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We study the theoretical possibility of 3P0 neutron superfluid in dilute spin-polarized neutron
matter, which may be relevant to the crust region of a magnetized neutron star. In such a dilute
regime where the neutron Fermi energy is less than 1 MeV, the 1S0 neutron superfluid can be
exhausted by a strong magnetic field of the compact star. At low-energy limit relevant for dilute
neutron matter, the 3P0 interaction is stronger than the 3P2 one, which is believed to induce the
triplet superfluid in the core. We present the ground-state phase diagram of dilute neutron matter
with respect to the magnetic field and numerically estimate the critical temperature of 3P0 neutron
superfluid, which exceeds 107 K.

Introduction.— A recent progress of neutron-star obser-
vations gives us an important opportunity to examine the
exotic state of matter such as nucleon superfluidity. The
cooling process of neutron stars and pulsar glitch phe-
nomena have been studied in connection with the neu-
tron superfluidity [1].

In the neutron-star crust region with the subnuclear
density, the 1S0 neutron superfluid has been discussed
extensively [2]. On the other hand, in the core region of
neutron stars where the nucleon density is close to the
normal nuclear density ρ0 = 0.16 fm−3, the 3P2 neutron
superfluid is expected to occur based on the nucleon-
nucleon phase shift at relevant energies with respect to
the neutron Fermi energy therein [3]. Based on the re-
cent rapid progress of multi-messenger astronomy obser-
vations [4], such nuclear many-body states can be further
studied in various astrophysical environments.

The strong magnetic field in magnetars may lead
to non-trivial effects not yet to be revealed (e.g., ap-
pearances of spin-3/2 ∆ baryons [6] and superheavy
nuclei [7]). While magnetars may involve a strong
magnetic field B ∼ 1015−18 G as studied in recent
works, e,g., Refs. [8, 9], the resulting Zeeman shift h =
|γnB|/2 <∼ 10 MeV with the neutron gyromagnetic ra-
tio γn = −1.2 × 10−17 MeV/G is small compared to
the neutron Fermi energy EF around ρ = ρ0 where

EF = (3π2ρ)2/3

2M ≃ 60 MeV (where M = 939 MeV is
the neutron mass) [10]. This fact evinces that the 1S0

neutron superfluid without the spin polarization should
be dominant at subnuclear densities. However, it is not
necessarily true in the dilute region where neutrons just
started to drip from neutron-rich nuclei in the inner

crust [11]. At a smaller density ρ = 10−3ρ0 (near the
neutron drip density), one obtains EF ≃ 0.6 MeV, which
can be comparable with the Zeeman shift h. As a result,
1S0 pairing gap ∆1S0

≪ EF can be strongly suppressed
by h.

In such a dilute region, the low-energy nucleon-nucleon
phase shift shown in Fig. 1 is important. One can see that
1S0 channel is dominant at low energies (Elab <∼ 150 MeV
where Elab is the laboratory kinetic energy). However,
suppose that dilute neutron matter is polarized due to
the strong magnetic field, the dominant attractive inter-
actions turn to be the triplet P -wave channels, that is,
3P0 and

3P2. Interestingly, the
3P0 channel can be a lead-

ing contribution near the drip density (Elab <∼ 10 MeV
corresponding to EF <∼ h for the pairing near the Fermi
surface), in contrast to the core region of neutron stars
(Elab >∼ 150 MeV corresponding to EF ≫ h) where the
3P2 channel is relevant.

In this work, we theoretically explore the possibility of
3P0 neutron superfluid in dilute spin-polarized neutron
matter, which may be relevant to the crust region near
the neutron drip line under the strong magnetic field.
First, we consider the possible ground-state phase di-
agram in terms of the magnetic field and the neutron
density. Because we are interested in the dilute regime
where the low-energy universality is relevant, we uti-
lize the recent theoretical results of strongly interacting
Fermi gases near the unitary limit [12–14] to characterize
1S0 superfluid properties with largely negative scattering
length a = −18.5 fm. In such a way, we identify the possi-
ble spin-polarized regime at zero temperature. Moreover,
we develop the mean-field framework of 3P0 neutron su-
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Abnormal light signals and the underdetermination of theory by

evidence in astrophysics
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Abstract

We investigate the propagation of certain non-plane wave solutions to Maxwell’s equations in
both flat and curved spacetimes. We find that the effective signal velocity associated to such
solutions need not be c and that the signal need not propagate along null geodesics; indeed, more
than this, we find that the information encoded in the signals associated with such solutions
can be substantially non-local. Having established these results, we then turn to their conceptual-
philosophical-foundational significance—which, in brief, we take to be the following: (i) one should
not assume that all electromagnetic waves generated in the cosmos are localised plane wave pack-
ages; thus, (ii) one cannot assume that signals reaching us from the cosmos arrive with a particular
velocity (namely, c), and that such signals encode local information regarding their sources; there-
fore (iii) astrophysicists and cosmologists should be wary about making such assumptions in their
inferences from obtained data—for to do so may lead to incorrect inferences regarding the nature
of our universe.

Keywords: underdetermination, theory-dependence, electromagnetism, signal velocity, Airy beam
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1 Introduction

Einstein’s 1905 theory of special relativity, as presented in [Ein05], involves several key inputs: the
relativity principle (that the laws of physics are the same in all coordinate systems in uniform trans-
latory motion with respect to one another), the light postulate (that the speed of light is independent
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The investigation of the phase state of dense matter is hindered by complications of first-principle nonper-
turbative quantum chromodynamics. By performing the first consistent general-relativistic calculations of tidal-
excited g-mode of neutron stars with a first-order strong interaction phase transition in the high-density core,
we demonstrate that gravitational wave signal during binary neutron star inspiral probes their innermost hadron-
quark transition and provides potent constraints from present and future gravitational-wave detectors.

Introduction.− Despite decades of exploration, the phase
state of cold, dense matter is still a fundamental problem
that remains unresolved. This problem pertains to low-energy
nonperturbative quantum chromodynamics (QCD) [1] and is
one of the key scientific goals in current and anticipated rel-
ativistic heavy-ion collision experiments [2]. It is widely be-
lieved that this type of matter exists in the core of neutron stars
(NSs). The equation of state (EoS) of dense stellar matter has
drawn much attention in the era of gravitational wave (GW)
astronomy. This is because the observations of GW170817
led to the first measurement of NS tidal deformability [3],
which offered valuable insight into the phase state of dense
matter [4].

The tidal deformability accounts for the quadrupole defor-
mations of inspiraling NSs, which are induced by the tidal
force from each other, when the quasi-equilibrium approxi-
mation can be utilized (i.e., the tidal field changes slowly).
While in the late stage of the inspiral phase, once the binary’s
orbital frequency approaches the frequency of a particular nor-
mal mode of NSs, a resonance can occur. This resonance will
transfer the orbital energy to the stellar oscillation via a mech-
anism referred to as the dynamical tide. This event will ac-
celerate the orbital decay and result in a phase shift in the
GW waveform, which will provide insights into the NS inner
structure with the help of GW detection from inspiraling NSs.

Previous studies have focused on the interfacial (i) modes,
which are excited at the interface between the solid crust and
fluid core [5, 6]. These modes typically have frequencies of
∼ 100 Hz and contribute ∼ O(0.1) phase shifts during reso-
nance, making them promising candidates for detection using
Advanced LIGO (aLIGO) and 3rd generation GW detectors
such as Einstein Telescope (ET) and Cosmic Explorer (CE).
Attempts have also been made to infer NS EoS through tide-
induced f-modes and g-modes, which arise from composition
gradients within the NS’s interior. Studies (see e.g., Ref. [7–
12]) have shown that f-modes are challenging to excite due
to their high resonant frequencies, whereas g-modes demon-
strate negligible phase shifts because their couplings to tidal
fields are meager.

In this Letter, we investigate a unique type of g-modes,
known as discontinuity g-modes, which are expected to oc-
cur in NSs that possibly have a strong phase transition in their

high-density inner cores. Our study showcases how discon-
tinuity g-modes’ dynamical tide can be leveraged to probe
the dense matter’s phase transition properties using the data
obtained from GW170817, along with possible observations
from the next-generation GW detectors.

G-modes of hybrid stars.− The existence of a quark core
inside NSs (also called hybrid stars) has been discussed with
Newtonian formulations of perturbations and tidal couplings,
focusing on the i-mode at the interface of a crystalline quark
core and a fluid hadronic envelope [13]. With the solid
quark core condition relaxed, we here employ a full general
relativistic (GR) formalism as follows: 1) Constructing the
background hybrid stars in hydrostatic equilibrium using Ein-
stein’s field equations, specifically the Tolman-Oppenheimer-
Volkoff equations, and 2) Computing their discontinuity g-
modes by solving the linear pulsation equations in general
relativity [14, 15]. This study focuses solely on the l = 2
g-modes, as they have the strongest coupling to the tidal grav-
itational field. We use the generic constant-speed-of-sound
(CSS) parameterization [16] to construct the sharp first-order
hadron-quark phase transition and model the quark matter in
the high-density cores of NSs. Previous studies have thor-
oughly discussed the weak density dependence of the speed
of sound in quark matter (see e.g., [16, 17]). This allows us
to determine the equation of state (EoS) from the start of the
phase transition up to the maximum central density of the star
by using three phase-transition parameters: the transition den-
sity εt, the transition strength ∆ε and the speed of sound in
quark matter cs. The QMF [18] and NL3ωρ [19] models are
employed to describe the fiducial soft and stiff hadronic mat-
ter, respectively, while maintaining consistency with labora-
tory nuclear experiments.

It is worth noting that since the discontinuity g-modes are
a result of the discontinuities in the density profile of the star,
we expect the frequency of these modes to depend on both
the transition strength and the transition density. Based on our
calculations, we observe that the g-mode frequency typically
falls within the range of 100 Hz to 1500 Hz, which is strongly
dependent on the transition strength. The transition strength
varies between ∼ 5 MeV/fm3 and ∼ 300 MeV/fm3. Our
study also indicates that the speed of sound (cs) has a subdom-
inant effect on mode frequency. Specifically, the difference in
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Abstract. The observation of transient gravitational waves is hindered by the

presence of transient noise, colloquially referred to as glitches. These glitches can

often be misidentified as gravitational waves by searches for unmodeled transients

using the excess-power type of methods and sometimes even excite template waveforms

for compact binary coalescences while using matched filter techniques. They thus

create a significant background in the searches. This background is more critical in

getting identified promptly and efficiently within the context of real-time searches for

gravitational-wave transients. Such searches are the ones that have enabled multi-

messenger astrophysics with the start of the Advanced LIGO and Advanced Virgo

data taking in 2015 and they will continue to enable the field for further discoveries.

With this work we propose and demonstrate the use of a signal-based test that

quantifies the fidelity of the time-frequency decomposition of the putative signal based

on first principles on how astrophysical transients are expected to be registered in

the detectors and empirically measuring the instrumental noise. It is based on the

Q-transform and a measure of the occupancy of the corresponding time-frequency

pixels over select time-frequency volumes; we call it “QoQ”. Our method shows a

40% reduction in the number of retraction of public alerts that were issued by the

LIGO-Virgo-KAGRA collaborations during the third observing run with negligible

loss in sensitivity. Receiver Operator Characteristic measurements suggest the method

can be used in online and offline searches for transients, reducing their background

significantly.
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Abstract. We utilized the duality between massive vector and massive Kalb-Ramond fields
to derive an effective action for Abelian-Higgs cosmic strings. This enabled us to determine
the classically renormalized string tension and facilitate calculations for back-reaction effects.
Additionally, we derived a comprehensive expression for the energy flux of radiation emitted
by Abelian-Higgs cosmic strings. Applying this equation to a cuspless loop, we obtained that
the loop lifetime is proportional to the square of the loop length, which is in agreement with
field-theory simulations.
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Abstract. We present a scalar-driven sterile neutrino production model where the interac-
tion with the ultralight scalar field modifies the oscillation production of sterile neutrinos in
the early universe. The model effectively suppresses the production of sterile neutrinos at low
temperatures due to the heavy scalar mass, resulting in a colder matter power spectrum that
avoids constraints from small-scale structure observations. In this model, the dominant dark
matter relic is from sterile neutrinos, with only a small fraction originating from the ultralight
scalar. Furthermore, the model predicts a detectable X/γ-ray flux proportional to the cubic
density of local sterile neutrinos for a light scalar mass due to the light scalar coupling to
sterile neutrinos. This distinguishes our model from normal decaying dark matter, which has
a linear dependence on the density. In addition, the model predicts a potential low-energy
monochromatic neutrino signal that can be detectable by future neutrino telescopes.
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Ultralight boson fields, with a mass around 10−23eV, are promising candidates for the elusive
cosmological dark matter. These fields induce a periodic oscillation of the spacetime metric in
the nanohertz frequency band, which is detectable by pulsar timing arrays. In this paper, we
investigate the gravitational effect of ultralight tensor dark matter on the arrival time of radio
pulses from pulsars. We find that the pulsar timing signal caused by tensor dark matter exhibits
a different angular dependence than that by scalar and vector dark matter, making it possible to
distinguish the ultralight dark matter signal with different spins. Combining the gravitational effect
and the coupling effect of ultralight tensor dark matter with standard model matter provides a
complementary way to constrain the coupling parameter α. We estimate α . 10−6 ∼ 10−5 in the
mass range m < 5× 10−23eV with current pulsar timing array.

I. INTRODUCTION

Numerous cosmological observations [1–4] have provided overwhelming support for the existence of dark matter,
and precise analyses of cosmic microwave background (CMB) [5] in particular have estimated the fraction of dark
matter in the total energy of the Universe. However, the nature and properties of dark matter, such as its composition
and interaction with the Standard Model (SM), remain mysterious. There are plenty dark matter candidates [6–8],
from tiny axion-like particles with mass around 10−22 eV [9] to planet-sized massive compact halo objects (MACHOs)
of m ∼ M� [10]. Among the bunch candidates, the weakly interactive massive particles (WIMPs) are expected to
be highly desirable. However, despite considerable efforts in searching for them, no signal of WIMPs has yet been
observed [11].

In recent years, ultralight dark matter (ULDM) with a mass around 10−23 eV has attracted wide attention [12, 13].
The ULDM is assumed to be condensed before inflation and oscillates coherently when its mass is larger than the
Hubble scale [14]. On the one hand, ULDM moves at a non-relativistic speed, retaining the advantages of traditional
cold dark matter to explain the large-scale structure of galaxies. On the other hand, its large de Broglie wavelength
can suppress the structure on small scales, providing feasible solutions to the puzzles encountered by the traditional
cold dark matter [13, 15], such as the core-cusp problem [16, 17] and missing-satellites problem [18, 19].

ULDM has been traditionally represented by scalar [12, 13, 20] or pseduo-scalar fields (spin-0) such as axion-like
particles [21–24]. However, fields with higher spins, such as the massive vector fields (spin-1), can also act as alternative
candidates for ULDM. Although ULDM candidates with different spins share many similarities in the cosmological
phenomena, each possesses specific features. For instance, the massive vector particles can interact with SM particles
if they are gauge bosons for U(1)B (“B” refers to baryon) or U(1)B−L (“L” refers to lepton) symmetry [25], and their
multiple polarization modes may cause anisotropies in certain experiments [26].

Recently, massive tensor fields (spin-2) have been proposed as another viable candidate for dark matter [27–30].
The tensor ULDM can be naturally predicted by a ghost-free bimetric theory [31] in some mass range [32]. This
theory has two mass eigenstates at the linearized level: a massless spin-2 field Gµν and a massive spin-2 field Mµν . At
nonlinear levels, the expansion of the action [28, 29, 32] reveals that the self-interaction terms of the massless graviton
Gµν exactly match the Einstein-Hilbert structure. Meanwhile, the massive mode gravitates with the same strength
as SM matter. But it lacks terms that combine Mµν in linear order and Gµν in any order. As a result, the terms
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Abstract The effect of proportional electroluminescence

(EL) is used to record the primary ionization signal

(S2) in the gas phase of two-phase argon detectors for

dark matter particle (WIMP) searches and low-energy

neutrino experiments. Our previous studies of EL time

properties revealed the presence of two unusual slow

components in S2 signal of two-phase argon detector,

with time constants of about 4-5 µs and 50 µs. The puz-

zle of slow components is that their time constants and

contributions to the overall signal increase with electric

field (starting from a certain threshold), which cannot

be explained by any of the known mechanisms of photon

and electron emission in two-phase media. There are

indications that these slow components result from de-

layed electrons, temporarily trapped during their drift

in the EL gap on metastable negative argon ions of yet

unknown nature. In this work, this hypothesis is con-

vincingly confirmed by studying the time properties of

electroluminescence in a Thick Gas Electron Multiplier

(THGEM) coupled to the EL gap of two-phase argon

detector. In particular, an unusual slow component in

EL signal, similar to that observed in the EL gap, was

observed in THGEM itself. In addition, with the help

of THGEM operated in electron multiplication mode,

the slow component was observed directly in the charge

signal, unambiguously confirming the effect of trapped

electrons in S2 signal. These results will help to un-

ravel the puzzle of slow components in two-phase argon

detectors and thus to understand the background in

low-mass WIMP searches.

Keywords two-phase detectors · liquid argon · dark

matter · slow components · metastable negative argon

ions · THGEM

ageffdroid@gmail.com (corresponding author)

1 Introduction

Two-phase argon and xenon detectors for dark mat-

ter search experiments [1] have achieved the current

best limits on WIMP-nucleon spin-independent cross-

section [2,3,4,5,6]. These detectors measure both prompt

primary scintillation signal (S1) and delayed primary

ionization signal (S2), the latter being recorded in the

gas phase using the effect of proportional electrolumi-

nescence (EL) [7].

According to modern concepts [7], there are three

mechanisms responsible for proportional EL in noble

gases: that of excimer emission in the vacuum ultravi-

olet (VUV), that of emission due to atomic transitions

in the near infrared (NIR), and that of neutral brems-

strahlung (NBrS) emission in the UV, visible and NIR

range. These three mechanisms are referred to as ex-

cimer (ordinary) EL, atomic EL and NBrS EL, respec-

tively. Let us briefly recall the details of these mecha-

nisms using the example of Ar.

NBrS EL is due to bremsstrahlung of drifting elec-

trons elastically scattered on neutral atoms [8,9,10,11,

12,13,14]:

e− + Ar→ e− + Ar + hν . (1)

It is fast (.1 ps) and has no threshold in energy and

thus in electric field.

Excimer EL is due to emission of noble gas ex-

cimers, in a singlet (Ar∗2(1Σ+
u )) or triplet (Ar∗2(3Σ+

u ))

state, produced in three-body atomic collisions of the

lowest excited atomic states, of Ar∗(3p54s) configura-

tion, which in turn are produced by drifting electrons

in electron-atom collisions (see reviews [1,7,15,16,17]):

e− + Ar→ e− + Ar∗(3p54s) ,

Ar∗(3p54s) + 2Ar→ Ar∗2(1,3Σ+
u ) + Ar ,

Ar∗2(1,3Σ+
u )→ 2Ar + hν . (2)
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Abstract

It is well-known that the primordial scalar curvature and tensor perturbations, ζ and γij , are

conserved on super-horizon scales in minimal inflation models. However, their wave functional has a

rapidly oscillating phase which is slow-roll unsuppressed, as can be seen either from boundary (total-

derivative) terms of cosmological perturbations, or the WKB approximation of the Wheeler-DeWitt

equation. Such an oscillatory phase involves gravitational non-linearity between scalar and tensor

perturbations. By tracing out unobserved modes, the oscillatory phase causes faster decoherence

of primordial gravitons compared to those by bulk interactions. Our results put a stronger lower

bound of decoherence effect to the recent proposals probing squeezed primordial gravitons.
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Neutrino forces and experimental probes

Xun-Jie Xu

Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

in collaboration with
Rupert Coy, Mijo Ghosh, Yuval Grossman, Walter Tangarife, and Bingrong Yu

Neutrinos as almost massless particles could mediate long-range forces, known as neutrino
forces. In this talk, I will introduce some theoretical aspects of neutrino forces, including
why the potential of a neutrino force has the 1/r5 form and how it may vary under different
circumstances. Experimental probes and possible implications for cosmology are also briefly
discussed.

1 Introduction

Neutrino forces are an interesting SM prediction which has not yet been observed successfully.
In this talk, I am going to introduce some fun theoretical aspects and a few interesting ideas
about how neutrino forces might be probed in experiments.

As is well known, whenever there is a massless particle propagating freely, it always mediates
a long-range force. This is true for the graviton and the photon. What about neutrinos?
Neutrinos can be massless. Can they mediate long-range forces? The answer is yes. But since
neutrinos are fermions, you have to put a pair of neutrinos between two test particles so that
the spin of each test particle is unchanged. The force generated in this way is called a neutrino
force.

The idea of neutrino forces has been there for quite a long time. In the 1930s, it was proposed
as a possible nuclear force.1 And in the 1960s, it was quantitative computed for the first time by
Feinberg and Sucher.2 At almost the same time, Feynman discussed neutrino forces in his famous
lectures.3 The interesting point is that Feynman demonstrated how one could make neutrino
forces behave like gravity by adding a third body that exchanges neutrinos with the other two
test bodies. In the 1990s, there was a debate stemming from an argument that neutrino forces
could lead to instability of neutron stars,4 which was later criticized by many authors.5–10

ar
X

iv
:2

30
5.

08
03

2v
1 

 [
he

p-
ph

] 
 1

4 
M

ay
 2

02
3



Visible to Ultraviolet Frequency Comb Generation in
Lithium Niobate Nanophotonic Waveguides
Tsung-Han Wu1,2, Luis Ledezma3,4, Connor Fredrick1,2, Pooja Sekhar1,2, Ryoto Sekine3,
Qiushi Guo3, Ryan M. Briggs4, Alireza Marandi3, and Scott A. Diddams1,2,5,*

1Time & Frequency Division, National Institute of Standards and Technology, Boulder, CO 80305 USA
2Department of Physics, University of Colorado, Boulder, CO 80309 USA
3Department of Electrical Engineering, California Institute of Technology, Pasadena, California 91125, USA
4Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109, USA
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*corresponding author: scott.diddams@colorado.edu

ABSTRACT

The introduction of nonlinear nanophotonic devices to the field of optical frequency comb metrology has
enabled new opportunities for low-power and chip-integrated clocks, high-precision frequency synthesis,
and broad bandwidth spectroscopy. However, most of these advances remain constrained to the near-
infrared region of the spectrum, which has restricted the integration of frequency combs with numerous
quantum and atomic systems in the ultraviolet and visible. Here, we overcome this shortcoming with
the introduction of multi-segment nanophotonic thin-film lithium niobate (LN) waveguides that combine
engineered dispersion and chirped quasi-phase matching for efficient supercontinuum generation via
the combination of χ(2) and χ(3) nonlinearities. With only 90 pJ of pulse energy at 1550 nm, we achieve
gap-free frequency comb coverage spanning 330 to 2400 nm. The conversion efficiency from the
near-infrared pump to the UV-Visible region of 350-550 nm is nearly 20%. Harmonic generation via the
χ(2) nonlinearity in the same waveguide directly yields the carrier-envelope offset frequency and a means
to verify the comb coherence at wavelengths as short as 350 nm. Our results provide an integrated
photonics approach to create visible and UV frequency combs that will impact precision spectroscopy,
quantum information processing, and optical clock applications in this important spectral window.

Introduction
Optical frequency combs offer a powerful tool for precise spectroscopic measurements using a broad array
of equidistant and mutually coherent comb elements whose frequencies can be tied to absolute standards.
In the two decades since the first near infrared frequency combs were demonstrated, a tremendous range of
scientific discovery and novel applications have been explored across the optical spectrum–ranging from the
terahertz (THz) to the ultraviolet (UV)1, 2. Still, efficient and reliable frequency comb coverage across the
full visible and UV has been challenging, and is limiting multiple impactful research topics. For example,
absolute UV frequency knowledge is critical to efficiently reach and reference the cooling and trapping
transitions of atoms and ions used in optical clocks, quantum computing and sensing3, 4. In addition,
frequency combs with 10-30 GHz mode spacing play an important role in astronomical spectrograph
calibration for exoplanet science. However, among all the work in this field, an Earth-Sun analog has still
not been discovered. Doing so will require precision astronomical radial velocity measurements with ≤ 10
cm/s precision over multiple years, which includes robust 10+ GHz frequency combs across the peak of
the Solar spectrum from 400 nm to 650 nm5. Finally, a broadband UV comb is central to high-precision
spectroscopy aimed at characterizing and quantifying UV transitions in atmospheric gases and aerosols

ar
X

iv
:2

30
5.

08
00

6v
1 

 [
ph

ys
ic

s.
op

tic
s]

  1
3 

M
ay

 2
02

3



The Two Quasi-Static Limits of Aether Scalar Tensor
Theory

Tobias Mistele*

Department of Astronomy, Case Western Reserve University
10900 Euclid Avenue, 44106 Cleveland, Ohio, USA

Abstract

One of the aims of Aether Scalar Tensor Theory (AeST) is to reproduce the suc-
cesses of Modified Newtonian Dynamics (MOND) on galactic scales. Indeed, the
quasi-static limit of AeST can achieve precisely this, assuming that the vector field
~A vanishes. However, this assumption of a vanishing vector field is often inconsis-
tent. Here, we show how to correctly take into account the vector field and find that
the quasi-static limit depends on a model parameter m×. In the limit m× → 0, one
recovers the quasi-static limit with a vanishing vector field. In particular, one finds
a two-field version of MOND. In the opposite limit, m× → ∞, one finds a single-
field version of MOND. We show that, in practice, much of the phenomenology of
the quasi-static limit depends only very little on the value of m×. Still, for some
observational tests, such as those involving wide binaries, m× has percent-level
effects that may be important.

1 Introduction

Aether Scalar Tensor Theory (AeST, Skordis and Złosnik, 2022, 2021) is a fully-rela-
tivistic model that reproduces much of the successes of both Modified Newtonian Dy-
namics (MOND, Milgrom, 1983a,b,c) on galactic scales and of ΛCDM on cosmological
scales. It also satisfies observational constraints from gravitational waves that require
tensor modes to propagate at the speed of light (Boran et al., 2018; Sanders, 2018).

One success of MOND that AeST aims to reproduce is explaining the observed Ra-
dial Acceleration Relation (RAR, Brouwer et al., 2021; Lelli et al., 2017). The RAR
shows a one-to-one correspondence between the Newtonian acceleration due to baryons,
ab, and the actually observed acceleration, aobs. In particular, for accelerations ab much
larger than the acceleration scale a0 ≈ 10−10 m/s2, the total acceleration aobs is just the

*tobias.mistele@case.edu
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Two-body problem in theories with kinetic screening

Mateja Bošković1, 2 and Enrico Barausse1, 2

1SISSA, Via Bonomea 265, 34136 Trieste, Italy and INFN Sezione di Trieste
2IFPU - Institute for Fundamental Physics of the Universe, Via Beirut 2, 34014 Trieste, Italy

(Dated: May 16, 2023)

New light scalar degrees of freedom may alleviate the dark matter and dark energy problems, but if coupled
to matter, they generally mediate a fifth force. In order for this fifth force to be consistent with existing con-
straints, it must be suppressed close to matter sources, e.g. through a non-linear screening mechanism. In this
work, we investigate the non-relativistic two-body problem in shift-symmetric scalar-tensor theories that exhibit
kinetic screening (k-mouflage), both numerically and analytically. We develop an approximate scheme, based
on a Hodge-Helmholtz decomposition of the Noether current associated to the shift symmetry, allowing for a
qualitative insight into the dynamics and yielding results in good agreement with the numerical ones in most
of the parameter space. We apply the formalism to polynomial k-essence and to Dirac-Born-Infeld (DBI) type
theories, as well as to theories that develop “anti-screening”. In the deep nonlinear regime, we find that the fifth
force is screened slightly more efficiently in equal-mass systems than in extreme mass-ratio ones. However,
we find that systems with comparable masses also exhibit regions where the screening is ineffective. These de-
screened spheroidal regions (bubbles) could in principle be probed in the solar system with sufficiently precise
space accelerometers.

I. INTRODUCTION

Probes from laboratory to cosmological scales are con-
sistent with gravity being described by General Relativity
(GR) [1–3]. On the theoretical side, Poincaré invariance and
unitarity at low energies [i.e. in the infra-red (IR)] imply that
the long-range attractive universal interaction that couples to
both massive and massless particles must originate from a
spin-2 massless particle (the graviton), if one requires a sin-
gle force carrier [4]. In the classical limit, such a theory can
be non-linearly completed to GR [5, 6]. GR is a predictive
effective field theory (EFT) up to the Planck scale, where it
needs to be ultra-violet (UV) completed into a full theory of
quantum gravity [7].

On the IR side, there is also clear evidence for the presence
of new forms of matter - dark energy (DE) [8–10] and dark
matter (DM) [9, 11–13]. As the presence of both of these com-
ponents is inferred only from gravitational experiments, it is
reasonable to ask whether the gravitational interaction stems
from other degrees of freedom, in addition to tensor gravitons,
in order to explain these phenomena (partially or in full).

For instance, cosmological observations are consistent with
the presence of an effective cold DM component on large
scales [9, 11–13]. There are a plethora of models providing a
microphysical explanation for this component, although none
has yet been confirmed experimentally [13, 14]. An alterna-
tive approach, the phenomenological proposal of modifying
Newtonian gravity, known as Modified Newtonian Dynamics
(MOND) [15, 16], had some success on galactic scales [17].
Possible relativistic generalizations of MOND [18–21] seem
to be disfavored by LIGO/Virgo observations [22, 23] and are
yet unsuccessful at explaining the structure of the Universe on
large scales [24]. However, some proposals (e.g. superfluid
DM [25]) have also attempted to combine cold DM’s success
on extra-galactic scales with MOND’s advantages on galactic
scales. If these models are viable, a MOND-like phenomenol-
ogy would arise from the fifth force operating on galactic
scales.

Beyond-GR scalar-tensor theories may also provide an ef-
fective DE phenomenology on large cosmological scales. Ex-
amples include Horndeski theory [26] and its generaliza-
tions [10, 27–29], which can be organized in an “EFT of
DE” [30]. Some of these models also provide hints about how
the cosmological constant problem could be addressed with-
out resorting to an anthropic explanation [10]. The problem
with such an approach is that one needs to explain the absence
of fifth forces on local (e.g. solar system) scales.

For example, the simplest way of extending GR is to intro-
duce a massless scalar conformally coupled to matter, which
leads to Fierz-Jordan-Brans-Dicke (FJBD) theory [31–33].
This theory, formally part of the Horndeski class, is strongly
constrained in the solar system, e.g. by the Cassini flyby
[34]. In order for the fifth force to be consistent with these
local experimental constraints, it must be suppressed close to
matter sources, e.g. through a non-linear “screening” mech-
anism [35–38]. In contrast to GR, whose coupling to matter
and self-coupling are completely determined by unitarity and
Poincaré invariance [4], massless scalars allow for different
screening mechanisms, e.g. through scalar or derivative self-
interactions [38]. Examples of the former are chameleon [39]
and symmetron [40] screening, while examples of the latter
include kinetic screening (or k-mouflage) [36] and Vainshtein
screening [35, 37]. In more detail, kinetic screening is acti-
vated either when the first derivative of the scalar field (i.e. the
Newtonian acceleration) exceeds a certain threshold, while the
relevant quantity for Vainshtein screening is the second (i.e.
curvature) derivative of the scalar field. In this work, we focus
on kinetic screening, although there are significant similarities
between these two derivative-based types of screening.

A class of theories that admit kinetic screening is given
by K(X) theories1 [38]. These theories, also known as k-

1 These are usually referred to as P (X) theories in flat space, and as K(X)
theories in curved space.
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Dynamics of false vacuum bubbles with trapped particles

Marek Lewicki,1, ∗ Kristjan Müürsepp,2, † Joosep Pata,2, ‡ Martin

Vasar,2, 3, § Ville Vaskonen,2, 4, 5, ¶ and Hardi Veermäe2, ∗∗

1Faculty of Physics, University of Warsaw ul. Pasteura 5, 02-093 Warsaw, Poland
2National Institute of Chemical Physics and Biophysics, Rävala 10, Tallinn, Estonia

3Institute of Physics, University of Tartu, W. Ostwaldi 1, 50411 Tartu, Estonia
4Dipartimento di Fisica e Astronomia, Università degli Studi di Padova, Via Marzolo 8, 35131 Padova, Italy

5Istituto Nazionale di Fisica Nucleare, Sezione di Padova, Via Marzolo 8, 35131 Padova, Italy

We study the impact of the ambient fluid on the evolution of collapsing false vacuum bubbles by
simulating the dynamics of a coupled bubble-particle system. A significant increase in the mass of
the particles across the bubble wall leads to a buildup of those particles inside the false vacuum
bubble. We show that the backreaction of the particles on the bubble slows or even reverses the
collapse. Consequently, if the particles in the true vacuum become heavier than in the false vacuum,
the particle-wall interactions always decrease the compactness that the false vacuum bubbles can
reach making their collapse to black holes less likely.

