appropriate spectrophotometric standard stars observed on the
same night, at similar airmasses, and with an identical instru-
ment configuration.

The spectrum from tmax+47.3 days was obtained in very poor
conditions. The quality of the spectrum was insufficient to ex-
tract a useful spectrum.

Appendix B.8: 8.4 m Large Binocular Telescope

We observed SN 2018ibb in the optical with the Multi-Object
Double Spectrographs MODS-1 and MODS-2 (Pogge et al.
2010) and in the near-IR with the two LUCI (LBT Utility Cam-
era in the Infrared; Ageorges et al. 2010; Seifert et al. 2010)
cameras. In the optical, we used MODS-1 and -2 in dual-grating
mode (grisms G400L and G670L) providing a wavelength cov-
erage from 3200–9500 Å and a slit mask with a width of 1′′.2
for each camera. The integration time was 0.8 hours for the ob-
servation on 22 October 2019 (tmax+276.1 days) and on 29/30
January 2020 (tmax+361.6 days). In the NIR, we used the G200
grating and a 1′′.0 wide slit. The first epoch was obtained with
the zJspec bandpass filter (0.90–1.25 µm) on 19 October 2019
(integration time 0.8 hours). A second epoch was obtained on
28 January 2020 in zJspec and HKspec (1.47–2.35 µm). The
integration of each setup was 1 hour.

The MODS data were reduced first with modsCCDRed
(Pogge 2019) version 2.04 to remove the bias and flat-field the
data using a slit-less pixel flat. After that, we used custom IRAF
scripts to extract the science spectrum using a nearby star for
tracing. The observations of the spectrophotometric standard
were combined in order to measure the trace of the dispersion
along the entire slit. This trace was used along with the wave-
length calibration from arc-lamp lines to rectify the tilt in the
direction of the dispersion and the cross-dispersion axes for the
full-frame (8192 × 3072 pixel). The final wavelength calibra-
tion was cross-checked with known strong auroral skylines in
the blue ([O i] λ 5577.338) and red ([O i] λ 6300.3) channels. The
one-dimensional spectrum was extracted from each channel us-

41 https://mthamilton.ucolick.org/techdocs/instruments/kast/
Tech%20Report%2066%20KAST%20Miller%20Stone.pdf
42 https://github.com/ishivvers/TheKastShiv

ing a 1′′.2-wide aperture. The spectra were flux-calibrated using
the spectrophotometric standard stars. Telluric features were re-
moved from the red channels using the normalised spectrophoto-
metric standard spectrum. The data from the four channels were
combined into a single spectrum and re-binned to a common
scale of ∆λ = 0.85 Å pixel−1. All data were corrected for he-
liocentric motion.

The LUCI spectroscopic data were reduced at the Italian
LBT Spectroscopic Reduction Center43 by means of scripts opti-
mised for LBT data adopting the standard procedure for long-slit
spectroscopy with bias subtraction, flat-fielding, bad-pixel cor-
rection, sky subtraction, and cosmic-rays rejection. The wave-
length calibration was obtained from sky-lines achieving an
r.m.s. of < 0.3 Å in zJ and 0.9 Å in HK. We flux-calibrated the
spectra with telluric standard stars.

Appendix B.9: 8.1 m Gemini-South telescope

We obtained one epoch of spectroscopy with the Gemini Multi-
Object Spectrograph (GMOS; Hook et al. 2004; Gimeno et al.
2016) at the Gemini-South telescope at Cerro Pachon, Chile,
starting on 28 January 2022 (tmax+988.1 days). We used the
R150 grating with the GG455 blocking filter and a 1′′-wide slit.
We divided the observation into three sets of 4 × 1200 s each.
Owing to technical problems, the campaign had to be aborted
after the first set was obtained.

We reduced the data using the Gemini IRAF package44 ver-
sion 1.14. We detect the very faint trace of the SN 2018ibb, but
due to the significantly shorter total integration time, the quality
of the spectrum was insufficient to detect features of SN 2018ibb
or its host galaxy.

Appendix C: Bolometric light curve

The tabulated version of the bolometric light curve is shown in
Table C.1.

Appendix D: VLT/FORS2 spectrum from January
2022

Figure D.1 shows the observed VLT/FORS2 spectrum from Jan-
uary 2022, the unbinned spectrum light-blue and a binned ver-
sion in a darker shade (bin size 30 Å). We scaled the best fit of
the host galaxy SED to the brightness at the SN explosion site
(shown in red, galaxy emission lines are clipped). The shape of
the continuum of the VLT spectrum is consistent with the host
galaxy SED. The only remaining SN feature is the broad [O iii]
at 5000 Å.

Appendix E: Modelling the SN light curve with
Redback

Table F.1 summarises the results of fitting the multi-band light
curve with the software package Redback.

Appendix F: Galaxy photometry of SN 2015bn

We use science-ready coadded images from PanSTARRS DR1
and archival science-ready images obtained with MegaCAM at
43 http://www.iasf-milano.inaf.it/software.
44 https://www.gemini.edu/observing/phase-iii/understanding-and-
processing-data/data-processing-software
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Table C.1. Bolometric luminosity and blackbody properties

Phase log Lbol log R T
(day)

(
erg s−1

)
(cm) (K)

-81.4 43.64 ± 0.11 . . . . . .
-71.4 43.79 ± 0.08 . . . . . .
-61.4 43.93 ± 0.08 . . . . . .
-51.4 43.97 ± 0.08 . . . . . .
-41.4 44.06 ± 0.12 . . . . . .
-31.4 44.14 ± 0.09 . . . . . .
-21.4 44.17 ± 0.07 . . . . . .
-11.4 44.21 ± 0.08 . . . . . .
-1.4 44.27 ± 0.10 . . . . . .
-0.4 44.27 ± 0.09 . . . . . .
8.4 44.23 ± 0.04 15.64 ± 0.02 11869 ± 421
18.4 44.19 ± 0.03 15.68 ± 0.02 10513 ± 306
28.4 44.16 ± 0.03 15.70 ± 0.01 10092 ± 245
38.4 44.12 ± 0.03 15.70 ± 0.02 9892 ± 314
48.4 44.05 ± 0.03 15.68 ± 0.02 9567 ± 346
58.4 44.03 ± 0.03 15.70 ± 0.02 9281 ± 357
68.4 44.02 ± 0.03 15.70 ± 0.02 9256 ± 359
78.4 44.00 ± 0.03 15.68 ± 0.04 9428 ± 599
88.4 43.96 ± 0.03 15.67 ± 0.03 9089 ± 512
98.4 43.90 ± 0.04 15.64 ± 0.03 8980 ± 475

103.4 43.87 ± 0.10 15.63 ± 0.04 9006 ± 518

Notes. The bolometric luminosity and the properties of the black-
body spectrum are reported in 10-day bins. The blackbody radius and
temperature are reported between tmax+8.4 and tmax+100.3 days when
multi-band photometry from the u-band to the NIR are available and
SN 2018ibb is during its photospheric phase. Errors quote the statistical
uncertainties. A machine-readable table is available online.
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Fig. D.1. Observed spectrum of SN 2018ibb at tmax+989.2 days (un-
binned: light blue, 30 Å binning: blue; error spectrum: grey) and the
scaled galaxy SED (red). The only remaining SN feature is the broad
[O iii] λλ 4949,5007 emission line.

the 3.58 m Canada-France-Hawaii Telescope (CFHT). We aug-
mente this data set with archival data from Swift/UVOT in w2,
m2 and w1 obtained between January 2016 and February 2017
after the SN faded, and Subaru/Suprime-Cam (Miyazaki et al.
2002) in B and V bands.

The Swift/UVOT data is processed and analysed as described
in Appendix A. The Subaru data is reduced with the software
package SDFRED2 (Ouchi et al. 2004).

Table D.1. Photometry of SN2015bn’s host galaxy

Telescope Instrument Filter Brightness

Swift UVOT w2 23.47 ± 0.17
Swift UVOT m2 23.26 ± 0.16
Swift UVOT u 23.07 ± 0.28
Subaru Suprime-Cam B 22.99 ± 0.03
Subaru Suprime-Cam V 22.32 ± 0.02
CFHT MegaCam g 22.51 ± 0.04
CFHT MegaCam r 22.21 ± 0.04
PanSTARRS i 21.91 ± 0.12
PanSTARRS z 22.20 ± 0.28

Notes. All measurements are reported in the AB system and not cor-
rected for reddening. Non-detections are reported at 3σ confidence.
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Fig. F.1. Spectral energy distribution (SED) of the host galaxy of
SN 2015bn (black data points). The solid line displays the best-fitting
model of the SED. The red squares represent the model-predicted mag-
nitudes. The fitting parameters are shown in the upper-left corner. The
abbreviation ‘n.o.f.’ stands for the number of filters.

The photometry is extracted using sufficiently large apertures
to encompass the entire host galaxy. The instrumental magni-
tudes of the ground-based images is calibrated against stars from
PanSTARRS. We apply known colour equations between PS1,
SDSS and Bessell-like filters to account for differences in the
filter response function as described in Section 3.1. A summary
of the host photometry is reported in Table D.1.

We model the host SED with Prospector as described in Sec-
tion 4.6. The observed SED is adequately described by a galaxy
model with the stellar mass of log M?/M� = 8.12+0.12

−0.23 and a
star-formation rate of 0.05+0.07

−0.01 M� yr−1 (Figure F.1). We use the
best-fit SED to remove the host contribution of the SN spectrum
from Nicholl et al. (2018) in Section 5.3.
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Table F.1. Lightcurve fits with Redback: models, parameters, priors and marginalised posteriors

Parameter Prior Magnetar Magnetar + 56Ni 56Ni 56Ni
56Ni (κ fixed) (red)

Fitted properties

General

ejecta mass Mej (M�) logU (1, 300) 101+22
−15 104 ± 5 59+42

−16 104+5
−4 60+19

−12
explosion date texp (day) U (−200, 0) 16.0+2.7

−2.3 5.7+0.9
−0.8 17.82.1

−1.9 69.9+5.0
−4.6 19.7+5.9

−5.1
“γ-ray” opacity κγ

(
cm2 g−1

)
logU

(
10−2, 104

)
0.013+0.003

−0.002 11+832
−11 54+1853

−52 0.027 40.3+1425.6
−39.4

optical opacity κ
(
cm2 g−1

)
U (0.01, 0.2) 0.16 ± 0.03 0.10 ± 0.06 0.05 ± 0.02 0.07 0.02 ± 0.01

scaling velocity vscale

(
km s−1

)
U (1000, 10000) 5759+242

−229 6506+137
−131 6487+180

−174 4261+139
−140 4897+358

−357

white noise parameter σ logU
(
10−3, 100

)
0.27 ± 0.01 0.24 ± 0.05 0.23 ± 0.01 0.27+0.01

−0.01 0.22 ± 0.01
V-band total extinction AV (mag) U (0, 1) 0.01 ± 0.01 0.22 ± 0.05 0.01+0.02

−0.01 0.01+0.02
−0.01 0.06+0.09

−0.05

Magnetar model

magnetic field B⊥
(
1014 G

)
logU (0.01, 20) 0.97+0.05

−0.09 0.09+10.65
−0.07 . . . . . . . . .

neutron-star mass MNS (M�) U (1, 2.2) 2.1 ± 0.1 1.6 ± 0.4 . . . . . . . . .
initial spin period P0 (ms) U (1, 20) 1.03+0.04

−0.02 13+5
−6 . . . . . . . . .

56Ni model

nickel fraction fNi logU
(
10−3, 1

)
. . . 0.3 ± 0.1 0.6+0.2

−0.3 0.50 ± 0.02 0.8 ± 0.2

Fit quality

log Bayesian evidence (ln Z) −102.5 −9.1 10.8 −108 14
Number of free parameters 9 10 8 6 8

Derived properties

γ-ray escape time t0 (day) 727.4+67.0
−57.8 763.6+86.9

−94.5 493.0+151.7
−72.4 991+46

−39 653.9+124.0
−86.3

nickel mass MNi (M�) . . . 47.4+2.9
−2.6 37.7+0.9

−0.7 51.6+1.7
−1.6 43.9+4.8

−2.8
kinetic energy Ekin

(
1051erg

)
20.1+5.5

−3.6 36.4+8.7
−8.6 15.0+10.6

−4.2 11.3 ± 0.8 8.7+2.5
−1.8

rotational energy Erot

(
1051erg

)
35.0+2.4

−3.5 0.1+0.3
−0.1 . . . . . . . . .

Notes. The model ‘56Ni (red)’ only fitted the data in the r and redder bands. We used uniform (U) and log uniform (logU) priors. The uncertainties
of the marginalised posteriors are quoted at 1σ confidence. The explosion date is measured with respect to the date of the first detection. All
marginalised posteriors are reported in linear units. The kinetic energy of the ejecta was computed via Ekin = 3/10 Mej v

2
scale and the rotational

energy of the magnetar via Erot = 2 × 1052 (MNS/1.4 M�)3/2 (P0/1 ms)−2 erg.
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ABSTRACT

The galaxy cluster Zwicky 3146 is a sloshing cool core cluster at z=0.291 that in SZ imaging does

not appear to exhibit significant pressure substructure in the intracluster medium (ICM). We perform

a surface brightness fluctuation analysis via Fourier amplitude spectra on SZ (MUSTANG-2) and X-

ray (XMM-Newton) images of this cluster. These surface brightness fluctuations can be deprojected

to infer pressure and density fluctuations from the SZ and X-ray data, respectively. In the central

region (Ring 1, r < 100′′ = 440 kpc, in our analysis) we find fluctuation spectra that suggest injection

scales around 200 kpc (∼ 140 kpc from pressure fluctuations and ∼ 250 kpc from density fluctuations).

When comparing the pressure and density fluctuations in the central region, we observe a change in the

effective thermodynamic state from large to small scales, from isobaric (likely due to the slow sloshing)

to adiabatic (due to more vigorous motions). By leveraging scalings from hydrodynamical simulations,

we find an average 3D Mach number ≈ 0.5. We further compare our results to other studies of Zwicky

3146 and, more broadly, to other studies of fluctuations in other clusters.

Keywords: galaxy clusters: Galaxy clusters; Intracluster medium; clusters: ZwCl 1021.0+0426; clus-

ters: Zwicky 3146

1. INTRODUCTION

The dominant baryonic component of galaxy clusters

is the hot intracluster medium (ICM) which can be ob-

served via X-rays and in the millimeter band via the

Sunyaev-Zel’dovich (SZ) effect (Sunyaev & Zel’dovich

1970, 1972). The observed radiative signatures at the

two wavelengths regimes both depend on thermody-

∗ E-mail: charles.romero@cfa.harvard.edu

namic properties integrated along the line of sight (the

gas is optically thin in both regimes), with X-ray sur-

face brightness being roughly proportional to square of

gas density integrated along the line of sight and the mil-

limeter surface brightness being proportional to electron

pressure along the line of sight. Temperatures can then

be inferred from X-ray spectra or by combining pres-

sure constraints from SZ data with density constraints

from X-ray data (e.g. Romero et al. 2017; Bourdin et al.

2017).
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Cluster masses can be estimated assuming hydrostatic

equilibrium from radial profiles of gas density and pro-

files of either gas temperature or pressure. The mass in-

ferred under the assumption of hydrostatic equilibrium

is expected to fall below the true mass of the cluster by

10-30% (e.g. Hurier & Angulo 2018). This offset from

the true mass is termed “hydrostatic bias” and is ex-

pected to be primarily due to non-thermal pressure sup-

port, in particular turbulent motions driven by mergers

and feedback tied to active galactic nuclei (AGN; Gas-

pari et al. 2020, for a review).

The extent to which the non-thermal pressure is dom-

inated by velocity fluctuations of the gas can be re-

vealed through Doppler broadening of emission lines

observed by upcoming X-ray missions with high spec-

tral resolution such as XRISM (XRISM Science Team

2020) and Athena (Nandra et al. 2013; Roncarelli et al.

2018). Fluctuations in thermodynamic quantities may

reveal the nature of hydrostatic bias. In particular, pres-

sure fluctuations (δP/P ) can quantify the relative non-

thermal pressure of the thermal gas1.

To quantify fluctuations as a function of scale, we use

amplitude spectra leveraging the Fourier domain (e.g.

Churazov et al. 2012; Gaspari & Churazov 2013; Gas-

pari et al. 2014). As in previous studies, the amplitude

spectrum is defined as

A(k) ≡
√
P (k)4πk3, (1)

where k =
√
k2
x + k2

y + k2
z and P (k) is the power spec-

trum. Figure 1 has been adapted from Gaspari et al.

(2014) to highlight key features/regions of interest in the

amplitude spectra of thermodynamic fluctuations or ve-

locity fluctuations (δv/cs, where cs is the sound speed)

when considering a single dominant injection mecha-

nism. In particular, Figure 1 illustrates three important

length scales (or range of scales): an injection scale, linj

(e.g. for mergers, expected to be several hundreds of kilo-

parsecs), intermediate scales (∼10-100 kpc) at which the

fluctuations are “cascading” towards smaller scales, and

small scales at which the fluctuations are gradually dis-

sipated, e.g. via Coulomb collisions or Alfvén/whistler

waves (e.g. Drake et al. 2021; Cho et al. 2022). The

values in Figure 1 are suppressed to allow for general-

ization, i.e. the injection scale used in the particular

simulation(s) may not match those in a particular clus-

ter, e.g. Zwicky 3146, but we still expect the same gen-

eral shape of the amplitude spectra (or the summation

1 It is often expected that (quasi) turbulent motions dominate the
non-thermal pressure, though cosmic rays and magnetic fields
may also contribute to the non-thermal pressure.

of such spectra if there are multiple injection mecha-

nisms). The amplitude of the relevant fluctuations is

generally taken as the maximum of the amplitude spec-

trum, A3D(kpeak). The scales at which the damping

occurs is generally expected to be smaller than can be

(spatially) resolved for most galaxy clusters.

Most of the previous studies focused on retrieving

the amplitude spectrum of a galaxy cluster using solely

X-ray observations (e.g. Schuecker et al. 2003; Chura-

zov et al. 2012; Sanders & Fabian 2012; Gaspari et al.

2013; Zhuravleva et al. 2014; Arévalo et al. 2016). Sim-

ilar studies have also targeted the amplitude/variance

of fluctuations (e.g. Hofmann et al. 2016; Eckert et al.

2017). However, pure X-ray observations are often lim-

ited to less than a decade in spatial scale, and mostly

targeting density fluctuations. To overcome such limita-

tions, a multiwavelength approach is required. As a first

exploratory study, Khatri & Gaspari (2016) showed that

SZ images (via Planck) are a key complementary tool to

X-ray datasets, in particular expanding our knowledge

of relative ICM fluctuations over the large scales (low

Fourier k modes) and the pressure variable. Here, we

continue such a multiwavelength approach by leverag-

ing the capabilites of MUSTANG-2.

In this paper we present a study of surface bright-

ness fluctuations of SZ and X-ray maps of Zwicky 3146,

also referred to as ZwCl 1021.0+0426, and associated

amplitude spectra covering a decade in scales. Zwicky

3146 (z = 0.291, Allen et al. 1992) is a massive, re-

laxed, sloshing cluster with a cool core (Forman et al.

2002). The relaxed and regular nature of Zwicky 3146

give us the expectation that we will not find large pres-

sure fluctuations. This work is a follow-up work to the

study of Zwicky 3146 presented in Romero et al. (2020)

(wherein Zwicky 3146 is also described in more detail).

In particular, Romero et al. (2020) estimated the mass

of Zwicky 3146 from pressure profiles determined from

high-resolution SZ data and varying assumptions, in-

cluding hydrostatic equilibrium when combined with

electron density profiles determined from XMM-Newton

data. Masses from Romero et al. (2020) and references

therein (e.g. Klein et al. 2019; Hilton et al. 2018; Martino

et al. 2014) are in agreement with M500 = 8× 1014M�,

which corresponds to R500 = 5 arcminutes (1.3 Mpc).

The layout of this paper is as follows. Section 2 de-

scribes the data used and fitted surface brightness mod-

els. To perform our fluctuation analysis, detailed in Sec-

tion 3, we calculate power spectra on fractional residual

maps; that is, residual maps divided by their respective

surface brightness models. We present the 2D and (de-

projected) 3D amplitude spectra in Section 4 and discuss
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Figure 1. Figure adapted from Gaspari et al. (2014)
showing typical ICM amplitude spectra for the thermody-
namic relative fluctuations: density (δρ/ρ), temperature
(δT/T ), entropy (δK/K), pressure (δP/P ), and velocity
δv/cs. Smaller scales (distances) are towards the right of the
plot; values are suppressed to allow for generalization, i.e.
for an arbitrary injection scale, we expect the same shape
(roughly) for the spectra, with the peak of the spectra at
said injection scale. The red dashed line indicates the injec-
tion scale; the shaded blue region indicates the scales over
which the fluctuations “cascade” towards smaller scales, and
the shaded green region is where the fluctuations are finally
dissipated. The dotted black lines help guide the eye as to
the (logarithmic) slope of the various spectra, which again
should not be treated as an exact expectation; the slopes
will vary depending on the actual conditions of the ICM in
a given cluster.

them in the context of what is known about Zwicky 3146

in Section 5. We offer conclusions in Section 6.

Throughout this paper, we adopt a concordance cos-

mology: H0 = 70 km s−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7.

We define h70 ≡ H0 (70 km s−1 Mpc−1)−1 and h(z) ≡
H(z)H−1

0 . At the redshift of Zwicky 3146 (z = 0.291),

one arcsecond corresponds to 4.36 kpc.

2. DATA PRODUCTS

We make use of MUSTANG-2 data presented in

Romero et al. (2020) and archival XMM-Newton EPIC

data. The two data sets are highly complementary.

MUSTANG-2 has a resolution (full-width half maxi-

mum, FWHM) of ∼ 10′′. The PSF of each of XMM-

Newton’s detectors, MOS1, MOS2, and pn, depends on

the energy, and off-axis distance; for a point of rough

comparison, we may consider that the detectors have an

effective resolution of ∼ 5′′, albeit with broad wings.

2.1. MUSTANG-2 data products

MUSTANG-2 is a 215-detector array on the 100-

m Robert C. Byrd Green Bank Telescope (GBT) and

achieves 10′′ resolution (FWHM) with an instantaneous

field of view (FOV) of 4′.2. Observing at 90 GHz, it is

sensitive to the SZ effect, which is often parameterized

in terms of Compton y:

y =
σT

mec2

∫
Pe(θ, z)dz, (2)

where σT is the Thomson cross section, me is the elec-

tron mass, c the speed of light, Pe the electron pressure,

and z is the axis along the line of sight.

Figure 2. Maps derived from the MUSTANG-2 observa-
tions: the residual Minkasi map (right) shows large scale
noise, while the residual MIDAS map (left) has this filtered
out. Given the angular scales of interest, the MIDAS map is
preferable. The rings are as in Figure 5. The color scale is
shown in units of y × 106; y is defined in Equation 2.

The observations used here are the same as in Romero

et al. (2020), as is the general data reduction. We em-

ploy both data reduction pipelines, MIDAS and Minkasi,

in this work. Briefly, MIDAS follows a more tradi-

tional approach in its data processing (i.e. similar to

the processing of many predecessor multi-pixel bolomet-
ric ground-based measurements); this processing typi-

cally restricts scales recovered (often characterized as a

transfer function)2 to less than the instrument’s instan-

taneous FOV (see Figure 2.) Meanwhile, Minkasi fits

the data in the time domain and does not suffer the

same loss of scales as MIDAS; see Romero et al. (2020)

for a detailed comparison of the transfer functions of the

two processing methods.

In this work, we update our pressure profile model

from Romero et al. (2020) with an additional proce-

dure used in Dicker et al. (2020); Orlowski-Scherer et al.

(2022) which attempts to further remove atmospheric

contributions to our maps by fitting and subtracting a

2 The transfer function as used in Romero et al. (2020) is quantified
as the transmission of the Fourier transform of an input map.
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Figure 3. Our updated profile is consistent with our pre-
viously published profile; we do see the outermost bin has a
lower pressure than previously (Romero et al. 2020).

second order polynomial with respect to elevation offset

from the scan center. Figure 3 compares the current to

the former pressure profile; the two are fully consistent

with each other.

As reported in Romero et al. (2020), the two pressure

profile models (fit via MIDAS and Minkasi) are con-

sistent, except beyond MUSTANG-2’s radial (instanta-

neous) FOV where our transfer function is poorly con-

strained. However, when we subtract the Minkasi model

via the MIDAS pipeline (rather than using a transfer

function), we see that the residual map is consistent with

noise at the radii where the pressure profiles (MIDAS vs

Minkasi) differ.

2.2. XMM data products and models

There are four XMM-Newton observations (Obs.IDs)

of Zwicky 3146: 0108670401, 0108670101, 0605540301,

and 0605540201. The first does not have usable EPIC

data; we use the remaining three observations (of nom-

inal durations 56, 65, and 123 ks; see also Table 1).

We use heasoft v6.28 and SAS 19.0 and the Extended

Source Analysis Software (ESAS) data reduction pack-

age (Snowden et al. 2008) to produce event files and

eventually images for the three EPIC detectors: MOS1,

MOS2, and pn. Our data reduction largely follows the

ESAS cookbook3, with the initial steps being emchain,

epchain, and epchain withoutoftime=true to

extract calibrated events files. Soft proton flares are

excised with the tasks mos-filter and pn-filter.

A comparison of IN versus OUT count rates assesses the

amount of residual contamination from soft protons (De

Luca & Molendi 2004). This comparison suggests that

3 https://heasarc.gsfc.nasa.gov/docs/xmm/esas/cookbook/
xmm-esas.html

Obs ID 0108670101 0605540301 0605540201

Date 2000 Dec 05 2009 May 08 2009 Dec 13

Exposure (ks) 56.5 64.9 122.8

Clean Exp (ks)

MOS1: 51.2 MOS1: 41.8 MOS1: 101.2

MOS2: 51.7 MOS2: 40.6 MOS2: 102.2

pn: 43.3 pn: 29.6 pn: 73.8

Mode FF eFF eFF

PI R. Mushotzky J. Sanders J. Sanders

Table 1. Overview of imaging XMM-Newton observations
of Zwicky 3146. Modes FF and eFF are “full frame” and
“extended full frame”, respectively.

soft protons are not a concern for MOS detectors and

that the pn detectors could suffer slight contamination.

An initial list of point sources is created with the

task cheese on the XMM-Newton dataset based on

flux with [0.4-7.2] keV energy band and detection sig-

nificance. A region file is generated, excluding a 30′′

radius about each point source.

2.2.1. Image creation

We choose to extract images in the [0.4-1.25] keV and

[1.25-5.0] keV bands. Images and vignetted exposures

are extracted for each detector over the entire detector

area whilst masking point sources (see Section 2.2.3 for

point source identification) via the task mos-spectra
or pn-spectra. Unvignetted exposures are also cre-

ated with the task eexpmap withvignetting=no.

Wide band (i.e. [0.4-5.0] keV) images are formed by the

simple addition of the counts (and background) images;

these wide band images are used for consistency checks.

2.2.2. Constrained background components

The relevant particle backgrounds are calculated for

the desired energy band via the tasks mos_back and

pn_back. For the pn detector, we extract a separate

spectrum (via pn-spectra) over the cluster region,

which we take to be a radius of 5 arcminutes about the

cluster center. While we treat the residual soft proton

spectrum as a single power law, we must fit several other

components to the spectrum: a thermal plasma compo-

nent (apec) for each of the local (Solar) hot bubble,

Galactic emission, and the ICM in Zwicky 3146. In ad-

dition to this, we also consider Gaussian components for

fluorescent lines. A soft proton background is then made

with the task proton and added to the particle back-

ground with the task farith. For the pn detector,

we also consider the out-of-time (OOT) contribution.

Depending on the full frame mode, we multiply our re-

sultant pn image with randomized columns by 0.063 or

0.023 for full frame and extended frame modes, respec-

tively, to have an OOT component which we incorporate

https://heasarc.gsfc.nasa.gov/docs/xmm/esas/cookbook/xmm-esas.html
https://heasarc.gsfc.nasa.gov/docs/xmm/esas/cookbook/xmm-esas.html
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into the pn background. These background images will

be subtracted from the respective images when extract-

ing profiles.

2.2.3. Point Source exclusion

In addition to the list generated from cheese, we

make use of Chandra archival data of Zwicky 3146 and

run wavdetect on its calibrated event files. Finally, we

perform a manual inspection to identify any remaining

point sources.

2.2.4. Profile fitting

We use the Python package pyproffit (Eckert et al.

2017) to extract profiles of our images. Profiles are fit

via emcee (Foreman-Mackey et al. 2013) separately for

each detector, each energy band, and each observation.

We fit profiles to our low energy([0.4-1.25] keV) and high

energy ([1.25-5.0] keV) images; As these profiles are fit

per detector and per ObsID, we have 18 profiles in total

(with another 9 from the wide energy band ([0.4-5.0]

keV images that are only used for consistency checks).

Figure 4. Profile fits of circular double β-models to each
detector array in our “high energy” (1250-5000 eV) band
for observation ID 0605540201. The grey vertical band is
between 100′′ and 200′′, i.e. the region used for Ring 2. The
vertical red line is at 300′′ (∼ R500 and the outer edge of
Ring 3) The dotted and dashed green curves show the PN
profile broken into quadrants (along cardinal directions); the
dotted lines are the two western quadrants and the dashed
lines are the eastern quadrants. The lines in the residual are
a polynomial regression to indicate large-scale residuals.

Beyond masking the point sources, we also introduce

a mask to exclude pixels of low exposure due to binning

near chip gaps. We allow pyproffit to fit for centroids

in the central 5 arcminutes of each (masked) image inde-

pendently. Within a single observation and energy band

the centroids of each detector differ by . 2′′. Given

the general agreement, for each observation and energy

band, we adopt circular symmetry and the centroid as

the average centroid of the maps from each EPIC camera

detector when extracting profiles. To be sure, the cen-

troids determined in this manner differ by ∼ 3′′ relative

to the centroid used with MUSTANG-2 analysis.

We find that a simple β-model does not sufficiently

capture the surface brightness in the core of Zwicky 3146

and at large radii. We adopt the double β-model as

implemented in pyproffit, which has the form:

(3)S(r) = S0[(1 + (r/rc,1)2)−3β+0.5

+R(1 + (r/rc,2)2)−3β+0.5] +B,

where r is the radius, rc,1 is the first “core” (scaling) ra-

dius, rc,2 is the second “core” (scaling) radius, R is a ra-

tio between the two β-profile components, S0 is the sur-

face brightness normalization, and B is the background.

We modify the background component (taken to be uni-

form in pyproffit) to be two components: one uni-

form and one the scaling of unvignetted-to-vignetted ex-

posure maps. This latter component allows us to cap-

ture the contribution from fluorescent lines, predomi-

nantly the line from Aluminium, which is evident in the

extracted profiles seen in Figure 4.

To appropriately constrain these background compo-

nents we find that we should fit (from r = 0) out to at

least 10 arcminutes, but beyond 10 arcminutes the val-

ues of the background components do not change much.

We choose 11 arcminutes (more than 2R500) as our fit-

ting region. Across all three observation IDs, detectors,

and energy bands, the profile residuals are quite small

as in Figure 4.

We find that the residuals of the double β-model are

generally very small, with slightly larger residuals to-

wards the core where known sloshing exists (e.g. Forman

et al. 2002). We find that this is not a shortcoming of

the double β-model per se but rather affirmation that

the surface brightness of the cluster, while roughly cir-

cular at large radii, is not circular in the core (cf axial

ratios found in Romero et al. 2020).

3. POWER SPECTRA MEASUREMENTS

To quantify the fluctuations in surface brightness,

we want to take the power spectra of residual images

divided by the corresponding ICM surface brightness

model as shown in Figure 5. We term these images

“fractional residuals” and they are designated by ei-

ther δS/S for X-ray images or δy/y for SZ images. In

particular, Figure 5 shows fractional residual maps for
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MUSTANG-2 and pn images from a single observation

in the 400-1250 eV and 1250-5000 eV bands. From these

(2D) spectra of the images, we can deproject to spectra

of underlying 3D thermodynamical quantities, namely

pressure for SZ images and density for X-ray images

(see Section 3.3).

Motivated in part by the data, as well as by the theo-

retical expectation for differing levels of fluctuations as

a function of cluster-centric radii, we divide the cluster

into three annuli:

• Ring 1: r < 100′′ = 440 kpc

• Ring 2: 100′′ < r < 200′′, and

• Ring 3: 200′′ < r < 300′′ = R500.

We also note that the MUSTANG-2 map has a rapidly

increasing RMS beyond 200′′ while the RMS is nearly

uniform within 100′′.

We calculate the power spectra of the fractional resid-

ual images, P2D at five angular scales spaced logarith-

mically between 10′′ (the FWHM of MUSTANG-2) and

100′′ (the radial width of our annuli, i.e. rings). Cor-

responding amplitude spectra, A2D and A3D are given

as

A2D(k) = [k2P2D ∗ (2π)]1/2 (4)

A3D(k) = [k3P3D ∗ (4π)]1/2 (5)

.

We use a modified ∆-variance method (Arévalo et al.

2012) to calculate the power spectra of surface bright-

ness fluctuations. In particular, this method allows us

to recover power spectra of data with arbitrary gaps

(masks) in (of) the data, which suits our needs well. We

do, however, need to be cautious of the bias that can

occur due to steep underlying spectra; this is especially

true given that we will attempt to recover spectra up to

scales close to the FWHM of MUSTANG-2 and XMM.

In particular, the convolution of a moderate slope with

the PSF for either MUSTANG-2 or any of the EPIC

cameras will lead to not only a steep slope, but a chang-

ing steep slope. The bias for this changing slope is de-

rived in Appendix B. While we report spectral values at

k = 0.1 arcsec−1 in later figures, this bias and associ-

ated uncertainty reduces the significance of the values at

k = 0.1 arcsec−1 such that none of them is statistically

significant.

3.1. Calculations on MUSTANG-2 data

As noted in Section 2.1, our MUSTANG-2 residual

map is created by subtracting the best fit model (from

Minkasi) within the MIDAS pipeline. In all, 155 scans

Figure 5. Fractional residuals of our MUSTANG-2 data
(upper) and XMM-Newton data (only pn chip from obser-
vation 0605540201 shown) in the middle (400-1250 eV) and
bottom (1250-5000 eV). The blue, orange, and green circles
indicate r = 100′′, 200′′, and 300′′, respectively. The purple
lines and circles are masked chip gaps and point sources.
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on source are used. Maps are produced for each scan,

and the final residual image (see again Figure 5, top

panel) is constructed as the (weighted) sum of these in-

dividual scan maps.

In order to calculate power spectra due to the ICM,

we must account for any power contribution from inher-

ent noise in the maps. In principle this can be done by

“debiasing” the power spectrum (as will be described

in Section 3.2), but a more direct method is to “halve”

the data and take a cross-spectrum (e.g. see Khatri &

Gaspari 2016). However, instrumental noise can still

“leak” through via such a cross-spectrum. In order to

counter this, we calculate cross-spectra of noise realiza-

tions, which have amplitudes . 1/10 the amplitudes

of signal cross-spectra and, in effect, debias the cross-

spectra. We perform both methods on the SZ data and

present the results of the cross-spectra calculations in

Figure 6. For the cross-spectra calculation, we take halv-

ing to be the generation of two maps covering the same

area, each with half of the weight of a “full” map.

Division in half is not a trivial endeavour as these

scans were taken over seven nights of observations, and

even the nights with the best observing conditions had

some variation in weather conditions. As such, we opt

to create two halves randomly, 100 times. Cross spectra

are calculated on these 100 pairs and the presented val-

ues are taken as the mean of the resultant spectra with

their associated standard deviations. The 2D amplitude

spectra, A2D, for the MUSTANG-2 data are shown in

Figure 6 and include corrections for the MUSTANG-2

beam (PSF; the correction is shown as the dashed grey

line) and MIDAS transfer function, both of which are

characterized in Romero et al. (2020).

As mentioned earlier, we also calculated spectra via

the debiasing route. The spectra in each ring are sta-

tistically consistent between the two calculation meth-

ods; however, Ring 2 is statistically consistent with zero

as calculated via debiasing. Similarly, the spectrum in

Ring 3 has negligible significance and thus we discard it

from further analysis.

3.2. Calculation on XMM data

In order to calculate the power spectra for our XMM

images, we opt to debias our spectra as calculated di-

rectly on maps of fractional residuals. A noise realiza-

tion can be generated as Poisson noise realizations for

each pixel with its expected value given by a model of ex-

pected counts of all relevant components. To also incor-

porate uncertainties from the surface brightness model

itself, we take 1000 models from the MCMC chains well

after the burn-in. A single Poisson noise realization is

generated for each of these models. The “raw” and

10 2 10 1

k = 1/  (arcseconds 1)

10 3

10 1

101

103

A
y/y

=
(k

2 P
y/y

(k
)*

(2
))1/

2

Ring 1
Ring 2
Ring 3

102
Physical scale (kpc)

Figure 6. The amplitude spectrum of the fractional residual
(δy/ȳ) for each ring. Abscissa values are offset between rings
for visual separation. Our best constraints are in Ring 1,
while Ring 2 is already quite noisy.

“noise” spectra are recorded for each, as well as their

difference (i.e. a “debiased” spectrum). The mean and

standard deviation of these debiased spectra are used in

reported expected values and associated uncertainties.

We also consider the potential contribution of faint

point sources below our detection threshold. To ac-

count for these, we quantify the distribution of detected

sources in our images. We normalize a LogN-LogS dis-

tribution with an index of −1.6 (Mateos et al. 2008) to

our bright sources, where we take our completeness to

be unity. We then randomly generate point sources of

this distribution down to a minimum of 1 photon (count)

when assuming a uniform (unvignetted) exposure. The

final point source image, added to a noise realization, ac-

counts for the proper (vignetted) exposure map. To stay

consistent with total count expectations, we assume that

the counts accumulated from these faint point sources

would be equivalent to the uniform background (in count

rates) in our profile fits. As such, we reduce the uniform

background by the equivalent count rates.

Given the general agreement between energy bands

(see Figure 7), we conclude that it is appropriate to

take the weighted average of the respective power spec-

tra, as shown in Figure 8. When checking power spectra

across individual observations and detectors, we do not

find any spurious spectra. However, we also note that

Figure 7 provides some insights into data quality, espe-

cially suggesting caution when attempting to interpret
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Figure 7. The ±1σ-interval of amplitude spectra for the
low energy band (red) and high energy band (blue). From
top to bottom: Rings 1, 2, and 3, respectively.

the combined amplitude spectrum in Ring 3 as well as

the highest k-mode in all rings.

Both Figures 7 and 8 include corrections for the PSF,

which we estimate per detector, per energy band, and

per ring using the ELLBETA mode of the task psfgen.

In particular, we find the median photon energies are

800 and 2000 eV for our two energy bands, and so we

estimate the PSF at those energies. For the rings, we

take x = 50′′, 150′′, and 250′′ and y = 0 to be sufficient

estimates of the PSFs for each ring. As in the SZ data,

we see that some rings have (at least a portion of their)

spectra which share the shape of the PSF correction.

To further investigate the quality in Ring 3 we calcu-

late the radial profile (from the cluster center) of vari-

ance in the δS/S images. We find that the average

variance falls below the standard deviation of the vari-

ance (across our 1000 realizations, 3 detectors, 2 energy

bands, and 3 ObsIDs) beyond 200′′.
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Figure 8. Amplitude spectra of X-ray surface brightness
fluctuations when combining both energy bands. Abscissa
values are offset between rings for visual separation. Ring 2
has a similar spectrum as Ring 1 but with larger uncertain-
ties.

3.3. 3D spectra

In this section, we relate projected 2D fluctuations to

the physical 3D fluctuations by following a common for-

malism (e.g. Peacock 1999; Zhuravleva et al. 2012; Chu-

razov et al. 2012; Khatri & Gaspari 2016). The relation

is given as:

P2D(kθ) =

∫
P3D(k)|W̃ (kz)|2dkz, (6)

where z is the axis along the line of sight, θ2 = x2 + y2

is in the plane of the sky, and |W̃ (kz)|2 is the 1D power

spectrum of the window function, which normalizes the

distribution of the relevant (unperturbed) 3D signal gen-

eration to the (unperturbed) 2D surface brightness. Ad-

ditionally, P2D is as before, and P3D is the power spec-

trum of the 3D quantity which when integrated along

the line of sight yields a surface brightness. The SZ and
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Figure 9. The SZ window function in real space and in
Fourier space. N4(θ) = N(θ) ∗ 1e4 with units of inverse kpc.
(see Equation 10.)

X-ray window functions are respectively:

WSZ(θ, z) ≡ σT

mec2
P̄ (θ, z)

ȳ(θ)
and (7)

WX(θ, z) ≡ ε̄(θ, z)

S̄(θ)
, (8)

where P̄ and ε̄ (emissivity), refer to the underlying 3D

(spherical, unperturbed) models, which when integrated

along the line of sight, produce ȳ and S̄, the 2D (circular,

unperturbed) surface brightness models. To be sure, the

relation between S̄ and ε̄ is given by S̄ =
∫
ε̄dz.

Above some cutoff wavenumber, kz,cutoff, |W̃ (kz)|2
will fall off; in the regime where k � kz,cutoff, we can

approximate Equation 6 as

P2D(kθ) ≈ P3D(k)

∫
|W̃ (kz)|2dkz, (9)

where we adopt the notation used in Khatri & Gaspari

(2016) and define

N(θ) ≡
∫
|W̃ (kz)|2dkz. (10)

In Appendix C we verify that this approximation in

Equation 9 is valid.
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Figure 10. The X-ray window function in real space and in
Fourier space. N4(θ) = N(θ) ∗ 1e4 with units of inverse kpc
(see Equation 10).

The dependence of the window function on the cluster-

centric radius, θ, presents an issue of how to deproject

over an area (e.g. over a given annulus). We therefore

calculate N(θ) along many points in the range 0′′ ≤ θ ≤
300′′ and calculate an area-weighted average of those

values (within a given annulus). Window functions (and

their Fourier transform) are shown in Figures 9 and 10;

the radii chosen are the effective radii for each annulus

(i.e. where N(θeff) = 〈N(θ)〉 for r in a given annulus.)

In the SZ case, this deprojection to 3D fluctua-

tions lets us immediately arrive at pressure fluctuations
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(δP/P ) because it is the thermal electron pressure that

is being integrated along the line of sight. However, in

the X-ray case, we have only derived a means of con-

verting to fluctuations in emissivity (δε/ε). Fortunately,

for hot enough gas (∼ 3 keV), the emissivity in soft

bands is weakly sensitive to temperature, and thus ef-

fectively depends only on the square of gas density, n.

The emissivity can be expressed as ε = Cn2
e, where we

include the cooling function and mean molecular weight

in C and note that C is weakly dependent on temper-

ature at the temperatures of Zwicky 3146, such that C

acts roughly as a constant. The emissivity can be de-

composed into unperturbed and perturbed terms and is

linearly approximated as: ε = Cn2[1 + 2δn], with δn be-

ing the density perturbation. This factor of 2 associated

with δn ultimately yields a factor of 4 when relating P2D

to P3D,n. That is, explicitly for SZ and X-ray, we have:

Pδy/y(kθ) ≈ Nθ,SZPδP/P (k) (11)

PδS/S(kθ) ≈ 4Nθ,XPδn/n(k) (12)

4. 3D SPECTRA RESULTS

Given our deprojection approximation, the 3D am-

plitude spectra, A3D will simply be the 2D amplitude

spectra rescaled by a scalar and multiplied by another

factor of k.

As indicated in Section 3.2, the (2D) amplitude spec-

trum in Ring 3 from X-ray data is likely dominated by

noise. We include it in our plot of 3D amplitude spec-

tra (Figure 11) and tabulation of single spectral indices

(Table 2) but do not include it in further analyses. Sim-

ilarly, we exclude Rings 2 and 3 of the SZ data from

further analysis (as justified in Section 3.1.

Figure 11 shows the resultant density and pressure

fluctuations.

If a clear peak were present in a given spectrum, we

could take the amplitude at the peak (A3D(kpeak)) to

be the amplitude of the amplitude spectrum. However,

as an example, taking the highest k point for Ring 2

(orange) in Figure 11 is also problematic as it is consis-

tent with zero. That is, choosing a peak is not solely

a question of the shape of the spectra, but also of data

quality. We wish to select the highest point with some

threshold significance; in particular we adopt 3σ as our

threshold significance. The maximum values with at

least 3σ significance are reported in Table 2. With

this adopted significance threshold, we find peaks in the

range 0.01 < k < 0.03, which corresponds to injection

scales, `inj, of 140kpc < `inj < 440 kpc.

Though we may expect a changing power law (as in

Figure 1), we fit a single power law to our power spectra,

omitting k = 0.01 and report the (logarithmic) slope, α,
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Figure 11. Amplitude spectra of deprojected quantities.
Colors reflect corresponding rings as in previous plots of spec-
tra; SZ-derived spectra (δP/P ) are shown as dashed lines
and shaded regions while the X-ray-derived (δn/n) spectra
are shown as lines with errorbars. The dotted lines show the
spectral indices for the power spectra (following the conven-
tion indicated in Equation 13).

in Table 2, where we use the convention:

P (k) = P0k
−α, (13)

with P0 being a normalization of the fitted slope. We

note that without a clear indication that we are sam-

pling below an injection scale, our slopes are not in-

dicative of the cascade of motions to smaller scales.

Moreover, with our best estimate of the injection scales

(140kpc < `inj < 440 kpc), our constraints on the slope

on smaller scales is minimal. These slopes do permit us

to comment on the validity of our deprojection approxi-

mation (see Appendix C). We can additionally integrate

the power spectra to obtain a measure of the variance

of fluctuations; for the 3D spectra this is given as:

σ2
3D =

∫
P (k)4πk2dk. (14)

We report the values of σ3D in Table 2.

5. DISCUSSION

In the context of expected amplitude spectra (see

Section 1 and Figure 1), our recovered spectra do not

clearly identify an injection scale and subsequent cas-

cade. From Figure 11, we may loosely infer an injection

scale 100 kpc . linj . 300 kpc for Rings 1 and 2. In the
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αk A3D(kpeak) σ3D kpeak(′′
−1

) λpeak (kpc)

Ring 1
δρ/ρ 2.5± 0.1 0.13± 0.003 0.15 0.02 250

δP/P 0.6± 0.8 0.29± 0.08 0.33 0.03 140

Ring 2 δρ/ρ 2.2± 1.6 0.11± 0.03 0.18 0.01 440

Ring 3 δρ/ρ 1.7± 1.0 0.67± 0.21 0.83 0.02 250

Table 2. Inferred spectral indices (logarithmic slope) and
peaks of the amplitude spectra. The spectral indices assume
a single power law across our sampled range with the excep-
tion of points at k = 0.1 arcsec−1 (we omit points at k = 0.1
arcsec−1). The peaks of amplitude spectra are taken with a
signal-to-noise cut of 3.

core an injection scale around 50 kpc could be plausi-

ble as Vantyghem et al. (2021) find evidence in Chandra

data for cavities with diameters . 50 kpc in Zwicky

3146. Hydrodynamical simulations of AGN feedback

also support such kind of injection scales (e.g., Wittor

& Gaspari 2020). However, the evidence for these cav-

ities does not extend to Ring 2. In Ring 1 we see the

density fluctuations increase relative to the pressure fluc-

tuations at the larger scales probed (∼ 400 kpc) which

is consistent with a sloshing core. This also highlights

that there may be multiple injection mechanisms (and

scales) present in clusters.

In the present study, we refrain from making physical

inferences regarding the slopes of the spectra. We do,

however, compare the pressure and density spectra (in

Ring 1; see Figure 12) as well as infer Mach numbers

from our spectra. We note that Hofmann et al. (2016)

has performed a fluctuation analysis, though not in the

Fourier domain, of a sample of clusters which includes

Zwicky 3146. Their analysis probed Zwicky 3146 using

Chandra data out to r . 90′′ and can thus be compared

to results from our Ring 1. They derive standard de-

viations for δP/P and δρ/ρ of 0.004 and 0.159, respec-

tively.4 Our respective derived quantities (σδP/P and

σδρ/ρ) are 0.33 and 0.15. Our integrated density fluc-

tuation is in good agreement with that from Hofmann

et al. (2016); however, our integrated pressure fluctu-

ation is considerably larger than those from Hofmann

et al. (2016).

5.1. Thermodynamic state

4 The value for δP/P (dP/P in their notation) that Hofmann et al.
(2016) report in their table is surprisingly low given the scatter
evident in their pressure profile.

There are three effective thermodynamical regimes to

constrain:

adiabatic:

∣∣∣∣δKK
∣∣∣∣ ∼ 0,

isothermal:

∣∣∣∣δTT
∣∣∣∣ ∼ 0,

isobaric:

∣∣∣∣δPP
∣∣∣∣ ∼ 0,

where K is the gas entropy. With γ the classic adiabatic

index, we have the following relations between pressure

and density in the respective regimes:

adiabatic:

∣∣∣∣δPP
∣∣∣∣ = γ

∣∣∣∣δnn
∣∣∣∣ (15)

isothermal:

∣∣∣∣δPP
∣∣∣∣ =

∣∣∣∣δnn
∣∣∣∣ (16)

isobaric:

∣∣∣∣δPP
∣∣∣∣� ∣∣∣∣δnn

∣∣∣∣ . (17)

Assuming γ = 5/3 for a monatomic gas, we can roughly

divide these regimes as shown in Figure 12. The isobaric

regime AδP/P < Aδn/n is only observed at the largest

scales. This is consistent with the slow perturbations

driven by sloshing. Interestingly, we see that the in-

ferred thermodynamical regime shifts to isothermal and

adiabatic toward the intermediate scales. The transition

from isobaric to the adiabatic state is a sign of more vig-

orous motions (see Gaspari et al. 2014) as we approach

the potential injection scale peak at a few tens of kpc.

It is important to note that the isothermal transitional

regime does not necessarily imply strong thermal con-

duction or cooling, but is a sign of a change in the effec-

tive equation of state likely due to the varying kinemat-

ics at different scales. For instance, Spitzer-like ther-

mal conduction would substantially suppress also the

density fluctuations up to hundreds kpc scale (Gaspari

et al. 2014), thus generating amplitude spectra with a

very steep negative slope in logarithmic space. Our re-

sults are also in line with other observational studies

(Arévalo et al. 2016; Zhuravleva et al. 2018) which find

a mixture of gas equations of state, where Zhuravleva

et al. (2018), specifically analyzing a sample of cool-core

clusters, find that the gas tends to be isobaric.

5.2. Mach numbers

In principle we can infer non-thermal pressure, PNT,

support and ultimately a hydrostatic bias, usually de-

fined as

b ≡ 1−MHSE/Mtot, (18)

from our amplitude spectra presented in Section 4 where

we make the assumption that the non-thermal pressure
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Figure 12. Constraints on the thermodynamical regimes
within Ring 1 given the ratio of the 3D amplitude spectra
(pressure relative to density). The isothermal regime is taken
to be between 0.9 and 1.1 with the adiabatic regime taken to
be values above 1.1 and isobaric regime to be values below
0.9

support comes from (quasi) turbulent gas motions. For

a perturbation with injection scale of 500 kpc, we have a

simple approximation from Gaspari & Churazov (2013)

which gives us:

M3D ≈ 4Aρ(kpeak) ≈ 2.4AP (kpeak). (19)

This can be generalized to M3D ≈ cρAρ(kpeak) ≈
cPAP (kpeak), where cρ and cP have a very weak de-

pendence on the injection scale (∝ `−αHinj , with 0.2 .
αH . 0.3). For an injection scale of 250 kpc, cρ and

cP will be ∼ 20% greater than their values for an in-

jection scale of 500 kpc. Other works find similar lin-

ear scalings between fluctuations and Mach numbers;

e.g., including the 3D correction M3D =
√

3M1D, Zhu-

ravleva et al. (2023) find a radially-averaged relation

M3D ≈ 2.4 δP/P .

We might also consider the impact of the cool core

of Zwicky 3146. Specifically, for a gas of a given Mach

number we may expect density fluctuations to be signif-

icantly higher than pressure fluctuations when radiative

cooling is prominent (e.g. Mohapatra et al. 2022). It’s

not clear how strong the radiative cooling is in Zwicky

3146 as the actual cooling rate may be quenched to

∼ 10% of reported cooling flow rates (see Romero et al.

2020, and references therein). Moreover, the cool core

itself has an extent (width) of roughly 20′′(Forman et al.

2002; Giacintucci et al. 2014), so the impact of the cool

core on the power spectra in Ring 1 should be negligible.

Khatri & Gaspari (2016) provide a relation between

the hydrostatic bias and M3D which we denote as bM
when derived from M3D.

There are several limitations of our data which inhibit

the goal of inferring bM from thermodynamic fluctua-

tions. Given the commonality of mass estimations at

R500, it is desirable to infer bM(R500), but our spectra

not being robust in Ring 3 does not allow us to do this.

Even before then, we have the problem of estimating

M3D and eventually its (logarithmic) radial slope. As

mentioned in Section 4, we cannot well determine the

peaks of the spectra, both due to data quality and due

to the scales accessed in this analysis.

M3D,peak M3D,int

Ring 1
δρ/ρ 0.53± 0.01 0.32

δP/P 0.69± 0.19 0.80

Ring 2 δρ/ρ 0.43± 0.14 0.38

Table 3. Inferred Mach numbers (1) based on the peak of
the magnitude spectra, M3D,peak and (2) as inferred from
the integral of the spectra (i.e. variance: σ2) and radially
averaged relations in Zhuravleva et al. (2023), M3D,int.

Notwithstanding the above caveats, for spectra which

we take to be robust and significant we calculate Mach

numbers and report them in Table 3. These values are

all larger than expected for a relaxed cluster (e.g. Zhu-

ravleva et al. 2023). We have deeply explored instru-

mental systematic errors and biases in our power spec-

tra analyses (see Appendices B and C). We may also

call into consideration the assumptions made when mod-

elling our unperturbed cluster, e.g. would an elliptical

surface brightness model be more appropriate?

Khatri & Gaspari (2016) provide a relation between

the hydrostatic bias andM3D (and attach a correspond-

ing subscript to denote the method of calculation, bM):

bM =
−γM2

3D

3

d lnPNT

d lnPth

(
1 +

γM2
3D

3

d lnPNT

d lnPth

)−1

,

(20)

where γ is the adiabatic index, taken to be 5/3 for the

ICM. NB that as defined in Khatri & Gaspari (2016)

bM ≡ Mx/Mtot − 1 = −b. Following the recasting per-

formed in Khatri & Gaspari (2016), we find:

d lnPNT

d lnPth
=
d lnPNT/d ln r

d lnPth/d ln r
= 1 + 2

d lnM3D/d ln r

d lnPth/d ln r
.

(21)

We can employ the above equation with the aver-

age logarithmic pressure slope within Ring 1. Yet, we

must also identify a logarithmic Mach number slope

(d lnM3D/d ln(r)). Taking the weighted average of

the M3D,peak values reported in Ring 1 and the X-ray
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value in Ring 2, we compute a logarithmic slope. Us-

ing the weighted average of M3D in Ring 1 we obtain

−bM = 0.16± 0.04. This value thus represents an esti-

mate of the hydrostatic bias in the central region of the

cluster. We note that most estimates of the hydrostatic

bias are at a canonical radius like R500, where b is ex-

pected to be in the range 0.1 < b < 0.3 (e.g. Hurier &

Angulo 2018). Given the sloshing present in the core,

it’s plausible that the hydrostatic bias in the central re-

gion (r < 100′′) is of similar values to values expected

at R500.

5.3. Ellipticity

There is the potential for a spherical model to an el-

lipsoidal cluster to impart a bias on the power spec-

tra recovered (e.g. Khatri & Gaspari 2016; Zhuravleva

et al. 2023, from perspectives of observations and sim-

ulations, respectively). Indeed, this could apply to our

result, where we should expect that our results over-

estimate the fluctuations at larger scales (i.e. lower k

modes). However, the resolution to this problem is not

simple given that, much like in the Coma cluster, the el-

lipticities can differ between SZ and X-ray, and even be-

tween X-ray images, i.e. pn and MOS images (Neumann

et al. 2003). As reported in Romero et al. (2020), the

ellipticity also varies with radius. So a choice of a single

ellipticity would be inherently arbitrary and would itself

impart a bias at radii not matching the ellipticity cho-

sen. By extension, employing elliptical fits to surface

brightness has also been shown to sufficiently account

for substructure such as a shock (e.g. as in RX J1347.5-

1145 Di Mascolo et al. 2019) without explicitly modeling

the shock itself, hence a fluctuation analysis with such

an elliptical model would risk subtracting sought-after

fluctuations. Furthermore, there is no clear choice of

ellipticity which escapes its own biases. Finally, when

deprojecting to 3D quantities, we also introduce a de-

generacy in the ellipsoidal shape and inclination of the

ellipsoidal relative to the line of sight.

In a broader sense, the question can be asked: “what

constitutes the unperturbed cluster model?” It should

be a model that follows the shape of the gravitational

potential. This question has been raised elsewhere; for

example, in Zhuravleva et al. (2015) they address this

by “patching” their β-model of the Perseus cluster and

Sanders & Fabian (2012) fit ellipses to surface bright-

ness contours. In either case, this opens the question

of “to what degree of complexity we should go” as well

as complicating the interpretation of the underlying 3D

distribution of the unperturbed thermodynamic quanti-

ties. To answer this accurately requires knowledge about

the gravitational potential at a detail that is often not

be available. We find ourselves in such a position: while

our circular surface brightness models are likely not fully

sufficient to describe the gravitational potential we lack

the data (or data of sufficient depth) to motivate another

specific model other than choosing a rather arbitrary el-

liptical model.

6. CONCLUSIONS

By leveraging our precursory multiwavelength method

(Khatri & Gaspari 2016), in this work we have pre-

sented amplitude spectra of surface brightness fluctua-

tions from δS/S and δy/y images from the X-ray (XMM-

Newton) and SZ (MUSTANG-2) data, respectively. The

two instruments are well matched in angular resolution

and their sensitivities are conducive to studying the intr-

acluster medium of galaxy clusters at moderate redshift,

such as Zwicky 3146 at z = 0.29.

Zwicky 3146 is a relaxed, sloshing, cool core cluster.

Our amplitude spectra reflect the sloshing in the core as

the density fluctuations are seen to increase relative to

pressure fluctuations at the largest scales in our spectra

(∼ 400 kpc). Our amplitude spectra suggest an injection

scale of 140 kpc < `inj < 440 kpc. Our best constraints

are in Ring 1, where the X-ray derived spectra (δρ/ρ)

suggest an injection scale of ∼ 250 kpc, while the SZ de-

rived spectra (δP/P ) suggest an injection scale of ∼ 140

kpc. The larger scale from X-rays reflects its sensitivity

to a sloshing core. It is conceivable that the SZ data is

more sensitive to fluctuations from cavities, where Van-

tyghem et al. (2021) found potential cavities on the scale

of ∼ 50 kpc; such scales are supported by AGN feedback

simulations (e.g., Wittor & Gaspari 2020). Our com-

parison of pressure and density fluctuations in Ring 1

show that from large to small scales, the ICM equation

of state is transitioning from isobaric to adiabatic, with

a brief transition through the isothermal regime. This

is another sign of increased kinematical motions (Gas-

pari et al. 2014), corroborating the approach toward the

turbulence injection peak potentially at a few tens kpc.

In Zwicky 3146 there is no evidence that cavities ex-

ist at moderate radii (Ring 2); and in Ring 2 we would

expect an injection scale within the scales probed here.

We would similarly expect an injection scale within the

scales probed for our outermost ring, Ring 3. Unfortu-

nately, neither the X-ray nor SZ data were of sufficient

quality to produce reliable constraints in Ring 3. We

note that in the case of SZ data an instrument with

MUSTANG-2 specifications just changing the instanta-

neous FOV would greatly improve its ability to probe

the outskirts of clusters.

Finally, we derive Mach numbers from the 3D spectra

by leveraging scalings from hydrodynamical simulations.
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On average, we infer a turbulent 3D Mach number≈ 0.5,

with the values inferred from pressure fluctuations being

relatively larger than those from density fluctuations.

From the Mach numbers in the center of the cluster we

infer a hydrostatic bias of −bM = 0.16± 0.04. The un-

certainty in these measurements grows rapidly as one

probes larger cluster-centric radii. Thus, future deeper

and higher resolution datasets in both X-ray and SZ will

be instrumental to fully unveil Zwicky 3146’s kinemati-

cal state at varying radii and Fourier modes.
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APPENDIX

A. NON-THERMAL PRESSURE PROFILE

Going beyond simply calculating a hydrostatic mass

bias, Eckert et al. (2019) attempt to characterize the

profile on non-thermal support by assuming a param-

eterized profile for PNT/Ptot, the non-thermal pressure

divided by the total pressure. One such profile proposed

in Nelson et al. (2014) is given as:

α(r) =
PNT

Ptot
(r) = 1−A

(
1 + exp

{
−
[

r

Br200m

]γNT
})

,

(A1)

where A, B, and γNT are parameters fitted with re-

spective values of 0.452 ± 0.001, 0.841 ± 0.008, and

1.628± 0.019 in Nelson et al. (2014). With only R500 as

a node to constrain this profile, we fix B and γNT to the

values from Nelson et al. (2014). For Zwicky 3146, we

obtain R200m = 2801 kpc using the NFW Navarro et al.

(1996) parameters cited in Klein et al. (2019).

From Eckert et al. (2019), their assumptions yield the

following relation:

fgas(r)

fgas,HSE(r)
= (1− α)

(
1− Pthr

2

(1− α)ρgasGMHSE

dα

dr

)−1

(A2)

If we adopt the recastings α(r) = 1−A ∗ g(r) and

h(r) =
Pthr

2

ρgasGMHSE
, (A3)

then we can arrange Equation A2 to solve for the pa-

rameter A in the non-thermal pressure fraction profile:

A =
fgas(r)

fgas,HSE(r)

(
g − hg′

g2

)
, (A4)

where g′ = dg/dr. We find A = 0.48± 0.2.

B. CHECKS AND BIASES WITH THE

∆-VARIANCE METHOD

Given that we wrote our own implementation of

the power spectrum calculation method presented in

Arévalo et al. (2012), we perform several checks to en-

sure we recover injected spectra as expected. In partic-

ular, we adopt an injection spectrum, Pinj of the form:

Pinj = P0e
−kc/kk−α, (B5)

where kc is a cutoff wavenumber (towards low values),

P0 is a normalization, and α is the power law index.

The value of P0 is arbitrary for our checks. Similarly,

noise realizations are created as images with more pixels

than in our SZ or X-ray maps and the units of the pixels

is arbitrary; we do check proper handling of the value

of the pixel size. We test the recovery of the injected

spectrum within the range of 0 ≤ α ≤ 11/3, where α =

11/3 is realistically steeper than expected in 2D. We find

excellent recovery of the shape (see Figure 13).

From Arévalo et al. (2012), the expected normaliza-

tion bias in the recovered spectrum, Pk is:

Pk
Pinj

= 2α/2
Γ(n/2 + 2− α/2)

Γ(n/2 + 2)
, (B6)

where n is the number of dimensions of the data, which

in our case is 2. As noted in Arévalo et al. (2012), for the

2D (and 3D) case, the bias is modest in the range 0 <

α < 3, where this range encompasses expected slopes of

surface brightness fluctuations. In particular, we note

that the expected bias is exactly unity at α = 0 and

α = 2. For α = 3.7, the expected bias is 1.68 and we

find a bias value of 1.66 at the highest k value sampled.

That is, our recovered normalization agrees very well

with expectations.

B.1. Bias for an image smoothed by a multi-Gaussian

kernel

Arévalo et al. (2012) derive their bias by calculat-

ing Vkr , the variance of the filtered image as properly

integrated and approximately integrated. That is, for

F̃kr (k) as the Fourier transform of the filter, they eval-

uate

Vkr =

∫
P (k)|F̃kr (k)|2dnk (B7)

with P (k) inside the integral (proper integration) and

again after moving P (k) outside of the integral (approx-

imate integration) and find the ratio between the two.

To derive the appropriate bias for a smoothed image,

let’s first note that from the convolution theorem, we

have:

P (k) = Pu(k)PPSF(k) = P0k
−αPPSF(k), (B8)

where P (k) is the power spectrum of the smoothed im-

age, Pu(k) is the power spectrum of the unsmoothed

image, and PPSF(k) is the power spectrum of the PSF.

In order to keep with a similar ability to integrate the ex-

pression in Equation B7 we opt to characterize the PSF

as the stack of multiple Gaussians. In our case, we’ll

define a radially symmetric multi-Gaussian, composed

of N Gaussians, as:

Gmulti =

N∑
i=1

cie
−x2/(2σ2

i ), (B9)
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Figure 13. The recovered power spectra (denoted “MH PS”) of injected power spectra (blue dots, forming a thick line) with
different masks (r <rmax) used. The color lines in the plots have corresponding circles drawn in the right panel. The MH filter
quickly recovers low-k values; the cutoff wavenumber, kc is indicated by the vertical dashed line. We find very good agreement
with the expected normalization bias of this method (see Appendix B in Arévalo et al. (2012)).
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Figure 14. Triple Gaussian approximation of the XMM
PSF(s). Triple Gaussians are fit to the appropriate PSF per
detector, energy band, and radius; the fit is over the selected
range (0.01 < k × arcsec < 0.1; we need not worry if the
approximation deviates from the true PSF outside of this
range.

where ci is the normalization of each Gaussian such that

the total normalization is equal to unity, i.e.
∑
ci = 1.

The Fourier transform of this multiple-Gaussian is itself

a multiple-Gaussian:

G̃multi =

∫
Gmultie

−i2πxkdnx =

N∑
i=1

cie
−k2/k2

i , (B10)

where ki = 1.0/(
√

2πσi). We can further define ki =

xi ∗ kr. If we then take PPSF(k) = G̃2
multi, Equation B7

now becomes:

Vkr =

∫
Pu(k)

 N∑
i=1

N∑
j=1

cicje
−k2/k2

i e−k
2/k2

j

[2ε

(
k

kr

)2

e−(k/kr)2

]2

dnk (B11)

=

N∑
i=1

N∑
j=1

4ε2
∫
Pu(k)cicje

−k2/(xikr)2

e−k
2/(xjkr)2

(
k

kr

)4

e−2(k/kr)2

dnk. (B12)

and via the same variable recasting, we derive a new bias formulation:

P̃

P
(kr) = 2α/2

 N∑
i=1

N∑
j=1

cicj

(
2x2

ix
2
j + x2

i + x2
j

2x2
ix

2
j

)n/2+2−α/2
 Γ(n/2 + 2− α/2)

Γ(n/2 + 2)
. (B13)

B.1.1. Application to the PSFs of the EPIC cameras

In order to infer our induced biases for XMM images,

we will approximate the PSFs of our images as triple

Gaussians. From Section 3.2, we adopt a single PSF for

each ring [3], each detector [3], and each energy band

[2]. (Given that the three observations are well-centered

on the cluster, we need not treat PSFs differently be-

tween the three observations, i.e. ObsIDs). We thus

have 3× 3× 2 = 18 different PSFs to which we fit triple

Gaussians, where the fit is actually a direct fit to the

power spectra of the PSFs. Figure 14 shows that the

triple Gaussian approximation stays very tight to the

measured PSF; this is true for each of the 18 PSFs and

respective approximations.
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Figure 15. Initial inference of Pu(k) for XMM (top panel)
and MUSTANG-2 (bottom panel) without a bias correction.
Dashed red lines show a power law slope α = 3 (P ∝ k−α)
and dotted red lines correspond to α = 2. The steepest
values we see in the X-ray spectra are α ≈ 3 and for the SZ
spectra, α ≈ 2.

For MUSTANG-2 it has been standard to calculate

its beam (PSF) as a double Gaussian (cf Romero et al.

2015, 2017, 2020).

We require yet another assumption before estimating

our induced bias, that being the underlying spectral in-

dex. One starting point is that we could assume a Kol-

mogorov spectrum of α = 11/3. However, we don’t ex-

pect a single spectral index across all scales (e.g. Gaspari

et al. 2014). At the scales probed, we should expect the

slopes to only steepen towards larger k. Thus, we can

perform an initial recovery of power spectra and identify

the steepest slope between our nodes. That is, we’ll ex-

10 2 10 1

k = 1/  (arcseconds 1)

100

101

102

103

P k

MUSTANG-2 PSF
XMM MOS1 PSF
MUSTANG-2 bias
XMM MOS1 bias

102
Physical scale (kpc)

Figure 16. The bias induced by PSF-convolution (shaded
regions and solid lines) in comparison to the inverse of
the power spectra of PSFs (dashed lines) for XMM and
MUSTANG-2. To illustrate the bias for XMM we have only
plotted the PSF of MOS1 at 800 eV bin at r = 150′′. The
solid lines indicate the bias when α = 3 for XMM and α = 2
for MUSTANG-2. The shaded regions encompass the bias
between α = 1.5 and α = 4.5 for XMM and between α = 0.5
and α = 3.5 for MUSTANG-2. For a full comparison the
orange dotted lines show the biases for α = 1.5 and α = 4.5
with the MUSTANG-2 beam.

pect our initial spectra to show shallower slopes towards

higher k due to the increasing bias.

The 2D spectra from MUSTANG-2 are calculated as

outlined in Section 3.1 and for XMM as in Section 3.2,

where we note that the XMM spectra presented in Fig-

ure 15 are the weighted averages of the 18 different im-

ages per ring (recall there are three ObsIDs with usable

EPIC data.) We find that the steepest slope in the X-ray

data are steeper than α ≈ 3 while for the SZ data they

are just slightly steeper than α ≈ 2. We take a slightly

arbitrary uncertainty range of ±1.5 about these indices,

such that for X-rays we consider biases from α = 3±1.5

and from SZ we consider biases from α = 2 ± 1.5. The

inferred biases are shown via solid lines and shaded re-

gions in Figure 16.

C. DETAILED POWER SPECTRA

IMPLEMENTATION

The power spectra in Section 3 focus on the fractional

residual maps (δy/ȳ or δS/S̄). However, both the power

spectra from SZ (MUSTANG-2) and X-ray (XMM ) data
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must both have their noise bias removed. From the auto

power spectrum, this would be achieved as:

Pδy/ȳ = Pδy/ȳ,raw − Pδy/ȳ,noise, or (C14)

PδS/S̄ = PδS/S̄,raw − PδS/S̄,noise, (C15)

where the raw spectra are calculated on the fractional

residual, and the noise power spectrum on the associated

noise realization.

An alternative is to take a cross spectrum. To do this,

we alter the standard calculation of the variance. In

the framework of the delta-variance approach used, an

important intermediate product is the filtered image, Ĩk:

Ĩk(θ) =

(
Gσ1
∗ I

Gσ1 ∗M
− Gσ2

∗ I
Gσ2 ∗M

)
M, (C16)

where M is the mask, I is the image, and Gσ are Gaus-

sian kernels with corresponding widths σ1 and σ2. For

n dimensions, the variance is given as:

Vk =
N

NM=1
×
∫
Ĩ2
kd
nx, (C17)

where N =
∫
dnx and NM=1 =

∫
M(x)dnx. In the case

of calculating a cross spectrum, we have two images, Ia
and Ib, which filtered become Ĩa and Ĩb. The variance

for the cross-spectrum term is then:

Vk =
N

NM=1
×
∫

(Ĩa × Ĩb)d2x, (C18)

where we explicitly note that we have two dimensional

images in this work.

The uncertainties in Pδy/ȳ and PδS/S̄ are calculated

in very similar ways. That is, if noise realizations are

made to determine Pδy/ȳ,noise and PδS/S̄,noise, where

these quantities are taken as the mean power spectra

across noise realizations, then the standard deviation of

the respective noise power spectra can be taken as the

uncertainty in the noise power spectra. Using x as a

stand-in for y or S, we have:

σPδx/x̄ = σPδx/x̄,noise
(C19)

σAδx/x̄ = σPδx/x̄/(2Aδx/x̄) (C20)

C.1. MUSTANG-2 error estimation

The MUSTANG-2 map of Zwicky 3146 is comprised

of 155 individual scans on source. We reprocess each

scan subtracting the full model which had been fit in

Romero et al. (2020). These scans span 7 observing

nights. To create 100 realizations of pairs of half maps,

we randomly select half of the 155 scans to assign to

“half 1” and the other half to “half 2”. The cross spectra

are calculated as noted above. The mean and standard

deviation of power spectra are respectively taken as the

expected P2D value and associated uncertainty.

C.2. XMM error estimation

Our XMM noise realizations are fundamentally gener-

ated as Poisson noise with a model of the counts image

as the mean value for each pixel. The simplest model is:

C = S̄ ∗ E + B̄, (C21)

where S̄ is our (smooth) ICM model (taken as a circu-

lar double β model, see Equation 3), E is the exposure

map, and B̄ is a background, which itself has multiple

components. We can separate B̄ as:

B̄ = B̄p + B̄CXB + B̄F + B̄pt. srcs, (C22)

where B̄p is a model of the particle background, soft

proton, and for the pn detector, the OOT contribution.

B̄CXB is taken to be the uniform background (when

looking at count rates) level when fitting for the ICM

profile, B̄F is the fluorescent background which has a

profile proportional to the unvignetted exposure divided

by the vignetted exposure, and B̄pt. srcs is an estimate

of faint point sources.

Our initial image of Bp is formed by the addition of

various image outputs from the ESAS framework and

itself is subject to Poisson noise. To lessen this in the

model itself, we smooth it, initially as:

B̄p = (
G2.5 ∗Bp

G2.5 ∗ E
)× E, (C23)

where G2.5 is a Gaussian kernel of 2.5 pixels (pixels

themselves are 2.5′′). This method should account for

“losses” in chip gaps. Though this is likely sufficient,

we attempt to in-fill chip gaps with the mean value of

neighboring non-gap values. To do this, we iterate the

smoothing; at each iteration, the non-gap values are re-

stored to their original values, while the gap pixels are

kept from the previous iteration. As the gaps are not
wide, this converges quickly. Our final B̄p image is ob-

tained as:

B̄p = (
G2.5 ∗Bp,gap-filled

G2.5 ∗ E
)× E. (C24)

The remaining smooth background components are

calculated as:

B̄CXB = 10buni ∗ E, (C25)

where buni is the parameter fit (in logarithmic space) for

the uniform background, and

B̄f = 10bf ∗ Eunv

E
E, (C26)

where bf is the fitted parameter (in logarithmic space) for

the fluorescent background and Eunv is the unvignetted

exposure.
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Figure 17. There is a negligible difference with respect to
our treatment of faint sources.

If we include point sources, i.e. B̄pt. srcs, we do so as

indicated in Section 3.2. That is, we match a LogN-LogS

distribution to the distribution calculated (observed) in

each image using bright sources where the completeness

is approximately unity and assume an index of −1.6.

As we are taking spectra only within a circle of radius

5′ about the center of the cluster, we generate model

point sources only in this region and assume a uniform

PSF for a given detector and energy band. In particular,

we adopt the PSF at x = 150′′ and y = 0 generated by

psfgen as noted in Section 3. The mean photon count

rate from the model point sources within 5′ of the cluster

center is calculated and then subtracted from the same
region in B̄CXB .

We wish to include covariance of our profile fit in our

estimation of uncertainties in power spectra. Accord-

ingly, we will have many models C, such that each noise

realization is generated from an instance, Ci, with rele-

vant components being dictated from chains of the pro-

file fits. Specifically, S̄, B̄CXB , and B̄f depend on the

chains and change with each realization.

We find that the inclusion of faint point sources barely

affects our power spectra, as evidenced in Figure 17.

Even so, the results presented in this paper include an

estimated contribution from such faint point sources.

C.3. Validation of deprojection approximation

With window functions in hand, we can easily validate

our approximate power spectra deprojection (Equa-

tion 9) against the initial formulation, i.e. Equation 6.
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Figure 18. Ratios of power spectra (above) and amplitude
spectra (below) when calculated via Equation 6 assuming a
power law distribution as in Equation B5 with kc = 1e − 3
kpc−1 and α = 3. Solid lines show the ratios when applying
the SZ window function and dashed lines show the ratios
when applying the X-ray window function. The horizontal
(dotted cyan) lines in the above panel show the approximate
ratios between the 3D and 2D power spectra as approximated
in Equations 11 and 12. The chosen radii are close to the
effective radii (weighted averages) for N of both the SZ and
X-ray window functions for Rings 1, 2, and 3, respectively.

The slopes found in our data (see Table 2 are gen-

erally shallower than expected, with the steepest slope

being 2.4 in Ring 1. From Figure 18, we can conserva-

tively say that we potentially underestimate the density

fluctuation at k = 0.01 arcsecond−1 by ∼ 1.05 (assum-

ing the slope may be roughly 3 as we approach those

scales).

C.4. Correlated noise on small scales

We investigate if the increase in the amplitude spec-

tra towards higher k may be due to correlated noise on

small scales. One particular investigation is the poten-

tial for secondary particles generated from collisions of
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cosmic rays and the telescope. If striking a detector,

such secondary particles would do so effectively simul-

taneously. Thus, in the X-ray data, this could be seen as

multiple events in a single frame. To avoid also counting

multiple events from bright sources, we mask the cluster

and point sources; we also perform this analysis filter-

ing energies in our two adopted bands (400-1250 eV and

1250-5000 eV).

Figure 19. Histogram of distances between pairs of events
in the same frame as seen in our actual data (blue) and
averaged over 100 realizations in which the event times are
randomly shuffled.

Wanting the shortest frame for this analysis, we an-

alyze the pn detector from the only full frame observa-

tion (0108670101) where the time resolution is 73.4 ms.

When counting the number of events per frame, we find

at most three events per frame; in the high energy band

only 5% of the events in this observation occur in the

same frame as another event. The distances between

these events are then binned as seen in Figure 19 (blue

bars). To compare to what a random distribution would

be (given our mask), we perform the same calculation

but randomly shuffling the events by time (orange step

plot). We consider any events occurring within 50′′ to

be “short distance”. The excess short distance events

account for 9% of the total pairs. We infer that the oc-

currence of events from (hypothesized) particle showers

accounts for less than 0.4% of high energy events in the

background. Repeating this analysis for the low energy

band, we find that only 0.2% of events could be due to

such particle showers. Thus, we do not find evidence

that this effect could account for a rise towards higher

k in the recovered amplitude spectra from X-ray surface

brightness fluctuations.
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Abstract 

Reproduction experiments of radial pyroxene (RP) chondrules were carried out using Ar-

H2  or Ar gas-jet levitation system in a reduced atmosphere in order to simulate chondrule 

formation in the protoplanetary disk. The experiments reproduced RP-chondrule texture, 

consisting of sets of thin pyroxene crystals and mesostasis glass between crystals. However, 

iron partition coefficients between pyroxene and glassy mesostasis in natural RP chondrules 

( DFe = Fe mol% pyroxene/Fe mol%mesostasis ) were much higher than that in experimentally 

reproduced RP chondrules. The high DFe  in natural RP chondrules suggest that iron was 

removed from the mesostasis melt at high temperatures after the crystal growth of pyroxene. 

We found that many small iron-metal inclusions had formed in the mesostasis glass, indicating 

that FeO in the high-temperature melt of mesostasis was reduced to metallic iron, and iron in 

the mesostasis was diffused into newly-formed metal inclusions. The formation of the iron-

metal inclusions in the mesostasis was reproduced by our experiments in a reduced atmosphere, 

confirming that DFe  in natural RP chondrules increased after the crystal growth of radial 

pyroxenes. Therefore, DFe of RP chondrules can be an indicator to constrain cooling rates and 

redox states during the chondrule formation. 
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1. Introduction 

Chondrules are silicate spherules with diameters varying from several tens of micrometers 

to several millimeters and are the main components of chondrites. They formed by melting 

precursor dust particles at high temperatures and subsequent crystallization during cooling in 

the protoplanetary disk within 5 Myr after the formation of calcium–aluminum-rich inclusions 

(CAIs) (e.g., Kita & Ushikubo 2012; Bollard et al. 2015; Pape et al. 2019). Various formation 

models have been proposed, such as lightning models (Whipple 1966; Desch & Cuzzi 2000; 

Johansen & Okuzumi 2018), shock wave models (Connolly & Love 1998b; Ciesla & Hood 

2002; Morris & Desch 2010), and planetesimal collision models (Kieffer 1975; Johnson et al. 

2014, 2015; Wakita et al. 2017), but no widely-accepted, definitive model exists at present. 

Constraints of the chondrule formation process lead to understanding the temperature profiles 

and gas compositions of the protoplanetary disk. 

Reproduction experiments of chondrules have been carried out to understand the chondrule 

formation process. They revealed that morphological characteristics of crystals are resulted 

from peak temperatures and cooling rates during chondrule crystallization (Tsuchiyama et al. 

1980; Tsuchiyama and Nagahara 1981; Hewins 1983; Lofgren & Russell 1986; Lofgren 1989; 

Hewins & Radomsky 1990; Lofgren & Lanier 1990; Connolly et al. 1998). However, in most 

of these experiments, starting materials are fixed to Pt or Pt-Rh wires. The wire method is 

unsuitable for discussing the crystallization process in the protoplanetary disk because contact 

points between starting materials and wires work as heterogeneous nucleation sites and 

facilitate crystallization. For this reason, levitation experiments have been conducted to 

simulate chondrule formation (Tsukamoto et al. 1999; Nagashima et al. 2006, 2008; Pack et al. 

2010; Mishra et al. 2020).  

However, levitation experiments that simulate the redox state of the chondrule-forming 

regions and the natural chondrule compositions are insufficient. The chondrule formation took 

place under reduced conditions (e.g., Grossman et al. 2008; Villeneuve et al. 2015), and the 

natural chondrules contain multiple elements as major and minor elements. Especially, iron is 
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the crucial element responsible for chondrule compositional variations, such as type-I and -II 

chondrules (McSween 1977; Scott & Taylor 1983). Mishra et al. (2020) and Shete et al. (2021) 

conducted the levitation experiments under low pressure or Ar gas apparatuses that simulate the 

atmosphere of chondrule formation, but the starting materials were pure forsterite or enstatite. 

Pack et al. (2010) concentrated on the evaporation of alkalis and confirmed the metal formation 

of chondrules under Ar or Ar- H2  atmosphere. The crystal morphologies and elemental 

behaviors in experiments conducted under reduced conditions using natural chondrule 

compositions remain to be understood.  

In this study, we conducted reproduction experiments of radial pyroxene (RP) chondrules 

by the gas-levitation system in a closed container under reduced conditions (ΔIW-1.8 to 

ΔIW+1.9, ΔIW (iron-wustite) ≡ log(fO2) - log(fO2)
IW

), which were close to the oxygen 

fugacities in the protoplanetary disk. The starting materials had natural RP compositions, 

including iron. It is known that RP chondrules crystallized from totally melted precursor 

materials (Connolly & Hewins 1995) through heterogeneous nucleation by dust collisions 

(Nagashima et al. 2006). The levitation experiment is suitable for the reproduction of RP 

chondrules because our experimental procedure can simulate dust collisions with a floating melt 

sphere. In order to reproduce the heterogeneous nucleation of RP chondrules, in this study, a 

small amount of powder of starting materials collided with a chondrule melt sphere of 

supercooling as seeds to promote heterogeneous nucleation. This simulates the collisions with 

interplanetary dust during chondrule formation in the protoplanetary disk. In the reduced 

condition and with the procedure of particle collision, we performed the experiments by melting 

starting materials containing iron. We compared the crystal morphologies and chemical 

compositions of natural RP chondrules with those of experimentally reproduced chondrules. 

 

2. METHODS 

2.1. Reproduction Experiments of RP Chondrules  
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2.1.1 Experimental Procedure 

We used a gas-jet levitator at Department of Earth Science at Tohoku University (Fig. 1(a)), 

which was used in Nagashima et al. (2006) and modified for this study. An experimental 

chondrule was levitated on a gas diffuser and heated or cooled by adjusting the power of CO2 

laser. A series of experiments were conducted in a container filled with Ar gas or Ar(97%)-

H2(3%) mixture gas. Before the experiments, the air in the container was replaced for 15-30 

minutes by Ar gas or Ar(97%)-H2(3%) gas, and the same gas was used for the levitation. Iron 

metals appeared in the experimental chondrules, indicating a reduced condition was realized in 

the container. The oxygen fugacity in the container was calculated to be ΔIW-1.8 to ΔIW+1.9 

from iron mole fraction in the silicate (pyroxene + mesostasis glass) and that in the metal in the 

experimental samples using the formula given in Corgne et al. (2008). The calculated oxygen 

fugacity indicates the redox condition at the retention temperature (Fig. 1(b)), the temperature 

just before the experimental chondrules were quenched. The oxygen fugacity has some ranges 

because the fugacity changes with the retention temperature. The redox conditions in our 

experiments match those in the chondrule formation regions where the oxygen fugacity ranged 

from approximately ΔIW-4 to ΔIW+1 (Villeneuve et al. 2015). 

The approximate temperature curve during the experiments is shown in Fig. 1(b). First, a 

starting spherule was heated by a CO2 laser at 1800 °C-2000 °C for 10 seconds, and we 

confirmed from the camera footage that the sample had melted completely. Afterward, the 

melted sample was cooled at about 60 °Cs-1 by adjusting the laser power and retained at a 

specific temperature below the liquidus (Table 1) for a few seconds to attain supercooling. At 

this temperature, we seeded the powder into the melted sample sphere. The seeds were the 

powder of the starting materials without sintering (mixtures of oxides of each element) or 

crushed crystals of experimental chondrules synthesized by the levitation system with the 

starting compositions. The oxide seed powders of the starting materials were 1-4 μm in diameter, 

and the crystal seed powders were adjusted to 42-52 μm by mesh sheets. The seed powder was 

sealed in a piston connected to a tube (Fig. 1(a)) and was introduced into the gas flow by 
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opening a clip. About 10-20 seeds collided with the melted sample surface in one experiment. 

The samples crystallized at the seeding temperature and, after crystallization, we retained the 

samples at a temperature close to the seeding temperature for a certain period of time (6-7200 

sec.). The retention temperature is the average value during retention time and a little apart from 

the seeding temperature because the temperature was adjusted manually to keep it constant 

while the temperature fluctuates slightly due to sample vibration by the gas flow. The laser was 

then turned off, and the sample was quenched. In this experiment, we can choose the 

crystallization temperature (equal to the seeding temperature), the retention temperature 

(almost equal to the crystallization temperature), and the retention time as parameters (Table 2). 

The experimental chondrules produced by this procedure were polished to make thin sections 

or polished mounts and observed by electron microscopes. The analysis conditions are shown 

in 2.2.2.

2.1.2 Starting Material 

We prepared four starting materials (Table 1): the mixtures of oxides of elements contained 

in RP chondrules. For iron, we used only FeO and no metallic iron was included in the starting 

material. RP-Fe1 and RP-Fe2, almost identical chemical compositions, were close to the 

average compositions of natural RP chondrules calculated from data of Dodd (1978), Lux et al. 

(1981), and Nagahara (1981). RP-lowFe is the bulk major-element composition of an RP 

chondrule in Y-790448 LL3.2 chondrite measured in this study, and this composition contains 

a smaller amount of iron than RP-Fe1 and RP-Fe2. RP-noFe is a normalized composition of 

average RP chondrules except iron and trace elements. The liquidus temperatures of these 

starting compositions were calculated by rhyolite-MELTS (v.1.0.x.) (Gualda et al. 2012), and 

those of RP-Fe1 and RP-Fe2 are 1574 °C. The liquidus temperatures of RP-lowFe and RP-noFe 

are 1569 °C and 1597 °C, respectively.  

These starting materials were prepared as follows. First, the powder of starting material was 
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placed on a carbon plate set in the container filled with Ar-H2 or Ar gas and sintered by the CO2 

laser. After that, the sintered material was floated on the diffuser by the gas flow and irradiated 

with the laser for about 10 seconds. The gases used in this step for each sample were the same 

that filled the container (Table 2). The materials melted and became a spherule due to surface 

tension. We used this sphere as a starting material. Subsequently, a series of levitation 

experiments were conducted. The spherule diameter ranges from 1.3-1.6 mm and the gas flow 

was 250-300 mlmin
-1

. The list of experimental conditions and samples is shown in Table 2.

 

2.2. Natural Samples and Observation Procedures 

2.2.1 Meteorite Samples 

To compare with the experimentally produced chondrule samples, fourteen natural RP 

chondrules were chosen for the observation from chondrite meteorites that experienced the least 

degrees of aqueous alteration and thermal metamorphism because these secondary processes 

change the composition and mineralogy of chondrules: six chondrules from Y-82038 (H3.2) 

chondrite, seven from Y-790448 (LL3.2) chondrite, and one from Y-81020 (CO3.0) chondrite. 

These thin sections were provided by National Institute of Polar Research, Japan. 

 

2.2.2 Observation and Analysis Procedure 

The natural and experimental chondrules were observed and analyzed by field-emission 

scanning electron microscopy (FE-SEM/EDS: JEOL JSM-7001F) at Department of Earth 

Science at Tohoku University and field-emission electron probe microanalyzer (FE-

EPMA/WDS: JEOL JXA 8530F) at Institute of Material Research at Tohoku University. The 

electron-beam acceleration voltage was 15 kV, the current was 1.0-1.4 nA for FE-SEM/EDS 

analysis, and 15 kV and 10 nA were used for FE-EPMA/WDS analysis. 
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3. Results 

3.1 Crystallization Processes and Structures of Chondrules 

The levitation experiments indicate that, when the seed particles collided with the melt 

sphere, pyroxene crystallization started from the contact points of the seeds (Fig. 2(a)). Low-

Ca pyroxene was the only phase that crystallized. The crystal growth rates of the samples of 

RP-noFe composition, which were determined from the high-speed camera images, were very 

fast, about 0.2-1.3 mms-1, and the whole sample crystallized within about 8 seconds. The sample 

temperature increased by about 50-100 °C for several seconds due to the recalescence caused 

by the latent heat release. 

The chondrules produced by the experiments (Fig. 2(c), (f), (g)) were similar to the natural 

RP chondrules (Fig. 2(b), (d), (e)) in crystal morphologies. The pyroxenes were plates or fine 

dendritic shapes and grew radially from several points of seed contacts on the sample surface. 

The crystal textures were different between samples kept at a temperature of crystallization for 

shorter times (<160 s) and those retained for longer times (>500 s). In the samples with short 

retention times, Mg-rich pyroxene (“Mg-px” hereafter) crystallized (Fig. 2(f)). In contrast, 

relatively iron-rich pyroxene rims (“Fe-bearing px” hereafter) were observed on the surface of 

early-crystallized Mg-px in the samples with long retention times (Fig. 2(g)). Mesostasis glass 

was present in between pyroxene crystals. Iron metal inclusions appeared in the mesostasis 

glass in the long-retained samples. 

On the other hand, the natural RP chondrules in meteorites also consisted of plate shape 

pyroxenes and mesostasis glass, and the mesostasis contained small inclusions of iron-nickel 

metals and iron sulfides (Fig. 2(d), (e)). In some natural chondrules, the elemental distribution 

in pyroxene crystals was almost homogeneous (Fig. 2(d)), while in other samples, the edges of 

pyroxene crystals (the brighter area in Fig. 2(e)) were enriched in iron compared with the inner 

part of pyroxene (the darker area in the same image), as were observed in pyroxene in the 

experimental RP chondrules (Fig. 2(g)) with long retention times. The dendritic pyroxene, as 
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observed in the experimental samples, was found in cryptocrystalline chondrules rather than 

typical RP chondrules. 

 

3.2 Iron Partition Coefficient and Pyroxene Mg/(Mg+Fe) Ratios 

Typical compositions of the natural RP chondrule and experimental RP chondrules are 

shown in Table 3. The analysis points by the electron microprobe were the center of mesostasis 

glass, the center of the pyroxene, and the zoned pyroxene rims. The pyroxene analysis parts (the 

center or rim) are shown in Supporting Data. 

 

3.2.1 Natural Chondrules 

The iron partition coefficient DFe is expressed as the ratio of iron mol% in pyroxene to that 

in mesostasis glass (DFe = Fe mol% pyroxene/Fe mol%mesostasis). The DFe of natural RP chondrules 

are plotted in Fig. 3(a), which shows variable DFe with an average of DFe = 2.7, higher than 1. 

This indicates that pyroxene is more enriched in iron than mesostasis glass in the natural RP 

chondrules.  

Mg# of pyroxene (Mg# = Mg/(Mg+Fe) × 100) in natural RP chondrules are also plotted in 

Fig. 3(c), and the average Mg# is 77.0. Chondrules with Mg# > 90 are classified as Type I 

chondrules, and those with Mg# < 90 are Type II chondrules (McSween 1977; Scott & Taylor 

1983). Observation showed that Type II RP chondrules are common in ordinary chondrites that 

we studied.  

 

3.2.2 Experimental Samples 

The experimental chondrules showed lower DFe than natural RP chondrules did (Fig. 3(b)). 

When the retention times after crystallization were less than 150 s, the average DFe was 0.4, 

indicating that the mesostasis was more iron-rich than pyroxene. The equilibrium DFe between 
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pyroxene and mesostasis glass was determined to be 0.37-0.65 in isothermal and slow cooling 

experiments of RP chondrules by Kennedy et al. (1993), whose starting compositions are 

relatively close to RP-Fe1 and RP-Fe2 in this study. DFe of short (<150 s) retained samples in 

this study were included within the range of equilibrium values. Whereas, when the retention 

times were longer than 1000 s, the average DFe was close to 1, and some exceeded 1. These 

high DFe were observed between Fe-bearing px (the rim formed on Mg-px) and mesostasis glass. 

In other words, samples that retained longer times have DFe closer to that of natural RP 

chondrules than those with short retention times. 

The experimental samples showed higher Mg# than the natural RP chondrules did (Fig. 

3(d)). The Mg# of Mg-px with short retention times (<160 s) were around 90 regardless of 

starting compositions. While with the long retention times (>500 s), Mg# of Fe-bearing px (the 

rim on Mg-px) were lowered and were close to that of natural RP chondrules (average Mg# of 

natural RP was 77.0). Mg# of Mg-px, inside Fe-bearing px (the center of pyroxene), were 

around 90, similar to Mg-px in the samples with short retention times. The outer parts of 

pyroxene in some of the natural RP chondrules were also enriched in iron than the inner part, 

like pyroxenes in the experimental samples (Fig. 2(e)). The gas kind (Ar-H2 or Ar) used in 

experiments did not affect DFe and Mg# (Fig. 4(a), (b)). The plotted values in Fig. 4 are shown 

in Supporting Data. 

 

4. Discussion 

4.1 Constraints on the RP Chondrule Formation from Iron Partition Coefficients and 

Elemental Distribution 

4.1.1 High Iron Partition Coefficients in Natural RP Chondrules 

In the experimental samples of Kennedy et al. (1993) and experimental chondrules in this 

study with short retention times after crystallization (<150 s), DFe were as low as 0.3-0.7 (Fig. 
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3(b)). In contrast, natural RP chondrules show high DFe well above 1 (“Original” values in Fig. 

3(a)) and the experimental chondrules that were retained for a long time after crystallization 

(>1000 s) showed DFe that close to or exceed 1 (Fig. 3(b)). The DFe difference is important 

because, in crystallization, whether DFe  are less than or larger than 1 reflects more iron is 

distributed in the crystal or the mesostasis melt. Note that in this study, DFe of natural and 

experimental chondrules were defined as being established after the chondrule solidifications, 

not during crystallization.  

The DFe similarity of natural chondrules and the experimental samples with long retention 

times indicates that both experienced the same process during formation. Thus, it constrains the 

formation process of natural RP chondrules. 

First, we consider why DFe approached 1 in the experimental chondrules with increasing 

retention times. The first possible cause is the growth of Fe-bearing px. As Fe-bearing px grew, 

which contains more iron than underlying Mg-px, the iron content in the mesostasis glass 

decreased, because iron was supplied by mesostasis glass, not by Mg-px. As a result, DFe 

increased and approached 1 (DFe were defined between Fe-bearing px and mesostasis).  

The second cause is the reduction of FeO to metallic iron in the mesostasis melt due to the 

long retention times in a reduced atmosphere (Fig. 2(g)). In most cases, the samples with long 

retention times had the metals in mesostasis glass. The occurrences of the iron metal inclusions 

in the experimental chondrules are similar to iron-nickel metals or sulfides observed in natural 

RP chondrules (Fig. 2(d) and (e)). Mesostasis glass near the metal boundary is darker in the 

BSE image (Fig. 2(g)). It means that iron is more depleted than the average mesotasis glass, 

suggesting that the metals nucleated in the mesostasis melt after the pyroxene growth. Since the 

valence of iron in the starting material was only divalent (FeO), the divalent iron in the 

mesostasis was reduced and metals were formed before the solidification of mesostasis melt 

into the glass. When the metals crystallized in the mesostasis melt, the reduced iron in the 

mesostasis was absorbed by (concentrated into) the metal crystals and thus iron content in the 

mesositasis was reduced. As a result, DFe between pyroxene and mesostasis glass increased. 
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A similar process can be considered for natural RP chondrules. iron-nickel metals and 

sulfides were commonly distributed in the mesostasis glass of natural RP chondrules (Fig. 2(d), 

(e)). After the pyroxene growth, FeO in the mesostasis melt might have been reduced or 

sulfurized, and the iron metals or iron sulfides nucleated in the melt. As a result, FeO content 

in the mesostasis decreased, and the high DFe were established in natural RP chondrules. In fact, 

“Corrected DFe”, which we re-calculated DFe between pyroxene and whole mesostasis (total 

iron concentration in mesostasis glass including metal and sulfide inclusions), are plotted 

around 1 (Fig. 3(a)). Therefore, DFe in natural RP chondrules should be “apparent DFe” that was 

established after pyroxene growth and does not represent iron distribution during crystal growth. 

DFe in the experimental chondrules containing iron metals are lower compared to natural RP 

chondrules (Fig. 3(a)and (b)), possibly because longer retention times or more reduced gas in 

the protoplanetary disk facilitated the formation of iron metal inclusions, which resulted in the 

increase in DFe. 

 

4.1.2 Pyroxene Composition in Natural and Experimental RP Chondrules 

Natural RP chondrules, at least in ordinary chondrites we studied, were commonly classified 

as Type II based on their pyroxene compositions. In the experiments with short retention times 

(<160 s), Mg-px (Fig. 2(f)) crystallized and showed higher Mg# (average was about 90) 

compared with that in natural chondrules. In contrast, Fe-bearing px (Fig. 2(g)) crystallized with 

long retention times (>500 s) had Mg# close to that in natural RP chondrules. The long retention 

times after crystallization simulates slow cooling after crystallization. Thus, the natural RP 

chondrules might have been cooled slowly after the crystallization enough to grow Fe-bearing 

px. 

In the experimental chondrules with long retention times, the occurrence of Fe-bearing px 

is considered to be the result of the overgrowth on earlier-formed Mg-px or the iron diffusion 

from mesostasis to the rim of Mg-px. In particular, textures of the overgrowth are remarkable: 
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the sharp boundaries between Mg-px and Fe-bearing px, and structures where more than two 

pyroxene plates fuse by Fe-bearing px (Fig. 2(g)). The overgrowth and or iron diffusion can 

explain the low pyroxene Mg# in natural RP chondrules.  

We investigated the possibility that the oxygen fugacity during crystallization may change 

the ion valence and affect the pyroxene Mg#. Our experiments suggest that there were no 

relationships between pyroxene Mg# and the oxygen fugacity controlled by gas species (Ar-H2 

or Ar) (Fig. 4 (c)). In addition, the crystallization temperature also did not affect pyroxene Mg# 

(Fig. 4 (d)). The plotted values in Fig. 4 are shown in Supporting Data. 

Therefore, it is suggested that natural RP chondrules were produced by pyroxene 

crystallization followed by cooling slow enough to allow the crystallization of metal and sulfide 

inclusions in the mesostasis melt, diffusion of iron from mesostasis into pyroxene, and 

overgrowth of Fe-bearing px on earlier formed Mg-px. Experimental further studies about the 

reduction and the sulfidation of mesostasis, the effects of the cooling rates of chondrules, and 

the ambient gas conditions would constrain the chondrule formation events. 

 

4.2 Crystallization of RP Chondrules by Seeding 

The high-speed camera images (Fig. 2(a)) showed that the radial pyroxene crystallized by 

heterogeneous nucleation from the seed contact points. In the protoplanetary disk, the 

interplanetary dust could collide with chondrule melts as the seeds. The collisions are possible 

due to the high dust densities in the chondrule-forming regions (Ebel & Grossman 2000; Fedkin 

& Grossman 2013). If we suppose that RP chondrules crystallized by collisions with dust grains, 

the number density of dust grains that existed during chondrule formation events can be 

estimated. For instance, the mass density of chondrule itself and the chondrule mass density in 

chondrule-forming regions are assumed to be 3.0 gcm
-3

(Ciesla et al. 2004) and 

6 × 10 
-12

 gcm-3(Arakawa & Nakamoto 2019), respectively, and the chondrule diameter is set 

to 0.5 mm. The chondrule number density of 3.8 × 10 
-9 cm-3 is given from these values, and 
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the number density of the dust grains is assumed to be higher than that of chondrules because 

not all dust collide with chondrules. 

 

5. Conclusion 

Heating experiments of RP chondrules in a reduced atmosphere with natural RP chondrule 

compositions reproduced the radial texture of low-Ca pyroxene crystals and interstices 

mesotasis glass. Comparison between experimentally-reproduced chondrules and natural 

chondrules indicate that the high iron partition coefficients between pyroxene and mesostasis 

glass in natural RP chondrules are explained by the process of iron removal from the mesostasis 

due to the formation of the metal inclusions in the mesostasis melt. The growth of iron-rich 

secondary pyroxene partly explains the variation of the Mg# of pyroxene in natural RP 

chondrules during the slow cooling. Natural RP chondrules experienced slow cooling that 

allowed these processes to occur. 
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Table 1 Starting material compositions in weight % 

  RP-Fe1 RP-Fe2 RP-lowFe RP-noFe 

Na2O 1.0 0.8 1.2 1.1 

MgO 26.5 26.4 26.0 30.2 

 Al2O3 2.5 2.3 2.6 3.0 

SiO2 56.1 55.0 58.9 64.0 

CaO 1.6 2.0 1.6 1.9 

FeO 12.2 13.6 9.8 0.0 

Total 99.9 100.1 100.1 100.2 

Liquidus(°C) 1574.0 1574.0 1569.0 1597.0 

Emissivity 0.65 0.65 0.66 0.80 
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Table 2 Samples and experimental conditions 

Run# 
Starting 

material 
Gas Seed 

Crystallized 

temperature (°C) 

Retention 

temperature 

(°C) 

Retention 

time(s) 

0710-1 RP-lowFe Ar oxide powder 1063 1063 15 

0710-3 RP-lowFe Ar oxide powder 1063 1063 57 

0728-2 RP-lowFe Ar-H2 crystal powder 1043 1052 100 

0728-3 RP-lowFe Ar-H2 crystal powder 1057 1050 100 

0728-4 RP-lowFe Ar-H2 crystal powder 1059 1066 100 

0728-10 RP-lowFe Ar-H2 crystal powder 1040 1037 100 

0728-14 RP-lowFe Ar-H2 crystal powder 1146 1138 100 

0902-1 RP-lowFe Ar-H2 oxide powder 1241 1252 148 

0902-4 RP-lowFe Ar-H2 oxide powder 1469 1477 21 

0902-8 RP-lowFe Ar-H2 oxide powder 1552 1537 39 

0902-10 RP-lowFe Ar-H2 oxide powder 1270 1257 15 

0919-1 RP-Fe1 Ar-H2 crystal powder 1480 1294 20 

0919-2 RP-Fe1 Ar-H2 crystal powder 1532 1411 21 

0919-7 RP-Fe1 Ar-H2 crystal powder 1479 1483 48 

0919-9 RP-Fe1 Ar-H2 crystal powder 1498 1536 3600 

0919-11 RP-Fe1 Ar-H2 crystal powder 1480 1494 2400 

1111-1 RP-Fe1 Ar crystal powder 1422 1422 6 

1111-4 RP-Fe1 Ar crystal powder 1313 1313 24 

1111-6 RP-Fe1 Ar crystal powder 1274 1274 10 

1111-7 RP-Fe1 Ar crystal powder 1267 1267 10 

1128-1 RP-Fe1 Ar-H2 no seeding not determined 1549 4680 

1128-2 RP-Fe1 Ar-H2 no seeding not determined 1545 6000 

1128-3 RP-Fe1 Ar-H2 no seeding not determined 1505 2074 

1128-6 RP-Fe1 Ar-H2 no seeding not determined 1533 960 

1128-7 RP-Fe1 Ar-H2 no seeding not determined 1536 7200 

1208-2 RP-Fe2 Ar-H2 no seeding not determined 1430 523 

1208-4 RP-Fe2 Ar-H2 no seeding not determined 1396 1800 

1208-5 RP-Fe2 Ar-H2 no seeding 1460 1420 7200 

0204-4 RP-noFe Air crystal powder 1404 1404 12 

0403-7 RP-noFe Air crystal powder 1395 1395 9 
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Fig. 1 Overview of the experimental instrument and temperature profile.  

(a) Gas-jet levitator under the reduced condition. A CO₂ laser (LC-100NV from DEOS) 

irradiated a levitated experimental sample, and the laser power was adjusted for heating and 

cooling. A reflector set the path of the laser beam, and a lens adjusted the beam to cover the 

entire sample. The sample was placed on a diffuser and floated by the gas flow ejected through 

a tube connected to the diffuser. A flow meter controlled the gas flow rate. In-situ observations 

were conducted by a CCD camera (Elmo) and a high-speed monochrome camera (Photron 

FASTCAM-Net Max). The temperature was measured with a pyrometer (LUMASENSE 

TECHNOLOGIES ImpacIN140/5-H). The pyrometer measured 5.14 μm wavelength in 500-

2500 °C, and the minimum measurement spot was 1.3 mm in diameter. The experiments were 

conducted in a container to control the redox state. A lid of the container had a valve opened 

during the experiments to allow gas to displace the inside air. K-Br windows on the lid 

transmitted the laser beam and emission from the sample for temperature measurements by the 

pyrometer. (b)Temperature profile during experiments. A solid blue line is an example, and the 

crystalized temperature, retention temperature, and retention time were changed as parameters 

like a dashed line. The operation detail is shown in 2.1.1. 
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Fig. 2 In-situ observation and the textures of the natural and experimental RP chondrules. 

(a)Images of the high-speed camera during in-situ observation. Brighter areas are crystals. The 

upper right values represent the time from the moment that the seeds were attached to the sample 

surface. The laser irradiated from above the sample, and the sample rotated during levitation. 

(b)-(g) Backscattered electron (BSE) images of the natural and experimental chondrules, (b) RP 

chondrule in Y-790448(LL3.2), 57-2, thin section, (c) Run#1208-2 experimental chondrule, (d) 

RP chondrule in Y-790448(LL3.2), 57-1, thin section, and (e) RP chondrule in Y-

790448(LL3.2), 57-2, thin section, (f) Run#0919-1 experimental chondrule, and (g) Run#0919-

11 experimental chondrule. Meso = mesostasis glass. 
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Fig. 3 Comparison of the natural and experimental chondrules. (a) Boxplot of DFe of natural 

chondrules with interquartile range and whiskers from the minimum to the maximum value. 

“Original” is the analyzed value. “Corrected” is the DFe derived from iron in pyroxene and that 

in whole mesostasis (mesostasis glass including metals and sulfides). (b) DFe in experimental 

chondrules. Mg# in (c) natural chondrules (boxplot) and (d)experimental. Blue lines in (b) and 

(d) represent the minimum to max values range. In (b) and (d), Mg-px and Fe-bearing px regions 

overlap in some places. Because we define them in a single crystal, the Mg-px in some crystals 

are iron-rich relative to Fe-bearing px in other crystals. 
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Fig. 4 Relationships between gas used in experiments and (a)DFe, (b)pyroxene Mg#, and 

relationships Mg# and (c) oxygen fugacity, (d)crystallized temperature. 
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Supporting Data 

 

Plotted data in Fig. 3. 

 

(a)DFe (Natural chondrules)  

Chondrite name DFe Original/Corrected Analysis part* 

Y-790448(LL3.2) 6.37 Original core 

Y-790448(LL3.2) 3.25 Original core 

Y-790448(LL3.2) 2.69 Original core 

Y-790448(LL3.2) 4.89 Original core 

Y-790448(LL3.2) 2.49 Original core 

Y-790448(LL3.2) 2.98 Original core 

Y-790448(LL3.2) 3.49 Original rim 

Y-790448(LL3.2) 2.25 Original core 

Y-790448(LL3.2) 2.43 Original rim 

Y-790448(LL3.2) 2.44 Original rim 

Y-790448(LL3.2) 1.08 Original core 

Y-790448(LL3.2) 3.41 Original core 

Y-790448(LL3.2) 4.14 Original rim 

Y-790448(LL3.2) 0.57 Original rim 

Y-790448(LL3.2) 0.66 Original core 

Y-790448(LL3.2) 1.31 Original core 

Y-790448(LL3.2) 0.79 Original core 

Y-790448(LL3.2) 1.49 Original core 

Y-790448(LL3.2) 0.97 Original core 

Y-790448(LL3.2) 2.67 Corrected core 

Y-790448(LL3.2) 1.02 Corrected rim 

Y-790448(LL3.2) 0.63 Corrected core 

Y-790448(LL3.2) 0.86 Corrected core 

Y-790448(LL3.2) 1.23 Corrected core 

Y-790448(LL3.2) 0.95 Corrected core 

Y-790448(LL3.2) 1.17 Corrected core 

Y-790448(LL3.2) 0.85 Corrected core 

Y-790448(LL3.2) 0.24 Corrected core 

Y-790448(LL3.2) 0.66 Corrected core 

Y-790448(LL3.2) 0.45 Corrected rim 

Y-81020(CO3.0) 2.96 Original core 

Y-81020(CO3.0) 2.61 Original core 

Y-81020(CO3.0) 1.22 Corrected core 

Y-81020(CO3.0) 1.07 Corrected core 
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Y-82038(H3.2) 3.28 Original rim 

Y-82038(H3.2) 3.74 Original rim 

Y-82038(H3.2) 4.69 Original rim 

Y-82038(H3.2) 2.5 Corrected rim 

Y-82038(H3.2) 0.3 Corrected rim 

Y-82038(H3.2) 0.78 Corrected rim 

*Notes: core = DFe between the center of pyroxene and the center of mesostasis glass, rim = DFe 

between iron-rich zoned rim in pyroxene and the center of mesostasis glass 
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(b)DFe (Experimental chondrules) 

Run# Retention time(s) DFe Analysis part* 

0710-1 15 0.32 core 

0710-3 57 0.29 core 

0728-2 100 0.41 core 

0728-2 100 0.41 core 

0728-3 100 0.39 core 

0728-4 100 0.48 core 

0728-10 100 0.65 core 

0728-10 100 0.35 core 

0902-1 148 0.36 core 

0902-1 148 0.35 core 

0902-1 148 0.68 core 

0902-1 148 0.47 core 

0902-4 21 0.52 core 

0902-4 21 0.42 core 

0902-8 39 0.51 core 

0902-8 39 0.44 core 

0902-10 15 0.33 core 

0919-1 20 0.4 core 

0919-2 21 0.37 core 

0919-7 48 0.59 core 

0919-9 3600 1.14 core 

0919-9 3600 0.8 core 

0919-9 3600 0.63 core 

0919-9 3600 0.78 core 

0919-9 3600 0.53 core 

0919-9 3600 1.06 rim 

0919-9 3600 0.86 core 

0919-9 3600 0.63 core 

0919-9 3600 0.77 core 

0919-9 3600 0.52 core 

0919-9 3600 0.57 core 

0919-11 2400 0.52 core 

0919-11 2400 1.02 rim 

0919-11 2400 0.69 core 

0919-11 2400 1.18 rim 

0919-11 2400 0.79 core 
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0919-11 2400 0.85 core 

0919-11 2400 0.61 core 

0919-11 2400 0.55 core 

0919-11 2400 0.68 rim 

0919-11 2400 0.92 core 

0919-11 2400 1.11 rim 

0919-11 2400 0.66 core 

0919-11 2400 1.19 core 

0919-11 2400 0.67 core 

1128-2 6000 0.81 core 

1128-2 6000 1.94 core 

1128-3 2074 1.59 core 

1128-3 2074 1.16 core 

*Notes: core = DFe between the center part of pyroxene (Mg-px) and the center of mesostasis glass, 

rim = DFe between iron-rich rim (Fe-bearing px) and the center of mesostasis glass 
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(c)Mg# (Natural chondrules) 

Chondrite name Mg# Analysis part* 

Y-790448(LL3.2) 85.16 core 

Y-790448(LL3.2) 84.42 core 

Y-790448(LL3.2) 85.47 core 

Y-790448(LL3.2) 85.49 core 

Y-790448(LL3.2) 83.29 core 

Y-790448(LL3.2) 84.9 core 

Y-790448(LL3.2) 84.9 core 

Y-790448(LL3.2) 70.28 core 

Y-790448(LL3.2) 77.62 core 

Y-790448(LL3.2) 80.26 core 

Y-790448(LL3.2) 78.34 core 

Y-790448(LL3.2) 74.87 core 

Y-790448(LL3.2) 72.3 core 

Y-790448(LL3.2) 73.24 core 

Y-790448(LL3.2) 73.02 core 

Y-790448(LL3.2) 71.03 core 

Y-790448(LL3.2) 71.89 core 

Y-790448(LL3.2) 71.01 core 

Y-790448(LL3.2) 72.08 core 

Y-790448(LL3.2) 65.86 core 

Y-790448(LL3.2) 69.73 core 

Y-790448(LL3.2) 69.41 core 

Y-790448(LL3.2) 76.57 core 

Y-790448(LL3.2) 78.44 core 

Y-790448(LL3.2) 69.53 core 

Y-790448(LL3.2) 69.93 core 

Y-790448(LL3.2) 76.03 core 

Y-790448(LL3.2) 75.45 core 

Y-790448(LL3.2) 79.74 core 

Y-790448(LL3.2) 69.97 core 

Y-790448(LL3.2) 68.41 core 

Y-790448(LL3.2) 72.27 core 

Y-790448(LL3.2) 81.57 core 

Y-790448(LL3.2) 78.17 core 

Y-790448(LL3.2) 70.86 core 

Y-790448(LL3.2) 79.58 core 

Y-790448(LL3.2) 77.36 rim 
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Y-790448(LL3.2) 76.62 core 

Y-790448(LL3.2) 76.66 core 

Y-790448(LL3.2) 70.69 rim 

Y-790448(LL3.2) 71.9 core 

Y-790448(LL3.2) 75.2 core 

Y-81020(CO3.0) 82.34 core 

Y-81020(CO3.0) 82.75 core 

Y-82038(H3.2) 91.19 core 

Y-82038(H3.2) 90.47 core 

Y-82038(H3.2) 91.66 core 

Y-82038(H3.2) 91.53 core 

Y-82038(H3.2) 90.86 core 

Y-82038(H3.2) 90.64 core 

Y-82038(H3.2) 91.94 core 

Y-82038(H3.2) 65.8 core 

Y-82038(H3.2) 66.67 core 

Y-82038(H3.2) 68.06 core 

Y-82038(H3.2) 66.28 core 

Y-82038(H3.2) 66.58 core 

Y-82038(H3.2) 65.88 core 

Y-82038(H3.2) 67.72 core 

Y-82038(H3.2) 71.3 core 

Y-82038(H3.2) 69.9 core 

Y-82038(H3.2) 71 core 

Y-82038(H3.2) 72.68 core 

Y-82038(H3.2) 72.48 core 

Y-82038(H3.2) 73.35 core 

Y-82038(H3.2) 66.98 core 

Y-82038(H3.2) 72.32 core 

Y-82038(H3.2) 76.45 core 

Y-82038(H3.2) 71.5 core 

Y-82038(H3.2) 83.29 core 

Y-82038(H3.2) 83.79 core 

Y-82038(H3.2) 83.25 core 

Y-82038(H3.2) 83.73 core 

Y-82038(H3.2) 83.85 core 

Y-82038(H3.2) 72.48 core 

Y-82038(H3.2) 73.35 core 

Y-82038(H3.2) 66.98 core 
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Y-82038(H3.2) 72.32 core 

Y-82038(H3.2) 67.72 core 

Y-82038(H3.2) 71.3 core 

Y-82038(H3.2) 69.9 core 

Y-82038(H3.2) 71 core 

Y-82038(H3.2) 72.68 core 

Y-82038(H3.2) 72.93 core 

Y-82038(H3.2) 72.17 core 

Y-82038(H3.2) 71.52 core 

Y-82038(H3.2) 71.69 core 

Y-82038(H3.2) 88.49 core 

Y-82038(H3.2) 89.76 core 

Y-82038(H3.2) 91.73 core 

Y-82038(H3.2) 90.59 core 

Y-82038(H3.2) 91.37 core 

Y-82038(H3.2) 90.91 core 

Y-82038(H3.2) 91.05 core 

Y-82038(H3.2) 91.89 core 

*Notes: core = the center of pyroxene, rim = iron-rich zoned rim in pyroxene 
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(d)Mg# (Experimental chondrules) 

Run# Retention time(s) Mg# Analysis part 

0710-1 15 90.22 Mg-px 

0710-3 57 90.46 Mg-px 

0728-2 100 89.63 Mg-px 

0728-2 100 88.52 Mg-px 

0728-3 100 90.31 Mg-px 

0728-4 100 88.78 Mg-px 

0728-10 100 81.89 Mg-px 

0728-10 100 90.59 Mg-px 

0728-14 100 93.08 Mg-px 

0902-1 148 93.2 Mg-px 

0902-1 148 93.25 Mg-px 

0902-1 148 90.4 Mg-px 

0902-1 148 90.77 Mg-px 

0902-4 21 89.3 Mg-px 

0902-4 21 91.18 Mg-px 

0902-8 39 90.01 Mg-px 

0902-8 39 89.69 Mg-px 

0902-10 15 92.1 Mg-px 

0919-1 20 88.26 Mg-px 

0919-1 20 86.35 Mg-px 

0919-1 20 88.62 Mg-px 

0919-1 20 89.68 Mg-px 

0919-1 20 86.26 Mg-px 

0919-2 21 88.76 Mg-px 

0919-2 21 88.76 Mg-px 

0919-7 48 81.84 Mg-px 

0919-9 3600 80.38 Fe-bearing px 

0919-9 3600 85.81 Mg-px 

0919-9 3600 88.99 Mg-px 

0919-9 3600 85.62 Mg-px 

0919-9 3600 79.84 Fe-bearing px 

0919-9 3600 87.99 Mg-px 

0919-9 3600 89.83 Mg-px 

0919-11 2400 80.13 Fe-bearing px 

0919-11 2400 88.21 Mg-px 

0919-11 2400 75.07 Fe-bearing px 

0919-11 2400 79.54 Fe-bearing px 
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0919-11 2400 88.75 Mg-px 

0919-11 2400 88.41 Mg-px 

0919-11 2400 89.9 Mg-px 

0919-11 2400 91.5 Mg-px 

0919-11 2400 91.18 Mg-px 

0919-11 2400 77.95 Fe-bearing px 

0919-11 2400 90.74 Mg-px 

0919-11 2400 89.11 Mg-px 

0919-11 2400 87.15 Mg-px 

0919-11 2400 84.9 Mg-px 

0919-11 2400 83.06 Mg-px 

0919-11 2400 86.84 Mg-px 

0919-11 2400 88.1 Mg-px 

0919-11 2400 85.29 Fe-bearing px 

0919-11 2400 80.25 Fe-bearing px 

0919-11 2400 89.52 Mg-px 

0919-11 2400 86.32 Mg-px 

0919-11 2400 83.22 Mg-px 

0919-11 2400 87.64 Mg-px 

0919-11 2400 80.41 Mg-px 

1111-1 6 90.89 Mg-px 

1111-1 6 90.2 Mg-px 

1111-4 24 89.92 Mg-px 

1111-4 24 85.77 Mg-px 

1111-6 10 88.34 Mg-px 

1111-7 10 90.77 Mg-px 

1111-7 10 87.26 Mg-px 

1128-1 4680 93.81 Mg-px 

1128-1 4680 89.41 Fe-bearing px 

1128-1 4680 87.72 Fe-bearing px 

1128-1 4680 91.96 Mg-px 

1128-1 4680 90.19 Mg-px 

1128-1 4680 90.17 Mg-px 

1128-1 4680 87.19 Fe-bearing px 

1128-2 6000 93.77 Mg-px 

1128-2 6000 87.53 Mg-px 

1128-2 6000 93.75 Mg-px 

1128-2 6000 95.06 Mg-px 

1128-2 6000 83.4 Fe-bearing px 



31  

1128-2 6000 89.89 Mg-px 

1128-2 6000 75.83 Fe-bearing px 

1128-2 6000 89.67 Mg-px 

1128-2 6000 76.28 Fe-bearing px 

1128-3 2074 89.37 Mg-px 

1128-3 2074 90.76 Mg-px 

1128-3 2074 76.29 Fe-bearing px 

1128-3 2074 81.84 Mg-px 

1128-6 960 92.27 Mg-px 

1128-6 960 87.23 Mg-px 

1128-6 960 87.79 Mg-px 

1128-6 960 91.24 Mg-px 

1128-7 7200 93.49 Mg-px 

1128-7 7200 96.57 Mg-px 

1128-7 7200 93.89 Mg-px 

1128-7 7200 95.36 Mg-px 

1128-7 7200 92.78 Mg-px 

1128-7 7200 90.18 Mg-px 

1208-2 523 89.44 Mg-px 

1208-2 523 79.71 Fe-bearing px 

1208-2 523 91.86 Mg-px 

1208-4 1800 86.68 Mg-px 

1208-4 1800 89.49 Mg-px 

1208-5 7200 91.54 Fe-bearing px 

1208-5 7200 83.14 Fe-bearing px 
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Plotted data in Fig. 4. 

The starting composition of 1226-3, 1226-6, and 1226-8 was RP-Fe2 with 1 wt% NiO added. 

The addition of NiO was to confirm that the oxygen fugacity in the container was below the 

NiNiO(nickel-nickel oxide) buffer. 

 

(a)DFe and gas   

Run# Gas Retention time(s) DFe 

0710-1 Ar 15 0.32 

0710-3 Ar 57 0.29 

0728-2 Ar-H2 100 0.41 

0728-2 Ar-H2 100 0.41 

0728-3 Ar-H2 100 0.39 

0728-4 Ar-H2 100 0.48 

0728-10 Ar-H2 100 0.65 

0728-10 Ar-H2 100 0.35 

0902-1 Ar 148 0.36 

0902-1 Ar 148 0.35 

0902-1 Ar 148 0.68 

0902-1 Ar 148 0.47 

0902-4 Ar 21 0.52 

0902-4 Ar 21 0.42 

0902-8 Ar 39 0.51 

0902-8 Ar 39 0.44 

0902-10 Ar 15 0.33 

0919-1 Ar-H2 20 0.4 

0919-2 Ar-H2 21 0.37 

0919-7 Ar-H2 48 0.59 

0919-9 Ar-H2 3600 0.53 

0919-9 Ar-H2 3600 0.86 

0919-9 Ar-H2 3600 0.77 

0919-9 Ar-H2 3600 0.57 

0919-9 Ar-H2 3600 0.78 

0919-9 Ar-H2 3600 1.06 

0919-9 Ar-H2 3600 0.63 

0919-9 Ar-H2 3600 0.52 

0919-9 Ar-H2 3600 1.14 

0919-9 Ar-H2 3600 0.8 

0919-9 Ar-H2 3600 0.63 

0919-11 Ar 2400 0.52 

0919-11 Ar 2400 1.18 

0919-11 Ar 2400 0.85 



33  

0919-11 Ar 2400 1.02 

0919-11 Ar 2400 0.69 

0919-11 Ar 2400 0.79 

0919-11 Ar 2400 0.61 

0919-11 Ar 2400 0.55 

0919-11 Ar 2400 0.68 

0919-11 Ar 2400 0.92 

0919-11 Ar 2400 1.11 

0919-11 Ar 2400 0.66 

0919-11 Ar 2400 1.19 

0919-11 Ar 2400 0.67 

1128-2 Ar-H2 6000 0.81 

1128-2 Ar-H2 6000 1.94 

1128-3 Ar-H2 2074 1.59 

1128-3 Ar-H2 2074 1.16 
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(b)Mg# and gas    

Run# Gas Retention time(s) Mg# Analysis part 

0710-1 Ar 15 90.22 Mg-px 

0710-3 Ar 57 90.46 Mg-px 

0728-2 Ar-H2 100 89.63 Mg-px 

0728-2 Ar-H2 100 88.52 Mg-px 

0728-3 Ar-H2 100 90.31 Mg-px 

0728-4 Ar-H2 100 88.78 Mg-px 

0728-10 Ar-H2 100 81.89 Mg-px 

0728-10 Ar-H2 100 90.59 Mg-px 

0728-14 Ar-H2 100 93.08 Mg-px 

0902-1 Ar 148 93.2 Mg-px 

0902-1 Ar 148 93.25 Mg-px 

0902-1 Ar 148 90.4 Mg-px 

0902-1 Ar 148 90.77 Mg-px 

0902-4 Ar 21 89.3 Mg-px 

0902-4 Ar 21 91.18 Mg-px 

0902-8 Ar 39 90.01 Mg-px 

0902-8 Ar 39 89.69 Mg-px 

0902-10 Ar 15 92.1 Mg-px 

0919-1 Ar-H2 20 88.26 Mg-px 

0919-1 Ar-H2 20 86.35 Mg-px 

0919-1 Ar-H2 20 88.62 Mg-px 

0919-1 Ar-H2 20 89.68 Mg-px 

0919-1 Ar-H2 20 86.26 Mg-px 

0919-2 Ar-H2 21 88.76 Mg-px 

0919-2 Ar-H2 21 88.76 Mg-px 

0919-7 Ar-H2 48 81.84 Mg-px 

0919-9 Ar-H2 3600 85.62 Mg-px 

0919-9 Ar-H2 3600 79.84 Fe-bearing px 

0919-9 Ar-H2 3600 87.99 Mg-px 

0919-9 Ar-H2 3600 89.83 Mg-px 

0919-9 Ar-H2 3600 80.38 Fe-bearing px 

0919-9 Ar-H2 3600 85.81 Mg-px 

0919-9 Ar-H2 3600 88.99 Mg-px 

0919-11 Ar 2400 77.95 Fe-bearing px 

0919-11 Ar 2400 84.9 Mg-px 

0919-11 Ar 2400 83.06 Mg-px 
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0919-11 Ar 2400 86.84 Mg-px 

0919-11 Ar 2400 88.1 Mg-px 

0919-11 Ar 2400 85.29 Fe-bearing px 

0919-11 Ar 2400 80.25 Fe-bearing px 

0919-11 Ar 2400 80.13 Fe-bearing px 

0919-11 Ar 2400 88.21 Mg-px 

0919-11 Ar 2400 79.54 Fe-bearing px 

0919-11 Ar 2400 88.41 Mg-px 

0919-11 Ar 2400 89.52 Mg-px 

0919-11 Ar 2400 75.07 Fe-bearing px 

0919-11 Ar 2400 88.75 Mg-px 

0919-11 Ar 2400 89.9 Mg-px 

0919-11 Ar 2400 86.32 Mg-px 

0919-11 Ar 2400 83.22 Mg-px 

0919-11 Ar 2400 87.64 Mg-px 

0919-11 Ar 2400 80.41 Mg-px 

0919-11 Ar 2400 89.11 Mg-px 

0919-11 Ar 2400 87.15 Mg-px 

0919-11 Ar 2400 91.5 Mg-px 

0919-11 Ar 2400 91.18 Mg-px 

0919-11 Ar 2400 90.74 Mg-px 

1111-1 Ar 6 90.89 Mg-px 

1111-1 Ar 6 90.2 Mg-px 

1111-4 Ar 24 85.77 Mg-px 

1111-4 Ar 24 89.92 Mg-px 

1111-6 Ar 10 88.34 Mg-px 

1111-7 Ar 10 90.77 Mg-px 

1111-7 Ar 10 87.26 Mg-px 

1128-1 Ar-H2 4680 93.81 Mg-px 

1128-1 Ar-H2 4680 89.41 Fe-bearing px 

1128-1 Ar-H2 4680 87.72 Fe-bearing px 

1128-1 Ar-H2 4680 91.96 Mg-px 

1128-1 Ar-H2 4680 90.19 Mg-px 

1128-1 Ar-H2 4680 90.17 Mg-px 

1128-1 Ar-H2 4680 87.19 Fe-bearing px 

1128-2 Ar-H2 6000 93.77 Mg-px 

1128-2 Ar-H2 6000 87.53 Mg-px 

1128-2 Ar-H2 6000 93.75 Mg-px 

1128-2 Ar-H2 6000 95.06 Mg-px 
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1128-2 Ar-H2 6000 83.4 Fe-bearing px 

1128-2 Ar-H2 6000 89.89 Mg-px 

1128-2 Ar-H2 6000 75.83 Fe-bearing px 

1128-2 Ar-H2 6000 89.67 Mg-px 

1128-2 Ar-H2 6000 76.28 Fe-bearing px 

1128-3 Ar-H2 2074 89.37 Mg-px 

1128-3 Ar-H2 2074 90.76 Mg-px 

1128-3 Ar-H2 2074 76.29 Fe-bearing px 

1128-3 Ar-H2 2074 81.84 Mg-px 

1128-6 Ar-H2 960 92.27 Mg-px 

1128-6 Ar-H2 960 87.23 Mg-px 

1128-6 Ar-H2 960 87.79 Mg-px 

1128-6 Ar-H2 960 91.24 Mg-px 

1128-7 Ar-H2 7200 93.49 Mg-px 

1128-7 Ar-H2 7200 96.57 Mg-px 

1128-7 Ar-H2 7200 93.89 Mg-px 

1128-7 Ar-H2 7200 95.36 Mg-px 

1128-7 Ar-H2 7200 92.78 Mg-px 

1128-7 Ar-H2 7200 90.18 Mg-px 

1208-2 Ar-H2 523 89.44 Mg-px 

1208-2 Ar-H2 523 79.71 Fe-bearing px 

1208-2 Ar-H2 523 91.86 Mg-px 

1208-4 Ar-H2 1800 86.68 Mg-px 

1208-4 Ar-H2 1800 89.49 Mg-px 

1208-5 Ar-H2 7200 91.54 Fe-bearing px 

1208-5 Ar-H2 7200 83.14 Fe-bearing px 
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(c)DFe and ΔIW       

Run# ΔIW DFe 
Starting 

material 
Gas Seed 

Crystallized 

temperature (℃) 

Retention 

temperature (℃) 

Retention 

time(s) 

1226-3 -0.02 0.33 RP-Fe2 Ar 
crystal 

powder 
1290 1290 22 

1226-6 1.91 0.25 RP-Fe2 Ar-H2 
crystal 

powder 
1286 1461 14 

1226-8 -1.09 0.39 RP-Fe2 Ar-H2 
crystal 

powder 
1268 1344 34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(d)Mg# and crystallized temperature 

Run# 
Crystallized  

temperature (℃) 
Mg# Analysis part 

0710-3 1063 89.87 Mg-px 

0728-2 1043 89.87 Mg-px 

0728-2 1043 88.46 Mg-px 

0728-3 1057 89.87 Mg-px 

0728-4 1059 88.61 Mg-px 

0728-10 1040 81.82 Mg-px 

0728-10 1040 90.59 Mg-px 

0728-14 1146 93.08 Mg-px 

0902-1 1241 93.67 Mg-px 

0902-1 1241 93.59 Mg-px 

0902-1 1241 89.87 Mg-px 
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0902-1 1241 91.14 Mg-px 

0902-4 1469 89.74 Mg-px 

0902-4 1469 90.91 Mg-px 

0902-8 1552 89.87 Mg-px 

0902-8 1552 89.61 Mg-px 

0902-10 1270 92.41 Mg-px 

0919-1 1480 88.31 Mg-px 

0919-1 1480 86.35 Mg-px 

0919-1 1480 88.62 Mg-px 

0919-1 1480 89.68 Mg-px 

0919-1 1480 86.26 Mg-px 

0919-2 1532 88.61 Mg-px 

0919-2 1532 88.76 Mg-px 

0919-7 1479 82.05 Mg-px 

1111-1 1422 90.89 Mg-px 

1111-1 1422 90.2 Mg-px 

1111-4 1313 85.77 Mg-px 

1111-4 1313 89.92 Mg-px 

1111-6 1274 88.34 Mg-px 

1111-7 1267 90.77 Mg-px 

1111-7 1267 87.26 Mg-px 
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ABSTRACT

Source classifications, stellar masses and star formation rates are presented for ≈80,000 radio sources from the first data release
of the Low Frequency Array Two-metre Sky Survey (LoTSS) Deep Fields, which represents the widest deep radio survey ever
undertaken. Using deepmulti-wavelength data spanning from the ultraviolet to the far-infrared, spectral energy distribution (SED)
fitting is carried out for all of the LoTSS-Deep host galaxies using four different SED codes, two of which include modelling of
the contributions from an active galactic nucleus (AGN). Comparing the results of the four codes, galaxies that host a radiative
AGN are identified, and an optimised consensus estimate of the stellar mass and star-formation rate for each galaxy is derived.
Those galaxies with an excess of radio emission over that expected from star formation are then identified, and the LoTSS-Deep
sources are divided into four classes: star-forming galaxies, radio-quiet AGN, and radio-loud high-excitation and low-excitation
AGN. Ninety-five per cent of the sources can be reliably classified, of which more than two-thirds are star-forming galaxies,
ranging from normal galaxies in the nearby Universe to highly-starbursting systems at 𝑧 > 4. Star-forming galaxies become
the dominant population below 150-MHz flux densities of ≈1mJy, accounting for 90 per cent of sources at 𝑆150MHz ∼ 100`Jy.
Radio-quiet AGN comprise ≈10 per cent of the overall population. Results are compared against the predictions of the SKADS
and T-RECS radio sky simulations, and improvements to the simulations are suggested.
Key words: radio continuum: galaxies – galaxies: active – galaxies: star formation
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2 P. N. Best et al.

