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Abstract

We study dark matter production from mediator decays in scenarios with an epoch
of early matter domination. Particles that mediate interactions between dark matter
and the standard model particles are kinematically accessible to the thermal bath as
long as their mass is below the reheating temperature of the Universe after inflation.
Decay of on-shell mediators can then lead to copious production of dark matter during
early matter domination or a preceding radiation-dominated phase. In particular, for
mediators that are charged under the standard model, it can exceed the standard
freeze-in channel due to inverse annihilations at much lower temperatures (often by
many orders of magnitude). The requirement to obtain the correct relic abundance
severely constrains the parameter space for dark matter masses above a few TeV.

1 Introduction

While there are many lines of evidence for the existence of dark matter (DM) in the Uni-
verse [1], the identity of DM is an outstanding problem at the interface of particle physics
and cosmology. Explaining the observed DM abundance is another challenge that in addition
depends on the details of the thermal history of the early Universe. Thermal freeze-out in
a radiation-dominated (RD) Universe is a simple and attractive mechanism that can yield
the correct relic abundance if the (thermally averaged) DM annihilation rate takes the spe-
cific value ⟨σannv⟩ = 3× 10−26cm3 s−1. However, in nonstandard cosmological histories, the
correct DM abundance can be obtained for much larger or smaller values of ⟨σannv⟩ [2, 3].

It is known that well-motivated classes of models arising from string theory generically
lead to nonstandard histories that involve one or more epochs of early matter domination
(EMD) [4]. In general, an EMD phase arises when a matter-like component dominates the
energy density of the Universe and eventually decays to establish a RD Universe prior to big
bang nucleosynthesis (BBN). The matter equation of state can be due to coherent oscillations
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The Sun may capture asymmetric dark matter (DM), which can subsequently form bound-

states through the radiative emission of a sub-GeV scalar. This process enables generation

of scalars without requiring DM annihilation. In addition to DM capture on nucleons,

the DM-scalar coupling responsible for bound-state formation also induces capture from

self-scatterings of ambient DM particles with DM particles already captured, as well as

with DM bound-states formed in-situ within the Sun. This scenario is studied in detail

by solving Boltzmann equations numerically and analytically. In particular, we take into

consideration that the DM self-capture rates require a treatment beyond the conventional

Born approximation. We show that, thanks to DM scatterings on bound-states, the number

of DM particles captured increases exponentially, leading to enhanced emission of relativistic

scalars through bound-state formation, whose final decay products could be observable. We

explore phenomenological signatures with the example that the scalar mediator decays to

neutrinos. We find that the neutrino flux emitted can be comparable to atmospheric neutrino

fluxes within the range of energies below one hundred MeV. Future facilities like Hyper-K,

and direct DM detection experiments can further test such scenario.
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Abstract. We compute the dominant QED correction to the neutrino-electron interaction
rate in the vicinity of neutrino decoupling in the early universe, and estimate its impact
on the effective number of neutrino species Neff in cosmic microwave background anisotropy
observations. We find that the correction to the interaction rate is at the sub-percent level,
consistent with a recent estimate by Jackson and Laine. Relative to that work we include
the electron mass in our computations, but restrict our analysis to the enhanced t-channel
contributions. The fractional change in NSM

eff due to the rate correction is of order 10−5

or below, i.e., about a factor of 30 smaller than that recently claimed by Cielo et al., and
below the nominal computational uncertainties of the current benchmark value of NSM

eff =
3.0440± 0.0002. We therefore conclude that aforementioned number remains to be the state-
of-the-art benchmark for NSM

eff in the standard model of particle physics.
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We study the prospects for measuring the time variation of solar and atmospheric neutrino fluxes at future
large-scale Xenon and Argon dark matter detectors. For solar neutrinos, a yearly time variation arises from the
eccentricity of the Earth’s orbit, and, for charged current interactions, from a smaller energy-dependent day-
night variation to due flavor regeneration as neutrinos travel through the Earth. For a 100-ton Xenon detector
running for 10 years with a Xenon-136 fraction of ≲ 0.1%, in the electron recoil channel a time-variation
amplitude of about 0.8% is detectable with a power of 90% and the level of significance of 10%. This is
sufficient to detect time variation due to eccentricity, which has amplitude of ∼ 3%. In the nuclear recoil
channel, the detectable amplitude is about 10% under current detector resolution and efficiency conditions,
and this generally reduces to about 1% for improved detector resolution and efficiency, the latter of which is
sufficient to detect time variation due to eccentricity. Our analysis assumes both known and unknown periods.
We provide scalings to determine the sensitivity to an arbitrary time-varying amplitude as a function of detector
parameters. Identifying the time variation of the neutrino fluxes will be important for distinguishing neutrinos
from dark matter signals and other detector-related backgrounds, and extracting properties of neutrinos that can
be uniquely studied in dark matter experiments.
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I. INTRODUCTION

Over the past several decades, direct dark matter detection experiments have made tremendous progress in constraining weak-
scale particle dark matter [1, 2]. Future larger-scale detectors will be sensitive to not only particle dark matter, but also astro-
physical neutrinos and various other rare-event phenomenology [3]. The most prominent of the neutrino signals are from the
Sun, the atmosphere, and the diffuse supernova neutrino background (DSNB) [4]. Understanding these signals has important
implications for the future of particle dark matter searches, but also for understanding the nature of the sources and the properties
of neutrinos [5].

Various methods have been proposed to distinguish neutrinos and a possible dark matter signal. These include exploiting the
energy distribution of nuclear recoils between neutrinos and dark matter [6, 7], the differences in arrival directions [8], and
the differences in the periodicities of the signal [9, 10]. New physics in the neutrino sector may also change the nature of the
predicted neutrino signal [11–13], and provide a method to discriminate from dark matter.

Here we examine the time variations of the neutrino signals in more detail and study the prospects for measuring these time
variations. For solar neutrinos, the time variation of the flux is due to the eccentricity of the Earth’s orbit and the day-night
effect. The former is independent of the neutrino flavor, while the latter, which results from neutrino interactions with the
matter as they pass through the Earth, is flavor dependent. Both effects are present in a dark matter experiment through the
nuclear recoil and electron recoil channels. Beyond solar neutrinos, there may be detectable time variation of other components
of the astrophysical neutrino flux. Due to the solar cycle, there is a time variation of the atmospheric neutrino flux which is
∼ 10−30% [14] depending on the detector location. We present the first estimates of the detectability of the time variation of
the atmospheric neutrino flux given realistic future detector configurations.

Identifying the time variation for the different neutrino sources is important for properly extracting the signal and distinguishing
it from dark matter [4, 15]. In addition, it is important to characterize these signals to constrain neutrino properties. Previous
studies of neutrinos in dark matter experiments have only considered the time variation of solar neutrinos as being due to the
eccentricity of the Earth’s orbit, and for idealistic values of the nuclear recoil threshold [9]. In addition to examining more
realistic and updated detector configurations, we consider the prospects for measuring time variation of solar neutrinos using the
neutrino-electron elastic scattering channel for the first time.

Solar neutrino experiments have previously searched for time variations in their signals, including experiments that have suc-
cessfully established time variation due to the eccentricity of the Earth’s orbit [16, 17] and the day-night effect [18]. These
experiments each used a range of statistical technqiues to identify the time variable signal. As part of our analysis, we rigorously
compare the different statistical methodologies for extracting the time-varying signal. We present results for the sensitivity of
given experiments to time-varying amplitudes, and quantify the prospects for signal extraction as a function of experimental
sensitivity and background levels.

This paper is organized as follows. In Section II, we briefly describe the signals and the models for the detector efficiency. In
Section III we describe the periodic signals used in this work, and also we summarize the previous experiments that have searched
for neutrino periodicity. Next, in Section IV, we review the statistical methodologies used in our analysis. In Section V, we
describe the simulation strategy, compare statistical methods and introduce the signal-to-noise ratio as a convenient estimation
tool. Then in Section VI, we present our resulting projections, and in Section VII, the discussion and conclusions.

II. EVENT RATES AT DIFFERENT DETECTORS

A. Theoretical calculation

Figures 1 and 2 show the electron and nuclear recoil spectra for the solar, atmospheric, and DSNB spectra for Xenon and Argon
targets. The nuclear recoil spectrum uses the neutral current coherent elastic neutrino-nucleus scattering (CEνNS) channel,
and the electron recoil channel uses charged current neutrino-electron elastic scattering (ES). We refer to previous literature for
details of these calculations [19]. Here we simply highlight the components of the spectrum as a function of recoil energy to get
a sense of the recoil threshold required to detect each component. For Solar neutrinos, we used the high metallicity model for
the normalization [20]. We also show the appropriate experimental background components [21].

In addition to the energy dependence shown in Figure 1 and 2, for several of the neutrino components there is a time variation
to the flux. For solar neutrinos, since the time variation due to the eccentricity of the Earth’s orbit affects all flavors, it will be
present in both the CEνNS and the ES channels. For charged current detection channels, the day-night effect due to oscillations
is present in the ES channel. For atmospheric neutrinos, the time variation from the solar modulation of the atmospheric neutrino
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We study the dynamics of Abelian gauge fields invariant under transverse diffeomorphisms (TDiff)
in cosmological contexts. We show that in the geometric optics approximation, very much as for
Diff invariant theories, the corresponding massless gauge bosons propagate along null geodesics and
particle number is conserved. In addition, the polarization vectors are orthogonal to the propagation
direction and the physical (transverse projection) polarization is parallel transported along the
geodesics. We also consider TDiff invariant Dirac spinors, study the coupling to the gauge fields
and analyze the conditions in order to avoid violations of Einstein’s Equivalence Principle. The
contributions to the energy-momentum tensor of the gauge field are also analyzed. We find that,
in general, the breaking of Diff invariance makes the electric and magnetic parts of the vector
field to gravitate in a different way. In the sub-Hubble regime we recover the standard radiation-like
behaviour of the energy density, however in the super-Hubble regime the behaviour is totally different
to the Diff case, thus opening up a wide range of possibilities for cosmological model building. In
particular, possible effects on the evolution of large-scale primordial magnetic fields are discussed.

I. INTRODUCTION

Einstein’s General Relativity (GR) is the best description of gravity we have to date. It has performed exceptionally
well in multiple tests ranging from the Solar System orbits to gravitational lensing and has been able to describe purely
gravitational phenomena such as black holes and gravitational waves. It also serves as a theoretical framework for the
standard Lambda-cold dark matter (ΛCDM) cosmology, which is a phenomenological model that accurately describes
the large-scale structure and evolution of the universe with only a handful of parameters. GR relies on invariance
under general coordinate transformations, i.e., invariance under diffeomorphisms (Diff) and Einstein’s Equivalence
Principle [1], which is equivalent to the Weak Equivalence Principle (WEP), Local Lorentz Invariance (LLI) and Local
Position invariance (LPI). GR comes with its shortcomings though: Its lack of description of quantum gravity and
the unknown fundamental nature of the dark sector of Cosmology have motivated the search for alternatives to GR.
Generally, these modifications of GR consist of additional degrees of freedom, implemented in multiple ways, that
alter the behaviour of gravity in a certain regime, typically at very long or very short distances.
Over the last decade, there has been a growing interest in theories that break Diff-invariance down to invariance

under transverse diffeomorphisms (TDiff), a subgroup restricted to volume-preserving general transformations. Early
works include [2, 3], in which a stability analysis of TDiff-invariant theories is performed at classical and one-loop
levels. Here it was found that by enhancing the symmetry group with local Weyl invariance (dubbed WTDiff), the
additional scalar degree of freedom is removed, thus propagating the same degrees of freedom as GR and preventing
possible ghost instabilities. Unimodular gravity [4–11], the most popular TDiff-invariant theory for gravity, falls
into this category and features the metric determinant treated as a non-dynamical scalar, so only the traceless part
of Einstein’s equations contribute to the dynamics. As a matter of fact, unimodular gravity has been proposed
as a simple solution to the vacuum energy problem [12]. TDiff models beyond unimodular gravity have also been
considered in [2, 13–16]. In these models, the metric determinant is a dynamical field and the corresponding spectrum
includes a scalar graviton in addition to the standard massless spin-2 graviton. Also, the cosmological evolution in
TDiff-invariant theories propagating a scalar graviton mode was recently investigated in [17].
Breaking down to TDiff was also considered in the coupling to matter in the case of scalar fields in [18, 19] and

possible violations of the Einstein Equivalence Principle were found. However, in [20], it was shown that, in the
geometric optics approximation, when breaking down to TDiff invariance by a global factor in the matter action,
the three types of masses (inertial, active and passive) agree with those of standard Diff invariant theories thus
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Abstract

Many astrophysical and cosmological observations consistently indicate that the universe is cur-

rently accelerating. Despite many possible explanations, the exact cause of this acceleration re-

mains unknown. Therefore, additional observational probes are necessary to pinpoint the cause.

Gravitational waves (GWs) have the potential to unravel some of the unresolved mysteries in cos-

mology. In this work, we highlight the potential utility of gravitational wave memory as a tool

to identify the cause of this acceleration. We evaluate cosmological memory as a particular case

of the master equation for GW memory in Locally Rotationally Symmetric type II spacetimes.

Unlike the previous works, the master equation for GW memory contains non-linear dependence

of the background quantities. Hence, even though the successive GWs generated are smaller than

their predecessors, we demonstrate that their cumulative effect over cosmological time leads to

observable signatures, akin to the growth of density perturbations resulting in large-scale struc-

tures. Finally, we show that the GW memory exhibits distinct signatures between accelerated

and decelerated universes, potentially enabling the identification of the transition redshift from a

matter-dominated to a dark-energy-dominated universe.
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In general relativity, there is a velocity dependent term in the gravitational acceleration of a test
particle for an observer at infinity. Depending on the direction of motion and the speed, that term
can be repulsive. We show that this is also the case in the Parametrized Post-Newtonian (PPN)
formalism. We compute the magnitude of that repulsive term for an expanding sphere of dust
observed at infinity, and find that it could mimic the effect of a cosmological constant. The time
evolution of such an expanding ball of dust for an observer at infinity is calculated, and compared
with the standard ΛCDM model. We find that the so-called coincidence problem does not exist for
such a model as the energy density attributed to the expansion is always of the same order as the
matter energy density.
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I. INTRODUCTION

Since Milne and McCrea [1–3] found that the Fried-
mann equations could be derived from Newtonian me-
chanics, the so-called Newtonian cosmology consisting in
the study of an expanding ball of fluid has consistently
been explored and interpreted, especially in comparison
with relativistic cosmology. Harrison [4] used Newtonian
gravity to derive the Friedmann equations from a par-
titioned Universe. Callan, Dicke, and Peebles [5] also
confirmed that a Newtonian mechanics is sufficient to de-
scribe the real expanding universe (and not just a crude
classical model). Tipler [6, 7] even showed that Newto-
nian cosmology could be made as rigorous as relativis-
tic cosmology provided that Newtonian gravity is formu-

∗ diogobraganca@alumni.stanford.edu

lated in geometrical language, proving also that Newto-
nian cosmology is more general that Friedmannian cos-
mology. Reis [8] showed that even if the background
evolution in Newtonian and relativistic cosmology could
match, the growth of perturbations in the two regimes is
not exactly the same when pressure is non-zero. Ellis and
Gibbons [9] built a discrete Newtonian cosmology from
the bottom up using only point-particles, again finding
the same equations as relativistic cosmology.

Newtonian cosmology has also inspired work in de-
scribing an expanding ball of fluid from a fully relativistic
perspective. In that regard, Bilić and Tolić [10] showed
that this system can reproduce any FLRW cosmology
by choosing an appropriate potential. More recently,
Faraoni and Atieh [11] studied a similar system, study-
ing quasi-local energy aspects and showing that there
is a symmetry correspondence between the Einstein-
Friedmann equations and the Newtonian system.

In parallel to this study of Newtonian cosmology, it
has also been observed that general relativity contains
an effectively repulsive contribution to the gravitational
force. Hilbert [12] was the first to make this observation
in a Schwarzschild spacetime for an observer at infin-
ity. McVittie [13] also considered such repulsive contri-
butions. Zel’dovich and Novikov [14] claimed that this
was merely a coordinate effect (a falling object seems to
slow down at the event horizon). McGruder [15] provided
a review of this particular discussion in the twentieth cen-
tury and noticed as Hilbert that if the particle velocity
was great enough anywhere in Schwarzschild spacetime
then an observer at infinity would always observe a re-
pulsive force. More recently, Gorkavyi and Vasilkov [16]
claimed that there could also be a repulsive force in gen-
eral relativity if the gravitational mass of the system
decreases (for example by gravitational radiation). Mc-
Gruder [17] even hypothesized that the gravitational re-
pulsion in Schwarzschild spacetime could explain cosmic
rays. Grøn [18] showed that if the velocity of the particle
is zero, then there is never a gravitational repulsion in
the Schwarzschild field.

Given these two research topics (Newtonian cosmol-
ogy and gravitational repulsion), it then becomes inter-
esting to combine them and analyze the relativistic grav-
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Electromagnetic fields surrounding pulsars may source coherent ultralight axion signals at the
known rotational frequencies of the neutron stars, which can be detected by laboratory experiments
(e.g., pulsarscopes). As a promising case study, we model axion emission from the well-studied
Crab pulsar, which would yield a prominent signal at f ≈ 29.6 Hz regardless of whether the axion
contributes to the dark matter abundance. We estimate the relevant sensitivity of future axion
dark matter detection experiments such as DMRadio-GUT, Dark SRF, and CASPEr, assuming
different magnetosphere models to bracket the uncertainty in astrophysical modeling. For example,
depending on final experimental parameters, the Dark SRF experiment could probe axions with
any mass ma ≪ 10−13 eV down to gaγγ ∼ 3 × 10−13 GeV−1 with one year of data and assuming
the vacuum magnetosphere model. These projected sensitivities may be degraded depending on
the extent to which the magnetosphere is screened by charge-filled plasma. The promise of pulsar-
sourced axions as a clean target for direct detection experiments motivates dedicated simulations of
axion production in pulsar magnetospheres.

Introduction.— The existence of axions is predicted
by numerous well-motivated extensions to the Standard
Model [1, 2]. While interesting in their own right, these
ultralight pseudoscalar bosons can potentially account
for the dark matter (DM), as is the case for the quantum
chromodynamics (QCD) axion [3–10]. Given their ubiq-
uity in theoretical models, a broad laboratory program
exists to search for axions (see [11–13]). This includes
haloscope experiments, which search for axion DM in the
Milky Way [14–28], helioscope experiments, which search
for axions produced by the Sun [29, 30], and “light shin-
ing through walls” experiments, which aim to produce
axions directly in the lab [31, 32]. This Letter proposes
a fourth alternative—the pulsarscope—and demonstrates
that planned experiments can successfully search for co-
herent axion signals emitted by nearby pulsars.

Axions are generically expected to couple to Standard
Model fields through dimension-five operators, motivat-
ing efforts to detect them in the laboratory. For exam-
ple, the axion field, a(x), couples to electromagnetism
through the operator L ⊃ −gaγγaF F̃/4 = gaγγaE · B,
where gaγγ is the coupling constant, F is the quan-
tum electrodynamics (QED) field strength, and E (B)
is the electric (magnetic) field. The axion may also cou-
ple to Standard Model fermions f through the operator
L ⊃ (gaff/2mf )∂µaf̄γ

µγ5f = −(gaff/mf )∇a · S (in
the non-relativistic limit), where S is the fermion spin
operator, mf is the fermion mass, and gaff is the cou-
pling constant. These operators may induce observable
signatures in laboratory experiments, such as axion-to-
photon conversion (e.g., [29, 30, 33–38]) or spin preces-
sion (e.g., [39–45]).

Rapidly-rotating neutron stars (NSs), or pulsars, can
serve as axion factories because their magnetospheres
may possess regions of large, un-screened accelerating
electric fields (E · B ̸= 0) [46–48]. In non-axisymmetric
pulsar magnetospheres, ultralight axions are efficiently
radiated at the rotation frequency of the pulsar, Ω [46].
As illustrated in Fig. 1, this relativistic axion signal
travels towards Earth, where it may be detected by a
ground-based experiment. While their densities are gen-
erally much smaller than the DM density near Earth [12],
pulsar-sourced axions benefit from large coherence times
and have known frequencies.

We estimate the sensitivity of proposed axion DM de-
tection experiments to pulsar-sourced axions. We con-
sider two extreme models of the pulsar magnetosphere to
bracket the uncertainty on the expected signal. The lead-
ing sensitivity to low-mass axions is obtained from the
CASPEr-wind [40–43], Dark SRF [49, 50], and DMRadio-
GUT [51, 52] experiments. Most optimistically, these ex-
periments could probe previously unexplored regions of
axion parameter space for axion masses ma ≪ 10−13 eV;
however, if the magnetospheres are heavily screened, then
the sensitivities may be subdominant relative to current
constraints.

Axion Radiation from Pulsars.— The axion field
sourced by a pulsar is determined by the distribution
of E · B in the magnetosphere according to the Klein-
Gordon equation, (□+m2

a)a(x) = gaγγE ·B. In the limit
where the axion mass ma → 0, this equation is analogous
to that for the electric potential, interpreted as a(x), in
Lorenz gauge with charge density ρeff = gaγγE ·B. Thus,
one can calculate the radiated axion signal given a model
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Measuring Tracers of Planet Formation in the Atmosphere of WASP-77A b: Sub-stellar O/H and C/H ratios, with a
stellar C/O ratio and a potentially Super-stellar Ti/H ratio
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ABSTRACT

We present a comprehensive atmospheric retrieval study of the hot Jupiter WASP-77A b using eclipse observa-
tions from the Hubble Space Telescope (HST) and JWST. Using atmospheric retrievals, the spectral features of
H2O, CO, and TiO are identified, with volume mixing ratios estimated at log10(VMR) = -4.40+0.14

−0.11, -4.44+0.34
−0.28,

and -6.40+0.22
−0.23, respectively. We derive the atmospheric carbon-to-oxygen ratio – a key planetary formation

tracer – to be C/O = 0.54±0.12, which is consistent with both the stellar host value and previous studies of the
planet’s atmosphere, suggesting a relatively close-in formation. Computing other elemental ratios (i.e., C/H,
O/H, and Ti/H), we conclude that the general enrichment of the atmosphere (i.e., metallicity) is sub-stellar, is
depleted in C and O, but that Ti appears slightly super-stellar. A low C and O content could be obtained, in com-
bination with a stellar C/O ratio, if the planet formed outside of the CO2 snow line before migrating inwards.
Meanwhile, a super-stellar Ti/H could be obtained by late contamination from refractory rich planetesimals.
While broadly in agreement with previous works, we do find some differences and discuss these while also
highlighting the need for homogeneous analyses when comparative exoplanetology is conducted.

Keywords: Exoplanet atmospheres (487); Hot Jupiters (753); Hubble Space Telescope (761); JWST (2291)

1. INTRODUCTION

Despite being a rare outcome of planetary formation, nu-
merous hot Jupiters have been detected due to the transit
technique being biased toward large planets on short orbits.
As their size and temperature are favourable for atmospheric
characterisation, most atmospheric observational studies us-
ing space-based instruments have focused on this class of
objects. With the advent of the spatial scanning technique
(McCullough & MacKenty 2012), the Wide Field Camera 3
(WFC3) on board the Hubble Space Telescope (HST) has en-
abled around one hundred of those planets to be characterised
via transit (e.g., Tsiaras et al. 2018; Pinhas et al. 2019; Cubil-
los & Blecic 2021; Kawashima & Min 2021; Edwards et al.
2023) and eclipse (e.g., Mansfield et al. 2021; Changeat et al.