I. INTRODUCTION

Primordial black holes (PBHs) could prove to be a so-
lution to some of the many outstanding issues in astro-
physics and cosmology. Very light PBHs, despite decay-
ing before the Big-Bang nucleosynthesis, could play an
important role in baryogenesis [1–11] or affect the pre-
dictions of models of dark matter (DM) [12–19]. PBHs
of masses similar to the masses of asteroids could instead
play the role of DM themselves [20] and even heavier
PBHs could provide seeds for cosmic structures [21–25]
or contribute to the gravitational wave signals currently
probed by LIGO-Virgo [26–32].

There are multiple mechanisms that can be responsi-
ble for the production of PBHs. The most widely used
one is through overdensities created by inflationary fluc-
tuations which collapse upon reentering the horizon [33].
Alternative mechanisms to which we will focus on involve
a collapse of regions of an unstable false vacuum. These
regions can either have their origin during inflation [34–
38] or as the last regions remaining in the initial min-
imum during a first order phase transition in the early
Universe [39–51]. In this paper we study in detail the
collapse of such false vacuum bubbles. Our main focus
is on the impact that weakly interacting particles might
have on the evolution of the disappearing false vacuum
remnants. Only particles with enough kinetic energy to
cover the difference in mass between the phases can cross
the phase boundary. This leads to a buildup of particles
with too small momenta inside of the shrinking regions.
It was claimed this effect can facilitate the PBH produc-
tion [52, 53] as the density of particles inside such regions
increases their mass. We investigate the effect including

∗ marek.lewicki@fuw.edu.pl
† kristjan.muursepp@kbfi.ee
‡ joosep.pata@kbfi.ee
§ martin.vasar@ut.ee
¶ ville.vaskonen@pd.infn.it
∗∗ hardi.veermae@cern.ch

the back-reaction of the population of particles on the
evolution of the phase boundary. We use the recently
proposed N−body simulations [54] treating each parti-
cle as an individual object and tracking their evolution
together with the phase boundary.

We find that the back-reaction is crucial and can even
momentarily reverse the bubble evolution due to the
buildup of particles. We show that the net result of the
pressure due to particles that are lighter in the false vac-
uum than in the true vacuum is always a reduction of the
compactness the false vacuum regions can reach and less
optimistic prospects for the formation of PBHs. How-
ever, we also find that particles whose mass decreases
as they cross from the false vacuum to the true vacuum
can accelerate the wall causing the bubbles to become
more massive and compact, potentially assisting BH for-
mation.

The paper is structured as follows. In section II, we
review the dynamics of the coupled particle-wall system.
Section III describes the numerical methodology. The re-
sults are summarized in section IV and their implications
are discussed in section V. We conclude in section VI.
Some of the technical details are gathered in the appen-
dices. The units ~ = c = G = 1 are used throughout this
paper.

II. BUBBLE-PARTICLE DYNAMICS

We study a collapsing false vacuum bubble coupled to a
fluid consisting of feebly interacting particles. Neglecting
gravity and assuming a thin wall, the dynamics of such
a system depends on the particle-wall interactions [54].
Such interactions exchange energy between the wall and
the particles contributing to the radial evolution of the
bubble.

Consider particles reaching the wall separating the true
and the false vacuum regions, that we denote, respec-
tively, by ”+” and ”−”. The evolution of particle mo-
menta is determined by momentum conservation in the
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Dissipative Inflation via Scalar Production
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Abstract: We describe a new mechanism that gives rise to dissipation during cosmic in-

flation. In the simplest implementation, the mechanism requires the presence of a massive

scalar field with a softly-broken global U(1) symmetry, along with the inflaton field. Parti-

cle production in this scenario takes place on parametrically sub-horizon scales, at variance

with the case of dissipation into gauge fields. Consequently, the backreaction of the pro-

duced particles on the inflationary dynamics can be treated in a local manner, allowing

us to compute their effects analytically. We determine the parametric dependence of the

power spectrum which deviates from the usual slow-roll expression. Non-Gaussianities are

always sizeable whenever perturbations are generated by the noise induced by dissipation:

f eq
NL & O(10).
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Probing bursty star formation by cross-correlating extragalactic
background light and galaxy surveys
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1CIERA and Department of Physics and Astronomy, Northwestern University, 1800 Sherman Ave, Evanston, IL 60201, USA
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Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT
Understanding the star formation rate (SFR) variability and how it depends on physical properties of galaxies is important
for developing and testing the theory of galaxy formation. We investigate how statistical measurements of the extragalactic
background light (EBL) can shed light on this topic and complement traditional methods based on observations of individual
galaxies. Using semi-empirical models of galaxy evolution and SFR indicators sensitive to different star formation timescales
(e.g., H𝛼 and UV continuum luminosities), we show that the SFR variability, quantified by the joint probability distribution of the
SFR indicators (i.e., the bivariate conditional luminosity function), can be characterized as a function of galaxy mass and redshift
through the cross-correlation between deep, near-infrared maps of the EBL and galaxy distributions. As an example, we consider
combining upcoming SPHEREx maps of the EBL with galaxy samples from Rubin/LSST. We demonstrate that their cross-
correlation over a sky fraction of 𝑓sky ∼ 0.5 can constrain the joint SFR indicator distribution at high significance up to 𝑧 ∼ 2.5 for
mass-complete samples of galaxies down to 𝑀∗ ∼ 109 𝑀�. These constraints not only allow models of different SFR variability
to be distinguished, but also provide unique opportunities to investigate physical mechanisms that require large number statistics
such as environmental effects. The cross-correlations investigated illustrate the power of combining cosmological surveys to
extract information inaccessible from each data set alone, while the large galaxy populations probed capture ensemble-averaged
properties beyond the reach of targeted observations towards individual galaxies.

Key words: galaxies: star formation – cosmology: cosmic background radiation – infrared: diffuse background

1 INTRODUCTION

Both observations of star-forming galaxies at different cosmic epochs
(Weisz et al. 2012; Emami et al. 2019; Faisst et al. 2019) and galaxy
simulations resolving the gravitational collapse of star-forming gas
and stellar feedback (Domínguez et al. 2015; Sparre et al. 2017; Gur-
vich et al. 2023; Hopkins et al. 2023) have led to an emerging picture
where the star formation rate (SFR) of galaxies in certain regimes is
highly time-variable— a situation often referred to as bursty star for-
mation. Elucidating the physical origin of bursty star formation and
the transition to time-steady star formation is a key task for galaxy
formation theory (Faucher-Giguère 2018; Caplar & Tacchella 2019;
Iyer et al. 2020; Furlanetto & Mirocha 2022; Orr et al. 2022; Hop-
kins et al. 2023). To this end, a crucial way to connect observations
with theory is to investigate the variety of SFR indicators sensitive
to different timescales of star formation. Among the large number
of SFR indicators proposed in the literature, the H𝛼 _6563 nebular
line emission and the UV continuum emission are most commonly
considered (e.g., Emami et al. 2019; Flores Velázquez et al. 2021).
Because H𝛼 emission is predominantly produced by recombinations
in H ii regions ionized by young, massive stars, it is expected to be
sensitive to recent SFR variations on timescales as short as a few

★ E-mail: guochao.sun@northwestern.edu

Myr. On the other hand, the UV continuum emission has substantial
contributions from the non-ionizing radiation of older stellar popula-
tions and therefore is sensitive to significantly longer star formation
timescales (∼10Myr when the SFR is time-steady and ∼100Myr
following extreme starbursts; see e.g., Flores Velázquez et al. 2021).
The exact value depends on various factors, such as the wavelength of
emission, the star formation history (SFH), and the stellar population
synthesis (SPS) model assumed.

Traditional methods relying on these SFR indicators usually re-
quire measuring the H𝛼 and UV luminosities of individual galaxies
simultaneously from flux limited surveys. Such measurements are
expensive and likely susceptible to issues like selection bias that
preferentially selects galaxies experiencing an ongoing burst of star
formation (Domínguez et al. 2015; Faisst et al. 2019; Sun et al. 2023).
Meanwhile, measuring 𝐿H𝛼/𝐿UV (where 𝐿UV = a𝐿a for individual
galaxies is the UV luminosity per logarithmic frequency) alone is
insufficient to probe the time variability of the SFR, whereas char-
acterizing the joint distribution of 𝐿H𝛼 and 𝐿UV with a large galaxy
sample can be a lot more informative (Sparre et al. 2017). These lim-
itations together make an extensive, mass-complete study of bursty
star formation in galaxies of different properties at different cosmic
times challenging.

Composed of the accumulated radiation from the all the sources
in the universe outside the Milky Way, the extragalactic background

© 2023 The Authors
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Halos of dark energy
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(Dated: May 16, 2023)

We investigate the properties of dark energy halos in models with a nonminimal coupling in the
dark sector. We show, using a quasistatic approximation, that a coupling of the mass of dark matter
particles to a standard quintessence scalar field φ generally leads to the formation of dark energy
concentrations in and around compact dark matter objects. These are associated with regions where
scalar field gradients are large and the dark energy equation of state parameter is close to −1/3. We
find that the energy and radius of a dark energy halo are approximately given by Ehalo ∼ β2ϕm
and rhalo ∼

√

β ϕ(R/H), where ϕ = Gm/(Rc2), m and R are, respectively, the mass and radius of
the associated dark matter object, β = −d lnm/dφ is the nonminimal coupling strength parameter,
H is the Hubble parameter, G is the gravitational constant, and c is the speed of light in vacuum.
We further show that current observational limits on β over a wide redshift range lead to stringent
constraints on Ehalo/m and, therefore, on the impact of dark energy halos on the value of the dark
energy equation of state parameter. We also briefly comment on potential backreaction effects that
may be associated with the breakdown of the quasistatic approximation and determine the regions
of parameter space where such a breakdown might be expected to occur.

I. INTRODUCTION

In general relativity an exotic dark energy (DE) fluid
[1–3] dominating the energy density of the Universe is
required in order to explain the recent acceleration of
the expansion of the Universe [4–6]. Various observa-
tions also suggest that matter in the Universe is primar-
ily nonbaryonic and dark [6, 7]. Despite their importance
for the dynamics of the Universe, the physical nature of
nonbaryonic dark matter (DM) and DE remains largely
unknown. In particular, it is not known whether or not
DM and DE are nonminimally coupled [8–11], or even if
they could be associated with a single DE fluid [12, 13].
It is also possible that general relativity may not pro-
vide an accurate description of gravity on cosmological
scales, and that DE and/or DM could be manifestations
of modified gravity [14–16].

The coupling of the mass of DM particles to a DE
scalar field [9–11] has been shown to give rise to DE me-
diated fifth forces between DM particles as well as veloc-
ity dependent forces. These forces can affect the linear
growth of cosmological perturbations [17–19], and may
also play a crucial role on nonlinear scales with a poten-
tial impact on the dynamics of galaxies and clusters of
galaxies [20–26]. Also, a nonminimal coupling between
DM and DE has been claimed to alleviate some cosmic
tensions [27–32], including the apparent discrepancy be-
tween local and high redshift constraints on the value of
the Hubble parameter, making this a promising avenue
of research.

∗Electronic address: pedro.avelino@astro.up.pt

Although many studies do not explicitly consider
them, local variations in the DE have been shown to
play an important role in the context of growing neu-
trino models, with a potentially significant backreaction
on the background evolution of the Universe [33–35]. It
has also been shown that the dynamics of DM particles
nonminimally coupled to a DE field may be affected by
backreaction effects with a possible impact on structure
formation and on the large scale dynamics of the Universe
[36].
This paper aims to characterize the properties of DE

halos resulting from a nonminimal coupling between DM
and a DE scalar field. We shall work in the context
of the quasistatic approximation, which essentially con-
sists in neglecting terms involving time derivatives in the
perturbed field equations. This approximation has been
previously used to investigate local variations of the fine-
structure constant inside virialized objects in the context
of a DE model with a nonminimal coupling to the elec-
tromagnetic field [37]. It has also been frequently used in
the context of other DE and modified gravity scenarios
[38–41]. The quasistatic approximation is particularly
useful when considering small subhorizon scales, since
the dynamics of perturbation modes with a wave number
significantly smaller than the Hubble radius is in general
expected to be dominated by the terms containing spatial
derivatives in the equations of motion. Under these con-
ditions, the quasistatic approximation may significantly
simplify the perturbation equations, and allow for an an-
alytical treatment.
The outline of this paper is as follows. In Sec. II we de-

scribe a generic family of quintessence models with a non-
minimal coupling to the DM and derive the correspond-
ing equations of motion. In Sec. III we use the quasistatic
approximation to compute the scalar field perturbations

http://arxiv.org/abs/2305.08843v1
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ABSTRACT

We present the discovery of TOI-1994 b, a low-mass brown dwarf transiting a hot subgiant star on

a moderately eccentric orbit. TOI-1994 has an effective temperature of 7700+720
−410 K, V magnitude of

10.51 mag and log(g) of 3.982+0.067
−0.065. The brown dwarf has a mass of 22.1+2.6

−2.5MJ, a period of 4.034 days,

an eccentricity of 0.341+0.054
−0.059, and a radius of 1.220+0.082

−0.071RJ. TOI-1994 b is more eccentric than other

transiting brown dwarfs with similar masses and periods.The population of low mass brown dwarfs

may have properties similar to planetary systems if they were formed in the same way, but the short

orbital period and high eccentricity of TOI-1994 b may contrast this theory. An evolved host provides

a valuable opportunity to understand the influence stellar evolution has on the substellar companion’s

fundamental properties. With precise age, mass, and radius, the global analysis and characterization of

TOI-1994 b augments the small number of transiting brown dwarfs and allows the testing of substellar

evolution models.
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Primary Author: Nicholas A. Featherstone1

Co-Authors: Evan H. Anders2 , Kyle C. Augustson2 , Jonathan M. Aurnou3 ,
Catherine Blume4 , Benjamin P. Brown4 , Nicholas Brummell5 , Keaton J. Burns6 ,
Michael A. Calkins4 , Maria Camisassa4 , Mausumi Dikpati7 , Yuhong Fan7 J.R. Fuentes4 ,
Gustavo Guerrero8 , Bradley W. Hindman4 , Keith Julien4 , Irina N. Kitiashvili14 ,
Lydia Korre4 , Daniel Lecoanet2 , Bhishek Manek4 , Loren Matilsky5 , Mark Miesch4,15 ,
Nicholas J. Nelson9 , Jeffrey S. Oishi10 , Whitney T. Powers4 , Matthias Rempel7 ,
Krista Soderlund11 , Andrey M. Stejko12 , Geoffrey M. Vasil13

1 Southwest Research Institute 2 Northwestern University, Evanston, IL
3 University of California, Los Angeles 4 University of Colorado, Boulder
5 University of California, Santa Cruz 6 Massachusetts Institute of Technology
7 National Center for Atmospheric Research 8 Universidade Federal de Minas Gerais
9 California State University, Chico 10 Bates College, Lewiston, ME
11 University of Texas at Austin 12 New Jersey Institute of Technology
13 University of Edinburgh, School of Maths 14 NASA Ames Research Center
15 NOAA Space Weather Prediction Center

Synopsis
The operation of the solar dynamo, with all of its remarkable spatio-temporal ordering,
remains an outstanding problem of modern solar physics. A number of mechanisms that
might plausibly contribute to its operation have been proposed, but the relative role played
by each remains unclear. This uncertainty stems from continuing questions concerning the
speed and structure of deep-seated convective flows. Those flows are in-turn thought to
sustain both the Sun’s turbulent EMF and the large-scale flows of differential rotation and
meridional circulation suspected of influencing the dynamo’s organization and timing.

Ultimately, the convective and large-scale flow structure derive from the Coriolis force.
When the Coriolis effect is weak (rapid convective flow), convection exhibits little organiza-
tion in its spatial structure, and the meridional flow is expected to assume a single-celled
profile within each hemisphere. Convection subject to strong Coriolis forces instead orga-
nizes into compact, spiraling columnar structures and sustains meridional flows that possess
multiple cells in latitude and radius. The implications for the dynamo in these two regimes
are substantial, impacting the flux-transport properties of any assumed meridional flow and
the convectively-driven EMF.

Continued progress in this area is complicated by (i) inconsistencies between helioseismic
measurements of convective and meridional flow made with different techniques and instru-
ments, and (ii) a lack of high-latitude data for convection, differential rotation, and merid-
ional flow. We suggest that the path forward to resolving these difficulties is twofold. First,
the acquisition of long-term helioseismic and emissivity measurements obtained from a polar
vantage point is vital to complete our picture of the Sun’s outer convection zone. Second,
sustained and expanded investment in theory-oriented and combined theory/observational
research initiatives will be crucial to fully exploit these new observations and to resolve
inconsistencies between existing measurements.
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1 Introduction

An outstanding gap persists in our understanding of the solar dynamo. Numerous and poten-
tially viable descriptions of this physical system now exist, but not one has been definitively
tied to the dynamics at work in the Sun, and for good reason. Convection, an indispens-
able component of the dynamo, occurs in the presence of rotation; yet, owing to persistent
questions surrounding the convective flow speed and structure at depth, the degree to which
rotation influences convection remains largely unquantified throughout the solar interior.

In a rotating, convecting system such as the Sun, it is the interplay between the Coriolis
force and buoyant driving that ultimately shapes the convective structure and amplitude,
and in turn, the nature of the resulting dynamo. The relative importance of these two effects
is typically quantified through a ratio known as the Rossby number (Ro),

Ro =
rotation period

convective timescale
. (1)

When the convective flow speed is high, and the resulting Ro is large, convective motions are

Figure 1: Rotational influence on convective structure. (upper) Schematic convective flow structures
as realized in rotating convection, viewed in cutaway of northern hemisphere. (lower) 3-D rendering of
simulated solar-like convection realized under different Rossby numbers. Regions of upflow (downflow) are
rendered in red (blue). As rotational influence increases from left (high Ro) to right (low Ro), convective
patterns become increasingly more helical and columnar (Featherstone & Hindman, 2016).

1
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ABSTRACT

The orbits of the main satellites of Uranus are expected to slowly drift away owing to tides raised in the planet. As a result, the 5/3
mean motion resonance between Ariel and Umbriel was likely encountered in the past. Previous studies have shown that, in order
to prevent entrapment in this resonance, the eccentricities of the satellites must be larger than ∼ 0.01 at the epoch, which is hard to
explain. On the other hand, if the satellites experience some temporary capture and then escape, the inclinations rise to high values
that are not observed today. We have revisited this problem both analytically and numerically focussing on the inclination, using a
secular two-satellite model with circular orbits. We show that if the inclination of Umbriel was around 0.15◦ at the time of the 5/3
resonance encounter, capture can be avoided in about 60% of the cases. Moreover, after the resonance crossing, the inclination of
Umbriel drops to a mean value around 0.08◦, which is close to the presently observed one. The final inclination of Ariel is distributed
between 0.01◦ and 0.25◦ with a nearly equal probability, which includes the present mean value of 0.02◦.

Key words. celestial mechanics – planets and satellites: dynamical evolution and stability – planets and satellites: individual: Uranus
– planets and satellites: individual: Ariel – planets and satellites: individual: Umbriel

1. Introduction

The origin of the Uranian satellite system is not yet completely
understood and it is still under debate (eg. Pollack et al. 1991;
Szulágyi et al. 2018; Ishizawa et al. 2019; Inderbitzi et al. 2020;
Ida et al. 2020; Rufu & Canup 2022). Despite the formation
mechanism of the main satellites, their orbits slowly drift away
owing to tides raised in the planet (eg. Peale 1988; Tittemore
& Wisdom 1988, 1989, 1990; Pollack et al. 1991; Ćuk et al.
2020). Because the orbits do not all evolve at the same pace,
they may have encountered several mean motion resonances
(MMRs) in their way since their formation about 4.5 Gyr ago.
At present, there is no orbital commensurability between these
satellites, but MMRs are often invoked to explain some anoma-
lous observations, such as resurfacing events (e.g Dermott et al.
1988; Peale 1988; Tittemore 1990), the current relatively large
eccentricities (∼ 0.001) of all satellites (e.g Squyres et al. 1985;
Smith et al. 1986; Peale 1988), or the high inclination of Mi-
randa (∼ 4.3◦) (e.g Tittemore & Wisdom 1989, 1990; Malhotra
& Dermott 1990; Verheylewegen et al. 2013; Ćuk et al. 2020).

The latest low-order commensurability to have occurred was
the 5/3 MMR between Ariel and Umbriel (eg. Peale 1988; Ćuk
et al. 2020), which is consistent with recent geologic activity ob-
served in Ariel (eg. Zahnle et al. 2003; Cartwright et al. 2020).
The current free eccentricities still observed also support this
possibility (eg. Jacobson 2014). A detailed study on the pas-
sage through this resonance was carried out by Tittemore & Wis-
dom (1988) using a secular resonant two-satellite planar model
with small eccentricities. It was shown that if the 5/3 MMR
is approached with eccentricities of both satellites smaller than
∼ 0.01, a long-term capture in resonance is certain. Therefore,
in order to evade or skip this resonance, at least one of the ec-
centricities must have been close to 0.01 at the time. However,

Tittemore & Wisdom (1988) recognised that it is very difficult to
justify such high initial eccentricity values. Indeed, mutual per-
turbations between the largest Uranian satellites cannot explain
such high values alone (eg. Dermott & Nicholson 1986; Laskar
1986). Moreover, tidal friction within the satellites circularise
the orbits in a short timescale (eg. Squyres et al. 1985), and so
any large eccentricity remnant left by a prior MMR crossing is
expected to be quickly eroded.

Ćuk et al. (2020) revisited the passage through the 5/3 MMR
using a N-body numerical integrator, which includes the five
main satellites, non-planar orbits, and spin evolution. They
started their simulations with the current eccentricities and
adopted nearly zero inclination for all satellites (< 0.1◦). They
confirm that low initial eccentricities translate into capture in res-
onance, which can nevertheless be broken after some time due
to some chaotic excitation of the eccentricities. They also ob-
served that all five moons had their inclinations excited during
the resonance entrapment. The effect on the inclination is par-
ticularly significant in Miranda because it has the smallest mass;
however, after leaving the resonance, the remaining four moons
were all left with inclination values higher than the current ones.
In particular, Ariel and Umbriel acquired inclinations around 1◦,
which cannot be damped to the current observed mean values of
∼ 0.02◦ and 0.08◦, respectively. Ćuk et al. (2020) then propose
that the inclination of Umbriel can be lowered if its node is in-
volved in a secular spin-orbit resonance with the spin of Oberon
(not observed today). However, even if this mechanism works, it
would fail to damp the inclinations of the remaining satellites.

Ćuk et al. (2020) suggest that the 5/3 MMR between Ariel
and Umbriel can be responsible for the current high inclination
of Miranda instead of the crossing of the 3/1 MMR between Mi-
randa and Umbriel (Tittemore & Wisdom 1989, 1990). However,
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ON THE EXISTENCE OF A SUPER-KREUTZ SYSTEM OF SUNGRAZING COMETS
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ABSTRACT

In the context of a recently proposed contact-binary model of the Kreutz system, all its members are
products of the process of cascading fragmentation of the two lobes of the parent, Aristotle’s comet
of 372 BC. This process presumably began with the lobes’ separation from each other near aphelion.
However, not every object in a Kreutz-like orbit is a Kreutz sungrazer. Any surviving sungrazer that
had split off from the progenitor before the lobes separated, as well as its surviving fragments born in
any subsequent tidal or nontidal event, are by definition not members of the Kreutz system. Yet, as
parts of the same progenitor, they belong—as do all Kreutz sungrazers— to a broader assemblage of
related objects, which I refer to as a super-Kreutz system. After estimating the ratio of the number of
super-Kreutz members to nonmembers among potential historical sungrazers , I generate representative
extended pedigree charts for both the Kreutz system and super-Kreutz system. While the fragmenta-
tion paths and relationships among the individual sungrazers or potential sungrazers in the two charts
are (with at most a few exceptions) arbitrary, the purpose of the exercise is to suggest that the Kreutz
system proper could in effect represent an ultimate deagglomeration stage of the super-Kreutz system.
Subject headings: individual comets: members and potential members of Kreutz and super-Kreutz

sungrazer systems; methods: data analysis

1. INTRODUCTION

I recently introduced a new, contact-binary model for
the Kreutz system of sungrazing comets (Sekanina 2021,
hereafter referred to as Paper 1; Sekanina 2022a, referred
to as Paper 2). The model incorporated novel features
described in greater detail in separate papers (Sekanina
2022b = Paper 3; Sekanina & Kracht 2022 = Paper 4)
and its feasibility was demonstrated by computer simu-
lating the orbital motions of the progenitor’s major frag-
ments (Paper 4). Likewise addressed were the age of the
Kreutz system, the populations of sungrazers that made
it up, effects of cascading fragmentation, and properties
of the major, naked-eye members on the one hand and
the dwarf members on the other hand (Papers 1–4 and
Sekanina 2022c = Paper 5).
By its very nature the model implies that fragmentation

proceeds along the entire orbit about the Sun. Depend-
ing on the location, the fragmentation is triggered either
tidally (near perihelion), in which case the primarily per-
turbed element is the orbital period; or nontidally (far
from the Sun), when greatly perturbed are the perihe-
lion distance and the angular elements. As a result, the
distribution of Kreutz sungrazers along the orbit is the
product of a mix of stochastic and pseudo-periodic pro-
cesses. The fragments pass through perihelion in princi-
ple randomly, except that sometimes they do so in clus-
ters, which could be separated from one another quasi-
uniformly.
Because of the cascading nature of fragmentation, the

early number of fragments increases — and their dimen-
sions decrease — exponentially with time. Granted that
the progenitor — presumed in the contact-binary model
to be Aristotle’s comet of 372 BC — was of enormous di-
mensions, perhaps 100 km or more in diameter, its many
fragments are still of impressive sizes, displaying brilliant

Electronic address: ZdenSek@gmail.com.

tails near perihelion. Yet, because of the extremely hos-
tile environment near the Sun, the lifetime of sungrazers
is believed to be rather short.
The model’s fundamental trait is the initial fragmenta-

tion event — a low-velocity separation of the progenitor’s
two lobes from one another — taking place near aphelion
around 5 BC. Without this episode I find it impossible to
understand the major orbital gap — in the longitude of
the ascending node, other angular elements, and perihe-
lion distance — between the largest presumed surviving
fragments of the two lobes, the Great March Comet of
1843 (C/1843 D1) and the Great September Comet of
1882 (C/1882 R1), respectively.
It may appear implausible to the reader that the first

fragmentation event occurred at aphelion, when the pro-
genitor was subjected to powerful disruptive forces at
perihelion. One has to keep in mind that the episode was,
by definition, the first only in the history of the Kreutz
system. Aristotle’s comet had surely fragmented numer-
ous times, especially in close proximity of perihelion, long
before the bond between the two lobes of the contact bi-
nary failed. Only one of the many products of this early
fragmentation would eventually give birth to the Kreutz
system. All others could never have become its mem-
bers. Yet, given their common ancestor, the members
and nonmembers of the Kreutz system proper alike do
make up a greater family of closely related objects that
I refer to below as a super-Kreutz system.
To document the existence of this broader assemblage

of sungrazers, I compare a model-based, representative
extended pedigree chart of the super-Kreutz system with
that of the Kreutz system proper, subject to limited
constraints provided by the definite Kreutz comets and
their fragmentation features, potential historical sun-
grazers, and other evidence noted in the following.

http://arxiv.org/abs/2305.08792v1
mailto:ZdenSek@gmail.com.
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ABSTRACT

In this work, we consider four different galaxy populations and two distinct global envi-
ronments in the local Universe (z ≤ 0.11) to investigate the evolution of transitional galaxies
(such as star-forming spheroids and passive discs) across different environments. Our sample
is composed of 3,899 galaxies within the R200 radius of 231 clusters and 11,460 field galaxies.
We also investigate the impact of the cluster’s dynamic state, as well as the galaxy’s location in
the projected phase space diagram (PPS). We found that although the cluster environment as
a whole influences galaxy evolution, the cluster dynamical state does not. Furthermore, star-
forming galaxies represent recent cluster arrivals in comparison to passive galaxies (especially
in the case of early-types). Among the ETGs, we find that the D= (4000) and HX parameters
indicate a smooth transition between the subpopulations. In particular, for the SF-ETGs, we
detect a significant difference between field and cluster galaxies, as a function of stellar mass,
for objects with Log "∗/M⊙ > 10.5. Analyzing the color gradient, the results point toward a
picture where field galaxies are more likely to follow the monolithic scenario, while the cluster
galaxies the hierarchical scenario. In particular, if we split the ETGs into lenticulars and ellip-
ticals, we find that the steeper color gradients are more common for the lenticulars. Finally, our
results indicate the need for galaxy pre-processing in smaller groups, before entering clusters.

Key words: galaxies: clusters: general – galaxies: clusters - galaxies: evolution - galaxies:
clusters: environment

1 INTRODUCTION

The existence of a bi-modality in different galaxy proper-
ties is well established in the past years (Strateva et al. 2001;
Kauffmann et al. 2003b; Baldry et al. 2004; Balogh et al. 2004;
Baldry et al. 2006). We can separate galaxies into two main cat-
egories: blue cloud galaxies (BC) – mostly blue star-forming spiral
galaxies; and red sequence objects (RS) — mainly red early-types
with no significant star-formation activity. Despite that, we have
found galaxies that defy the simplistic view that elliptical galax-
ies are red and dead while spiral galaxies are blue and lively (e.g.,
Wolf et al. 2009; Masters et al. 2010; Cortese 2012; Crossett et al.
2014; Lopes et al. 2016; Kuchner et al. 2017; Mahajan et al. 2018).
We have also established the existence of an intermediary region be-
tween the BC and the RS, called Green Valley (GV), that works as a
transitioning region between the BC and RS (Martin et al. 2007;
Salim et al. 2009; Mendez et al. 2011; Schawinski et al. 2014).
These two points together paint a clear scenario where galaxies
evolve from the BC to the RS as their life progresses. However, the

mechanisms responsible for this transformation are still open for
debate.

Dressler (1980) showed that there is a relation between the
galaxy morphology and the environment where the galaxy inhabits
(the Morphology-Density Relation). Early-type galaxies (ETGs; the
dominant morphology in the RS) show a preference for inhabiting
higher-density environments, and therefore are primarily found in
galaxy groups or clusters. On the contrary, late-type galaxies (LTGs;
the dominant morphology in the BC) show a preference for inhab-
iting lower-density environments, being mainly found in the field
or the outskirts of groups and clusters. Alongside that relation, we
also have evidence that the fraction of blue galaxies inside clusters
increases while the fraction of red galaxies decreases when we go
for higher redshift regimes (Butcher & Oemler 1984).

Different mechanisms impact a galaxy as it enters a cluster.
Those can be responsible for quenching the galaxy’s star forma-
tion or, at least, accelerating this process. One of those effects is
ram-pressure striping (RPS), where the gas inside the galaxy is re-
moved due to the pressure caused by the hot intracluster medium

© 2022 The Authors
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ABSTRACT
Westudy how future Type-Ia supernovae (SNIa) standard candles detected by theVeraC. RubinObservatory (LSST) can constrain
some cosmological models. We use a realistic three-year SNIa simulated dataset generated by the LSST Dark Energy Science
Collaboration (DESC) Time Domain pipeline, which includes a mix of spectroscopic and photometrically identified candidates.
We combine this data with Cosmic Microwave Background (CMB) and Baryon Acoustic Oscillation (BAO) measurements to
estimate the dark energy model parameters for two models- the baseline ΛCDM and Chevallier-Polarski-Linder (CPL) dark
energy parametrization. We compare themwith the current constraints obtained from joint analysis of the latest real data from the
Pantheon SNIa compilation, CMB from Planck 2018 and BAO. Our analysis finds tighter constraints on the model parameters
along with a significant reduction of correlation between 𝐻0 and 𝜎8. We find that LSST is expected to significantly improve
upon the existing SNIa data in the critical analysis of cosmological models.