1 INTRODUCTION

Understanding the formation and evolution of galaxies requires a
detailed knowledge of the baryonic processes that both drive and
quench the process of star formation within galaxies across cosmic
time. In this regard, the faint radio sky provides one of the most im-
portant windows on the Universe, as it offers a direct view onto three
critical (and overlapping) populations of objects: star-forming galax-
ies, ‘radio-quiet’ active galactic nuclei (AGN), and low luminosity
radio galaxies (e.g. Padovani 2016).
Arguably the most important observational test for any model of

galaxy formation is measurements of the evolution of the cosmic
star-formation rate density across cosmic time, and the distribution
of that star formation amongst the galaxy population at each redshift,
as a function of stellar mass, galaxy morphology, environment, and
other properties. These crucial measurements require large, unbiased
samples of star-forming galaxies over a wide range of redshifts.Much
progress has been made in understanding the star-forming galaxy
population, at least out to cosmic noon at 𝑧 ∼ 2, using a variety
of star-formation indicators (e.g. Madau & Dickinson 2014). The
primary uncertainty is the effect of dust: by cosmic noon, around 85
per cent of the total star-formation rate (SFR) density of the Universe
is dust-enshrouded (e.g. Dunlop et al. 2017), and a sub-millimetre
(sub-mm) or far-infrared (far-IR) view of the Universe paints a very
different picture of galaxy properties to that of a population selected
at optical (rest-frame ultraviolet) wavelengths (e.g. Cochrane et al.
2021). Current far-IR surveys are limited by sensitivity to the more
extreme systems, where contamination of the far-IR light by AGN
emission is also a concern (e.g. Symeonidis & Page 2021).
Radio emission provides a tool to observe the activity of galaxies

in amanner that is independent of dust. For sources without AGN, the
low-frequency radio emission arises primarily from recent supernova
explosions of massive (young) stars (see reviews by Condon 1992;
Kennicutt 1998), and thus directly traces the current star-formation
rate (unless sufficiently low radio frequencies are reached such that
free-free absorption becomes important; e.g. Schober et al. 2017).
New generation radio interferometers offer sufficient sensitivity and
field-of-view to survey large samples of star-forming galaxies out
to high redshifts. Crucially, they can also provide sufficient angular
resolution that deep surveys are not generally affected by the source
confusion that limits the capabilities of surveys with sub-mm and
far-IR telescopes such as the Herschel Space Observatory, for which
the vast majority of sources in deep surveys are blends (e.g. Oliver
et al. 2012; Scudder et al. 2016).
Star formation within massive galaxies is widely believed to be

regulated in some manner by AGN, due to the large outflows of en-
ergy associated with the growth of supermassive black holes. AGN
activity occurs in two fundamental modes (e.g. see reviews by Heck-
man & Best 2014; Hardcastle & Croston 2020). At high accretion
rates, accretion of material on to a black hole is understood to oc-
cur through a ‘standard’ geometrically-thin, optically-thick accre-
tion disk (Shakura & Sunyaev 1973), in which around 10 per cent
of the rest-mass energy of the accreting material is emitted in the
form of radiation (‘radiative’ or ‘quasar-like’ AGN). These AGN can
drive outflowing winds through thermal or radiation pressure (e.g.
Fabian 2012, and references therein), which may have a substantial
effect on the evolution of the host galaxy. Radiatively-efficient AGN
sometimes possess powerful twin radio jets (‘radio-loud’ quasars
or their edge-on counterparts, the ‘high-excitation radio galaxies’;
HERGs), and many recent works also suggest that even those that do
not (‘radio-quiet’ AGN) frequently (or maybe even always) possess
weak radio jets (Jarvis et al. 2019; Gürkan et al. 2019; Macfarlane

et al. 2021; Morabito et al. 2022, and references therein). These AGN
are detectable in deep radio surveys, either due to the weak radio jets
or due to the star formation that can accompany the AGN activity.
At lower accretion rates, typically below about 1 per cent of the Ed-

dington accretion rate, the nature of the accretion flow on to a super-
massive black hole is believed to change: the accretion flow is thought
to become geometrically thick and radiatively inefficient (Narayan &
Yi 1994, 1995).A characteristic feature of these advection-dominated
or radiatively-inefficient accretion flows is thatmost of the energy that
they release is in the form of two-sided radio jets (‘jet-mode’ AGN;
also referred to as ‘low-excitation radio galaxies’). These jet-mode
AGN dominate the radio sky at intermediate flux densities (above a
few mJy), and the radio waveband is by far the most efficient means
of identifying these sources. Jet-mode AGN have been very well-
studied in the nearby Universe (e.g. Best & Heckman 2012), where
it is now widely accepted that they play a critical role in the evo-
lution of massive galaxies and clusters, providing an energy input
that counter-balances the radiative cooling losses of the surrounding
hot gas and thus preventing that gas from cooling and forming stars
(see reviews by McNamara & Nulsen 2007; Fabian 2012; Kormendy
& Ho 2013; Heckman & Best 2014; Hardcastle & Croston 2020,
and references therein). Deeper radio surveys, probing the faint radio
sky, enable these low-luminosity AGN to be detected and studied to
higher redshifts (Best et al. 2014; Pracy et al. 2016; Williams et al.
2018; Whittam et al. 2022), and hence their role in the evolution of
massive galaxies to be determined across cosmic time.
Deep radio surveys can therefore offer a unique insight into many

aspects of the galaxy and AGN population. However, to extract the
maximum science from deep radio surveys, it is essential that they
are carried out in regions of the sky which are extremely well-studied
at other wavelengths across the electromagnetic spectrum. The an-
cillary data are required to identify the radio source host galaxies, to
estimate their redshifts, to classify the nature of the radio emission
(star formation vs radiatively-efficient AGN vs jet-mode AGN) and
to determine the physical properties of the host galaxies (stellar mass,
star-formation rate, environment, etc).
Until recently, the state-of-the-art in wide-area deep radio surveys

was the VLA-COSMOS 3GHz survey (Smolčić et al. 2017a), which
used the Very Large Array (VLA) to cover 2 deg2 of the Cosmic
Evolution Survey (COSMOS) field, arguably the best-studied degree-
scale extragalactic field in the sky. Smolčić et al. (2017b) investigated
the multi-wavelength counterparts of the ≈10,000 radio sources de-
tected, and provided classifications, which then allowed several fur-
ther investigations of the radio-AGN and star-forming populations
(e.g. Smolčić et al. 2017c; Novak et al. 2017; Delvecchio et al. 2017;
Delhaize et al. 2017). Nevertheless, even the VLA-COSMOS 3GHz
survey does not have sufficient sky area to cover all cosmic envi-
ronments, and may therefore suffer from cosmic variance effects, as
well as having limited source statistics at the highest redshifts. The
on-going MeerKAT International GigaHertz Tiered Extragalactic
Exploration (MIGHTEE) 1.4GHz survey aims to extend sky cover-
age at this depth to 20 deg2; Heywood et al. (2022) provide an early
release, withWhittam et al. (2022) deriving source classifications for
88 per cent of the ≈ 5, 000 sources with host galaxy identifications
over 0.8 deg2 in the COSMOS field.
The Low Frequency Array (LOFAR; van Haarlem et al. 2013)

Two-metre Sky Survey (LoTSS) Deep Fields have a similar goal
at lower frequency. The first data release (hereafter LoTSS-Deep
DR1) was made public in April 2021: the radio data reach rms
sensitivity levels ≈ 4 times deeper than the wider all-northern-sky
LoTSS survey (Shimwell et al. 2017, 2019, 2022), corresponding to
approximately the same effective depth as the VLA-COSMOS 3GHz
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survey (for a source with typical radio spectral index, 𝛼 ≈ 0.7, where
𝑆a ∝ a−𝛼) but over an order of magnitude larger sky area (Tasse
et al. 2021; Sabater et al. 2021, hereafter Papers I and II respectively).
An extensive optical and near-infrared cross-matching process has
identified and provided detailed photometry for over 97 per cent of
the ≈80,000 radio sources detected over the central regions of the
target fields where the best ancillary data are available (a combined
area of 25 deg2; Kondapally et al. 2021, Paper III). These data have
been used to provide high-quality photometric redshifts (Duncan
et al. 2021, Paper IV). In this paper, the 5th of the series, these
data are combined with far-IR data to carry out detailed spectral
energy distribution (SED) fits to the multi-wavelength photometry
from ultraviolet (UV) to far-IR wavelengths, using several different
SED fitting codes. Using the results of this analysis, the radio sources
are classified into their different types, and key physical parameters
of the host galaxies, such as their stellar masses and star-formation
rates, are determined.
The layout of the paper is as follows. In Sec. 2 the LoTSS Deep

Fields survey is described: this section outlines the choice of target
fields, and places the first data release in to the context of the even-
tual full scope of the survey. Sec. 3 then describes the data that will
be used in the paper and outlines the application of the SED fitting
algorithms. Sec. 4 describes how the results are used to identify the
(radiative-mode) AGNwithin the sample. The results of the different
SED fitting algorithms are compared in Sec. 5, and used to define
consensus measurements for the stellar mass and star-formation rate
of each host galaxy. Combining this information with the radio data,
Sec. 6 then describes the identification of radio-excess AGN. Sec. 7
summarises the final classifications of the objects in the sample, and
investigates the dependence of these on radio flux density, luminosity,
stellar mass and redshift. In Sec. 8 the results are compared against
the predictions of the most widely-used radio sky simulations, and
suggestions made for improvements to those simulations. Finally,
conclusions are drawn in Sec. 9. The classifications derived are re-
leased in electronic form and are used for detailed science analysis in
several further papers (Smith et al. 2021; Bonato et al. 2021; Konda-
pally et al. 2022; McCheyne et al. 2022; Mingo et al. 2022; Cochrane
et al. 2023, and others).
Throughout the paper, cosmological parameters are taken to be

Ω𝑚 = 0.3, ΩΛ = 0.7 and 𝐻0 = 70 km s−1 Mpc−1, and the Chabrier
(2003) initial mass function is adopted.

2 THE LOTSS DEEP FIELDS

2.1 LOFAR observations of the LoTSS Deep Fields

The International LOFAR Telescope (van Haarlem et al. 2013) is
a remarkably powerful instrument for carrying out deep and wide
radio surveys of the extragalactic sky, owing to its high sensitivity,
high angular resolution (6 arcsec at 150MHz when using only Dutch
baselines, improving to 0.3 arcsec with the international stations in-
cluded), and in particular its wide field-of-view. The primary beam
full-width at half-maximum (FWHM) of the Dutch LOFAR sta-
tions is 3.8 degrees at 150MHz, giving a field-of-view of more than
10 deg2 in a single pointing. International stations have a larger col-
lecting area and a correspondingly smaller beam: 2.5 deg FWHM;
4.8 deg2 field-of-view. The LoTSS survey (Shimwell et al. 2017,
2019, 2022) is exploiting LOFAR’s capabilities by observing the en-
tire northern sky, with a target rms depth of below 100`Jy beam−1

at favourable declinations (the non-steerable nature of the LOFAR
antennas means that sensitivity decreases at lower elevations). Nev-
ertheless, LoTSS only scratches the surface of the depth that radio

surveys with LOFAR are capable of reaching. LoTSS provides an ex-
cellent census of the radio-loudAGNpopulationwhich dominates the
bright and intermediate radio sky, but samples only the brighter end
of the radio-quiet AGN and star-forming galaxy populations which
become dominant as the LoTSS flux density limit is approached.
The LoTSS Deep Fields provide a complementary deeper survey,

aiming to reach a noise level of 10-15 `Jy beam−1 over a sky area
of at least 30 deg2. LoTSS-Deep is designed to have the sensitivity
to detect Milky-Way-like galaxies out to 𝑧 > 1, and galaxies with
star-formation rates of 100𝑀� yr−1 to beyond 𝑧 = 5 (e.g. Smith et al.
2016), as well as being able to detect typical radio-quiet quasars right
out to redshift 6 (Gloudemans et al. 2021). The sky area makes it
possible to: (i) sample the full range of environments at high redshifts
– for example, it is expected to include 10 rich proto-clusters at 𝑧 > 2;
(ii) include statistically meaningful samples of rarer objects (such as
𝑧 > 5 starbursts); (iii) build large enough samples of AGN and star-
forming galaxies (over 100,000 of each expected to be detected)
to allow simultaneous division by multiple key properties, such as
luminosity, redshift, stellar mass and environment.
LoTSS-Deep is being achieved through repeated 8-hr LOFAR ob-

servations of the regions of the northern sky with the highest quality
degree-scale multi-wavelength data. The four target fields are the Eu-
ropean Large Area ISO Survey Northern Field 1 (ELAIS-N1; Oliver
et al. 2000), the Boötes field (Jannuzi & Dey 1999), the Lockman
Hole (Lockman et al. 1986) and the North Ecliptic Pole (NEP); these
are described in more detail in Section 2.3.
Table 1 outlines the anticipated final depths of each field based on

awarded observing time. Scaling by depth and area from radio source
counts in shallower LoTSS-Deep observations, the final LoTSS Deep
Fields are expected to detect more than 250,000 radio sources within
the central 35 deg2, overlapping the best multi-wavelength data. Fig-
ure 1 compares the sensitivity, field-of-view, and angular resolution
of the LoTSS Deep Fields to other completed and on-going radio
surveys. The final LoTSS Deep Fields dataset will be unrivalled in
its combination of depth and area. The inclusion of the international
stations will also provide an angular resolution which is unmatched
by any competitor survey: indeed, at low frequencies, the LoTSS
Deep Fields with international baselines will remain unique even in
the era of the Square Kilometre Array (SKA).
In order to account for the smaller primary beam of the inter-

national stations, from LOFAR Observing Cycle 14 onwards the
pointing positions for the LoTSS-Deep observations of the Lockman
Hole, Boötes and NEP fields have been dithered around a small mo-
saic. The mosaics have been designed to ensure good coverage of the
sky area with the best-quality multi-wavelength data, within the pri-
mary beam of the international stations, while keeping offsets small
enough so that there is negligible loss of sensitivity over this region
when imaging with only Dutch stations.

2.2 LoTSS-Deep DR1

This paper considers the radio source catalogues from the first LoTSS
Deep Fields data release. LoTSS-Deep DR1 released the reduced
LOFAR images and catalogues constructed from data taken before
October 2018 (Paper I; Paper II), alongwith the optical/IR catalogues
and host galaxy identifications (Paper III) and photometric redshifts
(Paper IV). These LoTSS-Deep DR1 LOFAR observations focused
on the ELAIS-N1, Boötes and LockmanHole fields, due to the earlier
availability of the multi-wavelength data in those fields. The LoTSS-
Deep DR1 LOFAR images included only the data from the Dutch
LOFAR stations, not the international stations, due to the additional
complications associated with calibrating the long baselines and the
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Table 1. Status of observations and imaging in LOFAR Deep Fields, including the data released in the LoTSS Deep Fields 1st data release (LoTSS-Deep DR1).
The area of best ancillary data is defined in Paper III. Quoted rms noise levels are those at the centre of the field. The marginally lower sensitivity in Boötes
compared to the other fields is due to its lower declination, and hence lower average elevation during the observations. The ‘number of sources in DR1 full area’
quoted is over the full catalogues presented in Paper I and Paper II, out to the 30 per cent power point of the primary beam (ie. over ∼ 25 deg2 in each field).

Field Coordinates Area of best Obs. time central rms No sources No sources Final awarded Target
(J2000) ancillary data in DR1 noise in DR1 full DR1 best ancillary integration rms depth

[deg2] [hrs] [`Jy/beam] area data area time [hrs] [`Jy/beam]

ELAIS-N1 16 11 00 +54 57 00 6.74 164 19 84,862 31,610 500 11
Boötes 14 32 00 +34 30 00 8.63 80 32 36,767 31,162 312 16

Lockman Hole 10 47 00 +58 05 00 10.28 112 22 50,112 19,179 352 13
NEP 17 58 00 +66 00 00 10.0 – – – – 400 13
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Figure 1. The survey depth, area and angular resolution of the LoTSS Deep Fields compared to other existing and on-going radio surveys. All survey depths are
converted to a 1.4GHz equivalent rms depth using a spectral index of 𝛼 = 0.7. The black points show published surveys, and the blue points show on-going
surveys. The LoTSS Deep Fields are highlighted in red. The size of each symbol indicates the angular resolution of the survey, with the symbol area proportional
to the beam FWHM. For the LoTSS Deep Fields final release, the larger symbol indicates the result of including just the Dutch baselines, while the smaller
symbol shows what should be achievable after including the international stations (improved angular resolution, additional depth due to the extra collecting area,
but smaller areal coverage due to the smaller primary beam of the international stations). Descriptions of the surveys included on the plot (listed from high to low
effective rms depth) can be found in the following references: GLEAM (Wayth et al. 2015); WENSS (Rengelink et al. 1997); TGSS (Intema et al. 2017); SUMSS
(Mauch et al. 2003); NVSS (Condon et al. 1998); GLEAM-X (Hurley-Walker et al. 2022); RACS (Hale et al. 2021); FIRST (Becker et al. 1995); XXL-GMRT
(Smolčić et al. 2018); VLASS (Lacy et al. 2020); Stripe82 (Hodge et al. 2011); LoTSS-Wide (Shimwell et al. 2019); VLA-COSMOS 1.4GHz (Schinnerer et al.
2007); EMU (Norris et al. 2011); MIGHTEE (including Early Science – ES; Heywood et al. 2022) SSA-13 (Fomalont et al. 2006); VLA-COSMOS 3GHz
(Smolčić et al. 2017a); VLA-SWIRE (Owen & Morrison 2008); GOODS-N (Owen 2018); VLA Frontier (Heywood et al. 2021).

associated computing requirements (see e.g. Morabito et al. 2022;
Sweĳen et al. 2022, for a description of recent advances towards a
pipeline for international stations). The data allow an angular reso-
lution of 6 arcsec to be achieved: higher angular resolution images
will be produced in later data releases.
As shown inTable 1, the images in LoTSS-DeepDR1 already reach

an rms noise level below 20`Jy beam−1 at 150MHz at the centre of
the deepest field (ELAIS-N1), away from bright sources. Sensitivity
decreases with primary beam attenuation towards the outer regions
of the field; dynamic range effects are also present around bright
sources but only a few percent of the image suffers from significantly
increased noise levels due to these calibration issues (Paper I; Paper
II). Over 170,000 sources are catalogued, with peak flux densities

above 5 times the local rms noise, across the full radio area of the three
fields; as with all radio catalogues, imcompleteness effects come in
as the flux limit is approached (see Kondapally et al. 2022; Cochrane
et al. 2023, for an analysis of the completeness for AGN and SFGs,
respectively). More than 80,000 sources are catalogued in the central
regions with the best multi-wavelength data (Paper III). As can be
seen in Figure 1, LoTSS-Deep DR1 broadly matches the depth of the
VLA-COSMOS 3GHz survey but over an order of magnitude larger
sky area; similarly it matches the recent MeerKAT MIGHTEE Early
Release (Heywood et al. 2022) in rms depth (the latter being limited
by source confusion owing to its lower angular resolution), but again
over larger area.
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2.3 Multi-wavelength data in the LoTSS Deep Fields

ELAIS-N1, Boötes, Lockman Hole and NEP are the premier large-
area northern extragalactic fields, with vast amounts of telescope
time across the electromagnetic spectrum invested in observing these
fields over the last two decades. Imaging at optical and near-IR wave-
lengths reaches 3-4 magnitudes deeper than typical all-sky surveys,
allowing host galaxy identifications for over 97 per cent of the hosts
of the radio sources in LoTSS-Deep DR1 (Paper III) compared to just
73 per cent using all-sky surveys in the LoTSSDR1 release (Williams
et al. 2019). Other datasets, such as deep Herschel and Spitzer data
in these fields, are irreplaceable, and add greatly to the scientific
potential: Herschel data are a key tool to constrain obscured star-
formation rates, while the mid-IR wavelengths covered by Spitzer
contain the diagnostic emission from the AGN torus. This range of
complementary data makes these excellent fields to study not only
the high-redshift AGN and luminous star-forming galaxies detected
by LOFAR, but also to understand how this activity sits within the
wider cosmological context of the underlying galaxy population.
As well as their combined benefit of sky area and sample size, each

of the four LoTSS Deep Fields possesses unique characteristics or
datasets which further enhance its specific scientific potential, whilst
complementing each other. The specific data available in each field
are summarised here; a more complete description of the available
data in the ELAIS-N1, Lockman Hole and Boötes fields (but not
NEP, as it was not included in the LoTSS-Deep DR1) can be found
in Paper III, which also provides the coverage maps of each survey
and the resulting catalogues.

2.3.1 ELAIS-N1

ELAIS-N1 has an ideal declination (+55 deg) for LOFAR observa-
tions, and is also a target field for LOFAR’s Epoch of Reionisation
studies (Jelić et al. 2014), providing a combined motivation for the
observations. ELAIS-N1 benefits from some of the deepest wide-
field optical, near-IR and mid-IR imaging. It is one of the Medium
Deep Fields from the Panoramic Survey Telescope and Rapid Re-
sponse Sysytem (Pan-STARRS-1) survey (Chambers et al. 2016),
covering a 7 deg2 field-of-view in the optical 𝑔,𝑟,𝑖,𝑧,𝑦 bands. It is a
Hyper-Suprime-Cam Subaru Strategic Program (HSC-SSP; Aihara
et al. 2018) optical deep field, with deep observations in 𝑔,𝑟,𝑖,𝑧,𝑦 and
the narrow-band NB921 over 7.7 deg2. 𝑢-band data over this full field
are available from the Spitzer Adaptation of the Red-sequence Clus-
ter Survey (SpARCS; Muzzin et al. 2009), and UV data were taken
by the Galaxy Evolution Explorer (GALEX) space telescope as part
of the Deep Imaging Survey (Martin et al. 2005). ELAIS-N1 also
possesses deep near-IR imaging in 𝐽 and 𝐾 bands from the United
Kingdom InfraredDeep Sky Survey (UKIDSS; Lawrence et al. 2007)
Deep Extragalactic Survey (DXS), covering nearly 9 deg2.
Mid-infrared data were acquired by Spitzer through both the

SpitzerWide-area Infra-Red Extragalactic survey (SWIRE; Lonsdale
et al. 2003) in IRAC channels 1 to 4 (3.6–8.0`m) over ∼ 10 deg2 and
the Spitzer Extragalactic Representative Volume Survey (SERVS;
Mauduit et al. 2012), which is around a magnitude deeper at 3.6 and
4.5`m in the central 2.4 deg2. Longer wavelength data in the field
have been taken using both Spitzer (24`m data with the Multi-band
Imaging Photometer for Spitzer; MIPS) and the Herschel Space Ob-
servatory, the latter as part of theHerschelMulti-tiered Extragalactic
Survey (HerMES; Oliver et al. 2012), one of the deepest large-area
Herschel surveys. HerMES observed ELAIS-N1 at 100`m, 160`m,
250`m, 350`m and 500`m.

2.3.2 Boötes

The Boötes field is the target of some of the deepest wide-field optical
imaging, in the 𝐵𝑊 , 𝑅 and 𝐼 filters from the NOAODeepWide Field
Survey (Jannuzi & Dey 1999), in the 𝑧-band from the zBoötes survey
(Cool 2007), and in the 𝑈 and 𝑌 bands from the Large Binocular
Telescope (Bian et al. 2013), all covering around 10 deg2. The same
sky region has been observed in the near-IR 𝐽, 𝐻 and 𝐾 bands
(Gonzalez et al. 2010) and using Spitzer from 3.6 to 8.0`m as part
of the Spitzer Deep Wide Field Survey (SDWFS; Ashby et al. 2009).
Catalogues of galaxies in the Boötes field were generated by Brown
et al. (2007, 2008). Boötes has also been observed byHerschel as part
of HerMES, and by Spitzer-MIPS, adding far-infrared measurements
to the dataset.
In addition to this, Boötes benefits from excellent wide-field X-

ray coverage, including a deep Msec Chandra survey over the full
9.3 deg2 field (Masini et al. 2020). The comparison between deep ra-
dio and deep X-ray observations opens many new scientific avenues,
such as investigating the relationship between jet power and accretion
rate in AGN, and determining the black hole accretion rates of star-
forming galaxies to investigate the co-evolution of galaxies and black
holes. Boötes also possesses a vastly higher number of spectroscopic
redshifts than the other northern deep fields, largely due to the AGN
and Galaxy Evolution Survey (AGES; Kochanek et al. 2012): these
are also very valuable for training photometric redshifts for the radio
source population (e.g. Paper IV).

2.3.3 Lockman Hole

Located (like ELAIS-N1) at an ideal declination for LOFAR (+58
deg), the Lockman Hole is one of the regions of sky with the lowest
Galactic HI column density (Lockman et al. 1986), making it ideal
for extragalactic studies, especially at IR wavelengths due to its low
IR background. For this reason, the Lockman Hole has been the
target of some of the widest deep coverage in the optical to mid-
IR bands. Optical data in the Lockman Hole has been taken by
SpARCS in 𝑢,𝑔,𝑟,𝑧 over 13.3 deg2, and by the Red Cluster Sequence
Lensing Survey (RCSLenS; Hildebrandt et al. 2016) in 𝑔,𝑟,𝑖,𝑧 over
16 deg2 (albeit not contiguous). As with ELAIS-N1, UV data have
been obtained by the GALEX Deep Imaging Survey, deep near-IR 𝐽
and 𝐾 band data are available as part of the UKIDSS-DXS survey
(8 deg2), mid-IR data are available from both SWIRE (Channels 1–4
over 11 deg2) and SERVS (3.6 and 4.5 `m; 5.6 deg2) and far-IR data
are available over the whole field from both Spitzer-MIPS imaging
(24`m) and the Herschel HerMES project (100`m, 160`m, 250`m,
350`m and 500`m).
The Lockman Hole is arguably the best-studied of the deep fields

at other radio frequencies (e.g. Mahony et al. 2016; Prandoni et al.
2018; Morganti et al. 2021). The multi-frequency radio data allow
detailed investigations of radio spectral shapes, identifying peaked,
remnant and re-started sources, and giving a unique insight into the
physics and lifecycles of radio-loud AGN (e.g. Brienza et al. 2017;
Jurlin et al. 2020).

2.3.4 North Ecliptic Pole

TheNorth Ecliptic Pole is an interesting field due to its location in the
continuous viewing zone (CVZ) of many space telescopes, including
the JWST, the eROSITAX-raymission andEuclid. Until very recently,
the multi-wavelength data quality in the NEPwas inferior to the other
three LoTSSDeep Fields, but this is rapidly changing. TheNEP is the
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location of the Euclid Deep Field North which will provide deep sub-
arcsecond near-IR imaging to depths of 𝐻 = 26 over 10 deg2 (and
slightly shallower over a wider 20 deg2 region). Such deep data will
enable mass-complete samples to be defined down to ∼ 1010𝑀�
at 𝑧 = 3 and normal star-forming galaxies to be detected out to
𝑧 > 6. The combination of matched sub-arcsecond near-IR and radio
continuum imaging (with LOFAR’s international baselines) offers a
unique opportunity to study the structural evolution of galaxies, for
example comparing the spatial distribution of star formation (probed
by LOFAR) versus stellar mass (probed byEuclid) within galaxies, to
cleanly distinguish between different growth scenarios (e.g. ‘inside-
out’ or ‘outside-in’ growth) over large samples of massive galaxies
with 𝑧 < 1.
Given these forthcoming datasets, a number of photometric sur-

veys have been recently undertaken to providematching observations
at other wavelengths, including the Hawaii Two-0 survey (McPart-
land et al. 2023). Additionally, the Euclid/WFIRST Spitzer Legacy
Survey has obtained mid-infrared imaging over the central 10 deg2
of the field using Spitzer that is ∼0.8mag deeper than the SERVS
data available in ELAIS-N1 and Lockman Hole.
As shown in Table 1, the NEP is not included in LoTSS-DeepDR1,

and hence not included in the analysis of this paper, as the radio data
were not available at the time of the optical cross-identification.
An image from 72-hrs of data is now available and will be pub-
lished by Bondi et al. (2023). Furthermore, as LOFAR observes two
HBA pointings simultaneously, observations of the NEP field have
included a parallel beam centred on the Abell 2255 cluster, which
has also produced an ultra-deep low-frequency image of that field
(Botteon et al. 2022).

3 CHARACTERISING THE LOTSS-DEEP HOST
GALAXIES

3.1 Optical to mid-IR data

For the three fields presented in LoTSS-Deep DR1 (ELAIS-N1,
Boötes, Lockman Hole), Paper III presented photometric catalogues
from ultraviolet to far-infrared wavelengths. The reader is referred
to that paper for a full description of the catalogues; here, a brief
overview is provided.
For the ELAIS-N1 and Lockman Hole fields, data from UV

through to mid-IR wavelengths were assembled and mosaicked on to
a common pixel scale. Two combined 𝜒2 signal-to-noise imageswere
then constructed, one by combining the optical to near-IR bands, and
the other from the Spitzer 3.6 and 4.5`m bands; these were treated
separately due to the mis-match in angular resolution between the
ground-based optical-to-near-IR and the Spitzer images. Forced aper-
ture photometry was then performed across all bands using sources
detected in each of these stacked images, and the two catalogues
were merged to produce a single consistent photometric catalogue in
each field. Aperture corrections were applied band-by-band based on
curve-of-growth analysis for typical faint galaxies in order to provide
total flux and total magnitude measurements. The photometry was
corrected for galactic extinction based on the Milky Way E(B-V)
extinction map of Schlegel et al. (1998) and the Milky Way dust
extinction law of Fitzpatrick (1999). Uncertainties on the photome-
try were determined using the variations between a large number of
apertures randomly placed around the fields.
For the Boötes field, forced aperture photometry catalogues al-

ready existed (Brown et al. 2007, 2008) using magnitude-limited
samples selected in the I-band and the 4.5`m Spitzer band. In this

case, these catalogues were used as the starting point, and were
merged and corrected in a similar manner to ELAIS-N1 and Lock-
man Hole. In all three fields, the catalogues were then cleaned of
low-significance detections (sources detected in the combined 𝜒2
image but below 3𝜎 significance in each individual band) and cross-
talk artefacts, and those sources in regions around bright stars where
either the cataloguing or the photometry might be unreliable were
flagged, as indicated by the flag_clean parameter. More details on
all of these processes can be found in Paper III.
These photometric catalogueswere then used as the basis for cross-

matchingwith the LOFAR catalogues. Paper III outlines the selection
of the studied area for which the highest-quality multi-wavelength
data are available; sources within this region can be identified using
the flag_overlap parameter. The cross-matching process also in-
volved source association, such that the catalogued LOFAR sources
were combined or deblended into true physical sources, where nec-
essary. Within these defined areas, 81,951 physically distinct radio
sources were catalogued over 25.65 deg2 of sky across the three
fields; optical or near-IR host galaxies were identified for over 97 per
cent of these (Paper III), very much higher than the 73 per cent found
for the wider LoTSS DR1 (Williams et al. 2019).
Photometric redshifts for all of the objects in the field have been

presented in Paper IV. These were derived from the UV to mid-IR
data by combining machine learning and template fitting approaches
using a hierarchical Bayesian framework. This method is shown to
provide photometric redshifts which are accurate for both galaxy
populations (out to 𝑧 ≈ 1.5) and sources dominated byAGNemission
(out to 𝑧 ≈ 4), which is important for the LOFAR sample. As part of
the calibration of the photometric redshifts, small (typically <5 per
cent) offsets in the zero-point magnitudes were found to improve the
accuracy of the template-fit photometric redshifts. These offsets are
discussed further in Section 3.3.

3.2 Far-infrared data

The addition of far-IR photometry is described by McCheyne et al.
(2022), and the reader is referred to that paper for details. In summary,
the far-IR fluxes were measured using XID+ (Hurley et al. 2017)
which is a Bayesian tool to deblend the flux from the low resolution
Herschel data into different potential host galaxies selected from
optical/near-IR images. Fluxes were initially measured as part of the
HerschelExtragalactic Legacy Project (HELP; Shirley et al. 2021). In
HELP, anXID+prior list of potential emitters at 24`mwas derived by
applying a number of cuts to the optical-IR galaxy catalogue in order
to select the sources most likely to be bright at 24`m (those detected
both at optical wavelengths and in the Spitzer 3.6-8.0`m bands), and
this input list was used to deblend the 24`m data. Then, a second
prior list was constructed from those sources with significant 24`m
emission (above 20`Jy) and this was used to deblend the Herschel
data. The posterior distributions for the fluxes derived from XID+
allow the uncertainties to be estimated.
For the LoTSS-Deep catalogue, a cross-match was first made be-

tween each LoTSS-Deep host galaxy position (or its LOFAR position
if there was no host galaxy identification at optical-IR wavelengths)
and the HELP catalogue. If a match was found then the HELP far-IR
fluxes were assigned to the LOFAR source. If no match was found,
then XID+was re-run following the process above, but with the radio
host galaxy position (or radio position in the case of no host galaxy
identification) added to the prior list: this ensures that the assign-
ment of zero flux is not simply due to the radio source having been
incorrectly excluded from the prior list.
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3.3 Final catalogues for spectral energy distribution fitting

In order to ensure consistency and reliability across the different
spectral energy distribution (SED) fitting codes used in this paper,
it was important to ensure that the input dataset was as robust as
possible, and that all photometric errors were uniformly treated.
For each field, a catalogue was produced combining the (aperture-

corrected and Galactic extinction corrected) fluxes from UV to mid-
IR wavelengths with the far-IR fluxes determined by XID+. Next,
the small zero-point magnitude corrections determined during the
photometric redshift fitting were applied: these are tabulated in Ap-
pendix B of Paper IV. Specifically, the corrections derived using the
extended Atlas library (referred to as ‘Brown’ in that paper) were
applied; this template set was chosen because it extended out to the
longest IRACwavelength and also incorporated the full range of SED
types expected within the LoTSS Deep Fields sample.
The photometry catalogue was then filtered to remove photomet-

ric measurements deemed to be seriously unreliable. These unreli-
able measurements were identified as those which were either 2.5
magnitudes lower, or 1 magnitude higher, than the value predicted
by interpolating the two adjacent filter measurements. These lim-
its were chosen, following Duncan et al. (2019), to avoid flagging
any reasonable spectral emission or absorption features, or genuine
breaks, while successfully identifying those measurements that are
so discrepant that they could significantly influence the SED fitting.
Around 1 per cent of the photometric measurements were identified
in this way; these were flagged and not used in the subsequent fitting.
Finally, in order to consistently deal with any residual photometric

errors due to zero-points, aperture corrections or extinction correc-
tions, 10 per cent of the measured flux was added in quadrature to all
flux uncertainties. The resultant SED input catalogues for each field
are made available in electronic form through the LOFAR Surveys
website (lofar-surveys.org).

3.4 Spectral Energy Distribution fitting

Many different codes exist for fitting SEDs to an array of photometric
data points for galaxies and AGN. Each of these has their own ad-
vantages and disadvantages. Pacifici et al. (2023) recently carried out
a detailed comparison of different codes, finding that they provide
broad agreement in stellar masses, but with more discrepancies in
the star formation rates and dust attenuations derived. In this paper,
four different SED-fitting codes are adopted, and a comparison of
the results between these is used both to derive consensus measure-
ments for stellar masses and star-formation rates, and to assist with
the classification of the radio source host galaxies.
The ‘Multi-wavelength Analysis of Galaxy Physical Properties’

(magphys; da Cunha et al. 2008) and ‘Bayesian Analysis of Galaxies
for Physical Inference and Parameter EStimation’ (bagpipes; Car-
nall et al. 2018, 2019) codes each use energy balance approaches to
fit photometric points from the UV through to far-IR and sub-mm
wavebands. Energy balance implies that the amount of energy ab-
sorbed by dust at optical and UV wavelengths is forced to match
that emitted (thermally) by the dust through the sub-mm and far-IR.
The magphys and bagpipes codes are built on the same fundamental
templates for single stellar populations (Bruzual & Charlot 2003)
but differ in their implementation, in particular with regard to the
parameterisation of the star-formation histories of the galaxies, the
assumed dust models, and the approach to model optimisation. For
high signal-to-noise galaxies the two codes generally give broadly
consistent results (see Sec. 5), which previous studies have generally
shown to be accurate (e.g. Hayward& Smith 2015). However, neither

magphys nor bagpipes includes AGN emission in its model SEDs,
nor do they account for AGN heating effects when determining en-
ergy balance, and therefore both can give poor fits and unreliable
host galaxy parameters for galaxies with significant AGN emission.
‘Code Investigating GALaxy Emission’ (cigale; Burgarella et al.

2005; Noll et al. 2009; Boquien et al. 2019) is another broad-band
SED-fitting code which uses energy conservation between the atten-
uated UV/optical emission and the re-emitted IR/sub-mm emission;
cigale differs from magphys and bagpipes in that it incorporates
AGN models which can account for the direct AGN light contribu-
tions and the infrared emission arising from AGN heating of the dust
(more recent developments also allow for predictions of X-ray emis-
sion, cf. Yang et al. 2020). The inclusion of AGN models can give
cigale a significant advantage over magphys and bagpipes when
fitting the SEDs of galaxies that have a signficant AGN contribution,
allowing both more robust estimation of host galaxy parameters,
and a mechanism to identify and classify AGN within the sample.
However, in order to allow the additional complications of AGN fit-
ting, for equivalent (practical) run times cigale is not able to cover
the parameter space of host galaxy properties as finely as magphys
and bagpipes, leading to potentially less accurate characterisation of
galaxies that do not host AGN.
All of the three codes discussed above adopt the principles of

energy balance. However, if the distribution of ultraviolet light is
spatially disconnected from the dust emission, as is often the case
for very infrared luminous galaxies, then energy balance may not be
valid; indeed, Buat et al. (2019) find for a sample of 17 well-studied
dust-rich galaxies that SED-based UV-optical attenuation estimates
account for less than half of the detected dust emission. This is-
sue may be particularly pronounced in the presence of AGN, if the
AGN models are not comprehensive enough to properly cover the
parameter space of possible AGN SEDs. To mitigate these issues,
the agnfitter code (Calistro Rivera et al. 2016) models the SED by
independently fitting four emission components, with each indepen-
dently normalised (albeit with a prior that the energy radiated in the
infrared must be at least equal to the starlight energy absorbed by
dust at optical/UV wavelengths): a big blue bump, a stellar popula-
tion, hot dust emission from an AGN torus, and colder dust emission.
agnfitter can provide superior fits for objects where energy balance
breaks down, and also for objects with strong AGN components due
to its superior modelling of the big blue bump. However, the lack
of energy balance and the ability of the four components to vary
independently can lead to aphysical solutions, or poorer constraints
on the parameters of the stellar populations (although Gao et al.
2021 find broadly good agreement in measured stellar masses and
SFRs between codes with and without energy balance, at least for
hyperluminous infrared galaxies).
Tomaximise the advantages of the different techniques, the LoTSS

Deep Field host galaxies were all modelled using each of magphys,
bagpipes, cigale and agnfitter. Furthermore, for cigale, two dif-
ferent sets of AGN models were considered: those of Fritz et al.
(2006) and those of Stalevski et al. (2012, 2016), the latter of which
were recently incorporated into cigale by Yang et al. (2020). The
following subsections provide details of the fitting methodology in
each case.
For all SED fitting, the redshift of the source is fixed at the spec-

troscopic redshift, 𝑧spec, for the minority of sources for which this
exists (1602, 4039 and 1466 sources in ELAIS-N1, Boötes and Lock-
man, respectively). For the other sources, the redshift is fixed at the
median of the first photometric redshift solution, 𝑧1,median. Photo-
metric redshift errors may introduce errors on the inferred param-
eters, but for most sources these are anticipated to be small since
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the photometric redshifts are very accurate, with a median scatter of
Δ𝑧/(1 + 𝑧) ∼< 0.015 for host-galaxy dominated sources at 𝑧 < 1.5
(Duncan et al. 2021).

3.4.1 magphys

The application of magphys to the LoTSS Deep Fields sources is
described by Smith et al. (2021), and so it is only briefly sum-
marised here. The stellar population modelling adopts single stel-
lar population (SSP) templates from Bruzual & Charlot (2003) and
the two-component (birth cloud plus interstellar medium) dust ab-
sorption model of Charlot & Fall (2000), combined to produce an
optical to near-IR template library of 50,000 SEDs with a range
of exponentially-declining star-formation histories with stochastic
bursts superposed. The dust emission is modelled using a library
of 50,000 dust SEDs constructed from dust grains with a realistic
range of sizes and temperatures, including polycyclic aromatic hy-
drocarbons. The energy balance criterion is used to combine the two
sets of templates in a physically-viable manner, to produce a model
for the input photometry that stretches from near-UV to sub-mm
wavelengths.
magphys determines the best-fitting SED for every source, re-

turning the corresponding best-fit physical parameters and their
marginalised probability distribution functions (PDFs). The best-
fitting stellar mass and best-fitting value of the SFR over the last
100Myr were adopted as the stellar mass and SFR respectively; the
100Myr timescale corresponds well to that of the expected radio
emission (e.g. Condon et al. 2002). For most galaxies, very similar
results are obtained if a shorter period or the current instantaneous
SFR are adopted instead (although results for some individual galax-
ies can vary significantly). The 16th and 84th percentile of the PDFs
were adopted as the 1𝜎 lower and upper limits respectively. In order
to determine whether the calculated parameters are reliable, the 𝜒2
value of the fit was examined: following Smith et al. (2012), fits for
which the determined 𝜒2 value was above the 99 per cent confidence
limit for the relevant number of photometric bands included in the
fit were flagged as unreliable. As noted by Smith et al. (2021), many
of the objects that fail this test are objects with strong AGN contri-
butions. On average, 17 per cent of sources across the three fields
were flagged in this way, with ELAIS-N1 giving a significantly lower
fraction (10 per cent), in line with expectations that the deeper radio
data in that field should result in a higher fraction of star-forming
galaxies.

3.4.2 bagpipes

bagpipes was run on the LoTSS Deep Field sources, making use of
the 2016 version of the Bruzual & Charlot (2003) SSP templates for
its stellar population emission. Nebular emission is computed using
the cloudy photoionization code (Ferland et al. 2017), following
Byler et al. (2017). cloudy is run using each SSP template as the
input spectrum. Dust grains are included using cloudy’s ‘ISM’ pre-
scription, which implements a grain-size distribution and abundance
pattern that reproduces the observed extinction properties for the In-
terstellar Medium (ISM) of the Milky Way. A Calzetti et al. (2000)
dust attenuation curve is adopted. Dust emission includes both a hot
dust component from HII regions and a grey body component from
the cold, diffuse dust.
A wide dust attenuation prior is adopted, 𝐴𝑣 = [0, 6], which

gives the code the option to fit a high degree of attenuation. The
absorbed energy is re-emitted at infrared wavelengths; the dust SED

is controlled by three key parameters, as described by Draine & Li
(2007):𝑈min, the lower limit of the starlight intensity; 𝛾, the fraction
of stars at 𝑈min; and 𝑞PAH, the mass fraction of polycyclic aromatic
hydrocarbons. The priors adopted on these parameters are broad, to
allow the model to fit all types of galaxies, including those that are
hot and dusty (Leja et al. 2018): 𝑈min = [0, 25], 𝛾 = [0, 1], and
𝑞PAH = [0, 10]. [, the multiplicative factor on 𝐴𝑉 for stars in birth
clouds, is also fitted using the prior [ = [1, 5]. Metallicity is allowed
to vary in the range 𝑍 = [0, 2.5]𝑍�,old, where 𝑍�,old denotes solar
models prior to Asplund et al. (2009).
The star-formation history (SFH) is parameterised using a double

power law: SFR(t) ∝ [(t/𝜏)𝛼 + (t/𝜏)−𝛽]−1 where 𝛼 is the slope in
the region of falling SFR, and 𝛽 is the slope in the region of rising
SFR. 𝜏 relates to the time at which the SFR peaks.
The code outputs posterior distributions for the fitted parameters

𝐴V, 𝑈min, 𝛾, and 𝑞PAH, [, the metallicity 𝑍 , and the SFH param-
eters 𝛼, 𝛽 and 𝜏. Posterior distributions are also derived for the
physical properties of stellar mass, star-formation rate, and specific
star-formation rate, with themedian and the 16th and 84th percentiles
being adopted as the best-fit value and the lower and upper 1𝜎 errors.
The reduced 𝜒2 of the best-fitting model was also returned. Objects
with a reduced 𝜒2 above 5 were flagged as unreliable; this averaged
about 9 per cent of sources across the three fields, again being lowest
in ELAIS-N1 and highest in Boötes.

3.4.3 cigale

cigale was run on the LoTSS Deep Fields sources in the manner
outlined in Wang et al. (2021) and Małek et al. (2023). The choices
for the input components for the modelling of the stellar population
largely follow those of Pearson et al. (2018) and Małek et al. (2018).
Specifically, the star-formation history was adopted to be a two-
component model, with a delayed exponentially-decaying main star-
forming component (SFRdelayed ∝ 𝑡𝑒−𝑡/𝜏 ) plus the addition of a
recent starburst. The Bruzual & Charlot (2003) SSP templates were
adopted for the stellar emission. The Charlot & Fall (2000) dust
attenuationmodel is applied to the derived SEDs, and energy-balance
criteria are used to determine the quantity of emission to be re-
emitted in the infrared. The dust emission is calculated using the
dust emission model of Draine et al. (2014), which is an updated
version of the Draine & Li (2007) model and describes the dust as a
mixture of carbonaceous and amorphous silicate grains.
A critical difference between cigale andmagphys/bagpipes is the

inclusion of anAGNcomponent in the cigalemodels. For the LoTSS
Deep Fields, cigalewas run twice, using two different AGNmodels:
the Fritz et al. (2006) model and the skirtormodel of Stalevski et al.
(2012, 2016). Both sets of AGN models assume point-like isotropic
emission from a central source, which then intercepts a toroidal dusty
structure close to theAGN.Radiative transfermodels are used to trace
the absorption and scattering of theAGN light by the dust in the torus,
and model its re-radiation by the hot dust. The main differences
between the two models are that the Fritz models adopt a smooth
density distribution for the dust grains and use a 1-D approach,
whereas the skirtor models treat the dusty torus as a two-phase
medium with higher density clumps sitting within a lower density
medium and use 3-D radiative transfer. A clumpy dust distribution
was suggested by Krolik & Begelman (1988) to be necessary to stop
the dust grains being destroyed by the hot surrounding gas.
cigale returns Bayesian estimates of the stellar mass and various

estimates of the recent star-formation rate of the galaxy, along with
estimates of the uncertainties on these parameters. In this work, the
star-formation rate averaged over the last 100Myr is adopted, as for
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magphys. cigale also returns a determination of the AGN fraction
for the galaxy (hereafter 𝑓AGN,CG−F or 𝑓AGN,CG−S for the Fritz
and skirtor models), defined as the fraction of the total infrared
luminosity that is contributed by the AGN dust torus component.
An uncertainty on the AGN fraction is also returned; where this is
larger than the measured fraction, the 1-sigma lower limit on the
AGN fraction is set to zero. Finally, the reduced 𝜒2 of the best-fitting
model was used to identify unreliable fits, with objects with a reduced
𝜒2 above 5 being flagged (3 per cent and 2 per cent of sources in the
Fritz and skirtor models respectively).

3.4.4 agnfitter

agnfitter provides independent parameterisations for each of the
accretion disk emission (big blue bump), the hot dust torus, the stellar
component and the cooler dust heated by star formation; details
of the parameterisation of these four components are provided by
Calistro Rivera et al. (2016). agnfitter accounts for the effects of
reddening on these emission components but without energy balance
constraints. agnfitter was run on the LoTSS Deep Fields sources
broadly following the implementation of Williams et al. (2018) but
using an expanded set of inputmodels (agnfitter v2; Calistro Rivera
et al., in prep.). The code determines the relative importance of the
four components in a few key wavelength regions, as well as broader
physical parameters including estimates of the star-formation rate
and the stellar mass. In this work, the IR-based estimate of the SFR
was the one adopted.
Following Williams et al. (2018), an AGN fraction is defined by

considering the contribution of the emission components in the 1-
30`m wavelength range. Note that this is different to the definition
used for cigale which considers the AGN contribution to the total
IR luminosity: as the AGN peaks in the mid-IR, the AGN fractions
derived by agnfitter will typically be larger than those of cigale.
The AGN fraction was defined as:

𝑓AGN,af =
𝐿Torus,1−30

𝐿Torus,1−30 + 𝐿SB,1−30 + 𝐿Gal,1−30
(1)

where 𝐿Torus,1−30, 𝐿SB,1−30 and 𝐿Gal,1−30 are the luminosities of
the hot dust torus, the cooler dust heated by recent star formation, and
the stellar component of the galaxy, respectively, all between 1 and
30`m. Note that this differs slightly from the definition of Williams
et al. (2018) through the inclusion of the stellar component in the
denominator; this avoids a highAGN fraction being determinedwhen
the mid-infrared emission is simply dominated by the light of older
stars. The uncertainties on these luminosities are used to determine
the 1𝜎 upper and lower limits to the AGN fraction.
Finally, agnfitter returns a log likelihood for the best-fit model;

the ≈ 3 per cent of objects whose fits had a log likelihood below −30
were flagged as unreliable (cf. Williams et al. 2018).

4 IDENTIFICATION OF RADIATIVE-MODE AGN

A characteristic feature of radiative-mode AGN is a hot accretion
disk,which is being obscured in certain directions by a dusty structure
(the torus). These two structures give rise to a variety of physical
features that can be used to identify the radiative-mode AGN. The
most widely-used of these, where spectroscopic data is available, is
emission line ratios (e.g. Baldwin et al. 1981, the BPT diagram): the
ionising radiation from the hot accretion disk is significantly harder

than that of a young stellar population, leading to stronger high-
excitation forbidden lines. Spectroscopic information is available for
only a small subset of the LoTSS-Deep sources (5.1, 21.1 and 4.7
per cent in ELAIS-N1, Boötes and Lockman Hole respectively, with
the AGES data in Boötes producing the large difference between the
fields), so this method cannot be used for the vast majority of the
sources. This will change in the coming years due to the WEAVE-
LOFAR survey (Smith et al. 2016, see also Sec. 9) but alternative
methods are needed for AGN identification in the meantime.
The hot dusty torus emits characteristic emission that has been

widely used to identify radiative-mode AGN using mid-IR colours
(e.g. Lacy et al. 2004; Stern et al. 2005). Commonly-used selections
consider the four Spitzer channels centred at 3.6`m, 4.5`m, 5.8`m
and 8.0`m (Channels 1 to 4 respectively); the selection is based
on the premise that the emission from stellar populations generally
declines with increasing wavelength through the mid-IR (since the
mid-IR probes redward of the rest-frame 1.6`m thermal peak of
the dominant sub-solar stellar population) whereas hot AGN dust
shows a rising spectrum. An equivalent approach uses the WISE
mid-infrared colours (e.g. Wright et al. 2010). The exact colour-
space cuts are generally defined using template tracks for galaxies
and AGN to select regions of colour-space dominated by AGN.
Lacy et al. (2004) and Stern et al. (2005) derived the first colour-

cuts based on shallow Spitzer data (hereafter referred to as the Lacy
and Stern regions, respectively), and these were effective in sepa-
rating out AGN from the population of relatively nearby inactive
galaxies. However, the broad colour regions selected in these papers
are heavily contaminated by higher redshift (𝑧 > 0.5) inactive galax-
ies, that deeper Spitzer surveys (such as those available in the LoTSS
Deep Fields) are able to detect. Donley et al. (2012) therefore defined
a much tighter region of mid-IR colour space (hereafter, the Donley
region) within which AGN samples display much lower contamina-
tion, but consequently are also less complete. Even in these deep
datasets, however, fainter galaxies often lack measurements in one
or more channels, preventing any classification by the Stern, Lacy
or Donley criteria. To help overcome this, Messias et al. (2012) de-
rived a series of redshift-dependent colour cuts based on K-band to
Channel 2, Channel 2 to Channel 4, or Channel 4 to 24`m flux ratios
(hereafter, theMessias regions). These allow classification of a larger
fraction of galaxies, but with the same issues regarding completeness
and contamination. Furthermore, simple application of colour cuts
takes no account of low signal-to-noise measurements which can
scatter data across the colour criteria, and can also miss some types
of AGN (e.g. Gürkan et al. 2014).
The wide array of data available in the LoTSS Deep Fields allows

a classification scheme to be developed which uses much more than
just the mid-IR colour bands. The SED fitting described in the pre-
vious section encodes all of the mid-IR spectral expectations used in
the Stern, Lacy, Donley and Messias colour criteria, but combines
this with additional near-IR and optical data which allow simultane-
ous characterisation of the host galaxy properties; the latter allows
the contribution of the host galaxy to the mid-IR to be directly pre-
dicted, and thus any additional AGN contribution to be more clearly
distinguished. As an indication of this, Figure 2 shows the Stern,
Lacy and Donley mid-IR colour-colour plots with the LoTSS-Deep
sources in Boötes1 colour-coded by their AGN fraction as derived
by cigale using the skirtor model. Sources classified as an AGN

1 In Figs. 2 and 3 the Boötes field is used to show the results, as the superior
spectroscopy and X-ray coverage in this field gives a higher quantity of
‘known AGN’ to demonstrate the results. In Figs. 4 to 8, ELAIS-N1 is used

MNRAS 000, 1–27 (2021)



10 P. N. Best et al.

Figure 2. The location of the LoTSS-Deep sources on the Lacy et al. (2004) and Donley et al. (2012, left) and on the Stern et al. (2005, right) mid-IR colour-colour
classification plots (for sources with S/N>2 in all four bands), in the Boötes field. The blue dashed lines on the left-hand panel show the Lacy et al. selection
criteria, and the blue solid lines show those of Donley et al. On the right-hand plot, the Stern wedge is shown by the blue dashed lines. In both plots, the
greyscale colour-coding indicates the AGN fraction from the cigale SED fitting using the skirtor AGN model. Objects confirmed to be AGN through optical
spectroscopy or X-ray observations are indicated by the red circles.

Figure 3. The cigale skirtor AGN fraction plotted against the ratio of the 𝜒2 values between SED codes that do not include AGN components (the lower
value for the magphys (MP) and bagpipes (BP) fits) and those that do (the lowest of the cigale (CG) and agnfitter (AF) fits), for the LoTSS-Deep sources
in Boötes. Points are colour-coded according to whether they are spectroscopic or X-ray AGN (red filled circles), or satisfy the Donley criteria (with S/N>3 in
each band; blue open circles), or satisfy the broader Stern, Lacy or Messias cuts (with S/N>3; black crosses), or ‘non-AGN’ that either do not satisfy any cuts
or have too low signal-to-noise in the mid-IR for this to be determined (green triangles). The clustering at certain cigale AGN fraction values (e.g. 0.05, 0.7)
appears to be a feature of the code, perhaps due to the fairly limited sampling of the grid of AGN model parameters. The plot shows that as the cigale AGN
fraction rises above ∼0.1, objects are more likely to be identified as AGN through spectroscopic or X-ray selection or the Donley mid-IR cuts, and also that the
SED fitting begins to deteriorate (higher relative 𝜒2) for SED codes that don’t include AGN components.

through optical spectra or X-ray properties are indicated in red. It
can be seen that the X-ray and spectroscopically selected AGN and
the objects with high cigale AGN fractions concentrate primarily
in the selected colour-space regions, especially the Donley region,
but that a significant fraction of these probable AGN are also found
outside of these regions. Furthermore, there are objects within the

to demonstrate the results, as this is the deepest field with the best multi-
wavelength data. In all cases, all three deep fields show consistent results.

colour-cuts (especially the broader Lacy and Stern regions) for which
cigale predicts very low AGN contributions to the mid-IR.

The use of the four SED fitting routines provides two routes to
identifying the probable AGN. First, each of cigale and agnfitter
provides an estimate of 𝑓AGN, the fractional AGN contribution to
the mid-IR. Second, objects which have a significant AGN contribu-
tion to their SED should be poorly fitted using magphys or bagpipes
(and typically better fitted using cigale or agnfitter). Figure 3
demonstrates these effects, by showing the cigale AGN fraction
plotted against the ratio of the 𝜒2 values determined from the SED
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fits without AGN components compared to those with AGN com-
ponents, with points colour-coded by evidence for AGN from either
spectroscopic or X-ray data, or from mid-IR colour cuts. The spec-
troscopic and X-ray selected AGN generally show both moderate-to-
high AGN fractions and a higher 𝜒2 using magphys/bagpipes than
using cigale/agnfitter. The majority of objects which lie securely
within the Donley mid-IR colour-cuts show the same characteristics.
Objects that lie only within the broader Stern, Lacy orMessias colour
regions typically show much lower AGN fractions and the 𝜒2 value
from the magphys/bagpipes fits is lower than or comparable to that
from cigale/agnfitter; they largely overlap with the ‘non-AGN’
that either lie outside of these colour cuts or do not have sufficiently
high signal-to-noise in their mid-IR measurements for this to be de-
termined. Nevertheless, the SED fits are able to pick out promising
AGN candidates within these categories.
An examination of the AGN fractions derived by cigale and espe-

cially by agnfitter shows that many of these have quite large uncer-
tainties, especially for fainter galaxies with fewer securely-measured
photometric points. Investigations indicated that the 16th percentile
of the posterior of the AGN fraction (i.e. the 1-sigma lower limit on
the AGN fraction; hereafter P16) provided a more robust indication
of the presence of an AGN. The selection of radiative-mode AGN
was therefore made by considering three selection criteria (see below
for a discussion of how the threshold values were set):

(i) whether the P16 AGN fraction from cigale, using the skirtor
AGN models, exceeded a threshold value of 0.06 (ELAIS-N1 and
Lockman Hole fields) or 0.10 (Boötes field).
(ii) whether the P16 value for the AGN fraction from agnfitter,

as defined in Eq. 1, exceeded a threshold value of 0.15 (ELAIS-N1
and Lockman Hole fields) or 0.25 (Boötes field).
(iii) if the lower of the reduced 𝜒2 values arising from the mag-

phys and bagpipes SED fits was both greater than unity and at least
a factor 𝑓 greater than the lowest of the reduced 𝜒2 values arising
from the two cigale and the agnfitter SED fits. The factor 𝑓 was
determined to be twice the median value of the 𝜒2 ratio between the
better fit frommagphys and bagpipes and the best fit from cigale and
agnfitter(cf. Figure 4). This evaluated to 𝑓 = 1.36 for ELAIS-N1,
𝑓 = 1.59 for Lockman Hole and 𝑓 = 2.22 for Boötes.

An object was classified as a radiative-mode AGN if it satisfied
at least two of these three criteria. In practice, this means either
that it has a determined high AGN fraction from both cigale and
agnfitter or it has a high AGN fraction from at least one of the two
codes combinedwith a superior SEDfit usingmethodswhich include
AGN components. The selection cuts for each criterion were set by
comparing the derived classifications with the spectroscopic and X-
ray samples and considering the locations of the classified AGN and
non-AGN on mid-IR colour-colour diagrams. The threshold values
selected were different for Boötes than for the other two fields. This is
because theAGN fractions calculated in that fieldwere systematically
higher than those in ELAIS-N1 or Lockman Hole (e.g. a median
AGN fraction of 0.037 in Boötes using the cigale skirtor model,
compared to 0.029 in each of ELAIS-N1 and Lockman), which is
likely to be due to the different manner in which the photometric
catalogues were constructed in Boötes (see Paper III). Setting higher
thresholds in Boötes ensured a consistency of classification across
the three fields (cf. Sec. 7). Finally, a small proportion of objects did
not meet these criteria but had previously been identified to be an
AGN based on either optical spectra or X-ray properties; these were
added to the radiative-mode AGN sample (and correspond to about
3 per cent of all radiative-mode AGN).
Fig. 4 shows the LoTSS-Deep sources on different combinations

of these selection criteria, with the sources that satisfy at least two
criteria, and therefore are selected as radiative-mode AGN, shown
in red. It can be seen that there is a broad consistency between the
different criteria: most of the selected radiative-mode AGN satisfy
all three criteria and therefore are secure classifications. The main
addition to this is a population of sources selected as having high
AGN fractions by both cigale and agnfitter but with comparable,
low 𝜒2 values from the different fitting methods; these are probably
sources where cigale and agnfitter are able to pick out a weak
AGN through the mid-IR emission, but there is little-to-no direct
AGN light through the optical to near-IR spectrum and so magphys
and bagpipes are still able to provide a good fit to the majority of the
spectrum.
Fig. 5 shows the selected radiative-mode AGN and non-AGN on

a series of mid-IR colour-colour diagrams, compared against the
evolving colours of various galaxy template models. The panels are
split by redshift ranges, in order to allow a clearer comparison against
the template expectations. At each redshift, the panels show the Lacy
and Donley colour plots (left), the Stern colour plot (middle), and the
appropriate Messias plot (right). Template SED models were drawn
from the ‘Galaxy SED Atlas’ of Brown et al. (2014) combined with
the ‘AGN SED Atlas’ of Brown et al. (2019). SEDs were selected
from these libraries for: (i) elliptical galaxies (as expected to be seen
for jet-mode AGN); (ii) star-forming galaxies; (iii) AGN (including
both quasars and edge-on ‘type-II’ AGN); and (iv) composite spectra,
produced by combining a set of Seyfert AGN spectra with host galaxy
spectra, with a range of weights.
The template tracks for the different galaxy classes confirm both

the motivation for, and the shortcomings of, the colour-colour se-
lection criteria: the Donley region relatively cleanly selects AGN
at 𝑧 < 2.5 but is incomplete for composite systems; the Stern and
Lacy regions are more complete for composite systems but contam-
inated, especially at the higher redshifts; the Messias cuts perform
relatively well, especially at the highest redshift where the use of the
24`m colour gives a clear advantage, but still have some incomplete-
ness and contamination. The red points show the objects selected as
radiative-mode AGN by the techniques outlined above. At all red-
shifts these broadly overlap the regions of the AGN and composite
templates, extending where appropriate beyond the colour-selection
limits. It is clear, however, that in the 𝑧 > 2.5 redshift range there
remains a significant population of objects that are not classified as
AGN, and yetwhich lie in similar regions of colour-space to theAGN.
At these redshifts, as is evident from Fig. 5, it is only the Channel 4
and 24`m filters that are able to probe rest-frame wavelengths where
an AGN template becomes clearly distinct from the galaxy templates,
and the composites are even more difficult to distinguish. Especially
with the typically low signal-to-noise of the galaxies in this highest
redshift bin, the SED fitting techniques may be less reliable: although
the classifications are provided for all sources, readers should treat
these with caution at 𝑧 > 2.5, where there may well be a degree of
incompleteness in the AGN sample.

5 COMPARISON OF DERIVED PROPERTIES AND
CONSENSUS MEASUREMENTS

Two of the most important galaxy properties to determine are the
stellar mass and the star-formation rate. Each of the SED fitting codes
provides an estimate of these parameters. This section discusses how
these values are combined to produce consensus measurements for
each source.
In brief summary, for sources which do not host an AGN, the
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Figure 4. The selection criteria used to identify radiative-mode AGN, and the relative distributions of the AGN and non-AGN thus identified. The upper-left
panel compares the reduced 𝜒2 value resulting from SED models including an AGN component (agnfitter, cigale) against those which do not (magphys,
bagpipes), with the blue dashed line showing selection criterion (iii). The upper right plot shows the 1-sigma lower limits (16th percentile; P16) to the AGN
fraction from agnfitter and cigale (with the skirtor AGN model), with the blue dashed lines showing selection criteria (i) and (ii). The lower plots show
selection criteria (i) vs (ii) and (i) vs (iii) in the left and right panels respectively. Data shown are for ELAIS-N1. Sources are selected as radiative-mode AGN if
they satisfy at least two of the three criteria (or are confirmed AGN from spectroscopic or X-ray observations): these sources are shown in red.

magphys and bagpipes codes ought to provide the bestmeasurements
of mass and SFR, because these models offer a significantly broader
selection of galaxy templates. Indeed, for these sources, the results
from these two codes show excellent agreement in their estimates of
both stellar mass (median absolute difference of just 0.09 dex) and
SFR (0.14 dex). The consensus values of the stellar mass and SFR
for non-AGN were therefore generally derived from the logarithmic
mean of the magphys and bagpipes results.

For radiative-mode AGN, the magphys and bagpipes results are
potentially unreliable as they do not include any AGN component
in their SED modelling. The two cigale runs (with the Fritz and
skirtorAGNmodels) should be more reliable, and indeed these two
agreewith each otherwell: themedian absolute difference is only 0.09
dex in stellarmass and 0.13 dex in SFR.agnfitter is found to provide
less consistent results, but is valuable for the small fraction (≈ 2 per
cent) of sources which are highly AGN-dominated, and for which
agnfitter’s superiormodelling of theAGNUVemission is required.

The consensus values of the stellar mass and SFR for radiative-mode
AGN were therefore typically derived from the logarithmic mean
of the two cigale results, except where cigale failed to provide an
acceptable fit, in which case the agnfitter values were adopted.
Sections 5.1 and 5.2 now provide (for stellar mass and SFR re-

spectively) a much more detailed comparison of the outputs of the
different SED fitting codes, along with a full description of how the
generalised approach discussed above was adapted in cases where
one or more of the SED codes failed to provide an acceptable fit.
Readers not interested in these finer details may wish to skip to
Section 6.

5.1 Consensus stellar masses

For sources which are not identified to be a radiative-mode AGN,
the results from the magphys and bagpipes codes show excellent
agreement in their estimates of stellar mass: where both magphys
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Figure 5. Infrared colour-colour plots for the LoTSS-Deep sources in ELAIS-N1, compared with template spectra. The sources classified as (radiative-mode)
AGN are plotted in red and the non-AGN in black symbols; sources are only plotted if they have a signal-to-noise of at least 3 in each of the relevant filters. For
clarity, sources (and templates) are divided into three redshift ranges: the top row is for 𝑧 < 1, the middle row for 1 < 𝑧 < 2.5 and the bottom row for 𝑧 > 2.5.
For each redshift, the left-hand plot shows the mid-IR IRAC flux ratios used for the Lacy et al. (2004, blue dashed lines) and Donley et al. (2012, blue solid lines)
selections. The middle column shows the Stern et al. (2005) colour criteria, with the Stern region indicated by the blue dashed lines. The right-hand column
shows the selection criteria proposed by Messias et al. (2012), combining IRAC colours with the K-band flux at the lower redshifts, and with the 24`m flux at
the highest redshifts. In each plot the coloured lines indicate the evolution over the specified redshift range of a selection of galaxy and AGN template spectra,
from Brown et al. (2014) and Brown et al. (2019), separated into ellipticals (pink), star-forming galaxies (yellow), AGN (purple), and composites (green). As
can be seen, the broad colour cuts suffer to various extents from both incompletensss and contamination. The selected AGN broadly align with the regions of
colour space covered by the AGN and composite template spectra.

and bagpipes pass the threshold for an acceptable fit (see Section 3.4)
the median absolute difference in stellar mass is just 0.09 dex, with
over 90 per cent of sources agreeing within 0.25 dex; the outliers
are generally the faintest sources, at low masses or high redshifts.
cigale also gives very similar values, with a median difference in
stellar mass of only 0.11 dex, and over 85 per cent agreeing within

0.25 dex. agnfitter shows much lower agreement, however, with
a median difference in stellar mass of 0.27 dex compared to the
estimates from the other codes. This inconsistency for agnfitter is
likely to be associated with the lack of an energy balance in the fitting
process.

For these non-AGN the consensus stellar mass was derived from
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the mean of the logarithm of the stellar masses derived using mag-
phys and bagpipes, as long as both codes provided an acceptable fit
to the data (≈ 86 per cent of the non-AGN, though rising to nearly
95 per cent in ELAIS-N1). If one of the two codes provided a bad
fit and the other a good fit (11 per cent of cases), then the stellar
mass estimate from the well-fitting code was adopted as the consen-
sus measurement. If both codes produced fits below the acceptability
threshold then the values of the two stellar mass estimates were ex-
amined: if they agreed with each other within 0.3 dex (≈ 2 per cent
of cases) then it was likely that the unreliability of the SED fits was
driven by some outlier points that did not invalidate the stellar mass
estimates, and so the logarithmic mean of the two values was adopted
as the consensus stellar mass. If the two values disagreed by more
than 0.3 dex, then the stellar mass estimates of the two cigale fits
were examined as well: if the full range of all 4 stellar masses was less
than 0.6 dex (≈ 0.3 per cent of cases) then the logarithmic mean of
the four measurements was adopted as the consensus measurement;
if the range was larger than 0.6 dex (≈ 0.6 per cent of sources) then it
was deemed that no reliable stellar mass could be provided. A com-
parison of the consensus masses derived against the estimates from
each code individually is shown by the black points in Fig. 6, con-
firming visually the good agreement of the magphys and bagpipes
codes, broad agreement of cigale, and larger scatter of agnfitter
for these sources.
For radiative-mode AGN, the two cigale runs provide stellar mass

estimates that agree well with each other: the median absolute dif-
ference is only 0.09 dex, with 90 per cent of sources within 0.3 dex.
Compared to these values, as expected, the results from magphys
and bagpipes show greater scatter (each 0.16 dex median difference)
and also a larger fraction of outliers where the codes significantly
over-estimate the mass due to AGN light being incorrectly modelled
as stellar emission (cf. Fig. 6). Again, agnfitter shows a larger dis-
persion in stellar mass measurements relative to the other codes, with
a median absolute difference of 0.49 dex; this may be due to the stel-
lar component being fitted independently without an energy balance
constraint, with some stellar light perhaps being incorrectlymodelled
as AGN emission or vice versa, although it could also be related to
the different approach to modelling the AGN emission. For these
reasons, for the radiative-mode AGN, if both cigale runs provided
acceptable fits then the logarithmic mean of the stellar masses from
these two runs was accepted as the consensus mass (with agnfitter
excluded due to its higher proportion of outliers); this was the case
for just over 94 per cent of the radiative-mode AGN. Otherwise, if
just one of the cigale runs provided an acceptable fit (≈ 3 per cent
of cases) then the stellar mass from that run was adopted. If neither
cigale run provided a good fit, but agnfitter did, then there was
a likelihood that this was a case where either energy balance was
breaking down or the superior modelling of the AGN UV emission
by agnfitter was helping the fit; in these 2 per cent of cases, the
agnfitter stellar mass estimate was used. Otherwise, it was decided
that no reliable stellar mass estimate was possible.
Fig. 6 shows a comparison on each mass estimate against the

consensus mass derived, and illustrates the trends discussed above.
The lower-right panel also compares the consensus masses against
those derived in Paper IV using a grid-based SED fitting mechanism
(see also Duncan et al. 2019). This comparison is interesting because
the stellar masses in Paper IV are derived for all galaxies in the
field, not only the radio sources, and therefore allow a comparison
between the radio sources and the underlying population. In Paper
IV it is argued that the stellar mass estimates are only reliable out to
𝑧 ∼ 1.5, and so this is set as an upper limit for the plotted points. As
can be seen, the agreement between the Paper IV stellar masses and

the consensus masses derived here is very good for the non-AGN,
with no significant systematic offset (< 0.1 dex) and a median scatter
of 0.11 dex. The performance for AGN is slightly worse, but still
good, with a median scatter of 0.23 dex. These results confirm that
the Paper IV masses provide reliable measurements for the broader
population that can be used in comparison against the consensus
masses for the radio source population.
In this paper, no attempt is made to derive uncertainties on the con-

sensus stellar masses for individual sources. Uncertainties arise both
due to statistical errors in the individual fits and systematic effects
between different SED codes. Each SED code offers an estimate of its
statistical uncertainty for each source, and the difference between the
stellar masses from different SED codes can be used to gauge the size
of the systematic errors. Another source of error is that during the
SED fitting the redshift of the source is fixed at the best photometric
redshift (unless a spectroscopic redshift is available): uncertainties
in the photometric redshift are likely to be a significant contributor to
the mass uncertainty for any given source. Instead of calculating un-
certainties for individual sources, therefore, the approach taken here
is to derive characteristic uncertainties on stellar mass as a function
of the galaxy’s mass and redshift. The characteristic uncertainties
are evaluated in Appendix A, and are found to be typically around
0.1 dex for higher mass sources at 𝑧 < 2, increasing towards higher
redshifts and lower masses.

5.2 Consensus SFRs

Estimation of consensus SFRs follows broadly the same principles
as those of the stellar masses, in the preferred use of the magphys
and bagpipes results for the non-AGN and with the cigale results
generally used for the AGN. As would be expected (cf. Pacifici et al.
2023), the agreement in SFR estimates between the different codes
is not quite as good as that of stellar masses, but still strong. For non-
AGN, the SFR estimates of magphys and bagpipes show systematic
differences of less than 0.1 dex, with a median scatter of only 0.14
dex and over 75 per cent of cases agreeing within 0.3 dex. The cigale
measurements agree comparably well at large SFRs, but frequently
provide higher SFR estimates than either bagpipes or magphys at
lower SFRs. agnfitter suffers from a significant systematic offset of,
on average, more than 0.3 dex higher SFRs than the other estimators.
For the radiative-mode AGN, the two cigale SFR estimations show
good agreement with each other (median difference 0.13 dex). Both
magphys and bagpipes systematically over-estimate the SFRs of
these radiative-mode AGN, by around 0.15 dex on average. Fig. 7
provides a visual illustration of these effects.
To determine the consensus SFRs, like for stellar masses, the

outputs frommagphys and bagpipes are primarily considered for the
non-AGN. The only significant difference in approach arises because
of a small proportion of sources (around 9 per cent of all the non-
AGN sources, mostly at lower SFRs) for which bagpipes returns an
acceptable fit, but the SFR is dramatically below that of magphys
and with an uncertainty that can be several orders of magnitude
larger than the estimated value. These very low SFRs arise because
of the parametric (exponentially-declining) form of the bagpipes
SFR history, which can lead to unrealistically-low best-fit SFRs at
large ages where the e-folding time is short, but with considerable
uncertainty. For these sources, the cigale SFR estimates are found
to broadly agree with the magphys values, with both often within
the 1𝜎 confidence interval of the bagpipes fit. Therefore, sources
for which the bagpipes fit is deemed to be good, but the uncertainty
on the bagpipes SFR estimate is more than 5 times the estimate
itself, are treated differently. In these cases, if magphys provides an
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Figure 6. A comparison of the masses derived by the different SED fitting codes against the final consensus masses for the LoTSS Deep Field sources in
ELAIS-N1. magphys, bagpipes and cigale all give broadly consistent results for non-AGN, but differ for the AGN subset, for which the cigale results should
be more reliable. agnfitter masses show a small systematic offset compared to the other codes, and more outliers at high mass. The lower right plot examines
the masses produced in Paper IV (only out to 𝑧 < 1.5); these are seen to give consistent results with only slightly larger scatter. This is of interest because these
stellar masses were produced for the entire galaxy population in these deep fields, not just the LoTSS-Deep host galaxies.
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Figure 7.A comparison of the star-formation rates derived by the different SED fitting codes against the final consensus value, for the LoTSS Deep Field sources
in ELAIS-N1. magphys and bagpipes give broadly consistent results for non-AGN; their performance on objects identified as (radiative-mode) AGN is more
mixed, but generally reasonable where the fit is not flagged as a bad fit. cigale’s SFR estimations for non-AGN generally perform well at higher SFRs (especially
with the skirtor AGN model), but over-predict the SFR in some lower-SFR galaxies. The estimated SFRs of objects selected as AGN show a high degree of
consistency between the two different cigale runs. agnfitter SFRs show more scatter and a small systematic offset compared to the other codes.
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acceptable fit then the magphys estimate is adopted as the consensus
value; if it does not, but the magphys and cigale estimates agree
within 0.5 dex then the logarithmic mean of themagphys and cigale
values is taken as the consensus value; otherwise, the results are
deemed inconsistent and no consensus SFR is derived. Other than
these cases, the approach to derive consensus SFRs for the non-AGN
exactly matches that for deriving stellar masses. Similarly, for the
radiative-mode AGN, the approach for stellar masses using cigale
(or occasionally agnfitter) estimates is replicated for the SFRs.
Fig. 7 compares the consensus SFRs against the estimates from

each individual code. The spread in derived values between different
codes is comparable to that in the analysis of Pacifici et al. (2023).
As with stellar masses, no attempt is made to provide a source-by-
source uncertainty on the consensus SFR, but Appendix A discusses
the typical errors; except for the few per cent of lowest-SFR objects
at each redshift (where the uncertainties increase greatly), these can
be broadly approximated as Δ(SFR) ≈ 0.1(1 + 𝑧)0.5 dex.

6 IDENTIFICATION OF RADIO AGN

As discussed in the introduction, star-forming galaxies show a tight
correlation between their radio luminosity and their SFR2. This re-
lation allows the identification of sources which possess significant
radio emission associated with AGN activity, as they will appear
offset to larger radio luminosities than would be predicted from their
SFR (cf. Delvecchio et al. 2017; Williams et al. 2018; Whittam et al.
2022). Relationships between SFR and low frequency radio luminos-
ity have been previously derived at relatively low redshifts by Calistro
Rivera et al. (2017), Brown et al. (2017), Gürkan et al. (2018) and
Wang et al. (2019), and most recently by Smith et al. (2021) using
the LoTSS-Deep data in ELAIS-N1. As discussed by Smith et al.,
in order to determine an accurate relation it is essential to properly
account for non-detections, otherwise there is a risk that the derived
relation will be dependent on the depth of the radio imaging, with the
bias decreasing as the depth of the radio imaging increases. Smith
et al. derive their relationship out to 𝑧 ≈ 1 using a near-IR magnitude
selected sample, finding log10 𝐿150MHz = 22.22 + 1.06 log10 (SFR)
for the sample as a whole (where 𝐿150MHz is in units of WHz−1 and
SFR in units of 𝑀� yr−1), based on SFRs derived using magphys.
In this paper, the use of the consensus SFRs, and the extension

to higher redshifts, may be expected to lead to small changes in
the best-fit relation. A suitable relation is therefore derived using a
‘ridgeline’ approach. In this approach, the sources are binned into

2 Note that this assumes that effects such as free-free absorption at low radio
frequencies are not important. Schober et al. (2017) estimate that for star-
forming galaxies like the Milky Way, free-free absorption is only important
below a critical frequencies of a few MHz, which is well below the LOFAR
observing frequency. For starburst galaxies like Arp 220, however, they esti-
mate a critical frequency of a few hundred MHz; this is potentially relevant,
since the LOFAR-detected sources at 𝑧 ∼ 2 have SFRs approaching those of
starburst systems, and are observed at rest-frame frequencies of ∼ 500MHz.
Nevertheless, Calistro Rivera et al. (2017) studied the radio spectral shapes of
LOFAR-selected star-forming galaxies, andAn et al. (2023) recently extended
this analysis to the LoTSS Deep Fields: in both cases, a slight flattening of
the median radio spectra was found at the lowest frequencies, from 𝛼 ≈ 0.8
at high frequencies to 𝛼 ≈ 0.6 at LOFAR frequencies. Although this might
be evidence for free-free absorption, this change in spectral index only affects
the radio luminosity (and hence estimated SFR) by ≈ 0.1 dex for an aver-
age source. It works in the direction of reducing any radio excess, and thus
more securely classifying a source as not having a radio AGN. Therefore, the
possible effects of free-free absorption are ignored in this paper.

different (narrow) bins in SFR, and within each bin the distribution
of radio luminosities of the detected sources is examined. The peak
of the distribution is identified as the ridgeline point. Provided the
radio survey is sufficiently deep then, especially in the presence of a
distorted distribution (the star-forming population plus a distribution
of radio-excess AGN), this method should provide a more reliable
value than themean or median of the distribution of detected sources.
The radio luminosities and SFRs of the LoTSS-Deep sources are
shown in the upper panel of Fig. 8, alongwith the calculated ridgeline
points, which can be well-fitted by the relation

log10 (𝐿150MHz/WHz−1) = 22.24 + 1.08 log10 (SFR/M� yr−1) (2)

The uncertainty on the ridgeline gradient is ±0.06, and the un-
certainty on the intercept at log10 (SFR) = 1.5 (the median value,
where the errors on the gradient and intercept are uncorrelated) is
±0.07. To within 1𝜎, there is no difference in this relation between
those sources classified as radiative-mode AGN or not. The relation
derived from the ridgeline is fully consistent with that of Smith et al.
(2021), agreeing within 0.1 dex over the full range of star-formation
rates probed.
The distribution of radio luminosities below the ridgeline can

be reasonably well-fitted by a Gaussian distribution of width 0.22
dex; this also holds in different bins of star-formation rate, with
the Gaussian width remaining constant (to ±0.02 dex) from low
to high SFR. The distribution above the ridgeline shows a much
more extended tail, as expected. In ELAIS-N1 and Lockman Hole,
radio-excess sources are here defined as those sources with radio
luminosities exceeding the ridgeline value by 0.7 dex, corresponding
to approximately 3𝜎. It should be noted that this limit corresponds
to approximately 0.8 dex above the relation of Smith et al. (2021) at
high SFR; these authors derived a scatter in their relation of around
0.3 dex at SFR > 10𝑀�yr−1 (at lower SFRs they measured lower
scatter, but noted that this might be due to the limiting depth of the
radio imaging); Cochrane et al. (2023) also derive a similar value
for the scatter. Therefore, the radio-excess selection adopted here
also broadly corresponds to a 3𝜎 excess relative to the Smith et al.
relation. In Boötes (where the input photometry was different), it
is found that the scatter in the SFR-radio relation increases towards
higher redshifts, and adoption of a fixed 0.7 dex cut-off leads to
an excess of radio-AGN at higher redshifts compared to the other
two fields. To remedy this, in Boötes the radio excess threshold is
modified slightly to (0.7+ 0.1𝑧) dex, which brings the classifications
in this field in line with those in ELAIS-N1 and Lockman (cf. Fig 9).
There is a small population of radio sources with consensus SFRs

well below 0.01𝑀�yr−1. SFRs at this level cannot be accurately
estimated by the SED fitting codes, and thus have large associated
uncertainties. This makes a radio-excess classification based on the
consensus SFR potentially unreliable for these sources. To avoid
this issue, these sources were only classified as radio-excess if their
radio luminosity exceeded (by 0.7 dex) that expected for a SFR of
0.01𝑀�yr−1. If their radio luminosity was below that level, but above
the radio-excess limit for their estimated consensus SFR, they were
deemed to be unclassifiable in terms of radio excess (0.4 per cent of
sources).
Finally, a small proportion of sources do not reach the radio-excess

selection threshold, but are clearly extended or multi-component
radio sources, inconsistent with simply being star-forming galaxies.
Those sources which are either multi-component sources associated
through the LOFARGalaxy Zoo effort (Paper III) with a physical size
in excess of 80 kpc, or single component sources with a major axis
size in excess of 80 kpc and which also exceed the resolved source
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threshold defined in Shimwell et al. (2019) by at least a factor of 1.5,
were deemed to be clearly extended. These sources were added to
the radio-excess sample if they were not already included (just under
0.5 per cent of the sample).
The lower panels of Fig. 8 show the ratio of measured radio lu-

minosity over that expected from the consensus SFR as a function
of redshift (left) and stellar mass (right); the horizontal dashed lines
show the expected relation for star-forming galaxies and the radio-
excess threshold, and the blue circles indicate again the peak of
the distribution at each redshift. It can be seen that there is a weak
variation of the population distribution with redshift, but no con-
sistent trend, and the distribution peak never moves more than 0.2
dex (< 1𝜎) from the ridgeline value. Radio excess sources are found
across all redshifts. The apparent gradual decline in the ratio with
increasing redshift at 𝑧 > 2.5 may be due to an increasing incom-
pleteness in the classification of radiative-AGN at these redshifts (see
Sec. 4), leading to an over-estimate in the SFR of some sources.
Regarding stellar mass, it is immediately clear from the lower-right

panel of Fig. 8 that the proportion of radio-excess sources increases
very strongly with mass, in particular for those objects not selected
to be radiative-mode AGN. This is the well-known trend that, in the
local Universe, the radio-loudAGN fraction shows a very strongmass
dependence (e.g. Best et al. 2005; Sabater et al. 2019). Kondapally
et al. (2022) use this LoTSS-Deep sample to investigate the cosmic
evolution of this trend. Fig. 8 also shows a weak variation of the
peak of the distribution of observed-to-predicted radio luminosity
with mass, with a consistent trend of higher mass galaxies having
on average a slightly higher radio luminosity for a given SFR. This
has been previously seen in the radio luminosity to SFR relation
(e.g. Gürkan et al. 2018; Smith et al. 2021), but it remains unclear
to what extent this is due to an intrinsic mass-dependence of the
amount of radio emission arising from star formation, as opposed to
the effect of a contribution from a population of radio-weak AGN,
more prevalent at higher stellar masses, that fall below the selection
limit for radio-excess sources.
Regardless, the variations in Fig 8 are sufficiently small (in both

redshift and stellar mass) that the use of a single SFR-radio relation
does not significantly affect the selection of radio-excess sources.

7 FINAL RADIO SOURCE CLASSIFICATIONS, AND
DEPENDENCIES

In the previous sections, LoTSS-Deep sources have been identified as
either radiative-mode AGN or not, and either radio-excess sources or
not, with a small number of sources being unclassifiable in each case.
Here, these are combined to derive a final set of source classifications.

• Sourceswhich are neither radiative-modeAGNnor radio-excess
sources are classified simply as star-forming galaxies (SFGs). Note
that this may include some quiescent galaxies (with SFRs below the
stellar mass vs SFR main sequence) whose low redshift nevertheless
allows the star formation to be detected by LOFAR.

• Sources which are radiative-mode AGN but which do not dis-
play a radio excess are radio-quiet AGN (RQAGN; including the
radio-quiet quasars)

• Sources which are not radiative-mode AGN but do display a
radio excess are the population of jet-mode AGN. Traditionally these
sources are referred to as low-excitation radio galaxies (LERGs)

• Sources which are both radiative-mode AGN and radio-excess
sources are sources such as radio-loud quasars (Type I or Type II).
These are traditionally referred to as high-excitation radio galaxies
(HERGs).

• Finally, any source which could not be reliably classified in
either of the criteria was left as unclassified.

Table 2 shows the number of sources of each class in each field.
As can be seen, the majority population in LoTSS-Deep DR1 is the
star-forming galaxies: these comprise just over two-thirds of the total
population, rising to over 70 per cent in the deepest field, ELAIS-N1.
Radio-quiet AGN contribute nearly 10 per cent of the total, with
the two radio-loud classes contributing around 18 per cent between
them, mostly as LERGs. Five per cent of the sources are unclassified.
Of these, around 3 per cent are the sources without host galaxy
identifications or redshifts for which no SED fitting could be carried
out, and the remaining 2 per cent aremostly fainter galaxies for which
the SED fitting algorithms either did not provide acceptable fits or
provided highly inconsistent results.
Table 3 provides the first five lines of the classification data for

each source in ELAIS-N1, along with the consensus mass and SFR
measurements; the full catalogues for each field are provided elec-
tronically. More extensive catalogues, including the key outputs of
each SED fitting code that were used to derive these, are made avail-
able on the LOFAR Surveys website (lofar-surveys.org).
Figure 9 shows the distribution of the different classes of source

as a function of various properties of the host galaxy. The top panels
show the distribution with respect to the 150-MHz flux density: the
left panel shows the fraction at a given flux density, and the right
panel shows the cumulative fraction above a given flux density. The
population is dominated by radio-loud AGN above flux densities of
about a mJy. The bulk of these are the LERGs, but with the fraction of
HERGs beginning to rise at the highest flux densities, where the cov-
erage of the sample begins to run out due to lack of sky area for these
rarer bright sources. This rise of the HERG population is seen even
more starkly in the middle left panel, which shows the distribution as
a function of radio luminosity, and is in line with expectations from
the relative luminosity functions of these two populations (e.g. Best&
Heckman 2012; Best et al. 2014). At lower flux densities (and below
150MHz luminosities of around 1025WHz−1), star-forming galaxies
take over the sample and quickly become the dominant population,
accounting for over 90 per cent of sources at the limiting flux density
reached in ELAIS-N1 (and more than 75 per cent of the cumulative
population above 𝑆150MHz ≈ 100`Jy). The switch between a star-
formation dominated population and a radio-loud AGN dominated
population occurs at around 𝑆150MHz ≈ 1.5mJy, which is fully con-
sistentwith the switch point at higher frequency of 𝑆1.4GHz ≈ 200`Jy
(found by Smolčić et al. 2017b) or 𝑆1.4GHz ≈ 250`Jy (found by
Padovani 2016), considering the typical radio spectral index of these
sources.
At all flux densities below a few mJy there is a significant popula-

tion of radio-quiet AGN, accounting for just under 10 per cent of all
sources over the 100 `Jy to 1mJy flux density range. This is slightly
lower than the fraction found in observations at higher frequencies:
early work by Simpson et al. (2006) suggested that 20 per cent of
sources with 100 `Jy ∼< 𝑆1.4GHz ∼< 300 `Jy are radio-quiet AGN,
while the COSMOS 3GHz work of Smolčić et al. (2017b) indicated
between 15 and 20 per cent (as determined from the 70 per cent
subset of their ‘High Luminosity AGN’ sample that shows no radio
excess). The origin of this difference is not completely clear. It may be
related to different implementations of the radio-loud to radio-quiet
separation, but more likely is associated with the radio-quiet AGN
having a flatter spectral index than star-forming galaxies (e.g. due to a
greater proportional contribution of flatter-spectrum core emission)
and therefore lesser prominence at the lower frequencies probed by
LOFAR. Given the steepness of the radio source counts, a difference
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Figure 8. Top: the distribution of radio luminosity versus SFR for LoTSS Deep Field sources in ELAIS-N1, split into those identified as radiative-mode AGN
from their SED (red points) and the sources which are not radiative-mode AGN (‘SED non-AGN’; black points). Within narrow bins in SFR, the ‘ridgeline’
points (larger blue circles) indicate the peak of the distribution of radio luminosities. These can be well-fitted by a power-law distribution shown by the solid
blue line, which is in broad agreement with literature relations (green lines). Bottom: the ratio of observed radio luminosity to that predicted from the consensus
SFR based on the ridgeline fit, versus redshift (left) and stellar mass (right). The horizontal dashed lines represent the expected relation and the radio-excess
threshold. Solid blue points in each plot show the peak of the distribution in narrow bins. These always lie within 0.2 dex of the expected relation. Radio-excess
sources are found over the full range of redshifts, but predominantly concentrate at high stellar masses.

Table 2. The number of sources of each class in the LoTSS-Deep DR1 dataset.

Source classification ELAIS-N1 Lockman Hole Boötes Total Percentage

Star-forming galaxies 22720 21044 11916 55680 67.9
Radio-quiet AGN 2779 2633 2030 7442 9.1

Low-excitation radio galaxies 4287 5304 3158 12749 15.6
High-excitation radio galaxies 510 710 524 1744 2.1

Unclassified 1314 1471 1551 4336 5.3

Total 31610 31162 19179 81951 100
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Figure 9. The fraction of sources of each different class (star-forming galaxies in grey; radio-quiet AGN in purple; low-excitation radio galaxies in blue; high
excitation radio galaxies in orange; unclassifiable sources in yellow) as a function of radio flux density (upper panels; left gives fraction at a given flux density,
and right gives cumulative fraction above a flux density), radio luminosity (middle left), stellar mass (middle right; for sources with 𝑧 < 1.8 only – see text),
optical r-band magnitude (lower left) and redshift (lower right; out to a final bin of 4 < 𝑧 < 6). On each plot, the solid line for each class represents the derived
fraction, and the shaded region indicates the calculated uncertainty. The open symbols show the values derived from each individual field (square = ELAIS-N1;
asterisk = Lockman Hole; diamond = Boötes), where there are at least 5 sources from that field in the given bin, and demonstrate the broad agreement between
fields. Note that the rise of the radio-quiet AGN population at the highest stellar masses is probably an artefact of larger mass uncertainties for these sources; see
text for details.
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Table 3. Classification results and consensus measurements for each source. The table shows the first five sources in ELAIS-N1: full catalogues are available
electronically. Columns give the full source identifier, the radio ID number, the total 150MHz flux density (in Jy), the redshift, the final radiative-mode
AGN classification (1=AGN, 0=non-AGN, −1=unclassifiable), the logarithm of the consensus stellar mass (in solar masses), the logarithm of the consensus
SFR (in solar masses per year), the radio excess (in dex), a flag to indicate extended radio sources (as defined in Sec. 6; 1=extended, 0=compact), the final
radio-AGN classfication (1=radio-AGN, 0=no radio excess, −1=unclassifiable), and the overall classification (SFR=star-forming galaxies; RQAGN=radio-quiet
AGN; LERG=low-excitation (jet-mode) radio galaxy; HERG=high-excitation (quasar-mode) radio galaxy; Unc=unclassified. Values of −99 indicate where no
measurement is available.

Source Name Radio ID 𝑆150MHz 𝑧 AGN log10(Mass) log10(SFR) Radio excess Extended Radio Overall
[Jy] class [M�] [M� /yr] [dex] class class

ILTJ155957.58+550052.4 0 0.000396 2.0437 0 11.62 2.22 0.31 0 0 SFG
ILTJ155958.25+550105.3 1 0.000736 0.6697 0 11.00 1.58 0.15 0 0 SFG
ILTJ155958.68+550534.6 2 0.000197 1.4289 0 11.58 1.16 0.79 0 1 LERG
ILTJ155959.52+545751.0 3 0.000158 1.7777 0 11.20 1.71 0.32 0 0 SFG
ILTJ160000.65+550723.3 4 0.000196 3.6960 1 11.42 2.87 -0.13 0 0 RQAGN

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

of only ≈0.2 in spectral index between star-forming galaxies and
radio-quiet AGN would decrease the proportion of radio-quiet AGN
in the sample by about a factor of 2; LOFAR studies of radio-quiet
quasars provide evidence in support of such flatter spectral indices
(e.g. Gloudemans et al. 2021).

The additional panels of Fig. 9 show the distribution of source
classes as a function of redshift, stellar mass and optical magnitude.
Note the strong rise of unclassified sources at 𝑧 < 0.1; low SFRs for
these galaxies can also lead to ambiguous radio excesses, while in
addition the aperture photometry and aperture corrections used for
the LoTSS Deep Field photometry (Paper III) are not optimised for
these low redshifts, and resulting errors will affect the SED fitting. At
these redshifts, it is in any case better to use the shallower, wider-area
LoTSS surveys. All populations are seen over the full range of opti-
cal magnitudes. As expected, the LERG population shows increasing
importance at higher stellar masses (note that this panel only includes
redshifts 𝑧 < 1.8 as mass estimates become increasingly less reli-
able at higher redshifts). The radio-quiet AGN show a dramatically
increasing importance at stellar masses above 1011.5𝑀� , but this is
likely to be an artefact, driven by larger mass uncertainties for these
sources due to the potential AGN contributions to their spectra: the
number of sources at these very highest masses is relatively low, and
so a few sources scattered up to high masses due to wider uncer-
tainties on their masses, or due to errors in the photometric redshifts
pushing them to higher redshift (and hence higher luminosity and
mass), can artificially dominate the population. Interestingly, star-
forming galaxies are seen across the full range of redshifts studied;
this indicates that the LoTSS-Deep sample is not only able to study
normal star-forming galaxies in the low and moderate redshift Uni-
verse, but also to select starbursting galaxies in the early Universe.

All of these results are broadly consistent across the three fields
(indicated by the open symbols in Fig. 9). In Sec. 4, the threshold lev-
els for selection of radiative-mode AGN were set slightly differently
in Boötes than the other two fields, based on the typically higher
𝑓AGN values found for the known spectroscopic and X-ray AGN and
colour-selected probable AGN. The consistency of the classifications
between fields in Fig. 9 gives confidence that this variation in thresh-
olds is indeed appropriate. The remaining variations are consistent
with what might be expected from cosmic variance, and indicate the
importance of combining the multiple fields in order to overcome
these effects, as well as to build a large statistical sample of sources.

8 COMPARISONS WITH SIMULATED SKY MODELS

Radio sky simulations provide a valuable tool for predicting the
populations of radio sources that will be observed in a given survey.
In addition to the planning of future radio surveys (e.g. Norris et al.
2013) or predictions of parameter constraints achievable with those
(e.g. Raccanelli et al. 2012; Harrison et al. 2016), these simulations
are a valuable tool in assessing the completeness of different radio
surveys (e.g. Hale et al. 2023), or in generating random samples for
clustering analyses (e.g. Siewert et al. 2020). The two most widely
used radio sky simulations in the literature are the SKA Design
Study (SKADS) Simulated Skies (Wilman et al. 2008) and the more
recent Tiered Radio Extragalactic Continuum Simulation (T-RECS;
Bonaldi et al. 2019).
The starting point for these simulations is the measured lumi-

nosity functions of different source populations, and their cosmic
evolution, which has typically been measured out to intermediate
redshifts. The luminosity functions are then extrapolated to lower lu-
minosities (lower flux densities), evolved out to higher redshifts, and
potentially converted to a different observed frequency. Comparison
of the predictions of these models against new deep observations
such as the LoTSS Deep Fields provides a critical test of the assump-
tions that go into the radio sky simulations, and an opportunity to
revise and improve these.
SKADS provides simulated predictions for four different radio

source populations: star-forming galaxies, radio-quiet AGN, and two
populations of radio-loud AGN. The two radio-loud AGN popula-
tions represent a low-luminosity and a high-luminosity component
that Wilman et al. (2008) associated with the FRI and FRII mor-
phological sub-populations (Fanaroff & Riley 1974), but which also
map reasonably well onto the LERG and HERG classifications, re-
spectively, used in this paper. Thus, all four radio source populations
can be directly compared between the SKADS simulations and the
LoTSS-Deep data. The radio-loud AGN population in T-RECS is
constructed from luminosity functions for steep- and flat-spectrum
radio sources together with BL Lac objects: these do not map onto
the radio-AGN subclasses considered here, so comparisons with T-
RECS can only be made with the radio-loud AGN population as
a whole. T-RECS also includes predictions for SFGs, but does not
include a separate radio-quiet AGN population: instead, T-RECS as-
sumes that the radio emission of radio-quiet AGN is dominated by
the on-going star-formation and thus that the radio-quiet AGN are
encompassed within the star-forming population.
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For both the SKADS and T-RECS simulations, a predicted source
population was extracted over a randomly-located sky area corre-
sponding to each of the three LoTSS Deep Fields. The simulations
include sources to well below the flux limits of the observation and
so, to replicate the observations, the LoTSS-Deep completeness sim-
ulations of Kondapally et al. (2022) and Cochrane et al. (2023) were
used to determine the probability that each simulated source would
be detected, and the source was randomly included in, or excluded
from, the simulated catalogue in accordance with that probability.
Figure 10 shows how the resultant simulated samples compare against
the LoTSS-Deep data in both flux density (left panels) and redshift
(right panels). Note that the small dip in the redshift distribution of
all LoTSS-Deep populations over 1.0 < 𝑧 < 1.5 is due to an aliasing
effect in the photometric redshifts, particularly in the ELAIS-N1 and
Lockman Hole fields, probably due to the lack of H-band data; this
is discussed in more depth in Cochrane et al. (2023), but is not a
significant issue for the analysis in the current paper.
The upper panels of Figure 10 show the simulation vs data com-

parison for a simple split into the two T-RECS source populations:
star-forming galaxies plus radio-quiet AGN, against radio-loud AGN
(HERGs + LERGs). Note that as well as allowing a comparison
against both T-RECS and SKADS, this population split is arguably
the most robustly determined in the LoTSS-Deep dataset, as it de-
pends only on the presence or absence of a radio-excess rather than
the (more difficult to establish) evidence for a radiative AGN. These
upper panels show that both T-RECS and SKADSdescribe fairly well
the transition between these two populations with decreasing radio
flux density. T-RECS also provides an accurate match to the redshift
distribution out to redshift 𝑧 ∼ 4, beyond which the simulated source
counts fall below those measured in the data; it is not clear whether
this is a shortcoming of the simulation, or whether the photometric
redshifts of the highest redshift sources become less reliable. The
SKADS simulations also match the data reasonably well out to red-
shift 𝑧 ∼ 2, but thereafter they over-predict the number of radio-loud
AGN and under-predict the star-forming galaxy population.
The lower panels of Figure 10 provide further analysis of the

SKADS simulations, split into the four sub-populations. Here, sign-
ficant differences are observed between the simulated and observed
datasets. First, SKADS underpredicts the number of SFGs by a fac-
tor ≈ 2 at all redshifts 𝑧 ∼> 0.2. This is a result which has previous
been established (e.g Bonaldi et al. 2016; Smolčić et al. 2017a); Hale
et al. (2023) use a ‘modified SKADS’ model where they double the
number of star-forming galaxies. Second, SKADS substantially over-
predicts the number of radio-quiet AGN at lower redshifts and lower
flux densities compared to the observations. Although it cannot be
excluded that this is due to misclassification of faint radio-quiet AGN
as star-forming galaxies in the observational data, a more likely ex-
planation is that, as discussed earlier, this is due to an assumed radio
spectral index of 0.7 for the radio-quiet AGN; a flatter spectral index
(or curved spectral shape due to low-frequency absorption) would
lead to a lower prevalence of these sources at the low frequencies
of the LoTSS-Deep data. The combination of fewer SFGs and more
RQAGN gives rise to the good agreement at low redshifts in the up-
per panel. For the radio-loud AGN, the difference in the high redshift
number counts comes primarily from an over-prediction of the LERG
population; the high redshift evolution of these sources was unknown
at the time of the SKADS simulations, and so was assumed to be
flat beyond 𝑧 ∼ 0.7; recent works (e.g Kondapally et al. 2022) show
this to be a reasonable assumption out to 𝑧 ∼ 2, but with indications
of a decline between 2.0 < 𝑧 < 2.5, suggesting a breakdown of the
SKADS assumptions.
In conclusion, while the SKADS simulations have been very suc-

cessful in producing simulated radio skies, datasets such as LoTSS-
Deep which probe new parameter space are revealing the shortcom-
ings in our understanding 15 years ago when those simulations were
first produced. The more modern T-RECS simulations provide a
better match to the current dataset, but would be enhanced by the
explicit inclusion of a radio-quiet AGN dataset, since the assumption
that the radio emission of these sources is entirely produced through
star-formation is known not to be true (see e.g. Macfarlane et al.
2021). Furthermore, explicit separation of the radio-loud population
into HERG and LERG components in T-RECS would be a valu-
able addition and allow more detailed comparison of the simulation
performance.

9 SUMMARY

The LoTSS Deep Fields are the widest deep radio survey ever under-
taken. The LoTSS-Deep first data release, comprising ≈80,000 radio
sources, is already an order of magnitude larger than previous radio
source samples at this depth. The final LoTSS-Deep sample will de-
tect > 250, 000 radio-selected sources over a 35 deg2 region of sky,
split into four different fields to largely overcome cosmic variance.
Extensive multi-wavelength photometry from the UV to the far-IR
in each field facilitates a huge range of scientific exploitation.
In this paper, a combination of four different SED fitting codes

has been applied to the multi-wavelength photometry of each of the
LoTSS-Deep DR1 sources. Two of the four codes (cigale and ag-
nfitter) include an AGN component in their SED modelling, and
these offer an estimate of the AGN contribution to the overall galaxy
SED. The other two codes (magphys and bagpipes) do not include
AGN components, but offer more comprehensive coverage of the
parameter space of the stellar component, and therefore are able to
provide more accurate results for galaxies without AGN contribu-
tions. By combining the AGN fractional contributions estimated by
cigale and agnfitter with the relative fitting ability of these two
codes compared against magphys and bagpipes, those galaxies with
an AGN contribution to their SED are identified.
Consensus stellar masses and star-formation rates are determined

for each galaxy. For the galaxies without AGN contributions, these
are generally based on the magphys and bagpipes results, which
show excellent overall agreement with each other. For those which
do show an AGN contribution to their spectra, the cigale results
are primarily adopted, as cigale is shown to provide more reliable
estimates than agnfitter.
The consensus star-formation rates are used to determine a rela-

tionship between 150MHz radio luminosity and star-formation rate,
using a ‘ridgeline’ approach to minimise bias from both radio selec-
tion effects and weak radio-AGN contributions. The determined rela-
tion is log10 𝐿150MHz = 22.24+1.08 log10 (SFR), where 𝐿150MHz is
in units ofWHz−1 and SFR in units of𝑀� yr−1. This is in very good
agreement with previous literature studies. Radio-excess sources are
then identified as those sources which show at least 0.7 dex (cor-
responding to ≈ 3𝜎) more radio emission than would be expected
based on the star formation rate.
Using these results, the LoTSS Deep Field sources are then clas-

sified into four classes: (i) star-forming galaxies, which show neither
any evidence for an AGN in their optical/IR SED nor a radio-excess;
(ii) radio-quiet AGN, which do have an AGN contribution to their
optical/IR SED, but show no radio excess; (iii) low-excitation radio
galaxies (jet-mode radio-AGN), which show a radio excess but no
optical/IR AGN signatures; (iv) high-excitation radio galaxies which
show both AGN emission in their optical/IR SED and a radio ex-
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Figure 10.A comparison of the radio source population fractions as a function of 150MHz flux density (left panels) and the redshift distribution of radio sources
(right panels) between the LoTSS-Deep data (solid lines and shaded regions) and the simulated sky predictions from SKADS (Wilman et al. 2008, dashed lines)
and T-RECS (Bonaldi et al. 2019, dot-dash lines). The upper panels show the populations split just into star-forming galaxies plus radio quiet AGN (blue) versus
radio-loud AGN (green), which can be compared against both SKADS and T-RECS simulations. The lower panels compare the four sub-populations against the
SKADS simulation predictions; note that the separation of the two SKADS radio-loud classes does not map precisely onto the HERG/LERG classification used
in this paper, although it is reasonably similar (see text).

cess. Less than 5 per cent of the sources are unable to be classified.
Overall, over two-thirds of the sources in the LoTSS Deep Fields are
star-forming galaxies, around 16 per cent are LERGs, just under 10
per cent are radio-quiet AGN, and 2 per cent are HERGs. The three
LoTSS Deep Fields show strong agreement in their source popula-
tions, despite significant differences in the input multi-wavelength
photometric data.
The star-forming galaxies dominate the population below flux den-

sities of 𝑆150MHz ≈ 1mJy, accounting for≈90 per cent of the sources
close to the flux limit of the deepest field, 𝑆150MHz ∼< 100`Jy. In
terms of luminosity, the star-forming galaxies become the largest
population below 𝐿150MHz ≈ 1025WHz−1. At higher flux densities,
and higher luminosities, the LERGs are the dominant population. The
proportion of HERGs begins to rise significantly at the very highest
flux densities and luminosities, but the LoTSS Deep Fields do not
cover enough sky area to probe the regime where these become the
dominant population.
Star-forming galaxies are observed across all redshifts, ranging

from normal star-forming galaxies in the nearby Universe to extreme
starbursting systems at 𝑧 > 4. They are also observed across a wide
range of optical magnitudes and stellar masses, peaking at around

1010.5 solar masses, typical of galaxies towards the upper end of the
star-formingmain sequence. The proportion of radio-quiet AGN rises
noticeably towards higher redshifts; it also rises sharply towards the
highest stellar masses, but this is likely to be an artefact of the steep
stellar mass function coupled with larger uncertainties on the stellar
masses of this population. The LERG population reaches its peak
importance at redshifts 1 to 3; however, the proportion of LERGs is
smaller than that of the star-forming galaxies at all redshifts, stellar
masses and optical magnitudes.
The observed populations are compared against the prediction of

the SKADS and T-RECS radio sky simulations. SKADS is shown
to underpredict the star-forming galaxy population by a factor ≈ 2
across all redshifts. It over-predicts the proportion of radio-quiet
AGN in the sample. This is likely to be due to the assumption of a
radio spectral index of 𝛼 = 0.7 for these sources: a flatter spectral
index, as indicated by recent LOFAR observations of radio-quiet
quasars, would reduce the prevalence of these sources in these low-
frequency observations. Finally, SKADS over-predicts the numbers
of LERGs at redshifts 𝑧 > 2, as it does not account for the negative
cosmic evolution of this population at high redshift beginning to be
observed in the latest datasets. T-RECS provides a good match to
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the star-forming and radio-loud AGN populations, but its lack of a
separate radio-quiet AGN population is a significant shortcoming.
The classifications, stellar masses and SFRs derived in this paper

form a vital input to many other studies using the LoTSS Deep Fields
first data release (Smith et al. 2021; Bonato et al. 2021; Kondapally
et al. 2022; McCheyne et al. 2022; Mingo et al. 2022; Cochrane et al.
2023, and others), and the techniques developed to derive these can
be applied to future data releases of the LoTSS Deep Fields. Many
advances continue to be made in the LoTSS Deep Fields that, in
addition to new deeper radio data, will improve classifications still
further. Over the next 5 years, the WEAVE-LOFAR survey (Smith
et al. 2016) will obtain around a million optical spectra of LOFAR
sources, including all sources detected in the LoTSS Deep Fields, us-
ing the newWilliam Herschel Telescope (WHT) Enhanced Area Ve-
locity Explorer (WEAVE)multi-object spectrograph (Jin et al. 2023).
WEAVE-LOFAR will provide spectroscopic redshifts for the vast
majority of the star-forming galaxies, radio-quiet AGN and HERGs
(especially at lower redshifts) due to their strong emission lines, re-
moving one of the largest uncertainties in the SED fitting. It may be
possible to obtain spectroscopic redshifts for LERGs from weaker
lines or continuum features, and even where this is not the case,
the confirmed absence of strong emission lines and AGN features
will add confidence to the reliability of the photometric redshifts.
For many sources, WEAVE-LOFAR will also improve source clas-
sifications through either emission line diagnostics, or emission line
to radio flux ratios (cf. Best & Heckman 2012, at lower redshifts).
Future imaging of these fields at 0.3-arcsec resolution, by includ-
ing the international LOFAR baselines (cf. Morabito et al. 2022;
Sweĳen et al. 2022), will further improve source classification by al-
lowing compact radio cores (AGN), kpc-scale star-forming regions,
and small-scale core-jet radio sources to be distinguished by their
radio morphology in these fields (Morabito et al. 2022). A compari-
son between the SED-determined classifications and those from high
resolution radio morphology will be very interesting.
The final LoTSS-Deep sample, imaged with sub-arcsec radio reso-

lution and coupled with high-resolution optical spectroscopy for each
source, will represent an extremely powerful resource for studies of
the evolution of galaxies and AGN.
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APPENDIX A: UNCERTAINTIES ON STELLAR MASSES
AND SFRS

As discussed in the main text, no attempt is made to derive stellar
mass or SFR uncertainties on a source-by-source basis: any reader
interested in individual sources can examine the results of all of the
different SED codes, provided in the extended tables on the lofar-
surveys.org website, and make their own assessment of the relevant
systematic and statistical errors. Instead, this appendix examines typ-
ical uncertainties that can broadly be considered.
For sources not identified as radiative-mode AGN, the consensus

stellar masses are derived using the magphys and bagpipes results.
For each source, the difference between the outputs of the two codes
provides an indication of systematic uncertainties, while the confi-
dence intervals provided by each code give an estimate of statistical
uncertainty. As a broad guide to the dominant uncertainty, for each
source the higher of these two values is considered. Figure A1 then
shows the median of this value for all galaxies within a given bin in
redshift–mass space. As can be seen, the calculated median uncer-
tainties are typically ∼< 0.1 dex at lower redshifts and higher masses.
As expected, they increase towards lower masses and towards higher
redshifts, in both cases due to the galaxies being fainter and therefore

Figure A1. Typical uncertainties on estimates of stellar mass, as a function of
both stellar mass and redshift, for non-AGN in the ELAIS-N1 field. At lower
redshifts and higher stellar masses, the uncertainty is generally ∼ 0.1dex, but
this increases towards lower stellar masses and for redshifts 𝑧 > 2.

having lower signal-to-noise photometric measurements in the SED
fitting.
The uncertainties in Fig. A1 can broadly be categorised in four

different ranges of parameter space, with empirical estimates of the
uncertainty possible for each:

• Higher mass, lower redshift: specifically log10 𝑀∗ ≥ (9.7 +
2.5 log10 (1 + 𝑧)) and 𝑧 ≤ 2. Here the uncertainty on stellar mass is
fairly constant at Δ𝑀∗ ≈ 0.1 dex.

• Higher mass, higher redshift: specifically log10 𝑀∗ ≥ (9.7 +
2.5 log10 (1 + 𝑧)) and 𝑧 > 2. Here the uncertainty increases with
increasing redshift and can be approximated as Δ𝑀∗ ≈ 0.05𝑧 dex.

• Lower mass, lower redshift: specifically log10 𝑀∗ < (9.7 +
2.5 log10 (1 + 𝑧)) and 𝑧 ≤ 2. Here the uncertainty increases with
decreasing mass and increasing redshift, broadly as Δ𝑀∗ ≈ 0.1 +
0.08(1 + 𝑧) (9.7 + 2.5 log10 (1 + 𝑧) − log10 𝑀∗) dex.

• Lower mass, higher redshift: specifically log10 𝑀∗ < (9.7 +
2.5 log10 (1 + 𝑧)) and 𝑧 > 2. The relative high uncertainties here
match on to the lower redshift and higher mass regimes: Δ𝑀∗ ≈
0.05𝑧 + 0.24(9.7 + 2.5 log10 (1 + 𝑧) − log10 𝑀∗) dex.

Uncertainties on the stellar masses of the radiative AGN are harder
to estimate in this manner, as mass estimates are derived from the two
cigale fits, and these are likely to be subject to related systematic
errors. Comparing the confidence intervals of the cigale fits with
those of the non-AGN in the same redshift-mass bin, the statistical
uncertainties of the radiative-mode AGN are on average 20 per cent
larger than those of the non-AGN; this sets a lower limit to the mass
uncertainty estimate, although it is likely that the systematic errors
will also be larger in cases where the AGN contributes significantly
to the optical to near-IR spectrum.
A similar approach can be followed to estimate the typical uncer-

tainties on the consensus SFR estimates. Fig. A2 shows the result,
split into bins of SFR and redshift. In this case it is apparent that
the SFR estimates are generally robust until the very lowest SFRs at
any redshift are reached (at most a few per cent of objects), where
the uncertainties increase dramatically. For the vast majority of the
population at higher SFRs, there is no strong dependence of the SFR
uncertainty (in dex) on the measured SFR, but a clear trend for the
uncertainty to increase with redshift, from ≈ 0.1 dex at 𝑧 ∼ 0 up to
0.15 dex by 𝑧 ∼ 1 and 0.2 dex by 𝑧 = 3. This can be empirically ap-
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Figure A2. Typical uncertainties on estimates of SFR, as a function of both
SFR and redshift, for non-AGN in the ELAIS-N1 field. SFR uncertainties
increase dramatically for the few per cent of sources at the lowest SFRs at
each redshift; above that they have little dependence on SFR, but increase
gradually with increasing redshift.

proximated asΔ(SFR)≈ 0.1×(1+𝑧)0.5 dex. The contributions to this
uncertainty from differences between codes and from the statistical
uncertainties within individual codes are comparable in size.
It should be emphasized again that these empirical relations are

only intended to provide a guide to the approximate stellar mass
and SFR uncertainties, and do not represent reliable values on a
source-by-source basis.
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ABSTRACT

In calculations of the ionization state, one is often forced to choose between the Case A recombi-

nation coefficient αA (sum over recombinations to all hydrogen states) or the Case B recombination

coefficient αB (sum over all hydrogen states except the ground state). If the cloud is optically thick to

ionizing photons, αB is usually adopted on the basis of the ”on-the-spot” approximation, wherein re-
combinations to the ground state are ignored because they produce ionizing photons absorbed nearby.

In the opposite case of an optically thin cloud, one would expect the Case A recombination coefficient

to better describe the effective recombination rate in the cloud. In this paper, I derive an analytical

expression for the effective recombination coefficient in a gas cloud of arbitrary optical thickness which

transitions from αA to αB as the optical thickness increases. The results can be readily implemented
in numerical simulations and semi-analytical calculations.

1. INTRODUCTION

If the diffuse ionizing radiation is not solved for in detail, one is forced to choose between the Case A and Case B

recombination coefficients to model the recombination rate of ionized gas. The wrong choice can lead to significant

errors. Raičević et al. (2014) have shown that adopting either the Case A or Case B recombination coefficient, without

modelling the diffuse radiation, can lead to significant inaccuracies in the modelling of H II regions around stars, as
well as the ionization state of the ’shadows’ behind illuminated optically thick absorbers. Significant errors can also

appear in cosmological settings. For example, wrongly adopting the Case A instead of the Case B recombination

coefficient – as done by some authors – in the study of chemistry in pristine atomic-cooling halos at Cosmic Dawn can

lead to an error of 80− 90% in the critical Lyman-Werner intensity needed to form direct-collapse black holes (Glover
2015), which in turn could lead to large errors in their predicted abundance. Similarly, choosing either αA or αB can

lead to shifts of ∆z ∼ 0.5 in the predicted end of reionization in models, all else being equal (Kaurov & Gnedin 2014).

It would be useful to have a general expression for the effective recombination coefficient αeff that interpolates between

Case A and Case B as the cloud optical thickness increase. Davidson (1977) proposed a crude ”modified on-the-spot”

method for αeff which does this (see also, e.g., Netzer & Ferland 1984; Netzer 1990), but it was for slab geometry and
no derivation was given for the result. Below I derive the effective recombination coefficient for a spherical gas cloud

of uniform density and ionization state and arbitrary optical thickness. This is done by solving for the diffuse ionizing

radiation using the Eddington approximation. The final result (Eqs. 11 and 13) can be applied in e.g. semi-analytical

models of gas chemistry in collapsing regions, or on a cell-to-cell basis in numerical simulations of reionization.

2. SOLVING THE RADIATIVE TRANSFER EQUATION

Consider a stationary spherical gas cloud of radius R, uniform hydrogen density nH = nH0 + nH+ and ionization
fraction x ≡ nH+/nH. To get the effective recombination coefficient we need to know the ionization rate as a result

of recombination coefficients to the ground state. This in turn requires us to solve for the diffuse ionizing radiation

within the cloud. Thus, we start with the radiative transfer equation in spherical coordinates (e.g., Chandrasekhar

1960):

µ
∂Iν
∂r

+
1− µ2

r

∂Iν
∂µ

= jfb,ν − nH0σνIν . (1)

http://arxiv.org/abs/2305.05764v1
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Here σν is the hydrogen photoionization cross-section, and jfb,ν the emissivity due to recombinations to the ground

state: 1

jfb,ν ≃ α1nH+ne

4π
ELyC δD(νLyC) , (2)

where ELyC = hνLyC = 13.6 eV is the ionization threshold, and α1 = αA − αB is the recombination rate to the
ground state. We can solve Eq. (1) using the Eddington approximation, wherein the intensity is assumed to be nearly

isotropic. This approximation is expected to be good in this case because the emissivity in Eq. (2) is isotropic. The

zeroth, first, and second moments of the intensity are:

Jν =
1

2

∫ 1

−1

dµIν , Hν =
1

2

∫ 1

−1

dµµIν , Kν =
1

2

∫ 1

−1

dµµ2Iν . (3)

In the Eddington approximation one make the linear approximation Iν(r, µ) ≃ aν(r) + bν(r)µ, which leads to the

closure relation Kν = Jν/3 (e.g., Rybicki & Lightman 1986). Taking the zeroth and first moments of Eq. (1) and

employing the closure relation yields:

dHν

dr
+

2Hν

r
= jfb,ν − nH0σνJν ,

1

3

dJν
dr

= −nH0σνHν . (4)

These equations can be combined into a single one for Jν :

d2Jν
dτ2ν

+
2

τν

dJν
dτν

− 3Jν = − 3jfb,ν
nH0σν

, (5)

where I have introduced the optical depth from the center, τν(r) =
∫ r

0
dr′nH0σν (so that it is zero at the center). The

above differential equation can be solved using the simplifying assumptions of uniform density and ionization fraction.

The general solution is:

Jν(τν) =
jfb,ν
nH0σν

+
1

τν

(

Ae−
√
3τν +Be

√
3τν

)

. (6)

The constants A and B can be determined from the boundary conditions:

1. Zero net flux Fν = 4πHν at the center (τν = 0).

2. No incoming diffuse intensity I−ν at the cloud edge (at optical depth τcl,ν ≡ nH0σνR).

The first boundary condition implies that dJν/dτν = 0 at τν = 0 (see Eq. 4). The second boundary condition can

be treated with the two-stream approximation (e.g., Rybicki & Lightman 1986), where the intensity is assumed to

travel at two angles µ = +1/
√
3 (outgoing) and µ = −1/

√
3 (incoming). With our convention for the optical depth

increasing from the center, this yields I−ν = Jν + (1/
√
3)(dJν/dτν). This should be zero at τcl,ν to satisfy the second

boundary condition. After some algebra and using Eq. (2) one ends up with the solution:

Jν(τν) =
α1nH+neELyC

4πnH0σν

δD(νLyC)

{

1 +
1

τν

(

e−
√
3τν − e

√
3τν

)

[

2

τcl,ν
e
√
3τcl,ν +

1√
3τ2cl,ν

(

e−
√
3τcl,ν − e

√
3τcl,ν

)

]−1 }

. (7)

This solution will determine the photoionization rate from the diffuse ionizing radiation in the cloud.

3. THE EFFECTIVE RECOMBINATION COEFFICIENT

With the solution for the diffuse mean ionizing intensity Jν we can now determine the effective recombination
coefficient. We can define it from the time evolution of the ionized hydrogen number density:

∂nH+

∂t
= Γ⋆nH0 + ΓdiffnH0 − αAnH+ne ≡ Γ⋆nH0 − αeffnH+ne , (8)

1 The ground state recombination line has a spectrum ∝ e(ELyC−hν)/kT , so approximating the recombination line as a Dirac delta function

is a good approximation for temperatures T . 0.1ELyC/k ≃ 1.6× 104K.
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where Γdiff =
∫∞
νLyC

dν 4πJνσν/hν is the photoionization rate due to the diffuse ionizing radiation, and Γ⋆ the pho-

toionization rate from any luminous sources (e.g. nearby stars). The above definition yields an effective recombination

coefficient of:

αeff = αA − ΓdiffnH0

nH+ne

. (9)

Using Eq. (7) we find a diffuse photoionization rate of

Γdiff(τ) =
α1nH+ne

nH0

{

1 +
1

τ

(

e−
√
3τ − e

√
3τ
)

[

2

τcl
e
√
3τcl +

1√
3τ2cl

(

e−
√
3τcl − e

√
3τcl

)

]−1 }

, (10)

where τ and τcl are τν and τcl,ν evaluated at the Lyman limit (νLyC), respectively. Thus, the effective recombination

coefficient at position τ becomes (using α1 = αA − αB):

αeff(τ) = αA − (αA − αB)

{

1 +
1

τ

(

e−
√
3τ − e

√
3τ
)

[

2

τcl
e
√
3τcl +

1√
3τ2cl

(

e−
√
3τcl − e

√
3τcl

)

]−1 }

. (11)

This is dependent on the position within the cloud. The cloud-averaged recombination coefficient that determines the

recombination rate of the cloud as a whole is given by:

〈αeff〉 =
∫ R

0
drαeff(r)nH+ner

2

∫ R

0
drnH+ner2

=
3

τcl

∫ τcl

0

dτ αeff(τ)τ
2 , (12)

where I have used the assumption of homogeneity to get the final integral over optical depth. Using Eq. (11) the
average effective recombination coefficient becomes:

〈αeff〉 = αA − (αA − αB)f(τcl) , (13)

where the function f(τcl) is given by

f(τcl) = 1− 1 +
√
3τcl − e2

√
3τcl

(

1−
√
3τcl

)

2τ2cle
2
√
3τcl + τcl√

3

(

1− e2
√
3τcl

) . (14)

The effective recombination rates 〈αeff〉, αeff(τ = 0), and αeff(τ = τcl) are plotted in Fig. 1. For gas clouds that are

optically thin to ionizing photons (τcl ≪ 1) we have f(τcl) ≪ 1 and hence 〈αeff〉 ≃ αA. For optically thick clouds

(τcl ≫ 1) we instead have f(τcl) ≃ 1 and so 〈αeff〉 ≃ αB. The cloud-averaged effective recombination coefficient,

therefore, interpolate between Case A and Case B as expected. The same is true for the effective recombination
coefficient at the center of the cloud, αeff(τ = 0). The optically thick limit for αeff(τ = τcl) falls right in the middle

between Case A and Case B because half of the diffuse ionizing photons produced at the cloud edge can freely escape

the cloud (as noted by Davidson 1977; Netzer & Ferland 1984).

