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The presence of CMB Hemispherical Asymmetry (HPA) challenges the current understanding of
inflationary cosmology which does not generically predict the parity violation in the primordial
correlations. In this paper, we shall review the recently proposed resolution to this based on
a new formulation of quantizing inflationary fluctuations by focusing on the discrete spacetime
transformations in a gravitational context. The predictive power of this formulation is that one can
generate a scale dependent HPA in the context of single field inflation for all the primordial modes
including scalar and tensor fluctuations without introducing any additional parameters. This result
can be seen as an indication of spontaneous breaking of CPT symmetry in an expanding Universe,
if confirmed by future observations it would be a great leap in the subject of quantum field theory
in curved spacetime.
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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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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

Further author information: (Send correspondence to K. M. P)
K. M. P.: E-mail: kmp57@cam.ac.uk
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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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Constraining gravitational wave amplitude birefringence with GWTC-3
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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-
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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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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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SPECTRUM OF THE LINEARIZED VLASOV–POISSON

EQUATION AROUND STEADY STATES FROM GALACTIC

DYNAMICS

MATÍAS MORENO, PAOLA RIOSECO, AND HANNE VAN DEN BOSCH

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.

Acknowledgments. The authors received support from the Center for
Mathematical Modeling (Universidad de Chile & CNRS IRL 2807) through
ANID/Basal projects #FB210005. P.R acknowledges ANID/Fondecyt project
#322–0767. H.VDB. and M.M. received funding from ANID/Fondecyt
project #1122–0194.

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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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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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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On unitarity in Higgs-like inflation
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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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Absorption of Axion Dark Matter in a Magnetized Medium
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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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Abstract: Discovering new neutrino interactions would represent evidence of physics

beyond the Standard Model. We focus on new flavor-dependent long-range neutrino inter-

actions mediated by ultra-light mediators, with masses below 10−10 eV, introduced by new

lepton-number gauge symmetries Le − Lµ, Le − Lτ , and Lµ − Lτ . Because the interaction

range is ultra-long, nearby and distant matter — primarily electrons and neutrons — in the

Earth, Moon, Sun, Milky Way, and the local Universe, may source a large matter potential

that modifies neutrino oscillation probabilities. The upcoming Deep Underground Neutrino

Experiment (DUNE) and the Tokai-to-Hyper-Kamiokande (T2HK) long-baseline neutrino

experiments will provide an opportunity to search for these interactions, thanks to their

high event rates and well-characterized neutrino beams. We forecast their probing power.

Our results reveal novel perspectives. Alone, DUNE and T2HK may strongly constrain

long-range interactions, setting new limits on their coupling strength for mediators lighter

than 10−18 eV. However, if the new interactions are subdominant, then both DUNE and

T2HK, together, will be needed to discover them, since their combination lifts parameter

degeneracies that weaken their individual sensitivity. DUNE and T2HK, especially when

combined, provide a valuable opportunity to explore physics beyond the Standard Model.

Keywords: neutrino oscillations, flavor-dependent, long-range interactions, long-range

potential, long-baseline, DUNE, T2HK, beyond the Standard Model
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On the degeneracies between baryons, massive neutrinos and 𝑓 (𝑅) gravity
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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
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COSMOPOWER-JAX: HIGH-DIMENSIONAL BAYESIAN INFERENCE
WITH DIFFERENTIABLE COSMOLOGICAL EMULATORS

D. Piras?1 and A. Spurio Mancini†2
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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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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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A Foreground-Immune
CMB-Cluster Lensing Estimator

Kevin Levy,a,b,1 Srinivasan Raghunathan,c Kaustuv Basub
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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.

1Corresponding author.
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Scale invariant curvature perturbations from a

spontaneously decaying scalar field
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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.

Keywords: XXXXXX, YYYYYYYY, ZZZZZZZZZ

Submitted to: Class. Quantum Grav.

ar
X

iv
:2

30
5.

06
32

0v
1 

 [
as

tr
o-

ph
.C

O
] 

 1
0 

M
ay

 2
02

3



Draft version May 11, 2023
Typeset using LATEX twocolumn style in AASTeX631
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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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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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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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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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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

Adam T. Stevenson1★ , Carole A. Haswell1 , John R. Barnes1 , Joanna K. Barstow1 and
Zachary O. B. Ross1

1School of Physical Sciences, The Open University, Milton Keynes MK7 6AA, UK
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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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A reflective, metal-rich atmosphere for
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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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A 1.55 R⊕ habitable-zone planet hosted by TOI-715, an M4 star near the
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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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Quantifying Uncertainties on the
Tip of the Red Giant Branch Method
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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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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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MeerKAT caught a Mini Mouse: serendipitous detection of a young radio
pulsar escaping its birth site
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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.