Key words: (cosmology:) cosmological parameters – cosmology: observations – (stars:) supernovae: general – (cosmology:)
dark energy – methods: data analysis – instrumentation: detectors – surveys

1 INTRODUCTION

Type Ia Supernova (SNIa) data has played a crucial role in advancing
our understanding of the Universe’s expansion history and the nature
of dark energy (DE). Riess et al. (1998) and Perlmutter et al. (1999)
published their landmark discovery in which they used SNIa data to
measure the deceleration parameter, to establish, for the first time,
that the Universe is currently expanding at an accelerated rate. The
combined results provided strong evidence for cosmic acceleration,
the cause of which is widely considered to be the existence of a mys-
terious “dark energy” component. Following this discovery, there has
been an ever-expanding effort to improve the precision of SNIa data
and to tighten dark energy constraints. The Union 2.1 (Suzuki et al.
2012) compilation, released in 2011, included data from 580 SNIa
and was the largest and most comprehensive sample at the time. This
was followed by the Joint Light-curve Analysis (JLA) (Betoule et al.
2014), with a compilation of 740 spectroscopically confirmed SNIa,
designed to have a set of observations with consistent methods of cal-
ibration and analysis, which helped improved the precision of SNIa
measurements. In 2018, the Pantheon (Scolnic et al. 2018) compi-
lation was released, which included data from 1048 SNIa covering

★ E-mail: rahul.shah.13.97@gmail.com
† E-mail: ayan.mitra@iucaa.in
‡ E-mail: purba16@gmail.com
§ E-mail: terminatorbarun@gmail.com
¶ E-mail: supratik@isical.ac.in

a wide range of redshifts up to 𝑧 ∼ 2.3, and improved the preci-
sion of the measurements further. More recently, the Dark Energy
Survey (DES) (Abbott et al. 2019; Sevilla-Noarbe et al. 2021) col-
laboration published their Y3 cosmology data release in 2019, which
included 207 spectroscopically confirmed SNIa and supplemented
with additional 122 low-𝑧 SNIa from external catalogues resulting
in DES-SN3YR dataset of 329 total SNIa. A follow-up analysis to
Pantheon, called “Pantheon+” (Brout et al. 2022), was released in
2021, which included additional data from the Dark Energy Survey
(DES) and further increased the precision of the measurements. The
Pantheon+ dataset included data from 1701 light curves from 1550
distinct SNIa and confirmed the results from the original Pantheon
study.

Although abundant observational evidence from diverse sources
(Kowalski et al. 2008; Spergel et al. 2007; Tegmark et al. 2006;
Aghanim et al. 2020b; Percival et al. 2010; Fedeli et al. 2009) sup-
ports SNIa data collectively presenting a persuasive case for the
Universe’s current acceleration, the exact mechanism behind this
phenomenon necessitating a substantial negative pressure continues
to elude understanding. Two widely used approaches have been pro-
posed to address this issue, namely introducing an additional cosmic
species to the energy budget of the Universe, called dark energy, and
modifying the theory of gravity itself (Starobinsky 1979; Buchdahl
1970; Elizalde et al. 2010;Arora et al. 2020;Harko et al. 2011;Bamba
et al. 2011; Linder 2010; Ferraro & Fiorini 2007; Nojiri & Odintsov
2003). These approaches have both strengths and limitations, lead-

© 2023 The Authors

ar
X

iv
:2

30
5.

08
78

6v
1 

 [
as

tr
o-

ph
.C

O
] 

 1
5 

M
ay

 2
02

3



Draft version May 16, 2023
Typeset using LATEX default style in AASTeX62

Spatial and Temporal Analysis of Quiescent Coronal Rain over an Active Region
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ABSTRACT

The solar corona produces coronal rain, hundreds of times colder and denser material than the

surroundings. Coronal rain is known to be deeply linked to coronal heating, but its origin, dynamics,

and morphology are still not well understood. The leading theory for its origin is thermal instability

(TI) occurring in coronal loops in a state of thermal non-equilibrium (TNE), the TNE-TI scenario.

Under steady heating conditions, TNE-TI repeats in cycles, leading to long-period EUV intensity

pulsations and periodic coronal rain. In this study, we investigate coronal rain on the large spatial

scales of an active region (AR) and over the long temporal scales of EUV intensity pulsations to

elucidate its distribution at such scales. We conduct a statistical study of coronal rain observed over

an AR off-limb with IRIS and SDO imaging data, spanning chromospheric to transition region (TR)

temperatures. The rain is widespread across the AR, irrespective of the loop inclination, and with

minimal variation over the 5.45-hour duration of the observation. Most rain has a downward (87.5%)

trajectory; however, upward motions (12.5%) are also ubiquitous. The rain dynamics are similar over

the observed temperature range, suggesting that the TR and chromospheric emission are co-located

on average. The average clump widths and lengths are similar in the SJI channels and wider in the

AIA 304 channel. We find ubiquitous long-period EUV intensity pulsations in the AR. Short-term

periodicity is found (16 min) linked to the rain appearance, which constitutes a challenge to explain

under the TNE-TI scenario.

Keywords: Coronal rain; Solar prominences (1519); Solar chromosphere (1479); Solar transition region

(1532); Solar coronal heating (1989)

1. INTRODUCTION

The solar corona, in addition to being hot, tenuous and diffuse, also hosts cold, dense and clumpy plasma structures

such as prominences and coronal rain. This rain corresponds to partially ionized plasma that is commonly observed in

active regions. Its temperature and density vary between 103–105 K and ≈ 1010–1012 cm−3, respectively. Coronal rain

is best observed off-limb with high contrast against the dark background, where it appears in emission in chromospheric

lines such as Hα, Ca II H & K, and He I (De Groof et al. 2004; Schad 2018; Froment et al. 2020), and in transition region

lines such as Si IV 1402 Å or/and in He II 304 Å (Vashalomidze et al. 2015; Antolin et al. 2015). It forms in a couple

of minutes and falls toward the solar surface over an order of magnitude longer timescales along loop-like trajectories

(Antolin & Rouppe van der Voort 2012). The distribution of rain clump velocities are broad, from 10 − 200 km s−1

with a mean value around 70 km s−1 (Schrijver 2001; Müller et al. 2005; Antolin & Rouppe van der Voort 2012), and

are characterised by being lower than free-fall, which is generally accepted to be caused by gas pressure forces (Oliver

Corresponding author: Seray Şahin
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Preparing an unsupervised massive analysis of SPHERE
high contrast data with the PACO algorithm

Optimizations and benchmarking on a sample of 24 solar-type stars
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ABSTRACT

Context. Despite tremendous progress in the detection and characterisation of extrasolar planetary systems in the last 25 years,
we have not found Solar System analogues. In particular, Jupiter-like planets (either mature or old) are barely detectable beyond
5 au with indirect techniques and are still out of reach of direct imaging.
Aims. We aim at searching for exoplanets on the whole ESO/VLT-SPHERE archive with improved and unsupervised data analysis
algorithm that could allow to detect massive giant planets at 5 au. To prepare, test and optimize our approach, we gathered a
sample of twenty four solar-type stars observed with SPHERE using angular and spectral differential imaging modes.
Methods. We use PACO, a new generation algorithm recently developed, that has been shown to outperform classical methods.
We also improve the SPHERE pre-reduction pipeline, and optimize the outputs of PACO to enhance the detection performance.
We develop custom built spectral prior libraries to optimize the detection capability of the ASDI mode for both IRDIS and IFS.
Results. Compared to previous works conducted with more classical algorithms than PACO, the contrast limits we derived are
more reliable and significantly better, especially at short angular separations where a gain by a factor ten is obtained between 0.2
and 0.5 arcsec. Under good observing conditions, planets down to 5 MJup, orbiting at 5 au could be detected around stars within
60 parsec. We identified two exoplanet candidates that require follow-up to test for common proper motion.
Conclusions. In this work, we demonstrated on a small sample the benefits of PACO in terms of achievable contrast and of control
of the confidence levels. Besides, we have developed custom tools to take full benefits of this algorithm and to quantity the total
error budget on the estimated astrometry and photometry. This work paves the way towards an end-to-end, homogeneous, and
unsupervised massive re-reduction of archival direct imaging surveys in the quest of new exoJupiters.

Key words. Techniques: high angular resolution – Techniques: image processing – Planets and satellites : detection – Methods:
data analysis – Instrumentation: adaptive optics

1. Introduction

Since the discovery of the first, giant planets around solar
type stars almost 30 years ago, thousand of planets have
been discovered, with masses down to a few Earth-mass.
Yet, solar system analogues1 have not been detected, and
we therefore still do not know if our own planetary sys-
tem is unique or not. Detecting Earth twins is still not
possible, and requires major on-going research to correct
for stellar activity with radial velocity (RV) techniques at
the appropriate level (Meunier & Lagrange 2019). Also, de-
tecting Jupiter twins orbiting at 5 au is very challenging
(and not possible at larger separations) with radial veloc-
ity because decade(s) of careful monitoring are needed, and
long term stellar activity is also responsible for a long term
noise. As a consequence, the orbital parameters of the –
still rare – RV planets announced beyond 5 au are poorly
characterized (Wittenmyer et al. (2016), Fernandes et al.
(2019), Fulton et al. (2021)). These limitations prevent pre-
cise comparisons between the radial distribution of giant

1 defined as planetary systems around solar-type stars, hosting
inner Earth-mass planets with at least one in the habitable zone,
and outer sub-Jupiter/Jupiter masses planets.

planets beyond their forming regions and predictions from
population synthesis models to constrain formation scenar-
ios (Lagrange et al, 2022, submitted).

Giant Planets (GPs) played a significant role in the
building of the solar system (see e.g., Levison & Agnor
(2003); Raymond et al. (2014); Morbidelli et al. (2012))
and of exoplanetary systems (see e.g., Quintana & Barclay
(2016); Childs et al. (2019)). Various mechanisms may be
involved, among which dynamical interactions with lighter
bodies (e.g., telluric planets, planetesimals) once the proto-
planetary disk has dissipated and the dynamics is no longer
controlled by gas. GPs could even play a role in the devel-
opment of life on Earth analogues (Horner & Jones 2010),
and could have driven the delivery of water on Earth (Mor-
bidelli et al. 2012). From an observational point of view,
remote GPs may also impact the detectability of lighter
and closer-in planets with the RV technique and with as-
trometry because of the more complex RV or astrometric
signals in case of multiple systems. Hence, knowing their
giant planet population is key to model individual systems.

Detecting giant planets is therefore crucial to under-
stand planetary system formation and evolution. While RV
or transit techniques are best suited to detect GPs orbiting

Article number, page 1 of 35
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Full velocities and propagation directions of coronal mass ejections inferred from simultaneous

full-disk imaging and Sun-as-a-star spectroscopic observations
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ABSTRACT

Coronal mass ejections (CMEs) are violent ejections of magnetized plasma from the Sun, which
can trigger geomagnetic storms, endanger satellite operations and destroy electrical infrastructures on

the Earth. After systematically searching Sun-as-a-star spectra observed by the Extreme-ultraviolet

Variability Experiment (EVE) onboard the Solar Dynamics Observatory (SDO) from May 2010 to May

2022, we identified eight CMEs associated with flares and filament eruptions by analyzing the blue-wing

asymmetry of the O iii 52.58 nm line profiles. Combined with images simultaneously taken by the 30.4
nm channel of the Atmospheric Imaging Assembly onboard SDO, the full velocity and propagation

direction for each of the eight CMEs are derived. We find a strong correlation between geomagnetic

indices (Kp and Dst) and the angle between the CME propagation direction and the Sun-Earth line,

suggesting that Sun-as-a-star spectroscopic observations at EUV wavelengths can potentially help to
improve the prediction accuracy of the geoeffectiveness of CMEs. Moreover, an analysis of synthesized

long-exposure Sun-as-a-star spectra implies that it is possible to detect CMEs from other stars through

blue-wing asymmetries or blueshifts of spectral lines.

Keywords: Solar coronal mass ejections (310) — Stellar coronal mass ejections (1881) — Solar filament

eruptions (1981) — Spectroscopy (1558) — Space weather (2037)

1. INTRODUCTION

On 13 March 1989, a large geomagnetic storm overwhelmed the power grid in Quebec, Canada causing widespread

blackouts and accompanied worldwide auroras (Allen et al. 1989; Boteler 2019). Observational evidences show that

this geomagnetic storm was caused by coronal mass ejections (CMEs) (Allen et al. 1989; Boteler 2019), which are
spectacular ejections of a large amount of plasma and embedded magnetic field from the solar atmosphere (Forbes et al.

2006; Chen 2011). The interaction of CMEs with the Earth’s magnetosphere significantly disturb the geomagnetic

field, triggering geomagnetic storms (Sheeley et al. 1985; Gosling et al. 1991; Gopalswamy et al. 2000). CME-induced

geomagnetic storms can also endanger satellite operations and the safety of astronauts. Hence, it is of vital importance
to predict whether a CME will cause a geomagnetic storm and how strong the storm will be.

An accurate prediction relies on precise knowledge of some key parameters such as the CME propagation direction,

full speed and embedded magnetic field direction (Burton et al. 1975; Kang et al. 2006). The propagation direction

largely determines the likelyhood of CME collision with the Earth, and thus is critical for the prediction of geoeffective-

ness. However, with the commonly used imaging observations from a single viewpoint, it is very difficult to determine
the propagation direction. Halo CMEs are thought to travel towards or away from the Earth (Howard et al. 1982).

Corresponding author: Hui Tian

huitian@pku.edu.cn

http://arxiv.org/abs/2305.08765v1
mailto: huitian@pku.edu.cn


Prepared for submission to JINST

EASpy: Fast simulation of fluorescence and Cherenkov
light from extended air showers at large zenith angles
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Abstract: The detailed simulation of extended air showers (EAS) and their emission of Cherenkov
and fluorescence light requires increasing computation time and storage volume with increasing
energy of the primary particle. Given these limitations, it is currently challenging to optimize
configurations of imaging air Cherenkov telescopes at photon energies beyond approximately 100
TeV. Additionally, the existing simulation frameworks are not capable of capturing the interplay
of Cherenkov and fluorescence light emission at large zenith angle distances (& 70◦), where
the collection area of Cherenkov telescopes considerably increases. Here, we present EASpy, a
framework for the simulation of EAS at large zenith angles using parametrizations for electron-
positron distributions. Our proposed approach for the emission of fluorescence and Cherenkov light
and the subsequent imaging of these components by Imaging Atmospheric Cherenkov Telescopes
(IACTs) aims to provide flexibility and accuracy while at the same time it reduces the computation
time considerably compared to full Monte Carlo simulations. We find excellent agreement of
the resulting Cherenkov images when comparing results obtained from EASpy with the de-facto
standard simulation tool CORSIKA and sim_telarray. In the process of verifying our approach,
we have found that air shower images appear wider and longer with increasing impact distance at
large zenith angles, an effect that has previously not been noted. We also investigate the distribution
of light on the ground for fluorescence and Cherenkov emission and highlight their key differences
to distributions at moderate zenith angles.

Keywords: Performance of High Energy Physics Detectors, Radiation calculations, Simulation
methods and programs.

ArXiv ePrint: TBD
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Application of Graph Networks to
background rejection in Imaging
Air Cherenkov Telescopes
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Abstract. Imaging Air Cherenkov Telescopes (IACTs) are essential to ground-based obser-
vations of gamma rays in the GeV to TeV regime. One particular challenge of ground-based
gamma-ray astronomy is an effective rejection of the hadronic background. We propose a new
deep-learning-based algorithm for classifying images measured using single or multiple Imag-
ing Air Cherenkov Telescopes. We interpret the detected images as a collection of triggered
sensors that can be represented by graphs and analyzed by graph convolutional networks.
For images cleaned of the light from the night sky, this allows for an efficient algorithm
design that bypasses the challenge of sparse images in deep learning approaches based on
computer vision techniques such as convolutional neural networks. We investigate different
graph network architectures and find a promising performance with improvements to previous
machine-learning and deep-learning-based methods.
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Implications of Spectra and Polarizations of Fast Radio Bursts: From
Perspective of Radiation Mechanisms
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ABSTRACT

The extremely high brightness temperatures of fast radio bursts (FRBs) imply that the radiation process must be coherent,
but the radiation mechanism is still unknown. The observed properties of narrow spectra and polarization distributions could be
used to constrain the radiation mechanism of FRBs. In this work, we discuss the implications of the spectra and polarizations of
FRBs from the perspective of intrinsic radiation mechanisms. We first analyze the observed relative spectral bandwidth of radio
bursts from an FRB repeater. Furthermore, we generally discuss the properties of the spectra and polarization of the radiation
mechanisms involving the relativistic particle’s perpendicular acceleration, which depends on the relation between the particle’s
deflection angle 𝜓 and the radiation beaming angle 1/𝛾. We find that: (1) If the narrow spectra of FRBs are attributed to the
intrinsic radiation mechanism of a single particle, the condition of 𝛾𝜓 � 1 would be necessary, in which scenario, the observed
number fraction between linearly and circularly polarized bursts of some FRB repeaters might be due to the propagation effects;
(2) Coherent process by multiple particles with some special distributions can lead to a narrow spectrum even for the scenario
with 𝛾𝜓 � 1; (3) If the observed number fraction between linearly and circularly polarized bursts is attributed to the radiation
mechanism with 𝛾𝜓 � 1, the cumulative distributions of the linear and circular polarization degrees would mainly depend on
the particle’s beaming distribution.

Key words:
radiation mechanisms: non-thermal – (transients:) fast radio bursts – polarization

1 INTRODUCTION

Fast radio bursts (FRBs) are millisecond-duration radio bursts with
extremely high brightness temperatures of 𝑇𝐵 ∼ 1035 K, which
suggests that their radiation mechanisms must be coherent. Some
coherent emission mechanisms have been invoked to interpret the
emissions of FRBs, including coherent radiation by charged bunches
(Katz 2014; Kumar et al. 2017; Yang & Zhang 2018b, 2023; Lu
et al. 2020; Cooper & Wĳers 2021; Wang et al. 2022b; Kumar
et al. 2022b; Qu et al. 2023), maser by hydrodynamic instabilities or
kinetic instabilities (Lyubarsky 2021; Beloborodov 2017; Waxman
2017; Metzger et al. 2019), coherent plasma radiation (Philippov
et al. 2020; Yang & Zhang 2021), etc. However, there is no smoking
gun to identify the radiation mechanism of FRBs so far. In addition to
the radiation mechanism, the physical origin of FRBs also remains
an unsolved puzzle due to the diversity of FRBs (see the recent
review of Zhang 2022a). FRB 200428 was detected to be associated
with a Galactic core-collapse magnetar SGR J1935+2154 (Bochenek
et al. 2020; CHIME/FRB Collaboration et al. 2020; Mereghetti et al.
2020; Li et al. 2021; Ridnaia et al. 2021; Tavani et al. 2021), implying
that at least some FRBs originate from the magnetars born from the

★ E-mail: ypyang@ynu.edu.cn (YPY)

core collapses of massive stars. However, the association between
FRB 20200120E and its host globular cluster with an extremely old
age challenges the core-collapse magnetar formation (Bhardwaj et al.
2021;Kirsten et al. 2022), whichmeans that it ismore likely produced
by an old object or a system associated with a compact binary merger
(Wang et al. 2016; Zhang 2020; Kremer et al. 2021; Lu et al. 2022).

Up to the present, hundreds of FRB sources have been detected,
and dozens of them show repeating behaviors (e.g., CHIME/FRB
Collaboration et al. 2021). The increasing number of detected FRBs
starts to shed light on the diversity among the phenomena, and the
properties of the observed spectra and polarizations provide impor-
tant information about the radiation mechanism of FRBs. The first
CHIME/FRB catalog identified four observed archetypes of burst
morphology (Pleunis et al. 2021), including simple broadband, sim-
ple narrow band, temporally complex, and downward drifting.Mean-
while, FRB repeaters’ bursts have a larger pulse duration, narrower
bandwidth, and lower brightness temperature than those of the one-
off FRBs, which might be due to a beaming, propagation effect, or
intrinsic populations. Zhou et al. (2022) recently reported over 600
bursts from the repeating FRB 20201124A during an active episode
and found that the sub-bursts of FRB 20201124A show narrow emis-
sion spectra with a center frequency of 1.09 GHz and a characteristic
width of ∼ 277MHz. FRB 20220912A also has many bursts with

© 2023 The Authors

ar
X

iv
:2

30
5.

08
64

9v
1 

 [
as

tr
o-

ph
.H

E
] 

 1
5 

M
ay

 2
02

3



ar
X

iv
:2

30
5.

08
64

0v
1 

 [
as

tr
o-

ph
.H

E
] 

 1
5 

M
ay

 2
02

3
Astronomy & Astrophysics manuscript no. M83 ©ESO 2023
May 16, 2023

The X-ray binaries in M83: will any of them form gravitational

wave sources for LIGO/VIRGO/KAGRA?

I.Kotko1 ⋆ and K.Belczynski1 ⋆⋆

Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, Bartycka 18, 00-716 Warsaw, Poland

ABSTRACT

There are 214 X-ray point-sources (LX > 1035erg/s) identified as X-ray binaries (XRBs) in the nearby spiral galaxy M83. Since XRBs
are powered by accretion onto a neutron star or a black hole from a companion/donor star these systems are promising progenitors
of merging double compact objects (DCOs): black hole - black hole (BH-BH), black hole - neutron star (BH-NS), or neutron star
- neutron star (NS-NS) systems. The connection (i.e. XRBs evolving into DCOs) may provide some hints to the yet unanswered
question: what is the origin of the LIGO/Virgo/KAGRA mergers? Available observations do not allow to determine what will be the
final fate of the XRBs observed in M83. Yet, we can use evolutionary model of isolated binaries to reproduce the population of XRBs
in M83 by matching model XRB numbers/types/luminosities to observations. Knowing the detailed properties of M83 model XRBs
(donor/accretor masses, their evolutionary ages and orbits) we follow their evolution to the death of donor stars to check whether any
merging DCOs are formed.
Although all merging DCOs in our isolated binary evolution model go through the XRB phase (defined as reaching X-ray luminosity
from RLOF/wind accretion onto NS/BH above 1035 erg/s), only very few XRBs evolve to form merging (in Hubble time) DCOs.
For M83 with its solar-like metallicity stars and continiuous star-formation we find that only ∼ 1 − 2% of model XRBs evolve into
merging DCOs depending on the adopted evolutionary physics. This is caused by (i) merger of donor star with compact object during
common envelope phase, (ii) binary disruption at the supernova explosion of donor star, (iii) formation of a DCO on a wide orbit
(merger time longer than Hubble time).

Key words. X-rays: binaries – binaries: close – stars: luminosity function – gravitational waves

1. Introduction

At the end of the third observing run the LIGO-Virgo-KAGRA
(LVK) collaboration reported ∼ 90 detections of gravitational
wave signals from coalescing double compact objects (DCOs)
(The LIGO Scientific Collaboration et al. 2021). Among them
the vast majority (∼ 83) are double black holes (BH-BH)
mergers, 5 are classified as black hole - neutron star (BH-
NS) mergers and only 2 are the confirmed mergers of two
neutron stars (NS-NS). There are several formation scenarios
that explain the origin of the merging DCOs. The leading
ones are: the dynamical interactions in the dense stellar
systems (e.g. Portegies Zwart & McMillan 2000; Mapelli
2016; Rodriguez et al. 2018), the evolution of the isolated
binaries (e.g. Lipunov et al. 1997; Belczynski et al. 2010;
Olejak & Belczynski 2021), the evolution of the isolated multi-
ple systems (e.g. Toonen et al. 2016; Vigna-Gómez et al. 2021;
Stegmann et al. 2022), the chemically homogeneous evolution
of the isolated binaries (e.g. Mandel & de Mink 2016), the
mergers of binaries in active galactic nuclei (Antonini & Perets
2012; Fragione et al. 2019; Tagawa et al. 2020) and the primor-
dial black holes (De Luca et al. 2020; Clesse & García-Bellido
2022). At present there is no conclusion what is the relative
contribution of each of these channels to the formation of
the observed gravitational waves (GW) sources . The 4th
observational run of LVK, which is planned to start in 2023 and
is scheduled to collect the data for roughly a year, is expected
to rise significantly the number of detections by over ∼ 200

⋆ ikotko@camk.edu.pl
⋆⋆ chrisbelczynski@gmail.com

events (Petrov et al. 2022). The characteristics of these events
may help to constrain which of the DCOs evolutionary models
are the most plausible ones.
While the merger is the final moment of the DCOs life, the
X-ray binaries (XRBs) are considered as the DCOs possible
progenitors. XRBs are the close binary systems where the mass
is transferred from the donor star and accreted onto the compact
object (NS or BH) giving rise to the X-ray emission. Certain
aspects of the evolution of the binary systems which enter
the XRB phase still remain unclear. To constrain uncertainties
in the binary stars physics leading to the formation of XRBs
many groups use evolutionary codes to synthesize XRBs
populations and compare them with existing observations (e.g.
Belczynski et al. 2008; Toonen et al. 2014; Eldridge & Stanway
2016; Fragos et al. 2022). The most straightforward comparison
is done via X-ray luminosity function (XLF, cumulative dis-
tribution of X-ray luminosity of all sources in a given sample)
of a given XRBs population (in one or more galaxies). In
most studies this kind of analysis is done for the combined
XLF from a larger sample of galaxies (e.g. Fragos et al. 2013;
Tzanavaris et al. 2013; Lehmer et al. 2019; Misra et al. 2022).
In contrast, we focus on one galaxy with a large number of
XRBs.
M83 (NGC 5236) is a spiral galaxy at the distance of 4.66 Mpc
seen almost face-on, at the angle i = 24◦, with the total star mass
estimated to M⋆ = 2.138 × 1010 M⊙ and average star formation
rate SFR ≈ 2.5 M⊙ yr−1 (Lehmer et al. 2019, hereafter: L19).
Our choice of the galaxy is motivated by two reasons: (i) it has
one of the highest numbers of the detected X-ray point-sources
(see L19) (ii) the X-ray point-source population was cleared
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Spectroscopic follow-up of Gaia exoplanet candidates:

Impostor binary stars invade the Gaia DR3 astrometric exoplanet candidates.

Marcus L. Marcussen 1 and Simon H. Albrecht 1
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ABSTRACT

In this paper we report on the follow-up of five potential exoplanets detected with Gaia astrometry

and provide an overview of what is currently known about the nature of the entire Gaia astromet-

ric exoplanet candidate sample, 72 systems in total. We discuss the primary false-positive scenario

for astrometric planet detections: binary systems with alike components that produce small photo-

center motions, mimicking exoplanets. These false positives can be identified as double-lined SB2

binaries through analysis of high resolution spectra. Doing so we find that three systems, Gaia DR3

1916454200349735680, Gaia DR3 2052469973468984192, and Gaia DR3 5122670101678217728 are in-

deed near equal mass double star systems rather than exoplanetary systems. The spectra of the other

two analyzed systems, HD 40503 and HIP 66074, are consistent with the exoplanet scenario in that no

second set of lines can be found in the time series of publicly available high resolution spectra. How-

ever, their Gaia astrometric solutions imply radial-velocity semi-amplitudes ∼ 3 (HD 40503) and ∼ 15

(HIP 66074) larger than what was observed with ground based spectrographs. The Gaia astrometry

orbital solutions and ground-based radial-velocity measurements exhibit inconsistencies in six out of

a total of 12 exoplanet candidate systems where such data are available, primarily due to substantial

differences between observed ground-based radial-velocity semi-amplitudes and those implied by the

Gaia orbits. We investigated various hypotheses as to why this might be the case, and though we found

no clear perpetrator, we note that a mismatch in orbital inclination offers the most straightforward

explanation.

1. INTRODUCTION

The detection of exoplanets through the astrometric

reflex motion of their host stars has been predicted to

revolutionize the field of exoplanetary science by increas-

ing the total number of known exoplanets by a factor ∼ 4

after the nominal 5 yr mission of Gaia (Gaia Collabora-

tion et al. 2016) and a factor ∼ 14 for the extended 10 yr

mission (Perryman et al. 2014). A benefit of the astro-

metric planet detection method over the Radial-Velocity

(RV) method is that it provides the full orbital solution

and the mass of the planet, though obtaining the pre-

cision needed for detecting planetary-mass companions

is comparatively harder with this method. The astro-

metric detection sensitivity increases with orbital sepa-

ration, opposite to the RV and transit methods which

are most suitable for shorter period systems. This makes

the methods highly complementary.

On June 13 2022 the Gaia Data Release 3 (DR3)

was published (Gaia Collaboration et al. 2022a). This

E-mail: marcuslmarcussen@gmail.com

is the first data release where non-single source solu-

tions are included. A single Keplarian astrometric or-

bit model is used. The 169 277 orbital solutions re-

leased were compiled from 34 months of Gaia observa-

tion (Halbwachs et al. 2022), illustrating the potential

of astrometric planet searches. However, the majority

of these solutions stem from double star systems, which

produce much larger astrometric signals than planetary

systems. A small number of the released orbital solu-

tions (1162) are from the more resource-intensive ”exo-

planet” pipeline (Holl et al. 2022a) aimed at low signal-

to-noise ratio targets with substellar and particularly

exoplanetary mass companions. The inputs for this ex-

oplanet pipeline were either targets where the two body

orbit model of the ”binary” pipeline (Gaia Collabora-

tion et al. 2022b) did not improve enough the single star

fit (the orbitalAlternative solutions) or were pre-

selected targets (orbitalTargetedSearch). Many of

the pre-selected targets were chosen because they were

known to harbor planets or brown dwarfs beforehand.

In total 1843 astrometric brown dwarf and 72 exoplanet
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The Hunga Tonga–Hunga Ha‘apai vol-
cano erupted on 15 January 2022 with 
an energy equivalent to around 61 meg-
atons of TNT. The explosion was bigger 
than any other volcanic eruption so far 
in the 21st century. Huge quantities of 
particles, including dust and water 
vapour, were released into the atmos-
phere. We present the results of a pre-
liminary study of the effects of the 
explosion on observations taken at 
Paranal Observatory using a range of 
instruments. These effects were not 
immediately transitory in nature, and a 
year later stunning sunsets are still 
being seen at Paranal.

Introduction

Many astronomers were likely unaware of 
the impact of volcanic eruptions on astro-
nomical observations when the Hunga 
Tonga–Hunga Ha‘apai (HTHH) volcano 
erupted in January 2022. The release of 
sulphur dioxide (SO2) by such eruptions 
can have a significant effect on the 
atmospheric transmission and on Earth’s 

climate. When injected into the strato-
sphere, SO2 is transformed into sulphuric 
acid (H2SO4) by the photochemical effect 
in the presence of water vapour. While 
Earth’s surface effectively cools because 
the Sun’s short wavelength radiation is 
scattered by the sulphate aerosols in the 
stratosphere, heat radiation from Earth’s 
surface is efficiently absorbed by the same 
particles, resulting in an altered weather 
pattern and climate. The sulphate aerosol 
particles in the stratosphere circulate glob-
ally and are only removed by precipitation 
on timescales of several years.

In terms of the energy released, the 
world’s biggest volcanic incident in the 
past 1300 years was the eruption of 
Mount Tambora, in what is now Indone-
sia, in April 1815. In addition to the imme-
diate and direct destruction, a huge dust 
cloud entered the stratosphere, which 
disrupted weather systems in 1816 and 
for the following three years in the north-
ern hemisphere. The year 1816 was the 
second-coldest year on record since the 
Middle Ages and is known as the ‘year 
without a summer’. The change in climate 
was followed by famine, disease, poverty 
and civil unrest, with many social and 
political consequences (D’Arcy Wood, 
2014; Behringer, 2019). The years after 
the Tambora eruption also sparked the 
imaginations of artists (for example Mary 
Shelley’s Frankenstein, the dark poetry  
of Lord Byron, paintings by J. M. W. Turner 
and Caspar David Friedrich, and music 
by Beethoven and Schubert)1,2. Interest-
ingly, the link between climate change in 

the 1810s and the volcanic eruption of 
Tambora was not recognised at the time. 
This connection was only realised after 
the eruption of the Krakatoa in Indonesia 
in 1883 (Royal Society, 1888), at a time 
when news could be quickly reported via 
telegraphy across the world.