I want to thank Garrelt Mellema, Sambit K. Giri, and the Stockholm Reionization Group at large for interesting and
helpful discussions.
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ABSTRACT

We used high-resolution [C II] 158µm mapping of two nebulae IC 59 and IC 63 from

SOFIA/upGREAT in conjunction with ancillary data on the gas, dust, and polarization to probe

the kinematics, structure, and magnetic properties of their photo-dissociation regions (PDRs). The

nebulae are part of the Sh 2-185 H II region illuminated by the B0 IVe star γ Cas. The velocity struc-

ture of each PDR changes with distance from γ Cas, consistent with driving by the radiation. Based on

previous FUV flux measurements of, and the known distance to γ Cas along with the predictions of 3D

distances to the clouds, we estimated the FUV radiation field strength (G0) at the clouds. Assuming

negligible extinction between the star and clouds, we find their 3D distances from γ Cas. For IC 63,

our results are consistent with earlier estimates of distance from Andersson et al. (2013), locating the

cloud at ∼2 pc from γ Cas, at an angle of 58◦ to the plane of the sky, behind the star. For IC 59, we

derive a distance of 4.5 pc at an angle of 70◦ in front of the star. We do not detect any significant

correlation between the orientation of the magnetic field (Soam et al. 2017) and the velocity gradients

of [C II] gas, indicating a moderate magnetic field strength. The kinetic energy in IC 63 is estimated to

be order of ten higher than the magnetic energies. This suggests that kinetic pressure in this nebula
is dominant.

Keywords: ISM: Clouds – Submillimeter: ISM – ISM: lines and bands – ISM: individual (IC 63) – ISM:

individual (IC 59) – (ISM:) photon-dominated region (PDR)

1. INTRODUCTION

Radiation from newly formed, hot, high-mass O and B

stars can give rise to a number of dynamical and chem-

ical effects in surrounding material. Ionizing radiation

from these young stars can cause exposed material in the

surrounding cloud to photoevaporate and ionize the in-

ner boundaries of expanding HII regions. Existing den-

Corresponding author: Miranda Caputo

miranda.caputo@rockets.utoledo.edu

sity enhancements on the peripheries of expanding H II

regions create bright-rimmed clouds (BRCs). The bright

rim produced by the recombination radiation from the

ionization front (IF) on their surface facing the ionizing

source.

High energy radiation from ionising sources causes

feedback processes in the surrounding medium. This

feedback can be positive or negative; causing triggered

star formation or quenching of star formation respec-

tively. A systematic investigation is needed on injec-

tion of mechanical energy and radiative heating effi-

ciency in regions dominated by the different processes
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Figure 1. RGB image of the Sh 2-185 H II region made
from WISE W1 (3.4µm) in blue, W3 (12µm) in green, and
W4 (22µm) in red.

(stellar winds, thermal expansion, radiation pressure).

However, some numerical simulations, such as Lancaster

et al. (2021), shed controversy on the importance of stel-

lar winds, leaving mainly thermal expansion and photo-

evaporation. The [C II] line uniquely probes the kine-

matics of the gas exposed to the mechanical energy in-

put by massive stars and therefore directly measures the

mechanical energy injection into the medium. The ob-

servations of the [C II] line suggest that that winds could

dominate for early type stars while thermal expansion

dominates for later type stars, e.g. Pabst et al. (2020).

The dominant processes in PDRs depends not only on

the stellar spectral type, but also the evolutionary state

of the system, internal pressures, and the geometry and

distance of the clouds from the star. The case of IC 59

and IC 63 presents an interesting example in which the

feedback from a B0 star is dominated by photevapo-

ration. The radiative feedback processes acts directly

on the PDR while mechanical feedback is transmitted

through the PDR to the cloud interiors.

Associated with these H II regions and BRCs, photo-

dissociation regions, or photon-dominated regions

(PDRs), can be described as the regions in the in-

terstellar medium (ISM) where UV radiation dominates

the photochemistry (Hollenbach & Tielens 1997; Wolfire

et al. 2022). These PDRs are found in the transitional

regions between the ionized, atomic material and the

colder, denser, molecular material in clouds. UV radia-

tion can infiltrate the denser gas in these PDR regions

exciting, ionizing, and affecting the gas motion, in-

ducing chemical, thermal, and dynamical changes, and,

possibly, triggering star formation. These features make

PDRs important laboratories for probing the physics,

chemistry, and evolution of the ISM.

Amongst the nearest of well-defined systems of PDRs

is the Sh 2-185 H II region created by the B0 IVe star

γ Cas (Figure 1), located at a distance of 190 ± 20pc,

consisting of the IC 63 and IC 59 nebulae (Osterbrock

1957; France et al. 2005; Miao et al. 2010; Andersson

et al. 2013; Soam et al. 2017). Because of its brightness

and proximity to the sun, Sh 2-185 is an ideal laboratory

to better test the modern theoretical PDR models and

to understand their structure and kinematics.

The brighter of these clouds, IC 63, has been observed

through various studies and surveys and is composed

of several clumps with varying characteristics. Jansen

et al. (1994, 1995, 1996a,b) performed an extensive,

multi-line tracer survey of IC 63 and interpreted their

relatively low spatial resolution data with comprehen-

sive physical and chemical modeling without resolving

the structure of the cloud itself. Using interferomet-

ric maps in HCO+ (J=1-0), Polehampton et al. (2005)

showed a highly compressed ridge on the star facing side

of IC 63 which is consistent with numerical models of

BRCs (Miao et al. 2009). Fleming et al. (2010) used

H2 (0-0) S(2) through S(5) excitation to show a temper-

ature gradient across the cloud. Due to the shape of

IC 59 not being represented by most BRC models (Miao

et al. 2009), Miao et al. (2010) proposed and modeled

an idealized M-type BRC morphology based on IC 59

structure and supported the conclusion from Karr et al.

(2005) that there is no active star formation in IC 59.

Andrews et al. (2018) used infrared emission from

both IC 63 and IC 59 to study the PAHs in these PDRs.

They concluded that both IC 63 and IC 59 are experi-

encing photo-evaporation due to radiation from γ Cas

and that the tips of each nebula are further away from γ

Cas than their respective projected distances. They also

used archival Herschel and Spitzer maps and line spec-

troscopy of IC 63 and IC 59, using spectral energy dis-

tributions to measure the FUV radiation field strength.

They performed PDR modeling of the [C II] and [O I]

lines and the infrared continuum to derive the density

and temperatures of these clouds.

Along with surveys of gas and dust tracers, another of

the many ways in which these clouds have been studied

is through starlight polarization observations to investi-

gate magnetic fields. PDRs are an ideal environment for

the study of grain alignment mechanisms, in particular

the radiative alignment torque (RAT) theory (Lazarian

& Hoang 2007; Andersson et al. 2013; Hoang et al. 2015).

Soam et al. (2017) mapped the magnetic fields in a re-
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gion containing IC 63 and IC 59 using optical polariza-

tion measurements. The magnetic fields were found to

be ordered. In IC 63, the field lines were found almost

parallel to the direction of illuminating radiation and

almost perpendicular in case of IC 59. These investiga-

tions were done to understand the magnetized evolution

of these nebulae. Polarization efficiency and collisional

disalignment of dust grains in IC 63 are studied by Soam

et al. (2021d) and Soam et al. (2021a), respectively. The

gradients in temperature and densities in the PDR re-

gion of IC 63 are also studied by Soam et al. (2021c)

using pure rotational molecular hydrogen observations.

High sensitivity observations of a PDR line-tracer at

high spectral resolution is necessary in order to probe

the kinematics of the region. SOFIA upGREAT velocity

maps of [C II] are ideal for tracing PDRs. In this paper,

our focus is to understand the kinematics, structure, and

geometry of these nebulae using [C II] emission.

The paper is structured as follows: Section 2 describes

the observations and data reduction. Section 3 presents

the detailed analysis. The results of the gas and dust

emissions and cloud kinematics, magnetic field and ve-

locity gradients, and the FUV radiation strength esti-

mation in IC 63 are given in Section 4. In Section 5,

we discuss our findings and Section 6 summarizes our

results and describes proposed further work.

2. DATA ACQUISITION AND REDUCTION

We observed [C II] 158µm line emission toward

IC 63 and IC 59 using the upgraded German Receiver

for Astronomy at Terahertz Frequencies (upGREAT)

(Heyminck et al. 2012; Risacher et al. 2016) on board

the Stratospheric Observatory for Infrared Astronomy

(SOFIA) (Young et al. 2012). The upGREAT Low Fre-

quency Array (LFA) is a 14-pixel array (two 7-pixel

arrays with orthogonal polarizations) that observes at

∼ 2 THz. Observations of both sources were made as

part of SOFIA project 05 0052 (PI: B-G Andersson).

The IC 63 observations were made on a ∼50-minute

flight leg on 1 February 2017. To create the map, we

used the total power on-the-fly mode (TP OTF), scan-

ning in the N-S direction. The map size was 288′′ x

252′′, as seen by the central LFA pixel. The step size

between spectral readouts along each scan row was 6′′,

and the spacing between scan rows was 6′′. The inte-

gration time in each readout was 0.7 s pixel−1, which

translates to ∼10 seconds of on-source integration time,

given the spatial multiplexing advantage of 14 pixels.

The IC 59 observations were carried out during six

flight legs in 2017, on 8, 9, 10, 14 February and 13 and 15

June. The total flight leg time for these six legs was ∼3.5

hours. The IC 59 region was covered with two different

TP OTF maps. The first, larger map is 600′′ x 540′′

as seen by the central LFA pixel, and covers the entire

nebula. The second, smaller map is 468′′x294′′, and is

rotated by 25◦ (counter-clockwise) relative to the J2000

coordinate frame. The sky position of the second map

was optimized to cover the [C II] emission detected in the

first map. Both IC 59 maps have 6′′ between readouts

along each scan row, and 6′′ separation between rows.

The total on-source integration time per map point in

the combined map is ∼14 seconds.

All of the data was calibrated by the GREAT instru-

ment team using their kalibrate software (Guan et al.

2012). Main beam efficiencies for each pixel were ap-

plied (values ranged from 0.59 to 0.68). We fit second

order baselines to a narrow spectral region (-21 to +21

km s−1 for both IC 63 and IC 59) after masking out the

line region (-4 to +4 km s−1 for IC 63, -5 to +5 km s−1

for IC 59). The final data cubes were gridded onto 7.5′′

pixels, and spectrally smoothed to 0.4 km s−1. To re-

move spectral baselines and create the final data cube,

we used the CLASS1 software package.

We also used HCO+ (J=1-0) position-position-velocity

maps observed with CARMA2 (Soam et al. 2021b),

and molecular hydrogen H2 (1-0) S(1) mapping from

CFHT3 (Andersson et al. 2013) in conjunction with

low-resolution 12CO (1-0) data from TRAO4 as part of

a molecular line survey of 16 BRCs by Soam et al. (in

prep.) to help in studying the gas locations at different

opacities. Visual extinction data was obtained from a

Vilnius-system 5 Archival 70 and 250 -µm maps from

Herschel PACS and SPIRE, WISE 22µm maps, Spitzer

IRAC 8µm, and IPHAS6 Hα (Drew et al. 2005; Bar-

entsen et al. 2014) maps of the regions were used to

better understand the dust properties of the clouds.

3. ANALYSIS

3.1. Dust and Gas Emissions

1 CLASS is part of the Grenoble Image and Line Data
Analysis Software (GILDAS; Pety 2005), which is pro-
vided and actively developed by IRAM, and is available at
http://www.iram.fr/IRAMFR/GILDAS

2 The Combined Array for Research in Millimeter-wave
Astronomy. https://en.wikipedia.org/wiki/Combined Array for
Research in Millimeter-wave Astronomy

3 Canada France Hawaii Telescope. https://www.cfht.hawaii.
edu/

4 Teaduk Radio Astronomical Observatory at the Korea Astron-
omy and Space Science Institute. https://trao.kasi.re.kr/main.
php

5 VILNIUS is a medium-band, seven-color photometeric sys-
tem(UPXYZVS).

6 The International Photometric Hα Survey of the northern
galactic plane. http://www.iphas.org/

https://en.wikipedia.org/wiki/Combined_Array_for_Research_in_Millimeter-wave_Astronomy
https://en.wikipedia.org/wiki/Combined_Array_for_Research_in_Millimeter-wave_Astronomy
https://www.cfht.hawaii.edu/
https://www.cfht.hawaii.edu/
https://trao.kasi.re.kr/main.php
https://trao.kasi.re.kr/main.php
http://www.iphas.org/
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Figure 2. Top panel: three-color, RGB image of IC 63
made with SOFIA upGREAT [C II] integrated intensity
map in red, CFHT H2 (1-0) S(1) in green, and CARMA
HCO+ (J=1-0) integrated intensity in blue. Middle panel:
RGB with [C II] in red and H2 (1-0) S(1) in green like above,
but blue is IPHAS Hα emission. Lower panel: Model of
IC 63 with naming conventions.

Figure 3. Same as Figure 2 but for IC 59 and the blue in the
upper panel is 12CO (1-0) integrated intensity. Remnants of
the imperfect star subtraction and chip boundaries can be
seen in the CFHT H2 (1-0) S(1), green, emission.



[C II] kinematics of IC 59 and IC 63 5

Figure 2 shows two RGB images of IC 63 created

with the upGREAT [C II] integrated intensity map

in red, CFHT H2 (1-0) S(1) map in green, CARMA

HCO+ (J=1-0) integrated intensity map in blue in the

top panel, and IPHAS Hα emission in blue in the middle

panel.

Figure 3 shows RGB images of IC 59 with [C II] in red,

H2 (1-0) S(1) in green, TRAO 12CO (1-0) integrated in-

tensity map in blue in the upper panel and as IPHAS Hα

in blue in the middle panel. The intensity levels for each

color in Figures 2 and 3 were chosen to provide a balance

between signal-to-noise and the desire to best represent

all the data in the images. The CFHT H2 (1-0) S(1) and

the IPHAS Hα images were star subtracted.7.

The lower panels in Figures 2 and 3 illustrate the re-

gions and naming conventions used in the rest of this

paper for IC 63 and IC 59, respectively.

Figure 4 shows integrated intensity maps of [C II] and

HCO+ (J=1-0), and dust emission maps from Herschel

PACS 70 and SPIRE 250µm, WISE 22µm, and Spitzer

IRAC 8µm for IC 63. Panel (c) is the HCO+ (J=1-0)

integrated intensity map from panel (b) zoomed-in and

with the intensities stretched in order to show the fainter

emission near the second clump that is only visible when

saturating the high emission region to the west. Figure

5 shows the same maps as Figure 4 for IC 59 but without

HCO+ (J=1-0) maps.

Each map from Figures 4 and 5 has the corresponding

beam size plotted in the lower left corner and a physical

scale for reference (0.01 pc for IC 63 and 0.1 pc for IC 59)

on the lower right, assuming the clouds are 200 pc away.

All maps other than the [C II] integrated intensity map

are over-plotted with smoothed black or white contours

of the corresponding [C II] integrated intensity map with

levels at [10, 15, 20, 25, 30, 35, 40] K km s−1, ∼20-80%

of the maximum integrated intensity of 50 K km s−1 for

IC 63 and [10, 13, 16, 20] K km s−1, ∼33-66% of the max-

imum integrated intensity of 30 K km s−1 in IC 59.

3.2. Velocity Channel Maps

Figure 6 shows a velocity channel map of [C II] in

IC 63 obtained from our SOFIA/upGREAT position-

position-velocity data, moving from the blue-shifted ve-

locity component of ∼-2 km s−1 on the top left to the

blue-shifted velocity component ∼3.4 km s−1 on the bot-

tom right. Contours are at levels 4 to 20 K km s−1 in

steps of 4 K km s−1. The velocity channel map of [C II]

for IC 59 is shown in Figure 7 with the same general

properties as Figure 6 but with velocities from -2.5 km

7 Images were star subtracted thanks to the program Star-
net++, found at https://sourceforge.net/projects/starnet/

s−1 to ∼2.9 km s−1, labels on the lower right, and con-

tours at levels 2, 5, and 8 K km s−1.

3.3. Position-Velocity Diagrams

The upper panels of Figures 8 and 9 show gray-

scale [C II] integrated intensity maps with numbered ar-

rows where slices have been taken through the position-

position-velocity upGREAT [C II] data cubes of IC 63

and IC 59. The position-velocity (PV) diagrams from

these slices are shown in the lower panels of the figures,

with velocities from ∼-3 through 4 km s−1 for IC 63 and

∼-4 through 3 km s−1 for IC 59. HCO+ (J=1-0) data

from slice 5 in IC 63 is also shown on the bottom panel

for Figure 8 from -1 to 1.5 km s−1 in two different color

stretches to show the slight emission at an offset of ∼2.5′.

The offset begins at 0′ from the base of each arrow from

the upper panels and concludes at the tips of the arrow

heads.

4. RESULTS

4.1. Dust and Gas Relations

4.1.1. IC 63

As can be seen in Figures 2 and 4, the highest intensity

regions of IC 63 are the fishhook feature inside the main

clump, the small clump, and the front edge in those

maps where the resolution is good enough to see it. The

other noticeable, but less intense, features are the upper

and lower tails that appear to stream from the different

clumps. The 250µm map from Herschel SPIRE, panel

(g) in Figure 4, has a background source to the west

of the PDR that is not seen in any other map shown

in Figure 4. This object is not being considered in our

analysis.

In low-resolution (44′′) observations of IC 63 using CO

(J=1-0) from TRAO, the emission was seen in the main

clump, but the small clump was not detected (Soam et

al., private communication). The small clump is de-

tected in HCO+ (J=1-0) and [C II] emissions .

The dense gasses, like HCO+ (J=1-0), mainly trace

the fishhook feature while the ionized gas, traced by Hα,

appears around the areas of the lowest optical depth,

such as the western edges of the main and small clumps

as well as the upper tail. Hα is also present over the

majority of the main clump at a slightly lower emission.

The tail features lie slightly off of the radial line from

γ Cas found to the southwest (see white arrow in Figure

4 panel (a)). Andersson et al. (2013) argued that, if the

angle discrepancy between the projected radial vector

from γ Cas and the angle of the tails is due to projection

effects, the line between the star, γ Cas, and the nebula,

IC 63, makes an angle of ∼58◦ with respect to the plane

of the sky.

https://sourceforge.net/projects/starnet/
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Figure 4. False color images of dust tracers and integrated intensity maps of HCO+ (J=1-0) and [C II]. Dust tracer maps are
Spitzer IRAC 8µm, WISE 22µm, and Herschel PACS 70µm and SPIRE 250µm maps. Overlaid black contours show smoothed
[C II] integrated intensity, panel (a), at levels [10, 15, 20, 25, 30, 35, 40] K km s−1. Panel (c) is a zoomed in and stretched image
of panel (b). All panels are labeled on the top right corner with the related map name, lower left with beam size, and lower
right with a 0.01 pc scale reference except for panel (c), where this is located in the upper left. Panel (a) also has a white arrow
showing the plane of the sky projection from γ Cas as reference.

4.1.2. IC 59

IC 59, seen in Figures 3 and 5, has multiple regions of

high intensities. The brightest region is the upper arm,

followed by the main body and the head. The east-

ern and western regions of the lower arm are the least

bright regions. The TRAO observations of 12CO (1-0)

toward IC 59 only traces the upper arm area, while the

Hα traces only the bottom ridge of the nebula without

overlapping with any of the other tracers, unlike what

is seen in IC 63. A slight enhancement in the H2 fluo-

rescence can be seen on the star-ward side of the CO

detection, reminiscent of the much stronger detection in

IC 63.

4.2. Cloud Velocities

4.2.1. IC 63

One of the most noticeable features of Figure 6 is the

intensity shift from west to east as the velocities move

from negative to positive. The most blue shifted veloc-

ity region of the nebula is the western edge of the main
clump, including the fishhook and front edge, which also

happens to be where Hα and H2 (1-0) S(1) are dominant

(see Figure 2). This region disappears in the more pos-

itive velocities, where the rest of the cloud is visible.

As can also be seen with the PV diagrams in Figure

8, the small clump, slice 4, seems to span the largest

velocity ranges from ∼-1 km s−1 through 3 km s−1 while

the main clump/fishhook, slice 6, seems to only range

from ∼-2 km s−1 through 1 km s−1. The wide range in

velocities covered by the small clump leads to a larger

integrated intensity, as seen in Figure 4 panel (a), even

though the peak intensities never surpass those of the

fishhook. This could mean that the small clump is less

dense and cooler than the fishhook region.

Slice 5 in Figure 8 shows that the main clump region,

including the fishhook and front edge, is much more blue

shifted in velocity than the small clump, with average
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Figure 5. Same emission maps from Figure 4 but for IC 59 and without HCO+ (J=1-0). Overlaid black and white contours
show smoothed [C II] integrated intensity, panel (a), at levels [10, 13, 16, 20] K km s−1. All panels are labeled on the lower right
with a 0.1 pc scale reference.

velocities of ∼0 and 1.5 km s−1, respectively. The loca-

tion of the HCO+ (J=1-0) emission coincides with the

emission of [C II].

Slice 2 shows that the tails are somewhat blue shifted

in velocity along the outer edges of the nebula, where

some Hα is seen in Figure 2, while being redshifted to-

wards the area in between the two tails.

4.2.2. IC 59

The velocity channel map of [C II] in IC 59, shown in

Figure 7, seems to follow similar patterns to IC 63 in

Figure 6, but in opposite velocity directions. The ma-

jority of the cloud is blue shifted in velocity and clearly

visible until -0.5 km s−1 where it begins to disappear.

The main body, eastern lower arm, and the upper arm

are the only regions that persist into the positive veloc-

ities. The highest intensity region, the upper arm, goes

∼1 km s−1 further into the positive velocities than any

other region.

The upper arm of IC 59, where CO is detected and

shown in blue in the upper panel of Figure 3, is compara-

ble to the main clump/fishhook region of IC 63 because
these are the densest regions of each cloud. This is also

where a faint H2 fluorescent ridge can be seen. Compar-

ing these two high density regions in each cloud we find

a contrast in their movements compared to the rest of

the clouds. The high density region in IC 63 contains,

and is surrounded by, the most negative [C II] velocities

seen in the cloud while we see the opposite in IC 59 with

the most positive velocities seen in and around the high

density region of the upper arm.

Slice 1 of Figure 9 shows that the outside of the two

arms are redshifted in velocity, while the space between

them is blue shifted. In comparison, slice 2 of Figure

8 shows that IC 63 is the opposite, where the outside

of the tails are blue shifted and the area in between is

redshifted. This suggests that the ionized gas towards
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Figure 6. False color channel map of [C II] for IC 63. The corresponding velocity for all channels are marked in the upper
right-hand corner of each panel.

the outside of both the arms and tails are traveling in

opposite directions from our perspective.

4.3. Spectral line features in different regions of the

nebulae

The lower panels of Figures 10 and 11 show spectra

that have been extracted from the SOFIA/upGREAT

[C II] position-position-velocity cube regions for IC 63

and IC 59, respectively, along with the spectra for

HCO+ (J=1-0) from these same regions in IC 63. The

regions are over plotted and numbered on the gray-scale

[C II] integrated intensity maps in the upper panels of

each figure. Each of the spectra in the lower panels

have been fitted with a single Gaussian function to de-

rive their quantitative properties, listed in Tables 1 and

2 for IC 63 and IC 59, respectively.

The differences in peak Tmb between the two clouds

is very obvious in these tables, with the most intense

regions in IC 59 having about the same peak intensity

as the two weakest regions in IC 63. The central veloci-

ties also vary, with IC 63 going from ∼0 to 1 km s−1 and

IC 59 ranging from -0.5 to -1.2 km s−1.

Table 1. Table of the parameters for the Gaussian fitted
to the [C II] and HCO+ (J=1-0) velocity spectra of IC 63 for
each region in Figure 10

Region Vpeak ± σVpeak
FWHM ± σFWHM Tmb ± σTmb

C II (km s−1) (km s−1) (K)

1 0.06 ± 0.01 2.2 ± 0.03 8.28 ± 0.10

2 0.95 ± 0.02 3.0 ± 0.05 7.77 ± 0.11

3 1.0 ± 0.02 2.6 ± 0.06 5.55 ± 0.10

4 1.0 ± 0.03 2.6 ± 0.08 3.36 ± 0.09

Region Vpeak ± σVpeak
FWHM ± σFWHM Ipeak ± σIpeak

HCO+ (km s−1) (km s−1) (Jy/beam)

1 0.27 ± 0.01 1.04 ± 0.03 0.082 ± 0.002

2 0.47 ± 0.05 1.96 ± 0.11 0.026 ± 0.001

3 0.37 ± 0.04 1.81 ± 0.10 0.020 ± 0.001

4 0.43 ± 0.05 1.96 ± 0.12 0.021 ± 0.001

Most of the spectra for IC 63 in Figure 10 show a

slight, but systematic asymmetry, with a more

gradual rise on the blue side and a steeper drop off on the

red for [C II] and a fairly uniform shape for HCO+ (J=1-

0).

4.4. Velocity Gradients and Magnetic Fields
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Figure 7. Same as Figure 6 but for IC 59

Table 2. Table of the parameters for the Gaussians fitted to
the [C II] velocity spectra of IC 59 for each region in Figure
11.

Region Vpeak ± σVpeak
FWHM ± σFWHM Tmb

C II (km s−1) (km s−1) (K)

1 -0.58 ± 0.01 2.5 ± 0.03 2.6 ± 0.03

2 -1.2 ± 0.05 3.2 ± 0.11 1.3 ± 0.04

3 -0.21 ± 0.02 3.5 ± 0.05 3.1 ± 0.04

4 -0.53 ± 0.01 2.4 ± 0.03 4.3 ± 0.05

5 -0.26 ± 0.03 3.0 ± 0.06 1.9 ± 0.04

In order to understand any relation between gas ve-

locity and magnetic fields, we calculated velocity gra-

dient of [C II] emission and compared those with mag-

netic field orientations taken from Soam et al. (2017).

These gradients are not absolute velocities, but indi-

cate local accelerations. Gradients were calculated by

taking the difference between the central velocities - es-

timated through fitting each pixel’s velocity spectrum

with a Gaussian - of the pixels a specified distance from

a central pixel. Only velocity gradients with less than a

20◦ error in angle are used. Different step distances, 2

vs. 4 pixels, were used for IC 63 and IC 59 respectively,

to best show the dynamics for the clouds. A larger step

size was needed for the gradients in IC 59 due to the

cloud being much larger than IC 63 and the pixel-to-

pixel velocity change being smaller.

Figure 12 shows the local velocity gradient vectors of

IC 63 and IC 59 overlaid in black on their respective cen-

tral velocity maps. Previously published magnetic field
orientations from Andersson et al. (2013); Soam et al.

(2017) for both nebulae, obtained from observations of

partially extinguished starlight from stars located be-

hind the nebula, are plotted with white line segments.

It is hard to draw any firm conclusions on the relative

orientations of the velocity gradients and magnetic field

lines. However, there are some hints of the magnetic

fields being perpendicular to the velocity gradients in

both the nebulae. High-resolution polarization observa-

tions in longer wavelengths may shed more light on this

investigation.

5. DISCUSSION

5.1. FUV Radiation Field at IC 63

The FUV radiation field (G0) incident on IC 63 from

γ Cas has been estimated by various previous studies.

Jansen et al. (1995), using the projected distance be-
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Figure 8. Upper panel: gray-scale [C II] integrated in-
tensity map of IC 63 with arrows indicating where and in
which direction PV slices were taken. Middle panel: PV
diagrams for the six slices, shown in upper plot, are plot-
ted over the same velocity range, from -3 to 4 km s−1, and
represented by the same color scale. PV diagrams repre-
senting slices along the tails are on the top row while those
representing the clumps are on the bottom. Lower panel:
PV diagrams for slice 5 in HCO+ (J=1-0) and formatted like
above. The image on the left has had the colors stretched in
order to see the the velocity intensity peak around an offset
of 2.5′. The image on the right has a more even color map.

Figure 9. Same as Figure 8 but for IC 59 and with PV slices
plotted from -4 to 3 km s−1.

tween γ Cas and IC 63 of 1.3 pc and a distance to γ

Cas of 230 pc, found that G0 at IC 63 was 650 units of

the Draine field (Draine 1978). Andrews et al. (2018)

used dust emissions in IC 63 instead of spectral emis-

sions from γ Cas and found a G0 of 150, indicating that

the nebula was further away than what Jansen et al.

(1995) assumed as the projected distance. Andersson

et al. (2013) proposed that, based on the angle of the

streaming tails in IC 63, the cloud lies behind γ Cas at

an angle of 58◦, making the true distance between γ Cas

and IC 63 ∼2 pc.

Since γ Cas is a variable star, comparing the FUV

spectra from Code & Meade (1979), used by Jansen et al.

(1995), to a newer spectrum from France et al. (2005),
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Figure 10. Upper panel: boxed boundaries for the four
main regions of IC 63 overlaid on the [C II] integrated inten-
sity map, shown in gray-scale. Middle panel: averaged line
extraction spectra of [C II], black, from each of the four re-
gions from above with a Gaussian fitted in the same color as
the region box it represents. Lower panel: averaged line ex-
traction spectra from HCO+ (J=1-0) over the same regions
and colors as [C II]. Fit parameters for each Gaussian are
shown in Table 1

.

Figure 11. Same as Figure 10 but for five regions in IC 59
and with extracted spectra filled in gray. Fit parameters for
each Gaussian are shown in Table 2.

gives a better idea of what the star may have been like

during the measurements of IC 63 shown by Andrews

et al. (2018) as well as systematic errors in the processes

used. It is found that the flux from the France et al.

(2005) spectra is ∼.65 × the flux found in the work by

Code & Meade (1979). Using both of these spectra, the

newer parallax to γ Cas, and a distance from γ Cas to

IC 63 of 2 pc, we find that G0 at IC 63 is 115 and 175

from France et al. (2005) and Code & Meade (1979),

respectively.

5.2. FUV Radiation Field at IC 59
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Figure 12. Central velocity maps of IC 63, top, and IC 59,
bottom, with their respective velocity gradient vectors plot-
ted in black. Magnetic field polarization vectors are plotted
in white on both maps and represent data from Andersson
et al. (2013); Soam et al. (2017) for IC 63 and Soam et al.
(2017) for IC 59. The length of the lines are representative of
the magnitude of the velocity changes for the velocity gradi-
ents and the polarization percentages for the magnetic field
polarizations in both maps.

Figure 13. Side view model of the IC 59 - γ Cas system
with geometrical findings based on G0 calculations.

We are unable to estimate a G0 for IC 59 in the same

way as we did in Section 5.1 for IC 63, because IC 59

has a mostly vertical orientation in the plane of the sky

which would mitigate any projection effects from an in-

clination angle. Using the projected distance from γ Cas

to IC 59 of 1.5 pc provides a G0 that is far higher than

the 25 found by Andrews et al. (2018). There may be

a possibility of leakage of factors FUV radiation field

due to clumpiness in the clouds. In order to find the

inclination angle for IC 59, we will assume that the G0

from Andrews et al. (2018) and our methods used in

Section 5.1 are correct because our calculated G0 for

IC 63 agrees, within statistical errors, with the 150 that

Andrews et al. (2018) found.

Utilizing these assumptions, we calculate that a dis-

tance of 4.5 pc from γ Cas to IC 59 will produce a G0 of

25. This distance corresponds to an inclination angle of

70◦ with respect to the plane of the sky. Figure 13 shows

the proposed geometry for the IC 59 - γ Cas system as

viewed from the side.

5.3. Kinetic vs. Magnetic Energy

In IC 63, Figure 12 upper panel, [C II] velocity gra-

dients show a fairly connected system that moves from

velocities of almost 0 km s−1 at the main clump into the

velocities of 1 km s−1 or more in the tails. No obvious

structural correlation could be found when comparing

the local velocity gradients and the magnetic field ori-

entations at IC 63.

In IC 59, the data do not show a connected system

(see lower panel of Figure 12). There is slightly more

anti-correlation observed between the local velocity gra-

dients and the magnetic field orientations in IC 59 than

what was observed in IC 63. As described in Soam et al.

(2017), this may be related to the concave shape created
by UV radiation on the star-facing side. The field lines

follow this concave shape of the cloud rather than going

along the radiation direction as seen in IC 63

Soam et al. (2017) found the dynamical pressure in

IC 63 to be less than the magnetic pressure, and both

were less than the external pressure for IC 63. Using

their magnetic field strength average over the main body

of the PDR (region II in their Figure 1) and an av-

erage velocity change in our velocity gradients, we es-

timate magnetic and kinetic energy values of Emag =

3.4x1032 J and Ekin = 3.8x1042 J, respectively, which

suggests that the kinetic energy dominates the magnetic

energy in IC 63.

5.4. Geometry of the System

As we have found that each nebula lies off the plane

of the sky due to actual distances from the stars to the
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Figure 14. RGB from upper panel of Figure 2 with
smoothed contours of [C II] integrated intensity below -
0.5 km s−1 in white with levels [5,7,10,13] K km s−1 and
smoothed Hα contours in blue with levels [150,200,300] pixel
counts. The beam size for the SOFIA [C II] observations,
white contour, is plotted in the bottom left corner.

Figure 15. 250 µm dust map of IC 59 with C [II] integrated
intensity contours at levels [10, 13, 16, 20] K km s−1 in white
for visual reference and 12CO (1-0) contours at levels [1500,
2500, 3300] K km s−1 in black. Markers are stars from the
VILNIUS Survey within 1250 pc with an Av less than 1 for
the yellow circles and greater than 1 for the red triangles.
Beam size of the 12CO (1-0) contours is shown in black in
bottom left corner.

nebula being larger than the projected distances, we at-

tempted to find whether the nebulae were in front of or

behind γ Cas.

For IC 63, the RGB images in Figure 2, the shifting

features seen in the channel map in Figure 6, the PV

diagrams in Figure 8, and the velocity gradients in Fig-

ure 12, indicate that the blue shifted [C II] gas, where

v < 0 km s−1, is correlated with the Hα emission that

is likely due to photo-evaporation. This correlation is

shown in Figure 14, where the same RGB image as the

middle panel of Figure 2, with red as [C II] integrated

intensity, green as H2 (1-0) S(1), and blue as Hα, has

been plotted with Hα contours in blue and contours

of the [C II] integrated intensity map of velocities be-

low -0.1 km s−1 are plotted in white. These two con-

tours correlate well, with the ionized Hα sitting just

outside the cloud of the blue shifted velocities of [C II].

Also, as shown in Table 1, while the [C II] central veloci-

ties range from 0 - 1 km s−1 the HCO+ (J=1-0) velocities

only range from ∼ 0.27 - 0.47 km s−1. This suggests that

these two emissions represent the same region and that

the gasses in this region are both being actively ionized

and blue shifted while the rest of the cloud is not. This

suggests that IC 63 lies on the far side of γ Cas. Our

finding is consistent with findings in Andersson et al.

(2013).

Similarly, the RGB images of IC 59 in Figure 3, the

channel map in Figure 7, the PV diagrams in Figure 9,

and the velocity gradients in Figure 12, show that the

Hα emission does not overlap with the dust or gas emis-

sions. Because the Hα emission in IC 59 does not overlap

with the rest of the dust or gas emissions, we consider

a slightly differently approach than for IC 63. The loca-

tions that are closest to the Hα emission are redshifted

in IC 59, with v > 0 km s−1, indicating that the emission

could be coming from the far side of the cloud. The Hα

emission coincident with the [C II] emission would then

likely be extincted by the cloud. Figure 15 shows the

250 µm dust map for IC 59 with [C II] integrated inten-

sity contours in white and 12CO (1-0) contours in black.

The filled circles and triangles indicate the locations of

stars less than 1.25 kpc distance with measures of visual

extinctions AV (Soam et al. 2021d). Yellow circles show

stars with an AV < 1 mag, while red triangles indicate

stars with an extinction > 1 mag.

The differences in the relative velocities of the high

density regions of the two clouds, along with the oppos-

ing relative velocity differences of the diffuse gas emis-

sions in between the arms of each cloud (Section 4.2.2)

support that the IC 59 and IC 63 are on opposite sides

of γ Cas. We therefore predict that IC 59 is on the near

side of γ Cas.

Our proposed geometric model of the Sh 2-185 sys-

tem is shown in a simplified form in Figure 16, where

the nebulae are modeled by red, green, and blue colors
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Figure 16. Cartoon model of the γ Cas, IC 59, and IC 63
system. Dashed black lines represent the plane of the sky at
the distance of γ Cas.

representing positive, zero, and negative velocities re-

spectively. The dashed lines from the star indicate the

plane of the sky containing γ Cas.

6. SUMMARY

We studied the structure and kinematics of PDRs

IC 59 and IC 63 associated with H II region Sh 2-185

using high-resolution SOFIA/upGREAT [C II] observa-

tions combined with archival data on dust emission to-

ward these nebulae. The case of IC 59 and IC 63 presents

an interesting example in which the feedback from a B0

star is dominated by photevaporation.

1. The [C II] emission of IC 63 has two clumps with

streaming tails showing a velocity shift towards

positive velocities, moving away from γ Cas. IC 59

has a less defined structure, consisting of multi-

ple low density regions and one large core that is

redshifted in comparison to the rest of the cloud,

which otherwise shift from positive to negative ve-

locities when going away from γ Cas.

2. A G0 of 115-175 was found for IC 63 using a pre-

viously determined inclination angle of 58◦ (An-

dersson et al. 2013). Utilizing a G0 for IC 59 of

25 (Andrews et al. 2018), a distance of 4.5 pc and

inclination angle of 70◦ could be estimated for the

cloud.

3. Using [C II] data, we constructed velocity gradi-

ents and compared these to plane-of-the-sky mag-

netic field orientations. We find an anti-correlation

between the velocity gradient and magnetic fields

in IC 59, but no clear structure in IC 63. The up-

per limits of our estimations showed that kinetic

energy is larger than the magnetic energy in IC 63.

This suggests that kinetic pressure in this nebula

is dominant.

4. From our analysis of the kinematics and structure

of these clouds, we find that IC 63 lies behind γ

Cas and IC 59 lies in front.
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APPENDIX

A. THERMAL PRESSURE

Thermal pressures of these PDRs can be calculated with:

P[C II]

kB
= n[C II]Tex (A1)

where n[C II] is estimated from column density assuming the prominent [C II] region is a cylinder projected as a

rectangle, and we assume that the [C II] excitation is thermalized. In IC 63 this cylinder is estimated to have a length

of 0.15 pc and radius of 0.05 pc. This gives a one sigma limit of P[C II]/kB to be 210.6 K cm−3. If we use nH2 = 5 ±2

× 104 cm−3 (Jansen et al. 1994) and Tkin = 106 ±11 K (Thi et al. 2009), then we get a PH2
/kB of 53 × 106 K cm−3.

The [C II]/H2 (1-0) S(1) ratio, using our calculated n[C II] and the nH2
from Jansen et al. (1994), is found to be 1.1

× 10−5. This is about a factor of 10 off of the abundance ratios calculated for the horse head nebula in Bally et al.

(2018). This could be partially explained by a difference in volume estimations between our work and Jansen et al.

(1994). Using equation A1 for [C II] in an area of IC 59 with a length of 0.315 pc and radius of 0.101 pc, the one sigma

limit of P[C II]/kB is found to be 29.19 K cm−3.
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ABSTRACT
We study the evolutionary path of the Fornax cluster galaxy NGC 1436, which is known to be currently transitioning from a spiral
into a lenticular morphology. This galaxy hosts an inner star-forming disc and an outer quiescent disc, and we analyse data from
the MeerKAT Fornax Survey, ALMA, and the Fornax 3D survey to study the interstellar medium and the stellar populations of
both disc components. Thanks to the combination of high resolution and sensitivity of the MeerKAT data, we find that the HI is
entirely confined within the inner star-forming disc, and that its kinematics is coincident with that of the CO. The cold gas disc
is now well settled, which suggests that the galaxy has not been affected by any environmental interactions in the last ∼ 1 Gyr.
The star formation history derived from the Fornax 3D data shows that both the inner and outer disc experienced a burst of star
formation ∼ 5 Gyr ago, followed by rapid quenching in the outer disc and by slow quenching in the inner disc, which continues
forming stars to this day. We claim that NGC 1436 has begun to effectively interact with the cluster environment 5 Gyr ago,
when a combination of gravitational and hydrodynamical interactions caused the temporary enhancement of the star-formation
rate. Furthermore, due to the weaker gravitational binding HI was stripped from the outer disc, causing its rapid quenching. At
the same time, accretion of gas onto the inner disc stopped, causing slow quenching in this region.

Key words: Galaxies: individual: NGC 1436 – Galaxies: evolution – Galaxies: ISM – Galaxies: star formation – Galaxies:
cluster
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1 INTRODUCTION

Due to their discy structure and old stellar populations lenticular
galaxies (S0s) share properties both with spirals and ellipticals (Hub-
ble 1936; van den Bergh 1976). The distribution and fractional num-
ber of lenticular galaxies in the Universe at different epochs (lower
at higher redshift and outside groups and clusters of galaxies) sug-
gest that they form mainly (but not always, c.f. van den Bergh 2009)
from the evolution of blue star-forming spiral galaxies in dense en-
vironments (Dressler 1980; Dressler et al. 1997; Fasano et al. 2000;
Postman et al. 2005). Although there are still many open questions
about how this morphological transformation happens, it is clear that
environmental interactions can play an important role (e.g. Merritt
1983; Moore et al. 1996).
A peculiar characteristic of the morphological evolution of galax-

ies in dense environments is that it proceeds outside-in. This trans-
formation requires, in the first place, to stop cold gas accretion onto
galaxies, which would otherwise supply material to form new stars.
This process is commonly referred to as "starvation" (Larson et al.
1980). Then, the cold gas, mainly made of neutral atomic hydrogen
(HI), may be actively removed from the outer disc, where the weaker
gravitational potential is not able to hold it in place against the ac-
tion of environmental interactions. Therefore, whereas the outskirts
of galaxies, which are experiencing cold gas removal, are quenched
quickly if no further cold gas is supplied, star formation can continue
in the inner - and still HI rich - part of these systems. The outside-in
transformation of galaxies which live in dense environments is op-
posite to what happens to field and void galaxies, where accretion
of gas from the intergalactic medium generally keeps fuelling star-
formation in the outer disc (e.g. Bell & de Jong 2000; Boselli &
Gavazzi 2006; Boselli et al. 2006).
Through the study of the distribution and kinematics of the cold

gas, one can gain information on which kind of interactions a galaxy
might have experienced after its starvation has begun (if at all). On the
one hand hydrodynamical interactions (e.g. ram pressure stripping
Gunn & Gott 1972; Abadi et al. 1999; Quilis et al. 2000), which only
affect the gas component, cause highly asymmetric perturbations
in the cold gas distribution, producing HI tails which trail along
the orbit of the galaxy. On the other hand, the footprint of tidal
interactions in the cold gas distribution and possibly in the stellar disc
is more symmetric as one can see in some two tailed objects in Arp
(1966), whose evolutionary scenarios are discussed and modelled by
Struck & Smith (2012). Indeed, these interactions can cause two long
streams of material in opposite directions (although they can have
very different sizes).
The main difference between starvation and starvation plus active

gas removal concerns different quenching time scales. Although in
the literature there are several definitions of quenching timescale (see
Cortese et al. 2021 for a discussion), starvation implies longer time
scales for a galaxy to halt its star formation (roughly 4 Gyr; Boselli
et al. 2014b) with respect to the shorter time scales due to active gas
removal (of the order of a few hundreds of Myr). If the study of the
cold gas distribution and kinematics can help us understand the cause
of relatively recent gas removal, the analysis of the stellar populations
and, thus, of the star formation history (SFH) of a galaxy is crucial
to distinguish between slow (starvation-like) and fast (stripping-like)
quenching.
One of the members of the nearby Fornax galaxy cluster (dis-

tance ∼ 20 Mpc; Jensen et al. 2001; Tonry et al. 2001; Blakeslee
et al. 2009; Spriggs et al. 2021), NGC 1436 (FCC 290), is a per-
fect target to study "how" and "how quickly" the evolution of spirals
into S0’s can happen in dense environments. This galaxy is located
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Figure 1. Optical g−band image of NGC 1436 from the Fornax Deep Sur-
vey (Peletier et al. 2020) showing the morphological distinction between the
inner star-forming regions characterised by flocculent spiral features and the
quiescent and smoother outer disc. The footprint of the Fornax3D observa-
tions for NGC 1436 (Sarzi et al. 2018) (white squares) and the map of the
Hα emission detected in the MUSE data by Iodice et al. 2019b (yellow) are
also shown. The latter measurements set the extent of the star-forming disc
(RSF 59 ′′, dashed green line), while the cyan isophotal radius measured
at 25 mag arcsec−2 in B-band (de Vaucouleurs et al. 1991) gives an overall
indication for the extent of NGC 1436.

∼ 0.5×Rvir = 350 kpc south-east from the center of the cluster, and
it has a systemic velocity of 1392 km s−1similar to the recessional
velocity of the Fornax cluster (1442 km s−1, Maddox et al. 2019).
Neither the 2D distribution of the Fornax galaxies nor their position
in the projected phase space diagram (Iodice et al. 2019a) show any
obvious companion for NGC 1436. The closest galaxy with a known
redshift is FCC 298, which is at 17′∼ 100 kpc, and∼230 km s−1away
from NGC 1436. Deep optical observations from the Fornax Deep
Survey (Peletier et al. 2020) suggest that NGC 1436 is in the tran-
sitional stage to become a S0 (Iodice et al. 2019b; Raj et al. 2019).
In Fig. 1 we see that the disc of NGC 1436 shows two distinct parts:
a clumpy inner disc with a tightly wound spiral structure, abundant
dust with numerous star-forming regions, and an outer disc which
appears featureless (no dust, spiral arms, or star forming regions).
Raj et al. (2019) measured a break in the surface brightness slope at
their boundary.
Data from the Fornax 3D survey (Sarzi et al. 2018) obtained with

the Multi-Unit Spectroscopic Explorer (MUSE) on the ESO Very
Large Telescope also show how this galaxy is still forming stars in
the inner disc (see the Hα emission in Fig. 1) while its outskirts
appear to be already quenched (Iodice et al. 2019b). This is further
supported by the Atacama Large Millimeter/submillimeter Array
(ALMA) measurement of Zabel et al. (2019), which reveals the pres-
ence of molecular gas only within the inner disc. Zabel et al. (2021)
found that the radial profile of the H2-to-dust ratio in NGC 1436
drops suddenly at a radius of 3.5 kpc, suggesting that environmental
interactions were more efficient in removing dust rather than H2.
In this multi-wavelength picture of NGC 1436, high resolution

HI data were still missing. Indeed, the HI resolution and sensitivity
of the recent interferometric ATCA HI survey of Fornax (∼ 1′ and
∼ 107 M�, respectively; Loni et al. 2021) are insufficient to (i)

MNRAS 000, 1–13 (2023)
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establish whether the galaxy has recently interacted with the cluster
environment (ii) recover the same total HI flux of a single dish (the
ATCA HI flux is 2.8× lower than that measured with the Green Bank
Telescope – by Courtois et al. 2009).
In this paper we present HI data of NGC 1436 from the MeerKAT

Fornax Survey (Serra et al. 2023), whose resolution and sensitivity
are at least a factor of 10 better than those of the previous ATCA
HI data. We then compare the HI distribution and kinematics with
those of CO (Zabel et al. 2019). This will establish whether the cold
gas disc is well settled (if they are both distributed regularly and
co-rotate), and thus whether NGC 1436 is currently in a state of
slow evolution (no sign of recent interactions such as asymmetries).
Finally, using MUSE data from the Fornax 3D survey (Sarzi et al.
2018), we measure and compare the SFH of the inner star-forming
disc with that of the outer quiescent disc. By performing this analysis,
we aim to understand in which epoch environmental interactions
might have become relevant for this galaxy, and what consequences
these had for its evolution.
The paper is organized as follows: in Sect 2 we present the

MeerKAT, ALMA and MUSE data. In Sect. 3 we analyse the distri-
bution and kinematics ofHI andCO. In Sect. 4we describe theMUSE
data analysis and the measurement of the SFH of the quiescent and
star-forming disc. In Sect. 5 we discuss the most likely evolutionary
scenario which explains both the distribution and kinematics of the
cold gas disc and the SFH of the quiescent and star-forming discs of
NGC 1436, and in Sect. 6 we summarise our results.

2 DATA

2.1 MeerKAT

We study the distribution and kinematics of HI in NGC 1436 using
data products from the MeerKAT Fornax Survey. The survey goals,
design, observations and HI data processing are described in Serra
et al. (2023). Here we make use of the HI subcubes and moment
images of NGC 1436 at a resolution of 11′′and 66′′(see Table 2 in
Serra et al. 2023). The 11′′cube has a noise level of 0.28 mJy beam−1

and a 3σ HI column density sensitivity of 4.5 × 1019 cm−2. The
66′′cube has a noise level of 0.29 mJy beam−1 and a 3σ HI column
density sensitivity of 1.3 × 1018 cm−2. In both cases the column
density sensitivity is calculated assuming a linewidth of 25 km s−1.
The spectral resolution of both cubes is 1.4 km s−1.

2.2 ALMA

The ALMA observations of the 12CO(1–0) line used in this work,
whose data reduction is described in Zabel et al. (2021), consist
of a combination of high resolution data from the ALMA Fornax
Cluster Survey obtained with the 12-m configuration array (Zabel
et al. 2019) and deep data from the ALMA archive (Morokuma-
Matsui et al. 2022) obtained with the Atacama Compact Array. The
final cube has a velocity resolution of 10 km s−1, a synthesized beam
size of 2.68′′×2.06′′, and a noise level of ∼2.0 mJy beam−1.

2.3 MUSE

The MUSE data used in this work were collected as part of the
Fornax 3D survey (Sarzi et al. 2018). The MUSE telescope (Bacon
et al. 2010) ensures high-quality 3D spectroscopy with: (i) a spatial
sampling of 0.2′′×0.2′′in a field of view of 1′×1′, per pointing; (ii) a
wavelength range of 4650-9300 Å with a nominal spectral resolution

of 2.5 Å (FWHM) at 7000 Å and a spectral sampling of 1.25 Å/pixel.
Due to the combination of different, slightly offset, exposures taken
at different position angles (PAs), the average spectral resolution is
2.8 Å (FHWM). The data reduction, performed using the MUSE
pipeline version 1.6.2 (Weilbacher et al. 2012, 2016) is described in
Sarzi et al. (2018).

3 MORPHOLOGY AND KINEMATICS OF THE COLD GAS
DISC

Since HI discs are usually more extended than the stellar ones, they
are excellent tracers of recent/on-going interactions with the local
environment. As mentioned in Sect. 1, previous results on the HI
emission in NGC 1436 (Loni et al. 2021) are not exhaustive and also
have a large discrepancy with single dish data from Courtois et al.
(2009). The high sensitivity, spatial and spectral resolution of the
MeerKAT Fornax Survey data fulfils well our needs, providing us
with an ideal data-set to study in detail the properties of the cold
gas disc of NGC 1436. The high-resolution cube allows us to gain
information both on the HI morphology and kinematics, while the
low-resolution cube, with better column density sensitivity, might
recover more flux.
Fig. 2 shows both the 11′′ and 66′′ resolution HI images, while

the bottom left panel shows their comparison after smoothing the
former to the resolution of the latter. Note that the 11′′image was
made with a different Briggs robust and a different detection mask
than the 66′′image, and therefore could in principle miss some of the
66′′outer flux (see Serra et al. 2023). We see that the match between
these contours is excellent, meaning that NGC 1436 does not host any
diffuse, low-column density HI in excess of the HI detected at high
resolution. This implies that the HI disc is sharply truncated and does
not extend beyond the inner, star-forming disc of NGC 1436. Since
the data are extremely sensitive, and the HI cubes do not show any
evidence of distortions, asymmetries or tails at low column density,
we can confidently rule out any recent disturbance to the gas disc,
while we see the presence of a HI depression in the center of the
galaxy.
The agreement between the 11′′ and 66′′ HI data cubes is also

clear in the bottom right panel of Fig. 2, where we compare the
spectra extracted using the respective detection masks. We also show
the single-dish spectrum (GBT - Courtois et al. 2009), whose total
flux is consistent with those measured with MeerKAT within 1σ.
Using Eq. 50 in Meyer et al. (2017), we estimate the total MHI to
be
(
1.9 ± 0.2

)
× 108 M�. Based on ATCA data, Loni et al. (2021)

pointed out that NGC 1436 is a HI-deficient galaxy with a large
MH2 /MHI ratio. These results do not change if we use the MeerKAT
MHI value, which is 4σ larger than the ATCA one, the same M?
value calculated in Loni et al. (2021), and the MH2 value by Zabel
et al. (2021) (which is a factor ∼1.4 smaller than that used in Loni
et al. 2021 from Zabel et al. 2019). Indeed, (i) the offset between
the MHI/M? ratio of NGC 1436 and the xGASS MHI-M? scaling
relation (Catinella et al. 2018) is still larger than the RMS deviation
of a sample of non-cluster galaxies (Kreckel et al. 2012; Boselli et al.
2014a) and (ii) the MH2 /MHI ratio of NGC 1436 is 1.0±0.1, resulting
∼ 12 σ above the xGASS weighted average of log10(MH2 /MHI ).
The top left panel in Fig. 3 shows the g-band Fornax Deep Survey

optical image (Iodice et al. 2016; Venhola et al. 2018; Peletier et al.
2020) of NGC 1436 where we overlay both the 11′′ MeerKAT HI
image contours (red and black contours are the same as in the top
right panel of Fig. 2) and the CO contours (white color) from Zabel
et al. (2021). Here, we can see that the CO follows the HI ring and
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Figure 2. The top panels show the MeerKAT HI image at a resolution of 66′′(left) and 11′′(right). In each panel the value on the top left gives the level of
the lowest HI contour (shown in red), which is calculated as the 3σ sensitivity over a 25 km s−1line width. The HI contours increase by a factor of 2 at each
step. The PSF and a 5 kpc scale bar are shown on the bottom-left and bottom-right corner, respectively. The bottom left panel shows with green, red and purple
contours the (1) 66′′HI image (2) lowest reliable contour of the 11′′HI image (3) 11′′image convolved to a 66′′resolution. With the same colors we show the 3σ
column density sensitivity of the respective HI image (top of the image) and their PSFs (bottom-left). The g-band optical image comes from the Fornax Deep
Survey (Peletier et al. 2020). The bottom right panel shows spectra extracted from the 11′′(red) and 66′′(green) cubes, and from single-dish data (GBT, Courtois
et al. 2009 - black), respectively. The legend shows the total fluxes obtained from these data. The uncertainties on the total MeerKAT fluxes are calculated by
summing in quadrature the statistical uncertainties – derived from the local RMS and the number of independent pixels detected in each channel – and the 10%
MeerKAT flux uncertainty measured in Serra et al. (2023). The spectral axis shows velocity in the optical convention.

that there is no CO detected in the center of the galaxy. In the top
right panel of the figure we show the HI velocity field within the
lowest reliable HI contour, where we see that the HI disc is regularly
rotating with a slight PA warp at the edge of the disc. This is visible
as an anticlockwise rotation of the outer isovelocity contours. The
bottom panels show the position-velocity diagrams (PVDs) along
the kinematical major axis (left, PA = 330◦) and minor axis (right,
PA = 240◦) of both HI (background colour) and CO (contours). The
rotational velocity of HI and CO are consistent with one another
and follow the typical rotation of a settled disc. Judging from the
appearance of the velocity field and the HI PVD, we see that the
rotation curve is rising in the inner ∼half of the HI disc, and flattens
further out.

In the rest of this section we show results obtained by fitting the
HI kinematics of the high-resolution cube with the Tilted Ring Fit-

ting Code1 (TiRiFiC - Józsa et al. 2012). TiRiFiC models the galaxy
in rings, where the model parameters are fitted to best reproduce
the HI geometry and kinematics in the data (further details in Józsa
et al. 2007). This allows us to measure the HI surface brightness
profile and to find the best-fitting values for geometric parameters
(e.g. inclination, PA) and for the rotation curve. We followed two
modelling approaches. In the former, we model our galaxy with a
flat disc (i.e., we forced TiRiFiC to fit a single value for PA and
inclination across all rings). In the latter, we forced TiRiFiC to fit a
flat rotation curve, but allowed the disc to warp letting the inclina-
tion vary. Between these two approaches, we obtained better results
modelling NGC 1436 with a flat disc. We further improve the out-
put flat disc model by using an advanced feature of TiRiFiC, which

1 The software is available at the following link https://gigjozsa.
github.io/tirific/index.html
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Figure 3. Top-left: comparison between the HI and CO gas distribution from the MeerKAT (red and black contours as in the top-right panel of Fig. 2) and
ALMA (white contours) data, with corresponding beam sizes shown in the lower-left corner of this panel (in black and white, respectively). Bottom panels:
comparison of the PV-diagram of HI and CO along the major axis (green line on the top left panel) and minor axis. The background image shows the HI while
the green contours show the CO emission at 2.5σ, increasing in steps of 2. Cyan contours show the negative signal in the CO ALMA cube, whose absolute level
is the same as that of the first positive green contour.

allows us to fit and interpolate some model parameters in groups of
model rings rather than for each ring independently. Eventually, we
chose the model that better follows the distribution and kinematics
of the observed HI based on visual inspection. Appendix A includes
a visual comparison between the data and the TiRiFiC model.

Fig. 4 shows the HI rotation curve and the surface brightness (SB)
of NGC 1436 obtained through our TiRiFiC fitting. As anticipated,
the velocity increases with galactocentric distance in the inner re-
gions, and it reaches a plateau at ∼50′′. In the bottom panel, we
show the derived SB, which peaks at 45′′. The best-fitting model
shows some low level fluctuations, which are unlikely to be real and
disappear when convolving the profile with the 11′′ beam (orange
line in Fig. 4). It is worth noting that, if we use our best model as
first guess and let PA and inclination vary, we obtain the same SB
and rotational velocity.

The HI disc diameter of NGC 1436, measured where the surface
brightness is 1M� pc−2, is∼110′′(∼ 11 kpc). This allows us to verify
that NGC 1436 is 2.26σ above - and thus in agreement with - the HI

size - mass relation (Wang et al. 2016) similarly to the truncated HI
discs in the Virgo cluster.
In general, by studying the distribution and kinematics of both

HI and CO, we appreciate the high level of symmetry of the cold
gas in NGC 1436. Both HI and CO are distributed within a settled
ring where they are co-rotating, with no hints of any recent tidal or
hydrodynamical disturbances. Given that the orbital time at the disc’s
edge is of ∼300 Myr (as derived from the de-projected rotational
velocity of ∼130 km s−1at a radius of ∼ 6.7 kpc) we can rule out
strong interactions in the last few orbital times, roughly 1 Gyr.

4 STAR FORMATION HISTORY

The analysis on the cold gas disc establishes that previous interac-
tions between the local environment and NGC 1436 left the galaxy
with a relaxed truncated HI disc and a clear demarcation between the
star-forming inner disc regions and passively-evolving outer ones. In
this section, we now aim at reconstructing the history of this morpho-
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Figure 4. Results from tilted-ring analysis of the MeerKAT HI data, showing
the TiRiFiC HI rotation curve (top panel) and HI surface-brightness profile
(bottom panel). The latter shows clearly the abrupt transition towards the HI
deficient and quiescent outer disc beyond a radius of 55′′.

logical transition by tracing the SFH imprinted in the inner and outer
stellar populations. For this we adopt a non-parametric approach
based on single-age stellar population models (SSP) and on the use
of the Penalised Pixel-Fitting 2 (pPXF; Cappellari &Emsellem 2004)
and the Gas and Absorption Line Fitting codes3 (GandALF; Sarzi
et al. 2006; Falcón-Barroso et al. 2006) to fit the MUSE data. How-
ever, rather than aiming at a regularized SFH solution (Cappellari
2017) we decide to exploit the axisymmetry of the system to capture
the uncertainties of the SFH-reconstruction, as done earlier using
MUSE data by Martinsson et al. (2018).
More specifically, we derive the SFH for two sets of spectra ex-

tracted from sectors of elliptical annuli covering the star-forming and
quiescent disc, respectively, as shown in Fig. 5. Since the stellar pop-
ulations within such annular sectors should be rather similar for the
inner and outer disc, respectively, beyond the short timescales (.100
Myr) corresponding to the orbital times between adjacent sectors,
we use the variance between the SFHs recovered in such sectors to
estimate the uncertainty. In total we define 18 sectors in the inner
disc and 8 sectors in the outer disc, with average S/N per pixel of 100
and 20, respectively. Where necessary, foreground and background
sources were masked out before extracting these aperture spectra,
which we also corrected for foreground Galactic extinction using the
Calzetti dust extinction law (Calzetti et al. 2000) and a AV 0.029
value in the direction of Fornax from Schlafly & Finkbeiner (2011).
To derive the SFH from each of these aperture spectra, we fit

them with pPXF and GandALF using SSP models from the MILES
library ofVazdekis et al. (2015)4, which covers a range in age between
30 Myr and 14 Gyr, with total metallicity −2.27 ≤[M/H]≤ 0.4 dex,

2 https://www-astro.physics.ox.ac.uk/~mxc/software/
3 https://star.herts.ac.uk/~sarzi/
4 The MILES stellar-population model library can be found at the following
link http://miles.iac.es/
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Figure 5. Comparison between the reconstructed MUSE image, MUSE Hα
emission and the MeerKAT HI data for NGC 1436 informing the location of
the MUSE aperture spectra used in our star-formation history analysis. As in
Fig. 1 the cyan and green ellipses indicated, respectively, the isophotal level
at 25 mag/arcsec2 in B-band and the limit of the star-forming disc, where the
Hα emission is traced by the yellow contours. The extent of the gas reservoir
in NGC 1436 is traced here by the red contours for a limiting HI column
density of 4.5 × 1019cm−2, which are best fitted by the shown red ellipse
setting the radius of the HI disc at RHI 70 ′′. Finally, the white dashed lines
show the location of the annular sectors used to extract the aperture spectra
in both the inner and outer disc for our SFH analysis, where the former avoid
the bulge regions (inside 9′′) and extend to the limit of the MUSE central
pointing whereas the latter start at the edge of the HI disc and reach out to the
25 mag/arcsec2 B-band isophote.

and α-element overabundance [α/Fe] between 0 and 0.4 dex. Since
without a dedicated methodology (e.g. Martín-Navarro et al. 2019,
2021) we do not expect to be able to capture variations in the stellar
initial mass faction (IMF) through direct spectral fitting, here we
further restrict the fits to using models with a Kroupa IMF (Kroupa
2001).
As in Sarzi et al. (2018), we first fit the MUSE data with pPXF

to measure the stellar kinematics using only the bluer part of the
MUSE spectrum in the 4800 – 5850 Å spectral range. Subsequently,
we extend the GandALF fitting range out to 6850 Å to also include
the typically strong Hα, [N ii], and [S ii] emission and in turn better
constrain the overall contribution of the emission-line spectrum to our
models. During the pPXF fit we mask regions potentially affected
by emission and adopt an additive correction for the shape of the
continuum. Using a shorter wavelength range speeds up the pPXF
fitting process and delivers robust kinematic results owning to the
presence of several strong stellar absorption features at the bluer end
of the MUSE spectra. The GandALF fit is constrained to the pPXF
kinematics, but is allowed to change the optimal combination of SSP
templates in the stellar models in response to the additional use of
emission lines in the fit, which are represented byGaussian functions.
In particular, we include both the Hβ and Hα recombination lines
and the [O iii]λλ4959, 5007, [N i]λλ5198, 5200, [O ii]λλ6300, 6363,
[N ii]λλ6548, 6583, [S ii]λλ6713, 6730 forbidden ones, tying all lines
to the same, optimally-adjusted line profile, while also accounting
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Figure 7. Sample normalised SFH of the quiescent (left) and the star-forming disc (right) of NGC 1436 obtained combining the results from the 8 and 18 sectors
shown in Fig. 5 and while useing a 7-th order multiplicative polynomial correction for the continuum shape as illustrated in the examples of Fig. 6. In both
panels the black dots represent the average fractional stellar mass formed within each age bin in each of our disc sectors, whereas the larger filled circles and
shaded regions indicate the overall averages and standard deviations for the fractional SFRs, calculated including also zero fractional SFR values from individual
sectors. The empty circles and gray bands highlight the unreliable measurements of the fractional SFR at younger ages (see text).

for the varying spectral resolution of theMUSE spectra (e.g., Guérou
et al. 2016).
Ideally, the GandALF fit would include a two-component redden-

ing correction: the first affecting the whole spectrum tomimic diffuse
dust; and the second affecting the emission line spectrum only, rep-
resenting dust localised in emission line regions and matching the
observed Balmer decrement (e.g., Oh et al. 2011). However, the qual-
ity of the relative flux calibration of the MUSE data is insufficient to
grant such an approach, and we resort to using a multiplicative poly-
nomial correction instead. This still allows us to obtain very good
fits to our aperture spectra, but the use of multiplicative polynomials
effectively introduces a nuisance parameter in our analysis as poly-
nomial correction of varying order will lead to fits of very similar
quality beyond a certain minimum order. Furthermore, not being able
to account for dust reddening limits our control over unrealistic val-
ues for the Balmer decrement and spurious Hβ line detections, which
in turn can affect the stellar-template optimal combination process

and lead to biased SFH results. For these reasons we decide to omit
the Hβ line from our GandALF fits for the outer quiescent disc,
where Hα emission from diffuse ionised gas is only barely detected.
Finally, we note that in the fits we further ignore the wavelength re-
gion around the NaDλλ5896, 5890, as often this part of the spectrum
presents strong continuum shape issues related to the relative flux
calibration.

Figure 6 shows examples of aperture spectra extracted in the outer
quiescent disc (left) and in the inner star-forming disc (right) of
NGC 1436, along with our best GandALF fit to them. Residuals
from the sky emission-line subtraction process are evident in the
outer-disc aperture spectra but do not affect the overall quality of our
fit nor our SFH results, in particular as these artifacts do not interest
the more age- and metallicity-sensitive absorption-line features in
our fitting range. The fits in Fig. 6 include a 7-th order multiplicative
polynomial adjustment that is more substantial in the case of the
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Figure 8. Final normalised SFH for the quiescent (left) and the star-forming disc (right) obtained by combining the GandALF results of 20 different fit runs that
(i) varied the order of the multiplicative polynomial correction between 6 and 15 and (ii) considered either the entire MILES SSP library or only SSP models
older than 1 Gyr. In both panels the black dots represent the average fractional SFR obtained from the individual fit runs (the same as the large filled circles in the
example shown Fig. 7. The larger filled circles and shaded regions represent the average and standard deviation of the average fractional SFR of the single runs,
including those equal to 0. For the earliest age bin, where our SFH reconstruction is unreliable (open circles and shaded grey band), we uses the MUSE Hαmaps
to measure or place an upper limit on the present-day star-formation rate across our inner or outer disc sectors, respectively, converting these in estimate (blue
cross, right panel) or upper-limits (red downward arrow, left panel) on the fractional SFR of the first 1 Gyr by assuming such an activity remained constant over
this period of time. On the top right of each panel we report the total M? subtended by our 8 outer and 18 inner disc sectors, which cover an area of 12.5 kpc2
and 18 kpc2, respectively.

central star-forming regions, where such a correction is also needed
to mimic the impact of reddening by dust.
During the fitting process, GandALF finds the best combination of

our adopted stellar population templates returning a corresponding
list of best-fitting weights. Since each MILES model corresponds to
a stellar population with an initial mass of one solar mass, accounting
for the distance to the object allows us to turn each of these weights
into a stellar mass formed at the look back time corresponding to
the age of the i-th SSP model. Given that only a few SSP templates
receive a non-zero weight during the GandALF fit, to estimate the
SFH in each sector s we bin the resulting initial stellar-mass values
MSSP

i,s in 1-Gyr-wide age bins between 0 and 6 Gyr and in 2-Gyr-wide
bins beyond that. Dividing the total stellar mass Ms(t j) formed in the
j-th time bin by the corresponding time bin width ∆t j, we obtain the
average star-formation rate (SFR) in that bin SFRs(t j) = Ms(t j)/∆t j.
This effectively gives us a SFR history for each sector, which we
divide by the total stellar mass formed over time, Ms=Σ jMs(t j) to
derive the fractional stellar mass formed per unit time in each sector.
This normalised SFH varies strongly from sector to sector in both

the inner disc and the outer disc. This variation largely reflects the
uncertainties in our template-optimisation process. To estimate these
uncertainties and obtain a more reliable average trend we calculate
the average and standard deviation of the normalised star formation
histories across all sectors assigning S FRs(t j) = 0 to sectors and age
bins with no non-zero weights. Fig. 7 shows the normalised SFHs
for the inner and outer disc obtained after this averaging, using a 7-th
order multiplicative correction as in Fig. 6. The average values and
corresponding uncertainties on the normalised star-formation history
(coloured large circles and shaded regions, respectively) already in-
dicate that both central and outer regions went through a recent peak
of star-formation some 4Gyrs ago. event wasmuchmore pronounced
in the inner disc (by a factor 4-5) and more rapidly quenched in the
outer disc.

However, we note that in the quiescent outer disc our GandALF
fit seems to require a small contribution from very young SSPs. The
presence of such young stars is at odds with the notable absence
of any star-formation activity and it is certainly a bias in the tem-
plate mix adjustment process, which in turn may stem from intrinsic
limitations in our ability to constrain the presence of young stellar
populations using the MUSE spectra, as indeed these do not extend
down to important features (e.g. the D4000 break and Hδ). For this
reason we decided to repeat our analysis while also removing all SSP
templates younger than 1 Gyr and include this second set of fits in the
overall averaging and variance estimation process for the normalised
SFHs. We highlight that the actual choice of polynomial order is also
quite arbitrary, as the quality of the fit does not change significantly
while varying the polynomial order between 6 and 15. Treating this
as an additional source of uncertainty we thus repeat our fits varying
the polynomial order within the above limits, including the corre-
sponding results in the derivation of the final normalised SFH and
associated uncertainties for the inner and outer disc.

Fig. 8 shows the final normalised SFH in the outer quiescent disc
(left) and inner star-forming disc (right) obtained combining the
normalised SFHs from their corresponding apertures, considering
20 different fits (10 polynomial orders, and including or excluding
SSP templates younger than 1 Gyr). The clearer trends of Fig. 8
confirm the picture drawn from our simpler analysis shown in Fig. 7,
according to which NGC 1436 experienced a burst of star formation
between 3 to 4 Gyr ago that saw the birth of ∼50% and ∼20% of all
the stars that ever formed in the inner and outer disc, respectively.
Such an activity faded considerably in the past 3 Gyr, and most
dramatically in the outer disc where the absence of any present star-
formation activity (from theHα data) is consistentwith the lack of star
formation between 1 and 2 Gyr in our reconstructed SFH. Clearly,
our ability to assess the rate of recent decline in star formation in
NGC 1436 is limited by the aforementioned biases in recovering the
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Figure 9. The left panel shows an example from the TNG50 simulation run (Pillepich et al. 2019) of a disk galaxy that recently fell in a Fornax-like cluster
environment in this simulation (Galán-de Anta et al. 2022) identified through the SUBFIND algorithm (Springel et al. 2001). As inferred from our SFH analysis
for NGC 1436, this simulated object experienced a burst of star formation upon its first pericentre passage, followed by a steady drop in star-formation activity.
The purple line traces the radial distance from the cluster center as a function of time, whereas the dot-dashed blue line follows the evolution of star-formation
activity. The horizontal dashed purple line indicate the virial radius of this particular Fornax-like TNG50 cluster. The right panel shows the SFR map of the
target TNG50 disc galaxy at z=0. Black contours show the surface mass density which highlight that, similarly to NGC 1436, the star formation is occurring just
within the inner part of the disc.

SFH in the last 1 Gyr. As a sanity check, in the inner disc we can at
least provide an estimate for the fractional stellar mass formed in the
last Gyr assuming that stars formed at their present-day level over this
period of time. Using the MUSE Hα maps of Iodice et al. (2019a)
and restricting our analysis to emission-line regions firmly classified
asH ii regions we obtained the total star-formation rate in the regions
subtended by our inner-disc sectors, using the Calzetti et al. (2012)
conversion SFR(M�/yr) = 5.5×10−42 LHα ergs and taking a distance
of 20 Mpc. The estimate derived in this way (blue cross in Fig. 8) is
consistent with the upper edge for the fractional stellar mass formed
in the last 1 Gyr. Similarly, from the Hα map of the outer disc,
we measure a 3σ SFR upper limit (red downward arrow) using the 8
sectors of the outer disc. Finally, the reconstructed SFH of NGC 1436
shows that before the onset of its recent starburst, some 4 to 5 Gyrs
ago, this disc galaxy was evolving according to the cosmological
picture with its star-formation activity having already peaked at a
redshift between 1 and 2, or some 8 to 10 Gyrs ago (López Fernández
et al. 2018). In fact, the steeper decline in star-formation activity in the
inner regions at these earlier times, is consistent with the commonly
observed inside-out evolution of disc galaxies (e.g., Kepner 1999;
Nelson et al. 2016; Johnston et al. 2022). In summary, our SFH
analysis indicates that both the inner and outer disc populations went
through three main star-formation phases: (i) a rather typical build
up activity and a steady decline in star-formation activity until some
5 Gyr ago, (ii) a burst of star formation peaking between 3 and 4
Gyr ago, and (iii) a final drop in star-formation until present times,
gradually reducing it by two orders of magnitude in the inner disc
and completely quenching star formation in the outer disc.

5 DISCUSSION

Several properties of themulti-phase gas disc indicate that NGC1436
has not experienced any significant tidal or hydrodynamical interac-

tion in recent times: (i) the highly symmetric morphology and settled
kinematics of the HI disc observed with MeerKAT at a resolution
of ∼ 10′′∼ 1 kpc; (ii) the absence of HI disturbances, asymme-
tries or tails down to a column density of ∼ 1018 cm−2 (resolution
∼ 60′′∼ 6 kpc); (iii) the perfect match between the regular morphol-
ogy and kinematics of the various gas phases (atomic, molecular and
ionised). The fact that the disc is settled now, does not imply that
NGC 1436 has never experienced environmental interactions in the
past. For example, in the Virgo cluster, some of the most gas-poor
galaxies which went through ram-pressure stripping are symmetric
systems with a severely truncated HI disc (Yoon et al. 2017). That is,
after a few orbital periods any sign of interactions would disappear.
Given the orbital time of NGC 1436 (300 Myr at the edge of the HI
disc - Sect. 3), NGC 1436 has not undergone any significant envi-
ronmental interaction in the last few orbits, say ∼ 1 Gyr. Thus we
wonder "whether", "when" and "how" interactions with the Fornax
cluster environment were relevant for the history of NGC 1436.

Useful insights come from our reconstructed SFH for the inner and
outer disc of this galaxy. The SFH of the quiescent and star-forming
disc of Fig. 8 indeed suggests that NGC 1436 was not a member
of the cluster earlier than ∼6 Gyr ago, with the Fornax environment
becoming relevant for its evolution starting around 5Gyr ago. Indeed,
between 14 and 5 Gyr NGC 1436 seem to have followed the expected
cosmic evolution for star-formation activity (López Fernández et al.
2018) while also following a typical inside-out evolution. That is,
up to ∼ 5 Gyr ago NGC 1436 seems to have formed its stars as a
regular spiral in a low-density environment, without being affected
by strong tidal or hydrodynamical interactions. Since entering the
cluster it must have taken ∼ 1 Gyr for NGC 1436 to reach its first
pericentre passage (τcross is indeed about 2 Gyr for Fornax where
Rvir = 700 kpc and σcl = 318 km s−1, Drinkwater et al. 2001) when
interactions between the galaxy and the Fornax environment would
have been more extreme.
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Drawing from the inferred rise and decline of star formation ac-
tivity, we thus speculate that ∼ 4 Gyr ago, at about pericentre, a
tidal interaction and/or ram-pressure was able to compress and then
remove the majority of the HI content from the galaxy outer disc,
causing a temporary SFR enhancement followed by a rapid quench-
ing of its star formation. NGC 1436 could only keep some HI within
the inner star forming disc thanks to the stronger gravitational bind-
ing. However, by the time gas removal from the outer disc was com-
plete, the accretion of cold gas onto the galaxy must have completely
stopped. Therefore, the subsequent evolution (with NGC 1436 now
moving away from pericentre) must have been characterised by a
fully quenched outer disc and a starving inner disc. This would ex-
plain why the SFR of the inner disc has decreased in the last few
Gyr, but not gone to zero. The lookback time of the environmental
interactions, which caused the enhancement of the SFR, is consistent
with the conclusion of Iodice et al. (2019a) that NGC 1436 is an
intermediate infaller in Fornax.
The relative role that gravitational and hydrodynamical processes

might have played to drive such a morphological transformation is
not clear. In the literature there is evidence that both tidal interactions
and ram pressure might separately trigger a temporary enhancement
in star-formation activity and the removal of cold gas (Toomre &
Toomre 1972; Barnes 2004; Li et al. 2008; Poggianti et al. 2017;
Vulcani et al. 2018; Ramatsoku et al. 2019; Molnár et al. 2022). Al-
ternatively, a combination of both gravitational (possibly a merger)
and hydrodynamical interactions might have been at work in the
specific case of NGC 1436. For example, NGC 1436 might have
experienced tidal interaction near pericentre, which may have trig-
gered a central SFR enhancement while, at the same time, moving
some gas to large radius via tidal forces, from where it could more
easily be stripped by ram pressure. In this case, NGC 1436 would
share a similar evolutionary path to that of the Fornax galaxies with
one-sided HI tails described in Serra et al. (2023).
Interestingly, the recent evolution of NGC 1436 can also be ob-

served in cosmological simulations. For instance, looking at the
TNG50 simulation (Pillepich et al. 2019), among the 16 present-
day disc galaxy found in Fornax-like environments (Galán-de Anta
et al. 2022) we find six currently star-forming objects that entered
their cluster environment between 3 and 5 Gyrs ago and had only
one pericentre passage. Among these, the left panel of Fig 9 shows
the SFH of the simulated galaxy that matched more closely the one
inferred from our SFH analysis. The right panel of this figure shows
that the disc of this simulated object also appears to be forming stars
only in its inner part while its outskirts have already been quenched,
as for NGC 1436.

6 SUMMARY

Using HI cubes from the MeerKAT Fornax Survey (Serra
et al. 2023), with a resolution of 11′′ and 66′′, sensitivity
NHI(3σ, 25 kms−1) = 4.5×1019 cm−2 and 1.3×1018 cm−2, respec-
tively, and a spectral resolution of ∼1.4 km s−1, we have investigated
the distribution and kinematics of theHI inNGC1436 finding that: (i)
the HI distribution is truncated within the inner and still star-forming
disc (ii) the HI kinematics is consistent with that of CO (Zabel et al.
2019) and ionized gas (Iodice et al. 2019a), and thus NGC 1436
has not experience any recent environmental interactions in the last
∼1 Gyr (a few orbital times of the interstellar medium).
With Fornax 3D data (Sarzi et al. 2018), we further reconstructed

the SFHs of the outer (currently quiescent) and inner (still star-
forming) part of the disc of NGC 1436, which show (i) a faster

evolution of the inner disc with respect to the outer disc from 14 to
5 Gyr ago (ii) a burst of star formation ∼ 4 ago in both parts of the
disc (iii) a steady decline and a fast quenching of the star formation
activity in the inner and outer disc, respectively.
These findings suggest that before the star formation burst,

NGC 1436 was evolving in a low-density environment outside the
Fornax cluster. While falling into the cluster and approaching its
pericentre, environmental interactions have promoted a temporary
enhancement in SFR. These interactions were also able to remove
HI from the outskirts of the galaxy, which caused the fast quenching
of the outer disc. The lack of subsequent cold gas accretion onto the
inner disc is causing its current slow quenching.
Similar evolutionary paths have been observed in cosmological

simulations (Pillepich et al. 2019) in disc galaxies evolving in Fornax-
like clusters (Galán-de Anta et al. 2022).

7 FUTURE PLAN

This work demonstrates how mapping the star-formation history in
galaxies with deep HI data is effective for understanding both the past
and on-going impact of gravitational and hydrodynamic processes
on galaxies moving from low to high density environments.
As a next step, we will apply the stellar-population analysis ap-

proach used for NGC 1436 to the other galaxies in the Fornax cluster
with available VLT-MUSE data and detected withMeerKAT.Mainly
coming from Fornax3D sample (Sarzi et al. 2018), they will result in
a sample of 13 galaxies covering a range of HI morphologies, galaxy
mass, and position within the cluster that will provide an ideal basis
for further comparisons with the predictions from numerical simula-
tions. At the same time, we intend to improve our constraints on the
young stellar population by taking also into account data extending
beyond the MUSE spectral range. For instance, we intend to collect
near-IR data using the NIRWALS integral-field spectrograph (Wolf
et al. 2018) mounted on the South African Large Telescope (SALT),
which will cover absorption bands from thermally-pulsating asymp-
totic giant branch stars that are good indicators of intermediate age
populations (between 0.3 and 2 Gyr, Maraston 2005).
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Figure A1.We show the comparison between the channel-maps of the 11′′cube (green) and the TiRiFiC model (blue) used to measure the rotational velocity
and SB in Fig. 4. For presentation purpose, we re-binned the channel-maps in velocity to 23 km s−1 channels. We show the same contours at ∼3σ (where σ is
the RMS of the re-binned cube), with subsequent contours increasing as ×2n (with n=1,2,3 ..), both for the data and the model. In general, the model follows the
HI rotation in the data, and in the two middle rows, we can see how TiRiFiC nicely models the HI depression visible in the center of the galaxy. Black contours
are the 11′′HI image (Fig. 2).
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ABSTRACT

Context. Our knowledge of near-Earth asteroid (NEA) composition is important for planetary research, planetary defence, and future
in-space resource utilisation. Upcoming space missions, for example, Hera, M-ARGO, or missions to the asteroid (99942) Apophis,
will provide us with surface-resolved NEA reflectance spectra. Neural networks are useful tools for analysing reflectance spectra and
determining material composition with high precision and low processing time.
Aims. We applied neural-network models on disk-resolved spectra of the Eros and Itokawa asteroids observed by the NEAR Shoemaker
and Hayabusa spacecraft. With this approach, the mineral variations or intensity of space weathering can be mapped.
Methods. We built and tested two types of convolutional neural networks (CNNs). The first one was trained using asteroid re-
flectance spectra with known taxonomy classes. The other one used silicate reflectance spectra with assigned mineral abundances and
compositions.
Results. The reliability of the classification model depends on the resolution of reflectance spectra. Typical F1 score and Cohen’s κC
values decrease from about 0.90 for high-resolution spectra to about 0.70 for low-resolution spectra. The predicted silicate composition
does not strongly depend on spectrum resolution and coverage of the 2µm band of pyroxene. The typical root mean square error is
between 6 and 10 percentage points. For the Eros and Itokawa asteroids, the predicted taxonomy classes favour the S-type and the
predicted surface compositions are homogeneous and correspond to the composition of L/LL and LL ordinary chondrites, respectively.
On the Itokawa surface, the model identified fresh spots that were connected with craters or coarse-grain areas.
Conclusions. The neural network models trained with measured spectra of asteroids and silicate samples are suitable for deriving
surface silicate mineralogy with a reasonable level of accuracy. The predicted surface mineralogy is comparable to the mineralogy of
returned samples measured in the laboratory. Moreover, the taxonomical predictions can point out locations of fresher areas.

Key words. Minor planets, asteroids: general – Methods: numerical – Methods: data analysis – Techniques: spectroscopic

1. Introduction

Near-Earth asteroids (NEAs) are relatively easy-to-reach and
compositionally diverse targets for spacecraft exploration. The
dominant NEA fraction is of S and Q spectral types (Binzel
et al. 2004; Dunn et al. 2013; Binzel et al. 2019) predominantly
composed of dry silicates such as olivine and pyroxene. These
two minerals are easily identified in the near-infrared reflectance
spectra through multiple characteristic absorption bands around 1
and 2 µm. These bands are due to the presence of Fe2+ cations
in the crystalline structure. In olivine, three strong overlapping
absorption bands are present close to 1-µm wavelength. Similarly,
in pyroxene, there are also three absorption bands observed: two
strong bands are located around 1 and 2 µm and one weak band
is around 1.25 µm (Gaffey & McCord 1979; Cloutis et al. 1986).

The specific position and depth of these absorption bands
depend on mineral composition, texture, or material grain size.
In a mixture of olivine and pyroxene, the overall shape of a
spectrum depends on the olivine-to-pyroxene mixture ratio. The
spectral mixing is, however, non-linear. Previous studies (e.g.

Send offprint requests to: David Korda,
e-mail: david.korda@helsinki.fi

Adams 1974; Cloutis et al. 1986; Gaffey et al. 2002; Burbine et al.
2007; Dunn et al. 2010) have found mainly empirical quantitative
composition relations using the areas and central positions of
the absorption bands. This has opened up one way of studying
the quantitative mineralogy of silicate asteroids. However, the
determination of the band positions and their areas is sensitive
to the quality of a spectrum (with asteroid spectra being often
of low signal-to-noise ratios) and spectral continuum subtraction
(often not easy to reliably determine due to the limited spectral
range). Together with quantitative mineralogy, several asteroid
classification schemes (taxonomies) were introduced (e.g. Tholen
1984; Bus 1999; DeMeo et al. 2009; Mahlke et al. 2022). The
taxonomies are based on the reflectance spectra of asteroids,
usually taken in visible and near-infrared wavelengths. Different
taxonomy classes provide us with qualitative information about
the surface composition of asteroids.

In this work, we focus on the surface composition of
(433) Eros and (25143) Itokawa asteroids. Their surface-
resolution reflectance spectra of the asteroids have been studied
in the past. Taxonomically, both asteroids belong into the S or
Sw-types (Fujiwara et al. 2006; DeMeo et al. 2009; Mahlke et al.
2022). Eros is a near-Earth elongated asteroid with dimensions of
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the order of tens of kilometres. The asteroid was studied in detail
by the NEAR Shoemaker, the first dedicated asteroid rendezvous
mission (Cheng 1997). The surface of Eros seemed to be compo-
sitionally homogeneous with extremely weak spectral variations
across the northern hemisphere (Nittler et al. 2001; McFadden
et al. 2001; Bell et al. 2002), and with a good match to L/LL
ordinary chondrite composition (McCoy et al. 2001; McFadden
et al. 2001). Small spectral variability detected on Eros in 1-µm
and 2-µm band absorptions is associated with large topographic
slopes in and near large craters and along one nose of the asteroid.
The weak variations in the band-area ratio are observed between
the large impact craters Psyche and Himeros (Bell et al. 2002).

Itokawa is a near-Earth asteroid resembling a contact binary
(Fujiwara et al. 2006). Compared to Eros, Itokawa is smaller,
with dimensions on the order of hundreds of metres. The asteroid
was studied in detail by the JAXA Hayabusa mission (Kawaguchi
et al. 2003). Most works related to surface composition and space
weathering are based on the AMICA multi-band imaging cam-
era (Ishiguro et al. 2007; Koga et al. 2018). Fresher areas are
often correlated with younger impact craters or with coarser ar-
eas associated with tomographic highs (Tancredi et al. 2015).
The more mature areas correspond to accumulation areas such
as Sagamihara, Muses Sea, or the bottom of prominent older
craters. The laboratory analyses of returned dust particles from
the Itokawa Muses Sea area showed uniform composition similar
to LL chondrites (Nakamura et al. 2011, 2014).

Machine learning uses arbitrary mathematically complex em-
pirical models. Neural networks (Goodfellow et al. 2016) repre-
sent a specific family of machine learning models. Neural net-
works are formed by layers of neurons which perform simple
non-linear operations. The nonlinearity, optional complexity, and
data-driven basis of the neural networks make them suitable for
searching for complicated empirical relations. Recently, authors
have used neural networks to extract information from reflectance
spectra. Korda et al. (2023) demonstrated the usefulness of neural
networks in determining the mineralogical composition of olivine
and pyroxene and Penttilä et al. (2021) and Klimczak et al. (2021)
used neural networks to perform a categorical classification of
asteroid spectra, to name a few. The main advantage of neural
networks compared to traditional statistical methods or empirical
relations is that the flexible model finds the empirical relation
itself and such a relation is versatile over a large range of material
compositions. Reliability metrics used by neural networks are
well-defined but often less intuitive. The main disadvantages of
neural networks are a requirement for a large and diverse train-
ing dataset and a less apparent understanding of how individual
reflectance values contribute to final model predictions.

On the other hand, the empirical relations using band-centre
and band-area-ratio parameters are very intuitive but with a lim-
ited range of validity. A possible trade-off between intuitive pa-
rameterisation and versatility is statistical methods, for example,
principal component analysis (PCA). The high flexibility makes
neural networks useful also in related fields of astronomy (e.g.
Miller 1993; Ciaramella et al. 2005) or asteroid studies (e.g. de
León et al. 2010; Hefele et al. 2020; Carruba et al. 2021; Viavat-
tene & Ceriotti 2022).

In this work, we combine the outputs of two different neural
network models. The first model classifies reflectance spectra
to the Bus–DeMeo taxonomy classes (DeMeo et al. 2009) and
is referred to as the ‘classification model’. The second model
is the adaptation of previously published work by Korda et al.
(2023) and quantifies relative abundances of olivine, orthopyrox-
ene, clinopyroxene, and their chemical compositions and this is
referred to as the ‘composition model’. Subsequently, we eval-

uate error metrics on test data to get the error estimate of the
two models. Finally, we apply the models to the disk-resolved
reflectance spectral data of the Eros and Itokawa asteroids and
discuss correlations between the outputs of both models. Both
neural network models were built using the Keras library (Chollet
et al. 2015) in Python.

The presented results are based on an improved version of the
Python scripts introduced in Korda et al. (2023). The improve-
ments include performance optimisation, additional functionality,
and, most importantly, the possibility to easily switch between
classification and composition models. The scripts are driven by
user-friendly configuration files. Compared to works by other
authors, this work has refined output in terms of asteroid classes
(16 in this work compared to 12 in Klimczak et al. 2021 and
Penttilä et al. 2022). All Python scripts, data files, and metadata
used in this article can be downloaded from GitHub repository1

as the version ‘v2.0’.

2. Data

For the analysis of Eros and Itokawa surfaces, we utilised two
different types of labelled reflectance spectra. The taxonomic
classification is based on the dataset of asteroids with a known
Bus–DeMeo class. The estimate of the surface mineral chemical
composition is based on reflectance spectra of pure olivine, or-
thopyroxene, and clinopyroxene, their laboratory mixtures, and
‘natural’ mixtures (meteorites).

2.1. Taxonomic classification

The basic dataset for training our classification model is a com-
bined dataset drawn from DeMeo et al. (2009) and Binzel et al.
(2019). This dataset originally contains 591 reflectance spectra
of asteroids in 33 taxonomy classes. Some classes include only
a few examples. For this reason, we combined or deleted some
classes (see Table 1 for details). In the reduced taxonomy system,
we have 538 reflectance spectra in 16 classes and an additional
41 reflectance spectra of Sq asteroids, which we set aside for
additional model validation only, and we did not include these
for the neural network training.

The reflectance spectra were pre-processed in three steps.
Firstly, we interpolated the spectra to a uniform wavelength grid
from 450 nm to 2450 nm with a resolution of 5 nm (the grid
is referred to as ‘full’). Secondly, we removed high-frequency
noise from the re-sampled data using a Gaussian convolutional
kernel with σ = 7 nm. Thirdly, the re-sampled and denoised
spectra were normalised to unity at 550 nm, which highlighted
differences among spectra. The final spectra are plotted in Fig. 1.

2.2. Composition regression

For the training of the composition model, we used reflectance
spectra of pure olivine (OL; 100 samples), orthopyroxene (OPX;
102 samples), and clinopyroxene (CPX; 108 samples), their lab-
oratory silicate mixtures (137 samples), and meteorites (45 or-
dinary chondrites [OC], 7 HEDs, 5 lodranites, four SNC achon-
drites, and 2 brachinites; total: 63 samples). Except for seven
reflectance spectra measured at the University of Helsinki, all
other reflectance spectra were sourced from the RELAB2 and
C-Tape3 databases. Relative volumetric modal abundances and

1 https://github.com/Sirrah91/Asteroid-spectra
2 https://pds-geosciences.wustl.edu/spectrallibrary/
3 https://uwinnipeg.ca/c-tape/sample-database.html
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Fig. 1. Individual reflectance spectra of the reduced taxonomy classes and of Eros and Itokawa. The thick red spectrum on top of each subplot
represents the average spectrum of the type. For visualisation purposes, all spectra were re-normalised at 1500 nm.

mineral chemical compositions represented by end-members are
known for all the samples. The pre-processing is the same as in
the case of reflectance spectra used in the classification model.
The same wavelength grid and normalisation enable further vali-
dations, for example, assigning taxonomy classes to reflectance
spectra of olivine, pyroxene, ordinary chondrites, or HED mete-
orites (see Sect. 4.1.1). For more information about the data, we
refer to Sect. 2 and Appendix A, both in Korda et al. (2023).

2.3. Eros and Itokawa

The spectra of Eros were collected by the Near-Infrared
Spectrometer (NIS) instrument on board the NEAR Shoe-
maker (Warren et al. 1997) spacecraft, while the Itokawa
data are based on the Near Infrared Spectrometer (NIRS;
Abe et al. 2011) measurements by the Hayabusa space-
craft. Both datasets were obtained from the NASA Plane-
tary Data System (PDS) archive. In the case of Eros, the
NEAR_A_NIS_5_EDR_ALL_PHASES_PDSREV_V1_0
dataset was used. In the case of Itokawa the Home
phase data including footprint information from
HAY_A_NIRS_3_NIRSCAL_V1_0 dataset was used. Both
datasets include basic dark frame and/or dark current, as well as
lighting geometry corrections necessary to convert raw data to
reflectance (radiance/irradiance, I/F) units of reflectance.

Comparing the NIS Eros spectra to those obtained by ground
telescopes there is a good match at lower wavelengths, but in-
creasing excessive reddening above 1500 nm (e.g. Veverka et al.
2000; Bell et al. 2002) in the InGaAs detector segment (Warren
et al. 1997). While still matching ground-based spectra within the

error bar, the NIS red slope is not fully removed during calibra-
tion (Izenberg et al. 2000) and its origin is not fully understood
(McFadden et al. 2001). Therefore, we calculated a correction
coefficient for each wavelength as a fraction of the normalised
spectrum of Eros used in DeMeo et al. (2009) over the mean
normalised NIS spectrum. This correction was applied to all NIS
spectra (see Fig. A.1). No other photometric or thermal correc-
tions were utilised.

To filter a coherent and reliable dataset, we applied a set of
criteria on the reflectance geometry and data quality specified
in Table 2, verified that the field of view is filled with the target
asteroid, interpolated the original wavelength grid to uniform
spacing, and normalised the spectra. Among the selection criteria,
we also filtered out all untrustworthy spectra (e.g. with too low
or even negative reflectance) and in the case of Itokawa, we also
filtered out reflectance values at wavelengths that were biased by
the instrument (low sensitivity of the detector below 800 nm, Abe
2020, personal communication). A total of 1685 Eros and 8358
Itokawa spectra passed our criteria and were used in this work.

The observed spectra cover overlapping areas of the surface
depending on the exact observation geometry. To scale the spec-
tral measurements to a uniform grid, we divided the asteroid
surface into ‘target regions’ defined as areas of 1 deg × 1 deg
in latitude × longitude. To recover the spectrum of a desired
target region, we computed a weighted average of all spectra
covering that region. The averaging procedure has three steps.
Firstly, we collected all measured spectra Rraw overlapping with
the desired target region. Secondly, for all collected spectra Rraw,
we weighted their contribution to the target region based on their
overlap area So with the region divided by their total area Sg.
Thirdly, the final spectrum R of the target region is a weighted
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Table 1. Original taxonomy dataset and our reduced version.

Counts
Class Original Reduced Notes
A 7 10
B 12 12
C 26 30
Cb 4 0 Cb→ C
Cg 2 0 Cg→ Cgh
Cgh 10 12
Ch 19 19
D 22 22
K 15 15
L 33 33
O 1 0 not used
Q 42 42
Qw 1 0 not used
R 1 0 R→ Sr
S 147 221
Sa 3 0 Sa→ A
Sq 41 41 validation only
Sq: 1 0 not used
Sqw 17 0 Sqw→ S
Sr 31 40
Srw 8 0 Srw→ Sr
Sv 3 0 not used
Svw 2 0 not used
Sw 57 0 Sw→ S
T 4 4
U 3 0 not used
V 26 28
Vw 2 0 Vw→ V
X 16 19
Xc 3 0 Xc→ X
Xe 10 10
Xk 21 21
Xn 1 0 not used

sum of all collected spectra, namely,

R =

∑
i

Rraw
i

(
So

i /S
g
i

)
∑
i

So
i /S

g
i

, (1)

where i indexes individual spectra and areas. In total, 35% of
Eros and 45% of Itokawa surfaces are covered with target regions
containing spectral information. After the averaging procedure,
we denoised the spectra using the Gaussian convolutional kernel
and normalised them again. The final spectra are plotted in Fig. 1.
We note that the normalisation wavelength was set to 1500 nm,
which is roughly in the middle between the two absorption bands.
This must have been modified in the case of Eros due to the ex-
cessive reddening and was set to 1300 nm, where the germanium
detector provides more reliable data (Veverka et al. 2000).

3. Neural network

We utilised artificial neural networks to find a relation between the
reflectance spectra and taxonomic classes or mineral composition.
In both cases, the input for the neural network is a reflectance
spectrum. The layers of neurons in the network extract diagnostic
patterns from the reflectance values, combine them, and finally
predict the taxonomic class or the composition.

Table 2. Selection criteria, number of spectra and their average size, and
final wavelength grid for Eros and Itokawa spectra.

Parameter Min Max
Eros

phase angle (deg) 0 40
incidence angle (deg) 0 60
emission angle (deg) 0 60
observed area (deg2) 0 750
mean(Rraw) 0.01 -
#Rraw 1685
#R 15353
S Rraw

(deg2) 199 ± 111
wavelength grid (nm) 820 2360
wavelength spacing (nm) 20
normalised at (nm) 1300

Itokawa
phase angle (deg) 0 30
incidence angle (deg) 0 50
emission angle (deg) 0 50
distance from the surface (km) 0 5
mean(Rraw) 0.01 -
#Rraw 8358
#R 18695
S Rraw

(deg2) 6.0 ± 5.2
wavelength grid (nm) 820 2080
wavelength spacing (nm) 20
normalised at (nm) 1500

Every layer of the neural network performs a linear com-
bination of the layer inputs h followed by a simple non-linear
operation that takes the form o = f(Wh + b), where o is the layer
output, W are the coefficients of the linear combination (weights),
b are the bias, and f is the non-linear (activation) function. The
activation function is fixed for each layer, while weights and bi-
ases are trained to produce the mapping between the inputs and
outputs.

3.1. Model architecture

Model architecture defines the structure of a neural network. The
structure is composed of an input layer, hidden layers, and an
output layer. The widths of the input and output layers are fixed
and depend on the dimension of the input data and the number of
outputs. The input data of both models is a reflectance spectrum
with a number of reflectance values. The output values of our clas-
sification models are probabilities of individual taxonomic classes
(16 classes in our reduced list), while the composition model re-
turns predicted modal abundances and chemical compositions of
minerals (10 values).

The number and widths of hidden layers as well as their inter-
connections were chosen using model evaluation and parameter
search as described in Sect. 3.4. The preferred architecture of the
classification model consists of one convolutional hidden layer
with 24 different kernels (filters) of width 20 nm (5 values). The
composition model includes an additional convolutional layer
with eight filters of width 20 nm. Each of the filters learns a differ-
ent pattern from the data, for instance, a position of an absorption
band. The output of the last convolution layer is flattened and
fully connected with the output layer.

The parameter search favoured models with the exponential
linear unit (ELU) or rectified linear unit (ReLU) activation func-

Article number, page 4 of 32



D. Korda et al.: (433) Eros and (25143) Itokawa surface properties from reflectance spectra

tions between the input and the hidden layers, and the softmax or
sigmoid activation functions between the hidden and the output
layers. These are defined as:

ELU(x) =

{
x, if x ≥ 0
exp (x) − 1, if x < 0,

(2)

ReLU(x) = max (0, x) , (3)

softmax(x) =
exp (x)∑

i
exp (xi)

, (4)

sigmoid(x) =
(
1 + exp (−x)

)−1 . (5)

Because of additional sigmoid normalisation (see Sect. 3.1 in
Korda et al. 2023), both softmax and sigmoid activation functions
return a vector of non-negative values that (by parts) sum up
to one. Therefore, the vector can be directly interpreted as a
probability (match score) of individual taxonomic classes or as
silicate composition in percent.

3.2. Loss function and accuracy metrics

Before the training of the neural network model, we need to
define a loss function that is minimised and metrics to measure
the accuracy of the model. The classification and composition
models solve different tasks, namely, classification and regression.
We used standard loss functions and accuracy metrics for these.
For the classification, we used the categorical cross-entropy loss
function and categorical accuracy, F1 score, and Cohen’s κC as
the metrics. The regression loss and metrics (root-mean-square
error [RMSE], coefficient of determination [R2], and spectral
angle mapper [SAM]) are described in Sect. 3.2 in Korda et al.
(2023). Categorical cross-entropy Ltax, categorical accuracy CA,
F1 score, and Cohen’s κC are defined as:

Ltax = −
1
N

N∑
i=1

M∑
c=1

1yi∈Cc log
(
pmodel

[
yi ∈ Cc

])
, (6)

CA =
true positives

N
, (7)

F1 = 2
precision · recall
precision + recall

, (8)

κC =
CA − pe

1 − pe
, (9)

precision =
true positives

true positives + false positives
, (10)

recall =
true positives

true positives + false negatives
, (11)

pe = N−2
M∑

c=1

nc
actualn

c
model, (12)

where N is the number of observations (reflectance spectra), M is
the number of classes, Cc is the individual class, 1yi∈Cc is the
indicator function (equals to 1 if yi ∈ Cc and 0 otherwise),
pmodel

[
yi ∈ Cc

]
is the predicted probability of the observation

i to belong to class Cc, and nc is the number of observations
belonging to class Cc. We note that the predicted class is the one
with the maximum predicted probability.

The categorical accuracy simply tells us in what fraction of
observations the model prediction is correct. Sometimes, even a
few misclassifications can make the model useless. An example

is a situation with one of the classes being significantly over-
represented in the number of cases compared to other classes.
Then a simple model which always ‘predicts’ the observation be-
longing to the dominant class has very high categorical accuracy
but is useless. For this reason, it is also useful to introduce other
metrics. Cohen’s κC is similar to categorical accuracy but takes
into account a baseline of random chance. Precision measures
the probability that if the model predicts the observation with a
certain class, it will be correct. Recall measures the probability
that if the observation is from a certain class, the model will
correctly predict it. F1 score (harmonic average of precision and
recall) is useful if the model does not need to concentrate on
either precision or recall, which is the case we are examining
here.

3.3. Training and regularisation

The training of a neural network is an iterative process of weights
and bias optimisation. The optimisation is based on gradient de-
scent algorithms. The gradients of the loss function are computed
using the backpropagation algorithm. We solved the optimisation
problem using the Keras library. The parameter search favoured
the Adam optimisation scheme (Kingma & Ba 2014). We note
that the training of a single model with optimised hyperparam-
eters using 4 Intel 1.6 GHz cores takes about 2 minutes for a
low-resolution classification model and about 25 minutes for a
high-resolution composition model. Subsequent evaluation of
over 18500 Itokawa spectra with the trained models takes about
1.3 seconds per model.

The available data can be split into three parts: training, vali-
dation, and test data. Training data are only used in the training
algorithm. Validation data are used to find the optimal model
architecture and other hyperparameters (see Sect. 3.4) and to
avoid overfitting during training. Test data only enters the trained
model, where its purpose is to evaluate the model performance.

To avoid overfitting, we utilised three types of regularisa-
tion techniques: L1 (absolute values) and L2 (Euclidean norm)
regularisations of weights and biases and dropout regularisation
(Srivastava et al. 2014). The dropout randomly cuts connections
between neurons and effectively makes the model smaller. The
L1 and L2 trade-off parameters and dropout rates between individ-
ual layers were selected via the parameter search. Among these,
we used a batch normalisation between the layers, applied after
the activation function. The batch normalisation leads to a faster
convergence of the optimisation algorithm.

3.4. Hyperparameters

The specific configuration and behaviour of a neural network
are driven by a set of hyperparameters. The hyperparameters
contain the model architecture (number and widths of hidden
layers, interlayer connections, activation functions), optimisa-
tion routine (optimisation algorithm and its hyperparameters), or
regularisation techniques (trade-off parameters, dropout rates).
The hyperparameters are selected via parameter search and accu-
racy evaluation on the validation data. First, we split the data to
train (80%) and validation (20%) parts. The splitting was done
separately for each taxonomy class and each type of mineral
mixture to keep relative numbers in both sets. Second, we used
random and Bayes search (Kandasamy et al. 2018) algorithms
and computed about 3500 models with unique combinations of
hyperparameters (additionally, over 2500 more models were com-
puted for the purposes of our previous study Korda et al. 2023).
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The selected set of hyperparameters fulfils two conditions: (1) the
accuracy metrics computed from validation and training data are
optimal and comparable (to prevent overfitting) and (2) the loss
function computed from validation and training data are low and
comparable. The final parameters and ranges used in the parame-
ter search are listed in Table B.1. We note that for the composition
models, we adopted hyperparameters from Korda et al. (2023).

3.5. Model evaluation

The accuracy evaluation of the models was done using a k-fold
procedure. The k-fold procedure splits the data into k different
parts. All parts except one are used as a training dataset and the
single remaining part as a test dataset. The training dataset is
utilised to train a model with the previously set hyperparameters,
and the test dataset is used to evaluate accuracy metrics. This
is repeated k times so all data parts are finally evaluated in the
test part. For this work, we selected k = 100, a compromise
between computational complexity and the reliable estimation of
the accuracy metrics.

To further test the classification model, we used spectra of
Sq-type asteroids, meteorites (OC and HED), and pure mineral
samples (olivine and pyroxene) to verify that they are evaluated
within expected classification categories (i.e. Sq-type asteroid
and ordinary chondrite meteorite spectra should be evaluated as
S and Q-types; pyroxenes and HEDs as V-type; and olivines as
A-type). We note that similar tests on the composition model on
asteroid spectra were carried out in Korda et al. (2023).

4. Results

Both the classification and composition networks were trained
three times: once with the full available spectral span and resolu-
tion and twice to match the spectral datasets of Eros and Itokawa,
respectively. The full resolution covers both the 1-µm and 2-µm
absorption bands with the high 5-nm resolution. Eros resolu-
tion contains both bands too, but with a coarser 20-nm spacing.
Itokawa resolution does not fully cover the 2-µm band and is
of the same 20-nm spacing. First, we validated the individual
classification and composition models. Second, we used them
to make predictions about the surfaces of the Eros and Itokawa
asteroids.

4.1. Classification model

The results of the classification models are presented via con-
fusion matrices. The confusion matrix summarises predictions
of individual classes. Rows represent true classes and columns
predicted classes. For example, in the full-resolution model repre-
sented in Fig. 2, one Cgh-type asteroid was predicted as Ch-type,
one as Xe-type, and 10 correctly as Cgh-type (line 4). From the
predicted Cgh-type (column 4) one belongs to the C-type and
10 belong to Cgh-type. The accuracy metrics calculated using
Eqs. 7–11 are listed in Table C.1. Confusion matrices for the Eros
and Itokawa-resolution models can be found in Appendix D.

Among asteroids rich in dry silicates, the A-type and V-type
asteroids have special positions. Both of them are thought to be
predominantly composed of pure minerals, namely, the A-type is
connected with olivine and the V-type is connected with pyroxene
(de Sanctis et al. 2011). Even though there are only 10 A-type
and 28 V-type asteroids in our dataset, all classification models
classed all these samples correctly. In addition, no other sample
was classed in these two categories.

Table 3. Mean match scores and predicted classes of the Sq-type aster-
oids and meteorite and mineral samples.

Sq-type OC HED PX OL
Match score (%)

A 0.0 0.0 0.0 7.2 46.2
K 0.0 0.1 10.6 0.4 39.3
Q 15.6 61.5 32.3 22.8 13.8
S 80.6 23.7 0.0 2.0 0.0
Sr 3.7 14.1 0.0 9.1 0.0
V 0.0 0.0 57.1 56.8 0.0

Predicted class (%)
A 0.0 0.0 0.0 8.0 49.0
K 0.0 0.0 14.3 0.4 40.0
Q 12.2 62.2 28.6 21.7 11.0
S 85.4 24.4 0.0 1.9 0.0
Sr 2.4 13.3 0.0 9.5 0.0
V 0.0 0.0 57.1 57.0 0.0

4.1.1. Model with full resolution

The model predictions of the taxonomy classes are visualised via
a confusion matrix in Fig. 2. A total of 495 out of 538 asteroids
were correctly classified in our reduced taxonomy system. Most
of the mismatches are due to unsharp boundaries among the
taxonomy classes, for instance, within the S-complex (among S,
Sr, and Q-types) and within the C+X-complex (among B, C, Cgh,
Ch, X, Xe, and Xk-types). The most common mismatch exists
between S and Sr-types (16 cases) and between X and Xk-types
(six cases). These led to lower F1 scores for Sr, X, and Xk-types,
compared to other types. An important performance indicator
is that no mismatch is observed between S-complex and C+X-
complex. The precision, recall, F1 score, and categorical accuracy
values computed from all the data resulted in 92% reliability of
the model. Slightly lower accuracy is indicated by Cohen’s κC .

The reliability test on Sq-type asteroids, ordinary chondrites
and HED meteorites, and pure pyroxene and olivine samples are
summarised in Table 3. The most probable classes of the 41 Sq-
type asteroids are S-type with mean match score 80.6%, Q-type
(mean match score 15.6%), and Sr-type (mean match score 3.7%).
The preference for S-type over Q-type is probably caused by
an imbalanced training set in which S-type asteroids dominate.
Most of the Sq-type asteroids are predicted as very similar to S
or Q-types.

Ordinary chondrites are spectrally similar to Q and S-type
asteroids (Chapman 1996). This is correctly predicted by the
classification model. Overall, the mean match score with Q-type
asteroids is above 60% and the remaining almost 40% tends to
S and Sr-types. Specifically, from 45 ordinary chondrites, the
model assigns Q-type to 28 samples, S-type to 11 samples, and
Sr-type to 6 samples. All these types contain the 1-µm and 2-
µm absorption bands that are formed by olivine and pyroxene.
We note that the mean olivine fraction, mean Fa, and mean Fs
(OPX) are about 5 pp higher for the ordinary chondrites that were
predicted as ‘almost’ Q-type (match score over 90%) compared
to those predicted as ‘almost’ S-type. HED meteorites are usually
rich in pyroxene. The taxonomy class related to pyroxene-rich
asteroids is the V-type. From 7 HED meteorites, 4 are predicted
as V-type, 2 as Q-type, and 1 as K-type. The mean match scores
of these classes are 57.1%, 32.3%, and 10.6% for V, Q, and K,
respectively. We identified the misclassifications as fragments of
MIL-03443 meteorite. This meteorite is olivine-rich (94 vol%)
dunite-like HED (Beck et al. 2011). Its spectra show a dominant
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Fig. 2. Confusion matrix of the full-resolution classification model.

1-µm band with a broach, a shallow 2-µm band, and no reddening.
For these reasons, the classifications as K or Q-types are expected
and correctly predicted by the model.

The predictions for the pyroxene samples (PX; pure OPX,
pure CPX, and binary mixtures of OPX and CPX) should be
similar to the predictions for HED meteorites. The classes with
the highest mean match score are V-type with the match score of
56.8%, Q-type (22.8%), and Sr-type (9.1%). From 263 pyroxene
samples, V-type is the most probable for 150 of them, Q-type for
57 samples, Sr-type for 25 samples, and A-type for 21 samples.
Other types contain only a minor fraction of samples, namely S
(5×), L (2×), Ch (2×), and K (1×). Olivine spectrum is dominated
by a strong 1-µm absorption band. The taxonomy classes whose
only strong absorption band is around 1 µm are A and K-types.
The mean match scores of these are 46.2% and 39.3% for A and
K, respectively. Among the 100 olivine samples, 49 are predicted
as A-type, 40 as K-type, and 11 as Q-type.

4.1.2. Model with Eros resolution

Taxonomy predictions based on low-resolution reflectance spec-
tra are significantly worse than in the case of the full-resolution
model. The limited wavelength range that starts at 820 nm signifi-
cantly affects predictions on the individual types in C+X-complex,

particularly Xe, Xk, and Cgh-types, because these types are de-
fined via features located around 500 and 700 nm. In general,
the wavelength coverage is crucial for the accuracy of taxonomy
predictions (see the left panel in Fig. F.1). The categorical ac-
curacy, F1 score, and Cohen’s κC of the model are 0.77, 0.75,
and 0.71, respectively. That means that there are more than twice
that many incorrectly predicted classes. The misclassifications
are predominantly found within the S-complex and within the
C+X-complex (see Fig. D.1).

4.1.3. Model with Itokawa resolution

The limited wavelength range of the Itokawa spectra does not af-
fect the accuracy metrics compared to the Eros-resolution model.
The overall predictions of the Itokawa-resolution model are com-
parable to the Eros-resolution model. The categorical accuracy,
F1 score, and Cohen’s κC are 0.78, 0.77, and 0.72, respectively,
and misclassifications are mostly within S-complex and C+X-
complex as can be seen in Fig. D.2.

4.2. Composition model

In the following subsections, we present the results of our com-
position models. The results are visualised via scatter and error
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plots and summarised in tables. In the scatter plots, the true abun-
dances and compositions are on the horizontal axes, while the
predicted ones are on the vertical axes. The error bars were es-
timated as RMSE between the predicted and actual values in
bins with a width of 10 percentage points (pp, the difference be-
tween two percentage values); for details, see Korda et al. (2023).
The diagonal lines delimit different accuracy intervals. Table C.2
contains the evaluation of accuracy metrics, Table C.3 lists what
part of predictions are within a given accuracy interval, and Ta-
ble C.4 summarises the 1-σ error estimates. All tables include
models with different resolutions. The result plots for the Eros
and Itokawa-resolution models can be found in Appendix E. We
note that the absolute errors of individual predicted quantities
behave similarly in all the models (see the right panel in Fig. F.1
for overall error statistics).

4.2.1. Model with full resolution

The chemical mineral composition in full resolution was evalu-
ated and discussed in Korda et al. (2023). Here, we used a more
advanced k-fold procedure to get a better estimate of model preci-
sion. In Figs. 3–6, there are the predictions of the neural network
model.

The results are mostly comparable with those of the previous
study. The best results are obtained for the modal abundance of
olivine and olivine and orthopyroxene chemical compositions.
Compared to Korda et al. (2023), the modal orthopyroxene and
clinopyroxene composition error estimates are lower. The lower
error is mostly attributed to a lower fraction of orthopyroxene–
clinopyroxene mismatches that highly contribute to the RMSE
estimate. The orthopyroxene–clinopyroxene mismatches are natu-
rally presented due to the smooth spectral transition between these
two pyroxene phases. We define orthopyroxene–clinopyroxene
outlier as orthopyroxene–clinopyroxene mixture (volume fraction
of both pyroxene phases is 95% or higher) for which absolute
error in prediction of orthopyroxene or clinopyroxene modal
abundance is higher than 40 vol%. In this model, we found 15
such outliers. None of them contain olivine, 3 of them are pure
orthopyroxene, 11 are pure clinopyroxene, and 1 is an OPX–CPX
binary mixture. Significant improvement is seen in the case of
the chemical composition of clinopyroxene, where the increased
amount of training data led to a reduction of biases, and there-
fore better estimates of composition in a wider compositional
range. This is best seen from the R2 metric. For the clinopyroxene
enstatite and wollastonite, R2 is between 0.5 and 0.6, while in
the previous study, these were zeros in both cases. In total, 86%
of absolute error values are within 10 pp. Assuming the normal
distribution of prediction errors, 1-σ errors are between 3.1 pp
and 6.8 pp.

4.2.2. Model with Eros resolution

Unlike in the classification model, the lower resolution of the
Eros spectra does not worsen the predictions of the mineral com-
position. Most of the computed metrics indicate even better re-
sults than for the full-resolution model. It may be because the
reflectance spectra of silicates are well-separated in mineral com-
position space and the loss of fine details is not important. Also,
for the Eros-resolution model, the most precise are predictions of
olivine modal abundance and olivine and orthopyroxene chemical
compositions, all with the RMSE of about 5 pp. In this model,
we find 15 orthopyroxene–clinopyroxene mismatches (five pure
orthopyroxene, eight pure clinopyroxene, and two OPX–CPX

Table 4. Mean and standard deviations of Eros and Itokawa composition
predictions together with Itokawa particle laboratory analyses.

Label Eros Itokawa Itokawa lab.
OL (vol%) 57.6 ± 4.5 69.0 ± 1.5 75.2
OPX (vol%) 28.9 ± 1.8 27.0 ± 1.7 21.5
CPX (vol%) 13.5 ± 4.1 4.0 ± 1.9 3.3
Fa 22.8 ± 1.1 23.1 ± 0.7 28.4 ± 1.2
Fs (OPX) 21.9 ± 3.6 22.8 ± 0.4 23.4 ± 2.0
Fs (CPX) 10.1 ± 0.6 21.3 ± 1.4 9.0 ± 1.5
En (CPX) 49.6 ± 2.2 35.8 ± 1.5 43.2 ± 4.3
Wo (CPX) 40.4 ± 2.2 43.0 ± 0.8 47.9 ± 2.9
Q (%) 8.5 ± 5.5 19.6 ± 9.1 -
S (%) 89.5 ± 5.3 80.0 ± 9.0 -

Notes. Itokawa particle analyses were adopted from Nakamura et al.
(2014) and Tsuchiyama et al. (2014). Modal mineral compositions are
always normalised to OL + OPX + CPX = 100 vol%.

binary mixtures). Overall, 86% of all predictions are within 10 pp
error. The 1-σ error estimates are in a range from 4.0 pp to 7.6 pp.
The predictions are plotted in Figs. E.1–E.4.

4.2.3. Model with Itokawa resolution

Similarly as for the Eros-resolution classification model, the in-
completely covered 2-µm band of pyroxene and the lower res-
olution of the Itokawa spectra do not worsen the predictions of
the pyroxene abundances and their compositions. Therefore, not
only the spectra are well-separated in the compositional space,
but also the whole 2-µm band is not necessary to derive proper
pyroxene composition. We find 11 orthopyroxene–clinopyroxene
mismatches (1 pure orthopyroxene, 7 pure clinopyroxene, and 3
OPX–CPX binary mixtures). In sum, 86% of the predictions are
within the 10 pp error interval. The typical 1-σ error is about 5 pp
with a range from 2.3 pp to 7.0 pp. The predictions are plotted in
Figs. E.5–E.8.

4.3. Evaluation of the Eros and Itokawa spectra

We applied the trained models to Eros and Itokawa spectra pre-
processed by the routine indicated in Sect. 2.3 to derive the mean
taxonomic class and composition of these asteroids as well as
to map local variations. The overall results (averaged over the
predictions) are summarised in Table 4. We present only taxon-
omy classes which have mean match scores above 5%. We note
that the only additional taxonomy class with the mean match
score above 1% is the L-type in the case of Eros predictions. The
3D projection maps of Eros and Itokawa were obtained using
shapeViewer4 software (Vincent 2018). The classification and
composition maps for the asteroids can be found in Figs. 7–10
and in Appendices G and H.

4.3.1. Eros

The taxonomical prediction presented in Table 4 shows that the
dominant predicted taxonomy type on the Eros surface is S-type
with 89.5% mean match score. Moreover, the S-type is the most
probable type in 100% of cases. The second and third most prob-
able types are the Q-type and L-type with the mean match scores
8.5% and 1.6%, respectively. The predicted surface mineral modal
and chemical compositions indicate a very homogeneous surface.
4 https://www.comet-toolbox.com/shapeViewer.html
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Fig. 3. Comparison of the true and predicted (by
the full-resolution model) modal abundances.
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Fig. 4. Comparison of the true and predicted (by the full-resolution
model) olivine composition. Left: Iron content. Right: Magnesium
content. The point colours indicate the actual modal abundance of
olivine in the samples.
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Fig. 5. Comparison of the true and predicted (by the full-resolution
model) orthopyroxene composition. Left: Iron content. Right: Magne-
sium content. The point colours indicate the actual modal abundance
of orthopyroxene in the samples.
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Fig. 6. Comparison of the true and predicted
(by the full-resolution model) clinopyroxene
composition. Left: Iron content. Middle: Magne-
sium content. Right: Calcium content. The point
colours indicate the actual modal abundance of
clinopyroxene in the samples.

The highest standard deviations of predictions are in olivine and
clinopyroxene abundances (4.5 pp and 4.1 pp, respectively) and
in orthopyroxene ferrosilite number (3.6 pp). The mean predicted
mineral modal abundances (normalised to 100 vol%) of olivine,
orthopyroxene, and clinopyroxene are 57.6 vol%, 28.9 vol%, and
13.5 vol%, respectively. The predicted mineral chemical compo-
sition of olivine is Fa = 22.8 and of orthopyroxene is Fs = 21.9.

4.3.2. Itokawa

The taxonomical prediction (see Table 4) indicates that the most
likely spectral match to Itokawa surface in 99% of all cases is
S-type spectrum with the mean match score of 80.0%. The second
likely match is the Q-type spectrum with the mean score of 19.6%.
The predictions of the surface mineral abundance and composi-
tions are very homogeneous with standard deviations lower than
2.0 pp. The mean predicted mineral modal abundances of olivine,
orthopyroxene, and clinopyroxene are 69.0 vol%, 27.0 vol%, and
4.0 vol%, respectively. The predicted chemical composition of
olivine is Fa = 23.1 and of orthopyroxene is Fs = 22.8.

5. Discussion

5.1. Biases

The performance of a neural network depends on the data used to
train it. Our training data were selected manually based on visual
quality screening. The manual screening lowers the total number
of samples by about 15%. The reduced amount of samples can
make the model training less stable and make the predictions
potentially biased because the number of spectra per individual
taxonomy classes are not comparable or not all combinations of
silicate abundances and chemistries are present.

The estimation of bias for classification is not straightforward.
Based on Fig. 2, the biases among the asteroid classes are rare and
amount to a few cases at most. Weak biases are possible between
S and Sr-types (biased towards S-type) and higher between X and
Xk-types (biased towards X-type). The higher bias can be due to
the spectral variability within Xk-type asteroids. Using spectra
with lower resolution, about one-third to one-half of Q and Sr-
types were predicted as S-type (see Figs. D.1 and D.2). Therefore,
the predicted probabilities of the S-type can be artificially higher,
while predicted probabilities of Q and Sr-types can be lowered
for low-resolution spectra.
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Fig. 7. Predicted match score of the S-type asteroids on the surface of Eros. The numbers designate areas discussed in the text.
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Fig. 8. Predictions of olivine abundance on the surface of Eros. The numbers designate areas discussed in the text.

Our data for composition models cover most of the solid so-
lutions of olivine and pyroxene, and a wide range of mixture
modal abundances (see Fig. 1 in Korda et al. 2023). The regres-
sion biases can be studied via prediction errors (e.g. computed
as predicted value minus actual value). The statistics of the pre-
diction errors are plotted in Fig. I.1. The biases are present when
the mean value of the prediction error is significantly non-zero, is
dependent on the composition, or when the prediction error distri-
butions are asymmetric. The predictions of modal abundances as
well as predictions of olivine and orthopyroxene compositions do
not indicate any biases. In the clinopyroxene chemical composi-
tion, the enstatite and wollastonite contents are biased. Especially

the enstatite is significantly biased because of the trend between
the composition and the prediction error. This decreases the inter-
val in which the enstatite predictions are valid. We estimate the
enstatite validity interval to 〈40; 60〉.

5.2. Asteroid surfaces

5.2.1. Eros

Eros is classified as an S-type asteroid with its surface predom-
inantly composed of matured dry silicates (DeMeo et al. 2009;
Mahlke et al. 2022). This is consistent with our classification
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Fig. 9. Predicted match score of the S-type asteroids on the surface of Itokawa. The numbers designate fresh and mature areas.
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Fig. 10. Predictions of olivine abundance on the surface of Itokawa. The numbers designate fresh and mature areas.

model results indicating the highest mean match score of almost
90% for S-type asteroids (see Table 4), with the second likely
spectral type being Q-type with a mean match score of about 9%
and the third being L-type with a mean match score of about 2%.

The S-type match score of the covered Eros surface is rela-
tively constant with the exception being a fresher (lower S-type
score) area (1) north of Charlois Regio (see Figs. 7 and G.1). This
region also corresponds to relatively higher olivine and lower or-
thopyroxene abundance predicted by the composition model (see
Figs. 8 and G.2). We attribute this anti-correlation between S-type
score and olivine abundance to the apparent attenuation of olivine

spectral signature (relative to pyroxene) in the asteroid spectra
due to olivine’s faster response to space weathering (Chrbolková
et al. 2021). We discuss this in more detail in Sect. 5.2.2 for
Itokawa, where this phenomenon is more prominent than in the
case of Eros (compare olivine–S-type correlations in Fig. 11).
The area marked (1) is in the vicinity of the local minimum in
1000 nm band depth (more weathered) in Bell et al. (2002) despite
being fresher and more olivine-rich in our model.

Given the normalisation to the sum of the three evaluated
silicates, olivine abundance always anti-correlates with the sum
of the two pyroxenes. We consider the anomalous area (2) mani-
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fested as a low-olivine, high-clinopyroxene stripe (see Figs. 8 and
G.3) west of crater Psyche to be an artefact. It is not correlated
with any prominent geological feature, but it roughly coincides
with higher 2000-nm band depth and 900-nm albedo values in
Bell et al. (2002). The olivine, orthopyroxene, and clinopyroxene
composition indicators (Fa, Fs, and Wo) show rather small varia-
tions (see figures in Appendix G), with the exception being the
above-mentioned anomalous areas (1) and (2). The interpretation
of the area (1) being variation in space weathering and area (2)
being rather a composition artefact is supported by Nittler et al.
(2001) who reported a homogeneous surface composition from
the NEAR Shoemaker X-ray spectrometer data. The overall lack
of spectral variation in our S-type match score map in Fig. 7 also
agrees with the finding of McFadden et al. (2001), who reported a
high level of spectral homogeneity of the Eros surface reflectance
spectra recorded by the NIS instrument. The distribution of S-
type scores is slightly asymmetric with a tail towards smaller
values, but the asymmetry is less prominent than in the case of
Itokawa (see Fig. 12).

Table 4 shows our predicted Eros mineral composition. Min-
eral modal abundances (normalised to the sum of evaluated sili-
cates) predicted by our composition model show mean values of
58 vol% olivine, 29 vol% orthopyroxene, and 13 vol% clinopy-
roxene. This is within the (normalised) L chondrite range (see,
e.g. Table 3 in McCoy et al. 2001) and also consistent with three-
component (olivine + orthopyroxene + clinopyroxene) composi-
tion detected by McFadden et al. (2001). The model-predicted

mean chemical composition of olivine Fa ≈ 23 corresponds to L
ordinary chondrite value (McCoy et al. 2001) and orthopyroxene
Fs ≈ 22 is at the boundary between L and LL chondrites. These
values are by a few pp lower than the values determined by Dunn
et al. (2013) from the ground-based asteroid spectrum. As dis-
cussed more in detail in Sect. 5.2.2, our olivine prediction values
may be lowered by space-weathering effects and are thus less
reliable than these or orthopyroxene.