Corresponding author: Billy Edwards
b.edwards@sron.nl

2022) spectroscopy, enabling the search for trends in their
atmospheric composition.

More recently, JWST has become the premier facility for
space-based exoplanet spectroscopy. The four instruments
on board JWST offer a wider simultaneous wavelength cov-
erage than was previously available as well as access to pre-
viously uncharted spectral regions. Early studies of giant
exoplanets have successfully used each of these JWST in-
struments for transit (e.g., Dyrek et al. 2023; Feinstein et al.
2023), eclipse (e.g., Bean et al. 2023; Coulombe et al. 2023)
and phase-curve observations (e.g., Bell et al. 2023).

Here, we conduct a comprehensive retrieval study on
WASP-77A b, an inflated hot Jupiter in a wide binary sys-
tem (Maxted et al. 2013), using data from HST and JWST.
The planet orbits WASP-77A, a G8V star. WASP-77 B, a
fainter K-dwarf companion to WASP-77A, is separated by
3”. WASP-77A b has been previously observed in emission
with the ground-based high-resolution Immersion GRating
INfrared Spectrometer (IGRINS) on Gemini-South (cover-
ing wavelengths from λ ∈ [1.45, 2.55]µm). Those observa-
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A New Probe of Cosmic Birefringence Using Galaxy Polarization and Shapes
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We propose a new method to search for parity-violating new physics via measurements of cos-
mic birefringence and demonstrate its power in detecting the topological effect originating from an
axion string network with an axion-photon coupling as a motivated source of cosmic birefringence.
The method, using large galaxy samples, exploits an empirical correlation between the polarization
direction of the integrated radio emission from a spiral galaxy and its apparent shape. We devise
unbiased minimum-variance quadratic estimators for discrete samples of galaxies with both inte-
grated radio polarization and shape measurements. Assuming a synergy with overlapping optical
imaging surveys, we forecast the sensitivity to polarization rotation of the forthcoming SKA radio
continuum surveys of spiral galaxies out to z ∼ 1.5. The angular noise power spectrum of polariza-
tion rotation using our method can be lower than that expected from CMB Stage-IV experiments,
when assuming a wide survey covering ∼ 1000 deg2 and reaching an RMS flux of ∼ 1µJy. Our
method will be complementary to CMB-based methods as it will be subject to different systematics.
It can be generalized to probe time-varying or redshift-varying birefringence signals.

Introduction — The question of whether discrete
transformations—charge conjugation (C), parity (P),
and time reversal (T)—are fundamental symmetries of
the Universe has led to important discoveries [1–3]. The
axion was originally proposed to solve the strong CP
problem in Quantum Chromodynamics [4–7]. More re-
cently, generic axions are shown to arise abundantly
in string theory [8, 9]. The Chern-Simons interaction
between the axion and electromagnetism leads to the
parity-violating cosmic birefringence effect [10]:

L = −1

4
gaγγ aF

µν F̃µν = gaγγ aE ·B, (1)

where a is the axion field, Fµν is the electromagnetic field
strength tensor, and F̃µν ≡ (1/2) ϵµνρσ F

ρσ is its dual.
As a photon travels through a background axion field, its
plane of polarization rotates by an angle proportional to
the net change in the axion field value along the photon’s
worldline, multiplied by the axion-photon coupling con-
stant gaγγ . The rotation is independent of the photon’s
frequency due to the topological nature of the interac-
tion [11–13]. Recent analyses of the cosmic microwave
background (CMB) have shown hints of a rotation of its
polarization anisotropies that is highly coherent across
the sky, on the order of a fraction of a degree [14, 15].
Possible contamination from foregrounds is being inves-
tigated [16]. On the other hand, searches for anisotropic
birefrigence have not so far uncovered a signal [17–20].

Measuring birefringence toward any single astrophysi-
cal source or along any single sightline is hindered by our
lack of knowledge about the intrinsic polarization direc-
tion of the source. When the CMB is used as the probe,

∗ winstonyin@berkeley.edu

this fundamental problem is solved statistically. Rotation
angles that are correlated across the sky are measurable
owing to the state-of-the-art cosmological model that ac-
curately predicts the Gaussian statistics of the primary
CMB polarization anisotropies [20–23]. To confidently
confirm a signal of cosmic birefringence, it is important
to consider alternative methods of detection based on
distinct cosmological or astrophysical probes whose sys-
tematics are independent of CMB measurements.

In this paper, we propose a new probe of cosmic bire-
fringence that relies on a large sample of spiral galaxies
with both radio polarization and apparent shape mea-
surements. This is motivated by empirical findings that
the integrated radio emission of nearby spiral galaxies, at
least at 4.8GHz, is significantly polarized and aligns on
average with the apparent minor axis of the optical galac-
tic disk [24]. A plausible explanation for this alignment is
that the polarized radio emission is predominantly syn-
chrotron radiation powered by star-formation feedback
and has a polarization direction perpendicular to the lo-
cal toroidal magnetic field that is ordered on the galactic
scale. Integrating over the entire disk results in a non-
zero net polarization if the disk is inclined. It seems rea-
sonable to assume that a similar empirical correlation is
true for a cosmological population of spiral galaxies. The
apparent disk shape can be measured with either optical
imaging or interferometric radio imaging, with the for-
mer available from existing weak lensing catalogs [25–27]
or from upcoming imaging surveys [28, 29].

In reality, the polarization-shape alignment is imper-
fect either due to the poloidal component of the or-
dered magnetic field or due to randomly arising asym-
metry in the disk structure. Nonetheless, one expects
that the mean polarization-shape misalignment angle is
zero among a sample of unrelated galaxies, as long as all
the physics on the (sub-)galactic scale responsible for the
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Primordial Magnetic Fields in Light of Dark Ages

Global 21-cm Signal
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Abstract

We study the constraints on the primordial magnetic fields in light of dark ages
global 21-cm signal. An early absorption signal in the redshift of 200 ≲ z ≲ 30 is
predicted in the ΛCDM model of cosmology. During the Dark Ages, there were
no stars, therefore, measuring the global 21-cm signal can provide pristine cosmo-
logical information. However, measuring the Dark Ages global 21-cm signal from
ground-based telescopes is challenging. To overcome this difficulty, recently lunar
and space-based experiments have been proposed, such as FARSIDE, DAPPER,
FarView, etc. Primordial magnetic fields can heat the intergalactic medium gas
via magnetohydrodynamic effects. We study the effects of magnetic fields on the
Dark Ages global 21-cm signal and constrain the present-day strength of primor-
dial magnetic fields and the spectral index. We find that measuring the Dark
Ages signal can provide stronger bounds compared to the existing constraints
from Planck 2016. Additionally, we also explore the dark-ages consistency ratio
which can identify the magnetic heating of IGM by measuring the 21-cm signal
at only three different redshifts in future experiments.

Keywords: 21-cm signal, Dark Ages, Primordial Magnetic Fields
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Dark Scattering: accelerated constraints from KiDS-1000 with ReACT and
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ABSTRACT
We present constraints on the Dark Scattering model through cosmic shear measurements from the Kilo Degree Survey (KiDS-
1000), using an accelerated pipeline with novel emulators produced with CosmoPower. Our main emulator, for the Dark Scattering
non-linear matter power spectrum, is trained on predictions from the halo model reaction framework, previously validated against
simulations. Additionally, we include the effects of baryonic feedback from HMcode2016, whose contribution is also emulated.
We analyse the complete set of statistics of KiDS-1000, namely Band Powers, COSEBIs and Correlation Functions, for Dark
Scattering in two distinct cases. In the first case, taking into account only KiDS cosmic shear data, we constrain the amplitude of
the dark energy – dark matter interaction to be |𝐴ds | ≲ 20 b/GeV at 68% C.L. Furthermore, we add information from the cosmic
microwave background (CMB) from Planck, along with baryon acoustic oscillations (BAO) from 6dFGS, SDSS and BOSS,
approximating a combined weak lensing + CMB + BAO analysis. From this combination, we constrain 𝐴ds = 10.6+4.5

−7.3 b/GeV
at 68% C.L. We confirm that with this estimated value of 𝐴ds the interacting model considered in this work offers a promising
alternative to solve the 𝑆8 tension.

Key words: cosmology: theory – observations – large-scale structure of the Universe – methods: numerical, machine learning,
statistical

1 INTRODUCTION

Over the coming years cosmology will be transformed, with enor-
mous amounts of new data being collected by Stage IV surveys such
as DESI1, which recently released its first set of data (Adame et al.
2023), the recently launched Euclid2 satellite mission (Laureĳs et al.
2011), The Vera Rubin Observatory3 (Abate et al. 2012), and the
SKA Observatory4 (Bacon et al. 2020). These are going to observe
several millions of galaxies over a large fraction of the sky, in the
optical and radio wavelengths out to high redshifts. With these in-
struments it will soon be possible to probe scales approaching the
size of the Hubble horizon, and determine with greater accuracy the
properties of the Universe.

The standard cosmological model is ΛCDM, consisting of dark
energy in the form of a cosmological constantΛ and cold dark matter.
Stage IV optical galaxy surveys will use galaxy clustering and weak
gravitational lensing to probe the nature of dark energy and aim

★ E-mail: kcarrion@icf.unam.mx
1 https://www.desi.lbl.gov
2 https://www.euclid-ec.org
3 https://www.lsst.org/about
4 https://www.skatelescope.org/science

to provide sub-percent constraints on the equation of state of dark
energy (𝑤).

In recent years, as more data has become available, the ΛCDM
model has come into question due to apparent inconsistencies (ten-
sions) between observables. Firstly, the 𝐻0 measurements from early
and late-time probes differ significantly, at a level of ∼ 5𝜎 (Riess
2019; Di Valentino et al. 2021). Secondly, the amplitude of den-
sity fluctuations at early times, encoded in the 𝜎8 value extrap-
olated to the present day, is inconsistent with the near redshift
measurements of that same quantity (see Douspis et al. (2018)).
This second tension is most evident in the inferred values of the
parameter 𝑆8 ≡ 𝜎8

√︁
Ωm/0.3: from the latest cosmic microwave

background (CMB) measurements of the Planck satellite we have
𝑆8 = 0.825 ± 0.011 (Aghanim et al. 2020b), whereas at low red-
shifts, weak lensing measurements from the DES collaboration (Ab-
bott et al. 2022) have estimated 𝑆8 = 0.776 ± 0.017 and the Kilo-
Degree Survey (KiDS-1000) (Asgari et al. 2021) reports a value of
𝑆8 = 0.759+0.024

−0.021. Furthermore, the joint analysis of these last two
surveys (Abbott et al. 2023) found a value of 𝑆8 = 0.790+0.018

−0.014. Thus,
discrepancies are around 2−2.5𝜎 with respect to Planck. While such
discrepancies may be attributed to systematics or unaccounted astro-
physical processes, the role of cosmological modelling cannot be
entirely ruled out (Cortês & Liddle 2023).

In the pursuit of alternatives to the concordance model, interacting

© 2024 The Authors
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Primordial Rotating Disk Composed of ≥15 Dense Star-
Forming Clumps at Cosmic Dawn
S. Fujimoto1,∗, M. Ouchi2,3,4,5, K. Kohno6,7, F. Valentino8,9, C. Giménez-Arteaga9,10, G. B. Brammer9,10,
L. J. Furtak11, M. Kohandel12, M. Oguri13,14, A. Pallottini12, J. Richard15, A. Zitrin11, F. E. Bauer16,17,18,
M. Boylan-Kolchin1, M. Dessauges-Zavadsky19, E. Egami20, S. L. Finkelstein1, Z. Ma20, I. Smail21,
D. Watson9,10, T. A. Hutchison22, J. R. Rigby22, B. D. Welch22,23,24, Y. Ao25,26, L. D. Bradley27,
G. B. Caminha28, K. I. Caputi29, D. Espada30,31, R. Endsley1, Y. Fudamoto13, J. González-López32,33,
B. Hatsukade4,6,34, A. M. Koekemoer26, V. Kokorev28, N. Laporte35, M. Lee9,36, G. E. Magdis9,10,36,
Y. Ono3, F. Rizzo9,10, T. Shibuya37, K. Shimasaku6,7, F. Sun15, S. Toft9,10, H. Umehata38,39,40,
T. Wang41,42, and H. Yajima43

Early galaxy formation, initiated by the dark matter and gas assembly, evolves through fre-
quent mergers and feedback processes into dynamically hot, chaotic structures1. In con-
trast, dynamically cold, smooth rotating disks have been observed in massive evolved galaxies
merely 1.4 billion years after the Big Bang2, suggesting rapid morphological and dynamical
evolution in the early Universe. Probing this evolution mechanism necessitates studies of
young galaxies, yet efforts have been hindered by observational limitations in both sensitivity
and spatial resolution. Here we report high-resolution observations of a strongly lensed and
quintuply imaged, low-luminosity, young galaxy at z = 6.072 (dubbed the Cosmic Grapes),
930 million years after the Big Bang. Magnified by gravitational lensing, the galaxy is re-
solved into at least 15 individual star-forming clumps with effective radii of re ≃ 10–60 par-
sec (pc), which dominate ≃ 70% of the galaxy’s total flux. The cool gas emission unveils a
smooth, underlying rotating disk characterized by a high rotational-to-random motion ratio
and a gravitationally unstable state (Toomre Q ≃ 0.2–0.3), with high surface gas densities
comparable to local dusty starbursts with ≃ 103−5 solar mass (M⊙) per pc2. These gas
properties suggest that the numerous star-forming clumps are formed through disk instabil-
ities with weak feedback effects. The clumpiness of the Cosmic Grapes significantly exceeds
that of galaxies at later epochs and the predictions from current simulations for early galax-
ies. Our findings shed new light on internal galaxy substructures and their relation to the
underlying dynamics and feedback mechanisms at play during their early formation phases,
potentially explaining the high abundance of bright galaxies observed in the early Universe3

and the dark matter core-cusp problem4.

Using the James Webb Space Telescope (JWST) with Near Infrared Camera (NIRCam), we
obtained deep near-infrared (NIR) imaging over 1–5µm wavelengths of a gravitationally-lensed
star-forming galaxy, the Cosmic Grapes at z = 6.072. The Cosmic Grapes and the arc were
initially discovered as multiply lensed images via the bright [C II] 158µm emission lines in the
Atacama Large Millimeter Array (ALMA) Lensing Cluster Survey behind the massive galaxy
cluster RXCJ0600-20075, 6. A total of five multiple images have been spectroscopically confirmed,
which provides stringent constraints from their sky positions and morphology, resulting in a well-
constrained magnification estimate of µ = 32+0.7

−6.8 for the Cosmic Grapes, even in this high magni-
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On the Age Calibration of Open Clusters using Red Clump Stars
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ABSTRACT

In this study, we extend the dust-independent Hatzidimitriou (1991) relation between cluster age and dB−R

color difference between red giant branch (RGB) and red clump (RC) to younger cluster ages. We perform
membership analysis on twenty-two open clusters using Gaia DR3 astrometry, then compute the difference in
color of red giant branch and red clump dB−R using Gaia photometry. We find that the trend derived from older
clusters does not extrapolate to younger ages and becomes double-valued. We confirm that dB−R is independent
of metallicity. Current stellar evolutionary isochrones do not quantitatively reproduce the trend and furthermore
predict an increased color gap with a decrease in metallicity that is not echoed in the data. Integrated light
models based on current isochrones exaggerate the color change over the −0.5 < [Fe/H] < 0 interval at the
few-percent level.

Keywords: Open star clusters (1160) — Stellar ages (1581) — Red giant clump (1370) — Red giant branch
(1368) — Hertzsprung Russell diagram (725)

1. INTRODUCTION

Star clusters represent both a crucial testing ground for
the theory of stellar evolution and markers for the chemical
and dynamical history of the Milky Way and other galax-
ies. While massive star clusters typically host multiple stel-
lar populations (Gratton et al. 2012), lower-mass open clus-
ters are currently presumed to be simple stellar populations
(SSPs) of a single age and heavy element abundance pat-
tern. Cluster ages are often derived from the color magni-
tude diagram (CMD), where, especially, the luminosity of
the main sequence turnoff (MSTO) provides a theoretically
robust chronometer (Chaboyer 1995).

Even assuming perfect comparison models, distance un-
certainty and line of sight dust extinction add error to age
estimates. Hatzidimitriou (1991), hereafter H91, proposed a
method that bypasses both dust and distance. The color of
the He-burning red clump (RC) is subtracted from the color
of the H-burning red giant branch (RGB) at the same lumi-
nosity. H91 used Johnson-Cousins B and R filters and thus
the color difference is dB−R. Age was found to track dB−R

for clusters older than ∼2 Gyr and for a variety of heavy el-
ement abundances. A bonus advantage of this method is that
red clump stars are ∼100 times brighter than MSTO stars,
and thus the method could be applied to distant clusters.

The advent of star formation history reconstruction meth-
ods, where the entire CMD is fit with a swarm of stellar
evolutionary isochrones (Harris & Zaritsky 2001; Dolphin
2002), might explain why the H91 formula has not seen wide
use (Girardi 2016). Girardi notes, however, that the recon-
structions for older ages rest upon clump and RGB lifetimes,
something predicted by stellar evolutionary theory only at the
20% level.

The purpose of the present work is to confirm and extend
H91’s result. The red clump should exist in the CMD for
ages as young as ∼200 Myr, or MSTO masses of ∼5 M⊙. We
were curious if H91’s result extended to younger populations.
To that end, we mined Gaia open cluster data for additional
clusters with red clumps, with particular attention to clusters
between 200 Myr and 2 Gyr in age.

We describe cluster membership discrimination and our
derivation of isochrone-based ages in §2. The H91 method
is addressed in §3, and we discuss the result in §4.

2. CLUSTER SAMPLE AND MEMBERSHIP ANALYSIS

From open cluster lists (Kharchenko et al. 2013; Cantat-
Gaudin et al. 2020) we selected clusters beyond the H91 list,
initially in the age range 200 Myr to 2 Gyr. As the project
developed, we added a few older clusters to test the repeata-
bility of the H91 method. Ideal clusters lie nearby and bloom
richly with stars.
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The conformal flatness approximation to the Einstein equations has been successfully used in many
astrophysical applications such as initial data constructions and dynamical simulations. Although it
has been shown that full general relativistic strongly differentially rotating equilibrium models de-
viate by at most a few percents from their conformally flat counterparts, whether those conformally
flat solutions remain stable has not been fully addressed. To further understand the limitations
of the conformal flatness approximation, in this work, we construct spatially-conformally-flat hot
hypermassive neutron stars with postmerger-like rotation laws, and perform conformally flat evo-
lutions and analysis over dynamical timescales. We found that the stellar profiles of quasi-toroidal
models with high angular momentum for J ≳ 9 GM2

⊙/c can change significantly over dynamical
timescales. In contrast, all the quasi-spherical models considered in this work remain stable even
with high angular momentum J = 9 GM2

⊙/c. Our investigation suggest that the quasi-spherical
models are suitable initial data for long-lived hypermassive neutron star modelings in conformally
flat spacetime.

I. INTRODUCTION

The detection of a binary neutron star merger on 17
August 2017 has laid a milestone in multi-messenger as-
tronomy. This event was observed by the coincident de-
tections of gravitational waves GW170817 [1], the short
gamma-ray burst GRB170817A [2], and in other spectral
bands [3]. Even though this groundbreaking multimes-
senger detection has confirmed our basic understanding
of neutron star merger [4, 5], details of the post-merger
evolution are poorly understood. A hypermassive neu-
tron star, which is expected to be hot and supported by
strong differential rotation, is one of the possible out-
comes of binary neutron star merger. Studying hyper-
massive neutron star helps us to further understand the
nature of the central engine of the relativistic jets [2, 6]
and kilonova transients [7–10].

Detailed investigations of the post-merger phase over
dynamical and secular timescales are extremely chal-
lenging yet significant. Not only does one need to
solve Einstein field equations and general-relativistic
magneto-hydrodynamics self-consistently [5], neutrino
microphysics is also required [11]. Moreover, to bet-
ter understand the post-merger observational signatures,
seconds-long simulations are required. Hence, any sim-
plification of the simulations is highly desirable.

The spatially conformally flat spacetime approxima-
tion [12–14] has shown to be useful for modeling neutron
star mergers. Binary neutron star merger simulations
based on the conformally flat approximation have been
successfully carried out (e.g. [15–20], see also the appli-
cations in the context of core-collapse supernovae [21–23]

∗ patrick.cheong@berkeley.edu; N3AS Postdoctoral fellow

and isolated neutron stars [24–34]). In addition, it has
been shown in fully general relativistic simulations that
long-lived neutron star merger remnants are qualitatively
axisymmetric, and the corresponding spacetime is nearly
conformally flat [35, 36]. Mapping such post-merger pro-
files by assuming conformally flat conditions onto other
evolution codes that impose different symmetries or with
different input physics has been done recently [35, 36].
Specifically, the multigrid based conformally-flat space-
time solver of Gmunu [37, 38] has been demonstrated to
be very effective for the studies of long-lived post-merger
neutron star merger remnants over secular timescales
[36].

Understanding the limitation of the conformally flat
spacetime approximation in the context of hypermassive
neutron stars is critical. Despite the success in neutron
star modelings (e.g. [15–20]), the conformally flat condi-
tion is ultimately an approximation. This approxima-
tion is no longer valid in the case of Kerr black hole
[39, 40], and it may also fail with systems that have
extreme rotations or high angular momentum. Studies
have shown that there is at most a few percent difference
between fully general relativistic and conformally flat dif-
ferentially rotating equilibrium models [41–44]. However,
whether the full and conformally flat solutions share the
same properties of dynamical and secular stabilities is
not clearly addressed. Recently, the conformally flat ap-
proximated dynamical evolutions of quasi-toroidal mod-
els with the J-constant rotation law [45] with polytropic
equation of state has been carried out [46]. Nevertheless,
the rotation law considered in [46] is very different from
neutron star merger. It is still unclear whether post-
merger like hypermassive neutron stars can be accuratly
modeled under the conformal flatness approximation.

In this work, we investigate the limitations of using ax-
isymmetric differentially rotating quasi-equilibrium mod-
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Bayesian model reconstruction based on spectral line observations
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ABSTRACT

Spectral line observations encode a wealth of information. A key challenge, there-

fore, lies in the interpretation of these observations in terms of models to derive the

physical and chemical properties of the astronomical environments from which they

arise. In this paper, we present pomme: an open-source Python package that allows

users to retrieve 1D or 3D models of physical properties, such as chemical abundance,

velocity, and temperature distributions of (optically thin) astrophysical media, based

on spectral line observations. We discuss how prior knowledge, for instance, in the

form of a steady-state hydrodynamics model, can be used to guide the retrieval pro-

cess, and demonstrate our methods both on synthetic and real observations of cool

stellar winds.