The eruption of the Hunga Tonga–
Hunga Ha‘apai volcano 

The submarine HTHH volcano in the 
South Pacific erupted violently on 15 Jan-
uary 2022. An ash plume shot 57 km into 
the mesosphere, shockwaves rippled 
through the atmosphere, and the eruption 
triggered a tsunami with heights of more 
than 19 m above sea level3, causing mas-
sive infrastructure destruction on the 
nearby islands and the death of four peo-
ple in Tonga and two in Peru. The ener-
getic output from the volcano has been 
estimated to be approximately 61 mega-
tons of TNT equivalent (Diaz & Rigby, 
2022). Ocean floor maps showed that the 
volcano spewed out at least 9.5 km3 of 
material in total4. By comparison, the 
1815 eruption of Tambora in Indonesia 
ejected more than 100 km3 of erupted 
material, the 1883 eruption of Krakatoa in 
Indonesia 25 km3, the 1991 eruption at 
Mount Pinatubo in the Philippines 
5.5 km3, and the CE 79 eruption of Mount 
Vesuvius 4 km3. In the case of HTHH, 
1.9 km3 of material ended up in the 
atmosphere, which caused the stunning 
sunsets observed from Paranal following 
the eruption.

Telescopes and Instrumentation
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Figure 1. Atmospheric pressure anomaly. Observa-
tions on Paranal and La Silla of the pressure wave 
caused by the HTHH volcanic eruption. The indi-
cated time stamps are: t0 = eruption moment  
(2022-01-15 04:14:45 UT), t1 = arrival of the front 
edge of the pressure wave at La Silla Observatory  
(2022-01-15 13:28:42 UT), t2 = arrival of the front 
edge of the pressure wave at Paranal Observatory 
(2022-01-15 13:43:49 UT), t3 = arrival of the far edge 
of the pressure wave at Paranal Observatory  
(2022-01-16 07:45:32 UT), t4 = arrival of the far edge 
of the pressure wave at La Silla Observatory  
(2022-01-16 07:20:13 UT).
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Effect of Centrifugal Force on Transmission Spectroscopy of Exoplanet
Atmospheres
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ABSTRACT
Transmission spectroscopy is one of the most successful methods of learning about exoplanet atmospheres. The process of
retrievals using transmission spectroscopy consists of creating numerous forward models and comparing them to observations
to solve the inverse problem of constraining the atmospheric properties of exoplanets. We explore the impact of one simplifying
assumption commonly employed by forward models of transiting exoplanets: namely that the planet can be treated as an isolated,
non-rotating spherical body. The centrifugal acceleration due to a planet’s rotation opposes the gravitational pull on a planet’s
atmosphere and increases its scale height. Conventional forwardmodels used for retrievals generally do not include this effect.We
find that atmospheric retrievals produce significantly different results for close-in planets with low gravity when this assumption
is removed, e.g., differences between true and retrieved values of gas abundances greater than 1𝜎 for a simulated planet analogous
to WASP-19 b. We recommend that the correction to the atmospheric scale height due to this effect be taken into account for the
analysis of high precision transmission spectra of exoplanets in the future, most immediately JWST Cycle 1 targets WASP-19 b
and WASP-121 b.
Key words: methods: analytical – techniques: spectroscopic – exoplanets – radiative transfer

1 INTRODUCTION

The study of exoplanet atmospheres through transmission spec-
troscopy using retrievals is now a well-established method to deduce
their composition and thermal structure (Charbonneau et al. 2002;
Tinetti et al. 2007; Sing et al. 2011; Kreidberg et al. 2014). Robust
detections of atmospheric species such as Na, K, H2O (Wakeford
et al. 2018a) have already been made with previous studies using
space-based telescopes such as the Hubble Space Telescope and the
Spitzer Space Telescope. Evidence of some carbon-bearing species
such as CO2 (Wakeford et al. 2018b) have also been found. Recently,
definitive evidence has been found to confirm the presence of CO2
in the atmosphere of WASP-39b (The JWST Transiting Exoplanet
Community Early Release Science Team et al. 2022) using JWST.
With the increase in quality of spectral data owing to JWST, the
analysis of much finer aspects of these atmospheres is now possi-
ble. This jump in signal-to-noise ratio will warrant the removal of
assumptions that have so far been considered routine. In this letter,
we explore one such assumption and evaluate the degree to which it
impacts our inferences regarding atmospheric properties.
When a planet spins, the centrifugal force due to rotation acts to

oppose the gravitational force, resulting in a slight reduction in the
effective gravitational acceleration acting on the atmosphere. The
gravitational equipotentials and hence the effective gravity in a two
body system like a planet orbiting a star has been well-studied in the
context of close binary stars, see e.g. Frank et al. (2002), and this
Roche geometry has been applied to exoplanets in Busuttil (2017)
and Berardo & de Wit (2022). Atmospheric scale height is defined

★ E-mail: agnibha.banerjee@open.ac.uk

as the altitude at any point in the atmosphere over which the atmo-
spheric pressure reduces by a factor of 𝑒, and is a quantity often used
to measure the extent of an atmosphere. The scale height is inversely
proportional to effective gravitational acceleration and thus increases
when the centrifugal force is included in the effective gravity calcu-
lation. The modified scale height, in turn, affects the transmission
spectra obtained from it by increasing the observable feature ampli-
tudes. Whilst the effect of rotation on the effective gravity is well
known and commonly accounted for in models of the fast-rotating
Solar System giant planets (Lindal et al. 1985; Irwin 2009), it has
not generally been included in retrieval models for exoplanets.

In this letter, we analyse the impact of reduced effective gravity on
synthetic transmission spectra for a range of hypothetical planets and
also examine the resulting influence on retrieved atmospheric prop-
erties. We first describe the atmospheric retrieval code, NEMESIS
(Non-linear optimal Estimator for MultivariatE spectral analySIS)
(Irwin et al. 2008). We then demonstrate the difference in transmis-
sion spectra with and without a latitudinally-averaged correction due
to centrifugal forces, and perform two retrievals on the transmis-
sion spectrum generated with the correction included: one with an
atmospheric model that includes the correction, and one without.
We find that the retrieval model without the centrifugal correction is
unable to recover the input atmospheric state to within 1𝜎. Finally,
we perform a parameter space exploration of planetary bulk density,
equilibrium temperature, stellar radius and orbital period to constrain
the regions in which this correction creates a significant difference
in the retrieval results.

© 2023 The Authors
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Abstract

The 21-cm signal from the dark ages provides a potential new probe
of fundamental cosmology. While exotic physics could be discovered,
here we quantify the expected benefits within the standard cosmol-
ogy. A measurement of the global (sky-averaged) 21-cm signal to the
precision of thermal noise from a 1,000 hour integration would yield
a 5.5% measurement of a combination of cosmological parameters. A
10,000 hour integration would improve this to 1.8%, and constrain
the cosmic Helium fraction as well as Planck. Precision cosmology
with 21-cm fluctuations requires a collecting area of 10 km2 (which
corresponds to 400,000 stations), which with a 1,000 hour integra-
tion would exceed the same global case. Enhancing the collecting area
or integration time ×10 would yield a 0.5% parameter combination,
a Helium measurement five times better than Planck, and a con-
straint on the neutrino mass as good as Planck. Our analysis sets a
baseline for upcoming lunar and space-based dark ages experiments.

Observation of the redshifted 21-cm signal due to the hyperfine transi-
tion of neutral hydrogen (HI) is a promising method to study its three-
dimensional (3D) distribution in the Universe [1–3]. The era from the epoch of
recombination (redshift z ∼ 1100), when matter decoupled from the radiation
and these photons free-streamed as the cosmic microwave background (CMB),
until the formation of the first substantial population of luminous objects

1
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Abstract

The Chasing All Transients Constellation Hunters (CATCH) space mis-
sion plans to launch three types of micro-satellites (A, B, and C). The
type-B CATCH satellites are dedicated to locating transients and detect-
ing their time-dependent energy spectra. A type-B satellite is equipped
with lightweight Wolter-I X-ray optics and an array of position-sensitive
multi-pixel Silicon Drift Detectors. To optimize the scientific payloads
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Fission and fusion of heavy nuclei induced by the passage of a
radiation-mediated shock in BNS mergers
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ABSTRACT
We compute the structure of a Newtonian, multi-ion radiation-mediated shock for different compositions anticipated in various
stellar explosions, including supernovae, gamma-ray bursts, and binary neutron star mergers, using a multi-fluid RMS model that
incorporates a self-consistent treatment of electrostatic coupling between the different plasma constituents. We find a significant
velocity separation between ions having different charge-to-mass ratios in the immediate shock downstream and demonstrate
that in fast enough shocks ion-ion collisions can trigger fusion and fission events at a relatively large rate. Our analysis does not
take into account potential kinetic effects, specifically, anomalous coupling through plasma microturbulence, that can signifi-
cantly reduce the velocity spread downstream, below the activation energy for nuclear reactions. A rough estimate of the scale
separation in RMS suggests that for shocks propagating in BNS merger ejecta, the anomalous coupling length may exceed the
radiation length, allowing a considerable composition change behind the shock via inelastic collisions of α particles with heavy
elements at shock velocities βu & 0.2. Moreover, a sufficient abundance of free neutrons upstream of the shock can also trigger
fission through neutron capture reactions downstream. The resultant change in the composition profile may affect the properties
of the early kilonova emission. The implications for other exploding systems are also briefly discussed.

Key words: Transients – Shock Waves – Plasmas – Nucleosynthesis

1 INTRODUCTION

Radiation mediated shocks (RMS) are an inherent feature of essen-
tially all (strong) stellar explosions (e.g., various types of super-
novae, low luminosity GRBs, regular GRBs and binary neutron star
mergers). They dictate the properties of the early electromagnetic
emission released in the explosion during the breakout of the shock
from the opaque envelope enshrouding the source, the detection of
which is a primary focus of current and upcoming transient surveys
(for recent reviews see Waxman & Katz 2017; Levinson & Nakar
2020). The RMS structure and dynamics depend on the progenitor
type, the explosion energy and the explosion geometry. In particu-
lar, the shock velocity at breakout can range from sub-relativistic to
mildly relativistic, and in extreme cases even ultra-relativistic.

The gamma-ray flash GRB 170817A that accompanied the grav-
itational wave signal GW 170817 (for reviews see Nakar 2020;
Margutti & Chornock 2021) is a plausible example of a shock break-
out signal (e.g., Kasliwal et al. 2017; Gottlieb et al. 2018b; Be-
loborodov et al. 2020); the RMS in this source was most likely
driven by the interaction of the relativistic jet expelled by the com-
pact remnant and the merger ejecta (Nakar et al. 2018), but a shock
with a much wider opening angle is also a viable possibility (Be-
loborodov et al. 2020). While the origin of GRB 170817A is still de-
batable, the presence of a relativistic jet in this system has been con-
firmed by VLBI observations (Mooley et al. 2018). Consequently,

? E-mail: saflulalon@gmail.com

if this system represents a prototypical BNs merger evolution, the
conclusion that a fast shock must cross through at least part of the
ejecta at early times seems unavoidable. In what follows we demon-
strate that the propagation of the RMS through the merger ejecta can
significantly alter the composition profile of r-process material be-
hind the shock and, potentially, the kilonova emission if the change
in composition affects the opacity and/or the radioactive energy de-
position in the ejecta.

A key issue in RMS theory is how the different plasma con-
stituents are coupled. Since the radiation force acts solely on elec-
trons and positrons, it must be mediated to the ions by some other
means. In a sub-relativistic, single-ion RMS this is accomplished
through the generation of an electrostatic field, owing to a tiny
charge separation of electrons and ions. However, electrostatic cou-
pling fails in relativistic RMS (RRMS), in which e± pairs are over-
abundant (Levinson 2020; Vanthieghem et al. 2022), and in RMS
composed of multi-ion species with different charge-to-mass ratios
(Derishev 2018). It has been shown recently (Vanthieghem et al.
2022) that in an unmagnetized single-ion RRMS, the dominant cou-
pling mechanism is plasma microturbulence, generated by a current
filamentation instability driven by the relative drift between the ions
and the pairs. The presence of a strong enough (transverse) magnetic
field in the upstream flow can give rise to magnetic coupling of pairs
and ions which completely suppresses the instability (Mahlmann
et al. 2023).

The situation can be vastly different in multi-ion RMS. First, the
deceleration rate of ions inside the shock depends on the charge-to-

© 0000 The Authors
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ABSTRACT
The Andromeda Galaxy (M31) is the Local Group galaxy that is most similar to the Milky Way (MW). The similarities between
the two galaxies make M31 useful for studying integrated properties common to spiral galaxies. We use the data from the
recent QUĲOTE-MFI Wide Survey, together with new raster observations focused on M31, to study its integrated emission.
The addition of raster data improves the sensitivity of QUĲOTE-MFI maps by a factor greater than 3. Our main interest is to
confirm if anomalous microwave emission (AME) is present in M31, as previous studies have suggested. To do so, we built
the integrated spectral energy distribution of M31 between 0.408 and 3000GHz. We then performed a component separation
analysis taking into account synchrotron, free-free, AME and thermal dust components. AME inM31 is modelled as a log-normal
distribution with maximum amplitude, 𝐴AME, equal to 1.06 ± 0.30 Jy. It peaks at aAME = 17.28 ± 3.08GHz with a width of
𝑊AME = 0.57 ± 0.15. Both the Akaike and Bayesian Information Criteria find the model without AME to be less than 1% as
probable as the one taking AME into consideration, thus strongly favouring the presence of AME in M31. We find that the AME
emissivity in M31 is 𝜖28.4GHzAME = 9.1 ± 2.9 `K/(MJy/sr), similar to that computed for the MW. We also provide the first upper
limits for the AME polarization fraction in an extragalactic object. M31 remains the only galaxy where an AME measurement
has been made of its integrated spectrum.

Key words: (galaxies): Local Group – galaxies: ISM – (cosmology): diffuse radiation – radio continuum: galaxies – radiation
mechanisms: general – ISM: general

★ E-mail: mateo.fernandez@iac.es (MFT)
† E-mail: rgs@iac.es (RTGS)

1 INTRODUCTION

The Andromeda Galaxy or Messier 31 (M31) is the largest galaxy in
the Local Group (Goodwin et al. 1998) and the most similar to the

© 2023 The Authors
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A new emission mode of PSR B1859+07

Tao Wang1,2, P. F. Wang1,2,3, J. L. Han1,2,3, Yi Yan1,2, Ye-Zhao Yu4, Feifei Kou5

1 National Astronomical Observatories, Chinese Academy of Sciences, 20A Datun Road, Chaoyang District,

Beijing 100012, China; pfwang, hjl@nao.cas.cn
2 School of Astronomy and Space Science, University of Chinese Academy of Sciences, 19A Yuquan Road,

Beijing 100049, China
3 The key Laboratory for Radio Astronomy and Technology, Chinese Academy of Sciences, Jia20 Datun

Road, Beijing 100012, China;
4 Qiannan Normal University for Nationalities, Duyun, 558000, China;
5 Xinjiang Astronomical Observatories, Chinese Academy of Sciences, Urumqi, 830011, China Received 2021

XXX; accepted 2021 XXX

Abstract Previous studies have identified two emission modes in PSR B1859+07: a normal

mode that has three prominent components in the average profile, with the trailing one being the

brightest, and an anomalous mode (i.e. the A mode) where emissions seem to be shifted to an earlier

phase. Within the normal mode, further analysis has revealed the presence of two sub-modes, i.e.

the cW mode and cB mode, where the central component can appear either weak or bright. As

for the anomalous mode, a new bright component emerges in the advanced phase while the bright

trailing component in the normal mode disappears. New observations of PSR B1859+07 by using

the Five-hundred-meter Aperture Spherical radio Telescope (FAST) have revealed the existence of a

previously unknown emission mode, dubbed as the Af mode. In this mode, all emission components

seen in the normal and anomalous modes are detected. Notably, the mean polarization profiles of

both the A and Af modes exhibit an orthogonal polarization angle jump in the bright leading

component. The polarization angles for the central component in the original normal mode follow

two distinct orthogonal polarization modes in the A and Af modes respectively. The polarization

angles for the trailing component show almost the same but a small systematic shift in the A and

Af modes, roughly following the values for the cW and cB modes. Those polarization features of

this newly detected emission mode imply that the anomalous mode A of PSR B1859+07 is not

a result of “phase shift” or “swooshes” of normal components, but simply a result of the varying

intensities of different profile components. Additionally, subpulse drifting has been detected in the

leading component of the Af mode.

Key words: pulsars: individual: B1859+07

1 INTRODUCTION

Pulsars are highly magnetized, rotating neutron stars.

The pulses generated from each rotation exhibit vary-

ing morphology and polarization. Pulse sequences

manifest nulling, mode changing, and subpulse drift-

ing phenomena. Rankin et al. (2006) found an unusual

phenomenon that PSRs B0919+06 and B1859+07 oc-

casionally manifests as a shift of emission towards

early rotation phases, which was termed as “swooshes”

by Wahl et al. (2016) and Rajwade et al. (e.g. 2021)

or the “flare-state” by Perera et al. (2016). The

“swooshes” of PSR B1859+07 which lasts for about

20 to 120 periods, and happen gradually within sev-

eral periods and somehow quasi-periodically for about

every 150 rotations (Wahl et al. 2016; Wang et al.

2022). In the normal state, PSR B1859+07 exhibits

the bright and quiet modes (Rajwade et al. 2021;

Wang et al. 2022), in which the central component

is bright or weak respectively, which we term them

as two sub-modes, i.e. central-Weak mode ‘cW’ and

central-Bright mode ‘cB’. The morphology, periodic-

ity and possible physical origins of such a shift-like
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Fast rotating Blue Stragglers prefer loose clusters 
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Blue stragglers are anomalously luminous core hydrogen-burning stars formed through mass-

transfer in binary/triple systems and stellar collisions. Their physical and evolutionary 

properties are largely unknown and unconstrained. Here we analyze 320 high-resolution 

spectra of blue stragglers collected in eight galactic globular clusters with different structural 

characteristics and show evidence that the fraction of fast rotating blue stragglers (with 

rotational velocities larger than 40 km/s) increases for decreasing central density of the host 

system.  This trend suggests that fast spinning blue stragglers prefer low-density environments 

and promises to open an unexplored route towards understanding the evolutionary processes 

of these stars. Since large rotation rates are expected in the early stages of both formation 

channels, our results provide direct evidence for recent blue straggler formation activity in low-

density environments and put strong constraints on the timescale of the collisional blue 

straggler slow-down processes. 

 

Introduction 
Blue straggler stars (BSSs) are puzzling objects well distinguishable in the colour-magnitude diagram 

(CMD) of stellar systems, where they define a sequence extending brighter and bluer than the Main 



Observing exoplanets from Antarctica in two colours: Set-up
and operation of ASTEP+
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ABSTRACT

On December 2021, a new camera box for two-colour simultaneous visible photometry was successfully installed
on the ASTEP telescope at the Concordia station in Antarctica. The new focal box offers increased capabilities
for the ASTEP+ project. The opto-mechanical design of the camera was described in a previous paper.1 Here,
we focus on the laboratory tests of each of the two cameras, the low-temperature behaviour of the focal box in a
thermal chamber, the on-site installation and alignment of the new focal box on the telescope, the measurement of
the turbulence in the tube and the operation of the telescope equipped with the new focal box. We also describe
the data acquisition and the telescope guiding procedure and provide a first assessment of the performances
reached during the first part of the 2022 observation campaign. Observations of the WASP19 field, already
observed previously with ASTEP, demonstrates an improvement of the SNR by a factor 1.7, coherent with an
increased number of photon by a factor of 3. The throughput of the two cameras is assessed both by calculation
of the characteristics of the optics and quantum efficiency of the cameras, and by direct observations on the
sky. We find that the ASTEP+ two-colour transmission curves (with a dichroic separating the fluxes at 690nm)
are similar to those of GAIA in the blue and red channels, but with a lower transmission in the ASTEP+ red
channel leading to a 1.5 magnitude higher B-R value compared to the GAIA B-R value. With this new setting,
the ASTEP+ telescope will ensure the follow-up and the characterization of a large number of exoplanetary
transits in the coming years in view of the future space missions JWST and Ariel.

Keywords: Exoplanets, transit, Antarctica, Concordia station, TESS, photometry

1. INTRODUCTION

ASTEP (Antarctic Search for Transiting ExoPlanets) has been developed to search for exoplanetary transits
from Dome C.2–4 It has been able to produce high-precision photometric observations, both for detection of
new candidates and for the follow-up of already known exoplanets.5–14 The location of ASTEP in Antarctica
makes it unique for the follow-up of long duration transits and very southern objects detected by TESS and
in the continuous viewing zones of JWST and Ariel. In 2020, a new focal box was developed at the Lagrange
laboratory with the support of ESA/ESTEC and the University of Birmingham. The support permitted the
acquisition of two cameras for two-color (blue and red parts of the visible light) simultaneous photometry. The
focal box design and its characteristics are described in a previous SPIE paper.1

Further author information: Send correspondence to F.X. Schmider (schmider@oca.eu)

1

ar
X

iv
:2

30
5.

08
45

4v
1 

 [
as

tr
o-

ph
.I

M
] 

 1
5 

M
ay

 2
02

3



Draft version May 16, 2023
Typeset using LATEX twocolumn style in AASTeX62

The Radial Distribution of Ion-scale Waves in the Inner Heliosphere
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ABSTRACT

Determining the mechanism responsible for the plasma heating and particle acceleration is a funda-

mental problem in the study of the heliosphere. Due to efficient wave-particle interactions of ion-scale

waves with charged particles, these waves are widely believed to be a major contributor to ion energiza-

tion, and their contribution considerably depends on the wave occurrence rate. By analyzing the radial

distribution of quasi-monochromatic ion-scale waves observed by the Parker Solar Probe, this work

shows that the wave occurrence rate is significantly enhanced in the near-Sun solar wind, specifically

21%−29% below 0.3 au, in comparison to 6%−14% beyond 0.3 au. The radial decrease of the wave

occurrence rate is not only induced by the sampling effect of a single spacecraft detection, but also by

the physics relating to the wave excitation, such as the enhanced ion beam instability in the near-Sun

solar wind. This work also shows that the wave normal angle θ, the absolute value of ellipticity ε,

the wave frequency f normalized by the proton cyclotron frequency fcp, and the wave amplitude δB

normalized by the local background magnetic field B0 slightly vary with the radial distance. The

median values of θ, |ε|, f , and δB are about 9◦, 0.73, 3fcp, and 0.01B0, respectively. Furthermore,

this study proposes that the wave mode nature of the observed left-handed and right-handed polarized

waves corresponds to the Alfvén ion cyclotron mode wave and the fast-magnetosonic whistler mode

wave, respectively.

Keywords: Plasma physics (2089) — Space plasmas (1544) — Solar wind (1534)

1. INTRODUCTION

In weakly-collisional plasmas, one of the major mech-

anisms determining ion energization (ion plasma heat-

ing and ion acceleration) is wave-particle interactions

of ion-scale waves (e.g., Verscharen et al. 2019; Zhao et

al. 2022). Observations of highly anisotropic heavy ion

temperatures with T⊥ > T‖ from UVCS on SoHO (Kohl

et al. 1998) suggest ion-scale waves (in particular, ion

cyclotron waves) are responsible for ion energization in

the solar corona (e.g., Cranmer et al. 1999; Isenberg et

al. 2001; Marsch & Tu 2001; Liewer et al. 2001; Hollweg

Corresponding author: Jinsong Zhao

js zhao@pmo.ac.cn

& Isenberg 2002), where T⊥ and T‖ denote the temper-

atures perpendicular and parallel to the magnetic field,

respectively. Also, ion cyclotron waves are usually pro-

posed to locally energize and/or scatter solar wind ions

(e.g., Marsch & Tu 2001; Kasper et al. 2008, 2013; He

et al. 2015; Vech et al. 2021; Bowen et al. 2022; Ofman

et al. 2022; Verniero et al. 2022). These energizations

are accomplished by cyclotron interactions between ions

and ion-scale electromagnetic waves (e.g., Hollweg &

Isenberg 2002). For example, from ion measurements

by Helios and Wind, Marsch & Tu (2001) and He et

al. (2015) have shown observational evidences of pitch

angle diffusion of solar wind ions induced by cyclotron

wave-particle interactions. Recently, Bowen et al. (2022)

provided a similar pitch angle diffusion signature in the

presence of ion cyclotron waves from Parker Solar Probe
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Sunspot positions from observations by Flaugergues in the Dalton
Minimum
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ABSTRACT
French astronomer Honoré Flaugergues compiled astronomical observations in a series
of hand-written notebooks for 1782–1830, which are preserved at Paris Observatory.
We reviewed these manuscripts and encoded the records that contain sunspot mea-
surements into a numerical table for further analysis. All measurements are timings
and we found three types of measurements allowing the reconstruction of heliographic
coordinates. In the first case, the Sun and sunspots cross vertical and horizontal wires,
in the second case, one vertical and two mirror-symmetric oblique wires, and in the
third case, a rhombus-shaped set of wires. Additionally, timings of two solar eclipses
also provided a few sunspot coordinates. As a result, we present the time–latitude
(butterfly) diagram of the reconstructed sunspot coordinates, which covers the period
of the Dalton Minimum and confirms consistency with those of Derfflinger and Prant-
ner. We identify four solar cycles in this diagram and discuss the observed peculiarities
as well as the data reliability.

Key words: Sun: sunspots – astronomical data bases: catalogs – methods: data analysis

1 INTRODUCTION

The Sun is known to exhibit a cyclic magnetic activity, but
it is important to note that it is far from being strictly
periodic (e.g. Hathaway 2015; Cameron & Schüssler 2019).
While the individual cycles all appear to be slightly differ-
ent, their ensemble is also subject to long-term modulations.
The most prominent change to the cyclicity is the Maunder
Minimum in the second half of the 17th and the beginning of
the 18th century, in which very few sunspots were seen. The
Maunder Minimum has been extensively studied in terms
of sunspot numbers or active days (e.g. Nagovitsyn 2007;
Vaquero et al. 2015; Gao 2017; Hayakawa et al. 2021a; Car-
rasco et al. 2022), regarding the availability and reliability
of reports (e.g. Hoyt & Schatten 1996; Usoskin et al. 2015;
Carrasco et al. 2021), and through proxies of solar activ-
ity (e.g. Miyahara et al. 2004; Berggren et al. 2009; Usoskin
et al. 2021; Asvestari et al. 2017; Brehm et al. 2021).

The Dalton Minimum near 1800 is less pronounced and
had been less studied until recently. Interestingly, the num-
ber of observations is smaller – especially just before the
Dalton Minimum –, but some observers cover long periods
and it is time to exploit these sources in full in order to
obtain a detailed picture of the solar activity in the Dal-

? E-mail: egor.illarionov@math.msu.ru

ton Minimum. While previous studies have looked at the
sunspot number or the group sunspot number (Usoskin et al.
2003; Nielsen & Kjeldsen 2011; Svalgaard & Schatten 2016;
Carrasco 2021, e.g.) as powerful indices of solar activity,
the recent advances in obtaining sunspot positions from the
original drawings of sunspots in the solar disk, including
an appropriate determination of the sunspot group number,
are enhancing our knowledge enormously (Hayakawa et al.
2020, 2021b). Sunspot positions from just before the Dalton
Minimum are available from Johann Staudacher in Nurem-
berg (Arlt 2009a), Peter Horrebow and his collaborators in
Copenhagen (Karoff et al. 2019), and Hamilton and Gim-
ingham at Armagh Observatory(Arlt 2009b). The present
paper aims to add further positional data to these efforts.

Cycle 4 is interesting, since it started in 1784 and either
lasted at least until about 1798 or was followed by a very
weak cycle hardly detectable in sunspot numbers. The latter
option should exhibit spots at higher latitudes in the course
of cycle 4. Usoskin et al. (2009) found that a few spots indeed
appeared at higher heliographic latitudes from the middle of
cycle 4, based on data from Armagh and Staudacher.

It is also worth mentioning that the Dalton Minimum
was first noticed not through sunspot records but through
the auroral records of John Dalton and so named afterwards
(e.g. Silverman & Hayakawa 2021). The present study is

© 2022 The Authors
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Tidal Spin-up of Black Hole Progenitor Stars

Linhao Ma（马林昊） 1 and Jim Fuller 1
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ABSTRACT

Gravitational wave observations indicate the existence of merging black holes (BHs) with high spin

(a & 0.3), whose formation pathways are still an open question. A possible way to form those binaries

is through the tidal spin-up of a Wolf-Rayet (WR) star by its BH companion. In this work, we

investigate this scenario by directly calculating the tidal excitation of oscillation modes in WR star

models, determining the tidal spin-up rate, and integrating the coupled spin-orbit evolution for WR-

BH binaries. We find that for short-period orbits and massive WR stars, the tidal interaction is

mostly contributed by standing gravity modes, in contrast to Zahn’s model of travelling waves which

is frequently assumed in the literature. The standing modes are less efficiently damped than traveling

waves, meaning that prior estimates of tidal spin-up may be overestimated. We show that tidal

synchronization is rarely reached in WR-BH binaries, and the resulting BH spins have a . 0.4 for all

but the shortest period (Porb . 0.5 d) binaries. Tidal spin-up in lower-mass systems is more efficient,

providing an anti-correlation between the mass and spin of the BHs, which could be tested in future

gravitational wave data. Non-linear damping processes are poorly understood but may allow for more

efficient tidal spin-up. We also discuss a new class of gravito-thermal modes that appear in our

calculations.

Keywords: Wolf-Rayet stars (1806), Stellar oscillations (1617), Stellar evolution (1599), Tidal interac-

tion (1699), Astrophysical black holes (98)

1. INTRODUCTION

The spins of stellar-mass black holes (BHs) are still not

fully understood. Most BHs detected from LIGO/Virgo

events have low aligned components of their spins (Ab-

bott et al. 2019a; Zaldarriaga et al. 2018; Miller et al.

2020; Roulet et al. 2021; Zevin et al. 2021), which agrees

with predictions of efficient angular momentum (AM)

transport within the interiors of massive stars. Such pro-

cesses remove the majority of AM from the stellar core,

predicting slowly rotating remnants after core-collapse

(Fuller & Ma 2019; Ma & Fuller 2019). These theo-

ries are approximately consistent with core-rotation rate

measurements of low-mass red giants from asteroseis-

mology (Beck et al. 2012; Mosser et al. 2012; Deheuvels

et al. 2014, 2015; Triana et al. 2017; Gehan et al. 2018),

with a few discrepancies (Eggenberger et al. 2019). Yet,

among a small fraction of LIGO/Virgo BHs and a ma-

Corresponding author: Linhao Ma

lma3@caltech.edu

jority of high-mass X-ray binaries (Miller & Miller 2015),

high BH spins are measured. Therefore it still remains

a theoretical challenge to explain the existence of these

rapidly rotating objects (see, e.g. discussions in Qin

et al. 2019; Belczynski et al. 2021; Fishbach & Kalogera

2022).

A natural scenario to form high-spin BHs is through

binary interactions, as nearly all BHs with spin mea-

surements are found via BH mergers or X-ray binaries.

One possible progenitor of BH binaries are Wolf-Rayet-

BH binaries. Such a system is formed from an ordinary

massive binary system, where the primary collapses to

a (likely slowly rotating) BH, and then strips off the en-

velope of the secondary, making it a Wolf-Rayet (WR)

star. Tidal interactions during the WR phase could pos-

sibly spin up the latter, forming a rapidly spinning BH.