5.2.2. Itokawa

Itokawa is classified as an S-type asteroid with its surface predom-
inantly composed of matured dry silicates (Fujiwara et al. 2006).
This is consistent with our classification model results indicating
the highest mean match score of 80% for S-type spectra (see
Table 4), with the second likely spectral type being Q-type with a
mean match score of 20%.

The exceptions are in certain regions of, e.g. rough terrains,
steep slopes, and craters (subsequent crater numbering follows
designation in Hirata et al. 2009), where the surface is fresher
and, therefore, more Q-type-like. To detect such regions, we eval-
uated the spatially-resolved Itokawa reflectance spectra using the
classification model and obtained maps of S-type (see Fig. 9)
and Q-type match scores (see Fig. H.1). We note that in the
case of Itokawa, all other spectral types besides S and Q have
match scores below 1%, therefore, the S and Q-type maps are
almost perfectly anti-correlated. A few regions have relatively
suppressed S-type and elevated Q-type match scores. In some
areas, the Q-type match score reaches as high values as 60%. The
high Q-type match scores are indicators of relatively fresh terrain
and their spatial distribution is in quite a good match to regions
of lower space weathering as indicated in Fig. 2 in Koga et al.
(2018) based on PCA of AMICA images. They also generally
agree with areas characterised by a lower space weathering index,
based on the spectral inflexion method, as defined in Ishiguro et al.
(2007), especially seen in their Fig. 7. In particular, the fresher
areas were identified as (1) Shirakami, (2) areas around fresh
craters no. 24 and 29, (3) area south-east of crater no. 9, (4) and
(5) rough areas on both sides of the neck corresponding to areas
of locally higher total (gravity) potential (see Fig. 2 in Tancredi
et al. 2015), (6) fresh crater no. 35 Kamoi and Ohsumi boulder
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area south of it, (7) area around crater no. 12, (8) area around
crater no. 22, and (9) area corresponding with no. 6 Miyabaru
crater. Surprisingly, (10) crater no. 15 Komaba indicated as be-
ing fresher by Koga et al. (2018) shows only a small increase in
Q-type match, and (11) no. 2 Arcoona and (12) no. 5 Uchinoura
craters show an even more mature interior compared to its sur-
rounding. The Arcoona and Uchinoura case may be explained by
its locally lower total potential (see Fig. 2 in Tancredi et al. 2015)
relative to its surroundings and associated material accumulation
in its interior. The areas (1), (3), and (5) also correspond to higher
local slopes (see Fig. H.9) calculated after Werner & Scheeres
(1997) and Cheng et al. (2012) assuming the constant density
of 1950 kg m−3 (Abe et al. 2006). The prominent mature areas
correspond to fine material accumulation in association with lo-
cally low total potential such as (13) Sagamihara and (14) Muses
Sea. The areas (8) and (12)–(14) also correspond to local slope
minima (see Fig. H.9). Area (15) roughly coincides with no. 3
Ohsumi crater, which could also be a material accumulation area,
even though the correlation with total gravity potential or slope is
not as evident as it is in the cases of Arcoona and Uchinoura. The
histogram of S-type match scores (see Fig. 12) shows asymmetric
distribution with a tail towards lower scores (or more Q-like) and
rather a sharp boundary at high S-type score values. A similar
trend was observed in PCA values presented in Fig. 4 in Koga
et al. (2018). We interpret this as a manifestation of the temporal
non-linearity of space weathering with larger spectral changes at
lower exposure times and an approach to spectral saturation at
higher exposure times (e.g. Vernazza et al. 2009; Kohout et al.
2014; Chrbolková et al. 2021).

Table 4 shows our predicted Itokawa mineral composition.
Mineral modal abundances (normalised to the sum of evaluated
silicates) show mean values of 69 vol% olivine, 27 vol% orthopy-
roxene, and 4 vol% clinopyroxene. This is within the normalised
LL chondrite range (McCoy et al. 2001). From Fig. 10 one can
see that variation in olivine content is rather small in the order of
percentage points. Comparing the map of olivine abundance with
that of the S-type match score in Fig. 9, we can notice relatively
good spatial anti-correlation between the predicted abundance
of olivine from the composition model and intensity of space
weathering (represented by an S-type match score) from the clas-
sification model. This is also indicated by the correlation matrix
in Fig. 11. A similar trend was reported in our previous work
(Korda et al. 2023), where we observed similar anti-correlation
between neural network-predicted asteroid olivine content and its
position within the S-Q cloud of the DeMeo et al. (2009) PCA
taxonomy. We attribute this to the apparent attenuation of olivine
spectral signature (relative to pyroxene) in the asteroid spectra
due to olivine’s faster response to space weathering (see Korda
et al. 2023, for detailed discussion and references). Thus, in the
case of Itokawa, we interpret the variation in the olivine modal
abundance as a spatial manifestation of space weathering rather
than a real change in surface composition. Due to the normalisa-
tion of the total sum of detected silicates, the olivine abundance is
a complement to the sum of both pyroxenes. The observed varia-
tions between orthopyroxene and clinopyroxene fractions plotted
in Figs. H.2 and H.3 are rather a fluctuation of the model due to
lower accuracy metrics of pyroxenes (see Tables C.2 and C.3), as
well as their lower mean abundances (see Table 4), compared to
these of olivine.

The model-predicted mean chemical composition of olivine
Fa ≈ 23 is about 5 pp lower than the mean of Itokawa particle ana-
lytical result of Fa ≈ 28 or the value derived by Dunn et al. (2013)
and corresponds to L ordinary chondrite values (McCoy et al.
2001). In contrast, the composition of orthopyroxene Fs ≈ 23 is

almost identical to the analytical result (Nakamura et al. 2011,
2014) as well as the value reported by Dunn et al. (2013) and
corresponds to LL ordinary chondrite (McCoy et al. 2001). The
reduction of the predicted mean Fa number in our model (which
is closer to typical L-chondrite values rather than expected LL)
can also be attributed to space weathering as a similar reduction
was observed within a series of Q–Sq–S asteroids analysed in
Korda et al. (2023) and may be an indicator of iron reduction
from Fe2+ into npFe0 in the topmost optically active surface lay-
ers of olivine grains. However, this is just a tentative explanation
and based on available data we cannot confirm the reason behind
lower predicted Fa values.

The spatial variations of the Fa number typically exhibit low
variations (see Fig. H.4) with a distinguishable correlation to
olivine content or Q-type score (Figs. 10, H.1, and 11) support-
ing the possible above-mentioned space weathering effect. A
spatial scatter of orthopyroxene Fs value (see Fig. H.5) is also
low and is obviously not correlated with other parameters pos-
sibly due to the increased resistance of orthopyroxene to space-
weathering-induced surficial reduction (Quadery et al. 2015).
Model-predicted composition of clinopyroxene shows a substan-
tial Wo component (see Table 4) in line with particle analysis
results. Fs and En numbers show larger deviations from analytical
results. We attribute this to the lower accuracy of our model in
the evaluation of clinopyroxene mineral composition (Tables C.2
and C.3) and the overall low predicted amount of clinopyroxene
(3–4 vol%) on Itokawa. Surprisingly, our model-predicted Wo
values spatially correlate quite well with space weathering (com-
pare Figs. H.8, 9, and 11). We interpret this again as intrinsic
model behaviour rather than real surface composition changes.

To summarise, Itokawa shows a more refined pattern with
well-distinguished local variations that are often well-correlated
with geological units, while Eros shows a coarser pattern, often
with sharp boundaries and an unclear geological correlation. We
interpret this as an artefact related to the much larger area the indi-
vidual Eros spectral observations do cover (≈200 deg2 compared
to ≈6 deg2 in the case of Itokawa) and a smaller amount of ob-
served spectra (≈1700 compared to ≈8400 spectra in the case of
Itokawa). The combination of these two factors results in coarser
averaging and, therefore, a featureless Eros appearance with few
sharp boundaries. We found an anti-correlation between space
weathering (S-match score) and the olivine content and its Fa
number, as well as a correlation with the Wo number (see Fig. 11).
Orthopyroxene Fs number seems to be most robust against space
weathering.

6. Conclusions

We used convolutional neural network (CNN) models to estimate
taxonomy class and silicate properties on the resolved surface
of the Eros and Itokawa asteroids. The classification and com-
position models were composed of one and two hidden layers,
respectively. The classification model utilised real asteroid spec-
tra with known taxonomy classes. The composition model was
trained using reflectance spectra of real silicate samples and sili-
cate mixtures with known composition.

The accuracy metrics of classification models indicate a wors-
ening of predictions with decreasing resolution. With 5-nm reso-
lution, the metrics show over 90% confidence. Models trained on
20-nm resolution native to Eros NIS and Itokawa NIRS datasets
result in decreased confidence between 72% and 80%. This may
be due to unsharp boundaries between the taxonomy classes that
are less reliably resolved with a decrease in spectrum resolution.
As demonstrated in the Itokawa model, the full coverage of the 2-
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µm band is not strictly important for the taxonomy classification.
We further tested the classification model on meteorites, minerals,
and Sq-type asteroids. In most of the cases, the model predicted
the expected taxonomy class, namely, Q-type for ordinary chon-
drites, V-type for HED meteorites and pyroxene, A and K-types
for olivine, and S and Q-types for Sq-type asteroids.

The typical RMSEs of the composition models are 6 pp for
olivine modal abundance and olivine and orthopyroxene chemical
compositions, 8 pp for the clinopyroxene chemical composition,
and 10 pp for orthopyroxene and clinopyroxene abundances. The
higher error in pyroxene metrics is due to an occasional mismatch
between orthopyroxene and clinopyroxene. The RMSE does not
significantly depend on the resolution of reflectance spectra, and
as in the case of the classification models, the complete 2-µm
band coverage is not necessary to get precise mineral or chemical
estimates.

The predicted dominant taxonomy class of Eros and Itokawa
is S-type with 80% match score. While the surface of Eros is,
to a large extent, homogeneous – the surface of Itokawa shows
more pronounced local variations in space weathering that are
often correlated with surface roughness variations, craters, or
total (gravity) potential maxima and minima. The composition
model predictions for the Eros spectra correspond to the L/LL-
type ordinary chondrite composition while the predictions for
the Itokawa spectra are more consistent with the LL composi-
tion. The observed surface of both asteroids is compositionally
homogeneous with most detected variations attributed to model
artefacts rather than to real changes in mineralogy or chemistry.
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Appendix A: Correction of Eros NIS spectra

Fig. A.1. Correction procedure of Eros NIS
spectra. Left: NIS Eros spectra used in this study
before correction (black) and their mean (blue-
red curve). Middle: Ground-based Eros spec-
trum. Right: Corrected NIS spectra (black) with
their mean (blue-red curve). The blue curve cor-
responds to wavelengths where no correction
was applied while the red curve is in the cor-
rected InGaAs spectral part.

Appendix B: Model hyperparameters

Table B.1. Hyperparameters, search ranges for the hyperparameters, and other properties of the searched models.

Full res. Eros res. Itokawa res.
Class Comp Class Comp Class Comp

Property Value Range
Network type conv. conv. conv. conv. conv. conv. conv., dense
Number of hidden layers 1 2 1 2 1 2 1–3
Nodes in the input l. 401 401 78 78 64 64 fixed
Nodes/filters in hid. l. 24 24 and 8 24 24 and 8 24 24 and 8 4–32
Nodes in the output l. 16 10 16 10 16 10 fixed
Conv. kernel size 5 5 and 5 5 5 and 5 5 5 and 5 3–7
Hid. l. activation ELU ReLU ELU ReLU ELU ReLU ReLU, tanh, sigmoid, ELU
Out. l. activation softmax sigmoid softmax sigmoid softmax sigmoid sigmoid, softmax
Dropout rate (in.-hid.) 0.0 0.0 0.1 0.0 0.005 0.0 0.0–0.3
Dropout rate (hid.-hid.) N/A 0.3 N/A 0.3 N/A 0.3 0.0–0.5
Dropout rate (hid.-out.) 0.3 0.4 0.3 0.4 0.3 0.4 0.0–0.5
L1 trade-off parameter 0.1 0.005 0.01 0.005 0.01 0.005 0.00001–1.0
L2 trade-off parameter 0.1 0.00001 0.01 0.00001 0.01 0.00001 0.00001–1.0
Training algorithm Adam Adam Adam Adam Adam Adam Adam, SGD
Learning rate 0.0032 0.0005 0.001 0.0005 0.0013 0.0005 0.0001–1.0
Batch size 144 8 128 8 56 8 1–128
Batch norm. before activation False False False False False False True, False
Max. number of epochs 1500 2000 1500 2000 1500 2000 fixed

Notes. Class and Comp stand for classification and composition models, respectively. N/A stands for ‘not applicable’.
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Appendix C: Accuracy metrics

Table C.1. Accuracy metrics computed for each class of the reduced taxonomy system and the number of spectra in the classes for the classification
models.

Full Eros Itokawa
Class Counts Precision Recall F1 Precision Recall F1 Precision Recall F1
A 10 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
B 12 1.00 1.00 1.00 0.92 1.00 0.96 0.92 0.92 0.92
C 30 0.90 0.93 0.92 0.78 0.83 0.81 0.69 0.83 0.76
Cgh 12 0.91 0.83 0.87 0.67 0.17 0.27 0.00 0.00 0.00
Ch 19 0.94 0.89 0.92 0.40 0.74 0.52 0.39 0.68 0.50
D 22 1.00 0.91 0.95 0.91 0.95 0.93 0.88 1.00 0.94
K 15 0.93 0.93 0.93 0.81 0.87 0.84 0.86 0.80 0.83
L 33 0.86 0.91 0.88 0.81 0.64 0.71 0.76 0.76 0.76
Q 42 1.00 1.00 1.00 0.85 0.67 0.75 0.84 0.62 0.71
S 221 0.94 0.97 0.96 0.82 0.96 0.89 0.83 0.96 0.89
Sr 40 0.85 0.72 0.78 0.80 0.30 0.44 0.86 0.47 0.61
T 4 1.00 0.75 0.86 0.00 0.00 0.00 0.00 0.00 0.00
V 28 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
X 19 0.70 0.84 0.76 0.46 0.58 0.51 0.44 0.42 0.43
Xe 10 0.82 0.90 0.86 0.50 0.10 0.17 0.67 0.20 0.31
Xk 21 0.72 0.62 0.67 0.30 0.29 0.29 0.50 0.43 0.46
Total 538 0.92 0.92 0.92 0.77 0.77 0.75 0.77 0.78 0.77
CA 538 0.92 0.77 0.78
κC 538 0.90 0.71 0.72

Table C.2. Accuracy metric values of the composition models.

Full Eros Itokawa
OL OPX CPX OL OPX CPX OL OPX CPX

RMSE (pp)
Modal 7.2 13.9 13.7 7.2 12.3 12.7 7.2 11.2 12.3
Fa 7.1 N/A N/A 5.9 N/A N/A 6.0 N/A N/A
Fo 7.1 N/A N/A 5.9 N/A N/A 6.0 N/A N/A
Fs N/A 5.8 8.6 N/A 6.0 8.4 N/A 6.3 8.9
En N/A 5.8 7.9 N/A 6.0 7.6 N/A 6.3 8.1
Wo N/A N/A 8.4 N/A N/A 8.7 N/A N/A 8.4

R2

Modal 0.97 0.88 0.89 0.97 0.91 0.90 0.97 0.92 0.91
Fa 0.89 N/A N/A 0.92 N/A N/A 0.92 N/A N/A
Fo 0.89 N/A N/A 0.92 N/A N/A 0.92 N/A N/A
Fs N/A 0.91 0.77 N/A 0.90 0.78 N/A 0.90 0.75
En N/A 0.91 0.62 N/A 0.90 0.64 N/A 0.90 0.60
Wo N/A N/A 0.51 N/A N/A 0.48 N/A N/A 0.51

SAM (deg)
Modal 7.5 14.8 16.1 7.6 13.0 14.8 7.6 11.9 14.4
Fa 12.8 N/A N/A 10.7 N/A N/A 10.7 N/A N/A
Fo 5.1 N/A N/A 4.3 N/A N/A 4.3 N/A N/A
Fs N/A 10.1 19.0 N/A 10.6 18.5 N/A 10.9 19.4
En N/A 4.4 9.9 N/A 4.5 9.4 N/A 4.7 10.2
Wo N/A N/A 12.6 N/A N/A 12.8 N/A N/A 12.2
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Table C.3. Fraction of composition predictions that fall within the given error interval.

Full Eros Itokawa
Absolute error

Value 5 pp 10 pp 15 pp 20 pp 5 pp 10 pp 15 pp 20 pp 5 pp 10 pp 15 pp 20 pp
All data 68% 86% 93% 96% 65% 86% 93% 96% 67% 86% 93% 96%
OL (vol%) 74% 87% 95% 97% 75% 88% 93% 97% 80% 88% 94% 98%
OPX (vol%) 65% 79% 89% 93% 63% 78% 88% 92% 66% 82% 91% 94%
CPX (vol%) 74% 86% 91% 93% 72% 82% 89% 92% 70% 84% 90% 93%
Fa 67% 89% 95% 97% 66% 93% 98% 99% 68% 90% 97% 99%
Fs (OPX) 73% 90% 96% 98% 66% 92% 97% 98% 68% 91% 96% 98%
Fs (CPX) 58% 82% 91% 95% 56% 84% 92% 96% 50% 80% 92% 97%
En (CPX) 58% 87% 96% 97% 59% 86% 95% 97% 58% 82% 94% 97%
Wo (CPX) 53% 82% 93% 97% 53% 80% 94% 96% 57% 84% 93% 95%

Notes. Fo and En (OPX) have the same values as Fa and Fs (OPX), respectively.

Table C.4. 1-σ error estimates for the composition models.

Full Eros Itokawa
1-σ error (pp)

All data 5.0 5.3 5.1
OL (vol%) 3.4 4.0 2.3
OPX (vol%) 5.8 6.3 5.4
CPX (vol%) 3.1 4.1 4.4
Fa 5.3 5.2 5.0
Fs (OPX) 4.2 5.2 4.7
Fs (CPX) 6.7 6.8 7.0
En (CPX) 6.1 6.2 6.5
Wo (CPX) 6.8 7.6 6.4

Notes. Fo and En (OPX) have the same absolute errors as Fa and Fs (OPX), respectively.
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Appendix D: Confusion matrices of classification models
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Fig. D.1. Confusion matrix of the Eros-resolution classification model.
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Fig. D.2. Confusion matrix of the Itokawa-resolution classification model.
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Appendix E: Scatter plots of composition models
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Fig. E.1. Comparison of the true and predicted
(by the Eros-resolution model) modal abun-
dances.
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Fig. E.2. Comparison of the true and predicted (by the Eros-resolution
model) olivine composition. Left: Iron content. Right: Magnesium
content. See the caption of Fig. 4 for details.
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Fig. E.3. Comparison of the true and predicted (by the Eros-resolution
model) orthopyroxene composition. Left: Iron content. Right: Magne-
sium content. See the caption of Fig. 5 for details.
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Fig. E.4. Comparison of the true and predicted
(by the Eros-resolution model) clinopyroxene
composition. Left: Iron content. Middle: Magne-
sium content. Right: Calcium content. See the
caption of Fig. 6 for details.
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Fig. E.5. Comparison of the true and predicted
(by the Itokawa-resolution model) modal abun-
dances.
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Fig. E.6. Comparison of the true and predicted (by the Itokawa-
resolution model) olivine composition. Left: Iron content. Right: Mag-
nesium content. See the caption of Fig. 4 for details.
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Fig. E.7. Comparison of the true and predicted (by the Itokawa-
resolution model) orthopyroxene composition. Left: Iron content. Right:
Magnesium content. See the caption of Fig. 5 for details.
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Fig. E.8. Comparison of the true and predicted
(by the Itokawa-resolution model) clinopyrox-
ene composition. Left: iron content. Middle:
magnesium content. Right: calcium content. See
the caption of Fig. 6 for details.

Appendix F: Error plots of classification and composition models
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Fig. F.1. Quantiles of the absolute errors computed from all predictions. Left: classification models. Right: composition models. The vertical dashed
line delimits the 1-σ error estimate. The horizontal dashed black lines indicate acceptable absolute errors.
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Appendix G: Taxonomy and composition maps of Eros
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Fig. G.1. Predicted match score of the Q-type asteroids on the surface of Eros. The numbers designate areas discussed in the text.
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Fig. G.2. Predictions of orthopyroxene abundance on the surface of Eros. The numbers designate areas discussed in the text.
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Fig. G.3. Predictions of clinopyroxene abundance on the surface of Eros. The numbers designate areas discussed in the text.
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Fig. G.4. Predictions of iron content in olivine on the surface of Eros. The numbers designate areas discussed in the text.
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Fig. G.5. Predictions of iron content in orthopyroxene on the surface of Eros. The numbers designate areas discussed in the text.
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Fig. G.6. Predictions of iron content in clinopyroxene on the surface of Eros. The numbers designate areas discussed in the text.
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Fig. G.7. Predictions of magnesium content in clinopyroxene on the surface of Eros. The numbers designate areas discussed in the text.
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Fig. G.8. Predictions of calcium content in clinopyroxene on the surface of Eros. The numbers designate areas discussed in the text.
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Appendix H: Taxonomy and composition maps of Itokawa
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Fig. H.1. Predicted match score of the Q-type asteroids on the surface of Itokawa. The numbers designate fresh and mature areas.
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Fig. H.2. Predictions of orthopyroxene abundance on the surface of Itokawa. The numbers designate fresh and mature areas.
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Fig. H.3. Predictions of clinopyroxene abundance on the surface of Itokawa. The numbers designate fresh and mature areas.
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Fig. H.4. Predictions of iron content in olivine on the surface of Itokawa. The numbers designate fresh and mature areas.
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Fig. H.5. Predictions of iron content in orthopyroxene on the surface of Itokawa. The numbers designate fresh and mature areas.
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Fig. H.6. Predictions of iron content in clinopyroxene on the surface of Itokawa. The numbers designate fresh and mature areas.
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Fig. H.7. Predictions of magnesium content in clinopyroxene on the surface of Itokawa. The numbers designate fresh and mature areas.
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Fig. H.9. Slope of gravity surface acceleration on Itokawa. The numbers designate fresh and mature areas.

Appendix I: Density plots of composition model

Fig. I.1. Density plots based on specific compositions and prediction errors. The dashed lines delimit zero error. Top and middle rows: Concentrations
of the data as a function of composition and prediction errors. Bottom row: Prediction error distributions.
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Appendix J: Correlation matrices of combined predictions of classification and composition models
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Fig. J.1. Correlation matrix for combined outputs of composition and classification models for the Eros asteroid.
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Fig. J.2. Correlation matrix for combined outputs of composition and classification models for the Itokawa asteroid.
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ABSTRACT

We present the first statistical detection of cool, neutral gas in the outskirts of low-𝑧 galaxy
clusters using a sample of 3191 𝑧 ≈ 0.2 background quasar–foreground cluster pairs with a
median cluster mass of ≈ 1014.2 M� by cross-matching the Hubble Spectroscopic Legacy
Archive quasar catalog with optically- and SZ-selected cluster catalogs. We detect significant
Ly𝛼, marginal C iv, but no O vi absorption in the median stacked spectra with rest-frame
equivalent widths (REWs) of 0.043 ± 0.006 Å, 0.020 ± 0.007 Å, and < 0.006 Å (3𝜎) for
our sample with a median impact parameter (𝜌cl) of ≈ 5 Mpc (median 𝜌cl/𝑅500 ≈ 7). The
Ly𝛼 REW shows a declining trend with increasing 𝜌cl (𝜌cl/𝑅500) which is well explained by
a power-law with a slope of −0.74 (−0.60). The covering fractions measured for Ly𝛼, C iv
and O vi in cluster outskirts are significantly lower than in the circumgalatic medium (CGM).
We also find that the CGM of galaxies residing in cluster outskirts is considerably deficient in
neutral gas compared to their field counterparts. This effect is more pronounced for galaxies
that are closer to cluster centers or that are in massive clusters. We argue that the cool gas
detected in cluster outskirts arises from the circumgalactic gas stripped from cluster galaxies
and to large-scale filaments feeding the clusters with cool gas.

Key words: galaxies: evolution – galaxies: galaxy clusters – galaxies: haloes – (galaxies:)
quasars: absorption lines

1 INTRODUCTION

According to the standard structure formation model, galaxy clus-
ters, being the most massive structure in the universe, mark the
nodal points in the cosmic web where several filamentary strands
intersect. The inflow of cosmic matter via these filaments feeds
the growth of galaxy clusters. The infalling gas in the intracluster
medium (ICM i.e., < 𝑅500

1), having been shock-heated to a very
high temperature of 𝑇 ∼ 107−8 K (Davé et al. 1999; Voit 2005), is
bright enough to be directly mapped in X-ray observations (Urban
et al. 2014; Simionescu et al. 2015; Biffi et al. 2018). This hot phase
of gas in the ICM is thought to account for 80% of the baryonic
content in the clusters. On the other hand, clusters are constantly
growing and evolving in their outskirts (> 𝑅500) as a result of a suc-
cession of galaxy mergers and the accretion of infalling gas from
the intergalactic medium (IGM). Interestingly, despite the fact that
a significant portion of the IGM is in the cool/warm phase (𝑇 ∼

1 Radius within which the mean mass density of a cluster is 500 times the
critical density of the universe. Similarly, 𝑅200 corresponds to the radius at
which the mean mass density of a cluster is 200 times the critical density of
the universe.

104−5 K; Davé et al. 2010; Kravtsov & Borgani 2012), the nature of
this gas phase remains poorly understood in the outskirts of clusters.
Given the lack of sensitive X-ray diagnostics for directly probing this
gas in emission, absorption line spectroscopy of UV-bright back-
ground quasars can be leveraged as an ideal alternative to study this
otherwise invisible yet crucial phase of the cluster outskirts.

There are a handful of studies focusing on the distribution
of neutral gas traced by Ly𝛼 but using limited numbers of quasar
sightlines, primarily using Hubble Space Telescope Cosmic Ori-
gin Spectrograph (𝐻𝑆𝑇 /COS) spectra of background quasars (e.g.,
Yoon et al. 2012; Tejos et al. 2016; Muzahid et al. 2017; Yoon &
Putman 2017; Burchett et al. 2018), but see Lanzetta et al. (1996);
Tripp et al. (1998); Miller et al. (2002) for pre-COS studies. Us-
ing 23 quasar sightlines in the background of the Virgo cluster,
Yoon et al. (2012) found that Ly𝛼 absorbers avoid the hot ICM and
are more abundant in the outskirts. Based on the concomitant oc-
currence of these absorbers with H i-emitting substructures in their
study, the authors posited that the warm gas is tracing the large-scale
structure (LSS). In a subsequent study of 29 and 8 quasar sightlines
passing through the Virgo and Coma clusters respectively, Yoon &
Putman (2017) concluded that Ly𝛼 absorbers are more prevalent

© 2021 The Authors
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between 1−2 𝑅vir
2 distance from the Virgo cluster center, while no

such trend is observed for the Coma cluster. Burchett et al. (2018)
also studied the outskirts (0.2−2.4 R200) of 5 X-ray-selected clus-
ters. They reported seven 𝑁 (H i) > 1013 cm−2 Ly𝛼 absorbers in
4/5 clusters. Detection of significantly stronger H i absorbers (i.e.,
𝑁 (H i) > 1016.5 cm−2) is reported in the outskirts (1.6−4.7 𝑅500)
of 3/3 SZ-selected clusters studied by Muzahid et al. (2017).

Recently, Mishra & Muzahid (2022), using a large sample of
≈ 80, 000 quasar−cluster pairs at 𝑧 ≈ 0.5 from the Sloan Digital
Sky Survey (SDSS), reported a detection of significant Mg ii (7𝜎)
and marginal Fe ii (3𝜎) absorption in the mean and median stacked
spectra of the quasars. From the density and metallicity constraints
in their study, the authors suggested that the absorption signal is
likely originating from the stripped gas from infalling galaxies. The
authors further argued that the stripping process can be effective up
to a distance of ≈ 2.4 Mpc (≈ 3.6𝑅500) from the clusters. Addi-
tionally, Anand et al. (2022) reported detection of Mg ii absorption
in the outskirts of clusters from the Dark Energy Spectroscopic
Instrument (DESI) survey. They reported a covering fraction (CF)
of 1–5% within 𝑅500 for W𝑟 (2796) > 0.4 Å, and concluded that
the Mg ii absorption likely stems from stripped interstellar medium
(ISM) and/or satellite galaxies, based on the lack of correlations be-
tween the absorbers and properties of nearest cluster galaxies within
𝑅200.

The nature of neutral gas in the cluster outskirts has also been
explored in a handful of theoretical studies. For example, Emerick
et al. (2015), using hydrodynamical simulations, examined the dis-
tribution of Ly𝛼 absorbers around a Virgo-like and a Coma-like
cluster. The authors found that the majority of their fast-moving
low column density Ly𝛼 absorbers in the outskirts have filamentary
origin. In the inner region, however, the increased column density
and metallicity of the Ly𝛼 absorbers imply that gas from galax-
ies has been stripped away. To investigate the interplay between
the ICM, cluster outskirts, and circumgalactic medium (CGM) of
cluster galaxies, Butsky et al. (2019), using a high-resolution hydro-
dynamical simulation, mapped the distribution of cool and warm gas
around a ∼1014 M� cluster. They found that, compared to the ICM,
the cluster outskirts are more multiphased and richer in cool/warm
gas. Due to the inadequate mixing of the ICM gas with the stripped
gas from galaxies, the metallicity of the cool/warm gas phase in the
outskirts shows a huge scatter compared to the metallicity of the hot
ICM gas. In addition, they found the signature of stripping of the
CGM of cluster galaxies out to ≈ 4𝑅200.

Cluster outskirts are ideal test-beds to study the environmental
effects of cluster galaxies. It is well established both from obser-
vation and simulations that galaxies in dense environments, such
as groups and clusters, are gas-deficient with elliptical morphology
and redder colors than their field counterparts of comparable stellar
mass (Davies & Lewis 1973; van den Bosch et al. 2008; Wetzel
et al. 2012; Bahé et al. 2013; Fossati et al. 2017; Davies et al. 2019;
Hough et al. 2023; Kim et al. 2023; Rohr et al. 2023). However, the
effects of cluster environments on the CGM of galaxies, which is
relatively loosely bound to galaxies as compared to the disc and the
ISM, are not well explored observationally with statistically signif-
icant samples. Yoon & Putman (2013) and Burchett et al. (2018)
reported a lower CF of Ly𝛼 absorbers in the CGM of cluster galax-
ies compared to the field galaxies up to an impact parameter of
500 kpc from the galaxies. This trend has even been observed on
group scales, with galaxies in groups showing an intermediate CF

2 where Rvir in their study is defined at the overdensity of 100.

between cluster and field galaxies (Burchett et al. 2018). Interest-
ingly, the simulation study by Bahé et al. (2013) has revealed that
the ram pressure exerted by the extended halos of clusters can effi-
ciently strip the hot gas from the infalling galaxies up to ≈ 5𝑅200.
The authors found that other processes such as “overshooting” (Gill
et al. 2005) and “pre-processing” (McGee et al. 2009) also play a
role in stripping, depending on the mass of the infalling galaxy, its
distance from the cluster core, and the cluster mass.

Here we present the first systematic study to probe and char-
acterize the cool, neutral gas and ionized metals in the outskirts
of low-𝑧 clusters using a statistically significant sample of clusters.
The purpose of this study is twofold: (i) to map the distribution of
cool gas and metals surrounding clusters out to 10𝑅500, and (ii) to
investigate the environmental effects on the CGM of cluster galax-
ies. We employ spectral stacking analysis to determine the average
absorption strengths of the lines of interest. The major advantage
of using spectral stacking is that this approach does not rely on
any linking velocity to associate an absorber with a cluster, but at
the expense of gas kinematics. However, in order to determine the
covering fraction, we do use a linking velocity of ±500 kms−1 (as
generally used in the literature) for the visually identified absorbers.

The paper is structured as follows: In Section 2, we discuss
the quasar and cluster samples used in this study, followed by the
construction details of the quasar-cluster pairs and the continuum
normalisation of the HST/COS spectra. The key results are provided
in Section 3. In Section 4, we discuss the nature and origin of H i
gas and metals detected in this work followed by the conclusion in
Section 5. We used a flat ΛCDM cosmology with 𝐻0 = 71 km s−1

Mpc−1 , ΩM = 0.3, and ΩΛ = 0.7.

2 SAMPLE

2.1 Cluster sample

To build a statistically significant sample of quasar−cluster pairs
suitable for detecting the Ly𝛼 and UV metal absorption lines, we
use seven cluster catalogs presented in (i) Bleem et al. (2015, here-
after BL15), (ii) Wen & Han (2015, hereafter WH15), (iii) Wen
et al. (2018, hereafter WHF18), (iv) Bleem et al. (2020, hereafter
BL20), (v) Huang et al. (2020, hereafter H20), (vi) Hilton et al.
(2021, hereafter H21), and (vii) Zou et al. (2021, hereafter Z21). As
different algorithms are used to identify clusters in these catalogs,
their identification criteria have varying limits on redshift, mass, and
signal-to-noise ratio (SNR) for which their identification algorithms
are complete. Consequently, we have only considered clusters from
each catalog that meet their respective completeness criteria. The
details on mass, redshift range covered, and completeness criteria
of these catalogs are given in Appendix A1. In addition, we re-
strict our sample to clusters from these catalogs that have a known
spectroscopic redshift for the brightest member galaxy.

Merging these seven cluster catalogs resulted in a total of
247,844 spectroscopically confirmed clusters. Similar to Mishra
& Muzahid (2022), to eliminate repeated entries with somewhat
different redshifts and sky positions within these clusters, we flag
the clusters that met the following criteria: (i) two clusters with a
velocity offset< 1000 kms−1 and (ii) physical separation is less than
the sum of their 𝑅500 values3. We consider the most massive one in
our analysis if two or more clusters satisfied these two conditions.

3 Note that we recalculated the 𝑅500 values using the redshift and 𝑀500
values from the catalog for our adopted cosmology.
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Figure 1. Left: 𝑀500 versus 𝑧cl for the 2785 unique clusters. Right: 𝜌cl/𝑅500 versus 𝑧cl for the 3191 quasar-cluster pairs. The contours along with the density
map in blue, green, and red respectively indicate the 68, 95, and 99.9 percentile enclosed regions. The black dashed-dotted horizontal and vertical lines show
the median of the abscissa and ordinate parameters, respectively.

This resulted in 186,378 ‘unique’ clusters. This ‘unique’ cluster
sample spans a redshift range of 0.01−1.1 with a median redshift of
0.44.

2.2 Quasar sample

We use the UV quasar catalog from the Hubble Spectroscopic
Legacy Archive (HSLA) survey Data Release 2 (Peeples et al.
2017). This catalog contains spectra of 799 quasars observed with
𝐻𝑆𝑇 /COS. We select 583/799 quasars whose spectra are avail-
able in median resolution (𝑅 ∼ 18,000) G130M and/or G160M
gratings. The spectra obtained with G130M and G160M cover a
useful spectral range between 1050−1450Å and 1400−1800Å re-
spectively ,which are suitable for detecting the redshifted Ly𝛼 and
UV metal absorption features. The SNR per resolution element of
these quasars varies across a range of 4 to 19 with a median SNR
of 8.

2.3 Quasar-cluster pairs

We cross-match the catalog of 583 background quasars with the
186,378 galaxy clusters with spectroscopic redshifts. We impose
two selection criteria for our initial quasar-cluster pairs: (i) The
line-of-sight (LOS) velocity offset between the quasar and cluster
redshifts is > 5000 kms−1 in order to minimize possible contami-
nation due to absorption intrinsic to the background quasar and/or
the quasar host-galaxy (see e.g., Muzahid et al. 2013). (ii) The
projected separation between the foreground cluster and the back-
ground quasar at the redshift of the cluster (𝜌cl) should be < 10𝑅500,
suitable to probe the cluster outskirts beyond several virial radii.

Our search after imposing the above-mentioned conditions
yielded a total of 3230 quasar-cluster pairs with 2808 ‘unique’
clusters and 431 ‘unique’ quasars.4 In our subsequent analysis, we
found broad absorption line (BAL) features associated with the

4 Many of the quasars are probing multiple clusters while some clusters are
probed by more than one quasar.

quasar emission in 7 quasar sight-lines, accounting for a total of
21 quasar-cluster pairs. In addition, one quasar sight-line account-
ing for 18 quasar-cluster pairs was unusable due to a Lyman Limit
System (LLS) at z = 0.812. We exclude these 39 quasar-cluster
pairs from our sample. Therefore, our final sample consists of 3191
quasar-cluster pairs with 2785 and 423 unique clusters and quasars,
respectively.

In Fig. 1, we show the scatter plot of cluster mass (𝑀500) vs
redshift (𝑧cl) for the 2785 clusters (left panel) and 𝜌cl/𝑅500 vs 𝑧cl
for the 3191 quasar-cluster pairs (right panel). The cluster redshifts
range from 0.01 to 0.76 with a median of 0.19. The 𝑀500 values
range from 0.2− 12.9× 1014 M� with a median of 1.3× 1014 M� .
The normalized cluster impact parameter (𝜌cl/𝑅500) of our quasar-
cluster pairs ranges from 0.1− 10.0 by design, with a median value
of 7.0. Finally, the median cluster impact parameter of the quasar-
cluster pairs in our sample is 4.8 Mpc.

2.4 Continuum normalization

191 of the 423 quasars have both G130M and G160M grating spec-
tra, while 198 (34) quasars are observed only with the G130M
(G160M) grating. The G130M and G160M grating spectra of a
given quasar are simply joined together from the wavelength at
which the average SNR per pixel from the two gratings becomes
roughly equal. Before continuum normalization, we exclude the
spectral region from 1210−1220 Å and 1301−1307 Å to avoid the
geocoronal Ly𝛼 and O i emissions, respectively. In addition, we
exclude the ±100 kms−1 region around the known strong galactic
absorption lines. We bin each quasar spectrum by 3 pixels using the
Python routine SpectRes (Carnall 2017). For continuum normal-
ization of individual quasar spectra, we adopt a similar approach
outlined in Mishra & Muzahid (2022).

Briefly, we first smooth each spectrum by 111 pixels to generate
the pseudo-continuum level. This pseudo-continuum is then used
to normalize each spectrum. We perform iterative boxed sigma-
clipping with asymmetric sigma levels on the pseudo-continuum-
normalized spectrum to ensure efficient clipping of absorption fea-
tures while retaining the residual emission lines. The number of
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boxes is chosen based on the presence/absence of strong emission
lines, while the asymmetric sigma levels are determined based on
the median SNR of each spectrum. The iterative clipping is per-
formed until the residual spectrum is sufficiently free from any
absorption features. The spectrum is then interpolated linearly over
the clipped spectral regions. We finally fit a spline over this inter-
polated spectrum. The knots of the spline are optimized based on
the presence of prominent emission lines (such as the Ly𝛽, O vi,
Ly𝛼, and C iv) and the SNR of each spectrum. This is done to
take into account the larger curvature near the emission lines while
preventing over-fitting in noisy spectral regions.

3 RESULTS

3.1 Spectral stacking of the full sample

To detect and analyze diffuse, cool/warm (𝑇 ∼ 104−6 K) gas in the
outskirts of the clusters, we employ the spectral stacking technique
(see Mishra & Muzahid 2022). For each quasar-cluster pair, we
first shift the quasar spectrum to the rest-frame of the cluster by
dividing the observed wavelengths by (1 + 𝑧cl). We only consider
spectral regions between 1135−1450Å and 1400−1790Å for the
G130M and G160M gratings, respectively, in the observed frame of
each quasar. Whenever present, the spectral region blue-ward of the
Lyman continuum break of a Lyman limit system is excluded. We
only select those quasar-cluster pairs for our stacking analysis where
the quasar spectra contribute at least 5 pixels with SNR per pixel
> 1 within a velocity window of ±500 kms−1 centered on a given
line (i.e., Ly𝛼, O vi _1031, and C iv _1548). We then calculate the
median fluxes in bins of 50 kms−1. We confirm that our results are
not sensitive to the bin size used by varying the bin size to 100, 150,
and 200 kms−1.

The median composite spectra of Ly𝛼, O vi _1031, and
C iv _1548 are shown in Fig. 2. The number of quasar-cluster pairs
contributing to the Ly𝛼, O vi, and C iv stacks are 2146 (1828 unique
clusters and 404 unique quasars), 1765 (1686 unique clusters and
349 unique quasars), and 688 (594 unique clusters and 201 unique
quasars), respectively. To estimate the rest-frame equivalent width
(REW), the stacked spectra are further normalized by the corre-
sponding pseudo-continua estimated by fitting first-order polynomi-
als to the line-free regions. As can be seen from the bottom panel
of Fig. 2, the Ly𝛼 line is detected at more than 99% confidence level
(CL) in the stacked spectrum with REW, 𝑊1215

𝑟 = 0.043± 0.006 Å.
The uncertainty in the 𝑊1215

𝑟 is estimated by quadratically adding
the statistical uncertainty calculated from the stacks of 200 bootstrap
realizations5 of the 2146 quasar−cluster pairs and the uncertainty
in the pseudo-continuum placement. In the linear part of the curve
of growth (COG), the measured 𝑊1215

𝑟 corresponds to a column
density of 1012.9 cm−2. We fit a single component Gaussian to
the stacked Ly𝛼 absorption. The best-fit Gaussian has a velocity
centroid of 13 ± 48 kms−1 and a velocity dispersion (𝜎v, H i) of
355 ± 60 kms−1. The errors in the velocity centroid and veloc-
ity dispersion values are determined from the standard deviations
of these values obtained from the fitting of the absorption profiles
corresponding to the 200 bootstrap realizations.

Next, we detect marginal C iv absorption at CL of more than
95% with 𝑊1548

𝑟 of 0.020 ± 0.007 Å, despite the fact that the num-
ber of quasar−cluster pairs contributing to the C iv stack profile is

5 We confirm that increasing the realizations to 500 or 1000 does not alter
the results or conclusions drawn in this study.

significantly smaller (i.e., 688). In the linear part of the COG, the
𝑊1548

𝑟 corresponds to a column density of 1012.7 cm−2. We fit the
C iv doublet with a single Gaussian component. The velocity width
of the two doublet Gaussians are kept the same but the amplitudes
are allowed to vary. This yield a velocity centroid and velocity dis-
persion of −9 ± 84 kms−1 and 145 ± 90 kms−1, respectively. The
fit suggests that the C iv absorption is partially saturated. While the
velocity centroid is consistent with 0 kms−1, the velocity disper-
sion is ≈ 2 times narrower than that of the Ly𝛼, suggesting that the
metal-bearing gas correlates over smaller velocity scale compared
to the Ly𝛼.

Finally, no significant O vi absorption is detected in the high
SNR composite spectrum shown in the top panel of Fig. 2. We
obtained a 3𝜎 upper limit on the O vi REW (𝑊1031

𝑟 ) of 0.006 Å,
assuming that the undetected line is spread over 31 pixels cor-
responding to the full-width at tenth maximum (FWTM) of the
Ly𝛼 line (≈ 4.29×𝜎v,H i ≈ 1523 kms−1). In the linear part of the
COG, the 𝑊1031

𝑟 upper limit corresponds to a column density of
< 1012.7 cm−2. We also put constraints on the upper limits of the
REWs of other ions such as C ii, C iii, Si ii, Si iii, and Si iv, based
on the non-detection of signals in the composite spectra. Table 1
summarizes the results obtained from the stacking analysis.

3.2 The Ly𝛼 equivalent width–profiles

To construct the Ly𝛼 REW-profile, we split the sample of 2146
quasar−cluster pairs contributing to the Ly𝛼 stack into five bins
of 𝜌cl and 𝜌cl/𝑅500 using binsize of 1.5Mpc and 2 respectively.
Table A1 summarises the details of the measurements performed
on the Ly𝛼 subsample stacks. Fig. 3 shows the Ly𝛼 REW-profiles
as a function of 𝜌cl (left panel) and 𝜌cl/𝑅500 (right panel).
A declining trend in 𝑊1215

𝑟 with increasing 𝜌cl and 𝜌cl/𝑅500 is
evident in Fig. 3. As can be seen from Fig. 3, a single power-law
can explain the REW-profiles adequately with power-law slope of
−0.74±0.17 for the𝑊1215

𝑟 –𝜌cl profile (left panel) and−0.60±0.15
for the 𝑊1215

𝑟 –𝜌cl/𝑅500 profile (right panel). We do not find any
correlation between the line width (𝜎v, H i) of the Ly𝛼 absorption
signal with the 𝜌cl or 𝜌cl/𝑅500.

Besides, we investigate the dependence of 𝑊1215
𝑟 on redshift

and cluster mass by dividing the sample into three redshift and mass
bins while maintaining a similar distribution of 𝜌cl/𝑅500 in all three
bins of redshift and mass. We find no significant dependence of
𝑊1215

𝑟 on redshift. However, we find a tentative positive correlation
between 𝑊1215

𝑟 and cluster mass, but the data points in the three
mass bins are consistent within 1𝜎. Given the small number of
quasar−cluster pairs for C iv stack and the absence of significant
signal in the O vi stack, we could not perform similar analysis for
the C iv and O vi stacks.

3.3 Covering fraction analysis

In this section we determine the covering fractions (CFs) of the
commonly detected UV transitions such as the Ly𝛼, C iv, and O vi
in the outskirts of the galaxy clusters by visual inspection of the
relevant parts of the quasar spectra. The CF of a given transition is
defined as:

𝑓 𝑠𝑐 =
𝑁det (𝑊𝑠

𝑟 ≥ 𝑊th)
𝑁tot (𝑊𝑠

lim ≤ 𝑊th)
. (1)

Here, 𝑁det is the number of quasar-cluster pairs for which the given
line is detected with a REW (𝑊𝑠

𝑟 ) more than a threshold equivalent
width (𝑊th), and 𝑁tot is the total number of quasar−cluster pairs
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Figure 2. Median stacked absorption profiles of Ly𝛼 (bottom), C iv (middle), and O vi (top) in the velocity scale at the rest-frame of the clusters. The grey
1𝜎 error-bars in each panel are estimated from 200 bootstrap realizations. Number of quasar-cluster pairs contributing to the stacked spectrum, median cluster
redshift and rest-frame equivalent width (a 3𝜎 upper limit for O vi) estimated from the stacked profile within ± 500 kms−1and ± 300 kms−1for Ly𝛼 and C iv
respectively around the line centroid is indicated in each panel. The best–fit single Gaussian component for the Ly𝛼 and C iv doublet absorption profiles are
shown in red and the corresponding velocity dispersion from the fits are also indicated.

Table 1. Summary of the measurements performed on the stacks of Ly𝛼 and metal lines.

Species 𝑁pairs 𝑧cl 𝑀500 𝑅500 𝜌cl 𝜌cl/𝑅500 REW 𝜎𝑣 𝑉0
(1014 M�) (Mpc) (Mpc) (Å) ( kms−1) ( kms−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

H i _1215 2146 0.14(0.06−0.26) 1.26(0.78−2.38) 0.72(0.61−0.89) 4.93(2.67−6.93) 7.0(3.7−9.2) 0.043±0.006 355±60 13±48
C iv _1548 688 0.09(0.04−0.13) 1.19(0.75−2.37) 0.72(0.61−0.91) 5.12(2.77−7.20) 6.9(4.0−9.3) 0.020±0.007 145±90 −9±84
O vi _1031 1765 0.22(0.14−0.39) 1.35(0.83−2.41) 0.70(0.61−0.85) 4.88(2.70−6.74) 7.1(3.9−9.2) <0.006 − −
C iii _977 1239 0.29(0.20−0.45) 1.43(0.90−2.38) 0.70(0.61−0.84) 4.88(2.75−6.66) 7.1(4.0−9.2) <0.007 − −
C ii _1036 1817 0.22(0.13−0.38) 1.34(0.83−2.38) 0.70(0.61−0.85) 4.89(2.67−6.75) 7.1(3.9−9.2) <0.006 − −
C ii _1334 1536 0.12(0.04−0.23) 1.22(0.76−2.37) 0.72(0.61−0.89) 4.93(2.72−6.96) 6.9(3.8−9.2) <0.007 − −
Si ii _989 1350 0.27(0.18−0.43) 1.42(0.89−2.40) 0.71(0.61−0.85) 4.87(2.74−6.66) 7.0(4.0−9.1) <0.007 − −
Si ii _1193 2161 0.14(0.07−0.28) 1.26(0.78−2.37) 0.71(0.61−0.88) 4.92(2.70−6.87) 7.0(3.8−9.2) <0.006 − −
Si iii _1206 2176 0.14(0.06−0.26) 1.26(0.78−2.38) 0.72(0.61−0.88) 4.93(2.69−6.92) 7.0(3.8−9.2) <0.006 − −
Si ii _1260 1948 0.13(0.06−0.25) 1.26(0.77−2.43) 0.72(0.61−0.89) 4.95(2.69−6.96) 7.0(3.7−9.2) <0.006 − −
Si iv _1393 1271 0.12(0.04−0.21) 1.22(0.78−2.37) 0.72(0.61−0.89) 4.94(2.70−6.96) 6.9(3.7−9.3) <0.008 − −

Notes – (1) Name of the species around which stack profile is generated. (2) Number of quasar-cluster pairs. (3), (4), (5), (6), and (7) median values of cluster
redshift, 𝑀500, 𝑅500, 𝜌cl, and 𝜌cl/𝑅500 respectively. The values in the parenthesis for the parameters listed from (3) − (7) indicate the 16 and 84 percentiles of
the parameter distribution. (8) REWs measured within ±500 kms−1and ±300 kms−1for Ly𝛼 and C iv respectively and upper limits on the REWs for other ions
are estimated from the median stacked spectra. (9) & (10) Velocity dispersion and Velocity centroids obtained from Gaussian fitting as explained in Section 3.1
in the median stacks of Ly𝛼 and C iv.
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Figure 3. Left: REW of Ly𝛼 absorption as a function of 𝜌cl. The x-axis error bars represent the 68 percentile range of 𝜌cl in each bin. The y-axis error bars give
the 1𝜎 scatter of 𝑊 1215
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number of quasar−cluster pairs that contribute to each 𝜌cl bin is labeled in black next to each data point. The best-fitting power-law relation between 𝑊 1215

𝑟

and 𝜌cl is indicated at the top side and is plotted in solid blue line. Right: similar to left but for 𝜌cl/𝑅500.

for which the quasar spectra are sensitive to detect the 𝑊th (i.e.,
the 5𝜎 limiting equivalent width, 𝑊𝑠

lim, is lower than the 𝑊th). For
each transition, we calculated the𝑊𝑠

lim over a line-free region within
±500 kms−1 of the cluster redshifts using equation 6 of Hellsten
et al. (1998).

For visual identification of Ly𝛼 absorption systems, we start
with the 2146 quasar–cluster pairs used for Ly𝛼 stacking (see Ta-
ble 1). To confirm the presence of Ly𝛼, we only select the pairs for
which at least Ly𝛽, among the higher order Lyman-series lines, is
covered. We point out that the requirement of the presence of Ly𝛽
and/or higher-order lines, will miss out the weak, stand-alone Ly𝛼
absorbers for which the higher order lines, including Ly𝛽, is too
weak to be detected. Nonetheless, as identifying all/most of the ab-
sorption lines in so many quasar spectra is beyond the scope of this
paper, we adopt this approach to avoid false positives. We do not
impose any constraints on the detection significance for the Ly𝛽 or
higher-order Lyman-series lines. This reduces our sample of 2146
quasar−cluster pairs to 1160 pairs in the foreground of 295 quasars.
We only search a ±500 kms−1spectral region6 around the cluster
redshifts for identifying Ly𝛼 absorption lines. We flag our detected
Ly𝛼 absorption systems in two categories (Flag-1 and Flag-2) based
on the confidence level of the detection. Flag-1 represents the high
confidence systems where the Ly𝛼 absorption is accompanied by at
least one higher-order Lyman series line and at least one metal line
(e.g., C ii, C iii, C iv, Si ii, Si iii, Si iv, and O vi). The shape of the
apparent column density profiles (ACD; using equation 8 from Sav-
age & Sembach 1991) of the Lyman-series lines are also checked
for consistency for this class. For Flag-2, the Ly𝛼 systems satisfy
one of the following two conditions: (1) have only associated Ly𝛽
absorption with consistent column density profiles (2) have one of
the metal lines present, but the apparent column density profiles

6 This corresponds to ±1𝜎𝑣 for a typical Virgo-like cluster with a median
𝑀500 ∼1014.1 M� .

are not fully consistent with each other, indicating blends. In total,
we identify 241 Ly𝛼 systems, with 128 Flag-1 and 113 Flag-2 ab-
sorbers (in 218 unique clusters towards 118 unique quasars). Taking
into account both Flag-1 and -2 systems (only Flag-1 systems), the
CF of Ly𝛼 is 0.21+0.01

−0.01 (0.11+0.01
−0.01) for 𝑊th = 0.1 Å, at the median

𝜌cl/𝑅500 ≈ 7.1.
Among the 1160 quasar−cluster pairs probed by 295 quasars,

we find that 128 clusters probed by 58 quasars have redshifts con-
sistent within ±500 kms−1 of each other, but at different impact
parameters. To avoid association of an absorption system with mul-
tiple clusters at varying impact parameters, we remove these 128
clusters and estimate the CF of the Ly𝛼 for the remaining 1032
quasar−cluster pairs. The CF of this sample is 0.21+0.02

−0.01 (0.12+0.01
−0.01)

for Flag-1 and -2 systems (only Flag-1 systems) for 𝑊th = 0.1 Å
which is consistent with the CF estimates for the full sample of 1160
quasar−cluster pairs.

Out of the 688 quasar−cluster pairs used for C iv stack-
ing, we only consider the 649 pairs for visual inspection of
C iv absorption systems, for which the quasar spectra cover the
C iv __1548,1550 lines simultaneously. Similar to Ly𝛼, we only
use the regions within ±500 kms−1 around the cluster redshifts. We
also assign two flags to the identified C iv absorption systems based
on the detection confidence. Flag-1 is assigned to the C iv absorp-
tion systems that have two lines of the C iv doublet with consistent
ACD profiles, in addition to at least one Lyman series line or one
other metal line. Systems containing only the two lines of the C iv
doublet with consistent ACD profiles or the two lines of the C iv
doublet with slight mismatching ACD profiles in addition to the
presence of other lines are marked as Flag-2. We identify 49 C iv
systems with 38 Flag-1 and 11 Flag-2 categories in the outskirts of
45 unique clusters (34 unique quasars). The CF of C iv including
Flag-1 and -2 systems (only Flag-1 systems) with 𝑊th = 0.05 Å is
0.10+0.03

−0.04 (0.09+0.04
−0.03) at the median 𝜌cl/𝑅500 ≈ 6.1.

Of the 649 quasar−cluster pairs examined for C iv, we find
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Figure 4. Left: Covering fraction of Ly𝛼 absorption systems of Flag-1 and -2 as a function of 𝜌cl (top) and 𝜌cl/𝑅500 (bottom) for three threshold values of
equivalent widths (Wth). The x-axis error bars represent the 68 per cent confidence interval. The y-axis error bars represent the 1𝜎 Wilson score confidence
interval. Middle: Same as the left panels but for C iv absorption systems. Right: Same as left panels but for O vi absorption systems.

47 clusters close in redshift within ±500 kms−1 of each other
towards 22 quasars but at different impact parameters. Similar to
Ly𝛼, after excluding these 47 clusters, the C iv CF of the remaining
602 quasar−cluster pairs with Flag-1 and -2 absorption systems is
0.12+0.03

−0.04 for 𝑊th = 0.05 Å which is fully consistent with the CF of
the full sample of 649 quasar−cluster pairs.

Likewise, for the visual identification of O vi absorption sys-
tems, from among the 1765 quasar−cluster pairs used in O vi stack-
ing, we only choose 1553 pairs that have simultaneous spectral
coverage of the O vi__1031,1037 lines within ±500 kms−1 of
the clusters’ redshifts. The identified O vi systems are classified
into Flag-1 and Flag-2 categories using the same conventions used
for C iv. We identify 114 O vi _1031 systems (78 Flag-1 and 36
Flag-2) in the outskirts of 114 unique clusters towards 82 unique
quasars. The CF of O vi with𝑊th = 0.05 Å is 0.10+0.01

−0.02 (0.07+0.01
−0.02)

for Flag-1 and Flag-2 systems (only Flag-1 systems) at a median
𝜌cl/𝑅500 ≈ 6.9.

Of the 1553 quasar-cluster pairs searched for O vi, 120
clusters probed by 52 quasars have comparable redshifts within
±500 kms−1, but different impact parameters. Similar, to Ly𝛼 and
C iv, after excluding these 120 clusters, the CF of the O vi for the
remaining 1433 quasar−cluster pairs is 0.11+0.01

−0.02 for Flag-1 and -2
systems with Wth = 0.05 Å which is in agreement with the CF of
the full sample of 1553 quasar−cluster pairs.

Table A2 summarizes the results of the covering fraction anal-
ysis. In Fig. 4, the covering fraction profiles (CF-profiles) as func-
tions of 𝜌cl (top panel) and 𝜌cl/𝑅500 (bottom panel) for Ly𝛼, C iv,
and O vi absorption systems are shown in the left, middle, and
right panels, respectively, for three different threshold rest equiva-
lent widths (𝑊th). The CF-profiles in Fig. 4 are based on the samples

that include both Flag-1 and Flag-2 absorption systems. The cor-
responding CF-profiles only for the Flag-1 systems are shown in
Fig. A1. As evident from Fig. 4, we find a moderate decreasing
trend in CF with increasing 𝜌cl and 𝜌cl/𝑅500 for the Ly𝛼 and O vi
while no trend is seen for the C iv CF-profile. The covering fraction
decreases with decreasing the sensitivity limit (i.e. increasing the
𝑊th). As discussed in Section 4.2 and 4.3, the Ly𝛼, C iv, and O vi
covering fractions measured in the outskirts of low-𝑧 galaxy clusters
are significantly lower compared to the measurements in the CGM
of galaxies.

3.4 Probing the CGM of cluster galaxies

To explore the influence of cluster environments on the CGM, for
each cluster, we search for galaxies within impact parameters (𝜌gal)
of < 300 kpc from quasars and with spectroscopic redshifts within
±1000 kms−1 (Δ𝑣) of the cluster redshift. Note that these galaxies
in the outskirts of clusters may or may not be member galaxies,
but it is foreseen that they will eventually be part of the cluster.
Hereafter, we will call them ‘cluster galaxies’ for simplicity.

To identify the cluster galaxies, we use the 𝑔𝑎𝑙𝑆𝑝𝑒𝑐 catalog7

by the Max Planck Institute for Astrophysics – Johns Hopkins Uni-
versity (MPA-JHU) team. This catalog provides information on the
star formation rate (SFR) and stellar mass of approximately 1.8
million galaxies with redshift < 0.33 from SDSS DR8. The de-
tails of the stellar mass and SFR determination are explained in
Brinchmann et al. (2004) and Kauffmann et al. (2003). We use the

7 https://www.sdss4.org/dr12/spectro/galaxy_mpajhu/
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Figure 5. Left: REW of Ly𝛼 in the rest-frame of the cluster galaxies (blue stars) as a function of cluster normalized impact parameter (𝜌cl/𝑅500). The median
values of cluster mass, normalized clustocentric impact parameter, and Δ𝑣90 of the stacked profile are indicated near the each data point. The REW of Ly𝛼 as
a function of 𝜌cl/𝑅500 for the SFR-matched cluster galaxies are shown in open magenta circles. The number of galaxies contributing to each bin of 𝜌cl/𝑅500
for both samples are also indicated near the data points in respective colors. The REW of Ly𝛼 for the 58 non-cluster galaxies from the sample of Dutta et al.
(2023) with matched properties with the cluster galaxies (see text in Section 3.4) is shown by the dotted red line. The shaded red region below the line indicates
the 1𝜎 lower bound. Right: Similar to the left but as a function of 𝑀500.

Table 2. Details of the measurements performed on the cluster galaxies.

Sample N 𝜌cl/𝑅500 𝑀500 𝑧gal log (𝑀★/𝑀�) log [SFR/M� yr−1 ] 𝜌gal REW Δ𝑣90
(1014 M�) (kpc) (Å) ( kms−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

𝜌cl/𝑅500 Bin

All Cluster Galaxies 89 0.8+2.2
−0.4 1.43+5.94

−0.42 0.03+0.03
−0.01 9.8 +0.8

−0.6 -1.02+0.95
−0.90 177+92

−70 0.170±0.038 750
90 6.4+2.2

−1.0 1.13+1.63
−0.31 0.04+0.04

−0.02 10.0 +0.7
−0.9 -0.83+0.90

−0.68 202+64
−88 0.282±0.023 600

SFR-matched Galaxies 65 1.1+2.0
−0.7 1.36+6.01

−0.36 0.03+0.04
−0.01 9.7 +1.0

−0.5 -0.79+0.73
−0.88 190+82

−91 0.166±0.030 800
65 6.4+2.2

−1.0 1.12+1.64
−0.31 0.04+0.03

−0.02 10.1 +0.7
−0.9 -0.80+0.72

−0.84 205+61
−73 0.242±0.035 550

𝑀500 Bin

All Cluster Galaxies 89 5.1+2.9
−4.5 1.01+0.15

−0.24 0.04+0.04
−0.01 10.0 +0.7

−0.9 -0.82+0.76
−0.69 176+88

−73 0.308±0.030 700
90 4.6+2.8

−3.9 3.28+4.09
−1.80 0.02+0.05

−0.00 9.9 +0.8
−0.7 -1.09+1.10

−0.83 205+65
−89 0.177±0.020 800

SFR-matched Galaxies 66 5.4+2.7
−4.7 1.01+0.15

−0.27 0.04+0.04
−0.01 10.0 +0.5

−0.9 -0.88+0.81
−0.90 175+89

−72 0.299±0.051 650
66 4.8+2.5

−3.2 2.61+4.76
−1.17 0.03+0.04

−0.01 9.8 +0.8
−0.7 -0.91+0.88

−0.84 208+72
−104 0.191±0.045 650

Notes – (1) Galaxy sample. (2) Number of galaxies contributing to the stacks. (3), (4), (5), (6), (7), and (8) median values of 𝜌cl/𝑅500, 𝑀500, galaxy redshift,
galaxy stellar mass, SFR, and galactocentric impact parameter. The uncertainties in columns (3) to (8) indicate the 68 percentile range. (9) REWs measured
from the median stacked spectra in the rest-frame of the galaxies within ±500 kms−1. (10) The velocity difference between the pixels where optical depth is
5% and 95% of the total optical depth measured from the median stacked spectra.

CasJobs SDSS SkyServer8 to obtain the galaxy properties from
the 𝑔𝑎𝑙𝑆𝑝𝑒𝑐 catalog. We only select galaxies with reliable spectro-
scopic properties with “RELIABLE! = 0” flags. We only consider
galaxies for which both stellar mass and SFR information are avail-

8 https://skyserver.sdss.org/casjobs/

able in the 𝑔𝑎𝑙𝑆𝑝𝑒𝑐 catalog. For 94 clusters in the foreground of
83 unique quasars, we find 179 galaxies with 𝜌gal < 300 kpc and
|Δv| < 1000 kms−1. We refer to this sample of 179 cluster galaxies
with spectroscopic redshifts as the CLCGM1000 sample. The me-
dian redshift and stellar mass of the galaxies in the CLCGM1000
sample are 𝑧gal ≈ 0.04 and log (𝑀★/𝑀�) ≈ 9.9 respectively. Sim-
ilarly the median star formation rate (SFR) and specific SFR (sSFR)
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are log [SFR/M� yr−1] ≈ −0.9 and log [sSFR/yr−1] ≈ −10.76,
respectively.

Next, we divide the CLCGM1000 sample into two bins of
normalized clustocentric impact parameter (𝜌cl/𝑅500) and two bins
of cluster mass (𝑀500) based on the corresponding median values.
The median cluster masses of the two 𝜌cl/𝑅500-bins are consistent
with each other within 1𝜎. The median 𝜌cl/𝑅500 values of the
two mass-bins are also consistent within 1𝜎. We generate median
stacked Ly𝛼 profiles in the rest-frame of the galaxies contributing
to each bins of 𝜌cl/𝑅500 and 𝑀500. The Ly𝛼 REWs obtained from
the stacking as a function of 𝜌cl/𝑅500 and 𝑀500 are shown with
blue stars in the left and right panels of Fig. 5, respectively.
Table 2 presents the summary of the measurements obtained from
this analysis. It is evident from the left panel of Fig. 5 that the CGM
of galaxies is relatively gas-poor when they are closer to clusters
(𝜌cl/𝑅500 < 4). In addition, the right panel shows that the CGM
of galaxies is relatively gas-poor when they are in the outskirts of
massive clusters (𝑀500 > 1.2 × 1014 M�). The measured Δ𝑉90

9

values suggest that the differences in REWs in the comparing bins
are not owing to the significantly different line widths but due to the
difference in optical depths. If at all, the Δ𝑉90 values are somewhat
higher for the bins showing lower REWs.

Even though the median stellar mass and SFR of the galaxies
are consistent within 0.3 dex for the two bins of 𝜌cl/𝑅500 and 𝑀500,
a two-sample Kolmogorov–Smirnov (KS) test suggests a marginal
difference in the SFR distribution of the galaxies in the two bins of
𝜌cl/𝑅500 and 𝑀500.10 A strong correlation between Ly𝛼 REW and
SFR within the virial radius of (non-cluster) galaxies is recently
reported by Dutta et al. (2023). We thus generated SFR-matched
subsamples with a tolerance of 0.1 dex for the above exercises. The
measurements corresponding to the SFR-matched subsamples are
shown by the open magenta circles in Fig. 5. The figure shows
that even after matching the SFR of the galaxies, the trends persist.
Consequently, it can be inferred that the trends are governed by
external environments rather than internal galactic processes.

Further, to compare the REW of Ly𝛼 absorption obtained for
the cluster galaxies with that of non-cluster galaxies, we derive a
sample of 58 non-cluster galaxies from Dutta et al. (2023) that
are matched in SFR, 𝑀★, galactic impact parameter (𝜌gal), and
redshift of the cluster galaxy sample. The REW of Ly𝛼 estimated
from the median stacked profile in the rest-frame of the non-cluster
galaxies is 𝑊1215

𝑟 = 0.390 ± 0.060 Å, which is shown by the red
dotted line in each panel of Fig. 5. It is evident from Fig. 5 that
the CGM of cluster galaxies that are closer or reside in massive
clusters is considerably deficient in gas as compared to non-cluster
galaxies. However, the difference in gas content decreases as one
moves further away from the clusters or towards low-mass clusters.
These observations indicate that the CGM is strongly influenced by
the large-scale environments of galaxies.

4 DISCUSSION

Here we report on the first statistical detection of cool, neutral gas
traced by H i _1215 at more than 99% CL along with a marginal
detection (> 95% CL) of C iv in the median stacked spectra
of 2146 and 688 quasar−cluster pairs, respectively, at a median

9 The velocity difference between the pixels where optical depth is 5% and
95% of the total optical depth.
10 With the null probability that the two distributions are drawn from the
same parent population being . 5%.

𝜌cl/𝑅500 ≈ 7. We obtain an upper limit of ∼ 0.006Å (3𝜎) for O vi
based on the non-detection in the high-SNR composite spectrum
of 1765 quasar−cluster pairs. Furthermore, we determine the CF of
0.21+0.01

−0.01 for 𝑊th = 0.1 Å for Ly𝛼, 0.10+0.03
−0.04 for 𝑊th = 0.05 Å for

C iv, and 0.10+0.01
−0.02 for𝑊th = 0.05 Å for O vi in the cluster outskirts

(median 𝜌cl/𝑅500 ≈ 7). We also find that the CGM of cluster galax-
ies exhibits a significant environmental dependence. In this section,
we discuss the distribution and origin of the cool, neutral gas and
metals detected in the cluster outskirts, and the role of environment
in determining the gas reservoirs in the CGM of galaxies.

4.1 Distribution of neutral gas in cluster outskirts: Ly𝛼
REW–profile

The distribution of cool, neutral gas as a function of impact pa-
rameter for low-mass haloes (𝑀vir . 1013 M�) has been studied
extensively in the literature (e.g., Tumlinson et al. 2013; Wilde et al.
2021; Dutta et al. 2023), with several studies indicating a decline
in the Ly𝛼 REW as the impact parameter from the hosting haloes
increases. At high mass scales (> 1014 M�) of galaxy clusters,
on the other hand, observations and simulations of the hot ICM
show that the temperature, density, and metal content of hot gas
vary significantly from the core to the outskirts (Nagai & Lau 2011;
Simionescu et al. 2011; Urban et al. 2017), which may influence the
distribution of cool, neutral gas surrounding clusters. For instance
there are studies suggesting that the cool gas traced by the Ly𝛼 ab-
sorbers is shock heated to high temperatures in the ICM, avoiding
the inner region of the clusters (see Yoon et al. 2012). However,
there are observations of cool gas in the hot ICM. For example, the
detection of extended H𝛼 emission surrounding the galaxy NGC
1275, located at the center of the Perseus cluster (see Conselice
et al. 2001). The H𝛼 emitting gas may have originated from the
cooling of the ICM, as suggested by Fabian (1994). Additionally,
simulations of galaxy clusters revealed that fast, radiatively cooling
outflows can also cause condensation of cool gas (e.g., see Qiu et al.
2021). Therefore, the REW–profile of Ly𝛼 as a function of cluster
impact parameter, which has not been explored thoroughly using
statistically significant samples of clusters, is crucial.

Using 23 background quasar sightlines, Yoon et al. (2012)
found that Ly𝛼 absorbers avoid the central X-ray emitting regions
of the Virgo cluster. Moreover, relatively stronger Ly𝛼 absorbers
(REW > 0.3 Å) are found to be associated with Virgo substructures.
Excluding the Ly𝛼 absorbers associated with the substructures, they
reported a weakly increasing Ly𝛼 REW with an increasing clusto-
centric impact parameter, which is in contrast with CGM observa-
tions. A similar analysis for the Coma, using 8 background quasars,
also revealed no significant trend between Ly𝛼 REW and impact
parameter (see Yoon & Putman 2017). Similarly, Muzahid et al.
(2017) found no significant trend between the H i column density
and normalized cluster impact parameter up to 5𝑅500 (see their fig-
ure 3) by combining their results with those of Yoon et al. (2012),
Yoon & Putman (2017), and Burchett et al. (2018).

In this study, the Ly𝛼 REW–profile, constructed using a statis-
tically significant sample of 2146 quasar-cluster pairs, shows a sig-
nificant decline with the impact parameter (and normalized impact
parameter) as reported in the literature for galactic halos. A single-
component power-law can adequately explain the REW–profiles
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(see Fig. 4). 11 The best-fitting relations are:

𝑊1215
𝑟 = (0.069 ± 0.009 Å) × ( 𝜌cl

2 Mpc
)−0.74±0.17, (2)

and

𝑊1215
𝑟 = (0.121 ± 0.028 Å) × ( 𝜌cl

𝑅500
)−0.60±0.15 . (3)

Recently, Dutta et al. (2023) showed that the Ly𝛼 REW-profile
for low-𝑧 galaxies can be decomposed into two components: (i)
a Gaussian/log-linear component, prominent only at small scales
(. 𝑅200), and (ii) a power-law component, reminiscent of galaxy-
absorber clustering, describing the large-scale features. Owing to
the smaller sample size, particularly at 𝜌cl < 𝑅500 (𝑅200), and much
weaker overall absorption signal compared to the CGM of galaxies
(see next section for details), we could not investigate the possible
existence of similar characteristics in the Ly𝛼 REW–profile around
low-𝑧 clusters.

Fig. 6 shows the Ly𝛼 REW-profile plotted against the cluster
impact parameter normalized by the 𝑅200

12 for our full sample
of 2146 quasar−cluster pairs. The solid black line represents the
best-fit single-component power-law to our data points. We com-
pare this with the log-linear + power-law (Model 1, dotted magenta
line) and Gaussian + power-law (Model 2, dashed blue line) models
describing the Ly𝛼 REW profile for the CGM of 𝑧 ≈ 0.15 galax-
ies from Dutta et al. (2023). Fig. 6 indicates that the Ly𝛼 REW
profile for the clusters differs from that of the CGM of galaxies
within 𝑅200. However, beyond 𝑅200 the REW profiles of clusters
and galaxies are consistent with each other within the 1𝜎 allowed
uncertainties, albeit the clusters’ measurements are systematically
lower. Moreover, we notice that the power-law slopes are (≈ −0.62)
also consistent outside the virial radius where the signal is expected
to be dominated by large-scale clustering (see Dutta et al. 2023).

4.2 Distribution of neutral gas in cluster outskirts: Ly𝛼
covering fraction

We determine the covering fraction of Ly𝛼 using a subsample of
quasar-cluster pairs with simultaneous coverage of the Ly𝛼 and
Ly𝛽 lines. We obtained CF = 0.21+0.01

−0.01 (0.16+0.01
−0.01) for a threshold

REW of 0.1 Å (0.3 Å) for the full sample. The Ly𝛼 CF–profiles
obtained for the full sample, shown on the left panels of Fig. 4,
show a declining trend with increasing 𝜌cl and 𝜌cl/𝑅500 (see also
Fig. A1). Overall, the Ly𝛼CF remains in the range of 10–25% which
is broadly consistent with the predictions from hydrodynamical
simulation (see figure 3 of Butsky et al. 2019) over a length scale of
3 Mpc from clusters. The Ly𝛼 covering fraction increases rapidly
to ≈ 1 in the simulation for 𝜌cl < 500 kpc (≈ 0.7𝑅200). We are yet
to probe this impact parameter range observationally.

When a LOS velocity of ≈ 1000 kms−1 is used to associate
Ly𝛼 absorbers with Coma, the CF is measured to be ≈ 33% for
𝑊th > 0.1 Å (≈ 25% for 𝑊th > 0.3 Å) both within and outside 𝑅vir
(see Yoon & Putman 2017). For the less massive Virgo cluster, the
authors reported a marginally (≈ 1𝜎) higher Ly𝛼CF outside the 𝑅vir
(0.38+0.14

−0.12 for 𝑊th > 0.1 Å). The covering fraction measurements
for Virgo and Coma presented by Yoon & Putman (2017) have large
uncertainties, and are broadly consistent with our measurements.
Here we caution that our CF measurements could be systematically

11 Suggested by an F-test with > 95% confidence.
12 We use the Python package COLOSSUS (Diemer 2018) to compute the
𝑅200 for a given 𝑧𝑐𝑙 and 𝑀500 of a cluster.
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Figure 6. The Ly𝛼 REW as a function of cluster impact parameter normal-
ized by cluster’s 𝑅200 for the full sample (black squares). The black solid
line is the best-fit single-component power-law relation and the grey shaded
region shows its 1𝜎 scatter. For comparison, similar relationships obtained
for the CGM of low-𝑧 galaxies from Dutta et al. (2023) are shown. The
magenta dotted (blue dashed) line shows their best-fit log-linear + power-
law (Gaussian + power-law) model. The shaded regions with corresponding
colors show the 1𝜎 scatter in their relations.

smaller as we required the presence of Ly𝛽 (or higher order Lyman
series lines) for detection, which will miss the stand-alone, weak
Ly𝛼 absorbers.

Next we compare the CF of Ly𝛼 absorbers in the outskirts
of galaxy clusters with the CF measured in the CGM of galaxies.
Several studies in the literature have constrained the Ly𝛼 CF in
the CGM of galaxies across a wide range of redshift, stellar mass,
SFR, and impact parameter (see Tumlinson et al. 2013; Liang &
Chen 2014; Keeney et al. 2018; Wilde et al. 2021). For instance,
Tumlinson et al. (2013) found CF of 100% and 75% for star-forming
and passive galaxies, respectively, for Ly𝛼 absorbers with 𝑁 (H i) >
1013 cm−2 within 0.5𝑅vir. Meanwhile, the CF of Ly𝛼 absorbers
with 𝑊th > 0.05 Å in Liang & Chen (2014) remained above 60%
out to 8𝑅vir. Keeney et al. (2018) reported 50% CF for 𝑁 (H i) >

1013 cm−2 Ly𝛼 absorbers in both < 𝐿∗ and ≥ 𝐿∗ galaxies up to
4𝑅vir. Recently, Wilde et al. (2021) showed that the CF of Ly𝛼
absorption with 𝑁 (H i) = 1013−15 cm−2 is nearly 80% over 4𝑅vir
from galaxies. Overall, most CGM studies have reported a high
CF of >50% for Ly𝛼 absorbers out to 4𝑅vir. In contrast, our study
finds a low CF of Ly𝛼 absorption systems with Wth > 0.1Å (i.e.,
𝑁 (H i) > 1013.3 cm−2) ranging from ≈ 25% at < 𝑅500 to ≈ 15% at
around 6 − 10𝑅500 (see Fig. 4). We argue that the lower CF of the
Ly𝛼 absorbers in the outskirts of clusters as compared to the CGM
of galaxies may account for the lower REWs measured for clusters,
particularly within 𝑅200, in contrast to the CGM of galaxies, as
shown in Fig. 6.

4.3 Distribution of metals in the cluster outskirts

We produce stacks of all the prominent metal lines accessible to
COS. However, except for a marginal C iv, none of the metal lines
are detected (see Table 1). By examining the relevant parts of the
COS spectra, we determine the covering fraction of the C iv and
O vi, the two most commonly studied metal lines. For C iv, we
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obtain CF = 0.10+0.03
−0.04 for 𝑊th = 0.05 Å. The CF for O vi is found

to be similar (i.e., 0.10+0.01
−0.02 for 𝑊th = 0.05 Å).

The covering fraction of C iv and/or O vi are not well con-
strained in the earlier studies for the cluster outskirts. Using a sam-
ple of only 7 cluster pairs, Tejos et al. (2016) obtained a CF of
0.14+0.3

−0.1 for O vi with 𝑊th = 0.06 Å. The CF value is consistent
with our measurement. Burchett et al. (2018) found no O vi absorp-
tion within ±1500 kms−1 of the 5 clusters in their study. This is
also consistent with the low O vi CF measured here.

The distribution of metals traced by C iv and O vi absorption
have been explored in the simulation of Butsky et al. (2019). They
found CF of C iv within ≈ 2𝑅200 to be < 0.1, whereas for O vi, it is
> 0.15. The authors attributed this difference to the lower ionization
potential of C iv (48 eV) compared to the O vi (114 eV), which
makes it challenging to sustain the triply-ionized state for carbon at
temperatures of > 105 K. However, for both the ions, the covering
fraction increases significantly in the inner 500 kpc regions. The
C iv covering fraction we estimate in the impact parameter range
of 500–3000 kpc is somewhat higher compared to the simulation
prediction (i.e., only a few percent; see figure 3 of Butsky et al.
2019). The O vi CF of ≈ 10%, however, is consistent with our
measurements (see Fig. 4).

The non-detection of O vi in the stack of 1765 quasar-cluster
pairs is intriguing. It is generally believed that the gas temperature
in cluster outskirts is more suitable for the tracers of the warm-
hot phase, such as the O vi. However, the non-detection of O vi in
the high SNR stacked spectra puts a stringent upper limit on the
𝑁 (O vi) of 1012.7 cm−2. Combined with the marginal detection of
C iv, we obtain an upper limit on the gas temperature of 105.3 K,
under collisional ionization equilibrium (CIE; Gnat & Sternberg
2007) assuming single-phase gas with solar relative abundances. It
indicates that cluster outskirts are not potential reservoirs of warm-
hot gas.

We point out that the marginal detection of C iv in the stack of
688 quasar-cluster pairs while the non-detection of O vi, albeit with
a ≈ 2.5 times larger sample size and a covering fraction similar to
C iv, could be due to two factors: (i) The REW of the detected C iv
absorption systems tends to be somewhat higher compared to O vi.
(ii) The LOS velocity distribution of the detected absorbers shows
a somewhat larger scatter for O vi.

It is noteworthy that among the 49 C iv absorption systems, 44
systems show associated Ly𝛼 absorption (median REW = 0.8 Å),
while the remaining 5 C iv systems do not have spectral coverage
for Ly𝛼. Likewise, all 114 O vi absorbers in our study are asso-
ciated with Ly𝛼 (median REW = 0.7 Å) and/or Ly𝛽 absorption.
The association of the strong Ly𝛼 absorption with the metal lines
suggests that a fraction of these systems may be arising from the
CGM of cluster galaxies close to the sightline near a background
quasars. In the next section we will estimate the contribution of the
circumgalactic gas to the stacked signals.

4.4 Contribution of the CGM to the stacked signals

In order to understand whether the Ly𝛼 absorption signals in the
stacks are dominated by the CGM of cluster member galaxies, we
adopt an approach similar to Mishra & Muzahid (2022). Similar
to Section 3.4, for each cluster, we first identify galaxies within a
radius of 300 kpc surrounding the background quasar with pho-
tometric and/or spectroscopic redshifts consistent with that of the
cluster. Since the majority of our clusters are from DESI, we use
the photometric redshift catalog of galaxies from the DESI Legacy
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Figure 7. The Ly𝛼 REW profile for the full sample (black squares), EX-
CGM1000 sample (blue triangles) and EX-CGM4500 sample (red circles)
as a function of normalized impact parameter (see Section 4.4). The grey
shaded region represents the 1𝜎 scatter around the measurements of the full
sample. The best fit single-component power law relations for these samples
are also indicated.

Imaging Surveys (Zou et al. 2019) to identify galaxies around the
clusters. The typical uncertainty of the photo-𝑧 estimates of the
DESI galaxies is 0.017; we therefore use a LOS velocity window
of ±4500 kms−1 (≡ 𝑐 × Δ𝑧/1 + 𝑧) for linking galaxies to a cluster.
Next, we eliminate those clusters from our analysis when one or
more galaxies are found.

For 1140 of the 2146 quasar–cluster pairs, we identify a total
of 2251 cluster galaxies with a median 𝑟 ≈ 19. 13 We exclude those
1140 quasar–cluster pairs, for which the background quasars may
probe the CGM of cluster galaxies, and call the remaining sample of
1006 (2146 − 1140) quasar–cluster pairs the ExCGM4500 sample.
Furthermore, since the LOS velocity of ±4500 kms−1corresponds
to a large cosmological distance of≈ ±60 Mpc at the median redshift
of 0.14, we use one more conservative window of 1000 kms−1 and
label the corresponding sample as ExCGM1000. We identify a total
of 694 galaxies associated with 476 quasar−cluster pairs within the
velocity window of ±1000 kms−1 in ExCGM1000 sample.

The Ly𝛼 REWs measured for the ExCGM1000 and Ex-
CGM4500 subsamples are 0.028 ± 0.006 Å and 0.027 ± 0.008 Å,
respectively. Both are significant at the 99% CL, and are consistent
with the REW measured for the full sample within the ≈ 1.5𝜎 al-
lowed uncertainties. As can be seen from Fig. 7, the Ly𝛼 REWs
measured for the sub-samples after excluding the possible CGM
contributions are consistent with the full sample within 1𝜎, indi-
cating that the CGM of bright cluster galaxies in the outskirts does
not dominate the Ly𝛼 absorption signal.

4.5 Cosmic filaments as the origin of the stacked signals

To investigate the origin of the observed cool, neutral gas and
metals around clusters, we re-examine the samples of 1160 and
649 quasar−cluster pairs used for the covering fraction analysis of
Ly𝛼 and C iv (see Section 3.3). As mentioned earlier, we iden-
tify 241 and 49 Ly𝛼 and C iv absorption systems, respectively,

13 Only 614 of the 2215 galaxies have spectroscopic redshifts.
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Figure 8. Left: Median-stacked Ly𝛼 profile for the sample of 1160 quasar−cluster pairs used in the covering fraction analysis (see Section 3.3) is shown in the
top panel. The bottom left panel shows the stacked Ly𝛼 profile for the non-detection sample, i.e., pairs where no individual detection of absorption systems
with Flag-1 or -2 is reported. The number of quasar−cluster pairs and REW (3𝜎 upper limit for non-detection) are shown at the lower left corner of each panel.
Right: The same as the left panel but for C iv absorption.

within ±500 kms−1around 218 and 45 quasar−cluster pairs. We
isolate the subsamples of 942 (= 1160 - 218) and 604 (= 649 - 45)
quasar−cluster pairs without any individual absorption detection re-
spectively for Ly𝛼 and C iv and produce stacks. The top panels of
Fig. 8 show the stacked Ly𝛼 and C iv profiles for the full samples of
1160 and 649 quasar-cluster pairs respectively. Notably, we detect
Ly𝛼 and C iv signals at >99% and 95% CL, respectively. However,
no significant absorption is seen for either Ly𝛼 or C iv when we
exclude the pairs with visually identified Ly𝛼 and C iv absorbers
(see the bottom panels of Fig. 8). This indicates that the signals in
the full stacks (top panels of Fig. 8) are primarily dominated by the
individual absorbers used in the covering fraction analysis. These
findings indicate that the distribution of cool gas and metals in the
cluster outskirts is patchy, and the detected absorption signals in the
stacked spectra may arise from cosmic filaments feeding the clus-
ters with cool gas rather than from a volume-filling gas phase. The
observed low covering fractions of gas and metals, particularly in
comparison with the CGM of galaxies, are also consistent with this
picture. In line with our argument, Wakker et al. (2015), in a study to
probe nearby galaxy filaments using Ly𝛼 absorption, found a strong
anti-correlation between Ly𝛼 REW and filament impact parameter,
with absorbers with 𝑁 (H i) > 1013 cm−2 primarily detected within
≈ 500 kpc from the filament axis (see also Bouma et al. 2021).

We also search for the galaxies around the 241 Ly𝛼 absorption
systems as identified in Section 3.3. We use the similar initial DESI
galaxy catalog used for creating 𝐸𝑥𝐶𝐺𝑀 samples in Section 4.4.
Around each Ly𝛼 system, we look for galaxies with photomet-
ric and/or spectroscopic redshifts within |Δ𝑣 | < 500, 1000, 2000,
and 4000 kms−1of the absorbers and a projected separation of <
300 kpc. Out of 241 Ly𝛼 systems, we find 13% (32 / 241), 28% (68 /
241), 39% (94 / 241), and 56% (136 / 241) systems have associated
bright galaxies (median 𝑟 ≈ 19) within |Δ𝑣 | < 500, 1000, 2000, and
4000 kms−1, respectively. This suggests that most of the detected
Ly𝛼 absorbers are likely unrelated to the halos of bright galax-
ies, and may instead originate from the cosmic filaments. However,

conducting deeper galaxy surveys around the cluster outskirts is
crucial to search for the presence of faint, low-mass galaxies around
these absorbers. Alternatively, the observed absorption signal could
arise from stripped off gas due to multiple environmental processes
faraway from any galaxies as discussed below.

4.6 Stripping as the origin of the stacked signals

Fig. 5 shows that the CGM of galaxies located in the proximity
of clusters (i.e., 𝜌cl/𝑅500 < 4) is more gas-deficient compared to
their counterparts located farther away and compared to non-cluster
galaxies with matched SFR, 𝑀★, 𝜌gal, and redshift. Similarly, at
comparable distances from clusters, the CGM of galaxies residing
in more massive halos (i.e., 𝑀500 > 1.2 × 1014 M�) is more gas-
deprived compared to galaxies in the outskirts of low-mass clusters
and compared to non-cluster galaxies. Since the galaxies in the
comparable bins are matched in galaxy properties (e.g., SFR, 𝑀★),
we argued that this difference in the gas content is not governed
by internal galactic processes but by environmental effects. The
dearth of cool, neutral gas in the CGM of galaxies residing close to
cluster centres and/or residing in the outskirts of massive clusters
can be understood in terms of efficient ram pressure stripping of
circumgalactic matter that is loosely bound to the galaxies. Both
the density of the ambient medium (𝜌amb) and the relative velocity
of infalling galaxies with respect to the ambient medium (𝑣rel) are
expected to be higher for massive clusters and/or in the inner regions
of clusters. This naturally facilitates higher ram pressure (𝑃ram =

𝜌amb×𝑣2
rel) stripping for galaxies residing in massive clusters and/or

closer to cluster centers. Indeed, the recent simulation by Rohr et al.
(2023) revealed that the majority of the jellyfish galaxies lose the
bulk of their cold gas (< 104.5 K) via ram pressure stripping within
1–2 Gyr since infall when they are at a distance as far as 3− 4𝑅200.
The authors further showed that satellite galaxies of all types deposit
more than 1010 M� of cold gas via ram pressure stripping in hosts
of mass > 1013 M� over a time-scale of 5 Gyr. Such stripped gas
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faraway from galaxies can explain the observed absorption signals
if the gas remains cold.

The other important environmental process that can cause gas
loss closer to cluster centres (< 2 − 3𝑅200) is “overshooting” (e.g.,
Pimbblet 2011; McGee et al. 2009; Bahé et al. 2013; Borrow et al.
2023). It is found in simulation that a substantial fraction of galax-
ies in cluster outskirts are actually backsplash galaxies, which have
undergone a significant gas loss due to severe tidal disruption and
stripping caused by ram pressure during their first pericentre pas-
sage. The current position of such backsplash galaxies and the lo-
cations at which their gas has been stripped in the outskirts can
be considerably different. Such “overshot” galaxies can give rise to
the signals detected here. This process, nevertheless, is not efficient
beyond a few virial radii (see e.g., Bahé et al. 2013).

The results in the right panel of Fig. 5 are intriguing as they
indicate that galaxies residing in more massive clusters exhibit a
significant deficiency of circumgalactic gas compared to those in
less massive clusters, even at distances as far as ≈ 5𝑅500. The
Ly𝛼 absorption strength for the galaxies residing in low-mass clus-
ters is somewhat lower, albeit consistent with non-cluster galaxies
within 1𝜎. The lack of cool gas in the CGM of galaxies residing in
high-mass clusters is likely due to “pre-processing”. Gas removal
through “pre-processing” happens when a galaxy becomes a satel-
lites of a group (substructure) in the outskirts of a massive cluster
prior to infall (e.g., Wetzel et al. 2013; Jaffé et al. 2016; Hough et al.
2023). According to the hierarchical structure formation model,
more substructures are expected around massive halos, which facil-
itates efficient “pre-processing” of the CGM of galaxies residing in
the outskirts of massive clusters.

It is expected that all of these processes discussed above
(ram pressure stripping, overshooting, and pre-processing) will con-
tribute to the cool gas cross-section in the cluster outskirts to a
varied degree, depending on the host mass and distance from the
core. However, the overall low covering fraction of the neutral gas
in cluster outskirts suggests that the stripped circumgalactic gas is
either mixing with the ambient hotter medium or is heated up by
AGN feedback or that the galaxies supplying cool gas via stripping
are predominantly falling onto clusters through large-scale cosmic
filaments.

5 CONCLUSION

By cross-matching the HSLA quasar catalog with seven cluster
catalogs from the literature, we have built a sample of 3191 quasar-
cluster pairs with a median cluster redshift and mass of 0.19 and
1.3 × 1014 M� , respectively. The quasars are probing the clusters
with impact parameters in the range 0.7–10 Mpc with a median of
4.8 Mpc (median 𝜌cl/𝑅500 ≈ 7). Using spectral stacking, we present
the first statistical detection of cool, neutral gas (traced by Ly𝛼) and
metals (traced by C iv) in the outskirts of clusters. In addition,
we construct the Ly𝛼 REW–profile out to 10𝑅500. We visually
identify 241 Ly𝛼, 49 C iv, and 114 O vi absorption systems within
±500 kms−1 of the cluster redshifts, which allow us to determine
the covering fractions of Ly𝛼 and the other metal ions. We leverage
the combined results of the stacking analysis and the distribution of
individual absorption systems to investigate the nature and origin
of the cool, neutral gas and metals in the outskirts of the clusters.
The key results of this paper are summarized as follows:

• In the median stacked spectra of 2146 and 688 quasar−cluster
pairs, we detect significant Ly𝛼 and marginal C iv absorption with
REWs of 0.043 ± 0.006 Å (at > 99% CL) and 0.020 ± 0.007 Å (at

> 95% CL) respectively. We do not detect O vi in the high-SNR
stacked spectrum of 1765 quasar−cluster pairs giving a 3𝜎 upper
limit on the REW of < 0.006 Å (Fig. 2).

• The covering fractions of Ly𝛼-, C iv-, and O vi-bearing gas
in cluster outskirts are 0.21+0.01

−0.01 (for 𝑊th > 0.1 Å), 0.10+0.03
−0.04 (for

𝑊th > 0.05 Å), and 0.10+0.01
−0.02 (for𝑊th > 0.05 Å), respectively. These

are significantly lower as compared to the measurements obtained
for the CGM of galaxies at similar redshifts in the literature.

• The REW-profile of Ly𝛼 exhibits a decreasing trend with in-
creasing 𝜌cl (𝜌cl/𝑅500) which is well described by a power-law with
a slope of −0.74 ± 0.17 (−0.60 ± 0.15; see Fig. 3). Similarly, the
covering fractions of Ly𝛼 and O vi also gradually decrease with
increasing 𝜌cl and 𝜌cl/𝑅500, while no such trend is observed for the
C iv covering fraction profile (Fig. 4).

• We compare the Ly𝛼 REW–profile obtained for the cluster
outskirts to the CGM of field galaxies (Fig. 6) and observe an
appreciable difference, particularly in the inner regions (. 𝑅200).
We attribute this difference to the observed lower covering fraction
for Ly𝛼 in the cluster outskirts.

• We show that the Ly𝛼 REW-profiles for the 𝐸𝑥𝐶𝐺𝑀1000 and
𝐸𝑥𝐶𝐺𝑀4500 sub-samples are consistent with the REW-profile of
the full sample within 1𝜎 indicating that the signal is not dominated
by the CGM of bright galaxies (Fig. 7).

• We do not find any detectable absorption in the stacked spectra
when we remove the visually identified absorbers from our analysis
(Fig. 8). Only 13% of the visually identified Ly𝛼 absorbers are
related to bright (𝑟 ≈ 19) galaxies with |Δ𝑣 | < 500 kms−1 and
𝜌gal < 300 kpc. Based on these, we argued that the distribution of
the detected cool gas in the cluster outskirts is filamentary, which is
also consistent with the observed low covering fractions.

• We find that the CGM of galaxies residing in cluster outskirts
is significantly gas poor compared to their field counterparts. This
effect is more pronounced for galaxies that are closer to clusters or
that are in massive clusters (Fig. 5).

We discuss the roles of environmental processes such as ram
pressure stripping, overshooting, and pre-processing to understand
the observed gas deficiencies in cluster galaxies. Our findings sug-
gest that at smaller clustocentric distances, ram pressure stripping
and overshooting are likely the dominant processes, whereas at large
distances (& 4 − 5𝑅500) pre-processing dominates the stripping of
circumgalactic gas. We argue that the cool gas detected in cluster
outskirts arises in part from stripped-off CGM and from large-scale
filaments feeding the clusters with cool gas. In the future, we plan
to perform detailed photoionization modelling of the individual ab-
sorbers detected in the outskirts of clusters to constrain the physical
conditions and metal enrichment and to determine the relative con-
tributions of the two channels to the observed absorption signals.
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Appendix

A1 BRIEF NOTES ON THE CLUSTER CATALOGS

We briefly describe below the seven cluster catalogs used in this
study:

Bleem et al. (2015) compiled a sample of 677 Sunyaev-
Zel’dovich (SZ) selected galaxy clusters from South Pole Telescope
(SPT) in 2500 deg2. The authors used a spatial-spectral matched
filter and a simple peak-finding algorithm in the 95 and 150 GHz
survey data to identify the clusters above the SNR threshold (b)
of 4.5. Among these 677 clusters, the spectroscopic redshift for
169 clusters was computed using the follow-up observations from
various telescopes (such as the VLT/FORS2 and the Gemini-South
telescope/GMOS-S) and the literature wherever available. The pu-
rity of this sample is 95% for the b > 5. Therefore, we only consider
clusters from this sample with spectroscopic redshift and b > 5
yielding a total of 134 SZ clusters from this catalog. These clus-
ters cover a redshift range of 0.06−1.5 and 𝑀500 range of 2.4−17.5
×1014𝑀� .

Using photometric redshifts of galaxies from the SDSS, Wen
& Han (2015) identified a total of 158,103 clusters. The found
25,419 new clusters, and also updated the Wen et al. (2012) catalog
of 132,684 clusters with spectroscopic redshifts, 𝑅500, and rich-
ness (𝑅𝐿∗,500 ≡ 𝐿500/𝐿∗), using scaling relations obtained from
a sample of 1191 clusters with well-measured masses via X-ray or
SZ-observations from the literature. We limit our cluster sample to
the same mass and redshift ranges as the sample of 1191 clusters
from which the mass scaling relation was derived. This resulted in
a total of 156,139 clusters in the Wen & Han (2015) catalog. Addi-
tionally, we only select clusters with spectroscopic redshift, which
provided a total of 119,653 clusters. Although no formal complete-
ness estimate for the Wen & Han (2015) sample was provided, the
Wen et al. (2012) catalog, which constitutes the majority of the
sample of Wen & Han (2015), is over 95% complete for masses
greater than 1014M� in the redshift range of 0.05 ≤ 𝑧 < 0.42. The
resulting sample of 119,653 clusters covers a redshift range of 0.05
to 0.7 and a mass range of 0.3 to 31.4 ×1014𝑀� .

By combining the photometric data from the Two Micron All
Sky Survey (2MASS), Wide-field Infrared Survey Explorer (WISE),
and SuperCOSMOS, Wen et al. (2018) compiled 47,000 clusters in
the sky area of 28000 deg2 among which 26,125 clusters were
newly identified, and lie outside the SDSS coverage. The clusters
were identified as the overdense region around the brightest cluster
galaxy (BCG) candidates selected from the magnitude and colour
cuts. The photometric redshifts of the clusters were obtained from
the artificial neural network (ANNz) approach (Bilicki et al. 2016).
Monte Carlo simulations showed that the false detection rate for their
cluster sample drops below the 5% for SNR > 5. We only consider
the clusters with spectroscopic redshift and SNR > 5 resulting a
total of 4454 galaxy clusters from this catalog. The redshift and
mass range of this catalog are 0.03−0.45 and 0.51−11.72×1014𝑀�
respectively.

Bleem et al. (2020) compiled a sample of 470 SZ-selected
galaxy clusters from the SPTpol-Extended Cluster Survey (SPT-
ECS) in the 2770 deg2 at 95 and 150 GHz. Using a similar spatial-
spectral matching filter technique as in the Bleem et al. (2015), the
authors identified 266 cluster candidates with b > 5 and 204 clusters

with 4 < b < 5. The masses of the clusters were derived based on the
b-mass scaling relation, inferred from fitting the observed SZ cluster
density at b > 5 and redshift z > 0.25. The authors employed the
red-sequence Matched-Filter Probabilistic Percolation (redMaPPer)
algorithm (Rykoff et al. 2014) and constrained the photometric
redshift of their sample. The spectroscopic redshifts for 63 clusters
were drawn from the literature. The survey is > 90% complete for
z > 0.25 at b > 5. Limiting only to the clusters with spectroscopic
redshifts and with z > 0.25 at b > 5, we consider only 26 clusters
from this catalog. These 26 clusters span a redshift range of 0.25 <
z < 1.39 and the mass range of 3.1 < 𝑀500 < 14.6×1014𝑀� .

Huang et al. (2020) presented 89 SZ-selected clusters at 95
and 150 GHz in 100 deg2 with the SPTpol receiver on the SPT
with a SNR greater than 4.6. The authors used the follow-up and
archival optical/infrared images and spectra to confirm the clusters
and estimate photometric redshifts for 66 clusters and spectroscopic
redshifts for 23 clusters. This catalog is > 95% complete for clusters
with 𝑀500𝑐 > 2.6 ×1014𝑀� h−1 and z > 0.25. Restricting only to
clusters with spectroscopic redshift and with 𝑀500𝑐 > 2.6×1014𝑀�
h−1 and z > 0.25, we consider 11 clusters from this survey. These
clusters cover a redshift range of 0.25 < z < 1.38 and the mass range
of 2.6 < 𝑀500 < 8.4×1014𝑀� .

Using 98 and 150 GHz observations with the AdvACT receiver
on the Atacama Cosmology Telescope (ACT) in 13,211 deg2 of the
sky, Hilton et al. (2021) identified 4195 SZ-selected and optically
confirmed galaxy clusters with SNR > 4. Assuming an SZ-signal vs
mass scaling relation calibrated from X-ray observations, the sample
has a 90% completeness mass limit of 𝑀500𝑐 > 3.8 ×1014𝑀�
evaluated at z = 0.5, for SNR > 5. The photometric redshift for
2547 clusters and the spectroscopic redshift for 1648 clusters were
drawn from the literature. We restrict our search to those clusters
with spectroscopic redshift and SNR > 5, which resulted in a total
of 1176 clusters. The redshift and mass range for these clusters are
0.04−1.91 and 1.2−13.5×1014𝑀� , respectively.

Using a fast clustering algorithm, Zou et al. (2021) identified
540,432 z / 1 clusters with photometric redshift in the DESI legacy
imaging surveys, covering a sky area of 20,000 deg2. The mass of
the clusters were derived using a calibrated richness–mass relation
that is based on the observations of X-ray emission and the SZ effect.
Monte Carlo simulations indicated that the false-detection rate of
their cluster identification algorithm is about 3.1%. In our study,
we consider only 122,390 clusters with spectroscopic redshifts. The
redshift and mass coverage of these 122,390 clusters are 0.01−1.61
and 0.1−10.9×1014𝑀� , respectively.
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Table A1. Summary of the measurements performed on the stacks of the subsamples of Ly𝛼.

Bin 𝜌cl 𝑁pairs REW 𝜎𝑣 𝑉0
𝜌cl(Mpc) Mpc Å kms−1 kms−1

(1) (2) (3) (4) (5) (6)

<1.5 0.98+0.48
−0.37 124 0.125±0.029 331±106 -99 ±73

[1.5−3.0) 2.38+0.51
−0.43 311 0.054±0.014 252±63 40 ±76

[3.0−4.5) 3.79+0.50
−0.50 477 0.042±0.012 272±81 -27 ±69

[4.5−6.0) 5.28+0.51
−0.49 587 0.039±0.010 344±96 15 ±93

≥6.0 6.99+0.72
−1.60 647 0.027±0.009 345±151 83 ±150

Bin 𝜌cl/𝑅500 𝑁pairs REW 𝜎𝑣 𝑉0
𝜌cl/𝑅500 Å kms−1 kms−1

(1) (2) (3) (4) (5) (6)

<1.5 1.0 +0.50
−0.30 73 0.119±0.031 267±113 -163 ±79

[1.5−3.5) 2.7 +0.70
−0.50 226 0.078±0.022 277±73 -3 ±86

[3.5−5.5) 4.6 +0.70
−0.70 396 0.041±0.013 266±93 -22 ±83

[5.5−8.0) 6.8 +0.90
−0.80 683 0.039±0.009 252±74 92 ±57

≥8.0 9.1 +0.70
−0.59 768 0.033±0.009 598±228 -106 ±414

Notes – (1) Bin size. (2) Median values of 𝜌cl (𝜌cl/𝑅500) for 𝜌cl-bins (𝜌cl/𝑅500-bins). (3). Number of quasar−cluster pairs. (4) REWs measured from the
median stacked spectra within ±500 kms−1 around Ly𝛼 (5) & (6) Line widths and Line centroids obtained from Gaussian fitting in the median stacked spectra.

Table A2. Details of the covering fraction measurements for Ly𝛼, C iv, and O vi.

Species Sample Wth =0.1Å Wth =0.2Å Wth =0.3Å
𝜌cl(Mpc) 𝜌cl/𝑅500 CF 𝜌cl(Mpc) 𝜌cl/𝑅500 CF 𝜌cl(Mpc) 𝜌cl/𝑅500 CF

Ly𝛼

Full 4.89+2.18
−1.9 7.1+3.4

−2.1 0.21+0.01
−0.01 4.88+2.17

−1.97 7.1+3.4
−2.1 0.19+0.01

−0.01 4.88+2.17
−1.96 7.1+3.4

−2.1 0.16+0.01
−0.01

Bin1 0.56+0.26
−0.55 0.7+0.4

−0.4 0.27+0.08
−0.09 0.58+0.32

−0.47 0.8+0.5
−0.5 0.26+0.07

−0.08 0.60+0.32
−0.43 0.8+0.5

−0.5 0.19+0.06
−0.07

Bin2 2.85+1.01
−0.98 4.1+1.6

−1.1 0.26+0.03
−0.03 2.87+1.0

−1.01 4.1+1.5
−1.1 0.23+0.02

−0.02 2.87+1.0
−1.01 4.1+1.5

−1.1 0.22+0.02
−0.02

Bin3 4.99+0.99
−1.26 7.1+1.1

−0.7 0.21+0.02
−0.03 4.96+0.93

−1.13 7.1+1.1
−0.7 0.19+0.02

−0.02 4.96+0.93
−1.12 7.1+1.1

−0.7 0.16+0.02
−0.02

Bin4 6.48+1.08
−1.66 9.2+0.5

−0.5 0.16+0.02
−0.02 6.52+1.12

−1.6 9.2+0.6
−0.5 0.15+0.02

−0.02 6.52+1.12
−1.57 9.2+0.6

−0.5 0.12+0.02
−0.02

Wth =0.05Å Wth =0.1Å Wth =0.15Å
𝜌cl(Mpc) 𝜌cl/𝑅500 CF 𝜌cl(Mpc) 𝜌cl/𝑅500 CF 𝜌cl(Mpc) 𝜌cl/𝑅500 CF

C iv

Full 4.39+1.77
−2.11 6.1+2.4

−2.8 0.10+0.03
−0.04 5.32+2.5

−1.9 6.8+2.7
−2.6 0.08+0.02

−0.02 5.06+2.23
−2.27 6.7+2.6

−2.6 0.06+0.01
−0.01

Bin1 2.71+1.43
−0.63 3.7+1.9

−0.8 0.07+0.03
−0.06 2.91+1.11

−0.99 4.1+1.8
−1.1 0.05+0.02

−0.03 2.89+1.41
−1.07 4.1+1.9

−1.1 0.05+0.02
−0.02

Bin2 4.34+0.93
−2.04 6.1+0.9

−0.7 0.18+0.06
−0.08 5.32+1.22

−1.14 6.8+0.7
−0.8 0.12+0.03

−0.04 5.09+1.05
−1.36 6.7+0.7

−1.0 0.08+0.02
−0.03

Bin3 6.28+0.87
−1.38 8.9+1.5

−0.8 0.07+0.03
−0.06 6.91+1.01

−1.62 9.3+0.9
−0.5 0.06+0.02

−0.03 6.85+0.96
−1.89 9.3+0.8

−0.5 0.05+0.02
−0.02

O vi

Full 4.79+2.12
−1.70 6.9+3.2

−2.2 0.10+0.01
−0.02 4.88+2.2
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ABSTRACT

The near-infrared transmission spectrum of the warm sub-Neptune exoplanet GJ 1214 b has been

observed to be flat and featureless, implying a high metallicity atmosphere with abundant aerosols.

Recent JWST MIRI LRS observations of a phase curve of GJ 1214 b showed that its transmission

spectrum is flat out into the mid-infrared. In this paper, we use the combined near- and mid-infrared

transmission spectrum of GJ 1214 b to constrain its atmospheric composition and aerosol properties.

We generate a grid of photochemical haze models using an aerosol microphysics code for a number of

background atmospheres spanning metallicities from 100 to 1000 × solar, as well as a steam atmosphere

scenario. The flatness of the combined data set largely rules out atmospheric metallicities ≤300 × solar

due to their large corresponding molecular feature amplitudes, preferring values ≥1000 × solar and

column haze production rates ≥10−10 g cm−2 s−1. The steam atmosphere scenario with similarly

high haze production rates also exhibit sufficiently small molecular features to be consistent with the

transmission spectrum. These compositions imply that atmospheric mean molecular weights ≥15 g

mol−1 are needed to fit the data. Our results suggest that haze production is highly efficient on GJ

1214 b and could involve non-hydrocarbon, non-nitrogen haze precursors. Further characterization of

GJ 1214 b’s atmosphere would likely require multiple transits and eclipses using JWST across the near

and mid-infrared, potentially complemented by groundbased high resolution transmission spectroscopy.

Keywords: planets and satellites: atmospheres

1. INTRODUCTION

The nature of the quintessential sub-Neptune GJ 1214

b has been a mystery since its discovery (Charbonneau

Corresponding author: Peter Gao

pgao@carnegiescience.edu

∗ 51 Pegasi b fellow

et al. 2009). Sitting on the larger-radii side of the radius

gap (Van Eylen et al. 2018), GJ 1214 b has been inferred

to be either a gas dwarf or a water world (Miller-Ricci

& Fortney 2010; Rogers & Seager 2010; Nettelmann

et al. 2011; Valencia et al. 2013; Luque & Pallé 2022;

Rogers et al. 2023). In an effort to characterize its at-

mosphere and shed light on its interior, a large number of

ground and space-based transmission spectroscopy pro-
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grams have been conducted, focusing mostly on optical

and near-infrared wavelengths due to instrumental limi-

tations (e.g. Bean et al. 2010, 2011; Crossfield et al. 2011;

Désert et al. 2011; Berta et al. 2012; de Mooij et al. 2012;

Narita et al. 2013; Fraine et al. 2013; Colón & Gaidos

2013; Teske et al. 2013; Kreidberg et al. 2014; Wilson

et al. 2014). However, to date all transmission spec-

tra have been flat and featureless, or otherwise contami-

nated by stellar effects (Rackham et al. 2017), suggesting

the presence of high altitude aerosols and a high mean

molecular weight atmosphere (Kreidberg et al. 2014).

Aerosol models that attempted to explain the flat

transmission spectrum of GJ 1214 b can be roughly di-

vided into two groups: those relying on clouds condensed

out of trace gases in the atmosphere (Morley et al. 2013,

2015; Gao & Benneke 2018; Charnay et al. 2015b; Ohno

& Okuzumi 2018; Ohno et al. 2020; Christie et al. 2022)

and those simulating hazes formed from photochemi-

cal reactions (Miller-Ricci Kempton et al. 2012; Morley

et al. 2013, 2015; Adams et al. 2019; Kawashima et al.

2019; Lavvas et al. 2019). In general, the cloud mod-

els considered salt and sulfide clouds like KCl and ZnS,

while the haze models used optical and physical prop-

erties of soots from combustion experiments and Titan

tholins (Morley et al. 2015). Both sets of models re-

quired high atmospheric metallicities, and high photo-

chemical production rates in the case of hazes, to match

the NIR data. These models also frequently predicted

a decrease in aerosol opacity – and thus the appear-

ance of spectral features from atmospheric gases – at

longer wavelengths, owing to the small sizes needed for

the aerosol particles to remain aloft at the high alti-

tudes/low pressures suggested by the featureless NIR

spectra. These models thus motivated observations at

longer, mid-infrared wavelengths.

Kempton et al. (2023) presented a 5-12 µm phase

curve of GJ 1214 b measured by the JWST Mid-Infrared

Instrument (MIRI) Low Resolution Spectrometer (LRS;

Kendrew et al. 2015). The inferred day and nightside

temperatures were 553 ± 9 K and 437 ± 19 K, re-

spectively, which were significantly lower than GJ 1214

b’s equilibrium temperature (596 ± 19 K, assuming

zero Bond albedo and full heat redistribution; Cloutier

et al. 2021), suggesting the presence of highly reflec-

tive aerosols. Free chemical retrievals of the day and

nightside emission spectra showed tentative detections

of water vapor. Comparison of the measured day and

nightside emission spectra and the full phase curve to

3D general circulation models that included reflective

hazes showed that a high mean molecular weight atmo-

sphere, corresponding to metallicities of ≥100 × solar,

are needed to explain the data.

The transmission spectrum obtained from the phase

curve measurements is flat and featureless, and at nearly

the same band-integrated transit depth as the NIR data.

A fit of the hazy GCM models to the combined NIR and

MIRI transmission spectrum pointed to atmospheric

metallicities >1000 × solar, but only limited haze prop-

erties were explored in those models (Kempton et al.

2023). In this paper, we conduct a more in depth data-

model comparison using a grid of haze microphysical

models in order to ascertain the extent to which the

NIR-to-MIR transmission spectrum of GJ 1214 b can

constrain its atmospheric composition and haze proper-

ties.

In §2, we describe how we generate our model grid. We

compare our computed model transmission spectra to

data in §3 and determine to what extent they constrain

atmospheric composition and haze production rate. In

§4 we discuss the implications of our results, what our

models are missing, and what additional observational

tests are needed to further improve our understanding

of GJ 1214 b. We state our conclusions in §5.

2. MODELS

2.1. Modeling Strategy

In order to generate hazy model transmission spec-

tra to compare to the observations, we make use of a

series of 1-dimensional atmospheric models, with the

outputs of one feeding into the next. To begin, we com-

pute atmospheric temperature-pressure (TP) profiles us-

ing GENESIS (Gandhi & Madhusudhan 2017; Piette &

Madhusudhan 2020) and chemical abundance profiles

using FASTCHEM 2 (Stock et al. 2022), assuming ther-

mochemical equilibrium without rainout/condensation

and a cloud/haze-free atmosphere, for a specific set of

atmospheric compositions. The TP profiles are used to

initialize the microphysical aerosol model CARMA (Turco

et al. 1979; Toon et al. 1988; Jacobson & Turco 1994;

Ackerman et al. 1995), which simulates the particle size

and vertical distribution of hazes. Assuming spherical

particles, we then use a Mie code (bhmie; Bohren &

Huffman 2008) to generate the optical depth, single scat-

tering albedo, and asymmetry parameter as a function

of pressure level and wavelength from the particle dis-

tributions. Finally, the particle optical properties and

TP and chemical abundance profiles are fed into PICASO

3.0 (Mukherjee et al. 2023) to generate the transmission

spectra. The planetary and stellar parameters we used

in our modeling are given in Table 1.

2.2. Background Atmosphere

For the compositions of our background atmospheres,

we consider N × solar metallicities, with N = 100, 300,
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Table 1. Planetary and stellar parameters for GJ 1214 b used in this work.

Quantity Value Source

Stellar effective temperature 3250 K Kempton et al. (2023)

Stellar log(g) 5.0 Kempton et al. (2023)

Stellar metallicity +0.2 Kempton et al. (2023)

Stellar radius 0.207 R� See table footnotea

Planet radius 2.628 R⊕
b Cloutier et al. (2021); footnotea

Planet mass 8.17 M⊕ Cloutier et al. (2021)

Planet intrinsic temperature 30 Kc Lopez & Fortney (2014)

Planet semi-major axis 0.01429 AUb Cloutier et al. (2021); footnotea

aWe derive a new stellar radius for GJ 1214 by fitting the JWST MIRI LRS stellar
spectrum with a PHOENIX model with the above stellar effective temperature,
log(g), and [M/H]; the same model was used in the data reduction of Kempton
et al. (2023) and Kreidberg et al. (2014).

bDerived using the planet-to-star radius ratio and semi-major axis-to-stellar radius
ratio from Cloutier et al. (2021) and the updated stellar radius above. We make
the simplifying assumption that the planet-to-star radius ratio is the average of
those measured in the 3.6 and 4.5 µm Spitzer channels (see Table 4 of Cloutier
et al. 2021).

cEstimated from Figure 5 of Lopez & Fortney (2014).
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Figure 1. Temperature-pressure (left) and eddy diffusion coefficient (right) profiles for the atmospheric compositions considered.
The TP profiles were computed assuming radiative-convective equilibrium. The day and nightside temperatures of GJ 1214 b
inferred by Kempton et al. (2023) from the observed phase curve and their uncertainties are given in the dashed vertical lines
and grey regions, respectively.

500, and 1000, in line with the findings of Kempton

et al. (2023). We further examine a pure water vapor

(steam) atmosphere motivated by the tentative detec-

tion of H2O in the day and nightside emission spectra

of GJ 1214 b (Kempton et al. 2023). The atmospheric

thermal structure for all of the considered background

atmospheric cases, as well as the chemical abundance

profiles of the N × solar metallicity cases are computed

using the GENESIS and FASTCHEM 2 codes. GENESIS is

a self-consistent 1D atmospheric model that calculates

the equilibrium TP profile and thermal emission spec-

trum under the assumptions of radiative-convective, hy-

drostatic and local thermodynamic equilibrium (Gandhi

& Madhusudhan 2017; Piette & Madhusudhan 2020;

Piette et al. 2020). FASTCHEM 2 is a semi-analytical ther-

mochemical equilibrium code (Stock et al. 2018, 2022).

We couple GENESIS and FASTCHEM 2 in order to itera-

tively solve for the equilibrium TP profile and chemi-
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Table 2. Mean molecular weight (MMW)
of model atmospheres at 1 bar.

Model Atmosphere MMW (g mol−1)

100 × solar 5.2

300 × solar 9.8

500 × solar 13.4

1000 × solar 19.5

Steam 18.0

cal abundance profiles in parallel. Besides the TP pro-

file, the inputs to FASTCHEM 2 are the elemental abun-

dances; we use the elemental abundances of Asplund

et al. (2009) with all elements but H and He enhanced

by a factor of N for each N × solar metallicity case.

FASTCHEM 2 considers almost 500 chemical species in

the calculation of thermochemical equilibrium. In the

calculation of radiative transfer, however, we include

only the primary opacity sources for the compositions

explored: H2O (Rothman et al. 2010), CH4 (Yurchenko

et al. 2013a; Yurchenko & Tennyson 2014), C2H2 (Roth-

man et al. 2013; Gordon et al. 2017b), CO2 (Rothman

et al. 2010), CO (Rothman et al. 2010), HCN (Harris

et al. 2006), NH3 (Yurchenko et al. 2011), N2 (Barklem

& Collet 2016; Western et al. 2018) and collision-induced

absorption (CIA) due to H2-H2 and H2-He (Richard

et al. 2012). The cross sections for these chemical species

are calculated using the data cited above and the meth-

ods described in Gandhi & Madhusudhan (2017).

The energetic boundary conditions of the atmosphere

are the incident stellar irradiation and the internal heat

flux. For the stellar spectrum, we use a PHOENIX spec-

trum corresponding to Teff = 3250 K, log(g) = 5.0, and

[M/H] = +0.2, as used in Kreidberg et al. (2014) and

Kempton et al. (2023). We use an internal heat flux

equivalent to an internal temperature Tint = 30 K, which

is estimated from Figure 5 of Lopez & Fortney (2014)

and is also representative of the values expected for

GJ 1214 b for an age of 1–10 Gyr and a hydrogen-rich to

water-rich atmosphere (Valencia et al. 2013). We note,

however, that the choice of Tint does not impact the tem-

perature structure in the pressure range probed by the

observations (<10 bars), as irradiation dominates over

internal heat in this region.

We further assume efficient heat redistribution from

the day- to the nightside and a dayside Bond albedo

of 0.6, similar to the albedo constraint of 0.51 ± 0.06

from Kempton et al. (2023). As discussed in the Meth-

ods section of Kempton et al. (2023), the derived Bond

albedo of GJ 1214 b can actually vary between 0.39 and

0.61 when taking into account the full range of data

reductions, and in particular the uncertainties in their

measured nightside flux. Our choice of a Bond albedo

on the high side of that range thus allows for a more

conservative modeling strategy: the resulting cooler at-

mosphere leads to smaller molecular feature amplitudes

and flatter transmission spectra for a given atmospheric

composition, allowing for a wider range of compositions

(i.e. lower atmospheric molecular weights) to be accept-

able by the data constraints. We discuss the impact of

temperature variations on our results in §4.1.

Figure 1 shows the computed TP profiles and Fig-

ure 2 shows the mixing ratio profiles of chemical species

with mixing ratios of at least 1 ppm at some point in

the atmosphere for the N × solar cases. The tempera-

tures near the photospheres of all cases lie between the

inferred day and nightside temperatures of GJ 1214 b

from Kempton et al. (2023), appropriate for our model-

ing of the transmission spectrum at the limb. H2, He,

H2O, CH4, and N2 are consistently the most abundant

species across all of these cases at pressures <1 bar,

with CO and CO2 becoming comparatively abundant

at higher (≥500 × solar) metallicities, consistent with

previous studies (Moses et al. 2013; Hu & Seager 2014;

Morley et al. 2015; Kawashima & Ikoma 2019; Lavvas

et al. 2019).

We use the eddy diffusion approximation to simulate

vertical mixing of haze particles. We consider the eddy

diffusion coefficient (Kzz) profiles derived by Charnay

et al. (2015a) from GCM simulations with tracers:

Kzz = Kzz0P
−0.4 (1)

where P is the pressure in bars and Kzz0 is a constant.

We assume that the Kzz profile is constant at pres-

sures >1 bar with a value of Kzz0 to avoid numerical is-

sues; this does not impact our results since transmission

spectroscopy probes much lower pressures, especially for

hazy atmospheres (Fortney et al. 2003; Morley et al.

2015; Gao & Zhang 2020). Figure 1 shows the Kzz pro-

files we used for our different model atmospheres. Here

we make the simplifying assumption that, for all of our

models, Kzz0 ∝ H2, with H being the pressure scale

height, such that the eddy mixing timescale H2/Kzz0

is constant with changes in H, which is mostly due to

variations in the atmospheric mean molecular weight for

our different atmospheric composition cases (Table 2).

We scale using H from the 100 × solar model at 1 bar,

for which we set Kzz0 to 3 × 107 following Charnay

et al. (2015a). Our scaling allows for similar magni-

tudes of mixing for different model atmospheres, such

that we can ignore variations thereof as a contributing

factor to differences in the haze distribution across our
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Table 3. Parameters* for defining atmospheric dynamic viscosity in units
of Pa s using Equation 5.

Species C1 C2 C3 C4 Tmin (K) Tmax (K)

H2 1.7970 × 10−7 0.685 -0.59 140 13.95 3000

He 3.2530 × 10−7 0.7162 -9.6 107 20 2000

H2O 1.7096 × 10−8 1.1146 0 0 273.16 1073.15

CO 1.1127 × 10−6 0.5338 94.7 0 68.15 1250

CO2 2.1480 × 10−6 0.46 290 0 194.67 1500

CH4 5.2546 × 10−7 0.59006 105.67 0 90.69 1000

N2 6.5592 × 10−7 0.6081 54.714 0 63.15 1970

∗All values from Table 2-138 of Southard & Green (2018).

models. Interestingly, in Charnay et al. (2015a), Kzz0 is

3 × 106 cm2 s−1 for the pure steam atmosphere, which

has a mean molecular weight ∼3 times that of the 100

× solar atmosphere, following our scaling closely. How-

ever, at lower metallicities the scaling breaks down, i.e.

Kzz0 = 7 × 106 cm2 s−1 for the solar metallicity case of

Charnay et al. (2015a). Indeed, the actual variation in

atmospheric mixing with changing atmospheric compo-

sition is doubtlessly more complex (Kataria et al. 2014;

Zhang & Showman 2017; Drummond et al. 2018), and

future studies are needed to quantify these dependencies

at very high metallicities.

Sedimentation of haze particles is a major control of

the haze distribution, particularly at lower pressures

(Parmentier et al. 2013; Steinrueck et al. 2021). The sed-

imentation velocity is dependent upon the atmospheric

dynamic viscosity, which is a function of the atmospheric

composition. As our model atmospheres are dominated

by multiple species, we must compute a “mixed” viscos-

ity profile from those of the individual species. Here we

use the method of Davidson (1993) that accounts for the

efficiency of momentum transfer between gas molecules,

where the mixed viscosity ηmix is given by

ηmix =

∑
i,j

yiyj√
ηiηj

E
3/8
i,j

−1

(2)

where ηi is the viscosity of gas i, yi is the momentum

fraction of gas i defined by

yi =
xi
√
Mi∑

i xi
√
Mi

(3)

with xi and Mi as the mixing ratio and molecular weight

of gas i, respectively. Finally, Ei,j is the efficiency of

momentum transfer between gases i and j given by

Ei,j =
2
√
MiMj

Mi +Mj
(4)

The summation in Equation 2 is taken over each pair

of gases in the atmosphere. For simplicity, we only con-

sider gases with mixing ratios >1% in our models for

the viscosity mixing calculation, which includes H2, He,

CO, H2O, and CH4 for the 100 × solar case, and the

addition of CO2 and N2 for the higher metallicity cases.

The steam atmosphere case consists of just the H2O vis-

cosity. The dynamic viscosity of each individual gas i is

parameterized using

ηi =
C1T

C2

1 + C3/T + C4/T 2
(5)

where T is the temperature in units of K and the con-

stants C1, C2, C3, and C4 are given in Table 3. Figure 2

shows the viscosity profiles of the individual gases con-

sidered and the mixed viscosity profile for the N × solar

cases, while Figure 3 shows the viscosity profile for the

steam atmosphere. Note that several of the viscosity

parameterizations possess maximum valid temperatures

lower than the deep temperature of our atmospheric

models; in such cases, we set the viscosity at higher tem-

peratures to those at the maximum valid temperature.

This assumption should not affect our results, as at such

high pressures atmospheric mixing dominates over sed-

imentation in terms of particle transport processes.

2.3. Haze Microphysics

The Community Aerosol and Radiation Model for

Atmospheres (CARMA) is an aerosol microphysics code

that solves the aerosol continuity equation taking into



6 Gao et al.

10 1 100 101 102 103 104 105 106 107

10 6

10 4

10 2

100

102

Pr
es

su
re

 (b
ar

)

1 2 3 4 5 6

100 × Solar

10 1 100 101 102 103 104 105 106 107

10 6

10 4

10 2

100

102

Pr
es

su
re

 (b
ar

)

1 2 3 4 5 6

300 × Solar

10 1 100 101 102 103 104 105 106 107

10 6

10 4

10 2

100

102

Pr
es

su
re

 (b
ar

)

1 2 3 4 5 6

500 × Solar

10 1 100 101 102 103 104 105 106 107

Mixing Ratio (ppm)

10 6

10 4

10 2

100

102

Pr
es

su
re

 (b
ar

)

H2H2
CO2CO2
HeHe
H2OH2O
CH4CH4
COCO
NH3
N2N2
PH3
H2S
Fe
Na
K
HCN
C2H4

1 2 3 4 5 6
Dynamic Viscosity (10 4 Poise)

Mixed

1000 × Solar

Figure 2. Mixing ratio (left) and atmospheric dynamic viscosity (right) profiles for the N × solar metallicity cases. The mixing
ratio profiles of the species considered in the viscosity mixing calculation are shown as thicker curves and their labels are bolded.
The mixed dynamic viscosity profiles are shown in the dashed curves. The constant-with-pressure viscosities for several species
at higher pressures are due to the high temperature limits for the viscosity expressions of those species (Table 3).

account particle nucleation, condensation, evaporation,

coagulation, sedimentation, diffusion, and advection

(see Gao et al. 2018, for a complete description of the

model). It relies on a bin scheme such that the particle

size distribution is fully resolved instead of assuming a

functional form. For hazes, we only consider coagula-

tion and transport, as the initial formation process of

hazes through chemical reactions and, potentially, nu-

cleation/condensation, is highly uncertain (Hörst et al.

2018; Gao et al. 2021).

For each model atmosphere, we simulate haze produc-

tion as a downward flux of spherical particles from the

top of the atmosphere at 1 µbar. We consider column

haze production rates of 10−14, 10−13, 10−12, 10−11,

10−10, and 10−9 g cm−2 s−1. The lower end of our

range is motivated by the haze production rate at Ti-
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Figure 3. Atmospheric dynamic viscosity for water va-
por/the steam atmosphere case. The constant-with-pressure
viscosity at pressures greater than a few bars is due to the
high temperature limit for water vapor’s viscosity expression
(Table 3).

tan (Checlair et al. 2016), while the higher end of the

range stems from estimates from GJ 1214 b photochem-

ical models (Kawashima & Ikoma 2019; Lavvas et al.

2019). We assume an initial particle size of 10 nm and a

mass density of 1 g cm−3, similar to those in the upper

atmosphere of Titan (Lavvas et al. 2010). The parti-

cles are allowed to coagulate with each other as they

sediment and mix into the lower atmosphere, generat-

ing larger spherical particles with a sticking efficiency

of 1. We do not simulate porous fractal aggregates in

this work for simplicity, though we discuss the implica-

tions of such particles in §4.2. No destruction process is

modeled in our work, as the thermal decomposition pres-

sure/temperature of exoplanet hazes is uncertain (Lav-

vas & Koskinen 2017). This does not affect our results

unless the hazes are destroyed at sufficiency low pres-

sures/temperatures such that they are optically thin.

