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Abstract

We propose a simple model in the type-III seesaw framework to explain the recently reported W-mass

anomaly by CDF-II collaboration, neutrino mass, asymmetric dark matter, and baryon asymmetry of the

Universe. We extend the standard model with a vector-like singlet lepton (χ) and a hypercharge zero scalar

triplet (∆) in addition to three hypercharge zero triplet fermions(Σi , i = 1, 2, 3). A Z2 symmetry is imposed

under which χ and ∆ are odd, while all other particles are even. As a result, the lightest Z2 odd particle χ

behaves as a candidate of dark matter. In the early Universe, the CP-violating out-of-equilibrium decay of

heavy triplet fermions to the Standard Model lepton (L) and Higgs (H) generate a net lepton asymmetry,

while that of triplet fermions to χ and ∆ generate a net asymmetric dark matter. The lepton asymmetry

is converted to the required baryon asymmetry of the Universe via the electroweak sphalerons, while the

asymmetry in χ remains as a dark matter relic that we observe today. We introduce a singlet scalar φ, with

mass mφ < mχ, which not only assists to deplete the symmetric component of χ through the annihilation

process: χ̄χ → φφ but also paves a path to detect dark matter χ at direct search experiments through

φ − H mixing. The Z2 symmetry is broken softly resulting in an unstable asymmetric dark matter with

mass ranging from a few MeV to a few tens of GeV. The softly broken Z2 symmetry also induces a vacuum

expectation value (vev) of ∆ due to which the asymmetry in ∆ disappears. Moreover, the vev of ∆ enhances

the W-boson mass as reported by CDF-II collaboration with 7σ statistical significance, while keeping the

Z-boson mass intact.
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Background: The equations of state (EoSs) which determine the properties of neutron stars (NSs) are often
characterized by the iso-scalar and iso-vector nuclear matter parameters (NMPs). Recent attempts to relate the
radius and tidal deformability of a NS to the individual NMPs have been inconclusive. These properties display
strong correlations with the pressure of NS matter which depends on several NMPs. The knowledge of minimal
NMPs that determine the NS properties will be necessary to address any connection between NS properties
(e.g., tidal deformability) and that of finite nuclei.

Purpose: To identify the important NMPs required to describe the tidal deformability of neutron star for
astrophysically relevant range of their gravitational masses (1.2 – 1.8 M�) as encountered in the binary neutron
star merger events.

Method: We construct a large set of EoSs using four iso-scalar and five iso-vector NMPs. These EOSs
are employed to perform a systematic analysis to isolate the NMPs that predominantly determine the tidal
deformability, over a wide range of NS mass. The tidal deformability is then directly mapped to these NMPs.

Results: The tidal deformability of the NS with mass 1.2-1.8 M� can be determined within 10% directly
in terms of four nuclear matter parameters, namely, the incompressibility K0 and skewness Q0 of symmetric
nuclear matter, and the slope L0 and curvature parameter Ksym,0 of symmetry energy.

Conclusion: A function that quickly estimates the value of tidal deformability in terms of minimal nuclear
matter parameters is developed. Our method can also be extended to other NS observables.

I. INTRODUCTION

The stringent constraint on the equation of state (EoS)
of the dense matter promised by gravitational wave astron-
omy through the detailed analysis of Bayesian parameter es-
timation has triggered many theoretical investigations of the
neutron star (NS) properties [1–12]. The tidal deforma-
bility parameter (Λ) of NS, which encodes the information
about the EoS has been inferred from a gravitational wave
event GW170817 observed with the Advanced-LIGO [13]
and Advanced-Virgo detectors [14] from a binary neutron star
(BNS) merger with the component masses in the range 1.17–
1.6 M� [15, 16]. Subsequently, another event GW190425,
likely originating from the coalescence of BNSs was ob-
served [10]. The GW-signals from coalescing BNS events are
likely to be observed more frequently in the upcoming runs of
LIGO-Virgo-KAGRA and the future detectors, e.g., Einstein
Telescope [17] and Cosmic Explorer [18]. Complementary
information on the NS properties is also provided by the Neu-
tron star Interior Composition Explorer (NICER). It relies on
pulse profile modeling, a powerful technique to monitor elec-
tromagnetic emission from the hot spots located on the surface
of the neutron star [19, 20]. Recently, two different groups of
NICER have reported neutron star’s mass and radius simulta-
neously for PSR J0030+0451 with radius R = 13.02+1.24

−1.06km
for mass M = 1.44+0.15

−0.14 M� [21] and R = 12.71+1.14
−1.19 km

for M = 1.34+0.15
−0.16 M� [22], and for another (heavier) pulsar

PSR J0740+6620, R = 13.7+2.6
−1.5 km with M = 2.08 ± 0.07
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M� [23] and R = 12.39+1.30
−0.98 km with M = 2.072+0.067

−0.066 M�
[24].

The NS matter up to 2-3 times the saturation density
(ρ0) is expected predominantly to be composed of nucle-
ons in β-equillibrium. The EoSs for such matter can be ex-
pressed using iso-scalar and iso-vector nuclear matter param-
eters which characterize the symmetric nuclear matter (SNM)
and density-dependent symmetry energy, respectively. Sev-
eral investigations have been carried out to narrow down the
bounds on these NMPs from the information on the radius
and tidal deformability of a canonical neutron star [3, 25–35].
The behavior of EoSs around ρ0 may be important in deter-
mining the properties of such NSs. However, the correlation
between neutron star properties and individual nuclear matter
parameters is found to be at variance [36]. But the correla-
tions of NS radii with the pressure at the densities ∼ 2ρ0 for
the β-equilibrated matter is found to be robust [37]. Similar
trends are observed for the correlations of the tidal deforma-
bility with pressure at ∼ 2ρ0 [28, 31, 38]. These correlations
are found to be nearly model-independent and persist over a
wide range of NS mass 1.2-2 M� [31, 38]. Nevertheless, it
is rather difficult to get precise information on the individual
NMPs from the EoS of β-equilibrated matter [39]. This is
due to the fact that the EoS of β-equilibrated matter involves
a combination of several NMPs which do not vary indepen-
dently to fulfil the required constraints. It is therefore impor-
tant to identity the nuclear matter parameters which predom-
inantly determine the NS properties over the astrophysically
relevant range of their gravitational masses expected for the
BNS merger events. Various NS properties, e.g., radii and
tidal deformabilities can then be mapped to those NMPs with-
out involving other unnecessary parameters that do not play
any role. This mapped analytic function can be directly em-
ployed to facilitate the Bayesian analysis of various astrophys-
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Protocols for healing radiation-damaged
single-photon detectors suitable for space

environment
Joanna Krynski, Nigar Sultana, Youn Seok Lee, Vadim Makarov, Thomas Jennewein

Abstract—Single-photon avalanche detectors (SPADs) are well-
suited for satellite-based quantum communication because of
their advantageous operating characteristics as well as their
relatively straightforward and robust integration into satellite
payloads. However, space-borne SPADs will encounter damage
from space radiation, which usually manifests itself in the form
of elevated dark counts. Methods for mitigating this radiation
damage have been previously explored, such as thermal and
optical (laser) annealing. Here we investigate in a lab, using a
CubeSat payload, laser annealing protocols in terms of annealing
laser power and annealing duration, for their possible later use in
orbit. Four Si SPADs (Excelitas SLiK) irradiated to an equivalent
of 10 years in low Earth orbit exhibit very high dark count rates
(>300 kcps at −22 °C operating temperature) and significant
saturation effects. We show that annealing them with optical
power between 1 and 2 W yields reduction in dark count rate
by a factor of up to 48, as well as regaining SPAD sensitivity
to a very faint optical signal (on the order of single photon)
and alleviation of saturation effects. Our results suggest that an
annealing duration as short as 10 seconds can reduce dark counts,
which can be beneficial for power-limited small-satellite quantum
communication missions. Overall, annealing power appears to be
more critical than annealing duration and number of annealing
exposures.

Index Terms—avalanche photodiode, single-photon detectors,
laser annealing, quantum communications, displacement damage

I. INTRODUCTION

S INGLE-PHOTON avalanche photodiodes (SPADs) are
widely used in various fields, including applications in

remote sensing and LIDAR [1], medical imaging [2], [3],
and classical communications [4]. SPADs have also been
extensively used in space, where their ease of integration
and operation, as well as wide spectral sensitivity make them
preferable over other single-photon detectors such as photo-
multiplier tubes and superconducting nanowires [5]. SPADs
will be particularly integral in the facilitation of a quantum
communication systems as their high detection efficiency,
low timing jitter, low dark count rate and low afterpulsing
probability make them prime candidates for satellite-based
quantum receivers, as demonstrated by the Micius satellite and
missions to be launched in the near future [6]–[10].

Nigar Sultana and Thomas Jennewein are currently with the Department of
Physics and Astronomy and Institute for Quantum Computing, University of
Waterloo, Waterloo, Ontario, N2L 3G1, Canada.
Joanna Krynski, Youn Seok Lee and Vadim Makarov were with the
Department of Physics and Astronomy and Institute for Quantum Com-
puting, University of Waterloo, Waterloo, Ontario, N2L 3G1, Canada
(email:jkrynski@uwaterloo.ca).

One dominant issue is the impact of space radiation, which
degrades detector performance, particularly in increasing the
noise associated with thermal generation of carriers, a phe-
nomenon known as dark count rate (DCR) [10], [11]. Ele-
vated DCR originates from the introduction of defects in the
semiconductor lattice produced by interactions with particulate
radiation, particularly low-energy protons [12]. Accumulation
of these defects and, consequently, steadily increasing DCR
pose major constraints on the lifespan of SPADs within
quantum satellite payloads. One study found that a quantum
communication satellite in low-Earth orbit (LEO) could be-
come unusable within several weeks, and even this estimate
does not account for unpredictable solar proton events that
can deposit large amounts of defects at once [13]. This issue
is critical for quantum communication applications where a
maintained dark count rate as low as 200 counts-per-second
(cps) is required to facilitate a high-fidelity transmission [7].
Therefore, in order to prolong the usable lifetime of quantum
missions, methods of counteracting this radiation damage will
be essential in satellites hosting SPADs.

At a fundamental level, reduction of DCR amounts to
removing or re-arranging the radiation-induced defects. This
can be achieved via annealing, which has been used for
decades in the semiconductor industry in the context of
improving material characteristics, such as electrical conduc-
tivity [12], [14]. Thermal annealing via a hot-flow oven or
thermoelectric (TEC) module as a method of controlling the
radiation-induced DCR in SPADs has been investigated and
successfully demonstrated [8], [13], [15]. The method of
using TECs is feasible for satellite missions and even then
requires heating to near 100 °C, which risks damaging the
TEC, and necessitates a high payload power allowance. An
alternative approach to thermal annealing is laser (optical)
annealing. Both pulsed and continuous-wave lasers can be
used to facilitate localized melting and re-crystallization of
the lattice, with the energy and pulse length dictating the
magnitude and depth of energy deposition in the material [16].
Laser annealing is advantageous because its highly localized
energy deposition does not risk degradation of the material
or redistribution of imperfections, and the recovery period is
much shorter as compared with traditional thermal annealing
[17]. With respect to laser annealing SPADs, Bugge et al. [18]
observed a decrease in dark counts after exposing SPADs to
bright laser beam, and Lim [19] showed a similar behaviour
when deliberately annealing irradiated devices with a free-
space coupled laser of optical power on the order of a few
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Primordial black holes from null energy condition violation during inflation
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The violation of the null energy condition (NEC) is closely related to potential solutions for the
cosmological singularity problem and may therefore play a crucial role in the very early universe.
We explore a novel approach to generate primordial black holes (PBHs) via the violation of the NEC
in a single-field inflationary scenario. In our scenario, the universe transitions from a first slow-roll
inflation stage with a Hubble parameter H = Hinf1 to a second slow-roll inflation stage with H =
Hinf2 � Hinf1, passing through an intermediate stage of NEC violation. The resulting primordial
scalar power spectrum is naturally enhanced by the NEC violation at a certain wavelength. As a
result, PBHs with masses and abundances of observational interest can be produced in our scenario.
We also examine the phenomenological signatures of scalar-induced gravitational waves (SIGWs).
Our work highlights the significance of utilizing a combination of PBHs, SIGWs, and primordial
gravitational waves as a powerful probe for exploring the NEC violation during inflation.

I. INTRODUCTION

Primordial black holes (PBHs) are powerful probes for
studying the physics of the early universe [1–3]. In con-
trast to the astrophysical black holes, which evolve from
massive stars and contain masses larger than 5 M� [4],
PBHs can have a wide mass range from tens of micro-
grams to millions of solar masses. In view of that, PBHs
can be relevant to astrophysical and cosmological phe-
nomena such as the origin of dark matter [5–8], and the
seeds of the supermassive black holes [9, 10]. Therefore,
the formation of PBHs in the early universe is vastly
studied, see, e.g., [11–45].

In the literature, PBHs are thought to arise from over-
dense regions collapsing due to self-gravity. Inflation, as
the most widely accepted paradigm of the very early uni-
verse, is capable of generating primordial scalar (or den-
sity) perturbations that are consistent with observations
of the cosmic microwave background (CMB). Therefore,
the key to PBH formation in inflationary cosmology is
to obtain a significant extra enhancement of the ampli-
tudes of primordial scalar perturbations on small scales
(see, e.g., [46–59]), while simultaneously satisfying the
observational constraints on the CMB scale.

In the single-field slow-roll inflation scenario, the power
spectrum of primordial scalar perturbations is depen-
dent on the Hubble parameter H, the slow-roll param-
eter ε ≡ −Ḣ/H2 (or its generalized formulation), and
the sound speed cs of the scalar perturbation mode. In
standard single-field slow-roll inflation, the scalar power

∗ yongcai phy@outlook.com; caiyong@zzu.edu.cn
† Corresponding author: mzhuan@connect.ust.hk
‡ Corresponding author: yspiao@ucas.ac.cn

spectrum is nearly scale-invariant on all scales. To pro-
duce sizable PBHs in single-field inflation models, var-
ious mechanisms have been investigated, including (but
not limited to) ultra-slow-roll inflation [60–72], and mod-
ifications to the dispersion relation or the sound speed cs
of scalar perturbations [73–76] (see also [77–82] for the
mechanism of parametric resonance).

The violation of the null energy condition (NEC), or
more precisely, the null congruence condition in modified
gravity, is closely related to potential solutions for the
singularity problem in the context of the Big Bang and
inflationary cosmology [83]. It may play a crucial role
in the very early universe. Fully stable NEC violation
can be achieved in “beyond Horndeski” theories [84–90],
see also [91, 92]. In this paper, we propose a new ap-
proach to generate primordial black holes (PBHs) in a
single-field inflation scenario by enhancing the curvature
perturbations through intermediate NEC violation.

In this scenario, the universe transits from a first stage
of slow-roll inflation with a Hubble parameter H = Hinf1,
to a second stage of slow-roll inflation with H = Hinf2 �
Hinf1, through an intermediate NEC violation stage (see
Fig. 1 for an illustration). The NEC violation is able
to naturally boost the Hubble parameter H and conse-
quently the power spectrum. We have constructed the
background evolution of such a scenario in [93] and in-
vestigated the resulted enhanced power spectrum of the
primordial gravitational waves (GWs) in [94, 95]. Since
the current bound of primordial GWs at the CMB band
indicates a tensor-to-scalar ratio r0.002 ≤ 0.035 at 95%
confidence level [96], the rich phenomenology of our sce-
nario occurs mainly on smaller scales, including the ob-
servational windows of Pulsar Timing Array and space-
borne GW detectors.

In this paper, we investigate the possible enhancement
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The warm inflation story

Arjun Berera1

1 School of Physics and Astronomy, University of Edinburgh, Edinburgh, EH9 3FD, United Kingdom

Warm inflation has normalized two ideas in cosmology, that in the early universe the initial
primordial density perturbations generally could be of classical rather than quantum origin and that
during inflation, particle production from interactions amongst quantum field, and its backreaction
effects, can occur concurrent with inflationary expansion. When we first introduced these ideas, both
were met with resistance, but today they are widely accepted as possibilities with many models and
applications based on them, which is an indication of the widespread influence of warm inflation.
Open quantum field theory, which has been utilized in studies of warm inflation, is by now a relevant
subject in cosmology, in part due to this early work. In this review I first discuss the basic warm
inflation dynamics. I then outline how to compute warm inflation dynamics from first principles
quantum field theory (QFT) and in particular how a dissipative term arises. Warm inflation models
can have an inflaton mass bigger than the Hubble scale and the inflaton field excursion can remain
sub-Planckian, thus overcoming the most prohibitive problems of inflation model building. I discuss
the early period of my work in developing warm inflation that helped me arrive at these important
features of its dynamics. Inflationary cosmology today is immersed in hypothetical models, which
by now are acting as a diversion from reaching any endgame in this field. I discuss better ways
to approach model selection and give necessary requirements for a well constrained and predictive
inflation model. I point out a few warm inflation models that could be developed to this extent. I
discuss how at this stage more progress would be made in this subject by taking a broader view on
the possible early universe solutions that include not just inflation but the diverse range of options.

keywords: early universe cosmology, warm inflation, quantum field theory, model building

I. INTRODUCTION

Warm inflation was introduced 28 years ago. At that time the standard inflation scenario, hereafter called cold
inflation, was overwhelming accepted as the valid description of the early phases of the universe, with much anticipation
of its confirmation from the planned cosmic microwave background (CMB) experiments within the coming decades.
In that time warm inflation has gone from being considered by many in cosmology as a distraction to one of the most
promising solutions. The idea stems from an elementary observation. The central theme of inflationary dynamics
has been the evolution of a scalar field, which during inflation carries most of the energy of the universe and which
interacts with other fields. On the one hand, in the standard inflation picture the tacit assumption made is that these
interactions have no effect apart from modifying the scalar field effective potential through quantum corrections. On
the other hand, in the warm inflation picture interactions not only do that but also lead to fluctuation and dissipation
effects. In condensed matter systems, interactions certainly lead in general to all three of these effects (some examples
in [1]). Moreover from a statistical mechanics perspective, the scalar field would want to dissipate its energy to
other fields, and the system as a whole would try to equally distribute the available energy. Ultimately a thorough
dynamical calculation is needed to address the question.
In cosmology, there is one important way this scalar field dynamics differs from condensed matter systems, which

is that all processes for the former occur in an expanding universe. Expansion acts to constantly alter the state
of the cosmological system. For example due to expansion, radiation energy in the universe is continually being
diluted. Similarly, the configuration of any cosmological scale process is being altered over time. Thus if the quantum
mechanical processes that lead to dissipation operate at a time scale much slower than the expansion rate of the
universe, than these processes would be totally shut down due to expansion, even if in a nonexpanding system, like
a condensed matter system, the same processes operate efficiently. This is the important question that must be
understood. In the early years of inflation, there was a viewpoint that inflation had to be in a supercooled phase,
since expansion would be too fast for any such microphysical processes to occur that lead to dissipation. However our
work in warm inflation changed this point of view. Today this possibility is accepted without much question, thus
one indicator of the wide influence and success of warm inflation.
The other major influence warm inflation has had is in normalizing the possibility of the initial primordial fluctu-

ations being classical not quantum. Again due to our timescale analysis, we showed there is considerable dynamical
range in the early universe for multiparticle processes, such as those leading to thermalization or other statistical
states. When Li-Zhi Fang and I first were working on this idea [2], neither of us had a full scenario in mind. We

http://arxiv.org/abs/2305.10879v1


Up-down binaries are unstable and we want to know
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The relativistic spin-precession equations for black-hole binaries have four different equilibrium
solutions that correspond to systems where the two individual black hole spins are either
aligned or anti-aligned with the orbital angular momentum. Surprisingly, it was demonstrated
that only three of these equilibrium solutions are stable. Binary systems in the up–down
configuration, where the spin of the heavier (lighter) black hole is co- (counter-) aligned with
the orbital angular momentum, might be unstable to small perturbations of the spin directions.
After the onset of the up–down instability, that occurs after a specific critical orbital separation
rUD+, the binary becomes unstable to spin precession leading to large misalignment of the
spins. In this work, we present a Bayesian procedure based on the Savage-Dickey density ratio
to test the up–down origin of gravitational-wave events. We apply this procedure to look for
promising candidates among the events detected so far during the first three observing runs
performed by LIGO/Virgo.