Many studies have investigated this scenario and made

predictions for the spins of the second-born BHs (Kush-

nir et al. 2017; Qin et al. 2018; Bavera et al. 2020; Bel-

czynski et al. 2020; Olejak & Belczynski 2021; Fuller &

Lu 2022), finding they can be large for sufficiently close

binary systems (Porb . 1 day).
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Transverse vertical oscillations during the contraction and expansion of coronal loops
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ABSTRACT

In this paper, we carry out a detailed analysis of the M1.6 class eruptive flare occurring in NOAA active region
13078 on 2022 August 19. The flare is associated with a fast coronal mass ejection (CME) propagating in the
southwest direction with an apparent speed of ∼926 km s−1. Meanwhile, a shock wave is driven by the CME at
the flank. The eruption of CME generates an extreme-ultraviolet (EUV) wave expanding outward from the flare
site with an apparent speed of ≥200 km s−1. As the EUV wave propagates eastward, it encounters and interacts
with the low-lying adjacent coronal loops (ACLs), which are composed of two loops. The compression of
EUV wave results in contraction, expansion, and transverse vertical oscillations of ACLs. The commencements
of contraction are sequential from western to eastern footpoints and the contraction lasts for ∼15 minutes.
The speeds of contraction lie in the range of 13−40 km s−1 in 171 Å and 8−54 km s−1 in 193 Å. A long,
gradual expansion follows the contraction at lower speeds. Concurrent vertical oscillations are superposed on
contraction and expansion of ACLs. The oscillations last for 2−9 cycles and the amplitudes are ≤4 Mm. The
periods are between 3 to 12 minutes with an average value of 6.7 minutes. The results show rich dynamics of
coronal loops.

Keywords: Sun: flares — Sun: oscillations — Sun: coronal mass ejections (CMEs)

1. INTRODUCTION

Coronal mass ejections (CMEs) are impulsive, large-scale
eruptions of magnetic field and corona plasma into the he-
liosphere (see Chen 2011; Georgoulis et al. 2019, and refer-
ences therein). A majority of CMEs are produced by erup-
tions of prominences or magnetic flux ropes originating from
quiet regions or active regions (Fan 2005; Aulanier et al.
2010; Yan et al. 2018; Zhang 2022; Zhou et al. 2023). The
speeds of CMEs have a wide range from ∼100 km s−1 to
≥3000 km s−1 (Yashiro et al. 2004). Successive stretching
of the overlying magnetic field lines generates a bright, ex-
panding front from the source region observed in extreme
ultraviolet (EUV) wavelengths, which is named “EIT wave”
(Thompson et al. 1998; Chen et al. 2002, 2005; Ballai et al.
2005). Meanwhile, a faster coronal Moreton wave is
frequently observed to propagate ahead of the EIT wave

Corresponding author: Qingmin Zhang

zhangqm@pmo.ac.cn

(Chen & Wu 2011; Kumar et al. 2013; Devi et al. 2022).
It is generally accepted that an EUV wave consists of a
wave-like component moving at fast magnetosonic speed
(Wills-Davey & Thompson 1999; Zheng et al. 2023) and a
coherent driven compression front related to the eruption
(Downs et al. 2011). Occasionally, the fast-mode wave
is a shock wave accompanied by a type II radio burst
(Gopalswamy et al. 2009; Zucca et al. 2018).

Waves and oscillations are omnipresent in the solar at-
mosphere (Andries et al. 2009; Ruderman & Erdélyi 2009;
Jess et al. 2015; Nakariakov & Kolotkov 2020), such as
Alfvén waves (Erdélyi & Fedun 2007; Liu et al. 2019), slow-
mode (Wang et al. 2003; Xia et al. 2022), and fast-mode
magnetohydrodynamics (MHD) waves (Edwin & Roberts
1983). Fast-mode kink oscillations of coronal loops
excited by flares were first observed by the Transi-
tion Region and Coronal Explorer (TRACE) spacecraft
(Aschwanden et al. 1999; Nakariakov et al. 1999). Kink
oscillations could also been induced by small-scale mag-
netic reconnection (He et al. 2009), coronal jets (Dai et al.
2021), prominence eruptions (Zimovets & Nakariakov

http://arxiv.org/abs/2305.08338v1
http://orcid.org/0000-0003-4078-2265
http://orcid.org/0000-0001-7693-4908
http://orcid.org/0000-0001-7540-9335
http://orcid.org/0000-0002-2630-4753
http://orcid.org/0000-0002-1190-0173
http://orcid.org/0000-0003-4787-5026
http://orcid.org/0000-0003-1979-9863
mailto: zhangqm@pmo.ac.cn
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Possible Detection of A Flare-associated Coronal Mass Ejection on

A M-dwarf

J. Wang1,2,∗

1 Guangxi Key Laboratory for Relativistic Astrophysics, School of Physical Science and Technology,

Guangxi University, Nanning 530004, China, wj@nao.cas.cn.
2 Key Laboratory of Space Astronomy and Technology, National Astronomical Observatories,

Chinese Academy of Sciences, Beijing 100101, China.

Abstract We here report a probable detection of a stellar coronal mass ejection (CME)

in active M dwarf KIC 8093473 by performing an analysis on its time resolved X-ray

spectra observed by XMM-Newton satellite. Compared to the value at quiescent state

and the interstellar one, our spectral modeling returns a marginal (and probably evolving)

excess of hydrogen column density in the flare state at a significance level of 1σ, which

can be understood by an additional absorption due to a flare-associate CME. The CME

mass is then estimated to be ∼ 7 × 1018 − 2 × 1020 g according to the ice cream cone

model.

Key words: stars: coronae — stars: flare — stars: late-type — X-rays: stars

1 INTRODUCTION

As an analogy with the Sun, a stellar coronal mass ejections (CME, e.g., Leitzinger & Odert 2022) be-

ing manifested by a large scale expulsion of the confined and magnetized plasma into the interplanetary

space (e.g., Kahler 1992; Tsuneta 1996; Kliem et al. 2000; Karlicky & Barta 2007; Li et al. 2016; Jiang

et al. 2021) is expected for solar-like and late-type main-sequence stars. The study of stellar CMEs is

essential for evaluating the habitability of an exoplanet, especially for nearby M dwarfs (Shields et al.

2016) that are associated with a habitable zone with a distance less than 0.1AU from the host stars.

Theoretically, the frequent stellar CMEs can tear off most of the atmosphere of an exoplanet (e.g.,

Khodachenko et al. 2007; Cerenkov et al. 2017), and compress the magnetosphere, which enables a

penetration of energetic particles into the planetary atmosphere. The subsequent atmospheric chemistry

simulations indicate an enhanced production of greenhouse gas nitrous oxide and HCN in the atmo-

sphere (e.g., Tian et al. 2011; Airapetian et al. 2016; Barnes et al. 2016).

However, due to a lack of enough spatial resolution, detection of a stellar CME is still a hard task

for the current instruments. We refer the readers to Moschou et al. (2019) and Osten & Wolk (2016)

for reviews on the methods of detection of stellar CMEs. Generally speaking, a handful of stellar CME

candidates have been reported previously according to either high velocity Balmer line wings or bluse-

hifted emission line in X-ray (e.g., Houdebine et al. 1990; Argiroffi et al. 2019; Koller et al. 2021; Wang

et al. 2021, 2022; Namekata et al. 2021; Wu et al. 2022; Lu et al. 2022). Other claims of detection of

stellar CME include an observed EUV/X-ray dimming (e.g., Ambruster et al. 1989; Chandra et al. 2016;

Veronig et al. 2021) and a pre-flare dip in an optical light curve (e.g., Giampapa et al. 1982; Leitzinger

et al. 2014), although the latter has been argued against since the dip could be also resulted from an

increase in H− opacity during a flare.

http://arxiv.org/abs/2305.08294v1
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Double outbursts in V544 Her and ASASSN-19yt

Taichi Kato1

1 Department of Astronomy, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan
tkato@kusastro.kyoto-u.ac.jp

Abstract

In Kato et al. (2019, arXiv:1909.00910), I reported on a double outburst and rebrightenings in 2018 in
V544 Her. Such a phenomenon is usually observed in WZ Sge stars which evolved after the period bounce
and the colors of V544 Her in quiescence apparently exclude this possibility. Although this phenomenon was
considered to be rare, I detected almost exactly the same one in 2021 using ZTF, ATLAS and ASAS-SN public
data. I also detected a phenomenon very similar to this in ASASSN-19yt in 2022. The same object showed a
different type of outburst in 2019 whose morphology looked like that of an SS Cyg star. If ASASSN-19yt is
an SU UMa star, the morphology of the 2019 outburst would challenge our knowledge in SU UMa stars. If
this object, or V544 Her, is an SS Cyg star, what causes a double outburst and rebrightenings would become
an unsolved problem in dwarf novae.

Kato et al. (2019) reported a superoutburst of the SU UMa star CS Ind, which showed a long precursor
outburst. The overall behavior looked like a “double outburst”, which is sometimes seen in WZ Sge stars (see
e.g., Kato 2015) evolved after the period bounce (Kato et al. 2013; Neustroev et al. 2017; Kimura et al. 2018).

In Kato et al. (2019), V544 Her was introduced as a dwarf nova with a double outburst and the similarity
with CS Ind was discussed. Kato et al. (2019) suggested that this would be a rare phenomenon based on the
absence of a similar outburst in the past data. Using Zwicky Transient Facility (ZTF: Masci et al. 2019)1 and
Asteroid Terrestrial-impact Last Alert System (ATLAS: Tonry et al. 2018) forced photometry (Shingles et al.
2021) observations, I noticed that V544 Her showed a double outburst again in 2021, contrary to the expectation
in Kato et al. (2019). The overall light curve of the past eight seasons using the ZTF, ATLAS and All-Sky
Automated Survey for Supernovae (ASAS-SN, Shappee et al. 2014) data is shown in figures 1 and 2. Only
positive detections are shown and all other ASAS-SN observations were upper limits. There are several solitary
ASAS-SN detections (such as the recent BJD 2460074 one), but they were likely noises.

The double outbursts in 2018 and 2021 are shown in detail in figures 3 and 4, respectively. They were
very similar: first long outburst, dip, second long outburst and two short rebrightenings. These outbursts very
much resemble the double outburst recorded in the SU UMa star CS Ind, as already reported. The red color of
V544 Her [an orbital period over 0.2 d was inferred from SDSS colors (Kato et al. 2012); BP=19.59, RP=18.27
(Gaia Collaboration et al. 2022)] in quiescence, however, appears to be inconsistent with an SU UMa star with
a short orbital period. All ZTF and ATLAS observations were snapshtot data and it was not possible to make
a period analysis to detect possible superhumps. It looks like, however, that no large-amplitude (such as 0.2–
0.3 mag) superhumps were present. Although the 2021 outburst was also detected by VSOLJ and VSNET (Kato
et al. 2004) members, the detections were late during the initial long outburst and no special attention was paid
since the object already appeared to be fading and since the season was too late to make long time-resolved
photometry.

The first outburst in 2016 in figure 1 might have been a complex one, although the limited quality of the
ASAS-SN data and still limited coverage by ATLAS made it impossible to examine it in detail. If double outbursts
in this system occur relatively frequently (such as once in three years), we may have a more frequent chance to
determine the nature of a double outburst in this system than previously thought. There have recently been
an increasing number of discoveries of SU UMa stars with long orbital periods [e.g., SDSS J094002.56+274942.0
(Kato and Vanmunster 2023); ASASSN-15cm (Kato 2023b) and BO Cet (Kato et al. 2021; Kato 2023a)] and
V544 Her may join this group. It would be, however, worth noting that some outbursts in dwarf novae have
yet unexplained dips, such as in MASTER OT J055845.55+391533.4 (Kato et al. 2023) and the phenomenon in
V544 Her may not be related to SU UMa-type one.

I also noticed that ASASSN-19yt showed a double outburst and rebrightenings in 2022 very similar to
V544 Her (figure 5). The same object showed a (relatively) long outburst in 2019 (figure 6). This outburst rose
slowly and the overall symmetric shape resembled that of an SS Cyg star, although the maximum fading rate
was larger than in SS Cyg stars. Tonny Vanmunster obtained a single-night run and did not detect superhumps.

1The ZTF data can be obtained from IRSA <https://irsa.ipac.caltech.edu/Missions/ztf.html> using the inter-
face <https://irsa.ipac.caltech.edu/docs/program_interface/ztf_api.html> or using a wrapper of the above IRSA API
<https://github.com/MickaelRigault/ztfquery>.

http://arxiv.org/abs/2305.08288v1
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ABSTRACT
The traditional paradigm of viscosity-dominated evolution of protoplanetary discs has been
recently challenged by magnetized disc winds. However, distinguishing wind-driven and
turbulence-driven accretion through observations has been difficult. In this study, we present
a novel approach to identifying their separate contribution to angular momentum transport by
studying the gap and ring morphology of planet-forming discs in the ALMA continuum. We
model the gap-opening process of planets in discs with both viscous evolution and wind-driven
accretion by 2D multi-fluid hydrodynamical simulations. Our results show that gap-opening
planets in wind-driven accreting discs generate characteristic substructures that differ from
those in purely viscous discs. Specifically, we demonstrate that discs, where wind-driven ac-
cretion dominates the production of substructures, exhibit significant asymmetries. Based on
the diverse outputs of mock images in the ALMA continuum, we roughly divide the planet-
induced features into four regimes (moderate-viscosity dominated, moderate-wind dominated,
strong-viscosity dominated, inviscid). The classification of these regimes sets up a potential
method to constrain the strength of magnetized disc wind and viscosity based on the observed
gap and ring morphology. We discuss the asymmetry feature in our mock images and its
potential manifestation in ALMA observations.

Key words: planet-disc interactions – protoplanetary discs – planets and satellites: formation

1 INTRODUCTION

The Atacama Large Millimeter/submillimeter Array (ALMA) has
discovered a rich catalogue of diverse features in mm/sub-mm ob-
servation of protoplanetary discs (PPDs), including cavities, gaps,
rings and vortices (e.g., ALMA Partnership et al. 2015; Long et al.
2018; Andrews et al. 2018; Huang et al. 2018; Lodato et al. 2019;
Long et al. 2019; Andrews 2020).

Among those substructures, the most ubiquitous features are
the bright rings and dark gaps, a classical interpretation for which

★ These authors contributed equally to this work.

is the perturbation of gas and dust profiles by an embedded planet
(e.g., Paardekooper et al. 2022). Due to excitation and dissipation of
density waves launched at resonances, planets carve out deficits in
the surrounding gas density profiles (Goldreich & Tremaine 1980;
Lin & Papaloizou 1986, 1993). In turn, a pressure bump forms at
the outer edge of the gas gap, which efficiently traps in-drifting
dust particles that have limited coupling to gas (Paardekooper &
Mellema 2006; Zhu et al. 2011), leading to bright dust rings. With
suitable parameters for disc viscosity, thickness as well as planet
mass, one can reproduce a variety of dust emission features similar
to what’s discovered in the sub-mm ALMA catalogue (Rosotti et al.
2016; Zhang et al. 2018).

© 2023 The Authors
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Analysis of Prospective Flight Schemes to Venus 

Accompanied by an Asteroid Flyby 

Vladislav Zubko1 

1 Space Research Institute (IKI) of the Russian Academy of Sciences (RAS) 

This paper deals with the problem of constructing a flight scheme to Venus, in which a spacecraft 

flying to the planet after a gravity assist maneuver and transition to a resonant orbit in order to re-

encounter with Venus, makes a passage of a minor celestial body. The 117 candidate asteroids 

from the NASA JPL catalogue, whose diameter exceeds 1 km, were selected. The flight trajectories 

which meet the criteria of impulse-free both flyby Venus and asteroid, and the subsequent landing 

on the surface of Venus were found within the interval of launch dates from 2029 to 2050. The 

trajectory of the spacecraft flight from the Earth to Venus including flyby of Venus and asteroids 

with a subsequent landing on the surface of Venus was analyzed. 

Key-words: gravity assist, Venus, asteroids, spacecraft trajectories  

Introduction 

The study of asteroids is an important part in the development of scientific 

knowledge of the composition and structure of the Solar System. Their study, which 

began with ground-based observations in the first half of the 19th century, has now 

moved into the stage of using space-based facilities (space telescopes, research 

probes). Among the most famous space probe missions, we can denote Vega-1 and 2, 

Giotto, Deep Impact, NEAR, Hayabusa, Osiris - Rex etc. In total, at the moment, about 

35 small bodies of the Solar System have been studied by spacecrafts1. Among them, 

7 were periodic comets, which is an extremely small number of studied objects, taking 

into account that modern catalogues include about 540 numbered comets and 620,000 

asteroids 2. Notice that currently a dozen more celestial bodies in the coming years 

(2022-2026) planned to be studied by spacecrafts, including a large main belt asteroid 

(16) Psyche, almost entirely composed of iron. The Lucy mission (it has been in flight 

since 2021) should make a great contribution to the study of the structure of Jupiter's 

Trojan asteroids. The Stardust, Hayabusa, Hayabusa-2 missions developed space 

exploration by bringing to the Earth particles collected from celestial bodies: the 

                                                           
1From the list of missions to fly to asteroids given on the JPL website NASA https://ssd.jpl.nasa.gov/sb/targets.html ( 

Accessed 12/11/2022) 
2According to the JPL website NASA https://ssd.jpl.nasa.gov/ (2022-12-22 17:07:03 UTC) 

https://ssd.jpl.nasa.gov/sb/targets.html
https://ssd.jpl.nasa.gov/
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Modelling the escape of Lyman Continuum photons from
galaxies in the Epoch of Reionization
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16 May 2023

ABSTRACT

We couple the DELPHI framework for galaxy formation with a model for the escape of ionizing photons to study

both its variability with galaxy assembly and the resulting key reionization sources. In this model, leakage either

occurs through a fully ionized gas distribution (ionization bounded) or additionally through channels cleared of gas

by supernova explosions (ionization bounded + holes). The escape fraction is therefore governed by a combination

of the density and star formation rate. Having calibrated our star formation efficiencies to match high-z observables,

we find the central gas density to regulate the boundary between high ( >∼ 0.70) and low ( <∼ 0.06) escape fractions.

As galaxies become denser at higher redshifts, this boundary shifts from Mh ' 109.5M� at z ∼ 5 to Mh ' 107.8M�
at z ∼ 15. While leakage is entirely governed through holes above this mass range, it is not affecting general trends

for lower masses. We find the co-evolution of galaxy assembly and the degree of leakage to be mass and redshift

dependent, driven by an increasing fraction of fesc
<∼ 0.06 galaxies at increasing mass and redshift. The variability in

the escape of ionizing photons is driven by the underlying variations in our dark matter assembly histories. Galaxies

with Mh
<∼ 107.9 (108.9)M� provide half of the escaping ionizing emissivity by z ∼ 10 (5) in the ionization bounded

model. On the other hand, galaxies that purely leak through holes contribute 6 (13)% at z ∼ 5 (15). Reionization

ends slightly (∼ 50Myr) earlier in the ionization bounded + holes model, leaving the overall shape of the reionization

history unaffected. We end by exploring the impact of two reionization feedback scenarios, in which we suppress the

gas content of galaxies with Tvir < 20000K and vc < 30kms−1 residing in ionized regions.

Key words: galaxies : high-redshift, formation, evolution, intergalactic medium – cosmology: reionization

1 INTRODUCTION

The appearance of the first galaxies at z ∼ 20 − 30 led
to the production of Lyman Continuum (LyC; with energy
> 13.6ev) photons which gradually ionized the hydrogen in
the intergalactic medium (IGM; Barkana & Loeb 2001; Dayal
& Ferrara 2018) within the first billion years. This last ma-
jor phase transition of all of the hydrogen in the IGM is
termed the epoch of reionization (EoR). Analyses of high-
redshift Quasar spectra indicate that hydrogen reionization
nears completion by z ∼ 6 (e.g. Fan et al. 2006; Becker et al.
2015; Eilers et al. 2018; Becker et al. 2021) and hint to-
wards the EoR being a very patchy process (e.g. Davies &
Furlanetto 2016; Eilers et al. 2018). Additional constraints
are derived from the Cosmic Microwave background (CMB)
electron scattering optical depth (e.g. Planck Collaboration
et al. 2020) and Lyman Alpha emitters (LAEs; e.g. Stark
et al. 2010; Pentericci et al. 2011; Curtis-Lake et al. 2012;
Schenker et al. 2014; De Barros et al. 2017).

There is growing consensus that star-forming galaxies dom-
inate the photon budget for reionization (e.g. Robertson et al.

? bremer@astro.rug.nl

2015; Dayal et al. 2020; Naidu et al. 2020; Trebitsch et al.
2022) with black-hole powered Active Galactic Nuclei (AGN)
playing a minor role over the bulk of the EoR (e.g. Becker &
Bolton 2013; D’Aloisio et al. 2017; Mitra et al. 2018; Kulkarni
et al. 2019; Dayal et al. 2020). However, a key unknown in-
volved in all such calculations concerns the “escape fraction”
of LyC photons that can escape into the IGM (fesc).

Several efforts have been made to observationally constrain
fesc through direct detection of the LyC emission at low to
intermediate redshifts. Local to low redshift (z <∼ 0.45) ob-
servations yield values of fesc that range between ∼ 2− 73%
(Leitet et al. 2011, 2013; Izotov et al. 2016a,b, 2018a,b, 2021).
Intermediate redshift observations (z ∼ 2.5− 4) yield a simi-
larly wide range of value such that fesc ∼ 15− 60% (Shapley
et al. 2016; Vanzella et al. 2016; Bian et al. 2017; Vanzella
et al. 2018; Fletcher et al. 2019) although, as might be ex-
pected, stacking of non-detections up to z ∼ 3.5 leads to lower
upper limits of fesc

<∼ 7% (Rutkowski et al. 2017; Grazian
et al. 2017; Naidu et al. 2018; Saxena et al. 2021). Finally, 7
gravitationally lensed galaxies at 4 < z < 5 have been used
to infer fesc ' 19% (Leethochawalit et al. 2016). Directly de-
tecting LyC emission at higher-redshifts is unfeasible due the
elevated opacity of an increasingly neutral IGM. Therefore at

© 0000 The Authors

ar
X

iv
:2

30
5.

08
19

9v
1 

 [
as

tr
o-

ph
.G

A
] 

 1
4 

M
ay

 2
02

3



Draft version May 16, 2023

Typeset using LATEX preprint style in AASTeX63

Comparative study of TESS photometry and radial velocities on six early K-type
contact binaries with similar periods around 0.268 days
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ABSTRACT

High-precision light curves were extracted from TESScut images. Together with
APOGEE and LAMOST medium resolution spectra, a joint study was made for six
early K-type contact binary candidates selected unbiasedly with orbital periods around
0.268 days. It is found that all of them (RV CVn, EK Com, V384 Ser, V1038 Her,
EH CVn, and CSS J125403.7+503945) are W-subtype shallow contact systems though
with different mass ratios (1/q = 0.27–0.62). The effective temperature differences be-
tween binary components are around a few hundred Kelvins. The original definition of
A- and W-subtypes were compared with the customarily used methods which rely on
the shape or on the photometric solutions of light curves. The latter two methods are
not always reliable and therefore the radial velocity analysis is strongly recommended.
Through a collection of all available K-type contact binaries with both photometric and
spectroscopic measurements, it is found that almost all of them are W-subtype systems,
except a few objects which have nearly identical temperatures for binary components.
This W-subtype phenomenon for K-type contact binaries should be further checked
with more samples in the future. Finally, the physical parameters of the targets were
determined with joint data analysis and the multiplicity is discussed for these targets.
V384 Ser and RV CVn are confirmed very likely to be triple systems from comprehen-
sive analysis, while V1038 Her is a candidate of a triple system based on photometric
and spectroscopic solutions.

Corresponding author: N.-P. Liu
E-mail: lnp@ynao.ac.cn
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ABSTRACT

A sample of X-ray detected reverberation-mapped quasars provides a unique opportunity to compare cosmological constraints
inferred using twowell-established relations – the X-ray/UV luminosity (𝐿𝑋 −𝐿𝑈𝑉 ) relation and the broad-line region radius-UV
monochromatic luminosity (𝑅− 𝐿) relation. 𝐿𝑋 − 𝐿𝑈𝑉 and 𝑅− 𝐿 luminosity distances to the same quasars exhibit a distribution
of their differences that is generally positively skewed for the six cosmological models we consider. This behaviour can be
interpreted qualitatively to arise as a result of the dust extinction of UV/X-ray quasar emission. We show that the extinction
always contributes to the non-zero difference between 𝐿𝑋 − 𝐿𝑈𝑉 -based and 𝑅 − 𝐿-based luminosity distances and we derive a
linear relationship between the X-ray/UV colour index 𝐸𝑋−𝑈𝑉 and the median/mean value of the luminosity-distance difference,
which also depends on the value of the 𝐿𝑋 − 𝐿𝑈𝑉 relation slope. Taking into account the prevailing positive values of the
luminosity-distance difference median, we estimate an average X-ray/UV colour index of 𝐸𝑋−𝑈𝑉 = 0.089 ± 0.019 mag, while
the value based on the positive mean values of the difference is 𝐸𝑋−𝑈𝑉 = 0.050 ± 0.013 mag. We demonstrate that this amount
of extinction is typical for the majority of quasars since it originates in the circumnuclear and interstellar media of host galaxies.
It can only be slightly alleviated by the standard hard X-ray and far-UV extinction cuts used by Lusso et al. (2020). Consequently,
the 𝐿𝑋 − 𝐿𝑈𝑉 relation QSO data compilation of Lusso et al. (2020) cannot be used for cosmological purposes.

Key words: (cosmology:) cosmological parameters – (cosmology:) observations – (cosmology:) dark energy – (galaxies:)
quasars: emission lines – (ISM:) dust, extinction

1 INTRODUCTION

The spatially-flat ΛCDM cosmological model (Peebles 1984) is
largely consistent with most lower-redshift, 𝑧 . 2.3, observations
(Yu et al. 2018; eBOSS Collaboration 2021; Brout et al. 2022) as
well as with high-redshift cosmic microwave background (CMB)
data at 𝑧 ∼ 1100 (Planck Collaboration 2020). However, there are
several potential tensions between flat ΛCDM parameter values in-
ferred using different techniques (Perivolaropoulos & Skara 2022;
Moresco et al. 2022; Abdalla et al. 2022; Hu & Wang 2023). These

★ E-mail: zajacek@physics.muni.cz
† E-mail: bcz@cft.edu.pl
‡ E-mail: nkhadka@bellarmine.edu
§ E-mail: raj@cft.edu.pl
¶ CNPq Fellow, E-mail: spanda@lna.br
‖ E-mail: mary.martinez@uv.cl
★★ E-mail: ratra@phys.ksu.edu

can be addressed by improving the accuracy and precision of es-
tablished cosmological probes measurements, and also by looking
for alternative cosmological probes, especially in the redshift range
between nearby data and CMB data.
Active galactic nuclei, especially bright quasars (QSOs), appear to

be promising alternative probes due to their broad redshift coverage,
ranging from the nearby Universe (𝑧 = 0.00106 for NGC4395; Brum
et al. 2019) to 𝑧 ≈ 7.642 (J0313–1806; Wang et al. 2021). For
cosmological applications, so far three types of QSO data have been
more widely utilized: (i) QSO angular size observations (Cao et al.
2017; Ryan et al. 2019; Cao et al. 2020, 2021a,b, 2022a; Lian et al.
2021); (ii) data based on the non-linear relation between QSO X-ray
and UV luminosities, the 𝐿𝑋 −𝐿𝑈𝑉 relation (Risaliti & Lusso 2015,
2019; Khadka & Ratra 2020a,b, 2021, 2022; Lusso et al. 2020; Li
et al. 2021; Rezaei et al. 2022; Hu & Wang 2022; Colgáin et al.
2022; Dainotti et al. 2022; Petrosian et al. 2022; Khadka et al. 2023);
and, (iii) data based on the correlation between the rest-frame broad-

© 2023 The Authors
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ABSTRACT

Context. T Tauri stars are known to be the cradle of planet formation. Most exoplanets discovered to date lie at the very inner part of the
circumstellar disk (< 1 au). The innermost scale of Young Stellar Objects is therefore a compelling region to be addressed, and long-baseline
interferometry is a key technique to unveil their mysteries.
Aims. We aim at spatially and spectrally resolving the innermost scale (≤ 1 au) of the young stellar system CI Tau to constrain the inner disk
properties and better understand the magnetospheric accretion phenomenon.
Methods. The high sensitivity offered by the combination of the four 8-m class telescopes of the Very Large Telescope Interferometer (VLTI)
allied with the high spectral resolution (R ∼ 4000) of the K-band beam combiner GRAVITY offers a unique capability to probe the sub-au scale
of the CI Tau system, tracing both dust (continuum) and gas (Brγ line) emission regions. We develop a physically motivated geometrical model
to fit the interferometric observables (visibilities and closure phases (CP)) and constrain the physical properties of the inner dusty disk. The
continuum-corrected pure line visibilities have been used to estimate the size of the Hydrogen I Brγ emitting region.
Results. From the K-band continuum study, we report an highly inclined (i ∼ 70°) resolved inner dusty disk, with an inner edge located at a
distance of 21 ± 2 R? from the central star, which is significantly larger than the dust sublimation radius (Rsub= 4.3 to 8.6 R?). The inner disk
appears misaligned compared to the outer disk observed by ALMA and the non-zero closure phase indicates the presence of an asymmetry that
could be reproduced with an azimuthally modulated ring with a brighter south-west side.. From the differential visibilities across the Brγ line, we
resolve the line emitting region, and measure a size of 4.8+0.8

−1.0 R?.
Conclusions. The extended inner disk edge compared to the dust sublimation radius is consistent with the claim of an inner planet, CI Tau b,
orbiting close-in. The inner-outer disk misalignment may be induced by gravitational torques or magnetic warping. The size of the Brγ emitting
region is consistent with the magnetospheric accretion process. Assuming it corresponds to the magnetospheric radius, it is significantly smaller
than the co-rotation radius (Rcor= 8.8 ± 1.3 R?), which suggests an unstable accretion regime that is consistent with CI Tau being a burster.

Key words. variables: T Tauri – stars: magnetic field – accretion, accretion disks – stars: individual: CI Tau

1. Introduction

The power of long baseline near-infrared interferometry to inves-
tigate the inner regions of young stellar systems has been amply
demonstrated in the past years (Dullemond & Monnier 2010).
The inner disk structure (GRAVITY Collaboration et al. 2021),
associated outflows (GRAVITY Collaboration et al. 2017), and
the accretion process (Gravity Collaboration et al. 2020) can all
be probed on an angular scale of less than one millisecond of
arc (mas), which corresponds to a region extending a few stellar
radii around the central star at the distance of the closest star-
forming regions. On this scale, accretion in classical T Tauri
stars (i.e., Class II young stellar objects with M? < 2 M�) occurs
along funnel flows due to the strong stellar magnetic field (≈ kG)
that channels the infalling gas (e.g., Romanova & Owocki 2015;

? Based on observations collected at the European Organisation for
Astronomical Research in the Southern Hemisphere under ESO pro-
grams 106.212G.004 and 108.228Z.005

Hartmann et al. 2016; Bouvier et al. 2007). The inner disk is dis-
rupted at the magnetospheric or truncation radius (typically at
∼ 5 R?), where the magnetic pressure of the stellar field balances
the thermal and/or ram pressure of the accreting matter (Besso-
laz et al. 2008; Blinova et al. 2016; Pantolmos et al. 2020).

The observational evidence for the magnetospheric accretion
process in young stars, while quite convincing and widely ac-
cepted, has so far been mostly indirect. It relies on measure-
ments of magnetic field strength and topology (e.g., Donati &
Landstreet 2009) and mass accretion rate estimates (e.g., Man-
ara et al. 2021; Alcalá et al. 2021). It is probed through a number
of spectral diagnostics, including the emission line spectrum of
T Tauri stars that forms, at least in part, in the magnetic funnel
flows (e.g., Bouvier et al. 2020a), and the UV continuum excess
arising for the accretion shock at the stellar surface (e.g., Es-
paillat et al. 2022). In recent years, the increased sensitivity of
long baseline interferometers has opened a new window to the
star-disk interaction region, with results that provide a direct es-

Article number, page 1 of 12
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Thermal instabilities in accretion disks II:
Numerical Experiments for the Goldreich-Schubert-Fricke Instability and the Convective Overstability in disks around
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ABSTRACT

The linear stability analysis of a stratified rotating fluid (see paper I) showed that disks with a baroclinic strat-
ification under the influence of thermal relaxation will become unstable to thermal instabilities. One instability
is the Goldreich-Schubert-Fricke instability (GSF), which is the local version of the Vertical Shear Instability
(VSI) and the other is a thermal overstability, the Convective Overstability (COS).