The single scattering albedo of the aerosols needed

to reproduce the day and nightside emission spectrum

of GJ 1214 b lies between ∼1, i.e. purely scattering,

and those of Titan tholins (Kempton et al. 2023). As

such, we consider both compositions in this work as

endmembers. The complex refractive indices for Titan

tholins were sourced from Khare et al. (1984). For the

purely scattering haze particles, we assume a simplified,

wavelength-independent complex refractive index of m

= 1.8 + 10−9i, where 1.8 is the value of the real re-

fractive index for soots at 1.4 µm, motivated by the use

of the soot real refractive indices for the purely scatter-

ing haze in the general circulation models of Kempton

et al. (2023). The imaginary refractive index is cho-

sen to be sufficiently low as to allow for maximum scat-

tering without incurring numerical issues with the Mie

calculations. A purely scattering haze would exhibit

a Rayleigh-scattering slope (i.e. λ−4) at wavelengths

much greater than the particle size, while a more ab-

sorptive haze would result in a shallower slope and more

absorption at longer wavelengths. Therefore, a purely

scattering haze would be the most difficult type of haze

with which to generate a flat transmission spectrum out

to mid-IR wavelengths. While recent laboratory exper-

iments have generated haze refractive indices more ap-

propriate to GJ 1214 b’s atmospheric conditions (Cor-

rales et al. 2023; He et al. 2023), we will restrict our

study to the above two cases following Kempton et al.

(2023), and look to future studies to evaluate the im-

pact of the new refractive indices on GJ 1214 b model

transmission spectra.

2.4. Transmission Spectra

PICASO 3.0 is the newest version of the PICASO code

(Batalha et al. 2017; Mukherjee et al. 2023) that now in-

cludes the capability of computing the planetary trans-

mission spectrum. The methodology of the transit code

relies on computing the slant optical depth and inte-

grating the slant transmittance following Eq. 11 of

Brown (2001) 1.The optical depths are computed from

the cross section methodology outlined in Freedman

et al. (2014) and Gharib-Nezhad et al. (2021). Specific

to this analysis, we use the following line list databases

in our cross section calculations: H2O (Polyansky et al.

2018), CO (Rothman et al. 2010; Gordon et al. 2017a;

Li et al. 2015), CO2 (Huang et al. 2014), and CH4

(Yurchenko et al. 2013b; Yurchenko & Tennyson 2014).

We include collision-induced-absorption from H2 –H2,

H2 –He, H2 –CH4, and H2 –N2 from (Saumon et al.

2012). Lastly, PICASO self-consistently computes the

Rayleigh cross-section of each scattering species using

the King correction factor and polarisability of each

molecule2, following the methodology described in Sec-

tion 3.2.2 of MacDonald & Lewis (2022). The transit

functionality of PICASO was benchmarked with the com-

parisons to three independent codes (ATMOS, PHOENIX,

and CHIMERA) in The JWST Transiting Exoplanet Com-

munity Early Release Science Team et al. (2022).

3. RESULTS

3.1. Haze Distributions and Optical Properties

The vertical and size distributions of haze particles

vary substantially across the parameter space we ex-

plore here. These variations are caused by the order

of magnitude changes in the haze production rate, as

1 /picaso.fluxes.get transit 1d()
2 /picaso.rayleigh.Rayleigh()

https://github.com/natashabatalha/picaso/blob/9383dc0f4a97e8fafe0834fec6f4e1f31ce5b6a0/picaso/fluxes.py
https://github.com/natashabatalha/picaso/blob/master/picaso/rayleigh.py
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Figure 4. Number density of haze particles as a function of particle radius and pressure level in the atmosphere for the 1000
× solar metallicity case and various haze production rates. The blue and green curves indicate particle radii where the eddy
mixing timescale is equal to the sedimentation timescale and where the transport timescale (set by the smaller of the eddy
mixing and sedimentation timescales) equal the coagulation timescale, respectively. See Gao & Zhang (2020) for our definition
of these timescales. Particles smaller than the green curve coagulate faster than can be transported, and vice versa. Particle
transport is dominated by mixing for particles smaller than the blue curve, and sedimentation for particles that are larger.
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Figure 5. Nadir column optical depth at a wavelength of 5 µm for purely scattering (left) and Titan tholin (right) hazes for
the 1000 × solar metallicity case and various haze production rates. The vertical gray dashed line indicates the nadir column
optical depth where the slant optical depth equals 1 for the geometry of GJ 1214 b’s atmosphere, given the updated planetary
parameters (Table 1) and mean molecular weight of a 1000 × solar metallicity atmosphere (Table 2).

shown in Figure 4 for the 1000 × solar metallicity case.

In general, the particle size distribution evolves from

a “shoulder” of the 10 nm seed particles in the upper

atmosphere to a larger “coagulation mode” at depth.

Higher haze production rates generate higher number

densities and larger particles (∼0.1-1 µm in the upper

atmosphere and at depth) due to rapid growth by co-

agulation, while lower haze production rates result in

little growth beyond the 10 nm seeds. The results for

the other background atmosphere cases are similar.

The peak of the haze size distribution at a given

pressure level is set by where the coagulation timescale
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Figure 6. The optical properties of the haze models shown in Figure 5 at a slant optical depth at 5 µm of 1 (i.e. where the
colored curves intersect the gray dashed line), as a function of wavelength. Models with haze production rates <10−12 g cm−2

s−1 are not shown as they never achieve a slant optical depth at 5 µm of 1 in the atmosphere. The top two plots show the
optical depth and asymmetry parameter (“Asymmetry Param.”) of the purely scattering hazes while the bottom three plots
show the optical depth, asymmetry parameter, and single scattering albedo (“SSA”) of the Titan tholin hazes. We do not show
the single scattering albedo of the purely scattering hazes because it is essentially 1 for the wavelength range of interest. Minor
wave-like features in the asymmetry parameter and optical depth curves are due to numerical errors in the Mie calculation.

equals the vertical transport timescale, as represented

by the green curve in Figure 4: when particles are small

and numerous (i.e. when they are on the left side of

the green curve), coagulation occurs fast enough to over-

whelm any particle transport due to the coagulation rate

being proportional to particle number density, leading

to rapid localized particle growth; however, as coagula-

tion is mass-conserving, it causes the number density of
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particles to decrease while increasing the particle sizes,

leading to a reduction in the coagulation rate until trans-

port becomes dominant, removing the particles from the

local gas parcel and quenching further growth. The pri-

mary mode of particle transport for nearly all particles

is eddy mixing, as most of the size distributions lie to

the left of the blue curve in Figure 4 where mixing dom-

inates over sedimentation. At depth, coagulation slows

due to the loss of small particles to coagulation, leading

to the peak in the green curve at ∼0.1-1 bar.

Higher haze production rates lead to larger haze opti-

cal depths due to the increased particle sizes and num-

ber densities (Figure 5). At the highest haze production

rates, the haze becomes optically thick in the transit

(slant) geometry at pressures as low as 10 µbar, for both

purely scattering and Titan tholin hazes. In contrast,

at low haze production rates (<10−12 g cm−2 s−1), the

haze may not reach slant optical depth of 1 at all (at a

wavelength of 5 µm). Here we define the ratio of slant

to nadir optical depth τs/τn as (Fortney et al. 2005),

τs
τn

=

√
2πRp

H
(6)

where Rp is the planet radius, which we take to be the

value in Table 1. Defining the scale height H using a

temperature of 495 K (i.e. midway between the mea-

sured day and nightside temperatures; Kempton et al.

2023), gravity computed from the planetary parameters

in Table 1, and an atmospheric mean molecular weight

of 19.5 g mol−1 for the 1000 × solar metallicity case

(Table 2), we find H ∼ 18 km and τs/τn ∼ 76. In

other words, the slant optical depth reaches 1 when the

nadir optical depth reaches 1/76 ∼ 0.013. In general, we

see column optical depth decreasing faster with decreas-

ing haze production rate for the purely scattering haze

compared to the Titan tholin haze due to the increased

absorption of the latter cases.

At the pressure levels where the haze becomes opti-

cally thick in the slant direction, we find varying behav-

iors in the haze optical properties as a function of haze

production rate due to differences in the mean particle

sizes and haze compositions (Figure 6). By design, the

purely scattering hazes possess single scattering albedo

of nearly 1 with no spectral features at any wavelengths.

However, the spectral slope and scattering properties

can still be variable due to particle size differences. For

example, the asymmetry parameter tends to stay fairly

constant at shorter wavelengths but reduces to near zero

at longer wavelengths once the ratio of particle size to

wavelength is sufficiently small such that the particle

becomes a Rayleigh scatterer. Meanwhile, Titan tholin

hazes possess spectral absorption features at 3, 4.5, and

6.5 µm owing to vibrational modes of organic bonds

(Wakeford & Sing 2015), which are visible in the op-

tical depth curves and show up as low values in the sin-

gle scattering albedo. Minor wave-like features in the

asymmetry parameter and optical depth curves are due

to numerical errors in the Mie calculation.

3.2. Comparisons to Data

We compare our model transmission spectra to three

data sets spanning the near and mid-infrared: the HST

WFC3 transmission spectrum from Kreidberg et al.

(2014), the JWST MIRI LRS transmission spectrum

from Kempton et al. (2023), and the Spitzer 3.6 and 4.5

µm photometric points from Fraine et al. (2013). For

the latter, we specifically compare to the transit depths

derived using orbital parameters from Berta et al. (2012)

in order to maximize consistency in orbital parameters

between the three data sets. We fit the model spectra to

the data using scipy.optimize.minimize to shift the

models up and down until the reduced chi squared (χ2
r)

is minimized. As the radius of the planet is known, shift-

ing the model transit depths implies changing the refer-

ence pressure of the planet radius. However, changing

the reference pressure has subtle effects, such as on the

profile of gravity in the atmosphere, that is not captured

by simply shifting the model spectra up and down. As

such, we pick the reference pressure for each spectrum

such that the shifts are never more than 30 ppm in either

direction, in keeping with the uncertainties of the most

precise data points (i.e. the HST data from Kreidberg

et al. 2014) Here we consider four degrees of freedom

for calculating χ2
r: the shifts, the atmospheric composi-

tion, the haze production rate, and the haze composition

(purely scattering haze vs. Titan tholin haze). We do

not consider the MIRI LRS points >10 µm in the fit-

ting due to uncertainties in the background subtraction

at these wavelengths (see Kempton et al. 2023, for de-

tails).

The transmission spectrum from the near to the mid-

IR is flat and featureless, and thus we are unable to

constrain specific atmospheric compositions and detect

specific molecular species. However, the flatness of the

spectrum allows us to place limits on the atmospheric

mean molecular weight and haze production rate by

determining which models have sufficiently small spec-

tral features. Our data-model comparisons suggest at-

mospheric mean molecular weights ≥15 g mol−1 (i.e.

the best fit models are the 1000 × solar metallicity

and steam atmosphere cases) and haze production rates

≥10−10 g cm−2 s−1 (Figures 7–9). The extension of the

flat transmission spectrum into the mid-infrared disfa-

vors lower mean molecular weights (e.g. lower metal-
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Figure 7. Comparison of model transmission spectra for the purely scattering haze cases and various atmospheric compositions
and haze production rates with the HST WFC3 (Kreidberg et al. 2014), Spitzer (Fraine et al. 2013), and JWST MIRI LRS
(Kempton et al. 2023) observations (white points with black edges and errorbars; those with gray edges and errorbars were not
considered in the fitting; see text). The band-integrated model transmission spectrum for the corresponding data points are
shown in the colored points. The best fit flat line is shown in the black dashed line.

licities), which were allowed by previous observations in

the NIR for comparatively high haze production rates

(Table 4). The high metallicities inferred here are con-

sistent with core accretion population synthesis models

that take into account envelope pollution by accreted

planetesimals (Fortney et al. 2013). We do not rule

out non-solar ratio atmospheric compositions like the

steam atmosphere scenario. While a flat line transmis-

sion spectrum results in a low χ2
r of 1.4 (with only 1

degree of freedom), some of our models possess just as

low values, if not lower (Table 4), though the differences

in χ2
r between these models are small.
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Figure 8. Same as Figure 7, but for the Titan tholin haze cases.

Some of the differences in goodness of fit between

the best-fit models may be due to an unknown off-

set between the MIRI and the other data sets arising

from differences in orbital and stellar parameters, limb-

darkening coefficients, and stellar variability. As the

slope of the spectrum from the NIR to the MIR is cru-

cial in constraining our models, we tested for the effect

of an offset by adding a free parameter that shifts the

MIRI transit depths up and down. While the best fit

cases had positive offsets of 50-100 ppm (i.e. increasing

the transit depths at the MIRI wavelengths), the result-

ing χ2
r and trend thereof with atmospheric composition

and haze production rate were not qualitatively different

from our nominal results.

We do not find any significant differences between the

χ2
r’s of the purely scattering and Titan tholin hazes (Fig-

ure 9). While the latter possess spectral features (Fig-

ures 6 and 8), these features are fairly broad and low am-

plitude, particularly in the high mean molecular weight,

high haze production rate cases, and thus do not impact
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Figure 9. Reduced chi-squared (χ2
r) values for the data-model comparisons for the steam atmosphere cases with (solid) and

without (dashed) JWST MIRI LRS data (left) and the N × solar cases without (middle) and with (right) JWST MIRI LRS
data. The top row shows results for the purely scattering haze cases, while the bottom row shows the same for the Titan tholin
haze cases.

the fits significantly. As the single scattering albedo of

the haze inferred from the GJ 1214 b phase curve lies

between those of a purely scattering haze and the Titan

tholin haze (Kempton et al. 2023), our results suggest

that uncertainties regarding the actual optical proper-

ties of GJ 1214 b’s hazes do not impact our inferences of

the atmospheric composition and haze production rate

from the observed transmission spectrum.

4. DISCUSSION

Our results reinforce the picture that GJ 1214 b pos-

sesses a hazy atmosphere that is highly enriched in ele-

ments heavier than hydrogen and helium. In particular,

the flatness of the transmission spectrum from the NIR

to the MIR suggests an atmospheric mean molecular

weight≥15 g mol−1, indicating metallicities≥1000× so-

lar or the existence of a secondary atmosphere composed

primarily of gases at least as heavy as water vapor. Si-

multaneously, the column haze production rate needs

to be near the upper end of those estimated from pho-

tochemical models (Kawashima & Ikoma 2019; Lavvas

et al. 2019), implying high haze formation efficiencies

and/or the inclusion of a wide range of trace gases as

haze precursors such as CO, CO2, and sulfur species in

addition to hydrocarbons and nitriles (Hörst et al. 2018;

He et al. 2020). Our results, however, depends on several

model assumptions regarding atmospheric composition

and aerosol microphysics, which we discuss below.

4.1. Sensitivity of Results to Background Atmosphere

We do not include haze feedback on the atmospheric

thermal structure and composition. As such, we can-

not confirm whether our best-fitting haze models pro-

duce a Bond albedo of 0.6 that is consistent with our

initial assumptions and observations, nor can we ascer-
tain whether our haze models can reproduce the ther-

mal emission data from Kempton et al. (2023). A self-

consistent treatment of haze feedback is needed, which

we will defer to a future study. Instead, here we will eval-

uate how temperature errors associated with our lack of

haze feedback contribute to errors in our model trans-

mission spectra. Since spectral features in transmission

are most sensitive to the scale height, which scales only

linearly with temperature (versus to the fourth power

for emission), we expect temperature errors to impact

transmission spectroscopy minimally. We can estimate

the effect of temperature errors on our results by con-

sidering that the transit depth difference ∆D associated

with a single scale height is (Stevenson 2016),

∆D =
2HRp

R2
s

(7)
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Table 4. χ2
r values for our data-model comparisons*.

Pure Scattering Pure Scattering Titan Tholin Titan Tholin
Atmo. Composition Haze Prod. Rate (g cm−2 s−1)

χ2
r (No MIRI) χ2

r (All Data) χ2
r (No MIRI) χ2

r (All Data)

100 × Solar

10−9 1.22 3.31 1.2 2.03

10−10 3.96 7.55 4.66 7.31

10−11 42.49 38.01 46.35 41.82

10−12 81.62 68.62 83.18 69.9

10−13 87.83 73.31 87.89 73.36

10−14 88.01 73.44 88.01 73.44

300 × Solar

10−9 1.03 1.35 1.03 1.4

10−10 1.84 2.53 2.2 3.1

10−11 14.59 13.49 15.56 14.46

10−12 24.64 21.39 25.02 21.7

10−13 26.34 22.68 26.37 22.7

10−14 26.41 22.73 26.41 22.73

500 × Solar

10−9 1.01 1.16 1.02 1.34

10−10 1.37 1.74 1.57 2.21

10−11 7.59 7.48 7.99 7.91

10−12 12.13 11.12 12.32 11.28

10−13 13.05 11.83 13.07 11.84

10−14 13.1 11.86 13.1 11.86

1000 × Solar

10−9 1.02 1.14 1.03 1.35

10−10 1.07 1.3 1.12 1.58

10−11 3.33 3.78 3.52 4.02

10−12 5.97 6.02 6.11 6.14

10−13 6.77 6.65 6.79 6.67

10−14 6.83 6.69 6.83 6.69

Steam atmosphere

10−9 1.01 1.1 1.0 1.39

10−10 1.15 1.67 1.09 1.3

10−11 1.23 1.59 1.26 1.81

10−12 3.01 3.68 3.29 3.97

10−13 4.69 5.2 4.72 5.23

10−14 4.78 5.28 4.78 5.28

Flat line · · · 0.95 1.40 · · · · · ·
∗Bolded cases represent the pure scattering haze models with the lowest χ2

r, which are plotted in Figure 10.

whereRs is the stellar radius. Given the appropriate val-

ues in Table 1 and H ∼ 18 km from §3.1 for the 1000 ×
solar metallicity case, we get ∆D ∼ 30 ppm for one scale

height, similar to the uncertainties on the HST WFC3

data (Kreidberg et al. 2014). To evaluate the impact

of our haze models having lower Bond albedo than the

assumed value of 0.6, we note that the zero Bond albedo

temperature of the planet ∼600 K (Cloutier et al. 2021),

100 K higher than the photospheres of our model atmo-

spheres (Figure 1); this leads to an associated transit

depth error of only ∼ (600−500)/500×30 ppm = 6 ppm,

which would not be detectable given current data qual-

ity. In other words, our conclusions here should not be

affected if our haze models possessed lower Bond albedo

than the assumed value of 0.6. While a thermal inver-

sion of >100 K due to haze absorption in the upper at-

mosphere is certainly possible, the temperature increase

would have to be several hundred K to be detectable in

transmission, which may not be physical. Conversely, if

our haze models possessed Bond albedo > 0.6, then we

would be overestimating their atmospheric temperature

and therefore their scale height, and lower atmospheric
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mean molecular weight atmospheres would be allowed

by the data once haze feedback is taken into account.

However, such high albedo models would not be per-

mitted by the thermal emission observations (Kempton

et al. 2023) and as such they are not particularly rele-

vant. Regardless of these potential temperature errors,

the composition of the atmosphere is likely to be insensi-

tive to haze feedback, as the temperature in the observ-

able part of the atmosphere is solidly on the CH4 side

of the CH4/CO transition (Figure 2), such that chang-

ing the local temperature by ∼100 K should not signifi-

cantly alter the abundances of the main trace gases. In

summary, even though haze feedback is likely vital for

controlling the Bond albedo and thermal emission of GJ

1214 b, its transmission spectrum should not be strongly

affected.

While our work focused on photochemical hazes,

which are the result of disequilibrium chemical pro-

cesses, the background gas composition of our model

atmospheres – and thus the primary spectral features in

transmission – were computed assuming thermochemi-

cal equilibrium. Disequilibrium chemical processes such

as photochemistry and gas transport by mixing and ad-

vection are likely active on GJ 1214 b, as has been pre-

dicted by previous modeling works (Miller-Ricci Kemp-

ton et al. 2012; Morley et al. 2013; Hu & Seager 2014;

Morley et al. 2015; Kawashima & Ikoma 2018, 2019;

Lavvas et al. 2019). These studies focused on hydrocar-

bon, oxygen, and nitrogen chemistry for various atmo-

spheric metallicities and found significant production of

higher order hydrocarbons and nitriles, though at very

high metallicities (∼1000 × solar) the high O/H ratio

leads to a decrease in reducing species. Future modeling

studies that include sulfur photochemistry (Tsai et al.

2022) that could enhance haze production (He et al.

2020) should prove informative. However, it may be dif-

ficult to detect disequilibrium chemical species through

transmission spectroscopy alone due to the small atmo-

spheric scale height and large haze opacity of GJ 1214

b suggested by our study.

We examined a steam atmosphere scenario to evaluate

the impact of non-solar ratio atmospheric compositions

on the transmission spectrum. However, such an atmo-

sphere is unlikely to reflect the actual atmospheric state

of GJ 1214 b. For example, it would be difficult for a

pure steam atmosphere to host hazes, unless contami-

nants like carbon, nitrogen, and sulfur were also present

to form hydrocarbon, nitrile, and/or sulfur/sulfuric acid

aerosols. The recent detection of He escape from GJ

1214 b (Orell-Miquel et al. 2022) would also rule out a

“secondary” atmospheric composition, but the detection

is controversial (Kasper et al. 2020; Spake et al. 2022).

4.2. Sensitivity of Results to Haze Microphysics

In our study we considered spherical haze particles,

but porous fractal aggregates are another form that haze

particles can take (West & Smith 1991). Such “fluffy”

particles can possess larger cross sections with which

to block and scatter light, while staying aloft at lower

pressures due to their lower densities compared to solid

spherical particles. As a result, they can lead to flatter

transmission spectra for a given haze production rate

and background atmosphere (Adams et al. 2019). How-

ever, the degree of porosity or aggregate fractal dimen-

sion is important in determining the particle extinction

cross section and how it varies with wavelength – at

fractal dimensions ∼2, similar to those in Titan’s at-

mosphere, the wavelength dependence of aggregates is

determined by the (much smaller) monomer size rather

than the total aggregate size, and thus a spectral slope

is introduced (Lavvas et al. 2019; Ohno et al. 2020).

There is thus a trade-off between higher porosity and

increased wavelength dependence and it is therefore not

obvious how introducing porous particles to our models

would affect our constraints on GJ 1214 b’s atmosphere.

Future work is needed to determine whether including

porous particles could reduce the haze production rate

needed to explain GJ 1214 b’s full transmission spec-

trum.

Another assumption we made is that haze particle co-

agulation proceeds with perfect efficiency (i.e. a sticking

efficiency of 1). A reduced sticking efficiency is possi-

ble if the haze particles are charged due to interactions

with ions in the atmosphere; like-charged haze particles

would repeal each other, resulting in less efficient coag-

ulation (Lavvas et al. 2010). The impact of such pro-

cesses on our results would be a decrease in the mean

particle size and an increase in haze number density, ef-
fectively increasing haze opacity overall but introducing

more of a spectral slope due to the decrease in the ra-

tio of particle radius to wavelength. Consequently, we

would see reduced molecular feature strengths, as the

haze becomes optically thick at lower pressures, while

the spectral slope may become steeper; the former would

increase the goodness of fit of the model to data while

the latter would decrease the goodness of fit, and as

such the net impact on χ2
r is uncertain and would likely

depend on the exact sticking efficiency.

4.3. The Role of Clouds

We chose to focus on hazes in this work, but conden-

sate clouds have also been invoked to explain the flat

transmission spectra (Morley et al. 2013, 2015; Gao &

Benneke 2018; Charnay et al. 2015b; Ohno & Okuzumi

2018; Ohno et al. 2020; Christie et al. 2022). How-
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Figure 10. Model transmission spectra for the two lowest χ2
r models with purely scattering hazes (see Table 4; left) and

corresponding Titan tholin hazes (right) in the 2 to 5 µm range compared to Spitzer photometry (Fraine et al. 2013) and the
profiles of the JWST NIRCam filters F322W2 and F444W, which will be used to observe the transmission spectrum of GJ 1214b
under JWST Cycle 1 GTO Program 1185 (Greene et al. 2017).

ever, as clouds form through the upwelling of conden-

sate vapor from depth, as opposed to hazes that form

naturally at low pressures near the UV photosphere, a

greater amount of vertical transport is needed to bring

the cloud particles up to the altitudes required. For ex-

ample, Gao & Benneke (2018) needed a Kzz of 1010 cm2

s−1 and high atmospheric metallicity (1000 × solar) to

match the NIR data with a microphysical model of KCl

clouds, even though GCMs predict much lower Kzz val-

ues (Charnay et al. 2015a). Ohno & Okuzumi (2018)

considered the GCM-derived Kzz in their microphysi-

cal model of KCl clouds and found that they could not

reproduce the NIR data even with a high mean molec-

ular weight steam atmosphere. The inclusion of porous

aggregate cloud particles in their follow-up work (Ohno

et al. 2020) allowed their models to match the NIR data

with an atmospheric metallicity of 1000 × solar, but it is

unknown whether their data-model agreement extends

to MIRI wavelengths.

Modeling efforts that used the eddysed framework

(Ackerman & Marley 2001; Rooney et al. 2022) and

GCM-derived Kzz needed very low (0.1-0.01) values for

the sedimentation efficiency parameter, fsed, to produce

the cloud vertical extents required by the data (Morley

et al. 2015; Christie et al. 2022). Charnay et al. (2015b)

included KCl and ZnS clouds in their GCM study and

was able to match the NIR data with an atmospheric

metallicity of 100 × solar, but their model spectra pos-

sessed large spectral variations in the mid-infrared that

would be rejected by the MIRI data. In all, matching

the NIR and MIR data with clouds alone would likely

be much more difficult than doing so with hazes under

reasonable model assumptions.

An interesting scenario that could be explored in fu-

ture studies is the interaction of clouds and hazes. Or-

ganic hazes are common cloud condensation nuclei on

Earth (Sun & Ariya 2006) and water cloud formation

typically removes these haze particles from our atmo-

sphere (e.g. Oduber et al. 2021). Yu et al. (2021) stud-

ied the surface energies of different laboratory exoplanet

haze analogues and found that hazes formed at high at-

mospheric metallicity and at the temperature of GJ 1214

b may be especially difficult for KCl to nucleate on due

to their low surface energies, suggesting minimal haze re-

moval by KCl cloud formation. However, if the surface

energy of the actual hazes in the atmosphere of GJ 1214

b were higher, and sedimentation were the primary cloud

transport process instead of mixing, then haze removal

via KCl cloud formation may be efficient, reducing the

haze opacity such that increases in the haze production

rate and/or atmospheric mean molecular weight would

be needed to match the flat transmission spectrum.

4.4. Implications for Internal Structure

The constraint on the atmospheric mean molecular

weight resulting from our study may have consequences

for inferences of the bulk composition and internal struc-

ture of GJ 1214 b. As an example, here we assess

whether a water world composition, as would be implied

by a steam atmosphere, is realistic. To do this, we use

the internal structure model described in Nixon & Mad-

husudhan (2021), which has previously been applied to

a number of sub-Neptunes (Luque et al. 2021, 2022),

to estimate the bulk mass fraction of H2O that would

be required to explain the observed mass and radius of

the planet. In this case, the model consists of a wa-

ter envelope above an Earth-like core consisting of 1/3

Fe and 2/3 MgSiO3 by mass. The temperature profile

in the interior is computed by extending the TP pro-

file of the steam atmosphere model (Figure 1) into the
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interior, assuming an adiabatic temperature profile for

pressures >100 bar. We found that, assuming a nomi-

nal photospheric pressure of 10 mbar, a water mass frac-

tion of 73.7% is needed to reproduce the planetary ra-

dius of 2.628 R⊕ (Table 1). The mass and radius of

the planet can therefore be explained without invoking

a H/He-dominated atmosphere, albeit at a somewhat

higher mass fraction of water than has been suggested

for other water worlds (∼50%; Luque & Pallé 2022).

Future work will examine the full range of compositions

that are possible for this planet in light of the new in-

sights into its atmosphere provided in Kempton et al.

(2023) and the present study.

4.5. Outlook for Future Observations

Additional transmission spectra of GJ 1214 b may

soon be obtained within the F322W2 and F444W fil-

ters of JWST NIRCam through GTO program 1185

(Greene et al. 2017). Based on our best fitting mod-

els, we predict feature amplitudes of a few tens of ppm

within those filters, with about the same magnitude of

difference between the models (Figure 10). While tens

of ppm is likely above the noise floor of NIRCam (Ahrer

et al. 2022; Schlawin et al. 2023), the dimness of the

host star GJ 1214 (J = 9.75) may require multiple tran-

sits and/or significant spectral binning to recover the

molecular features. Some differences also exist between

the purely scattering haze and Titan tholin haze cases

due to the latter exhibiting broad haze spectral features

at 3 and 4.5 µm, but these differences are on the order

of ∼10 ppm.

The inferred high albedo of GJ 1214 b suggests that re-

flected light observations may be a potential alternative

avenue for atmospheric characterization. The planet-

star contrast near secondary eclipse (planetary phase

angle = 0◦), C0, can be estimated using (Cahoy et al.

2010)

C0 =
2

3
Ag(λ)

(
Rp

a

)2

(8)

where Ag(λ) is the wavelength-dependent geometric

albedo and a is the planet semi-major axis. Eq. 8 as-

sumes that the planet reflects light isotropically. Using

the values from Table 1, we find C0 ∼ (41 ppm)×Ag(λ)

for GJ 1214 b. For reference, Ag(λ) = 2/3 for a

perfectly reflecting Lambert sphere, 3/4 for a purely

Rayleigh scattering atmosphere, and could reach >1

for anisotropically scattering atmospheres, though that

would invalidate the assumption inherent in Eq. 8 (Ca-

hoy et al. 2010). While precision of a few tens of ppm

appears to be above the noise floor of JWST’s near-IR

instruments (Rustamkulov et al. 2022; Schlawin et al.

2023; Coulombe et al. 2023), as with the NIRCam mea-

surements, multiple transits and spectral binning are

likely needed to reach the necessary SNR for detecting

reflected light. However, without a self-consistent com-

putation of the thermal emission of the planet (§4.1),

the wavelengths at which reflected light dominates over

thermal emission is uncertain. As such, we leave a more

detailed, self-consistent calculation of the reflected light

and thermal emission spectra of our haze models, as well

as the resultant Bond albedo to a future study.

As a complementary technique, ground-based high-

resolution transmission spectroscopy may be able to see

the cores of molecular spectral lines that stick up above

the haze layer of GJ 1214 b, allowing for characteriza-

tion of its atmospheric composition (Hood et al. 2020;

Gandhi et al. 2020; Lafarga et al. 2023). In particular,

Hood et al. (2020) considered a 50 × solar metallicity

background atmosphere for GJ 1214 b and a haze that

became opaque at 10 µbar, similar to our highest haze

production rate cases. They also found that their mod-

eled observations are most sensitive to the atmosphere

at 1 µbar, where hazes are optically thin in our mod-

els. However, the much lower metallicity of their models

mean that the scale height of our model atmospheres are

only ∼ 1/5 of theirs. As such, even though they found

that ground-based observations on both current and fu-

ture facilities should be able to detect certain molecules

in GJ 1214 b’s atmosphere on reasonable timescales, the

impact of the decreased scale heights we have obtained

requires further evaluation.

5. CONCLUSIONS

Even though the transmission spectrum of GJ 1214 b

remains flat and featureless, the addition of mid-infrared

data has allowed us to reject all but the highest metallic-

ity/atmospheric mean molecular weight (≥15 g mol−1)

and haze production rate (≥10−10 g cm−2 s−1) models,

pointing to an atmosphere dominated by species heav-

ier than hydrogen and helium and efficient high alti-

tude aerosol formation. Further characterization of GJ

1214 b’s atmosphere through transmission spectroscopy

will likely require JWST observations of multiple tran-

sits, while the same will be true of secondary eclipses

to extract additional information from dayside emission

spectra (Kempton et al. 2023). Alternatively, reflected

light from GJ 1214 b may be detectable due to the pres-

ence of its high albedo aerosol layer, while ground-based

high resolution transmission spectroscopy could serve as

a complementary technique to characterize GJ 1214 b’s

atmospheric composition. Future self-consistent model-

ing that includes haze radiative feedback on the atmo-

spheric thermal structure will be needed to assess the
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viability of observational strategies beyond transmission

spectroscopy. Taken together, the JWST MIRI LRS

observations of GJ 1214 b demonstrate the importance

of aerosols and high metallicities for interpreting future

JWST observations of warm sub-Neptune exoplanets,

necessitating careful observational planning in our quest

to understand the most abundant type of planet in the

Galaxy.
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ABSTRACT
We present the first hydrodynamical cosmological simulations in the νHDM framework based on Milgromian dy-
namics (MOND) with light (11 eV) sterile neutrinos. νHDM can explain the expansion history, CMB anisotropies,
and galaxy cluster dynamics similarly to standard cosmology while preserving MOND’s successes on galaxy scales,
making this the most conservative Milgromian framework. We generate initial conditions including sterile neutrinos
using camb and music and modify the publicly available code phantom of ramses to run νHDM models. The
simulations start at redshift ze = 199, when the gravitational fields are stronger than a0 provided this does not
vary. We analyse the growth of structure and investigate the impact of resolution and box size, which is at most 600
comoving Mpc. Large density contrasts arise at late times, which may explain the KBC void and Hubble tension. We
quantify the mass function of formed structures at different redshifts. We show that the sterile neutrino mass fraction
in these structures is similar to the cosmic fraction at high masses (consistent with MOND dynamical analyses) but
approaches zero at lower masses, as expected for galaxies. We also identify structures with a low peculiar velocity
comparable to the Local Group, but these are rare. The onset of group/cluster scale structure formation at ze ≈ 4
appears to be in tension with observations of high redshift galaxies, which we discuss in comparison to prior analytical
work in a MONDian framework. The formation of a cosmic web of filaments and voids demonstrates that this is not
unique to standard Einstein/Newton-based cosmology.

Key words: gravitation – cosmology – hydrodynamics – galaxies: clusters: general – galaxies: formation – methods:
numerical

1 INTRODUCTION

Galaxies, groups of galaxies, and galaxy clusters form and
evolve under cosmological boundary conditions which define
their seed mass, interactions with each other, and accretion
of gas from their surroundings. Most available self-consistent
simulations of these processes have been made in the stan-
dard model of cosmology (SMoC), which assumes the uni-
versal validity of Einstein’s general theory of relativity. To
match observations of the expanding Universe, the cosmic
microwave background (CMB) anisotropies, and the prop-
erties of nearby galaxies, the SMoC needs to be augmented
by the auxiliary hypotheses that dark matter particles and
dark energy dominate the matter and energy content of the
Universe. Although the latter can be accounted for by a
cosmological constant Λ which is already a part of Gen-
eral Relativity, modified gravity theories (e.g., Clifton et al.
2012; Baker et al. 2021) are usually considered in simu-

∗Email: nwittenburg@astro.uni-bonn.de (Nils Wittenburg),
pkroupa@uni-bonn.de (Pavel Kroupa),

indranilbanik1992@gmail.com (Indranil Banik)

lations only as an alternative to Λ (e.g., Li et al. 2012).
Such models rarely question the hypothesis that most of the
matter in the Universe and in galaxies is made of exotic
dark matter particles which interact gravitationally but not
electromagnetically and that are not accounted for in the
standard model of particle physics. The exotic dark matter
is generally assumed to consist of cold dark matter (CDM)
particles that are non-relativistic at decoupling and interact
only gravitationally with baryons, which combined with the
cosmological constant and various other assumptions leads
to the Lambda cold dark matter (ΛCDM) paradigm (Efs-
tathiou, Sutherland & Maddox 1990; Ostriker & Steinhardt
1995).

The ΛCDM simulations that have been and are being
performed include, among many others, Illustris (Vogels-
berger et al. 2014; Nelson et al. 2015, 2019; Pillepich et al.
2018), EAGLE (Schaye et al. 2015; McAlpine et al. 2016),
FIRE (Hopkins et al. 2014, 2018), HORIZON-AGN (Dubois
et al. 2014), and NEWHORIZON (Dubois et al. 2021). These
are based on different codes to treat hydrodynamics and dif-
ferent sub-grid algorithms to account for star formation and
gas heating. The CDM part of the paradigm is sometimes al-

© 2023 The Authors
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tered by postulating different properties for the dark matter,
assuming it to be, e.g., fuzzy (FDM; Hui et al. 2017; May &
Springel 2021), warm (WDM; e.g., Lovell et al. 2020), or self-
interacting (SIDM; e.g., Rocha et al. 2013). While this alters
the small-scale behaviour of the dark matter, constraints are
often so tight that these alternative universes regularly end
up looking like CDM models (Rogers & Peiris 2021). For
example, FDM would need to behave like CDM in order to
explain the large Newtonian dynamical mass-to-light ratios
of the smallest ultra-faint galaxies, while on large scales the
behaviour is similar to CDM such that the large-scale struc-
ture would be similar to the ΛCDM model.

Simulations like those mentioned above have allowed
testing the SMoC against observations to unprecedented
depth, thereby uncovering problems which pertain to small-
scale issues (e.g., Kroupa et al. 2010, and references therein),
including the planes of satellites problem (Kroupa et al.
2005), which seems particularly robust to how the baryonic
physics is treated (Pawlowski 2018, 2021a,b). There are also
serious problems on Gpc scales (Haslbauer et al. 2020; Di
Valentino et al. 2020; Migkas et al. 2021; Mohayaee et al.
2021; Secrest et al. 2022). The El Gordo interacting galaxy
cluster at redshift ze = 0.87 causes by itself a > 6σ fal-
sification of the SMoC (Asencio, Banik & Kroupa 2021),
while the Hubble tension (Haslbauer et al. 2020; see also
the review by Di Valentino 2021) is similarly serious and
similarly immune to resolution through improved treatment
of baryonic physics on galaxy scales. Furthermore, a direct
test for the existence of CDM particles on galaxy scales using
Chandrasekhar dynamical friction suggests these particles
do not exist at 13σ confidence based on galaxy bars not slow-
ing down as expected (Roshan et al. 2021), while the past
orbital dynamics of the M81 group also precludes solutions
with dark matter haloes (Oehm, Thies & Kroupa 2017).
The observed perturbations to dwarf galaxies in the Fornax
galaxy cluster and the lack of low surface brightness dwarfs
towards its centre also lead to the same conclusion, this time
using tidal stability arguments (Asencio et al. 2022). For a
comprehensive recent review of problems faced by ΛCDM,
we refer the reader to Kroupa (2015) and Perivolaropoulos
& Skara (2022).

Given these tensions between theory and observations,
it would be of great value to have available simulations of
structure formation in a fundamentally different theoreti-
cal framework. Such simulations would allow us to better
appreciate the above-mentioned tensions of the SMoC. De-
pending on the performance of such a model, we would ob-
tain information as to whether the particular approach is
promising or should be discarded altogether. Currently, the
only other theoretical approach to cosmological structure
formation that can plausibly address these issues and be
coded in the form of particle equations of motion is based on
Milgromian dynamics (MOND; Milgrom 1983; Bekenstein
& Milgrom 1984; Famaey & McGaugh 2012; Merritt 2020;
Banik & Zhao 2022). The basic idea of MOND is to not
restrict oneself to the Solar System-scale constraints on the
behaviour of gravity that allowed Newton and Einstein to
formulate their theories, but to also consider more recent
results from the rotation curves of galaxies, which reveal a
much richer dynamics (Faber & Gallagher 1979, and refer-
ences therein). To explain these observations using only the
directly detected baryonic mass in stars and gas, Milgrom

(1983) conjectured that the gravitational acceleration g in
an isolated spherically symmetric system is asymptotically
related to the Newtonian gravitational acceleration gN of
the baryons alone according to

g →

{
gN , if gN � a0 ,√
a0gN , if gN � a0 .

(1)

The key new ingredient is a fundamental acceleration scale
a0 = 1.2×10−10 m/s2 ≈ 3.9 pc/Myr2 (this value is empirical
but has remained stable for many decades; see Begeman
et al. 1991; Gentile et al. 2011; McGaugh et al. 2016). This
behaviour follows from a Lagrangian, ensuring the usual
symmetries and conservation laws with respect to the linear
and angular momentum and the energy (Bekenstein & Mil-
grom 1984; Milgrom 2010). The least action principle then
leads to a generalised Poisson equation that is non-linear in
the mass distribution.

Though we use a non-relativistic formulation in this
work assuming a standard background expansion history,
relativistic formulations exist which are consistent with the
CMB anisotropies, strong gravitational lensing, and the fact
that gravitational and electromagnetic waves travel at the
same speed to high precision (Skordis & Z lośnik 2019, 2021,
2022). MOND may follow from properties of the quantum
vacuum in the presence of a cosmological constant (Milgrom
1999).

MOND has been uncannily successful, with all a priori
predictions on galactic scales made in Milgrom (1983) hav-
ing been verified by subsequent observations (for reviews,
see Famaey & McGaugh 2012 and Banik & Zhao 2022).
The first cosmological structure formation simulations that
show the formation of a cosmic web were done by Llinares
et al. (2008), where the authors assumed a purely baryonic
universe with Ωm = Ωb = 0.04 and treated the matter as
pressureless dust, neglecting hydrodynamics. The problems
of MOND on galaxy cluster scales can be addressed without
needing the specific features of the scalar and vector field
of the Skordis & Z lośnik (2021) model by postulating sterile
neutrinos with a rest energy of 11 eV (Angus 2009; Angus
et al. 2011, 2013). Originally the idea of adding a collisionless
component to account for the missing mass in MOND on
cluster scales stems from Sanders (2003), who argued at the
time that ordinary neutrinos could be a possible candidate
(though this is no longer possible; see Katrin Collaboration
2019, 2022). These 11 eV sterile neutrinos naturally account
for the CMB similarly to ΛCDM because they have the same
relic mass density as the CDM in the ΛCDM paradigm, lead-
ing to a standard expansion history and very similar physics
in the early universe (for a more detailed description, see
section 3.1 of Haslbauer et al. 2020). We stress here that the
collisionless sterile neutrino component is not related to the
exotic CDM particles in the SMoC because the postulated
light sterile neutrinos would not cluster on galaxy scales
(Angus 2010), though the cosmic mean density of the two is
about the same.

This neutrino hot dark matter (νHDM) model1 was

1 The postulated collisionless sterile neutrinos are not related to

the exotic dark matter particles in the SMoC, being instead mo-
tivated from neutrino flavour oscillations observed in terrestrial

experiments (Merle 2017).
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implemented numerically by Angus et al. (2011) and later
by Katz et al. (2013), while Haslbauer et al. (2020) used
semi-analytic methods to show that it mitigates the Hubble
tension by means of galaxies falling towards the void edge
during the formation of a large local supervoid, which is
indeed observed as the KBC void (Keenan, Barger & Cowie
2013). Turning to overdensities, Asencio et al. (2021) used
the N -body νHDM simulations of Katz et al. (2013) to show
that this framework also accounts for the El Gordo galaxy
cluster collision, thereby producing roughly the right fre-
quency of very massive interacting galaxy clusters at high
ze, a test which ΛCDM fails with with > 6σ confidence.
While the Llinares et al. (2008) and the Katz et al. (2013)
simulations considered only large scales and thus treated the
baryons as dissipationless dust, currently no equivalent mod-
elling exists which takes into account the hydrodynamics in
order to resolve scales down to individual galaxies.

We simulate 300 and 600 comoving Mpc (cMpc)-scale
cosmological volumes with gas and sterile neutrinos, start-
ing at ze = 199 and evolved until the present time. This
volume can reach galaxy group/cluster scales in moderately
powerful in-house computer servers, thereby allowing a com-
parison with observed galaxy clusters. We introduce the
publicly available method and codes1 used here and analyse
the mass function of the resulting galaxy cluster population
at different epochs. An important aspect of our simulated
massive galaxy clusters is that they are dominated by sterile
neutrinos, thus alleviating concerns about the application
of MOND to the Bullet Cluster (Angus et al. 2007). Subse-
quent publications will report more extensive analyses of the
properties of galaxy groups and clusters down to individual
galaxies, a scale which we are already able to reach in this
work.

Section 2 introduces Milgromian gravitation and de-
scribes the νHDM cosmological framework. Since star for-
mation is not taken into account in this first exploratory
modelling, the method to find bound structures is described
in Section 2.5. The models computed here are detailed in
Section 2.6 and their results are discussed in Section 3.
Section 4 concludes this contribution. Movies of the sim-
ulations are publicly available.2 We emphasize that these
are the first ever hydrodynamic simulations performed in a
MOND cosmological model. The here-studied νHDM model
is conservative in the sense that it retains a very early infla-
tionary phase, assumes the FLRW metric to be valid, and
assumes dark energy, allowing it to reproduce the CMB with
its high third peak and yield the same expansion history as
the SMoC.

2 THEORETICAL BACKGROUND AND NUMERICAL
METHODS

2.1 MOND

MOND (Milgrom 1983) can be formulated as a non-
relativistic theory of gravity with a fully developed La-

1 https://bitbucket.org/SrikanthTN/bonnpor/src/master/

Cosmo_patch_and_setup_and_halofinder/
2 https://www.youtube.com/playlist?list=

PL2mtDSIH4RQhtoIxlOBvDzrzhT7bAFxqq

grangian formalism (Bekenstein & Milgrom 1984; Famaey
& McGaugh 2012). MOND was originally developed by
Milgrom (1983) to explain the missing gravity problem on
galaxy scales (evidenced in their flat outer rotation curves;
see Bosma 1978; Rubin et al. 1978; Faber & Gallagher 1979,
and references therein) without invoking the existence of
exotic dark matter particles. The underlying reason for the
proposed departure from standard physics may be related
to the quantum physics of the vacuum (Milgrom 1999; Pazy
2013; Smolin 2017; Senay, Mohammadi Sabet & Moradpour
2021). According to MOND, the gravitational accelerations
depart from the Newtonian behavior in the MOND regime
of very weak gravitational fields (g � a0), but standard dy-
namics is recovered in the Newtonian or strong-field regime
(g � a0). Equation 1 shows the asymptotic regimes, the
transition between which occurs when g is comparable to
Milgrom’s constant a0 . To transition between these regimes
and handle more complicated geometries while also basing
the theory on a Lagrangian to ensure the usual symmetries
and conservation laws, Bekenstein & Milgrom (1984) devel-
oped the following MOND Poisson equation:

∇ ·
[
µ

(
|∇Φ|
a0

)
∇Φ (r)

]
= 4πGρ (r) ≡ ∇ · ∇ΦN (r) , (2)

where Φ is the potential, N subscripts denote Newtonian
quantities, r is the position, and µ is the interpolating
function with dimensionless argument yint ≡ |∇Φ|/a0 , the
gravitational field in units of a0 . For consistency with the
empirical Equation 1,

µ (yint)→

{
yint , if g � a0 (yint � 1) ,

1 , if g � a0 (yint � 1) .
(3)

In spherical symmetry, µg = gN . Equation 2 was commonly
used in past simulations (e.g., see the publicly available nu-
merical implementation in raymond; Candlish et al. 2015).
Nowadays, a computationally less intensive formulation is
typically implemented which has the same asymptotic be-
haviour (see Section 2.3).

One of the most valuable attributes of MOND is its
highly predictive nature on galaxy scales (Merritt 2020). In
particular, MOND predicted a tight baryonic Tully-Fisher
relation with slope 4 and anticipated that the relation would
be tightest between the flat part of the rotation curve and
the total baryonic mass (Lelli et al. 2019). Observations show
that considering other velocity scales like the maximum of
the rotation curve leads to a weaker correlation, while con-
sidering only the stellar mass rather than the total baryonic
mass also leads to a breakdown of the relation at the low-
mass end where the contribution of gas is important (Mc-
Gaugh 2012). Beyond just the flat outer part of the rotation
curve, MOND predicted a tight radial acceleration relation
(RAR)3 between the observed g and gN , which is very appar-
ent in the observational data (Sanders 1990; McGaugh 2004,
2005, 2012; Wu & Kroupa 2015; Lelli et al. 2017), including
lenticular galaxies (Shelest & Lelli 2020). For reviews of this
strong empirical correlation, we refer the reader to Famaey
& McGaugh (2012) and McGaugh (2020). While the focus in
the past has been on rotating disc galaxies, MOND has also

3 Called the mass discrepancy-acceleration relation (MDAR) in
earlier works.
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been successfully applied to predict the velocity dispersions
of isolated dwarf galaxies in the Local Group (McGaugh
et al. 2021). Indeed, it has been argued in an extensive
recent review that the RAR is “not unique to rotationally
supported systems or to rotational motion, nor is it confined
to thin disc galaxies” (section 3 of Banik & Zhao 2022).
The RAR also extends to weak gravitational lensing, which
demonstrates its validity down to gN ≈ 10−5 a0 (Brouwer
et al. 2021).

2.2 The νHDM model

Despite the impressive successes of MOND on galaxy scales,
it cannot easily account for observations on larger scales like
the dynamics of galaxy clusters (Sanders 1999, 2003) and the
CMB anisotropies (McGaugh 2004; Planck Collaboration VI
2020) if we restrict ourselves to a purely baryonic universe.
One recent proposal to address this issue has been the new
aether scalar tensor (AEST) relativistic theory of Skordis
& Z lośnik (2021) in which the action has a function that
plays the role of the MOND interpolating function, but its
value depends on both the spatial gradient squared of the
scalar field and its temporal derivative. The time-dependent
term behaves like gravitating dust, allowing AEST to re-
produce the angular power spectrum of the CMB and the
ΛCDM result for the matter power spectrum on large scales.
One can speculate that it might also give rise to additional
gravitational acceleration inside galaxy clusters, explaining
the residual missing mass of MOND (Ettori et al. 2019).
However, choosing AEST model parameters which might
achieve this seems to cause problems matching the weak
lensing RAR (Mistele, McGaugh & Hossenfelder 2023). In
any case, it is clear that significant fine-tuning would be re-
quired to consistently explain the dynamics of both galaxies
and galaxy clusters with just their luminous mass.

A more conservative approach (Section 1) is to consider
that it is perfectly possible to have both MONDian gravity
and a type of collisionless matter that does not affect the
MOND fits to galaxy rotation curves. Angus (2009) devel-
oped such a model by postulating the existence of sterile neu-
trinos with a mass of mνs = 11 eV/c2, where c is the speed
of light. Thermal sterile neutrinos with this mass would have
the same relic mass density as the CDM particles in ΛCDM:
if half of all quantum states are occupied (similarly to the
active neutrinos), no fine-tuning of their abundance would
be necessary (see Diaferio & Angus 2012, and references
therein). Combined with the high accelerations around the
epoch of recombination (g ≈ 20 a0) and an almost standard
expansion history, this would lead to the early universe be-
having similarly to ΛCDM (for a more detailed discussion,
see section 3.1 of Haslbauer et al. 2020). The primordial
abundances of light elements would then work much the
same in both paradigms, with only small differences. The
dynamics of galaxy clusters would also be accounted for in
νHDM (Angus, Famaey & Diaferio 2010), including the off-
set between the weak lensing and X-ray peaks in the Bullet
Cluster (Angus et al. 2007).

From a particle physics perspective, the fact that or-
dinary neutrinos interchange their masses as they propa-
gate suggests that there is an additional (sterile) neutrino
in order to conserve kinetic energy and momentum. Sterile
neutrinos are thus not equivalent to cold or fuzzy dark mat-

ter particles, but were in the first instance hypothesized to
exist based on the observed properties of standard particles
(Merle 2017). At a rest energy > 10 eV, the free streaming
length of sterile neutrinos would be short enough to not
discernibly affect the CMB (section 6.4.3 of Planck Col-
laboration XIII 2016). The Tremaine-Gunn limit to their
phase space density (Tremaine & Gunn 1979) would also
be low enough that the dynamics of galaxies would not be
affected by the sterile neutrinos, so galaxies would still be
purely baryonic and MONDian (Angus 2010). This also im-
plies that although νHDM contains a dominant collisionless
matter component like in ΛCDM, it does not promote the
formation of galaxies because it is unable to efficiently clus-
ter on very small scales. We adopt this νHDM model and
implement it into the simulation code phantom of ramses
(por; Lüghausen et al. 2015; Nagesh et al. 2021).

2.3 Simulation code

por is a customized version of the hydrodynamical N -body
adaptive mesh refinement (AMR) code ramses (Teyssier
2002) which implements the quasi-linear formulation of
MOND (QUMOND; Milgrom 2010). The novel approach is
to interpret the Milgromian potential Φ (r) as arising from
the application of Newtonian gravity to some effective den-
sity distribution

ρeff ≡ ρ+ ρp , (4)

where ρp is the ‘phantom dark matter’ (PDM) density de-
fined such that ∇2Φ ≡ 4πGρeff. The PDM is merely a math-
ematical construction that does not correspond to real par-
ticles and therefore does not lead to Chandrasekhar dynam-
ical friction. The advantage of thinking in this way is that
whereas Equation 2 involves a non-linear Poisson equation
that is quite difficult to solve numerically, we may instead
solve the following system of equations:

∇2Φ (r) = 4πG [ρ (r) + ρp (r)] (5)

= 4πGρ (r) +∇ ·
[
ν̃

(
|∇ΦN |
a0

)
∇ΦN (r)

]
,

where ν̃ ≡ ν − 1 and ν is the QUMOND interpolating func-
tion defined such that µν = 1 in spherical symmetry. In this
case, g = νgN , with ν taking the argument yint ≡ |∇ΦN |/a0 .
This is already much more amenable to computer simula-
tions because gN and any simple function of it are read-
ily calculable using standard techniques. This formulation
of MOND also follows from a Lagrangian (Milgrom 2010),
ensuring the usual symmetries and conservation laws with
respect to the linear and angular momentum and the energy.
For consistency with Equation 3, ν must satisfy the following
asymptotic limits:

ν (yint)→

{
1√
yint

, if gN � a0 (yint � 1) ,

1 , if gN � a0 (yint � 1) .
(6)

por applies the simple interpolating function (Famaey &
Binney 2005) because it agrees with recent observations on
galaxy scales (Iocco et al. 2015; Lelli et al. 2017; Banik &
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Zhao 2018; Chae et al. 2018; Zhu et al. 2023).1

ν =
1

2
+

√
1

4
+

1

yint
=

1

2
+

√
1

4
+
a0

gN
. (7)

QUMOND can be solved for the total potential Φ us-
ing already existing Poisson solvers. This entails solving the
Poisson equation twice, first to get ΦN and its derivatives
in order to compute the source term on the right hand
side of Equation 5, and then to solve this equation. This
method makes a direct comparison between the Newtonian
and Milgromian cases easier (for further information about
the technicalities of the code, see Wittenburg et al. 2020).
A user manual for por has recently been written (Nagesh
et al. 2021) and contains a summary of numerical MOND
simulations that used it to explore isolated and interacting
disc galaxies.2 Some of its interesting recent applications
have been to the asymmetric tidal tails of open star clusters
in the Solar neighbourhood (Kroupa et al. 2022), the tidal
stability of dwarf galaxies in the Fornax Cluster (Asencio
et al. 2022), the formation of the Local Group satellite planes
from a past flyby encounter between the Milky Way and M31
galaxies (B́ılek et al. 2018; Banik et al. 2022), and the star
formation rates and bar statistics of isolated disc galaxies
initialised with a realistic size for their stellar mass (Nagesh
et al. 2023).

In order to perform cosmological simulations with por,
we had to make several changes based on the descrip-
tion in Candlish (2016). The main difference to the non-
cosmological application of por is that to account for the
cosmic expansion, we solve the Poisson equation in super-
comoving coordinates (Martel & Shapiro 1998; Teyssier
2002, ; Appendix A):

∇̃2Φ̃ (r̃) =
3

2
Ωmae

[
ρ (r̃)

ρ̄
− 1

]
(8)

+ ∇̃ ·
[
ν̃

(
|∇ΦN |
a0

)
∇̃Φ̃N (r̃)

]
,

with ae ≡ 1/ (1 + ze) being the cosmic expansion factor at
redshift ze and a tilde denoting super-comoving coordinates
except for ν̃. The parameter Ωm ≡ ρ̄/ρcrit is the fraction
that the mean matter density ρ̄ currently comprises of the
cosmic critical density

ρcrit ≡
3H2

0

8πG
. (9)

An important detail in a cosmological context is that the
MOND Poisson equation is only applied to the density con-
trast relative to the average. This originates from the works
of Sanders (2001) and Nusser (2002), which introduced the
basic principle behind the growth of density perturbations in
a Milgromian framework. It has recently been argued that
our approach is valid in some relativistic MOND theories
(Thomas et al. 2023).

The hydrodynamical evolution of the gas is calculated
by solving the Euler equations, which por does using a

1 A somewhat sharper transition at very high accelerations is

needed to match Solar System constraints, especially Cassini ra-
dio tracking data from Saturn (Hees et al. 2014, 2016).
2 The setup of Milgromian disc galaxies is discussed in more de-

tail in Banik et al. (2020).

second-order Godunov scheme. We adopt the simple cooling
and heating scheme (Wittenburg et al. 2020, and references
therein), which makes use of look-up tables and assumes col-
lisional excitation equilibrium (CIE). The simulations here
do not allow stellar particles to form. The more rigorous
scheme with radiative transfer and supernovae (see also Wit-
tenburg et al. 2020) will have to be implemented in future
higher resolution work. This should be straightforward as it
is already coded and merely needs to be activated, though
cosmological MOND simulations including star formation
would be more computationally intensive. Such simulations
have already been done in a non-cosmological context and
give rather promising results (Renaud et al. 2016; Witten-
burg et al. 2020; Eappen et al. 2022; Nagesh et al. 2023), with
the latter work clarifying what sub-grid parameters would be
appropriate in a MOND context and also that the particular
choice does not much influence the results.

2.4 Initial conditions

The setup of a cosmological simulation involves two main
steps:

(i) Specifying a power spectrum for the density fluctua-
tions at the desired starting redshift; and

(ii) Sampling this power spectrum using a random num-
ber generator to specify the initial density and velocity field.

To generate the power spectrum at the desired starting
redshift, post-inflationary density fluctuations δ (k) are de-
termined based on the cosmological parameters, with the
wavenumber k being the inverse of the comoving length scale
of the perturbation. The ratio between the density fluctua-
tion at some early time just after the inflationary epoch and
at some later epoch is known as the transfer function T (k),
which is defined so that

δ (k) ≡ δ0 (k)T (k) , (10)

where δ0 refers to the early epoch and δ to the later epoch.
The power spectrum P (k) ∝ δ2 (k) is the Fourier trans-
form of the two-point correlation function (e.g., Eisenstein
& Hu 1998). The transfer function needs to evolve inflation-
generated density perturbations through the radiation-
dominated era, recombination, and part of the matter-
dominated era up to the epoch when we wish to start the
simulation. To limit the computational cost, linear pertur-
bation theory is usually applied for as long as possible, so an
important issue is when the structures become non-linear.
In the SMoC, this occurs when |δ| � 1 is no longer a good
approximation. The linear regime breaks down earlier in
νHDM because the underlying gravity law is non-linear. It
was argued in section 3.1.3 of Haslbauer et al. (2020) that
the typical gravitational field enters the MOND regime when
ze . 50, so we start our simulations at ze = 199 when typical
accelerations are still in the Newtonian regime.

The transfer function depends on various physical pro-
cesses like the Mészáros effect (Mészáros 1974), acoustic
oscillations, Silk damping (Silk 1968), free streaming, and
radiation drag (Peacock 2003, and references therein). In
a classical CDM approach, there are no oscillations in the
transfer function of the CDM component because it is col-
lisionless and pressureless. The oscillations in the baryonic
component stem from the coupling with radiation in the
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Figure 1. Absolute value of the transfer function |T (k)| (Equation 10) of the different matter components in ΛCDM and νHDM at
ze = 199, found using camb (Lewis, Challinor & Lasenby 2000). The black (red) line shows the baryons in ΛCDM (νHDM), while the

blue (green) line shows the CDM in ΛCDM (neutrinos in νHDM). Notice the lack of power on small scales in νHDM due to neutrino

free streaming. For the νHDM components, the transfer function behaves like a damped harmonic oscillator, so the dips to very low
log|T (k)| correspond to k where the power vanishes.

very early universe. After recombination, these oscillations
are strongly damped as baryons are forced to follow the
pattern of density fluctuations in the dominant CDM com-
ponent, i.e., the baryons follow the gravitational potential
of the CDM (black and blue lines in Figure 1). In contrast,
oscillations are evident for both the baryons and the massive
neutrinos in the νHDM model (green and red lines in this
figure). This is expected for the baryons because there is no
CDM and thus little power on small scales at ze = 199. Since
the massive neutrinos have very little power on small scales
due to free streaming effects, oscillations in the baryonic
power spectrum are able to induce similar oscillations in the
sterile neutrino component due to gravitational interactions
between the baryons and neutrinos.

The presence of acoustic oscillations in the dominant
mass component of the universe as late as ze = 199 is a novel
feature of the νHDM paradigm. One important consequence
is that the overall transfer function can become negative, in-
dicating that an initial overdensity becomes an underdensity
and vice versa. In the linear regime, a purely gravitational
problem cannot produce a negative transfer function. This
arises in our model and in ΛCDM at higher redshifts due
to the coupling with radiation, which causes the oscillatory
behaviour evident in Figure 1. Note however that the sign
of T (k) does not change the power spectrum or the initial
density distribution for our simulations because the initial
phase of a density fluctuation is random, so only |T (k)| is
relevant for our purposes.

The impact of MOND on the early universe was al-
ready discussed in McGaugh (1999) and references therein.

Although the results were based on a purely baryonic model,
we still expect the conclusions to be valid regarding MOND
producing a more rapid growth of structure and pronounced
baryon acoustic oscillations (BAOs) in the transfer function
at epochs much later than recombination. Additionally, we
expect to detect a difference in the absorption signal of the
21 cm spin-flip transition of neutral hydrogen seen against
the CMB. McGaugh (2018) compared the 21 cm absorption
feature in a purely baryonic universe to the ΛCDM pre-
diction and concluded that the signal in a universe devoid
of CDM should be significantly deeper. When comparing
νHDM and ΛCDM, this discrepancy will certainly be less
pronounced, but in general we expect a difference in the
21 cm absorption signal between these two models due to
differences in the formation of galaxies and other ionising
sources. In particular, significant BAOs should be evident
in the matter power spectrum because non-linear MOND
effects (which only become important at ze . 50) would
presumably take some time to wash out the strong BAOs
through coupling between perturbations on different scales.

The transfer function for our simulations is calculated
using the camb program (Lewis et al. 2000). We adopt the
following parameters: Ωm = 0.314595, Ωb = 0.0492713,
Ωc = 0, ΩΛ = 0.685405, σ8 = 0.8101, nspec = 0.9660499,
H0 = 67.4 kms−1Mpc−1 or h = 0.674 (this is consistent
with the standard parameters from Planck Collaboration
VI 2020), and Ων = Ωm − Ωb = 0.2653237 for the neutrino
component. The gas temperature at ze = 199 is T = 370 K,
which follows from the CMB conditions. The main differ-
ence is that we close the gap between Ωb and Ωm using
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11 eV/c2 sterile neutrinos instead of CDM particles. The
sterile neutrino mass does not need to be specified in camb,
but it does display the calculated mass on screen assuming
thermalisation in the early universe. To implement the ster-
ile neutrinos, we follow the description in Angus (2009)1,
which leads to the addition/alteration of the following lines
to the camb “.ini” namelist file:

massless_neutrinos = 2.0293

nu_mass_eigenstates = 2

massive_neutrinos = 1 1

nu_mass_degeneracies = 1.0147 1

nu_mass_fractions = 0.0044 0.9956

accurate_massive_neutrino_transfers = T

The left panel of Figure 2 shows the temperature fluctu-
ations as CMB multipole moments in ΛCDM with standard
cosmological parameters (Planck Collaboration VI 2020)
and in the νHDM model simulated here. The νHDM model
fits the observations quite well (as was already shown by
Angus 2009). Further refinements to the cosmological pa-
rameters are possible, but we do not consider this here.
Figure 1 of Angus & Diaferio (2011) suggests that finding an
optimal fit to the CMB in νHDM would slightly increase the
inferred H0, but not by enough to solve the Hubble tension
− we are currently investigating this issue (Luchoomun et
al., in preparation).

The right panel of Figure 2 shows the matter power
spectrum in terms of wavenumber k for the ΛCDM and
νHDM models at our starting redshift of ze = 199. The
models are practically identical for large scales (small k),
but the power of the νHDM model decreases significantly at
scales below 100 cMpc. This behaviour is to be expected as
the sterile neutrinos do not cluster on small scales by con-
struction. If they did, then the gravitational field on galactic
scales would be influenced by them, but there is generally
excellent agreement between the MOND dynamical mass
of a galaxy and its baryonic mass (Section 1). Another in-
teresting feature of the νHDM matter power spectrum on
small scales is that it shows significant oscillations, which are
also evident in the transfer function (Figure 1). We conclude
that these oscillations are driven by the well-known acoustic
oscillations in the baryons, which have comparable or more
power than the sterile neutrinos on these small scales and
can therefore influence them significantly through gravity.
The ΛCDM power spectrum does not show the same os-
cillations on small scales because the CDM is dominant on
these scales and dampens the BAOs, which are a relic of the
era when matter was tightly coupled to radiation.

Having specified the power spectrum, the density field
is obtained using the publicly available code music (Hahn &
Abel 2011) but with an externally supplied transfer function
(see above), bypassing its inbuilt calculator. music works
with the logarithm of the transfer function, which it implic-
itly assumes is positive. Since this assumption is violated
in νHDM, we adjust the algorithm to work with |T (k)|,
which as explained above does not alter the physics. We use
three different resolution settings in which lmax = lmin + 1
in all cases with lmin = 7, 8, or 9. This is done in order to

1 Details are given in section 2.3 of https://cosmologist.info/
notes/CAMB.pdf

prevent the appearance of artificial overdensities, since the
number and mass of the sterile neutrino particles is deter-
mined by lmin: the total number of sterile neutrino particles
is Nν = 23 lmin in 3D and the mass of a single sterile neutrino
particle is mν = Ωνρcritb

3/Nν , with b being the box size of
the simulation volume. We also consider different comoving
box sizes of b200 ≡ 200 cMpc/h and b400 ≡ 400 cMpc/h,
leading to a maximum spatial resolution of 195.3 ckpc/h
(b200l10), 390.6 ckpc/h (b200l9 and b400l10), 781.2 ckpc/h
(b200l8 and b400l9), and 1562.4 ckpc/h (b400l8), with the
number at the end of each simulation code name referring
to its maximum refinement level. music needs to generate
initial conditions at all the refinement levels which may be
used by the main por simulation.2

2.5 Finding gravitationally bound structures

We find gravitationally bound structures using the amiga
halo finder (ahf; Gill et al. 2004; Knollmann & Knebe
2009), partly because it comes with a converter for ramses
data, i.e., for converting grid cells into“cell particles” located
at the cell centre with the same mass.3 Like ramses, ahf
is an AMR-based code that uses the adaptive refinement
strategy to identify subhaloes at a modest computational
cost.

ahf identifies galaxies depending on the density in
a certain volume and afterwards neglects gravitationally
unbound structures. However, the criterion for identifying
these is not valid in MOND, so we have to use the raw
data and skip the latter step. As there is no halo finder
currently available that also has the option to use MOND
gravity and building one is beyond the scope of this project,
we stress that this introduces a bias towards less massive ob-
jects. However, the reader should keep in mind that, due to
the greater self-gravity, Milgromian structures are generally
more stable than Newtonian ones, so many of the identi-
fied low mass structures are expected to be gravitationally
bound. Additionally, we restrict our analysis to structures
that contain baryons because low- and intermediate-mass
structures and substructures that only contain sterile neu-
trinos are most likely chance alignments. Our structures are
identified considering both baryons and neutrinos and must
have at least ten cell particles and/or sterile neutrinos. Our
analysis of the simulations is still at a rather preliminary
stage due to the difficulties created by the use of a non-linear
gravity law for which relatively little prior work is available,
especially on cosmological scales.

To compare our results with observations, we consider
the edge of a structure to be at the radius R180, the radius
inside which the mean mass density is 180 ρcrit (Equation 9).

M180

(4/3)πR3
180

≡ 180 ρcrit , (11)

with the mass considering both baryons and sterile neutri-
nos. The halo finder calculates the mass and radius itera-
tively starting from an initial guess.

2 The cosmological parameters, box size, and resolution settings

must be specified consistently between camb, music, and por.
3 The cosmology patch for por and the codes ahf, music, and
camb can be found here: https://bitbucket.org/SrikanthTN/

bonnpor/src/master/Cosmo_patch_and_setup_and_halofinder/
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Figure 2. Temperature power spectrum of the CMB (left) and total matter power spectrum at ze = 199 (right) for the ΛCDM model
with standard parameters (blue; Planck Collaboration VI 2020) and the νHDM model considered here (red; see the text). These results

were computed with the camb code (Lewis et al. 2000).

There is an additional problem when comparing obser-
vations with MOND simulations: for a given gravitational
field, the corresponding mass profile depends on the gravity
law. Since mass is not a direct observable, the mass deduced
in the context of an assumed gravity law is called the dy-
namical mass in that theory. Most works in the literature
quote the Newtonian dynamical mass profile MN (r), which
is the enclosed Newtonian dynamical mass within radius r.
By definition, MN (r) ≡ r2g (r) /G for a spherical system,
with the gravitational field g (r) generally being what the
observations actually constrain through kinematical infor-
mation. In MOND, the Newtonian gravitational acceleration
is enhanced by a factor ν, but this enhancement can also be
achieved within Newtonian gravity if we rescale the enclosed
mass M (r) by this factor (Angus et al. 2011),

MN (r) = ν (gN (r))M (r) . (12)

We include Equation 12 in the halo finder, so every M180

value reported here is actually the Newtonian dynamical
mass obtained from the total mass (gas + neutrinos) in the
simulation data by applying the above boost (this issue is
discussed further in section 4.3 of Asencio et al. 2021). This
allows for an easier comparison with observations as the lit-
erature usually gives the Newtonian dynamical mass rather
than the MOND one.

2.6 Simulation parameters

Every simulation done for this work starts at ze = 199 or
ae = 0.005 because the typical gravitational field from inho-
mogeneities enters the MOND regime only when ze . 50 (see
section 3.1.3 of Haslbauer et al. 2020), so our choice achieves
a good compromise between limiting the effect of MOND at
later times and limiting the impact of radiation, which is

Table 1. Global properties of all simulations at the present time.

Ntot,struc is the total number of structures in the simulation box,
Mstruc,bar is the total baryonic mass in all structures, Mtot,bar is

the total gas mass (which remains constant throughout the simu-
lation), Nν is the total number of sterile neutrinos in the simula-

tion box, and mν is the mass of a sterile neutrino particle in units

of 1010 M� (see Section 2.4). fstruc,bar ≡ Mstruc,bar/Mtot,bar is
the fraction of the baryonic mass in structures. Masses are given

in units of 1017M� and the maximum spatial resolution (resmax)

in ckpc/h. Note that Mstruc,bar decreases with increasing maxi-
mum resolution resmax, which is expected to some degree as these

simulations are not numerically converged and coarser resolution
can lead to an overestimation of the mass inside structures.

Model b200 b400 b200 b400 b200 b400

l10 l10 l9 l9 l8 l8

Ntot,struc 518 1509 416 1467 217 687
Mstruc,bar 0.66 3.84 0.69 4.42 0.67 4.58

Mtot,bar 1.62 12.98 1.62 12.98 1.62 12.98

fstruc,bar 0.41 0.30 0.43 0.34 0.41 0.35
resmax 195.3 390.6 390.6 781.2 781.2 1562.4

Nν/106 134.2 134.2 16.8 16.8 2.1 2.1

mν 0.65 5.21 5.21 41.68 41.68 333.42

dominant only at much earlier times. We run six models:
b200l10, b400l10, b200l9, b400l9, b200l8, and b400l8. The
labels “10”, “9”, and “8” stand for the maximum refinement
level used in the simulation (see Section 2.4), while “200”
and “400” show the length of the simulation box in cMpc/h.
These models are summarized in Table 1.

All simulations were performed on in-house SPODYR-
group machines in Bonn, which have 64 CPU cores, 128
threads, and 512 GB of RAM. The high-resolution run
(model b200l10) took a computational time of five days with
64 threads, corresponding to 7680 CPU hours.
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3 RESULTS

Our simulations do not contain a key feature of standard
simulations, namely CDM particles creating deep potential
wells into which baryons fall after cooling (e.g., White &
Rees 1978; Frenk & White 2012). Galaxies are nevertheless
generally expected to form earlier in MOND than in the
SMoC (Sanders 1998, 2001) because of the strong long-range
enhancement to the gravitational acceleration. Resolving the
formation of small structures is highly dependent on the
maximum refinement level and the box size. Due to the lack
of power on small scales (see the right panel of Figure 2)
and the influence of structures on each other through tides
and the external field effect (EFE; see sections 2.4 and 3.3 of
Banik & Zhao 2022), it is crucial to simulate large enough
boxes in order to properly capture structure formation in
the νHDM model. This makes it very taxing to do high
resolution simulations, especially hydrodynamical ones.

In the highest resolution model (b20010), the first struc-
tures can only be identified when ze = 4. This late formation
of structures seems to be in discordance with observations:
there are many very massive galaxies at ze & 4, a fact which
has become clearer with deeper and improved observations
(Steinhardt et al. 2016; Marrone et al. 2018; Wang et al.
2019; Rennehan et al. 2020; Neeleman et al. 2020; Tsukui
& Iguchi 2021), including very recently with data from the
James Webb Space Telescope (JWST; e.g., Furtak et al.
2022; Harikane et al. 2022; Labbe et al. 2022; Naidu et al.
2022; Haslbauer et al. 2022a; Yan et al. 2023; Adams et al.
2023; Atek et al. 2023). We discuss this issue in more detail
in Section 3.2.

Figure 3 shows the structures which form in our mod-
els by the present epoch, with the top panels showing the
baryons and the bottom panels showing the sterile neutri-
nos.1 Comparing the left and right panels of Figure 3 il-
lustrates how the box size affects the growth of structure
throughout cosmic time: model b400l10 (right panels) has
significantly more structure than b200l10 (left panels). This
demonstrates the difficulty of achieving “Copernican con-
vergence”, i.e., having a sufficiently large volume such that
the statistical properties do not change if a larger volume is
considered. Copernican convergence is harder to achieve in
MOND because the gravity law is non-linear, so the effect
of a structure in the simulation on other structures declines
much more slowly with distance. Moreover, structures on
Mpc scales form in MOND in a top-down manner because
there is very little power on small scales initially. Our models
are not fully Copernican converged due to computational
limitations.

3.1 The mass function

As our first quantitative analysis, we discuss the mass dis-
tribution of the formed structures and how this evolves with
time. Figure 4 shows the mass distribution of structures in
all six models at different times (left: b200 models, right:
b400 models, top: lmax = 8, middle: lmax = 9, bottom:
lmax = 10). The mass of the most massive structure (top

1 Movies of the growth of structure can be found

here: https://www.youtube.com/playlist?list=

PL2mtDSIH4RQhtoIxlOBvDzrzhT7bAFxqq.

Table 2. Parameters of the power-law (Equation 13) fits shown in

Figure 5. The two fit parameters are not independent, so the
uncertainty on the normalisation in the range covered by the

data is much smaller than the quoted uncertainty on A (this is

especially apparent in model b400l9). Since the typical mass is of
order 1015M�, we expect the uncertainty on log10 A to be about

15× that on α, which is roughly the case.

Model log10 A α

b200l8 1.68 ± 0.44 0.48 ± 0.03
b400l8 1.85 ± 0.34 0.50 ± 0.03

b200l9 1.39 ± 0.46 0.47 ± 0.04

b400l9 1.81 ± 0.40 0.50 ± 0.03
b200l10 1.39 ± 0.98 0.46 ± 0.07

b400l10 1.69 ± 0.52 0.49 ± 0.04

of each error bar) and the least massive structure (bottom
of each error bar) grow over time, as is also the case for
the mean and median mass (the filled points and black open
points, respectively). The impact of resolution is apparent
in that the first structures are identified earlier in the higher
resolution models. The mass of the most massive structure
increases when we consider a larger box, which is expected
because larger structures can arise in a larger volume. These
preliminary results are thus by no means numerically con-
verged. However, they do clearly illustrate the impact of box
size and resolution. For instance, the least massive structures
in the b400 models (right panels) are more massive than the
least massive structures in the b200 models with the same
lmax (left panels) because the spatial resolution is higher in
the latter case.

Figure 5 shows the present-day (ze = 0) differential
mass function (baryons + neutrinos) of structures in all our
simulations, with the panels organized in the same way as
in Figure 4. We place the structures into mass bins of width
0.5 dex and divide the number counts by the product of the
bin width and the total comoving volume under considera-
tion. The distributions are then fit by a power law:

dn

d log10 M180
≡ ξstruc (M180) = A

(
M180

M�

)−α
, (13)

where A is the normalisation and α is the power-law index.
The fitted values for these quantities are shown in Table 2
for every model.

Figure 5 illustrates the mass distribution of the struc-
tures at the end of the simulations. When comparing simu-
lations of the same box size (in the same column), the effect
of resolution is clearly evident in that the lowest mass bin
gets more populated at higher resolution. Additionally, the
shape of the distribution seems to be changing from a simple
power law closer to a Schechter function (Schechter 1976)
with higher resolution, which is the observationally expected
shape − this is especially evident for the b200 models. How-
ever, increasing the box size shifts the distribution to more
massive structures. Not only are the most massive structures
found in the larger box (as is evident from Figure 4), but
also the number density of such structures is higher in a
larger box.

To estimate the cosmic variance in our simulations, we
divide the whole b200 simulation cube into 8 equally sized
cubes (octants) with sides of length b = 100 cMpc/h, which
is half that of the original simulation. Figure 6 shows the
mass function in each octant for model b200l10 at ze = 1.0
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Figure 3. Top panels: Baryonic surface mass density (colour-coding) in the xy plane of the two highest resolution models (left panel:

b200l10, right panel: b400l10) at a redhsift of ze = 0. The surface mass density shown here is calculated by integrating the mass-weighted

3D mass density along the projection axis for each pixel. Bottom panels: Surface mass density for the sterile neutrinos, which is calculated
by computing the total projected mass in a pixel and dividing it by the surface of the pixel. Movies of the simulations are available at

https://www.youtube.com/playlist?list=PL2mtDSIH4RQhtoIxlOBvDzrzhT7bAFxqq.

(left panel) and today (right panel). The aforementioned
existence of pronounced voids and overdense regions is also
evident here in that there is more than one dex difference
between the mass function in the least and most dense
octants. Additionally, the figure shows that the mass of
the most massive structure depends on the environment:
the least dense octant forms structures with masses up
to M180 = 1015.0 M�, while the most dense sub-volumes
contain structures with 1017.0 M� < M180 < 1017.5 M�
at ze = 0.0. Qualitatively the same phenomenon is ev-
ident at ze = 1.0 but shifted to lower masses, reaching

1014.0 M� < M180 < 1014.5 M� for the least dense octant,
while the two densest octants reach masses M180 > 1016 M�.

The νHDM model seems to explain the existence of very
massive clusters at high redshift like the El Gordo galaxy
cluster (Menanteau et al. 2012): at ze = 1, the νHDM mass
function extends up to M180 ≈ 1016 M�. El Gordo has a
total mass of about 2 × 1015 M� (Kim et al. 2021a) and
is composed of two interacting subclusters with a similar
mass and an infall velocity of vinfall = 2500 km s−1 at a
redshift of ze = 0.87 (Zhang et al. 2015). Since El Gordo is
observed after pericentre, the two progenitor clusters need
to be spatially close at ze = 1 and have a combined mass
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Figure 4. Distribution of the structure masses (baryons + neutrinos) at every output for every model. The filled (open) diamonds show
the mean (median) mass of all structures at each epoch, while the error bars show the full range. The left (right) panels show the models

with a box size of 200 (400) cMpc/h. The resolution increases from top to bottom, with the lmax = 8 models at the top and the lmax = 10
models at the bottom.

of ≈ 2× 1015 M�. Given also the limited sky area in which
El Gordo was discovered, this is plausible only if the mass
function at that time reaches somewhat higher masses −
which it does in some octants (indicated by the vertical
dashed line in the left panel of Figure 6). Our results are
compatible with the work of Katz et al. (2013), who found
El Gordo analogues in their νHDM simulations with box
sizes of ≈ 750 cMpc (see their section 5.1). By comparing
their result to the effective volume of the discovery survey, it
was shown that νHDM produces approximately the correct
frequency of El Gordo analogues (see section 4.3 of Asencio
et al. 2021).

After analysing in detail the mass distribution of the
structures in our simulations, we use Figure 7 to compare
them with the observed mass distribution of galaxy clusters.
Wang et al. (2022b) obtained weak lensing masses for the
clusters from the catalogue of Yang et al. (2021), which was
generated by the halo-based group finder originally devel-
oped in Yang et al. (2005). The observations are based on
the Dark Energy Spectroscopic Instrument (DESI) Legacy

Imaging Surveys (Dey et al. 2019) and corrected for com-
pleteness. The cumulative mass function (CMF) is calcu-
lated by counting the number of clusters beyond certain
mass thresholds and dividing by the respective volume under
consideration for five different redshift slices with a width of
0.1, thus covering the range ze = 0.1− 0.6.

For an accurate comparison, we apply the same method
to our simulations: we count the number of structures above
the mass thresholds used in Wang et al. (2022b) and divide
by the volume of the respective simulation for outputs that
fall into the redshift range, i.e., we compare the observed
redhsift bins only with outputs that are in the same redshift
range. Figure 7 shows the CMF for all five redshift bins
and all six simulations. Every column depicts the same red-
shift bin for different models (top to bottom: b200l8, b200l9,
b200l10, b400l8, b400l9, and b400l10); while every row shows
the redshift evolution for one model, with redshift increasing
from left to right.

The most obvious finding is that all models seemingly
overproduce high mass structures in all redhsift bins, which
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Figure 5. The differential mass function at ze = 0 for every model. The left (right) panels show the models with a box size of b =
200 cMpc/h (b = 400 cMpc/h). The resolution increases from top to bottom, with the lmax = 8 models at the top and the lmax = 10

models at the bottom. The mass function was calculated by dividing the number of structures per bin by the product of the total
simulation volume and the width of the mass bin in dex (this being 0.5). The error bars show Poisson uncertainties and the solid lines

show the power-law fits to the mass function (Equation 13 and Table 2).

we turn to momentarily. The simulated CMFs are also signif-
icantly flatter than observed. The two agree approximately
at intermediate masses, but there is an obvious impact of
resolution on the νHDM CMFs at the low mass end. The
models b200l8, b400l8 and b400l9 show a nearly horizontal
CMF at lower masses, indicating that there are no structures
at or below these masses (see also Figure 5). As anticipated,
the number density at any fixed mass increases with decreas-
ing redshift for both observations and our models, which
can be attributed to accretion and mergers (cf. Figure 4).
Taking the discrepancy between observations and our mod-
els at high masses at face value puts significant doubt on
the theory. A similar conclusion was drawn by Angus et al.
(2013) and Katz et al. (2013), who also did cosmological
simulations in the νHDM framework. However, we argue
below that their conclusions were premature.

Shortly after the publication of Angus et al. (2013) and
Katz et al. (2013), it became apparent that for redshifts up
to ze = 0.07 (corresponding to a distance of ≈ 300 Mpc),

a mismatch in the high mass range is to be expected given
our location in a large underdensity known as the KBC void
(Keenan et al. 2013). Their study and the more recent study
of Wong et al. (2022) cover 90% of the sky, indicating that
the observational results on the KBC void are not due to
incomplete coverage. They also probe a large portion of the
galaxy luminosity function. It is therefore likely that the
mass function of observed clusters in the Local Volume is
not representative of an average region of the same size.
Interestingly, Haslbauer et al. (2020) examined the KBC
void and concluded that it naturally explains why the lo-
cally determined Hubble-Lemaitre constant H0 exceeds that
determined from CMB anisotropies (the Hubble tension is
reviewed in Di Valentino 2021). Such a void was initially
deemed to be incompatible with the supernova distance-
redshift relation (Kenworthy et al. 2019), but subsequent
analyses have found that supernova data alone actually re-
veal a mild preference for a local void (Luković et al. 2020;
Kazantzidis & Perivolaropoulos 2020). Indeed, the results of
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Figure 6. Mass functions calculated similarly to Figure 5, but now showing only the model b200l10 divided into 8 equally sized cubes at
two different redshifts of ze = 1.0 (left panel) and ze = 0.0 (right panel). Every line thus corresponds to a simulation cube with box size

b = 100 cMpc/h, which is half of the initial box size. The dashed vertical line in the left panel shows the mass of the El Gordo galaxy

cluster (MEG ≈ 2× 1015M�; Kim et al. 2021a).

Castello et al. (2022) indicate that the preferred void param-
eters are remarkably close to that of the KBC void, high-
lighting a consistency between results obtained from galaxy
number counts and from supernovae. Further, Dainotti et al.
(2021) and Jia et al. (2022) investigate the redshift evolution
of H0 and find clear evidence for a smooth decrease from the
high local value down to the lower value inferred from the
CMB (Planck Collaboration VI 2020) out to ze = 2. This
is very interesting given how Haslbauer et al. (2020) argued
that a local underdensity can change the measured H0: the
finding of a smooth transition might indicate that we are
situated in a much larger underdensity, which in turn would
lead to the local measurements not representing an average
region of the Universe. Indeed, figure 4 of Haslbauer et al.
(2020) shows that their inference on the void radius has an
extended tail that reaches very large values. Further support
for the Universe being more inhomogeneous than assumed
by the SMoC comes from Migkas et al. (2021), who analysed
570 clusters in the local Universe and built ten different
cluster scaling relations out of these to test the hypothe-
sis of isotropy. They found a dipole-like anisotropy in the
local value of H0 with more than 5σ significance. This study
underlines the question raised before: Is the local Universe
representative of an average region of the Universe?

One way to test cosmological models despite a possi-
ble negative answer is to consider observations of the most
massive clusters up to ze = 1. El Gordo is not only more
massive than the observed clusters closer to us shown in
Wang et al. (2022a), but it is also further in the past. We
would expect clusters today to reach an even higher mass.
Asencio et al. (2021) analysed El Gordo in detail by looking
at realistic hydrodynamical simulations of the pre-merger
configuration and comparing the viable configurations to
large-scale ΛCDM simulations. Those authors found that

“detecting one pair with its mass and redshift rules out
ΛCDM cosmology at 6.16σ”.

The two subclusters that merged into El Gordo need to
have masses of about 1015 M� at a redshift close to ze = 1.0.
From observations out to ze = 0.6, it seems unlikely to find
even one cluster with such a high mass, but to have two of
them in close proximity at a larger redshift strongly indicates
that there should be more structure on large scales than
is generally expected and observed locally. Encouragingly,
Asencio et al. (2021) argue in detail in their section 4.3
that the previous νHDM simulations done by Katz et al.
(2013) show the correct frequency of El Gordo analogues. As
a result, the apparent overproduction of massive structures
(Angus et al. 2013) may well be incorrect as their results
were based on comparison with low-redshift datasets. We
therefore argue that the νHDM theory cannot be ruled out
by the discrepancies at high masses evident in Figure 7.
In fact, the νHDM simulations reported here confirm that
bound structures with an El Gordo-like mass readily appear
at ze = 1 (Figure 4) and also show that these mass scales are
only reached in dense regions of the simulation box at that
redshift (see Figure 6). Given that the mass of El Gordo is
now known to about 10% accuracy (Kim et al. 2021b), any
realistic cosmological model must be able to reproduce its
properties, especially given the other potentially problematic
clusters and cluster pairs discussed in the introduction to
Asencio et al. (2021).

3.2 Time evolution of bound structures

One of the major processes affecting the galaxy popula-
tion in the SMoC is mergers between galaxies, which are
driven by dynamical friction between extended CDM haloes
(Kroupa 2015). Since these are absent in MOND, the bary-
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Figure 7. The cumulative mass function of all models compared to observational results based on weak lensing (Wang et al. 2022b). The
CMF is calculated by counting the number of structures more massive than the mass points taken from their work and dividing by the

respective volume for five different redshift ranges. Each row depicts the CMF for one model (from top to bottom: b200l8 to l10, followed
by b400l8 to l10), while each column shows the same redshift range (from left to right: 0.1 < ze < 0.2 to 0.5 < ze < 0.6). The red

diamonds represent results from simulations, while the blue crosses show observations.
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onic parts of galaxies would need to overlap for them to
merge − they would simply fly past each other in the ab-
sence of dissipation (Renaud et al. 2016; B́ılek et al. 2018;
Banik et al. 2022). The collision cross-section between galax-
ies is thus much smaller in MOND, which may explain the
high observed fraction of thin disc galaxies (Peebles 2020;
Haslbauer et al. 2022b).

To explore the time evolution of the population of struc-
tures in MOND, we use Figure 8. The left panel shows how
the total number of structures (Nstruc) evolves over time for
every model, while the right panel shows the fractional re-
duction in the number of structures between the epoch when
this was maximal and the present epoch. In other words, it
shows the merger fraction

fmerger ≡
Nmax −N0

Nmax
, (14)

where Nmax is the maximum number of structures (attained
at redshift zmax) and N0 is the present number of structures
in the simulation volume. This is only an estimated merger
fraction because it is possible that new structures form at
later epochs in these simulations. However, we expect this to
be rather rare because the mass of the least massive struc-
ture rises with time (see Figure 4).

The evolution of Nstruc is qualitatively similar for all
models. The total number of structures rises steeply after
the onset of structure formation at about ze = 4 until it
reaches a maximum at ze = 1. Only the highest and the
lowest resolution model (b200l10, brown and b400l8, light
blue) peak earlier and later, respectively. Afterwards, Nstruc

declines modestly to significantly, depending on the resolu-
tion: higher resolution models show a steeper decline. This
indicates that mergers play a role in hydrodynamical MON-
Dian models that lack star formation. Important to note is
that the observed star formation rate density also peaks at a
redshift of ze ≈ 2 (Madau & Dickinson 2014), indicating that
the number of structures may also peak at this time, which
is compatible with our highest resolution model (b200l10).
Interestingly, the models with the same box size end with
nearly the same number of structures for lmax = 9 and 10,
which seems to indicate that the last output (ze = 0) is
much closer to numerical convergence compared to the early
universe in these simulations. Additionally, as expected, the
simulations with an initially larger box (the b400 models
shown in green, orange, and light blue) end up with a larger
number of structures.

The right panel of Figure 8 shows the fraction of merg-
ers of structures in each simulation (Equation 14). There is
a clear dependence on resolution, showing that increasing
lmax and/or decreasing the box size increases fmerger. Also,
the maximum of the number of structures mentioned above
is more easily visible here, with most of the models peaking
at ze = 1. As shown in Figure 4, the models computed here
are not able to reach single galaxy scales at the onset of
structure formation (here ze ≈ 4). Sanders (1998) already es-
timated the time at which spheres of different masses should
collapse in an idealised scenario, i.e., without the EFE and
in spherical symmetry. These first analytic calculations esti-
mate the onset of cluster formation at about ze = 3, which is
consistent with the onset of structure formation in the mod-
els shown here. Therefore, higher resolution simulations are
needed that at least probe mass scales down to 1010 M� in

order to conclusively address if structures form early enough
in the νHDM model compared to the most recent observa-
tions. However, it should be noted that the analytical work
of Sanders (1998) was not based on the νHDM framework
and in particular has a different background cosmology, i.e.,
an open universe with Ωb = 0.02 and no dark matter or dark
energy, potentially causing difficulties fitting the CMB and
other cosmological datasets collected over the last quarter
century. We note that their adopted cosmology gives al-
most twice as much time for structure formation by z = 10
because the different expansion history makes the universe
older at that redshift. Moreover, increasing the resolution of
the νHDM models causes only a modest evolution towards
higher redshift for the onset of structure formation, so it
seems unrealistic to form galaxy mass structures at ze > 10.
This may already indicate a failure of the model.

While these first hydrodynamical cosmological MOND
results suggest that the population of structures builds up
until ze ≈ 1 − 2 and then decreases again due to merg-
ers, the results should be considered indicative rather than
conclusive. This is because the merger rate is undoubtedly
enhanced by virtue of all baryons being purely gaseous and
thus able to dissipate energy rather efficiently during interac-
tions. Future simulations will need to include star formation
to obtain a more realistic assessment of the late-time merger
rate and also a higher resolution to analyse the behaviour of
individual galaxies.

Another aspect of the simulations which changes with
time is the total baryonic mass inside structures. Its time
evolution is shown in Figure 9, where Mbar,struc is the to-
tal baryonic mass inside all structures and Mbar,box is the
baryonic mass inside the box, which does not change with
time. A distinct feature at ze = 2 can also be seen here: at
later times, the baryonic mass fraction increases significantly
in the same way for all models up to a value of 0.3 − 0.5.
This behaviour of all models indicates that the increase for
ze < 2 is driven by the accretion of baryons onto large struc-
tures rather than the formation of new structures or mergers
thereof, which is further supported by the fact that fmerger is
significantly lower for the low resolution models where small
structures cannot form at high ze. These results indicate
that massive enough regions have collapsed and formed deep
potential wells at ze ≈ 2, such that significant amounts of
baryonic mass move through filaments of the cosmic web
towards these structures, where the filaments intersect and
clusters form (this is compatible with the theoretical findings
of Sanders 1998). What is more, a modest trend with box
size is evident for the present epoch baryonic mass fraction
in identifiable structures, which is closer to 0.4 for the b200
models and closer to 0.3 for the b400 models. Additionally,
there is also a minor decrease with increasing resolution re-
gardless of the box size.

3.3 The sterile neutrino mass fraction

These first ever hydrodynamical cosmological MOND sim-
ulations with both baryons (gas) and live sterile neutrino
particles enable us to explore whether MOND might be
consistent with the observed ratio of dynamical mass to
baryonic mass, MM/Mb, in massive galaxy clusters, where
the ratio appears to be very close to the cosmic fraction (see
section 7.1 of Banik & Zhao 2022, and references therein).
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Figure 8. Left : Time evolution of the total number of structures for all models. Right : The fractional reduction in the number of structures

between the epoch at which the number of structures was maximal and the present epoch (Equation 14). The brown (b200l10) and green
(b400l10) points show the number of structures for the models with the highest resolution at each box size − these also reach the largest

Nstruc. Colours are as in Figure 4. The orange data point (model b400l9) is mostly hidden underneath the dark blue data point (model

b200l8).

Since MOND was originally proposed to explain observa-
tions with only baryonic mass, we compute the mass fraction
of sterile neutrinos, fν ≡ Mν/Mtot. Observationally, Mtot

corresponds to MM , the MOND dynamical mass. In our
simulations, Mtot ≡Mb+Mν . This can readily be connected
to the observed ratio of dynamical mass to baryonic mass:
fν ≡ 1−Mb/MM .

Figure 10 compares fν for every model (colours and
panel placement are the same as in Figure 4) with the
findings from Pointecouteau & Silk (2005, hereafter PS05),
who analysed MM/Mb in a MOND context for ten ob-
served clusters out to a redshift of ze = 0.15 in the mass
range 1.2 × 1014 M� to 1.2 × 1015 M�. They found that
MM/Mb = 4.94 ± 0.50 at distances from the cluster cen-
ter of r ≈ 0.5Rvir, in contrast to the SMoC asymptotic
(r > 0.3Rvir) value of 7.7+1.4

−1.1 (in the SMoC most of the mass
is CDM, with neutrinos playing a negligible role). This leads
to an observational value for fν of 1−Mb/MM = 0.80±0.02,
which we show in Figure 10. We bin our data in the same
mass bins used in Figure 5 (0.5 dex bin width) and show the
mean value with its standard deviation.

It is quite striking that the models come out to be in
good agreement with the observational data for fν at the
high mass end, especially for the higher resolution models.
The slightly higher asymptotic value of all models compared
to the observed value is expected because fν for the simula-
tions is calculated at R180 but PS05 evaluated their findings
at r ≈ 0.5R200, which is closer to the cluster center. As a re-
sult, the simulated value should be closer to the cosmic mean
value of Ων/Ωm ≈ 0.84, but since the dissipative baryons are
expected to be more centrally concentrated than the sterile
neutrinos, the neutrino mass fraction should be lower within
a smaller radius. The highest resolution model (b200l10;
panel e) shows a smooth decline of fν from the cosmic

mean value for massive clusters down to a nearly vanishing
sterile neutrino component for the least massive structures
identified (see Figure 5). This nicely shows the transition
between clusters and galaxies, where the sterile neutrinos
do not cluster by construction in the νHDM model. Indeed,
our results show that the Local Group, with a baryonic mass
of ≈ 1011 M�, does not have a significant sterile neutrino
component in the νHDM paradigm, in agreement with the
past dynamical history of the Milky Way-M31 galaxy pair
(the timing argument; Banik et al. 2018, 2022; Benisty &
Guendelman 2020; McLeod & Lahav 2020). More generally,
the almost purely baryonic nature of low-mass structures
is very much in line with the aim of νHDM to preserve
the empirical successes of MOND in galaxies. Important
to note here is that the bins for the lowest masses may
be populated by only a few structures, leading to a much
larger statistical uncertainty than is shown with the mean
value and its standard deviation. This may explain why fν
sometimes unexpectedly decreases with increasing mass in
the lowest mass bins, but this does not alter the general
picture of negligible fν below 1014 M� and fν ≈ 0.84 above
1014 M�. This unexpected behaviour noted here has to be re-
evaluated with higher resolution simulations, investigating if
this effect depends solely on resolution/mass of the sterile
neutrino particles or has an entirely different cause.

3.4 Feasibility of the observed Local Group peculiar
velocity

In addition to the mostly mass-related analysis presented
here, we show in Figure 11 the distribution and time evo-
lution of the peculiar velocities of all structures. We use
this to quantify the likelihood of finding a structure with
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Figure 9. Time evolution of the baryonoic mass fraction inside structures. Mbar,struc is the total baryonic mass inside all structures and
Mbar,box is the baryonic mass inside the box, which does not change with time (see also Table 1). The symbols and models in each panel

are the same as in Figure 4.

a peculiar velocity as low as that of the Local Group (vpec 6
630 km s−1; Kogut et al. 1993).

Figure 11 illustrates the peculiar velocity distribution
of all structures at ze = 0.0 and ze = 1.0. The number
of structures in each velocity bin of width 500 km s−1 is
normalised by the total number of structures, Ntot,struc, at
the relevant redshift, with error bars showing the Poisson un-
certainty. The black distributions correspond to ze = 1.0 and
the coloured distributions show the peculiar velocities today.
The distributions in different simulations at ze = 1.0 are
very similar, showing a maximum between 1000 km s−1 and
2000 km s−1 followed by a smooth decline until the highest
peculiar velocities are reached at about vpec = 6000 km s−1

for the b200 models and between 7000 and 8000 km s−1

for the b400 models. By ze = 0.0, the distributions have
broadened significantly, shifting the mode and the maxi-
mum reached peculiar velocity to larger values. Also, the
b200 models show more features in the extended high velo-
city tail of the distribution, which may be attributed to a
smaller number of structures and higher density variations
throughout the simulation box (see Figure 3). Overall, the

peculiar velocities seem to be nearly thermal, i.e., the distri-
butions are comparable to Maxwell-Boltzmann distributions
(Maxwell 1877), as is evident from the asymmetry due to the
extended high velocity tail.

Earlier studies of particle only νHDM simulations (Katz
et al. 2013) show comparable behaviour for the evolution
of the median peculiar velocity (see their figure 4). Recent
observations of large bulk flow velocities seem to indicate
some tension with the SMoC (Watkins et al. 2023), which
may be related to larger than expected peculiar velocities
and therefore could be more natural in the νHDM framework
(see also Vittorio et al. 1986). Additionally, compatible with
the findings from the CMF (see Figure 7), the peculiar veloc-
ities of the different models exceed those of local structures.
In particular, the Local Group has a peculiar velocity of
vpec = 630 km s−1 (Kogut et al. 1993). In the following,
we quantify the fraction of structures in each model which
have a smaller peculiar velocity and express this as a tension
in terms of the equivalent number of standard deviations
(results are presented in Table 3).

Haslbauer et al. (2020) point out in their section 4.2 that
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Figure 10. The present (ze = 0.0) sterile neutrino mass fraction fν for all models (colours and panel placement are the same as in
Figure 4). The grey area shows the observed value and 1σ uncertainty based on comparing the MOND dynamical mass to the observed

baryonic mass of 10 clusters out to ze = 0.15 in the mass range 1.2 × 1014 − 1.2 × 1015M� (Pointecouteau & Silk 2005). The dashed
line shows the extrapolation of their result outside this mass range. The least massive bound structures identified have masses evident

in Figure 5.

Table 3. The likelihood of finding a structure with a peculiar

velocity below that of the Local Group (vpec 6 630 km s−1).
The likelihood is shown as a tension in terms of the equivalent
number of standard deviations (χ) for a 1D Gaussian, Ntot,struc

is the total number of structures in the simulation volume, and

Nstruc,comp is the number of structures with a sufficiently small
peculiar velocity.

Model b200 b400 b200 b400 b200 b400

l10 l10 l9 l9 l8 l8

Ntot,struc 518 1509 416 1467 217 687

Nstruc,comp 3 8 5 10 2 3

χ 2.8 2.8 2.5 2.7 2.6 2.9

the peculiar velocity of the Local Group is much slower than
typically expected in νHDM such that this observable causes
the highest tension between their semi-analytical νHDM
model and the observational constraints. The tension is still
only 2.34σ, which is hardly impossible. We find a tension of
2.5σ − 2.9σ, with the b200 models having a slightly smaller

value of χ than the corresponding b400 models. The models
computed for this work show a similar tension to that esti-
mated by Haslbauer et al. (2020) based on the fraction of
their simulated void where the peculiar velocity in the CMB
frame is smaller than that observed for the Local Group.
Therefore, we conclude that it is unlikely but not impossible
to find structures with a comparably low peculiar velocity
as the Local Group, which again suggests that the Local
Volume is not an average volume of a νHDM universe − and
might also not be for the observed Universe (see Section 3.1).

4 CONCLUSIONS AND FUTURE WORK

We report the first hydrodynamical MOND simulations of
structure formation in a cosmological context. The calcula-
tions are performed in the νHDM cosmological framework
proposed by Angus (2009) in which the CDM component in
ΛCDM is replaced by a collisionless component in the form
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Figure 11. The distribution of the peculiar velocities of all structures at ze = 1.0 (black) and at ze = 0.0 (coloured according to the model
as in Figure 4) with a bin width of 500 km s−1. The number of structures in each velocity bin, Npec, is normalised by the total number

of structures at the relevant time, Ntot,struc. The error bars correspond to Poisson uncertainties.

of sterile neutrinos with a mass of mνs = 11 eV/c2. This
component is motivated from neutrino physics rather than
cosmology but is equivalent to a hot “dark matter” com-
ponent. This conserves the MONDian behavior on galactic
scales but is compatible with galaxy cluster dynamics (An-
gus et al. 2010) and the CMB (Angus & Diaferio 2011) due
to the strong gravitational fields in the early universe and a
standard evolution of the cosmic scale factor ae (for further
details, see Haslbauer et al. 2020). We generate the initial
conditions at ze = 199 for this cosmological model by cal-
culating the power spectrum with camb while including the
necessary changes to only the namelist to replace the CDM
component with 11 eV/c2 sterile neutrinos. We then sample
the power spectrum using the music program to generate
the initial conditions of the live sterile neutrino particles and
the gas distribution. As with other cosmological simulations
(e.g., Candlish 2016), we solve the Poisson equation in super-
comoving coordinates (Equation 8; see also Appendix A and
Martel & Shapiro 1998; Teyssier 2002). Applying this to
MOND implicitly assumes that the MOND Poisson equation
should be applied only to the difference between the density

and the cosmic mean value, which we argued to be reason-
able in Section 2.3 (see also section 3.1.4 of Haslbauer et al.
2020). Recent analytic work in covariant MOND theories
further supports this approach (Thomas et al. 2023).

Six models were computed in this work, exploring the
impact of three different resolution settings and two box
sizes (Section 2.4). We concentrate on small to intermediate
sizes (200 − 400 cMpc/h) in order to resolve the smallest
structures possible, while initialising the simulations with
enough power to be able to form any structures at all. As
the right panel of Figure 2 depicts, scales below 100 cMpc/h
initially have very little power in the matter power spectrum,
so starting a simulation with an initial box size in this regime
leads to vanishingly small density fluctuations. This would
cause structures to arise from numerical noise only, if indeed
any form at all. Structure formation must be top-down in
the νHDM framework, so large box sizes are essential.

The first structures begin to form at ze ≈ 4 for the
higher resolution simulations. This result appears to be in
tension with high redshift galaxies observed with the re-
cently launched JWST, which also seem to be in some ten-
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sion with ΛCDM (Haslbauer et al. 2022a). However, pre-
vious analytic estimates of structure formation in MOND
indicate that galaxy scale structures (up to 1011 M�) should
have formed by ze = 5 − 10, while cluster sized structures
(1014 M�) should have reached maximum expansion and be-
gun to recollapse at ze = 3 (Sanders 1998). The latter is com-
parable to the evolution of the models shown here, but im-
portant to note is that the analytic estimates are calculated
for an idealised spherical scenario without sterile neutrinos
and dark energy, representing a rather different framework
that may be in tension with the observed CMB. Simulations
that adequately resolve galaxy mass scales (rather than just
reaching this scale as we do here) are needed to conclusively
test the onset of structure formation in the νHDM frame-
work. We expect a higher resolution simulation to identify
the first galaxies at earlier epochs than the structures shown
here, with star formation in the first collapsing gas clouds
occurring even earlier (see also Wittenburg et al. 2020; Eap-
pen et al. 2022).

The most massive galaxy clusters (up to M180 =
1017 M�) form in the models with the largest box size
(b = 400 cMpc/h) regardless of resolution (see Figure 4).
With improved resolution, it may be worthwhile to search
for analogues to observed massive galaxies at high redshift
(e.g., Furtak et al. 2022; Harikane et al. 2022; Labbe et al.
2022; Naidu et al. 2022; Adams et al. 2023; Atek et al. 2023;
Yan et al. 2023). If these structures appear in improved
simulations and with an additionally larger box size, it will
become possible to estimate the number density of the most
massive galaxy cluster collisions like El Gordo (Asencio et al.
2021) in a statistically meaningful manner.

We also show the differential mass function at ze = 0
(Figure 5) and compare the simulated CMF with weak lens-
ing data (Wang et al. 2022b) up to ze = 0.6 (Figure 7). There
is reasonable agreement in the intermediate and low mass
regimes, but the slope of the simulated distribution is too
shallow, leading to an overabundance of massive structures
at the high mass end compared to the weak lensing cat-
alogue. The overabundance is similar to that mentioned in
Angus et al. (2013) and Katz et al. (2013), but we argue that,
especially for the highest masses, the relatively local obser-
vations might not be representative of an average volume of
the Universe. In particular, we are situated in a supervoid
with a radius of r ≈ 300 Mpc (the KBC void; Keenan et al.
2013; Haslbauer et al. 2020), which inhibits the existence
of very massive clusters as the most massive structures can
only form in the most dense regions of the universe. Addi-
tionally, observations out to ze ≈ 2 (Dainotti et al. 2021;
Jia et al. 2022) show a smooth decrease of the inferred H0

from the high local value (Riess et al. 2019) towards the
smaller value inferred from the CMB (Planck Collaboration
VI 2020). Assuming that the tension between the two val-
ues of H0 vanishes when considering a large underdensity
in MOND (Haslbauer et al. 2020), one interpretation of a
smooth transition between the two values might be that the
underdensity around us is larger than shown by the KBC
void (the inference on the void radius in their figure 4 does
indeed show an extended tail towards large values). This
would lead to the universe not being as homogeneous as pre-
dicted by the SMoC. There are indeed observed structures
like El Gordo which are at relatively high redshift (ze = 0.87)
and are extremely massive (M200 = 2× 1015 M�; Kim et al.

2021a), with El Gordo alone ruling out the ΛCDM cosmol-
ogy at > 6σ confidence (Asencio et al. 2021). We therefore
argue that the νHDM model cannot yet be ruled out by the
mismatch between observations and simulations at the high
mass end of the cluster mass function.

To improve our understanding of this issue, a more
detailed analysis would be required to check if the galaxy
or galaxy cluster mass function for an observer in a low-
density region matches the observations and if large volume
(Gpc scale) simulations can reproduce El Gordo analogues
with the observed frequency. As a first step towards this,
we divide the b200l10 model into 8 equally sized octants
and compare their mass functions at ze = 0 and ze = 1.
Figure 6 shows that there is more than one dex difference
in density between the sub-volumes and also that the most
massive clusters only form in the densest regions. The figure
also shows that our models form clusters of the same mass
scale as the progenitors of El Gordo at ze = 1, indicating
that νHDM could be consistent with the observations of El
Gordo (as argued in section 4.3 of Asencio et al. 2021).

We also examine the time evolution of the structures
by showing how the number of structures and the baryonic
mass inside all structures evolve with time (Figures 8 and
9, respectively). The former yields the first estimates for
the prevalence of mergers in a cosmological MOND frame-
work, while also showing that this seems to be resolution
dependent. The latter, in combination with the former, sug-
gests that the accretion of gas onto structures dominates the
growth of mass in structures for ze < 2 in these models.

Additionally, we are for the first time able to show the
mass ratio of baryons to sterile neutrinos in bound structures
in the form of the sterile neutrino mass fraction fν , which we
compare to the observed ratio of MOND dynamical mass to
baryonic mass (PS05). Figure 10 shows that the higher reso-
lution simulations are consistent with the observations in the
observed mass range. In particular, fν becomes asymptoti-
cally flat at the cosmic value of Ων/Ωm ≈ 0.84 for structures
more massive than 1015 M�, a result that is only weakly
dependent on resolution and box size. The highest resolution
simulation (panel e) confirms the expected νHDM behaviour
that the fraction of mass in sterile neutrinos decreases from
cluster mass scales down to galaxy mass scales, where it
vanishes. This is required in any MOND cosmology because
galaxies can be explained purely by their baryonic mass con-
tent in MOND (Famaey & McGaugh 2012; McGaugh 2020;
Brouwer et al. 2021; Banik & Zhao 2022, and references
therein).

Furthermore, we show the distribution of peculiar veloc-
ities of all structures and calculate the likelihood of finding
structures with a peculiar velocity as small as that of to
the Local Group. We find this to cause between 2.5σ and
2.9σ tension depending on the model, with the b200 models
having a slightly smaller tension compared to their b400
counterparts (see Table 3). Our result is compatible with
the findings of Haslbauer et al. (2020), according to which
a 2.34σ tension exists between observations and their semi-
analytical νHDM model. This shows that a peculiar velocity
as low as the observed 630 km/s is unlikely but not impos-
sible in νHDM. Therefore, the Local Volume is rare in a
νHDM universe and perhaps also in the real Universe, as
discussed further in Section 3.1. We also note that the large
observed bulk flow out to ≈ 200 Mpc is in some tension
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with ΛCDM (Watkins et al. 2023) and may be a sign of the
typically much larger peculiar velocities in νHDM (see our
Figure 11 and also figure 4 of Katz et al. 2013).

In this work, we present the first hydrodynamical cos-
mological MOND simulations. This is an important step
towards a more detailed investigation of structure forma-
tion in a MOND cosmology. Further simulations similar to
Katz et al. (2013) are needed to analyse the behaviour of
this model on larger scales, where it appears to provide a
promising explanation for the KBC void and Hubble ten-
sion (Haslbauer et al. 2020) and the massive high-redshift
interacting galaxy cluster known as El Gordo (Asencio et al.
2021), phenomena which contradict ΛCDM at high signifi-
cance. Moreover, the scales considered here need to be sim-
ulated at higher resolution with star formation and feed-
back prescriptions to investigate how single galaxies form
and evolve in this model, which will be the task for future
works. We are also conducting larger volume collisionless
simulations to better explore the behaviour of our model
on the largest scales (Russell et al., in preparation). We
want to stress that improved simulations will be essential
to check if the shallow mass function and the late onset of
structure formation prevail in higher resolution simulations
in the νHDM framework, which would falsify this model
conclusively.
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Skordis C., Z lośnik T., 2019, Physical Review D, 100, 104013

Skordis C., Z lośnik T., 2021, Physical Review Letters, 127, 161302
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APPENDIX A: THE POISSON EQUATION IN
SUPER-COMOVING COORDINATES (NEW ADDITION)

Following the derivation of Martel & Shapiro (1998), we
start with their eq. 14, without the addition of the non-
clumping X-component they use:

∇2Φ = 4πGρ , (A1)

where Φ is the Eulerian gravitational potential (eq. 23 in
Martel & Shapiro 1998),

Φ =
2πGρ̄r2

3
+ φ , (A2)

with ρ̄ being the mean matter density, i.e., the left part
of the right hand side represents the background potential
and φ the peculiar gravitational potential. We want φ as we
need to apply the Jeans Swindle (Binney & Tremaine 1987,
2008), so we differentiate Eq. A2 two times and additionally
use Eq. A1 to get the Poisson equation for φ:

∇2Φ = 4πGρ̄+∇2φ = 4πGρ (A3)

⇔ ∇2φ = 4πG (ρ− ρ̄) . (A4)

This is the Poisson equation for cosmological calculations,
which only applies to density contrasts rather than the total
density field.

Now, we want to transform Eq. A4 into super-comoving
coordinates as these conserve the positions, the density, and
the thermodynamic variables of an ideal gas in a cosmo-
logically expanding volume in the absence of structure. To
achieve this, several variables need to be transformed. We

use the transformation from Martel & Shapiro (1998):1:

r̃ =
r

ar?
, (A5)

ρ̃ =
a3ρ

ρ?
, (A6)

ρ? =
3H2

0 Ωm,0
8πG

, (A7)

dt̃ =
dt

a2t?
, (A8)

t? =
1

H0
, (A9)

φ̃ =
a2φ

φ?
, (A10)

φ? =
r2
?

t2?
, (A11)

where Ωm,0 ≡ ρ̄/ρcrit, the critical density ρcrit ≡ 3H2
0/8πG,

ρ is the density, t is the time, φ is the gravitational poten-
tial, and r is the spatial position. The tilde symbol denotes
super comoving coordinates. Every parameter with a star
subscript is a necessary fixed parameter for the transforma-
tion, with r? being the only independent parameter − this
is usually taken to be the simulation box size. Note that we
use the t? definition from Teyssier (2002). We also need to
convert the derivatives relative to r at fixed t to derivatives
relative to r̃ at fixed t̃,

(∇f)t =
1

ar?

(
∇̃f
)
t̃
, (A12)

where ∇̃ is the gradient relative to r̃ and f is an arbitrary
function, which was not transformed here. The reader should
keep in mind that if f depends on parameters that are trans-
formed, then f also needs to be transformed accordingly.

We can start inserting the transformation now:

∇2φ = 4πG (ρ− ρ̄) , (A13)

A10⇔ ∇2

(
φ̃φ?
a2

)
= 4πG (ρ− ρ̄) , (A14)

A12⇔ φ?
a4r2

?
∇̃2
(
φ̃
)

= 4πG (ρ− ρ̄) , (A15)

A11⇔ 1

a4t2?
∇̃2
(
φ̃
)

= 4πG (ρ− ρ̄) , (A16)

A6⇔ 1

a4t2?
∇̃2
(
φ̃
)

=
4πG

a3

(
ρ̃ρ?−

~
ρ̄ ρ?

)
, (A17)

A7⇔ 1

a4t2?
∇̃2
(
φ̃
)

=
3H2

0 Ωm,0
2a3

(
ρ̃−

~
ρ̄
)
, (A18)

⇔ ∇̃2
(
φ̃
)

= 3aH2
0 t

2
?Ωm,0

(
ρ̃−

~
ρ̄
)
, (A19)

A9⇔ ∇̃2
(
φ̃
)

= 3aΩm,0
(
ρ̃−

~
ρ̄
)
. (A20)

For QUMOND, ρtot is effectively ρ+ ρPDM , with ρPDM in
physical units:

ρPDM =
1

4πG
∇ ·
[
ν̃

(
|∇φN |
a0

)
∇φN

]
. (A21)

1 The reader should keep in mind that more variables need to be
transformed in order to completely transform the Euler equations
plus the Poisson equation, but the Euler equations have the same
shape after the transformation (e.g., Teyssier 2002).
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Since ρ̃PDM = a3ρPDM/ρ?, we get ρPDM in super-comoving
units using again Eqs. A7, A9, A10, A11, and A12:

ρ̃PDM =
2

3aΩm,0
∇̃
[
ν̃

(
|∇φN |
a0

)
∇̃φ̃N

]
. (A22)

Important to note is that the argument of ν̃, i.e., |∇φN |/a0,
is dimensionless and therefore not affected by this coordinate
transformation.

Finally, the Poisson equation in super-comoving coordi-
nates for QUMOND is:

∇̃2
(
φ̃
)

= 3aΩm,0
(
ρ̃−

~
ρ̄
)

(A23)

+ ∇̃ ·
[
ν̃

(
|∇φN |
a0

)
∇̃φ̃N

]
.
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ABSTRACT

The detonation of an overlying helium layer on a 0.8 − 1.1 M� carbon-oxygen (CO) white dwarf

(WD) can detonate the CO WD and create a thermonuclear supernova (SN). Many authors have

recently shown that when the mass of the He layer is low (. 0.03 M�), the ashes from its detonation

minimally impact the spectra and light-curve from the CO detonation, allowing the explosion to appear

remarkably similar to Type Ia SNe. These new insights motivate our investigation of dynamical He

shell burning, and our search for a binary scenario that stably accumulates thermally unstable He

shells in the 0.01 − 0.08 M� range, thick enough to detonate, but also often thin enough for minimal

impact on the observables. We first show that our improved non-adiabatic evolution of convective He

shell burning in this shell mass range leads to conditions ripe for a He detonation. We also find that a

stable mass-transfer scenario with a high entropy He WD donor of mass 0.15− 0.25 M� yields the He

shell masses needed to achieve the double detonations. This scenario also predicts that the surviving

He donor leaves with a space velocity consistent with the unusual runaway object, D6-2. We find that

hot He WD donors originate in common envelope events when a 1.3− 2.0 M� star fills its Roche lobe

at the base of the red giant branch at orbital periods of 1− 10 days with the CO WD.

1. INTRODUCTION

For decades astrophysicists have tried to answer the

question – where do type Ia supernovae (SNe Ia) come

from? The broadly accepted answer is that they come

from the detonation of a carbon-oxygen white dwarf

(CO WD) (Hoyle & Fowler 1960). However, it is un-

clear whether SNe Ia predominantly come from explo-

sions occurring near the Chandrasekhar mass (MCh), or

below.

One proposed sub-MCh explosion mechanism is the

double detonation scenario, where the detonation of a

He shell triggers the detonation of the underlying CO

core (e.g., Livne 1990; Livne & Glasner 1991; Woosley

& Weaver 1994; Garćıa-Senz et al. 1999; Fink et al. 2007,

2010; Kromer et al. 2010; Woosley & Kasen 2011; Sim

et al. 2012; Pakmor et al. 2012; Moll & Woosley 2013;

Shen & Bildsten 2014; Townsley et al. 2019; Polin et al.

2019; Gronow et al. 2020; Leung & Nomoto 2020; Boos

et al. 2021; Gronow et al. 2021). A challenge to this

scenario is that the burning products of the He shell

detonation lead to disagreements in spectra and light

Corresponding author: Tin Long Sunny Wong

tinlongsunny@ucsb.edu

curve with observations of normal SNe Ia (e.g., Hoe-

flich & Khokhlov 1996; Nugent et al. 1997); the produc-

tion of Ti, Cr and Fe group elements in the He detona-

tion leads to line blanketing and the resulting colors are

redder than observed SNe Ia (e.g., Kromer et al. 2010;

Woosley & Kasen 2011; Polin et al. 2019; Collins et al.

2022). This can be alleviated in part by reducing the

He shell mass, and, with bare sub-MCh CO WDs, good

agreement with observations is found (e.g., Sim et al.
2010; Blondin et al. 2017; Shen et al. 2018a). With im-

proved nucleosynthesis through the inclusion of a large

nuclear network and CNO material in the He shell (Shen

& Moore 2014), Townsley et al. 2019, Boos et al. 2021

and Shen et al. 2021 find that a thin He shell double det-

onation (. 0.03 M�) can lead to good agreement with

observations of spectroscopically normal SNe Ia (though

their thin-shell results are at variance with Gronow et al.

2021; Collins et al. 2022).

The He detonation can be triggered by accretion

stream instabilities during the dynamical phase of a dou-

ble WD merger, with total accumulated He shell mass

at ignition as low as ≈ 0.01 M� (e.g., Guillochon et al.

2010; Pakmor et al. 2012). This dynamically driven

double-degenerate double-detonation (D6) scenario is

strongly supported by the discovery of three hyperve-
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locity WDs with velocities & 1000 km s−1 (Shen et al.

2018b).

Alternatively, the He detonation can arise during a He

shell flash where the He shell accumulates through stable

mass transfer. The donor can be a nondegenerate He

star, with mass transfer rates ≈ 10−8 M� yr−1 leading

to a thick He shell ≈ 0.1−0.2 M� (e.g., Iben & Tutukov

1991; Brooks et al. 2015; Bauer et al. 2017), though

the resulting transient better resembles peculiar SNe Ia

(e.g., Woosley & Kasen 2011; Polin et al. 2019; De et al.

2019).

In the AM CVn last flash scenario, the donor is

a cold He WD (Bildsten et al. 2007; Piersanti et al.

2015, 2019). The mass transfer rate begins high (Ṁ &
10−6 M� yr−1), leading to weak He flashes, and de-

creases with time, leading to He flashes that increase in

strength. The last He flash to occur is the strongest, and

can potentially lead to a He detonation that results in a

“.Ia” supernova (Shen et al. 2010) or double-detonation

SN Ia. However, Piersanti et al. (2015, 2019) suggest

that the AM CVn last flash is not strong enough to be-

come dynamical.

We revisit He WD donors as potential progenitors of

double-detonations and hypervelocity WDs like D6-2.

Motivated by the suggestion that AM CVn binaries can

be born with a wide range of entropies (Deloye et al.

2007; Wong & Bildsten 2021; van Roestel et al. 2022;

Burdge et al. 2023), we explore a binary scenario of sta-

ble mass transfer from a high-entropy (hot) He WD onto

a massive CO WD that leads to a strong, first He flash

potentially developing into a detonation of the He and

possibly the CO.

We discuss the binary evolution models in Section 2.

We show that high-entropy He WDs have lower peak Ṁ

than cold He WDs, leading to accretor He shell masses at

ignition comparable to, or even greater than, in the AM

CVn last flash scenario (Bildsten et al. 2007; Piersanti

et al. 2015, 2019). In Section 3, we demonstrate that

these He flashes can become dynamical and develop into

a detonation, and discuss the minimum He shell mass

required for such outcome. We show in Section 4 that

high-entropy He WDs originate in binary scenarios from

unstable mass transfer with an evolvedM = 1.3−2.0 M�
donor near the base of the red giant branch (RGB), and

a short post common envelope (CE) orbital period. We

conclude in Section 5 by discussing the open questions

that remain.

2. BINARY EVOLUTION UP TO IGNITION OF

THE HE SHELL

2.1. Setup

We model the mass transfer from a high-entropy He

WD (donor) onto a CO WD (accretor) and the ensu-

ing He flash on the accretor using Modules for Exper-

iments in Stellar Astrophysics (MESA version 21.12.1;

Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn

et al. 2023). The initial WD models are constructed

in version 15140. Additional He flash models in Sec-

tion 3.4 are run in version 22.11.1 , chosen to test

the new time dependent convection capability. Our

MESA input and output files are available at Zenodo

(https://doi.org/10.5281/zenodo.7815303).

We consider He WD donors with initial central en-

tropies, sic,He/(NAkB), where NA is Avogadro’s constant

and kB is the Boltzmann constant, from 2.4 to 4.0 in in-

crements of 0.1, and initial masses, M i
He, from 0.15 to

0.25 M� in increments of 0.01. We first evolve a 2.0 (for

M i
He 6 0.20 M�) or 2.5 M� star from pre-main sequence

to the formation of a He core of the desired mass (core

boundary defined by hydrogen mass fraction X = 10−5),

with solar metallicity (Z = 0.0142; Asplund et al. 2009)

and MESA’s mesa 49.net network, which includes neu-

trons, 1−2H, 3−4He, 7Li, 7,9−10Be, 8B, 12−13C, 13−15N,
14−18O, 17−19F, 18−22Ne, 21−24Na, 23−26Mg, 25−27Al,
27−30Si, 30−31P, 31−34S and interlinking reactions. Then

we strip the envelope off using a fast wind with Ṁ be-

tween 10−8 and 10−6 M� yr−1, and cool the He core to

the desired central entropy.

We similarly construct CO WDs with initial masses,

M i
WD, of 0.9, 1.0 and 1.1 M�. The 0.9 and 1.0 M� mod-

els start with zero-age main sequence (ZAMS) masses of

5.5 and 6.3 M�, and the 1.1 M� model is scaled from the

1.0 M� model after envelope stripping. The CO cores

are cooled to a central temperature of Tc = 2 × 107 K.

This range of CO masses is motivated by studies (e.g.,

Sim et al. 2010; Polin et al. 2019; Boos et al. 2021; Shen

et al. 2021) that predict double detonations or bare CO

detonations with CO cores in this mass range yield spec-

tra and light curve evolution similar to subluminous,

normal, and overluminous type Ia supernovae.

We initiate the WDs in a binary and evolve both com-

ponents and orbital parameters. The initial orbital pe-

riod is chosen such that the He WD comes into con-

tact within 105 yr and its entropy then is the same as

the initial value (see Section 4). We assume fully con-

servative mass transfer, modeled following Kolb & Rit-

ter (1990), with orbital angular momentum loss driven

solely by gravitational waves. For convergence, we set

eps mdot factor = 0 for the donor. This neglects the

redistribution of energy due to mass loss as laid out in

Paxton et al. (2019), but has no effect on Ṁ since it de-

pends on the donor’s mass-radius relation (see Section

2.2).

https://doi.org/10.5281/zenodo.7815303
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We model both components as nonrotating. This

could impact the stability of mass transfer, the mass

transfer rate Ṁ , and dissipation in the He shell of the

accretor, all of which can influence the He shell thickness

and thus strength of the He flash. However, as we ex-

plain here, we find any effects of rotation to be minimal.

First, because of the larger radii of our high-entropy

donors and the small mass ratio between the WDs, we

find that disk accretion occurs for all runs in this study,

using equation (6) of Nelemans et al. (2001), and so

the mass transfer is stable (Marsh et al. 2004). Sec-

ond, while a fully synchronized donor will be spun up to

≈ 30% of critical rotation (e.g., Bauer & Kupfer 2021),

we found that the resulting inflated radius is similar to

that of a nonrotating model with slightly higher entropy

(∆sic,He ≈ 0.1). The mass transfer rate is slightly lower,

but we expect only a small shift in the parameter space

for a strong He flash, by ∆sic,He ≈ 0.1. Third, Neun-

teufel et al. (2017) found that while angular momentum

transport by the Tayler-Spruit dynamo (Spruit 2002)

can lead to near solid-body rotation in the accretor dur-

ing accretion-induced spin-up, the resulting viscous dis-

sipation can significantly reduce the required He shell

mass for ignition. However, Piro (2008) found that vis-

cous heating is unimportant compared to heating due to

accretion for Ṁ ≈ 10−7 M� yr−1 that is relevant for our

work. Furthermore, we find that the enhanced Tayler-

Spruit dynamo proposed by Fuller et al. (2019) reduces

viscous dissipation even more considerably. Fourth, ro-

tationally induced mixing between the CO core and He

shell may impact ignition conditions. Studies consid-

ering hydrodynamic processes find considerable mixing.

Yoon et al. (2004) find that mixing tends to stabilize He

burning, while Piro (2015) finds that mixing occurs ear-

lier but at a larger depth. In contrast, Neunteufel et al.

(2017), who consider the Tayler-Spruit dynamo, find lit-

tle mixing at the core-shell interface. Finally, tidal dis-

sipation may also reduce the required He shell mass for

ignition (see Fuller & Lai 2012, for the hydrogen, non-

accreting counterpart). We defer to future studies for

investigating this possibility.

During the binary run, we adopt a nuclear net-

work that includes 14C, since it participates in

the 14N(e−, ν)14C(α, γ)18O (NCO) reaction chain

(Hashimoto et al. 1986) at densities above 1.25 ×
106 g cm−3, and may trigger an earlier ignition for

thick He shells (Bauer et al. 2017). We calculate

the weak reaction rates linking 14N and 14C follow-

ing Schwab et al. (2017), which agree within 50% for

5.5 6 log10

(
Yeρ/g cm−3

)
6 7.0 where Ye = 0.5, and

7.0 6 log10 (T/K) 6 8.3 with the rates provided by G.