1 Introduction

One of the main goal of gravitational-wave (GW) observations is to measure the masses and
the spins of astrophysical black holes (BHs). The study of the spin dynamics is a fundamental
ingredients in the population framework since spin orientations constitute a signature to discrim-
inate between the two main formation channels of stellar-mass black-hole binaries. 1,2,3,4 These
systems can originate through either the isolated evolution of massive binary stars or dynamical
encounters in dense stellar clusters 5. In the first case, the two BH spins S1,2 are expected to
be preferentially aligned with the orbital angular momentum L of the binary. On the other
hand, the spin vectors of dynamically formed binary BHs are predicted to show an isotropic
distribution that might lead to detectable spin-precession modulations in the emitted GWs.

The four configurations in which the BH spins are either aligned or anti-aligned with L are
equilibrium solutions to the relativistic spin-precession equations. We conventionally call them
up–up, down–down, down–up, and up–down configurations, where “up” (“down”) indicates BH
spins that are aligned (anti-aligned) with L and the direction before (after) the hyphen refers to
the more (less) massive BH. It was shown 6 that if a small perturbation in the spin direction
is applied, only up–up, down–down, down–up binaries remain stable while BHs in the up–down
configuration might become unstable to spin precession. These sources encounter an instability
at the critical orbital separation

rUD+ =

(√
χ1 +

√
qχ2

)4
(1− q)2 M , (1)

where χi = Si/m
2
i are the Kerr parameters of the BHs, q = m2/m1 ≤ 1 is the mass ratio, and

M = m1 + m2 is the total mass of the system. Surprisingly, it was discovered 7, that,, rather
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X-Ray Tests of General Relativity with Black Holes
Cosimo Bambi

Center for Field Theory and Particle Physics and Department of Physics, Fudan University
200438 Shanghai, China; bambi@fudan.edu.cn

Abstract: General relativity is one of the pillars of modern physics. For decades, the theory has been
mainly tested in the weak field regime with experiments in the Solar System and radio observations of
binary pulsars. Until 2015, the strong field regime was almost completely unexplored. Thanks to new
observational facilities, the situation has dramatically changed in the last few years. Today we have
gravitational wave data of the coalesce of stellar-mass compact objects from the LIGO-Virgo-KAGRA
Collaboration, images at mm wavelengths of the supermassive black holes in M87∗ and Sgr A∗ from the
Event Horizon Telescope Collaboration, and X-ray data of accreting compact objects from a number of
X-ray missions. Gravitational wave tests and black hole imaging tests are certainly more popular and
are discussed in other articles of this Special Issue. The aim of the present manuscript is to provide a
pedagogical review on X-ray tests of general relativity with black holes and to compare this kind of tests
with those possible with gravitational wave data and black hole imaging.

Keywords: Black Holes; General Relativity; Astrophysical Tests of Gravity; X-Ray Astronomy; Kerr
Metric

1. Introduction

The theory of general relativity is one of the pillars of modern physics. The theory
was proposed by Einstein at the end of 1915 [29] and in more than 100 years it has passed
a large number of observational tests without requiring any modification from its original
version [72]. The first test of general relativity can be dated back to 1919, when Eddington
and collaborators measured the effect of light bending by the Sun during a Solar eclipse [28].
After that observation, Einstein and his theory became soon very popular, but the precision
and the accuracy of that measurement were actually quite poor and that experiment was
not really able to distinguish general relativity from alternative scenarios. Systematic tests
of general relativity started only in the 1960s with experiments in the Solar System and in
the 1970s with accurate radio observations of binary pulsars [72]. Solar System experiments
and radio pulsar observations can mainly test the weak field regime, where the astrophysical
system can be described as a Newtonian system plus some small corrections. With those tests,
we want to measure such small corrections and check whether they are consistent with the
predictions of general relativity. In the past 20 years, there have been significant efforts even to
test general relativity on large scales (galactic scales or above) in response to the problems of
dark matter and dark energy [30,39,47]. Up to some years ago, the strong field regime was almost
completely unexplored. However, since 2015 the situation has dramatically changed. Today we
can probe the strong field regime with gravitational wave data from the LIGO-Virgo-KAGRA
Collaboration (see, e.g., Refs. [1,2,74]), images of the supermassive black holes in M87∗ and
Sgr A∗ from the Event Horizon Telescope Collaboration (see, e.g., Refs. [17,54,71]), and X-ray
data from a number of X-ray missions (see, e.g., Refs. [21,67,68]).

Black holes are ideal laboratories to test the strong field regime as they are the sources of
the strongest gravitational fields that can be found today in the Universe [8,9]. In 4-dimensional
general relativity, black holes are relatively simple objects and are completely described by a
few number of parameters. This is the celebrated result of the no-hair theorem, which is actually
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Post-inflationary reheating phase is usually said to be solely governed by the decay of coherently
oscillating inflaton into radiation. In this submission, we explore a new avenue toward reheating
through the evaporation of primordial black holes (PBHs). After the inflation, if PBHs form,
depending on its initial mass, abundance, and inflaton coupling with the radiation, we found two
physically distinct possibilities of reheating the universe. In one possibility, the thermal bath is
solely obtained from the decay of PBHs while inflaton plays the role of dominant energy component
in the entire process. In the other possibility, we found that PBHs itself dominate the total energy
budget of the Universe during the course of evolution, and then its subsequent evaporation leads
to radiation dominated universe. Furthermore, we analyze the impact of both monochromatic and
extended PBH mass functions and estimate the detailed parameter ranges for which those distinct
reheating histories are realized.
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I. INTRODUCTION

Reheating is believed to be the most important phase
of the early Universe, which successfully connects the
super-cooled end of inflation phase with the standard
hot Universe [1]. Any observable imprints of this phase
in the present Universe would be exciting due to its
direct connection with beyond-standard model physics
of cosmology and particle physics. With the advent of
increasingly sophisticated experiments, reheating phase
could be assumed as a perfect cosmological laboratory
operating within a wide range of energy scales from the
MeV to 1016 GeV. Over the years, attempts have been
made both from particle phenomenology and cosmology
to look for observables that can carry the interesting im-
prints of this phase. However, understanding the reheat-
ing mechanism is believed to be incomplete. The most
common scenario advocates a homogeneous field, the in-
flaton, transferring its energy in the form of relativistic
particles. This process can be non-perturbative [2–5] or
perturbative [6, 7] depending upon its coupling to the
Standard Model (SM).

Therefore, the reheating process is usually considered
model-dependent, making it difficult to identify any ob-
servable that can encode the reheating histories. How-
ever, it has been shown recently that the gravitational
interaction between the inflaton and the SM can be suffi-
cient to reheat the Universe [8–12] without invoking ad-
ditional couplings. Such gravitational reheating scenario
usually predicts low reheating temperature with steep
inflaton potential and are tightly constrained by the ex-
cessive production of high-frequency gravitational waves
during BBN [13–16].

In this paper, we investigate another universal reheat-
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In this work, we complete our CT18qed study with the neutron’s photon par-

ton distribution function (PDF), which is essential for the nucleus scattering phe-

nomenology. Two methods, CT18lux and CT18qed, based on the LUXqed formalism

and the DGLAP evolution, respectively, to determine the neutron’s photon PDF have

been presented. Various low-Q2 non-perturbative variations have been carefully ex-

amined, which are treated as additional uncertainties on top of those induced by

quark and gluon PDFs. The impacts of the momentum sum rule as well as isospin

symmetry violation have been explored, and turn out to be negligible. A detailed

comparison with other neutron’s photon PDF sets has been performed, which shows

a great improvement in the precision and a reasonable uncertainty estimation in our

results. Finally, two phenomenological implications are demonstrated with photon-

initiated processes: neutrino-nucleus W -boson production, which is important for

the near-future TeV–PeV neutrino observations, and the axion-like particle produc-

tion at a high-energy muon beam-dump experiment.
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We use numerical simulations of scalar field dark matter evolving on a moving black hole background
to confirm the regime of validity of (semi-)analytic expressions derived from first principles for both
dynamical friction and momentum accretion in the relativistic regime. We cover both small and
large clouds (relative to the de Broglie wavelength of the scalars), and light and heavy particle
masses (relative to the BH size). In the case of a small dark matter cloud, the effect of accretion is a
non-negligible contribution to the total force on the black hole, even for small scalar masses. We
confirm that this momentum accretion transitions between two regimes (wave- and particle-like) and
we identify the mass of the scalar at which the transition between regimes occurs.

I. INTRODUCTION

The cold dark matter (CDM) paradigm provides the
best explanation to date of the missing mass we observe
in galaxies and of large-scale cosmological observations [1–
6]. However, the fact that weakly interacting massive
particles have so far not been detected directly (despite
ongoing attempts [7]) and the apparent tension of CDM
with small-scale (galactic) observations (see, e.g., [8, 9])
has sparked some interest into alternative dark matter
(DM) models that still fit large-scale observations, but
can show very different behavior on smaller scales. Light
bosonic degrees of freedom (like axions) provide a well-
motivated extension of the Standard Model [10–13] and
are a possible alternative DM candidate [9, 14–17] (see [18–
20] for reviews). If such light bosons have masses m .
1 eV, their de Broglie wavelenght λdB is larger than the
typical DM inter-particle separation distances in galaxies,
and they behave effectively as classical waves, exhibiting
new phenomenology on scales . λdB [20], which can be
astrophysical for the lightest candidates (e.g., λdB ∼ 1 kpc
for m ∼ 10−22 eV). Some important manifestations of
this wave-like behavior are, e.g., the development of stable
long-lived configurations around black holes (BHs) [21–25]
due to accretion, or the growth of gravitationally bound
clouds powered by superradiance, in the case of spinning
BHs [26–34].

Gravitational interactions with compact objects are one
of the most promising tools for investigating DM proper-
ties, since they do not rely on any additional interactions
with the Standard Model. Extreme mass-ratio inspirals
(EMRIs), in particular, provide an optimal system for
studying environmental effects on the inspiral gravita-
tional waveform, since they may complete about 104−105

orbits before merger, meaning that small dephasing effects
are integrated over long timescales. Since these kinds of
systems typically reside in the center of a galaxy, the
smaller object is expected to pass through the DM core,
where densities are highest [35–37]. However, even with
next-generation detectors, prospects of observing a signal
often rely on enhancements in the density above those
in the core, e.g., due to superradiance, accretion of DM
spikes, or self-interactions in the DM (see, e.g., [38–44]).

Several effects are expected to give rise to dephasing in a
binary’s gravitational-wave signal when additional matter
is present. A key one is dynamical friction (DF): a gravi-
tational drag force due to an overdensity (a “gravitational
wake”) that develops behind a massive object as it moves
through a medium. First described by Chandrasekhar [45]
for a nonrelativistic Newtonian perturber moving through
a cloud of noninteracting particles, it was then extended
to different media (such as fluids [46–48]), different geome-
tries (e.g., spherical or slab-like [49–51]), and including rel-
ativistic corrections [52–55]. In the context of scalar field
DM, the DF was first computed for a nonrelativistic New-
tonian perturber [9], and then extended to include velocity
dispersion [56, 57], self-gravity [35, 36] (see also [58, 59])
or self-interactions [38, 60], circular motion [61], and rel-
ativistic perturbers [62, 63]. It has recently been shown
that relativistic effects can play an important role during
the final few orbits of an EMRI, producing a detectable
effect on the evolution of the binary [64].

Another effect responsible for dephasing in the inspiral
of BH binaries is the accretion of matter (and its momen-
tum) onto the BHs as they move relatively to the medium,
as originally studied by Bondi [65, 66]. In most cases it
results in a smaller effect than DF (see, e.g., [67]), but it
is nevertheless important to characterize it, especially in
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Gravitational parity violation arises in a variety of theories beyond general relativity. Gravi-
tational waves in such theories have their propagation altered, leading to birefringence effects in
both the amplitude and speed of the wave. In this work, we introduce a generalized, theory-
motivated parametrization scheme to study parity violation in gravitational wave propagation. This
parametrization maps to parity-violating gravity theories in a straightforward way. We find that the
amplitude and velocity birefringence effects scale with an effective distance measure that depends on
how the dispersion relation is modified. Furthermore, we show that this generic parametrization can
be mapped to the parametrized-post-Einsteinian (ppE) formalism with convenient applications to
gravitational wave observations and model-agnostic tests of general relativity. We derive a mapping
to the standard ppE waveform of the gravitational wave response function, and also find a ppE
waveform mapping at the level of the polarization modes, h+ and h×. Finally, we show how existing
constraints in the literature translate to bounds on our new parity-violating parameters and discuss
avenues for future analysis.

I. INTRODUCTION

The observation of gravitational waves (GWs) by
the LIGO-Virgo-Kagra collaboration (LVK)[1–4] and the
current era of GW astrophysics have provided a rich
background on which to test gravity and study funda-
mental physics [5, 6]. Although the LVK observations
have thus far not observed significant deviations from
Einstein’s theory of general relativity (GR) [7–10], there
are myriad modified gravity theories that can lead to
deviations from GR. Generally, these types of theories
are motivated from a high-energy ultraviolet (UV) the-
ory that can lead to small corrections to GR at low en-
ergies in an effective field theory (EFT) perspective (see
e.g. [11]).
Modified gravity theories can have a variety of effects

on GWs, which can be characterized by modifications to
the GW amplitude and/or its phase. These modifications
can arise both in the GW generation and propagation,
but in this work, we will focus solely on the latter. Real
propagation effects in the phase arise from modified dis-
persion relations, characterized for example in [12–14],
and have been constrained by LVK observations. Ampli-
tude modifications typically arise from imaginary modi-
fications to the dispersion relations, and they are more
difficult to constrain observationally because of degenera-
cies with other GW parameters.
While these effects are generic features of many modi-

∗ ljenks@uchicago.edu
† lc3535@princeton.edu
‡ m.lagos@columbia.edu
§ nyunes@illinois.edu

fied gravity theories, in this study we will focus on parity-
violating theories. Parity violation should here be un-
derstood as the lack of invariance of the action that
characterizes a theory under a parity transformation,
i.e. under the inversion of the spatial triad in a prop-
erly adapted coordinate system. Parity-violating gravity
theories modify the propagation of GWs in a way that
specifically leads to amplitude and/or velocity birefrin-
gence. Birefringence denotes the phenomenon in which
the right- and left-handed polarization modes evolve dif-
ferently in their propagation. Specifically, amplitude (ve-
locity) birefringence occurs when the imaginary (real)
part of the phase evolves differently for the left- and right-
polarization states.

The most widely studied parity-violating theory is
Chern-Simons (CS) gravity [15–17], which is character-
ized by a (four-dimensional) gravitational Chern-Simons
term coupled to a dynamical field that is added to the
Einstein-Hilbert action. The parity-violating effects of
this theory arise when the field is a cosmological or back-
ground scalar (even under parity), because when this cou-
ples to the Pontryagin invariant (odd under parity) the
scalar-gravitational Chern-Simons term in the action is
parity violating. Chern-Simons gravity has been studied
in a variety of contexts, including its effects on inflation
in the early universe, on black hole spacetimes, and on
the generation and propagation of GWs (see e.g. [6, 18–
46]). A variety of extensions of Chern-Simons grav-
ity also exist, including Palatini Chern-Simons [47], tor-
sional Chern-Simons [48, 49], and Einstein-Axion-Chern-
Simons [50]. A theory which includes both a Chern-
Simons term and a Gauss-Bonnet term [51] has also been
suggested. All of these theories induce similar parity-
violating modifications to the propagation of GWs.
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GRAVITATIONAL MACHINES∗

Freeman J. Dyson
Institute for Advanced Study,

Princeton, N. J.

A gravitational machine is defined as an arrangement of gravitating masses from which useful energy can
be extracted. It is shown that such machines may exist if the masses are of normal astronomical size.
A simple example of a gravitational machine, consisting of a double star with smaller masses orbiting
around it, is described. It is shown that an efficient gravitational machine will also be an emitter of
gravitational radiation. The emitted radiation sets a limit on the possible performance of gravitational
machines, and also provides us with a possible means for detecting such machines if they exist.

The difficulty in building machines to harness the energy of the gravitational field is entirely one of scale.
Gravitational forces between objects of a size that we can manipulate are so absurdly weak that they can
scarcely be measured, let alone exploited. To yield a useful output of energy, any gravitational machine must
be built on a scale that is literally astronomical. It is nevertheless worthwhile to think about gravitational
machines, for two reasons. First, if our species continues to expand its population and its technology at an
exponential rate, there may come a time in the remote future when engineering on an astronomical scale
will be both feasible and necessary. Second, if we are searching for signs of technologically advanced life
already existing elsewhere in the universe, it is useful to consider what kinds of observable phenomena a
really advanced technology might be capable of producing.

The following simple device illustrates the principle that would make possible a useful gravitational
machine (see Figure 1). A double star has two components A and B, each of mass M , revolving around each
other in a circular orbit of radius R. The velocity of each star is

V = (GM/4R)1/2 (1)

where
G = 6.7× 10−8 cm3/sec2g (2)

is the gravitational constant. The exploiters of the device are living on a planet or vehicle P which circles
around the double star at a distance much greater than R. They propel a small mass C into an orbit which
falls toward the double star, starting from P with a small velocity. The orbit of C is computed in such a
way that it makes a close approach to B at a time when B is moving in a direction opposite to the direction
of arrival of C. The mass C then swings around B and escapes with greatly increased velocity. The effect is
almost as if the light mass C had made an elastic collision with the moving heavy mass B. The mass C will

Figure 1: The solid line indicates the orbit of A and B; the dashed line indicates the orbit of C.

∗Extracted and LATEX’d (with new footnotes) for the arXiv with permission of the author from Interstellar Communication:
A Collection of Reprints and Original Contributions, A.G. W. Cameron, editor; copyright 1963, W. A.Benjamin Co., New York,
pp. 115–120. The article was written for the 1962 prize competition of the Gravity Research Foundation (it won fourth place);
with gratitude to George Rideout, President, for his encouragement to post the article.

Freeman J. Dyson, Gravitational Machines

arrive at a distant point Q with velocity somewhat greater than 2V . At Q the mass C may be intercepted
and its kinetic energy converted into useful form. Alternatively the device may be used as a propulsion
system, in which case C merely proceeds with velocity 2V to its destination. The destination might be a
similar device situated very far away, which brings C to rest by the same mechanism working in reverse.

It is easy to imagine this device converted into a continuously operating machine by arranging a whole
ring of starting points P and end points Q around the double star, masses C being dropped inward and
emerging outward with increased velocity in a continuous stream. The energy source of the machine is the
gravitational potential between the stars A and B. As the machine continues to operate, the stars A and
B will gradually be drawn closer together, their negative potential energy will increase and their orbital
velocity V will also increase. The machine will continue to extract energy from their mutual attraction until
they come so close together that orbits passing between them are impossible. For a rough estimate one may
suppose that the machine can operate until the distance between the centers of the two stars is equal to 4a,
where a is the radius of each star. The total energy extracted by the machine from the gravitational field is
then

E = GM2/8a (3)

If A and B are ordinary stars like the sun, the radius a is of the order of 1011 cm. The energy E is
then equal to the luminous energy radiated by the stars in a few million years. Under these conditions the
available gravitational energy may be exploited, but it is of minor importance compared with the luminous
energy of the system. A technically advanced species would presumably put its main efforts into harnessing
the luminous energy.

If the stars A and B are typical white dwarfs, the situation is entirely reversed. In that case the optical
luminosity is less than that of the sun by a factor of about a thousand, while the available gravitational
energy is increased by a factor of a hundred. It is therefore logical to expect that around a white-dwarf
binary star a technology based on gravitational energy might flourish. For purposes of illustration, let us
assume

M = 1 solar mass = 2× 1033 g (4)

a = 109 cm (5)

R = 2a = 2× 109 cm (6)

Then we find

V = 1.3× 108 cm/sec (7)

E = 3× 1049 ergs (8)

The orbital period of the binary star is
P = 100 sec (9)

A search for eclipsing binaries of such short period among the known white dwarfs was suggested many years
ago by H. N. Russell [1]. The search was subsequently made by F. Lenouvel [2], with negative results. The
negative result is not surprising, since the total number of identified white dwarfs is very small.