Keywords: Radiative transfer (1335) — Astronomy software (1855) — Computational

methods (1965) — High resolution spectroscopy (2096)

1. INTRODUCTION

A typical problem in astronomy is that for most of our observations we are restricted

to the plane of the sky. As a result, these observations are always mere projections

containing only partial information about the distribution of the physical properties

of the observed object, especially along the line of sight. Luckily, in some frequency

bands, the observed media are optically thin, such that we receive radiation from the

Corresponding author: Frederik De Ceuster

frederik.deceuster@kuleuven.be
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ABSTRACT

Context. Galaxy mergers play a crucial role in galaxy evolution. However, the correlation between mergers and the local environment
of galaxies is not fully understood.
Aims. We aim to address the question of whether galaxy mergers prefer denser or less dense environments by quantifying the spatial
clustering of mergers and non-mergers. We use two different indicators to classify mergers and non-mergers – classification based on
a deep learning technique ( f ) and non-parametric measures of galaxy morphology, Gini-M20 (g).
Methods. We used a set of galaxy samples in the redshift range 0.1 < z < 0.15 from the Galaxy and Mass Assembly (GAMA) survey
with a stellar mass cut of log (M⋆/M⊙) > 9.5. We measured and compared the two-point correlation function (2pCF) of mergers and
non-mergers classified using the two merger indicators f and g. We measured the marked correlation function (MCF), in which the
galaxies are weighted by f to probe the environmental dependence of galaxy mergers.
Results. We do not observe a statistically significant difference between the clustering strengths of mergers and non-mergers obtained
using 2pCF. However, using the MCF measurements with f as a mark, we observe an anti-correlation between the likelihood of a
galaxy being a merger and its environment. Our results emphasise the advantage of MCF over 2pCF in probing the environmental
correlations.
Conclusions. Based on the MCF measurements, we conclude that the galaxy mergers prefer to occur in the under-dense environments
on scales > 50 h−1kpc of the large-scale structure (LSS). We attribute this observation to the high relative velocities of galaxies in the
densest environments that prevent them from merging.

Key words. large-scale structure of Universe – galaxies: statistics – galaxies: evolution – galaxies: interactions – cosmology: obser-
vations

1. Introduction

In the hierarchical structure formation scenario, gas cools down
at the centre of dark matter haloes to form galaxies (Press &
Schechter 1974; White & Rees 1978). These galaxies undergo
various processes, of which galaxy mergers play an important
role in galaxy evolution. Galaxy mergers occur when two or
more galaxies collide into each other, and these events affect the
properties of the galaxies involved. For example, galaxy mergers
can lead to the transformation of disk galaxies to elliptical ones
(e.g. Toomre & Toomre 1972; Schweizer 1982; Barnes 1992)
and are expected to influence the star formation activity (e.g.
Larson & Tinsley 1978; Barnes & Hernquist 1991; Mihos &
Hernquist 1996; Ellison et al. 2008; Patton et al. 2013; Davies
et al. 2015; Silva et al. 2018; Pearson et al. 2019a, 2022). The
galaxy mergers can also contribute towards the growth of super-
massive black holes at the galaxy centres (e.g. Volonteri et al.
2003; Dotti et al. 2012; Ellison et al. 2019). All these effects

make galaxy mergers an important phenomenon in the process
of galaxy evolution.

The environment, that is, the local density of galaxies, is ex-
pected to be a decisive factor in shaping the evolution of galax-
ies. However, what remains unclear is the exact role that the envi-
ronment plays on the merger rates and the post-merger properties
of the merging galaxies such as their morphology, star formation
rate (SFR), stellar mass, luminosity, and the evolution of their
stellar population. The primary question is: do galaxy mergers
predominantly take place in the denser or less dense environ-
ments of the large-scale structure (LSS)?

As the merging is an assembly of two or more galaxies into
one, mergers are expected to have a strong dependence on the
environment. That is, we naively expect mergers to occur fre-
quently in denser regions. Some studies have tried to answer this
question. Indeed, a strong dependence of galaxy merger rate on
the environment was observed in high redshifts (z ∼ 1), where
higher merger rates were found in high density regions (Lin et al.
2010; de Ravel et al. 2011). However, only a weak dependence
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ABSTRACT

Dust in galaxies is an important tracer of galaxy properties and their evolution over time. The physical origin of the grain size distribu-
tion, the dust chemical composition and, hence, the associated ultraviolet-to-optical extinctions in diverse galaxies remains elusive. To
address this issue, we introduce a model for dust evolution in the ramses code for simulations of galaxies with a resolved multiphase
interstellar medium. Dust is modelled as a fluid transported with the gas component, and is decomposed into two sizes, 5 nm and
0.1 µm, and two chemical compositions for carbonaceous and silicate grains. This dust model includes the growth of dust by accretion
of elements from the gas phase and by the release of dust in stellar ejecta, the destruction by thermal sputtering, supernovae, and
astration, and the exchange of dust mass between the two main populations of grain sizes by coagulation and shattering. Using a suite
of isolated disc simulations with different masses and metallicities, the simulations can explore the role of these processes in shaping
the key properties of dust in galaxies. The simulated Milky Way analogue reproduces the dust-to-metal mass ratio, depletion factors,
size distribution and extinction curves of the Milky Way. Galaxies with lower metallicities reproduce the observed decrease in the
dust-to-metal mass ratio with metallicity at around a few 0.1 Z⊙. This break in the DTM corresponds to a galactic gas metallicity
threshold that marks the transition from an ejecta-dominated to an accretion-dominated grain growth, and that is different for silicate
and carbonaceous grains, with ≃ 0.1 Z⊙ and ≃ 0.5 Z⊙ respectively. This leads to more Magellanic Cloud-like extinction curves, i.e.
with steeper slopes in the ultraviolet and a weaker bump feature at 2175 Å, in galaxies with lower masses and lower metallicities.
Steeper slopes in these galaxies are caused by the combination of the higher efficiency of gas accretion by silicate relative to carbona-
ceous grains, and by the low rates of coagulation that preserves the amount of small silicate grains. Weak bumps are due to the overall
inefficient accretion growth of carbonaceous dust at low metallicity, whose growth is mostly supported by the release of large grains
in SN ejecta. We also show that the formation of CO molecules is a key component to limit the ability of carbonaceous dust to grow,
in particular in low-metallicity gas-rich galaxies.

Key words. Galaxies – Galaxies: ISM – dust, extinction – Methods: numerical

1. Introduction

The spectral energy distribution (SED) of galaxies characterises
the distance and properties of galaxies (e.g. Fioc & Rocca-
Volmerange 1997, 2019; Devriendt et al. 1999; Noll et al. 2009;
Chevallard & Charlot 2016; Boquien et al. 2019). As dust effi-
ciently absorbs light in the optical or in the ultraviolet (UV), it
re-emits this light in the infrared (IR), which is subsequently ab-
sorbed and re-emitted in the IR (producing IR multi-scattering).
The exact SEDs of galaxies across the entire spectral range are,
thus, tied in part to the properties of the dust, and in particular to
the size and chemical composition of grains.

While galaxy attenuation curves offer insights into the dust
properties (Calzetti et al. 2000), it is crucial to note that they
result from the interplay of complex radiative transfer effects
within the intricate geometry of the interstellar medium (ISM)
and stellar distribution (e.g., Gordon et al. 1997; Witt & Gordon
2000; Granato et al. 2000; Inoue 2005; Narayanan et al. 2018). A

key source of knowledge about dust properties comes from the
extinction curves of multiple lines-of-sights of individual stars
(for which the complexity of dust absorption is better charac-
terised) in the Milky Way or from the Magellanic Clouds. The
Milky Way extinction curve is characterised by a moderate ex-
tinction in the ultraviolet, as opposed to Magellanic Clouds, and
by a significant feature in the optical range, called the 2175 Å
bump, very faint in the Large Magellanic Cloud and almost
indistinguishable in the Small Magellanic Cloud (Pei 1992).
Thanks to the description with Mie theory of light absorption
and scattering by solid spherical bodies, and optical properties
of grains, it is possible to interpret the shape of the Milky Way
extinction curve by a number density distribution skewed to-
wards small grains (a few nm in size) but dominated by large
grains (0.1 µm) in mass, as well as a mixed composition of car-
bonaceous grains and of silicate grains (Weingartner & Draine
2001a). Although, the exact nature of the carbonaceous grains
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Introducing cuDisc: a 2D code for protoplanetary disc structure and
evolution calculations
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ABSTRACT
We present a new 2D axisymmetric code, cuDisc, for studying protoplanetary discs, focusing on the self-consistent calculation
of dust dynamics, grain size distribution and disc temperature. Self-consistently studying these physical processes is essential
for many disc problems, such as structure formation and dust removal, given that the processes heavily depend on one another.
To follow the evolution over substantial fractions of the disc lifetime, cuDisc uses the CUDA language and libraries to speed up
the code through GPU acceleration. cuDisc employs a second-order finite-volume Godonuv solver for dust dynamics, solves
the Smoluchowski equation for dust growth and calculates radiative transfer using a multi-frequency hybrid ray-tracing/flux-
limited-diffusion method. We benchmark our code against current state-of-the-art codes. Through studying steady-state problems,
we find that including 2D structure reveals that when collisions are important, the dust vertical structure appears to reach a
diffusion-settling-coagulation equilibrium that can differ substantially from standard models that ignore coagulation. For low
fragmentation velocities, we find an enhancement of intermediate-sized dust grains at heights of ∼ 1 gas scale height due to the
variation in collision rates with height, and for large fragmentation velocities, we find an enhancement of small grains around the
disc mid-plane due to collisional “sweeping” of small grains by large grains. These results could be important for the analysis of
disc SEDs or scattered light images, given these observables are sensitive to the vertical grain distribution.

Key words: protoplanetary discs – methods: numerical – stars: pre-main sequence

1 INTRODUCTION

The past few decades have seen the study of young planetary systems
and their formation environments become a rapidly evolving field
with major interest within the astrophysics community. This is
largely due to an unprecedented wealth of observations made possi-
ble by recent observatories such as ALMA (Wootten & Thompson
2009) and the continual discovery of diverse exoplanetary systems
(e.g Mayor et al. 2011; Batalha et al. 2013; Winn & Fabrycky
2015; Madhusudhan 2019; Zhu & Dong 2021). Protoplanetary
discs, the discs of gas and dust that form around young stars,
are the birthplace of such planetary systems and have, therefore,
been subject to extensive theoretical interest. Various questions
relating to their nature have arisen in recent years that remain at
least partly unanswered by current theoretical models. Examples
of such problems include: the nature of the mechanisms behind
“sub-structure” formation in protoplanetary discs, as observations
have shown these objects to exhibit diverse features from axisym-
metric rings and gaps to non-axisymmetric arcs (Andrews 2020;
Bae et al. 2022); the connection between the spatial distribution and
evolution of chemical species in discs to the eventual compositions
of planetary cores and atmospheres (Öberg et al. 2011; Booth et al.
2017; Madhusudhan 2019; Eistrup 2023); and mechanisms for the
dispersal of protoplanetary discs after their observed lifetimes of ∼

★ E-mail: a.robinson21@imperial.ac.uk

a few Myr (Ercolano & Pascucci 2017; Owen & Kollmeier 2019).

Exploring these problems requires sophisticated numerical
modelling, given the plethora of physical processes that govern the
structure and evolution of protoplanetary discs. Our understanding
of discs has primarily been advanced through the use of state-
of-the-art codes for studying the dynamics and thermodynamics
of the gas and dust that comprise the disc material. 2D and 3D
simulations have typically been used to study discs on short,
dynamical time-scales, given their computational cost, whilst 1D
models have often been used to study discs on longer, secular
time-scales. Work done using these models has hugely advanced
our understanding of protoplanetary discs; however, it has become
evident that for certain problems, the interplay of each of the
facets of disc physics - dynamics, thermodynamics and the dust
size distribution - must be studied self-consistently over secular
time-scales. The 1D code DustPy (Stammler & Birnstiel 2022) is
the current state-of-the-art for studying problems of this nature;
however, it cannot be used if the problem depends on the intricacies
of the disc vertical structure. Examples of such problems include
temperature instabilities (Watanabe & Lin 2008; Wu & Lithwick
2021; Fuksman & Klahr 2022) where 2D temperature solvers have
been used but dust dynamics and growth neglected, snow line
instabilities (Owen 2020) where 1D temperature and dynamics
solvers have been used, and problems relating to disc dispersal such
as the removal of dust from discs via radiation pressure (Owen &

© 2015 The Authors
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ABSTRACT

Multiple-cluster systems, i.e. superclusters, contain large numbers of galaxies assembled in clusters inter-connected by multi-scale
filamentary networks. As such, superclusters are a smaller version of the cosmic web and can hence be considered as miniature
universes. In addition to the galaxies, superclusters also contain gas, hot in the clusters and warmer in the filaments. Therefore, they
are ideal laboratories to study the interplay between the galaxies and the gas. In this context, the Shapley supercluster (SSC) stands
out since it hosts the highest number of galaxies in the local universe with clusters interconnected by filaments. In addition, it is
detected in both X-rays and via the thermal Sunyaev-Zel’dovich (tSZ) effect, making it ideal for a multi-wavelength study of the gas
and galaxies. Applying for the first time a filament-finder based on graphs, T-REx, on a spectroscopic galaxy catalogue, we uncovered
the 3D filamentary network in and around SSC. Simultaneously, we used a large sample of photometric galaxies with information on
their star formation rates (SFR) in order to investigate the quenching of star formation in the SSC environments which we define as a
function of the gas distribution in the Planck tSZ map and the ROSAT X-ray map.
With T-REx, we confirm filaments already observed in the distribution of galaxies of the SSC, and detect new ones. We observe the
quenching of star formation as a function of the gas contained in the SSC. We show a general trend of decreasing SFR where the tSZ
and X-ray signals are the highest, within the high density environments of the SSC. Within these regions, we also observe a rapid
decline of the number of star-forming galaxies, coinciding with an increasing number of transitioning and passive galaxies. Within
the SSC filaments, the fraction of passive galaxies is larger than outside filaments, irrespective of the gas pressure. Our results suggest
the zone of influence of the SSC, in which galaxies are pre-processed and quenched, is well defined by the tSZ signal that combines
the density and temperature of the environments.

Key words. Cosmology: large-scale structure of Universe, Galaxies: clusters: individual: Shapley, Galaxies: evolution

1. Introduction

The cosmic web is an entangled structure made of nodes (galaxy
groups and clusters) at the intersection of filaments surrounded
by walls and separated by voids. In the cosmic web, galaxy su-
perclusters are defined as the high-density regions in the distri-
bution of galaxies or galaxy groups/clusters (e.g., Einasto et al.
1997; Liivamägi et al. 2012; Chon et al. 2013; Chow-Martínez
et al. 2014; Sankhyayan et al. 2023a,b). Superclusters occupy
only 1% of the volume of the Universe; however they host
around 15% of galaxies including all very rich and luminous
galaxy clusters which reside in superclusters or in their high-
density cores (e.g., Einasto et al. 2022b, 2024). Furthermore,
numerical simulations show that the progenitors of the present-
day galaxy superclusters are already seen in the very early Uni-
verse (Park et al. 2022; Einasto et al. 2023). Several studies have
shown that galaxy superclusters or their high-density cores are
the largest objects which are either collapsing now or which
will collapse in the future (e.g., Dünner et al. 2006; Kopylova &
Kopylov 2007; Luparello et al. 2011; Chon et al. 2015; Einasto

⋆ nabila.aghanim@ias.u-psud.fr

et al. 2016, 2021, 2022b). This property has further been used to
define superclusters as in Luparello et al. (2011) and Chon et al.
(2015). In their study, Einasto et al. (2022b) compared differ-
ent definitions of superclusters based on their sizes and masses.
They showed that the largest collapsing cores are associated with
the richest superclusters, such as the Shapley and the Corona Bo-
realis supercluster in the local Universe, or the BOSS Great Wall
at redshift z = 0.47. These cores have sizes up to approximately
10 − 12 h−1 Mpc and masses up to 1016Msun.

Superclusters embed galaxies, groups, and clusters con-
nected by galaxy filaments, which may extend to their surround-
ing cosmic web. Supercluster environment is known to impact
the evolution of galaxies within them. This was shown in seminal
studies (e.g., Einasto & Einasto 1987) and in detailed analyses of
a few nearby superclusters (e.g., Luparello et al. 2013; Pearson
et al. 2014; Lietzen et al. 2016; Lacerna et al. 2016; Einasto et al.
2018, 2020, 2021; Castignani et al. 2022; Heinämäki et al. 2022).
They conclude that galaxies in groups within superclusters have
older stellar populations, suggesting that groups in superclus-
ters formed differently from groups in other environments (see
e.g., Einasto et al. 2023, for a recent study) with their galax-
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Fast and spurious: a robust
determination of our peculiar velocity
with future galaxy surveys
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Abstract. To date, the most precise measurement of the observer’s peculiar velocity comes from the dipole in
the Cosmic Microwave Background (CMB). This velocity also generates a dipole in the source number counts,
whose amplitude is governed not only by the observer velocity, but also by specific properties of the sources,
that are difficult to determine precisely. Quantitative studies of the source number counts currently give dipoles
which are reasonably well aligned with the CMB dipole, but with a significantly larger amplitude than that of
the CMB dipole. In this work, we explore an alternative way of measuring the observer velocity from the source
number counts, using correlations between neighboring spherical harmonic coefficients, induced by the velocity.
We show that these correlations contain both a term sensitive to the source properties and another one directly
given by the observer velocity. We explore the potential of a Euclid-like survey to directly measure this second
contribution, independently of the characteristics of the population of sources. We find that the method can reach
a precision of 4%, corresponding to a detection significance of 24σ, on the observer velocity. This will settle with
precision the present "dipole tension".

Keywords: large-scale structure of the Universe – methods: analytical – methods: statistical
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Correction method applied to MC simulated LST
images affected by clouds
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We present the results of a preliminary study of a correction method applied to the Imaging
Atmospheric Cherenkov Telescope images affected by clouds. The studied data are Monte Carlo
simulations made with CORSIKA, imitating the very high energy events registered by the Large-
Sized Telescopes, a type of telescope within the future Cherenkov Telescope Array. We implement
the cloud correction method in the ctapipe/lstchain analysis framework. The correction is
based on a simple geometrical model of the emission. We show the effect of the correction method
on the image parameters and the stereo-reconstructed shower parameters.

High Energy Astrophysics in Southern Africa 2022 - HEASA2022
28 September - 1 October 2022
Brandfort, South Africa

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/
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Correction method applied to MC simulated LST images affected by clouds Natalia Żywucka

1. Introduction

Since very-high-energy (VHE) gamma-ray sources emit characteristic photon fluxes of ≲ 10−12

erg cm−2 s−1, large collection areas > 100 m2 are required to detect them. Otherwise, the
observations are statistically insignificant due to too low rates of observed photons. Presently, it is
not feasible for gamma-ray instrumentation with a physical size exceeding ∼1 m2 to be sent into
space, severely limiting the performance of direct observations in this energy range. The Imaging
Atmospheric Cherenkov Telescopes (IACTs) take advantage of Cherenkov radiation visible in the
optical range from 300 to 600 nm and allow indirect, ground-based observations of VHE radiation.
The technique relies on the detection of short Cherenkov light flashes lasting 3–4 ns caused by the air
showers generated during collisions of ultrarelativistic gamma-ray photons or hadrons with nuclei in
the upper layer of the Earth’s atmosphere. The ground-based detectors register information, leading
to a precise identification of the primary particles, i.e. to measure their initial energy, establish the
direction of emission, and determine the nature of the source of radiation.
The Cherenkov telescope array1 (CTA) [1] is an emerging, ground-based, IACT observatory located
in two hemispheres, namely CTA-North on the Canary island of La Palma (Spain) and CTA-South
in the Atacama Desert in Chile. The observatory will consist of three types of telescopes, namely
large- (LST), medium- (MST), and small- (SST) sized telescopes, having mirror diametres of 23
m, 11.5 m, and 4.3 m, and the fields of view of 4.5◦, 7◦, and 8◦, respectively. In this manner,
the CTA observatory tends to cover both hemispheres in a wide range of photon energy between
20 GeV and 300 TeV, improving the sensitivity level at the reference energy of 1 TeV by an order
of magnitude in comparison to currently operating Cherenkov observatories. The key scientific
goals of the CTA observatory include understanding the origin of VHE emission from astrophysical
sources, the existence and the role of relativistic cosmic particles in the Universe, searching for dark
matter, and many other topics [2].
The first operating CTA telescope is the LST-1 located in the CTA-North site at the Roque de Los
Muchachos Observatory on La Palma [3]. The sub-array scheme assumes the construction of four
such telescopes at the central part of the northern array that provides the dominant contribution to
the full system sensitivity in the range of 20 to 150 GeV. The inauguration of the LST-1 was held
in 2018 and the telescope is currently in the science-engineering phase. The LSTs have a wide
scope of observations, including Galactic transients, active galactic nuclei, gamma-ray bursts, and
other astrophysical sources. It is worth mentioning that a fraction of observations will be affected
by clouds, which cannot be avoided. However, the gathered data can be improved in the analysis
process.
We propose a geometrical model correction of an image, which aims to improve the gamma/hadron
separation and shower direction reconstruction. The proposed method is enhanced with a bias fit
which is independent of energy and impact.

2. Simulations

Based on the physical parameters describing individual particle cascades, such as shape and
components, that are later on reflected in their Cherenkov light images, hadronic and electromagnetic

1https://www.cta-observatory.org/
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ABSTRACT

We present a high angular resolution multi-wavelength study of the massive globular cluster NGC 1835 in the Large Magellanic
Cloud. Thanks to a combination of optical and near ultraviolet images acquired with the WFC3 on board the HST, we performed
a detailed inspection of the stellar population in this stellar system adopting a “UV-guided search” to optimize the detection of
relatively hot stars. This allowed us to discover a remarkably extended horizontal branch (HB), spanning more than 4.5 magnitudes
in both magnitude and colour from the region redder than the instability strip, up to effective temperatures of 30,000 K, and including
a large population of RR Lyrae (67 confirmed variables, and 52 new candidates). This is the first time that such a feature has been
detected in an extra-Galactic cluster, demonstrating that the physical conditions responsible for the formation of extended HBs are
ubiquitous. The acquired dataset has been also used to redetermine the cluster distance modulus, reddening, and absolute age, yielding
(m − M)0 = 18.58, E(B − V) = 0.08, and t = 12.5 Gyr, respectively.

1. Introduction

The Large Magellanic Cloud (LMC) is the most massive (∼
1011M⊙; Erkal et al. 2019) satellite of the the Milky Way. It hosts
a rich system of star clusters, including massive globular clus-
ters (GCs) with properties similar to those of the Milky Way,
and lower-mass stellar systems similar to the Galactic open clus-
ters. As in the case of our Galaxy, the study of the LMC stellar
systems provides deep insights into the star formation history
(Olszewski et al. 1996; Olsen et al. 1998; Brocato et al. 1996;
Mackey & Gilmore 2003; Baumgardt et al. 2013), the chemical
enrichment (e.g., Hill et al. 2000; Pietrzynski & Udalski 2000;
Ferraro et al. 2006; Mucciarelli et al. 2010; Glatt et al. 2010;
Cadelano et al. 2022a), and the past merger history (e.g., Muc-
ciarelli et al. 2021) of the host galaxy. The LMC GCs cover a
metallicity range comparable to that sampled by Galactic clus-
ters, but show a much broader range of ages (from a few mil-
lion, to several billion years), thus providing the ideal laboratory
to empirically calibrate the so-called “red giant branch (RGB)
and asymptotic giant branch (AGB) Phase Transitions” (see, e.g.,
Ferraro et al. 1995, 2004; Mucciarelli et al. 2006). These are two
crucial events in a star cluster life that are expected to induce
significant changes in the spectral energy distribution (SED) as
a function of time. The empirical calibration of theoretical SEDs
is a mandatory step for the proper interpretation of the spectra of
unresolved galaxies through cosmic time (see Maraston 2005).