Mart́ınez-Pinedo in the MESA custom rates test suite, but

are more finely spaced in log10 ρ space and so avoids

interpolation issues when the rates change by orders

of magnitude. The 14C(α, γ)18O rates are from Bauer

et al. (2017).

We assume that a phase of H-rich mass transfer has

already occurred prior to the He-rich phase modeled in

this work (e.g., extremely low-mass WDs are expected

to have ≈ 10−3 M� of H on their surface; Istrate et al.

2016). The H-rich mass transfer causes H flashes on

the accretor, and given the short binary separation, the

accretor may expand and fill its own Roche-lobe. We

assume that the binary survives the H-novae by ejecting

the H shells, as is found likely for a 0.2 + 1.0 M� binary

in Shen (2015).

As He-rich mass transfer begins, the temperature in

the accretor envelope rises due to compression, forming

a temperature inversion, and eventually reaches ignition.

We terminate the binary run once a convection zone is

formed, and continue evolving the accretor through the

He flash until the convection zone reaches the surface.

This will be described in more detail in Section 3.

2.2. Mass transfer history

High-entropy He WD donors yield a lower Ṁ , and,

when thermally unstable, a thicker He shell at igni-

tion than a cold He WD donor (Deloye et al. 2007).

By high-entropy, we mean the He WD is hotter and

less dense, and has a lower degree of degeneracy. For

this study, we consider He WDs with central entropy

sc,He/(NAkB) & 3.0 high-entropy, corresponding to a

cooling time . 108 yr after their formation (see Sec-

tion 4). With their larger radii, high-entropy He WDs

reach period minimum and peak Ṁ at longer Porb,

where they have longer gravitational wave timescales,

τgr ≡ Jorb/J̇gr where Jorb is the orbital angular momen-
tum and J̇gr is the rate of angular momentum loss due to

gravitational wave radiation (Landau & Lifshitz 1971).

The timescale for orbital evolution is given by τgr, and

Ṁ ≈ MHe/τgr (e.g., Bauer & Kupfer 2021). Therefore,

high-entropy He WDs have lower peak Ṁ , as a conse-

quence of their larger radii. There is a donor entropy

so large that the low Ṁ leads to accumulation of a He

layer that never undergoes a flash.

Figure 1 compares the mass transfer histories for He

WD donors with M i
He = 0.15, 0.20 M�, M i

WD = 1.0 M�,

and a wide range of sic,He. It illustrates that a higher-

entropy He WD has a lower peak Ṁ and a longer

period minimum. Higher-entropy He WDs also start

with a thicker nondegenerate layer on the surface, and

so come into contact at longer Porb. Removal of the

nondegenerate layer leads to contraction of the radius

(Deloye et al. 2007; Kaplan et al. 2012), so Porb de-
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Figure 1. Mass transfer rate, Ṁ , as a function of orbital
period, Porb, for He WDs with M i

He = 0.15 (top) or 0.20 M�
(bottom) of various sic,He transferring mass onto a M i

WD =
1.0 M� accretor. Inset indicates the flow of time.

creases and Ṁ gradually increases from . 10−8 M� yr−1

to ≈ 10−7 M� yr−1. This is seen in the high-entropy

models in the “turn-on” phase of mass transfer. More-

over, comparison between the top and bottom panels

shows that for higher M i
He, the period minimum occurs

at shorter Porb, and peak Ṁ is higher, at fixed sic,He.

This is a consequence of their smaller radii. However,

the Ṁ evolution is eventually the same regardless of

M i
He, for the models with the same sic,He (Deloye et al.

2007; Wong & Bildsten 2021).

We do not consider initial entropies higher than

sic,He/(NAkB) = 4.0. He WDs with initial entropies be-

low roughly this value have high enough Ṁ that the

mass transfer timescale, τṀ ≡ MHe/Ṁ , is shorter than

the thermal timescale, τth ≡
∫MHe

0
(cpTdm) /LHe, lead-

ing to adiabatic evolution (Deloye et al. 2007; Wong &

Bildsten 2021). With sic,He/(NAkB) & 4.0, Ṁ during

the “turn-on” phase is so low that τṀ > τth. The donor

therefore loses entropy until sc,He/(NAkB) decreases

down to ≈ 4.0, where τṀ . τth and adiabatic evolution

begins. As a result, all He WDs with sic,He/(NAkB) &

4.0 eventually resemble a sic,He/(NAkB) ≈ 4.0 one in Ṁ

evolution.

2.3. Properties at Onset of He Flash

Panels (a) and (e) of Figure 2 show properties of the

accretor and donor that are determined at He shell ig-

nition, for our fiducial grid of M i
WD = 1.0 M� mod-

els. Similar results are shown in Figure 3 for M i
WD =

0.9, 1.1 M� models.

The total accumulated He shell masses at ignition

(panel a) of our models span the range of 0.01−0.08 M�.

These cover the range of He shell masses predicted by

Bildsten et al. (2007) and Piersanti et al. (2015) for the

AM CVn last flash scenario. Three trends can be ob-

served. First, with a higher sic,He at fixed M i
He, a thicker

He shell is required for ignition. This is the result of

less efficient “compressional heating” due to the lower

Ṁ . The thickest He shells here are ignited with a boost

from the NCO reaction chain occurring near the base of

the accreted layer (Hashimoto et al. 1986; Bauer et al.

2017). Second, no He flash occurs above a certain sic,He

for each M i
He, due to the very low Ṁ for these models.

These systems will continue to evolve as an AM CVn

binary to long orbital periods (e.g., Ramsay et al. 2018;

Wong & Bildsten 2021), possibly explaining why some

AM CVn donors have high-entropy (van Roestel et al.

2022). Third, the parameter space for the same range of

∆M shifts to higher sic,He as M i
He increases. This is be-

cause ∆M largely depends on peak Ṁ , which is higher

as M i
He increases, and lower as sic,He increases.

While it is unclear whether all these models can de-

velop a He detonation, they do support a steady trans-

verse detonation wave, especially given the inclusion of

a large nuclear network and modest enrichment of CNO

material (Shen & Moore 2014). If double-detonation is

successful, the ones with ∆M . 0.03 M� are of interest

for spectroscopically normal type Ia supernovae, while

models with thicker He shells may resemble abnormal

thermonuclear supernovae (Polin et al. 2019; Boos et al.

2021).

Following (if possible) the double-detonation of the

accretor and the unbinding of the binary, the donor

departs at its pre-explosion orbital velocity, which is

shown in panel (e) of Figure 2. The radius of the

donor, and hence Porb at period minimum, increase

with sic,He, leading to a decrease of vignorb,He with sic,He.

Typical low-entropy (sic,He/(NAkB) . 3.0) donors have

vignorb,He & 1100 km s−1, but high-entropy donors may

reach vignorb,He ≈ 1000 km s−1, becoming comparable to

the heliocentric velocity of the hypervelocity WD D6-2

(1010+60
−50 km s−1; Bauer et al. 2021). A lowerM i

WD gives

a lower vignorb,He at fixed sic,He (though the boundary for

ignition may change slightly), by ≈ 40 − 50 km s−1 for

M i
WD = 0.9 M� (see Figure 3), allowing for a larger pa-

rameter space for matching D6-2. Regardless of M i
WD,
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our models confirm the analysis by Bauer et al. (2021)

that D6-2 could be a former He WD donor1 where a

double-detonation may have happened, and our results

furthermore suggest that D6-2 must have been high-

entropy.

3. THE HE SHELL FLASH

Important parameters adopted during the He flash

are as follows. First, the accretor’s nuclear network is

expanded to include neutrons, 1H, 4He, 11B, 12−14C,
13−15N, 14−18O, 17−19F, 18−22Ne, 21−23Na, 22−26Mg,
25−27Al, 27−30Si, 29−31P, 31−34S, 33−35Cl, 36−39Ar, 39K,
40Ca, 43Sc, 44Ti, 47V, 48Cr, 51Mn, 52,56Fe, 55Co, and
55,56,58−59Ni. This gives a network that encompasses the

55-isotope network adopted by Townsley et al. (2019)

for accurate energy release. In particular, the reaction
12C(p, γ)13N(α, p)16O yields significant energy release

at temperatures above 109 K (Shen & Bildsten 2009;

Shen & Moore 2014), and plays an important role in

some of our models. Second, we adopt the Cox formu-

lation of the mixing length theory (MLT; Cox & Giuli

1968), and a mixing length parameter αMLT = 2. We

adopt the Ledoux criterion, and include semiconvective

mixing (with an efficiency αsemi = 1; Langer et al. 1985)

and thermohaline mixing (with an efficiency of 1; Brown

et al. 2013). Third, we relax the tolerances to

gold2_tol_residual_norm3 = 1d-6

gold2_tol_max_residual3 = 1d-3 ,

and upon two consecutive retries, we temporarily

set use dPrad dm form of T gradient eqn = .true.2

which often aids solver convergence, particularly at the

top boundary of the convection zone.

3.1. Fiducial grid

Due to heat transport away from the temperature

peak during the He shell’s accumulation, ignition oc-

curs above the base of the accreted layer by ≈ 0.004 −
0.025 M�. This is illustrated by panel (b) of Figure 2,

which shows the mass exterior to the base of the convec-

tion zone (BCZ) at log10 (Tbcz/K) & 8.3. This is slightly

larger than when the convection zone first appears, be-

cause initially the inner convective boundary moves in-

wards until log10 (Tbcz/K) & 8.3. We do not include

mixing beyond the convective boundary via overshoot-

ing, nor the convective premixing or predictive mixing

schemes for determining the convective boundary (e.g.,

1 Alternatively, D6-2 could be a former He star donor (Neunteufel
et al. 2021), or former CO WD accretor with a hybrid He/CO
donor (Pakmor et al. 2021).

2 https://docs.mesastar.org/en/release-r22.05.1/reference/
controls.html#use-dprad-dm-form-of-t-gradient-eqn
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Figure 2. Total accumulated He shell mass at ignition,
mass exterior to the base of the convection zone (BCZ),
minimum τheat/τaccel where convective velocity is greatest,
τheat/τdyn at the BCZ, and the orbital velocity of the donor
at the start of the He flash, from top to bottom. All runs
start with M i

WD = 1.0 M�, and color-coding indicates M i
He,

from 0.15 M� for the darkest color, to 0.25 M� for the light-
est color. For each M i

He set, we indicate the minimum sic,He

above which no He flash occurs, by the lines at the top of
the first panel. In the bottom panel, we show the heliocen-
tric velocity of the hypervelocity WD D6-2 (dash-blue line)
with its 1σ uncertainty (blue region). Its posterior proba-
bility distribution (Bauer et al. 2021) is shown on the side.
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Figure 3. Same as Figure 2, but with M i
WD = 0.9, 1.1 M� for the left and right panels respectively.
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Paxton et al. 2018, 2019). However, any mixing beyond

the convective boundary would move the BCZ further

inwards, creating a more explosive outcome. In Section

3.4, we artificially induce ignition at the base of the ac-

creted layer. Furthermore, in Section 3.3 we show the

effects of adopting a different accretor Tc and conductive

opacity, both of which influence conditions at the BCZ.

Three timescales affect the outcome of the He flash.

The first is the dynamical timescale,

τdyn =
H

cs
, (1)

where H is the pressure scale height and cs is the sound

speed. The second is the local heating timescale, at

which temperature increases due to burning,

τheat =
cpT

εnuc
, (2)

where cp is the specific heat capacity and εnuc is the

nuclear energy generation rate. This is smaller than

the global heating timescale over the convective en-

velope, τheat,global =
∫

(cpT dm)/
∫

(εnuc dm), which is

the time to heat the entire convection zone (Shen &

Bildsten 2009). The third is the convective accelera-

tion timescale, at which convective velocity, vc, varies

(Jermyn et al. 2023) and which is given by, in MESA de-

fault parameters,

τaccel =
3H√

2cpT∇a (∇−∇L)
, (3)

where ∇ is the temperature gradient, ∇a is the adi-

abatic gradient, and ∇L is the Ledoux gradient. In

steady state, τaccel is 3/(2αMLT) times the eddy turnover

timescale,

τedd =
H

vc
. (4)

When τheat . τaccel, the standard assumption that

convection is in steady state becomes dubious, since

the temperature rises faster than convection can re-

spond. Instead, convection is expected to freeze out

(e.g., Woosley & Kasen 2011; Jermyn et al. 2023).

When time-dependent convection (TDC) is applied,

heat is more strongly trapped at the BCZ, leading to

strong superadiabaticity and a higher peak Tbcz (see

Jermyn et al. 2023). Woosley & Weaver (1994) also

argue that convection breaks down when τheat . τedd.

A subsonic, turbulence-dominated deflagration results

and, although not well-studied for He, may transition

into a detonation (e.g., Shen et al. 2010).

When τheat . τdyn locally, an overpressure develops

over the scale height and a detonation is very likely.

Moreover, Shen & Moore (2014) show that, if a large

nuclear net and CNO isotopes are included, the det-

onation may well initiate in a hotspot that is small

(required to be at least ≈ 3 × 106 cm for an isobaric

hotspot with central temperature 109 K and central den-

sity 105 g cm−3) compared to the scale height of the con-

vection zone (≈ few 107 − 108 cm). In this case, the lo-

cal heating timescale should be compared to the sound-

crossing time over the dimension of the hotspot, which

makes a detonation even more likely (Shen & Moore

2014). In addition, many He flashes realized in this

work are ignited above the base of the accreted layer

and mixing beyond the convective boundary can induce

a stronger He flash. For these two reasons, we con-

sider τheat . 100 τdyn of interest, as long as the envelope

can sustain a steady transverse detontation wave. We

note that a hydrodynamical approach is more appropri-

ate in the limit τheat . τdyn, as is done by Woosley &

Kasen (2011) in 1D, but we continue to adopt a hy-

drostatic approach for numerical convenience and to

approximate τheat/τdyn of our models. Furthermore,

when τheat ≈ τdyn, τheat already approaches ≈ 0.1 times

πrbcz/cs, i.e., the time for sound waves to communi-

cate over a shell of radius rbcz. In other words, mul-

tiple points at the BCZ may initiate an ignition (e.g.,

Woosley & Kasen 2011). Future three-dimensional sim-

ulations similar to Zingale et al. (2013), Jacobs et al.

(2016), and Glasner et al. (2018) may further inform

the exact conditions of the initiation of a detonation.

The minimum values of the ratios τheat/τaccel and

τheat/τdyn are compared in panels (c) and (d) of Fig-

ure 2. A thicker He shell leads to a higher Pbcz for hy-

drostatic balance, and a higher peak Tbcz. These both

lead to stronger nuclear burning, and hence lower τheat.

Therefore, τheat/τaccel and τheat/τdyn both decrease with

∆M , and hence sic,He. Some of our models, with to-

tal accumulated He masses of & 0.03 M�, can reach

τheat/τdyn . 10. This suggests that high-entropy He

WD are a viable channel for He detonations and related

transients.

3.2. Different accretor mass

In Figure 3, we show the results for an initially

M i
WD = 0.9, 1.1 M� accretor. Both show a similar range

of total accumulated He shell mass at ignition as the

fiducial 1.0 M� grid, but as M i
WD increases, the mini-

mum ratio between τheat and τdyn, and τheat and τaccel
decrease. This results from the increasing density at the

He base as M i
WD increases. As M i

WD increases, so does

the surface gravity and density at the base of the He

shell. As a result, for the same M i
He and sic,He, the total

accumulated He shell mass at ignition, minimum ratio

between τheat and τdyn, and τheat and τaccel, decrease
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with M i
WD. In other words, for a given M i

He, in order to

achieve a dynamical He flash, a higher M i
WD requires a

slightly lower sic,He. Also due to the increasing density at

the He shell base with M i
WD, none of the 0.9 M� models

show ignition boosted by the NCO reaction chain, but

highest entropy models with M i
WD = 1.0, 1.1 M� do, as

the density at the He base reaches the critical density

1.25× 106 g cm−3 (Bauer et al. 2017).

3.3. Other variables

In this work we include the correction by Blouin et al.

(2020) to the electron conductive opacities, which re-

sults in a lower opacity in the He envelope of the ac-

cretor. Due to the faster transport of heat away from

the envelope, a higher He shell mass is required for igni-

tion. However, the Blouin et al. (2020) correction, while

accurate at moderate degeneracy, may not be appro-

priate at strong degeneracy (Cassisi et al. 2021). We

re-ran our M i
He = 0.15 M�, sic,He/(NAkB) = 3.1 bi-

nary applying the damping factors proposed by Cassisi

et al. (2021) to the accretor. With a ‘weak (strong)

damping’, the total accumulated He mass at ignition is

reduced from 0.034 M� to 0.032(0.027) M�, while the

mass enclosed by the BCZ is increased from 1.008 M�
to 1.012(1.012) M�. Both result in a slightly weaker He

flash, with the minimum τheat/τdyn increased from 2.2 to

6.5(23.8). Nevertheless, the uncertainty in the electron

conductive opacities plays a minor role in our simula-

tions, compared to, e.g., the mass transfer history.

While we fix the initial center temperature of the ac-

cretor to Tc = 2 × 107 K, we test the effects of differ-

ent choices of Tc by re-running the M i
He = 0.15 M�,

sic,He/(NAkB) = 3.0 binary. The fiducial run has a

total accumulated He mass of 0.024 M� and a mass

enclosed by the BCZ of 1.008 M�, which are changed
to 0.027, 0.022, 0.019 M� and 1.010, 1.005, 1.002 M� for

log10(Tc/K) = 7.0, 7.5, 7.7 respectively. In other words,

a hotter initial accretor results in a lower accumulated

He mass at ignition and ignition closer to the center

(e.g., Woosley & Kasen 2011). These opposing ef-

fects largely cancel and result in a similar minimum

τheat/τdyn, with 17.9 for the fiducial and 15.5, 19.8, and

22.3 for log10(Tc/K) = 7.0, 7.5, 7.7 respectively.

3.4. Envelope mass condition for dynamical flash

Our models differ from those in Shen & Bildsten

(2009) because ours allow superadiabaticity in the con-

vective zone and use a large nuclear net. We now explore

the impacts of these two choices on the envelope mass

required for a dynamical flash.

We construct He flash models with different combi-

nations of core mass Mcore and envelope mass Menv as
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Mcore [M�]
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Figure 4. He envelope mass required such that τdyn/τheat
at the BCZ reaches 1 (solid lines), 10 (dashed lines), and 100
(dot-dashed; only for Cox MLT) for a given mass enclosed by
the BCZ. Dark blue, orange and light blue lines correspond
to Cox MLT, adiabatic profile, and adiabatic profile with
only triple-alpha burning.

follows. We first scale the 1.0 M� CO WD (X(16O) ≈
0.61, X(12C) ≈ 0.37, X(22Ne) ≈ 0.02) to the desired

Mcore. Then we accrete material similar in composition

to the 0.15 M� He WD (X(4He) ≈ 0.986, X(14N) ≈
0.0088, where the progenitor star has Z = 0.0142),

onto the CO WD until Menv is reached, at Ṁ =

10−8 M� yr−1 so that the He does not ignite. The CO

WD is allowed to cool until Tc = 2× 107 K. Finally, the

envelope is artificially heated at its base until a convec-

tion zone appears. In other words, unlike in the binary

evolution, the BCZ is located at the base of the accreted

material.

We run grids of models with 3 different treatments of

convection: (1) with Cox MLT allowing superadiabatic-

ity, which is the same as in Section 3.1; (2) forcing an

adiabatic profile in the convection zone; and (3) forcing

an adiabatic profile, accounting for only the triple-alpha

reaction and not allowing compositional changes so as

to simulate a nearly pure He envelope, as is assumed

in Shen & Bildsten (2009). Adiabatic convection is en-

forced by the MLT++ capacity (Paxton et al. 2013), via

the MESA controls:

okay_to_reduce_gradT_excess = .true.

gradT_excess_lambda1 = -1

gradT_excess_max_logT = 12 ,

which, together, ensure that superadiabaticity in the

convection zone is fully reduced.

From the grids of models, we interpolate in Mcore

and Menv to find where τheat = τdyn, τheat = 10 τdyn,

and τheat = 100 τdyn (for Cox MLT only). These are
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shown in Figure 4. For a given Mcore, the adiabatic pro-

file with only triple-alpha burning requires the thickest

Menv, followed in order by the adiabatic profile and Cox

MLT. The difference between the first two reflects the

importance of including a large nuclear net, in partic-

ular the reaction 12C(p, γ)13N(α, p)16O (Shen & Bild-

sten 2009; Shen & Moore 2014), though this is slightly

metallicity-dependent since the protons are produced

from reactions like 14N(α, γ)18F(α,p)21Ne (Shen & Bild-

sten 2009). However, we varied the metallicity of the

Mcore = 1.0 M�, log10(Menv/M�) = −1.5 model, and

found that the minimum τheat/τdyn changes from 1.45

at 0.1Z�, to 0.86 at Z� (our fiducial), and to 0.77 at

2Z�, so the uncertainty resulting from varying metal-

licity plays a small role. The difference between the

adiabatic profile and Cox MLT arises because, for a

given Mcore and Menv, superadiabaticity as allowed by

Cox MLT results in a higher peak Tbcz, which in turn

reduces τheat. Finally, we further run a grid of mod-

els with TDC (again allowing superadiabaticity), which

agrees well with Cox MLT for less dynamical flashes.

With more dynamical flashes, because the inequality

τheat . τaccel strengthens, TDC exhibits stronger heat-

trapping at the BCZ (see Section 3.6 of Jermyn et al.

2023, for more details). This results in a larger superadi-

abaticity and a larger peak Tbcz. However, the reduction

in Menv required for τheat = τdyn is . 5%.

In agreement with Woosley & Kasen (2011), we find

that the 12C(p, γ)13N(α, p)16O reaction reduces the

minimum Menv required for a dynamical He flash. Our

Cox MLT, τheat = τdyn line agrees well with their “hot”

line (see their Figure 19) at Mcore ≈ 0.9 M�, but is

slightly lower by ≈ 30% at ≈ 1.1 M�. The reason could

be that they define τheat as the time to run away to

1.2× 109 K and they have a sparser grid of models.

4. HOW TO MAKE HIGH-ENTROPY HE WDS?

Now the question is, how does one obtain He WDs

that are high-entropy at contact? We address this first

assuming that the He WD is formed through a CE event.

First, the He WD has to be high-entropy at forma-

tion. Figure 5 shows the evolution on the HR diagram

of stars of M = 1.0− 2.5 M� (without mass loss), from

the start of core H burning through the RGB. Contours

label sc and MHe (where the He core boundary is de-

fined by H mass fraction X = 0.1 in this section) in the

left and right panels respectively. As the He core mass

grows while the star crosses the Hertzsprung gap (HG)

and ascends the RGB, sc drops. With higher MS pro-

genitor mass, a given MHe is formed earlier with higher

sc. As the CE event happens on short timescales, sc of

the post-CE He WD is the same as that of the pre-CE

He core. Thus, if a CE event occurs early in the post-MS

evolution (near the base of the RGB)3, corresponding to

an orbital period of ≈ 1 − 8 d for a 1.0 M� companion,

then a high-entropy He WD can be obtained at forma-

tion.

Second, this high-entropy He WD should not cool be-

fore coming into contact. Figure 6 shows the cooling

evolution of He WDs of various masses, in central tem-

perature and density space. Comparison between the

lines of constant sc and those of constant cooling age,

shows that the high entropies required by our scenario,

sc/(NAkB) = 3.0 − 4.0, implies that the He WDs can

only cool for . 108 yr between their formation and the

onset of He mass transfer.

Third, in order to have cooled for little time before

contact, the binary has to be formed at short orbital

periods. For example, the gravitational-wave-induced

merger timescale, which can be taken as the time before

the binary comes into contact again, is ≈ 108 yr for a

0.2 M�+1.0 M� binary with an orbital period of ≈ 1 hr.

Such short post-CE periods are favored by recent find-

ings that the CE efficiency is low (e.g., Zorotovic et al.

2010; Scherbak & Fuller 2023), as well as suggestions

that ELM WDs are formed at short orbital periods

(Brown et al. 2016). Along each evolutionary track in

Figure 5, we assume that the He WD progenitor (star

1) fills its Roche lobe and undergoes a CE event, during

which the companion (star 2) remains at the same mass.

Assuming that the change in orbital energy during the

CE event is used to eject the CE with an efficiency of

α ≈ 1/3 (e.g., Scherbak & Fuller 2023), we solve the CE

energy equation for the post-CE binary separation, af ,

Ebind = α

(
GM1M2

2ai
− GMHeM2

2af

)
, (5)

where Ebind is the binding energy of the envelope ob-

tained from MESA accounting for recombination energy,

and the pre-CE binary separation, ai, is given by the

RLOF condition for star 1 (Eggleton 1983)

ai = R1

0.6q
2/3
1 + ln

(
1 + q

1/3
1

)
0.49q

2/3
1

, (6)

where q1 = M1/M2.

A low CE parameter e.g., α = 1/3 favors formation of

He WD binaries at ultrashort periods Porb � 1 hr, which

have very short gravitational wave merger timescales.

3 We assume a CE event will happen since the RGB star has a deep
convective envelope (qconv & 0.5). For more realistic conditions,
see, for example, Temmink et al. (2023).
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Figure 5. Evolution of 1.0− 2.5 M� stars up the RGB, with contours labeling central specific entropy (left) and He core mass
(right). The two blue lines bracket parameter space for which a dynamical He flash may happen once mass transfer occurs after
the CE event. The convective envelope occupies half of the star’s total mass to the right of the dot-dashed line. The three
dotted lines label the orbital periods of 2, 3, 5 days (left), and 1.7, 3, 7 days (right) where the star fills its Roche lobe with a
1.0 M� companion.

For systems with MHe & 0.25 M� and M . 1.5 M�,

there is sufficient time for the newly formed He WD to

cool, but they do not lead to dynamical flashes. In con-

trast, systems that do lead to dynamical flashes, marked

as the region of interest in Figure 5, will remain at the

same entropy. However, the post-CE binary may be

so compact that the newly-formed He WD immediately

fills its Roche lobe (e.g., Deloye et al. 2007). We remain

agnostic as to whether this leads to a merger outcome

or that a transition to stable mass transfer is possible.

If the latter case does occur, our work suggests that a

CE event occurring at the base of the RGB favors the

formation of a high-entropy He WD donor amenable to

a dynamical He flash from later mass transfer.

In the stable mass transfer channel for ELM WD for-

mation, a pre-ELM WD with mass & 0.15 M� becomes

detached at Porb & 5 hr (e.g., Sun & Arras 2018). Al-

though these models have thick H shells and undergo

stable H burning which maintains a warm He core (Ka-

plan et al. 2012), the He WD will still have cooled for too

long and become low-entropy before coming into con-

tact again. This is show by the grey dots in Figure

6, where the models are made following Sun & Arras

(2018). Given this, we suggest that a high-entropy He

WD has to descend from the CE channel with a short

post-CE orbital period Porb . 1 hr. However, we note

that an appreciable number of observed ELM WD bina-

ries with MHe . 0.2 M� have shorter Porb than pre-

dicted by the stable mass transfer channel (Li et al.

2019), so it is possible the stable mass transfer chan-

nel may still produce high-entropy He WDs that are of

interest to this work.

5. CONCLUSION

We have shown that mass transfer from a high-entropy

He WD onto a massive CO WD can lead to a strong,

first He flash. With higher donor entropy, the peak Ṁ

decreases, leading to a larger total accumulated He shell

mass at ignition (see Section 2). For an initially 1.0 M�
accretor, the explored range of total accumulated He

shell mass at ignition spans from 0.01 to 0.08 M�. By

including CNO isotopes and a large nuclear network ac-

counting for the reaction chain 12C(p, γ)13N(α, p)16O

(Shen & Moore 2014), and by allowing superadiabatic-

ity in the convection zone, we show that the resulting

He flash can become dynamical (see Section 3).

Pending a successful double detonation, this sce-

nario can explain some SNe Ia. For some thin-shell

(. 0.03 M�) models in our simulations, the resulting

transient may be a spectroscopically normal SNe Ia, and

thick-shell may produce peculiar SNe Ia (e.g., Polin et al.

2019; Townsley et al. 2019; Boos et al. 2021; Shen et al.

2021). Furthermore, our results provide a good match to

the velocity of the hypervelocity WD D6-2 (Shen et al.

2018b; Bauer et al. 2021), and suggest that D6-2 must
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Figure 6. Central temperature and density trajectories
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have been high-entropy. We plan to study the impact of

SN ejecta on high-entropy He WD donors like D6-2 in

the near future, similarly to Bauer et al. (2019).

For non-dynamical He flashes that cause expansion

of the accretor to Roche-lobe overflow, Shen (2015) has

raised the possibility of a subsequent merger. Should

this be the case, then the only surviving systems that

continue to evolve to longer periods as AM CVn bina-

ries (e.g. van Roestel et al. 2022), are those with initial

entropies so large that no flash ever occurs.

In Section 4, we argue that these high-entropy He

WDs that have a dynamical flash must result from

a CE event. The unstable mass transfer begins near

the base of the RGB when the donor progenitor is

still high-entropy, and ends with short orbital periods

such that the newly formed He WD cannot cool before

coming into contact again. Main sequence stars with

masses ≈ 1.3−2.0 M�, an unseen companion with mass

≈ 1.0 M�, and orbital periods between 1 and 8 days

are good candidates for producing the high-entropy He

WDs of interest here. The short lifetimes (1.1 − 3.5

Gyr) of these main sequence stars may explain SNe Ia

in a younger population.
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et al. 2018, AJ, 156, 123, doi: 10.3847/1538-3881/aabc4f

Bauer, E. B., Chandra, V., Shen, K. J., & Hermes, J. J.

2021, ApJL, 923, L34, doi: 10.3847/2041-8213/ac432d

Bauer, E. B., & Kupfer, T. 2021, ApJ, 922, 245,

doi: 10.3847/1538-4357/ac25f0

Bauer, E. B., Schwab, J., & Bildsten, L. 2017, ApJ, 845, 97,

doi: 10.3847/1538-4357/aa7ffa

Bauer, E. B., White, C. J., & Bildsten, L. 2019, ApJ, 887,

68, doi: 10.3847/1538-4357/ab4ea4

https://www.python.org
http://doi.org/10.1146/annurev.astro.46.060407.145222
http://doi.org/10.1051/0004-6361/201322068
http://doi.org/10.3847/1538-3881/aabc4f
http://doi.org/10.3847/2041-8213/ac432d
http://doi.org/10.3847/1538-4357/ac25f0
http://doi.org/10.3847/1538-4357/aa7ffa
http://doi.org/10.3847/1538-4357/ab4ea4


12

Bildsten, L., Shen, K. J., Weinberg, N. N., & Nelemans, G.

2007, ApJL, 662, L95, doi: 10.1086/519489

Blondin, S., Dessart, L., Hillier, D. J., & Khokhlov, A. M.

2017, MNRAS, 470, 157, doi: 10.1093/mnras/stw2492

Blouin, S., Shaffer, N. R., Saumon, D., & Starrett, C. E.

2020, ApJ, 899, 46, doi: 10.3847/1538-4357/ab9e75

Boos, S. J., Townsley, D. M., Shen, K. J., Caldwell, S., &

Miles, B. J. 2021, ApJ, 919, 126,

doi: 10.3847/1538-4357/ac07a2

Brooks, J., Bildsten, L., Marchant, P., & Paxton, B. 2015,

ApJ, 807, 74, doi: 10.1088/0004-637X/807/1/74

Brown, J. M., Garaud, P., & Stellmach, S. 2013, ApJ, 768,

34, doi: 10.1088/0004-637X/768/1/34

Brown, W. R., Kilic, M., Kenyon, S. J., & Gianninas, A.

2016, ApJ, 824, 46, doi: 10.3847/0004-637X/824/1/46

Burdge, K. B., El-Badry, K., Rappaport, S., et al. 2023,

arXiv e-prints, arXiv:2303.13573,

doi: 10.48550/arXiv.2303.13573

Cassisi, S., Potekhin, A. Y., Salaris, M., & Pietrinferni, A.

2021, A&A, 654, A149,

doi: 10.1051/0004-6361/202141425

Collins, C. E., Gronow, S., Sim, S. A., & Röpke, F. K.
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Fink, M., Röpke, F. K., Hillebrandt, W., et al. 2010, A&A,

514, A53, doi: 10.1051/0004-6361/200913892

Fuller, J., & Lai, D. 2012, ApJL, 756, L17,

doi: 10.1088/2041-8205/756/1/L17

Fuller, J., Piro, A. L., & Jermyn, A. S. 2019, MNRAS, 485,

3661, doi: 10.1093/mnras/stz514
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ABSTRACT
The aim of cosmological simulations is to reproduce the properties of the observed Universe, serving as tools to test structure
and galaxy formation models. Constrained simulations of our local cosmological region up to a few hundred ℎ−1Mpc , the local
Universe, are designed to reproduce the actual cosmic web of structures as observed. A question that often arises is how to judge
the quality of constrained simulations against the observations of the Local Universe. Here we introduce the Local Universe
model (LUM), a new methodology, whereby many constrained simulations can be judged and the “best” initial conditions can
be identified. By characterising the Local Universe as a set of rich clusters, the model identifies haloes that serve as simulated
counterparts to the observed clusters. Their merit is determined against a null hypothesis, the probability that such a counterpart
could be identified in a random, unconstrained simulation. This model is applied to 100 constrained simulations using the
Cosmicflows-3 data. Cluster counterparts are found for all constrained simulations, their distribution of separation from the true
observed cluster position and their mass distribution are investigated. Lastly, the “best” constrained simulation is selected using
the LUM and discussed in more detail.
Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION

Cosmological simulations play amajor role in studying the formation
and evolution of the large scale structure (LSS) of the Universe.
The majority of such simulations are presently conducted within the
standard model of cosmology, the ΛCDM model. The aim of such
simulations is to reproduce the properties of the observed Universe
and the quality of the fidelity of how well the simulations recover
the Universe serves as laboratory for testing structure and galaxy
formation models. Cosmological simulations are expected to recover
the statistical measures of the LSS such as the power spectrum, high
order correlation functions and mass functions of the galaxy and
underlying dark matter distributions.
Constrained simulations of our local cosmological neighborhood,

referred to here as the Local Universe, are designed to reproduce
the actual structure of a particular piece of the Universe, such as the
cosmic web of clusters, filaments, sheets and voids. Unlike standard
cosmological simulations whose initial conditions constitute of ran-
dom realizations of the initial conditions (e.g. Angulo et al. 2012;
Alimi et al. 2012; Vogelsberger et al. 2014; Schaye et al. 2015; Mc-
Carthy et al. 2017; Pillepich et al. 2018; Hernández-Aguayo et al.
2022), constrained simulations are constrained by observational data
pertaining to the particular patch of the Local Universe.

★ E-mail: spfeifer@aip.de
† E-mail: nlibeskind@aip.de

Different approached essentially differ in both method and data
that are used to generate the initial conditions. The Hoffman &Ribak
(1991) method was the first to be able to generate constrained initial
conditions and is used in this work. Approaches built on top of this
method use peculiar velocity survey data (Tully et al. 2008, 2013,
2016) which trace the gravitational potential and therefore are sensi-
tive to the entire matter distribution. However, these peculiar velocity
data are typically plagued by large uncertainties and sparse sampling
as they rely on distance estimators. A relatively recent development
applies Bayesian forward modelling (e.g. Kitaura et al. 2012; Wang
et al. 2014, 2016; Sawala et al. 2022; McAlpine et al. 2022) to
the field of constrained simulations (see Jasche & Lavaux (2019)).
These employ galaxy redshift surverys (e.g. Skrutskie et al. 2006a,b;
Lavaux & Hudson 2011; Huchra et al. 2012) which typically cover
larger areas with much denser sampling. However, their downsides
are the uncertainty in distance due to line-of-sight velocities (fingers
of god) and more critically, that galaxies are biased tracers of the
matter distribution which is challenging to account and correct for.

The continues development of constrained simulation efforts have
led to their application to a wide variety of works, such as studies of
the reionisation (Dixon et al. 2018; Ocvirk et al. 2020), clusters and
their formation history (Sorce et al. 2016; Olchanski & Sorce 2018;
Sorce et al. 2020), galaxy distributions (Mathis et al. 2002; Yepes
et al. 2009, 2014; Dolag et al. 2023), the local group (Libeskind et al.
2010; Forero-Romero et al. 2011; Libeskind et al. 2020), magnetic

© 2022 The Authors

ar
X

iv
:2

30
5.

05
69

4v
1 

 [
as

tr
o-

ph
.C

O
] 

 9
 M

ay
 2

02
3



2 S. Pfeifer et al.

fields (Dolag et al. 2005) and effects of modified gravity (Naidoo
et al. 2023).
Yet constrained simulations necessarily also incorporate an ele-

ment of randomness. Random modes are required to simulate the
region which are unconstrained; namely regions of space that have
little data and small, non-linear scales which cannot be constrained
with linear methods. Therefore both large and small scales are af-
fected by the introduction of random modes. In this respect, many
constrained simulations may be generated by changing the seed of
the random fluctuation. Given that one can thus generate an infinite
number of these constrained simulations, all with equally probable
realization constrained by the observed data and the prior model, it
is unclear exactly how to differentiate between multiple constrained
simulations. A question that often arises is how to judge the quality
of a given simulation, i.e. how well does it reproduces the actual
Universe (e.g. see Carlesi et al. 2016, for a similar arguement regard-
ing the Local Group). Such a question arises in the context of the
comparison of simulations constrained by galaxy redshift surveys
and by galaxy peculiar velocities. The main purpose of this paper
is therefore to introduce a new methodology whereby many con-
strained simulations can be judged and the “best” initial conditions
can be identified, with an eye for future hydrodynamic simulation.
The core principle of the methodology presented in this work at-

tempts to judge constrained simulations via null-hypotheses testing.
The null-hypotheses in this case come from random simulations.
By calculating a baseline from random simulations, which are com-
pletely unconstrained, one can effectively assign a statistical signifi-
cance to a constrained simulation. In practice, the cluster distribution
in the Local Universe is matched by identifying simulated cluster
counterpart. The statistical significance of these cluster counterparts
are then used to judge the constrained simulations.
This work also presents the first ever constrained simulations of

the CF3 Universe – the largest constrained simulations ever run with
this method, the focus of which will be in an upcoming paper (Pfeifer
et al. (in prep)).
The paper is organised as follows: Section 2 presents the observa-

tion peculiar velocity data used to generate the constrained simula-
tions and Section 3 describes the methods employed to generate the
constrained initial conditions and run the constrained simulations.
Section 4 describes how the Local Universe model (LUM) is con-
structed and Section 5 presents the results of applying the LUM to
the constrained simulations. Finally, the conclusions are presented in
Section 6.

2 COSMICFLOWS-3 DATA

The Cosmicflows-3 catalogue consists of 17,669 individual galaxies
with measured redshift, angular position and distance moduli (Tully
et al. 2016). Galaxies in groups and clusters, whose velocity, and thus
redshift, is due largely to non linear motions are grouped by taking
the arithmetic mean of their redshift and angular positions. Their
errors are also reduced by taking the errors on the distance moduli of
the group members and dividing by the square root of the number of
members. The grouped data partially suppresses the virial motions
and removes the main contribution of non-linearities in the velocity
field. This grouping reduces the number of entries to 11,501 data
points and this grouped Cosmicflows-3 catalogue is used henceforth,
referred to as CF3. More than 95% of the data lies within a redshift
distance of . 16 000 km/s ≈ 160 ℎ−1Mpc .

3 METHODS

3.1 Bias Gaussianization correction

The CF3 catalogue suffers from a variety of biases, one of the most
important bias is referred to as the log-normal bias due to the the
logarithmic relationship between the distance modulus and the lumi-
nosity distance. In CF3, distance moduli have normally distributed
errors which become log-normal errors when converted to luminos-
ity distance. This means that distance estimates are more likely to
be overestimated even if a galaxy were to be observed many times,
as the mean of these observations would not coincide with the true
value. This bias also affects the derived peculiar velocities, resulting
in underestimations, as these depend on the cosmological redshift
and therefore the distance.
The bias gaussianization correction (BGc) method proposed by

Hoffman et al. (2021) aims at correcting for the log-normal bias by
transforming the log-normal distribution, for distance and peculiar
velocity, into a normal distribution. The main idea behind the cor-
rection is motivated by the fact that in the ΛCDM model, the radial
components of peculiar velocities of galaxies in a cosmological shell
are described by a Gaussian distribution with a well defined standard
deviation. The BGcmethod transforms the measured log-normal dis-
tribution into a normal one using the fact that the median of such
a transformation is conserved (while the mean is not). Lastly, the
width of the normal distributions for the distance moduli and pecu-
liar velocities are set to 0.19 and 275 km/s, relatively, consistent for
a ΛCDM cosmology. For a more detailed description of the BGc
method, we refer the reader to Hoffman et al. (2021).

3.2 Constrained initial conditions

To generate cosmological simulations that reproduce large scale
structures constrained by observations, initial conditions (ICs) need
to be generated which already contain this information. We follow
the method of Doumler et al. (2013a) to create these constrained ICs.
The process starts by reconstructing the linear density and velocity

field from observations using the Wiener filter (WF). The WF has
been successfully used to reconstruct the large scale, linear density
and velocity field of the nearby universe from sparsely distributed
observations (e.g. Hoffman et al. 2015) and the details of the method
have been extensively described (see e.g. Hoffman & Ribak (1991);
Zaroubi et al. (1995, 1999)). In general, the WF is a Bayesian esti-
mator that estimates the mean field given a set of uncertain data and
a prior model, in this case peculiar velocity data with errors and the
ΛCDM model, respectively.
Constrained ICs generated directly from the observational data

have been found to produce structures that are systematically offset
from their known positions at redshift zero due to the bulk motions
that shift structures away from their initial density peaks. To cor-
rect for this, the reverse Zeldovich approximation (RZA) shifts the
constraints, the peculiar velocity measurement, to a position at an
initial redshift using the reconstructed velocity field. Although the
Zeldovich approximation breaks down at shell crossing, i.e. within
the non-linear regime, it has been shown to improve the resulting
constrained simulations significantly (Doumler et al. 2013b).
The RZA shifted constraints are used to generate a constrained

realisation (CR). The aim of a constrained realisation (CR) is to
generate a full Gausssian random field that contains within it a con-
strained density (or velocity) distribution of the early observed Local
Universe. The WF does not fulfill this criterion as it returns the
null field in unconstrained regions. These unconstrained regions are
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Local Universe model 3

therefore supplemented with a randomGaussian random field via the
Hoffman & Ribak (1991) method. Finally, the CR is rescaled to an
initial redshift to form the constrained ICs.

3.3 Constrained simulations

The constrained cosmological simulations were ran using AREPO
(Springel et al. 2019)with 5123 darkmatter particles and in a periodic
volume of 500 ℎ−1Mpc along a side. The assumed cosmology is a
flat, ΛCDM model using Ω𝑚 = 0.301, ΩΛ = 0.709, 𝑛𝑠 = 0.961,
𝜎8 = 0.8293 and 𝐻0 = 67.77, consistent with Planck Collaboration
et al. (2014). This equates to a dark matter particle mass of 𝑚DM =

7.99× 1010 ℎ−1M� . Constrained ICs were generated at 𝑧 = 99. The
power spectra used to generate the ICs were generated using CAMB
(Lewis & Challinor 2011). Haloes are identified with SUBFIND as
part of AREPO.
A total of 100 constrained simulations were completed. The only

difference between them are the seeds used in the random field of
the CR used to generate the constrained ICs, with their unique seeds
contained within the range [100,199]. In addition, a matching set
of 100 random, unconstrained simulation with the same seeds were
generated.
Fig. 1 shows the quasi-linear (QL) density field, which is the

geometric mean value taken over an ensemble of the 100 constrained
simulations (following Hoffman et al. 2018). The figure shows the
logarithm of Δ =

𝜌
𝜌m
smoothed on 5 ℎ−1Mpc . The density slices are

centred on the supergalactic origin and 15.6 ℎ−1Mpc thick, going
from -7.8 to +7.8 ℎ−1Mpc .
The validity of the simulations was checked at 𝑧 = 0 by examining

the total matter power spectrum and the halo mass function. The
constrained and random simulations were perfectly consistent with
each other as well as with the linear matter power spectrum on large
scales and the Tinker et al. (2008) fitted halo mass function.

4 LOCAL UNIVERSE MODEL

4.1 Cluster selection

In order to judge the quality of the constrained simulations, we need
a metric against which to define the quality of a given constrained
simulation. In other words, it would be very desirable to have a cri-
terion with which one can measure the likeness of a constrained
simulation relative to the observed Local Universe. We have chosen
to use the distribution of massive clusters for this purpose for three
main reasons; firstly, since the methods for generating constrained
initial conditions rely on peculiar velocities, massive clusters with
their many member galaxies produce good peculiar velocity esti-
mates in the CF3 catalogue and therefore produce good constraints.
The clusters, especially within ≈ 200 ℎ−1Mpc , are observationally
robust and least bias. Secondly, massive clusters are undergoing ac-
tive formation today, and are therefore more closely linked to the
linear regime than other collapsed structures. The overdensities they
inhabit cause large scale linear flows which can be reconstructed
within the linear limit of the constrained initial conditions methods.
Last but not least, the distribution of clusters is among the most ba-
sic features that characterizes the specific large scale structure we
inhabit.
The cluster selection is based on the clusters in CF3withmore than
& 50 group members with measured velocities. This is a practical
choice which reduces the error on their measured velocity. It is how-
ever also a realistic choice as all of the richest clusters in the Local

Cluster SGX SGY SGZ
[ℎ−1Mpc ] [ℎ−1Mpc ] [ℎ−1Mpc ]

Virgo -3.3004 14.4336 -0.6076
Centaurus -34.3491 14.9497 -7.5807
Hydra -24.3204 20.8672 -24.6429
Perseus 49.1633 -10.5576 -12.7799
Coma 0.4447 70.7675 10.4502
Norma -49.4307 -7.1231 6.0524
Ophiuchus -63.7704 7.5590 60.7693
PavoII -39.3256 -18.5555 8.5548
Leo -2.3772 67.0677 -12.4381
Pisces 41.0872 -24.7560 4.5935
Shapley (A3558) -124.7189 74.4359 -3.3975

Table 1. The observational cluster data used to compare the constrained
simulations against. Supergalacitc Cartesian coordinates have been calculated
using the SGL, SGB and redshift distance from the CF3 grouped catalogue.

Universe fulfil this criterion. The angular position in supergalactic
coordinates (SGL, SGB) is very well measured but the distance to
these objects can have large uncertainties depending on the method
used for the distance estimation. We therefore opt to use the redshift
distance since the uncertainty on the redshift measurements are neg-
ligible. Since the clusters are selected based on their large number of
member galaxies, the grouping of CF3 removes the majority of the
redshift space distortion, due to large small-scale velocities, by aver-
aging the velocity measurements of the cluster members. Equation 1
shows the equation to calculate the redshift distance,

𝑑 =
1
𝐻0

(𝑐𝑧 − 𝑣pec) (1)

where 𝐻0 = 75.0 km s−1 Mpc−1 for CF3, 𝑐 is the speed of
light, 𝑧 is the redshift and 𝑣pec is the peculiar velocity in the CMB
reference frame. Column ‘Vcgp’ in the CF3 data gives 𝑐𝑧 − 𝑣pec.
Although Equation 1 is an approximation, the error is < 1% for
the distances of the selected clusters. The cluster selection and their
converted supergalactic coordinates are presented in Table 1. When
the simulated haloes, drawn from the constrained simulations, are
compared with data, their positions are also converted to redshift
distances using their radial peculiar velocities relative to a virtual
observer at the centre of the box. The observed cluster masses are
not explicitly considered here, other than the assumption that these
clusters are more massive than 1014 ℎ−1𝑀� .
Observational constraints on the masses of the clusters are not

directly included in the LUM because of the difficulty in obtaining
robust constraints in the first place. We therefore leave the nuances
of observational mass estimates to a future study.
Fig. 1 shows the relevant position of the observed cluster from

Table 1, projected onto the density slices (black crosses). Note that
the positions of Perseus on the SGX-SGZ plane and Coma on the
SGX-SGY plane are in reality outside the region of the slice and
thus small projection effect are present. The chosen cluster selection
clearly traces the QL density field, generally sitting within density
peaks. Ophiuchus is the only cluster in Fig 1 that is at the boundary
of the overdensity region and not within its own density peak.

4.2 Local Universe model

The WF/CR method is able to constrain regions that are well sam-
pled by the observations. In unconstrained regions with poor sam-
pling, and on small scales within the non-linear regime, the method

MNRAS 000, 1–10 (2022)
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Figure 1. The contours show the quasi-linear density field, the mean of the logarithm of Δ =
𝜌
𝜌m
calculated from all 100 constrained simulations. The contours

show underdensities (dashed blue lines), mean density (think black lines) and overdensity (thin black lines). The slices are centred on the supergalactic origin
and 15.6 ℎ−1Mpc thick. The observed cluster positions (black crosses) from Table 1 are also shown. Locations of all simulated cluster counterparts (blue dots)
from the constrained simulation that meet the minimum of 𝑝 < 0.05 are shown with shades indicating which 𝑝-value threshold they satisfy (darker is lower,
Fig. 4). The simulated counterparts are projected onto the density slice irrespective of their position. The approximate location of the Zone of Avoidance, of 10
degrees, is indicated in the SGX-SGY and SGY-SGZ planes (dashed grey line).

must introduce random, unconstrained fluctuations. Therefore, dif-
ferent random initial fluctuation can produce constrained simulation
of varying quality, enhancing or degrading the cosmographic fea-
tures of the Local Universe. To assess the quality of constrained
simulations, this work presents the LUM.

As described in Section 4.1, we characterise the Local Universe
via a selection of observed galaxy clusters. The aim of the LUM
is thus to quantify the quality of a constrained simulations with
respect to the observed cluster distribution. If the separation between

observation and simulation are small, one can deem the constrained
simulation a good analogue of the Local Universe. Therefore, for
each observed cluster, one can attempt to identify the best counterpart
from the simulated halo distribution and find a quantitative measure
for their similarity, such as the separation between the simulated
halo and observed cluster position. However, the difficulty lies in
judging the significance of this separation. To establish a baseline, the
probability of identifying a cluster counterpart in an unconstrained

MNRAS 000, 1–10 (2022)
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random simulation is calculated. This can then be used to judge
constrained simulations.
Firstly, only simulated haloes with M200c > 1014 ℎ−1M� are

considered since we are interested in rich cluster counterparts (Sorce
2018). The observed cluster masses are therefore not explicitly built
into this method but encapsulated by this mass cut.
The statistic of choice for the baseline, or null-hypothesis, is the

distribution of separation between observed and simulated clusters in
random simulations. Tomeasure this, a virtual observer can be placed
on a location uniformly sampled across a random simulation volume
and the separation between the position of, e.g.Coma, and the closest
halo with M200c > 1014 ℎ−1M� can be measured. Although Coma
occupies a special place in the Local Universe, attempting to find a
halo at the position of Coma in a random simulation is no different
to finding a halo at any random point in space. Similarly, one could
shifting the virtual observer to a new location in the same simulation
and repeat the measurement. Therefore, in practice, the separation
between 10000 random points and their closest halo are measure for
all 100 random simulations. Note that we assume here that the envi-
ronment of the virtual observer, i.e. theMilkyWay, has no significant
effect on the environment of clusters tens of ℎ−1Mpc away. Fig. 2
shows the measured probability density functions (PDF) (top) for
haloes with different lower mass cuts (shaded blue lines). The centre
and spread of the PDFs increases with mass because the number
density of high mass haloes is lower and therefore it is less likely to
find a halo at small separations.
A statistical significance can now be assigned using the 𝑝-value.

The 𝑝-value is generally used in null-hypothesis testing, signifying
the probability that a given result, or a more extreme result, can be
obtained given a null hypothesis. In this case, the random simulation
provides the null-hypothesis which can be rejected with the probabil-
ity of 1− 𝑝. Of interest is the significance from zero, i.e. separations
of a given value and closer, and not from the mean of the PDF. There-
fore the one-tailed 𝑝-value is used, calculated from the cumulative
PDF (CDF), and shown in Fig. 2 (bottom).
To calculate 𝑝 for a halo-cluster pair, the mass of the simulated

halo and the separation to the observed cluster position is required.
However, the CDFs in Fig. 2 are calculated for a set number of mass
cuts. To be able to calculate 𝑝 as a smooth function of separation and
mass, the CDFs for each mass cut are fit using Equation 2, where 𝛼
is a free parameter1, 𝑟 is the outer radius of a shell of fixed thickness
𝑑𝑟 = 0.5 ℎ−1Mpc . The values for 𝑟 and 𝑑𝑟 are taken as the values
used to calculate the PDFs in Fig. 2.

𝑃(𝑟, 𝛼) = 𝑒−
4
3 𝜋𝛼𝑟

3
− 𝑒−

4
3 𝜋𝛼(𝑟+𝑑𝑟 )3 (2)

The free parameter, 𝛼, is then fit as a function of mass using a
quadratic function given by Equation 3.

log10 (𝛼) = −0.861 log10 (𝑀200c)2+
22.616 log10 (𝑀200c) − 152.154 (3)

The method uses the mass of the simulated halo to generate the
corresponding PDF (normalised to sum to unity over a large range
of 𝑟), from which the CDF and therefore 𝑝 can be calculated using
the separation to the cluster position. The output PDFs and CDFs of
these fits for the matching mass cuts are shown in Fig. 2 (red lines).
The up-turn of the CDFs at low separations are recovered well which

1 The parameter 𝛼 is actually representative of a density but for clarity and
to avoid confusion with the 𝑝-value, we use the letter 𝛼 instead of 𝜌 since the
physical meaning is somewhat lost here. See Appendix A for more details.
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Figure 2. The PDF of the separation between the closest halo and a random
point, i.e. the probability of finding a halo at a given separation within a given
mass cut (top). The PDFs are calculated from random, unconstrained simula-
tions (blue) and fitted (red). The 𝑝-value for different mass cuts (bottom) are
calculate by taking the cumulative PDF, the CDF. An insert shows a zoom-in
on the distributions of 𝑝 for small values to show the quality of the fits in the
range that is important for the LUM, represented by the black dashed area.

1 2 3 4 5 6 7 8 9 10
M200c [1014 M ¯ /h]

0

5

10

15

20

25

30

35

40

r [
M

pc
/h

]

0.05

0.03
0.01

Figure 3. The 𝑝-values, calculated from the fits shown in Fig. 2, as a function
of lower mass limit and separation. The lines denote contours of constant 𝑝
and darker shaded areas show lower 𝑝-values. The distribution above 1015
ℎ−1M� are kept constant as not enough halos of these masses exist in the
simulations to produce stable fits.
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Figure 4. The fraction of detected cluster counterparts for each observed
cluster from the 100 constrained simulations given different thresholds of
𝑝 (blue shades). Each cluster can only have one counterpart per simulation
so a detection rate of 0.5 means that 50 out of 100 simulations contain a
counterpart given a 𝑝 threshold.

is the area of interest (see inset). The fits are not accurate over the
full PDF, especially the long tail at large separation. However, for the
purposes of the LUM, only the region covered by the insert in Fig. 2
are important. More details on the fitting of these functions is given
in Appendix A. Note that it is the mass of the simulated halo and not
the mass of the observed clusters that is used.
The complete pipeline effectively result in a function 𝑝(𝑀200c, 𝑟)

and Fig. 3 shows that relationship between the mass and separation
on 𝑝. The lines denote contours of different 𝑝 with darker shades
showing lower 𝑝-values. For a mass cut of 1014 ℎ−1M� , a 𝑝 = 0.05
corresponds to ≈ 6 ℎ−1Mpc ; i.e. a halo of that mass which is 6
ℎ−1Mpc away from the observed position of a cluster would not
be found at that separation or closer in a random simulation with
a probability of 0.95 (2𝜎 confidence). For the same mass cut and
a separation of ≈ 3 ℎ−1Mpc , this probability increase to 0.99, i.e.
𝑝 = 0.01. Fig. 3 encapsulates the essence of the LUM; it shows a
metric of gauging if a simulated halo, given its mass and separation
to an observed target, is significant or random.
Note that this approach assumes that finding a cluster counterpart

has no effect on the probability of finding another cluster counterpart
elsewhere and thus assumes a 1-point probability distribution. The
method assigns a probability to a single simulated cluster counterpart
of being found in a random simulation, i.e. it does not take into
account the conditional probability of finding a Virgo, having found
a Coma, and instead assume that each detection is independent.

5 RESULTS

5.1 Cluster counterpart detection

The main purpose of the LUM, presented in Section 4.2, is to de-
termining the significance of finding a halo of a given mass at a
particular separation. We now leverage this method to identify the
“best” halo counterparts to the cluster selection from CF3 for each
constrained simulation.
We define “best” as the halo least likely to be found in a ran-

dom simulation. Therefore, 𝑝(𝑀200c, 𝑟) can be minimised to find

the “best” halo counterpart. For each of the 𝑁 observed clusters, the
separation to all 𝑀 simulated haloes and their halo mass is used
to calculate 𝑝 for every halo-cluster pair. This results in an 𝑁 × 𝑀

matrix of 𝑝-values. The problem here is to assign each observational
cluster a unique halo counterpart, i.e. each halo is only allowed to be
assigned once, such that the sum of 𝑝 for the chosen haloes is min-
imised. This type of problem is referred to as an assignment problem,
which is solved efficiently with the Hungarian method (Kuhn 1955).
These haloes can now be accepted or rejected as counterparts to their
respective observed cluster based on their value of 𝑝. Fig. 4 shows
the fraction of identified cluster counterparts for each observed clus-
ter from the 100 constrained simulation for three different thresholds
of 𝑝. For the majority of clusters, the detection rates are similar.
For 𝑝 < 0.05, all clusters except Ophiuchus and Virgo are found
in & 50% of the simulations. For these clusters, the trend with 𝑝

thresholds is consistent as well; lower thresholds reduce the detec-
tion rate as the criterion becomes more restrictive. It is interesting
to see that some clusters are recovered more frequently than others.
This plot effectively shows the stability of each cluster counterpart
detection which is a reflection of the quality of the constraints for that
particular environment. Therefore, one can expect to find a Perseus
and Centaurus counterpart in most simulations.
Fig. 1 gives a visual impression of the distribution of the coun-

terparts with respect to the observed cluster positions. The contours
show the QL density calculated from the 100 constrained simula-
tions. All cluster counterparts for their respective cluster are shown
(blue dots) with shades indicating which threshold of 𝑝 they sat-
isfy, the same as for Fig. 4. The simulated counterparts are spatially
distributed around their respective cluster positions, where closer
counterparts tend to have lower 𝑝 (although the darkest points are
often obscured by the cross of the cluster marker). There is a clear
correlation between the distribution of counterparts and the shape of
the QL overdensity that their respective observed cluster occupies.
The counterpart distributions trace out the contours very well.
Considering the first of the two outliers in Fig. 4, Ophiuchus has

a low detection rate even at 𝑝 < 0.05, and only 6 counterpart are
detected at 𝑝 < 0.01. From Fig. 1 it is clear the Ophiuchus does
not sit within an overdensity in the QL field and therefore it is more
likely that the best counterpart is found further away and thus have
higher 𝑝. For Virgo, the detection rate for 𝑝 < 0.05 is also low. Its
immediate environment iswithin awell constrained, high overdensity
region. Although the size of the region appears significantly smaller,
especially apparent in the SGY-SGZ plane. The observed cluster
position is directly within a QL overdensity and the spread of the
simulated cluster counterparts is very tight. From Fig. 1 is is not
obvious why Virgo has such a low detection rate. This is explored in
more detail in the next section. By looking at the mass distributions
of the simulated counterparts it shows that the minimum mass limit
of 1014 ℎ−1M� is too high for the majority of Virgo counterparts.

5.2 Separation and mass distribution

The LUM uses the separations and halo masses to determine how
likely an equal or better halo could be drawn from a random sim-
ulation. Fig. 5 shows the distributions of separations between the
observed cluster and the cluster counterparts (left) and the distribu-
tion of simulated counterpart masses (right). The median (crosses),
and 16th and 84th percentiles of the distribution (error bars) are
shown for different thresholds of 𝑝, where darker shades indicate
lower thresholds. The distributions for all 100 counterparts, indepen-
dent of their 𝑝-value, are also shown (grey).
The separation distributions in Fig. 5 (left) change significantly
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Figure 5. The median (crosses), 16th and 84th percentile (error bars) of the separation between the observed cluster position and the simulation counterpart
(left) and the mass of the simulation counterparts (right). The grey line indicates the distribution for all “best” counterparts while the different shades indicate
groups of counterparts satisfying different thresholds of 𝑝, where darker is lower. The circles indicate the values for the counterparts from the best constrained
simulation with a seed of 159.

with varying threshold of 𝑝. Generally, the median separations are
∼10 ℎ−1Mpc for 𝑝 < 0.05 and decrease to∼5 ℎ−1Mpc for 𝑝 < 0.01.
The spread also decreases significantly with decreasing threshold.
The large changes present in the separation distributions are not found
in the mass distributions. Fig. 5 (right) shows that the median and
spread of the masses are relatively constant with varying 𝑝 threshold,
although median masses generally increase by a small amount with
decreasing threshold.
Generally, a trade-off between mass and separation is struck due

to the shape of the 𝑝(𝑀200c, 𝑟) distribution in Fig. 3; counterparts
with larger separations also tend to have larger masses. Therefore, as
in the case of e.g. Leo, the cluster counterparts are allowed to have a
large separation only if the mass increases significantly.
Again, Virgo is an outlier with relatively small median separations

and mass for all thresholds. Notably, the spread for both quantities
is also significantly smaller, except for the distribution containing
all counterparts (and therefore predominantly rejected counterparts)
which are significantly larger. The mass distribution appears to be
cut off by the lower mass limit. To test if this, the LUM was reran for
a minimum mass cut of 𝑀200c > 5 × 1013 ℎ−1M� . The detection
rate for Virgo increase by 40% while it increase up to ≈ 10% for the
other clusters. The separation and mass distributions were robust to
this change except that the lower percentile of the mass distribution
for Virgo decreased, with a median value of ≈ 1014 ℎ−1M� . This
suggests that while the overdensity of Virgo is well constrained, it
struggles to form haloes of masses > 1014 ℎ−1M� .

5.3 Best constrained Local Universe

The LUM can be used to find the best cluster candidate for a given
simulation and a given cluster. It follows that the LUM can be used
to choose the ‘best’ candidate halo for zoom simulations of a partic-
ular cluster. Another use of the LUM is the selection of the ‘best’
realisation for performing ‘full box’ constrained simulations of our
local volume. One way to materialize the later goal is to minimise the
sum of 𝑝, Σ𝑝, for all simulations, i.e. the best simulation is the one
with the lowest total sum of 𝑝 for all counterpart. Another option is
to count the number of simulated cluster counterparts that are below

a threshold, e.g. 𝑝 < 0.05. Note that this is done under the assump-
tion that the clusters are uncorrelated, i.e. identifying a good Virgo
counterpart does not affect the search for a good Coma counterpart.
For the set of 100 constrained simulations, the top 5 simulations are
within 0.02 of each other for Σ𝑝 (which has the range [0.38,2.00]
between the best and worse simulation, respectively) and 4 simula-
tions have a total of 9 cluster counterparts with 𝑝 < 0.05, where 2
simulations are in both groups. The simulation with the seed of 159
(S159) has the lowest total 𝑝 and the most cluster counterparts with
𝑝 < 0.05, and is therefore deemed the “best”. There is room to tailor
this approach further by, e.g. , placing special value on certain clus-
ters that should always have an acceptable counterpart by enforcing
that these must meet the threshold of 𝑝 < 0.05.

The locations of the cluster counterparts for S159 are shown with
respect to the log10(Δ) field of the constrained simulation in Fig 6. It is
clear that the majority of the cluster counterparts lie very close to the
observed cluster positions within each plane. The visible outliers are
Perseus,Ophiuchus andLeo (which actually lies closer toComa in the
SGY-SGZ plane). For the majority of clusters in S159, the observed
cluster position coincides with an overdensity peak in the constrained
simulation making it likely that a massive halo is found nearby. For
some, e.g. Perseus, the observed cluster position sits outside or on the
border of overdense regions and thus the best counterpart is further
away. It is also worth noting the striking similarities between the
QL in Fig. 1 and the S159 density features. Not only do the shapes
and sizes of the overdensities match very closely within a region of
[-100, 100] ℎ−1Mpc around the observer, but also the underdense
void regions such as between Virgo and Perseus in the SGX-SGY
plane, and in the centre of the SGX-SGZ plane.

The values of the separation of these cluster counterparts relative
to the observed cluster positions are shown in Fig. 5 (left; circles).
The same outliers are visible here as well, having separations of
> 15 ℎ−1Mpcwhile all other cluster counterparts have separations
of < 10 ℎ−1Mpc . By looking at the masses of the counterparts
shown in Fig. 5 (right; circles), it is possible to see again the trade-off
between separation and mass for the calculation of 𝑝; e.g. Perseus
has a relatively large separation but is also the most massive of all
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Figure 6. The contours show log10(Δ) from the single constrained simulations with seed 159, the best simulation determined by the LUM. The contours show
underdensities (dashed blue lines), mean density (think black lines) and overdensity (thin black lines). The density slice is centred on the supergalactic origin and
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of 10 degrees, is indicated in the SGX-SGY and SGY-SGZ planes (dashed grey line).

counterpart which results in 𝑝 < 0.01. Two cluster counterparts, Leo
and Pisces, have 𝑝 > 0.05 (grey circles).

6 CONCLUSION

This work presents the Local Universe Model, a metric to gauge the
quality of constrained simulations by comparing how similar a given
simulation is, be it randomor constrained, to the actual Universe. This
is done by examining the proximity of candidate simulated cluster
to a set of prominent rich clusters of the nearby Universe. The LUM

is applied to an ensemble of 100 DM-only cosmological simulations
constrained by the Cosmicflows-3 data of peculiar velocities.
Themodel calculates the probability, from a randomunconstrained

simulation, of finding a halo at a given radial separation or closer to
a random point in space (which could be the location of an observed
cluster) for a range ofmass cuts. This is effectively the null hypothesis
which the constrained simulations are tested against.
A halo candidate from the constrained simulation is then quanti-

tatively evaluated by calculating how likely it is that a halo of equal
mass would be found at a given separation or closer in a random
simulation using the one-tailed 𝑝-value. This 𝑝-value depends on the
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simulated halo mass and separation to the observational cluster po-
sition. The best cluster counterpart is selected to be the halo with the
lowest 𝑝. It is assumed here that each cluster counterpart detection is
independent, i.e. the detection of a Virgo counterpart is not affected
by the detection of any of the other cluster counterparts.
For all clusters, except Ophiuchus and Virgo, cluster counterparts

with a minimum mass cut of 1014 ℎ−1M� are found for & 50% of
the simulation for 𝑝 < 0.05 (which is 2𝜎 for a Gaussian distribu-
tion). This detection rate is reduced for lower 𝑝 thresholds. Good
Ophiuchus counterparts are detected less often since its environment
does not contain a density peak, as seen in the QL density, because it
is not well constrained. The low detection rate of Virgo counterparts
is clearly affected by the 1014 ℎ−1M� mass cut, which is too close to
the mass of the simulated Virgo counterparts. All other cluster coun-
terparts have a wide distribution in mass except for Virgo which is
contained within the low end of the mass distribution in Fig. 5 (right).
Such low mass haloes require a very small separation to have a low
𝑝 that satisfies the threshold, making such counterparts unlikely to
occur often. Inspection of the QL overdensity shows that the envi-
ronment is well constrained which suggests that this region struggles
to produce haloes above the minimum mass cut in the constrained
simulations.
The LUM can also be used to evaluate the best constrained simula-

tion by calculating the sum of 𝑝 for all cluster counterparts, choosing
the simulation with the smallest sum, and/or counting the number
of cluster counterparts below a 𝑝 threshold. Out of the 100 con-
strained simulations, the simulation with a seed of 159 was chosen.
The majority of cluster counterparts in this simulation are within 10
ℎ−1Mpc of the observed cluster position, where Virgo is the closest
with 1.83 ℎ−1Mpc . A few cluster counterparts have larger separa-
tions due to the fact that the constrained simulation has overdensities
peaks, where massive haloes live, that are offset from the observed
cluster positions.
The visual comparison between the density of the 159 simulation

and the QL show that many of the general features match, e.g. the
ring-like overdensity on the SGX-SGZ plane contained within ±100
ℎ−1Mpc , and the arch-like feature in the SGY-SGZ plane containing
Virgo, Coma and Leo. But also the underdense void regions such as
between Virgo and Perseus in the SGX-SGY plane, and in the centre
of the SGX-SGZ plane, are recovered. This agreement suggests that
by selecting the appropriate clusters and constraining their positions,
the large scale structure of the Local Universe can also be recovered.
In this work, we have presented amodel that uses observational po-

sitions of clusters to evaluate the quality of constrained simulations.
However, observational data has more to offer than positions. The
LUM could be improved by including observation mass estimates of
the clusters. Currently, the S159 simulation contains a Virgo coun-
terpart that is more massive than the Coma counterpart. Including
mass constraints would allow the relative mass distributions to match
as well as their positions. This could potentially also be extended to
include velocity information.
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7 APPENDIX A

This appendix covers in more detail the fitting of the data for the
LUM. As mentioned in the main text, the separation between 10000
random points and their closest halo are measure for all 100 random
simulations. Fig. 7 shows the measured probability density functions
(PDF) (top) for haloes with different lower mass cuts (shaded blue
lines), the same as Fig. 2. Each of the 10 PDFs are fit using Equation 2
(red dashed), prioritising data at small separations. Again, the insert
shows the region of interest for the LUM where the fits are good.
Since the functional form of the fit in Equation 2 depends on a

single parameter, 𝛼, Fig 8 shows the dependence of 𝛼 on M200c.
Here, ever data point is a fit to one of the PDFs. These data are fitted
using a second order polynomial (blue line) to get the function in
Equation 3. Now the full pipeline uses two fits; a function returning
an 𝛼 from a value of M200c, and that 𝛼 is used to generate a PDF.
The final prediction of the PDFs from these sets of fits are shown in
Fig. 2 where an insignificant offset is visible from the true PDFs.
A final note about the function form of Equation 2. This function is

the analytically derived form of the PDF distribution for a uniformly
distributed set of points, for which it is exact. In this form the pa-
rameter 𝛼 is actually the number density of the points. However, this
function is not strictly appropriate since haloes are clustered. The
clustering skews the PDF and creates a long tail. This is the reason
why the function is a worse fit over the entire range of separations
for high mass haloes because they are more clustered. The general
shape of the distribution is still correct however, and is used as a
fitting function instead. If the skew due to the clustering were to be
accounted for, the PDFs could be generated analytically from the
number density of haloes give their mass, i.e. from the halo mass
function.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure 7. The PDF of the separation between the closest halo and a random
point, i.e. the probability of finding a halo at a given separation within a
given mass cut (top). The PDFs are calculated from random, unconstrained
simulations (blue) and fitted (red dashed). The 𝑝-value for different mass
cuts (bottom) are calculate by taking the cumulative PDF, the CDF. An insert
shows a zoom-in on the distributions of 𝑝 for small values to show the quality
of the fits in the range that is important for the LUM, represented by the black
dashed area.
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Figure 8. The data (black crosses) shows the 𝛼 parameter fit to each PDF in
Fig 7 as a function of M200c. These are then fit with a second order polyno-
mial (blue line) resulting in Equation 3. The error bars signify the standard
deviation in 𝛼 if each PDF of the 100 simulations where fit individually.
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ABSTRACT
Observations of the nearby universe reveal an increasing fraction of active galactic nuclei (AGN) with decreasing projected
separation for close galaxy pairs, relative to control galaxies. This implies galaxy interactions play a role in enhancing AGN
activity. However, the picture at higher redshift is less established, partly due to limited spectroscopic redshifts. We combine
spectroscopic surveys with photometric redshift probability distribution functions for galaxies in the CANDELS and COSMOS
surveys, to produce the largest ever sample of galaxy pairs used in an AGN fraction calculation for cosmic noon (0.5 < 𝑧 < 3). We
present a new technique for assessing galaxy pair probability (based on line-of-sight velocities ±1000 km s−1) from photometric
redshift posterior convolutions and use these to produce weighted AGN fractions. Over projected separations 5–100 kpc we find
no evidence for enhancement, relative to isolated control galaxies, of X-ray (𝐿𝑋 > 1042 erg s−1) or infrared-selected AGN in
major (mass ratios up to 4:1) or minor (4:1 to 10:1) galaxy pairs. However, defining the most obscured AGN as those detected in
the infrared but not in X-rays, we observe a trend of increasing obscured AGN enhancement at decreasing separations. The peak
enhancement, relative to isolated controls, is a factor of 2.08 ± 0.61 for separations <25 kpc. Our simulations with mock data,
indicates this could be a lower limit of the true enhancement. If confirmed with improved infrared imaging (e.g., with JWST)
and redshifts (e.g., with forthcoming multi-object spectrograph surveys), this would suggest that galaxy interactions play a role
in enhancing the most obscured black hole growth at cosmic noon.

Key words: galaxies: active – galaxies: interactions – infrared: galaxies – X-rays: galaxies

1 INTRODUCTION

There are now several observational results that indicate a co-
evolution of supermassive black holes (SMBHs) and their host
galaxies. This includes tight correlations between SMBH mass and
spheroidal properties (e.g., Magorrian et al. 1998; Gebhardt et al.
2000; Gültekin et al. 2009; Kormendy & Ho 2013) as well as the
similar cosmic evolution of SMBH accretion and star formation rate
(SFR) density, both of which peak at “cosmic noon” (i.e., 𝑧 ∼ 2; e.g.,
Madau & Dickinson 2014; Aird et al. 2015).
There is ongoing research on the role of galaxy mergers in driv-

ing the co-evolution of SMBHs and galaxies. Theoretically, strong
gravitational interactions within a merger could reduce the angular
momentum of gas and channel inflows into the nuclear region, both
compressing gas into regions of intense star formation and accreting
it onto the SMBH itself, consequently triggering an active galactic
nuclei (AGN; e.g., Barnes & Hernquist 1991; Mihos & Hernquist
1996; Blumenthal & Barnes 2018). Major galaxy mergers (i.e., those
with mass ratios up to 4:1) undoubtedly impact the final morphol-
ogy of the combined system (e.g., Darg et al. 2010; Ellison et al.
2010; Casteels et al. 2013), but their implications for star formation

★ E-mail: sldough21@gmail.com
† E-mail: christopher.harrison@newcastle.ac.uk

(e.g., Patton et al. 2013; Barrera-Ballesteros et al. 2015;Moreno et al.
2021; Ellison et al. 2022) and AGN activity (e.g., Treister et al. 2012;
Ellison et al. 2013b; Villforth et al. 2017; Goulding et al. 2018) are
a matter of significant debate in the literature.

In the nearby universe (𝑧 ∼ 0), there is extensive observational
evidence for mergers enhancing the number of AGN selected by op-
tical emission lines (Ellison et al. 2011, 2013b; Pierce et al. 2023),
mid-infrared colours (Ellison et al. 2013a; Satyapal et al. 2014; Gao
et al. 2020) and those with high-excitation radio emission (Ramos
Almeida et al. 2011; Pierce et al. 2022). The largest excess of AGN
associated with galaxy interactions or mergers is usually found for
the most luminous sources; however, it is a matter of on-going debate
if galaxy interactions significantly increase accretion rates (Ellison
et al. 2019; Pierce et al. 2022; Bickley et al. 2023; Steffen et al. 2022).
These findings are well complemented in the cosmological hydrody-
namic simulation EAGLE, where McAlpine et al. (2020) report both
the highest AGN excess in mergers at low redshifts (0.05 < 𝑧 < 0.1)
and the highest merging excess in AGN at high bolometric luminosi-
ties (𝐿bol ∼ 1045 erg s−1).
This is all broadly in agreement with a scenario where, in the local

Universe, the most luminous AGN phases can be boosted by major
mergers whereas less luminous AGN are predominately associated
with secular processes (e.g., Sanders et al. 1988a,b; Bennert et al.
2008; Urrutia et al. 2008). Nonetheless, the overall importance of

© 2023 The Authors

ar
X

iv
:2

30
5.

05
69

2v
1 

 [
as

tr
o-

ph
.G

A
] 

 9
 M

ay
 2

02
3



2 S. L. Dougherty et al.

galaxy mergers or interactions for total black hole growth remains
unclear (e.g., see discussion inMcAlpine et al. 2020; Byrne-Mamahit
et al. 2023). Secular processes, such as stochastic bar instabilities,
stellar winds or interactions with dark matter halos, are alternate
AGN fueling mechanisms for driving the majority of black hole
growth (e.g., Kormendy & Kennicutt 2004; Hopkins & Hernquist
2006).
Meanwhile, the AGN-merger connection is far from established at

cosmic noon. Empirical works find conflicting results when starting
from similar samples, such as luminous quasars (Glikman et al.
2015; Mechtley et al. 2016; Marian et al. 2019), X-ray selected
AGN (Cisternas et al. 2011; Silverman et al. 2011; Kocevski et al.
2012; Lackner et al. 2014; Rosario et al. 2015; Hewlett et al. 2017;
Villforth et al. 2017; Shah et al. 2020) and infrared (IR) selected
AGN (Schawinski et al. 2012; Donley et al. 2018; Goulding et al.
2018; Silva et al. 2021). While a significant delay between the onset
of inflows and AGN activity (∼50−500 Myrs; e.g., Davies et al.
2007; Schawinski et al. 2009; Wild et al. 2010) may make it difficult
to reconcile contradicting findings, there are a couple of important
cosmological factors to consider. First, the frequency of merging
galaxies and luminous AGN is substantially higher at cosmic noon,
relative to the local Universe (∼10×; e.g., Conselice et al. 2003;
Kartaltepe et al. 2007; Huško et al. 2022). Second, the gas fraction
is similarly much greater (∼5×; e.g., Daddi et al. 2010; Tacconi
et al. 2010; Scoville et al. 2014), which could result in different
inflow physics as well as more prominent phases of obscured black
hole growth. These factors make a well considered control sample (of
non-merging galaxies) crucial for any analyses of theAGN frequency.
Inconsistencies among works may, at least in part, be attributed

to the various methods used to classify mergers. Most high-redshift
studies rely on the identification of morphological disturbances in-
dicative of mergers, such as tidal bridges or tails, in imaging data
with model-fitting (e.g., Lackner et al. 2014), machine learning (e.g.,
Goulding et al. 2018) or by visual inspection (e.g., Cisternas et al.
2011). However, with a decrease in surface brightness ∝ (1 + 𝑧)−4,
this approach becomes exceptionally more challenging and tempo-
rally expensive when searching beyond nearby sources. This may
lead to incorrect non-merging identifications and restrictive samples,
particularly for the most luminous or obscured AGN.
An alternative approach, which is less susceptible to surface

brightness dimming effects, is to look at close galaxy pairs and
explore AGN fraction as a function of projected separation. This
method has been used extensively at low redshift for emission-line-
and IR-selected AGN (e.g., Ellison et al. 2011, 2013b; Satyapal et al.
2014; Steffen et al. 2022). Recently, it has been applied at cosmic
noon (0.5 < 𝑧 < 3.0) by Shah et al. (2020), who used spectroscopic
redshifts in the CANDELS and COSMOS fields to distinguish be-
tween random projections and truly associated galaxies. They find
no excess in X-ray- or IR-selected AGN in close pairs compared to
a matched control sample of isolated galaxies. This is in contrast
to Silverman et al. (2011), who report mild excess of X-ray AGN
(∼2×) in 0.25 < 𝑧 < 1.05 spectroscopic galaxy pairs in COSMOS,
albeit, at lower redshift range and when compared to a more general
control sample (i.e., to the field). However, spectroscopic complete-
ness at high redshift is poor due to source faintness and many strong
emission lines being redshifted out of optical spectroscopy beyond
𝑧 & 1.5. Spectroscopic redshift incompleteness is particularly prob-
lematic for the most obscured sources (e.g., those not detected in
X-ray surveys), which are much less frequently the target of spectro-
scopic observations. Without redshift information for all galaxies,
true physical pairs remain inevitably entangled with chance projec-
tions.

In this work, we address the issue of spectroscopic completeness
at cosmic noon by folding in photometric redshift posterior prob-
ability distribution functions (PDFs). We build on previous studies
of galaxy pairs and mergers that have utilised photometric redshifts
(e.g., Kartaltepe et al. 2007; Bundy et al. 2009; López-Sanjuan et al.
2015;Mundy et al. 2017;Mantha et al. 2018; Duncan et al. 2019), but
we develop a new approach, which is made novel by its fair treatment
of the full PDF uncertainty.
The structure of this paper is as follows. In Section 2, we describe

the relevant archival data and define our parent sample. We outline
our pair probability methodology in Section 3.We present our results
in Section 4 and discuss their implications for merger-driven SMBH
growth at cosmic noon in Section 5. Finally, we summarise our
findings in Section 6. Throughout this work, we assume a ΛCDM
cosmology with 𝐻0 = 70 km s−1 Mpc−1, ΩΛ = 0.7 and Ω𝑀 = 0.3.

2 DATA AND SAMPLE SELECTION

Our study is designed tomeasure the prevalence ofAGNas a function
of galaxy separation, using a statistically robust sample of physically
associated galaxy pairs and isolated control galaxies at cosmic noon
(0.5 < 𝑧 < 3). To achieve this, we have utilised the extragalactic
deep fields from the Cosmic Assembly Near-infrared Deep Extra-
galactic Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer
et al. 2011) and the Cosmic Evolution Survey (COSMOS; Scov-
ille et al. 2007), following Shah et al. (2020). These fields have
extensive multi-wavelength photometry, detailed archival analyses
of photometric redshift probability distribution functions and stel-
lar masses (Section 2.1), and multiple spectroscopic redshift studies
(Section 2.2). We use these as the basis for our parent galaxy sample
selection (Section 2.3) and for identifying both X-ray AGN and IR
AGN (Section 2.4).

2.1 Photometry and derived quantities

We make use of the five CANDELS extragalactic deep fields,
which were all observed with high-resolution near-IR and optical
filters from the Hubble Space Telescope (HST)/Wide-Field Cam-
era 3 (WFC3) and HST/Advanced Camera for Surveys (ACS). The
CANDELS team has performed consistent deblending and pho-
tometry across fields, which combine for a total sky coverage of
∼960 arcmin2. To increase our source statistics, we also make use
of the wider ∼2 deg2 COSMOS field, the largest continuous area
observed byHST/ACS to date. Below, we describe the archival ultra-
violet (UV) to mid-infrared (MIR) photometry, the photometric red-
shift information, the derived stellar masses and the X-ray observa-
tions that we use in this study.

2.1.1 UV–MIR photometry

TheCANDELS photometry of theGreat Observatories Origins Deep
Survey North (GOODS-N) and South (GOODS-S; Giavalisco et al.
2004), Extended Groth Strip (EGS; Davis et al. 2007), UKIDSS
Ultra Deep Survey (UDS; Lawrence et al. 2007) and a central region
from the COSMOS field are described in Barro et al. (2019), Guo
et al. (2013), Stefanon et al. (2017), Galametz et al. (2013) and
Nayyeri et al. (2017), respectively. In short, the photometry is based
on broadband data from the UV toMIR, including deep near-infrared
(NIR) HST/WFC3 and optical HST/ACS CANDELS observations.
Ancillary MIR observations were taken with Spitzer/IRAC 3.4, 4.5,
5.8, and 8.0 `m imaging of GOODS-N (Dickinson et al. 2003; Ashby
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et al. 2015), GOODS-S (Dickinson et al. 2003; Ashby et al. 2013),
EGS (Barmby et al. 2008;Ashby et al. 2013, 2015),UDS (Ashby et al.
2013, 2015) and COSMOS (Sanders et al. 2007; Ashby et al. 2013).
Source detection was performed with SOURCE EXTRACTOR (Bertin
& Arnouts 1996) on the WFC3 F160W (H-band) mosaic, which
reaches 5𝜎 limiting AB depths of 27.3-27.8 across the fields. Low-
resolution photometry was measured with TFIT (Laidler et al. 2007).
Briefly, this procedure involves convolving the brightness profile of
high-resolution imaging (i.e., WFC3 F160W; H-band) with a kernel
to match the point-spread function of the low-resolution imaging
(i.e., IRAC channels), from which sources can be deblended and
fluxes extracted via best fit.
For the wider COSMOS field, we use the recent COSMOS2020

CLASSIC photometric catalog (Weaver et al. 2022). Once again,
the photometry incorporates a wealth of multi-wavelength imaging
from the UV-MIR, notably with recent optical Subaru/Suprime-Cam
and NIR VISTA/ULTRAVISTA observations. In the MIR, IRAC
observations were taken from the Cosmic Dawn Survey (Euclid Col-
laboration et al. 2022), a collation of new and existing IRAC data
in the Euclid deep fields, of which COSMOS is included (Sanders
et al. 2007; Ashby et al. 2013, 2015, 2018; Steinhardt et al. 2014).
Source detection was performed on a “chi-squared” 𝑖𝑧𝑌𝐽𝐻𝐾𝑠 image
(Szalay et al. 1999) with SOURCE EXTRACTOR. Low-resolution pho-
tometry was performed with IRACLEAN (Hsieh et al. 2012). Briefly,
this method treats the high-resolution brightness profile as a prior,
from which a fraction of its flux is iteratively subtracted until some
minimal pixel brightness criteria is reached. Following Shah et al.
(2020), we prioritise using the photometry and quantities derived by
the CANDELS team in the region of COSMOS where the surveys
overlap.

2.1.2 Photometric redshift PDFs

In this studywe utilise the full photometric redshift PDFs (in addition
to spectroscopic redshift information) to calculate the probability of
galaxies at close projected separations being in a physically associ-
ated pair (see Section 3). That is, we do not simply assume the peak
of the PDF as a fixed photometric redshift or its width as an uncer-
tainty. Across all fields, these PDFs have been carefully constructed
in previous works to both be accurate (i.e., the peak PDF estimate
is similar to a confirmed spectroscopic redshift) and give realistic
widths (i.e., 68% of spectroscopic redshifts should fall within 1𝜎 of
the mean PDF estimate).
For the wider COSMOS field, spectral energy distribution (SED)

fitting was performed separately with EAZY (Brammer et al. 2008)
and LePhare (Arnouts & Ilbert 2011) based on the COSMOS2020
photometry (Weaver et al. 2022). We elect to use the photometric
redshift PDFs (and subsequent derived properties) from LePhare
due to its greater precision across all magnitudes (see Figure 15 in
Weaver et al. 2022). For the CANDELS fields, these PDFs have
been independently generated from separate SED fitting codes with
various template configurations by 6 groups in the CANDELS team.
These codes are EAZY (Brammer et al. 2008), zphot (Giallongo
et al. 1998; Fontana et al. 2000), HyperZ (Bolzonella et al. 2000),
LePhare (Arnouts & Ilbert 2011) and WikZ (Wiklind et al. 2008).
In an assessment of these methods, Dahlen et al. (2013) find that the
individual redshift posteriors underestimate realistic uncertainties
and that they improve in accuracy when combined. Therefore, for
each source, we use the PDF combination assembled by Kodra et al.
(2023) using a minimum Frećhet distance method, which was shown
to be an improvement in both accuracy and PDF width over any
individual group. We note that, despite the specific differences in

PDF generation, we verified that our main results are consistent
across CANDELS and COSMOS, if they are treated independently.
We perform an assessment of the quality of the photometric red-

shifts in the context of the spectroscopic redshifts for the global
galaxy population and the known AGN in Appendix A. In summary,
we find that the normalized median absolute deviation between the
spectroscopic redshifts and photometric redshifts is 𝜎NMAD ∼ 0.02
and 𝜎NMAD ∼ 0.03, for the full galaxy parent sample and only the
AGN, respectively. Although these are modestly higher for the AGN,
this is countered somewhat by the higher fraction of spectroscopic
redshifts of the AGN compared to the general galaxy population (see
Appendix A). We reiterate that the full PDF information is incorpo-
rated into our method (see Section 3), and we further perform tests
of including or removing spectroscopic redshifts in our analyses (see
Section 4.1).

2.1.3 Stellar masses

We follow Shah et al. (2020) in our choice of archival masses for the
sample across fields used in this study. Specifically, in COSMOS,
stellar masses were computed using LePhare (i.e., the same as that
used for the photometric redshift PDFs) with the configuration de-
scribed in Laigle et al. (2016). Medians of the photometric redshift
PDFs generated by LePharewere taken as the fitting redshift. Stellar
masses in the CANDELS fields were computed following themethod
outlined in Mobasher et al. (2015) and Santini et al. (2015). In short,
10 groups within the CANDELS team estimated stellar mass PDFs
from the same photometry and redshifts but with different SED stel-
lar templates and/or codes. The median of the average stellar mass
PDF is taken as the best mass estimate.
We note that our results are insensitive to mass variations or un-

certainties (e.g., caused by subtle differences in the chosen redshifts)
because these are only used to create very broad categories of major
and minor galaxy samples, for which we observe no differences in
our results (see Section 2.3).

2.1.4 X-ray data

We make use of public Chandra point-source catalogs to identify
X-ray AGN in our sample. In GOODS-S, we use the point-source
catalog of Xue et al. (2011). This benefits from the H-band coun-
terpart matching (directly to our preferred CANDELS photometric
catalog) performed by Hsu et al. (2014) and reaches observed X-ray
luminosities down to 𝐿𝑋 = 1042 erg s−1 at 𝑧 ∼ 3, which is suf-
ficient for our purposes. We use the 2Ms and 800 ks point-source
catalogs of Xue et al. (2016) and Nandra et al. (2015) for GOODS-
N and EGS, respectively, and the optical counterparts therein. In
COSMOS, we use the 4.6Ms catalog from Civano et al. (2016) with
optical counterparts identified in Marchesi et al. (2016). Finally, we
use the 600 ks source catalog from Kocevski et al. (2018) in UDS,
matching the X-ray point-sources to the H-band-selected objects in
CANDELS using a maximum likelihood technique (Sutherland &
Saunders 1992; Civano et al. 2012).

2.2 Spectroscopic redshifts

We compile all publicly available secure spectroscopic redshifts in
the CANDELS and COSMOS fields. Those spectroscopic redshifts
were obtained from the measurements provided in several published
works, which are detailed in full in Appendix A.
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There is no consistent quality flagging across these works; how-
ever, we select only spectroscopic redshifts measured from multiple
emission lines. In the case where an object has multiple secure spec-
troscopic redshifts and the relative line-of-sight velocity calculated
from the maximum difference in redshifts is less than ±1000 km s−1
(i.e., the velocity offset used in our pair criteria; see Section 3),
we use the mean redshift. If this relative line-of-sight velocity is
greater than ±1000 km s−1, then we default to the spectroscopic red-
shift measured from the higher-resolution spectrograph. These final
cases make up <1% of all spectroscopic redshifts used in this work.
There are 32% (∼3500) more spectroscopic redshifts in the parent
sample (defined below) when including low-quality redshifts (i.e.,
those with single line identification or low signal-to-noise spectra).
However, we prefer to focus on the high-quality redshifts only, using
photometric redshifts otherwise (for which we take into account the
full uncertainty). We note that our results are consistent if we only
use photometric redshifts.

2.3 Galaxy sample selection

Our parent sample selection, primarily based on stellar mass and
redshift, is presented in Figure 1. The selection is largely motivated
by Shah et al. (2020), who also study galaxy pairs in the COSMOS
andCANDELSfields. This allows for amore direct comparison of the
X-ray and IR AGN between pairs identified with just spectroscopic
redshifts (following Shah et al. 2020) to a more complete sample,
folding in the full photometric redshift PDFs for all galaxies, which
is the procedure of this work (see Section 4.1).
Starting with the photometric catalogues described in Section 2.1,

we first clean the sample for poor photometric measurements. We
exclude sources with a SOURCE EXTRACTOR stellarity parameter
greater than 0.9 to account for high-probability stellar contaminants
(see Guo et al. 2013), and we remove sources where the photome-
try is compromised by image artifacts, such as edge effects, nearby
bright objects or diffraction spikes.
We then select the parent sample as all galaxies with 𝑀∗ >

109.4𝑀� and 0.5 < 𝑧 < 3 (purple shaded region in Figure 1).
Since we are not limited to sources with spectroscopic redshifts,
our sample is large enough to separately investigate AGN activity
in both major and minor mergers, which we define as pairs with
mass ratio 𝑀∗,1:𝑀∗,2 < 4:1 and 4:1 < 𝑀∗,1:𝑀∗,2 < 10:1, respec-
tively. Designating 𝑀∗,1 > 𝑀∗,2, our parent sample is complete
for major mergers when 𝑀∗,1 > 1010𝑀� and for minor mergers
when 𝑀∗,1 > 1010.4𝑀� (see white and orange striped regions in
Figure 1). Consequently, we define two pair samples, major com-
plete (𝑀∗,1 > 1010𝑀� and 𝑀∗,1:𝑀∗,2 < 4:1; i.e., most simi-
lar to the parent sample of Shah et al. 2020) and minor complete
(𝑀∗,1 > 1010.4𝑀� and 4:1 < 𝑀∗,1:𝑀∗,2 < 10:1).

2.4 AGN selection

X-ray fluxes in the 0.5-10 keV band were extrapolated from the ob-
served fluxes in the full (0.5-8 keV), hard (2-8 keV), and soft (0.5-
2 keV) bands (in that order of priority) assuming an X-ray spectral
index of slope Γ = 1.4 (e.g., Marchesi et al. 2016). The total X-ray
luminosity, 𝐿𝑋 , is then

𝐿𝑋 = 𝐹𝑋 × 4𝜋𝑑2𝐿 × (1 + 𝑧)Γ−2, (1)

where 𝐹𝑋 is the extrapolated X-ray flux and 𝑑𝐿 the luminosity dis-
tance (calculated using the peak of the PDF photometric redshift or
spectroscopic redshift, if available). We then impose a conservative

Figure 1. Stellar mass distribution of galaxies in the CANDELS and COS-
MOSfields. The shaded purple region,𝑀∗ > 109.4 𝑀� , indicates all galaxies
included in our parent sample. Fixing that galaxy 1 is always more massive
than galaxy 2 (i.e., 𝑀∗,1 > 𝑀∗,2), the white and orange striped regions
define the stellar mass ranges of galaxy 1 to ensure a complete major pair
sample (𝑀∗ > 1010 𝑀� and 𝑀∗,1:𝑀∗,2 < 4:1) and minor pair sample
(𝑀∗ > 1010.4 𝑀� and 4:1 < 𝑀∗,1:𝑀∗,2 < 10:1), respectively.

AGN threshold cut of 𝐿𝑋 > 1042 erg s−1 (e.g., Moran et al. 1999) to
avoid any contamination from high-mass X-ray binary emission in
star-forming galaxies (Alexander et al. 2005). These AGN are repre-
sented in an X-ray luminosity-redshift plane in Figure 2.We note that
there is some uncertainty in the X-ray luminosities, particularly due
to the photometric redshifts; however, these do not affect our results.
The luminosities are only used to define broad X-ray luminosity bins,
and, when modifying the X-ray luminosity threshold, our results re-
main quantitatively and qualitatively consistent (see Section 4.2).
Wedefine twoX-rayAGNsamples,with differentX-ray luminosity

ranges, to reflect the varying depths of the Chandra observations
across the CANDELS and COSMOS fields. We define “moderate
𝐿𝑋 AGN” as those with 𝐿𝑋 = 1043.2−43.7 erg s−1, complete across
all fields to 0.5 < 𝑧 < 2 (see purple shaded region in Figure 2), and
“high 𝐿𝑋 AGN” with 𝐿𝑋 > 1043.7 erg s−1, complete over the full
redshift range (see blue shaded region in Figure 2).
Following Shah et al. (2020), we classify IR AGN from IRAC data

based on the criteria outlined in Donley et al. (2012). This method
combines a colour-colour cut with a power law selection, excluding
star-forming galaxies at this epoch and assembling a highly complete
and reliable sample of IR AGN. Other IRAC selection methods just
use a simple colour-colour cut to identify IR AGN (Lacy et al. 2004,
2007; Stern et al. 2005), but they become contaminated by star-
forming galaxies at 𝑧 & 0.5 (e.g., Assef et al. 2010; Park et al. 2010)
and are therefore less conservative.
We note that 14.6% of X-ray-selected AGN are also IR-selected,

but 47.7% of IR-selected AGN are not X-ray selected as AGN. We
investigate this latter population further in Section 4.3. Additionally,
given the propensity of X-ray-selectedAGN for spectroscopic follow-
up, 30% of X-ray-selected AGN have a secure spectroscopic redshift
compared to (8.3%) 21% of AGN selected (only) in the IR. The red-
shift distribution (peak photometric estimate or secure spectroscopic
redshift, if available) of X-ray AGN, those also selected in the IR
and IR-only AGN are characterised in Figure 2. Photometric PDF
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Figure 2. X-ray luminosity (full band, 0.5-10 keV) versus redshift for all X-
ray sources (𝐿𝑋 > 1042 erg s−1) in our parent sample. The navy diamonds,
red crosses, green upward triangles, orange downward triangles and blue
dots correspond to X-ray sources in GOODS-N, GOODS-S, EGS, UDS and
COSMOS, respectively. We define two large 𝐿𝑋 regimes that are complete
across all fields. The purple shaded region corresponds to “moderate 𝐿𝑋

AGN” (𝐿𝑋 = 1043.2−43.7 erg s−1), with 0.5 < 𝑧 < 2. The blue shaded region
defines the “high 𝐿𝑋 AGN” sample (𝐿𝑋 > 1043.7 erg s−1), over the full
redshift range. Redshift and luminosity distributions are shown in the top
and right panels, respectively, for AGN sub-samples: AGN selected in the
X-ray (solid blue histogram); those also selected in X-ray and IR (purple line)
and those selected only in the IR (i.e., 𝐿𝑋 < 1042 erg s−1 or undetected; red
dashed line).

validation is performed for these sub-samples using spectroscopic
redshifts in Appendix A.

3 PROBABILISTIC PAIR METHODOLOGY

In this section, we outline the method used to assess the probability
that a projected pair of galaxies is in a physically associated “true”
pair and how we construct a control sample of isolated galaxies.
We use this information to calculate the AGN fraction and AGN
enhancement (with respect to the control galaxies) as a function of
projected separation. We define a true galaxy pair as two galaxies
within projected separation 𝑟𝑝 < 100 kpc and a relative line-of-sight
velocity |Δ𝑉 | < 1000 km s−1. Our choice of |Δ𝑉 | < 1000 km s−1,
to define physically associated pairs, follows that chosen for the
primary analyses of Shah et al. (2020). We also note that enhanced
AGN fractions are typically found to start in pairs of 𝑟𝑝 . 50 kpc
(e.g., Ellison et al. 2013b; Satyapal et al. 2014).
Broadly, our approach is as follows. We combine photometric

redshift PDFs to compute, for each candidate galaxy pair, the prob-
ability that |Δ𝑉 | is within 1000 km s−1 (PΔ𝑉 ; see Section 3.1) and
that their projected separation falls within each separation bin out
to 𝑟𝑝 = 100 kpc (Pbin𝑟 ; Section 3.2). Combining PΔ𝑉 and Pbin𝑟 ,
we compute the true pair probability for each pair in each projected
separation bin (Pbinpair; Section 3.3). We then carefully assemble a

control sample of physically unassociated projected pairs, matched
in redshift, stellar mass, environmental density and redshift qual-
ity (Section 3.4). Finally, we calculate and compare weighted AGN
fractions in the true pair and control samples (Section 3.5).

3.1 Relative line-of-sight probabilities

We begin by assembling a pool of candidate projected galaxy pairs,
defined as those separated by less than 16.4 arcsec. This distance was
chosen because it roughly corresponds to a projected separation of
100 kpc at the lowest redshift of the parent sample (𝑧 = 0.5). This
step ensures that we obtain all pairs with 𝑟𝑝 < 100 kpc across the
full redshift range. Due to our large parameter space and the density
of sources in these deep fields, a galaxy has anywhere from 0 to 36
candidate projected pairs in our parent sample within 16 arcsec, all
of which we assign a “true pair” probability (described below).
Once we have candidate pairs, we assess the probability that their

relative line-of-sight velocity is within 1000 km s−1, PΔ𝑉 . This ap-
proach relies on careful incorporation of the photometric redshift
PDFs, resulting in the galaxy pairs with wider PDFs receiving lower
pair probabilities.
We perform our analysis with and without the available spectro-

scopic redshifts (see Section 4.1), although we include the spectro-
scopic information as our primary approach. There are three possi-
ble pair types: (1) where both galaxies have a spectroscopic redshift
(𝑧spec); (2) both have photometric redshift PDFs; and (3) one of each
redshift type. Calculating Δ𝑉 and 𝑟𝑝 is trivial for type (1), and we
assign PΔ𝑉 = 0 or PΔ𝑉 = 1 for these cases, which make up ∼1.5%
of all initial pair candidates. For evaluating cases (2) and (3), we in-
troduce a probability convolution technique to combine the redshift
probability distributions and create a relative line-of-sight velocity
probability distribution function, 𝑃(Δ𝑉). We interpret a spectro-
scopic redshift as a dirac delta distribution, 𝛿(𝑧spec). Photometric
redshift PDFs and 𝛿(𝑧spec) are henceforth both included in “𝑃(𝑧),”
as they are treated equally in the methodology.
As we define a true pair based on a Δ𝑉 threshold, we begin with

a simple change of variables from redshift to line-of-sight velocity
space, 𝑃(𝑧) → 𝑃(𝑉), for galaxies 1 and 2 in a pair. We convolve
𝑃1 (𝑉) with 𝑃2 (𝑉) to obtain the probability distribution function of
their relative line-of-sight velocity, 𝑃(Δ𝑉), following:

𝑃(Δ𝑉) =
∫

𝑃1 (𝑉1 = 𝑉) 𝑃2 (𝑉2 = 𝑉 + Δ𝑉) 𝑑𝑉. (2)

We then integrate this distribution within our chosen Δ𝑉 threshold
([-1000, 1000] km s−1) to obtain PΔ𝑉 :

PΔ𝑉 =

∫ 1000 km s−1

−1000 km s−1
𝑃(Δ𝑉) 𝑑Δ𝑉. (3)

In Figure 3 we provide a visual representation of the probability
convolution for the following examples: a high probability case in-
volving a photometric redshift PDF and a 𝑧spec (top row); a moderate
probability case of two PDFs (middle row); and a low probability
case of two PDFs (bottom row). While PΔ𝑉 increases when the
means of the two PDFs are similar, it is appropriately decreased
by the individual PDF widths. As a result, we do not need to ex-
clude sources with large redshift uncertainties or correct for chance
pairs as is sometimes applied (e.g., Bundy et al. 2009; Mantha et al.
2018). Furthermore, our method penalises against very broad PDFs
regardless of how similar their means are, which is not the case for
combined redshift probability methods based purely on PDF overlap
(e.g., López-Sanjuan et al. 2015; Duncan et al. 2019, see Section 5.1).
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We validate our convolutional pair probabilities with a “brute-
force” Monte Carlo method, where we draw redshifts from their
underlying PDFs, 10,000 times1, with which we calculate Δ𝑉 each
iteration. These distributions of Δ𝑉 (shown as filled histograms) are
plotted together with the probability convolutions (shown as curves)
in the rightmost panels of Figure 3, demonstrating their excellent
agreement.

3.2 Projected separation probabilities

The projected separation in physical units of a galaxy pair, 𝑟𝑝 , is
also dependent on redshift (i.e., the conversion from arcseconds to
kiloparsecs). Therefore, we require the uncertainties in 𝑃(𝑧) to be
reflected in our determination of 𝑟𝑝 as well, specifically when we
wish to assign a galaxy pair into a particular bin of 𝑟𝑝 to investigate
trends with projected separation as is commonly done (e.g., Ellison
et al. 2013b; Shah et al. 2020). Following the logic of the previous
section, we assess the probability, P𝑟 , a pair is within some projected
separation, 𝑟min𝑝 and 𝑟max𝑝 , from a projected separation probability
distribution function, 𝑃(𝑟𝑝). First, we combine 𝑃1 (𝑧) and 𝑃2 (𝑧) to
obtain a distribution of how likely they are to both be at a certain
redshift:

𝑃(𝑧1 = 𝑧2) = 𝑃1 (𝑧) × 𝑃2 (𝑧). (4)

In other words, if the two galaxies were truly associated, this distribu-
tion tells us what that shared redshift likely would be. We normalize
and perform a change of variables on 𝑃(𝑧1 = 𝑧2) to arrive at 𝑃(𝑟𝑝),
which we evaluate between 𝑟min𝑝 and 𝑟max𝑝 to obtain the projected
separation probability:

P𝑟 =

∫ 𝑟max𝑝

𝑟min𝑝

𝑃(𝑟) 𝑑𝑟. (5)

This process is illustrated in Figure 4 for the low probability case
(bottom row) of Figure 3.
To compare samples versus 𝑟𝑝 in a statistically significant way,

we sort our pairs into 𝑟𝑝 bins of width 25 kpc. To limit the impact
of source confusion, we exclude pairs with separations of less than
5 kpc, following previous work on high-redshift pair finding studies
(e.g., Mantha et al. 2018; Duncan et al. 2019). The bin boundaries be-
come the integration limits 𝑟min𝑝 and 𝑟max𝑝 in Equation 5, from which
we determine P𝑟 for all 4 bin regions (beginning with P5-25 kpc𝑟 ).
This approach ensures that arbitrary bin selection does not misap-
propriate projected separations estimated from uncertain redshifts.

3.3 True pair probability

To obtain a final true pair probability for a candidate galaxy pair in
each projected separation bin, Pbinpair, we combine the relative line-of-
sight probability (PΔ𝑉 ) and projected separation probability (P𝑟 ),
following:

Pbinpair = PΔ𝑉 × Pbin𝑟 . (6)

Continuing the pair example shown in both Figure 3 (bottom row)
and Figure 4, with an angular separation of 6.1 arcsec, we calculate
P25-50 kpcpair = 0.05 × 0.85 = 0.0425 and P50-75 kpcpair = 0.05 × 0.15 =
0.0075. We use these pair probabilities as weights to calculate a
weighted AGN fraction (see Section 3.5), where more confident pairs
(i.e., those with higher Ppair) contribute more, following a similar
weighting method previously used by Duncan et al. (2019).

1 A 𝑧spec is drawn each iterationwhen available for the supplemented sample.

3.4 Control selection

To achieve our goal of establishing the effect of close galaxy pairs
on the prevalence of AGN, we need to compare the AGN frequency
in our true pair sample to that of a physically unassociated isolated
sample controlled for mass, redshift and environmental density (e.g.,
Ellison et al. 2013b; Shah et al. 2020). These three properties all may
play a role in the rate of AGN, though theymay not be directly related
to close galaxy pair separation (e.g., Perez et al. 2009). Following
Ellison et al. (2013b), we define environmental density as the total
number of sources within |Δ𝑉 | < 1000 km s−1 and 𝑟𝑝 < 1Mpc over
the corresponding projected unit area (calculated using our proba-
bilistic method; see Appendix B). However, we note that this has 10×
lower weighting in the matching criteria compared to mass, redshift
and PDF quality. As we interpret true pair probabilities as weights
in an ultimate weighted AGN fraction calculation (Section 3.5), we
must ensure that any biases associated with PDF quality (i.e., 𝑃(𝑧)
width) are controlled for as well.
Generally, it is trivial to find several matches for each paired galaxy

in the often large pool of isolated galaxies, but ∼47% of all galaxies
in our parameter space have at least one projected companion with
a PΔ𝑉 > 0.01. That is, around half of the galaxies have at least one
other galaxy, within 100 kpc, with a projected pair probability greater
than 0.01. Since our definition of a true pair isn’t binary but rather
continuous (i.e., Pbinpair is between 0 and 1), we must treat isolated
galaxies as such.
Our full probabilistic approach to selecting control galaxies is sup-

plied in detail in Appendix B. Briefly, for each true pair (TP), we
select three control pairs (CP) of physically unassociated galaxies
(six unique galaxies; i.e., P0−100𝑟 = 0) matched in mass, redshift, en-
vironment and 𝑃(𝑧) width. The three CPs are matched to the relative
line-of-sight probability of the TP to ensure statistically comparable
weighting (Section 3.5). Normalized distributions of the matched pa-
rameters with and without weights are shown in Figure 5. We report
that more than 90% of control pairs are matched to within stellar
mass of 0.2 dex, redshift of 0.2, environmental density of 4 and 𝑃(𝑧)
width of 0.2 dex of their true pair counterparts (this includes to both
galaxy 1 and 2) when PTP

Δ𝑉
> 0.01. This confirms that our control

matching process has been successful and that the effects of galaxy
proximity on AGN frequency will be isolated in our analysis.

3.5 Weighted AGN fraction and AGN enhancement

With a sample of true pairs and a matched sample of unassociated
controls (Section 3.4), we can analyze the effects of galaxy separation
on AGN fraction. In Sections 3.2, we split our true pair sample
into four projected separation bins of width 25 kpc by integrating
Equation 5 between the bin edges. In Section 3.3, we combine these
bin probabilities, Pbin𝑟 , with the relative line-of-sight probability of
each true pair, PΔ𝑉 , to obtain the true pair probability for each bin,
Pbinpair (Equation 6). Here, we quantify the frequency of AGN of each
bin with a weighted AGN fraction, defined as

Weighted AGN Fraction =

∑
𝑖 (Pbinpair,𝑖 × 𝑁AGN,𝑖)∑

𝑖 Pbinpair,𝑖
, (7)

where 𝑁AGN,𝑖 is the number of AGN (0, 1 or 2) in pair 𝑖. Rather
than counting AGN in all paired galaxies, we count AGN in galaxy
pairs weighted by how likely they are to be truly associated. In
other words, the weighted AGN fraction in each pair is the weighted
mean of AGN counts per pair and ranges from 0 to 2. In order to
isolate and quantify the effects of galaxy separation on AGN activity,
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Figure 3. Determination of the relative line-of-sight probability, PΔ𝑉 , for three example projected pairs (one in each row). From top to bottom: Row 1: the
galaxy pair includes one spectroscopic redshift and one good quality photometric redshift PDF; Row 2: two good quality photometric PDFs; Row 3: two poor
quality PDFs. Left column: Overlaid redshift PDFs, 𝑃1 (𝑧) (dashed curve) and 𝑃2 (𝑧) (dotted curve), where a vertical line corresponds to a spectroscopic redshift.
The black curve in the middle and bottom panels is the cumulative integral of the combined PDFs, PLS15, which has been used in previous work to estimate true
pair probability (see Section 5.1). Middle column: line-of-sight velocity distributions. Right column: relative line-of-sight velocity distributions computed from
Equation 2 (solid curve). The purple histogram shows the Δ𝑉 distribution from a Monte Carlo simulation, verifying the accuracy of the convolution method.
The vertical shaded region indicates the integration bounds of PΔ𝑉 for our true pair definition ( |Δ𝑉 | < 1000 km s−1).

we need a weighted AGN fraction of the control pairs, which we
calculate from Equation 7 by replacing Pbinpair with the control relative
line-of-sight probability multiplied by the corresponding true pair
projected separation probability. Multiplying PCP

Δ𝑉
by Pbin𝑟 ensures,

for instance, that a true pair of PTP
Δ𝑉
split between the 25-50 and

50-75 kpc bins will have its matched control pairs of PCP
Δ𝑉

≈ PTP
Δ𝑉

shared between bins in the same way (Figure 4).
Finally, we define AGN enhancement (also known as AGN excess)

as the ratio of the weighted AGN fraction for the true and control
pairs of each bin:

AGN Enhancement =
Weighted AGN FractionTP
Weighted AGN FractionCP

. (8)

We use a common bootstrap technique (Efron 1979, 1981) to esti-
mate the standard error for the weighted AGN fractions, which we
propagate to estimate errors on AGN enhancement.

In Appendix C we apply this method, using only photometric red-
shifts, to a mock sample of galaxies with a true AGN enhancement.
Although it is very difficult to capture the full complexities of the
datasets, and caution should be taken in over-interpreting the quan-
titative simulated results, the simulation aims to roughly mimic the
quality of the PDFs used in thiswork.Wefind that evenwith only pho-
tometric redshifts, we are able to recover an increase in the weighted
AGN fraction of close galaxy pairs. The measured AGN fractions
may be moderately underestimated on our main result presented for
the obscured AGN in Section 4.3; however, the large error bars on
this final result capture some of this uncertainty on the exact level of
enhancement. Only with a large number of spectroscopic redshifts
would we be able to provide a more precise final measurement.
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Figure 4. Example to show the method of calculating the projected separation probability, P𝑟 , using the pair shown in the bottom row of Figure 3, which has
an angular projected separation of 6.1 arcsec. Left panel: overlaid photometric redshift PDFs, 𝑃1 (𝑧) and 𝑃2 (𝑧) . Middle panel: combined redshift distribution
(Equation 4). Right panel: projected separation distribution, 𝑃 (𝑟𝑝) , obtained from a change of variables of the combined redshift distribution. In this case, there
is a probability of P𝑟 = 0.85 that this pair falls in the projected separation bin of 25−50 kpc and a probability of P𝑟 = 0.15 that it falls in the 50−75 kpc bin.

Figure 5. Distributions of stellar mass (top left), redshift (bottom left), environmental density (top right) and 𝑃 (𝑧) widths (bottom right) for all true pairs and
isolated controls. The shaded blue and striped red histograms correspond to the true and control distributions without weighting by pair probability, Ppair. The
solid blue and dashed red step histograms show the true and control pair distributions after applying the weighting used in the analyses, which demonstrates that
the controls are well matched in these properties.

4 RESULTS

In this section, we report weighted AGN fractions (i.e., the weighted
average AGN count per single galaxy pair) and AGN enhancements
(relative to matched control galaxies), as defined in Section 3.5.
We show this separately for X-ray and IR AGN samples, and we
investigate any trends in these quantities as a function of projected
separation (Section 4.1). We go on to define sub-samples to explore
any additional trends in these resultswithX-ray luminosity or redshift

(Section 4.2). Finally we investigate a sample of AGNwhich are only
identified in the IR but not selected in the X-rays (Section 4.3). Our
main results incorporate spectroscopic redshifts; however, we present
some results using solely photometric redshift PDFs for validation
(shown as grey data points in Figure 6). All data plotted is tabulated
in Appendix D.
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4.1 Full sample

The weighted AGN fractions in bins of projected separation for all
X-ray AGN (𝐿𝑋 > 1042 erg s−1, 0.5 < 𝑧 < 3) are presented for our
major-complete and minor-complete samples in the top-left panel
of Figure 6. For both the major and minor samples (filled coloured
points) we see no trend of weighted AGN fraction as a function of
projected separation, with all values scattering around ∼0.07. The
control galaxies (hollow points) are always in good agreement with
the true pairs. Alongside the primary data points, which include both
spectroscopic and photometric information, we show the results from
the purely photometric redshift approach, denoted “𝑧phot only” (not
using 𝛿(𝑧spec)). We remind the reader that spectroscopic surveys also
specifically target X-ray sources, which can boost the spectrosopic
redshift fraction (see Section 2.4) and thus the chances of X-ray
sources being detected in a pair. Although theweightedAGN fraction
values are slightly lower (∼0.055) for the major galaxy pair sample
when spectroscopic redshifts are not used, this decrease is matched
by the corresponding control galaxy pairs.
X-ray AGN enhancement, that is the ratio of the weighted AGN

fractions of the true and control pairs, is plotted for these samples
in the bottom-left panel of Figure 6. The dotted line at an AGN
enhancement value of 1 illustrates the case where the weighted AGN
fractions are the same for both the true pairs and controls (i.e., no
enhancement). Both major and minor pairs exhibit no evidence for
AGN enhancement at small projected separations (𝑟𝑝 < 25 kpc),
with values of 1.02±0.15 and 0.98±0.19, respectively. This finding
holds regardless of the inclusion of spectroscopic redshifts, with the
𝑧phot onlymethod resulting in enhancements of 0.93±0.10 and 0.99±
0.15 for major andminor galaxy pairs, respectively. Additionally, this
result is consistent with Shah et al. (2020), who find no X-ray AGN
enhancement for major pairs while only using spectroscopic redshifts
for the same fields (shown with yellow stars in Figure 6).
We plot the corresponding results for all IR AGN (following Don-

ley et al. 2012, 0.5 < 𝑧 < 3) in the right panels of Figure 6. Given
the conservative selection criteria, there are ∼4× fewer IR AGN than
X-ray AGN. As a result, IR AGN enhancements have larger errors.
We find no statistically significant AGN enhancement with decreas-
ing projected separation. For the smallest separations (𝑟𝑝 < 25 kpc),
the enhancement values are 1.32 ± 0.33 in major and 0.90 ± 0.27 in
minor pairs. Once again, these results are consistent to those of the
𝑧phot approach, which results in enhancements of 1.14 ± 0.23 and
0.84 ± 0.25 for major and minor galaxy pairs, respectively, at the
smallest separations. These findings are consistent with the IR AGN
enhancements reported by Shah et al. (2020) in 0.5 < 𝑧 < 3 major
galaxy pairs using only spectroscopic redshifts, albeit their error bars
are significantly larger due to lower number statistics.
The results presented in the following two subsections focus on

major galaxy pairs with the incorporation of spectroscopic redshifts
where available.

4.2 X-ray luminosity and redshift sub-samples

Given the varying depths of the Chandra X-ray observations over
the different fields, we investigate AGN enhancement as a function
of projected separation for the more complete X-ray AGN samples
defined in Section 2.4. These X-ray AGN samples are moderate
(𝐿𝑋 = 1043.2−43.7 erg s−1 at 0.5 < 𝑧 < 2) and high 𝐿𝑋 samples
(𝐿𝑋 > 1043.7 erg s−1 at 0.5 < 𝑧 < 3; see Figure 2).
Moderate and high 𝐿𝑋 AGN enhancements for major galaxy pairs

are presented in the left panel of Figure 7. Just as with the full sample
of X-ray AGN, both the moderate and high 𝐿𝑋 AGN samples are

consistent with no enhancement across all projected separation bins.
For major galaxy pairs within 𝑟𝑝 < 25 kpc, we report enhancement
values of 0.88±0.32 and 1.23±0.30 for moderate and high 𝐿𝑋 AGN
samples, respectively.We further investigatewhether these results are
redshift-dependent by measuring the enhancement of moderate and
high 𝐿𝑋 AGN at 1 < 𝑧 < 2 and 2 < 𝑧 < 3. As shown in the middle
and right panels of Figure 7, we find no enhancement of X-ray AGN
in major galaxy pairs at any redshift. Shah et al. (2020) also report
no enhancement across different X-ray luminosity and redshift bins.
We note that with these data we are unable to rigorously investigate
AGN enhancement at 𝑧 < 1 in a meaningful way due to low number
statistics.While the literature provides some evidence on the redshift-
dependency of the AGN-merger connection down to lower redshifts
(e.g., Silverman et al. 2011; Goulding et al. 2018), we refrain from
directly addressing this question here.

4.3 Obscured AGN

Theoretical models predict, and observational works suggest, an in-
crease in nuclear obscuration during advanced stages of a major
merger independent of viewing angle (e.g., Hopkins et al. 2008; Ko-
cevski et al. 2015; Lansbury et al. 2017; Ricci et al. 2017, 2021;
Blecha et al. 2018; Hickox & Alexander 2018). As AGN emission is
absorbed and re-emitted in the IR by circumnuclear dust, IR AGN
selection is less susceptible to nuclear obscuration than selection
via shorter wavelengths (e.g., Alonso-Herrero et al. 2006; Donley
et al. 2007, 2010, 2012; Hickox & Alexander 2018). We do not
have high-quality constraints on X-ray obscuration (𝑁H) across all
fields; furthermore, the most obscured sources could be completely
undetected in the X-ray surveys. Therefore, following Satyapal et al.
(2014) andWeston et al. (2017), we define an “obscured” AGN sam-
ple as those identified exclusively in the IR. Specifically, we define
this sample as those AGN which are identified in the IR (following
Donley et al. 2012) but not detected in the X-rays above the AGN
threshold (𝐿𝑋 > 1042 erg s−1; “IR-only AGN”). While all X-ray-
detected AGN are not necessarily unobscured, for the purposes of
this analysis, we assume that the IR-only detected sample is more ob-
scured (Andonie et al. 2022). Of the 709 IR AGN in our full sample,
∼48% are either not detected in X-rays or fall below this threshold,
which corresponds to 338 “obscured AGN.”
We calculate the fraction of “obscured” AGN compared to “unob-

scured” AGN in bins of projected separation, as

Obscured
Unobscured

=

∑
𝑖 Ppair × 𝑁IR-only AGN,𝑖∑
𝑖 Ppair × 𝑁X-ray AGN,𝑖

, (9)

where, 𝑁IR-only AGN and 𝑁X-ray AGN denote the number of AGN in a
pair (0, 1 or 2) selected exclusively in the IR and those selected in the
X-ray (irrespective of IR selection), respectively. Just as in calculating
the weighted AGN fraction, we weight our IR-only and X-ray AGN
counts by their corresponding pair probabilities, and we estimate the
standard error on the obscuration fraction with a common bootstrap
technique (Efron 1979, 1981).
In Figure 8, we plot this ratio for the true and control pair samples

as a function of projected separation. For true pairs of separation 𝑟𝑝 >
25 kpc, the obscuration fraction is largely consistent with that of the
control, albeit trending upward towards lower projected separations.
For true pairs of separation 𝑟𝑝 < 25 kpc, however, the obscuration
fraction substantially differs from that of the control pairs (14.6 ±
3.8% versus 7.2 ± 1.4%), which supports the presence of increased
AGNobscuration at the smallest projected separations (Satyapal et al.
2014; Weston et al. 2017, see discussion in Section 5.2.2).
We determine the weighted AGN fraction and AGN enhancement
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Figure 6. Results of weighted AGN fractions (top row) and AGN enhancement (relative to the controls; bottom row) as a function of projected separation. AGN
fractions and enhancements for all 0.5 < 𝑧 < 3X-ray AGN and IR-selected AGN are shown on the left and right, respectively. In all panels, the filled blue circles
and filled green squares indicate major and minor galaxy true pairs, respectively, as defined in Figure 1. Open circles and squares indicate the weighted AGN
fractions for the corresponding control samples. Grey points show the same weighted AGN fractions found without the inclusion of spectroscopic redshifts,
denoted as 𝑧phot only. Also plotted are AGN enhancements of major galaxy pairs from Shah et al. (2020), who only used spectroscopic redshifts in the same
fields. Vertical grey lines indicate the projected separation bin edges. Data points are horizontally offset for visual aid. The dotted horizontal lines correspond to
an AGN enhancement of 1; all data points scatter about this line, indicating no enhancement of AGN in true galaxy pairs relative to the control.

Figure 7. AGN enhancements for our varying X-ray luminosity samples (defined in Figure 2) in major galaxy pairs in bins of projected separation. Left panel:
AGN enhancement for moderate 𝐿𝑋 (sky-blue triangles) and high 𝐿𝑋 AGN (navy pentagons) over their respective complete redshifts, 0.5 < 𝑧 < 2 and
0.5 < 𝑧 < 3. Middle and right panels: AGN enhancements in different redshift range, 1 < 𝑧 < 2 and 2 < 𝑧 < 3. The moderate 𝐿𝑋 AGN sample is not plotted
in the right panel as not all fields are complete for these X-ray luminosities at 𝑧 > 2. Vertical grey lines indicate the projected separation bin edges, and each
data point is computed from all pairs in its respective bin (horizontally offset for visual aid). The data points scatter around an AGN enhancement of 1 (shown
with the dotted lines), indicating that the AGN fraction in the true pair and control samples is the same across all separations.

for our “obscured” AGN sample and present these results in Figure 9.
While the obscured AGN fraction of the control group remains stable
at all separations (with 0.51±0.09 at 𝑟𝑝 < 25 kpc), the obscuredAGN
fraction in true pairs increases continuously from 0.68 ± 0.15% at
50 < 𝑟𝑝 < 75 kpc to 1.06± 0.25% at 𝑟𝑝 < 25 kpc. This corresponds

to an increase in obscured AGN enhancement at decreasing projected
separations peaking at 2.08 ± 0.61 for the closest projected pairs.
However, as detailed in Section 3.5, we can not rule out that we
are slightly under-estimating the true AGN enhancement due to the
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Figure 8. Obscuration fraction in bins of projected separation for major
galaxy pairs. Obscuration fraction is defined as the ratio of the number of
AGN selected only in the IR to the number selected in the X-ray, weighted by
the appropriate pair probabilities (Equation 9). The red and empty diamonds
correspond to the obscuration fraction of true and control pairs, respectively.

Figure 9. Weighted AGN fraction (top) and AGN enhancement (bottom) of
obscured AGN in major galaxy pairs binned by projected separation. The
red and empty diamonds correspond to the weighted AGN fractions for the
true and control pairs, respectively. The AGN enhancement systematically
increases fromavalue of 1 (dotted horizontal line; indicating no enhancement)
with decreasing projected separation.

challenges of dis-entangling the true and control pairs with only
photometric redshift PDFs.

5 DISCUSSION

Due to our new pair probability approach, we have been able to
incorporate the largest (known) sample of high-redshift galaxy pairs

into a merger-induced AGN enhancement calculation2. We begin
this section by discussing the advantages of our pair probability
method compared to other pair-finding techniques that make use
of photometric redshift PDFs (Section 5.1). Then, we discuss our
findings on the connection between close galaxy pairs and AGN
enhancement in the context of previous work and a merger-driven
evolutionary scenario for heavily dust-obscured black hole growth
(Section 5.2).

5.1 Photometric PDF approaches for pair probabilities

Our method for calculating the probability that two galaxies are in
a physically associated pair involves calculating the probability that
two galaxies are within a relative line-of-sight velocity of |Δ𝑉 | <
1000 km s−1 (Section 3.1) and a projected separation of 𝑟𝑝 < 100 kpc
(Section 3.2) from a convolution of redshift photometric redshift
PDFs or spectroscopic redshifts (Section 3.3). A major strength of
our probabilistic approach is that we include the full underlying
uncertainties of the photometric redshifts, but we neither need to
exclude photometric redshifts based on some arbitrary uncertainty
threshold nor apply a correction for chance (not physically associated)
projected pairs, which breaks down for dense environments (e.g., Le
Fèvre et al. 2000; Kartaltepe et al. 2007; Bundy et al. 2009).
Another method has previously been developed to circumvent the

challenges of using photometric redshift PDFs with a broad range
of quality/widths (López-Sanjuan et al. 2015). This method was
expanded byMundy et al. (2017) andDuncan et al. (2019) to calculate
weighted merger fractions in the CANDELS fields while correcting
for stellar mass completeness. For galaxy 1 and 2 in a projected pair,
the method compares photometric redshift PDFs, 𝑃(𝑧), using the
combined redshift probability function,Z(𝑧), defined as:

Z(𝑧) = 2 × 𝑃1 (𝑧) × 𝑃2 (𝑧)
𝑃1 (𝑧) + 𝑃2 (𝑧)

. (10)

A numerical pair probability that these galaxies are physically asso-
ciated, PLS15, is then obtained by taking the cumulative integral of
Z(𝑧) over the full redshift range:

PLS15 =
∫ 𝑧

0
Z(𝑧)𝑑𝑧. (11)

We show the resulting integrals and 𝑃LS15 values, for the example
PDFs in Figure 3 (see the black curves and inset text in the middle-
left and bottom-left panels). This approach effectively determines
pair probability based on the amount of overlap of the two photomet-
ric redshift PDFs. For a set of narrow PDFs, the method is successful
in establishing which of the galaxies are most likely to be physi-
cally associated. For example, in the middle-left panel of Figure 3,
the PDFs are well constrained and their peak values are close. The
combined redshift method gives a pair probability of PLS15 = 0.69.
However, the PDFs of the projected pair in the bottom left panel are
very poorly constrained, i.e., they are very broad and feature multiple
peaks. In this case, Equation 11 gives a probability of PLS15 = 0.75,
which is larger than the previous example for the well-defined PDFs.
The values of our relative line-of-sight probabilities for the same
example pairs are PΔ𝑉 = 0.33 and PΔ𝑉 = 0.05, respectively (for
the middle and bottom row examples in Figure 3). These PΔ𝑉 values
appear to more clearly reflect the relative quality of the underling

2 To give an indicative number of the sample size, we report that 22,295
major galaxy pairs of projected separation 𝑟𝑝 < 100 kpc have a true pair
probability Ppair > 0.01 (see Table D1).
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PDFs, and hence the greater uncertainty in the two galaxies being in
physically associated pairs.
In contrast to assessing the overlap between two PDFs, our con-

volution method results in pair probabilities that are larger when the
peaks of the two PDFs are similar but smaller when the individual
PDF widths are larger. This guarantees that sources with less certain
redshifts will always be assigned a smaller probability of being in a
physically associated pair.
Whilst a “brute-force”Monte-Carlo approach can achieve the same

results as the convolutionmethod (i.e., by randomly drawing redshifts
from PDFs and calculating Δ𝑉 for all projected pairs each iteration;
see Figure 3), the convolution approach is significantly more efficient
due to the computational ease of calculating a convolution as the
product of two fast Fourier transforms. This makes it applicable to
the large samples required to rigorously investigate AGN activity, or
any other galaxy properties, in galaxy pairs as a function of projected
separation.