A white-dwarf binary star with the parameters (4) to (9) would have the interesting property that it could
accelerate delicate and fragile objects to a velocity of 2000 km/sec at an acceleration of 10,000 g, without
doing any damage to the objects and without expending any rocket propellant. The only internal forces
acting on the accelerated objects would be tidal stresses produced by the gradients of the gravitational fields.
lf the over-all diameter of the object is d, the maximum tidal acceleration will be of the order of

A = GMd/a3 = 1
8d (10)

For example, if A is taken to be 1 earth gravity, then d = 80meters. So a large space ship with human
passengers and normal mechanical construction could easily survive the 10,000 g acceleration. lt may be
imagined that a highly developed technological species might use white-dwarf binaries scattered around the
galaxy as relay stations for heavy long-distance freight transportation.
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ABSTRACT

We present detailed optical photometry and spectroscopy of the Type IIn supernova (SN) 2021qqp.

Its unusual light curve is marked by a long gradual brightening (i.e., precursor) for about 300 days, a

rapid increase in brightness for about 60 days, and then a sharp increase of about 1.6 mag in only a

few days to a first peak of Mr ≈ −19.5 mag. The light curve then turns over and declines rapidly, until

it re-brightens to a second distinct and sharp peak with Mr ≈ −17.3 mag centered at about 335 days

after the first peak. The spectra are dominated by Balmer-series lines with a complex morphology

that includes a narrow component with a width of ≈ 1300 km s−1 (first peak) and ≈ 2500 km s−1

(second peak) that we associate with the circumstellar medium (CSM), and a P Cygni component

with an absorption velocity of ≈ 8500 km s−1 (first peak) and ≈ 5600 km s−1 (second peak) that we

associate with the SN-CSM interaction shell. Using the bolometric light curve and velocity evolution,

we construct an analytical model to extract the CSM profile and SN properties. We find two significant

mass-loss episodes with peak mass loss rates of ≈ 10 M� yr−1 and ≈ 5 M� yr−1 about 0.8 and 2 years

before explosion, and a total CSM mass of ≈ 2−4M�. We show that the most recent mass-loss episode

can explain the precursor for the year preceding the explosion. The SN ejecta mass is constrained to

be MSN ≈ 5 − 30M� for an explosion energy of ESN ≈ (3 − 10) × 1051 erg. We discuss eruptive

massive stars (luminous blue variable, pulsational pair instability) and an extreme stellar merger with

a compact object as possible progenitor channels for generating the energetic explosion in the complex

CSM environment.

Corresponding author: Daichi Hiramatsu

daichi.hiramatsu@cfa.harvard.edu
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ABSTRACT

The apparent brightness of satellites is calculated as a function of satellite position as seen by a

ground-based observer in darkness. Both direct illumination of the satellite by the sun as well as

indirect illumination due to reflection from the Earth are included. The reflecting properties of each

satellite component and of the Earth must first be estimated (the Bidirectional Reflectance Distribution

Function, BRDF). Integrating over all scattering surfaces leads to the angular pattern of the flux

reflected from the satellite. Finally, the apparent brightness of the satellite as seen by an observer

at a given location is calculated as a function of satellite position. We validate our calculations by

comparing to observations of selected Starlink satellites and show significant improvement on previous

satellite brightness models. With multiple observations of a satellite at various solar angles and with

minimal assumptions regarding the satellite, BRDF model coefficients for each satellite component

can be accurately inferred, obviating the need to import direct BRDF lab measurements. This widens

the effectiveness of this model approach to virtually all satellites. This work finds application in

satellite design and operations, and in planning observatory data acquisition and analysis. Similar

methodology for predicting satellite brightness has already informed mitigation strategies for next

generation Starlink satellites.

Keywords: Artificial satellites (68); Night sky brightness (1112); Optical astronomy (1776);

Photometry (1234); Astronomical techniques (1684); Astronomy data analysis (1858)

1. INTRODUCTION

In recent years, numerous large Low Earth Or-

bit (LEO) satellite constellations have been proposed.

There are currently more than 6,000 LEO satellites in

operation, a 6-fold increase over just two years. This is

expected to increase exponentially over the next decade.

The impact on astronomy research Tyson et al. (2020);

Hu et al. (2022) and on the night sky environment

Venkatesan et al. (2020); Lawrence et al. (2022); Bar-

entine et al. (2023) has been discussed widely. Tech-

nical mitigation involves innovation in satellite design,

satellite operations, and astronomy data processing and

Corresponding author: J. Anthony Tyson

tyson@physics.ucdavis.edu

analysis. The science pursued by ground-based wide-
field sky surveys such as Rubin Observatory’s Legacy

Survey of Space and Time (LSST) Ivezić et al. (2019),

as well as all other optical observatories, large and small,

is impacted by satellite streaks.

After dusk and before dawn, LEO satellites scatter

sunlight onto the Earth’s surface. This sunlight is both

direct and indirect (reflected from Earth). This scat-

tered light can interfere with both casual stargazing and

large ground-based observatories. The net effect de-

pends on several variables including: satellite geometry,

satellite material properties, satellite orientation, wave-

length, satellite location, observatory location, satellite

range, and number of satellites. In order to quantify

this effect, it is necessary to predict satellite brightness.

To make this prediction, we must measure the material

properties of satellite surfaces, either directly in the lab
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ABSTRACT

We develop a tool, which we name Protoplanetary Disk Operator Network (PPDONet), that can

predict the solution of disk-planet interactions in protoplanetary disks in real-time. We base our tool

on Deep Operator Networks (DeepONets), a class of neural networks capable of learning non-linear

operators to represent deterministic and stochastic differential equations. With PPDONet we map

three scalar parameters in a disk-planet system – the Shakura & Sunyaev viscosity α, the disk aspect

ratio h0, and the planet-star mass ratio q – to steady-state solutions of the disk surface density, radial

velocity, and azimuthal velocity. We demonstrate the accuracy of the PPDONet solutions using a

comprehensive set of tests. Our tool is able to predict the outcome of disk-planet interaction for

one system in less than a second on a laptop. A public implementation of PPDONet is available at

https://github.com/smao-astro/PPDONet.

Keywords: Protoplanetary disks (1300) – Planetary-disk interactions (2204) – Hydrodynamical simu-

lations (767) – Neural networks (1933) – Open source software (1866)

1. INTRODUCTION

Planets form in the protoplanetary disks surrounding

newborn stars. As they do, planets interact via gravity

with the host disk and produce large-scale structures,

such as gaps, spiral arms, and dust clumps. This inter-

action, which can be represented via fluid dynamics, is

commonly referred to as disk-planet interaction (Kley &

Nelson 2012). Simulations of protoplanetary disk evo-

lution and disk-planet interaction are essential, for ex-

ample, to understand how disks accrete and disperse

(Tabone et al. 2022), to interpret observed disk struc-

tures (Dong et al. 2015; Dong & Fung 2017; Liu et al.

2018), to constrain planet properties (Fung et al. 2014;

Fung & Dong 2015; Zhang et al. 2018), and to study the

orbital evolution of planets (Paardekooper et al. 2022).

Numerical methods have been developed for decades

to simulate disk evolution and disk-planet interaction

(Paardekooper et al. 2022). However, such methods

typically require a large amount of computing. For ex-

ample, simulating a 2D disk with 270 (r) by 810 (θ)

resolution for 2, 000 orbits takes 20 GPU hours (Fung

et al. 2014). As a result, modeling a large number of

disk-planet systems, or exploring the parameter space

of their interaction can be expensive. Moreover, as the

number of observed disks grows fast (Benisty et al. 2022;

Bae et al. 2022), modeling all of these observations using

simulations is becoming impractical.

There are multiple reasons why massive disk simula-

tions are so expensive to perform. Among them two are

critical. First, each numerical simulation is run from

scratch. In other words, even though much of the sim-

ulation outcome may be similar for a small change in

the simulation configuration, there is no reuse of these

similar simulation outcomes. Thus, the computing cost

scales linearly with the number of simulations executed.

Second, each simulation itself is expensive. Disk evolu-

tion and disk-planet interaction simulations often need

to be run for many numerical time steps, with each

length dictated by the Courant–Friedrichs–Lewy condi-

tion to guarantee accuracy. A typical disk-planet system

may evolve thousands of orbits before reaching a steady

state, equivalent to millions of time steps. In this work,

we tackle both of these issues with the help of Machine

Learning (ML), which then allows us to “learn” to uti-
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MiraBest: A Dataset of Morphologically Classified Radio Galaxies for
Machine Learning
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ABSTRACT
The volume of data from current and future observatories has motivated the increased development and application of automated
machine learning methodologies for astronomy. However, less attention has been given to the production of standardised
datasets for assessing the performance of different machine learning algorithms within astronomy and astrophysics. Here we
describe in detail the MiraBest dataset, a publicly available batched dataset of 1256 radio-loud AGN from NVSS and FIRST,
filtered to 0.03 < 𝑧 < 0.1, manually labelled by Miraghaei and Best (2017) according to the Fanaroff-Riley morphological
classification, created for machine learning applications and compatible for use with standard deep learning libraries. We outline
the principles underlying the construction of the dataset, the sample selection and pre-processing methodology, dataset structure
and composition, as well as a comparison of MiraBest to other datasets used in the literature. Existing applications that utilise
the MiraBest dataset are reviewed, and an extended dataset of 2100 sources is created by cross-matching MiraBest with other
catalogues of radio-loud AGN that have been used more widely in the literature for machine learning applications.

Key words: astronomical data bases – methods: data analysis – radio continuum: galaxies

1 INTRODUCTION

In radio astronomy, morphological classification using convolutional
neural networks (CNNs) and deep learning is becoming increasingly
common for object classification, in particular with respect to the
classification of radio galaxies (see e.g. Aniyan&Thorat 2017; Alger
et al. 2018; Wu et al. 2018; Lukic et al. 2018; Lukic et al. 2019; Tang
et al. 2019;Wang et al. 2021; Ntwaetsile &Geach 2021; Bowles et al.
2021; Sadeghi et al. 2021; Scaife & Porter 2021; Becker et al. 2021;
Mohan et al. 2022; Slĳepcevic et al. 2022, etc.). Many of these works
have focused on the morphological classification of radio galaxies
following the Fanaroff-Riley classification scheme (FR; Fanaroff &
Riley 1974), used to group radio-loud active galactic nuclei (AGN)
by examining the locations of their regions of greatest luminosity
relative to overall source extent. The initial scheme posited that there
were two major populations of such sources - those which were core-
brightened, with their peak luminosity concentrated at a radius of less
than half than the overall angular size of the source from its centre
(FR Type I), and those which were edge-brightened, with their peak
luminosity concentrated at a radius of more than half the angular size
of the source (FR Type II), and that there was a division in luminosity
between the two populations at approximately 1025Watts Hz−1 sr−1,
with edge-brightened sources having a higher intrinsic luminosity
than core-brightened sources. As described, this taxonomy requires
that an AGN is associated with well-resolved extended emission
external to the AGN core in order to be classifed as either FRI or
FRII.

★ E-mail: fiona.porter-2@manchester.ac.uk (FP)

While the Fanaroff-Riley scheme was initially viewed as having
a very straightforward luminosity boundary between morphological
classes (Fanaroff & Riley 1974), further study has shown that this is
not the case, see (e.g.) Hardcastle & Croston (2020) for a review. In
recent studies, sources have been detected which have raised ques-
tions about the use of this boundary; for example, Mingo et al. (2019)
found that around 20% of FRII galaxies in their sample had radio lu-
minosity below the traditional cutoff, some by as much as two orders
of magnitude, meaning that there is some range of luminosities in
which both classes can be found. As well as this, increasing survey
sensitivity has allowed for the discovery of several classes with fea-
tures that do not match the classic morphologies, including hybrid
(e.g. Gopal-Krishna &Wiita 2000; Kapińska et al. 2017) and restart-
ing sources (e.g. Lara et al. 1999; Mahatma et al. 2019). Clearly, the
dichotomy between Fanaroff-Riley classes is not only more complex
than originally believed, but sufficiently complex that it is still not
fully understood. While it is generally accepted that the same un-
derlying mechanism likely powers all FR galaxies, with the different
morphologies arising as a result of jet interactions with surrounding
environments of different densities (Gopal-Krishna & Wiita 2000;
Kaiser & Best 2007; Tchekhovskoy & Bromberg 2016; Mingo et al.
2019; Hardcastle & Croston 2020), the precise requirements of host
galaxy characteristics, jet power, the properties of the inter-cluster
medium and disruptions in that medium are still in question (Mingo
et al. 2019; Hardcastle & Croston 2020). To gain a stronger un-
derstanding of radio galaxies, it is necessary that we obtain more
examples of FR sources.
The new generation of radio surveys with telescopes such as LO-

FAR (Shimwell et al. 2017; Shimwell et al. 2019), MeerKAT (Jonas

© 2015 The Authors
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A spectroscopic thermometer: individual vibrational band spectroscopy with the example of OH in the atmosphere of
WASP-33b
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ABSTRACT

Individual vibrational band spectroscopy presents an opportunity to examine exoplanet atmospheres in detail
by distinguishing where the vibrational state populations of molecules differ from the current assumption of a
Boltzmann distribution. Here, retrieving vibrational bands of OH in exoplanet atmospheres is explored using
the hot Jupiter WASP-33b as an example. We simulate low-resolution spectroscopic data for observations
with the JWST’s NIRSpec instrument and use high resolution observational data obtained from the Subaru
InfraRed Doppler instrument (IRD). Vibrational band-specific OH cross section sets are constructed and used
in retrievals on the (simulated) low and (real) high resolution data. Low resolution observations are simulated
for two WASP-33b emission scenarios: under the assumption of local thermal equilibrium (LTE) and a toy
non-LTE model for vibrational excitation of selected bands. We show that mixing ratios for individual bands
can be retrieved with sufficient precision to allow the vibrational population distributions of the forward models
to be reconstructed. A simple fit for the Boltzmann distribution in the LTE case shows that the vibrational
temperature is recoverable in this manner. For high resolution, cross-correlation applications, we apply the
individual vibrational band analysis to an IRD spectrum of WASP-33b, applying an ‘un-peeling’ technique.
Individual detection significances for the two strongest bands are shown to be in line with Boltzmann distributed
vibrational state populations consistent with the effective temperature of the WASP-33b atmosphere reported
previously. We show the viability of this approach for analysing the individual vibrational state populations
behind observed and simulated spectra including reconstructing state population distributions.

swright@star.ucl.ac.uk
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across Solar Cycle 24

Daniel G. Gass,1★ R. W. Walsh,2†
1Jeremiah Horrocks Institute, School of Natural Sciences, University of Central Lancashire, Preston, Lancashire, Fylde Rd PR1 2HE, UK

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT
Observations from NASA’s Solar Dynamic Observatory Atmospheric Imaging Assembly were employed to investigate targeted
physical properties of coronal active region structures across the entirety of Solar Cycle 24 (dates). This is the largest consistent
study to date which analyses emergent trends in structural width, location, and occurrence rate by performing an automatic and
long-term examination of observable coronal limb features within equatorial active region belts across four extreme ultraviolet
wavelengths (171, 193, 211, and 304 angstroms). This has resulted in over thirty thousand observed coronal structures and hence
allows for the production of spatial and temporal distributions focused upon the rise, peak and decay activity phases of Solar
Cycle 24. Employing a self- organized-criticality approach as a descriptor of coronal structure formation, power law slopes of
structural widths versus frequency are determined, ranging from -1.6 to -3.3 with variations of up to 0.7 found between differing
periods of the solar cycle, compared to a predicted Fractal Diffusive Self Organized Criticality (FD-SOC) value of -1.5. The
North-South hemispheric asymmetry of these structures was also examined with the northern hemisphere exhibiting activity
that is peaking earlier and decaying slower than the southern hemisphere, with a characteristic "butterfly" pattern of coronal
structures detected. This represents the first survey of coronal structures performed across an entire solar cycle, demonstrating
new techniques available to examine the composition of the corona by latitude in varying wavelengths at selected altitudes.

Key words: Sun:corona – Sun:UV radiation – Sun:atmosphere

1 INTRODUCTION

1.1 The Solar Cycle and Active Regions

The approximately eleven year solar activity cycle as part of the larger
twenty two year magnetic cycle are one of the clearest observable
indicators of the Sun’s complex and dynamic magnetic field, with
consequences for the wider heliosphere and space weather. How-
ever, the specifics of how varying magnetic activity can propagate
outwardly into the Corona, is still not fully understood.
Coronal structures such as loops and plumes are observable ex-

tensions of the sun’s magnetic field (Reale 2014). Though these
structures have been extensively imaged over Solar Cycle 24 by
instruments such as NASA’s Solar Dynamics Observatory (SDO)
Atmospheric Imaging Assembly (AIA) Lemen et al. (2012) Pesnell
et al. (2012). These rich and expansive datasets have not always been
fully leveraged to take advantage of this long term coverage. Previ-
ous studies have focused on aspects of specific properties of coronal
structures such as the cross sectional profiles and morphology Klim-
chuk & DeForest (2020), lengths Dahlburg et al. (2018), intensities
and temperaturesXie et al. (2017), and the interaction of complex
magnetic regions Rappazzo (2015), however these are typically lim-
ited in scope and only utilize small portions of the data available,
such as specific active regions and time periods. The evolution of

★ E-mail: DGGass@uclan.ac.uk
† E-mail: RWWalsh@uclan.ac.uk

these properties and any possible connection across the solar cycle
is not fully appreciated.

Equatorial active regions are areas of predominantly closed mag-
netic flux occurring roughly thirty degrees above and below the line
of the solar equator (van Driel-Gesztelyi & Green (2015)). These are
referred to as the active region belts and are indicators of the phases
of magnetic activity across the solar cycle (Hathaway 2015). The
solar magnetic field can vary in strength drastically by region and
altitude and is also associated with a high degree of dynamism and
magnetic field intensity variation (Brooks et al. 2021; Kuckein et al.
2009), with high temperature and velocity variations within plasmas
and structures. This makes it a particularly compelling region for
research into the interactions of plasma with these strong, varying
magnetic fields Seaton et al. (2021); Higginson et al. (2017).

These regions of magnetic activity can exhibit highly complex
braiding behaviours within magnetic flux tubes on a wide variety of
spatial scales, which may contribute to coronal heating (Chitta et al.
(2022)). A combination of motions from photospheric Alfvén waves
(AC Heating, Milano et al. (1997)) to the magnetic tension causing
local reconnections and realignments of the magnetic field and dissi-
pation between current sheets (DC nanoflare Moriyasu et al. (2004)
and Joule heating Kanella & Gudiksen (2019), is likely contribute to
the heating of coronal plasma. As heated plasma fills the flux tubes
which contain them, this plasma radiates at specific wavelengths,
and observable coronal structures are formed. The placement and
observed width of these structures may therefore be informative of

© 2023 The Authors
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We present a new nucleosynthesis process that may take place on neutron-rich ejecta experiencing
an intensive neutrino flux. The nucleosynthesis proceeds similarly to the standard r-process, a
sequence of neutron-captures and beta-decays, however with charged-current neutrino absorption
reactions on nuclei operating much faster than beta-decays. Once neutron capture reactions freeze-
out the produced r-process neutron-rich nuclei undergo a fast conversion of neutrons into protons
and are pushed even beyond the β-stability line producing the neutron-deficient p-nuclei. This
scenario, which we denote as the νr-process, provides an alternative channel for the production
of p-nuclei and the short-lived nucleus 92Nb. We discuss the necessary conditions posed on the
astrophysical site for the νr-process to be realized in nature. While these conditions are not fulfilled
by current neutrino-hydrodynamic models of r-process sites, future models, including more complex
physics and a larger variety of outflow conditions, may achieve the necessary conditions in some
regions of the ejecta.