⋆ Based on observations with the NASA/ESA HST, obtained under
program GO 16361 (PI: Ferraro). The Space Telescope Science Institute
is operated by AURA, Inc., under NASA contract NAS5-26555

To the same purpose, also the accurate characterization of
the horizontal branch (HB) morphology of stellar systems is ex-
tremely important. In fact, it is well known that this can have a
strong impact on the integrated light of stellar populations, af-
fecting their colours and line indices (Lee et al. 2002; Schiavon
et al. 2004; Percival & Salaris 2011; Dalessandro et al. 2012).
In particular, HBs with extended blue tails imply the presence of
very hot stars that, in unresolved stellar systems, can mimick the
existence of young populations even in cases where star forma-
tion stopped several Gyr ago. Indeed, the so-called “UV upturn”
or “UV excess” observed in early-type galaxies is mainly ex-
plained as due to blue HB stars (e.g., Greggio & Renzini 1990;
Dorman et al. 1993, 1995; Brown 2004). In addition, peculiar
populations of “slowly cooling white dwarfs” have been recently
identified in GCs with extended blue HBs, while they are not
observed in stellar systems where the HB is restricted to the
red (cold) region (Chen et al. 2021, 2022, 2023a). The link be-
tween the HB morphology and the presence/lack of slowly cool-
ing white dwarfs is due to the fact that, because of their small
mass, the bluest HB stars skip the asymptotic giant branch phase
and therefore keep a relatively massive residual hydrogen enve-
lope around the degenerate carbon-oxygen core. Hydrogen ther-
monuclear burning in this residual envelope then acts as an extra-
energy source during the white dwarf phase, thus slowing down
the evolution and resulting in observable populations of “slowly
cooling white dwarfs” (Chen et al. 2021). In spite of its astro-
physical importance, we still have an incomplete understanding
of the physical origin of the HB morphology (the so-called “sec-
ond parameter problem”; see e.g. Catelan 2009; Gratton et al.
2010; Milone et al. 2014) and it is therefore important to keep
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ABSTRACT

We used an unbiased CMB lensing mass estimator on 468 SPT-SZ clusters from the SPT-SZ and the Planck public data, the first
such estimation using combined ground- and space-based data. We measured the average ratio between CMB lensing and SZ mass
to be MCMBlens/MSZ = 0.98 ± 0.19 (stat.) ± 0.03 (syst.). The average CMB lensing mass from the combination of the two data sets is
measured at 4.8σ, which is a significant gain with respect to the measurement performed on the SPT-SZ only (3.9σ) or the Planck
only (3.7σ) data set. We showed that the combination not only takes advantage of the two different ranges of spatial scales (i.e.
Fourier modes) observed but also exploits the lensing induced correlation between scales observed by one experiment and the other.
This result demonstrates the importance of measuring a large range of spatial scales for CMB lensing mass estimation, from arcmin
to degrees. This large range of scales will most probably be provided by the combination of various data sets, such as from the large
and small aperture telescopes of the upcoming Simons Observatory and future CMB-S4 experiment, and Planck. In this context, the
Planck data will remain a key element for CMB lensing cluster studies in the years to come.

Key words. galaxies: clusters: general – cosmic background radiation – Gravitational lensing: weak – methods: statistical

1. Introduction

Clusters of galaxies, located at the nodes of the cosmic web, are
very useful objects for studying both astrophysics and cosmol-
ogy. They have played an important role in shaping and reinforc-
ing the ΛCDM concordance model and have been used in many
works to derive constraints on cosmological parameters (e.g.,
White et al. 1993; Carlberg et al. 1996; Bahcall et al. 1997;
Allen et al. 2002). Among these approaches, the most promis-
ing way to constrain cosmological parameters with clusters is
through cluster counts as a function of redshift and mass, which
are very sensitive to cosmological parameters, particularly Ωm
and σ8 (Albrecht et al. 2006; Vikhlinin et al. 2009; Allen et al.
2011). Clusters thus have the statistical power to be as efficient
as other major cosmological probes but their constraints unfor-
tunately suffer from uncertainty in the relation between clus-
ter masses and directly observable quantities. This uncertainty
on the cluster mass scale dominates current analyses (e.g., Has-
selfield et al. 2013; Planck Collaboration et al. 2016c; Bocquet
et al. 2019; Abbott et al. 2020). However, the situation will
change in the next few years with the advent of the large optical
facilities Euclid1 and the Vera Rubin Observatory2. These facil-
ities will improve the accuracy and number of measurements of
cluster masses thanks to weak gravitational lensing, up to red-
shifts of the order of one (Laureijs et al. 2011; LSST Science
Collaboration et al. 2009). The major uncertainty for cosmology
with clusters at z < 1 will, therefore, be overcome in the next
decade. Extending cosmological studies with clusters at redshift
z > 1 will not be possible with the weak gravitational lensing

1 https://www.esa.int/Science_Exploration/Space_
Science/Euclid & https://www.euclid-ec.org
2 https://rubinobservatory.org & https://lsstdesc.org

on galaxies due to the lack of background sources at these red-
shifts. The cosmic microwave background (CMB) is hoped to
be a new background source for studying the weak lensing of
clusters at higher redshift. Located at z ∼ 1100 and having pre-
cisely known statistical properties, it makes it possible to mea-
sure masses of galaxy clusters by weak gravitational lensing in
the redshift range 0 < z < 3. (Zaldarriaga & Seljak 1999; Seljak
& Zaldarriaga 2000; Holder & Kosowsky 2004; Dodelson 2004;
Vale et al. 2004; Lewis & King 2006; Lewis & Challinor 2006).

The first tools were proposed in the mid-2000s to detect this
effect (Maturi et al. 2005; Hu et al. 2007; Yoo & Zaldarriaga
2008; Yoo et al. 2010), but the first data sets for which the lensing
signal became detectable only appeared in the early 2010s (Ruhl
et al. 2004; Swetz et al. 2011; Planck Collaboration et al. 2020a).
The signal-to-noise for CMB lensing mass measurement is very
low in these data sets. Thus, it is not possible to make individual
measurements and it is necessary to average the signal over sev-
eral hundred clusters to pull the signal out of the noise. The first
measurements were carried out almost jointly by the ACT, SPT
and Planck collaborations shortly before the mid-2010s (Mad-
havacheril et al. 2015; Baxter et al. 2015; Planck Collaboration
et al. 2016c). These detections were made possible thanks to the
pioneering work cited above and improved tools (see Melin &
Bartlett 2015). The improvement of existing tools and the devel-
opment of new tools are currently active research fields (Raghu-
nathan et al. 2017; Madhavacheril & Hill 2018; Raghunathan
et al. 2019a; Horowitz et al. 2019; Patil et al. 2020; Gupta & Re-
ichardt 2021; Levy et al. 2023; Chan et al. 2023). The motivation
is to be ready to analyze data from the new generation of CMB
instruments which will provide data sets that will enable individ-
ual mass measurements for the first time, the Simons Observa-
tory (SO, Ade et al. 2019) and CMB-S4 (Abazajian et al. 2019).
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observation - III. Bias and variance
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Abstract. Power spectrum of diffuse Hi 21 cm background radiation is one of the promising
probes to study large scale structure of the universe and understand the evolution of the
galaxies. Presence of orders of magnitude larger foregrounds in the frequency range for such
observations has been one of the largest challenge. The foreground contamination also hinders
the calibration procedures and introduce residual calibration errors in the interferometric
data. It has been shown that the calibration errors can introduce bias in the 21-cm power
spectrum estimates and introduce systematics. There have been several efforts to understand
and improve on the calibration errors. In this work we use an analytical estimate of the
bias and variance in redshifted 21-cm power spectrum in presence of time-correlated residual
gain errors and foreground. We use the uGMRT Band-3 observations of the ELAIS-N1 field
and estimate the bias and variance in the power spectrum from these observation. We first
access the statistics of the gain errors and based on the quality of calibration we flag a set of
additional antennae. The latter reduce the bias and variance of power spectrum significantly
and we found it to be recommended for such analysis. These estimates demonstrate that the
majority of the systematics at the lower angular scales are due to the residual gain errors.
We observe that for the uGMRT baseline configuration and system parameters, the variance
is always higher than the bias in the power spectrum estimates. The excess variance in the
power spectrum reduces with increase of the angular scales and at about ℓ ∼ 6000 the effects
from residual gain errors are negligible. Based on our analysis we observe that for an angular
multipole of ℓ ∼ 3000, 2000 hours of ‘on source time’ is required with uGMRT to detect
redshifted 21-cm signal at 3 − σ significance from a redshift of 2.55. In this work we only
consider the power spectrum measurement in the plane of the sky, an assessment of residual
gain statistics and its effect on multifrequency angular power spectrum estimation will be
presented in a companion paper.

Keywords: statistical sampling techniques, reionization, power spectrum
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Grey Two-moment Neutrino Transport: Comprehensive Tests and
Improvements for Supernova Simulations
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ABSTRACT

Aims. In this work, we extended an energy-integrated neutrino transport method to facilitate efficient, yet precise, modeling of compact
astrophysical objects. We focus particularly on core-collapse supernovae.
Methods. We implemented the framework of Foucart et al. (2016) into FLASH and performed a detailed evaluation of its accuracy in
core-collapse supernova simulations. Based on comparisons with results from simulations using energy-dependent neutrino transport,
we incorporated several improvements to the original scheme.
Results. Our analysis shows that our grey neutrino transport method successfully reproduces key aspects from more complex energy-
dependent transport across a variety of progenitors and equations of state. We find both qualitative and reasonable quantitative agree-
ment with multi-group M1 transport simulations. However, the grey scheme tends to slightly favor shock revival. In terms of gravi-
tational wave and neutrino signals, there is a good alignment with the energy-dependent transport, although we find 15-30 per cent
discrepancies in the average energy and luminosity of heavy-lepton neutrinos. Simulations using the grey transport are around four
times faster than those using energy-dependent transport.

Key words. supernovae: general – Neutrinos – Radiative transfer – Hydrodynamics – Gravitational waves

1. Introduction

Core-collapse supernovae are important for several facets of as-
trophysics, they play key role in the chemical (Edmunds 2017;
Thielemann et al. 2018) and dynamical evolution (Smith et al.
2018; Bacchini et al. 2023) of galaxies and they are the progen-
itors of every binary system observed so far by LIGO-Virgo-
KAGRA collaboration (Abbott et al. 2016b,a,c, 2017b,a,c,d,
2019, 2020c,b,a,d, 2021a,b,b, 2024, 2023). To thoroughly under-
stand core-collapse supernovae and their impact in astrophysics,
it is essential to systematically examine the varied outcomes that
occur in the final stages of the evolution of massive stars.

In the last decade, the efforts of the modelling com-
munity have led to several successful supernova explosions
in three-dimensional simulations with state-of-the-art micro-
physics (Melson et al. 2015a,b; Roberts et al. 2016; Summa
et al. 2018; Vartanyan et al. 2019; Burrows et al. 2019; Var-
tanyan et al. 2019; Burrows et al. 2020; Vartanyan et al. 2022).
Despite recent advances, there are still several open questions
and challenges left to tackle in the core-collapse field. The ulti-
mate goal is to simulate a star from the onset of iron-core col-
lapse, through shock revival, until the shock breaks out of the
star and self-consistently predicting every aspect of the observ-
ables. Reaching this goal will require an improved understanding
of the stellar progenitors (Arnett & Meakin 2011; Couch & Ott
2015; Cristini et al. 2017; Jones et al. 2017; Müller et al. 2016),

⋆ e-mail: haakon.andresen@astro.su.se

understanding the importance of neutrino oscillations (Izaguirre
et al. 2017; Chakraborty et al. 2016; Capozzi et al. 2019; Johns
et al. 2020; Chakraborty & Chakraborty 2020; Bhattacharyya &
Dasgupta 2021; Capozzi et al. 2020; Martin et al. 2021; Johns
2023; Capozzi et al. 2022; Xiong et al. 2023b; Richers & Sen
2022; Dedin Neto et al. 2023; Liu et al. 2023; Xiong et al. 2023a;
Cornelius et al. 2023; Shalgar & Tamborra 2023; Ehring et al.
2023; Dedin Neto et al. 2023; Cornelius et al. 2023; Shalgar
& Tamborra 2023; Akaho et al. 2024), accurate microphysics
(Sumiyoshi et al. 2005; Hempel et al. 2012; Fischer et al. 2014;
Oertel et al. 2017; da Silva Schneider et al. 2020; Pascal et al.
2022; Suleiman et al. 2023), understanding the impact of rota-
tion and magnetic fields (Kotake et al. 2011; Takiwaki & Kotake
2018; Summa et al. 2018; Jardine et al. 2022; Obergaulinger &
Aloy 2021; Bugli et al. 2021; Reichert et al. 2023; Bugli et al.
2023; Buellet et al. 2023), and the ability to accurately simu-
late all the aforementioned aspects. The input physics underly-
ing core-collapse supernovae are complex and subject to active
research. Consequently, the underpinning of supernova simula-
tions comes with inherent uncertainty.

On one hand, state-of-the-art simulations are necessary to
move the field forward and the inclusion of ever more detailed
physics in numerical simulations is sure to yield interesting re-
sults in the future. On the other hand, the most complex sim-
ulations are ill suited for systematically studying the effects of
the uncertainties in the input physics due to their high computa-
tional cost. First among the computationally expensive parts of
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Origin of broad He II 4686 Å emission in early spectra of
type IIP supernovae
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ABSTRACT

We derive molecular gas fractions ( fmol = Mmol/M∗) and depletion times (τmol = Mmol/SFR) for 353 galaxies representative of the
local star-forming population with 108.5 M⊙ < M∗ < 1010.5 M⊙ drawn from the ALLSMOG and xCOLDGASS surveys of CO(2-
1) and CO(1-0) line emission. By adding constraints from low-mass galaxies and upper limits for CO non-detections, we find the
median molecular gas fraction of the local star-forming population to be constant at fmol = −1.04 ± 0.04 challenging previous reports
of increased molecular gas fractions in low mass galaxies. Above M∗ ∼ 1010.5 M⊙ we find the M∗ vs fmol relation to be sensitive
to the selection criteria for star-forming galaxies. We test the robustness of our results against different prescriptions for the CO-to-
H2 conversion factor and different selection criteria for star-forming galaxies. The depletion timescale τmol depends weakly on M∗,
following a power law with a best-fit slope of 0.24±0.03. This suggests that small variations in specific SFR (sSFR = SFR/M∗) across
the local main sequence of star forming galaxies with M∗ < 1010.5 M⊙ are driven mainly by differences in the efficiency of converting
the available molecular gas into stars. We test these results against a possible dependence of fmol and τmol on the surrounding (group)
environment of the targets by splitting them into centrals, satellites, and isolated galaxies, and find no significant variation between
these populations. We conclude that the group environment is unlikely to have a large systematic effect on the molecular gas content
of star-forming galaxies in the local universe.

Key words. galaxies: general – galaxies: ISM – galaxies: evolution

1. Introduction

The tight correlations found between the cold molecular gas con-
tent of galaxies and other physical galaxy properties, such as
stellar mass (M∗) and star formation rate (SFR) are powerful
and widely used tools in the study of galaxy evolution. These
quantities are inextricably linked because stars form in clouds
of cold molecular gas. However, the exact physical processes
governing the interplay of cloud collapse and feedback are not
fully understood and may vary among galaxy populations (e.g.
Sun et al. 2020). Scaling relations have the potential to reveal
any systematic differences across regimes in M∗, SFR, and en-
vironment, but this requires data covering the associated pa-
rameter ranges. Due to observational challenges, molecular line
data in low-mass, low-metallicity galaxies is lacking. As a con-
sequence, scaling relations have so far been largely based on
massive (M∗ > 1010 M⊙), metal rich galaxies (see Saintonge &
Catinella 2022 for a review).

Recent studies have made efforts to push observations of cold
molecular gas to lower masses with statistically significant sam-
ple sizes (Cicone et al. 2017; Saintonge et al. 2017; Wylezalek
et al. 2022), but there is no clear picture of the behaviour of
molecular gas scaling relations in the low-mass regime (M∗ <
109 M⊙) yet. Particularly in the case of intensive properties (i.e.

those that do not directly depend on the size of the system),
such as the molecular gas fraction ( fmol = Mmol/M∗), the re-
sults reported in the literature differ significantly. Some recent
studies find fmol to be anti-correlated with stellar mass following
a simple power-law across the entire mass range studied (e.g.
Hunt et al. 2020), while others report a shallow or flat relation at
lower masses (e.g. Calette et al. 2018; Saintonge et al. 2017)
with a downturn above a certain stellar mass. This feature is
sometimes attributed to the larger fraction of passive galaxies at
higher masses (Jiang et al. 2015), but it appears even in samples
selected to exclude passive galaxies (e.g. Saintonge et al. 2017;
Calette et al. 2018). The situation is similar for the molecular gas
depletion time (τmol = Mmol/SFR), which is a measure of how
rapidly galaxies convert their molecular gas into stars. Some au-
thors report that τmol is independent of M∗ for main-sequence
galaxies (e.g. Accurso et al. 2017; Boselli et al. 2014), but others
find τmol and M∗ to correlate, at least above M∗ = 109 M⊙ (e.g.
Hunt et al. 2020; Saintonge et al. 2017). A lack of relation be-
tween τmol and M∗ would indicate that star formation proceeds at
a universal rate in galaxies, while a correlation has been argued
to be a consequence of global galaxy properties affecting pro-
cesses on cloud scales (Sun et al. 2020; Saintonge & Catinella
2022).

Article number, page 1 of 15
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Lighting Dark Ages with Tomographic ISW Effect

Deng Wang∗ and Olga Mena†

Instituto de F́ısica Corpuscular (CSIC-Universitat de València), E-46980 Paterna, Spain

The integrated Sachs-Wolfe effect (ISW) describes how CMB photons pick up a net blue or redshift
when traversing the time-varying gravitational potentials between the last scattering surface and
us. Deviations from its standard amplitude could hint new physics. We show that reconstructing
the amplitude of the ISW effect as a function of the redshift may provide a unique tool to probe the
gravity sector during the era of dark ages, inaccessible via other cosmological observables. Exploiting
Planck CMB temperature, polarization and lensing observations, we find a 2σ deviation from the
standard ISW amplitude at redshift z = 500. Barrying a systematic origin, our findings could point
to either possibly new physics or a departure from the standard picture of structure formation under
the General Relativity framework. Assuming the simplest two-redshift-bin scenario, we ensure 38σ
and 2σ evidences of the early and late ISW effects, respectively, despite a priori possible degeneracy
with the CMB lensing amplitude. Using a multiple tomographic method, we present the first
complete characterization of the ISW effect over space and time. Future tomographic ISW analyses
are therefore crucial to probe the dark ages at redshifts otherwise unreachable via other probes.

Introduction. The cosmic dark ages, which encode a
wealth of cosmological information, lie between the re-
combination epoch when the CMB photons decoupled
from matter at z ∼ 1090 and the appearance of the
first light sources at z ∼ 30. The line absorption due
to the 21cm spin-flip transition in neutral hydrogen can
extract physical information at 30 ≲ z ≲ 300 [1]. How-
ever, an important question is how to dig up useful in-
formation at 300 ≲ z ≲ 1090 in current cosmological
observations. A viable solution is the integrated Sachs-
Wolfe (ISW) effect [2], one class of secondary CMB tem-
perature fluctuations, which is a powerful probe of dark
energy, the nature of gravity, neutrinos and other ex-
tra degrees of freedom present at recombination. This
effect is originated from the interaction between CMB
photons and the time-dependent gravitational potentials
along the line of sight between us and the last scattering
surface. Given the fact that the gravitational potentials
will remain constant unless the expansion of the universe
is not entirely driven by a non-relativistic matter compo-
nent, there can be identified two ISW effects at two dis-
tinct periods in the expansion of the universe. Namely,
the early ISW effect is sensitive to relativistic particles
at the recombination epoch, such as neutrinos, axions or
other cosmic relics contributing to the dark radiation of
the universe. On the contrary, the late ISW effect is a
test of the late-time density perturbations, depending on
the dark energy evolution, on modifications of the gravity
sector, or on any other modification to the growth of per-
turbations (curvature, massive neutrinos, among others).
Notice that since the ISW effect is always subdominant
with respect to primary sources in the CMB, it has to be
measured by cross correlating the large scale structure
(LSS) [3, 4], or from CMB polarization induced by intra-
cluster electron scattering [5]. Progresses in precise CMB
measurements and large scale galaxy surveys enable de-
tections of the ISW-LSS cross correlation and confirm the
decay of the cosmological gravitational potential [6–21].

The Planck collaboration [22] reports a 4σ detection by
cross-correlating CMB temperature maps with different
LSS tracers. Reference [23] shows a 36σ detection of the
early ISW effect using Planck 2015 CMB data and finds
a correlation between the early ISW amplitude and the
lensing amplitude, interfering with the measurement of
the ISW amplitude. 21cm surveys [24] can also be used
to detect the ISW effect, for instance, cross correlating
their measurements at high redshifts with galaxies [25].
Moreover, ISW effects are studied in a number of dark
energy and alternative gravity models [26–28].
In this letter, we shall consider several tomographic

parameterizations of the ISW effect, finding that CMB
data only are able to measure the late ISW effect with
a significance above 2σ independently of parameter de-
generacies, as shown in Fig. 1. The novelty of our study
also resides on the exploration of the redshift and scale
dependence of the ISW effect. Crucially, we demonstrate
that our tomographic method, reconstructing the ISW
effect amplitude as a function of redshift, can serve as a
powerful probe of the dark ages, inaccessible via other ob-
servables. A larger value of AISW > 1 points to a stronger
time variation of the gravitational potentials during the
dark ages. Indeed, we find a 2σ deviation of the ISW am-
plitude (AISW > 1) at redshift z = 500, which could be
signaling either new physics beyond the ΛCDM cosmol-
ogy, a signal beyond the standard structure formation,
or unidentified systematical errors.
Basics. The ISW effect leads to a CMB temperature

perturbation given by the line-of-sight integral between
us and the last scattering surface:

Θℓ(k, η0) =

∫ η0

0

dηe−τ(η)[Ψ̇(k, η)− Φ̇(k, η)]jℓ[k(η0 − η)] ,

(1)
where dot refers to conformal time derivative, τ is the
optical depth, η0 is the present conformal time and Ψ
and Φ are the gravitational potentials in the Newtonian
gauge. Before recombination the factor e−τ(η) is negligi-
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Evidence for axion miniclusters with an increased central density

Benedikt Eggemeier,1, ∗ Ananthu Krishnan Anilkumar,1, † and Klaus Dolag2, 3, ‡

1Institut für Astrophysik, Georg-August-Universität Göttingen, D-37077 Göttingen, Germany
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Universität München, Scheinerstr.1, 81679 München, Germany

3Max-Planck-Institut für Astrophysik, Karl-Schwarzschild-Straße 1, 85741 Garching, Germany
(Dated: February 29, 2024)

We identify axion miniclusters collapsing in the radiation-dominated era and follow them to
redshift z = 99 with N-body simulations. We find that the majority of the densest miniclusters end
up in the center of larger minicluster halos at late times. Soon after their formation, the miniclusters
exhibit NFW profiles but they subsequently develop a steeper inner slope approaching ρ ∼ r−2 on
small scales. Using the so far most highly resolved axion structure formation simulation with 20483

particles we examine the structure of previously studied minicluster halos. While the density profiles
of their subhalos are NFW-like we confirm that a modified NFW profile with a steeper inner slope
provides a better description for minicluster halos with masses above ∼ 10−12 M⊙. We show that
miniclusters with a higher central density might be in contrast to pure NFW halos dense enough to
induce gravitational microlensing. Likewise, more compact minicluster halos will have immediate
implications for direct and indirect axion detection.