5.2 The association of galaxy pairs with different AGN types

Studies of low-redshift galaxies find an excess of disturbed morpho-
logical features indicative of a galaxy merger or interaction in AGN,
compared to samples of inactive galaxies (e.g., Guyon et al. 2006;
Ramos Almeida et al. 2011; Goulding et al. 2018; Koss et al. 2018;
Ellison et al. 2019; Gao et al. 2020; Pierce et al. 2022, 2023). An
enhancement of AGN is also found in physically associated projected
pairs, relative to matched control galaxies, but with the quantitative
results being dependent on the AGN selection method (e.g., Elli-
son et al. 2011, 2013b; Satyapal et al. 2014). In this work we have
investigated the connection between physically associated galaxy
pairs and the number of X-ray and IR-selected AGN at cosmic noon
(0.5 < 𝑧 < 3). We have built on the work of Shah et al. (2020), who
took a similar approach but was limited to using only spectroscopic
redshifts to identify which galaxies are in physically associated pairs.
In the following, we discuss our results for X-ray AGN and the most
obscured AGN in the context of an AGN-merger connection at cos-
mic noon.

5.2.1 X-ray AGN are not enhanced in close pairs at cosmic noon

Our results are consistent with no enhancement for X-ray-selected
AGN (i.e., 𝐿𝑋 > 1042 erg s−1) in major (or minor) galaxy pairs
at close projected separations (see Figure 6). This is strong evi-
dence that X-ray AGN are not preferentially associated with galaxy
mergers/interactions in the CANDELS and COSMOS fields. This is
in agreement with the spectroscopic redshift sample of Shah et al.
(2020). Many other observational studies at high redshift also report
no merger-induced AGN enhancement in X-ray AGN populations.
Working in the COSMOS field, Cisternas et al. (2011) find no dif-
ference in the frequency of morphological disturbances indicative
of an ongoing merger between X-ray-selected AGN and inactive
galaxies at 0.3 < 𝑧 < 1. Likewise, Kocevski et al. (2012) report
that X-ray AGN and inactive control galaxies at 1.5 < 𝑧 < 2.5 are
highly disturbed at consistent rates in GOODS-S (16.7+5.3−3.5% versus
15.5+2.8−2.2%). Both these works note that the majority of X-ray AGN
reside in disk galaxies, suggesting secular processes to be the more
efficient fueling mechanism for these systems (see also, Rosario et al.
2015). Silva et al. (2021) also find no difference in the fraction of
multi-wavelength selected AGN in merger and non-merger galaxies
at cosmic noon in the CANDELS fields.

We also find no difference in enhancement between our moder-
ate (𝐿𝑋 = 1043.2−43.7 erg s−1) and high 𝐿𝑋 (>1043.7 erg s−1) AGN
samples in major galaxy pairs (see Figure 7). Specifically, for both
samples the AGN enhancement in galaxy pairs separated by less than
25 kpc, is consistent with 1 (i.e., no enhancement; 0.88 ± 0.32 and
1.23±0.30, respectively). No trend of AGN enhancement with X-ray
luminosity is similarly reported by other works at cosmic noon (e.g.,
Hewlett et al. 2017; Villforth et al. 2014, 2017; Shah et al. 2020).
Our results are not unexpected when compared to recent cosmo-

logical simulations. AGN frequency in merging galaxies has been
investigated in EAGLE (McAlpine et al. 2020), which identifies AGN
based on a bolometric luminosity threshold (𝐿bol > 1043 erg s−1;
also see Byrne-Mamahit et al. 2023 for similar results based on
IllustrisTNG). If we assume that X-ray emission is a reasonable
tracer of instantaneous accretion rates, we can make an apt com-
parison to this work. For the nearby Universe (0.05 < 𝑧 < 0.1),
McAlpine et al. (2020) report a modest AGN enhancement (∼1.3)
at physical separations less than 30 kpc. However, at 𝑧 > 1, they
report no enhancement even for the most rapidly accreting SMBHs
(_edd > 0.01), which is consistent with our analysis of X-ray selected
AGN in galaxy pairs at 0.5 < 𝑧 < 3.
All together, the evidence supports that X-ray AGN are not pref-

erentially associated with galaxy interactions or mergers at cosmic
noon. However, it is critical to consider AGN selection. For example,
Secrest et al. (2020) find no statistically significant enhancement (a
value of 2.22+4.44−2.22) ofX-rayAGN in post-mergers at 0.03 < 𝑧 < 0.15,
which is in stark contrast to the ∼17 factor excess of MIR AGN they
find in the same sample. Furthermore, Satyapal et al. (2014) report
a ∼4−6× excess of IR-selected AGN in spectroscopic galaxy pairs
at 0.01 < 𝑧 < 0.2 separated by less than 10 kpc, while Ellison et al.
(2013b) find only a∼2.5× excess in AGN selected from optical emis-
sion lines at the same redshift. Using identical MIR and optical AGN
selection, Ellison et al. (2019) report that almost 60% of MIR AGN
are visually disturbed (indicative of a post-merger), double that of
optically identified AGN (see also, Bickley et al. 2023). Therefore,
in the following we discuss the results for the most “obscured AGN”
at cosmic noon.

5.2.2 Obscured AGN enhancement in close pairs at cosmic noon

We find evidence for enhanced AGN obscuration at late merging
stages (<25 kpc), defined by an increased fraction of AGN identified
only through their IR emission and not throughX-rays (Figure 8). Ad-
ditionally, we observe evidence for an increasing AGN enhancement
at decreasing projected separations in this obscured AGN sample
(Figure 9). Our results qualitatively match results at low redshift,
which together might favour merger-induced obscuration and en-
hanced black hole growth. For example, Weston et al. (2017) report
a similar excess in obscuration fraction (factor of ∼2−6) when com-
paring the MIR- to optical emission-line-selected AGN in merging
and isolated nearby galaxies. Satyapal et al. (2014) find that the ratio
of AGN selected exclusively in the MIR (from WISE colour cuts) to
that selected in the optical (i.e., emission-line Seyferts; may also be
selected in the MIR), increases significantly for pairs separated by
less than 30 kpc compared to a matched control sample. They report
ratio excesses of >2 and ∼4 for pairs separated by less than 10 kpc
and for visually identified post-mergers, respectively.
IR AGN selection is more effective during the most obscured

phases of black hole growth, compared to optical emission-line or X-
ray selection, which can be faint or completely invisible (e.g., Sanders
et al. 1988a,b; Veilleux et al. 2009; Goulding & Alexander 2009;
Snyder et al. 2013; Kocevski et al. 2015; Blecha et al. 2018; Hickox
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& Alexander 2018; Andonie et al. 2022). It follows that if obscured
galaxy growth is linked to merging and interacting galaxies, then
AGN selection most sensitive to this population would exhibit the
strongest AGN enhancement. Indeed, simulations predict that intense
nuclear starbursts induced during the late stage of a gas-rich major
merger obscure the SMBHwith hot dust and gas (Cattaneo et al. 2005;
Hopkins et al. 2008) and that the SMBHmay accrete significant mass
during a relatively short obscured phase (e.g., Fabian 1999; Treister
et al. 2009; Draper & Ballantyne 2010). Whilst mergers may not
be relevant for the majority of AGN or black hole growth (e.g.,
McAlpine et al. 2020; Byrne-Mamahit et al. 2023), these discrete
events may play an important evolutionary phase for the host galaxy
and host halo, due to boosted AGN luminosities, disruptions of the
galaxy disk and consequently effective AGN feedback (Quai et al.
2023; Davies et al. 2023).

Robust and uniformly measured X-ray column densities are not
available for our X-ray AGN sample, which could provide another
method to investigate trends with obscuration. However, we note
that at low redshift, Koss et al. (2018) report a significant enhance-
ment of late-stage nuclear mergers in AGN selected in hard X-rays
(14−195 keV from Swift/BAT), suggesting soft X-rays (i.e., those
observed by Chandra) are unable to detect AGN in the heavily ob-
scured phase of a merger. Furthermore, for cosmic noon AGN, using
an X-ray spectral analysis of 154 𝑧 ∼ 1AGN in the CANDELS fields,
Kocevski et al. (2015) find that the frequency of disturbed morpholo-
gies, indicative of a merger/interaction, in Compton-thick AGN is
nearly three times that of an unobscured AGN sample (21.5+4.2−3.3%
versus 7.8+1.9−1.3%). However, many obscured AGN - and the ones
most associated with mergers based on these results - may be hidden
from the Chandra X-ray surveys covering the CANDELS and COS-
MOS fields (Andonie et al. 2022). Indeed, this is strongly supported
by Donley et al. (2018), who find in the CANDELS portion of the
COSMOS field that AGN detected only in the IR (i.e., receptive to
obscured AGN) are more than twice as likely than those selected ex-
clusively in the X-ray (75+8−13% versus 31

+6
−6%) to have disturbed host

morphologies indicative of a merger/interaction. Therefore, merger-
induced obscuration could explain why an enhancement of AGN is
not seen for the typical X-ray selected samples at cosmic noon.

We are in agreement with several other works that there seems
to be an increased association between obscured AGN and interac-
tions/mergers, compared to unobscured AGN. However, it is impor-
tant to address the differences and limitations among different AGN
selection methods. For example, large samples of IR AGN are often
selected at low redshift via a colour-colour cut. Such a selection re-
quires AGN emission to dominate over that of the host (Mateos et al.
2012;Gürkan et al. 2014). Beyond 𝑧 & 1, strong stellar emission com-
pounds this luminosity bias, making selecting clean samples of IR
AGNdifficult (Blecha et al. 2018). Stellar contamination is addressed
by Donley et al. (2012), who implement a power law selection, in
addition to a colour-colour cut, to identify clean AGN samples from
Spitzer/IRAC data out to 𝑧 ∼ 3. Such a strict criteria again requires
dominant AGN emission in the IR, making this selection conserva-
tive towards the most luminous AGN. Therefore, more complete and
confident samples of IR AGN are required to better constrain their
intrinsic properties, their connection to interactions/mergers and a
robust comparison to luminosity-matched samples of unobscured
AGN. This will be possible with very large samples that are cov-
ered by comprehensive spectral energy distribution analyses, with
improved constraints on X-ray column densities and with improved
quality infrared photometry from JWST (e.g., Satyapal et al. 2021;
Andonie et al. 2022) .

Finally, we note that our results on the most obscured sources
would not be possible without the inclusion of photometric redshifts
because the obscured AGN sample has significantly less spectro-
scopic coverage (8.3%) thanX-rayAGN (30%). Future spectroscopic
surveys, targeting the most obscured AGN, will provide further in-
sight into this important population (e.g., Merloni et al. 2019).

6 CONCLUSIONS

We have developed a novel technique for identifying high probabil-
ity projected galaxy pairs (i.e., those highly likely to be physically
interacting with line-of-sight velocities within ±1000 km s−1) using
convolutions of photometric redshift probability distribution func-
tions. This enables us to compile the largest sample of high-redshift
galaxy pairs ever used for a merger-induced AGN enhancement cal-
culation. Our work is an important addition to studies limited to only
spectroscopic redshifts, as they lack complete information on the
line-of-sight velocity for all galaxy pairs within a given projected
separation.
We use our technique to translate pair probabilities into weights

when calculating the fraction of X-ray and IR AGN in 0.5 < 𝑧 < 3
projected major (𝑀∗,1 > 1010𝑀� and 𝑀∗,1:𝑀∗,2 < 4:1) and minor
galaxy pairs (𝑀∗,1 > 1010.4𝑀� and 4:1 < 𝑀∗,1:𝑀∗,2 < 10:1)
in the CANDELS and COSMOS fields. We take a complementary
probabilistic approach to identify highly likely isolated galaxies from
which we assemble a control sample matched to the true pairs in
redshift, stellar mass, environment and redshift quality. We compute
the AGN enhancement as the ratio of the weighted AGN fractions of
the true pairs to the corresponding control group. Our key findings
are:

(i) We find no evidence of an enhancement of X-ray AGN (𝐿𝑋 >

1042 erg s−1) in major or minor galaxy pairs for projected separations
of 5–100 kpc. Specifically, in the closest separation bin of 5–25 kpc
we find an AGN enhancement values of 0.98± 0.19 and 1.02± 0.15
for the minor and major pairs, respectively (Figure 6).
(ii) We further explore two X-ray AGN samples more complete

to the sensitivity of observations across all fields investigated: (1)
moderate luminosity (𝐿𝑋=1043.2−43.7 erg s−1; 𝑧 = 0.5−2) and; (2)
high luminosity (𝐿𝑋>1043.7 erg s−1; 𝑧 = 0.5−3). We still find no
evidence for an AGN enhancement in the close galaxy pairs, nor do
we observe differences as a function of redshift or X-ray luminosity
(Figure 7).
(iii) Defining themost “obscuredAGN” as those that are identified

in the IR (Donley et al. 2012) but are not detected in the X-rays,
we find the fraction of obscured AGN increases with decreasing
projected separation. Specifically, we find that major galaxy pairs
separated by less than 25 kpc are twice as likely to be obscured
compared to isolated controls (Figure 8).
(iv) We find a systematic trend of increasing AGN enhancement

as a function of decreasing projected separation for these “obscured
AGN”. This begins at a projected separation of ∼75 kpc and peaks
with an AGN enhancement value of 2.08 ± 0.61 for separations of
5–25 kpc (Figure 9).

Our results for X-ray selected AGN are consistent with previous
work of galaxy pairs at cosmic noon that were limited to only using
spectroscopic redshifts (Shah et al. 2020). This indicates no evidence
for an association between galaxy interactions/mergers and X-ray
selectedAGN. In contrast, our results hint towards a potentially strong
association between galaxy interactions and the most obscured AGN,
which population cannot currently be adequately investigated when
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limited only to samples with spectroscopic redshifts. These results
are broadly consistent with an evolutionary scenario ofmerger-driven
obscured black hole growth.
This work is limited by the quality of infrared photometry and lim-

ited spectroscopic redshift confirmation for the most obscured AGN.
For example, we cannot rule out that we are underestimating the true
AGN enhancement due to the challenges of disentangling the true
and control pairs with only photometric redshift PDFs. JWST will
provide higher quality imaging in the near- and mid-IR, improving
source photometry, in particular for close galaxy pairs, and placing
higher quality constraints on the spectral energy distributions ofAGN
(e.g., Satyapal et al. 2021; Rigby et al. 2023). Furthermore, future
near-IR spectroscopic surveys (e.g., MOONS; Cirasuolo et al. 2020
and PFS; Tamura et al. 2016) will provide increasingly higher spec-
troscopic completeness of deep fields, permitting pair identifications
with much higher certainty than possible with photometric redshifts.
Therefore, the coming years will yield ground-breaking insight into
the drivers of black hole growth at cosmic noon, in particular for the
most obscured systems.
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APPENDIX A: SPECTROSCOPIC REDSHIFTS AND
COMPARISON TO PHOTOMETRIC REDSHIFTS

Here we provide the references that were used to compile the spectro-
scopic redshifts described in Section 2.2, followed by a comparison
between the spectroscopic redshift and photometric redshifts de-
scribed in Section 2.1.2. Table A1 summarises the total number of
galaxies (parent sample and AGN), the fraction of these with spectro-
scopic redshifts and the accuracy of the corresponding photometric
redshift PDFs (𝜎NMAD).
For the CANDELS GOODS-N field, we utilised the spectroscopic

redshifts that were obtain on: (1) Keck I, with the Low Resolu-
tion Imaging Spectrometer (LRIS; Cohen et al. 2000; Cohen 2001;
Dawson et al. 2001; Cowie et al. 2004; Reddy et al. 2006) and the
Multi-Object Spectrometer For Infra-Red Exploration (MOSFIRE;
Kriek et al. 2015; Wirth et al. 2015); (2) Keck II, with the DEep
Imaging Multi-Object Spectrograph (DEIMOS; Cowie et al. 2004;
Wirth et al. 2004; Barger et al. 2008; Cooper et al. 2011); and (3)
on Subaru with the Multi-Object Infrared Camera and Spectrograph
(MOIRCS; Barger et al. 2008).
For the CANDELS GOODS-S field, we used spectroscopic red-

shifts obtained on: (1) Keck I usingMOSFIRE (Kriek et al. 2015); (2)
Keck II with DEIMOS (Silverman et al. 2010; Cooper et al. 2012b);
and (3) the Very Large telescope (VLT) with the VIsible MultiObject
Spectrograph (VLT/VIMOS; Ravikumar et al. 2007; Balestra et al.
2010; Le Fèvre et al. 2013; Garilli et al. 2021), the FOcal Reducer
and low dispersion Spectrograph 1 and 2 (FORS1/2; Vanzella et al.

Table A1. The number of galaxies (N) in the parent sample and the number of
AGN split into CANDELS and COSMOS. 𝑓spec is the percentage of sources
in each category with a spectroscopic redshift and 𝜎NMAD is the normalized
median absolute deviation between 𝑧spec and 𝑧phot (see Equation A1).

N 𝑓spec (%) 𝜎NMAD
Parent Sample (CANDELS) 22093 19.9 0.022
AGN (CANDELS) 1036 34.1 0.033
Parent Sample (COSMOS) 112436 5.3 0.015
AGN (COSMOS) 2216 24.3 0.033

2008; Kurk et al. 2013), and the Multi Unit Spectroscopic Explorer
(MUSE; Inami et al. 2017; Urrutia et al. 2019).
The spectroscopic redshifts used in this study for the CANDELS

EGS field were obtained on Keck I with LRIS and MOSFIRE (Kriek
et al. 2015; Masters et al. 2019) as well as on Keck II with DEIMOS
(Cooper et al. 2012a; Matthews et al. 2013; Masters et al. 2019).
For the CANDELS UDS field, the data were taken on: (1) Keck I

with LRIS andMOSFIRE (Kriek et al. 2015;Masters et al. 2019); (2)
Keck II with DEIMOS (Masters et al. 2019); (3) VLT with FORS2
(Bradshaw et al. 2013) andVIMOS (Bradshaw et al. 2013; Scodeggio
et al. 2018; Garilli et al. 2021); and (4) Subaru with the Faint Object
Camera And Spectrograph (FOCUS; Yamada et al. 2005).
Finally, for all of COSMOS, spectroscopic observations were

taken on: (1) Keck I with LRIS and MOSFIRE (Kriek et al. 2015;
Nanayakkara et al. 2016; Casey et al. 2017; Masters et al. 2019;
Stanford et al. 2021); (2) Keck II with DEIMOS (Capak et al. 2004;
Kartaltepe et al. 2010; Hasinger et al. 2018; Masters et al. 2019;
Stanford et al. 2021); (3) VLT with FORS2 (Comparat et al. 2015),
VIMOS (Lilly et al. 2007; Straatman et al. 2018; van der Wel et al.
2021) and the 𝐾-band Multi-Object Spectrograph (KMOS; Euclid
Collaboration et al. 2020); (4) Subaru with the Fiber Multi-Object
Spectrograph (FMOS; Kartaltepe et al. 2015; Silverman et al. 2015)
and MOIRCS (Onodera et al. 2012); and (5) the Magellan Tele-
scope with the Inamori-Magellan Areal Camera and Spectrograph
(IMACS; Trump et al. 2007, 2009).
We are primarily interested in the fraction of AGN in paired galax-

ies identified via their photometric redshift PDFs. Therefore, it is
important to have an assessment of the quality of the photometric
redshifts for AGN, compared to the wider galaxy population. In Fig-
ure A1 we compare spectroscopic redshifts (𝑧spec) to the peak of the
PDF estimate of the photometric redshift (𝑧phot). We reiterate that
these 𝑧phot values are not used in the analyses to identify true galaxy
pairs, but instead we use the full PDFs to encapsulate the full uncer-
tainties. Therefore, the comparison of 𝑧spec and 𝑧phot values can only
be considered indicative of the quality of the PDFs and thus hides
the full treatment of the uncertainties.
Figure A1 shows that for the majority of the parent sample (grey

data points) and the AGN (blue data points) the two redshifts are
in good agreement. One way to quantify this is with the normalized
median absolute deviation (NMAD; Hoaglin et al. 1983) comparing
the spectroscopic and photometric redshifts, which is a common
approach for photometric redshift validation (e.g., Guo et al. 2013;
Nayyeri et al. 2017; Stefanon et al. 2017; Barro et al. 2019; Weaver
et al. 2022). This is defined as

𝜎NMAD = 1.48 ×median
(

|Δ𝑧 |
1 + 𝑧spec

)
, (A1)

where Δ𝑧 is the difference between the peak photometric redshift
PDF estimate and the corresponding spectroscopic redshift.
The CANDELS and COSMOS PDFs are exceptionally accu-

rate for both the parent sample (𝜎NMAD ∼ 0.02) and the AGN
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Figure A1. Spectroscopic redshifts (𝑧spec) versus corresponding photometric
redshfit PDF peak estimate (𝑧phot) for those done by the CANDELS (left;
Kodra et al. 2023) and COSMOS teams (right; Weaver et al. 2022). The grey
and blue points correspond to the parent sample and all AGN, respectively.
Error bars correspond to the upper and lower 68% confidence intervals of the
photometric redshift PDFs.

(𝜎NMAD ∼ 0.03), albeit slightly poorer for the AGN. The AGN
also have higher incidence of spectroscopic redshifts compared to
the parent sample (34% compared to 20% for CANDELS and 24%
compared to 5% for COSMOS). This will further improve the qual-
ity of true pair probabilities presented in Section 3.3. Overall, we
feel confident the photometric PDFs are of sufficiently high quality
for our large statistical study, and future observations with improved
infrared photometry and larger spectroscopic samples will provide
even tighter constraints (see discussion in Section 6).

APPENDIX B: PROBABILISTIC APPROACH TO
SELECTING CONTROL GALAXIES

Here we provide a comprehensive overview of the matching algo-
rithm used to select control galaxy pairs in Section 3.4.
As we calculate the weighted AGN fraction for galaxy pairs (Sec-

tion 3.5), we assemble isolated galaxy “pairs” as our control sample.
In other words, we match physically associated pairs, with weights
Ppair, to physically unassociated pairs. By construction, we require
unassociated pairs to have Ppair = 0, which requires either PΔ𝑉 = 0
or P0-100 kpc𝑟 = 0 (Equation 6). In Section 3.1, we described how
PΔ𝑉 is derived from the 𝑃(𝑧) of paired galaxies independent of
projected separation. Therefore, we select unassociated pairs on the
basis of P0-100 kpc𝑟 = 0, and we interpret their PΔ𝑉 as weights both
statistically comparable to those of the true pair sample and reflective
of the individual unassociated galaxy redshift uncertainties.
For each true pair (TP), we select 3 unassociated control pairs (CP)

matched in redshift, mass, environmental density, 𝑃(𝑧) width3 and
relative line-of-sight probability from a pool of galaxies highly likely
to be physically isolated. We begin by assuming that every galaxy
in our parameter space has some probability of being isolated (i.e.,
no companion within 𝑟𝑝 < 100 kpc or |Δ𝑉 | < 1000 km s−1), Piso,
defined as

Piso =
𝑁∏
𝑖=1

(1 − P5-100 kpcpair,𝑖 ), (B1)

where 𝑁 is the total number of its projected pairs and P5-100 kpcpair,𝑖 is

3 For matching purposes, sources with secure spectroscopic redshifts are
assigned a 𝑃 (𝑧) width equal to 0.01.

the true pair probability (Equation 6) of pair 𝑖 evaluated over the full
separation range. We create a pool of all galaxies with Piso > 90%,
from which we will select controls.
Following Ellison et al. (2013b), we compute the local environ-

mental density for each galaxy, Σ, defined as

Σ =
𝑛

𝜋𝑟2𝑛
, (B2)

where 𝑟𝑛 is the projected separation to the 𝑛th nearest companion
within |Δ𝑉 | < 1000 km s−1. We set 𝑟𝑛 = 1 Mpc and apply our
probabalistic methodology to measuring 𝑛 as the sum of all true pair
probabilities of all projected companions within 1 Mpc:

𝑛 =

𝑁∑︁
𝑖=1

P0-1 Mpcpair,i . (B3)

In finding the best matches, we would ideally calculate the differ-
ence in mass, redshift, environment, 𝑃(𝑧) width (for both galaxies)
as well as PΔ𝑉 between the TP and all candidate CPs. This ap-
proach would involve first calculating PΔ𝑉 then sorting for over
6 billion unique galaxy pairs. Rather, we construct an iterative
search algorithm to find sufficient matches in a timely manner.
For both galaxies in a TP, we assemble initial samples of control
candidates with |Δ𝑧 | < 0.05, |Δlog(𝑀∗) | < 0.05, |ΔΣ| < 2 and
|Δlog(𝑃(𝑧) width) | < 0.05.We generate every combination of galax-
ies from the two samples separated by more than 20 arcsec to ensure
P0-100 kpc𝑟 = 0, and we compute PΔ𝑉 for each pairing. In order for
a pair of relative line-of-sight probability, PCP

Δ𝑉
, to be selected as a

match to a true pair of relative line-of-sight probability, PTP
Δ𝑉
, it must

meet the criteria of our matching function:

|log
(
PTP
Δ𝑉

)
− log

(
PCP
Δ𝑉

)
| < 1.54 × 10−4

PTP
Δ𝑉

+ 5.24 × 10−5
+ 0.05. (B4)

We devised thematching function such that high probability TPs (i.e.,
the ones that receive the highestweights in theweightedAGNfraction
calculation), are strictly matched in PΔ𝑉 while the matching to low
probability TPs (i.e., those whose weights will contribute negligibly
to the weighted AGN fraction), is less stringent. Matched PΔ𝑉 are
shown in the bounds of the matching function in Figure B1.
If more than 3 candidate CPs satisfy the matching function, then

we select the 3 best-matched CPs by minimizing the difference:

dif. = (Δ𝑧1)2 + (Δlog(𝑀∗,1))2 +
(ΔΣ1)2
10

+ (Δlog(𝑃1 (𝑧) width))2

+ (Δ𝑧2)2 + (Δlog(𝑀∗,2))2 +
(ΔΣ2)2
10

+ (Δlog(𝑃2 (𝑧) width))2

+ 10(Δlog(PΔ𝑉 )2,
(B5)

where the subscripts 1 and 2 indicate the difference in matched pa-
rameters to galaxy 1 and 2 in a TP. We amplify the difference in PΔ𝑉

so that the CPs receive the closest weight possible to their matched
TP. Additionally, we down-weight the environmental components to
place their difference in roughly the same order of magnitude as
that of the other matched parameters (i.e., stellar masses range from
log (𝑀∗/𝑀�) ∼ 9.4−12 while environmental density ranges from
Σ ∼ 0−25Mpc−1; see Figure 5). If less than 3 CPs satisfy the match-
ing function, then we iteratively broaden the initial 𝑧, log(𝑀∗), Σ and
log(𝑃(𝑧) width) search thresholds by 0.03, 0.03, 1 and 0.05, respec-
tively, until 3 do. CPs are selected with replacement for different TPs,
and we require 6 unique galaxies to comprise the 3 CPs per TP to
mitigate duplicate effects. Normalized distributions of the matched
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Figure B1. Distribution of the relative line-of-sight probabilities of the con-
trol pairs, PCP

Δ𝑉
, matched to that of the true pairs, PTP

Δ𝑉
. The green lines

correspond to the matching function extrema (Equation B4) projected onto
the PTP

Δ𝑉
−PCP

Δ𝑉
plane. True pairs with high PTP

Δ𝑉
are tightly matched by

PCP
Δ𝑉
to ensure equal weighting when calculating, then comparing, weighted

AGN fractions (Equation 7). Distributions of PTP
Δ𝑉
and PCP

Δ𝑉
are shown with

(solid purple histogram) and without (grey striped histogram) the inclusion
of spectroscopic redshifts, adjacent to the corresponding axes. Normalised
distributions of PTP

Δ𝑉
for pairs featuring X-ray and IR AGN are given by blue

and red lines, respectively

parameters with and without weights are shown in Figure 5, which
reveals the matching process was successful.

APPENDIX C: SIMULATED RESULTS

We test the robustness of our probabilistic pair methodology by
applying it to a mock dataset with the goal of recreating the observed
weighted AGN fractions (Figure 9) of our obscured AGN sample.
We generate 250,000 galaxies in a ∼2.4 deg2 area, from which we
draw the RA and DEC of each galaxy randomly. True redshifts, 𝑧true,
are drawn from a random uniform distribution between 0.5 and 3. To
simulate increasing weighted AGN fractions at decreasing separation
comparable to that of the observed obscured AGN enhancement, we
then randomly assign AGN to galaxy pairs (Δ𝑉 < 1000 km s−1) at
0.02, 0.01 and 0.005 probabilities if their projected separation is
within 25 kpc, 50 kpc, or not (i.e., isolated), respectively.
We generate photometric redshift PDFs for each galaxy from a

Gaussian distribution of mean `sim and standard deviation 𝜎sim. We
fit Gaussian distributions of 𝜎 equal to ∼0.017 and ∼0.068 (both
` ∼ 0) to the observed Δ𝑧 (i.e., 𝑧spec − 𝑧phot) and 𝜎𝑃 (𝑧) (i.e., half the
upperminus lower PDF 68% confidence intervals), respectively, from
which we draw Δ𝑧𝑖 shifts and 𝜎𝑃 (𝑧) ,𝑖 such that `sim,𝑖 = 𝑧true,𝑖 +Δ𝑧𝑖
and 𝜎sim,𝑖 = 𝜎𝑃 (𝑧) ,𝑖 for galaxy 𝑖.
Finally, we calculate the weighted AGN fractions from the sim-

ulated PDFs, which we compare to the true statistics of the mock
sample (i.e., from 𝑧true) as a function of projected separation in

Figure C1. Weighted AGN fraction of simulated galaxy pairs binned by
projected separation. The black circles correspond to the weighted AGN
fraction (Ppair equal to 0 or 1) calculated from the true redshifts (i.e., 𝑧true).
The red diamonds correspond to the weighted AGN fraction determined
using simulated PDFs and the pair convolution method detailed in this work.
Standard errors for both groups are calculated from a common bootstrap
technique (Efron 1979, 1981).

Figure C1. Determining the AGN enhancement via PDF convolu-
tions indeed recovers an increase in the weighted AGN fraction from
∼0.5% at projected separations less than 50 kpc to ∼10% at pro-
jected separations less than 25 kpc, just as in the obscured AGN
sample (Figure 9).
However, based on this simulated experiment, the convolution ap-

proach underestimates the true AGN fraction of close galaxy pairs
(within 25 kpc) in the mock dataset by ∼40%. Given that the X-
ray sample has a much higher spectroscopic redshift coverage (i.e.,
roughly one third have spectrosopic redshifts), and therefore is less
affected by uncertain PDFs, and we observe no enhancement at all
for this sample (Figure 6), the observed lack of a trend with projected
separation is expected to be robust. For the obscured AGN sample
(Figure 9), our simulations indicate that our finding may be mod-
erately underestimating the true AGN enhancements (albeit this is
captured somewhat with that large uncertainties) as true and control
pair samples inevitably become less clean with a higher fraction of
photometric redshifts.

APPENDIX D: SUPPLEMENTARY INFORMATION

This contains all tabulated data plotted in Section 4. This includes
the weighted AGN fractions and enhancements in bins of projected
separation for X-ray AGN (Table D1), that for X-ray AGN split
by luminosity and redshift (Table D3), IR AGN (Table D2) and
obscured AGN (defined as those only selected in the IR; Table D5).
Obscuration fraction (ratio of obscured to X-ray AGN) as a function
of projected separation is also tabulated in Table D4.
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Table D1. Enhancement of X-ray AGN (𝐿𝑋 > 1042 erg s−1) in major (mass ratio up to 4:1) and minor galaxy pairs (mass ratios of 4:1 to 10:1) at 0.5 < 𝑧 < 3. N (Ppair > 0.01) gives the number of unique galaxy
pairs with pair probability (Ppair; Equation 6) greater than 0.01.

∑ Ppair and
∑ Ppair × 𝑁AGN correspond to the sum of all pair probabilities and the sum of all AGN in pairs (0, 1, or 2) weighted by those pair

probabilities, respectively. The weighted AGN fraction is the quotient of the previous two sums (Equation 7), and AGN enhancement is computed as the ratio of the weighted AGN fraction of true pairs to that of the
control pairs (Equation 8). The 𝑧spec + 𝑧phot and 𝑧phot only sections correspond to results with and without secure spectroscopic redshifts (𝛿 (𝑧spec)) in place of photometric redshift probability distribution functions
when available. All tabulated values are plotted in the left panels of Figure 6.

Major pairs Minor pairs

0 < 𝑟𝑝 < 25 25 < 𝑟𝑝 < 50 50 < 𝑟𝑝 < 75 75 < 𝑟𝑝 < 100 0 < 𝑟𝑝 < 25 25 < 𝑟𝑝 < 50 50 < 𝑟𝑝 < 75 75 < 𝑟𝑝 < 100

𝑧spec
+

𝑧phot

True
pairs

N (Ppair > 0.01) 2599 5126 6482 8088 1133 2299 2824 3556∑ Ppair 357.2 607.1 706.9 849.7 138.6 265.9 306.1 373.7∑ Ppair × 𝑁AGN 26.0 42.6 43.2 60.2 9.1 20.0 23.9 29.9
Weighted AGN fraction (%) 7.28 ± 0.90 7.01 ± 0.72 6.11 ± 0.66 7.09 ± 0.65 6.57 ± 1.06 7.51 ± 1.08 7.80 ± 0.84 8.01 ± 0.85

Control
pairs

N (Ppair > 0.01) 7792 15343 19473 24270 3398 6896 8477 10671∑ Ppair 1067.4 1813.8 2117.2 2543.5 413.5 795.8 916.8 1117.5∑ Ppair × 𝑁AGN 75.9 110.0 116.1 151.9 27.7 61.1 66.4 80.2
Weighted AGN fraction (%) 7.12 ± 0.52 6.06 ± 0.36 5.48 ± 0.32 5.97 ± 0.29 6.70 ± 0.70 7.68 ± 0.55 7.24 ± 0.54 7.18 ± 0.42
AGN enhancement 1.02 ± 0.15 1.16 ± 0.14 1.12 ± 0.14 1.19 ± 0.12 0.98 ± 0.19 0.98 ± 0.16 1.08 ± 0.14 1.12 ± 0.14

𝑧phot
only

True
pairs

N (Ppair > 0.01) 2639 5226 6652 8310 1142 2314 2923 3646∑ Ppair 302.7 550.5 654.6 770.5 120.9 230.9 269.6 338.4∑ Ppair × 𝑁AGN 17.9 29.2 33.2 37.0 8.6 15.9 17.9 23.2
Weighted AGN fraction (%) 5.92 ± 0.55 5.30 ± 0.40 5.07 ± 0.35 4.81 ± 0.34 7.09 ± 0.92 6.89 ± 0.83 6.64 ± 0.64 6.84 ± 0.59

Control
pairs

N (Ppair > 0.01) 7902 15637 19987 24936 3428 6941 8778 10935∑ Ppair 901.9 1645.8 1958.1 2306.2 361.5 689.9 805.8 1013.2∑ Ppair × 𝑁AGN 57.7 84.2 100.7 114.8 25.8 53.7 55.4 71.9
Weighted AGN fraction (%) 6.40 ± 0.39 5.11 ± 0.27 5.14 ± 0.25 4.98 ± 0.21 7.15 ± 0.58 7.78 ± 0.48 6.88 ± 0.39 7.10 ± 0.33
AGN enhancement 0.93 ± 0.10 1.04 ± 0.09 0.99 ± 0.08 0.97 ± 0.08 0.99 ± 0.15 0.89 ± 0.12 0.96 ± 0.11 0.96 ± 0.09
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Table D2. Enhancement of IR AGN (Donley et al. 2012) in major (mass ratio up to 4:1) and minor galaxy pairs (mass ratios of 4:1 to 10:1) at 0.5 < 𝑧 < 3. Row definitions follow that of Table D1, and all tabulated
values are plotted in the right panels of Figure 6.

Major pairs Minor pairs

0 < 𝑟𝑝 < 25 25 < 𝑟𝑝 < 50 50 < 𝑟𝑝 < 75 75 < 𝑟𝑝 < 100 0 < 𝑟𝑝 < 25 25 < 𝑟𝑝 < 50 50 < 𝑟𝑝 < 75 75 < 𝑟𝑝 < 100

𝑧spec
+

𝑧phot

True
pairs

N (Ppair > 0.01) 2599 5126 6482 8088 1133 2299 2824 3556∑ Ppair 357.2 607.1 706.9 849.7 138.6 265.9 306.1 373.7∑ Ppair × 𝑁AGN 7.6 11.8 12.4 8.5 2.3 5.8 5.8 7.2
Weighted AGN fraction (%) 2.12 ± 0.42 1.95 ± 0.36 1.76 ± 0.33 1.00 ± 0.18 1.67 ± 0.41 2.18 ± 0.61 1.88 ± 0.37 1.94 ± 0.41

Control
pairs

N (Ppair > 0.01) 7792 15343 19473 24270 3398 6896 8477 10671∑ Ppair 1067.4 1813.8 2117.2 2543.5 413.5 795.8 916.8 1117.5∑ Ppair × 𝑁AGN 17.2 25.5 25.4 31.0 7.7 11.4 16.2 18.2
Weighted AGN fraction (%) 1.61 ± 0.24 1.40 ± 0.14 1.20 ± 0.11 1.22 ± 0.11 1.85 ± 0.31 1.44 ± 0.25 1.77 ± 0.20 1.62 ± 0.17
AGN enhancement 1.32 ± 0.33 1.39 ± 0.29 1.47 ± 0.31 0.82 ± 0.17 0.90 ± 0.27 1.51 ± 0.50 1.06 ± 0.24 1.19 ± 0.28

𝑧phot
only

True
pairs

N (Ppair > 0.01) 2639 5226 6652 8310 1142 2314 2923 3646∑ Ppair 302.7 550.5 654.6 770.5 120.9 230.9 269.6 338.4∑ Ppair × 𝑁AGN 6.4 7.5 8.5 6.6 2.2 3.3 5.2 6.5
Weighted AGN fraction (%) 2.10 ± 0.33 1.37 ± 0.19 1.29 ± 0.19 0.86 ± 0.13 1.80 ± 0.47 1.41 ± 0.29 1.91 ± 0.31 1.91 ± 0.30

Control
pairs

N (Ppair > 0.01) 7902 15637 19987 24936 3428 6941 8778 10935∑ Ppair 901.9 1645.8 1958.1 2306.2 361.5 689.9 805.8 1013.2∑ Ppair × 𝑁AGN 16.6 23.3 26.8 29.5 7.7 12.6 15.2 22.3
Weighted AGN fraction (%) 1.84 ± 0.23 1.42 ± 0.15 1.37 ± 0.12 1.28 ± 0.10 2.13 ± 0.31 1.82 ± 0.23 1.89 ± 0.19 2.20 ± 0.19
AGN enhancement 1.14 ± 0.23 0.97 ± 0.17 0.95 ± 0.16 0.67 ± 0.11 0.84 ± 0.25 0.78 ± 0.19 1.01 ± 0.19 0.87 ± 0.16
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Table D3. Enhancement of moderate 𝐿𝑋 (𝐿𝑋 = 1043.2−43.7 erg s−1) and high 𝐿𝑋 AGN (𝐿𝑋 > 1043.7 erg s−1; see Figure 2) in major galaxy pairs (mass ratio up to 4:1) as a function of projected separation, 𝑟𝑝 ,
using available spectroscopic redshifts. The table is split by redshift such that the first section corresponds to the full complete redshift range of each sample (0.5 < 𝑧 < 2 and 0.5 < 𝑧 < 3 for moderate 𝐿𝑋 and high
𝐿𝑋 AGN, respectively), the second to 1 < 𝑧 < 2 and the third to 2 < 𝑧 < 3, which only the high 𝐿𝑋 AGN sample populates. Row definitions follow that of Table D1, and all tabulated values are plotted in Figure 7.

Moderate 𝐿𝑋 High 𝐿𝑋

0 < 𝑟𝑝 < 25 25 < 𝑟𝑝 < 50 50 < 𝑟𝑝 < 75 75 < 𝑟𝑝 < 100 0 < 𝑟𝑝 < 25 25 < 𝑟𝑝 < 50 50 < 𝑟𝑝 < 75 75 < 𝑟𝑝 < 100

Complete
redshfit
range

True
pairs

N (Ppair > 0.01) 1734 3611 4549 5642 2599 5126 6482 8088∑ Ppair 256.8 459.2 534.4 643.4 357.2 607.1 706.9 849.7∑ Ppair × 𝑁AGN 4.7 11.0 11.6 13.7 6.2 7.3 9.2 10.8
Weighted AGN fraction (%) 1.82 ± 0.60 2.39 ± 0.40 2.16 ± 0.48 2.13 ± 0.38 1.73 ± 0.35 1.20 ± 0.25 1.30 ± 0.25 1.27 ± 0.19

Control
pairs

N (Ppair > 0.01) 5193 10813 13671 16923 7792 15343 19473 24270∑ Ppair 767.6 1371.6 1600.3 1926.4 1067.4 1813.8 2117.2 2543.5∑ Ppair × 𝑁AGN 15.8 30.1 29.0 34.2 15.0 26.0 26.7 30.5
Weighted AGN fraction (%) 2.06 ± 0.32 2.20 ± 0.25 1.81 ± 0.19 1.78 ± 0.17 1.41 ± 0.20 1.44 ± 0.15 1.26 ± 0.12 1.20 ± 0.11
AGN enhancement 0.88 ± 0.32 1.09 ± 0.22 1.19 ± 0.29 1.20 ± 0.25 1.23 ± 0.30 0.83 ± 0.20 1.03 ± 0.22 1.06 ± 0.19

1 < 𝑧 < 2

True
pairs

N (Ppair > 0.01) 1238 2548 3216 4012 1238 2548 3216 4012∑ Ppair 147.7 270.9 315.2 382.5 147.7 270.9 315.2 382.5∑ Ppair × 𝑁AGN 3.3 8.8 9.1 9.7 2.9 4.0 5.4 5.4
Weighted AGN fraction (%) 2.23 ± 0.80 3.23 ± 0.51 2.89 ± 0.68 2.54 ± 0.50 1.98 ± 0.56 1.48 ± 0.43 1.72 ± 0.52 1.41 ± 0.31

Control
pairs

N (Ppair > 0.01) 3704 7618 9673 12025 3704 7618 9673 12025∑ Ppair 441.1 809.9 944.3 1145.0 441.1 809.9 944.3 1145.0∑ Ppair × 𝑁AGN 11.9 22.5 22.2 25.9 6.4 12.9 13.9 15.8
Weighted AGN fraction (%) 2.69 ± 0.41 2.78 ± 0.34 2.36 ± 0.27 2.26 ± 0.21 1.44 ± 0.31 1.59 ± 0.26 1.47 ± 0.17 1.38 ± 0.18
AGN enhancement 0.83 ± 0.32 1.16 ± 0.23 1.23 ± 0.32 1.12 ± 0.25 1.37 ± 0.49 0.93 ± 0.31 1.17 ± 0.38 1.02 ± 0.26

2 < 𝑧 < 3

True
pairs

N (Ppair > 0.01) 855 1509 1920 2439∑ Ppair 100.1 147.4 171.1 205.9∑ Ppair × 𝑁AGN 3.122 3.247 3.268 5.376
Weighted AGN fraction (%) 3.12 ± 0.98 2.20 ± 0.74 1.91 ± 0.36 2.61 ± 0.56

Control
pairs

N (Ppair > 0.01) 2570 4512 5763 7326∑ Ppair 298.6 440.8 512.7 615.7∑ Ppair × 𝑁AGN 7.4 9.9 8.5 11.2
Weighted AGN fraction (%) 2.49 ± 0.34 2.25 ± 0.33 1.65 ± 0.23 1.82 ± 0.27
AGN enhancement 1.25 ± 0.43 0.98 ± 0.36 1.16 ± 0.27 1.44 ± 0.37
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Table D4. Obscuration fraction (ratio of obscured AGN to all X-ray-selected AGN; Equation 9) of major galaxy pairs (mass ratio up to 4:1) as a function of
projected separation, 𝑟𝑝 , using available spectroscopic redshifts. Row definitions follow the scheme outlined in Table D1. The sums of weighted obscured and
X-ray AGN are reported separately (

∑ Ppair × 𝑁IR-only AGN and
∑ Ppair × 𝑁X-ray AGN), and obscuration fraction is computed as the ratio of those sums. All

tabulated values are plotted in Figure 8.

0 < 𝑟𝑝 < 25 25 < 𝑟𝑝 < 50 50 < 𝑟𝑝 < 75 75 < 𝑟𝑝 < 100

True
pairs

N (Ppair > 0.01) 2599 5126 6482 8088∑ Ppair 357.2 607.1 706.9 849.7∑ Ppair × 𝑁IR-only AGN 3.8 4.8 4.8 4.3∑ Ppair × 𝑁X-ray AGN 26.0 42.6 43.2 60.2
Obscuration fraction (%) 14.63 ± 3.83 11.23 ± 2.31 11.11 ± 2.56 7.17 ± 1.63

Control
pairs

N (Ppair > 0.01) 7792 15343 19473 24270∑ Ppair 1067.4 1813.8 2117.2 2543.5∑ Ppair × 𝑁IR-only AGN 5.4 9.2 10.9 13.3∑ Ppair × 𝑁X-ray AGN 75.9 110.0 116.1 151.9
Obscuration fraction (%) 7.17 ± 1.39 8.39 ± 1.29 9.42 ± 1.21 8.74 ± 1.40

Table D5. Enhancement of obscured AGN (selected exclusively in the IR; see Section 4.3) in major galaxy pairs (mass ratio up to 4:1) as a function of projected
separation, 𝑟𝑝 , using available spectroscopic redshifts. Row definitions follow that of Table D1, and all tabulated values are plotted in Figure 9.

0 < 𝑟𝑝 < 25 25 < 𝑟𝑝 < 50 50 < 𝑟𝑝 < 75 75 < 𝑟𝑝 < 100

True
pairs

N (Ppair > 0.01) 2599 5126 6482 8088∑ Ppair 357.2 607.1 706.9 849.7∑ Ppair × 𝑁AGN 3.8 4.8 4.8 4.3
Weighted AGN fraction (%) 1.06 ± 0.25 0.79 ± 0.15 0.68 ± 0.15 0.51 ± 0.09

Control
pairs

N (Ppair > 0.01) 7792 15343 19473 24270∑ Ppair 1067.4 1813.8 2117.2 2543.5∑ Ppair × 𝑁AGN 5.4 9.2 10.9 13.3
Weighted AGN fraction (%) 0.51 ± 0.09 0.51 ± 0.07 0.52 ± 0.06 0.52 ± 0.07
AGN enhancement 2.08 ± 0.61 1.55 ± 0.36 1.31 ± 0.32 0.97 ± 0.22

MNRAS 000, 1–22 (2023)



Exploring the spectrum of stochastic gravitational-wave anisotropies with pulsar
timing arrays

Gabriela Sato-Polito1 and Marc Kamionkowski1
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Anisotropies in the nanohertz gravitational-wave background are a compelling next target for
pulsar timing arrays (PTAs). Measurements or informative upper limits to the anisotropies are
expected in the near future and can offer important clues about the origin of the background and
the properties of the sources. Given that each source is expected (in the simplest scenario of circular
inspirals) to emit at a fixed frequency, the anisotropy will most generally vary from one frequency
to another. The main result presented in this work is an analytical model for the anisotropies
produced by a population of inspiralling supermassive black-hole binaries (SMBHBs). This model
can be immediately connected with parametrizations of the SMBHB mass function and can be easily
expanded to account for new physical processes taking place within the PTA frequency band. We
show that a variety of SMBHB models predict significant levels of anistropy at the highest frequencies
accessible to PTA observations and that measurements of anisotropies can offer new information
regarding this population beyond the isotropic component. We also model the impact of additional
dynamical effects driving the binary towards merger and show that, if these processes are relevant
within the PTA band, the detectability of anisotropies relative to the isotropic background will be
enhanced. Finally, we use the formalism presented in this work to predict the level anisotropy of the
circular and linear polarizations of the SGWB due to the distribution of binary orientation angles
with respect to the line of sight.

I. INTRODUCTION

A tantalizing detection of a common-spectrum pro-
cess has now been reported across all pulsar timing ar-
rays (PTAs) [1–4], which may be the first hint of low-
frequency (∼ 1 − 100 nHz) gravitational waves (GWs).
Although a significant measurement of the angular cross-
correlation described by the Hellings & Downs [5] curve
is still lacking for a conclusive detection, the next few
years of PTA observations is likely to establish the origin
of this common-spectrum process.

Supermassive black holes appear to reside at the cen-
ter of most massive galaxies [6] and, albeit a highly
uncertain process, are expected to merge following the
merger of the host galaxies[7]. During their inspiral pe-
riod, supermassive black-hole binaries (SMBHBs) will
enter the PTA band and are the most likely sources
of low-frequency gravitational waves. The PTA signal
is therefore expected to be composed of the incoher-
ent superposition of the gravitational radiation from all
SMBHBs in their slow adiabatic inspiral phase (see, e.g.,
Ref.[8]). In this regime, each system is well modelled
in the Newtonian approximation, thus acting as a con-
tinuous monochromatic emitter with a frequency that is
twice its orbital frequency.

After a significant detection of an isotropic stochas-
tic GW background (SGWB) is found, characterizing its
spatial distribution will be a key scientific target to de-
termine its origin and properties. Due to the finite num-
ber of binaries, anisotropies in the background are nat-
urally expected from Poisson fluctuations [9, 10]. Ana-
lytical modelling of such anisotropies has been explored

for sources in the LIGO/Virgo frequency band[11–13] in
intensity and for circular polarization in Ref. [14]. Fur-
thermore, a variety of techniques to predict the impact
of intensity and polarization anisotropies of the SGWB
on the pulsar times-of-arrival and tools to measure such
signatures from data have been developed [10, 15–19],
with first upper limits presented using data from the Eu-
ropean Pulsar Timing Array (EPTA) [20]. While these
analyses decompose the GWB into spherical harmonics,
compelling alternative techniques have been proposed to
search for anisotropies, such as decomposing the GWB
into eigenmaps of the Fisher matrix instead of spherical
harmonics [21, 22].

The main result we present in this work is an analytical
prediction for the anisotropy of the SGWB due to shot
noise (given in Sec. III), which we connect with a simple
parametrization of the SMBHB mass function. As one
might expect, we show that the level of anisotropy is fre-
quency dependent, since the number of binaries is lower
and therefore the shot noise is higher at higher frequen-
cies, scaling as C`>0/C0 ∝ f11/3 in the GW-dominated
regime. While combining all frequency bands in a PTA
washes out anisotropies, a detection or informative upper
limit may be feasible within the next few years at higher
frequencies. We proceed to explore a variety of signals
that impact the anisotropy of the SGWB and that there-
fore may be constrained or measured in the near future as
PTA sensitivities improve. These include (i) the SMBHB
population, (ii) additional interactions driving the binary
mergers, and (iii) the circular and linear polarization of
the SGWB due to the distribution of inclinations angles
of the binary population.
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Provided that the background is indeed produced by
SMBHBs, we show that measurements of anisotropy will
offer new information about the SMBHB population be-
yond what can be inferred from the isotropic compo-
nent. In particular, while the isotropic component of the
SGWB corresponds to the mean GW intensity summed
over all SMBHBs (∼

∫
Nh2), the anisotropies depend

on the second moment of this distribution (∼
∫
Nh4).

Hence, measurements or upper limits to anisotropies will
be an important step to maximize the information about
the SMBHB population that can be retrieved from PTA
data.

Our derivation also provides a simple framework to
predict anisotropies while relaxing some of the assump-
tions that are typically made in the standard scenario
of GW emission within the PTA band. As a corollary
of our results, we show how the frequency dependence
of anisotropies is modified by additional physical pro-
cesses driving the binary inspiral, such as stellar scat-
tering and interactions with circumbinary gas. These
processes might accelerate the evolution of the binary
at the lowest frequencies accessible to PTA observations.
In this scenario, the GW spectrum is attenuated, but we
show that the relative amplitude of the anisotropies are
enhanced.

Finally, we use this formalism to compute the expected
level of linear and circular polarizations of the SGWB.
Each SMBHB is individually polarized as a function of
the orientation of the orbit with respect to the line of
sight. While the expectation value of the isotropic com-
ponent of the linear and circular polarizations are zero,
the anisotropies are not, since fluctuations in the num-
bers of sources lead to fluctuations on the polarizations
at different sky locations. We show that, given a pre-
diction for the level of anisotropies in the intensity, the
circular polarization is expected to be around a quarter
of this value (as shown by Ref. [14]), and the linear po-
larizations around 3%.

This paper is organized as follows. We discuss the
model for the SGWB produced by a population of inspi-
ralling SMBHBs in Sec. II, which has been used to com-
pute the isotropic component. We extend this formalism
to compute the anisotropies of the SGWB in Sec. III due
to shot noise. We present our results in Sec. IV, explor-
ing the dependence of the anisotropies on the SMBHB
population, the physical processes driving the binary in-
spiral, and the polarization of the SGWB. We conclude
in Sec. V.

II. SGWB MODEL

A gravitational-wave background is composed from the
sum of all SMBHBs emitting at a given observed fre-
quency. Under the assumption that the evolution of the
systems in the PTA band are stationary and dominated

by GW emission, a model for the background only re-
quires an additional model for the number density of
SMBHBs per chirp mass and redshift. In this scenario,
the characteristic strain at a frequency f is given by
[8, 23]

h2
c(f) =

4G

πc2f2

∫
d log10M

∫
dz

1 + z

× dn

dzd log10M

(
dEgw

d log fr

)∣∣∣∣
fr=(1+z)f

,
(1)

where dn/dzd log10M is the number density of sources
per redshift and logarithmic chirp mass bin, and
dEgw/d log fr, the rest-frame energy spectrum generated
by individual sources. The relevant redshift and chirp
mass ranges in the integrals above are 0 ≤ z ≤ 5 and
106 ≤M/M� ≤ 1011.

We adopt a simple model for the SMBHB number den-
sity, described in Ref. [24],

dn

dzd log10M
= ṅ0

[( M
107M�

)−α
e−M/M∗

]

×
[
(1 + z)βe−z/z0

] dtr
dz
,

(2)

where tr is the coordinate time in the source rest frame,
ṅ0 is the normalized merger rate, the parameters β and
z0 describe the redshift distribution and α and M∗ the
chirp mass distribution.

It will be convenient to describe the total number of
binaries N in a spherical shell of thickness dz, per loga-
rithmic mass bin, and emitting at a frequency fr. The
number density of binaries in Eq. 2 can be rewritten as

dn

dzd log10M
=

dN

dzd log10Md log fr

d log fr
dtr

dtr
dz

dz

dVc
. (3)

The change in the emitted frequency over time is assumed
to be only due to the shrinking of the orbital radius from
GW emission and is therefore given by

d log fr
dtr

=
96

5
π8/3

(
GM
c3

)5/3

f8/3
r , (4)

and Vc is the comoving volume, and (dtr/dz)(dz/dVc) =
[4πc(1 + z)D2

A]−1. Under these assumptions, the energy
spectrum is given by

dEgw

d log fr
=

1

3G
(GM)

5/3
(πfr)

2/3, (5)

and the characteristic strain in Eq. 1 can therefore be
rewritten as

h2
c(f) =

∫
d log10M

∫
dz

dN

dzd log10Md log f
h2(z,M, f),

(6)
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FIG. 1. Number of SMBHBs emitting in each frequency bin of a PTA and the contributions of each redshift and chirp mass
bin to the total characteristic strain. In the leftmost plot, we assume that the frequency bin width is fixed by the inverse of
the observing time, which we assume to be 20 yr. Each color corresponds to a different model for the SMBHB mass function,
specified in Table I.

where h2 is the time and orientation averaged strain from
binaries within an infinitesimal bin in redshift, mass, and
frequency, such that

h2(z,M, f) =
32π4/3

5c8
(1 + z)10/3

d2
L(z)

(GM)
10/3

f4/3, (7)

where dL is the physical (non-comoving) luminosity dis-
tance and all of the frequencies have been expressed in
terms of observed (not rest-frame) frequencies. We note
that Eq. 7 is equivalent to h2 = 〈h2

+ +h2
×〉t,Ω̂ι , which can

be shown by using that the total power radiated in GWs
is given by

dEgw

dt
=

c3d2
L(z)

16πG(1 + z)2

∫
dΩ̂ι〈ḣ2

+ + ḣ2
×〉t, (8)

and that 〈ḣ2
+ + ḣ2

×〉t = 4π2f2
r 〈h2

+ + h2
×〉.

We select a range of models that will span lower to
higher levels of anisotropy, but that are normalized to
have the same characteristic strain spectrum hc(f). The
parameters of Eq. 2 for each model are given in the table
below. We show in Figure 1 the mean number of SMB-
HBs per frequency bin and the contribution to the char-
acteristic strain from each redshift and chirp mass bin for
each of the models considered. The models range from
being dominated by a large number of low-mass sources,
with a broad redshift distribution (blue), to those domi-
nated by a small number of very massive and loud nearby
binaries (red). In each model, we choose the value of ṅ0

such that the total hc(f) is fixed to a value consistent
with the common-spectrum process recently found in re-
cent PTA observations, with a value of 2 × 10−15 at a
reference frequency of f = 1yr−1.

As has been pointed out in Ref. [8], the model de-
scribed above overpredicts the characteristic strain at
high frequencies. This is due to the fact that the in-
tegrals in Eq. 6 sum over bins in mass and redshift where

Model α M∗ [M�] β z0

(1) 1 3.2× 107 3 3

(2) 0.5 7.5× 107 2.5 2.4

(3) 0 1.8× 108 2 1.8

(4) -0.5 4.2× 108 1.5 1.1

(5) -1 109 1 0.5

TABLE I. Parameters of each SMBHB mass function model
used in Figs. 1 and 3.

the mean number of binaries is less than 1 for certain
frequecies. Hence, for SMBHBs in such bins, any real-
ization of this distribution will most likely contain zero
sources. In other words, while Eqs. 1 and 6 accurately
predict the mean characteristic strain, the median can
potentially be much lower. This can be accounted for by
placing an upper limit in the SMBHB mass integral M̄
in either equations, where M̄ for each frequency bin is
found by imposing that∫ ∞

M̄
dM

∫ f+∆f/2

f−∆f/2

df

∫
dz

dN

dzdMdf
= 1. (9)

III. ANISOTROPIC SGWB

Eq. 1 corresponds to the total characteristic strain of
gravitational waves and is therefore understood as a sum
across all sources over the entire sky. That is,

h2
c(f) =

∫
dΩ̂ h2

c(f, Ω̂), (10)

where the characteristic strain h2
c(f, Ω̂) arriving from

a given angular position Ω̂ depends on the number of
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FIG. 2. Anisotropy of the SGWB from realizations of a Poisson distribution of sources. The panel on the left shows the
theoretically predicted anisotropy from Eq. 17 (thick grey line) and the values obtained from measurements of a simulated sky
map (thick orange lines). The simulations consist of sampling a number of SMBHBs in each mass, redshift, and frequency bin
from a Poisson distribution, uniformly distributing them on the sky, and measuring the spherical harmonic coefficients of this
map. The two panels on the right show two different frequency bins of one realization.

sources at that location on the sky, which we assume to
be isotropically distributed (thereby neglecting the effect
of clustering). Hence,

h2
c(f, Ω̂) =

∫
d~θ

dN

d~θd log fdΩ̂
(Ω̂)h2(f, ~θ), (11)

where the variables that characterize the binary (here, z

and log10M) have been abbreviated as ~θ.
The mean number of SMBHB is assumed to be con-

stant throughout space, but any realization of the sky
can be modelled as a finite number of discrete sources,
sampled from a Poisson distribution. Thus, the discrete-
ness of the number of sources induces an inherent fluctu-
ation on the amplitude of GW emissions as a function of
position, which is expected to be the primary source of
anisotropy in the SGWB.

In analogy with shot-noise calculations in the context
large-scale structure, we may divide the sky into a grid
of discrete cells, where Ω̂i denotes the angular position of
the center of each cell i, which contains either Ni = 0 or
1 objects emitting at a frequency f within [log f, log f +
d log f ]. A useful property that follows from this is that
N2
i = Ni. Since the frequency bin is determined by the

total observing time of the pulsars, it will be convenient
to consider finite frequency bin widths ∆ log f , instead
of infinitesimal ones.

The mean number of binaries with parameters ~θ within
a given cell i is

〈Ni〉(f, ~θ) =
f

4π∆f

∫
∆ log f

d log f̃
dN

d~θd log f̃
d~θ

≡ f

4π∆f

dN∆f

d~θ
d~θ,

(12)

where the second line defines the mean number of binaries
in a finite-width frequency bin, and infinitesimal bins of

properties ~θ. The GW amplitude from such SMBHBs is
therefore given by

h2
c(f,

~θ, Ω̂i)d~θ = Nih
2d~θ, (13)

where Ni and h2 are both functions of frequency, and

additional parameters ~θ. The correlation between the
GW amplitudes emitted from positions Ω̂i and Ω̂j from

binaries with properties ~θ, ~θ′ and frequencies f , f ′ is
therefore

〈h2
c(f,

~θ, Ω̂i)h
2
c(f
′, ~θ′, Ω̂j)〉d~θd~θ′ = 〈NiNj〉h2h′2d~θd~θ′.

(14)
When i 6= j, Ni and Nj are uncorrelated, whereas when
i = j, we may use the fact that there can only be 0 or 1
SMBHBs in the cell. Hence,

〈NiNj〉i 6=j =〈Ni〉〈Nj〉
〈NiNj〉i=j =〈Ni〉δ(~θ, ~θ′)

(15)

Substituting this result into Eq. 14 and integrating over

all binary parameters ~θ and ~θ′, we find

〈h2
c(f, Ω̂i)h

2
c(f
′, Ω̂j)〉 =

δ(f − f ′)
(4π)2

(
f

∆f

)2

×
[(∫

d~θ
dN∆f

d~θ
h2(f, ~θ)

)2

+ δij

∫
d~θ

dN∆f

d~θ
h4(f, ~θ)

]
.

(16)

By decomposing h2
c(f, Ω̂) into spherical harmonics, it is

straightforward to show that the predicted angular power
spectrum is given by

C`(f) =δ`0δm0

(
f

4π∆f

∫
d~θ

dN∆f

d~θ
h2(f, ~θ)

)2

+

(
f

4π∆f

)2 ∫
d~θ

dN∆f

d~θ
h4(f, ~θ).

(17)
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We compare in Fig. 2 the result from the analytical
prediction given in Eq. 17 with the C` measured from a
simulated SGWB map. In order to simulate the GW sky,
we compute the predicted number of binaries in each bin
in redshift, mass, and frequency, and obtain the number
of binaries for each realization by sampling a Poisson
distribution with a mean given by this value. Angular
positions on the sky for each binary are then uniformly
sampled (in cos θ and φ) and the GW intensity of each
binary, computed using Eq. 7, is then added to the map.
In the leftmost panel of Fig. 2, we find a good agreement
between our theoretical prediction and the measurements
from the simulation. The two panels on the right show
the GWB map for one of the realizations at different
frequencies, illustrating the higher level of anisotropy in
the higher frequency compared to the lower. Note that
the mean intensity is subtracted from the map.

IV. RESULTS AND DISCUSSION

The derivation presented in Sec. III depends on a num-
ber of astrophysical quantities and assumptions, while
being sufficiently simple so that they can be varied or ex-
panded upon. In this section, we apply this model of the
SGWB for different models of the SMBHB mass function
and consider the presence of additional dynamical inter-
actions driving the binary inspiral, thereby investigating
what a future detection or upper limit to anisotropies can
teach us about such phenomena. We also quantify the
expected level of polarization of the SGWB, which can
serve as an indicator for the orientation of the binaries
with respect to the line of sight, even if individual sources
cannot be detected, as well as provide a consistency check
given a detection of intensity.

A. SMBHB mass function

Using Eq. 17, we compute the relative level of
anisotropy C`>0/C0 for each of the models shown in
Fig. 1, which we show in Fig. 3. We emphasize that, since
all models are defined to have identical characteristic
strain values, any detection or upper limit to anisotropy
will offer new information regarding the SMBHB mass
function. We also show precisely what that new informa-
tion is: while the monopole depends primarily on the first

moment squared of the GW intensity ∼ (
∫
d~θ dNdθ h

2)2,
anisotropies depend on the second moment of the GW

intensity ∼
∫
d~θ dNdθ h

4.
The left plot in Fig. 3 shows our prediction for the

anisotropy in each frequency bin, assuming a total ob-
serving time of Tobs = 20yr and a maximum frequency
of 10−7Hz. The solid line corresponds to the result using
the smallest (linear) frequency bins, set by fmin = 1/Tobs.

In practice, however, PTAs lose sensitivity at higher fre-
quencies and bins are usually combined to mitigate this.
The dashed line with dots marking the bin center cor-
responds to one of the approaches to frequency binning
adopted in Ref. [20], which they refer to as frequency-
dependent anisotropy parametrization (ii). In this case,
the 4 lowest bins are unaltered, while the remaining are
combined into a single bin, illustrating the degree to
which this choice of binning will wash out anisotropies.
While a variety of models predict significant levels of
anisotropy within the PTA band, the sensitivity to higher
frequencies and a careful consideration of the optimal fre-
quency binning to maximize signal-to-noise may be cru-
cial to achieve a detection.

In the panel on the right of Fig. 3, we compute the
anisotropy for all frequency bands combined and com-
pare it with the sensitivity expected from NANOGrav in
the near future, computed in Ref. [25]. The black curve
corresponds to the minimum level anisotropy at ` = 1
required for a 3σ detection, as a function of the timing
baseline. While an all-band anisotropy parametrization
is often considered in the literature, Fig. 3 indicates that
such a parametrization makes a detection extremely un-
likely in the near future. We also compare the threshold
level of anisotropy from Ref. [25], considering the 20-yr
baseline, to the frequency-dependent anisotropy in the
inset plot in the left panel. We stress that this compar-
ison is not apples-to-apples, since splitting up the data
into frequency bins will lead to a loss in sensitivity, but
show this as a rough indication of which models predict
significant levels of anisotropy at each frequency.

B. GW spectrum

The merger of SMBHBs is expected to occur after a se-
quence of dynamical interactions following the merger of
the host galaxies. During the initial stages of the merger,
dynamical friction will drag the SMBHs towards the cen-
ter of the merger remnant, which can produce a bound
system when this mechanism is efficient. If embedded
in a star- or gas-rich environment, a variety of dynam-
ical effects can drive then binary further together, such
as the slingshot mechanism in three-body interactions
with stars and angular momentum transfer between the
binary and the disk. Such dynamical effects can poten-
tially leave imprints on PTA observations. Ref. [26], for
instance, showed that interactions between the SMBHBs
and the surrounding gas can efficiently shrink the binary
separations and that the lowest frequencies in the PTA
band may fall near the transition between the gas- and
GW-driven regimes.

In any of these scenarios, binaries shrink faster due
to the additional mechanism, which reduces the number
of sources at lower frequencies relative to the GW-only
case. While this attenuates the GW spectrum, it will
enhance the expected level of anisotropies. Our results
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FIG. 3. Angular power spectrum of the SGWB relative to the isotropic component for each of the models listed in Table I.
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The panel on the right shows the anistropy across all frequencies, compared to the threshold for a 3σ detection of the ` = 1
multipole forecasted in Ref. [25].

offer a straightforward model to self-consistently predict
the impact of such effects on both the spectrum and
anisotropies of the SGWB. Following a similar approach
as Ref. [27], we can see from Eq. 6 that the spectrum is
proportional to

h2
c(f) ∝ dN

d log f
h2(f) ∝ dt

d log f

(
1

f2

dE

dt

)
∝ f−4/3,

(18)
where the last equality corresponds to the result for the
standard GW-driven scenario. Applying the same anal-
ysis to the predicted level of anisotropies leads us to con-
clude that

C`
C0

(f) ∝ 1

1 +
( dt
d log f h

2)
2

f dt
d log f h

4

∝ 1

1 + f−11/3
. (19)

The power-law of ∝ f11/3 is precisely what we observe
at low frequencies in Fig. 3.

Different dynamical effects that can alter the binary
inspiral can be accounted for by including additional con-
tributions (labelled i) to the frequency evolution as [27]

d log f

dt
=

(
d log f

dt

)
gw

+
∑
i

(
d log f

dt

)
i

. (20)

Starting from Eqs. 1 or 6 as a model for the GW-only
spectrum, which we now rename to h2

c,gw, any new mech-
anism that drives the inspiral can be generically included
as

h2
c(f) =

(
1

1 + (fb/f)
κ

)
h2
c,gw(f), (21)

where (
fb
f

)κ
=

(
d log f

dt

)
i

(
dt

d log f

)
gw

, (22)

and therefore the ”bend” frequency fb is the character-
istic frequency in which one mechanisms supersedes the
other. As discussed in Refs. [26, 27], κ = 10/3 is a rep-
resentative value for stellar scattering and κ = 7/3 for
interactions with the circumbinary gas. Additional dy-
namical effects therefore modify the anisotropies by

C`
C0

(f) ∝ 1

1 + f−11/3

1+(fb/f)κ

. (23)

We show this result in Figure 4 for a few characteristic
values of fb and κ. We find agreement with the qualita-
tive understanding that, since the presence of additional
dynamical effects will accelerate the binary evolution, the
reduction in the number of sources will boost anisotropies
at lower frequencies. This is consistent with the result
found by Ref. [26], which found an increase in the de-
tection significance for individual sources. We therefore
conclude that if any additional dynamical mechanisms
are at play within the PTA band, the detectability of
anisotropies in the SGWB relative to the isotropic com-
ponent will be enhaced.

One potentially significant effect that has been ne-
glected in this study is the role of eccentricity. It is likely
that the presence of the aforementioned dynamical ef-
fects would drive an increase in the eccentricity of the
binary, leading it to radiate in a spectrum of harmon-
ics of the orbital frequency [28, 29]. Since the binaries
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FIG. 4. Impact on the GW spectrum and anisotropies of
additional mechanisms driving the binary inspiral. The solid
grey line corresponds to model 3 (same as shown in Figs. 1
and 3), where the SMBHBs are assumed to shrink only due
to GW emission. The dotted line corresponds to a power
law akin to the effect expected from stellar scattering and the
dashed line corresponds to a model that includes interactions
with a gaseous circumbinary disc.

would no longer be monochromatic, the GW emission at
each frequency would receive contributions from a larger
number of sources, which would both reduce the level of
anisotropy and enhance the correlation in the anisotropy
between different frequency bands. That being said, GW
emission will circularize the binary and the level of resid-
ual eccentricity is unknown. We leave further investiga-
tion of this effect for future work.

C. Linear and circular polarization of GWs

Finally, we apply the formalism presented in Sec. III to
compute the amplitude of linear and circular polarization
components of the SGWB, relative to its intensity. Simi-
larly to electromagnetic waves, we may define linear and
circular polarization of gravitational waves through the
phase difference in the oscillations of h+ and h× (see,
e.g., [16, 17, 30, 31]). The gravitational radiation pro-

duced by individual SMBHBs is inherently polarized, as
a function of its orientation with respect to the line of
sight, since

h+(t) =A

[
1 + cos2 ι

2
cos Φ(t) cos 2ψ − cos ι sin Φ(t) sin 2ψ

]
≡Re

[
AeiΦ(t)E+

]
,

h×(t) =A

[
cos ι sin Φ(t) cos 2ψ +

1 + cos2 ι

2
cos Φ(t) sin 2ψ

]
≡Re

[
AeiΦ(t)E×

]
,

(24)

where Φ(t) = φ0 + 2πf , φ0 is the initial phase, ψ is the
gravitational wave polarization angle, ι is the angle be-
tween the plane of the binary orbit and the line of sight,

and A = 4(1+z)5/3

dL

(
GM/c2

)5/3
(πf/c)2/3 is the GW am-

plitude.
The model presented in Secs. II and III can be ex-

tended to include a description of the polarization of
the SGWB produced by SMBHBs. Starting again from
Eq. 6, we note that the strain average h2 given in
Eq. 7 was defined in terms of the intensity of the GWs
〈h2

+ +h2
×〉. We expand this definition to describe the cir-

cular and linear polarizations, such that h2
X = A2gX(ι)

where X = I,Q, U, V , and

gI ≡|E+|2 + |E×|2 =
1

4

(
1 + cos2 ι

)2
+ cos2 ι,

gQ ≡|E+|2 − |E×|2 =
1

4
cos 4ψ sin4 ι,

gU ≡2Re
[
E+E∗×

]
=

1

4
sin 4ψ sin4 ι,

gV ≡− 2Im
[
E+E∗×

]
=

1

2
cos ι(1 + cos2 ι).

(25)

In principle, the linear polarization field of the SGWB
must be described in terms of spin-4 spherical harmonics
[32]. Since we only wish to estimate the amplitude of
the linear polarization anisotropies, we avoid such com-

plications by defining the scalar h2
L =

√
h4
Q + h4

U . The

angular dependence of L is then given by

gL(ι) =
sin4 ι

4
. (26)

Each binary is now additionally characterized by its
orientation angle with respect to the line of sight Ω̂ι.
Using Eq. 11, the GW amplitudes for intensity and the
polarization content of a population of SMBHBs is there-
fore given by

h2
c,X(f, Ω̂) =

∫
d~θ

∫
dΩ̂ι

dN

d~θd log fdΩ̂dΩ̂ι
h2
X(f, Ω̂ι),

(27)
where X = I, V, L and the orientation of the binaries are
assumed to be isotropically distributed. The equation
above recovers the result from Sec. II for the case of in-
tensities, and predicts a mean value of zero for circular
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polarization and each component of linear polarization
(although not for L).

Following through the same calculation presented in
Sec. III, we find from Eq. 16 that the variance of the
intensity and polarization fields are proportional to

〈h4
c,I〉 − 〈h2

c,I〉2 ∝
∫
dΩι
4π

g2
I (ι) =

284

315
,

〈h4
c,V 〉 − 〈h2

c,V 〉2 ∝
∫
dΩι
4π

g2
V (ι) =

23

105
,

〈h4
c,L〉 − 〈h2

c,L〉2 ∝
∫
dΩι
4π

g2
L(ι) =

8

315
.

(28)

Hence, for any model prediction of the SGWB, the cir-
cular polarization anisotropy should be around a quarter
of the intensity, and the linear polarization should be
around 3%, with the variance of each component Q and
U expected to be half that of L.

V. CONCLUSIONS

After a detection of the isotropic SGWB is achieved,
anisotropies will become a compelling next target for
PTA measurements. A detection or upper limit on the
anisotropies can help establish whether their physical
origin is cosmological or astrophysical, and characterize
the properties of the sources. The primary result pre-
sented in this work is a simple analytical model for the
anisotropies of a background produced by inspiralling
SMBHBs that can be immediately connected with the
astrophysical properties of the sources and modified to
account for new physical processes occurring within the
PTA frequency band.

Our results show that anisotropies offer new in-
formation regarding the SMBHB population beyond
the isotropic component, which can break degeneracies
present in the current analysis (see, e.g., Ref. [33]).
While indiscriminately binning in frequency can wash out
anisotropies, we showed that a variety of models predict
significant values at the highest frequencies accessible to
PTAs. This indicates that sensitivity to high frequencies
will be crucial to achieve a detection and that the re-
sults presented in this work, combined with the sensitiv-

ity curve of PTA measurements, can be useful to inform
the optimal frequency binning in order to maximize the
chance of detection.

We also investigate the impact of any additional mech-
anisms driving the binary inspiral on the predicted level
of anisotropy, such as interactions with the surround-
ing stars or gas. The model derived in this work
offers an extension of Refs. [8, 27] to predictions of
anisotropy, thereby enabling both the GW spectrum and
its anisotropies to be predicted in a self-consistent man-
ner. We explicitly demonstrate that the presence of any
additional mechanisms will enhance the detectability of
anisotropies relative to the isotropic component, due to

a reduction on the number of binaries and attenuation
of the spectrum of GWs. While not addressed in this
work, alternative theories of gravity which predict scalar
and vector dipole radiation will similarly alter the bi-
nary inspiral, enhancing the level of anisotropy (see, e.g.,
Ref. [34]), and can therefore be probed through measure-
ments of anisotropy.

Finally, we use the model presented in this work to
derive the expected level of polarization of the SGWB.
The background is sourced by a finite number of SMB-
HBs, which are each inherently polarized as a function of
the angle between the binary orbit and the line of sight.
Hence, the finite number of binaries will lead to spatial
fluctuations in the SGWB, captured by measurements of
anisotropy. Although the level of anisotropy in circular
polarization has been previously derived in Ref. [14], our
results provide a connection with the sources in the PTA
band and also include the linear polarization component.
We explore the impact of a linearly polarized anisotropic
background on the PTA signal and its detectability in an
upcoming work [35].
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ABSTRACT

Flare frequency distributions represent a key approach to addressing one of the largest problems

in solar and stellar physics: determining the mechanism that counter-intuitively heats coronae to

temperatures that are orders of magnitude hotter than the corresponding photospheres. It is widely

accepted that the magnetic field is responsible for the heating, but there are two competing mechanisms

that could explain it: nanoflares or Alfvén waves. To date, neither can be directly observed. Nanoflares

are, by definition, extremely small, but their aggregate energy release could represent a substantial

heating mechanism, presuming they are sufficiently abundant. One way to test this presumption is

via the flare frequency distribution, which describes how often flares of various energies occur. If the

slope of the power law fitting the flare frequency distribution is above a critical threshold, α = 2 as

established in prior literature, then there should be a sufficient abundance of nanoflares to explain

coronal heating. We performed >600 case studies of solar flares, made possible by an unprecedented

number of data analysts via three semesters of an undergraduate physics laboratory course. This

allowed us to include two crucial, but nontrivial, analysis methods: pre-flare baseline subtraction and

computation of the flare energy, which requires determining flare start and stop times. We aggregated

the results of these analyses into a statistical study to determine that α = 1.63 ± 0.03. This is below

the critical threshold, suggesting that Alfvén waves are an important driver of coronal heating.

Keywords: solar physics — solar flares — astrostatistics distributions

1. INTRODUCTION

It has long been established that the slope of a power

law fitting the solar flare frequency distribution (occur-

Corresponding author: James Paul Mason

james.mason@jhuapl.edu

rence rate versus energy) is a strong indicator of whether

nanoflares are an important coronal heating mechanism

(e.g., Hudson 1991; Crosby et al. 1993; Veronig et al.

2002). The conceptual reasoning is simple: a large slope

means that there is a large abundance of the smallest

flares. These small flares may not individually trans-

port much energy, but, in aggregate, they represent a

substantial heat transfer mechanism. It is well estab-
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lished in the flare literature that many flare parameter-

izations tend to have power law relationships with each

other (e.g., Kahler 1982; Veronig et al. 2002; Aschwan-

den & Freeland 2012; D’Huys et al. 2016). The flare

frequency distribution (FFD) is one one such relation-

ship well described by a power law:

dn

dE
= AE−α (1)

where n is the number of events, E is the radiated flare

energy, A is an offset constant, and the primary param-

eter of interest is the exponent, α, which manifests as a

slope when fitting a line in log-log space. If α < 2, then

nanoflares are not frequent enough to contribute a suffi-

cient amount of energy to the corona to explain its ob-

served ambient temperature (Hudson 1991). Thus, the

accurate determination of α is of critical importance for

addressing the longstanding coronal heating problem.

Moreover, important points of comparison can be

made between solar and stellar FFDs that can lead to

greater insights into the mechanisms that drive the FFD

and dominate heating mechanisms (e.g., Loyd et al.

2018). For example, many stellar studies find α < 2

– consistent with much of the solar FFD literature (e.g.,

Crosby et al. 1993 and 11 references in their Table 1)

– and conclude that the underlying mechanism driving

flaring and coronal heating is therefore the same as that

of the Sun (e.g., Airapetian et al. 2019 and references

therein). Still other studies find stellar FFDs with α > 2

(e.g., Maehara et al. 2012) – also consistent with some of

the solar literature (e.g., Veronig et al. 2002). We also

know that flares of all energies (including superflares

with >1034 erg) tend to occur more often for rapidly

rotating stars (Maehara et al. 2012; Shibayama et al.

2013).

There is a large body of research that has focused

on the determination of α for the Sun. The ultimate

goal is to obtain the total amount of radiated energy

from each flare, excluding background radiated energy.

This is a challenge. Most studies, including this one, fo-

cus on a single wavelength regime. Soft X-rays (SXRs)

are a popular choice (e.g., Hudson et al. 1969; Drake

1971; Veronig et al. 2002; Aschwanden & Freeland 2012)

because during a flare they experience the greatest en-

hancement above their background levels and are there-

fore easier to detect and characterize (Woods et al. 2004;

Rodgers et al. 2006), and they may be a better indica-

tor of total flare energy release than, e.g., hard X-rays

(HXRs; Veronig et al. 2002; Lee et al. 1993; Feldman

et al. 1997). Furthermore, there are now several decades

of continuous measurement of the SXR wavelength re-

gion from the NOAA Geostationary Operational En-

vironmental Satellites (GOES) X-ray Sensor (XRS) in

two channels; XRS-A from 0.5-4 Å(AKA “short”) and

XRS-B from 1-8 Å(AKA “long”). Crosby et al. (1993)

list many studies and which wavelength regime each fo-

cused on to determine α in their Table 1. Some studies

have analyzed the global energetics spanning multiple

wavelengths and accelerated particles, but this detailed

analysis typically can only be done for a relatively small

number of events, for example, the 38 large events stud-

ied by Emslie et al. (2012). Some studies calculate the

radiated energy in their selected wavelength regime (e.g.,

(e.g., Shimizu 1995), while others do not, instead fo-

cusing on peak irradiance or other parameters to act

as a proxy for the energy (e.g., Aschwanden & Free-

land 2012). Furthermore, some studies have subtracted

the background irradiance from the flare, while others

have not. Veronig et al. (2002) found that this could

have an impact on the derived value of α, in that case

bringing it from α = 2.03 ± 0.09 without subtraction to

α = 1.88±0.11 with subtraction – straddling the critical

value of α = 2.

While it would be ideal if these studies were done

spanning all wavelengths, that is an extremely challeng-

ing task that would not necessarily lead to different con-

clusions given that SXRs have already been established

to be a reliable indicator of the total energy release,

which is partially why the GOES/XRS-B peak measure-

ment remains the de facto definition for flare magnitude.

In summary, it is important to study a large number of

flares, subtract the background irradiance, and calculate

the energy. That is precisely what has been done for the

present study.

A novel aspect of this study is the large num-

ber of contributing authors, which we call the Col-

orado Physics Laboratory Academic Research Effort (C-

PhLARE) Collaboration. Over 1400 undergraduate stu-

dents participated in an introductory physics lab course

run as a Course-based Undergraduate Research Expe-

rience (CURE) at the University of Colorado Boulder

(Auchincloss 2014). The students were enrolled in the

CURE in one of three semesters from Fall 2020 through

Spring 2021. The students worked in small teams on this

research, where they chose individual flares, removed the

background irradiance, and computed the energy of sin-

gle flares. Their analysis was peer-reviewed by other

teams in the class and iteratively improved based on

this feedback. The students then submitted their final

results in memo form as a flare archive entry, which in-

cluded the calculated total energy of the flare, the peak

irradiance, beginning and ending times of the flare, and

plots of the analysis. These memos were used by the se-

nior authors to review the analysis and determine which
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Table 1. Key instrument/dataset characteristics

GOES/XRS MinXSS-1

Bandpass (native)
XRS-A: 0.5-4 Å(3-25 keV)

XRS-B: 1-8 Å(1.5-12 keV)
0.4-30 Å(0.4-30 keV)

Bandpass used 1-8 Å(1.5-12 keV) 0.4-30 Å(0.4-30 keV)

Spectral resolution – 0.15 keV

Cadence (native) 2 s 10 s

Cadence used 1 minute 1 minute

Dates used
2011-01-14 to

2018-02-10

2016-05-16 to

2017-05-06

Data product xrsf-l2-avg1m science Level 1

Data version v1-0-0 v4.0.0

flares analyses met the standards to be included in the

final dataset used for the work presented here. This

process is described in detail in Section 3.6. A more de-

tailed description of the course, educational objectives,

and results of student learning can be found in Werth

et al. (2022c), Werth et al. (2022b), and Werth et al.

(2022a).

All students who were enrolled in the class were of-

fered authorship. To be included in the final author

list, students had to have completed the course during

one of three semesters this project was run, earned a

passing grade in the class, and opted-in to being an au-

thor through a web-form. This process resulted in 964

student co-authors. Additionally, all graduate teaching

assistants for the course during these semesters were of-

fered authorship, resulting in 31 additional co-authors.

The paper begins by describing the data used for

this study (Section 2), which is predominately from

GOES/XRS with a calibration check provided by the

Miniature X-ray Solar Spectrometer (MinXSS; Mason

et al. 2016). Section 3 describes the methods applied

to study the flares in our dataset, which include back-

ground subtraction and energy calculation. Section 4

presents the resultant FFD and comparisons with other

solar and stellar work. Section 5 closes with a discussion.

2. DATA

Two primary sources of data were used for this study:

measurements from GOES-15/XRS and MinXSS-1 (see

Table 1). Prior to GOES-16, the XRS instruments did

not have an absolute calibration. MinXSS-1, however,

flew concurrently and observed the same bandpass as

GOES/XRS (and beyond), but with spectral resolution

and an absolute calibration (Moore et al. 2016) obtained

at the National Institute of Standards and Technol-
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Figure 1. Histogram of the 18,833 flares identified by NCEI
for the time range specified in Table 1 using logarithmic bin
widths. Note that the saturation at the smallest flare classes
is due to low signal-to-noise ratio in the instrument, but is
also due to the Sun’s inherent background intensity, which
can obscure the smallest classes of flares. The slope of the
power law represented here is αpeak irrad = 2.16± 0.01.

ogy (NIST) Synchrotron Ultraviolet Radiation Facility

(SURF), so we used its data as a validation check of the

GOES-based results. MinXSS-1 data are limited to a

single year (2016 May - 2017 May) and the spacecraft

experienced regular (∼15/day) eclipses that caused gaps

in some flare observations. GOES/XRS has provided

nearly continuous X-ray observations since 1975 from

multiple generations in the satellite series with minimal

measurement interruptions from eclipses due to a geo-

stationary orbit. We focused on GOES-15 because 1)

it spans the entirety of the most recent solar cycle, 2)

it overlaps with the MinXSS-1 observations, and 3) fo-

cusing on a single satellite in the series avoids any con-

cerns with cross-calibration. This study uses the science-

quality GOES-15 XRS data products from NOAA’s Na-

tional Centers for Environmental Information (NCEI)1

available as of early 2020. Compared to the previously

available GOES-15 XRS data, the science-quality data

uses a significantly improved background correction and

remove scaling factors applied by the Space Weather

Prediction Center (SWPC) to the XRS channel irradi-

ance measurements (0.85 and 0.7 for XRS-A and -B,

respectively) to provide the irradiance measurements in

true physical units of W m−2.

GOES/XRS L2 1-minute average data were retrieved

from the Space Weather Data Portal (SWDP; SWx

TREC 2019; Knuth et al. 2020) and data for MinXSS are

1 https://www.ncei.noaa.gov/data/goes-space-environment-monitor/
access/science/xrs/GOES 1-15 XRS Science-Quality Data
Readme.pdf

https://www.ncei.noaa.gov/data/goes-space-environment-monitor/access/science/xrs/GOES_1-15_XRS_Science-Quality_Data_Readme.pdf
https://www.ncei.noaa.gov/data/goes-space-environment-monitor/access/science/xrs/GOES_1-15_XRS_Science-Quality_Data_Readme.pdf
https://www.ncei.noaa.gov/data/goes-space-environment-monitor/access/science/xrs/GOES_1-15_XRS_Science-Quality_Data_Readme.pdf
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available from NASA’s Solar Data Analysis Center2. A

total of 18,833 flares were identified in the 1-minute av-

erage GOES/XRS-B irradiances by the NCEI L2 flare

summary algorithm3 in the time period listed in Ta-

ble 1; Figure 1 shows the corresponding distribution of

flare classification. This flare classification nomencla-

ture is an alphanumeric labeling of the flare’s 1-minute-

averaged peak flux measured by GOES/XRS-B. To de-

termine the slope of the power law represented in Figure

1, we followed the the recommendation in D’Huys et al.

(2016) to use a Maximum Likelihood Estimator (MLE).

They found that MLEs converge much faster as a func-

tion of sample size than other methods. This was not

crucial for the data in Figure 1 given the large number

of events (a linear regression results in a similar value of

αpeak irrad = 2.22± 0.07), but the MLE method will be

important when we determine the slope of the energy

FFD (α) in Section 3.7, where the number of events is

on the order of ∼200.

3. METHODS

The overarching procedure applied to the GOES/XRS

data are outlined here and detailed in subsequent sub-

sections.

Working in teams of three or four, students on the

project completed the following steps:

1. Selected a flare to analyze, under the constraint

that we needed to ensure broad coverage across the

entire solar cycle and across flare classifications

2. Subtracted pre-flare baseline level

3. Integrated light curve over duration of flare

4. Converted to energy units

5. Cross validated another team’s result

6. Combined the results to produce a dataset of the

total energy and peak irradiance of each flare

After the above steps were completed by the student

research teams, senior researchers on the project com-

pleted an individualized review of these teams’ analyses

and the resulting data, addressing items such as dupli-

cate flares or faulty calculations.

2 https://sdac.virtualsolar.org/cgi/show details?provider=
LASP MINXSS1

3 The GOES-15 XRS L2 data products are generated using
the same algorithms as those used for the next-generation
GOES-R (GOES-16 through -19) XRS data products. Details
of the L2 algorithms can be found at https://data.ngdc.noaa.
gov/platforms/solar-space-observing-satellites/goes/goes16/l2/
docs/GOES-R XRS L2 Data Users Guide.pdf

Finally, the resulting dataset was used to produce a

flare frequency distribution and determine the best-fit

value of α.

Details for each of these steps are outlined in subsec-

tions below. We also identified three flares that received

this treatment and were also observed by MinXSS-1,

which we analyzed in order to “cross check” the abso-

lute energy calibration. This MinXSS analysis method

is further detailed in Section 3.8.

3.1. Flare Selection

Flares were selected for analysis by teams of 3-4 stu-

dents over three semesters, with instruction for some

teams to select different class flares to ensure we sampled

the full distribution. During the first semester, students

were permitted to choose from flares across the entire

lifetime of the GOES-15 satellite, 2010 March through

2018 December. The students chose flares mostly close

to the solar minimum. In subsequent semesters, stu-

dents were asked to focus on flares closer to the solar

maximum to make sure there was coverage of the entire

solar cycle. The resulting final dataset contains flares

with a majority near the solar maximum – though we

note that prior studies have searched for and failed to

find any significant solar cycle dependence in the FFD

slopes (e.g., Veronig et al. 2002; Aschwanden & Freeland

2012).

In addition, there were other factors that guided stu-

dent flare selection. For example, students were in-

structed to choose single flares that did not overlap with

other flares of similar or greater irradiance. Students

may have looked at the pre-flare background and cho-

sen flares with a flatter background for simpler pre-flare

baseline subtraction. There were cases where multiple

student teams analyzed the same flare. If a flare had

been analyzed more than twice, the research leads se-

lected the one closest to the mean of the set; while

the flares that were analyzed exactly twice were down-

selected randomly.

3.2. Pre-flare Baseline Subtraction

As described in Section 1, pre-flare baseline subtrac-

tion is a crucial step because it reduces the impact of

the baseline level of X-rays being counted as part of the

energy of the flare, which has been shown to cause the

calculation of α to straddle the critical value of 2. While

the concept of pre-flare baseline determination is simple,

in practice, it is not trivial. It is common that there

are either other flares just prior to the flare-of-interest

or minutes-to-hours-long trends in the irradiance due

to active region evolution. Automated methods can be

developed for this determination, but tend to rely on al-

https://sdac.virtualsolar.org/cgi/show_details?provider=LASP_MINXSS1
https://sdac.virtualsolar.org/cgi/show_details?provider=LASP_MINXSS1
https://data.ngdc.noaa.gov/platforms/solar-space-observing-satellites/goes/goes16/l2/docs/GOES-R_XRS_L2_Data_Users_Guide.pdf
https://data.ngdc.noaa.gov/platforms/solar-space-observing-satellites/goes/goes16/l2/docs/GOES-R_XRS_L2_Data_Users_Guide.pdf
https://data.ngdc.noaa.gov/platforms/solar-space-observing-satellites/goes/goes16/l2/docs/GOES-R_XRS_L2_Data_Users_Guide.pdf
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Figure 2. Example GOES/XRS light curve with annota-
tions for the baseline level (horizontal dashed) and start/stop
times (vertical dashed) as determined by the student team
for this particular event. This particular flare peaked as an
M2 at 2016-07-24 06:20:00. Simple light curves like this one
are ideal, but they can become much more complex (e.g., see
Mason et al. 2019).

gorithms with fixed thresholds for, e.g., how much vari-

ation is allowed in the pre-flare baseline. As a result,

many flares must be rejected in the automated analy-

sis for violating these thresholds, which we refer to as

“low throughput” for the algorithm. In Mason et al.

(2019), this throughput was 30% for pre-flare baseline

determination; subsequent steps in the automated al-

gorithm had rejection criteria of their own that further

reduced the throughput of the full algorithm. Manual

determination of the pre-flare baseline level can have a

higher throughput (see Section 3.6), but tends to limit

the number of events that can be studied and, thus, the

statistical significance of the final result. Our solution

is to distribute the task across a large number of under-

graduate researchers.

To determine the pre-flare background, teams selected

from a variety of methods depending on the features of

the particular flare in question. Most were able to iden-

tify a period shortly before the start of the flare that

did not contain additional small flare signals, and was

reasonably long compared to the timescale of the target

flare (e.g., Figure 2). When this was not possible, teams

chose a method to exclude small flare signals before av-

eraging – for example, clipping the data at the level of

a B-class flare, or averaging only over the local minima

in a pre-flare region.

3.3. Flare Duration Integration

Integrating the light curve over time is another step

that is simple in concept, but non-trivial in practice.

The start and stop times have to be chosen. Addition-

ally, flare profiles are not always “clean”: due to sub-

sequent flares or active region evolution and the profile

may not return directly to the pre-flare baseline. The

NCEI L2 flare summary algorithm flags a flare end time

for every event: whatever time the irradiance drops to

half the peak value. This is a consistent but problematic

metric for our application because it ignores valid energy

that was released by the flare, though the end time is

not as important as the start time for determining the

total energy (Ryan et al. 2016). Just as with pre-flare

baseline determination, this step can also be automated,

but results in major caveats in the conclusion; yet man-

ual determination for every flare is cumbersome. Again,

the advantage of the present study is the large num-

ber of researchers that can distribute the task. As with

the background subtraction, teams made individualized

determinations about the start and end points of the in-

tegration. As a guide, many began by examining points

where the flare crossed the previously-determined back-

ground level, but often made small adjustments based

on the nuances in the data for that particular event.

Note that the units of the GOES/XRS data are W m−2

= J s−1 m−2. This time-integration step eliminates the

s−1, leaving us with J m−2.

3.4. Conversion to Energy Units

In the GOES/XRS irradiance units, the m−2 is a nor-

malization of the flux to a shell with radius equal to the

Sun-Earth distance at the time of observation, which

is 1 au on average. To get energy independent of any

particular distance scaling, we simply multiply by 4πd2,

where d is the Sun-Earth distance at the time of obser-

vation, then convert to ergs for easier comparisons with

prior studies.

3.5. Cross Validation

After each team had completed at least one flare anal-

ysis, teams exchanged analysis documents to provide

dual anonymous reviews of each other’s work. Each flare

analysis received reviews from multiple other students.

Reviewers identified any clearly erroneous work (for ex-

ample, mistake in units conversion or a coding error)

and assessed the reasonableness of the methods used for

the baseline analysis and integration. In many cases, a

variety of methods would be reasonable and produced

very similar numbers, but the review process helped, in

part, to identify cases where the choice of method was

dramatically impacting the results. The teams then re-

ceived the feedback and made improvements to their

analysis before reporting the results to the collabora-

tion.

Finally, for each flare, the student teams created an

entry in a “flare archive,” which was a formal presen-

tation of their analysis documents and included basic
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information about the event (e.g., timestamps, classifi-

cation, reference solar image), a description of the flare’s

environment (e.g., solar minimum, close in time to other

flares or not), and a description of the specific methods

applied in Steps 2 and 3, with accompanying plots.

3.6. Data Review

After the student data was compiled in our “flare

archive,” the senior researchers on the project were able

to review the work flare-by-flare as an additional check

above and beyond the review process that took place

among the student teams. This comprehensive data re-

view involved the following steps:

• Resolving instances of duplicate flares, where mul-

tiple student teams chose the same flare to analyze.

• Ensuring that the peak irradiance and other de-

tails reported for each flare matched the data in

the SWDP.

• Removing flares from the database that contained

an overlapping flare.

• Removing flares from the database where the pre-

flare background displayed a secular trend that

would make the background subtraction unreli-

able.

The flare archive included 607 entries; removal of du-

plicates left us with 350 data points; removal of unre-

liable data from the remaining checks left 212, for an

overall throughput of 35%. We note that this compares

favorably with attempts to use automated algorithms

to analyze similar light curves: in a recent example,

throughput for pre-flare baseline identification and event

start/stop times was only 17% (Mason et al. 2019).

3.7. Flare Frequency and Determination of α

Essentially all studies of flare frequency distributions

consider some sub-sample of all flares that occurred. De-

pending on the selection method, this can inject bias.

The present study also had to sub-sample, and, here,

we describe how we corrected the bias. Because the

flare analysis used a stratified flare selection process to

ensure adequate sampling (i.e., some teams of student

researchers were instructed to choose an X-class flare,

others an M-class, etc), the frequency of various flare

types in our dataset is unnaturally skewed. We cannot

rely, therefore, on the frequency of various flare types

within our sample as a reliable indicator of the actual

frequency of such flares in nature. To correct for this

when producing our final FFD, we analyzed all flares

from the target period to produce a frequency diagram
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Figure 3. Peak irradiance versus the energy determined
with the methodology described in Section 3. The slope of
the fit shown in red is 0.97±0.04. These results are compa-
rable to those found in Veronig et al. (2002).

of the flares by peak irradiance. That is, we created

a histogram with logarithmically-spaced bins, normal-

ized by the bin width (Figure 1). By fitting the result

with a power law using the method described in D’Huys

et al. (2016), we extract an expression for dn/dI, the

frequency per peak irradiance, as a function of peak ir-

radiance.

Then, using just the set of flares analyzed by our col-

laboration, we performed another fit to the peak irra-

diance as a function of their energies (Figure 3). From

this, we extracted the derivative dI/dE, and in turn,

computed the desired relationship:

dn

dE
=
dn

dI

dI

dE
(2)

Both terms on the right hand side of Equation 2 are

known – dn
dI as represented by Figure 1 and dI

dE as rep-

resented by Figure 3. In other words, for every flare we

studied, we knew how frequently flares of that peak irra-

diance should occur if there was no bias in our selection

method, and could specify that frequency for the partic-

ular energy we calculated. Propagation of the standard

errors from the two preceding fits produces uncertainties

on the resulting dn
dE data points.

To determine α, we followed the recommendation

made by D’Huys et al. (2016). They note that the MLE

method described therein is a special case of a more gen-

eral Bayesian approach. In order to ingest and propa-

gate the errors on dn
dI and dI

dE , we applied that more gen-

eral Bayesian approach: we used a Gaussian likelihood

function with uniform/flat priors to fit the model (Equa-

tion 1) to the data. We used a Monte Carlo Markov

Chain (MCMC) method with emcee (Foreman-Mackey

et al. 2013) to sample the posterior distribution of the
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fit parameters. We show the FFD and line fit in Section

4.

3.8. MinXSS Analysis Method

Of the flares studied in the GOES-15/XRS data, three

were also observed by MinXSS-1. Their peak flare times

occurred at 2016-07-24 06:20 (M2), 2016-11-29 07:10

(C7), and 2017-02-22 13:27 (C4). We applied the same

basic process described above to obtain flare energy for

each:

1. Converted from the native units of photons s−1

cm−2 keV−1 to erg s−1 cm−2 keV−1.

2. Integrated across the 1-8 Å wavelength part of the

spectrum in order to match the GOES/XRS long

channel bandpass; resulting in erg s−1 cm−2.

3. Identified a pre-flare baseline in the light curve and

subtracted it from the light curve.

4. Identified the start and stop times of the flare

(ensuring they were close to those identified in

GOES/XRS) and integrated across the corre-

sponding duration; resulting in erg cm−2.

5. Removed the cm−2 by applying 1/r2 for 1 au; re-

sulting in erg.

Steps 1, 2, and 5 were simple conversions and integra-

tions. Steps 3 and 4 are the key steps requiring some

judgement. Because these flares had already been ana-

lyzed in the GOES/XRS data, we could simply use the

pre-flare time period and flare start/stop times as the

guide for the MinXSS flares.

4. RESULTS

The flare frequency distribution, line fit, and slope (α)

are shown in Figure 4.

Per Equation 1 and the discussion in Section 1, the

result of α = 1.63±0.03 indicates that even at the outer

bound of the uncertainty, α < 2, suggesting that Alfvén

waves, rather than nanoflares, are the dominate mecha-

nism of coronal heating.

4.1. Cross Checking Flare Energy

Table 2 shows the comparison of the flare energy as

determined with the GOES/XRS data and the MinXSS-

1 data. This agreement is within the expected range per

Woods et al. (2016), accounting for the small irradiance

errors introduced when using a flat spectrum in the cal-

ibration of the broad-band XRS measurements (see e.g.,

Garcia 1994) and the MinXSS absolute calibration ac-

curacy of about 10% (Moore et al. 2016). Therefore,
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fit (A=7.41E+19, =1.63±0.03)
C-PhLARE data

Figure 4. Flare frequency distribution of the C-PhLARE
Collaboration, with fit coefficients corresponding to Equa-
tion 1. The value of α is below the critical threshold value
of 2, suggesting that Alfvén waves are an important source
of coronal heating.

we conclude that despite GOES-15/XRS not having an

absolute instrument calibration, the resultant flare en-

ergies reported in absolute units (ergs) are reasonably

accurate.

4.2. Comparison With Other Studies

Table 3 places the results from this study in the con-

text of several others. Many solar studies do not agree

with each other to within their uncertainties, but this

could be explained by differences in methodology as

highlighted in Table 3, by uncorrected skews introduced

by sub-sample selection effects, or by issues with fitting

methods as described by D’Huys et al. (2016). Never-

theless, there appears to be general agreement among

solar studies that α is less than the critical value of 2,

meaning that these studies conclude that wave coronal

heating is dominant. Table 3 also shows that, compared

to solar studies, many stellar studies have systematically

higher values of alpha, even exceeding α of 2 (if only

just) and therefore favor the opposite conclusion: that

nanoflares explain coronal heating. It has been reason-

ably suggested that the underlying physical mechanism

powering solar and stellar flares should be the same (e.g.,

Maehara et al. 2017; Airapetian et al. 2019), namely

that a convection-driven dynamo generates a magnetic

field that is contorted to store energy in the corona and

then abruptly freed via magnetic reconnection to pro-

duce eruptive events. If this is the case, then the resul-

tant FFD power law should scale well across solar and

stellar studies. Table 3 shows that this is not the case,

but it also makes clear that the methods for all of these

studies are not uniform. Moreover, there are other nu-

ances that may need to be accounted for such as the

strong dependence of flare frequency on the stellar pe-
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Table 2. Comparison of GOES/XRS- and MinXSS-derived flare energies

Flare Peak Time (Class)
GOES/XRS-derived

Flare Energy [erg]

MinXSS-1-derived

Flare Energy [erg]

%

Difference

2016-07-24 06:20 (M2) 7.47× 1028 6.31× 1028 -18%

2016-11-29 07:10 (C7) 6.04× 1027 7.81× 1027 +29%

2017-02-22 13:27 (C4) 1.88× 1028 1.64× 1028 -15%

riod of rotation (Notsu et al. 2013; Maehara et al. 2015;

Davenport 2016).

Table 3 also shows how tantalizingly close to α = 2

many studies are, some even including the value within

their uncertainty. This itself suggests that both pro-

cesses – nanoflare heating and wave heating – are likely

important. Beyond the nuances in the data analysis

method, the dominance of one process or the other is

likely dependent on a variety of factors that are them-

selves dynamic with time and varying conditions.

5. DISCUSSION

The literature on flare frequency distributions is ex-

tensive. The key novelty in the present study is that

we had an unprecedented number of data analysts to

perform a large number of case studies that we aggre-

gated into a statistical study. In prior studies, it was not

feasible to perform pre-flare baseline subtraction and/or

energy computation (which requires determining a flare

start and stop time) because it is either labor intensive

or requires automated algorithms that tend to reject a

large fraction of flares. We found a pre-flare subtracted,

flare energy frequency distribution with a slope of 1.63

± 0.03, which suggests Alfvén waves play an important

role in heating the solar corona. This result disagrees

with much of the prior stellar literature despite the rea-

sonable widespread assertion that the underlying phys-

ical processes should be the same for the Sun as other

stars. We argue that this discrepancy is likely due to

differences in methodology and observational availabil-

ity.

We note that, just as in the solar literature, it is diffi-

cult to find stellar studies that have performed an energy

computation or a baseline subtraction. Solar physicists

enjoy a long, nearly unbroken record of observations –

especially in SXR irradiance via GOES/XRS and now

also in extreme ultraviolet (EUV) with GOES/EUVS –

but astrophysical studies to date have been primarily

limited to time allocation on major facilities, such as

Chandra/HETGS, which makes the acquisition of com-

plete light curves for flares and pre-flare baselines dif-

ficult. An astrophysics mission dedicated to obtaining

long baseline observations of stars in the SXR and/or

EUV would be highly beneficial to future studies seek-

ing to determine stellar coronal heating mechanisms that

could be compared against solar results like those pre-

sented here.
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Table 3. Flare frequency distribution comparison

Reference Target
Wavelength

regime

Baseline

subtraction?

Energy

computation?
Parameter α

This study Sun SXR Yes Yes Energy 1.63 ± 0.03

Crosby et al. (1993) Sun HXR No Yes Energy (electrons) 1.53 ± 0.02

Shimizu (1995) Sun SXR No Yes Energy 1.5-1.6

Veronig et al. (2002) Sun SXR No No Peak irradiance 2.11 ± 0.13

Aschwanden & Freeland (2012) Sun SXR Yes No Peak irradiance 1.98 ± 0.11

Caramazza et al. (2007)
Young stars in

Orion Nebula Cluster
SXR No No Peak irradiance 2.2 ± 0.2

Colombo et al. (2007)
Cygnus OB2, ONC

Nebulae
SXR No No Peak irradiance 2.1 ± 0.1

Maehara et al. (2012) Sun-like stars Visible No Yes Energy 2.0-2.3

aThis table is far from comprehensive. For example, Hudson (1991) cites a number of other studies with α ≈ 1.8 and Crosby et al. (1993)
includes a similar table to this one with α ranging 1.13-2.0.
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ABSTRACT
We introduce a new, multi-zone chemical evolution model of the DustPedia galaxy M74, calibrated by means of MCMC methods.

We take into account the observed stellar and gas density profiles and use Bayesian analysis to constrain two fundamental
parameters characterising the gas accretion and star formation timescale, i.e. the infall timescale 𝜏 and the SF efficiency a,
respectively, as a function of galactocentric radius 𝑅. Our analysis supports an infall timescale increasing with 𝑅 and a star
formation efficiency decreasing with 𝑅, thus supporting an ’Inside-Out’ formation for M74. For both 𝜏 and a, we find a weaker
radial dependence than in the Milky Way.

We also investigate the dust content of M74, comparing the observed dust density profile with the results of our chemical
evolution models. Various prescriptions have been considered for two key parameters, i.e. the typical dust accretion timescale
𝜏0 and the mass of gas cleared out of dust by a supernova remnant, 𝑀clear, regulating the dust growth and destruction rate,
respectively. Two models with a different current balance between destruction and accretion i.e. with an equilibrium and a
dominion of accretion over destruction, can equally reproduce the observed dust profile of M74. This outlines the degeneracy
between these parameters in shaping the interstellar dust content in galaxies. Our methods will be extended to more DustPedia
galaxies to shed more light on the relative roles of dust production and destruction.

Key words: galaxies: individual (NGC 0628)– galaxies: star formation - ISM: dust

1 INTRODUCTION

In the last few decades, infrared observations at low and high redshift
opened our view to a complete characterisation of the coldest com-
ponents of galaxies. Major results were possible thanks to Spitzer
(Werner et al. 2004) and Herschel (Pilbratt et al. 2010) space tele-
scopes, fundamental far-infrared probes that allowed the characteri-
sation and understanding of the obscured star formation in local and
distant galaxies (e. g., Rodighiero et al. 2010; Gruppioni et al. 2013).
Moreover, thanks to the Atacama Large Millimetre/submillimetre
Array (ALMA), we now know that at high redshift, galaxies had
higher molecular gas fractions than local ones (e.g. Tacconi et al.
2010; Berta et al. 2013). These results opened a new view to the crit-
ical importance of detailed studies of the cold interstellar medium
(ISM), both in the form of neutral and molecular gas. In addition
to being richer in cold gas and therefore most actively star-forming,
we now know also that galaxies at the peak of star formation were
significantly dustier than at the present time. Infrared (IR) probes

enabled the accounting of the majority of star formation in the Uni-
verse, emphasising the fundamental role played by interstellar dust
in galaxy evolution. Beside containing fundamental information on
the evolutionary path of galaxies, the presence of cosmic dust affects
a multitude of astrophysical processes, as it is one main contribu-
tor of the opacity of the gas, crucial for the formation of stars in
molecular clouds. Moreover, dust grains represent efficient catalyst
for the formation of molecular hydrogen, as their surfaces are the
ideal environment for such process to occur (Gould & Salpeter 1963;
Perets et al. 2005; Gavilan et al. 2014). Nonetheless, dust influences
the spectral properties of galaxies across an extremely vast range of
wavelengths. The most important effect of dust grains consists in
the re-processing of electromagnetic radiation. This process consists
in the absorption of ultraviolet and optical light, thus making dust
the main physical responsible for insterstellar extinction, and in its
thermal re-emission in the infrared band.

For a galaxy with average properties like the Milky Way, it has
been estimated that up to a half of the radiation emitted by its stars

© 2019 The Authors

ar
X

iv
:2

30
5.

05
68

0v
1 

 [
as

tr
o-

ph
.G

A
] 

 9
 M

ay
 2

02
3



2 Calura et al.

is re-processed by interstellar dust (Popescu & Tuffs 2002; Davies
et al. 2017). Since the short-wavelength light is mostly contributed
by young massive stars, the IR emission of dust is regarded as one
major tracer of star formation, in particular in regions where the UV
emission is obscured.

Interstellar dust is also an important repository of metals, as it can
incorporate heavy elements with particular properties into the solid
phase, subtracting them from the interstellar gas phase, in a mecha-
nism called dust depletion. These elements, called refractory, include
abundant chemical species such as Fe, Si, Ca, Mg and C. Most of our
knowledge of the nature of dust grains comes from Galactic observa-
tions and from neaby galaxies, where accurate measurements of the
IR luminosity can be performed and in which the spatial distribution
of dust can be explored in great detail. The local Universe offers a
great variety of morphologically complex, chemically evolved galax-
ies where key properties such as stellar, dust and gas masses, chemical
abundances, star formation rates can be measured.

A recent observational program aimed at the comprehensive study
of the cold gas and dust content of local galaxies is represented by
the DustPedia1 project (Davies et al. 2017; Clark et al. 2018; De Vis
et al. 2019; Nersesian et al. 2019; Casasola et al. 2020). DustPedia in-
cludes all nearby galaxies that have been observed with the Herschel
Space Observatory and for which multiwavelength observations are
available, in a spectral range that extends from the UV to the far-IR.
The DustPedia sample probes a range of fundamental intrinsic -such
as gas, stellar and dust fractions - and environmental properties, as it
contains galaxies that reside in the field and in clusters (Davies et al.
2019).

One major innovative result possible thanks to the richness of
this sample concerns the detailed study of spatially-resolved scaling
relations, such as the galactic Main Sequence (between SFR and
M∗, e. g., Elbaz et al. 2007; Noeske et al. 2007, Popesso et al.
2019a, Popesso et al. 2019b) and the Schmidt-Kennicutt relation
(Schmidt 1959; Kennicutt 1998), between SFR and molecular gas
surface densities, presented in Morselli et al. (2020), Enia et al.
(2020) and Casasola et al. (2022).

Such broad range of available properties has enabled a series of
theoretical studies aimed at using various approaches to create re-
alistic galaxy evolution models, including numerical simulations.
Dust has been rarely modelled in simulations, due mostly to the
large number of parameters involved in its production and its uncer-
tainty. Despite the significant progress experienced by these models
in the last few years (McKinnon et al. 2017; Aoyama et al. 2018;
Gjergo et al. 2018; Hou et al. 2019; Granato et al. 2021), their high
computational cost renders the study of the parameter space of dust
production and destruction problematic. The post-process modelling
of some properties, like galactic spectra, is a valuable alternative,
like in the recent comparison of the spectral energy distributions
and physical properties of simulated and observed galaxies of Trčka
et al. (2020). One problem with the post-processing approach is that
it does not allow a self-consistent modelling of the main properties
of insterstellar dust, such as the evolution of its mass and compo-
sition, that by construction cannot be derived directly from the star
formation and chemical evolution history of the simulated galaxies.
Cosmological semi-analytic models for galaxy formation are a viable
alternative to hydrodynamical simulations (Baugh 2006). Some of
them include dust production (Valiante et al. 2011; Popping et al.
2017; Vĳayan et al. 2019; Triani et al. 2020; Dayal et al. 2022) and
they allow a quicker exploration of the paramenter space than hy-

1 http://dustpedia.astro.noa.gr/

drodynamic simulations, still within a cosmological context. A less
computationally expensive approach to theoretical galaxy evolution
is represented by chemical evolution models (Tinsley 1980; Pagel
1997; Matteucci 2021). Even if in a non-cosmological context, these
tools allow one to trace the evolution of the abundances of a set of
chemical elements in a parametric fashion, in that the star formation
and gas accretion history are not modelled directly but parametrised
via a set of semi-analytic recipes. From the computational point of
view these models are very light and fast to run, therefore they allow
a rapid and detailed investigation of the parameter space. The results
of chemical evolution models have been found to be in good agree-
ment with the ones of cosmological models, in particular regarding
the abundance pattern of stars in the Milky Way (Colavitti et al.
2008; Calura & Menci 2009; Spitoni et al. 2019). Efficient develop-
ments related to the use of such models have been possible thanks to
their match with methods for Bayesian analysis. Such methods are
nowadays used in several areas of astrophysics, including cosmol-
ogy (Dunkley et al. 2005), studies of the propagation of cosmic rays
(Putze et al. 2010), and of local active galactic nuclei (Reynolds et al.
2012), Milky Way (MW) dwarf satellites (Ural et al. 2015), semi-
analytical models of galaxy formation (Kampakoglou et al. 2008;
Henriques et al. 2009) and galactic chemical evolution models (e.
g., Côté et al. 2016; Spitoni et al. 2020; De Looze et al. 2020). The
current applications have been carried on to study mainly the MW,
as it represents the best studied galaxy from the point of view of the
properties of the stellar population and chemical abundances in their
main components. In this paper, we are interested in the modelling
of the spatial distribution of interstellar dust on galactic scales, for
which an external, nearby galaxy is more suited than the MW. The
DustPedia galaxy M74 (NGC 0628) is an optimal target for our study,
since it is observed nearly face-on, hence it permits a very detailed
mapping of a few fundamental features, such as the gas, stellar and
dust density profiles (Casasola et al. 2017). In this paper, we use a
Bayesian approach to build a multi-zone chemical evolution model
tailored to M74. Specifically, our aim is to study the spatial distribu-
tion and internal variations of the the gas, stellar and dust components
of this system.

This paper is structured as follows. In Sect. 2, we present the main
observational properties of the target galaxy. In Sect 3, we present
the basic ingredients of the chemical evolution model used in this
study and our Bayesian fitting procedure. In Section 4, we present
our results and a discussion of them, whereas in Sect. 5, we present
our conclusions.

2 THE GALAXY NGC 628 (A. K. A. M74)

The data used in this work have been presented in Morselli et al.
(2020) (M20) and Enia et al. (2020) (E20) and are based on mul-
tiwavelength observations of five nearby face-on spiral galaxies be-
longing to the DustPedia sample. DustPedia is a catalogue of 875
local systems, built originally with the purpose of studying the prop-
erties of dust in nearby galaxies of various morphological types.
DustPedia includes every galaxy observed with the Herschel instru-
ment within ∼30 Mpc distance from the Milky Way and with a
diameter > 1 arcmin. In E20, a coherent sample of galaxies with a
‘grand-design spiral’ structure was presented, characterised by Hub-
ble stage index T between 2 and 8 (de Vaucouleurs et al. 1991; Corwin
et al. 1994) and a diameter > 6 arcmin. NGC 628 (also known as
M74) is observed nearly face-on (the inclination is 19.8◦) and at a
distance of 10.14 Mpc (E20). This galaxy has a uniform wavelength
coverage, distributed across more than 20 observational bands and

MNRAS 000, 1–18 (2019)
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optimal for estimating the physical parameters analysed in this paper,
i.e. the stellar, gas and dust surface densities.

E20 presented a set of multi-wavelength images of M74, ranging
from the far-ultraviolet and obtained with the GALaxy Evolution
eXplorer (GALEX; Morrissey et al. 2007) to the far-infrared (FIR),
i.e. at 250 `𝑚 and obtained with the Herschel Space Observatory
(Pilbratt et al. 2010), showing a clear, regular spiral pattern, appre-
ciable across 4 orders of magnitudes in wavelength (see their Fig.
1). The physical properties of M74 were determined by performing a
pixel-by-pixel SED fitting, on scales between 0.39 kpc and 1.5 kpc.
A grid of square cells of 8 arcsec × 8 arcsec was constructed and,
in each cell and at each wavelength, a measure of the flux was de-
rived. A second separation in cells of fixed physical size (1.5 × 1.5
kpc) was also performed for further check of the SED fitting quality
and to validate the method (for further details, see E20 and M20).
The flux in every available photometric band from UV to far-IR was
then obtained, along with the relative errors and the associated as-
trometric positions of the cell centres. In the SED fitting procedure,
only cells with no more than five undetected bands were included.
The discarded cells are mostly located in the outermost parts of
galaxies. SED fitting was performed with the publicly available code
MAGPHYS (da Cunha et al. 2008), optimal for panchromatic SED
modelling of local galaxies (e.g. Viaene et al. 2014) and of resolved,
sub-galactic regions (Smith & Hayward 2018). MAGPHYS allows
to simultaneously model the emission observed in the UV-to-FIR
regime by assuming that the whole energy output is balanced be-
tween the radiation emitted at UV/optical/near-infrared wavelengths
and the amount absorbed by dust and then re-emitted in the FIR.
The physical scales probed in this work (0.39 kpc) are such that
the energy-balance criterion holds (E20 and references therein). In
the energy-balance criterion between stellar and dust emission, the
UV-optical photons emitted by young stars are absorbed (and scat-
tered) by dust grains in star-forming regions and more diffuse parts
of the ISM, and the heated dust then reradiates the absorbed energy
in the IR (e. g., Miettinen et al. 2017; Bianchi et al. 2018). The
energy-balance criterion holds on scales in which the visible stellar
component is co-spatial with the obscured, dust-emitting component
of a star-forming region. This physical scale, typically of 200-400
pc (E20; M20) happens to be of the same order or above the region
size where a ’molecular star formation law’ can be observationally
retrieved, i.e. where the scaling between the averaged molecular gas
surface density and the star formation rate is Σ𝑆𝐹𝑅 ∝ (ΣH2)N, with
𝑁 ∼ 0.5−1.5 (e. g., Bigiel et al. 2008; Schruba et al. 2010; Casasola
et al. 2015), i.e. where the Schmidt-Kennicutt law holds (Khoperskov
& Vasiliev 2017). The pixel size of M74 is at the upper edge of this
condition, but still suitable for these purposes.

By means of a Bayesian approach, the code determines the poste-
rior distribution functions of various physical parameters by fitting
the observed photometric data to the modelled emission. The latter
is calculated from a set of native libraries composed of 5 ×104 stellar
population spectra, with varying star formation histories and derived
from the Bruzual & Charlot (2003) spectral library. Such library
allows for a uniform exploration of a few fundamental parameters,
such as stellar age, star formation timescale and metallicity. The stel-
lar emission libraries are associated to 5×104 two-component SEDs
(Charlot & Fall 2000; da Cunha et al. 2008), which take into account
the emission from stellar birth clouds and the diffuse interstellar
medium. SED fitting on the integrated photometry of the DustPedia
data was also performed (E20), as a further validation of the analysis
and to derive large-scale properties of the galaxy, such as total SFR
and the gas mass. The stellar and dust mass values obtained in each
cell were directly taken from the MAGPHYS outputs. MAGPHYS

models the dust emission as the sum of two components, the one
coming from stellar birth clouds (e.g. PAH, mid-IR continuum and
grains in thermal equilibrium) and a colder one from the ambient
ISM (da Cunha et al. 2008).

As for the gas mass, in each cell we consider that it is given by
the sum of the neutral and molecular gas mass, including also the
Helium contribution. The neutral hydrogen mass surface densities
have been obtained from the 21 cm maps in the framework of the
THINGS survey (The HI Nearby Galaxy Survey; Walter et al. 2008)
performed with the Very Large Array (VLA), with a 6 arcsec and 10
arcsec resolution in the robust and natural weighting, respectively.
The neutral gas surface density has been estimated from equation
5 of Walter et al. (2008). The molecular gas surface density has
been computed by means of 12CO(2-1) intensity maps obtained in
the HERACLES survey (The HERA CO-Line Extragalactic Survey;
Leroy et al. 2009), performed with IRAM 30 with an angular reso-
lution of 11 arcsec.
We defer to M20 for further details on the methods used for esti-
mating the neutral and molecular gas mass in M74. Fig. 1 shows a
dust mass map (left) and estimates of the stellar, gas and dust surface
density profiles (right) of M74.

3 MODEL DESCRIPTION

The chemical evolution model used in this paper was originally
developed to study the abundance pattern of the Milky Way (e.g.,
Matteucci & Francois 1989; Grisoni et al. 2018; Palla et al. 2020b).
We implicitly assume that the baryonic mass of any spiral galaxy
is dominated by a thin disc of stars and gas, in analogy with the
Milky Way. The disc is composed of several independent rings, each
1 kpc-wide, without exchange of matter between them.

In chemical evolution models, the time-evolution of the fractional
mass of the element 𝑖 in the gas within a galaxy and at the galac-
tocentric radius 𝑅, 𝐺𝑖 (𝑅, 𝑡) is described by the following equation
(here in compact form, for the extended form see, e. g., Matteucci
2012):

¤𝐺𝑖 (𝑅, 𝑡) = −𝜓(𝑅, 𝑡)𝑋𝑖 (𝑅, 𝑡) + R𝑖 (𝑅, 𝑡) + ¤𝐺𝑖,inf (𝑅, 𝑡). (1)

In Eq. 1, 𝐺𝑖 (𝑅, 𝑡) = 𝑋𝑖 (𝑅, 𝑡)𝐺 (𝑅, 𝑡), where 𝑋𝑖 (𝑅, 𝑡) represents the
abundance (in mass) of the element 𝑖 (for which, the sum over all
elements in the gas is equal to unity) and𝐺 (𝑅, 𝑡) is the total gas frac-
tion. The quantity 𝜓(𝑅, 𝑡) is the star formation rate (SFR), namely
the amount of gas turning into stars per unit time. This quantity is ex-
pressed by the Schmidt-Kennicutt relation (Schmidt 1959; Kennicutt
1998) law:

𝜓(𝑅, 𝑡) = aΣgas (𝑅, 𝑡)𝐾 , (2)

where 𝐾 = 1.5, Σgas is the gas surface density and a is the star for-
mation efficiency (in Gyr−1), assumed to be a function of the radius
𝑅 and parametrised as described later in Sect. 3.1. The motivation
for assuming a radius-dependent SF efficiency is that, as shown in
a few previous studies, it is not possible to reproduce some specific
observables of the MW, such as the abundance gradients observed in
the disc, by assuming a constant SF efficiency (Colavitti et al. 2009;
Grisoni et al. 2018; Palla et al. 2020b).

The quantity R𝑖 (𝑅, 𝑡) is the returned fraction of matter in the form
of an element 𝑖 restored by stars into the ISM through stellar winds,
Type Ia and Type II supernova (SN) explosions and computed from
the nucleosynthesis prescriptions. In this work, we assume for low-
intermediate mass stars (LIMS, i.e. stars with initial mass𝑚 < 8M�)
the stellar yields calculated by van den Hoek & Groenewegen (1997),
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Figure 1. Left: observed dust mass map of M74. In each pixel, the dust mass was derived with the methods described in Sect. 2. Right: observed stellar and gas
surface density profiles (upper panel) and dust density profile (bottom panel) of M74. The data used for the calculation of the profiles are from Morselli et al.
(2020) and Enia et al. (2020).

whereas for core-collapse and Type Ia supernova (SNe) we adopt the
prescriptions of François et al. (2004) and Iwamoto et al. (1999),
respectively, with a Scalo (1986) stellar initial mass function (IMF).
By means of our adopted set of yields it is possible to reproduce the
chemical abundance pattern of the solar neighbourhood (e.g., Spitoni
et al. 2019; Vincenzo et al. 2019; Palla et al. 2022).

The third term in Eq. (1) is the infall rate, expressed as:

¤𝐺𝑖,inf (𝑅, 𝑡) = 𝐴(𝑅)𝑋𝑖,inf (𝑅)𝑒
− 𝑡

𝜏 (𝑅) , (3)

where 𝑋𝑖,inf is the abundance of the element 𝑖 in the infalling material,
assumed of primordial composition. The infall timescale 𝜏(𝑅) is
determined from the available observational constraints of M74 by
means of the MCMC analysis described in Sect. 3.1. The quantity
𝐴(𝑅) is determined from the observed total surface mass density
profile of M74.

In our model, we assume that spiral galaxies do not experience
galactic winds. In general, galactic winds are known to play an im-
portant role in galaxy evolution and the modelling of this process is
a very active field (e. g., Somerville & Davé 2015; Zhang 2018). A
plethora of models have shown that when proto-galaxies are small and
are characterised by shallow potential wells, strong feedback activity
resulting from intense star formation can trigger massive outlows, in
which the dense star-forming gas can leave the parent galaxy (Naab &
Ostriker 2017 and references therein). In cosmological simulations,
the generation of massive outflows is important to avoid the over-
production of stars, to remove low angular momentum-material and
thus for producing realistic discs (Brook et al. 2011; Marinacci et al.
2014; Murante et al. 2015; Vogelsberger et al. 2020 and references
therein).

Also observations of local discs show that they still have an im-
portant role, and that they can be described by biconical flows of
multiphase gas and dust perpendicular to the galaxy (Rupke 2018).

Our assumption of neglecting the effects of winds in the long-term
evolution of a massive galactic disc is supported by other models
that include the evolution of the infall and outflow rates of MW-
like disc galaxies, showing that the latter are generally sub-dominant
with respect to the former (Toyouchi & Chiba 2015). Furthermore,

our assumption is strengthened by the fact that a large fraction of
the material ejected through outflows is later reaccreted. This is
supported by cosmological simulations of galactic discs of different
mass, which confirm that the majority of the mass ejected by the disc
in galaxies with virial mass > 1011 𝑀� (encompassing the mass of
M74) is reaccreted (Christensen et al. 2018, see also Oppenheimer
& Davé 2008; Davé et al. 2011; Hopkins et al. 2023). Note that
our non-cosmological models for galactic discs do not exclude that
winds may have an important role in their low-mass progenitors at
early times, as shown by the history of the Milky Way and of its
building blocks (Vincenzo et al. 2019).