Introduction A variety of processes have been sug-
gested as the origin of stable nuclei heavier than iron
and located at the neutron-deficient side of the β-stability
line, the so-called p-nuclei. This includes the γ-process
(also denoted as p-process) [1, 2], νp-process [3–5], and
rp-process [6].

In the γ-process, seed nuclei present from the initial
composition of the star, undergo (γ, n) reactions followed
by (γ, p) or (γ, α) as the temperature rises to 3–5 GK in
core-collapse and Type Ia supernovae [2, 7–9]. While its
yields are consistent for more than half of the p-nuclei,
some specific regions, such as 92,94Mo and 96,98Ru, are
underproduced. The γ-process is not a primary process
and depends on the preexisting s-process seeds.

On the other hand, p-nuclei can also be produced in
the νp-process through proton capture aided by neutri-
nos in neutrino-driven winds from core-collapse super-
novae (CCSNe) [3, 10]. Long β+ decay times of waiting-
point nuclei such as 64Ge can be circumvented by (n, p)
reactions with neutrons produced by absorption of elec-
tron antineutrinos on protons. However, current three-
dimensional supernova models suggest that a neutrino-
driven wind may not develop except for low mass progen-
itors [11]. Furthermore, neutrino-wind simulations based
on up-to-date set of neutrino opacities produce ejecta
that are not proton-rich enough to allow for a strong νp-
process [12].

Light p-nuclei, like 92Mo, may also be produced in the
inner ejecta of core-collapse supernova by explosive nucle-
osynthesis [13–15]. However, no substantial production
occurs of other p-nuclei. Light p-nuclei can also be pro-
duced by the rp-process in accreting neutron stars [6],
however it is an open questions how the produced heavy
elements can become gravitationally unbound from the
neutron star in order to contribute to galactic chemical

evolution.

In addition to p-nuclei, another element of yet un-
known origin is the by now extinct nucleus 92Nb that
existed in the early solar system (ESS) [16–19]. It cannot
be produced by the νp- or rp-processes as it is shielded
by 92Mo [20]. The production of 92Nb through the γ-
process is viable but the yield is not sufficient for explain-
ing the amount measured in the ESS, probably related
to the underproduction of 92,94Mo and 96,98Ru [21]. A
potentially feasible way of production could be through
charge-current (CC) and neutral-current (NC) weak in-
teractions on the preexisting nuclei 92Zr and 93Nb in ν-
process [18, 22, 23].

Previous studies of the r-process both in the context of
core-collapse supernovae and binary neutron star merg-
ers (BNM) have shown that neutrinos play a fundamental
role. At high temperatures, when the composition con-
sists of neutrons and protons, electron (anti)neutrino ab-
sorption and the inverse reactions determine the neutron-
richness of the ejected material [24–28]. This aspect is
fundamental to produce ejecta with a broad distribution
of neutron-richness and account for the observation of Sr
in the AT2017gfo kilonova [29]. Large neutrino fluxes are
in general detrimental for the r-process as they drive the
composition to proton-to-nucleon ratios of Ye ≈ 0.5 due
to the operation of the α-effect [30]. Once nuclei form,
substantial neutrino fluxes hinder the operation of the
r-process by converting neutrons into protons and reduc-
ing the amount of neutrons available for captures. Fur-
thermore, large rates of electron neutrino absorption on
nuclei hinder the formation of r-process peaks associated
to magic numbers [31–33].

This regime of large neutrino fluxes, when electron-
neutrino absorption rates are faster than beta-decays for
neutron-rich nuclei, is precisely the regime we consider in
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Equilibrium dynamical models for the Large
Magellanic Cloud

N. Kacharov1 & M.-R. L. Cioni1
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Abstract. The Large Magellanic Cloud (LMC) has a complex dynamics driven by both internal and exter-
nal processes. The external forces are due to tidal interactions with the Small Magellanic Cloud and the
Milky Way, while internally its dynamics mainly depends on the stellar, gas, and dark matter mass distribu-
tions. Despite the overall complexity of the system, very often simple physical models can give us important
insights about the main driving factors. Here we focus on the internal forces and attempt to model the proper
motions of ∼ 106 stars in the LMC as measured by Gaia Data Release 3 with an axisymmetric dynami-
cal model, based on the Jeans equations. We test both cored and cusped spherical Navarro-Frenk-White
dark matter halos to fit the LMC gravitational potential. We find that this simple model is very successful
at selecting a clean sample of genuine LMC member stars and predicts the geometry and orientation of
the LMC with respect to the observer within the constraint of axisymmetry. Our Jeans dynamical models
describe well the rotation profile and the velocity dispersion of the LMC stellar disc, however they fail to
describe the motions of the LMC bar, which is a non-axisymmetric feature dominating the central region.
We plan a triaxial Schwarzschild approach as a next step for the dynamical modelling of the LMC.

Keywords. Stellar dynamics, Jeans models, LMC

1. Introduction
The Large Magellanic Cloud (LMC) is the largest satellite galaxy of the Milky Way, however

its total mass has been a subject of debate. With a stellar mass ∼ 2.7× 109 M� and gas mass
∼ 0.5× 109 M� (van der Marel et al. 2002, total luminosity of∼ 1.3× 109 L�), it is clear that
the LMC’s total mass is dominated by its dark matter (DM) halo. Multiple lines of evidence
(from internal kinematics, stellar streams, number of LMC satellites, effects from interactions
with the Small Magellanic Cloud (SMC) and the Milky Way; see the review by Vasiliev 2023,
and references therein for more details) suggest that the total mass of the LMC is in the range
of 1− 2× 1011 M�. This implies a mass-to-light ratio in the order of 100 M�

L�
, meaning that

the LMC DM halo has not been stripped through the interaction with the Milky Way.
While it is indeed close to impossible to use kinematic tracers to study the dynamics of the

outer regions of the LMC due to them being highly perturbed from its multiple interactions and
close encounters with the Milky Way and the SMC (e.g. Choi et al. 2022), the relatively high
mass density, preserved until the present day, makes equilibrium dynamical models a viable
option to understand the galaxy’s dynamics in its inner regions. Furthermore, any structure and
details in the residuals of the equilibrium models can prove to be a valuable insight into the
nature and significance of the non-equilibrium effects in the internal structure of the LMC.

We envision that a good handle of the dynamics in the innermost regions of the LMC through
high quality data and careful modelling could facilitate the search for a possible massive black
hole in the centre of the galaxy.

The LMC has a prominent bar structure that dominates the surface brightness and stellar
kinematics in the inner region. The bar appears off-centred with respect to the centre of rotation
of the H I gas, however the centre of rotation of the stellar component seems to be much better
aligned with the photometric centre, close to the centre of the bar (Gaia Collaboration et al.

© International Astronomical Union, 2023
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A Multi-Wavelength Investigation of Dust and Stellar Mass Distributions in Galaxies: Insights from

High-Resolution JWST Imaging

Zhaoran Liu ,1 Takahiro Morishita ,2 and Tadayuki Kodama 1
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ABSTRACT

We study the morphological properties of mid-infrared selected galaxies at 1.0 < z < 1.7 in

the SMACS J0723.3-7327 cluster field, to investigate the mechanisms of galaxy mass assembly and

structural formation at cosmic noon. We develop a new algorithm to decompose the dust and

stellar components of individual galaxies by utilizing high-resolution images in the MIRI F770W

and NIRCam F200W bands. Our analyses reveal that most galaxies in the stellar mass range

109.5 < M∗/M� < 1010.5 have dust cores relatively compact compared to their stellar cores, whereas

the most massive (M∗ ∼ 1010.9 M�) galaxy in our sample displays a comparably compact stellar core

as to dust. The observed compactness of the dust component is potentially attributed to the presence

of a (rapidly growing) massive bulge, in some cases associated with elevated star formation. Expanding

the sample size through a joint analysis of multiple Cycle 1 deep-imaging programs can help to confirm

the inferred picture. Our pilot study highlights that MIRI offers an efficient approach to studying the

structural formation of galaxies from cosmic noon to the modern universe.

Keywords: Galaxy evolution (594); Interstellar medium (847); Galaxy bulges (578); Galaxy structure

(622)

1. INTRODUCTION

Galaxy formation and evolution is an active area of

research in astrophysics that continues to present many

unanswered questions and challenges. One of the most

critical questions concerns the role of star formation in

driving the growth of galaxies over cosmic time. Specif-

ically, it has been of our particular interest to deter-

mine the primary mode of galaxy mass growth over the

peak epoch of cosmic star formation (Madau & Dickin-

son 2014), during which many galaxies experienced in-

tense star formation and formed the fundamental struc-

tural components (i.e., Hubble sequence). A critical in-

sight into galaxies in this epoch has been obtained in the

last two decades by the Hubble Space Telescope (HST)

and adaptive optics assisted ground-based observations.

With its high spatial-resolving power and near-infrared

(NIR) sensitivity, HST has enabled us to glimpse the

structural details of galaxy undergoing intense star for-

Corresponding author: Zhaoran Liu

zhaoran.liu@astr.tohoku.ac.jp

mation activity and the formation of massive bulge (e.g.,

Dekel et al. 2009; Conselice 2014). However, studies

have revealed that the structural evolution of galaxies

over cosmic time is rather complex and heavily degen-

erated, and there are multiple pathways leading to the

diverse structures and properties that we observe in the

universe today. For example, one possible scenario for

the most massive galaxy population is that they undergo

gas “compaction” and evolve massive bulges during cos-

mic time (Dekel & Burkert 2014; Zolotov et al. 2015;

Lacerda et al. 2020; Marques-Chaves et al. 2022). The

subsequent starburst and/or AGN feedback may then

lead to quiescence (Genzel et al. 2014; Yesuf et al. 2014),

to galaxies of quenched dense core, e.g., those known

as red nuggets (Damjanov et al. 2009; van Dokkum

et al. 2009a; Szomoru et al. 2012; Morishita & Ichikawa

2016). Subsequently, through dry mergers, these struc-

tures eventually become the galaxies that we observe to-

day, such as low-redshift spheroids and ellipticals (Barro

et al. 2013; van der Wel et al. 2014; van Dokkum et al.

2015; Tacchella et al. 2016).

The study of the morphology of galaxies, encom-

passing the structure and shape, remains a crucial as-
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What boost galaxy mergers in two massive galaxy protoclusters at 𝑧 = 2.24
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ABSTRACT
Characterizing the structural properties of galaxies in high-redshift protoclusters is key to our understanding of the environmental
effects on galaxy evolution in the early stages of galaxy and structure formation. In this study, we assess the structural properties of
85 and 87 H𝛼 emission-line candidates (HAEs) in the densest regions of two massive protoclusters, BOSS1244 and BOSS1542,
respectively, using HST 𝐻-band imaging data. Our results show a true pair fraction of 22 ± 5(33 ± 6) per cent in BOSS1244
(BOSS1542), which yields a merger rate of 0.41 ± 0.09 (0.52 ± 0.04) Gyr−1 for massive HAEs with log(𝑀∗/M�) > 10.3. This
rate is 1.8 (2.8) times higher than that of the general fields at the same epoch. Our sample of HAEs exhibits half-light radii and
Sérsic indices that cover a broader range than field star-forming galaxies. Additionally, about 15 per cent of the HAEs are as
compact as the most massive (log(𝑀∗/M�) & 11) spheroid-dominated population. These results suggest that the high galaxy
density and cold dynamical state (i.e., velocity dispersion of < 400 km s−1) are key factors that drive galaxy mergers and promote
structural evolution in the two protoclusters. Our findings also indicate that both the local environment (on group scales) and
the global environment play essential roles in shaping galaxy morphologies in protoclusters. This is evident in the systematic
differences observed in the structural properties of galaxies between BOSS1244 and BOSS1542.

Key words: galaxies: clusters: individual: BOSS1244 — galaxies: clusters: individual: BOSS1542 — galaxies: high-redshift
— galaxies: evolution — galaxy: structure.

1 INTRODUCTION

Galaxies are known to reside in the cosmic web, which is composed
of clusters, sheets, filaments, and voids. These structures are predom-
inantly made up of cold dark matter and formed through the hierar-
chical merging of smaller structures over cosmic time (Blumenthal
et al. 1984; Davis et al. 1985; Cole et al. 2000). Understanding the
formation and evolution of galaxies in different environments in con-
nection with the assembly of large-scale structures is a central goal
of modern astrophysics. While the evolution of galaxies in general
fields has been extensively studied using current deep extragalactic
surveys, recent efforts have focused on characterizing galaxy prop-
erties in overdense environments, such as galaxy clusters, at high
redshifts.
Galaxy clusters are the largest gravitationally-bound systems in

the Universe and are thought to accelerate the evolution of galaxies
(Thomas et al. 2005). At low redshifts, they are known to host most
massive early-type galaxies with old stellar populations (e.g. Kodama

★ Contact e-mail: xzzheng@pmo.ac.cn

et al. 1998; Goto et al. 2003; Mei et al. 2009). Conversely, at 𝑧 >∼ 2,
they are dominated by late-type star-forming galaxies (SFGs) in the
early formation stage, known as protoclusters (e.g. Tanaka et al. 2011;
Andreon 2013; Overzier 2016; Alberts &Noble 2022). The evolution
in star formation and morphology for member galaxies of clusters is
tightly coupled with the assembly processes of the clusters (Dressler
1980; van Dokkum & Franx 2001; Poggianti et al. 2006; Zirm et al.
2012; Chan et al. 2018). However, a consistent picture of galaxy
evolution in clusters, especially in massive protoclusters at 𝑧 > 2, is
still lacking.

In particular, it remains unclear how the global and local environ-
ments influence the structural properties of galaxies in these over-
dense structures. It is not yet known whether the sizes of galaxies in
protoclusters systematically differ from those in the general fields at
the same epoch. The size of a galaxy is primarily regulated by its
angular momentum gained from large-scale tidal torques and may be
modified by mergers and secular processes (e.g. Jiang et al. 2019).
In the overdense environment of protoclusters, a high galaxy density
would significantly enhance the interaction effects and perhaps result
in a higher merger rate. Therefore, dissecting the processes govern-

© 2023 The Authors
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Dissecting the RELICS cluster SPT-CLJ0615-5746 through the
intracluster light: confirmation of the multiple merging state of the

cluster formation.
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5 Observatório do Valongo, Universidade Federal do Rio de Janeiro, Ladeira do Pedro Antônio 43, Rio de Janeiro RJ 20080-090,

Brazil

May 19, 2023

ABSTRACT

The intracluster light (ICL) fraction, measured at certain specific wavelengths, has been shown to provide a good marker for deter-
mining the dynamical stage of galaxy clusters, i.e., merging versus relaxed, for small to intermediate redshifts. Here, we apply it for
the first time to a high-redshift system, SPT-CLJ0615-5746 at z = 0.97, using its RELICS (Reionization Lensing Cluster Survey)
observations in the optical and infrared. We find the ICL fraction signature of merging, with values ranging from 16 to 37%. A careful
re-analysis of the X-ray data available for this cluster points to the presence of at least one current merger, and plausibly a second
merger. These two results are in contradiction with previous works based on X-ray data, which claimed the relaxed state of SPT-
CLJ0615-5746, and confirmed the evidences presented by kinematic analyses. We also found an abnormally high ICL fraction in the
rest-frame near ultraviolet wavelengths, which may be attributed to the combination of several phenomena such as an ICL injection
during recent mergers of stars with average early-type spectra, the reversed star formation-density relation found at this high redshift
in comparison with lower-redshift clusters, and projection effects.

Key words. Galaxies: clusters: individual: SPT-CLJ0615-5746 – Galaxies: clusters: intracluster medium – Techniques: image pro-
cessing

1. Introduction

According to the standard cosmological paradigm Lambda-Cold
Dark Matter (ΛCDM, Peebles & Ratra 2003), clusters of
galaxies are the latest and most massive structures to form in
the Universe. Their process of formation and evolution follows
a hierarchical structure, through the accretion of matter in
filaments of the cosmic web, the addition of nearby galaxies,
and the merging with groups and other clusters. Thus, their
cluster formation pathway is plagued with interactions between
galaxies and also with the intracluster medium. As a direct
consequence of these violent processes, part of the stars in
the interacting galaxies is freed to the intracluster space, just
bound by the gravitational potential of the cluster, composing
the so-called intracluster light (ICL). The ICL appears as
an extended diffuse light in between the galaxy members of
the clusters and especially concentrated around the brightest
cluster galaxy (BCG), with a typical low surface brightness
of µV > 26.5 mag arcsec−2 (e.g., Rudick et al. 2006). Thus,
the ICL properties, from morphology to stellar composition,
are intimately linked to the characteristics of its progenitor
galaxies and can provide us with valuable information about
the dynamics that govern the system as a whole. For example,
it is estimated that during major galaxy mergers with the BCG,
which generally happen at z > 1, approximately between 30% to

? yojite@iaa.es

50 % of the stars of the merging body become unbound and end
up in the ICL (Murante et al. 2007; Conroy et al. 2007; Lidman
et al. 2012; Joo & Jee 2023). As a consequence, the color and
metalicity radial profiles of the ICL are flat (or with a very
shallow gradient) in color and metallicity, reflecting the mixture
of stellar populations that have been thrown to the intracluster
space. On the other hand, at intermediate and low redshifts
(z < 0.5) the main mechanisms of ICL formation are believed to
be cluster-cluster mergers, tidal stripping of luminous galaxies,
shredding of dwarf galaxies, and preprocessing in infalling
groups (e.g. DeMaio et al. 2015; Melnick et al. 2012; Rudick
et al. 2006, 2011; Puchwein et al. 2010; Murante et al. 2007;
Conroy et al. 2007; Montes & Trujillo 2014, 2018; Morishita
et al. 2017; Jiménez-Teja et al. 2018, 2019, 2021; de Oliveira
et al. 2022; Ragusa et al. 2022). These processes originate color
gradients in the ICL: 1) massive galaxies loose first the bluer
stars located in their outer layers and, progressively as they orbit
towards the potential well of the cluster or continue interacting
with another galaxies, they free the redder stars of their inner
regions; 2) patches of ICL appear in those regions where groups
are entering the gravitational potential of the cluster (e.g.
Iodice et al. 2017); and 3) gravitational forces can act on dwarf
galaxies at different clustercentric radii, originating a bluer ICL
in the outskirts of the cluster as lower-mass dwarfs suffer the
gravitational effect of the potential of the cluster at larger radii
than more massive, more metal-rich dwarfs (DeMaio et al.
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Peering into the tilted heart of Cyg X-1 with high-precision optical
polarimetry
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ABSTRACT

We present the high-precision optical polarimetric observations of black hole X-ray binary Cyg X-1, spanning several cycles of its
5.6 day orbital period. Week-long observations on two telescopes located in opposite hemispheres allowed us to track the evolution of
the polarization within one orbital cycle with the highest temporal resolution to date. Using the field stars, we determine the interstellar
polarization in the source direction and subsequently its intrinsic polarization. The optical polarization angle is aligned with that in the
X-rays as recently obtained with the Imaging X-ray Polarimetry Explorer. Furthermore, it is consistent, within the uncertainties, with
the position angle of the radio ejections. We show that the intrinsic PD is variable with the orbital period with the amplitude of ∼0.2%
and discuss various sites of its production. Assuming the polarization arises from a single Thomson scattering of the primary star
radiation by the matter that follows the black hole in its orbital motion, we constrain the inclination of the binary orbit i > 120◦ and its
eccentricity e < 0.08. The asymmetric shape of the orbital profiles of Stokes parameters implies also the asymmetry of the scattering
matter distribution about the orbital plane, which may arise from the tilted accretion disk. We compare our data to the polarimetric
observations made over 1975–1987 and find good, within 1◦, agreement between the intrinsic polarization angles. On the other hand,
the PD decreased by 0.4% over half a century, suggesting the presence of secular changes in the geometry of accreting matter.