In the present paper we reproduce the analytic predicted growth rates for both instabilities in numerical exper-
iments of small axisymmetric sections of vertically isothermal disks with a radial temperature gradient, espe-
cially for cooling times longer than the critical cooling time for VSI. In this cooling time regime our simulations
reveal the simultaneous and independent growth of both modes: COS and GSF. We consistently observe that
GSF modes exhibit a faster growth rate compared to COS modes. Near the midplane, GSF modes eventually
stop growing, while COS modes continue to grow and ultimately dominate the flow pattern.

Away from the midplane, we find GSF modes to saturate, when bands of constant angular momentum have
formed. In these bands we observe the formation and growth of eddies driven by the baroclinic term, further
enhancing the velocity perturbations. In geophysics this effect is known as horizontal convection or sea-breeze
instability. Three-dimensional simulations will have to show whether similar effects will occur when axisym-
metry is not enforced. Our local simulations help to reveal the numerical resolution requirements to observe
thermal instabilities in global simulations of disks around young stars.

Keywords: accretion, accretion disks — circumstellar matter — hydrodynamics — instabilities — turbulence
— methods: numerical — solar system: formation — planetary systems

1. INTRODUCTION

The planet forming dusty disks around young stars are subject to a range of magnetic and non-magnetic instabilities (Lesur et al.
2022). The turbulence emerging from these instabilities has a profound impact on the planet formation process, via transporting
and mixing dust, generating collisions among grains and ultimately influencing the migration of planets. Among the pure hydro
instabilities there are non-linear instabilities like the Zombie Vortex Instability (ZVI) (Marcus et al. 2015), the stratorotational
instability (Shalybkov & Rüdiger 2005) and the subcritical baroclinc instability (SBI) (Petersen et al. 2007a). The Rossby wave
instability is a linear yet aradially global instability (Lovelace et al. 1999) and likewise the vertical shear instability (VSI) (Urpin
& Brandenburg 1998; Nelson et al. 2016) is a linear vertically global instability.

The latter instability is actually an extension of the Goldreich-Schubert-Fricke instability (GSF) as studied in rotating stars
(Goldreich & Schubert 1967; Fricke 1968) for the geometrically thin accretion disk. GSF operates the best for short cooling

Corresponding author: Hubert Klahr
klahr@mpia.de
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ABSTRACT

We investigate the environmental dependence of the gas-phase metallicity for galaxies at z = 0 to z &
2 and the underlying physical mechanisms driving this dependence using state-of-the-art cosmological

hydrodynamical simulations. We find that, at fixed stellar mass, central galaxies in massive halos

have lower gas-phase metallicity than those in low-mass halos. On the contrary, satellite galaxies

residing in more massive halos are more metal-rich. The combined effect is that massive galaxies are

more metal-poor in massive halos, and low-mass galaxies are more metal-rich in massive halos. By

inspecting the environmental dependence of other galaxy properties, we identify that the accretion

of low-metallicity gas is responsible for the environmental dependence of central galaxies at high z,

whereas the AGN feedback processes play a crucial role at low z. For satellite galaxies, we find

that both the suppression of gas accretion and the stripping of existing gas are responsible for their

environmental dependence, with negligible effect from the AGN feedback. Finally, we show that the

difference of gas-phase metallicity as a function of stellar mass between protocluster and field galaxies

agrees with recent observational results, for example from the MAMMOTH-Grism survey.

Keywords: method: statistical - galaxies: evolution - galaxies: formation - galaxies: halos - galaxies:

groups: general

1. INTRODUCTION

Gas-phase metallicity is an important probe of a va-
riety of astrophysical processes, like gas inflow, outflow,

and star formation activity, in galaxy formation and evo-

lution. In the past decades, several scaling relations for

the gas-phase metallicity have been established based on

the galaxy survey data from our local volume to high-z

Universe, like the mass-metallicity relation (MZR) (e.g.

Tremonti et al. 2004; Erb et al. 2006; Maiolino et al.

2020) and the fundamental metallicity relation (FMR)

(e.g. Ellison et al. 2008; Mannucci et al. 2010; Dayal

et al. 2013). Meanwhile, theoretical models and numeri-

cal simulations have provided us insights into the under-

lying physical processes that drive these scaling relations

(e.g. Bouché et al. 2010; Dayal et al. 2013; Lilly et al.

2013; Dekel & Mandelker 2014; Peng & Maiolino 2014a;

Kacprzak et al. 2016).

Galaxy evolution is not only affected by internal pro-

cesses, but also influenced by external interactions with

the surrounding environment (Baugh 2006; Mo et al.

2010). From this perspective, galaxies can be divided

into central ones, which live in the center of dark mat-

ter halos, and satellite ones, which are accreted by other

massive halo and move in the halo until they merge with

the central galaxy in the halo center (Wechsler & Tin-

ker 2018). Various astrophysical diagnostics are used

to probe the impact of the environment on galaxy evo-

lution, including the gas-phase metallicity. At low z,

Pasquali et al. (2012) found that satellite galaxies have

higher gas-phase metallicity than central ones with sim-

ilar stellar mass (see also Peng & Maiolino 2014b; Don-

nan et al. 2022). Similarly, Maier et al. (2019) found

that star-forming cluster galaxies have higher gas-phase

metallicity than star-forming field galaxies, even though

no difference in the star formation rate (SFR) is seen,
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ABSTRACT

Tidal disruption events are common in the Universe, which may occur in various compact star systems and could
account for many astrophysical phenomena. Depending on the separation between the central compact star and its
companion, either a full disruption or a partial disruption may occur. The partial disruption of a rocky planet around
a neutron star can produce kilometer-sized clumps, but the main portion of the planet can survive. The dynamical
evolution of these clumps is still poorly understood. In this study, the characteristics of partial disruption of a rocky
planet in a highly elliptical orbit around a neutron star is investigated. The periastron of the planet is assumed to
be very close to the neutron star so that it would be partially disrupted by tidal force every time it passes through
the periastron. It is found that the fragments generated in the process will change their orbits on a time scale of a
few orbital periods due to the combined influence of the neutron star and the remnant planet, and will finally collide
with the central neutron star. Possible outcomes of the collisions are discussed.

Key words: planet-star interactions – stars: neutron – transients: tidal disruption events – minor planets, asteroids:
general – planets and satellites: dynamical evolution and stability.

1 INTRODUCTION

Tidal disruption happens when an object gets too close to
its compact host. Tidal disruption associated with black
holes (BHs) has been extensively studied (see Guillochon
& Ramirez-Ruiz (2013), Ryu et al. (2020), Gezari (2021)
Mageshwaran & Mangalam (2021), Rossi et al. (2021) and
references therein). For the disruption of planetary objects,
pioneer works have been done by Faber et al. (2005), Guillo-
chon et al. (2011), and Liu et al. (2013) on gas giants. Espe-
cially, Faber et al. (2005) and Liu et al. (2013) simulated the
single tidal encounter of a close gas giant, whereas the cases of
multiple passage encounters were studied in Guillochon et al.
(2011) and Veras et al. (2014).
Tidal disruption of minor-planets/asteroids around white

dwarfs (WDs) has been extensively studied (Vanderburg
et al. 2015; Granvik et al. 2016). Recent simulations (Mala-
mud & Perets 2020a,b) show that a planet in a highly eccen-
tric orbit around a WD could be disrupted by tidal force, and
materials in the inner side of the orbit would be accreted by

? E-mail: akurban@xao.ac.cn
† E-mail: zhouxia@xao.ac.cn

the WD. The material accreted by the WD may be responsi-
ble for the pollution of the WD atmosphere by heavy elements
(Vanderburg et al. 2015; Malamud & Perets 2020a,b). Simi-
lar processes can also occur in neutron star-planet systems if
the initial parameters of the planetary system fulfill the tidal
disruption condition (Geng et al. 2015; Huang & Yu 2017;
Kuerban et al. 2019, 2020; Kurban et al. 2022).
Depending on the relative separation between the compact

star and the companion object, the degree of disruption could
be very different. Either a full disruption or a partial disrup-
tion may occur. In full disruption, the companion is com-
pletely destroyed. In this case, the time for the debris ma-
terial to be completely accreted by the compact star could
be very long especially when no additional forces connected
to sublimation or radiation are involved (Veras et al. 2014).
In the case of a partial disruption, part of the material is
stripped off from the orbiting object. For example, the par-
tial disruption of a rocky planet can produce kilometer-sized
clumps, but the main portion of the planet can still survive
(Malamud & Perets 2020a). The fate of clumps is then af-
fected by the combined action of the surviving planet and
the compact star, the studying of which is still lacking in the
literature.

© 2023 The Authors
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ABSTRACT

Cosmology constraints serve as a crucial criterion in discriminating cosmological models. The tra-

ditional combined method to constrain the cosmological parameters designates the corresponding the-

oretical value and observational data as functions of redshift, however, sometimes the redshift cannot

be measured directly, or the measurement error is large, or the definition of redshift is controversial. In

this paper, we propose a novel joint method to constrain parameters that eliminates the redshift z and

makes full use of the multiple observables {F1,obs,F2,obs, · · · ,FM,obs} spanning in M -dimensional joint

observables space. Considering the generality of the mathematical form of the cosmological models and

the guidance from low to high dimensions, we firstly validate our method in a three-dimensional joint

observables space spanned by H(z), fσ8(z) and DA(z), where the three coordinates can be considered

redshift-free measurements of the same celestial body (or shared-redshift data reconstructed model in-

dependently). Our results are consistent with the traditional combined method but with lower errors,

yielding H0 = 68.7±0.1 km s−1 Mpc−1, Ωm0 = 0.289±0.003, σ8 = 0.82±0.01 and showing alleviated

parametric degeneracies to some extent. In principle, our joint constraint method allows an extended

form keeping the redshift information as an independent coordinate and can also be readily degraded

to the form of a traditional combined method to constrain parameters.

Keywords: Observational cosmology (1146), Computational methods (1965), Astronomy data analysis

(1858), Cosmological parameters (339), Astrostatistics strategies (1885)

1. INTRODUCTION

One of the major challenges in cosmology involves

attempting to accurately constrain the parameters of

cosmological models. The traditional approach to cos-

mological parameter inference entails using the observa-

tional data atlas (Fobs, z), which are modeled with Gaus-

Corresponding author: Tingting Zhang

101101964@sec.edu.cn

Corresponding author: Tong-Jie Zhang

tjzhang@bnu.edu.cn, corresponding author

∗ These authors contributed equally to this work.

sian distribution and the likelihood L(θ) = P (Fobs | θ).

This likelihood function captures both the information

of a cosmology model and the way to interpret the model

with observational data. By combining this likelihood

with a prior distribution, we can obtain a posterior dis-

tribution P (θ | Fobs) that reflects our updated under-

standing of the parameters. Whether a single cosmolog-

ical observable is used to constrain the parameter inde-

pendently or multiple observables are combined to infer

the parameters, the redshift z is always used to label the

observational data and also regraded as an independent

variable of the model F in the χ2 statistic

χ2 =

M∑
j

(
N∑
i

[
Fj
(
zi;θ

j
)
−Fj,obs,i

]2
σ2
j,i

)
, (1)
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TeV halos and the role of pulsar wind nebulae as sources of cosmic ray positrons
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The recent detection of the Geminga PWN by HAWC in the multi-TeV band allows us to infer
precious information about the transport of pairs in the immediate surroundings of the pulsar and
on the spectrum of pairs contributed by a Geminga-like pulsar to the spectrum of pairs in the cosmic
radiation. Moreover, this detection allows us to address the issue of how typical are the so-called
TeV halos associated to PWNe. Our calculations confirm the need to have suppressed diffusion in a
region of at least 20−50 pc around the pulsar, and are used here to infer precious constraints on the
spectrum of pairs accelerated at the termination shock: more specifically, we discuss the conditions
under which such a spectrum is consistent with that typically expected in a PWN and how it gets
modified once it escapes the halo. Finally, we discuss the implications of the existence of a TeV halo
around Geminga in terms of acceleration of protons in the pulsar environment, a topic of profound
relevance for the whole field of particle acceleration and physics of pulsars.

I. INTRODUCTION

The detection of an extended TeV γ-ray emission around the Geminga and Monogem pulsar wind nebulae (PWNe)
by HAWC [1] and Milagro [2] has opened many new questions with potentially crucial impact on our understanding
of cosmic ray (CR) transport and the origin of CR positrons [3].

In particular, HAWC confirmed the detection of a region of∼ 2◦ around Geminga (corresponding to∼ 10s of parsecs)
in the 5-40 TeV γ-ray energy range. This emission is believed to be the result of inverse Compton scattering (ICS)
of e± pairs accelerated at the PWN termination shock and released into the interstellar medium (ISM). Surprisingly,
this interpretation requires that the diffusive transport of the pairs in the region of 20 − 100 pc around the PWN
occurs with a diffusion coefficient about two to three orders of magnitude lower than the average Galactic one, as
inferred from measurements of cosmic ray nuclei [4, 5]. Alternative explanations, attempting to avoid small diffusion
coefficients, have also been proposed: In [6], a combination of ballistic and diffusive propagation was adopted to
account for the observed size and TeV emission features. This explanation was questioned in [7] on energetic grounds
as it would require a conversion efficiency from the pulsar spin-down energy to high energy leptons exceeding 100%. In
ref. [8], it was proposed that the intensity profile of Geminga’s halo may reflect the smallness of the diffusion coefficient
perpendicular to magnetic field lines, if the local field around Geminga happens to point toward the observer. On the
other hand, the unlikely occurrence of such a situation and the fact that these models cannot simultaneously account
for the size and radial symmetry of the TeV halo population have led some authors to question this approach [9]. It
follows that at this time the interpretation of the TeV halos based on suppressed diffusion around PWNe remains the
most plausible.

After the initial discovery, several new objects with similar properties have been found by HAWC and LHAASO
[10]. Recently the observation of a TeV halo around a radio-quiet pulsar was claimed by HAWC [11]. In ref. [12], the
authors pointed out that additional candidate TeV halo sources can be found in existing source catalogues. Moreover,
recent observations of Geminga by H.E.S.S. [13] show the importance of having multiple experiments joining in to
clarify the origin of TeV halos.

The discovery of TeV halos around PWNe raised several questions of the greatest interest: the first being the
physical processes responsible for the reduced diffusivity around PWNe. It is likely that these regions are due to
phenomena associated with either the PWN itself or the parent supernova in which the pulsar originated. Is it
possible that either the escaping pairs or particles accelerated at the forward shock of the parent supernova play a
role in creating turbulence that in turn confines particles for longer times?

Second, if these regions of reduced diffusivity are confirmed and are common around PWNe, what are the impli-
cations in terms of transport of CRs in the Galaxy and more specifically about the production of CR positrons in
PWNe? At present, there are indications that these regions of extended gamma-ray emission around galactic pulsars
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Chapter 1
Measuring H0 with Spectroscopic Surveys

Mikhail M. Ivanov and Oliver H. E. Philcox

Abstract Galaxy surveys map the three-dimensional distribution of matter in the
Universe, encoding information about both the primordial cosmos and its subse-
quent evolution. By comparing the angular and physical scales of features in the
galaxy distribution, we can compute the physical distance to the sample, and thus
extract the Hubble parameter, H0. In this chapter, we discuss how this is performed
in practice, introducing two key “standard rulers”. The first, the sound horizon at re-
combination, leads to baryon acoustic oscillations, and, by combining with external
data from the CMB or Big Bang Nucleosynthesis, leads to a competitive H0 con-
straint. Information can also be extracted from the physical scale of the horizon at
matter-radiation equality; though somewhat less constraining, this depends on very
different physics and is an important validation test of the physical model. We dis-
cuss how both such constraints can be derived (using “template” and “full-shape”
methodologies), and present a number of recent constraints from the literature, some
of which are comparable in precision to (and independent from) Planck. Finally, we
discuss future prospects for improving these constraints in the future.

1.1 Introduction

Spectroscopic surveys map out the large-scale structure (hereafter LSS) of the Uni-
verse through the distribution of galaxies. By measuring the positions and redshifts
of a wide variety of galaxies, we can build a three-dimensional map of the galaxy
overdensity, which, on comparatively large-scales, traces the underlying density of
dark matter [e.g., 1]. As such, spectroscopic surveys can be used to place constraints
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Is Cosmic Birefringence model-dependent?

Lu Yin1,∗ Joby Kochappan1, Tuhin Ghosh2, and Bum-Hoon Lee3,4
1Asia Pacific Center for Theoretical Physics, Pohang, 37673, Korea

2National Institute of Science Education and Research,
An OCC of Homi Bhabha National Institute, Bhubaneswar 752050, Odisha, India

3Center for Quantum Spacetime, Sogang University, Seoul 121-742, South Korea and
4Department of Physics, Sogang University, Seoul 121-742, South Korea

Exciting clues to isotropic cosmic birefringence have recently been detected in the EB cross-power
spectra of the polarization data of the cosmic microwave background (CMB). Early Dark Energy
(EDE) models with a pseudoscalar field coupled to photons via a Chern-Simons term can be used
to explain this phenomenon, and can also potentially be used to simultaneously resolve the H0

tension. In this work we incorporate an early dark energy scalar field, including a Chern-Simons
coupling, into an existing Boltzmann solver and numerically recover the EB cross-power spectrum
for two models in the literature; the α-attractor, and the Rock ‘n’ Roll field. We find that both the
models fit the EB spectra, and the EB spectra alone do not possess sufficient constraining power
to distinguish the two models based on current data.

I. INTRODUCTION

The observation of the Cosmic Microwave Background (CMB) is one of the most important dis-
coveries in 20th century physics, which helped to establish the standard ΛCDM cosmological model
[1–5]. However, with recent and more precise observations, the CMB in conjunction with other data
suggest that there may be new physics beyond the standard model[6]. Here we consider two of the
most compelling issues; “cosmic birefringence” [7] and the “Hubble tension” [8].

Cosmic birefringence is the rotation of the plane of linear polarization of photons [9–11]. Recent
measurements indicate that the Planck polarization data exhibit a 3.6σ signal of a non-zero cosmic

birefringence angle, β = 0.342◦+0.094◦

−0.091◦(68%C.L.) [12, 13]. This new phenomenon comes from the
cross-correlations between the E and B mode in CMB polarization [14].

The E and B modes of the CMB transform under parity according to E`m → (−1)`E`m and B`m →
(−1)`+1B`m, and the auto power spectra of these quantities are invariant under the transformation.
However, the cross power spectrum changes sign and so non-zero values of CEB` could indicate parity
violation; new physics beyond the standard model of cosmology, such as axion-like pseudoscalar fields
that couple to the electromagnetic tensor and its dual as gφFµν F̃

µν [15, 16]. Such a term in the
Lagrangian would rotate the plane of polarization of the CMB photons and generate a non-zero EB
cross power spectrum. Additionally, such a term can convert some power from the E to the B modes.
Data from upcoming experiments like the Simons Observatory [17], ground based CMB-S4 [18] and
LiteBIRD [19] could potentially detect this signal in the CMB power spectra. LiteBIRD is expected to
have the sensitivity to detect both the signal in the EB spectra, as well as the induced BB components.

In parallel to these developments, there is now robust evidence of a ∼ 4 − 5σ discrepancy between
the Hubble parameter inferred using cosmological scale data such as the CMB and BAO, and directly
measured values via the distance ladder [8, 20]. This challenge to the standard model is yet to
be resolved, with possible explanations including unknown systematics in the distance ladder, non-
standard dark energy models and some modification to the expansion history at high redshift. This
latter possibility has gained traction as one of the few ideas that can ameliorate the tension in a way
that does not introduce new tensions between cosmological parameters. An early dark energy (EDE)
component, such as an axion-like field, can potentially explain both the Hubble tension and generate
a small signal in the CMB EB cross power spectrum.

Multiple early dark energy models have been proposed in the literature [21–33]. Especially, early
studies introduced a string-like axion with potential V (φ) ∼ (1− cos[φ/f ])n [22], where f is the axion
decay constant, with phenomenological parameter n > 1 required to ensure that the energy density of
the field decays sufficiently quickly in the late Universe. Other models include scalar fields inspired by
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High-resolution [O I] line spectral mapping of TW Hya
supportive of magnetothermal wind
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Disk winds are thought to play a critical role in the evolution and dispersal of protoplanetary

disks. The primary diagnostic of this physics is emission from the wind, especially in the

low-velocity component of the [O I] λ6300 line. However, the interpretation of the line is

usually based on spectroscopy alone, which leads to confusion between magnetohydrodynamic

winds and photoevaporative winds. Here, we report that in high-resolution VLT/MUSE

spectral mapping of TW Hya, 80% of the [O I] emission is confined to within 1 AU radially

from the star. A generic model of a magnetothermal wind produces [O I] emission at the

base of the wind that broadly matches the flux and the observed spatial and spectral profiles.

The emission at large radii is much fainter that predicted from models of photoevaporation,

perhaps because the magnetothermal wind partially shields the outer disk from energetic

radiation from the central star. This result calls into question the assumed importance of

photoevaporation in disk dispersal predicted by models.

2
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ABSTRACT 

We aim to unravel the interplay between bars, star formation (SF), and active galactic nuclei (AGNs) 

in barred galaxies. To this end, we utilize the SDSS DR12 to select a sample of nearby (0.02 <z< 0.06) 

disk galaxies that are suitable for bar examination (M, < —20.12 and inclination < 53°). We identify 

3662 barred galaxies and measure the length and axis ratio of each bar. We invent new bar parameters 

that mitigate the stellar and bulge mass biases and show, for the first time, that the evolution of 

non-AGN and AGN-hosting barred galaxies should be tracked using different bar parameters; the bar 

length for non-AGN galaxies and the bar axis ratio for AGN-hosting galaxies. Our analysis confirms 

that barred galaxies have a higher specific SF rate than unbarred control galaxies. Moreover, we find 

a positive correlation of bar length with both the SF enhancement and the centrally star-forming 

galaxy fraction, indicating the interconnectivity of bars and SF through the bar-driven gas inflow. We 

also find that while the AGN fraction of barred galaxies is the same as that of the unbarred control 

sample, galaxies hosting more massive black holes (BHs) have rounder (i.e., higher axis ratio) bars, 

implying that the bar is not a cause of AGN activity; rather, AGNs appear to regulate bars. Our 

findings corroborate theoretical predictions that bars in non-AGN galaxies grow in length, and bars in 

AGN-hosting galaxies become rounder as BHs grow and eventually get destroyed. 

Keywords: Active galactic nuclei (16), Galaxy evolution (594), Galaxy structure (622), Star formation 

(1569), Galaxy bars (2364) 

1. INTRODUCTION 

The bar is one of the common (~30%) features of disk 
galaxies (e.g., Eskridge et al. 2000; Knapen et al. 2000; 

Reese et al. 2007; Menéndez-Delmestre et al. 2007; Mari- 

nova & Jogee 2007; Barazza et al. 2008; Aguerri et al. 

2009; Masters et al. 2011; Lee et al. 2012a; Simmons 

et al. 2014; Erwin 2018; Kim et al. 2020; Géron et al. 

2021). Due to gas inflow driven by the non-axisymmetric 

potential (Sellwood & Wilkinson 1993; Piner et al. 1995; 

Sakamoto et al. 1999; Regan et al. 1999; Maciejewski 

et al. 2002; Regan & Teuben 2004; Kim et al. 2012; Sell- 

wood 2013; Zana et al. 2019), bars are thought to be con- 

Corresponding author: Suk-Jin Yoon 

sjyoon0691@yonsei.ac.kr 

nected with galactic evolution, through such processes 

as star formation (SF) (Martinet & Friedli 1997; Allard 
et al. 2006; Vera et al. 2016; Robichaud et al. 2017; Kim 

et al. 2017; Fraser-McKelvie et al. 2020a; Wang et al. 

2020; Moon et al. 2022; Lu et al. 2022) and/or active 
galactic nucleus (AGN) activity (Shlosman et al. 1989; 
Combes 2001; Alonso et al. 2013; Alonso et al. 2014; 

Galloway et al. 2015; Kim & Choi 2020). However, the 

exact mechanisms are still controversial. Over decades, 

both observations and simulations have yielded diverse 

results. 

Whether bars enhance or suppress SF is not clear 

(e.g., Pompea & Rieke 1990; Martinet & Friedli 1997; 

Chapelon et al. 1999; Knapen et al. 2006; Cheung et al. 

2013; Willett et al. 2015; Kim et al. 2017; Wang et al. 

2020). Conventionally, it is thought that barred galax-
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Identification of molecular clouds in emission maps:
a comparison between methods in the 13CO/C18O (𝐽 = 3 − 2)
Heterodyne Inner Milky Way Plane Survey

Raffaele Rani,1★ Toby J. T. Moore,2 David J. Eden, 2,3 Andrew J. Rigby, 4

Ana Duarte-Cabral, 4 Yueh-Ning Lee 1
1Center of Astronomy and Gravitation, Department of Earth Sciences, National Taiwan Normal University, 88, Sec. 4, Ting-Chou Rd., Wenshan District,
Taipei 116, Taiwan R.O.C.
2Astrophysics Research Institute, Liverpool John Moores University, IC2, Liverpool Science Park, 146 Brownlow Hill, Liverpool, L3 5RF, UK
3Armagh Observatory and Planetarium, College Hill, Armagh, BT61 9DB, UK
4 School of Physics and Astronomy, Cardiff University, Queen’s Building, The Parade, Cardiff, CF24 3AA, UK

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

The growing range of automated algorithms for the identification of molecular clouds
and clumps in large observational datasets has prompted the need for the direct comparison
of these procedures. However, these methods are complex and testing for biases is often
problematic: only a few of them have been applied to the same data set or calibrated against
a common standard. We compare the Fellwalker method, a widely used watershed algorithm,
to the more recent Spectral Clustering for Interstellar Molecular Emission Segmentation
(SCIMES). SCIMES overcomes sensitivity and resolution biases that plague many friends-
of-friends algorithms by recasting cloud segmentation as a clustering problem. Considering
the 13CO/C18O (𝐽 = 3 − 2) Heterodyne Inner Milky Way Plane Survey (CHIMPS) and the
CO High-Resolution Survey (COHRS), we investigate how these two different approaches
influence the final cloud decomposition. Although the two methods produce largely similar
statistical results over the CHIMPS dataset, FW appears prone to over-segmentation, especially
in crowded fields where gas envelopes around dense cores are identified as adjacent, distinct
objects. FW catalogue also includes a number of fragmented clouds that appear as different
objects in a line-of-sight projection. In addition, cross-correlating the physical properties
of individual sources between catalogues is complicated by different definitions, numerical
implementations, and design choices within each method, which make it very difficult to
establish a one-to-one correspondence between the sources.

Key words:
molecular data – methods: data analysis – surveys – ISM: clouds – submillimetre: ISM

1 INTRODUCTION

The distribution and properties of gas withinmolecular clouds regu-
late, in part, the characteristics of newly formed stars, their numbers
and masses, and the location of star-forming sites. The connection
between the features of molecular gas and both the initial mass func-
tion and formation rate of new stellar populations have prompted a
wide range of theoretical and observational studies geared towards
the characterisation of the structure of molecular clouds. Multi-
tracer surveys have revealed the hierarchical nature of these struc-
tures, showing how high-density, small-scale features are always

★ E-mail: rani@ntnu.edu.tw (RR)

nested within more rarefied, larger envelopes (Blitz & Stark 1986;
Lada 1992). This structural hierarchy is, however, a non-trivial one:
at any scale, there appear to be more high-density and compact
‘clumps’ than larger and less dense structures. The densest clumps
in a cloud’s hierarchy are compact cores, the seeds of star forma-
tion. In these regions, over scales of about 0.1 pc, the turbulence
in the cloud often becomes dominated by thermal motions (Good-
man et al. 1998; Tafalla et al. 2004; Lada et al. 2008). The physical
conditions inside the cores determine the mechanisms involved in
the conversion of molecular gas into stars (di Francesco et al. 2007;
Ward-Thompson et al. 2007; Bigiel et al. 2008; Schruba et al. 2011;
Urquhart et al. 2018). At the bottom of the density hierarchy, lie the
low-density envelopes that surround the denser regions.

© 2022 The Authors
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Meridional Circulation driven by Planetary Spiral Wakes in Radiative and
Magnetized Protoplanetary Discs
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ABSTRACT
We study a Jupiter-mass planet formation for the first time in radiative magneto-hydrodynamics (MHD) simulations and compare
it with pure hydrodynamical simulations, aswell as to different isothermal configurations.We found that themeridional circulation
is the same in every setup. The planetary spiral wakes drive a vertical stirring inside the protoplanetary disc and the encounter
with these shock fronts also helps in delivering gas vertically onto the Hill-sphere. The accretion dynamics are unchanged:
the planet accretes vertically, and there is outflow in the midplane regions inside the Hill-sphere. We determined the effective
𝛼-viscosity generated in the disc by the various angular momentum loss mechanisms, which showed that magnetic fields produce
high turbulence in the ideal MHD limit, that grows from 𝛼 ∼ 10−2.5 up to ∼ 10−1.5 after the planet spirals develop. In the HD
simulations, the planetary spirals contribute to 𝛼 ∼ 10−3, making this a very important angular momentum transport mechanism.
Due to the various 𝛼 values in the different setups, the gap opening is different in each case. In the radiative MHD setups,
the high turbulent viscosity prevents gap opening, leading to a higher Hill mass, and no clear dust trapping regions. While the
Hill accretion rate is 10−6MJup/yr in all setups, the accretion variability is orders of magnitude higher in radiative runs than
in isothermal ones. Finally, with higher-resolution runs, the magneto-rotational instability started to be resolved, changing the
effective viscosity and increasing the heating in the disc.

Key words: protoplanetary discs – planets and satellites: formation – magnetohydrodynamics – radiative transfer

1 INTRODUCTION

Over the last decades, a lot of work has been done on the structure
and evolution of protoplanetary discs (PPDs), and their interaction
with a forming planet, both analytically and numerically (Goldreich
& Tremaine 1980; Lin & Papaloizou 1986; Kley & Nelson 2012).
In particular, it is now well known that the disc exerts a torque
on a forming planet, causing, first of all, an exchange of angular
momentum that reflects into a change of the planetary semi-major
axis, i.e. amigration, usually referred to as Type I (Ward 1997; Tanaka
et al. 2002; Paardekooper&Mellema 2006; Jiménez&Masset 2017).
If the mass of the planet is large enough, one or multiple annular gaps
can open around the orbit of the planet, i.e. circular regions where
the density drops compared to the surrounding disc. As soon as the
gap is opened, the angular momentum exchange stops, and migration
is now dominated by the dynamics of the disc itself, i.e. the planet
enters a regime of Type II migration (Syer & Clarke 1995; Nelson
et al. 2000; Armitage & Rice 2005).
In more detail, a gap is opened because the structure of the proto-

planetary disc adjusts to the angular momentum exchange, with the
result that gas is pushed away from the planetary orbit by the torques.
At the same time, viscous forces tend to fill the gap back in, hence
the gap opening process is controlled by the counteractive effects

★ E-mail: marco.cilibrasi@uzh.ch

of these torques, together with co-orbital torques due to the non-
axisymmetric structure of the wakes around the planet (Goldreich &
Tremaine 1980; Lin & Papaloizou 1980; Papaloizou & Lin 1984). In
recent years, many other torque components have been found, for ex-
ample, the so-called heating torque that would prevent or slow down
inward migration of a planet (Benítez-Llambay et al. 2015) due to
the increased temperature caused by accretion heating in the proto-
planet immediate vicinity. Complex thermodynamics could lead also
to more peculiar phenomena, such as the formation of a cold finger of
gas that again counteracts migration (Lega et al. 2014; Masset 2017).
The migration process depends then on planetary properties, such as
the mass, but also on the disc’s properties, such as the temperature
and the viscosity, with the result that gaps are more likely opened
in low-viscosity and low-temperature discs, or in the case of larger
planets (Crida et al. 2006; Armitage 2010).