Key words: accretion, accretion discs – black hole physics – X-rays: binaries – stars: jets – Pulsars: individual: PSR J1914+1054g

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

© 2020 The Authors
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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


ar
X

iv
:2

30
5.

06
07

9v
1 

 [a
st

ro
-p

h.
S

R
]  

10
 M

ay
 2

02
3

Astronomy & Astrophysics manuscript no. 46215 ©ESO 2023
May 11, 2023

Temperature and density dependence of line profiles of sodium

perturbed by helium⋆

N. F. Allard1, 2⋆⋆, K. Myneni3, J. N. Blakely3, and G. Guillon4

1 GEPI, Observatoire de Paris, PSL Research University, UMR 8111, CNRS, Sorbonne Paris Cité, 61, Avenue de l’Observatoire,
F-75014 Paris, France
e-mail: nicole.allard@obspm.fr

2 Institut d’Astrophysique de Paris, UMR7095, CNRS, Université Paris VI, 98bis Boulevard Arago, F-75014 PARIS, France

3 U.S. Army DEVCOM, Aviation and Missile Center, Redstone Arsenal, AL 35898

4 Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR6303, CNRS, Université de Bourgogne-Franche-Comté, 21078 Dijon
Cedex, France

Received 22 February 2023/ Accepted 16 April 2023

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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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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Detectability of a phase transition in neutron star matter with third-generation

gravitational wave interferometers

C. Mondal,1, 2, ∗ M. Antonelli,1, † F. Gulminelli,3, ‡ M. Mancini,3, § J. Novak,4, ¶ and M. Oertel4, ∗∗

1Normandie Univ., ENSICAEN, UNICAEN, CNRS/IN2P3, LPC Caen, 14000 Caen, France
2Institut d’Astronomie et d’Astrophysique, Université Libre de Bruxelles, CP 226, B-1050 Brussels, Belgium

3IDP, UMR 7013 - CNRS - Univ. Orléans- Univ. Tours. Université d’Orléans,
rue de Chartres, BP 6759, 45067 Orléans Cedex 2, France

4Laboratoire Univers et Théories, Observatoire de Paris, Université PSL, CNRS, 92190 Meudon, France

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

∗ chiranjib.mondal@ulb.be
† antonelli@lpccaen.in2p3.fr
‡ gulminelli@lpccaen.in2p3.fr
§ marco.mancini@univ-orleans.fr
¶ jerome.novak@obspm.fr

∗∗ micaela.oertel@obspm.fr

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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A Bayesian Analysis of Technological Intelligence in Land and Oceans
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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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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

ar
X

iv
:2

30
5.

05
95

5v
1 

 [
as

tr
o-

ph
.H

E
] 

 1
0 

M
ay

 2
02

3

https://orcid.org/0000-0003-0658-402X
https://orcid.org/0000-0001-5532-3622
https://orcid.org/0000-0002-2527-0213
https://orcid.org/0000-0002-3118-5963
https://orcid.org/0000-0001-5438-9152
https://orcid.org/0000-0003-4984-0775
https://orcid.org/0000-0002-7387-6754
https://orcid.org/0000-0002-1993-4263
https://orcid.org/0000-0002-6254-1617
mailto:nsteinle@star.sr.bham.ac.uk


Astronomy & Astrophysics manuscript no. main ©ESO 2023
May 11, 2023

A 3D physico-chemical model of a pre-stellar core. I. Environmental
and structural impact on the distribution of CH3OH and c–C3H2.
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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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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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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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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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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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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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Reproduction Experiments of Radial Pyroxene Chondrules using Gas-jet 

Levitation System under Reduced Condition  

 

 
Kana Watanabe, Tomoki Nakamura, and Tomoyo Morita 
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980-8578, Japan. 

 

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. 

 
 Corresponding author: Kana Watanabe 
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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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Case A or Case B? The effective recombination coefficient in

gas clouds of arbitrary optical thickness
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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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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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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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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

Article number, page 1 of 32
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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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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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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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Dynamical He Flashes in Double White Dwarf Binaries
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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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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



MNRAS 000, 1–22 (2023) Preprint 11 May 2023 Compiled using MNRAS LATEX style file v3.0

Obscured AGN enhancement in galaxy pairs at cosmic noon: evidence
from a probabilistic treatment of photometric redshifts
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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
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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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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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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
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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.
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