Key words. accretion, accretion disks – black hole physics – polarization – stars: black holes – stars: individual: Cyg X-1– X-rays:
binaries

1. Introduction

Determination of the large-scale accretion geometry and orbital
parameters is a problem of fundamental importance for X-ray
binaries. Various techniques can be employed to examine the
geometry of these systems, e.g. photometry, spectroscopy, imag-
ing, and timing, but a special place in this list belongs to po-
larimetry, which is known to be most sensitive to changes in ge-
ometry. The geometrical properties can be determined by track-
ing the changes in polarization degree (PD) and polarization an-
gle (PA) as a function of the orbital phase. The stochastic vari-
ability at timescales comparable to the orbital period may signif-
icantly alter the average polarization profile. Dense coverage of
an entire orbital cycle is needed to reliably determine the accre-
tion geometry, shape, and orientation of the binary components.

The orbital parameters in binary systems are conventionally
studied using optical and infrared polarimetry. For the low-mass
X-ray binaries in outburst, emission in these wavelengths can be
composed of several components: an (irradiated) accretion disk,
wind, jet, and hot accretion flow (Poutanen & Veledina 2014;
Uttley & Casella 2014). Optical polarimetry has been used as
a fine tool to discriminate between them (Veledina et al. 2019;
Kosenkov et al. 2020). In the (near-)quiescence, the optical po-

larimetry has helped constrain the role of the non-stellar compo-
nents in total spectra (Kravtsov et al. 2022), and to determine the
misalignment of the black hole (BH) and orbital spins (Pouta-
nen et al. 2022). For the high-mass X-ray binaries, emission in
infrared, optical, and ultraviolet bands is completely dominated
by the donor star, which can be scattered by different large-scale
components in the binary – the accretion stream, disk, or out-
flow/jet. Polarization signal in this case can reveal the location,
orientation, and physical properties of the scattering component
(Jones et al. 1994).

With the launch of the Imaging X-ray Polarimetry Explorer
(IXPE, Weisskopf et al. 2022), the polarimetric field gained a
new breath. It became possible to directly link the orientation of
the large-scale binary components, probed by the optical and in-
frared wavelengths, to the innermost accretion geometry, using
X-ray polarimetry. The prototypical BH X-ray binary Cyg X-1
became the first target of such studies (Krawczynski et al. 2022).
The week-long IXPE exposure has been accompanied by the
global multiwavelength campaigns, allowing it to cover a big
fraction of its 5.6 d orbital period.

Cyg X-1 is the first discovered BH X-ray binary and a well-
studied system (Bowyer et al. 1965). It is a persistent source and
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ABSTRACT

Aims. Gaia Data Release 3 contains accurate photometric observations of more than 150,000 asteroids covering a time interval of 34
months. With a total of about 3,000,000 measurements, a typical number of observations per asteroid ranges from a few to several
tens. We aimed to reconstruct the spin states and shapes of asteroids from this dataset.
Methods. We computed the viewing and illumination geometry for each individual observation and used the light curve inversion
method to find the best-fit asteroid model, which was parameterized by the sidereal rotation period, the spin axis direction, and a
low-resolution convex shape. To find the best-fit model, we ran the inversion for tens of thousands of trial periods on interval 2–
10,000 h, with tens of initial pole directions. To find the correct rotation period, we also used a triaxial ellipsoid model for the shape
approximation.
Results. In most cases the number of data points was insufficient to uniquely determine the rotation period. However, for about 8600
asteroids we were able to determine the spin state uniquely together with a low-resolution convex shape model. This large sample of
new asteroid models enables us to study the spin distribution in the asteroid population. The distribution of spins confirms previous
findings that (i) small asteroids have poles clustered toward ecliptic poles, likely because of the YORP-induced spin evolution, (ii)
asteroid migration due to the Yarkovsky effect depends on the spin orientation, and (iii) members of asteroid families have the sense
of rotation correlated with their proper semimajor axis: over the age of the family, orbits of prograde rotators evolved, due to the
Yarkovsky effect, to larger semimajor axes, while those of retrograde rotators drifted in the opposite direction.

Key words. Minor planets, asteroids: general, Methods: data analysis, Techniques: photometric

1. Introduction

The first photometric measurements of asteroids from the ESA
Gaia mission (Gaia Collaboration et al. 2016) were released in
April 2018 as part of the Gaia Data Release 2 (DR2, Gaia Collab-
oration et al. 2018a). That dataset contained astrometry and pho-
tometry for ∼14,000 asteroids (Gaia Collaboration et al. 2018b)
covering a time interval of about 22 months. The recent Gaia
Data Release 3 from June 2022 (DR3, Tanga et al. 2022; Babu-
siaux et al. 2022) provided a significantly larger number of aster-
oid measurements: more than 3,000,000 photometric data points
for about 150,000 asteroids covering a time interval of about 34
months. Typically there are fewer than 20 individual measure-
ments per asteroid in DR3. The largest number of measurements
is 96.

Although the Gaia DR2 photometric dataset was rather lim-
ited, we successfully derived physical models for almost 200 as-
teroids, consisting of mostly new solutions, and we published
the results in Ďurech & Hanuš (2018). We used the standard
convex inversion method (Kaasalainen et al. 2001; Kaasalainen
& Torppa 2001) based on the inversion of photometric measure-
ments. This physical model included the sidereal rotation period,
the orientation of the spin axis, and a convex 3D shape model.

Thanks to a significantly larger amount of data and more ex-
tended temporal coverage of the DR3 data compared to DR2, we
were expecting a dramatic increase in the number of successful
shape model determinations leading to an unprecedented insight
into the distribution of physical properties of asteroids. This pa-
per describes our application of the same procedure as in Ďurech
& Hanuš (2018) to process and analyze the DR3 data.

In Sect. 2 we describe the DR3 data downloading and pro-
cessing and the inversion technique we applied, including the
verification tests. In Sect. 3 we present our analysis of the spin
properties of asteroids. We conclude our work in Sect. 4.

2. Inversion of Gaia asteroid photometry

We downloaded the data from the Gaia archive.1 We selected
only the relevant parameters: the Gaia-centric JD in TCB
(epoch), the calibrated G-band magnitude (g_mag), the G flux
(g_flux), and the error in the G flux (g_flux_error). Because
the JD epoch is given for each CCD position but the magnitude is
the same over the transit, we averaged the epoch values over the
transit.2 We converted JD from the original Gaia-centric TCB
to TDB according to the formula given in Tanga et al. (2022).
We also computed the relative flux error as g_flux_error /
g_flux. In this way we obtained 3,069,170 photometric data
points for 156,789 asteroids (Tanga et al. 2022 report 156,801
in their Table 1 because some asteroids have only NULL mag-
nitudes). Then we computed the heliocentric and Gaia-centric
ecliptic coordinates for each observation using the API interface
of the JPL Horizons ephemeris service.3 We computed the light-
time correction, corrected the brightness to 1 au distance from
the Sun and Gaia, and converted magnitudes to relative flux.

1 https://gea.esac.esa.int/archive/
2 SELECT number_mp, avg(epoch), g_mag, g_flux_error
/ g_flux AS error FROM gaiadr3.sso_observation WHERE
g_mag IS NOT NULL GROUP BY number_mp, g_mag, error
3 https://ssd.jpl.nasa.gov/horizons/
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Optical Alignment Method for the PRIME Telescope
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We describe the optical alignment method for the Prime-focus Infrared Microlensing Experiment (PRIME)
telescope which is a prime-focus near-infrared (NIR) telescope with a wide field of view for the microlensing

planet survey toward the Galactic center that is the major task for the PRIME project. There are three steps for

the optical alignment: preliminary alignment by a laser tracker, fine alignment by intra- and extra-focal (IFEF)
image analysis technique, and complementary and fine alignment by the Hartmann test. We demonstrated that

the first two steps work well by the test conducted in the laboratory in Japan. The telescope was installed at the

Sutherland Observatory of South African Astronomical Observatory in August, 2022. At the final stage of the
installation, we demonstrated that the third method works well and the optical system satisfies the operational

requirement.

Keywords: the PRIME telescope; optical alignment; Hartmann test.

1. Introduction

The PRime-focus Infrared Microlensing Experiment (PRIME) telescope is a prime-focus near-infrared
(NIR) telescope with a wide field of view (FOV) to conduct the microlensing planet survey toward the
Galactic center (Kondo et al., 2023). So far, microlensing planet surveys have been conducted by using the
dedicated optical telescopes operated by the survey teams, such as, MOA Bond et al. (2001); Sumi et al.
(2003), OGLE (Udalski et al., 2015), and KMT-Net (Kim et al., 2016), because such surveys require large
number of pixels, which can be relatively easily realized by CCDs compared to NIR detectors. NIR bulge
surveys also have been conducted by VISTA (Navarro et al., 2017, 2018, 2020) and UKIRT Shvartzvald
et al. (2017, 2018), but the cadence of these survey data is not high enough to detect short time transients
such as planetary anomaly signals in the microlensing light curves. PRIME will conduct such a high cadence
imaging survey toward the Galactic center and bulge with NIR for the first time. NIR can mitigate the dust
extinction so that we can monitor the higher stellar density fields such as the Galactic plane and center,
which are not accessible with the ordinary optical microlensing surveys. The Galactic bulge survey by the
PRIME telescope is expected to put further constraint on the cool planet mass function of bound (Suzuki
et al., 2016) and unbound planets (Sumi et al., 2011; Mróz et al., 2017; Gould et al., 2022; Koshimoto
et al., 2023; Sumi et al., 2023), to optimize the Roman Galactic Bulge Time Domain Survey field (Penny
et al., 2019; Johnson et al., 2020) by providing the microlensing event rate toward the inner bulge, to
find the isolated black hole candidates (Lam et al., 2022; Sahu et al., 2022), to study variable stars in the
bulge (Soszyński et al., 2019), to give a new constraint on the structure of the galactic center (Koshimoto
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H I Self-absorption toward the Cygnus X North: From Atomic Filament to Molecular
Filament

Chong Li1,2 , Keping Qiu1,2 , Di Li3,4,5 , Hongchi Wang6,7 , Yue Cao1,2 , Junhao Liu1,2 , Yuehui Ma6,7 , and
Chenglin Yang8

1 School of Astronomy and Space Science, Nanjing University, 163 Xianlin Avenue, Nanjing 210023, Peopleʼs Republic of China; kpqiu@nju.edu.cn
2 Key Laboratory of Modern Astronomy and Astrophysics (Nanjing University), Ministry of Education, Nanjing 210023, Peopleʼs Republic of China

3 National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100101, Peopleʼs Republic of China
4 Research Center for Intelligent Computing Platforms, Zhejiang Laboratory, Hangzhou 311100, Peopleʼs Republic of China

5 NAOC-UKZN Computational Astrophysics Centre, University of KwaZulu-Natal, Durban 4000, South Africa
6 Purple Mountain Observatory and Key Laboratory of Radio Astronomy, Chinese Academy of Sciences, 10 Yuanhua Road, Nanjing 210033, Peopleʼs Republic of

China
7 School of Astronomy and Space Science, University of Science and Technology of China, 96 Jinzhai Road, Hefei 230026, Peopleʼs Republic of China

8 University of Chicago, 5801 S Ellis Ave, Chicago, IL 60637, USA
Received 2023 March 16; revised 2023 April 21; accepted 2023 April 24; published 2023 May 10

Abstract

Using the H I self-absorption data from the Five-hundred-meter Aperture Spherical radio Telescope, we perform a
study of the cold atomic gas in the Cygnus X North region. The most remarkable H I cloud is characterized by a
filamentary structure, associated in space and in velocity with the principal molecular filament in the Cygnus X
North region. We investigate the transition from atomic filament to molecular filament. We find that the H II
regions Cygnus OB2 and G081.920+00.138 play a critical role in compressing and shaping the atomic Cygnus X
North filament, where the molecular filament subsequently forms. The cold H I in the DR21 filament has a much
larger column density (N(H I) ∼1× 1020 cm−2) than the theoretical value of the residual atomic gas (∼1× 1019

cm−2), suggesting that the H I-to-H2 transition is still in progress. The timescale of the H I-to-H2 transition is
estimated to be 3× 105 yr, which approximates the ages of massive protostars in the Cygnus X North region. This
implies that the formation of molecular clouds and massive stars may occur almost simultaneously in the DR21
filament, in accord with a picture of rapid and dynamic cloud evolution.

Unified Astronomy Thesaurus concepts: Interstellar atomic gas (833); Interstellar filaments (842); Molecular clouds
(1072); Star forming regions (1565)

1. Introduction

In the last decade, Herschel observations have revealed the
ubiquitous presence of filaments of molecular gas (André et al.
2010, 2014) and their close relationship with star formation
(e.g., Schneider et al. 2012). The molecular filaments have been
observed in several tracers, ranging from extinction maps at
optical and near-infrared bands (e.g., Jackson et al. 2010;
Kainulainen et al. 2013) to far-infrared/submillimeter dust
emission maps (e.g., Menʼshchikov et al. 2010; Schneider et al.
2010) and CO maps (e.g., Yuan et al. 2021; Guo et al. 2022).
Molecular filaments can be produced by dynamical models
with turbulence (Vazquez-Semadeni 1994; Padoan et al. 2001),
converging flows (Elmegreen 1993; Vázquez-Semadeni et al.
2006; Heitsch & Hartmann 2008; Clark et al. 2012),
instabilities in self-gravitating sheets (Nagai et al. 1998), or
other processes that compress the gas to an overdense interface
(Padoan et al. 2001). However, the dominant mechanism of
molecular filament formation is still in debate.

Recent H I observations present a picture that the cold
neutral interstellar medium (ISM) is mainly distributed in
filamentary structures (Kalberla et al. 2016, 2020; Soler et al.
2020). These H I filaments are found to be preferentially
aligned along the magnetic field and associated with dust
emission. Supporting evidence for low temperatures at the

position of H I filaments was recently reported from Na I
absorption measurements (Peek & Clark 2019). Although both
atomic and molecular gases show rich filamentary structures,
whether atomic filaments can evolve into molecular filaments
remains open.
Both simulations (e.g., Wolfire et al. 2003) and observations

(e.g., Heiles & Troland 2003a, 2003b) have revealed that the
atomic gas exists in two stable phases, i.e., the so-called cold
neutral medium (CNM; <300 K, n∼ 20 cm−3) and warm
neutral medium (WNM; 5000–10,000 K, n∼ 0.2 cm−3)
(Kalberla & Kerp 2009; Girichidis et al. 2020). Some
observations also suggest the presence of a thermally unstable
WNM (e.g., Begum et al. 2010). The H2 transition rate from
diffuse atomic hydrogen is proportional to the volume density
of H I (Li & Goldsmith 2003; Goldsmith & Li 2005; Goldsmith
et al. 2007). Therefore, while there is a higher percentage of
atomic hydrogen in the warm phase compared to the cold
component (Kalberla & Haud 2018), the CNM is the key
component in the conversion from atomic hydrogen to its
molecular phase. However, due to the coexistence of multiple
phases of neutral atomic hydrogen, it is difficult to characterize
from observations the properties of CNM from which the
molecular hydrogen forms. Such a difficulty can be overcome
by observing the H I self-absorption (HISA), as it only traces
the cold atomic gas (e.g., Gibson et al. 2005a, 2005b). In
particular, the H I narrow (less than that of CO) line-width self-
absorption (HINSA; Li & Goldsmith 2003) traces the coldest
H I within molecular clouds.
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A transient ultraviolet outflow in the short-period X-ray binary UW CrB
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ABSTRACT
Accreting low mass X-ray binaries (LMXBs) are capable of launching powerful outflows such as accretion disc winds. In disc
winds, vast amounts of material can be carried away, potentially greatly impacting the binary and its environment. Previous
studies have uncovered signatures of disc winds in the X-ray, optical, near-infrared, and recently even the UV band, predominantly
in LMXBs with large discs (𝑃orb≥20 hrs). Here, we present the discovery of transient UV outflow features in UW CrB, a high-
inclination (𝑖≥77°) neutron star LMXB with an orbital period of only 𝑃orb≈111 min. We present P-Cygni profiles detected for
Si iv 1400Å and tentatively for Nv 1240Å in one 15 min exposure, which is the only exposure covering orbital phase 𝜙≈0.7−0.8,
with a velocity of ≈1500 km s−1. We show that due to the presence of black body emission from the neutron star surface and/or
boundary layer, a thermal disc wind can be driven despite the short 𝑃orb, but explore alternative scenarios as well. The discovery
that thermal disc winds may occur in NS-LMXBs with 𝑃orb as small as ≈111min, and can potentially be transient on time scales
as short as ≈15 min, warrants further observational and theoretical work.
Key words: accretion – stars: neutron – X-rays: binaries – stars: winds, outflows – ultraviolet: stars – binaries: eclipsing

1 INTRODUCTION

Accreting low mass X-ray binaries (LMXBs) are capable of pro-
ducing powerful outflows. In addition to jets, LMXBs can launch
winds from the accretion disc, which can have a great impact on both
the binary and its local environment. As vast amounts of material
can be carried away through disc winds (e.g. Lee et al. 2002; Ponti
et al. 2012), the accretion process can be affected (e.g. Begelman
et al. 1983; Muñoz-Darias et al. 2016; Tetarenko et al. 2018), and the
long-term orbital evolution can be altered (e.g. Degenaar et al. 2014;
Marino et al. 2019). Outflows can also heat and stir up the surround-
ing interstellar medium to stimulate star formation (e.g. Justham &
Schawinski 2012). Therefore, studying disc winds is vital in gaining
a deeper understanding of X-ray binary systems and how they evolve,
accretion physics, binary evolution and the role of LMXB feedback.
Discwinds inLMXBswere initially detected using high-resolution

X-ray spectroscopy through blue-shifted absorption features (e.g.
Ueda et al. 1998; Miller et al. 2006; Neilsen & Lee 2009; Ponti
et al. 2012). These features are proposed to result from ’hot’ winds
of highly ionised outflowing material. Disc winds have also been
detected using optical and near-infrared observations, through e.g.
blue-shifted absorption features and/or P-Cygni profiles. Whereas
these ’cold’ winds have occasionally been detected in longer wave-
lengths in the past (e.g. Bandyopadhyay et al. 1999), it was not until
the last few years that these started to be detected more routinely (e.g.
Muñoz-Darias et al. 2016; Sánchez-Sierras & Muñoz-Darias 2020).

★ E-mail: s.c.fijma@uva.nl

Several key questions about disc winds remain, as it is currently
not established exactly how these winds are launched, or how much
mass is lost this way. Different mechanisms are suggested to launch
disc winds in LMXBs, namely thermal (e.g. Woods et al. 1996; Hig-
ginbottom et al. 2018), radiative (e.g. Proga & Kallman 2002), and
magnetic driving (e.g. Proga 2000; Chakravorty et al. 2016). How-
ever, determining the exact mechanism through observational studies
has proven to be very challenging. Furthermore, the relationship be-
tween the detected hot (X-ray) and cold (optical/nIR) disc winds
is not well understood yet, i.e. if these disc winds sample parts of
the same outflow, or if these are resulting of two distinct outflows.
Some recent studies have been performed using multi-wavelength
campaigns (e.g. Castro Segura et al. 2022; Muñoz-Darias & Ponti
2022) supporting a multi-phase nature of disc winds.
A promising avenue of studying LMXB outflows is exploring fea-

tures in the UV-band, as it bridges the gap between the optical/IR and
X-ray band. Moreover, the UV-band contains strong line transitions
of key elements like H, N, Si, O and C, and accretion disc spectra can
peak in the UV-band as well (e.g. Hynes et al. 2000). Outflows have
been discovered using high-resolution far-UV (FUV) spectroscopy in
a few studies (e.g. Boroson et al. 2001; Ioannou et al. 2003; Bayless
et al. 2010; Castro Segura et al. 2022), but this field is still relatively
unexplored. One aspect that greatly complicates UV-studies is inter-
stellar extinction, especially since most LMXBs are located in the
Galactic plane where the extinction along our line of sight is high
(see e.g. Bahramian & Degenaar 2022).
An intriguing target for a UV outflow study is the neutron star

(NS) LMXB UW CrB. The interstellar extinction to UW CrB is

© 2023 The Authors
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Temporal and Latitudinal Variation in

Penumbra-Umbra Ratios of the Sunspots: Analyses of

RGO, Kodaikanal and Debrecen Databases

Jouni Takalo

© Springer ••••

Abstract We study the latitudinal distribution and temporal evolution of the
sunspot penumbra-umbra ratio (q) for the even and odd Solar Cycles 12 – 24 of
RGO sunspot groups, SC21 – SC24 of Debrecen sunspot groups and Kodaikanal
sunspot dataset for SC16 – SC24. We find that RGO even (odd) Cycles have
q-values 5.20 (4.75), Kodaikanal even (odd) cycles have q-values 5.27 (5.43), and
Debrecen cycles has q-value 5.74 on the average.
We also show that q is at lowest around the Equator of the Sun and increases
towards higher latitudes having maximum values at about 10-25 degrees. This is
understandable, because smaller sunspots and groups locate nearer to Equator
and have smaller q-values than larger sunspots and groups, which maximize at
about 10-20 degrees at both hemispheres. The error limits are very wide and
thus the confidence of this result is somewhat vague.
For Debrecen dataset we find a deep valley in the temporal q-values before the
middle of the cycle. We show that this exists simultaneously with the Gnevyshev
gap (GG) in the graph of the total and umbral areas of the large sunspot groups.
Other databases do not show GG in their q-graphs, although GG exists in their
temporal total area and umbral area.