Even when a planetary gap is fully opened, the gas dynamics
around the planet itself would not completely decouple from the pro-
toplanetary disc. In fact, some gas would flow through the gap and
reach the circumplanetary region, as well as the inner circumstellar
disc. As the flow enters the gap region, the gas parcels encountering
the planetary spiral wake (which is a shock-front) will lose angular
momentum when passing through the shock and hence will spiral
down to the circumplanetary region. Whether a circumplanetary en-
velope or a circumplanetary disc (CPD) forms (Kley 1999; Lubow
et al. 1999; Szulágyi et al. 2014, 2016), depends on the planetary

© 2022 The Authors
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ABSTRACT

We present the surface magnetic field conditions of the brightest pulsating RV Tauri star, R Sct.
Our investigation is based on the longest spectropolarimetric survey ever performed on this
variable star. The analysis of high resolution spectra and circular polarization data give sharp
information on the dynamics of the atmosphere and the surface magnetism, respectively. Our
analysis shows that surface magnetic field can be detected at different phases along a pulsating
cycle, and that it may be related to the presence of a radiative shock wave periodically emerging
out of the photosphere and propagating throughout the stellar atmosphere.

Key words: stars: AGB and post-AGB – stars: magnetic field – stars: atmospheres

1 INTRODUCTION

RV Tauri stars are high luminosity pulsating variables. Their
lightcurves show alternating deep and shallow minima in a quasi-
periodic manner, the periodicity being sometimes interrupted by
irregular intervals due to intrinsic phenomena. During regular parts
of the lightcurve, the photometric variability period % is defined
as the time interval between two consecutive deep minima. The
values of % are usually between 30 and 150 d (Wallerstein & Cox
1984). Jura (1986) studied the mass loss rates of RV Tauri stars
and concluded that these objects have recently left an evolutionary
phase of rapid mass loss. Considering their luminosities (∼ 103!⊙)
and formation rate (about 10% of the rate of formation of planetary
nebulae) Jura (1986) proposed that they are post-AGB objects in
transition from the Asymptotic Giant Branch (AGB) to the White
Dwarf stage, which is a very short phase in the lifetime of a star.

R Sct (HD 173819) is the brightest member of the RV Tauri
type stars. According to the General Catalogue of Variable Stars
(GCVS1), its visual magnitude ranges between 4.2 down to
8.6 and its photometric variability period is between 138.5 and
146.5 d (with variability from one cycle to another). Because
of the strong photometric variability R Sct exhibits, its spectral
class also varies significantly: from G0Iae during maximum light
to M3Ibe during deep minimum light. From observations taken

★ Based on observations obtained at the Télescope Bernard Lyot (TBL)
at Observatoire du Pic du Midi, CNRS/INSU and Université de Toulouse,
France.
† E-mail: sgeorgiev@astro.bas.bg
1 http://www.sai.msu.su/gcvs/gcvs/

during the phases of shallow minimum and just after a maximum
in the lightcurve, Kipper & Klochkova (2013) measure the fol-
lowing stellar parameters:)eff = 4500 K, log 6 = 0.0, [Fe/H] = -0.5.

For R Sct, during each pulsation cycle, two accelerations of the
atmospheric layers occur, which are caused by the propagation
of radiative shock waves (Gillet et al. 1989). By studying the
variability of spectral lines, Lèbre & Gillet (1991a,b) found that
the expansion of the stellar atmosphere due to the passing of such
shock waves may reach up to a few photospheric radii. Indeed, the
propagation of these shocks produces significant ballistic motions
in the atmosphere, that can be traced through dedicated spectral
features, such as, for example, the splitting of metallic lines and
emission in the lines of hydrogen. These studies also show that the
two shockwaves associated to one pulsation cycle (a main shock
and a secondary shock) appear respectively just before the deep
and the shallow light minimum, and that they may both be present
at the same time, at different altitudes, in the higher part of the
extended atmosphere of R Sct. The authors also point out that this
complex atmospheric dynamics may be at the origin of the mass
loss the star experiences at this late evolutionary stage.

Since AGB and Post-AGB stars are among the main sources of
enrichment of the interstellar medium through their winds and
mass loss, the understanding of the origin of these processes is
fundamental. An important mechanism, which would be related to
mass loss, involves the presence of magnetic fields. However, their
exact role in this process at these late stages of stellar evolution
is still poorly understood. For example, while binarity is invoked
as a principal shaping agent of the circumstellar envelope (CSE)
(Decin et al. 2020), magnetic fields could still play an active role

© 2022 The Authors
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Abstract

We simultaneously measured the spatially-resolved CO-to-H2 conversion factor (αCO) and

dust-to-gas ratio (DGR) in nearby galaxies on a kiloparsec scale. In this study, we used

12CO(J = 1− 0) data obtained by the Nobeyama 45-m radio telescope with Hi and dust mass

surface densities. We obtained the values of global αCO and DGR in 22 nearby spiral galax-

ies, with averages of 2.66 ± 1.36 M� pc−2 (K km s−1)−1and 0.0052 ± 0.0026, respectively.

Furthermore, the radial variations of αCO and DGR in four barred spiral galaxies (IC 342,

NGC 3627, NGC 5236, and NGC 6946) were obtained by dividing them into the inner and

outer regions with a boundary of 0.2R25, where R25 is the isophotal radius at 25 mag arcsec−2

in the B band. The averages of αCO and DGR in the inner region (≤ 0.2R25) are 0.36± 0.08

M� pc−2 (K km s−1)−1 and 0.0199 ± 0.0058, while those in the outer region (> 0.2R25) are

1.49± 0.76 M� pc−2 (K km s−1)−1 and 0.0084± 0.0037, respectively. The value of αCO in the

outer region is 2.3 to 5.3 times larger than that of the inner region. When separated into the

inner and outer regions, we find that αCO and DGR correlate with the metallicity and the star

formation rate surface density. The value of αCO derived in this study tends to be smaller

than those obtained in previous studies for the Milky Way and nearby star-forming galaxies.

This fact can be attributed to our measurements being biased toward the inner region; we

measured αCO at 0.85 and 0.76 times smaller in radius than the previous works for nearby

star-forming galaxies and the Milky Way, respectively.

Key words: galaxies: spiral — galaxies: ISM — radio lines: galaxies — dust, extinction — ISM:

molecules
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ABSTRACT

We present new 13CO(1-0), C18O(1-0), HCO+(1-0) and H13CO+(1-0) maps from the IRAM 30m

telescope, and a spectrally-resolved [C II] 158 µm map observed with the SOFIA telescope towards the

massive DR21 cloud. This traces the kinematics from low- to high-density gas in the cloud which allows

to constrain the formation scenario of the high-mass star forming DR21 ridge. The molecular line data

reveals that the sub-filaments are systematically redshifted relative to the dense ridge. We demonstrate

that [C II] unveils the surrounding CO-poor gas of the dense filaments in the DR21 cloud. We also

show that this surrounding gas is organized in a flattened cloud with curved redshifted dynamics

perpendicular to the ridge. The sub-filaments thus form in this curved and flattened mass reservoir.

A virial analysis of the different lines indicates that self-gravity should drive the evolution of the ridge

and surrounding cloud. Combining all results we propose that bending of the magnetic field, due to

the interaction with a mostly atomic colliding cloud, explains the velocity field and resulting mass

accretion on the ridge. This is remarkably similar to what was found for at least two nearby low-mass

filaments. We tentatively propose that this scenario might be a widespread mechanism to initiate star

formation in the Milky Way. However, in contrast to low-mass clouds, gravitational collapse plays a

role on the pc scale of the DR21 ridge because of the higher density. This allows more effective mass

collection at the centers of collapse and should facilitate massive cluster formation.

Keywords: ISM: individual objects: DR21 – ISM: kinematics and dynamics – ISM: clouds – stars:

massive – stars: formation

1. INTRODUCTION

The formation of massive stars is still a matter of

intense debate (e.g. Zinnecker & Yorke 2007; Tan et al.

2014; Motte et al. 2018a). The very short, or potentially

non-existing, massive prestellar core phase (e.g. Motte

et al. 2007, 2010; Russeil et al. 2010; Csengeri et al.

2014; Tigé et al. 2017; Sanhueza et al. 2019) suggests

that high-mass stars might not form from the quasi-

static evolution toward collapse of individual prestellar

cores. This opens the question of how massive stars

Corresponding author: Lars Bonne

lbonne@usra.edu

can form. From observations of molecular clouds that

form massive stars it was proposed that some large-scale

dynamics, partly driven by self-gravity, can provide the

fast concentration of mass necessary to form massive

stars (e.g. Peretto et al. 2006, 2013, 2014; Hartmann

& Burkert 2007; Schneider et al. 2010, 2015; Csengeri

et al. 2011a,b; Galván-Madrid et al. 2010; Wyrowski

et al. 2012, 2016; Beuther et al. 2015; Williams et al.

2018; Jackson et al. 2019; Bonne et al. 2022a).

This probable coupling to the molecular cloud dynam-

ics is also put forward by several theoretical models. In

the competitive accretion model (Bonnell et al. 2001,

2004; Bonnell & Bate 2006; Wang et al. 2010), the

gravitational pull of low-mass protostellar cores drives
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ABSTRACT

Using deep near-infrared Keck/MOSFIRE observations, we analyze the rest-optical spectra of eight

star-forming galaxies in the COSMOS and GOODS-N fields. We reach integration times of ∼10 hours

in the deepest bands, pushing the limits on current ground-based observational capabilities. The

targets fall into two redshift bins — 5 galaxies at z ∼ 1.7 and 3 at z ∼ 2.5 — and were selected

as likely to yield significant auroral-line detections. Even with long integration times, detection of

the auroral lines remains challenging. We stack the spectra together into subsets based on redshift,

improving the signal-to-noise ratio on the [O iii]λ4364 auroral emission line and, in turn, enabling

a direct measurement of the oxygen abundance for each stack. We compare these measurements

to commonly-employed strong-line ratios alongside measurements from the literature. We find that

the stacks fall within the distribution of z > 1 literature measurements, but a larger sample size is

needed to robustly constrain the relationships between strong-line ratios and oxygen abundance at high

redshift. We additionally report detections of [O i]λ6302 for eight individual galaxies and composite

spectra of 21 targets in the MOSFIRE pointings. We plot their line ratios on the [O iii]λ5008/Hβ

vs. [O i]λ6302/Hα diagnostic BPT diagram, comparing our targets to local galaxies and H ii regions.

We find that the [O i]/Hα ratios in our sample of galaxies are consistent with being produced in gas

ionized by α-enhanced massive stars, as has been previously inferred for rapidly-forming galaxies at

early cosmic times.

1. INTRODUCTION

Tracing the chemical evolution of galaxies is key to

understanding how galaxy growth and evolution occur

over time. The metallicity of a galaxy is influenced by

numerous mechanisms such as the reprocessing of gas

into heavier elements through nucleosynthesis; metal-

enriched outflows driven by supernovae, AGN, and stel-

lar winds; accretion of pristine hydrogen gas onto a

galaxy; and accretion of enriched, recycled gas in the

form of galactic fountains (Tumlinson et al. 2017; Davé

et al. 2017). Observationally, metallicity commonly

refers to the gas-phase oxygen abundance in the inter-

stellar medium (ISM) of a galaxy since oxygen is the

most abundant metal and produces strong rest-optical

emission line features. The oxygen abundance in the

∗ NHFP Hubble Fellow

ISM of star-forming galaxies has been observed to corre-

late tightly with the stellar mass, encapsulated in what
is referred to as the mass-metallicity relation (MZR).

Early evidence for a MZR goes back to Lequeux et al.

(1979) who measured oxygen abundances in a small sam-

ple of nearby blue compact dwarf galaxies. Later studies

(e.g., Tremonti et al. 2004; Kewley & Ellison 2008; An-

drews & Martini 2013) showed that there is a MZR that

generally describes galaxies in the local universe. Fur-

thermore, many works (e.g., Erb et al. 2006; Maiolino

et al. 2008; Mannucci et al. 2009; Zahid et al. 2011; Stei-

del et al. 2014; Zahid et al. 2014; Yabe et al. 2015; Ly

et al. 2016; Guo et al. 2016; Sanders et al. 2021) have

revealed an evolution in the MZR with redshift, noting

a change in the turnover mass and the normalization

at higher z. Folding in the global star-formation rate

(SFR) to the MZR yields the fundamental metallicity

relation (FMR), which appears not to evolve through
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Abstract—The Next Generation Arecibo Telescope (NGAT) was
a concept presented in a white paper [1] developed by members
of the Arecibo staff and user community immediately after the
collapse of the 305 m legacy telescope. A phased array of small
parabolic antennas placed on a tiltable plate-like structure forms
the basis of the NGAT concept. The phased array would function
both as a transmitter and as a receiver. This envisioned state of
the art instrument would offer capabilities for three research
fields, viz. radio astronomy, planetary and space & atmospheric
sciences. The proposed structure could be a single plate or a set
of closely spaced segments, and in either case it would have an
equivalent collecting area of a parabolic dish of size 300 m. In this
study we investigate the feasibility of realizing the structure. Our
analysis shows that, although a single structure ∼300 m in size is
achievable, a scientifically competitive instrument 130 to 175 m
in size can be developed in a more cost effective manner. We
then present an antenna configuration consisting of one hundred
and two 13 m diameter dishes. The diameter of an equivalent
collecting area single dish would be ∼130 m, and the size of
the structure would be ∼146 m. The weight of the structure is
estimated to be 4300 tons which would be 53% of the weight
of the Green Bank Telescope. We refer to this configuration as
NGAT-130. We present the performance of the NGAT-130 and
show that it surpasses all other radar and single dish facilities.
Finally, we briefly discuss its competitiveness for radio astronomy,
planetary and space & atmospheric science applications.

Index Terms—Antennas, Radar, Radio Astronomy, Design
principles, Model

Invited paper for the ICEAA-IEEE APWC conference, Venice, Italy, Oct
9-13, 2023

I. INTRODUCTION

The Arecibo Observatory (AO) hosted the most sensitive
radio telescope and the most powerful radar system until
the unexpected collapse of the 305 m “legacy” telescope
on December 1, 2020. The facility served three scientific
communities: the planetary science, the space and atmospheric
sciences, and the radio astronomy communities. Its collapse
has produced a significant void in these scientific fields. Any
future multidisciplinary facility should enable cutting-edge
capabilities for all three scientific fields.

Immediately after the collapse of the legacy telescope,
members of AO staff and the three scientific communities
had extensive discussions regarding the rebuild of a future
facility. The outcome of these discussions can be summarized
as follows [1]. Any new facility must meet the capability
requirements listed below:

• Planetary science: 5 MW of continuous wave transmitting
power at 2 to 6 GHz, 1 to 2 arcmin beam width at these
frequencies, and increased sky coverage.

• Atmospheric science: 0o to 45o sky coverage from zenith
to observe both parallel and perpendicular directions to
the geomagnetic field, 10 MW peak transmitting power
at 430 MHz (also at 220 MHz under consideration) and
excellent surface brightness sensitivity.

• Radio astronomical science: Excellent sensitivity over
200 MHz to 30 GHz frequency range, increased sky
coverage and telescope pointing up to 48o from zenith
to observe the Galactic Center.
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UV SIGNATURES OF MAGNETAR FORMATION AND THEIR CRUCIAL ROLE FOR GW

DETECTION
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ABSTRACT

The emission from shock breakouts (SBOs) represents the earliest electromagnetic (EM) signal emit-

ted by cataclysmic events involving the formation or the merger of neutron stars (NSs). As such, SBOs

carry unique information on the structure of their progenitors and on the explosion energy. The char-

acteristic SBO emission is expected in the UV range, and its detection is one of the key targets of the

ULTRASAT satellite. Among SBO sources, we focus on a specific class involving the formation of fast

spinning magnetars in the core-collapse (CC) of massive stars. Fast spinning magnetars are expected

to produce a specific signature in the early UV supernova light curve, powered by the extra spin energy

quickly released by the NS. Moreover, they are considered as optimal candidates for the emission of

long-transient gravitational wave (GW) signals, the detection of which requires early EM triggers to

boost the sensitivity of dedicated GW search pipelines. We calculate early supernova UV light curves

in the presence of a magnetar central engine, as a function of the explosion energy, ejecta mass and

magnetar parameters. We then estimate the ULTRASAT detection horizon (z < 0.15) as a function of

the same physical parameters, and the overall expected detection rate finding that magnetar-powered

SBOs may represent up to 1/5 of the total events detected by ULTRASAT. Moreover, at the expected

sensitivity of the LIGO/Virgo/Kagra O5 science run, one such event occurring within 5 Mpc will pro-

vide an ideal trigger for a GW long transient search. Future GW detectors like the Einstein Telescope

will push the horizon for joint EM-GW detections to 35-40 Mpc.

Keywords: Neutron stars: magnetars – shock break-out – UV data – Multi-messenger astronomy

1. INTRODUCTION

Over the last decade, major observational efforts in

astronomy have been devoted to time domain surveys

(e.g. ZTF, EUCLID, eROSITA, SKA, VRO), aimed at
exploiting the great discovery potential of explosive

transients produced in cosmic cataclysms. Many among

such events are expected to produce a characteristi-

cally bright emission in the UV band (Sagiv et al. 2014;

Kulkarni et al. 2021), a poorly covered spectral range in

the multi-wavelength monitoring of astrophysical tran-

sients. The Ultraviolet Transient Astronomy Satellite

(ULTRASAT), scheduled for launch in 2026, is a small

mission dedicated to time domain observations in the

NUV band, and will carry out the first wide-field sur-

vey of transient and variable sources, with a much larger

horizon than previous UV satellites.

A key goal of ULTRASAT is the early (hrs) detec-

tion of hundreds of core-collapse supernovae (CCSN)

Corresponding author: ssmenonoffl@gmail.com

and the high cadence (minutes) monitoring of their UV

light curves. Approximately 10% of CCSNe are expected

to lead to the birth of magnetars (Beniamini et al. 2019),

i.e. highly magnetic neutron stars (NS) thought to be
born with millisecond spin (e.g. (Dall’Osso & Stella

2021) and references therein). Due to these unique prop-

erties, newly formed magnetars can be powerful ma-

chines capable of injecting large amounts of energy and

driving a shock through the expanding ejecta. Once this

shock breaks out of the ejecta a characteristic UV signa-

ture is expected in the early supernova light curve, i.e.

a magnetar-driven shock breakout1 (SBO; e.g. (Kasen

et al. 2016; Liu et al. 2021)). The launch of ULTRA-

SAT thus represents an ideal opportunity for the first

identification of newly born magnetars, which will set-

1 This is different from, and later than, the ‘typical’ SBO expected
when the collapse-driven shock first breaks out of the progenitor
star. ULTRASAT may in principle observe both if a magnetar is
formed.
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Confirmation of sub-solar metallicity for WASP-77Ab from JWST thermal emission
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ABSTRACT

We present the dayside thermal emission spectrum of WASP-77Ab from 2.8 – 5.2µm
as observed with the NIRSpec instrument on the James Webb Space Telescope (JWST).
WASP-77Ab was previously found to have a sub-solar metallicity and a solar carbon-to-
oxygen (C/O) ratio from H2O and CO absorption lines detected using high-resolution
spectroscopy. By performing atmospheric retrievals on the JWST spectrum assuming
chemical equilibrium, we find a sub-solar metallicity [M/H]=−0.91+0.24

−0.16 and C/O ratio
0.36+0.10

−0.09. We identify H2O and CO and constrain their abundances, and we find no
CO2 in the spectrum. The JWST and high-resolution spectroscopy results agree within
∼ 1σ for the metallicity and within 1.8σ for the C/O ratio. However, our results
fit less well in the picture painted by the shorter wavelength spectrum measured by
HST WFC3. Comparing the JWST thermal emission spectra of WASP-77Ab and
HD 149026b shows that both hot Jupiters have nearly identical brightness temperatures
in the near-infrared, but distinctly different atmospheric compositions. Our results
reaffirm high-resolution spectroscopy as a powerful and reliable method to measure
molecular abundances. Our results also highlight the incredible diversity of hot Jupiter
atmospheric compositions.

Keywords: Exoplanets(498) — Exoplanet atmospheres(487) — James Webb Space Tele-
scope(2291)

1. INTRODUCTION

Atmospheric metallicity and carbon-to-
oxygen (C/O) ratio are now well-established
tracers for exoplanet characterisation (Mad-
husudhan 2012; Fortney et al. 2013; Venturini
et al. 2016). In particular, their relevance
regarding planetary formation processes has
been widely discussed in the literature (Pollack
et al. 1996; Mordasini et al. 2016; Madhusud-

han 2019). The James Webb Space Telescope
(JWST) marks an important step in the field
because it has the sensitivity to obtain high pre-
cision data over a broad range of wavelengths
for a wide range of exoplanets, and therefore
allowing to place strong and reliable constraints
on these key markers (Greene et al. 2016).

Hot Jupiters are giant gaseous bodies transit-
ing very close to their host stars. These highly
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Observed Dust Surface Density Across Cosmic Times
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ABSTRACT
Our ability to interpret observations of galaxies and trace their stellar, gas, and dust content over cosmic time critically relies on
our understanding of how the dust abundance and properties vary with environment. Here, we compute the dust surface density
across cosmic times to put novel constraints on simulations of the build-up of dust. We provide observational estimates of the dust
surface density consistently measured through depletion methods across a wide range of environments, going from the Milky
Way up to z=5.5 galaxies. These conservative measurements provide complementary estimates to extinction-based observations.
In addition, we introduce the dust surface density distribution function – in analogy with the cold gas column density distribution
functions. We fit a power law of the form: log 𝑓 (ΣDust) = −1.92 × logΣDust − 3.65 which proves slightly steeper than for neutral
gas and metal absorbers. This observed relation, which can be computed by simulations predicting resolved dust mass functions
through 2D projection, provides new constraints on modern dust models.

Key words: galaxies: abundances – galaxies: evolution – galaxies: high-redshift – Galaxies Magellanic Clouds – quasars:
absorption lines – Interstellar Medium (ISM), Nebulae – ISM: dust, extinction

1 INTRODUCTION

Dust grains absorb stellar light in the ultraviolet (UV)-optical wave-
lengths and re-emit it in the far-infrared, which represents 30%–50%
of the radiative output of a galaxy (Roman-Duval et al. 2017). There-
fore, our ability to interpret observations of galaxies and trace their
stellar, gas, and dust content with redshift across the entire spectral
range critically relies on measurements of the dust abundance and
properties vary with environment and cosmic times. This in turn re-
quires us to understand the processes responsible for dust formation,
destruction, and transport, as well as their associated timescales.
A fraction of metals in the interstellar medium of galaxies in both

the local and high-redshift Universe resides in microscopic solid
particles or dust grains (Field 1974; Savage&Sembach 1996; Jenkins
2009a; De Cia et al. 2016). Interstellar dust has manifold impact on
the physics and chemistry of the interstellar medium (Zhukovska
et al. 2016, 2018; Galliano 2022) as well as the intra-cluster medium
(Shchekinov et al. 2022). Because dust locks some elements away
from the gas phase, it affects our measurements of the metallicity
of galaxies. One of the most important roles of interstellar grains
is that they facilitate the formation of molecular hydrogen, H2, on
their surfaces (Hollenbach & Salpeter 1971). TheH2 molecule is the
main component of molecular clouds, which are the cradle of star
formation in most of the Universe (Klessen &Glover 2016). Because
dust absorbs UV emission from young massive stars and re-emits it
in the infrared, the spectral energy distribution from dust is one of
the primary indicators of star formation (Calzetti et al. 2000).

★ E-mail: celine.peroux@gmail.com

Yet, in both local and high-redshift galaxies, the dust produc-
tion rates in evolved stars (Bladh & Höfner 2012; Riebel et al.
2012) and supernova remnants (Matsuura et al. 2011; Leśniewska
& Michałowski 2019; Slavin et al. 2020) are largely insufficient
compared to the dust destruction rates in interstellar shocks (Jones
et al. 1996) to explain the dust masses of galaxies over cosmic times
(Morgan & Edmunds 2003; Boyer et al. 2012; Rowlands et al. 2014;
Zhukovska & Henning 2013). This so-called dust budget crisis poses
an important challenge to our modelling of dust into a cosmological
context (Mattsson 2021).
Observationally, the amount of dust in astrophysical objects has

been quantified with a number of different methods probing various
dust signature. Extinction refers to the amount of light dimming due
to all the material lying along the line of sight between the astrophys-
ical object and the observer. Extinction is therefore an integrated
quantity which encapsulates absorption and scattering away from
the line-of-sight. The observational determination of extinction re-
quires backlights such as stars, Gamma-Ray Bursts, quasars, or other
objects with much smaller angular extent than a galaxy. The extinc-
tion at a given wavelength results from a combination of the grain
size distribution (Mattsson 2020), metallicity (Shivaei et al. 2020a)
and the optical properties of the grains (which is itself dependent on
the chemical composition of the grains). Therefore, the extinction
scales with dust column density or surface density. Similarly, infra-
red emission has been used to probe the dust content of galaxies
(Chiang et al. 2021). In particular, significant work has been put into
characterizing these quantities in galaxies beyond the MilkyWay, as-
sessing observational constraints both on the integrated values (e.g.,
Rémy-Ruyer et al. 2014; De Vis et al. 2019) and spatially-resolved

© 2020 The Authors
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Sanjana Curtis ,1, 2 Pablo Bosch ,2 Philipp Mösta ,2 David Radice ,3, 4, 5 Sebastiano Bernuzzi ,6

Albino Perego ,7, 8 Roland Haas ,9, 10 and Erik Schnetter 11, 12, 13

1Department of Astronomy and Astrophysics, University of Chicago, Chicago IL 60637
2Anton Pannekoek Institute for Astronomy, Institute of High-Energy Physics, and Institute of Theoretical Physics, University of

Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands
3Institute for Gravitation and the Cosmos, The Pennsylvania State University, University Park, PA 16802, USA

4Department of Physics, The Pennsylvania State University, University Park, PA 16802, USA
5Department of Astronomy & Astrophysics, The Pennsylvania State University, University Park, PA 16802, USA

6Theoretisch-Physikalisches Institut, Friedrich-Schiller-Universität Jena, 07743, Jena, Germany
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ABSTRACT

We present a 3D general-relativistic magnetohydrodynamic simulation of a short-lived neutron star

remnant formed in the aftermath of a binary neutron star merger. The simulation uses an M1 neutrino

transport scheme to track neutrino-matter interactions and is well-suited to studying the resulting nu-

cleosynthesis and kilonova emission. We find that the ejecta in our simulations under-produce r-process

abundances beyond the second r-process peak. For sufficiently long-lived remnants, these outflows alone

can produce blue kilonovae, including the blue kilonova component observed for AT2017gfo.

Keywords: compact objects — neutron stars — transient sources

1. INTRODUCTION

The observation of AT2017gfo (Coulter et al. 2017;

Soares-Santos et al. 2017; Arcavi et al. 2017) – a kilonova

arising from merging neutron stars – has provided strong

evidence that such mergers are a site where heavy ele-

ments are produced via the rapid neutron-capture pro-

cess or r-process (Pian et al. 2017; Kasen et al. 2017).

The optical and infrared spectra of this transient show

Corresponding author: Sanjana Curtis

sanjanacurtis@uchicago.edu

Corresponding author: Pablo Bosch

p.boschgomez@uva.nl

an early ‘blue’ peak at ultraviolet/optical frequencies

and a late ‘red’ peak in the near-infrared (Evans et al.

2017; McCully et al. 2017; Nicholl et al. 2017; Tan-

vir et al. 2017; Chornock et al. 2017). This behavior

is thought to arise from the presence of two or more

distinct outflow components, which differ with respect

to their total mass as well as velocities and opacities

(Perego et al. 2017; Cowperthwaite et al. 2017; Drout

et al. 2017; Villar et al. 2017).

The neutron-richness of the ejecta is an important

quantity for nucleosynthesis, indicated by its electron

fraction Ye = NP /NB , where NP is the total number of

protons and NB is the total number of baryons. In gen-

eral, relatively neutron-rich ejecta (Ye . 0.25) synthe-

size a significant mass-fraction of heavy elements includ-
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Faint but not forgotten. I. First results from a search for astrospheres around AGB

stars in the far-ultraviolet
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ABSTRACT

Using the GALEX archive, we have discovered extended structures around 10 AGB stars (out of

a total 92 searched) emitting in the far-ultraviolet (FUV) band. In all but one, we find the typical

morphology expected for a spherical wind moving relative to, and interacting with the ISM to produce

an astrosphere. The exception is V Hya whose mass-ejection is known to be highly aspherical, where

we find evidence of its large parabolic outflows interacting with the ISM, and its collimated, extreme

velocity outflows interacting with the circumstellar medium. For 8 objects with relatively large proper

motions, we find (as expected) that the termination-shock region lies in a hemisphere that contains the

proper motion vector. Radial intensity cuts for each source have been used to locate the termination

shock and the astropause’s outer edge. In a few objects, the cuts also reveal faint emission just outside

the astropause that likely arises in shocked ISM material. We have used these data, together with

published mass-loss rates and wind expansion velocities, to determine the total mass lost and duration

for each source – we find that the duration of and total mass in the shocked wind are significantly larger

than their corresponding values for the unshocked wind. The combination of FUV and far-IR data on

AGB astrospheres, provides a unique database for theoretical studies (numerical simulations) of wind-

ISM interactions. We show that a Cyclical Spatial Heterodyne Spectrometer on a small space-based

telescope, can provide high-resolution spectra of astrospheres to confirm the emission mechanism.

Keywords: stars: AGB and post–AGB, stars: mass–loss, stars: individual (U Ant,

EY Hya, R LMi, V Hya, RT Vir, R Hya, W Hya, RX Boo, RW Boo,

VX Eri), circumstellar matter
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Intercomparison of Brown Dwarf Model Grids and Atmospheric Retrieval Using Machine Learning
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ABSTRACT

Understanding differences between sub-stellar spectral data and models has proven to be a major challenge,
especially for self-consistent model grids that are necessary for a thorough investigation of brown dwarf atmo-
spheres. Using the supervised machine learning method of the random forest, we study the information content
of 14 previously published model grids of brown dwarfs (from 1997 to 2021). The random forest method allows
us to analyze the predictive power of these model grids, as well as interpret data within the framework of Ap-
proximate Bayesian Computation (ABC). Our curated dataset includes 3 benchmark brown dwarfs (Gl 570D,
ε Indi Ba and Bb) as well as a sample of 19 L and T dwarfs; this sample was previously analyzed in Lueber
et al. (2022) using traditional Bayesian methods (nested sampling). We find that the effective temperature of
a brown dwarf can be robustly predicted independent of the model grid chosen for the interpretation. How-
ever, inference of the surface gravity is model-dependent. Specifically, the BT-Settl, Sonora Bobcat and
Sonora Cholla model grids tend to predict logg∼ 3–4 (cgs units) even after data blueward of 1.2 µm have
been disregarded to mitigate for our incomplete knowledge of the shapes of alkali lines. Two major, longstand-
ing challenges associated with understanding the influence of clouds in brown dwarf atmospheres remain: our
inability to model them from first principles and also to robustly validate these models.

Keywords: Brown Dwarfs; Atmospheric clouds; Astrostatistics techniques

1. INTRODUCTION

Brown dwarfs are objects that are intermediate in mass
between giant exoplanets and stars. Hundreds of brown
dwarfs have been detected and spectrally characterized, mak-
ing them an interesting training set for confronting mod-
els with data. It has become standard practice to match
measured brown dwarf spectra with pre-computed, self-
consistent model grids, typically using a simple interpolation
method. More recently, Bayesian retrieval methods, which
were originally adapted from the Earth and planetary sci-
ences (e.g., Rodgers 2000; Irwin et al. 2008) to analyze spec-
tra of exoplanetary atmospheres (e.g., Madhusudhan & Sea-

Corresponding author: Anna Lueber
anna.lueber@unibe.ch

ger 2009), may be used to infer posterior distributions of pa-
rameters from the analysis of spectra (Line et al. 2017; Burn-
ingham et al. 2017; Madhusudhan 2018; Mollière et al. 2019;
Kitzmann et al. 2020).

Despite decades of model development efforts by the com-
munity studying brown dwarfs (e.g., Burrows et al. 1997,
2006; Hubeny & Burrows 2007; Allard et al. 2012; Morley
et al. 2012; Saumon et al. 2012; Phillips et al. 2020; Mar-
ley et al. 2021; Karalidi et al. 2021; for reviews, see Helling
& Casewell 2014; Marley & Robinson 2015), including de-
tailed calculations of the atomic and molecular opacities, the
physical and chemical processes in brown dwarf atmospheres
remain incompletely understood. Different research groups
tend to employ different approaches for implementing radia-
tive transfer, chemistry and clouds. The computer codes as
well as important input data, such as thermochemical data or
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ABSTRACT

We present photometric and spectroscopic data for the nearby Type I supernova (SN Ia) 2019eix

(originally classified as a SN Ic), from its discovery day up to 100 days after maximum brightness.