I. INTRODUCTION

The QCD axion is a hypothetical particle and results
from a spontaneously broken global U(1) symmetry that
was introduced by Peccei and Quinn to provide a solu-
tion to the so-called strong CP problem [1–8]. Since the
axion is stable and only very weakly coupled to the Stan-
dard Model it is an attractive dark matter candidate [9].
The point in time of symmetry-breaking is crucial for
the subsequent evolution of the axion and thus affects
the phenomenology of axion dark matter.

In the post-inflationary symmetry-breaking scenario
the early axion field is characterized by small-scale in-
homogeneities which further leads to the formation of a
cosmic string network [10]. When the axion mass be-
comes relevant compared to the expansion rate of the
universe, domain walls start to build between the axion
strings. This initializes the collapse of the string network
producing both relativistic and nonrelativistic axions. As
highly nonlinear processes are involved, the generation of
axions from the decay of axion strings can only be studied
numerically which is done via cosmological lattice simula-
tions [11–20]. This is a highly non-trivial and challenging
task that allows for the prediction of axion model param-
eters and the dark matter abundance. While there are
some simulation scheme-dependent systematic uncertain-
ties concerning the axion mass (see for example Ref. [21]
for a discussion), the occurrence of large overdensities in
the axion field as a consequence of the collapse of axion
strings is a firm prediction.

Eventually, gravity becomes the dominant force and
the axion overdensities collapse into gravitationally

∗ benedikt.eggemeier@phys.uni-goettingen.de
† a.anilkumar@stud.uni-goettingen.de
‡ kdolag@mpa-garching.mpg.de

bound axion miniclusters (MCs) [22–26]. In contrast
to the usual structure formation scenarios with cold
dark matter (CDM), axion MCs form already during
the radiation-dominated era of cosmic history with typi-
cal masses of M ∼ 10−12 M⊙ and merge hierarchically
into larger structures known as axion minicluster ha-
los (MCHs) [27, 28]. Since MCs are particularly dense
objects it is expected that a large fraction survives the
merging processes. Hence, axion MCs should exist as
dark matter substructures within galaxy-sized halos at
present if they are not tidally disrupted by encounters
with stars [29–34].

Their presence in Milky Way-like dark matter halos is
of significance for axion searches relying on direct and
indirect detection techniques. If a large fraction of dark
matter is bound in axion MCs, opportunities for indi-
rect axion detection arise from gravitational microlens-
ing [26, 27, 35] and transient radio signals originating
from collisions of axion MCs with the magnetospheres
of neutron stars [36–38]. Conversely, this decreases the
chances of a direct axion detection in haloscope experi-
ments significantly as an encounter of an MC with the
Earth is presumably a rare event taking place only once
every 105 years [29, 39]. Nevertheless, the probability of
detecting axions directly is enhanced by the possible tidal
disruption of MCs and MCHs leading to tidal streams
that cover a larger volume with axions.

To make reliable quantitative predictions about the
distribution of axion MCs and their structure, the gravi-
tational growth and collapse of axion overdensities need
to be studied numerically. Starting from initial condi-
tions produced by lattice simulations of the early ax-
ion field evolution using the methods from Ref. [15], the
first N-body simulations addressing the formation of ax-
ion MCHs were presented in Ref. [28]. They found that
at their final redshift of z = 99 roughly 75% of ax-
ions are gravitationally bound in MCHs covering a mass
range from 10−15 M⊙ to 10−9 M⊙ and they analyzed the
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Studying The Effect of Radiation Pressure on Evolution of a Population III Stellar Cluster

Sukalpa Kundu1 and Jayanta Dutta1

1Harish Chandra Research Institute, Chhatnag Rd, Jhusi, Prayagraj, Uttar Pradesh 211019

ABSTRACT

Recent numerical simulations have shown that the unstable disk within the central regime of the

primordial gas cloud fragments to form multiple protostars on several scales. Their evolution depends

on the mass accretion phenomenon, interaction with the surrounding medium and radiative feedback

respectively. In this work, we use a fast semi-analytical framework in order to model multiple protostars

within a rotating cloud, where the mass accretion is estimated via a Bondi-Hoyle flow and the feedback

process is approximated through radiation pressure. We observe that while some of the evolving

protostars possibly grow massive (≈ 1− 24M⊙) via accretion and mergers, a fraction of them (≈ 20%)

are likely to be ejected from the parent cloud with a mass corresponding to M∗ ≲ 0.8M⊙. These low-

mass protostars may be considered as the potential candidates to enter the zero-age-main-sequence

(ZAMS) phase and possibly survive till the present epoch.

Keywords: Pop III stars – Semi-numerical simulation – Radiation Pressure – Survival

1. INTRODUCTION

In the standard framework of cosmology, primordial

fluctuations in the density field of the universe grow

into dark matter (DM) minihalos (of virial mass ≈
105−106M⊙) as a consequence of the hierarchical struc-

ture formation (Navarro et al. 1996; Haiman 2011; Wise

2019; Wang et al. 2020; Springel et al. 2021). Baryonic

matter including the electrons from the recombination

era settles into the potential wells of these minihalos to

form the primordial gas clouds, which are the sites of

the Population III (or Pop III) stars (see e.g., the re-

views Barkana & Loeb 2001; Bromm & Larson 2004;

Ciardi & Ferrara 2005; Klessen & Glover 2023). Subse-

quently, this unstable gas undergoes nonlinear collapse

as a result of self-gravity and thermodynamical insta-

bilities through the primordial chemical network (Palla

et al. 1983; Glover & Abel 2008; Turk et al. 2011; Bovino

et al. 2014; Dutta 2015; Barkana 2018), eventually giv-

ing rise to a disk-like structure that fragments to form

multiple protostars (Stacy et al. 2010; Clark et al. 2011;

Greif et al. 2011; Dutta et al. 2015; Sharda et al. 2019;

Inoue & Yoshida 2020; Wollenberg et al. 2020; Chiaki

sukalpa.k123@gmail.com

Corresponding author: Sukalpa Kundu

Corresponding author: Jayanta Dutta

& Yoshida 2022). At some epoch, the mass accretion

process of these protostars is affected by the radiative

feedback that becomes a crucial factor influencing their

mass evolution (Hosokawa et al. 2011; Stacy et al. 2012;

Hirano et al. 2015; Latif et al. 2022).

Depending on the initial configuration such as rota-

tion, thermal and chemical instabilities, some of these

protostars continue to grow massive either through ac-

cretion (Haemmerlé et al. 2017; Woods et al. 2017) or

through merger (Kulkarni et al. 2019; Susa 2019). The

other can even explode as pair-instability-supernovae

(PISN) (Chen et al. 2014; Yoshii et al. 2022; Padman-

abhan & Loeb 2022; Venditti et al. 2024) or collapse

to form the seed of the blackhole (Smith et al. 2018;

Safarzadeh & Haiman 2020; Santoliquido et al. 2023) or

undergo runaway merger with other stars (Vergara et al.

2021; Alister Seguel et al. 2020). A fraction of the frag-

ments can also lead to the formation of low-mass stars

that may even go out of the cluster (Marigo et al. 2001;

Komiya et al. 2015; Ishiyama et al. 2016; Dutta 2016a;

Raghuvanshi & Dutta 2023).

However, to investigate the initial mass function

(IMF), we need to follow the evolution for hundreds

of thousands of years, which seems to be non-trivial in

existing 3D numerical simulations. This is mainly due

to complexities such as complicated chemical networks

and the high dynamic range in densities. Besides, in-

troducing the radiative transfer to account for the feed-
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Concise Spectrotemporal Studies of Magnetar SGRJ1935+2154 Bursts
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ABSTRACT

SGRJ1935+2154 has truly been the most prolific magnetar over the last decade: It
has been entering into burst active episodes once every 1-2 years since its discovery in
2014, it emitted the first Galactic fast radio burst associated with an X-ray burst in 2020,
and has emitted hundreds of energetic short bursts. Here, we present the time-resolved
spectral analysis of 51 bright bursts from SGRJ1935+2154. Unlike conventional time-
resolved X-ray spectroscopic studies in the literature, we follow a two-step approach
to probe true spectral evolution. For each burst, we first extract spectral information
from overlapping time segments, fit them with three continuum models, and employ a
machine learning based clustering algorithm to identify time segments that provide the
largest spectral variations during each burst. We then extract spectra from those non-
overlapping (clustered) time segments and fit them again with the three models: the
cutoff power-law model, the sum of two blackbody functions, and the model considering
the emission of a modified black body undergoing resonant cyclotron scattering, which is
applied systematically at this scale for the first time. Our novel technique allowed us to
establish the genuine spectral evolution of magnetar bursts. We discuss the implications
of our results and compare their collective behavior with the average burst properties
of other magnetars.

Keywords: Neutron Stars (1108), Magnetars (992), X-ray bursts (1814)
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Identifying changing-look AGNs using variability characteristics
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ABSTRACT

Changing-look (CL) Active Galactic Nuclei (AGNs), characterized by appearance/disappearance of

broad emission lines in the span of a few years, present a challenge for the AGN unified model, whereby

the Type 1 vs. Type 2 dichotomy results from orientation effects alone. We present a systematic study

of a large sample of spectroscopically classified AGNs, using optical variability data from the Zwicky

Transient Facility (ZTF) as well as follow-up spectroscopy data. We demonstrate that Type 1 vs.

2 AGN can be neatly separated on the basis of the variability metric σQSO, which quantifies the

resemblance of a light curve to a damp random walk model. For a small sub-sample, however, the ZTF

light curves are inconsistent with their previous classification, suggesting the occurrence of a CL event.

Specifically, we identify 35 (12) turn-on (turn-off) CL AGN candidates at z < 0.35. Based on follow-up

spectroscopy, we confirm 17 (4) turn-on (turn-off) CL AGNs out of 21 (5) candidates, presenting a

high success rate of our method. Our results suggest that the occurrence rate of CL AGNs is ∼0.3%

over timescales of 5 to 20 years, and confirm that the CL transition typically occurs at the Eddington

ratio of ≲ 0.01.

Keywords: Active galactic nuclei (16) — Quasars (1319)

1. INTRODUCTION

Active Galactic Nuclei (AGNs) are classified as ei-

ther Type 1 or Type 2, respectively, based on the pres-

ence or absence of broad emission lines, which are typ-

ically defined with a full-width-at-half-maxima larger

than ∼1000 km s−1 in their ultra-violet (UV), optical,

and near-IR spectra. Intermediate classes. i.e., Type

1.8 or 1.9 AGNs are characterized by broad Hα and

weak or absent broad Hβ lines (Osterbrock 1981). In

the AGN unified model, this dichotomy is purely driven

by orientation effects (Antonucci 1993; Urry & Padovani

1995), depending on whether or not the observer’s line

of sight is intercepted by a dusty torus. This scenario

is supported by multiple lines of evidence, including the

discovery of broad lines in the polarized spectra of some

Type 2 AGNs (Antonucci & Miller 1985; Zakamska et al.

2005) and the higher fraction of Compton-thick AGNs

amongst Type 2 AGNs (Mulchaey et al. 1992).

At the same time, the unified model faces significant

challenges, particularly with the discovery of a small

population of AGNs with emerging/disappearing broad

emission lines over timescales of several years. Ap-

proximately 150 such changing-look (CL) AGNs have

been reported so far, based on Hβ and/or Hα (e.g.,

LaMassa et al. 2015; MacLeod et al. 2016; Runnoe et al.

2016; Ruan et al. 2016; Runco et al. 2016; Yang et al.

2018; MacLeod et al. 2019; Wang J. et al. 2019; Green

et al. 2022; Zeltyn et al. 2022; Hon et al. 2022; López-

Navas et al. 2022, 2023b; Guo W. et al. 2023; Neustadt

et al. 2023). These CL AGNs demonstrate that the

orientation-based unified model might be too simplistic.

The growing sample of CL AGNs provides insights

to the physics underlying the phenomenon. CL AGNs

are rare, with an occurrence rate of ∼ 1 per cent or

lower, estimated using multi-epoch spectra from large-

area spectroscopic surveys (e.g., MacLeod et al. 2016,

2019; Yang et al. 2018). The timescale of CL events is
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from the Vera C. Rubin Observatory
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(Dated: February 29, 2024)

In this paper, we present an Artificial Neural Network (ANN) based reconstruction analysis of the
Supernova Ia (SNIa) distance moduli (µ(z)), and hence dark energy, using LSST simulated three-
year SNIa data. Our ANN reconstruction architecture can model both the distance moduli and
their corresponding error estimates. For this we employ astroANN and incorporate Monte Carlo
dropout techniques to quantify uncertainties in our predictions. We tune our hyperparameters
through advanced genetic algorithms, including elitism, utilizing the DEAP library. We compared
the performance of the ANN based reconstruction with two theoretical descriptions of dark energy
models, ΛCDM and Chevallier-Linder-Polarski (CPL). We perform a Bayesian analysis for these two
theoretical models using the LSST simulations and also compare with observations from Pantheon
and Pantheon+ SNIa real data. We show that our model-independent reconstruction using ANN is
consistent with both of them. We assessed the performance using mean squared error (MSE) and
showed that the ANN can produce distance estimates in better agreement with the LSST dataset
than either ΛCDM or CPL, albeit very small. We included an additional residual analysis and a null
test with F -scores to show that the reconstructed distances from the ANN model, are in excellent
agreement with the ΛCDM or CPL model.
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Locating heating channels of the solar corona in a plage region

with the aid of high-resolution 10830 Å filtergrams
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ABSTRACT

In this paper, with a set of high-resolution He I 10830 Å filtergrams, we select an area in a plage, very

likely an EUV moss area, as an interface layer to follow the clues of coronal heating channels down to

the photosphere. The filtergrams are obtained from the 1-meter aperture New Vacuum Solar Telescope

(NVST). We make a distinction between the darker and the brighter regions in the selected area and
name the two regions enhanced absorption patches (EAPs) and low absorption patches (LAPs). With

well-aligned, nearly simultaneous data from multiple channels of the AIA and the continuum of the

HMI on board SDO, we compare the EUV/UV emissions, emission measure, mean temperature, and

continuum intensity in the two kinds of regions. The following progress is made: 1) The mean EUV

emissions over EAPs are mostly stronger than the corresponding emissions over LAPs except for the
emission at 335 Å. The UV emissions at 1600 and 1700 Å fail to capture the difference between the two

regions. 2) In the logarithmic temperature range of 5.6-6.2, EAPs have higher EUV emission measure

than LAPs, but they have lower mean coronal temperature. 3) The mean continuum intensity over

EAPs is lower. Based on the above progress, we suggest that the energy for coronal heating in the
moss region can be traced down to some areas in intergranular lanes with enhanced density of both

cool and hot material. The lower temperature over the EAPs is due to the greater fraction of cool

material over there.

Keywords: Solar corona — Solar transition region — Solar Chromosphere — Solar photosphere

1. INTRODUCTION

How the solar or stellar corona is heated to millions of degrees is an unsolved problem in the field of astrophysics

(Klimchuk 2006; Schrijver & Zwaan 2000; Aschwanden 2005). Most researchers agree that the corona is probably

heated in two primary ways: dissipation of MHD waves and nano-flares (Parker 1988) that occur directly in the corona.
The latter was believed to be caused by magnetic reconnection in the braided coronal magnetic field. Nanoflares

are often associated with impulsive heating (Warren et al. 2003; Patsourakos & Klimchuk 2006; Tripathi et al. 2010),

while wave heating is believed to be in a steady state (Reale et al. 2000; Antiochos et al. 2003; Brooks & Warren 2009).

Both kinds of heating mechanisms have their support from contemporary observations, e.g., even with the highest
observations from Hi-C in the extreme-ultraviolet (EUV), the opinions regarding steady-state heating or impulsive

heating are co-existing (Testa et al. 2013; Graham et al. 2019; Warren et al. 2020). Aschwanden et al. (2007) pointed

out that energy for heating the corona certainly comes from the lower atmosphere, which includes the lower transition

region (TR), the chromosphere, and the photosphere. Also, more and more high-resolution observations from the

lower atmosphere reveal that the heating process is at small spatial and temporal scales via hot expulsions, spicules,
or waves generated directly from the photosphere, leaving responses in the TR and chromosphere (Tian et al. 2014;
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ABSTRACT
We report measurements of the galaxy two-point correlation function at cosmic dawn, using photometrically-selected sources
from the JWST Advanced Deep Extragalactic Survey (JADES). The JWST/NIRCam dataset comprises approximately 𝑁𝑔 ≃ 7000
photometrically-selected Lyman Break Galaxies (LBGs), spanning from 𝑧 = 5.5 up to 𝑧 = 10.6. The primary objective of this
study is to extend clustering measurements beyond redshift 𝑧 > 10, finding a galaxy bias 𝑏 = 9.6±1.7 for the sample at 𝑧 = 10.6.
The result suggests that the observed sources are hosted by dark matter halos of approximately 𝑀ℎ ∼ 1010.5 M⊙ , in broad
agreement with theoretical and numerical modelling of early galaxy formation during the epoch of reionization. Furthermore,
the JWST JADES dataset enables an unprecedented investigation of clustering of dwarf galaxies two orders of magnitude fainter
than the characteristic 𝐿∗ luminosity (i.e. with 𝑀𝐹200𝑊 ≃ −14.5) during the late stages of the epoch of reionization at 𝑧 ∼ 6. By
measuring clustering versus luminosity, we observe that 𝑏(𝑀𝐹200𝑊 ) initially decreases with 𝑀𝐹200𝑊 as theoretically expected,
but a turning point of the relationship is seen at 𝑀𝐹200𝑊 ∼ −16. We interpret the rise of clustering of the faintest dwarf as
evidence of multiple halo occupation (i.e. as a one-halo term in bias modelling). These initial results demonstrate the potential
for further quantitative characterisation of the interplay between assembly of dark matter and light during cosmic dawn that the
growing samples of JWST observations are enabling.

Key words: cosmology: observations – galaxies: general – galaxies: high-redshift – galaxies: evolution

1 INTRODUCTION

The Universe we observe today formed from primordial fluctuations
emerged during an inflationary epoch, subsequently amplified by
gravitational instability shaping matter distribution. Gas dissipated
over time, gravitating towards dark matter halos’ central regions, in-
tricately linking the growth and spatial arrangement of galaxies to
their dark matter halos (Peebles 1980; Persic & Salucci 1992; Bul-
lock et al. 2001).

The conceptualization of the galaxy–halo connection coincided
with the realization that the spatial distribution of galaxies can yield
insights into their formative properties. Early studies such as Peebles
(1980) focused on the two-point statistics of galaxies, as well as in-
vestigations on signal strength sensitivity to measure galaxy mass and
luminosity (e.g., Bahcall & Soneira 1980; Davis & Peebles 1983).

Recognizing that measuring these clustering properties could fur-
nish information about the masses of the dark matter halos housing
these galaxies was a pivotal insight due to the pronounced depen-
dence of halo clustering on halo mass (e.g., Bardeen et al. 1986; Mo
& White 1996; Klypin et al. 1996; Sheth & Tormen 1999; Jenkins
et al. 2001; Tinker et al. 2010).

A key tool to quantify clustering is the two-point correlation func-

★ e-mail: ndalmasso@student.unimelb.edu.au

tion (𝜉 (𝑟); Peebles 1980), which quantifies the excess probability of
finding a galaxy at a given separation distance "r" compared to a ran-
dom distribution. Given that precise redshift are not always available
(e.g. in the case of photometrically selected samples), this function
is often replaced by the Angular Two-Point Correlation Function
(ACF), which expresses the excess as a function of the angular sep-
aration denoted by (𝜃) instead. The ACF can then be mapped to an
two-point correlation function in physical space based on the (esti-
mated) redshift distribution of the sample, leading to a characteristic
correlation length (𝑟0; Davis & Peebles 1983). This parameter 𝑟0
represents the typical separation distance at which galaxies exhibit
significant correlation or clustering. The value of 𝑟0 may vary de-
pending on the specific sample of galaxies, the redshift range under
investigation, and the cosmological model applied.

The correlation length is closely tied to determining another crucial
parameter: galaxy bias (𝑏; Peebles 1980), representing the systematic
deviation or clustering of galaxies compared to the underlying matter
distribution in the Universe. A rising trend in galaxy bias suggests
stronger clustering and in-turn this implies that the galaxy population
is hosted in more massive dark-matter halos.

Clustering, when combined with information on the galaxy lumi-
nosity function, can also provide insight on the typical occupation
fraction of dark-matter halos that host luminous galaxies.This frac-
tion is known as the duty cycle (𝜖𝐷𝐶 ). The duty cycle is typically

© 2023 The Authors

ar
X

iv
:2

40
2.

18
05

2v
1 

 [
as

tr
o-

ph
.G

A
] 

 2
8 

Fe
b 

20
24



Research in Astronomy and Astrophysics manuscript no.
(LATEX: Ren.tex; printed on February 29, 2024; 3:14)

A study of 10 Rotating Radio Transients using Parkes radio telescope

Xinhui Ren1,2,3, Jingbo Wang3, Wenming Yan1,4, Jintao Xie5, Shuangqiang Wang1, Yirong

Wen1,2,3, Yong Xia1,2,3

1 Xinjiang Astronomical Observatory, Chinese Academy of Sciences, Urumqi, Xinjiang 830011, People’s

Republic of China
2 University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
3 Institute of Optoelectronic Technology, Lishui University, Lishui, Zhejiang, 323000, People’s Republic

of China; 1983wangjingbo@163.com
4 Xinjiang Key Laboratory of Radio Astrophysics, Urumqi, Xinjiang, 830011, People’s Republic of China
5 Research Center for Intelligent Computing Platforms, Zhejiang Laboratory, Hangzhou, Zhejiang

311100, China

Received 20XX Month Day; accepted 20XX Month Day

Abstract Rotating Radio Transients (RRATs) are a relatively new subclass of pulsars that

emit detectable radio bursts sporadically. We conducted an analysis of 10 RRATs observed

using the Parkes telescope, with 8 of these observed via the Ultra-Wideband Receiver. We

measured the burst rate and produced integrated profiles spanning multiple frequency bands

for 3 RRATs. We also conducted a spectral analysis on both integrated pulses and individual

pulses of 3 RRATs. All of their integrated pulses follow a simple power law, consistent with

the known range of pulsar spectral indices. Their average spectral indices of single pulses are

-0.9, -1.2, and -1.0 respectively, which are within the known range of pulsar spectral indices.