Keywords: Sun: Sunspot cycles, Sun: Sunspot area, Sun: Penumbra-umbra
ratio, Method: Distribution analysis, Method: Statistical analysis

1. Introduction

It has been known almost for two hundred years that the occurrence of sunspots
is cyclic, although not strictly periodic. The length of the sunspot cycle (SC)
has varied between 9.0 and 13.7 years. The shape of the sunspot cycle has also

B J.J. Takalo
jouni.j.takalo@oulu.fi; jojuta@gmail.com

1 Space Physics and Astronomy Research Unit, University of
Oulu, POB 3000, FIN-90014, Oulu, Finland
(e-mail: jouni.j.takalo@oulu.fi)
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The first X-ray look at SMSSJ114447.77-430859.3: the most
luminous quasar in the last 9Gyr
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ABSTRACT
SMSSJ114447.77-430859.3 (z = 0.83) has been identified in the SkyMapper Southern Survey as the most luminous
quasar in the last ∼ 9 Gyr. In this paper, we report on the eROSITA/Spectrum-Roentgen-Gamma (SRG) observations
of the source from the eROSITA All Sky Survey, along with presenting results from recent monitoring performed
using Swift, XMM-Newton, and NuSTAR. The source shows a clear variability by factors of ∼ 10 and ∼ 2.7 over
timescales of a year and of a few days, respectively. When fit with an absorbed power law plus high-energy cutoff,
the X-ray spectra reveal a Γ = 2.2 ± 0.2 and Ecut = 23+26

−5 keV. Assuming Comptonisation, we estimate a coronal
optical depth and electron temperature of τ = 2.5 − 5.3 (5.2 − 8) and kT = 8 − 18 (7.5 − 14) keV, respectively, for
a slab (spherical) geometry. The broadband SED is successfully modelled by assuming either a standard accretion
disc illuminated by a central X-ray source, or a thin disc with a slim disc emissivity profile. The former model results
in a black hole mass estimate of the order of 1010M�, slightly higher than prior optical estimates; meanwhile, the
latter model suggests a lower mass. Both models suggest sub-Eddington accretion when assuming a spinning black
hole, and a compact (∼ 10 rg) X-ray corona. The measured intrinsic column density and the Eddington ratio strongly
suggest the presence of an outflow driven by radiation pressure. This is also supported by variation of absorption by
an order of magnitude over the period of ∼ 900 days.

Key words: accretion, accretion discs – galaxies: active – galaxies: nuclei – (galaxies:) quasars: general – quasars:
supermassive black holes – quasars: individual: SMSS J114447.77-430859.3 – X-rays: general

1 INTRODUCTION

Active galactic nuclei (AGN) are thought to be powered
by the accretion of matter onto a supermassive black hole
(SMBH) in the form of a disc. The primary hard X-ray con-
tinuum in AGN arises from repeated Compton up-scattering
of UV/soft X-ray accretion disc photons in a hot, trans-
relativistic plasma. This process typically results in a power-
law spectrum extending to energies determined by the elec-
tron temperature in the hot corona (e.g., Lightman & White
1988; Haardt & Maraschi 1993). Broad-band UV/X-ray spec-
tra require that the corona does not fully cover the disc
(Haardt et al. 1994). X-ray microlensing experiments are sug-

? E-mail: ekammoun@irap.omp.eu

gestive of a compact corona in some bright quasars (QSOs)
with a half-light radius smaller than ∼ 6 rg (e.g., Chartas
et al. 2009; Mosquera et al. 2013), where rg = GMBH/c

2 is
the gravitational radius. Eclipses of the X-ray source have
also placed constraints on the size of the hard X-ray emitting
region(s): r ≤ 1014 cm (e.g., Risaliti et al. 2007). In addi-
tion, spectral-timing studies of X-ray reflection in AGN are
also suggestive of a centrally located, compact corona (e.g.,
Marinucci et al. 2016; Kara et al. 2016).

Most of our detailed knowledge of AGN, and in particular
of their X-ray properties, is based on the study of nearby, low-
mass, low-accretion rate sources. However, understanding the
black hole growth, the energetics of AGN, and the disc-corona
connection (among other properties) would require deep ob-
servations of high-mass and high-accretion rate sources. Ac-

© 2022 The Authors
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ABSTRACT

Very high energy (VHE; 100 GeV < E ≤ 100 TeV) and high energy (HE; 100 MeV < E ≤ 100

GeV) gamma-rays were observed from the symbiotic recurrent nova RS Ophiuchi (RS Oph) during its

outburst in August 2021, by various observatories such as High Energy Stereoscopic System (H.E.S.S.),

Major Atmospheric Gamma Imaging Cherenkov (MAGIC), and Fermi-Large Area Telescope (LAT).

The models explored so far tend to favor a hadronic scenario of particle acceleration over an alternative

leptonic scenario. This paper explores a time-dependent lepto-hadronic scenario to explain the emis-

sion from the RS Oph source region. We have used simultaneous low frequency radio data observed by

various observatories, along with the data provided by H.E.S.S., MAGIC, and Fermi -LAT, to explain

the multi-wavelength (MWL) spectral energy distributions (SEDs) corresponding to 4 days after the

outburst. Our results show that a lepto-hadronic interpretation of the source not only explains the

observed HE-VHE gamma-ray data but the corresponding model synchrotron component is also con-

sistent with the first 4 days of low radio frequency data, indicating the presence of non-thermal radio

emission at the initial stage of nova outburst. We have also calculated the expected neutrino flux from

the source region and discussed the possibility of detecting neutrinos.

Keywords: Recurrent novae (1366) — Symbiotic novae (1675) — Gamma-ray sources (633) — Radio

sources (1358)

1. INTRODUCTION

Nova outburst happens in a binary star system com-

prising a white dwarf (WD) as the compact object and a

companion star. The material from the companion star

gets accreted on the WD surface. When enough lay-

ers of material have accumulated, it eventually causes a

thermonuclear runaway explosion on the surface of the

WD. The subsequent eruption ejects the bulk of the ac-

creted material at a few thousand km/s and brightens

up the WD up to ∼ 104−5 L� (Gomez-Gomar et al.

1998; Hellier 2001; Warner 2003; Knigge et al. 2011).

While the companion in nova systems is, in general, a

agnibha@rri.res.in

low mass, main sequence late-type star (Bode & Evans

2008; Chomiuk et al. 2021), in some cases the companion

is a Red Giant (RG) (or sub-giant, in general, an evolved

star). Such systems are classified as a symbiotic nova

(Shore et al. 2011, 2012; Miko lajewska 2012). Since the

ejected material from the WD surface produces shock

in the ambient medium, the nova outburst phenomenon

provides the extreme conditions needed to accelerate

particles. Shock can occur when slow-moving ejecta col-

lides with faster-moving ejecta (internal shock), as ob-

served in classical novae. Alternatively, fast-moving out-

flow can collide with pre-existing dense wind of the RG

star and produce a shock (external shock), typically con-

sidered to be happening in symbiotic novae. Since nova

outburst is a hotbed for particle acceleration, gamma-
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The Pristine Inner Galaxy Survey (PIGS) VII: a discovery of the first

inner Galaxy CEMP-r/s star★
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ABSTRACT

Well-studied very metal-poor (VMP, [Fe/H] < −2) stars in the inner Galaxy are few in number,
and they are of special interest because they are expected to be among the oldest stars in the
Milky Way. We present high-resolutionspectroscopic follow-up of the carbon-enhancedmetal-
poor (CEMP) star Pristine_184237.56-260624.5(hereafter Pr184237) identified in the Pristine
Inner Galaxy Survey. This star has an apocentre of ∼ 2.6 kpc. Its atmospheric parameters ()eff
= 5100 K, log 6 = 2.0, [Fe/H] = −2.60) were derived based on the non-local thermodynamic
equilibrium (NLTE) line formation. We determined abundances for 32 elements, including 15
heavy elements beyond the iron group. The NLTE abundances were calculated for 13 elements
from Na to Pb. Pr184237 is strongly enhanced in C, N, O, and both s- and r-process elements
from Ba to Pb; it reveals a low carbon isotope ratio of 12C/13C = 7. The element abundance
pattern in the Na-Zn range is typical of halo stars. With [Ba/Eu] = 0.32, Pr184237 is the
first star of the CEMP-r/s subclass identified in the inner Galaxy. Variations in radial velocity
suggest binarity. We tested whether a pollution by the s- or i-process material produced in the
more massive and evolved companion can form the observed abundance pattern and find that
an i-process in the asymptotic giant branch star with a progenitor mass of 1.0-2.0"⊙ can be
the solution.

Key words: stars: abundances – stars: atmospheres – galaxies: abundances.

1 INTRODUCTION

Studies of very metal-poor (VMP, [Fe/H]1 < −2.0) stellar popula-
tions in the Milky Way are important to understand the early Uni-
verse. Their detailed chemical abundances teach us about the prop-
erties of the First Stars and early star formation, and their chemo-
dynamics shed light on the early formation history of our Galaxy
(Frebel & Norris 2015). The central regions of our Galaxy (. 5 kpc)
are predicted to host the oldest metal-poor stars (Tumlinson 2010),
which are important probes of the earliest metal-free stars in the Uni-

★ Based on observations made with the Very Large Telescope (VLT)
† E-mail: lima@inasan.ru
1 In the classical notation, where [X/Y] = log(#X/#Y)BC0A −

log(#X/#Y)⊙ for each pair of elements X and Y.

verse. In recent years, significant efforts have been made to build
larger samples of VMP stars in the inner Galaxy (Howes et al. 2015,
2016; Lucey et al. 2019; Arentsen et al. 2020b) – a challenging en-
deavour because the overwhelming majority of bulge stars have
high metallicity, and the high extinction and the relatively large
distance from the Sun make clean selections of metal-poor stars
difficult. These surveys typically employ narrow-band photometry
to identify metal-poor stars, which has been very effective.

Recent studies show that VMP stars in the inner Galaxy ap-
pear to have similar abundances to stars in previous halo samples,
although there are some subtle differences in, e.g., the scatter and
correlations of various abundances (Howes et al. 2016; Koch et al.
2016; Lucey et al. 2019; Sestito et al. 2023). One other striking dif-
ference is an apparent lack of carbon-enhanced metal-poor (CEMP)
stars (Howes et al. 2016; Arentsen et al. 2021), with the common

© 2023 The Authors
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The precursor of GRB211211A: a tide-induced giant quake?

Enping Zhou,1 Yong Gao,2, 3 Yurui Zhou,1 Xiaoyu Lai,4, 5 Lijing Shao,2 Weiyang
Wang,6, 3 Shaolin Xiong,7 Renxin Xu,3, 2 Shuxu Yi,7 Han Yue,8 and Zhen Zhang7

1Huazhong University of Science and Technology, School of Physics, 1037 Luoyu Road, Wuhan, 430074, China
2Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, China

3School of Physics, Peking University, Beijing 100871, China
4Department of Physics and Astronomy, Hubei University of Education, Wuhan 430205, China

5Research Center for Astronomy, Hubei University of Education, Wuhan 430205, China
6University of Chinese Academy of Sciences, Beijing 100049, China

7Key Laboratory of Particle Astrophysics, Institute of High Energy Physics,
Chinese Academy of Sciences, 19B Yuquan Road, Beijing 100049, China

8School of Earth and Space Sciences, Peking University, Beijing 100871, China
(Dated: May 19, 2023)

The equilibrium configuration of a solid strange star in the final inspiral phase with another compact object is
generally discussed, and the starquake-related issue is revisited, for a special purpose to understand the precursor
emission of binary compact star merger events (e.g., that of GRB211211A). As the binary system inspirals
inward due to gravitational wave radiation, the ellipticity of the solid strangeon star increases due to the growing
tidal field of its compact companion. Elastic energy is hence accumulated during the inspiral stage which might
trigger a starquake before the merger when exceeds a critical value. The energy released during such starquakes
is calculated and compared to the precursor observation of GRB211211A. The result shows that the energy
might be insufficient for binary strangeon-star case unless the entire solid strangeon star shatters, and hence
favors a black hole-strangeon star scenario for GRB211211A. The timescale of the precursor as well as the
frequency of the observed quasi-periodic-oscillation have also been discussed in the starquake model.

I. INTRODUCTION

It is well known that the puzzling nature of pulsar’s interior
is essentially relevant to the fundamental strong interaction at
low-energy scale, the challenging non-perturbative quantum
chromo-dynamics (or strong QCD [1]), but this unknown state
could be the first big problem to be solved in the era of multi-
messenger astronomy [2]. Besides the conventional neutron
star (NS) model, pulsars are proposed alternatively to be solid
strange stars [3] (or strangeon stars), and we are then develop-
ing a strangeon star model in order to understand extreme and
mysterious events in astrophysics. Certainly, quakes can nat-
urally occur on solid strangeon stars, and a giant quake model
has already been proposed for the super-flares of isolated soft
γ-ray repeaters [4]. Futhermore, tide-induced quakes in bi-
nary have also been discussed, appearing as so-called a sud-
den change in the tidal deformability at a certain breaking
frequency of gravitational wave (GW) [5]. Can tide-induced
quakes be manifest in the electromagnetic (EM) wave? This
is our focus here, and luckily, the precursor of GRB211211A
could be a typical example. In the future, more such events,
especially combined with the LVK-O4 observing run (e.g.,
[6]), would surely be expected.

Without doubt, the observation of GW170817 [7] together
with its EM counterparts GRB170817A and AT2017gfo [8]
has announced the birth of the multi-messenger astronomy
era. This event has largely enriched our knowledge on the
nature of short gamma-ray bursts (sGRB) [9, 10], the state of
matter at supranuclear densities [11–16] as well as the origin
of heavy elements in the Universe [17, 18]. The EM counter-
parts have been detected in almost every band from radio to
gamma ray, however, these observations all happen during the
post-merger phase. As an implementation, EM signals prior to

the merger (i.e., the precursor observation), if detected, could
significantly improve our understanding of the properties of
the merging objects, as well as improve the detection and lo-
calization of the following GW signal.

Interestingly, December 11th, 2021, a very pe-
culiar gamma-ray burst (GRB) has been detected by
Fermi/GBM [19], Swift/BAT [20] and Insight-HXMT/HE
(GRB211211A) [21]. An excess in optical/near-infrared has
been identified, the multi-band properties of which is quite
similar to that of AT2017gfo [22, 23]. Together with the
non-detection of a supernova at the GRB location, this GRB is
suggested to be associated with merger event involving a NS,
though the duration of the main emission is relatively longer
(∼ 8 s) compared with typical sGRBs. More intriguingly,
a fast rising and exponentially decaying precursor has been
observed approximately 1 s prior to the main emission. The
precursor lasts for ∼ 0.2 s and a quasi-periodic-oscillation
(QPO) with frequency ∼ 22Hz has been identified in it [23].

Following this interesting observation, various models have
been suggested to explain the precursor of GRB211211A.
Previous force-free simulations of NS magnetosphere have
shown that the interaction of the magnetic fields of two
inspiralling-in NSs could produce Poynting flux strong
enough to be observed as precursor emissions [24]. If a mag-
netar is involved in the merger event, a catastrophic flare of the
magnetar during the inspiral phase could also be the source of
the precursor [23, 25]. In addition, a resonant shattering of the
solid crust of the merging NSs is also invoked to explain the
observation, with certain demands on the NS spin and mag-
netic field [26].

In this paper, we come up with a starquake model to explain
the precursor of GRB211211A based on a solid strangeon star
scenario, in which the energy budget could be satisfied re-
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ABSTRACT
How the environment influences the most massive galaxies is still unclear. To explore the environmental ef-

fects on morphology and star formation in the most massive galaxies at high redshift, we select galaxies with
stellar mass log(M?/M�) > 11 at 0.5 < z < 2.5 in the COSMOS-DASH field, which is the largest field with
near-infrared photometrical observations using HST/WFC3 to date. Combining with the newly published COS-
MOS2020 catalog, we estimate the localized galaxy overdensity using a density estimator within the Bayesian
probability framework. With the overdensity map, no significant environmental dependence is found in the
distributions of Sérsic index and effective radius. When we consider the star formation state, galaxies in lower
density are found to have higher median specific star formation rate (sSFR) at 0.5 < z < 1.5. But for star-
forming galaxies only, sSFR is independent of the environment within the whole redshift range, indicating that
the primary effect of the environment might be to control the quiescent fraction. Based on these observations,
the possible environmental quenching process for these massive galaxies might be mergers.

Keywords: Galaxy structure (622); Galaxy environments (2029); Star formation (1569); Galaxy quenching
(2040)

1. INTRODUCTION

Galaxies can be broadly classified into two types accord-
ing to their star formation state and morphology: quiescent
galaxies (QGs) with little to no ongoing star formation activ-
ity, relatively red colors, and spheroid-dominated morpholo-
gies; and star-forming galaxies (SFGs) with active star for-
mation activity, fairly blue colors, and disk-dominated mor-
phologies(e.g., Strateva et al. 2001; Kauffmann et al. 2003;
Baldry et al. 2004; Bell 2008; van Dokkum et al. 2011;
Schawinski et al. 2014; Gu et al. 2018). In the past decade,
it has been well-studied that these galaxy types are related
to the local density (i.e., the galaxy environment) and stel-
lar mass (M?) of galaxies. Quiescent, spheroidal galaxies
are preferentially found in denser environments with a larger
stellar mass, while SFGs are preferentially found in fields
with a smaller stellar mass (e.g., Kauffmann et al. 2004;
Blanton & Moustakas 2009; Peng et al. 2010; Woo et al.
2013).

Physical mechanisms that quench galaxies can be broadly
classified into two types. The one is often referred to

∗ GuanWen Fang and Jie Song contributed equally to this work

as “mass quenching”, which is mainly driven by internal
physics (Peng et al. 2010). Possible mechanisms are feed-
backs from active galactic nuclei and supernovae, which
cease the star formation in galaxies by heating, expelling,
and consuming gas (e.g., Birnboim et al. 2007; Knobel et al.
2015; Terrazas et al. 2016). Besides internal physics, the ex-
ternal environment in which galaxies reside is expected as
another crucial factor that can influence galaxy evolution.
Higher-density environments can lead to enhanced merger
rates, which may lead to a fast quenching process and change
the shape and SFR of galaxies in a short timescale (e.g., Peng
et al. 2010; Faisst 2017).

Observations show that internal physics and the external
environment can affect galaxy formation and evolution. In
the local universe, star formation activities of galaxies are
closely related to their environments (e.g., van der Wel et al.
2007). The separable effects of stellar mass and environ-
ment on galaxy properties are discussed out to z ∼ 3 (e.g.,
Peng et al. 2010; Quadri et al. 2012; Muzzin et al. 2012;
Lee et al. 2015; Darvish et al. 2016). The denser environ-
ments generally tend to make galaxies older, redder, more
spheroidal, and less star-forming. Galaxy environments are
believed to have more significant impacts on low-mass galax-
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ABSTRACT

The Imaging X-ray Polarimetry Explorer (IXPE) observed the black hole X-ray binary 4U 1630–47

in the steep power law (or very high) state. The observations reveal a linear polarization degree of

the 2–8 keV X-rays of 6.8 ± 0.2% at a position angle of 21.◦3 ± 0.◦9 East of North (all errors at 1σ

confidence level). Whereas the polarization degree increases with energy, the polarization angle stays

constant within the accuracy of our measurements. We compare the polarization of the source in

the steep power-law state with the previous IXPE measurement of the source in the high soft state.