3.1 The best model of M74 through Bayesian analysis

The best-fit chemical evolution model of M74 has been obtained by
means of a Bayesian analysis based on Markov Chain Monte Carlo
(MCMC) methods. We briefly recall our main assumptions and refer
the reader to Spitoni et al. (2020) for a more detailed description of
the fitting method.

In the context of parameter estimation, Bayes’ theorem enables
the calculation of the posterior probability distribution (PPD) of the
parameters, as expressed by

𝑃(𝚯|x) = 𝑃(𝚯)
𝑃(x) 𝑃(x|𝚯), (4)

where x represents the set of observables, 𝚯 the set of model pa-
rameters, 𝑃(x|𝚯) ≡ 𝐿 the likelihood, defined as the probability of
observing the data given the model parameters. In this work, the set
of observables is represented by the stellar and gas surface density
profiles at the present time, respectively Σ★ and Σgas, computed over
𝑁 = 14 radial bins (see the right panel of Fig. 1), i.e. x = {Σ★, Σgas}.

In this study, we statistically constrain the behaviour of the gas ac-
cretion timescale and the the star formation efficiency with galacto-
centric radius. The assumptions of radial dependent infall timescale
and SF efficiency have been widely adopted in previous chemical
evolution models. In the framework of the inside-out model for the
formation of the Milky Way, Matteucci & Francois (1989) introduced
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a radius-dependent time-scale for the exponential infall rate of the
Galactic disc, increasing linearly as a function of the galactocentric
radius (see also Romano et al. 2000). On the other hand, a variable
SF efficiency as a function of galactocentric radius was introduced
by Colavitti et al. (2009) as an additional mechanism to explain the
abundance gradients in the MW disc (see also Spitoni et al. 2015;
Palla et al. 2020b).

In our approach, we consider a set of 4 free parameters 𝚯 =

{𝐴, 𝐵, 𝐶, 𝐷}, in the following two equations:

𝜏[Gyr] = 𝐴 · 𝑅 + 𝐵 (5)

and

a[Gyr−1] = 𝐶

𝑅
+ 𝐷 . (6)

To define the likelihood in eq. 4, we assume that the uncertain-
ties on the observables are normally distributed. In this case, the
logarithm of the likelihood can be written as:

ln 𝐿 = −
𝑁∑︁
𝑛=1

ln ©«(2𝜋)𝑑/2
𝑑∏
𝑗=1

𝜎𝑛, 𝑗
ª®¬− 1

2

𝑁∑︁
𝑛=1

𝑑∑︁
𝑗=1

(
𝑥𝑛, 𝑗 − Σ𝑛, 𝑗

𝜎𝑛, 𝑗

)2
, (7)

where 𝑁 = 14 is the number of radial bins, 𝑥𝑛, 𝑗 and 𝜎𝑛, 𝑗 are the
measured value and associated uncertainty, respectively, of the 𝑗−th
observable and in the 𝑛−th radial bin, whereas Σ𝑛, 𝑗 is the theoretical
𝑗−th mass surface density (i.e. for the gas or stars) at the present day
in the 𝑛−th radial bin, with 𝑑 = 2.

The calculation of the PPD defined in eq. 4 requires the specifi-
cation of the priors on the 4 model parameters. In our sampling of
the PPD, for all the parameters we consider a flat prior in the range
(-50,+50); only combinations that lead to positive 𝜏 and a are ad-
mitted. The affine invariant MCMC ensemble sampler, "emcee: the
mcmc hammer" code2 (Goodman & Weare 2010; Foreman-Mackey
et al. 2013) has been used to sample the PPD.

3.2 Dust evolution prescriptions

In this work, we adopt the same formalism used in previous works
which included the chemical evolution of dust in galaxies of various
morphological types (Dwek 1998; Calura et al. 2008; Gioannini et al.
2017b; Palla et al. 2020a). The equation used to determine the amount
of the chemical element 𝑖 contained into dust grains is:

¤𝐺𝑖,𝑑 (𝑅, 𝑡) = −𝜓(𝑡)𝑋𝑖,𝑑 (𝑅, 𝑡)+𝑅𝑖,𝑑 (𝑅, 𝑡)+
𝐺𝑖,𝑑

𝜏𝑖,𝑎𝑐𝑐𝑟
(𝑅, 𝑡)−

𝐺𝑖,𝑑

𝜏𝑖,𝑑𝑒𝑠𝑡𝑟
(𝑅, 𝑡)

(8)

Similarly to Eq. (1),𝐺𝑖,d (𝑅, 𝑡) = 𝑋𝑖,d (𝑅, 𝑡)𝐺 (𝑅, 𝑡), where 𝑋𝑖,d (𝑅, 𝑡)
represents the abundance (in mass) of the element 𝑖 present in dust
grains. The first term on the right-hand side of Eq. (8) accounts
for the amount of dust destroyed by astration, i.e. incorporated into
new stars. 𝑅𝑖,d (𝑅, 𝑡) accounts for stellar dust production, which in
our model is from asymptotic giant branch (AGB) stars and core-
collapse SNe. In low and intermediate mass stars (LIMS, i.e. stars
with mass 0.8 ≤ 𝑀� ≤ 8), dust is produced during the AGB phase.
For AGB stars, in this work we use the metallicity-dependent dust
yields of Dell’Agli et al. (2017). Stars more massive than 8𝑀� end
their life as core-collapse (CC) SNe and are the main producers of
dust. For these sources, we assume the dust yields of Bianchi &
Schneider (2007) that, as shown in Gioannini et al. (2017a), provide

2 https://emcee.readthedocs.io/en/stable/; https://github.com/dfm/emcee

dust mass values intermediate between other prescriptions from the
literature.

The third term on the right side of Eq. (8) accounts for dust ac-
cretion (or growth) in molecular clouds. In this process, occurring in
the coldest and densest regions of the ISM, pre-existing seeds of dust
can grow in size as due to accretion of further refractory elements
on their surface (e. g., Savage & Sembach 1996; Hirashita & Kuo
2011; Inoue 2011; Asano et al. 2013; Martínez-González et al. 2021;
Konstantopoulou et al. 2022), enabling a significant increase of the
global dust mass (e.g. Dwek 1998; Asano et al. 2013; Mancini et al.
2015; De Vis et al. 2017). The dust accretion rate is regulated by the
accretion timescale 𝜏accr. For a given element 𝑖, this quantity can be
expressed as:

𝜏𝑖,accr =
𝜏0

(1 − 𝑓𝑖)
, (9)

where 𝑓𝑖 = 𝐺𝑖,d (𝑡)/𝐺𝑖 (𝑡) is the dust-to-gas ratio for the element 𝑖
at the time 𝑡 and 𝜏0 is the characteristic dust growth timescale. This
formalism was first introduced by Dwek (1998), in which the key
quantity 𝜏0 was assumed constant and generally of the same order of
magnitude of the typical molecular cloud lifetime (see also Calura
et al. 2008). Later, more elaborate assumptions have been proposed by
other authors, with a dependency on fundamental galactic parameters
such as metallicity and cold gas fraction (e. g., Asano et al. 2013).

The fourth term of Eq. (8) accounts for dust destruction, occurring
in the warm and hot phases of the ISM mostly as due to exploding
SNe. In this process, the refractory material incorporated in dust
grains and accelerated by SN shocks is cycled back into the gas
phase via various mechanisms (evaporation in grain-grain collisions,
sputtering, thermal sublimation, desorption, see McKee 1989, Jones
et al. 1996)

Similarly to dust accretion, dust destruction is expressed in terms
of a grain destruction timescale 𝜏destr, which can be written as:

𝜏𝑖,destr =
𝐺𝑖 (𝑡)

(𝜖 𝑀swept)𝑆𝑁rate
, (10)

where 𝑆𝑁rate is the sum of the CC and Type Ia SN rates, 𝑀swept is
the ISM mass swept by a SN shock and 𝜖 is the efficiency of grain
destruction in the ISM.
The product of the two latter terms represents the ISM mass com-
pletely cleared out of dust by a SN:

𝑀clear = 𝜖 𝑀swept. (11)

In this paper, we will study in detail the roles of the main quantities
regulating dust growth and destruction, i.e. 𝜏0 and𝑀clear and see how
they determine the dust content of M74, as traced by the observed
dust mass profile as a function of galactic radius.

The Bayesian approach requires a specific parameterization of a
given process as a function of fundamental quantities that regulate
them, such as the infall timescale and the SF efficiency as a function
of the galactocentric radius (see Equations 5 and 6).

In this work, we want to test various prescriptions for quantities
regulating both destruction and accretion, in which the dependence
on some fundamental physical variables is diversified. Testing every
single prescription by means of a MCMC would be very challenging
from a computational point of view; therefore, in this work we choose
to model the evolution of dust without a Bayesian approach. In the
forthcoming future, the next step will be to adopt a Bayesian method
to treat also the evolution of dust.
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Figure 2. Left panel: posterior probability density function of the parameters used to model the accretion and SF history of M74. The best-fit value obtained for
the parameter (defined in Sect. 4) is reported on the top of each column, along with the associated uncertainties. The results of the best-fit model are shown in
the right panel, where the thick magenta and cyan lines represent the best-fit stellar and gas surface density as a function of radius, respectively. The blue and red
thin lines represent the range of models obtained from the Monte Carlo walkers at the last step that are consistent with the observed profiles, i.e. characterised
by Σgas and Σ∗ values within the observed error bars.

4 RESULTS

In this section we present the results of the best-fit chemical evolution
model of M74, obtained from the observational constraints, i.e. the
observed gas and stellar density profiles of M74, and by means of the
Bayesian method described in Sect. 3.1. The best model is then used
to study the star formation history and the properties of the dust in
our target galaxy, in order to derive constraints on a few fundamental
prescriptions adopted in our model.

We have used 100 walkers to sample the parameter space. The
chains have been run for 500 steps. The MCMC reaches convergence
in less than 125 steps, used as a warm up phase (burn-in). Therefore,
the PPD has been built using the final 375 steps. As an additional
check, we also verified that the acceptance fraction of walkers is
about 0.4, well within the range of values recommended (between
0.2 and 0.5).

The posterior probability density function of the parameters is
shown in the left panel of Fig. 2, where the best-fit values obtained
for our set of parameters are also reported with their uncertainties.

For each parameter, we compute the best-fit value, the lower and
upper uncertainty from the median, the 16-th and the 84-th percentile
of the distribution (reported on the top of each column of Fig. 2),
respectively.

We show the results of the best-fit model in the right panel of Fig.
2 (thick magenta and cyan lines), compared to the observed profiles.
The thin lines in Fig. 2 represent the range of models within the 16th
and 84th percentiles, hence corresponding approximately to 1 − 𝜎
error bars of the best-fit models.

4.1 Star formation and infall timescale as a function of radius

Fig. 3 shows the infall timescale 𝜏 (green solid line) and the SF
efficiency a (red solid line) as a function of galactocentric radius 𝑅
of the best model obtained for M74 through our Bayesian analysis.

As for the best-fit 𝜏 − 𝑅 function (green line), an analogue relation
was found for our Galaxy by Romano et al. (2000), expressed by

𝜏D,MW = 1.03 R−1.267 Gyr (12)

and describing the ’Inside-Out’ formation model of the disc compo-
nent of the MW.

The relation in Eq. 12 is able to account for various constraints,
i.e. the ’G-dwarf’ metallicity distribution observed in the solar neigh-
bourhood and in other regions of the Galactic disc, the gas density
profile and the Galactic abundance gradients (see also Chiappini et al.
2001).

Also for M74, our analysis supports an inside-out formation sce-
nario, but the flatter shape of the 𝜏−𝑅 function obtained here suggests
more similar gas accretion rates at different radii with respect to the
MW. For comparison, the accretion timescales of M74 at 2 kpc and
14 kpc are ∼ 3.8 Gyr and ∼ 6 Gyr, respectively, whereas in the
Milky Way, at the same radii Romano et al. (2000) derived accretion
timescales of 1 Gyr and 13 Gyr, respectively.

In principle, beside a smaller average stellar age, a flatter accretion
timescale with radius is expected to produce a lower dispersion of
stellar age than in the Milky Way. It is however worth stressing that
the single-infall model used here differs by construction from the
one used for our Galaxy, which allows for a better characterisation
of the various sub-components, for which much more observational
constraints are available. In particular, valuable constraints in this
context are represented by the stellar chemical abundance pattern, at
the moment available for our Galaxy and for a few of its satellites
only, which provide an insightful picture of the past evolution of such
systems and therefore allows one to have tighter constraints for their
accretion history.

The red line in Fig. 3 shows the SF efficiency a(𝑅) of M74 derived
in this work. Also in this case, it is interesting to compare this quantity
to the analog relation found in the MW. Palla et al. (2020b) used
the two-infall model to constrain some fundamental properties of
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Figure 3. Accretion timescale 𝜏 (green solid line and left-side y-axis) and
SF efficiency a (red solid line and y-axis on the right) as a function of
galactocentric radius 𝑅 of the best model obtained for M74 through our
Bayesian analysis.

the thin and thick Galactic discs, including the SFR profile and
the abundance gradients, considering different chemical elements
(including Mg, Fe, N, O). Again, their model is more complex than
ours since, besides including two separate infall events for different
sub-components, they also take into account radial gas flows. A
variable efficiency of star formation is considered for the thin disc and
the effects of other parameters are investigated, including the delay
between the formation of the two discs. They find that the assumption
of a variable SF efficiency along the disc plays a fundamental role in
reproducing the observed abundance gradients (see also Grisoni et al.
2018). Although the trend is similar, i.e. characterised by decreasing
a at increasing radii, the a − 𝑅 relation derived here, which spans a
range between ∼ 2 Gyr−1 in the innermost regions and ∼ 0.1 Gyr−1

in the outskirts, is less extreme than the one found in the MW, which
ranges between ∼5 Gyr−1 and ∼ 0.1 Gyr−1.

As additional check, we have compared the metallicity gradient
obtained with the best model of M74 to a set of available observations.

The used metallicity tracer is oxygen. We show in Fig. 4 the data
from the DustPedia compilation of De Vis et al. (2019), obtained us-
ing two different metallicity calibrators: the simplest N2 calibrator,
which is based on the ratio between [NII]_6584 and the adiacent H𝛼
line (thus depending little on dust extinction), and the O3N2 method,
that uses [OIII]_5007, [NII]_6584, H𝛽 and H𝛼 lines (Pettini & Pagel
2004). It is well known that, when using different diagnostics, the
metallicity measures are significantly sensible to the adopted cal-
ibration (Kewley & Ellison 2008; Calura et al. 2009; Maiolino &
Mannucci 2019). The difference between the two profiles is useful
to envisage the uncertainties in the calibration schemes. As shown in
Fig. 4, our model can satisfactorily account for the observed metallic-
ity gradient, in particular the one measured from the O3N2 line ratio,
across the entire radial range of the observations (from R=1 kpc to
R∼ 14 kpc). As for the gradient measured from N2, in the innermost
regions (𝑅 < 5 kpc) the data indicate a flatter gradient than what
found in our best model. Investigating the reason of the discrepancy
between the N2 measures and the model results is beyond the scope
of the present work.

In Fig. 5 we show the evolution of the gas mass, stellar mass and
star formation history of the best model, obtained as described in this

section. We also show the evolution of the dust mass of the two best
models described in Sect. 4.3.1 and 4.3.2.

In Table 1, we present a few observational features of M74 and
compare them to the results of our best models. The observed and
theoretical gas, stellar and dust masses have been computed integrat-
ing the respective profiles. M74 has an observed dust mass of 2× 107

M� , similar to the of other spiral galaxies of similar stellar mass
(Pastrav 2020). The results of the comparison between the measured
dust mass and the models will be discussed in the Sect. 4.3.

4.2 Effects of radial flows

Radial gas flows may take place as a dynamical consequence of
infall (Spitoni & Matteucci 2011; Bilitewski & Schönrich 2012).
The cosmological accretion of gas is expected to occur mostly in
the outskirts of galactic discs (Ho et al. 2019). The infalling gas has
a lower angular momentum than the gas orbiting within the disc,
and the mixing between the two is expected to induce a net, inward-
directed radial flow (Mayor & Vigroux 1981), with a velocity in
the range of a few km s−1 (Lacey & Fall 1985). Radial flows may
also originate as a consequence of the viscosity of the gas (Thon &
Meusinger 1998) and of spiral density waves that may lead to large-
scale shocks and energy dissipation (Spitoni & Matteucci 2011 and
references therein).

In our reference multi-zone model we have neglected radial flows,
i.e. we have assumed that no exchange of matter can occur between
two adjacent rings. This assumption relies upon the results of vari-
ous studies, who have shown that, under reasonable conditions, radial
flows alone have a marginal role in reproducing the abundance gra-
dients measured in the MW disc (Portinari & Chiosi 2000; Spitoni
& Matteucci 2011; Palla et al. 2020b), and that the latter are the re-
sult of the interplay of various processes, including a star formation
threshold, an efficiency of star formation and infall law varying with
radius (Colavitti et al. 2009; Palla et al. 2020b).

The study of radial gas flows in local spiral galaxies is a recent,
growing field (Di Teodoro & Peek 2021) but their effects on the
properties of other galaxies have rarely been addressed. In this Sec-
tion, we include radial gas flows in the model of M74 and show their
effects on the observables considered in this work, i.e. the stellar and
gas density profiles and the metallicity gradient.

The model used here is described in Spitoni & Matteucci (2011),
Mott et al. (2013), Palla et al. (2020b) and is based on the formalism
of Portinari & Chiosi (2000). It is convenient to define the 𝑘−th
shell of the galactic disc in terms of the galactocentric radius 𝑅𝑘 ,
whose inner and outer edges are 𝑅𝑘−1/2 and 𝑅𝑘+1/2, respectively.
Through these edges, gas inflow can occur with velocity 𝑣

𝑘− 1
2

and
𝑣
𝑘+ 1

2
, respectively, with velocities assumed to be positive outward

and negative inward.
The net radial flow rate at galactocentric radius 𝑅𝑘 and time 𝑡 is

included as a further additive term in Eq. 1 and is expressed as:

¤𝐺𝑖,rf (𝑅𝑘 , 𝑡) = − 𝛽𝑘 𝐺𝑖 (𝑅𝑘 , 𝑡) + 𝛾𝑘 𝐺𝑖 (𝑅𝑘+1, 𝑡), (13)

where 𝛽𝑘 and 𝛾𝑘 are, respectively:

𝛽𝑘 = − 2
𝑅𝑘 + 𝑅𝑘−1+𝑅𝑘+1

2
×
[
𝑣
𝑘− 1

2

𝑅𝑘−1 + 𝑅𝑘
𝑅𝑘+1 − 𝑅𝑘−1

]
(14)

𝛾𝑘 = − 2
𝑅𝑘 + 𝑅𝑘−1+𝑅𝑘+1

2

[
𝑣
𝑘+ 1

2

𝑅𝑘 + 𝑅𝑘+1
𝑅𝑘+1 − 𝑅𝑘−1

]
Σ(𝑘+1) ,T
Σ𝑘,T

. (15)
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Table 1. Summary of the main observational properties of M74 and as computed by means of our best models.

D D25 Hubble type Mgas M∗ SFR Mdust
(Mpc) (’) (M�) (M�) (M� yr−1) (M�)

M74 (observed) 9.01 10.02 Sc3 8.5× 109 2.0× 1010 0.74 2.0× 107

Model (5’) - - 7.0 × 109 1.68× 1010 0.9 1.96× 107

Model (9’) - - 7.0 × 109 1.68× 1010 0.9 2.26× 107

1: Casasola et al. (2017)
2: D25 is defined as the length corresponding to the projected major axis of a galaxy at the isophotal level of 25 mag arcsec−2 in the B-band (Casasola et al. 2017).
At the distance of M74, this corresponds to a diameter of 26.18 kpc.
3: From the NED database.
4: Gusev et al. (2014)

Σ(𝑘+1) ,T and Σ𝑘,T are the total present-day density profiles at the
radius 𝑅𝑘+1 and 𝑅𝑘 , respectively.

In this parametrization the most critical quantity is the radial ve-
locity pattern, expressed by 𝑣𝑘 . We have studied the effects of an
inward-directed radial gas flow, testing various values for 𝑣𝑘 and
various assumptions for the radial dependence of the infall and SF
law.

As for the velocity pattern, we have considered both constant and
radial-dependent values, previosly considered to model radial flows
in the Milky Way (Grisoni et al. 2018; Palla et al. 2020b). As for
the infall timescale and star formation efficiency radial dependence,
beside the ones of best-fit model described in Sect. 4.1, we have
tested other assumptions, including constant 𝜏 and a (i.e. no radial
dependence) and other, intermediate choices between constant and
the ones of the best-fit model.

As for the best-fit model obtained through Bayesian analysis with
added radial flows, none of the tested assumptions for the velocity
pattern could reproduce the considered constraints simultaneously.
The results of one of these cases is shown in the left panels of Fig.
6, where constant radial velocity 𝑣𝑘 = −0.5 km s−1 was assumed.
This is a low value in the framework of models generally suited to
account for the velocity pattern of the MW disc (e. g., Palla et al.
2020b). Although it does not have any major effect on the present-
day gas and stellar mass profiles but a slight steepening, such a low
value is enough to steepen significantly the metallicty gradient, as
shown in the bottom-left panel of 6. We have verified that other
velocity patterns assumed for the MW disc, including a higher (in
modulus) constant velocity 𝑣𝑘 = −1 km s−1 and a variable velocity
𝑣𝑘 = −( 𝑅𝑘

4 − 1) km s−1 (Grisoni et al. 2018) cause a steepening
also of the density profiles and do not improve the fit to the observed
metallicity gradient.

In the right panels of 6, we show the results of a couple of models
with different assumptions regarding the radial dependence of 𝜏 and
a. One model (’Constant 𝜏(𝑅) and a(𝑅)’, solid lines), is with constant
𝜏 = 4 Gyr and a=0.45 Gyr−1 at all radii. These values for 𝜏 and a
are similar to the ones of the best model obtained with the MCMC
at 4 kpc.

Another model (’Intermediate 𝜏(𝑅) and a(𝑅)’, dashed lines in the
right panels of Fig. 6) is characterised by values for the quantities
𝐴 and 𝐶 defined in Sect. 3.1 that are approximately half of the
best-fit model, but values for 𝜏(𝑅) and a(𝑅) at 𝑅 = 4 kpc that are
comparable to the ones of this model. These choices are certainly
arbitrary; however, more tests have been performed by anchoring the
relations to the 𝜏 and a of the best-fit model at other values of 𝑅,
without any improvement in the results.

Our results are useful to illustrate the overall effects of an inward-
directed velocity pattern. These models provide a stellar profile in

Figure 4. Metallicity gradient of the best model of M74 (black solid line)
compared to a set of available observations. The metallicity tracer is oxygen,
for which two strong line calibrations (the N2 [orange crosses] and the O3N2
[brown crosses]) have been used to derive the abundances as a function of
radius (see De Vis et al. 2019, Bianchi et al. 2022). The brown and orange
circles represent the average abundances computed at different radial bins and
considering both sets of abundances. In each radial bin, the brown vertical
bar associated to the computed average abundance represents the 1 − 𝜎
uncertainty.

agreement with data and within the error bars at almost all radii, an
acceptable fit to metallicity gradient but a gas density profile steeper
than the available observations. As shown in Fig. 5, the overall effects
on the star formation history are modest.

Although our results can certainly be improved with a more thor-
ough investigation of the parameter space, the analysis carried out in
this Section highlights that, by assuming significant net radial inflows
in the galaxy, we are not able to reproduce the different observational
constraints of M74, i.e. the stellar density, gas density and metallicity
gradient simultaneously. The same conclusion also holds by varying
the prescriptions for the radial dependence of gas accretion and SF
law.

At present and based on extant data, it is not possible to firmly
assess the radial velocity pattern of the gas in local galaxies. A sys-
tematic study of gas flows in local spirals based on atomic hydrogen
emission line high-sensitivity data indicates that the magnitude of
radial inflow motion seems small, of the order of a few 0.1 M�/yr
and a factor 5-10 smaller than the typical SFR values (Di Teodoro
& Peek 2021). This suggests that radial inflows alone are not strong
enough to sustain star formation in local spiral galaxies.
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Figure 5. Evolution of the gas mass (blue solid line), stellar mass (red solid line) and star formation history (dark-cyan solid line) of the best-fit model obtained
with our bayesian analysis described in Sect. 3.1. The light-blue, coral and turquoise dashed lines are the evolution of the gas mass, stellar mass and star formation
history, respectively, of the ’Intermediate 𝜏 (𝑅) and a (𝑅)’ model, which includes radial flows and is described in Sect. 4.2. The black and brown solid lines are
the dust mass of the models 5’ and 9’ described in Sect. 4.3.1 and 4.3.2, respectively.

Figure 6. Top-left panel: stellar (solid magenta line) and gas (solid dark cyan line) surface density as a function of radius of the best-fit model for M74 obtained
with the bayesian analysis plus radial flows, described in Sect. 4.2. The blue and red solid circles are as in Fig. 1. Bottom-left panel: metallicity gradient of
the best-fit bayesian model of M74 plus radial flows (black solid line) compared to a set of observations (other symbols as in Fig. 4). Top-right panel: stellar
(magenta lines) and gas (dark cyan lines) surface density profiles of the model with constant 𝜏 (𝑅) and a (𝑅) (solid lines) and intermediate 𝜏 (𝑅) and a (𝑅)
(dashed lines), both including radial flows and described in Sect. 4.2. The blue and red solid circles are as in Fig. 1. Bottom-right panel: metallicity gradient of
the model with constant 𝜏 (𝑅) and a (𝑅) (solid line) and intermediate 𝜏 (𝑅) and a (𝑅) (dashed line). Other symbols are as in Fig. 4.
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4.3 Dust density profile

Understanding the roles of destruction and accretion in regulating
the dust mass budget in galaxies represents one major challenge
in galaxy evolution studies. How these mechanisms depend on key
galactic properties, such as radius and SFR, is not known, and various
authors have proposed different pescriptions to include their effects
in galactic evolution models.

In the following, we exploit the best model obtained for M74 to
test various prescriptions for these two processes and compare our
results with one key observational constraint available for this galaxy,
i.e. the dust surface density profile.

In particular, we test different formalisms for the parameter reg-
ulating the accretion timescale 𝜏0 of Eq. 9 and for the destruction
timescale, expressed by the ’cleared mass’ parameter𝑀clear of Eq. 10.
A summary of the models considered in this work and adopting dif-
ferent prescriptions for accretion and destruction is presented in Table
2.

4.3.1 Asano et al. (2013) prescriptions for dust accretion

Asano et al. (2013) investigated the role of dust mass growth in the
ISM by means of a closed-box chemical evolution model which in-
cluded stardust production, destruction by SN shocks and accretion.
They emphasised the role of the interstellar metallicity in determining
the dust accretion timescale, identifying a critical metallicity value,
decreasing with decreasing SF efficiency, above which accretion be-
comes the primary process in regulating the galactic dust budget, also
causing the strong depletion of heavy elements from the gas phase.

In the model of Asano et al. (2013), the dust accretion timescale
𝜏0 of Eq. 9 is expressed as:

𝜏0 =
𝜏g
𝑋cold

(16)

where 𝜏𝑔 is the characteristic dust growth timescale within a molec-
ular cloud and 𝑋cold is the mass fraction of dense cold clouds in a
galaxy. In the complete equation of Asano et al. (2013) for the char-
acteristic timescale 𝜏𝑔, this quantity can be expressed as a function of
grain size 𝑎, sticking coefficient of refractory elements 𝛼 and mean
velocity of metals in the gas 〈𝑣〉 as

𝜏𝑔 =
4〈𝑎〉3𝜌d

3〈𝑎〉2𝛼𝜌ISM𝑍 〈𝑣〉
, (17)

where 〈𝑎〉2 and 〈𝑎〉3 are the second and third moment of the grain
size distribution, respectively, while 𝜌d and 𝜌ISM are the average dust
and ISM mass density. Asano et al. (2013) showed that assuming for
the typical molecular cloud temperature a value of 50 K, 100 cm−3

for the cloud ambient density and an average value of 0.1 `𝑚 for the
grain size, it is possible to express 𝜏𝑔 as:

𝜏𝑔 = 2.0 · 107 ×
(
𝑍

0.02

)−1
[yr], (18)

The cold mass fraction 𝑋cold is highly uncertain and plays a crucial
role in shaping the dust density profiles; therefore, we will test various
assumptions for its value. For this quantity we test two constant
values, embracing a reasonable range supported by observations and
arguments related to the local cold gas budget. The adoption a the
low value for 𝑋cold is supported by estimates of the dense gas mass
fraction in molecular clouds in the Milky Way, performed through
observations of the 1.1 mm dust continuum emission (Battisti &
Heyer 2014). In this work, observations of high column density
subregions indicate mass fractions as low as 0.07, to be regarded

as upper limits to the true mass fractions. Motivated by these results,
we assume for our model a value of 𝑋cold = 0.05 (Model 1 of Tab. 2).

A larger value for 𝑋cold can be derived instead from estimates of
the local budget of neutral and molecular gas. For the local molecular
and neutral comoving gas density, Fukugita & Peebles (2004) report
estimates ΩH2 = 1.6 × 10−4 and ΩHI = 4.2 × 10−4 (expressed as
density parameters), respectively. From the ratio between the two,
we obtain 𝑋cold ∼ 0.25 (Model 2).

As third option, for 𝑋cold we assume the profile derived for M74
as a function of the galactocentric radius (Model 3), expressed as

𝑋cold (𝑅) =
𝑀H2 (𝑅)

𝑀H2 (𝑅) + 𝑀HI (𝑅)
, (19)

where 𝑀HI (𝑅) and 𝑀H2 (𝑅) are the mass of HI and H2 observed in
M74, respectively, at the radius R. The adopted prescriptions for dust
accretion are shown in the left panel of Fig. 7, whereas in the right
panel we show the prescriptions for dust destruction.

As for the dust destruction, the most crucial parameter is the ISM
mass cleared out of dust that, in the formulation of Asano et al.
(2013), can be expressed as:

𝑀clear = 1535𝑛−0.2
ISM · (𝑍/𝑍� + 0.039)−0.289 [M�], (20)

and depends on the ISM particle density 𝑛ISM and on the metallicity
of the gas 𝑍 . The idea behind a metal-dependent cleared mass is
that gas cooling is a function of metallicity, in that metal-poor gas
cools less efficiently, thus remaining at high temperatures for longer,
increasing the amount of dust destroyed by thermal sputtering in
shocked gas (Priestley et al. 2022). As for the density, for our purposes
it is convenient to assume an average value, i.e. 𝑛ISM = 1 cm−3

(Gioannini et al. 2017b), corresponding to the average interstellar
density of the Galaxy (Ferrière 1998). The prescriptions adopted for
𝑀clear are summarised in the right panel of Fig. 7.

As visible in the upper panel of Fig. 8, all these assumptions lead
to similar results, i.e. an overestimate of the dust density profile at
small radii, i.e. at 𝑅 < 7 kpc, with noticeable differences only in the
outermost regions, where the metallicity is lower than in the centre,
and therefore the dust destruction timescale is the smallest in the
whole galaxy.

The three assumptions for the cold mass fraction imply a factor
∼ 3 overestimation of the overall dust budget detected in M74.

We now focus on one single model for dust accretion, where for the
cold gas fraction we assume the ’cosmic’ average value of 𝑋cold =

0.25 and test different assumptions regarding destruction, by adopting
various prescriptions for the cleared mass 𝑀clear.

In the recent work of Priestley et al. (2022), the effective mass
cleared of dust is expressed as:

𝑀clear =
8143

1 + 𝑍/(0.14𝑍�)
[M�] . (21)

We note that in Eq. (21), the dependence of 𝑀clear on the metal-
licity is stronger than as prescribed by Asano et al. (2013) (see the
right panel of Fig. 7). According to Priestley et al. (2022), Eq. 21
might overestimate the metallicity dependence of 𝑀clear by neglect-
ing kinetic sputtering, at variance with other authors that include this
process (Yamasawa et al. 2011). The results obtained adopting Eq.
(21) (Model 4) are shown in the top panel of Fig. 8 as dashed lines.

The adoption of these prescriptions do not lead to any significant
improvement, as the observed inner dust profile is still overestimated.
This is the effect of a significant metal production occurring in the
innermost regions, that leads to a reduced vale of𝑀clear and therefore
inefficient dust destruction. The large dust densities obtained at the
innermost radii thus indicate that the models underestimate dust
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Table 2. Models investigated in this work. First column: model number; second column: adopted stardust prescriptions; third column: dust destruction model;
fourth column: adopted dust accretion prescriptions.

MODEL Stardust prescriptions Destruction Accretion

1 D17 (AGB), B07 (SNe) Asano et al. (2013) (𝑀clear: Eq. 20) Asano et al. (2013) (𝑋cold = 0.05)
2 D17 (AGB), B07 (SNe) Asano et al. (2013) (𝑀clear: Eq. 20) Asano et al. (2013) (𝑋cold = 0.25)
3 D17 (AGB), B07 (SNe) Asano et al. (2013) (𝑀clear: Eq. 20) Asano et al. (2013) (variable 𝑋cold)
4 D17 (AGB), B07 (SNe) Priestley et al. (2022) (𝑀clear: Eq. 21) Asano et al. (2013) (𝑋cold = 0.25)
5 D17 (AGB), B07 (SNe) Temim et al. (2015) (𝑀clear: 4000 𝑀�) Asano et al. (2013) (𝑋cold = 0.25)
5’ D17 (AGB), B07 (SNe) Temim et al. (2015) Asano et al. (2013) (𝑋cold = 0.25)

(𝑀clear: 2667 𝑀� at R= 1 kpc; 4000 𝑀� at R> 1 kpc)

6 D17 (AGB), B07 (SNe) Asano et al. (2013) (𝑀clear: Eq. 20) Mattsson et al. (2012) (b = 500)
7 D17 (AGB), B07 (SNe) Priestley et al. (2022) (𝑀clear: Eq. 21) Mattsson et al. (2012) (b = 500)
8 D17 (AGB), B07 (SNe) Asano et al. (2013) (𝑀clear: Eq. 20) Mattsson et al. (2012) (b = 225a)
9 D17 (AGB), B07 (SNe) Asano et al. (2013) (𝑀clear: Eq. 20) Mattsson et al. (2012) (b = 150/a)
9’ D17 (AGB), B07 (SNe) Asano et al. (2013) Mattsson et al. (2012) (b = 150/a)

(𝑀clear: 2/3 of Eq. 20 at R=1 kpc; Eq. 20 at R> 1 kpc)

Figure 7. Summary of the adopted prescriptions for dust accretion and destruction. Left panel: cold gas fraction 𝑋cold as a function of galactocentric radius as
in Eq. 19 (black dash-dotted line) and constant, with a value of 0.05 (blue solid line) and 0.25 (light-blue dashed line). Right panel: interstellar mass cleared out
of dust 𝑀clear from Asano et al. (2013) (black solid line), from Priestley et al. (2022) (black dashed line) and constant with a value 4000 M� (green solid line)
and of 2667 M� (corresponding to 2/3 or the previous value, orange dashed line) as adopted in the innermost regions (see Sect. 4.3.2).

destruction, i.e. that the prescriptions adopted so far for 𝑀clear are
inadequate. To solve this conundrum, in the following we will test
another possibility.

The work of Temim et al. (2015) includes the analysis of more than
80 SN remnants (SNR) in the Magellanic Clouds, in which the de-
stroyed dust masses were determined by means of multiwavelength
observations. In particular, the sizes of the SNR were determined
by means of X-ray data, whereas IR spectra obtained with Herschel
enabled to estimate of the dust mass by means of two-component
SED fitting, including silicate and carbon dust. For the total effective
swept-up mass of dust, Temim et al. (2015) suggest a weak depen-
dence on ISM density. This weak dependence on the ISM density
is due to the fact that the dust mass destroyed by SNR is mostly
determined by the dust-to-gas value in the pre-shocked ISM. The
typical values for the cleared (or swept-up) mass values derived by
Temim et al. (2015) for carbon dust and silicates are of the order of
∼ 2000 𝑀� . However, in the pre-shocked ISM around the studied
SNR, Temim et al. (2015) measure dust-to-gas (DGR) ratios that
are a factor of two to three higher than the average DGR galactic
values. Considering that 𝐺𝑖 = 𝐺𝑖,d/𝐷𝐺𝑅, in our equations (e. g.,

eq. 10) we take into account an enhanced DGR around SN remnants
by assuming a factor two larger cleared mass. Temim et al. (2015)
also suggest a weak dependence on metallicity of the swept-up mass,
𝑀clear ∝ Z−0.15

𝑚 , where Z𝑚 is the metallicity normalized to its solar
value, and taken to be equal to 0.3 for the Magellanic Clouds.

Based on these results, we examine the effects of a constant value
for 𝑀clear, i.e. independent on both density and metallicity, and as-
sume 𝑀clear = 4000𝑀� (Model 5), therefore larger than the average
cleared dust mass derived in SNR by Temim et al. (2015). The re-
sults of this assumption are shown by the dash-dotted profile in the
bottom panel of Fig. 8, that outline the significant improvement in
accounting for the observed profiles with respect to the previous pre-
scriptions at all radii, but in the innermost regions, i.e. at 𝑅 < 2 kpc.
This is due to the larger SFR, and therefore CC SN rate in the inner
annulus (𝑅 ∼ 1 kpc), by a factor ∼ 3 larger than the values at 2 kpc.

4.3.2 Mattsson et al. (2012) prescriptions for accretion

Dwek (1998) expressed the rate per unit volume at which the dust
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Figure 8. Σdust as function of galactocentric radius observed in M74 (green
circles) and computed adopting the prescriptions of Asano et al. (2013) for
dust accretion and testing different timescales for dust destruction. The top
panel shows the effects of three different choices for the adopted cold gas
fraction 𝑋cold, i.e. 𝑋cold = 0.05 (black dashed line, Model 1 of table 2),
𝑋cold = 0.25 (black solid line, Model 2), and a variable 𝑋cold (Model 3) at
different radii and computed as described in Sect. 4.3.1 (dash-dotted line).
In the bottom panel, the results of a model with 𝑋cold = 0.25 and different
prescriptions for the cleared mass 𝑀clear are shown, i.e. the one from Asano
et al. (2013) (black solid line, Model 2), Priestley et al. (2022) (dashed line,
Model 4), and Temim et al. (2015) (dash-dotted line, model 5).

grains grow by accretion of metals for the element 𝐴

𝑑𝑁A
𝑑𝑡

= 𝛼𝜋𝑎2𝑛g (𝐴)𝑛grv, (22)

where 𝛼 is the sticking coefficient of element A to the dust grain,
𝑛g and 𝑛gr are the number density of gas particles and dust grains,
respectively, and v = 8𝑘𝑇

𝜋𝑚A
is the mean thermal speed of atoms with

mass 𝑚A in interstellar gas with temperature 𝑇 . By expressing Eq.
22 in terms of dust, cold gas and metal surface densities, Mattsson
et al. (2012) showed that 𝜏0 can be written as:

𝜏0 =
Σgas (𝑡)
b 𝑍 ¤Σ∗ (𝑡)

, (23)

where Σgas is the gas surface density, ¤Σ∗ (𝑡) is the SFR density and
b is a free parameter, whose expected value is of the order of a few
hundred, required to obtain 𝜏0 ∼ 107 yr for a solar metallicity and
values of Σgas and ¤Σ∗ (𝑡) observed in the solar neighbourhood. In this
case, it is first convenient to adopt a fixed value of b = 500 and test

Figure 9. Σdust as function of galactocentric radius observed in M74 (green
circles) and computed adopting the prescriptions of Mattsson et al. (2012) for
dust accretion and testing different timescales for dust destruction. In the top
panel, we show the results obtained assuming the Asano et al. (2013) (Model
6, brown solid line) and Priestley et al. (2022) (Model 7, brown dashed line)
prescriptions for the cleared mass 𝑀clear and a constant value (500) for the
parameter b of Eq. 23. In the bottom panel, we show the effects of different
choices for the parameter b as a function of the SF efficiency a. Brown solid
line: constant value for b (b = 500, Model 6); brown dashed line: b = 225 a
(Model 8); brown dash-dotted line: b = 150/a (Model 9). In each model, the
adopted 𝑀clear is from Asano et al. (2013). The solid green circles are as in
Fig. 1.

various assumptions for𝑀clear. The results are shown in the top panel
of Fig. 9, where we see that the adoption of both the Asano et al.
(2013) and Priestley et al. (2022) prescriptions for 𝑀clear produce
too steep dust mass profiles with respect to observations. We have
tested also the adoption of the Temim et al. (2015) prescriptions for
𝑀clear (not shown in the plot), finding no substantial improvement in
reproducing the observed profile.

One possible way to reduce the slope in the predicted dust profile
is to adopt a variable b parameter as a function of galactocentric dis-
tance. To this aim, we will test a couple of different parametrisations
in which b will be expressed as a function of the SF efficiency a, rep-
resented by a decreasing function of radius as shown in Fig. 3. This
will require sticking to one particular prescription for destruction, for
which we adopt the Asano et al. (2013) formula for 𝑀clear (Eq. 20 ).

In our first attempt, we assume b as a linear function of the SF
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Figure 10. Best models obtained assuming the Asano et al. (2013) (black solid
line, Model 5’ of Tab.2) and Mattsson et al. (2012) (brown solid line, Model
9’ of Tab.2) prescriptions for dust accretion. In both models, the adopted
𝑀clear has been reduced by a factor of 1/3 in the innermost regions (R< 2
kpc) to reproduce the dust mass density observed at 𝑅 = 1 kpc in the M74
galaxy. The solid green circles are as in Fig. 1.

efficiency a:

b = 𝐾a (24)

For the proportionality factor 𝐾 , in the bottom panel of Fig. 9 we
show the results obtained assuming 𝐾 = 225 (Model 7). However,
the adoption of other values within the same order of magnitude does
not lead to significantly different results. This model is represented
by the dashed line, showing a flatter profile at outer radii (𝑅 > 4
kpc) than the model with constant b (solid line), resulting from a
decreased accretion rate (due to longer SF timescales) in the outer
regions, in strong disagreement with the observed profile.

Conversely, the assumption of b inversely proportional to a

b = 𝐾 ′/a (25)

leads to reproduce satisfactorily the slope of the observed profile,
as shown by the dash-dotted line in the bottom panel of Fig. 9. In
this case, the proportionality constant of Eq. 25 is set to K’=150, a
value optimised to reproduce also the normalisation of the observed
profile, that in this case is the dust surface density at R=2 kpc. As
in the case of the best model obtained with the Asano et al. (2013)
prescriptions for dust accretion, the latter assumption does not allow
us to account for the dust density in the innermost regions, i.e. at
R=1 kpc, where the amount of dust is underestimated. This is due to
a very high destruction rate in the innermost regions, that stems from
the high star formation rate, thus implying a too high SN rate.

Fig. 10 shows the results of the two best models 5’ and 9’, in which
the dust density is reproduced at all radii, including also the inner
region (R=1 kpc). In both models, the dust destruction rate has been
reduced by a factor of 1/3 to increase the final dust mass. Although in
our model this assumption is performed ad-hoc and on an empirical
basis, it has interesting implications and motivated physical grounds,
discussed in Sect. 4.4.

4.3.3 Dust-to-gas and Dust-to-stellar ratios

By construction, the final DGR and dust-to-stellar (DSR) ratios ob-
tained with our best models match the values observed in M74. Here
we discuss the predicted DGR and DSR as a function of metallicity,

galactocentric distance and compare our results with the integrated
values observed in other DustPedia galaxies. The sample we con-
sider in our analysis includes a sub-set of late- and early-type spiral
galaxies for which the metallicity (expressed as 12+log(O/H)), total
dust, gas and stellar mass have been measured and is composed of
393 galaxies in total (163 early-type and 230 late-type spirals).

For details on how the measurements were performed and the data
collected, we refer the reader to Casasola et al. (2017) and Casasola
et al. (2020). The DGR as a function of metallicity is presented in Fig.
11, in which the results of Model 5’ (9’) is reported in the left (right)
panel. In both cases, the model values computed at the final time
are in excellent agreement with the data for the sub-sample of late-
type galaxies. The curves of different colors describe the evolution
at 4 representative radii, from 3 kpc to 12 kpc. Isochrones have been
plotted for both model sets, computed at three different evolutionary
times (1 Gyr, 5 Gyr and 10 Gyr, dashed lines), useful to examine the
evolution of the DGR at different radii. As for Model 5’, the slope
of the isochrones at the outer radii (R> 8 kpc) progressively steepen
with time, indicating that also the DGR gradient steepens appreciably
at late evolutionary stages (& 10 Gyr). This occurs because of the
dependence of the accretion timescale 𝜏g on metallicity (Eq. 18 ),
leading to longer timescales in more external regions as due to longer
infall and SF timescales.

Less differences are visible in the evolution of the DGR at R< 6
kpc, characterised by a flatter behaviour of the isochrones at times
≤ 10 Gyr and a flatter gradient at the final time than the outer regions.

At the final time, the track computed at the inner radius overlaps
with the DGR observed in early-type spirals, presenting values com-
parable to late-type galaxies but characterised by larger metallicities.
The tracks of Model 9’ (right panel of Fig. 11) are steeper than Model
5’ and show a stronger evolution, visible in the larger DGR ratios at
various radii at 1 and 5 Gyr.

The total DSR of the models is ∼ 0.001, in good agreement with
the values measured in late spirals of the Dustpedia sample. The
evolution of the DSR at different galactic radii is shown in Fig. 12,
in which the results of models 5’ and 9’ are reported in the left
and right panels, respectively, compared to the local values observed
in DustPedia galaxies (open circles). In this case, the behaviour of
the isochrones is the inverse of the DGR, in that they steepen at
lower radii, specifically decreasing as a function of radius, remaining
approximately flat at R> 6 kpc. This is due to the shape of the stellar
mass profile, particularly steep at small radii (<3 kpc), where the
dust mass profile is essentially flat (see Fig. 1). The final values of
the model at different radii are in good agreement with the values
observed in late-type DustPedia galaxies. The end-point of the track
at R=2 kpc overlaps with the DSR of the lowest mass early type
spirals, presenting DSR& 3 × 10−4.

The evolution of Model 9’ at various radii is different than the one
of Model 5’, in that the tracks of the former present a flatter early
evolution with metallicity and they evolve more closely, presenting
a singnificantly smaller range of DSR at 5 Gyr. At later times, the
two models show little differences. The closer evolution of the tracks
of Model 5’ and 9’ at late evolutionary times are visible also in Fig.
13, in which we show the dust-to-baryon ratio computed at various
radii as a function of the gas fraction. The analysis of this quantity
outlines the steeper growth of the tracks of Model 9’, that at 5 Gyr
show DBR>& 1 × 10−4, whereas at the same time, Model 5’ shows
still DBR values of a few ×10−5 at all radii.

Moreover, this plot emphasises the separation between DustPedia
late- and early-types, with the latter presenting in most cases lower
gas fractions (. 0.2) than the former. In their later stages, i.e. at
evolutionary times > 10 Gyr, the theoretical tracks of the innermost
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Figure 11. Dust-to-gas ratio (DGR) as a function of log(O/H)+12 for the best models at different galactocentric radii. Left panel: best model obtained assuming
the Asano et al. (2013) dust accretion prescriptions (Model 5’ of Tab 2). The black, dark grey, grey and light grey curves represent the evolutionary tracks at
radii 3 kpc, 6 kpc, 9 kpc and 12 kpc, respectively. The stars represent the values measured in M74. The red and blue circles are the DGR values observed in
early-type (red) and late-type (blue) spiral galaxies of the DustPedia sample. The dashed lines are isochrones at 1 Gyr, 5 Gyr and 10 Gyr. Right panel: best model
obtained assuming the Mattsson et al. (2012) dust accretion prescriptions (Model 9’ of Tab 2. The dark brown, brown, light brown and orange curves represent
the evolutionary tracks at radii 3 kpc, 6 kpc, 9 kpc and 12 kpc, respectively. The other symbols and lines are as in the left panel.

Figure 12. Dust-to-star ratio (DSR) as function of log(O/H)+12 for the best models at different galactocentric radii. Left panel: best model obtained assuming
the Asano et al. (2013) dust accretion prescriptions (Model 5’ of Tab 2). The black, dark grey, grey and light grey curves represent the evolutionary tracks at
radii 3 kpc, 6 kpc, 9 kpc and 12 kpc, respectively. Other symbols are as in Fig. 11. Right panel: best model obtained assuming the Mattsson et al. (2012) dust
accretion prescriptions (Model 9’ of Tab 2). The dark brown, brown, light brown and orange curves represent the evolutionary tracks at radii 3 kpc, 6 kpc, 9 kpc
and 12 kpc, respectively. The other symbols and lines are as in the left panel.

radii of models 5’ and 9’ overlap with the DBR of the local early
type-galaxies characterised by larger gas fraction (∼ 0.2).

4.4 Discussion

In this work, we figured out simple recipes to model destruction and
accretion that can reproduce the observed profile of M74 without any
ad-hoc assumption. This holds at all radii except in the innermost
regions (R< 2 kpc), where we empirically decreased the dust cleared
mass to match the observational data. In this section, first we discuss
possible physical reasons for this choice and on the possible radial
dependence of dust destruction, as a result of a different impact of
stellar feedback at different galactic radii.

We are aware that the adopted recipes might not be unique; in

this regard, our study is useful to outline the degeneracy between the
main parameters regulating dust destruction and accretion. We also
discuss the relative roles of these processes in our models, that are
still a matter of debate, and compare our findings with other relevant
works.

4.4.1 On the efficiency of dust destruction at different galactic radii

How the destruction of dust depends on the galactocentric radius and,
more in general, on the stellar feedback in different environments, is
largely unknown. Although a few works dealt with the destruction
of dust from single SN (Silvia et al. 2010, Martínez-González et al.
2019)), the destruction of dust from multiple supernovae has rarely
been treated. In a multiphase ISM, it is known that the destruction is
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Figure 13. Dust-to-baryon ratio (DBR) as function of the gas fraction for the best models at different galactocentric radii. Left panel: best model obtained
assuming the Asano et al. (2013) dust accretion prescriptions (Model 5’ of Tab 2). The black, dark grey, grey and light grey curves represent the evolutionary
tracks at radii 3 kpc, 6 kpc, 9 kpc and 12 kpc, respectively. Right panel: best model obtained assuming the Mattsson et al. (2012) dust accretion prescriptions
(Model 9’ of Tab 2). The dark brown, brown, light brown and orange curves represent the evolutionary tracks at radii 3 kpc, 6 kpc, 9 kpc and 12 kpc, respectively.
The other symbols and lines are as in Fig. 11.

related to the mass exchange between the hot and cold media (McKee
1989; Peters et al. 2017). Such exchange determines the circulation
of gas from the warm neutral medium, where dust abundances are
reduced by destruction in interstellar shocks generated by massive
stellar feedback, and matter enriched with dust due to accretion on
grain surfaces at higher gas densities. In this context, the knowledge of
the filling factor of the warm and hot medium driven by pre-SNe and
SN feedback and its dependence on the environment is fundamental.
Such quantity is determined by mutual interactions of SN remnants
at various radii and their impact on the multiphase medium, that has
instead already been treated in various works.

In the innermost regions of galactic discs, the evolution of SN rem-
nants might indeed be different than at outer radii. Yalinewich et al.
(2017) showed that at small distances from the Galactic Centre, SN
remnants evolve differently than at outer radii because of the higher
abundance of young massive stars. These stars continuosly emit stel-
lar winds with total mass loss rate of ∼ 10−3𝑀�/yr and propagating
with typical velocity of ∼ 700 km/s (Rockefeller et al. 2004). Instead
of a static, uniform density medium, a SN exploding near the Galac-
tic center propagates into a continuously wind-swept environment
and a steep density profile, causing a non-spherical expansion of the
SN remnant Rimoldi et al. (2015), due to a faster deceleration of the
fluid moving towards the centre. This might influence the interactions
between different SN bubbles and the impact of stellar feedback.

By means of three-dimensional hydrodynamic simulations of the
galactic disc, Melioli et al. (2009) studied the evolution of galactic
fountains generated by stellar OB associations at various galactocen-
tric distances, in a model that includes differential galactic rotation
and a gaseous halo. The energy restored by OB associations generates
several hot cavities in the disc, whose lifetime and overlapping are
determined by the duration of SN activity, local density and rotation.
These factors strongly influence the filling factor of the hot cavities,
that drops sharply towards the smallest galactic radii. This finding is
supported also by observations of local galactic discs. In a detailed
study of the HI holes in the spiral galaxy NGC 69456, Boomsma
et al. (2008) find that the hole covering factor drops sharply towards
smallest galactic radii. This effect is ascribed to both a drop of the H
I column density and to the stronger shear, shortening the hole life-

times and therefore decreasing their overlapping. Della Bruna et al.
(2022) present a study based on the Multi Unit Spectroscopic Ex-
plorer (MUSE) of the properties of HII regions in the nearby spiral
galaxy M83, aimed at quantifying the effects of stellar feedback in
different galactic environments. They compare the internal pressure
of HII regions with the environmental pressure, finding that in the
innermost regions (R≤ 0.5 kpc) the latter is almost one order of
magnitude higher than the former, indicating that stellar feedback is
not sufficient to drive the expansion of the ionised regions. On the
other hand, in more external zones, HII regions are over-pressurized,
therefore they can expand. This indicates that the strength of early
stellar feedback increases at increasing galactic radii.

In this framework, in our model a particularly inefficient destruc-
tion at galactic radii < 1 kpc might be qualitatively explained by a
lesser impact of stellar feedback at small galactocentric distances. To
test this hypothesis quantitatively, 3D hydrodynamical simulations
of a realistic galactic disc will be required, in which stellar feedback
and dust destruction are taken into account.

4.4.2 On the balance between destruction and accretion in galaxies

One often debated aspect in studies of dust evolution concerns which
processes among stardust production, accretion and destruction affect
most the dust budget in galaxies. In Fig. 14, we show the relative roles
of these mechanisms in the best models of our set, i.e. Model 5’ and
Model 9’, through the ratio between the timescales of each processes,
both computed at a galactocentric radius 𝑅 = 8 kpc, representative
of the entire galaxy. The accretion and destruction timescales are
defined in Sect. 3.2, whereas the production timescale is the ratio be-
tween the cumulative mass of dust and the total stardust production
rate, computed including both AGB stars and SNe. In Model 5’, the
stardust production dominates over accretion and destruction only at
early times, i.e. up to ∼ 5 Gyr and 2 Gyr, respectively. Model 9’ has
a more prolonged dominion of production by stars, extending up to
6 Gyr and 8 Gyr over accretion and destruction, respectively. Model
5’ settles on a quasi-equilibrium between destruction and accretion
after 8 Gyr, that continues up to the present time. At a comparable
epoch the ratio between the timescales of these processes becomes
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approximately constant in Model 9’, that also protracts to the present
time. However, the two models predict two distinct behaviors regard-
ing the relative roles of dust production and destruction and their
evolution, as they settle onto different values of the ratio 𝜏acc/𝜏destr.

Several models rely on the primary role of accretion in determin-
ing the galactic dust budget (e. g., Dwek 1998; Calura et al. 2008;
Gall et al. 2011; Valiante et al. 2011; Mattsson et al. 2014). On the
other hand, Gall & Hjorth (2018) performed an empirical study of
the dust mass in high- and low-𝑧 galaxies, in which they explore a
simple dust production scenario that applies to star-forming systems.
They considered star-forming massive galaxies and local galaxies,
including the Milky Way and the Magellanic Clouds, and a wide set
of measurements of the dust mass in SNe and SN remnants at various
stages. In their study, the observed dust masses can be accounted for
by a simple model in which SNe produce the majority of the dust
in the current star formation episode, on timescales . 10-100 Myr.
However, their results do not exclude the formation of dust through
rapid grain growth out of the metals expelled by massive stars. Rapid
destruction and reformation of the dust is also allowed, as long as
the two terms are roughly balanced, similar to Model 5’. At the mo-
ment it is very difficult to determine which of these possibilities is
the most realistic. In fact, the study of the cosmic evolution of the
comoving mass density of dust indicates that the destruction must
play an important role. This is indicated by the decrease of the dust
mass at 𝑧 < 2 (Pozzi et al. 2020), mainly reproduced by models in
which the observed decrease of the dust mass is determined by de-
struction and stardust production has a marginal role at these epochs
(Gioannini et al. 2017b). In the framework of our models, in this case
the implication is that accretion also must play a primary role in the
survival of dust in galaxies.

5 CONCLUSIONS

The DustPedia project offers a wealth of multi-wavelength constraints
on a large sample of local galaxies of various morphological types
(Davies et al. 2017, 2019; Casasola et al. 2020). In the past, these
constraints have been used within a statistical framework, to achieve
constraints on chemical and dust evolution parameters for nearby
galaxies (De Vis et al. 2021).

In this paper, we introduce a multi-zone chemical evolution model
of one DustPedia galaxy, M74, calibrated by means of MCMC meth-
ods. For this purpose, we use exquisite, high-resolution data collected
to study spatially-resolved fundamental scaling relations (such as the
Main Sequence and the Schmidt-Kennicutt law) in disc galaxies (Enia
et al. 2020; Morselli et al. 2020; Casasola et al. 2022). We take into
account the stellar mass and gas profiles obtained in these studies,
and use Bayesian analysis to constrain two fundamental parameters
defining the evolution of M74, the accretion timescale 𝜏 and the SF
efficiency a, in both cases as a function of galactocentric radius 𝑅,
defined as the distance between a given annuli and the centre of M74.
The best model derived with this method is then used to investigate
the dust content of M74, comparing the observed dust density profile
with the results of our chemical evolution model. Various prescrip-
tions have been considered for two key parameters, i.e. the typical
dust accretion timescale 𝜏0 and the mass of gas cleared out of dust
by a SN remnant, 𝑀clear, playing a primary role in regulating the
dust growth and destruction rate, respectively. Our results can be
summarised as follows.

(i) Our analysis supports an accretion timescale increasing with 𝑅,
thus supporting an ’Inside-Out’ formation for M74. This confirms the
result found for the accretion timescale of the Milky Way considering

Figure 14. Ratios between accretion, destruction and stardust production
timescales for Model 5’ (black lines) and Model 9’ (brown lines) of Tab 2 as
a function of time and at a galactic radius of 8 kpc. Top panel: ratio between
stardust production and accretion timescales. Central panel: ratio between
stardust production and destruction timescales. Bottom panel: ratio between
accretion and destruction timescales. In each panel, the thin, grey dashed line
indicates a ratio equal to 1, corresponding to the equilibrium between the two
processes.

the spatial dependence of the chemical abundances obtained from
various diagnostics, such as the ’G-dwarf’ distribution at various
galactocentric radii and the abundance gradient, as traced by the gas
or young stars (Matteucci & Francois 1989; Romano et al. 2000;
Chiappini et al. 2001).

The SF efficiency shows a decreasing trend as a function of radius.
This is also consistent with what was found in the Milky Way from the
analysis of the observed abundances for various chemical elements
(Grisoni et al. 2018, Palla et al. 2020b).

For both quantities, our analysis indicates a weaker radial depen-
dence than in the Milky Way. This implies lesser variations of the
gas accretion and SF rates with radius, that could manifest in a lower
dispersion of the stellar ages or chemical abundaces as a function of
radius.

(ii) We have tested the effects of radial gas flows on the observ-
ables considered in this work, i.e. the stellar and gas density profiles
and the metallicity gradient. We have considered various cases for
the most critical quantity characterising this process, i.e. the radial
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velocity pattern, including constant and radial-dependent values, by
simultaneously considering other assumptions for the radial depen-
dence of the infall and SF law. We have found that even values as low
as -0.5 km/s are enough to steepen significantly the metallicity gradi-
ent and the gas density profile. By assuming net radial inflows in the
galaxy and by varying the prescriptions on the radial dependence of
gas accretion and SF, we are not able to reproduce simultaneously the
observational constraints of M74, i.e. the stellar density, gas density
and metallicity gradient.

(iii) Considering various functional forms for the characteristic
dust accretion timescale and the cleared dust mass, we are able to ac-
count for the dust mass profiles observed in M74. Our study outlines
the degeneracy between the most fundamental accretion and destruc-
tion parameters in shaping the interstellar dust content in galaxies, as
two models with different prescriptions provide remarkably similar
results for dust density profile. These two models envisage a different
current balance between destruction and accretion, in that both an
equilibrium and a dominion of accretion over destruction can equally
reproduce the available constraints. On much lager scales, a scenario
in which destruction plays a marginal role seems perhaps excluded
by the observed decreasing evolution of the comoving dust mass
density, difficult to account for by means of astration only.

(iv) Despite their degeneracy, both the two best models obtained
here can reproduce the observed dust density profile at all radii
except in the innermost regions (R< 2 kpc), where the dust content
is underestimated. In both cases, the dust destruction rate has to be
reduced by a factor of 1/3 to increase the dust mass observed in the
most central regions of M74. A particularly inefficient destruction at
small galactic radii < 1 kpc can be qualitatively explained by a lesser
impact of stellar feedback at small galactocentric distances. This is
supported by studies performed with hydrodynamical simulations of
a MW-analog, showing that filling factor of the hot cavities generated
by OB stars drops sharply towards the smallest galactic radii (Melioli
et al. 2009) and is confirmed also by observational studies of the
spatial distribution of HII regions in local discs (Della Bruna et al.
2022).

Although the results presented in this work can be improved in
various aspects, our aim is to deliver a model that accounts for the star
formation history of the Dustpedia galaxy M74, whose reliability has
been assessed on a quantitative basis, using a parametric approach
and considering a pre-determined set of observational constraints.
This aim is complementary to the ones of other models, such as
cosmological ones, in which it is more difficult to tailor a model
to a specific system that accurately accounts for observables such
as gas and stellar density profiles. In the future, we plan to use
the methods described in this paper to extend our study to more
DustPedia galaxies, in order to derive fundamental constraints on
their star formation history and the evolution of their dust content.
This will lead to significant progress in our understanding of galactic
evolution, outlining further the roles played by the most fundamental
parameters that regulate it and the differences between individual
galaxies.

DATA AVAILABILITY

The data underlying this article are available from the corresponding
author, upon reasonable request.

ACKNOWLEDGEMENTS

An anonymous referee is acknowledged for useful suggestions.
We acknowledge financial support from grant PRIN MIUR
20173ML3WW_001. FC also acknowledges support from PRIN
INAF 1.05.01.85.01. MP acknowledges funding support from ERC
starting grant 851622 DustOrigin and computing resources from
the “accordo quadro MoU per lo svolgimento di attivitá congiunta di
ricerca nuove frontiere in astrofsica: HPC e data exploration di nuova
generazione” between CINECA and INAF. MP also thanks Ilse De
Looze, Monica Relaño and Stefan Van der Giessen for the fruitful
discussions. VC, SB and FP acknowledge funding from the INAF
Main Stream 2018 program “Gas-DustPedia: A definitive view of
the ISM in the Local Universe”. FC, VC, SB and FP acknowledge
funding from the INAF Mini Grant 2022 program “Face-to-Face with
the Local Universe: ISM’s Empowerment (LOCAL)”.

REFERENCES

Aoyama S., Hou K.-C., Hirashita H., Nagamine K., Shimizu I., 2018, MN-
RAS, 478, 4905

Asano R. S., Takeuchi T. T., Hirashita H., Inoue A. K., 2013, Earth, Planets
and Space, 65, 213

Battisti A. J., Heyer M. H., 2014, ApJ, 780, 173
Baugh C. M., 2006, Reports on Progress in Physics, 69, 3101
Berta S., et al., 2013, A&A, 555, L8
Bianchi S., Schneider R., 2007, MNRAS, 378, 973
Bianchi S., et al., 2018, A&A, 620, A112
Bianchi S., et al., 2022, A&A, 664, A187
Bigiel F., Leroy A., Walter F., Brinks E., de Blok W. J. G., Madore B.,

Thornley M. D., 2008, AJ, 136, 2846
Bilitewski T., Schönrich R., 2012, MNRAS, 426, 2266
Boomsma R., Oosterloo T. A., Fraternali F., van der Hulst J. M., Sancisi R.,

2008, A&A, 490, 555
Brook C. B., et al., 2011, MNRAS, 415, 1051
Bruzual G., Charlot S., 2003, MNRAS, 344, 1000
Calura F., Menci N., 2009, MNRAS, 400, 1347
Calura F., Pipino A., Matteucci F., 2008, A&A, 479, 669
Calura F., Pipino A., Chiappini C., Matteucci F., Maiolino R., 2009, A&A,

504, 373
Casasola V., Hunt L., Combes F., García-Burillo S., 2015, A&A, 577, A135
Casasola V., et al., 2017, A&A, 605, A18
Casasola V., et al., 2020, A&A, 633, A100
Casasola V., et al., 2022, arXiv e-prints, p. arXiv:2210.15993
Charlot S., Fall S. M., 2000, ApJ, 539, 718
Chiappini C., Matteucci F., Romano D., 2001, ApJ, 554, 1044
Christensen C. R., Davé R., Brooks A., Quinn T., Shen S., 2018, ApJ, 867,

142
Clark C. J. R., et al., 2018, A&A, 609, A37
Colavitti E., Matteucci F., Murante G., 2008, A&A, 483, 401
Colavitti E., Cescutti G., Matteucci F., Murante G., 2009, A&A, 496, 429
Corwin Harold G. J., Buta R. J., de Vaucouleurs G., 1994, AJ, 108, 2128
Côté B., Ritter C., O’Shea B. W., Herwig F., Pignatari M., Jones S., Fryer

C. L., 2016, ApJ, 824, 82
Davé R., Finlator K., Oppenheimer B. D., 2011, MNRAS, 416, 1354
Davies J. I., et al., 2017, PASP, 129, 044102
Davies J. I., et al., 2019, A&A, 626, A63
Dayal P., et al., 2022, MNRAS, 512, 989
De Looze I., et al., 2020, MNRAS, 496, 3668
De Vis P., et al., 2017, MNRAS, 471, 1743
De Vis P., et al., 2019, A&A, 623, A5
De Vis P., Maddox S. J., Gomez H. L., Jones A. P., Dunne L., 2021, MNRAS,

505, 3228
Dell’Agli F., García-Hernández D. A., Schneider R., Ventura P., La Franca

F., Valiante R., Marini E., Di Criscienzo M., 2017, MNRAS, 467, 4431
Della Bruna L., et al., 2022, A&A, 663, C2

MNRAS 000, 1–18 (2019)

http://dx.doi.org/10.1093/mnras/sty1431
http://dx.doi.org/10.1093/mnras/sty1431
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.4905A
http://dx.doi.org/10.5047/eps.2012.04.014
http://dx.doi.org/10.5047/eps.2012.04.014
https://ui.adsabs.harvard.edu/abs/2013EP&S...65..213A
http://dx.doi.org/10.1088/0004-637X/780/2/173
https://ui.adsabs.harvard.edu/abs/2014ApJ...780..173B
http://dx.doi.org/10.1088/0034-4885/69/12/R02
https://ui.adsabs.harvard.edu/abs/2006RPPh...69.3101B
http://dx.doi.org/10.1051/0004-6361/201321776
https://ui.adsabs.harvard.edu/abs/2013A&A...555L...8B
http://dx.doi.org/10.1111/j.1365-2966.2007.11829.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.378..973B
http://dx.doi.org/10.1051/0004-6361/201833699
https://ui.adsabs.harvard.edu/abs/2018A&A...620A.112B
http://dx.doi.org/10.1051/0004-6361/202243930
https://ui.adsabs.harvard.edu/abs/2022A&A...664A.187B
http://dx.doi.org/10.1088/0004-6256/136/6/2846
https://ui.adsabs.harvard.edu/abs/2008AJ....136.2846B
http://dx.doi.org/10.1111/j.1365-2966.2012.21827.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.2266B
http://dx.doi.org/10.1051/0004-6361:200810120
https://ui.adsabs.harvard.edu/abs/2008A&A...490..555B
http://dx.doi.org/10.1111/j.1365-2966.2011.18545.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415.1051B
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344.1000B
http://dx.doi.org/10.1111/j.1365-2966.2009.15440.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.400.1347C
http://dx.doi.org/10.1051/0004-6361:20078090
https://ui.adsabs.harvard.edu/abs/2008A&A...479..669C
http://dx.doi.org/10.1051/0004-6361/200911756
https://ui.adsabs.harvard.edu/abs/2009A&A...504..373C
http://dx.doi.org/10.1051/0004-6361/201425313
https://ui.adsabs.harvard.edu/abs/2015A&A...577A.135C
http://dx.doi.org/10.1051/0004-6361/201731020
https://ui.adsabs.harvard.edu/abs/2017A&A...605A..18C
http://dx.doi.org/10.1051/0004-6361/201936665
https://ui.adsabs.harvard.edu/abs/2020A&A...633A.100C
https://ui.adsabs.harvard.edu/abs/2022arXiv221015993C
http://dx.doi.org/10.1086/309250
https://ui.adsabs.harvard.edu/abs/2000ApJ...539..718C
http://dx.doi.org/10.1086/321427
https://ui.adsabs.harvard.edu/abs/2001ApJ...554.1044C
http://dx.doi.org/10.3847/1538-4357/aae374
https://ui.adsabs.harvard.edu/abs/2018ApJ...867..142C
https://ui.adsabs.harvard.edu/abs/2018ApJ...867..142C
http://dx.doi.org/10.1051/0004-6361/201731419
https://ui.adsabs.harvard.edu/abs/2018A&A...609A..37C
http://dx.doi.org/10.1051/0004-6361:200809413
https://ui.adsabs.harvard.edu/abs/2008A&A...483..401C
http://dx.doi.org/10.1051/0004-6361:200810891
https://ui.adsabs.harvard.edu/abs/2009A&A...496..429C
http://dx.doi.org/10.1086/117225
https://ui.adsabs.harvard.edu/abs/1994AJ....108.2128C
http://dx.doi.org/10.3847/0004-637X/824/2/82
https://ui.adsabs.harvard.edu/abs/2016ApJ...824...82C
http://dx.doi.org/10.1111/j.1365-2966.2011.19132.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.416.1354D
http://dx.doi.org/10.1088/1538-3873/129/974/044102
https://ui.adsabs.harvard.edu/abs/2017PASP..129d4102D
http://dx.doi.org/10.1051/0004-6361/201935547
https://ui.adsabs.harvard.edu/abs/2019A&A...626A..63D
http://dx.doi.org/10.1093/mnras/stac537
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512..989D
http://dx.doi.org/10.1093/mnras/staa1496
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.3668D
http://dx.doi.org/10.1093/mnras/stx981
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.1743D
http://dx.doi.org/10.1051/0004-6361/201834444
https://ui.adsabs.harvard.edu/abs/2019A&A...623A...5D
http://dx.doi.org/10.1093/mnras/stab1604
https://ui.adsabs.harvard.edu/abs/2021MNRAS.505.3228D
http://dx.doi.org/10.1093/mnras/stx387
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.4431D
http://dx.doi.org/10.1051/0004-6361/202039402e
https://ui.adsabs.harvard.edu/abs/2022A&A...663C...2D


18 Calura et al.

Di Teodoro E. M., Peek J. E. G., 2021, ApJ, 923, 220
Dunkley J., Bucher M., Ferreira P. G., Moodley K., Skordis C., 2005, MN-

RAS, 356, 925
Dwek E., 1998, ApJ, 501, 643
Elbaz D., et al., 2007, A&A, 468, 33
Enia A., et al., 2020, MNRAS, 493, 4107
Ferrière K., 1998, ApJ, 503, 700
Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013, PASP, 125,

306
François P., Matteucci F., Cayrel R., Spite M., Spite F., Chiappini C., 2004,

A&A, 421, 613
Fukugita M., Peebles P. J. E., 2004, ApJ, 616, 643
Gall C., Hjorth J., 2018, ApJ, 868, 62
Gall C., Hjorth J., Andersen A. C., 2011, A&ARv, 19, 43
Gavilan L., Lemaire J. L., Vidali G., Sabri T., Jæger C., 2014, ApJ, 781, 79
Gioannini L., Matteucci F., Vladilo G., Calura F., 2017a, MNRAS, 464, 985
Gioannini L., Matteucci F., Calura F., 2017b, MNRAS, 471, 4615
Gjergo E., Granato G. L., Murante G., Ragone-Figueroa C., Tornatore L.,

Borgani S., 2018, MNRAS, 479, 2588
Goodman J., Weare J., 2010, Communications in Applied Mathematics and

Computational Science, 5, 65
Gould R. J., Salpeter E. E., 1963, ApJ, 138, 393
Granato G. L., et al., 2021, MNRAS, 503, 511
Grisoni V., Spitoni E., Matteucci F., 2018, MNRAS, 481, 2570
Gruppioni C., et al., 2013, MNRAS, 432, 23
Gusev A. S., Egorov O. V., Sakhibov F., 2014, MNRAS, 437, 1337
Henriques B. M. B., Thomas P. A., Oliver S., Roseboom I., 2009, MNRAS,

396, 535
Hirashita H., Kuo T.-M., 2011, MNRAS, 416, 1340
Ho S. H., Martin C. L., Turner M. L., 2019, ApJ, 875, 54
Hopkins P. F., et al., 2023, arXiv e-prints, p. arXiv:2301.08263
Hou K.-C., Aoyama S., Hirashita H., Nagamine K., Shimizu I., 2019, MN-

RAS, 485, 1727
Inoue A. K., 2011, Earth, Planets and Space, 63, 1027
Iwamoto K., Brachwitz F., Nomoto K., Kishimoto N., Umeda H., Hix W. R.,

Thielemann F.-K., 1999, ApJS, 125, 439
Jones A. P., Tielens A. G. G. M., Hollenbach D. J., 1996, ApJ, 469, 740
Kampakoglou M., Trotta R., Silk J., 2008, MNRAS, 384, 1414
Kennicutt Robert C. J., 1998, ApJ, 498, 541
Kewley L. J., Ellison S. L., 2008, ApJ, 681, 1183
Khoperskov S. A., Vasiliev E. O., 2017, MNRAS, 468, 920
Konstantopoulou C., et al., 2022, A&A, 666, A12
Lacey C. G., Fall S. M., 1985, ApJ, 290, 154
Leroy A. K., et al., 2009, AJ, 137, 4670
Maiolino R., Mannucci F., 2019, A&ARv, 27, 3
Mancini M., Schneider R., Graziani L., Valiante R., Dayal P., Maio U., Ciardi

B., Hunt L. K., 2015, MNRAS, 451, L70
Marinacci F., Pakmor R., Springel V., 2014, MNRAS, 437, 1750
Martínez-González S., Wünsch R., Silich S., Tenorio-Tagle G., Palouš J.,

Ferrara A., 2019, ApJ, 887, 198
Martínez-González S., Silich S., Tenorio-Tagle G., 2021, MNRAS, 507, 1175
Matteucci F., 2012, Chemical Evolution of Galaxies, doi:10.1007/978-3-642-

22491-1.
Matteucci F., 2021, A&ARv, 29, 5
Matteucci F., Francois P., 1989, MNRAS, 239, 885
Mattsson L., Andersen A. C., Munkhammar J. D., 2012, MNRAS, 423, 26
Mattsson L., et al., 2014, MNRAS, 444, 797
Mayor M., Vigroux L., 1981, A&A, 98, 1
McKee C., 1989, in Allamandola L. J., Tielens A. G. G. M., eds, Vol. 135,

Interstellar Dust. p. 431
McKinnon R., Torrey P., Vogelsberger M., Hayward C. C., Marinacci F.,

2017, MNRAS, 468, 1505
Melioli C., Brighenti F., D’Ercole A., de Gouveia Dal Pino E. M., 2009,

MNRAS, 399, 1089
Miettinen O., et al., 2017, A&A, 606, A17
Morrissey P., et al., 2007, ApJS, 173, 682
Morselli L., et al., 2020, MNRAS, 496, 4606
Mott A., Spitoni E., Matteucci F., 2013, MNRAS, 435, 2918

Murante G., Monaco P., Borgani S., Tornatore L., Dolag K., Goz D., 2015,
MNRAS, 447, 178

Naab T., Ostriker J. P., 2017, ARA&A, 55, 59
Nersesian A., et al., 2019, A&A, 624, A80
Noeske K. G., et al., 2007, ApJ, 660, L47
Oppenheimer B. D., Davé R., 2008, MNRAS, 387, 577
Pagel B. E. J., 1997, Nucleosynthesis and Chemical Evolution of Galaxies
Palla M., Calura F., Matteucci F., Fan X. L., Vincenzo F., Lacchin E., 2020a,

MNRAS, 494, 2355
Palla M., Matteucci F., Spitoni E., Vincenzo F., Grisoni V., 2020b, MNRAS,

498, 1710
Palla M., Santos-Peral P., Recio-Blanco A., Matteucci F., 2022, A&A, 663,

A125
Pastrav B. A., 2020, MNRAS, 493, 3580
Perets H. B., Biham O., Manicó G., Pirronello V., Roser J., Swords S., Vidali

G., 2005, ApJ, 627, 850
Peters T., et al., 2017, MNRAS, 467, 4322
Pettini M., Pagel B. E. J., 2004, MNRAS, 348, L59
Pilbratt G. L., et al., 2010, A&A, 518, L1
Popescu C. C., Tuffs R. J., 2002, MNRAS, 335, L41
Popesso P., et al., 2019a, MNRAS, 483, 3213
Popesso P., et al., 2019b, MNRAS, 490, 5285
Popping G., Somerville R. S., Galametz M., 2017, MNRAS, 471, 3152
Portinari L., Chiosi C., 2000, A&A, 355, 929
Pozzi F., Calura F., Zamorani G., Delvecchio I., Gruppioni C., Santini P.,

2020, MNRAS, 491, 5073
Priestley F. D., De Looze I., Barlow M. J., 2022, MNRAS, 509, L6
Putze A., Derome L., Maurin D., 2010, A&A, 516, A66
Reynolds C. S., Brenneman L. W., Lohfink A. M., Trippe M. L., Miller J. M.,

Fabian A. C., Nowak M. A., 2012, ApJ, 755, 88
Rimoldi A., Rossi E. M., Piran T., Portegies Zwart S., 2015, MNRAS, 447,

3096
Rockefeller G., Fryer C. L., Melia F., Warren M. S., 2004, ApJ, 604, 662
Rodighiero G., et al., 2010, A&A, 515, A8
Romano D., Matteucci F., Salucci P., Chiappini C., 2000, ApJ, 539, 235
Rupke D., 2018, Galaxies, 6, 138
Savage B. D., Sembach K. R., 1996, ARA&A, 34, 279
Scalo J. M., 1986, Fundamentals Cosmic Phys., 11, 1
Schmidt M., 1959, ApJ, 129, 243
Schruba A., Leroy A. K., Walter F., Sandstrom K., Rosolowsky E., 2010, ApJ,

722, 1699
Silvia D. W., Smith B. D., Shull J. M., 2010, ApJ, 715, 1575
Smith D. J. B., Hayward C. C., 2018, MNRAS, 476, 1705
Somerville R. S., Davé R., 2015, ARA&A, 53, 51
Spitoni E., Matteucci F., 2011, A&A, 531, A72
Spitoni E., Romano D., Matteucci F., Ciotti L., 2015, ApJ, 802, 129
Spitoni E., Silva Aguirre V., Matteucci F., Calura F., Grisoni V., 2019, A&A,

623, A60
Spitoni E., Verma K., Silva Aguirre V., Calura F., 2020, A&A, 635, A58
Tacconi L. J., et al., 2010, Nature, 463, 781
Temim T., Dwek E., Tchernyshyov K., Boyer M. L., Meixner M., Gall C.,

Roman-Duval J., 2015, ApJ, 799, 158
Thon R., Meusinger H., 1998, A&A, 338, 413
Tinsley B. M., 1980, Fundamentals Cosmic Phys., 5, 287
Toyouchi D., Chiba M., 2015, ApJ, 810, 18
Triani D. P., Sinha M., Croton D. J., Pacifici C., Dwek E., 2020, MNRAS,

493, 2490
Trčka A., et al., 2020, MNRAS, 494, 2823
Ural U., Wilkinson M. I., Read J. I., Walker M. G., 2015, Nature Communi-

cations, 6, 7599
Valiante R., Schneider R., Salvadori S., Bianchi S., 2011, MNRAS, 416, 1916
Viaene S., et al., 2014, A&A, 567, A71
Vĳayan A. P., Clay S. J., Thomas P. A., Yates R. M., Wilkins S. M., Henriques

B. M., 2019, MNRAS, 489, 4072
Vincenzo F., Spitoni E., Calura F., Matteucci F., Silva Aguirre V., Miglio A.,

Cescutti G., 2019, MNRAS, 487, L47
Vogelsberger M., Marinacci F., Torrey P., Puchwein E., 2020, Nature Reviews

Physics, 2, 42

MNRAS 000, 1–18 (2019)

http://dx.doi.org/10.3847/1538-4357/ac2cbd
https://ui.adsabs.harvard.edu/abs/2021ApJ...923..220D
http://dx.doi.org/10.1111/j.1365-2966.2004.08464.x
http://dx.doi.org/10.1111/j.1365-2966.2004.08464.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.356..925D
http://dx.doi.org/10.1086/305829
https://ui.adsabs.harvard.edu/abs/1998ApJ...501..643D
http://dx.doi.org/10.1051/0004-6361:20077525
https://ui.adsabs.harvard.edu/abs/2007A&A...468...33E
http://dx.doi.org/10.1093/mnras/staa433
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.4107E
http://dx.doi.org/10.1086/306003
https://ui.adsabs.harvard.edu/abs/1998ApJ...503..700F
http://dx.doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F
http://dx.doi.org/10.1051/0004-6361:20034140
https://ui.adsabs.harvard.edu/abs/2004A&A...421..613F
http://dx.doi.org/10.1086/425155
https://ui.adsabs.harvard.edu/abs/2004ApJ...616..643F
http://dx.doi.org/10.3847/1538-4357/aae520
https://ui.adsabs.harvard.edu/abs/2018ApJ...868...62G
http://dx.doi.org/10.1007/s00159-011-0043-7
https://ui.adsabs.harvard.edu/abs/2011A&ARv..19...43G
http://dx.doi.org/10.1088/0004-637X/781/2/79
https://ui.adsabs.harvard.edu/abs/2014ApJ...781...79G
http://dx.doi.org/10.1093/mnras/stw2343
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464..985G
http://dx.doi.org/10.1093/mnras/stx1914
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.4615G
http://dx.doi.org/10.1093/mnras/sty1564
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.2588G
http://dx.doi.org/10.2140/camcos.2010.5.65
http://dx.doi.org/10.2140/camcos.2010.5.65
https://ui.adsabs.harvard.edu/abs/2010CAMCS...5...65G
http://dx.doi.org/10.1086/147654
https://ui.adsabs.harvard.edu/abs/1963ApJ...138..393G
http://dx.doi.org/10.1093/mnras/stab362
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503..511G
http://dx.doi.org/10.1093/mnras/sty2444
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.2570G
http://dx.doi.org/10.1093/mnras/stt308
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432...23G
http://dx.doi.org/10.1093/mnras/stt1970
https://ui.adsabs.harvard.edu/abs/2014MNRAS.437.1337G
http://dx.doi.org/10.1111/j.1365-2966.2009.14730.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.396..535H
http://dx.doi.org/10.1111/j.1365-2966.2011.19131.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.416.1340H
http://dx.doi.org/10.3847/1538-4357/ab0ec2
https://ui.adsabs.harvard.edu/abs/2019ApJ...875...54H
http://dx.doi.org/10.48550/arXiv.2301.08263
https://ui.adsabs.harvard.edu/abs/2023arXiv230108263H
http://dx.doi.org/10.1093/mnras/stz121
http://dx.doi.org/10.1093/mnras/stz121
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.1727H
http://dx.doi.org/10.5047/eps.2011.02.013
https://ui.adsabs.harvard.edu/abs/2011EP&S...63.1027I
http://dx.doi.org/10.1086/313278
https://ui.adsabs.harvard.edu/abs/1999ApJS..125..439I
http://dx.doi.org/10.1086/177823
https://ui.adsabs.harvard.edu/abs/1996ApJ...469..740J
http://dx.doi.org/10.1111/j.1365-2966.2007.12747.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.384.1414K
http://dx.doi.org/10.1086/305588
https://ui.adsabs.harvard.edu/abs/1998ApJ...498..541K
http://dx.doi.org/10.1086/587500
https://ui.adsabs.harvard.edu/abs/2008ApJ...681.1183K
http://dx.doi.org/10.1093/mnras/stx532
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468..920K
http://dx.doi.org/10.1051/0004-6361/202243994
https://ui.adsabs.harvard.edu/abs/2022A&A...666A..12K
http://dx.doi.org/10.1086/162970
https://ui.adsabs.harvard.edu/abs/1985ApJ...290..154L
http://dx.doi.org/10.1088/0004-6256/137/6/4670
https://ui.adsabs.harvard.edu/abs/2009AJ....137.4670L
http://dx.doi.org/10.1007/s00159-018-0112-2
https://ui.adsabs.harvard.edu/abs/2019A&ARv..27....3M
http://dx.doi.org/10.1093/mnrasl/slv070
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451L..70M
http://dx.doi.org/10.1093/mnras/stt2003
https://ui.adsabs.harvard.edu/abs/2014MNRAS.437.1750M
http://dx.doi.org/10.3847/1538-4357/ab571b
https://ui.adsabs.harvard.edu/abs/2019ApJ...887..198M
http://dx.doi.org/10.1093/mnras/stab2190
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.1175M
http://dx.doi.org/10.1007/978-3-642-22491-1. 
http://dx.doi.org/10.1007/978-3-642-22491-1. 
http://dx.doi.org/10.1007/s00159-021-00133-8
https://ui.adsabs.harvard.edu/abs/2021A&ARv..29....5M
http://dx.doi.org/10.1093/mnras/239.3.885
https://ui.adsabs.harvard.edu/abs/1989MNRAS.239..885M
http://dx.doi.org/10.1111/j.1365-2966.2012.20575.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.423...26M
http://dx.doi.org/10.1093/mnras/stu1228
https://ui.adsabs.harvard.edu/abs/2014MNRAS.444..797M
https://ui.adsabs.harvard.edu/abs/1981A&A....98....1M
http://dx.doi.org/10.1093/mnras/stx467
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.1505M
http://dx.doi.org/10.1111/j.1365-2966.2009.14725.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.399.1089M
http://dx.doi.org/10.1051/0004-6361/201730762
https://ui.adsabs.harvard.edu/abs/2017A&A...606A..17M
http://dx.doi.org/10.1086/520512
https://ui.adsabs.harvard.edu/abs/2007ApJS..173..682M
http://dx.doi.org/10.1093/mnras/staa1811
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.4606M
http://dx.doi.org/10.1093/mnras/stt1495
https://ui.adsabs.harvard.edu/abs/2013MNRAS.435.2918M
http://dx.doi.org/10.1093/mnras/stu2400
https://ui.adsabs.harvard.edu/abs/2015MNRAS.447..178M
http://dx.doi.org/10.1146/annurev-astro-081913-040019
https://ui.adsabs.harvard.edu/abs/2017ARA&A..55...59N
http://dx.doi.org/10.1051/0004-6361/201935118
https://ui.adsabs.harvard.edu/abs/2019A&A...624A..80N
http://dx.doi.org/10.1086/517927
https://ui.adsabs.harvard.edu/abs/2007ApJ...660L..47N
http://dx.doi.org/10.1111/j.1365-2966.2008.13280.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.387..577O
http://dx.doi.org/10.1093/mnras/staa848
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.2355P
http://dx.doi.org/10.1093/mnras/staa2437
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.1710P
http://dx.doi.org/10.1051/0004-6361/202142645
https://ui.adsabs.harvard.edu/abs/2022A&A...663A.125P
https://ui.adsabs.harvard.edu/abs/2022A&A...663A.125P
http://dx.doi.org/10.1093/mnras/staa477
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.3580P
http://dx.doi.org/10.1086/430435
https://ui.adsabs.harvard.edu/abs/2005ApJ...627..850P
http://dx.doi.org/10.1093/mnras/stx341
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.4322P
http://dx.doi.org/10.1111/j.1365-2966.2004.07591.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.348L..59P
http://dx.doi.org/10.1051/0004-6361/201014759
https://ui.adsabs.harvard.edu/abs/2010A&A...518L...1P
http://dx.doi.org/10.1046/j.1365-8711.2002.05881.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.335L..41P
http://dx.doi.org/10.1093/mnras/sty3210
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483.3213P
http://dx.doi.org/10.1093/mnras/stz2635
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.5285P
http://dx.doi.org/10.1093/mnras/stx1545
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.3152P
https://ui.adsabs.harvard.edu/abs/2000A&A...355..929P
http://dx.doi.org/10.1093/mnras/stz2724
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.5073P
http://dx.doi.org/10.1093/mnrasl/slab114
https://ui.adsabs.harvard.edu/abs/2022MNRAS.509L...6P
http://dx.doi.org/10.1051/0004-6361/201014010
https://ui.adsabs.harvard.edu/abs/2010A&A...516A..66P
http://dx.doi.org/10.1088/0004-637X/755/2/88
https://ui.adsabs.harvard.edu/abs/2012ApJ...755...88R
http://dx.doi.org/10.1093/mnras/stu2630
https://ui.adsabs.harvard.edu/abs/2015MNRAS.447.3096R
https://ui.adsabs.harvard.edu/abs/2015MNRAS.447.3096R
http://dx.doi.org/10.1086/381933
https://ui.adsabs.harvard.edu/abs/2004ApJ...604..662R
http://dx.doi.org/10.1051/0004-6361/200912058
https://ui.adsabs.harvard.edu/abs/2010A&A...515A...8R
http://dx.doi.org/10.1086/309223
https://ui.adsabs.harvard.edu/abs/2000ApJ...539..235R
http://dx.doi.org/10.3390/galaxies6040138
https://ui.adsabs.harvard.edu/abs/2018Galax...6..138R
http://dx.doi.org/10.1146/annurev.astro.34.1.279
https://ui.adsabs.harvard.edu/abs/1996ARA&A..34..279S
https://ui.adsabs.harvard.edu/abs/1986FCPh...11....1S
http://dx.doi.org/10.1086/146614
https://ui.adsabs.harvard.edu/abs/1959ApJ...129..243S
http://dx.doi.org/10.1088/0004-637X/722/2/1699
https://ui.adsabs.harvard.edu/abs/2010ApJ...722.1699S
http://dx.doi.org/10.1088/0004-637X/715/2/1575
https://ui.adsabs.harvard.edu/abs/2010ApJ...715.1575S
http://dx.doi.org/10.1093/mnras/sty311
https://ui.adsabs.harvard.edu/abs/2018MNRAS.476.1705S
http://dx.doi.org/10.1146/annurev-astro-082812-140951
https://ui.adsabs.harvard.edu/abs/2015ARA&A..53...51S
http://dx.doi.org/10.1051/0004-6361/201015749
https://ui.adsabs.harvard.edu/abs/2011A&A...531A..72S
http://dx.doi.org/10.1088/0004-637X/802/2/129
https://ui.adsabs.harvard.edu/abs/2015ApJ...802..129S
http://dx.doi.org/10.1051/0004-6361/201834188
https://ui.adsabs.harvard.edu/abs/2019A&A...623A..60S
http://dx.doi.org/10.1051/0004-6361/201937275
https://ui.adsabs.harvard.edu/abs/2020A&A...635A..58S
http://dx.doi.org/10.1038/nature08773
https://ui.adsabs.harvard.edu/abs/2010Natur.463..781T
http://dx.doi.org/10.1088/0004-637X/799/2/158
https://ui.adsabs.harvard.edu/abs/2015ApJ...799..158T
https://ui.adsabs.harvard.edu/abs/1998A&A...338..413T
http://dx.doi.org/10.48550/arXiv.2203.02041
https://ui.adsabs.harvard.edu/abs/1980FCPh....5..287T
http://dx.doi.org/10.1088/0004-637X/810/1/18
https://ui.adsabs.harvard.edu/abs/2015ApJ...810...18T
http://dx.doi.org/10.1093/mnras/staa446
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.2490T
http://dx.doi.org/10.1093/mnras/staa857
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.2823T
http://dx.doi.org/10.1038/ncomms8599
http://dx.doi.org/10.1038/ncomms8599
https://ui.adsabs.harvard.edu/abs/2015NatCo...6.7599U
http://dx.doi.org/10.1111/j.1365-2966.2011.19168.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.416.1916V
http://dx.doi.org/10.1051/0004-6361/201423534
https://ui.adsabs.harvard.edu/abs/2014A&A...567A..71V
http://dx.doi.org/10.1093/mnras/stz1948
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.4072V
http://dx.doi.org/10.1093/mnrasl/slz070
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487L..47V
http://dx.doi.org/10.1038/s42254-019-0127-2
http://dx.doi.org/10.1038/s42254-019-0127-2
https://ui.adsabs.harvard.edu/abs/2020NatRP...2...42V


MCMC Chemical evolution and DustPedia 19

Walter F., Brinks E., de Blok W. J. G., Bigiel F., Kennicutt Robert C. J.,
Thornley M. D., Leroy A., 2008, AJ, 136, 2563

Werner M. W., et al., 2004, ApJS, 154, 1
Yalinewich A., Piran T., Sari R., 2017, ApJ, 838, 12
Yamasawa D., Habe A., Kozasa T., Nozawa T., Hirashita H., Umeda H.,

Nomoto K., 2011, ApJ, 735, 44
Zhang D., 2018, Galaxies, 6, 114
da Cunha E., Charlot S., Elbaz D., 2008, MNRAS, 388, 1595
de Vaucouleurs G., de Vaucouleurs A., Corwin Herold G. J., Buta R. J., Paturel

G., Fouque P., 1991, Third Reference Catalogue of Bright Galaxies
van den Hoek L. B., Groenewegen M. A. T., 1997, A&AS, 123, 305

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–18 (2019)

http://dx.doi.org/10.1088/0004-6256/136/6/2563
https://ui.adsabs.harvard.edu/abs/2008AJ....136.2563W
http://dx.doi.org/10.1086/422992
https://ui.adsabs.harvard.edu/abs/2004ApJS..154....1W
http://dx.doi.org/10.3847/1538-4357/aa5d0f
https://ui.adsabs.harvard.edu/abs/2017ApJ...838...12Y
http://dx.doi.org/10.1088/0004-637X/735/1/44
https://ui.adsabs.harvard.edu/abs/2011ApJ...735...44Y
http://dx.doi.org/10.3390/galaxies6040114
https://ui.adsabs.harvard.edu/abs/2018Galax...6..114Z
http://dx.doi.org/10.1111/j.1365-2966.2008.13535.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.388.1595D
http://dx.doi.org/10.1051/aas:1997162
https://ui.adsabs.harvard.edu/abs/1997A&AS..123..305V


MNRAS 000, 1–8 (2023) Preprint 11 May 2023 Compiled using MNRAS LATEX style file v3.0

The impact of UV variability on the abundance of bright galaxies at 𝑧 ≥ 9

Xuejian Shen,1,2★ Mark Vogelsberger,2 Michael Boylan-Kolchin,3 Sandro Tacchella,4,5 and Rahul Kannan6
1 TAPIR, California Institute of Technology, Pasadena, CA, 91125
2 Department of Physics & Kavli Institute for Astrophysics and Space Research, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
3 Department of Astronomy, The University of Texas at Austin, 2515 Speedway Stop C1400, Austin, TX 78712, USA
4 Kavli Institute for Cosmology, University of Cambridge, Madingley Road, Cambridge, CB3 0HA, UK
5 Cavendish Laboratory, University of Cambridge, 19 JJ Thomson Avenue, Cambridge, CB3 0HE, UK
6 Department of Physics and Astronomy, York University, 4700 Keele Street, Toronto, ON M3J 1P3, Canada

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT
JWST observations have revealed a population of galaxies bright enough that potentially challenge standard galaxy formation
models in the ΛCDM cosmology. Using a minimal empirical framework, we investigate the influence of variability on the
rest-frame ultra-violet (UV) luminosity function (UVLF) of galaxies at 𝑧 ≥ 9. Our study differentiates between the median
UV radiation yield and the variability of UV luminosities of galaxies at a fixed dark matter halo mass. We primarily focus on
the latter effect, which depends on halo assembly and galaxy formation processes and can significantly increase the abundance
of UV-bright galaxies due to the upscatter of galaxies in lower-mass haloes. We find that a relatively low level of variability,
𝜎UV ≈ 0.75 mag, matches the observational constraints at 𝑧 ≈ 9. However, increasingly larger 𝜎UV is necessary when moving
to higher redshifts, reaching 𝜎UV ≈ 2.0 (2.5)mag at 𝑧 ≈ 12 (16). This implied variability is consistent with expectations of
physical processes in high-redshift galaxies such as bursty star formation and cycles of dust clearance. Photometric constraints
from JWST at 𝑧 & 9 therefore can be reconciled with a standard ΛCDM-based galaxy formation model calibrated at lower
redshifts without the need for adjustments to the median UV radiation yield.

Key words: galaxies: high-redshift – galaxies: formation – galaxies: evolution

1 INTRODUCTION

JWST has opened a new window into the early and distant Universe,
enabling studies of galaxy formation and evolution within the first
∼ 500Myr (𝑧 & 10) of the Universe. Early JWST/NIRCam imaging
datasets have led to the discovery of numerous photometric drop-
out galaxy candidates at 𝑧 & 9 (e.g. Naidu et al. 2022b; Castellano
et al. 2022; Finkelstein et al. 2022; Adams et al. 2023; Atek et al.
2023; Bouwens et al. 2023a; Donnan et al. 2023; Harikane et al.
2023b; Robertson et al. 2023; Yan et al. 2023) and even bright galaxy
candidates at 𝑧 ≈ 16 (Donnan et al. 2023; Harikane et al. 2023b).
The UV luminosities and estimated stellar masses of these sources

have raised two key tensions. The first tension is related to the large
stellar mass of some JWST-identified galaxies (e.g. Labbé et al.
2023), implying that the stellar mass density at 𝑧 ≈ 7.5 − 9 is com-
parable to the total mass budget of baryons within sufficiently mas-
sive dark matter haloes in a ΛCDM universe (Boylan-Kolchin 2023;
Lovell et al. 2023). This result has been actively debated in the lit-
erature and is subject to many systematic uncertainties (e.g. Endsley
et al. 2022; Larson et al. 2022; Steinhardt et al. 2022; Chen et al.
2023; Prada et al. 2023). The stellar masses and star-formation rates
(SFRs) of individual galaxies at 𝑧 & 10 thus far appear consistent
with the standard structure formation theory (e.g. Keller et al. 2023;
McCaffrey et al. 2023).

★ E-mail: xshen@caltech.edu

The second tension concerns the abundance of UV bright galax-
ies, which is more robust and will be the focus of this paper. Al-
though characteristic shapes of the rest-frame UV luminosity func-
tions (UVLFs) determined using JWST-identified galaxies are con-
sistent with those derived with the Hubble Space Telescope (HST)
observations, the bright end of the UVLFs shows little evolution
beyond 𝑧 ≈ 10 and lacks the steep decline expected from extrapolat-
ing Schechter function fits from lower redshifts (e.g. Harikane et al.
2023b; Finkelstein et al. 2023). As a result, the implied star-formation
rate density (SFRD) declines only slowly at 𝑧 & 10, in contrast to the
rapid decline predicted by constant star-formation efficiency mod-
els (e.g. Bouwens et al. 2023b; Harikane et al. 2023b).
Even after accounting for various observational corrections (e.g.

Finkelstein et al. 2023), the suggested abundance of UV bright galax-
ies at 𝑧 & 10 surpasses theoretical predictions from a wide range of
models. This includes empirical models (e.g. Tacchella et al. 2013;
Mason et al. 2015; Sun & Furlanetto 2016; Tacchella et al. 2018;
Behroozi et al. 2020), semi-analytical galaxy formation models (e.g.
Dayal et al. 2014, 2019; Yung et al. 2019; Mauerhofer & Dayal 2023;
Yung et al. 2023), and cosmological hydrodynamic simulations (e.g.
Davé et al. 2019;Vogelsberger et al. 2020;Haslbauer et al. 2022;Kan-
nan et al. 2022b,a; Wilkins et al. 2023b,a) that have been calibrated
for lower redshift galaxies. One possible explanation for this discrep-
ancy is that the early results are based on the photometrically-selected
galaxy candidates, which may be contaminated by low-redshift in-
terlopers (e.g. Zavala et al. 2023; Naidu et al. 2022a; Fujimoto et al.

© 2023 The Authors
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2022). However, recent pure spectroscopic constraints of the UVLF
(e.g. Arrabal Haro et al. 2023a,b; Curtis-Lake et al. 2023; Robertson
et al. 2023; Harikane et al. 2023a) yield broadly consistent results
with the photometric estimates.
The UVLF tension between observations and predictions suggests

that our current understanding of galaxy formation in the early Uni-
verse may need to be revised. Several physical interpretations have
been discussed in the literature to explain the tension (e.g. Inayoshi
et al. 2022; Ferrara et al. 2022a; Dekel et al. 2023; Mason et al.
2023; Yung et al. 2023). These include but are not limited to (1) a
substantially higher star-formation efficiency for normal stellar pop-
ulations, (2) a top-heavy stellar initial mass function (IMF), (3) zero
dust attenuation, (4) UV radiation contributed by non-stellar sources,
e.g. accreting stellar-mass black holes, quasars/active galactic nuclei.
These solutions primarily aim to enhance the median UV radiation
yield from early galaxies. Another direction suggested by, e.g., Ma-
son et al. (2023) andMirocha & Furlanetto (2023) involves increased
stochasticity of star formation such that galaxies in a temporary high-
SFR phasewill appear as theUV luminous sources. The steep decline
of the underlying halo mass function in the massive/bright endmeans
that there are more intrinsically low-mass sources upscattered to high
luminosities than massive galaxies downscattered to faint luminosi-
ties, which will populate the bright end of the UVLF.
In this paper, we examine theUVvariability of high-redshift galax-

ies coming from a variety of sources of stochasticity, including halo
assembly, star formation, and dust attenuation, in the context of a
canonical Salpeter (1955) IMF. We investigate the impact of UV
variability on galaxy UVLFs, focusing on the JWST constraints at
𝑧 ≥ 9. We will study this using an empirical approach and decom-
pose the effects of variability and the shift of the median galaxy-halo
connection. The paper is organized as follows: In Section 2, we first
introduce the model establishing a median mapping between the halo
mass function and galaxy UVLF. We then describe how we treat UV
variability. In Section 3, we present the results and discuss the im-
plication of UV variability in reconciling JWST observations with a
standard galaxy formation model inΛCDM. In Section 4, we provide
our conclusions.

2 METHOD

2.1 Median galaxy UV luminosity

We adopt the flat ΛCDM cosmological model of Planck Collabora-
tion et al. (2020), assuming the primordial density fluctuations are
Gaussian and adiabatic. The cosmological parameters relevant for
this study are ℎ ≡ 𝐻0/(100 km s−1Mpc−1) = 0.6732,Ωm = 0.3158,
𝑛s = 0.96605, 𝜎8 = 0.8120, and 𝑓b ≡ Ωb/Ωm = 0.156.

Halo mass function: The halo mass function is constructed follow-
ing Press-Schechter-like theories (e.g. Press & Schechter 1974; Bond
et al. 1991; Sheth et al. 2001) as implemented in theHmf code (Mur-
ray et al. 2013a,b; Murray 2014). We adopt the transfer function
calculated using the Code for Anisotropies in the Microwave Back-
ground (Camb; Lewis et al. 2000; Howlett et al. 2012), the halo mass
function parametrization of Tinker et al. (2010), and a real-space
top-hat filter function for the density field. The definition of halo
mass follows the virial criterion in Bryan & Norman (1998).

Halo accretion rate: We use the fitting function of median halo

accretion rate in Fakhouri et al. (2010)

¤𝑀halo (𝑀halo, 𝑧) ' 25.3M� yr−1
(

𝑀halo
1012M�

)1.1
× (1 + 1.65 𝑧)

√︃
Ωm (1 + 𝑧)3 +ΩΛ, (1)

which is calibrated on the joint data set from the Millennium and
Millennium-II simulations (Springel et al. 2005; Boylan-Kolchin
et al. 2009) 1.

Star formation:We parameterize the SFR in dark matter haloes as
SFR = Y∗ 𝑓b ¤𝑀halo, where 𝑓b is the universal baryon fraction and
Y∗ is the star-formation efficiency. We adopt a redshift-independent
double power-law function,

Y∗ (𝑀halo) =
2 Y0

(𝑀halo/𝑀0)−𝛼 + (𝑀halo/𝑀0)𝛽
, (2)

where Y0 is the peak star-formation efficiency at the break mass
𝑀0 and 𝛼 and 𝛽 are the low-mass and high-mass end slopes,
respectively. The functional form and the redshift-independent
ansatz of Equation 2 have been used in previous empirical modeling
works (e.g. Moster et al. 2010; Tacchella et al. 2018; Harikane et al.
2022). We adopt Y0 = 0.1, 𝑀0 = 1012M� , 𝛼 = 0.6, 𝛽 = 0.5 as our
default values. The normalization and low-mass slope are chosen to
match the median SFR-𝑀halo relation at 𝑧 = 7 from Behroozi et al.
(2019) while the high-mass slope follows the value in Harikane
et al. (2022). The parameter choices give good agreement with the
observed UVLFs and UV luminosity densities at 𝑧 . 9. At the
halo mass scale that is typical for bright JWST-detected galaxies
(𝑀halo ∼ 1010M�), Y∗ takes the value of ∼ 0.01. This model is a
basic representation of our knowledge about galaxy formation prior
to the JWST era.

SFR – UV luminosity:We express the conversion between the SFR
and the intrinsic UV-specific luminosity 𝐿a (UV) (before dust atten-
uation) as

SFR [M� yr−1] = ^UV 𝐿a (UV) [ erg s−1 Hz−1] (3)

with conversion factor ^UV = 1.15×10−28 as inMadau &Dickinson
(2014), where a Salpeter (1955) IMF is assumed and the (far-)UV
wavelength is assumed to be 1500Å.

Dust attenuation: We empirically model dust attenuation using a
combination of the 𝐴UV-𝛽 (IRX-𝛽) relation and 𝛽-𝑀UV relation. We
adopt the relation 𝐴UV = 4.43 + 1.99 𝛽 (Meurer et al. 1999) and the
most recent 𝛽-𝑀UV relation 𝛽 = −0.17𝑀UV − 5.40 at 𝑧 & 8 from
Cullen et al. (2023). Combine the two relations, we obtain a median
attenuation at a given 𝑀UV of

𝐴UV = −0.34 [21 + 𝑀UV] + 0.79 . (4)

The 𝑀UV here is the observed (dust-attenuated) UV magnitude. The
recipe gives median 𝐴UV = [0.45, 0.79, 1.13]mag attenuation at
observed 𝑀UV = [−20,−21,−22]mag.

2.2 UV variability

The model above describes a median mapping from the dark matter
halo mass to the observed galaxy UV luminosity. It allows us to

1 The cosmological parameters adopted in these simulations are out of date.
As discussed in Inayoshi et al. (2022), the impact on the halo growth rate is
limited (. 0.1 dex), as found in Dong et al. (2022) using up-to-date cosmo-
logical parameter sets.
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Figure 1. Rest-frame UV luminosity functions (UVLFs) of galaxies at 𝑧 & 9. The blue lines represent UVLFs assuming a constant star-formation efficiency
Y∗ of the value marked. The gray data points are measurements based on photometrically-selected galaxies by JWST (Castellano et al. 2022; Finkelstein et al.
2022; Naidu et al. 2022b; Bouwens et al. 2023a,b; Donnan et al. 2023; Harikane et al. 2023b; Leethochawalit et al. 2023; McLeod et al. 2023; Morishita &
Stiavelli 2023; Pérez-González et al. 2023) as well as pre-JWST constraints (McLeod et al. 2016; Oesch et al. 2018; Morishita et al. 2018; Stefanon et al. 2019;
Bowler et al. 2020; Bouwens et al. 2021). The photometric constraints at 𝑧 ≈ 16 are highly uncertain and therefore shown with open markers. The dark blue
data points are based on the JWST spectroscopically-confirmed galaxies (e.g. Arrabal Haro et al. 2023a,b; Bunker et al. 2023; Curtis-Lake et al. 2023; see the
full references in Harikane et al. 2023a). Assuming our default halo-mass-dependent Y∗ (Equation 2), UV variability of 𝜎UV ≈ 1.5, 2.0, 2.5 mag is required to
match the JWST photometric constraints at 𝑧 ≈ 10, 12, 16. At 𝑧 ≈ 9, a lower value of 0.75 mag is preferred to match observations at the bright end.

calculate galaxy rest-frame UVLF based on the underlying halo mass
function
d𝑛
d𝑀UV

=
d𝑛

d log10 𝑀halo

����d log10 𝑀halod𝑀UV

���� . (5)

However, stochasticity in both halo assembly and galaxy formation
processes can give rise to scatter with respect to the median 𝑀UV −
𝑀halo relation. This manifests as the scatter in all scaling relations
we introduced above. To model this stochasticity, we convolve the
UV luminosity function with a Gaussian kernel of width 𝜎UV (in the
unit of AB magnitude). Effectively, this assumes that the observed
UV luminosity has a log-normal distribution with the median value
fixed. Note that this will increase themeanUV luminosity by a factor
of
〈𝐿conva (UV)〉
〈𝐿a (UV)〉

= exp
(
(ln 10𝜎UV/2.5)2

2

)
, (6)

which is equivalent to roughly 0.5𝜎2UV mag. Moreover, due to the
steeply decreasing nature of the halo mass function and the UVLF,
the upscatter in UV luminosity dominates over the downscatter, lead-
ing to an enhanced abundance of UV luminous galaxies. This effect
will be demonstrated and discussed in the results section of the paper.
The potential source of UV variability include:

Halo assembly: The mass accretion rate of dark matter haloes
roughly follows a log-normal distribution with a typical 1𝜎 scat-
ter of 𝜎halo ≈ 0.3 dex, which is broadly consistent with cosmological
𝑁-body simulations (e.g. Rodríguez-Puebla et al. 2016; Ren et al.
2019; Mirocha et al. 2021; Mirocha & Furlanetto 2023). It is inde-
pendent of any baryonic processes.

Star formation: In both simulations and observations, small dwarf
galaxies and high-redshift galaxies exhibit “bursty” star-formation
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histories (e.g. Sparre et al. 2017; Smit et al. 2016; Emami et al. 2019;
Iyer et al. 2020; Tacchella et al. 2020; Flores Velázquez et al. 2021;
Hopkins et al. 2023) characterized by large temporal fluctuations in
SFR. This bursty phase aligns with the irregular and clumpy mor-
phologies of the observed high-redshift galaxies (e.g. Bournaud et al.
2007; Elmegreen et al. 2009; Förster Schreiber et al. 2011; Treu et al.
2023). Large scatters in star-formation efficiency can be driven by
the interplay of gas inflow/outflow, instability, and galaxy mergers in
the early phase of galaxy formation (e.g. Dekel et al. 2009; Ceverino
et al. 2010; Anglés-Alcázar et al. 2017), cycles of starbursts ceased by
strong feedback (e.g. El-Badry et al. 2016; Tacchella et al. 2016), and
some extreme feedback-free starbursts (e.g. Faucher-Giguère 2018;
Dekel et al. 2023). Galaxies in this phase are qualitatively differ-
ent from sufficiently massive low-redshift star-forming galaxies in
equilibrium stages, which exhibit smooth galaxy-integrated SFRs.
The expected SFR variability in high-redshift galaxies is highly
uncertain. The lower limit should be the scatter in star-formation
efficiency (≈ 0.15 dex) inferred from observations at 𝑧 . 7 (e.g.
Harikane et al. 2018, 2022), and the main sequence scatter at high
redshift, ≈ 0.3 dex (Speagle et al. 2014). We conservatively assume
𝜎SF ≥ 0.3 dex.

Dust attenuation: Given the irregular and clumpy nature of high-
redshift galaxies, the sightline and geometrical variations of dust
attenuation can be large (e.g. Carniani et al. 2018; Cochrane et al.
2019; Ferrara et al. 2022b). In addition, the strong supernovae and
radiative feedback, both temporally and spatially associated with the
burst phase of star formation, can expel the majority of the cold phase
gas and cause galaxies to temporarily become transparent to dust at-
tenuation (e.g. Ferrara et al. 2022a; Fiore et al. 2023; Nath et al.
2023; Ziparo et al. 2023). The degree of UV variability contributed
or balanced off by these factors depends on the amount of dust in
these galaxies as well as the coherence between the dust clearance
and the starburst. The scatter in the observed 𝛽-𝑀UV relation is found
to be 𝜎𝛽 ≈ 0.35 (Bouwens et al. 2014; Rogers et al. 2014; Cullen
et al. 2023), which corresponds to 𝜎dust ≈ 0.7mag for our assumed
𝐴UV-𝛽 relation. Since 𝜎𝛽 is measured at fixed observed 𝑀UV, it is
likely to be anti-correlated with the scatter in intrinsic UV luminosity
(i.e., for a given observed 𝑀UV, a large attenuation is required if the
intrinsic UV luminosity is scattered higher).

Bracketing the combined effect: The true UV variability in high-
redshift galaxies, as well as its potential dependence on halo mass or
redshift, remains highly uncertain. Consequently, we maintain it as
a free parameter throughout our analysis while adhering to specific
constraints. To model the combined effects of the three sources of
variability mentioned above, we numerically sample haloes based on
the halo mass function and calculate their observed UV magnitudes
individually. We model the halo mass accretion rate, ¤𝑀halo, and the
star formation efficiency, Y∗, as log-normal distributions, while the
dust attenuation, 𝐴UV, is modeled as a normal distribution. Their
median values are determined as in Section 2.1. The 1𝜎 scatters are
𝜎halo, 𝜎SF, and 𝜎dust, as estimated above, and are assumed to be
independent of 𝑀halo and 𝑧. Owing to the influence of dust attenua-
tion (Equation 4), the relationship between 𝑀UV and log10 𝑀halo is
non-linear. The distribution of observed UV luminosities for galaxies
at a fixed halo mass, therefore, does not strictly follow a log-normal
distribution. To define the effective 𝜎UV, we match the numerically
sampled UVLF with the one obtained through convolution using
Gaussian kernels of width 𝜎UV at 𝑀UV ≈ −21 at 𝑧 ≈ 10 (our results
are insensitive to these assumed values of 𝑀UV and 𝑧). We consider
three typical cases. (1) If we account for only 𝜎halo while ignoring
scatter in Y∗ and 𝐴UV, we obtain 𝜎UV ≈ 0.6 (0.75)mag with (with-

out) dust attenuation, which sets the minimum UV variability. (2) If
the scatters in ¤𝑀halo, Y∗, and 𝐴UV are perfectly correlated, we obtain
𝜎UV & 2.2mag, which represents the maximum UV variability. (3)
If the scatters in ¤𝑀halo, Y∗, and 𝐴UV are independent, we obtain
𝜎UV & 1.2mag, which serves as a more conservative estimate.

3 RESULTS

In Figure 1, we present the UVLF calculated at 𝑧 & 9 assum-
ing different levels of UV variability. For comparison, we show
the observational constraints based on the photometrically-selected
JWST sources (Castellano et al. 2022; Finkelstein et al. 2022; Naidu
et al. 2022b; Bouwens et al. 2023a,b; Donnan et al. 2023; Harikane
et al. 2023b; Leethochawalit et al. 2023; McLeod et al. 2023; Mor-
ishita & Stiavelli 2023; Pérez-González et al. 2023), pre-JWST con-
straints (McLeod et al. 2016; Oesch et al. 2018; Morishita et al.
2018; Stefanon et al. 2019; Bowler et al. 2020; Bouwens et al. 2021),
and the constraints based on pure spectroscopically-confirmed sam-
ples compiled in Harikane et al. (2023a). We note that the 𝑧 ≈ 16
constraints are based on a few photometrically-selected galaxy can-
didates and therefore highly uncertain. For example, one previously-
claimed 𝑧 ≈ 16 galaxy candidate first identified in Donnan et al.
(2023) was found to be a galaxy at 𝑧 = 4.912 (Arrabal Haro et al.
2023b).
Models with a constant star-formation efficiency and zero UV

variability require Y∗ & 30% to explain the most stringent observa-
tional results at 𝑧 ≥ 10, which is much higher than the canonical
value Y∗ . 5% for 𝑧 . 9 galaxies in a similar mass range. Such
models also fail to reproduce the shape of observed UVLFs: they
have steeper faint-end slopes and more abrupt exponential cutoffs
than observations. Adopting the halo mass-dependent star-formation
efficiency Y∗ (𝑀halo) from Equation 2 helps make the shape of the
UVLF more consistent with observations. Nevertheless, in the ab-
sence of UV variability, the model systematically underpredicts the
luminosity of galaxies. Using 𝜎UV = 0.75 mag, our assumed mini-
mum value (coming solely from scatter in halo accretion rates), leads
to a UVLF that is consistent with the 𝑧 = 9 observational results at
the bright end. At the faint end at 𝑧 = 9, a larger 𝜎UV ≈ 1.5mag
is required. This is a general trend at all redshifts studied, which is
consistent with low-mass galaxies having more bursty star forma-
tion. However, we caution that any mass or luminosity dependence
of 𝜎UV may be degenerate with assumptions about the explicit halo
mass dependence of Y∗ (i.e., smaller values of 𝛼 in Equation 2).
As the UV variability increases, the abundance of luminous galax-

ies is enhanced. 𝜎UV = 1.5, 2.0, 2.5mag is sufficient to explain
current JWST constraints at 𝑧 = 10, 12, 16, even assuming all
photometrically-selected candidates are real. This level of UV vari-
ability can be contributed by additional variances in star-formation
efficiency and dust attenuation, with potentially large correlations
with the variation of halo accretion rates (as discussed in Section 2.2).
Similar values tend to overproduce galaxies at 𝑧 ≤ 9, which indicates
a qualitative transition in the UV variability at 𝑧 ≈ 10. These UV-
bright phase galaxies are expected to have very blue intrinsic colors
in UV (e.g. Topping et al. 2022; Adams et al. 2023; Atek et al.
2023; Cullen et al. 2023) but could be balanced by dust attenuation
(Mirocha & Furlanetto 2023), depending on how aligned the dust
and the star-formation duty-cycles are. Considering the small fields
probed by JWST, cosmic variance due to large-scale galaxy clus-
tering could be significant. We refer to the estimates in Yung et al.
(2023) using the online calculator of Trenti & Stiavelli (2008). For
typical effective survey areas of JWST (≈ 10−35 arcmin2) at 𝑧 & 10,
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Figure 2. Top panel:UV luminosity density 𝜌UV of galaxies, integrated down
to 𝑀UV = −18 (lower boundary of each shaded region) and 𝑀UV = −17
(upper boundary), as a function of redshift. The gray data points show pho-
tometric constraints (Coe et al. 2013; Ellis et al. 2013; Bouwens et al. 2020,
2023a,b; Donnan et al. 2023; McLeod et al. 2023; Harikane et al. 2023b;
Pérez-González et al. 2023) while the dark blue ones highlight pure spectro-
scopic constraints from Harikane et al. (2023a). At 𝑧 . 10, a relatively low
UV variability — comparable to what is expected solely from variance in
halo accretion rates — is sufficient to explain the observations. At 𝑧 & 10,
an increasingly large UV variability is required to explain the observational
results. The cyan line shows a redshift-dependent 𝜎UV inferred from our
comparison with JWST UVLFs (declining from 𝜎UV ≈ 2.5mag at 𝑧 ≈ 16 to
≈ 0.75 − 1.5mag at 𝑧 . 10). Bottom panel: The cosmic stellar mass density
obtained by integrating the SFR density from 𝑧 = 20, assuming the same
limiting magnitude range. The results are compared with the latest observa-
tional constraints compiled in Papovich et al. (2022) and the predictions from
the Uchuu-um model (Prada et al. 2023). The cyan line shows the results
assuming the redshift-dependent 𝜎UV. The large 𝜎UV at early times does not
lead to any discrepancies with the stellar mass density constraints at 𝑧 . 10.

the cosmic variance is . 0.2 dex in number density, which is sub-
dominant compared to other observational uncertainties. Increasing
UV variability will further decrease cosmic variance since the ob-
served galaxies will correspond to lower-mass haloes, which are less
clustered.
The UV variability has a stronger influence on the bright end of

the UVLF. However, integrated down to a canonical faint-end limit
𝑀UV ≈ −18 to −17 (e.g. Bouwens et al. 2015; McLeod et al. 2016;
Oesch et al. 2018; Bouwens et al. 2020; Harikane et al. 2023b), it
still has a substantial impact. In the top panel of Figure 2, we show
the UV luminosity density integrated down to 𝑀UV = −18 (lower
boundary of each shaded region) and 𝑀UV = −17 (upper bound-
ary) as a function of redshift. They are compared to observational
constraints (Coe et al. 2013; Ellis et al. 2013; Bouwens et al. 2020,
2023a,b; Donnan et al. 2023; McLeod et al. 2023; Harikane et al.
2023b; Pérez-González et al. 2023). The measurements based on
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Figure 3. Parameter space of UV variability, 𝜎UV, versus median UV ra-
diation yield, represented by Y0/^UV. The shaded regions show the regions
of parameter space consistent with the JWST results mapped by our empir-
ical model. This parametrization highlights two distinct ways of easing the
current tension between theoretical models and observations: enhancing the
median UV radiation yield or enhancing the UV variability. The minimum
and maximum 𝜎UV estimated in Section 2.2 are shown. Reasonable values
of 𝜎UV within the constraints can explain the most stringent JWST results. In
the horizontal direction, we show the enhancement of median UV radiation
yield for e.g. two alternative IMFs.

spectroscopically-confirmed samples from Harikane et al. (2023a)
are shown in blue. A low value of 𝜎UV between 0.75 and 1.5mag
works reasonably well in explaining the 𝜌UV (and similarly for SFR
density) at 𝑧 . 10. A clear transition happens at 𝑧 & 10, where a
larger UV variability 𝜎UV & 1.5mag is necessary to explain obser-
vational results if one maintains the same median galaxy-halo con-
nection. In the bottom panel of Figure 2, we show the cosmic stellar
mass density by integrating the SFR density from 𝑧 = 20. The SFR
density is converted from the UV luminosity density using Equa-
tion 3, assuming the same limiting magnitude range. We highlight a
redshift-dependent 𝜎UV scenario, where a large 𝜎UV ≈ 2.5mag at
𝑧 ≈ 16 declines to ≈ 0.75 − 1.5mag at 𝑧 ≈ 10. We compared these
results with the latest observational constraints compiled in Papovich
et al. (2022) and the predictions from the Uchuu-um model (Prada
et al. 2023). We find the large UV variability at high redshift does not
lead to any discrepancies with the stellar mass density constraints at
𝑧 . 10.
To illustrate the implication of UV variability in reconciling JWST

resultswith theoreticalmodels, in Figure 3,we examine the parameter
space of UV variability and the median UV radiation yield. For
results based on JWST spectroscopy, we consider the model to be
consistentwith observationswhen log10Φ(𝑀UV = −20.5) > −5 and
−5.3 at 𝑧 =10 and 12, respectively. For photometric constraints, we
consider the model to be acceptable when log10Φ(𝑀UV = −20.5) >
−4.7, −5.0 and −5.2 at 𝑧 =10, 12 and 16, respectively. We scan the
parameter space by modifying UV variability and the normalization
Y0 of the star-formation efficiency in our model and identify the
regime where theoretically predicted UV bright galaxy abundance
exceeds the observed values.
As illustrated in the figure, there are two ways to reconcile the

model with the JWST results. One option is to enhance the median
UV radiation yield, either by boosting the star-formation efficiency or
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enhancing theUV radiation efficiency. For example, the ^UV can drop
significantly if assuming different IMFs. For a Chabrier (2003) IMF,
^UV can drop by roughly 37% (Madau & Dickinson 2014). For an
extremely top-heavy IMF that may be appropriate for, e.g., metal-free
Population III stars, ^UV can drop by 76%, to 0.28× 10−28 (Inayoshi
et al. 2022). These scenarios are indicated by the gray dots in the
figure. However, this approach can not reconcile the most stringent
JWSTphotometric constraints at 𝑧 ≈ 16. An alternative approach is to
enhance the variability in the observed UV luminosity, as highlighted
by the colored dots and explored in more detail in earlier figures. In
this paper, we have focused on the latter option and assumed a log-
normal distribution of observedUV luminosity. However, in practice,
a similar phenomenon can be driven by e.g. incorporating a fraction
of starbursts with high star-formation efficiencies.

4 DISCUSSION AND CONCLUSIONS

In this paper, we study the impact of UV variability on the rest-frame
UVLF of galaxies at 𝑧 ≥ 9 constrained by recent JWST observa-
tions. We introduce an empirical model that links host dark matter
halo mass to the median galaxy UV luminosity and make predictions
for the UVLF at high redshift. This model is designed to minimize
dependence or assumptions on specific galaxy formation recipes and
represent our understanding of galaxy formation prior to the JWST
era. Based on thismedian galaxy-halo connection, we investigate the
extent of UV variability required to explain the substantial presence
of UV-bright galaxies observed by JWST at 𝑧 ≥ 9. This UV vari-
ability encompasses the random fluctuations in halo assembly, star
formation, and dust attenuation processes.
Even assuming all the photometrically-selected candidates are

real, we find that JWST observations at 𝑧 ≈ 10, 12, 16 can be
reconciled with a standard galaxy formation model calibrated at low
redshift with 𝜎UV ≈ 1.5, 2.0, 2.5mag. Our results indicate a tran-
sition at 𝑧 = 10. Below this redshift, 𝜎UV ≈ 0.75 − 1.5 mag is
favored to match the UVLF and the cumulative UV luminosity den-
sity of the Universe. At higher redshifts, the required value of 𝜎UV
is larger and grows with increasing redshift in order to reproduce
the bright end of the UVLF. This transition implies a sharp change
in the underlying mechanism that is responsible for the observed
UV variability. UV emission is sensitive to the SFR over a time
scale of ∼ 10 − 100 Myr (e.g. Murphy et al. 2011; Flores Velázquez
et al. 2021), close to the dynamical timescale of a dark matter halo
in virial equilibrium — which sets the time scale of baryon cycles
in high-redshift galaxies — at 𝑧 ≈ 10 (e.g. Anglés-Alcázar et al.
2017; Tacchella et al. 2020). In addition, the characteristic redshift
could correspond to the epoch when the cooling and free-fall time
in dense gas disks becomes shorter than the time for low-metallicity
massive stars to develop winds and supernovae (∼ Myr; Faucher-
Giguère 2018; Dekel et al. 2023). This scenario is explicitly studied
in Dekel et al. (2023), who found that feedback-free starburst with
high star-formation efficiencies can occur at 𝑧 & 10.
The implied UV variability is consistent with the expected values

from halo assembly, burstiness of star formation in high-redshift
galaxies, and dust attenuation variations. In addition to using UV
as the primary tracer, emission line measurements (e.g. H𝛾 and H𝛿
using JWST NIRSpec, H𝛼 using JWST MIRI) for 𝑧 ≈ 10 galaxies
will be useful inmeasuring the burstiness of star formation from, e.g.,
the ratio of H𝛼 versus UV luminosity (e.g. Broussard et al. 2019;
Caplar & Tacchella 2019; Emami et al. 2019; Faisst et al. 2019; Iyer
et al. 2022) and isolate the physical origin of the burstiness. These
emission line tracers are sensitive to SFR as measured on very short

time scales and are therefore useful for studying processes such as the
feedback-free starbursts highlighted above and the typical lifecycle
of giant molecular clouds (. 10Myr; e.g. Leitherer et al. 1999; Tan
2000; Tasker 2011).
In summary, current theoretical frameworks such as empirical

models, semi-analytical models, and large-volume numerical simu-
lations might substantially underestimate the variability in UV lumi-
nosity of individual galaxies arising from various baryonic physics
processes at or below the interstellar medium scale (e.g. Iyer et al.
2020; Tacchella et al. 2020) in the extremely high-density envi-
ronment at high redshift. These models underestimate the observed
UVLF at high redshift unless they adopt an increase in the median
UV radiation yield. However, by incorporating a physically moti-
vated higher UV variability, the need for adjustments to a standard
galaxy formation model — such as introducing a top-heavy stellar
initial mass function, a drastically different star-formation law, or
considering significant contamination from non-stellar sources —
can be substantially reduced. As a result, the bright galaxy popula-
tions unveiled by JWST at 𝑧 & 10 are consistent with the ΛCDM
cosmological model paired with a standard galaxy formation model,
assuming a reasonable variability in UV luminosity.
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