Additionally, we find that the spreads of single-pulse spectral indices for these RRATs (rang-

ing from -3.5 to +0.5) are narrower compared to what has been observed in other RRATs

(Shapiro-Albert et al. 2018; Xie et al. 2022). It is notable that the average spectral index and

scatter of single pulses are both relatively small. For the remaining 5 RRATs observed at the

UWL receiver, we also provided the upper limits on fluence and flux density. In addition, we

obtained the timing solution of PSR J1709-43. Our analysis shows that PSRs J1919+1745,

J1709-43 and J1649-4653 are potentially nulling pulsars or weak pulsars with sparse strong

pulses.

Key words: pulsars: general — stars: neutron
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A measurement of the diffuse astrophysical neutrino spectrum is presented using IceCube data
collected from 2011-2022 (10.3 years). We developed novel detection techniques to search for events
with a contained vertex and exiting track induced by muon neutrinos undergoing a charged-current
interaction. Searching for these starting track events allows us to not only more effectively reject
atmospheric muons but also atmospheric neutrino backgrounds in the southern sky, opening a new
window to the sub-100 TeV astrophysical neutrino sky. The event selection is constructed using
a dynamic starting track veto and machine learning algorithms. We use this data to measure
the astrophysical diffuse flux as a single power law flux (SPL) with a best-fit spectral index of
γ = 2.58+0.10

−0.09 and per-flavor normalization of ϕAstro
per−flavor = 1.68+0.19

−0.22 × 10−18 ×GeV−1cm−2s−1sr−1

(at 100 TeV). The sensitive energy range for this dataset is 3 - 550 TeV under the SPL assumption.
This data was also used to measure the flux under a broken power law, however we did not find any
evidence of a low energy cutoff.
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Abstract We have developed a novel method for co-adding multiple under-sampled images

that combines the iteratively reweighted least squares and divide-and-conquer algorithms.

Our approach not only allows for the anti-aliasing of the images but also enables PSF de-

convolution, resulting in enhanced restoration of extended sources, the highest PSNR, and

reduced ringing artefacts. To test our method, we conducted numerical simulations that repli-

cated observation runs of the CSST/VST telescope and compared our results to those obtained

using previous algorithms. The simulation showed that our method outperforms previous ap-

proaches in several ways, such as restoring the profile of extended sources and minimizing

ringing artefacts. Additionally, because our method relies on the inherent advantages of least

squares fitting, it is more versatile and does not depend on the local uniformity hypothesis

for the PSF. However, the new method consumes much more computation than the other

approaches.

Key words: Methods: analytical – Techniques: image processing – Gravitational lensing:

weak
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Abstract. The Dark Energy Spectroscopic Instrument (DESI) will measure millions of quasar
spectra by the end of its 5 year survey. Quasar redshift errors impact the shape of the Lyman-α
forest correlation functions, which can affect cosmological analyses and therefore cosmological
interpretations. Using data from the DESI Early Data Release and the first two months of the
main survey, we measure the systematic redshift error from an offset in the cross-correlation
of the Lyman-α forest with quasars. We find evidence for a redshift dependent bias causing
redshifts to be underestimated with increasing redshift, stemming from improper modeling of
the Lyman-α optical depth in the templates used for redshift estimation. New templates were
derived for the DESI Year 1 quasar sample at z > 1.6 and we found the redshift dependent
bias, ∆r∥, increased from −1.94±0.15 h−1 Mpc to −0.08±0.04 h−1 Mpc (−205±15 km s−1

to −9.0 ± 4.0 km s−1). These new templates will be used to provide redshifts for the DESI
Year 1 quasar sample.
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ABSTRACT

Context. The fundamental plane of back hole activity describes the correlation between radio luminosity (LR), X-ray luminosity (LX),
and black hole mass (MBH). It reflects a connection between accretion disc and jet. However, the dependence of the fundamental
plane on various physical properties of active galactic nuclei (AGNs) and host galaxies remains unclear, especially for low-luminosity
AGNs, which is important for understanding the accretion physics in AGNs.
Aims. Here we explore the dependence of the fundamental plane on radio-loudness, Eddington-ratio (λEdd), redshift, and galaxy star-
formation properties (star forming galaxies and quiescent galaxies) across 0.1 < z ≤ 4 for radio AGNs. Based on current deep and
large surveys, our studies can extend to lower luminosities and higher redshifts.
Methods. From the deep and large multi-wavelength surveys in the GOODS-N, GOODS-S, and COSMOS/UltraVISTA fields, we
constructed a large and homogeneous radio AGN sample consisting of 208 objects with available estimates for LR and LX. Then we
divided the radio AGN sample into 141 radio-quiet AGNs and 67 radio-loud AGNs according to the radio-loudness defined by the
ratio of LR to LX, and explored the dependence of the fundamental plane on different physical properties of the two populations,
separately.
Results. The ratio of LR to LX shows a bimodal distribution which is well described by two single gaussian models. The cross point
between these two gaussian components corresponds to a radio-loudness threshold of log(LR/LX) = −2.73. The radio-quiet AGNs
have significantly larger Eddington ratio than the radio-loud AGNs. Our radio-quiet and radio-loud AGNs show significantly different
fundamental plane which is log LR = (0.55 ± 0.05) log LX + (0.28 ± 0.06) log MBH + (13.54 ± 2.27) for the radio-quiet AGNs, and
log LR = (0.82 ± 0.08) log LX + (0.07 ± 0.08) log MBH + (5.24 ± 3.33) for the radio-loud AGNs. For both radio-quiet and radio-loud
AGNs, the fundamental plane does not show a significant dependence on redshift and galaxy star-formation properties, while it shows
a significant dependence on λEdd.
Conclusions. The fundamental plane sheds important light on the accretion physics of central engines. Radio-quiet AGNs at 0.01 <
λEdd < 0.1 are consistent with a combination of advection dominated accretion flow (ADAF) and a synchrotron jet model, while at
0.1 < λEdd < 1, they mainly follow the synchrotron jet model. Radio-loud AGNs are consistent with a combination of ADAF and the
synchrotron jet model at λEdd < 0.01, and agree with the synchrotron jet model at 0.01 < λEdd < 0.1, and follow a combination of the
standard thin disc and a jet model at λEdd > 0.1.

Key words. galaxies: active – galaxies: general – galaxies: nuclei – radio continuum: galaxies – X-rays: galaxies

1. Introduction

Accreting supermassive black holes (SMBHs), also known
as active galactic nuclei (AGNs), emit immense energy across
the whole electromagnetic spectrum which are believed to have
a great impact on the growth and evolution of host galaxies
(Fabian 2012; King & Pounds 2015, for reviews). Thus, AGNs
are ideal laboratories to explore both accretion physics around
black holes and their connection with host galaxies. Accretion
physics around black holes are found to be scale-invariant across
black hole mass scale from ∼ 10 solar masses of X-ray bi-
naries (XRBs) to 106 ∼ 1010 solar masses of SMBHs (Mer-
loni et al. 2003; Falcke et al. 2004; Done & Gierliński 2005;
McHardy et al. 2006; Körding 2014; Ruan et al. 2019). One of
the most prominent pieces of evidences to support the unifica-
tion of XRBs and SMBHs is the fundamental plane of black

hole activity (Merloni et al. 2003; Falcke et al. 2004, and ref-
erences therein) that is characterized by a non-linear empirical
relation given by radio luminosity, X-ray luminosity and black
hole mass. The radio luminosity is thought to be related with jet
activities (Begelman et al. 1984), while the ratio of X-ray lumi-
nosity to black hole mass is usually taken as a tracer for accretion
rate of disc (Haardt & Maraschi 1991; Liu & Qiao 2022). Thus,
the fundamental plane connecting XRBs and SMBHs suggests
a similar disc-jet connection across different mass scales (e.g.,
Merloni et al. 2003; Falcke et al. 2004; Plotkin et al. 2012; Dong
et al. 2014). The fundamental plane also provides an approach
to estimating black hole mass directly through radio luminosity
and X-ray luminosity (e.g., Merloni et al. 2003, and references
therein).

However, a growing number of studies focusing only on the
fundamental plane of AGNs demonstrate that different types

Article number, page 1 of 14
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Abstract

Radio astronomy file formats are now required to store wide frequency bandwidths and multiple
simultaneous receiver beams and must be able to account for versatile observing modes and numer-
ous calibration strategies. The need to capture and archive high-time and high frequency-resolution
data, along with the comprehensive metadata that fully describe the data, implies that a new data
format and new processing software are required. This requirement is suited to a well-defined,
hierarchically-structured and flexible file format. In this paper we present the Spectral-Domain
Hierarchical Data Format (‘SDHDF’) — a new file format for radio astronomy data, in particular
for single dish or beam-formed data streams. Since 2018, SDHDF has been the primary format
for data products from the spectral-line and continuum observing modes at Murriyang, the CSIRO
Parkes 64-m radio telescope, and we demonstrate that this data format can also be used to store
observations of pulsars and fast radio bursts.

Keywords: Radio astronomy Astronomy data acquisition

1. INTRODUCTION

With increasing instantaneous bandwidth and higher data volumes output from modern receivers
on radio telescopes, such as the Ultra-Wide-Bandwidth Low Frequency (UWL, [1]) receiver, and the

Preprint submitted to Elsevier February 29, 2024

ar
X

iv
:2

40
2.

17
97

3v
1 

 [
as

tr
o-

ph
.I

M
] 

 2
8 

Fe
b 

20
24

https://orcid.org/https://orcid.org/0000-0003-3186-3266
https://orcid.org/https://orcid.org/0000-0003-1502-100X
https://orcid.org/https://orcid.org/0000-0003-2783-1608
https://orcid.org/0000-0003-0235-3347
https://orcid.org/0000-0003-4810-7803
https://orcid.org/0000-0002-4217-5138
https://orcid.org/0000-0002-4409-3515


Draft version February 29, 2024
Typeset using LATEX default style in AASTeX631
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ABSTRACT

One intriguing approach for studying the dynamical evolution of galaxy clusters is to compare the

spatial distributions among various components, such as dark matter, member galaxies, gas, and

intracluster light (ICL). Utilizing the recently introduced Weighted Overlap Coefficient (WOC) (Yoo

et al. 2022), we analyze the spatial distributions of components within 174 galaxy clusters (Mtot >

5 × 1013M⊙, z = 0.625) at varying dynamical states in the cosmological hydrodynamical simulation

Horizon Run 5. We observe that the distributions of gas and the combination of ICL with the brightest

cluster galaxy (BCG) closely resembles the dark matter distribution, particularly in more relaxed

clusters, characterized by the half-mass epoch. The similarity in spatial distribution between dark

matter and BCG+ICL mimics the changes in the dynamical state of clusters during a major merger.

Notably, at redshifts > 1, BCG+ICL traced dark matter more accurately than the gas. Additionally,

we examined the one-dimensional radial profiles of each component, which show that the BCG+ICL

is a sensitive component revealing the dynamical state of clusters. We propose a new method that can

approximately recover the dark matter profile by scaling the BCG+ICL radial profile. Furthermore,

we find a recipe for tracing dark matter in unrelaxed clusters by including the most massive satellite

galaxies together with BCG+ICL distribution. Combining the BCG+ICL and the gas distribution

enhances the dark matter tracing ability. Our results imply that the BCG+ICL distribution is an

effective tracer for the dark matter distribution, and the similarity of spatial distribution may be a

useful probe of the dynamical state of a cluster.

Keywords: galaxies: clusters: general — galaxies: halos — (cosmology:) dark matter

1. INTRODUCTION

Galaxy clusters lie at a unique crossroads in the field of astrophysics and cosmology, enabling us to probe the large-

scale structure formation and the influences of dark matter and dark energy on the expansion history of the universe

Corresponding author: Cristiano G. Sabiu

csabiu@uos.ac.kr
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ABSTRACT

The progenitor of the W49B supernova remnant is still under debate. One of the candidates is a

jet-driven core-collapse supernova. In such a highly asymmetric explosion, a strong α-rich freezeout is

expected in local high entropy regions, which should enrich elements synthesized by the capture of α-

particles such as 44Ti and 48Cr (decaying to 44Ca and 48Ti, respectively). In the present work, in order

to infer the progenitor of the W49B remnant, we constrain the amount of stable Ti (48Ti) synthesized,

using the Suzaku observation. We found no firm evidence for the Ti line and set the upper limit of

MTi/MFe < 8.2× 10−4 (99% limit using Xspec) and MTi/MFe < 1.9× 10−3 (99% limit using SPEX),

and thus excluded almost all hypernova/jet-driven supernova models. Our results, as complemented

by some previous studies, suggest that a Type Ia supernova from a near-MCh (Chandrasekhar mass)

white dwarf is the most favorable candidate for the origin of W49B. Future observations with X-ray

calorimeter missions, such as XRISM, will give us a stronger constraint on the progenitor.

Keywords: X-ray astronomy — Supernova remnants — ISM: individual objects (W49B) — Nucleosyn-

thesis — Explosive nucleosynthesis

1. INTRODUCTION

W49B is a peculiar supernova remnant (SNR) that ex-

hibits highly asymmetric ejecta distribution (e.g., Lopez

et al. 2009, 2011, 2013) and recombining plasma (e.g.,

Ozawa et al. 2009; Miceli et al. 2010; Yamaguchi et al.

2018; Sun & Chen 2020; Holland-Ashford et al. 2020).

While the progenitor of the remnant has been a fo-

cus of much attention, a firm conclusion has not yet

been reached. The elongated structure of Fe-rich ejecta

has been suggested to be related to a bipolar/jet-driven

Type Ib/Ic explosion and/or interactions between the

shock and a surrounding interstellar cloud (Keohane

et al. 2007; Lopez et al. 2013). On the other hand,

X-ray spectral studies have argued for the Type Ia su-

pernova origin of W49B from its element abundances

(Hwang et al. 2000; Zhou & Vink 2018; Siegel et al.

2020). The main difficulty in inferring the progenitor

comes from the lack of emissions below 1 keV due to

Corresponding author: Toshiki Sato

toshiki@meiji.ac.jp

strong interstellar absorption (NH ∼ 5 × 1022 cm−2);

without information from O-Ne-Mg-rich ejecta seen in

soft X-rays that can characterize a massive progenitor

for a core-collapse SN, it is difficult to distinguish from

one progenitor scenario to another, since the abundance

pattern from Si to Fe is strongly dependent on explosive

nucleosynthesis.

W49B is also known as the remnant with the brightest

Fe-Kα line in the Galaxy (Yamaguchi et al. 2014), pro-

viding a unique opportunity to test the explosive nucle-

osynthesis around Fe-group elements. The Fe-group ele-

ments are mainly synthesized by Si burning around the

core of exploding stars. This allows us to investigate the

differences in the central environment of core-collapse

supernovae and Type Ia supernovae (e.g., Woosley et al.

1973). In particular, asymmetric/energetic explosions

of massive stars are believed to produce a large amount

of 44Ti, since the stronger α-rich freeze-out could oc-

cur in the region where the larger energy is deposited

(Nagataki et al. 1998; Nakamura et al. 2001; Maeda &

Nomoto 2003).
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“Our posturings, our imagined self-importance, the delusion that we have some privileged position

in the Universe, are challenged by this point of pale light. Our planet is a lonely speck in the great

enveloping cosmic dark.”

Carl Sagan

The Pale Blue Dot: This is a photograph of Earth taken in 1990 by the Voyager 1 at a distance of 6

billion kilometers from the Sun.



MNRAS 000, 1–15 (2024) Preprint 29 February 2024 Compiled using MNRAS LATEX style file v3.0
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orbits, close encounters and mergers

David R. Patton,1★ Lawrence Faria,1,2 Maan H. Hani,3 Paul Torrey,4 Sara L. Ellison,3 Shivani D. Thakur,1
and Raven I. Westlake1
1Department of Physics and Astronomy, Trent University, 1600 West Bank Drive, Peterborough, ON, K9L 0G2, Canada
2Department of Physics, Engineering Physics and Astronomy, Queen’s University, Kingston, ON, K7L 3N6, Canada
3Department of Physics and Astronomy, University of Victoria, Finnerty Road, Victoria, BC, V8P 1A1, Canada
4Department of Astronomy, University of Virginia, 530 McCormick Road, Charlottesville, VA 22903, USA

29 February 2024

ABSTRACT
Cosmological simulations have been used to study interacting galaxies as a function of galaxy pair separation, enabling
comparisons with observational studies of galaxy pairs. The study of interacting galaxies as a function of time (i.e. merger
stage) has mostly been limited to high resolution merger simulations, due to the poor time sampling available in cosmological
simulations. Building on an earlier study of galaxy pairs in the IllustrisTNG cosmological simulations, we reconstruct the orbits
of galaxy pairs involving massive galaxies (𝑀∗ > 1010𝑀⊙) at redshifts of 0 ⩽ 𝑧 < 1, using a novel kinematic interpolation
scheme to model the orbits in between the IllustrisTNG snapshots (which are separated by 162 Myr on average). We assess the
accuracy of these interpolations using a pre-existing suite of merger simulations, and find that kinematic interpolations provide
a remarkable improvement in accuracy compared with interpolations that use only radial separations or 3D positions. We find
that nearly 90 per cent of the closest pairs (𝑟 < 25 kpc) have had a pericentre encounter within the past Gyr. Many of these
close pairs are found on rapidly shrinking orbits, and roughly 85 per cent of these pairs will merge within 1 Gyr. However,
approximately 3 per cent of these close pairs appear to be flyby systems that will never merge. These reconstructed orbits will
be used in future studies to investigate how and when galaxy properties change during close encounters and mergers between
galaxies in IllustrisTNG.

Key words:
galaxies: interactions – galaxies: evolution – galaxies: kinematics and dynamics

1 INTRODUCTION

Early studies of galaxy properties showed that strongly interacting
galaxies have morphologies, colours and star formation rates that
are significantly different from those of relatively isolated galax-
ies (Arp 1966; Toomre & Toomre 1972; Larson & Tinsley 1978;
Kennicutt et al. 1987). Large statistical studies of galaxy pairs have
subsequently shown clear correlations between pair separation and
numerous galaxy properties, suggesting that the degree to which
galaxy properties are perturbed may be closely tied to the proximity
of the encounters. For example, the star formation rates of galaxies
in close pairs (with typical projected separations less than about 30
kpc) are found to be enhanced by a factor of roughly 2-3 with re-
spect to relatively isolated galaxies (Ellison et al. 2008; Scudder et al.
2012; Barrera-Ballesteros et al. 2015; Stierwalt et al. 2015; Pan et al.
2018; Garduño et al. 2021; Steffen et al. 2021; Shah et al. 2022), with
smaller enhancements extending out to separations of about 150 kpc
(Patton et al. 2013, 2020; Brown et al. 2023). Galaxies in close pairs
have also been found to have lower gas-phase metallicities (Ellison et

★ E-mail: dpatton@trentu.ca

al. 2008; Rupke, Kewley, & Chien 2010; Scudder et al. 2012; Busta-
mante et al. 2020; Garduño et al. 2021), higher asymmetries (Patton
et al. 2005; De Propris et al. 2007; Casteels et al. 2014; Patton et al.
2016), and higher active galactic nuclei (AGN) fractions (Ellison et
al. 2011, 2013; Silverman et al. 2011; Satyapal et al. 2014; Ellison
et al. 2019; Steffen et al. 2023; Bickley et al. 2024) than matched
control samples of galaxies without close companions. All of these
differences have been shown to diminish and then disappear at larger
pair separations.

Simulations of merging galaxies have been used to interpret cor-
relations between galaxy properties and pair separation, in attempts
to identify the physical mechanisms by which these perturbed galaxy
properties may arise. In general, these correlations can be explained
by a model in which gravitational and hydrodynamical interactions
trigger morphological disturbances and cause the infall of gas into
the central regions of galaxies, leading to a dilution of gas-phase
metallicity, enhanced star formation, and elevated accretion of gas
on the central supermassive black hole (Mihos & Hernquist 1996; Di
Matteo, Springel, & Hernquist 2005; Hopkins et al. 2008; Torrey et
al. 2012; Renaud et al. 2014; Moreno et al. 2019). These simulations
allow researchers to track changes in galaxy properties as a function

© 2024 The Authors
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Outshining in the Spatially Resolved Analysis of a Strongly-Lensed
Galaxy at z = 6.072 with JWST NIRCam
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ABSTRACT

We present JWST/NIRCam observations of a strongly-lensed, sub-L∗, multiply-imaged galaxy at z = 6.072, with magnification factors µ ≳ 20
across the galaxy. The galaxy has rich HST, MUSE and ALMA ancillary observations across a broad wavelength range. Aiming to quantify the
reliability of stellar mass estimates of high redshift galaxies, we perform a spatially-resolved analysis of the physical properties at scales of
∼ 200 pc, inferred from SED modelling of 5 JWST/NIRCam imaging bands covering 0.16 µm < λrest < 0.63 µm on a pixel-by-pixel basis. We find
young stars surrounded by extended older stellar populations. By comparing Hα+[N ii] and [O iii]+Hβmaps inferred from the image analysis with
our additional NIRSpec IFU data, we find that the spatial distribution and strength of the line maps are in agreement with the IFU measurements.
We explore different parametric star formation history forms with Bagpipes on the spatially-integrated photometry, finding that a double power-law
star formation history retrieves the closest value to the spatially-resolved stellar mass estimate, and other SFH forms suffer from the dominant
outshining emission from the youngest stars, thus underestimating the stellar mass – up to ∼0.5 dex–. On the other hand, the DPL cannot match
the IFU measured emission lines. Additionally, the ionizing photon production efficiency may be overestimated in a spatially-integrated approach
by ∼0.15 dex, when compared to a spatially-resolved analysis. The agreement with the IFU measurements implies that our pixel-by-pixel results
derived from the broadband images are robust, and that the mass discrepancies we find with spatially-integrated estimates are not just an effect
of SED-fitting degeneracies or lack of NIRCam coverage. Additionally, this agreement points towards the pixel-by-pixel approach as a way to
mitigate the general degeneracy between the flux excess from emission lines and underlying continuum, especially when lacking photometric
medium-band coverage and/or IFU observations. This study stresses the importance of studying galaxies as the complex systems that they are,
resolving their stellar populations when possible, or using more flexible SFH parameterisations. This can aid our understanding of the early stages
of galaxy evolution by addressing the challenge of inferring robust stellar masses and ionizing photon production efficiencies of high redshift
galaxies.

Key words. extragalactic astronomy – high-redshift galaxies – star forming regions – gravitational lensing

1. Introduction

One of the most critical problems in the study of high-redshift
galaxies is the challenge of inferring robust stellar masses. Re-
cent spatially-unresolved works using the first data obtained
with JWST have found surprisingly large stellar masses, which
may be in conflict with the early growth of structure within
the ΛCDM cosmological model (Labbé et al. 2023; Xiao et al.
2023). Various studies have found that varying the star formation
history (SFH) parameterisation, or other assumptions such as the
initial mass function (IMF), can have a significant impact in the
inferred physical properties, potentially solving this conflict (see
e.g., Suess et al. 2022; Whitler et al. 2023; Tacchella et al. 2023;
Pacifici et al. 2023; Steinhardt et al. 2023; Endsley et al. 2023;
Wang et al. 2023; Woodrum et al. 2023).