Before maximum light SN 2019eix resembles a typical SN Ic, albeit lacking the usual O I feature. Its

lightcurve is similar to the typical SN Ic with decline rates of (∆M15,V = 0.84) and absolute magnitude

of MV = −18.35. However, after maximum light this SN has unusual spectroscopic features, a large

degree of line blending, significant line blanketing in the blue (λ < 5000Å), and strong Ca II absorption

features during and after peak brightness. These unusual spectral features are similar to models of sub-

luminous thermonuclear explosions, specifically double-detonation models of SNe Ia. Photometrically

SN 2019eix appears to be somewhat brighter with slower decline rates than other double detonation

candidates. We modeled the spectra using the radiative transfer code TARDIS using SN 1994I (a

SN Ic) as a base model to see whether we could reproduce the unusual features of SN 2019eix and

found them to be consistent with the exception of the O I feature. We also compared SN 2019eix with

double detonation models and found them to match the observations of SN 2019eix best, but failed to

reproduce its full photometric and spectroscopic evolution.

Keywords: supernovae, SN 2019eix - supernovae

1. INTRODUCTION

As the number of supernova discoveries has grown

over time, previously rare or unseen supernovae are be-

ing found in increasing numbers. Often their classifi-

cation can be unclear and their properties may over-

lap between different classes, making these SNe unique.

Consequently, new discoveries have shed light on the di-

versity of supernovae, and all-sky surveys have played a

Corresponding author: Estefania Padilla Gonzalez

epadillagonzalez@ucsb.edu

crucial role in this. For instance, all-sky surveys have

discovered interacting SNe with different Circumstellar

Material (CSM) compositions, including SNe Ibn (Hos-

seinzadeh et al. 2017) and SNe Icn (Gal-Yam et al.

2022; Pellegrino et al. 2022). Similarly, even the “well

understood” SNe Ia observations have shwown pecu-

liarity in observations that point to diverse explosion

mechanisms. These include “.Ia” explosions of a helium

flash on a white dwarf (Kasliwal & Kulkarni 2012; Poz-

naski et al. 2010), “Sub-Chadrashekar” explosion of He

burning followed by second detonation in the core via

converging shocks (Fink et al. 2010; De et al. 2019),

“Super-Chandrasekhar” explosions of rapidly spinning
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First stars signatures in high-z absorbers
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Abstract. The first stars were likely more massive than those forming today and thus
rapidly evolved, exploding as supernovae and enriching the surrounding gas with their
chemical products. In the Local Group, the chemical signature of the first stars has been
identified in the so-called Carbon-Enhanced Metal-Poor stars (CEMP-no). On the con-
trary, a similar C-excess was not found in dense neutral gas traced by high-redshift absorp-
tion systems. Here we discuss the recent discovery of three C-enhanced very metal-poor
([Fe/H]< −2) optically thick absorbers at redshift z ≈ 3 − 4, reported by (Saccardi et al.
2023).. We show that these absorbers are extra-galactic tracers of the chemical signatures
of the first stars, analogous to the CEMP-no stars observed in the Galactic halo and ultra-
faint dwarf galaxies. Furthermore, by comparing observations with model predictions we
demonstrate that these systems have most likely been imprinted by first stars exploding as
low-energy supernovae, which provided ≥ 50% of the metals in these absorbers.

1. Introduction

The first (Pop III) stars are predicted to be more
massive than present-day stars, with masses
possibly ranging from some tenth up to thou-
sand times solar (e.g. Hirano et al. 2014;
Susa et al. 2014) and a characteristic mass
> 1 M�(Rossi et al. 2021). Massive first stars
exploded as supernovae (SNe) and thus con-
taminated the surrounding environment with
their chemical elements, whose yields vary
according to the mass of the progenitor star
and the SN explosion energy (e.g. Heger &
Woosley 2010). Low-mass stars, born from

this metal-polluted gas, can survive until to-
day (e.g. Bromm et al. 2001) and retain in their
atmospheres a record of the chemical abun-
dances left by the first stars.

These chemical signatures have been
looked for in ancient metal-poor stars in our
cosmic neighbourhood: mostly the Milky Way
(MW) halo and Local Group dwarf galaxies,
where we can uniquely study individual stars
(e.g. Tolstoy et al. 2009). Very metal-poor stars
([Fe/H] < −2)1, strongly enhanced in carbon
over iron ([C/Fe] > +0.7) and not enriched

1 [Fe/H]=log
(
NFe
NH

)
− log

(
NFe
NH

)
�
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Compton-thick AGN in the NuSTAR Era X: Analysing seven
local CT-AGN candidates
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ABSTRACT

Context. We present the broad-band X-ray spectral analysis (0.6-50 keV) of seven Compton-thick active galactic nuclei
(CT-AGN; line-of-sight, l.o.s., column density > 1024 cm−2) candidates selected from the Swift-BAT 100-month catalog,
using archival NuSTAR data.
Aims. We aim at obtaining a complete census of the heavily obscured active galactic nuclei in the local Universe
(z < 0.05).
Methods. This work is in continuation of the on-going research of the Clemson-INAF group to classify CT-AGN
candidates at redshift z < 0.05, using physically-motivated torus models.
Results. Our results confirm that three out of seven targets are bona-fide CT-AGN. Adding our results to the previously
analysed sources using NuSTAR data, we increase the population of bona-fide CT-AGN by ∼ 9%, bringing the total
number to 35 out of 414 AGN. We also performed a comparative study using MYTorus and borus02 on the spectra in
our sample, finding that both physical models are strongly consistent in the parameter space of l.o.s. column density
and photon index. Furthermore, the clumpiness of the torus clouds is also investigated by separately computing the l.o.s.
and average torus column densities, in each of the seven sources. Adding our results to all the previous 48 CT-AGN
candidates analysed by the Clemson-INAF research team having NuSTAR observations: we find that 78% of the sources
are likely to have a clumpy distribution of the obscuring material surrounding the accreting supermassive black hole.

Key words. Galaxies: active; X-rays: galaxies; Galaxies: Seyfert

1. Introduction

Diffuse X-ray emission from the central regions of accreting
supermassive black holes in active galactic nuclei (AGN)
is responsible for most of the cosmic X-ray background
(CXB) radiation from a few keV to a few hundred keV
(Comastri 2004; Gilli et al. 2007; Ueda et al. 2014). The
contribution of unobscured AGN to the CXB is almost
completely resolved into point-like sources at E< 10 keV
(Worsley et al. 2005; Hickox & Markevitch 2006). CT-AGN
(CT-AGN; line-of-sight, l.o.s., column density > 1024 cm−2)
significantly contribute (∼ 15−30% Gilli et al. 2007; Ananna
et al. 2019) to the CXB around its peak (∼ 20 − 30 keV;
Ajello et al. 2008). In the local universe (z ≤ 0.1), the
fraction of CT-AGN revealed by the X-ray observations is
found to be ∼ 5 − 10% (Vasudevan et al. 2013; Ricci et al.

? phydhrubo@gmail.com
?? stefano.marchesi@inaf.it

2015; Torres-Albà et al. 2021). This reveals a big gap with
the predictions of AGN population synthesis models, which
postulates that the fraction of local CT-AGN should be of
∼ 20− 50% (Ueda et al. 2014; Ananna et al. 2019) to model
the CXB properly.

For low-redshift AGN, the circum-nuclear dusty torus
clouds are considered as the dominant medium of obscura-
tion, i.e. obscuration from the inter-stellar medium (ISM)
of the host galaxy is expected to be less significant (e.g.
Gilli et al. 2022). Due to significant suppression of intrinsic
X-rays below 10 keV by these obscuring Compton-Thick
clouds, it is difficult to detect heavily obscured AGN at
z ∼ 0 in the soft X-ray (E< 10 keV) band. Since heavily ob-
scured AGN have a noticeable Compton hump at ∼ 20− 40
keV, hard X-ray (E> 10 keV) observatories allow for the
detection and characterization of this kind of sources at
z ∼ 0. For example, the Swift Burst Alert Telescope (BAT)
is used as it is less biased against CT-AGN sources, being
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The most luminous blue quasars at 3.0< z <3.3

III. LBT spectra and accretion parameters
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ABSTRACT

We present the analysis of the rest frame ultraviolet and optical spectra of 30 bright blue quasars at z ∼ 3, selected to examine the
suitability of active galactic nuclei as cosmological probes. In our previous works, based on pointed XMM–Newton observations,
we found an unexpectedly high fraction (≈ 25%) of X-ray weak quasars in the sample. The latter sources also display a flatter UV
continuum and a broader and fainter C iv profile in the archival UV data with respect to their X-ray normal counterparts. Here we
present new observations with the Large Binocular Telescope in both the zJ (covering the rest-frame '2300–3100 Å) and the KS

('4750–5350 Å) bands. We estimated black hole masses (MBH) and Eddington ratios (λEdd) from the available rest-frame optical and
UV emission lines (Hβ, Mg ii), finding that our z ∼ 3 quasars are on average highly accreting (〈λEdd〉 ' 1.2 and 〈MBH〉 ' 109.7 M�),
with no difference in λEdd or MBH between X-ray weak and X-ray normal quasars. From the zJ spectra, we derive the properties
(e.g., flux, equivalent width) of the main emission lines (Mg ii, Fe ii), finding that X-ray weak quasars display higher Fe ii/Mg ii ratios
with respect to typical quasars. Fe ii/Mg ii ratios of X-ray normal quasars are instead consistent with other estimates up to z ' 6.5,
corroborating the idea of already chemically mature broad line regions at early cosmic time. From the KS spectra, we find that all the
X-ray weak quasars present generally weaker [O iii] emission (EW<10 Å) than the normal ones. The sample as a whole, however,
abides by the known X-ray/[O iii] luminosity correlation, hence the different [O iii] properties are likely due to an intrinsically weaker
[O iii] emission in X-ray weak objects, associated to the shape of the spectral energy distribution. We interpret these results in the
framework of accretion-disc winds.

Key words. quasars: general – quasars: supermassive black holes – quasars: emission lines – galaxies: active – Accretion, accretion
discs

1. Introduction

Quasars are the most luminous persistent sources in the Universe
and, as such, they represent a class of objects of fundamental im-
portance to understand the mechanisms of production of radia-
tion and its interplay with gas and dust up to very high redshift.
Quasars belong to the high luminosity (Lbol > 1045 erg s−1) tail
of the active galactic nuclei (AGN) population and, according
to the current paradigm, their emission is powered by accretion
onto a supermassive black hole (SMBH, MBH > 106M�). The
main contribution to their broadband spectral energy distribution
(SED) comes from the optical/UV emission produced by the disc
(e.g., Salpeter 1964; Lynden-Bell 1969; Czerny & Elvis 1987)

? e-mail: bartolomeo.trefoloni@unifi.it

and X-ray emission from the so-called “corona” (e.g., Sunyaev
& Titarchuk 1980; Haardt & Maraschi 1993), where the energy
of the UV seed photons emitted by the disc is boosted via inverse
Compton scattering. The UV emission is accompanied by a shal-
low bump in the infrared (due to dust reprocessing in the torus),
whilst strong radio emission, if present, is generally linked to a
jet.

The high luminosity observed in quasars, as well as the grow-
ing number of available observations up to high redshift (e.g.,
Mortlock et al. 2011; Bañados et al. 2018), make them valuable
objects to investigate the cosmological parameters, as proposed
by our group (e.g., Risaliti & Lusso 2015) by making use of
the non-linear relation between their UV and X-ray luminosity
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Rebecca Diesing 1

1Department of Astronomy and Astrophysics, The University of Chicago, 5640 S Ellis Ave, Chicago, IL 60637, USA

Submitted to ApJ

ABSTRACT

Identifying the accelerators of Galactic cosmic ray protons (CRs) with energies up to a few PeV

(1015 eV) remains a theoretical and observational challenge. Supernova remnants (SNRs) represent

strong candidates, as they provide sufficient energetics to reproduce the CR flux observed at Earth.

However, it remains unclear whether they can accelerate particles to PeV energies, particularly

after the very early stages of their evolution. This uncertainty has prompted searches for other

source classes and necessitates comprehensive theoretical modeling of the maximum proton energy,

Emax, accelerated by an arbitrary shock. While analytic estimates of Emax have been put forward

in the literature, they do not fully account for the complex interplay between particle acceleration,

magnetic field amplification, and shock evolution. This paper uses a multi-zone, semi-analytic model

of particle acceleration based on kinetic simulations to place constraints on Emax for a wide range

of astrophysical shocks. In particular, we develop relationships between Emax, shock velocity, size,

and ambient medium. We find that SNRs can only accelerate PeV particles under a select set of

circumstances, namely, if the shock velocity exceeds ∼ 104 km s−1 and escaping particles drive

magnetic field amplification. However, older, slower SNRs may still produce observational signatures

of PeV particles due to populations accelerated when the shock was younger. Our results serve as a

reference for modelers seeking to quickly produce a self-consistent estimate of the maximum energy

accelerated by an arbitrary astrophysical shock. a)

1. INTRODUCTION

After more than a century of study, the origins of

the cosmic rays (CRs) detected on Earth remain uncer-

tain. In the case of Galactic CRs, with energies up to a

few PeV (1015 eV), supernova remnants (SNRs) remain

promising candidates, as they provide sufficient ener-

getics and an efficient acceleration mechanism (Hillas

2005; Berezhko & Völk 2007; Ptuskin et al. 2010; Capri-

oli et al. 2010a). Moreover, there is strong observational

evidence that SNRs are capable particle accelerators,

including the detection of hadronic γ-ray emission pro-

duced by collisions between CR protons and protons in

the interstellar medium (ISM) (e.g., Morlino & Caprioli

2012; Slane et al. 2014; Ackermann et al. 2013).

Corresponding author: Rebecca Diesing

rebeccadiesing@gmail.com

a) Presented as a thesis to the Department of Astronomy and As-
trophysics, The University of Chicago, in partial fulfillment of
the requirements for the Ph.D. degree.

In the standard paradigm, CRs are accelerated at

the forward shocks of SNRs via diffusive shock accel-

ration (DSA). In this picture, particles scatter off of

magnetic perturbations such that they diffuse back and

forth across the shock, gaining energy with each cross-

ing (Fermi 1954; Krymskii 1977; Axford et al. 1977; Bell

1978; Blandford & Ostriker 1978). This mechanism pro-

duces power-law distributions of particles and is capable

of accelerating particles up to arbitrarily high energies,

provided that they remain confined close to the shock.

Moreover, DSA represents a universal mechanism that

can explain particle acceleration in a multitude of astro-

physical contexts (e.g., Ajello et al. 2021; Diesing et al.

2023).

However, it is unclear whether SNRs confine CRs long

enough to accelerate them up to the so-called “knee”, a

feature in the CR proton spectrum around a few PeV

(e.g., Blümer et al. 2009; Bartoli et al. 2015; IceCube

Collaboration et al. 2013) and the presumed maximum

energy of Galactic CR protons. Namely, in the absence

of strong magnetic field amplification, SNRs are unable
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ABSTRACT

Ultracompact X-ray binaries (UCXBs) are a distinctive but elusive family of low-mass X-ray binaries (LMXBs) characterised by their
tight orbits and degenerate donor stars. Here we present UltraCompCAT, the first online and comprehensive catalogue of UCXBs.
The initial version of UltraCompCAT comprises 49 sources, including 20 ‘confirmed’ UCXBs (those with a measured orbital period
shorter than 80 min) and 25 systems that we label as ‘candidate’ based on their multi-wavelength phenomenology. For completeness,
we also include four LMXBs with orbital periods in the range of 80 to 120 min, since they might be related (e.g. close progenitors)
or even part of the UCXB population that evolved towards longer periods. We discuss the orbital period and Galactic distribution of
the catalogue’s sample. We provide evidence for the presence of at least two separate groups of UCXBs. One formed by persistent
systems with orbital periods shorter than 30 min and a second group of transient objects (70 %) with periods in the range of 40 to 60
min. We show that the former group is dominated by sources formed in globular clusters, while the latter accounts for the (known)
UCXB population in the Galactic field. We discuss the possible evolutionary channels for both groups.

Key words. Accretion, accretion disks – Stars: neutron – Stars: black holes – X-rays: binaries – catalogs

1. Introduction

Low-mass X-ray binaries (LMXBs) are stellar systems com-
posed of a black hole or a neutron star accreting material from a
Roche lobe filling low-mass (. 1 M�) companion, the donor star.
A few hundreds of these systems have been already discovered
in our galaxy (e.g. Liu et al. 2007), including both persistently
active X-ray sources and transient objects (e.g. Casares et al.
2017). However, thousands more are expected to exist, mainly as
transient objects with recurrence periods longer than ∼ 50 years,
the time scale sampled by X-ray astronomy (e.g. Corral-Santana
et al. 2016; Tetarenko et al. 2016; Bahramian & Degenaar 2022).

The orbital period (Porb) is arguably the most important pa-
rameter of a binary system. Among other things, it is a proxy
for its size, and thus the physical properties of its compo-
nents. Regardless of their persistent or transient nature, ‘clas-
sical’ LMXBs can be defined as those with hydrogen burning
donors. They have Porb in the range of 80 min to tens of days.
Periods shorter than ∼ 60–80 min imply hydrogen-poor com-
panions, which do not burn hydrogen in their cores and may
contain electron-degenerate matter (Paczynski & Sienkiewicz
1981; Rappaport et al. 1982). LMXBs harbouring this kind of
donors are known as ultra-compact X-ray binaries (UCXBs; see
also Solheim 2010, for similar compact binaries with WD accre-
tors). By hosting two ultra-dense objects in a close binary orbit,
UCXBs are expected to play a crucial role in the new era of grav-
itational wave astronomy, as they will be among the loudest per-
sistent sources (Nelemans 2018; Tauris 2018; Chen et al. 2021).
In addition, UCXBs are ideal targets to investigate and test some
fundamental stages of binary evolution, such as the common-

envelope phase, and are also unique laboratories to study ac-
cretion processes in hydrogen deficient environments (Nelemans
et al. 2009).

We can distinguish three main UCXB evolutionary channels
(see, e.g. Nelemans et al. 2010 for a more extended description):

(i) The white dwarf (WD) channel. In this scenario, the bi-
nary system is formed by a black-hole/neutron-star and a WD.
The loss of angular momentum driven by gravitational wave
emission shortens the binary period to a very compact configura-
tion. At some point (generally at Porb of a few minutes), the WD
overflows its Roche lobe and starts to transfer matter onto the
more massive compact object, giving rise to a persistent UCXB.
This also results in an expansion of the orbit. As Porb increases,
the mass transfer rate decreases, making the systems less lumi-
nous. The UCXB eventually becomes a transient source as the
accretion disc becomes not fully ionised and no longer stable
(Yungelson et al. 2002; Sengar et al. 2017; van Haaften et al.
2012b).

(ii) The helium star channel. The companion star is a low-
mass helium star, which is still burning helium in its core at the
time of filling its Roche lobe. Mass transfer occurs as the orbit
shrinks due to angular momentum loss via gravitational wave
emission. A minimum Porb is reached (∼10-60 min), when the
helium core of the. 0.2 M� donor becomes semi-degenerate and
its mass-radius relation inverts. This makes the companion star
radius to increase with further mass loss (Savonije et al. 1986;
Iben & Tutukov 1987; Yungelson 2008; Nelemans et al. 2010).
At this point, the orbit evolution reverses and the system expands
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accretion shock instability

Marco Drago ID ,1, 2 Haakon Andresen ID ,3 Irene Di Palma ID ,1, 2 Irene Tamborra ID ,4 and Alejandro Torres-Forné ID5, 6
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The gravitational wave (GW) and neutrino signals from core-collapse supernovae (CCSNe) are
expected to carry pronounced imprints of the standing accretion shock instability (SASI). We inves-
tigate whether the correlation between the SASI signatures in the GW and neutrino signals could
be exploited to enhance the detection efficiency of GWs. We rely on a benchmark full-scale three-
dimensional CCSN simulation with zero-age main sequence mass of 27 M�. Two search strategies
are explored: 1. the inference of the SASI frequency range and/or time window from the neutrino
event rate detectable at the IceCube Neutrino Observatory; 2. the use of the neutrino event rate to
build a matched filter template. We find that incorporating information from the SASI modulations
of the IceCube neutrino event rate can increase the detection efficiency compared to standard GW
excess energy searches up to 30% for nearby CCSNe. However, we do not find significant improve-
ments in the overall GW detection efficiency for CCSNe more distant than 1.5 kpc. We demonstrate
that the matched filter approach performs better than the unmodeled search method, which relies on
a frequency bandpass inferred from the neutrino signal. The improved detection efficiency provided
by our matched filter method calls for additional work to outline the best strategy for the first GW
detection from CCSNe.

I. INTRODUCTION

The collapse of massive stars (with mass between 8 M�
and 100 M�) leads to copious production of neutri-
nos as well as gravitational waves (GWs). By the end
of their lives, these stars have developed an iron core,
whose mass is close to the Chandrasekhar mass limit.
When the pressure of relativistic degenerate electrons
can no longer balance gravity, the core collapses. The
collapse continues until the inner core reaches nuclear
densities, the repulsive forces between nuclei stabilizes
the inner core which forms a proto-neutron star (PNS).
The, still infalling, outer core rebounds off the newly
formed PNS and a shock wave is launched. The shock
travels through the innfalling material, but energy loss
from photo-dissociation of iron nuclei and neutrino cool-
ing causes the shock to halt after reaching a radius of
around 150 km [1–3]. According to the neutrino-driven
mechanism, the stalled shock is revitalized through neu-
trinos streaming away from the PNS. Neutrinos deposit
energy in the medium behind the shock, enabling the
core-collapse supernova (CCSN) explosion [4]. The shock
wave propagate through the collapsing star, unbinding
and ejecting the outer layers. If the neutrino energy de-
position is insufficient then the shock wave is not revived
and the infalling material continues to accrete through
the shock wave. As a result, the mass of the central com-
pact object continues to increase and eventually leading
to black hole formation [5, 6]. The time between the re-
coil of the core and the revitalization of the shock/black

hole formation is referred to as the post-bounce phase.
It is expected that most of the GW emission is emitted
during this time. During the accretion phase, large-scale
convective motions behind the shock and the standing
accretion shock instability (SASI) [7–9] can enhance the
energy transfer to the medium, imprinting characteristic
signatures on the neutrino and GW signals [6, 10–19].

The numerical simulation of the core-collapse scenario
is an arduous computational task [2]. In addition, the
physics of the core collapse is still affected by several
uncertainties [2, 3, 20–24]. Given their complex nature,
hydrodynamical instabilities manifest differently in the
existing set of CCSN simulations, with related implica-
tions on the expected neutrino and GW signals. Unlike
the compact binary merger scenario, there is no univo-
cal correlation between the properties of the progenitor
star and the resulting GW waveforms. The absence of
correlation and our lack of conceptual understanding of
some of the aspects linked to the development of hydro-
dynamical instabilities present a challenge in accurately
predicting the GW waveforms from CCSN.

Recent multi-dimensional simulations of CCSNe ex-
hibit distinctive GW signal features that are correlated
with the post-bounce hydrodynamic activity, such as
oscillations of the PNS and the SASI [14, 15, 25–34].
The GW waveforms display stochastic behavior, which
arises from the complex hydrodynamical physics that
occur during the post-bounce phase. However, simula-
tions from all groups show common features in the time-
frequency domain. The most noticeable is characterized
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Synopsis

Long-term high-cadence measurements of stellar spectral variability are fundamental to

better understand stellar atmospheric properties and dynamos, convective motions, rotational

periods, eruptive phenomena, and stellar magnetospheres and winds. These, in turn, are

fundamental for the detectability of exoplanets as well as the characterization of their

atmospheres and habitability. The Sun, viewed as a star via disk-integrated observations, offers a

means of exploring such measurements while also offering the spatially resolved observations

that are necessary to discern the causes of observed spectral variations. In addition to solar

variability studies, solar radiation also affects life on Earth and human activities in several ways.

High-spectral resolution observations of the solar spectrum are fundamental for a variety of

Earth-system studies, including climate influences, renewable energies, and biology.

The Integrated Sunlight Spectrometer (ISS) at SOLIS (Synoptic Optical Long-term

Investigations of the Sun), has been acquiring daily high-spectral resolution (R~300 000)

Sun-as-a-star measurements since 2006. It was designed to replace the decade-long National

Solar Observatory programs at Kitt Peak and at Sacramento Peak. More recently, a few

ground-based telescopes with the capability of monitoring the solar visible spectrum at high

spectral resolution (R≳100 000) have been deployed (e.g. PEPSI, HARPS, NEID). However, the

main scientific goal of these instruments is to detect exo-planets, and solar observations are

acquired mainly as a reference. Consequently, their technical requirements are not ideal to

monitor solar variations with high photometric stability, especially over solar-cycle temporal

scales.

The goal of this white paper is to emphasize the scientific return and explore the

technical requirements of a network of ground-based spectrographs devoted to long-term

monitoring of disk-integrated solar-spectral variability with high spectral resolution

(R~100 000) and high photometric stability, in conjunction with disk-resolved observations in

selected spectral lines, to complement planet-hunters’ measurements and stellar-variability

studies.

The proposed network of instruments offers the opportunity for a larger variety of

multidisciplinary studies, which include improving our understanding of solar variability and its

effects on the Earth's atmosphere, climate, and biological systems, which, in turn, offer a unique

opportunity to understand how stellar magnetism affects stellar radiative emission and the

properties of the planets that they host. All these topics are in scope of the Heliophysics

2024-2033 Decadal Survey statement of tasks.

Introduction

Long-term high-cadence measurements of stellar spectral variability are fundamental to better

understand stellar atmospheric properties and dynamos, evolution of the magnetic fields in stellar

atmospheres, convective motions, rotational periods, eruptive phenomena, and stellar

magnetospheres and winds. These, in turn, are fundamental for the detectability of exoplanets as

well as the characterization of their atmospheres and habitability. The Sun, viewed as a star via

disk-integrated observations, offers a means of exploring such measurements while also offering

the spatially resolved observations that are necessary to discern the causes of observed spectral

variations. Being the brightest and nearest star, the solar spectrum can be obtained with an

extremely high signal-to-noise ratio and with very high spectral resolution. A few solar lines

have been monitored for decades, using both space- (e.g. MgII, Ly) and ground-based (e.g. CaII

H & K, HeI 10830) disk-integrated instrumentation at high spectral resolution. The Fourier

Transform Spectrometer (FTS) at the McMath-Pierce Solar Telescope was capable of acquiring

high-resolution (R~500 000) solar spectra across a wide spectral range. A few dozen visible lines

were monitored with it from 1976 to 2010 (Livingston et al. 2007) on a monthly cadence. The

program was replaced by the daily observations acquired with the Integrated Sunlight

Spectrometer (ISS, Keller 2003) at SOLIS (R~300 000), which monitored nine spectral regions

approximately 1 nm wide from 2006 until operations were halted in 2017 to relocate the

instrument. Those observations are planned to resume at the end of 2022. Additionally,

solar-spectral variations in broader spectral ranges have been observed (more or less)

consistently over decades using space-based instrumentation, but these measurements typically

encompass large spectral regions at coarse spectral resolution (less than ~0.1 nm, or R ≲ 10 000).

A few ground-based telescopes with the capability of monitoring the solar visible spectrum at

high spectral resolution (R≳100 000) have been deployed in the last few years (e.g., PEPSI,

HARPS, NEID, EXPRES). However, the main scientific goals of most of these instruments are

to study stars and exoplanets through high-precision radial-velocity measurements, and solar

observations are acquired mainly as a reference. Consequently, their technical requirements

(instrumental and operational) are not ideal to monitor solar variations with high photometric

stability, especially over solar-cycle temporal scales. Moreover, not all the data produced by

these instruments are publicly available.

We propose long-term monitoring of disk-integrated solar-spectral variability with high

spectral resolution and high photometric stability in addition to spatially resolved observations

in select spectral lines obtained via a network of dedicated ground-based instruments.

Science Use Cases

There are several benefits of the proposed long-duration high-resolution solar spectral-line

observations that will improve understanding of solar and stellar variability due to magnetic

activity as well as the solar cycle and analogous stellar dynamos.

Obtain Solar Reference Spectra for Various Activity Levels. Several solar reference spectra

exist but have discrepancies due to uncertainties in their absolute calibration, wavelength
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ABSTRACT

The interaction between supermassive black hole (SMBH) feedback and the circumgalactic medium
(CGM) continues to be an open question in galaxy evolution. In our study, we use SPH simulations
to explore the impact of SMBH feedback on galactic metal retention and the motion of metals and gas
into and through the CGM of L∗ galaxies. We examine 140 galaxies from the 25 Mpc cosmological
volume, Romulus25, with stellar masses between 3 × 109 – 3 × 1011 M�. We measure the fraction of
metals remaining in the ISM and CGM of each galaxy, and calculate the expected mass of its SMBH
based on the M−σ relation. The deviation of each SMBH from its expected mass, ∆MBH is compared
to the potential of its host via σ. We find that SMBHs with accreted mass above the empirical M −σ
relation are about 15% more effective at removing metals from the ISM than under-massive SMBHs in
star forming galaxies. Over-massive SMBHs suppress the overall star formation of their host galaxies
and more effectively move metals from the ISM into the CGM. However, we see little evidence for
the evacuation of gas from their halos, in contrast with other simulations. Finally, we predict that C
IV column densities in the CGM of L∗ galaxies may depend on host galaxy SMBH mass. Our results
show that the scatter in the low mass end of M − σ relation may indicate how effective a SMBH is at
the local redistribution of mass in its host galaxy.
Subject headings: Gas physics – Galaxies: circumgalactic medium – Galaxies: spiral – Galaxies:

kinematics and dynamics – Methods: Numerical

1. INTRODUCTION

The vastly different scales between the event horizon of
a supermassive black hole (SMBH) and the size of its host
galaxy have been evocatively described by Savorgnan &
Graham (2016) as the difference between a grain of sand
and the entirety of the Saharan Desert. (A difference of
approximately 10 orders of magnitude). While the size
difference between these objects makes their interaction
surprising, mounting evidence continues to connect the
evolution and properties of galaxy hosts to their SMBHs
(Magorrian et al. 1998; Haehnelt et al. 1998; Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Reines & Volonteri
2015; Saglia et al. 2016).

The relation between the mass of the central super-
massive black hole, MBH , and the stellar dispersion of its
host galaxy’s bulge, σ∗, is one of the most fundamental
relations drawn between the SMBH and its host galaxy
(Kormendy & Ho 2013, and citations therein). Colloqui-
ally known as the M − σ relation, this observed relation
shows a tight correlation across three orders of magni-
tude in SMBH mass and is theorized to tie together the
growth of a SMBH–during its tenure as an active galactic
nucleus (AGN)–and the winds launched from its accre-
tion disk. These winds are responsible for removing some
of the gas necessary for continued star formation in the

galaxy. In this way, the energetics of the SMBH work to
regulate the star formation in the bulge of massive galax-
ies. When the SMBH is no longer accreting or driving
outflows, gas accretion and star formation can resume
(Alexander et al. 2005; Papovich et al. 2006; Volonteri
2012). The quantity σ∗ not only reflects the mass of
its host galaxy, but also approximates the depth of the
galaxy’s potential well (Ferrarese & Merritt 2000; Zahid
et al. 2018; Ricarte et al. 2019).

The scatter in the M−σ relation can further illuminate
the processes that drive galaxy evolution at all galaxy
masses. At the high mass end, there is less scatter and
it is dominated by more massive BHs residing in mas-
sive ellipticals above ∼ 1013 M� (Van Den Bosch et al.
2007; Moster et al. 2010; Natarajan 2011; Emsellem et al.
2011; Dubois et al. 2015). However, lower mass BHs live
in a more diverse range of galaxy masses resulting in
scatter that is more pronounced on the low mass end
of the relation. This low-mass-end scatter may be ex-
plained by variable pathways that drive SMBH growth
(Micic et al. 2007; Volonteri & Natarajan 2009; Reines
et al. 2013; Graham & Scott 2015; Sharma et al. 2020).
Galaxy mergers are thought to fuel SMBHs, in addition
to building up galaxies and contributing to the assem-
bly of bulges (Di Matteo et al. 2005; Shen et al. 2008;
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