We find that even though the source flux and spectral shape are significantly different between the

high soft state and the steep power-law state, their polarization signatures are similar. Assuming that

the polarization of both the thermal and power-law emission components are constant over time, we

estimate the power-law component polarization to be 6.8–7.0% and note that the polarization angle of

the thermal and power-law components must be approximately aligned. We discuss the implications

for the origin of the power-law component and the properties of the emitting plasma.

Keywords: Polarimetry (1278) — X-ray astronomy (1810) — Stellar mass black holes (1611)
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ABSTRACT

We construct a new formulation that allows efficient exploration of steady-state accretion processes

onto compact objects. Accretion onto compact objects is a common scenario in astronomy. These

systems serve as laboratories to probe the nuclear burning of the accreted matter. Conventional stellar

evolution codes have been developed to simulate in detail the nuclear reactions on the compact objects.

In order to follow the case of steady burning, however, using these codes can be very expensive as they

are designed to follow a time-dependent problem. Here we introduce our new code StarShot, which

resolves the structure of the compact objects for the case of stable thermonuclear burning, and is

able to follow all nuclear species using an adaptive nuclear reaction network and adaptive zoning.

Compared to dynamical codes, the governing equations can be reduced to time-independent forms

under the assumption of steady-state accretion. We show an application to accreting low mass X-ray

binaries (LMXBs) with accretion onto a neutron-star as compact object. The computational efficiency

of StarShot allows to to explore the parameter space for stable burning regimes, and can be used to

generate initial conditions for time-dependent evolution models.

Keywords: methods: numerical — nuclear reactions, nucleosynthesis, abundances— stars: neutron —

X-rays: binaries

1. INTRODUCTION

In low-mass X-ray binaries (LMXBs), compact ob-

jects accrete material from their companion stars, which

have masses of . 1 M�, due to Roche-Lobe overflow.

Type I (thermonuclear) X-ray bursts can occur when

the accumulated fuel becomes hot and dense enough to

encounter thermonuclear runaway. They are the most

frequent natural thermonuclear explosions in the Uni-

verse. The first observations of these nuclear flashes

were made by Grindlay et al. (1976) and Belian et al.

(1976) in the 1970s. Since then, the number of known

burst sources has grown significantly. Nowadays, more

than seven thousand examples can be found in multi-

instrument catalogues (e.g. Galloway et al. 2020). They

show a variety of properties in terms of duration, recur-

rence time, and energy released.

Episodes of stable nuclear burning, during which no

bursts are observed, is likely to occur at high base heat-

ing, which is the amount of heating from the neutron

star crust, as well as at high accretion rates (Keek &

Heger 2016). It is because the temperature-dependence

of nuclear reactions saturates at high temperature, and

therefore energy generation is compensated by radiative

and neutrino cooling (Bildsten 1998). The thermal prop-

erties of neutron star envelopes are therefore favourable

of quenching the bursts by stable burning. The cooling

phase of neutron stars post-outburst also provides op-

portunities to probe the thermal properties and compo-

sitions of the neutron star crust and ocean (e.g. Brown

& Cumming 2009). The large observational database

implies that we do have lots of samples to compare to

the developed theory.

Simulations of the thermonuclear burning on neutron

star surface have also been developed over decades in

an attempt to reproduce the behaviour of Type I X-ray

bursts. Initially, Paczynski (1983) proposed the idea of

modelling the bursts using a one-zone model, in which

only a thin shell of fuel layer is considered for nuclear

energy generation and cooling with radiative diffusion.

The simulations have later been developed to be one-
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ABSTRACT

We study signatures of primordial non-Gaussianity (PNG) in the redshift-space halo field on non-

linear scales, using a combination of three summary statistics, namely the halo mass function (HMF),

power spectrum, and bispectrum. The choice of adding the HMF to our previous joint analysis of

power spectrum and bispectrum is driven by a preliminary field-level analysis, in which we train graph

neural networks on halo catalogues to infer the PNG fNL parameter. The covariance matrix and the

responses of our summaries to changes in model parameters are extracted from a suite of halo catalogues

constructed from the Quijote-png N-body simulations. We consider the three main types of PNG:

local, equilateral and orthogonal. Adding the HMF to our previous joint analysis of power spectrum

and bispectrum produces two main effects. First, it reduces the equilateral fNL predicted errors by

roughly a factor 2, while also producing notable, although smaller, improvements for orthogonal PNG.

Second, it helps break the degeneracy between the local PNG amplitude, f local
NL , and assembly bias,

bφ, without relying on any external prior assumption. Our final forecasts for PNG parameters are

∆f local
NL = 40, ∆f equil

NL = 210, ∆fortho
NL = 91, on a cubic volume of 1 (Gpc/h)

3
, with a halo number

density of n̄ ∼ 5.1× 10−5 h3Mpc−3, at z = 1, and considering scales up to kmax = 0.5 hMpc−1.

1. INTRODUCTION

The presence of a certain degree of non-Gaussianity

(NG) in the primordial cosmological perturbation field

is a general prediction of both inflationary and other

early Universe scenarios. In addition, both the level

of the predicted NG signal and the shape of the ex-

pected NG signatures are significantly model dependent.

This makes primordial non-Gaussianity (PNG) a power-

ful tool to constrain inflation, or alternative primordial

models, and to provide clues about physics at very high

energy scales.

From an observational point of view, the challenging

aspect of any PNG analysis is that the expected NG

signatures are very small and the optimal statistic that

maximizes their signal-to-noise ratio is unknown from

low-redshift observables. Indeed, to date there has been

no experimental detection of a PNG signal, although

significant constraints have been placed using Cosmic

Microwave Background (CMB) data; the CMB is an

ideal observable for PNG studies, since it formed at

early times, when cosmological perturbations where still

in the linear regime, hence preserving the statistical fea-

tures of the primordial fluctuation field. The most pre-

cise results currently come from the analysis of Planck

CMB data, which produced an upper bound on the level

of PNG at roughly less than 0.1% than the amplitude

of the Gaussian component of the field (Akrami et al.

2020).
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ABSTRACT

The environment of gamma-ray burst (GRB) has an important influence on the evolution of jet dy-

namics and of its afterglow. Here we investigate the afterglow polarizations in a stratified medium with
the equal arrival time surface (EATS) effect. Polarizations of multi-band afterglows are predicted.

The effects of the parameters of the stratified medium on the afterglow polarizations are also investi-

gated. We found the influences of the EATS effect on the afterglow polarizations become important

for off-axis detections and PD bumps move to later times with the EATS effect. Even the magnetic

field configurations, jet structure and observational angles are fixed, polarization properties of the jet
emission could still evolve. Here, we assume a large-scale ordered magnetic field in the reverse-shock

region and a two-dimensional random field in the forward-shock region. Then PD evolution is mainly

determined by the evolution of f32 parameter (the flux ratio between the reverse-shock region and

forward-shock region) at early stage and by the evolution of the bulk Lorentz factor γ at late stage.
Through the influences on the f32 or γ, the observational energy band, observational angles, and the

parameters of the stratified medium will finally affect the afterglow polarizations.

Keywords: Gamma-ray bursts (629); magnetic fields (994);

1. INTRODUCTION

Short-duration gamma-ray bursts (sGRBs) are proved to be originated from the mergers of the double compact

objects (Abbott et al. 2017), while long-duration gamma-ray bursts (lGRB) are associated with collapse of massive
stars (Mazzali et al. 2003). So the environments of sGRBs would be the interstellar medium (ISM), while they could

be the stellar wind for lGRBs. However, the works (Yi et al. 2013) had suggested that the environments of GRBs

would be neither a uniform ISM with a constant density nor a stellar wind with a number density n(r) proportional

to r−2. Assuming a power-law profile of the environment density, i.e., n(r) ∝ r−k, it is found that the typical value of

k is ∼ 1 (Yi et al. 2013).
Since there might be large-scale ordered magnetic field in the reverse-shock region, carried out with the outflow

from the central engine, the emission from the reverse-shock region would be highly polarized. The profiles of the

GRB environments would affect the dynamics and the emission during afterglow phase. Besides the forward shock

emission, the contribution of emission from the reverse-shock region to the total jet emission would also be affected by
the environment (Kobayashi 2000; Chevalier & Li 2000; Wu et al. 2003). Therefore, the environment may affect the

polarizations of early afterglow. Because of relativistic motion, radiations at different radius r will arrive the observer

at same observational time t and the locus of these radii forms the equal arrival time surface (EATS, Sari (1998)).

EATS effect would become important for a stratified medium. Therefore, afterglow polarizations with EATS effect

should be investigated.
Afterglow polarization had been investigated widely in the literature. Polarization of the jet emission in a three-

dimensional anisotropic random magnetic field were considered by Sari (1999) and Gruzinov (1999). The afterglow

polarizations with various jet structure were studied by Rossi et al. (2004), Lazzati et al. (2004), Wu et al. (2005), and

Lan et al. (2018). Granot & Königl (2003) discussed the afterglow polarizations with an large-scale ordered magnetic
field component in the ambient medium. Lazzati et al. (2004) had also discussed the late-time afterglow polarization

with a toroidal magnetic field component in the shocked ISM. Afterglow polarizations considering both the reverse-

http://arxiv.org/abs/2305.10590v1
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ABSTRACT

Global stellar oscillations probe the internal structure of stars. In low- to intermediate-mass red giants, these oscillations provide

signatures from both the outer regions of the star as well as from the core. These signatures are imprinted in e.g. the frequency of

maximum oscillation power, and in the differences in periods of non-radial oscillations (period spacings), respectively. In core

helium burning giants with masses below about 1.7 solar masses, i.e. stars that have gone through a helium flash, the asymptotic

period spacings take values of about 220 –350 s at frequency of maximum oscillation power of ∼30–50 `Hz. A set of stars with

asymptotic period spacings lower than about 200 s at similar frequencies separations has recently been discovered by Elsworth

and collaborators. In this work, we present a hypothesis for the formation scenario of these stars. We find that these stars can be

the result of a mass-loss event at the end of the red-giant branch phase of stars massive enough to not have a degenerate core, i.e.

one of the scenarios to form hot subdwarf stars. Therefore, these stars can be classified as ‘hot subdwarf analogues’. Interestingly,

if mass loss continues gradually during the core helium burning phase, these stars turn hotter and denser, and could, therefore,

be hot subdwarf progenitors as they shed more of their envelope.

Key words: Asteroseismology (73) – Stellar astronomy (1583) – Stellar oscillations (1617) – Astronomy data modeling (1859)

– Stellar physics (1621) – Stellar structures (1631) – Stellar evolutionary models (2046) – Stellar evolution (1599) – Stellar

properties (1624) – Stellar masses (1614)

1 INTRODUCTION

Over the past decade or so, asteroseismology of evolved solar-like

oscillators has provided tools to extract information about stars in an

unprecedented way. It is now possible to obtain global asteroseismic

stellar parameters (e.g. Yu et al. 2018, and references therein) as well

as information from the core (e.g. Bedding et al. 2011; Cunha et al.

2015; Mosser et al. 2015; Hekker et al. 2018). This opens pathways

for investing and improving our understanding of stellar structure

and evolution. One of these is to test whether the canonical physics

included in our models is adequate and sufficient, or if non-canonical

physics needs to be included.

Recent studies have provided evidence that asteroseismology is in-

deed capable of identifying stars that have undergone non-canonical

evolution. For instance, Rui & Fuller (2021); Deheuvels et al. (2022)

showed that a subset of subgiant/low luminosity red-giant stars with

high mass and period spacings that are lower than those predicted

by canonical evolution can be explained by gaining mass through

a merger or mass transfer scenario. On the other side of the spec-

★ E-mail: saskia.hekker@h-its.org
† Klaus Tschira guest professor at the Heidelberg Institute for Theoretical

Studies (HITS)

trum, Li et al. (2022) explained the ‘underluminous’ and extremely

low-mass giants as the products of mass loss.

In this work, we are specifically examining a subset of stars that

were identified by Elsworth et al. (2023, hereafter Paper I) as red-

clump stars that have a period spacing lower than expected. In Paper I,

it is suggested that these could be stars with a genuinely low period

spacing value, i.e., these stars have a core that is different from

the majority of stars of that mass, or stars exhibiting fast rotation.

Here, we investigate the former. Normally, stars that have a mass low

enough to have the onset of He burning in the core through a flash end

up in the red clump (RC). During this core helium burning (CHeB)

phase, the stars exhibit an asymptotic period spacing (ΔΠ)1 in a range

between roughly 220 s and 350 s at a large frequency separation (Δa)2

in the range 3.5-5 `Hz. More massive stars have a more gradual

onset of He burning, and have a somewhat lower period spacing and

a higher value for the large frequency separation in the range 5-9 `Hz

1 Throughout the paper, we are dealing only with ΔΠ1, i.e. the asymptotic

period spacing of the dipole (ℓ = 1) modes, and leave out the subscript for

simplicity.
2 The large frequency separation is the frequency between modes of the same

degree and consecutive radial orders.

© 2015 The Authors
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ABSTRACT

Galaxies exhibiting a specific large-scale extended radio emission, such as X-shaped radio galaxies, belong to a rare class
of winged radio galaxies. The morphological evolution of these radio sources is explained using several theoretical models,
including galaxy mergers. However, such a direct link between a perturbed radio morphology and a galaxy merger remains
observationally sparse. Here we investigate a unique radio galaxy J1159+5820, whose host CGCG 292-057 displays the optical
signature of a post-merger system with a distinct tidal tail feature, and an X-shaped radio morphology accompanied by an
additional pair of inner lobes. We observed the target on a wide range of radio frequencies ranging from 147 MHz to 4959 MHz,
using dedicated GMRT and VLA observations, and supplemented it with publicly available survey data for broadband radio
analysis. Particle injection models were fitted to radio spectra of lobes and different parts of the wings. Spectral ageing analysis
performed on the lobes and the wings favors a fast jet realignment model with a reorientation timescale of a few million years.
We present our results and discuss the possible mechanisms for the formation of the radio morphology.

Key words: radiation mechanisms: non-thermal - galaxies: active - galaxies: individual: CGCG297-057 - galaxies: peculiar -
galaxies: jets - radio continuum: galaxies

1 INTRODUCTION

Highly collimated large-scale radio galaxy (RG) jets are formed from
the relativistic outflows of charged particles and magnetic fields from
the synchrotron emitting plasma of the active galactic nucleus (AGN).
These jets ranging from a few kpc to Mpc in size are known to strik-
inglymaintain their jet axis direction for almost 108 years (Machalski
et al. 2009; Machalski et al. 2021), or even 109 years, as in the case
of some giant RGs (Hurley-Walker et al. 2015; Shulevski et al. 2019).
The typical hosts for RGs are giant ellipticals, and the most common
mechanism for growing massive galaxies is galaxy mergers. Merg-
ers invigorate galaxies with a fresh supply of gas and dust and can
trigger AGN activity around the supermassive black hole (SMBH),
ultimately playing a key rôle in explaining the growth of the SMBH
at the center of most active galaxies (Bessiere et al. 2012; Cotini
et al. 2013; Ellison et al. 2019). A subset of such interactions can
also take place in galaxies containing AGNs with radio jets, lead-
ing to non-standard radio morphologies as seen in the case of e.g.
3C 321 (Evans et al. 2008), an FRII (Fanaroff & Riley 1974) type
RG where one of the jets undergoes bending after interacting with
a nearby companion galaxy going through a merger with its host. A
similar but more severe bending of the jets is observed in the case
of 3C 433 (van Breugel et al. 1983), which is a part of an inter-
acting galaxy pair. During the merger process, the central AGN is
bound to undergo disturbances and perturbations, and studying radio

★ E-mail: arpita.misra@doctoral.uj.edu.pl

jets associated with such galaxies can act as an excellent tracer for
understanding the central SMBH behavior.

The discovery of X-shaped radio sources (Florido et al. 1990;
Leahy & Parma 1992; Capetti et al. 2002) poses a challenge towards
understanding the dynamic interplay between radio jets, the central
active region, and the intergalactic medium (IGM). The class of X-
shaped RGs mainly consists of two misaligned pairs of lobes, the
second pair having a relatively different orientation than the primary
lobe, with the typical examples being 3C 223.1 and 3C 403 (Dennett-
Thorpe et al. 2002). There are a few models that account for the
formation of such sources, including (i) hydrodynamical backflow,
where the secondary pair of lobes are formed by the backflow of the
primary lobe that is deflected by the hot gas halo of the host galaxy
(Leahy & Williams 1984; Worrall et al. 1995; Cotton et al. 2020);
(ii) spin flip of the primary black hole and quick realignment in a
post-merger system (Rottmann 2002; Merritt & Ekers 2002); (iii)
presence of a dual AGN with two independent pairs of jets ( Lal &
Rao 2005; Cheung 2007; Yang et al. 2022); (iv) the projection due to
a precessing beam (Ekers et al. 1978; Parma et al. 1985); and (v) the
jet-shell interaction in a merged galaxy (Gopal-Krishna et al. 2012).
The list of such objects has so far constituted a small fraction of radio
sources (Cheung 2007;Mezcua et al. 2012; Saripalli &Roberts 2018;
Yang et al. 2019) but with new highly resolved deep-sky surveys, X-
shaped sources are found at an ever-increasing rate.

RGs usually go through an initial phase of jet activity, lasting
between ∼107 and ∼109 years (Cordey 1986; Parma et al. 1999;
Parma et al. 2007), followed by a period of quiescence. However, in

© 2023 The Authors
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Review

The LHAASO PeVatron bright sky: what we learned
Martina Cardillo 1 * and Andrea Giuliani 2
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Abstract: The recent detection of 12 γ-ray Galactic sources well above E > 100 TeV by the LHAASO 1

observatory has been a breakthrough in the context of Cosmic Ray (CR) origin search. Although most of 2

these sources are unidentified, they are often spatially correlated with leptonic accelerators, like pulsar 3

and pulsar wind nebulae (PWNe). This dramatically affects the paradigm for which a γ-ray detection at 4

E > 100 TeV implies the presence of a hadronic accelerator of PeV particles (PeVatron). Moreover, the 5

LHAASO results support the idea that sources other than the standard candidates, Supernova Remnants, 6

can accelerate Galactic CRs. In this context, the good angular resolution of future Cherenkov telescopes, 7

such as the ASTRI Mini-Array and CTA, and the higher sensitivity of future neutrino detectors, such as 8

KM3NeT and IceCube-Gen2, will be of crucial importance. In this brief review, we want to summarize 9

the efforts done up to now, from both theoretical and experimental points of view, to fully understand the 10

LHAASO results in the context of the CR acceleration issue. 11

Keywords: Very High Energy; PeVatrons; Galactic Cosmic Rays; Cherenkov Telescopes 12

1. Introduction 13

The origin of Cosmic Rays (CRs) is among the most studied topics in High-Energy (HE) 14

astrophysics. CRs are relativistic particles, mainly protons (92%) and ions, that fill our Galaxy. 15

Their very extended spectrum spans from a few MeV to beyond 1020 eV (see Fig.1, left). 16

Historically, it was described by a single power-law with an index α = 2.7 up to the so 17

called "knee" (∼ 3× 1015 eV), due to Galactic CR contribution. However, the recent results of 18

CALET/DAMPE show that the region below 1 PeV may not be as featureless as we thought, 19

showing hardening and steepening between 100 GeV and 100 TeV [1–5] (see Fig.1, right). After 20

the "knee", there is a spectral steepening (α = 3.1) up to the so-called "ankle" (∼ 3× 1018 eV), 21

where the spectrum hardens again, likely due to the emerging contribution of the extra-galactic 22

component. A "second knee" at ∼ 1017 eV is probably due to heavy nuclei and, according to 23

the last experimental results, the transition from Galactic to the extra-Galactic component is 24

likely between the "second knee" and the "ankle" energies [6–8]. 25

The complexity of the CR spectrum perfectly fits in the HE Astrophysics context of these 26

last years, especially after the last results of the LHAASO Observatory. 27

1.1. Status of the field before the LHAASO results 28

One of the main channels to investigate the nature of Galactic CRs and their features is 29

the non-thermal HE (E > 100 MeV) γ-ray emission, produced either by electrons, mainly by 30

Bremsstrahlung and Inverse Compton (IC) processes, and by protons via pion decay from p-p 31

and p-γ interactions. The discrimination between the two main types of processes, leptonic 32

or hadronic, is at the base of CR acceleration phenomena. The γ-raydetection of the so called 33

Version May 19, 2023 submitted to Journal Not Specified https://www.mdpi.com/journal/notspecified
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ABSTRACT
We present the results of deep, ground based U-band imaging with the Large Binocular Telescope of the

Cosmic Evolution Survey (COSMOS) field as part of the near-UV imaging program, UVCANDELS. We utilize
a seeing sorted stacking method along with night-to-night relative transparency corrections to create optimal
depth and optimal resolution mosaics in the U -band, which are capable of reaching point source magnitudes of
AB∼26.5 mag at 3σ. These ground-based mosaics bridge the wavelength gap between the HST WFC3 F275W
and ACS F435W images and are necessary to understand galaxy assembly in the last 9-10 Gyr. We use the
depth of these mosaics to search for the presence of U -band intragroup light (IGrL) beyond the local Universe.
Regardless of how groups are scaled and stacked, we do not detect any U -band IGrL to unprecedented U-band
depths of ∼29.1–29.6 mag arcsec−2, which corresponds to an IGrL fraction of . 1% of the total group light.
This stringent upper limit suggests that IGrL does not contribute significantly to the Extragalactic Background
Light at short wavelengths. Furthermore, the lack of UV IGrL observed in these stacks suggests that the atomic
gas observed in the intragroup medium (IGrM) is likely not dense enough to trigger star formation on large
scales. Future studies may detect IGrL by creating similar stacks at longer wavelengths or by pre-selecting
groups which are older and/or more dynamically evolved similar to past IGrL observations of compact groups
and loose groups with signs of gravitational interactions.