The superb spatial resolution and sensitivity of the Near-
Infrared Camera (NIRCam; Rieke et al. 2005, 2023) onboard
JWST, allows us to extend spatially-resolved studies to high red-
shifts. Previous analyses have suggested that stellar mass esti-
mates in spatially-integrated studies could be significantly un-
derestimated, emphasising the tension with predictions from the-
oretical models. This has so far been addressed at lower redshifts
(z < 2.5), such as the work by Sorba & Sawicki (2018) on a
statistically significant sample of ∼ 1200 galaxies, finding that

resolved stellar masses can be up to five times larger than un-
resolved estimates. This effect has also been recently observed
at high redshift (5 < z < 9), albeit on a limited sample of five
galaxies in the SMACS0723 ERO field (Giménez-Arteaga et al.
2023).

When resolving extended galaxies and studying their stel-
lar populations on a pixel-by-pixel basis, one can partially dis-
entangle the problem of outshining (Sawicki & Yee 1998; Pa-
povich et al. 2001; Shapley et al. 2001; Trager et al. 2008; Graves
& Faber 2010; Maraston et al. 2010; Pforr et al. 2013; Sorba
& Sawicki 2015), where young stellar populations (< 10 Myr)
completely dominate the integrated light, hiding underlying
older stellar populations (≳ 100 Myr), thus leading to an un-
derestimation of the total mass of the stellar population. This
is particularly a problem when the coverage is limited to the
UV–optical range (e.g., Paulino-Afonso et al. 2022), with red-
der wavelengths mitigating this effect (e.g., Zibetti et al. 2009;
Bisigello et al. 2019). Outshining has also been studied in simu-
lations (see e.g., Narayanan et al. 2023). Given the frequent de-
generacy encountered between age and dust obscuration, similar
stellar mass biases can be found due to dust reddening variations
within a source (e.g., Smail et al. 2023).
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Abstract

To constrain the universe before recombination (380000 years after the Big Bang),
we mostly rely on the measurements of the primordial abundances that indicate
the first insight into the thermal history of the universe. The first production of
elements is obtained by the Big Bang Nucleosynthesis (BBN). The production
of the elements (D,3He, 4He) during the BBN matches well the observations;
however, the production of lithium (7Li) based on the Standard Big Bang Nucle-
osynthesis (SBBN) is found to be higher by about a factor of three than the
observed abundance from metal-poor halo stars. This so-called ”Cosmological
Lithium Problem”is still elusive and needs to be resolved. One important attempt
to get more insight into this problem is to invoke a non-standard description of the
SBBN to decrease the lithium abundance. In our previous work, we encountered
a problem that the decrease in the 7Li abundance requires an increase in the deu-
terium abundance to maximum values that are not accepted by observations. In
the present work, a decrease in the lithium abundance could be achieved without
maximizing the deuterium abundance by modifying the time-temperature rela-
tion in the range (4.3 − 9.1) × 108 K during the nucleosynthesis process. This
range is crucial to reduce the strong correlation between lithium and deuterium
production. The main conclusion of the present work is that 7Li abundance in the
atmospheres of metal-poor stars cannot be analyzed without considering possible
modification of the primordial nucleosynthesis.
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Status and plans for the instrumentation of the IceCube
Surface Array Enhancement
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The surface array of IceCube, IceTop, operates primarily as a cosmic-ray detector, as well as
a veto for astrophysical neutrino searches for the IceCube in-ice instrumentation. However,
the snow accumulation on top of the IceTop detectors increases the detection threshold and
attenuates the measured IceTop signals. Enhancing IceTop by a hybrid array of scintillation
detectors and radio antennas will lower the energy threshold for air-shower measurements, provide
more efficient veto capabilities, enable more accurate cosmic-ray measurements, and improve
the detector calibration by compensating for snow accumulation. After the initial commissioning
period, a prototype station at the South Pole has been recording air-shower data and has successfully
observed coincident events of both the scintillation detectors and the radio antennas with the IceTop
array. The production and calibration of the detectors for the full planned array has been ongoing.
Additionally, one station each has been installed at the Pierre Auger Observatory and the Telescope
Array for further R&D of these detectors in different environmental conditions. This contribution
will present the status and future plans of the hybrid detector stations for the IceCube Surface
Array Enhancement.
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Surface Array Enhancement: IceCube

1. Introduction

IceTop [1], the surface array of the IceCube Neutrino Observatory [2], is a unique cosmic-ray
detector, which contributes significantly to the veto against the atmospheric background for the
In-Ice detector. It consists of 81 pairs of Ice-Cherenkov tanks, placed on the surface of the antarctic
ice covering an area of 1 km2. The complementary information from the surface and the In-Ice
detector allows for a range of cosmic ray studies, including mass composition, energy spectra, muon
density [3] [4] etc., in the energy range of 250 TeV to EeV. Since their deployment, non-uniform
snow accumulation on the IceTop tanks has resulted in an increase in the detection threshold,
due to attenuation in the IceTop signals. To lower this threshold, and develop a multi-component
cosmic-ray detection infrastructure, an enhancement of the surface array has been proposed [5].

Figure 1: Left: The planned Surface Array Enhancement within the IceTop footprint; Right: An example
event with 3-fold coincidence observed by IceTop, scintillation and radio detectors.

The enhancement is planned as a hybrid detector array, consisting of 32 stations within the
footprint of IceTop (Fig. 1 (left)). Each station will comprise 8 scintillation detectors, 3 radio
detectors and a central fieldhub data acquisition (DAQ) system. Following the intermediate R&D
deployments, a fully functional prototype station was operational at the South Pole from January
2020 to December 2022. With the air-shower measurements from the prototype station alone, 3-fold
coincident events with the IceTop array were already reconstructed [6]. An example of such an
event is presented in Fig. 1 (right). Events coincidentally observed within 2 𝜇s by all 3 detectors
are considered to be a single coincident event. The timestamp of the first scintillation detector hit
is taken as the reference time for the coincidence for the scintillator channel, while for the radio
detection their trigger time is used. For the IceTop data the timestamp corresponds to when the
shower is expected to hit the surface.

Efforts to significantly improve the isolation of the radio emission of the air showers from that of
the Galactic and extragalatic background noise, using machine learning methods called convolution
neural networks, are ongoing [7]. A successful implementation on a 2 month data set from the
prototype station has been achieved. The method is able to successfully distinguish and denoise
the air-shower signals, and is found to be in agreement with the traditional IceTop reconstruction.
Furthermore, the 𝑋max analysis of the air showers, which can be used to facilitate mass composition
studies, using this data set is also in progress. Preliminary results can be found in [8].

2



Astronomy & Astrophysics manuscript no. MontArro24_arXiv ©ESO 2024
February 29, 2024

A possible relation between global CO excitation and massive
molecular outflows in local ULIRGs

I. Montoya Arroyave1, C. Cicone1, P. Andreani2, A. Weiss3, C. De Breuck2, A. Lundgren4, 2, P. Severgnini5, B.
Hagedorn1, Rubinur K.1, B. Baumschlager1, and E. Makroleivaditi3, 6

1 Institute of Theoretical Astrophysics, University of Oslo, P.O. Box 1029, Blindern, 0315 Oslo, Norway
e-mail: isabemo@uio.no

2 European Southern Observatory, Karl-Schwarzschild-Strasse 2, 85748 Garching, Germany
3 Max-Planck-Institut fur Radioastronomie, Auf dem Hugel 69, D-53121 Bonn, Germany
4 Aix Marseille Université, CNRS, LAM, Marseille, F-13388, France
5 INAF - Osservatorio Astronomico di Brera, Via Brera 28, I-20121 Milano, Italy
6 Rheinische Friedrich-Wilhelms-Universitat Bonn, Regina-Pacis-Weg 3, 53113 Bonn, Germany

Received 2023-10-17; Accepted 2024-02-22

ABSTRACT

Local ultra-luminous infrared galaxies (ULIRGs) have been observed to host ubiquitous molecular outflows, including the most
massive and powerful ever detected. These sources have also exceptionally excited global, galaxy-integrated CO ladders. A connection
between outflows and molecular gas excitation has however never been established, since previous multi-J CO surveys were limited in
spectral resolution and sensitivity and so could only probe the global molecular gas conditions. In this work, we address this question
using new, ground-based, sensitive heterodyne spectroscopy of multiple CO rotational lines (up to CO(7–6)) in a sample of 17 local
ULIRGs. We used the Atacama Pathfinder Experiment (APEX) telescope to survey the CO(Jup ≥ 4) lines at a high signal-to-noise
ratio, and complemented these data with CO(Jup ≤ 3) APEX and Atacama Large Millimeter Array (ALMA and ACA) observations
presented in Montoya Arroyave et al. (2023). We detected a total of 74 (out of 75) CO lines, with up to six transitions per source. The
resulting CO spectral line energy distributions (SLEDs) show a wide range in gas excitation, in agreement with previous studies on
ULIRGs. Some CO SLEDs peak at Jup ∼ 3, 4, which we classify as ‘lower excitation’, while others plateau or keep increasing up to
the highest-J CO transition probed, and we classify these as ‘higher excitation’. Our analysis includes for completeness the results
of CO SLED fits performed with a single large velocity gradient component, but our main focus is the investigation of possible links
between global CO excitation and the presence of broad and/or high-velocity CO spectral components that can contain outflowing
gas. We discovered an increasing trend of line width as a function of Jup of the CO transition, which is significant at the 4σ level and
appears to be driven by the eight sources that we classified as ‘higher excitation’. We further analysed such higher-excitation ULIRGs,
by performing a decomposition of their CO spectral profiles into multiple components, and derived CO ladders that are clearly more
excited for the spectral components characterised by higher velocities and/or velocity dispersion. Because these sources are known to
host widespread molecular outflows, we favour an interpretation whereby the highly excited CO-emitting gas in ULIRGs resides in
galactic-scale massive molecular outflows whose emission fills a large fraction of the beam of our APEX high-J CO observations. On
the other hands, our results challenge alternative scenarios for which the high CO excitation in ULIRGs can be explained by classical
component of the ISM, such as photon- or X-ray dominated regions around the nuclear sources.

Key words.

1. Introduction

In the local universe (z ≤ 0.2), most (ultra) luminous infrared
galaxies ((U)LIRGs), defined by their high infrared luminosi-
ties (LIR(8 − 1000µm) ≥ 1011L⊙), correspond to galaxy mergers
that can trigger accelerated star formation (starbursts, SBs) or
accretion of matter onto the supermassive black hole (SMBH) in
the center of the galaxy (active galactic nuclei, AGN) (Sanders
& Mirabel 1996; Genzel et al. 1998; Lonsdale et al. 2006;
Pérez-Torres et al. 2021; U 2022). The stellar and AGN feed-
back in these sources generate the most powerful galactic out-
flows known, which can embed gas in different phases and affect
the host galaxy from scales of a few parsecs in the interstellar
medium (ISM) to several tens of kiloparsecs out to the circum-
galactic medium (CGM) (Cicone et al. 2015).

The molecular gas phase of the ISM is the raw material
from which stars form, and so constraining its physical prop-

erties in different gas environments, and in particular diffuse and
extended outflowing gas, is important to understand the evolu-
tion of galaxies. Being rich in dense gas and dust, (U)LIRGs are
ideal targets for (sub)millimeter observations of the molecular
gas phase. Indeed, in the past decade, thanks to Herschel and
ground-based sub-mm observatories, massive molecular (H2)
outflows have been detected in the majority of local (U)LIRGs
(see Veilleux et al. (2020) for a review). In the recent years, ob-
servations of different gas tracers, such as CO, HCN, HCO+
(among others) of these sources have also allowed to study the
implications of galactic outflows in the galaxy evolution scheme.
Galactic outflows may be the culprits of either removing large
fractions of gas from the host galaxy, and hence decrease the star
formation rate (SFR; negative feedback; e.g., Di Matteo et al.
2005; Tumlinson et al. 2017), or compressing the available gas,
resulting in increased SFR (positive feedback; e.g., Maiolino
et al. 2017; Gallagher et al. 2019). Despite extensive theoreti-
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ABSTRACT

We present the results of a ∼60-hour multiband observational campaign with the Atacama Large Millimeter Array targeting a spectroscopically
confirmed and lensed sub-L⋆ galaxy at z = 6.07, first identified during the ALMA Lensing Cluster Survey (ALCS). We sampled the dust continuum
emission from rest frame 90 to 370 µm at six different frequencies and set constraining upper limits on the molecular gas line emission and content
by targeting the CO (7 − 6) and [C I](3P2 −

3P1) transitions in two lensed images with µ ≳ 20. Complementing these submillimeter observations
with deep optical and near-IR photometry and spectroscopy with JWST, we find this galaxy to form stars at a rate of SFR ∼ 7 M⊙ yr−1, ∼ 50−70%
of which is obscured by dust. This is consistent with what one would predict for a M⋆ ∼ 7.5 × 108 M⊙ object by extrapolating the relation
between the fraction of the obscured star formation rate and stellar mass at z < 2.5 and with observations of IR-detected objects at 5 < z < 7. The
light-weighted dust temperature of Tdust ∼ 50 K is similar to that of more massive galaxies at similar redshifts, although with large uncertainties
and with possible negative gradients. We measure a dust mass of Mdust ∼ 1.5 × 106 M⊙ and, by combining [C I], [C II], and a dynamical estimate,
a gas mass of Mgas ∼ 2 × 109 M⊙. Their ratio (δDGR) is in good agreement with predictions from models and empirical relations in the literature.
The dust-to-stellar mass fraction of fdust ∼ 0.002 and the young stellar age (100 − 200 Myr) are consistent with efficient dust production via
supernovae, as predicted by existing models and simulations of dust evolution. Also, the expected number density of galaxies with Mdust ∼ 106 M⊙
at z = 6 from a subset of these models is in agreement with the observational estimate that we set from the parent ALCS survey. The combination
of gravitational lensing and deep multiwavelength observations allowed us to probe luminosity and mass regimes up to two orders of magnitude
lower than what has been explored so far for field galaxies at similar redshifts. Our results serve as a benchmark for future observational endeavors
of the high-redshift and faint sub-L⋆ galaxy population that might have driven the reionization of the Universe.

Key words. Galaxies: high-redshift, ISM, star formation, formation, evolution; Gravitational lensing: strong

1. Introduction

Over the past few years, the number of galaxies confirmed
at redshift z > 6 and deeper into the reionization epoch
has soared. Interferometric (sub)millimeter observations and
ground-based and, more recently, space-based optical and
near-IR spectroscopy have been instrumental in allowing us
to start exploring the physics regulating the growth of the first
galaxies. Truly multiwavelength studies proved to be necessary
to observe and connect all components in galaxies and provide
a complete view of these systems. However, for reasons of
opportunity and observing time cost, priority has been given to
the brightest and rarest targets that could maximize the detection
rates – but in doing so we have been missing more numerous,
typical galaxy populations at z > 6.

In light of the possible preponderant role played by average,
rather than exceptional, galaxy populations in the reionization
of the Universe (Robertson 2022), there has been a renewed fo-
cus on spectroscopic studies of faint sources around or below
the knee of the luminosity function (L⋆) and on the main se-
quence of star formation (Daddi et al. 2007) at these redshifts,
particularly after the launch of the James Webb Space Telescope
(JWST). Moreover, observational campaigns of faint objects are
even more affordable when the Universe comes to our aid with
the gravitational lensing effect. This phenomenon provides a

unique window onto the formation of faint galaxies on small
scales, which would otherwise be impossible to probe without
the presence of massive objects along the line of sight.

Here we attempt to push the existing boundaries for deep
multiwavelength extragalactic studies at high redshifts by
leveraging state-of-the-art instruments and the lensing effect.
Our primary objective is to start exploring a new portion of the
cold gas and dust parameter space at intrinsic low stellar masses,
star formation rates (SFRs), and metallicities. These regimes are
critical to understanding the first phases of galaxy formation.
The availability of cold gas reservoirs and the impact of intense,
hard radiation feedback from young stars with low metallicities
ultimately regulate the growth of the numerous population of
low-mass galaxies and their ability to reionize the Universe.
Furthermore, these processes are intricately linked to the rate at
which metals and dust accumulate, and the relationship between
these two components in the earliest phases of galaxy assembly
remains itself a debated topic (see, e.g., Péroux & Howk 2020;
Popping et al. 2023; Heintz et al. 2023a; Konstantopoulou
et al. 2024; Schneider & Maiolino 2023, for a few recent
examples). Fortunately, both dust and metals can now be traced
in early galaxies. Thanks to JWST, we can directly measure the
metallicity of large samples of very distant sources (e.g., Curti
et al. 2023). In contrast, over the past few years, observations
with the Atacama Large Millimeter Array (ALMA) have
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ABSTRACT

Context. Observations at UV and optical wavelengths have revealed that galaxies at 𝑧 ∼ 1 − 4 host star-forming regions, dubbed
“clumps,” which are believed to form due to the fragmentation of gravitationally unstable, gas-rich disks. However, the detection of
the parent molecular clouds that give birth to such clumps is still possible only in a minority of galaxies, mostly at 𝑧 ∼ 1.
Aims. We investigated the [C II] and dust morphology of a 𝑧 ∼ 3.4 lensed galaxy hosting four clumps detected in the UV continuum.
We aimed to observe the [C II] emission of individual clumps that, unlike the UV, is not affected by dust extinction, to probe their
nature and cold gas content.
Methods. We conducted ALMA observations probing scales down to ∼ 300 pc and detected three [C II] clumps. One (dubbed “NE”)
coincides with the brightest UV clump, while the other two (“SW” and “C”) are not detected in the UV continuum. We do not detect
the dust continuum.
Results. We converted the [C II] luminosity of individual clumps into molecular gas mass and found Mmol ∼ 108 M⊙ . By comple-
menting it with the star formation rate (SFR) estimate from the UV continuum, we estimated the gas depletion time (𝑡dep) of clumps and
investigated their location in the Schmidt-Kennicutt plane. While the NE clump has a very short 𝑡dep = 0.16 Gyr, which is comparable
with high-redshift starbursts, the SW and C clumps instead have longer 𝑡dep > 0.65 Gyr and are likely probing the initial phases of star
formation. The lack of dust continuum detection is consistent with the blue UV continuum slope estimated for this galaxy (𝛽 ∼ −2.5)
and it indicates that dust inhomogeneities do not significantly affect the detection of UV clumps in this target.
Conclusions. We pushed the observation of the cold gas content of individual clumps up to 𝑧 ∼ 3.4 and showed that the [C II] line
emission is a promising tracer of molecular clouds at high redshift, allowing the detection of clumps with a large range of depletion
times.

Key words. galaxies: high-redshift – galaxies: ISM – galaxies: structure – galaxies: formation – galaxies: evolution

1. Introduction

In the last decades, rest-frame ultraviolet (UV) and optical obser-
vations have shown that star-forming galaxies at redshift 𝑧 ∼ 1−4
have irregular morphologies (e.g.,Conselice et al. 2004; Con-
selice 2014; Shibuya et al. 2016; Huertas-Company et al. 2023),
dominated by active sites of star formation, dubbed “clumps”
(e.g., Elmegreen & Elmegreen 2005; Elmegreen et al. 2008;
Förster Schreiber et al. 2011; Guo et al. 2015; Zanella et al. 2015).
Spatially resolved observations taken with ground-based adaptive
optics facilities (e.g., SINFONI on the Very Large Telescope,
VLT), the Hubble Space Telescope (HST), and more recently
the James Webb Space Telescope (JWST), revealed that clumps
typically have stellar masses M★ ∼ 107 − 109 M⊙ , star formation
rates (SFRs) ∼ 0.1 − 10 M⊙yr−1, and mostly unresolved sizes

< 1 kpc (e.g., Förster Schreiber et al. 2011; Guo et al. 2018;
Zanella et al. 2019; Kalita et al. 2023). By combining the angular
resolution of state-of-the-art telescopes with strong lensing, it
has been possible to study clumps in the low-mass and low-SFR
regime (Livermore et al. 2015; Vanzella et al. 2017a,b; Cava
et al. 2018; Vanzella et al. 2021). Such studies have revealed that
when magnification (and hence spatial resolution and sensitiv-
ity) increases, clumps with smaller sizes are uncovered (Vanzella
et al. 2022; Meštrić et al. 2022; Claeyssens et al. 2023; Messa
et al. 2022). In particular, clumps in lensed galaxies have effective
radii Re ∼ 10 − 100 pc, stellar masses M★ ∼ 106 − 108 M⊙ , and
SFRs ∼ 0.01 − 10 M⊙yr−1 (Meštrić et al. 2022; Claeyssens et al.
2023). They have blue UV continuum 𝛽 slopes, in several cases
approaching extreme values (𝛽 ∼ −3), indicating that they are ac-
tive sites of star formation hosting young stellar populations with
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ABSTRACT
We measure resolved (kiloparsec-scale) outflow properties in a sample of 10 starburst galaxies from the DUVET sample, using
Keck/KCWI observations of H𝛽 and [OIII] 𝜆5007. We measure ∼ 450 lines-of-sight that contain outflows, and use these to study
scaling relationships of outflow velocity (𝑣out), mass-loading factor (𝜂; mass outflow rate per SFR) and mass flux ( ¤Σout; mass
outflow rate per area) with co-located SFR surface density (ΣSFR) and stellar mass surface density (Σ∗). We find strong, positive
correlations of ¤Σout ∝ Σ1.2

SFR and ¤Σout ∝ Σ1.7
∗ . We also find shallow correlations between 𝑣out and both ΣSFR and Σ∗. Our resolved

observations do not suggest a threshold in outflows with ΣSFR, but rather we find that the local specific SFR (ΣSFR/Σ∗) is a better
predictor of where outflows are detected. We find that outflows are very common above ΣSFR/Σ∗ ≳ 0.1 Gyr−1 and rare below
this value. We argue that our results are consistent with a picture in which outflows are driven by supernovae, and require more
significant injected energy in higher mass surface density environments to overcome local gravity. The correlations we present
here provide a statistically robust, direct comparison for simulations and higher redshift results from JWST.

Key words: galaxies: evolution – galaxies: starburst – galaxies: star formation – galaxies: ISM

1 INTRODUCTION

The evolution of galaxies is shaped by the baryon cycle. Cold gas
is accreted onto galaxies, used as fuel in star formation which in
turn enriches the gas, and is then ejected from the galaxy to en-
rich the surrounding environment (Somerville & Davé 2015). Star
formation-driven outflows are a necessary component of this cycle,
contributing to the enrichment of the circumgalactic medium (CGM)
(Tumlinson et al. 2017; Cameron et al. 2021), and suppressing star
formation through the removal of gas (Veilleux et al. 2005; Bolatto
et al. 2013; Reichardt Chu et al. 2022b). Galaxy-wide outflows are
required for simulations to reproduce basic galaxy properties includ-
ing the galaxy mass function, typical galaxy sizes, and the Kennicutt-
Schmidt Law (e.g Springel & Hernquist 2003; Oppenheimer & Davé

★ E-mail: breichardtchu@swin.edu.au

2006; Hopkins et al. 2012, 2014). To constrain the implementation
of galaxy-wide outflows in simulations, the simulations need to be
compared to empirical measurements of outflow quantities. It is,
therefore, necessary that we understand the observational properties
of outflows and their driving mechanisms.

Star formation-driven outflows have been observed across cosmic
time (e.g. Heckman et al. 2000; Chen et al. 2010; Rubin et al. 2010;
Davies et al. 2019). Outflows are an observational tracer of the feed-
back process that regulates star formation, preventing runaway star
formation in multiple ways. First, it is expected that the gravitational
weight of the disk creates pressure in the interstellar medium (ISM)
which is balanced by the energy and momentum injected into the
ISM by young massive stars and supernovae. This injected energy
and momentum creates turbulence, suppressing the star formation
occurring within the galaxy disk (e.g. Ostriker et al. 2010; Faucher-
Giguère et al. 2013; Hayward & Hopkins 2017; Krumholz et al. 2018;

© 2023 The Authors
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The evolution of the SFR and ΣSFR of galaxies in cosmic morning
(4 < z < 10)
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ABSTRACT

The galaxy integrated star-formation rate (SFR) surface density (ΣSFR) has been proposed as a valuable diagnostic of the mass ac-
cumulation in galaxies as being more tightly related to the physics of star-formation and stellar feedback than other star-formation
indicators. In this paper, we assemble a statistical sample of 230 galaxies observed with JWST in the GLASS and CEERS spectro-
scopic surveys to estimate Balmer line based dust attenuations and SFRs (i.e., from Hα, Hβ, and Hγ), and UV rest-frame effective
radii. We study the evolution of galaxy SFR and ΣSFR in the first 1.5 Billion years of our Universe, from redshift z ∼ 4 to z ∼ 10.
We find that ΣSFR is mildly increasing with redshift with a linear slope of 0.16 ± 0.06. We explore the dependence of SFR and ΣSFR
on stellar mass, showing that a star-forming ’Main-Sequence’ and a ΣSFR ’Main-Sequence’ are in place out to z = 10, with a similar
slope compared to the same relations at lower redshifts, but with a higher normalization. We find that the specific SFR (sSFR) and
ΣSFR are correlated with the [O iii] λ5007Å/[O ii] λ3727Å ratio and with indirect estimates of the escape fraction of Lyman continuum
photons, hence they likely play an important role in the evolution of ionization conditions at higher redshifts and in the escape of
ionizing radiation. We also search for spectral outflow signatures in the Hα and [O iii] emission lines in a subset of galaxies observed
at high resolution (R= 2700) by the GLASS survey, finding an outflow incidence of 2/11 (= 20%32%

9% ) at z < 6, but no evidence at
z > 6 (0/6, < 26%). Finally, we find a positive correlation between AV and ΣSFR, and a flat trend as a function of sSFR, indicating
that there is no evidence of a drop of AV in extremely star-forming galaxies between z ∼ 4 and ∼ 10. This might be at odds with a
dust-clearing outflow scenario, which might instead take place at redshifts z ≥ 10, as suggested by some theoretical models.

Key words. galaxies: evolution — galaxies: high-redshift — galaxies: ISM — galaxies: star-formation — galaxies: statistics

1. Introduction

The cosmic evolution of galaxy star formation rates (SFRs) is
one of the fundamental predictions of astrophysical models and
cosmological simulations, and one of the most studied processes
observationally. Indeed, it provides essential insights into cos-
mic structure formation across all scales, the accretion of gas
into these structures, the efficiency of conversion into stars, and
ultimately the diffusion of baryonic material in the intergalactic
medium (IGM) through stellar feedback (White & Rees 1978;
White & Frenk 1991; Springel & Hernquist 2003; Shapley 2011;
Hopkins et al. 2012; Behroozi et al. 2013; Madau & Dickinson
2014).

The SFR is intimately linked to other galaxy properties, the
most important of which is stellar mass (M⋆). A correlation
between SFR and M⋆, known as the ‘Main Sequence’ of star-
formation (Noeske et al. 2007), has been determined across over
5 orders of magnitudes in M⋆ at all redshifts. Many studies also
focus on the specific SFR (sSFR=SFR/M⋆), that is, the SFR nor-
malized by the total stellar mass content, showing that it fol-
lows a rather smooth, monotonic increase by at least one order
of magnitude from redshift 0 to the reionization epoch (Davé et
al. 2011; Menci et al. 2014; Speagle et al. 2014; Santini et al.
2017).

In addition to the SFR and the sSFR, a quantity that is gain-
ing increasing attention now that JWST can resolve galaxy sizes
out to the EoR, is the surface density of star-formation (ΣSFR ).
This quantity represents the SFR normalized by the surface area
where it occurs, and encapsulates information about the spa-
tial distribution of star formation (SF). It is usually defined by
the expression ΣSFR = SFR/(2π × r2

e ), where re is the half-
light radius. As galaxies become increasingly more compact at
higher redshifts, since the dependence on the size is quadratic,
ΣSFR increases more rapidly with redshift compared to the sSFR.
In particular, it can rise by more than three orders of magnitudes
in typical star-forming galaxies from z ∼ 0 to z ∼ 6 (Wuyts et al.
2011; Holwerda et al. 2015), reaching extreme conditions at the
epoch of reionization (ΣSFR ≳ 10 M⊙ /yr/kpc2). Therefore, it is
even more essential to characterize the peculiar conditions of SF
in the first phases of galaxy assembly.

Being more intimately related to the physics of star-
formation, such as to the gas mass surface density through
the Kennicutt-Schmidt relation (Kennicutt 1989; Kennicutt et
al. 2007), and to the effectiveness of stellar feedback, ΣSFR is
thought to regulate the redshift evolution of the sSFR and
M⋆ (Lehnert et al. 2015). Moreover, for the same reason, Salim
et al. (2023) introduced the term ‘ΣSFR Main Sequence’ to in-
dicate the ΣSFR vs M⋆ relation, and they claim that this is even
more fundamental than the sSFR - M⋆ relation. Along this new
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ABSTRACT
Highly radio-loud quasars (HRLQs; log 𝑅 > 2.5) at 𝑧 ≳ 4 show apparent enhanced X-ray
emission compared to matched HRLQs at lower redshifts, perhaps due to a redshift-dependent
fractional contribution to the X-ray luminosity from inverse-Compton scattering of cosmic
microwave background photons (IC/CMB). Using new Chandra observations and archival
X-ray data, we investigate this phenomenon with an optically flux-limited sample of 41 HRLQs
at 𝑧 = 4–5.5 all with sensitive X-ray coverage, the largest sample utilized to date by a wide
margin. X-ray enhancements are assessed using X-ray-to-optical flux ratios and spectral energy
distributions. We confirm the presence of X-ray enhancements at a 4.9–5.3𝜎 significance level,
finding that the median factor of enhancement is≈ 1.8 at our sample median redshift of 𝑧 ≈ 4.4.
Under a fractional IC/CMB model, the expected enhancement at lower redshifts is modest;
e.g., ≈ 4% at 𝑧 ≈ 1.5. We also investigate a sample of seven radio-loud quasars (RLQs;
log 𝑅 > 1) at even higher redshifts of 𝑧 = 5.6–6.8, using new and archival X-ray data. These
RLQs also show evidence for X-ray enhancements by a median factor of ≈ 2.7 at a 3.7–4.9𝜎
significance level. The X-ray spectral and other properties of these 𝑧 = 5.6–6.8 RLQs, however,
pose challenges for a straightforward fractional IC/CMB interpretation of their enhancements.

Key words: galaxies: high-redshift – quasars: general – X-rays: galaxies

1 INTRODUCTION

Quasars are powered by the accretion process happening in the
vicinity of supermassive black holes (SMBHs) located in the central
regions of host galaxies. Quasars at high redshifts are of particular
interest since they provide insights into SMBH growth and galaxy
formation in the early universe. The discovery of significant sam-
ples of rare high-redshift quasars was made possible by large-scale
sky surveys such as the Sloan Digital Sky Survey (SDSS, York
et al. 2000). Since Ly𝛼 emission is redshifted to the near-infrared
(NIR) bands at 𝑧 ≳ 5.5, wide-field NIR surveys like the UKIRT
Infrared Deep Sky Survey and the VISTA Hemisphere Survey (e.g.
Lawrence et al. 2007; McMahon et al. 2013) are also important.
As of December 2022, there are 531 quasars with 𝑧 ≥ 5.3 in the
literature (Fan et al. 2022). Based on the radio-loudness parameter

★ E-mail: SFZAstro@gmail.com

𝑅 = 𝑓5GHz/ 𝑓4400Å, where 𝑓5GHz and 𝑓4400Å are the flux densities
at rest-frame 5 GHz and 4400 Å (Kellermann et al. 1989), quasars
can be divided into radio-quiet quasars (RQQs; 𝑅 ≤ 10) and radio-
loud quasars (RLQs; 𝑅 > 10). RLQs harbor strong relativistic jets
(e.g. Padovani 2017). The fraction of RLQs remains ∼ 10% up
to 𝑧 ∼ 6 (Bañados et al. 2015). It is well known that the quasar
number density peaks at 2 < 𝑧 < 3 (e.g. Dunlop & Peacock 1990;
Croom et al. 2004; Brown et al. 2006; Yang et al. 2016) and then
rapidly declines with increasing redshift. In contrast to the strong
redshift dependence of the quasar number density, previous stud-
ies have shown that the UV/optical and NIR spectral properties of
quasars do not show significant evolution up to 𝑧 ∼ 6 (e.g. Fan et al.
2004; Jiang et al. 2007; Shen et al. 2019). Current observations sug-
gest that AGNs and SMBH feeding modes do not show significant
evolution after the first billion years of the Universe.

Almost all quasars are bright in the X-ray regime. The X-ray
emission from RQQs is proposed largely to be generated by the

© 2023 The Authors
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ABSTRACT
The energy injection through Hawking evaporation has been used to put strong constraints on primordial black holes as a
dark matter candidate at masses below 1017 g. However, Hawking’s semiclassical approximation breaks down at latest after
half-decay. Beyond this point, the evaporation could be significantly suppressed as was shown in recent work. In this study, we
review existing cosmological and astrophysical bounds on primordial black holes taking this effect into account. We show that
the constraints disappear completely for a reasonable range of parameters, which opens a new window below 1010 g for light
primordial black holes as a dark matter candidate.

Key words: dark matter – black hole physics – gamma-rays: general

1 INTRODUCTION

The hypothesis of black holes forming in the early universe has
been discussed for more than 50 years (Zel’dovich & Novikov 1967;
Hawking 1971; Carr & Hawking 1974), with Chapline (1975) first
to suggest that primordial black holes (PBHs) could constitute the
entire dark matter of the universe. Since the 1970s, people have
studied the consequences of PBHs as a dark matter candidate from
the Planck mass 𝑀PBH = 𝑀pl up to the ’incredulity limit’1 beyond
𝑀PBH ∼ 1010 𝑀⊙ . This has led to strong bounds which exclude
PBHs of a single mass from constituting the entirety of the dark
matter with the exception of a mass window in the asteroid range
𝑀PBH ∈ [1017, 1022] g (Carr et al. 2021, and references therein).

The lower limit is a result of constraints due to black hole evap-
oration at low masses. This process was first described by Hawk-
ing (1974) as he was studying the consequences of light PBHs. He
showed that a black hole will emit a thermal spectrum of particles,
with the temperature of the radiation scaling as 𝑇 ∼ 1/𝑀PBH. The
described evaporation process is self-similar and ends with a final
burst as 𝑀 → 0.

It was soon realized that the energy injection from low-mass PBHs
is in conflict with observations of 𝛾 rays, the cosmic microwave
background (CMB) and the abundance of light elements produced
during big bang nucleosynthesis (BBN) unless these black holes
constitute only a tiny fraction of the dark matter (Chapline 1975;
Hawking 1975; Novikov et al. 1979; Carr et al. 2010, for a historical

★ E-mail: vthoss@usm.lmu.de
1 This term was coined by B. Carr and refers to the limit that at least one
black hole must exist in a given environment (e.g. galaxy, universe).

overview). Furthermore, if the PBHs have a mass below 𝑀 ≃ 5 ×
1014 g, they would have completely evaporated by now (see Auffinger
(2023) for a review on constraints of evaporating PBHs).

However, it is possible to avoid some of the constraints that are a
result of black hole evaporation. Pacheco et al. (2023) have studied
’quasi-extremal’ PBHs and found that they can be a viable dark matter
candidate. Friedlander et al. (2022) and Anchordoqui et al. (2022)
have investigated PBHs in the context of large extra dimensions
(Arkani-Hamed et al. 1998) and showed that this opens up new mass
windows for light PBHs as dark matter candidate.

In this work, we focus on ’ordinary’ 4D black holes. Dvali
et al. (2020) have shown that Hawking’s semiclassical calcula-
tions break down at latest when the black hole has lost roughly
half of its initial mass. Hawking’s result is only exact in the limit
𝑀 → ∞, 𝐺 → 0, 𝑟𝑠 = const., where 𝐺 is the gravitational constant
and 𝑟𝑠 = 2𝐺𝑀/𝑐2 the Schwarzschild radius. It entirely neglects the
backreaction of the emission on the black hole itself. However, this
effect can no longer be ignored when the energy of the released
quanta becomes comparable to that of the black hole. Dvali et al.
(2020) summarize this as: ’An old black hole that lost half of its mass
is by no means equivalent to a young classical black hole of equal
mass.’ The crucial insight by Dvali et al. (2020) is that this backre-
action leads to a universal effect of so-called ’memory burden’, first
introduced by Dvali (2018). This can significantly suppress further
evaporation.

As Dvali et al. (2020) have discussed, there are two possibilities
for the fate of an evaporating black hole beyond half-decay. Either
it continues to emit quanta with a strongly suppressed rate due to
the memory burden or a new classical instability sets in. In the latter
case, light PBHs cannot constitute the dark matter. However, if the

© 2023 The Authors
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Galaxy cluster virial-shock sources in eROSITA catalogs

Gideon Ilani⋆, Kuan-Chou Hou, Gil Nadler, and Uri Keshet⋆⋆

Physics Department, Ben-Gurion University of the Negev, POB 653, Be’er-Sheva 84105, Israel

February 29, 2024

ABSTRACT

Context. Virial shocks around galaxy clusters and groups are being mapped, tracing accretion onto large-scale structure.
Aims. Following the recent identification of discrete ROSAT and radio sources associated with the virial shocks of MCXC clusters
and groups, we examine if the early eROSITA-DE data release (EDR) shows virial-shock X-ray sources within its 140 deg2 field.
Methods. EDR catalog sources are stacked and radially binned around EDR catalog clusters and groups. The properties of the excess
virial-shock sources are inferred statistically by comparing the virial-shock region to the field.
Results. An excess of X-ray sources is found narrowly localized at the 2.0 < r/R500 < 2.25 normalized radii, just inside the anticipated
virial shocks, of the resolved 532 clusters, for samples of both extended (3σ for 534 sources) or bright (3.5σ for 5820 sources; 4σ
excluding the low cluster-mass quartile) sources. The excess sources are on average extended (∼ 100 kpc), luminous (LX ≃ 1043–44

erg s−1), and hot (∼keV), consistent with infalling gaseous halos crossing the virial shock. The results agree with the stacked ROSAT–
MCXC signal, showing the higher LX anticipated at EDR redshifts and a possible dependence upon host mass.
Conclusions. Localized virial-shock spikes in the distributions of discrete radio, X-ray, and probably also γ-ray sources are new
powerful probes of accretion from the cosmic web, with strong constraints anticipated with future all-sky catalogs such as by eROSITA.

Key words. galaxy clusters

1. Introduction

In recent years, the long-awaited virial-shock (VS) signals
around galaxy clusters and groups (for brevity, henceforth ’clus-
ters’) were finally detected in inverse-Compton (Keshet et al.
2017; Reiss et al. 2017; Reiss & Keshet 2018; Keshet & Reiss
2018), synchrotron (Keshet et al. 2017; Hou et al. 2023), and
thermal SZ (Keshet et al. 2017; Hurier et al. 2019; Keshet et al.
2020; Pratt et al. 2021; Anbajagane et al. 2022) signatures, both
in stacking analyses and in individual clusters. The stacked lep-
tonic signals indicate highly localized emission at normalized
2.2 . τ ≡ r/R500 . 2.5 radii, where subscript 500 refers (hence-
forth) to the radius around a cluster enclosing 500 times the crit-
ical mass density of the Universe.

An unexpected signal was reported recently (Ilani et al.
2024, henceforth I24) in X-ray and radio catalog sources stacked
around MCXC (Piffaretti et al. 2011) clusters, with a highly lo-
calized, 2.25 < τ < 2.50 excess precisely coincident with the
previous VS leptonic signals. These sources were found to be
on average extended, ∼keV hot, magnetized, and radially polar-
ized, and so were tentatively identified as the shocked halos of
infalling galaxies or galaxy aggregates, possibly including ag-
ing relativistic particles from previous galactic outflows (I24).
However, these stacking analyses of leptonic emission or dis-
crete sources relied on the same low-redshift MCXC clusters and
their tabulated, X-ray-based, characteristic R500 values.

We examine if the early eROSITA-DE data release (EDR)
catalogs (described in §2) are sufficient to show an excess of VS
X-ray sources within their 140 deg2 field, and, if so, to character-
ize the properties of these sources. EDR catalog sources are thus

⋆ Posthumously. Gideon Ilani was killed in action on December 10,
2023. This paper is based in part on his Ph.D. research.
⋆⋆ e-mail: keshet.uri@gmail.com

stacked and radially binned around EDR catalog clusters (in §3).
The properties of the excess sources are then inferred statistically
(in §4), by comparing VS-region sources to their field counter-
parts. Finally, the results are analyzed and discussed (in §5) in
comparison to the ROSAT–MCXC results.

We generally follow the I24 methods and notations. A
ΛCDM model is adopted with an H0 = 70 km s−1 Mpc−1 Hub-
ble constant and an Ωm = 0.3 mass fraction.

2. Catalog samples

We combine the EDR1 catalogs of X-ray sources (Brunner et al.
2022), clusters (Liu et al. 2022), and cluster X-ray properties
(Bahar et al. 2022). Better results are expected with the first
eROSITA allsky survey2 (eRASS1) and future all-sky catalogs,
as they become available3.

Figure 1 presents the EDR and MCXC cluster catalogs in
the phase space of M500 mass vs. projected θ500 = R500/dA an-
gle, where dA(z) is the angular diameter distance at redshift z.
Thanks to the better resolution and sensitivity of eROSITA, EDR
clusters, including massive ones, are available at higher redshifts
and thus smaller θ500 than in MCXC. However, due to the smaller
field of view, the EDR catalog lacks rare, highly extended or very
massive clusters found in MCXC. We divide the 542 EDR clus-
ters into four mass bins, each with about the same, 135 or 136
number of clusters. Due to the ∼ 1′ resolution of the cluster cat-
alog (Liu et al. 2022), we exclude the 10 clusters with θ500 < 1′.
The mass bins and θ500 cutoff are shown as lines in the figure.

1 https://erosita.mpe.mpg.de/edr/eROSITAObservations/Catalogues/
2 https://erosita.mpe.mpg.de/dr1/AllSkySurveyData_dr1/Catalogues
3 The cluster catalog for the first data release (DR1) of the
SRG/eROSITA all-sky survey (eRASS1) has become available only af-
ter this study was concluded.
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ABSTRACT

Motivated by the recent JWST discovery of galaxy overdensities during the Epoch of Reionzation, we examine the

physical properties of high-z protoclusters and their evolution using the FLAMINGO simulation suite. We investigate

the impact of the apertures used to define protoclusters, because the heterogeneous apertures used in the literature

have limited our understanding of the population. Our results are insensitive to the uncertainties of the subgrid models

at a given resolution, whereas further investigation into the dependence on numerical resolution is needed. When

considering galaxies more massive than M∗ ≃ 108 M⊙, the FLAMINGO simulations predict a dominant contribution

from progenitors similar to those of the Coma cluster to the cosmic star-formation rate density during the reionization

epoch. Our results indicate the onset of suppression of star formation in the protocluster environments as early as

z≃ 5. The galaxy number density profiles are similar to NFW at z≲ 1 while showing a steeper slope at earlier times

before the formation of the core. Different from most previous simulations, the predicted star-formation history for

individual protoclusters is in good agreement with observations. We demonstrate that, depending on the aperture,

the integrated physical properties including the total (dark matter and baryonic) mass can be biased by a factor of

2 to 5 at z=5.5–7, and by an order of magnitude at z≲ 4. This correction suffices to remove the ≃ 3σ tensions with

the number density of structures found in recent JWST observations.

Key words: methods: statistical – galaxies: formation – galaxies: evolution – galaxies: clusters: general – galaxies:

high-redshift

1 INTRODUCTION

Galaxies and the extensive cosmic structures observable in
the contemporary Universe are postulated to have originated
from minute density fluctuations that occurred immediately
following the inflationary epoch in the early Universe. Their
hierarchical growth over cosmic epochs has been extensively
documented (see Mo et al. 2010). The emergence of the in-
augural galaxies and primal cosmic structures, originating
within regions characterized by the highest density fluctua-
tions, is believed to have played a pivotal role in the reioniza-
tion and episodic star-formation events in the Universe (e.g.,
Furlanetto et al. 2006; Matthee et al. 2015; Ishigaki et al.
2016; Overzier 2016). Protoclusters, identified as overdensi-
ties of galaxies in the early Universe, have been demonstrated
through both theoretical frameworks and observational data

⋆ E-mail: sl2207@cam.ac.uk

to contribute significantly, to over 20 per cent of the cos-
mic star-formation activity until approximately the cosmic
noon at redshift z≃ 2 (e.g., Casey et al. 2015; Umehata et al.
2015; Chiang et al. 2017; Shi et al. 2020). Recently, Sun et al.
(2024) estimated about 50 per cent of the total star forma-
tion has occurred in protocluster environments at z≃ 5. This
underscores the substantial significance of this population in
comprehending the genesis of galaxies and their concurrent
evolution within the broader context of large-scale cosmic en-
vironments.

Despite their significance, protocluster studies encounter
numerous critical challenges that pose difficulties in achiev-
ing a thorough, unbiased analysis and a comprehensive un-
derstanding of the population (see Lim et al. 2021 for an ex-
tensive discussion). Firstly, protoclusters, as implied by their
nomenclature, are commonly regarded as the high-redshift
precursors of clusters observable at z≃ 0 (e.g., Chiang et al.
2013; Overzier 2016; Alberts & Noble 2022). While the theo-
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Summary
scida (https://scida.io) is a Python package for reading and analyzing large
scientific data sets. Data access is provided through a hierarchical dictionary-
like data structure after a simple load() function. Using the dask library for
scalable, parallel and out-of-core computation (Dask Development Team, 2016),
all computation requests from a user session are first collected in a task graph.
Arbitrary custom analysis, as well as all available dask (array) operations, can
be performed. The subsequent computation is executed only upon request, on a
target resource (e.g. a HPC cluster, see Figure 1).

 

 



1. computa�on request 3. result2. computa�on

notebook

HPC

cloud

ds = scida.load(...)
A = ds.data["A"]
B = ds.data["B"]
task = hist2d(A, B)
res = task.compute()

ds
.d

at
a

graph representa�on

A
B

data representa�on
field A

field B
group 1

field X
field Y

A

B





Figure 1: Schematic of the workflow. In a user session, a recipe (i.e. sequence
of analysis operations) for desired data product can be built by consecutive
chaining of operations, which are internally represented by dask task graphs.
Calculation is triggered by the compute() command, evaluating the graph on a
target resource. The result, much smaller than the original data, is sent back to
the user session for further analysis/plotting.

Features
Scida begins by providing a clean, abstract, dictionary-like interface to the
underlying data, regardless of its file format or structure on disk. Physical
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