Keywords: Galaxy groups, Astronomical Techniques

1. INTRODUCTION

The hierarchical structure of galaxy formation predicts that
large structures in the Universe form through the merging of

Corresponding author: Tyler McCabe
tyler.mccabe@asu.edu

smaller halos which began as small overdensities (White &
Rees 1978; White & Frenk 1991; Springel et al. 2005; De Lu-
cia et al. 2006). As a result, the majority of galaxies today are
observed to be located in group environments which reside in
dark matter halos with masses between 1012–1014 M�(Tully
1987; Karachentsev et al. 2004). Groups have therefore been
of particular interest in hopes of understanding how group
environments impact galaxy evolution. In order to fully char-
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Fast particle acceleration in 3D hybrid simulations of quasi-perpendicular shocks
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We use hybrid (kinetic ions—fluid electrons) kinetic simulations to investigate particle acceleration
and magnetic field amplification at non-relativistic, weakly magnetized, quasi-perpendicular shocks.
Unlike 2D simulations, 3D runs show that protons develop a non-thermal tail spontaneously (i.e.,
from the thermal bath and without pre-existing magnetic turbulence). They are rapidly accelerated
via shock drift acceleration up to a maximum energy determined by their escape upstream.

INTRODUCTION

Understanding the conditions conducive to particle ac-
celeration at collisionless, non-relativistic shocks is im-
portant for the origin of cosmic rays and for understand-
ing the phenomenology of heliospheric shocks, novae,
supernova remnants (SNRs), winds and lobes of active
galaxies, and galaxy cluster.

Energization at shocks proceeds mainly via diffusive
shock acceleration (DSA) [1–4]: particles are scattered
back and forth across the discontinuity, gaining energy
via a series of first-order Fermi cycles. The maximum
attainable energy is determined by the rate of scattering
and hence on the level of magnetic perturbations [5–7].

To self-consistently take into account the non-linear in-
terplay between particle injection/acceleration and self-
generated magnetic turbulence at non-relativistic shocks,
numerical kinetic simulations are necessary. Full particle-
in-cells (PIC) simulations have captured ion and electron
DSA at quasi-parallel shocks, i.e., when the angle be-
tween the background field B0 and the shock normal is
ϑBn

<∼ 45◦ [8–10]. Simulations of (quasi-)perpendicular
shocks (ϑBn ≈ 90◦) have been performed in 1D [e.g., 11–
13], 2D [e.g., 14–17], and 3D [e.g., 18], but evidence of
DSA has been elusive. Also at relativistic shocks DSA
is more efficient for quasi-parallel configurations [19, 20],
unless the shock magnetization is sufficiently low, which
makes DSA possible, though rather slow [21].

Full-PIC simulations can cover only a limited range of
time/space scales. Hybrid simulations with kinetic ions
and fluid electrons [e.g., 22, 23] can tackle more macro-
scopic systems and have been pivotal in advancing our
understanding of ion DSA at non-relativistic shocks. 2D
runs have shown that thermal ions can be spontaneously
injected into DSA at quasi-parallel shocks [24–34], but in-
jection of ions at oblique and quasi-perpendicular shocks
has been more problematic. Test-particle and Monte
Carlo calculations with prescribed strong scattering seem
conducive to ion injection [35–37], but no self-consistent
kinetic simulation has reported DSA tails. Nevertheless,
hybrid simulations augmented with upstream magnetic
fluctuations with long-wavelength and large amplitudes

[38] suggest that quasi-perpendicular shocks may be effi-
cient ion accelerators. In general, when magnetic turbu-
lence is seeded by hand in the pre-shock medium [36, 39],
or when energetic seeds are added [32], DSA may oc-
cur for arbitrary inclinations, though with efficiency and
spectra that are not universal but depend critically on
the ad-hoc prescriptions for the pre-existing seeds and
turbulence.

It has been recognized that systems with reduced di-
mensionality artificially suppress particle diffusion across
field lines [36, 40, 41], which likely explains why 1D/2D
simulations fail to produce non-thermal tails. The ques-
tion remains of whether, and under which conditions, 3D
cross-field diffusion of supra-thermal particles can lead to
spontaneous injection into DSA.

In this letter we use hybrid simulations to explore
quasi-perpendicular shocks from the magnetized to the
weakly-magnetized regime, finding that also for non-
relativistic shocks ion acceleration is naturally unlocked
if the ordered magnetic field is sufficiently low and the
full 3D dynamics is retained.

SIMULATION SETUP

Simulations are performed with the dHybridR code
[42], here used in the non-relativistic regime [43]. We
send a supersonic flow with speed vsh against a reflect-
ing wall (left boundary), which produces a shock moving
right into a quasi-perpendicular B0 field with ϑBn = 80◦.

TABLE I. Left: Parameters for the runs in the paper; inclina-
tion is fixed to ϑBn = 80◦. Right: corresponding acceleration
efficiency, ε, and energy spectral index, α.

Run M x[di] ∆t[ω−1
c ] ε (> 10Esh) α

A 20 5000 7.5 ×10−3 4% 3.7

B 30 5000 4 ×10−3 8% 3.1

C 40 5000 1.5 ×10−3 11% 2.9

D 50 5000 1.5 ×10−3 17% 2.7

E 100 10000 7.5 ×10−4 30% 1.5
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Gravitational wave (GW) sources at cosmological distances can be used to probe the expansion rate of the
Universe. GWs directly provide a distance estimation of the source but no direct information on its redshift. The
optimal scenario to obtain a redshift is through the direct identification of an electromagnetic (EM) counterpart
and its host galaxy. With almost 100 GW sources detected without EM counterparts (dark sirens), it is becoming
crucial to have statistical techniques able to perform cosmological studies in the absence of EM emission.
Currently, only two techniques for dark sirens are used on GW observations: the spectral siren method, which is
based on the source-frame mass distribution to estimate conjointly cosmology and the source’s merger rate, and
the galaxy survey method, which uses galaxy surveys to assign a probabilistic redshift to the source while fitting
cosmology. It has been recognized, however, that these two methods are two sides of the same coin. In this
paper, we present a novel approach to unify these two methods. We apply this approach to several observed GW
events using the glade+ galaxy catalog discussing limiting cases. We provide estimates of the Hubble constant,
modified gravity propagation effects, and population properties for binary black holes. We also estimate the
binary black hole merger rate per galaxy to be 10−6 − 10−5yr−1 depending on the galaxy catalog hypotheses.

I. INTRODUCTION

Compact binary coalescences (CBCs) detected via gravi-
tational waves (GWs) are rapidly becoming a central tool to
study cosmology. GWs directly provide the luminosity dis-
tance of the source, but they are unable to provide the cos-
mological redshift estimation that is required to measure the
cosmic expansion. An estimation of the source redshift could
be obtained from the observation of an electromagnetic coun-
terpart (EM) as occurred in the case of the binary neutron star
merger GW170817 [1, 2] observed by the LIGO [3] and Virgo
[4] GW detectors. However, most of the sources currently de-
tected are binary black holes (BBHs) [5] which are not ac-
companied by an EM counterpart. In order to exploit this
population of “dark sirens” for cosmological studies several
methods have been proposed. In this study, we focus on two
methods which, however, as we will see, are not independent:
the galaxy catalog method and the spectral siren method. Ad-
ditional methods to assign an implicit redshift from the GW
alone include the “cross-correlation method”, which explores
the spatial clustering between GW sources and galaxies [6–
10], and the “Equation of State method”, which uses the mea-
surement of tidal deformability of neutron stars and knowl-
edge of their Equation of State [11, 12]. For a review on these
methods, see [13].

∗ simone.mastrogiovanni@roma1.infn.it

The galaxy catalog method, also referred to as the “statisti-
cal method”, consists in using galaxy catalogs to statistically
assign a host galaxy, hence a redshift, to the GW event [14–
16]. This method has been applied in recent studies [17–22]
using various galaxy catalogs. One of the main bottlenecks
of this method is the fact that at high redshift galaxy cata-
logs are not complete and therefore could not bring any rel-
evant information on the source redshift. The galaxy catalog
method also makes assumptions about the source frame mass
distribution that we comment on more in detail later. Another
method used in the literature is the spectral siren method [23–
32] which aims at obtaining a redshift estimate for the GW
sources from the relation between source-frame masses and
detector-frame masses. In fact, it is possible to obtain a con-
straint on cosmology by jointly fitting for the population dis-
tribution of source-frame masses. The spectral siren method
comes with the price of assuming a functional form and some
priors for the source-frame mass distribution. In particular,
wrong modeling of the population distribution of dark sirens
(in particular source-frame masses) can introduce a bias in the
estimation of the cosmological parameters [27].

As discussed in [27], the galaxy catalog method is in fact
a particular extension of the spectral siren method in which
additional information from galaxy surveys is encoded. The
galaxy catalog method requires the definition of a source-
frame mass distribution, or more generally a population model
for the CBCs. Assumptions about the population of sources
typically enter the galaxy catalog method in two ways: (i)
they provide a systematic preference among host candidates
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Precise self-calibration of interloper bias in spectroscopic surveys
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ABSTRACT
Interloper contamination due to line misidentification is an important issue in the future low-resolution spectroscopic surveys.We
realize that the algorithm previously used for photometric redshift self-calibration, with minor modifications, can be particularly
applicable to calibrate the interloper bias. In order to explore the robustness of the modified self-calibration algorithm, we
construct the mock catalogues based on China Space Station Telescope (CSST), taking two main target emission lines, H𝛼 and
[O iii]. The self-calibration algorithm is tested in cases with different interloper fractions at 1 per cent, 5 per cent and 10 per
cent. We find that the interloper fraction and mean redshift in each redshift bin can be successfully reconstructed at the level
of ∼ 0.002 and ∼ 0.001(1 + 𝑧), respectively. We also find the impact of the cosmic magnification can be significant, which is
usually ignored in previous works, and therefore propose a convenient and efficient method to eliminate it. Using the elimination
method, we show that the calibration accuracy can be effectively recovered with slightly larger uncertainty.

Key words: methods: data analysis – line: identification – large-scale structure of Universe.

1 INTRODUCTION

Spectroscopic surveys can be very powerful to explore the formation
and evolution of galaxies and the large-scale structure (LSS), and
study the properties of dark matter and dark energy. There are sev-
eral ongoing and upcoming spectroscopic surveys to observe larger
and deeper maps of sky, such as the Nancy Grace Roman Space
Telescope (RST; Spergel et al. 2015), the Prime Focus Spectrograph
(PFS; Takada et al. 2014), the Hobby–Eberly Telescope Dark En-
ergy Experiment (HETDEX; Hill et al. 2008), the Euclid (Laureĳs
et al. 2011), the Dark Energy Spectroscopic Instrument (DESI; DESI
Collaboration et al. 2016a,b), and the China Space Station Telescope
(CSST; Gong et al. 2019).
Many of the spectroscopic surveys will obtain spectrumwith lower

signal-to-noise ratio (S/N) to observe more galaxies at higher red-
shift, and the redshifts are likely determined by only a single emission
line operating near the minimum acceptable S/N (e.g., HETDEX,
RST, Euclid, and CSST). Thus, one important systematic effect is
interloper contamination due to misidentified emission lines. Pullen
et al. (2016) found that the interlopers can be effectively removed in
the surveys with high spectral resolution by secondary line identifi-
cation or finding correlated emission lines, but should be seriously
considered in the low-resolution spectroscopic surveys. It has been
shown that interlopers can significantly degrade the cosmological
constraints from the measurements of power spectrum, correlation
function, redshift-space distortions (RSD), baryon acoustic oscilla-
tions (BAO), weak lensing, and etc (e.g., Pullen et al. 2016; Leung
et al. 2017; Addison et al. 2019; Grasshorn Gebhardt et al. 2019;
Awan & Gawiser 2020; Massara et al. 2021).
Several methods have been proposed to vanish the impact of in-

★ E-mail: yuyu22@sjtu.edu.cn

terlopers, such as combination with photometry (Kirby et al. 2007)
and Bayesian framework based on prior assumptions on the luminos-
ity functions and equivalent width distributions of galaxies (Leung
et al. 2017). The measured correlation functions and power spectra
are found to be significantly affected by the presence of interlopers
and can be used to put constraints on it. In Grasshorn Gebhardt et al.
(2019), they present a proof of concept for the constraints on the inter-
loper fractions by including its effects in the modelling of the galaxy
auto- and cross-power spectra of the main and the interloper sam-
ples. An alternative approach is to minimize the residual difference
between the observed cross-correlation multipoles and the predicted
cross-correlation multipoles of the two samples (Farrow et al. 2021).
Besides, Gong et al. (2021) proposed that the galaxy-galaxy cor-
relation between two particular observed redshift bins can be also
explored to obtain the interloper fraction. Similarly, a method is pre-
sented in Foroozan et al. (2022) that fits a model for the monopole
and quadrupole moments of the contaminated correlation function
with a free parameter for the interloper fraction.

In this paper, we also focus on the galaxy-galaxy correlation be-
tween redshift bins, similar to the input used in Gong et al. (2021).
The straightforward approximate calculation with the ratio of an-
gular correlation functions made in Gong et al. (2021) results in a
relatively large and unstable error in the reconstruction accuracy,
especially for the cases with large interloper fractions. We attempt
to take one step further, to extend the interloper fraction estimates
to a higher precision, meeting the requirements of the analyses in
future spectroscopic surveys. The theory of this method is almost
the same as the one used in self-calibrating the photometric redshift
errors (Schneider et al. 2006; Benjamin et al. 2010; Zhang et al.
2010, 2017; Schaan et al. 2020; Peng et al. 2022; Xu et al. 2023). In
both cases, the cross correlations between different observed redshift
bins come from the redshift error. Since the principle is the same,

© 2023 The Authors
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ALMA and Keck analysis of Fomalhaut field sources: JWST’s Great Dust
Cloud is a background object
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ABSTRACT
At 7.7 pc, the A-type star Fomalhaut hosts a bright debris disk with multiple radial components. The disk is eccentric and
misaligned, strongly suggesting that it is sculpted by interaction with one or more planets. Compact sources are now being
detected with JWST, suggesting that new planet detections may be imminent. However, to confirm such sources as companions,
common proper motion with the star must be established, as with unprecedented sensitivity comes a high probability that planet
candidates are actually background objects. Here, ALMA and Keck observations of Fomalhaut are found to show significant
emission at the same sky location as multiple compact sources in JWST MIRI coronagraphic observations, one of which has
been dubbed the "Great Dust Cloud" because it lies within the outer belt. Since the ground-based data were obtained between
6 to 18 years prior to the JWST observations, these compact sources are unlikely to be common proper motion companions to
Fomalhaut. More generally, this work illustrates that images collected at a range of wavelengths can be valuable for rejecting
planet candidates uncovered via direct imaging with JWST.

Key words: stars: individual: Fomalhaut – optical: planetary systems– infrared: planetary systems – submillimetre: planetary
systems

1 INTRODUCTION

Fomalhaut is a bright (𝑚𝑉 =1.16 mag) nearby (7.7 pc) A-type star
known to host a bright circumstellar dust disk (Gillett 1986). The
system has been studied in detail for decades, yielding optical images
of dust-scattered light and a possible planet candidate (Kalas et al.
2005, 2008), and far-infrared and mm-wave images of dust thermal
emission (e.g. Holland et al. 2003; Stapelfeldt et al. 2004;MacGregor
et al. 2017) and gas (Matrà et al. 2017).
A key question for Fomalhaut, as with all stellar systems, is “where

are the planets?”While in the past such a questionmight have seemed
to be optimistic, the Kepler mission (Borucki et al. 2003) has proven
beyond doubt that planets are common. In addition, Fomalhaut’s
bright debris ring is eccentric (Kalas et al. 2005), for which the
simplest explanation is that the ring material is perturbed by an
eccentric planet (Wyatt et al. 1999). Thus, this system has been, and
will continue to be, a prime target in the ongoing search for planets
that can be directly imaged.
The possibility of planets has also been highlighted by new images

presented by Gáspár et al. (2023) from the Mid-Infrared Instrument
(MIRI; Wright et al. 2008) on the James Webb Space Telescope
(JWST; Gardner et al. 2006). These data show that the Fomalhaut
disk has additional structure that has not been previously resolved.

★ E-mail: g.kennedy@warwick.ac.uk

While an asteroid belt analog (ABA) at ∼11 au has long been known
to exist (e.g. Stapelfeldt et al. 2004; Acke et al. 2012; Su et al. 2013)
and is confirmed with JWST, the images reveal a previously unseen
intermediate belt at ∼90 au that may be misaligned with the outer
belt. The outer belt at ∼140 au is dubbed the Kuiper Belt Analog
(KBA) by Gáspár et al. (2023). With a series of radially nested
belts that are separated by gaps, Fomalhaut somewhat resembles an
eccentric and misaligned version of the ringed protoplanetary disks
(e.g. ALMA Partnership et al. 2015; Andrews et al. 2018). These
continuum radial structures in protoplanetary disks are thought to
be caused by a combination of planetary perturbation and dust drift
(e.g. Rice et al. 2006; Pinilla et al. 2012), so it seems reasonable that
systems such as Fomalhaut inherit a similar structure of planets and
dusty rings.

Another JWST discovery at 23.0 and 25.5 `m is a compact struc-
ture that lies west of the star within the KBA, dubbed the “Great Dust
Cloud” (GDC). This source is 89 `Jy at 25.5 `m, compared to the
star’s 2.5 Jy, so extremely faint. Because it appears in both the 23.0
and 25.5 `m data, it is confirmed as a real astrophysical source as
opposed to an instrumental or data reduction artifact. The fact that
the GDC lies almost perfectly within Fomalhaut’s narrow KBA (i.e.
a special location in the image) suggests that it is less likely to be a
background source, though Gáspár et al. make clear that with only
a single epoch of JWST observation the possibility that the GDC is
a background source cannot be ruled out. The idea that dust clumps

© 2023 The Authors
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