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The metastable hypermassive neutron star produced in the coalescence of two neutron stars can
copiously produce axions that radiatively decay into O(100) MeV photons. These photons can form
a fireball with characteristic temperature smaller than 1 MeV. By relying on X-ray observations of
GW170817/GRB 170817A with CALET CGBM, Konus-Wind, and Insight-HXMT/HE, we present
new bounds on the axion-photon coupling for axion masses in the range 1–400 MeV. We exclude cou-
plings down to 5×10−11 GeV−1, complementing and surpassing existing constraints. Our approach
can be extended to any feebly-interacting particle decaying into photons.

Introduction.—The first observation of a binary neu-
tron star (NS) merger event in gravitational waves and
electromagnetic radiation, GW170817, has shed new
light on the properties of NSs, the behavior of matter
at nuclear densities, as well as the synthesis of the ele-
ments heavier than iron [1–3]. Besides providing crucial
insights on fundamental physics, NS mergers can be em-
ployed as laboratories to test physics beyond the Stan-
dard Model, such as long-range interactions and general
relativity modifications (e.g. [4–15]), and their remnant
can produce light axions [16, 17], sterile neutrinos [18],
as well as dark photons [19]. Moreover, the compact ob-
ject resulting from the merger can potentially provide
new and complementary information on putative heavy
particles beyond the Standard Model, which could have
an impact on cosmology [20–23] or play the role of dark
matter mediator [24, 25], and that cannot be excluded
through the cooling of stars like horizontal branch stars,
red giants, or white dwarfs [26, 27]. Being hot and dense,
the remnant can produce particles with mass >∼ 1 MeV,
akin to core-collapse supernovae (SNe) and other ener-
getic transients [28–40].

The multimessenger signals of GW170817 are consis-
tent with the formation of a metastable hypermassive NS
(HMNS) which lived for up to 1 s [41, 42], before collaps-
ing into a black hole (BH). We show that one can probe
the production of heavy axion-like particles with mass
up to several hundreds MeVs with coupling to photons
− 1

4gaγγaF F̃ (axions for short) in the HMNS remnant.
After being produced, axions leave the HMNS and de-
cay radiatively into high-energy (' 100 MeV) photons,
as sketched in the top panel of Fig. 1. Since we focus on
heavy semi-relativistic axions, the daughter photons are
dense enough that they do not propagate freely. Rather,
they interact with each other rapidly producing a fireball,
a plasma shell with temperature ' 100 keV in the HMNS
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FIG. 1. Upper panel: Schematic representation of the NS
merger remnant and the fireball produced from axion de-
cay. Lower panel: γ-ray spectrum produced by axion decay
(blue line) and final spectrum reprocessed by the fireball (red
line). The photon energy is reduced from 100 MeV to less
than 1 MeV; the color bars on the bottom show the sensitivity
ranges of Fermi-LAT and CALET CGBM, which we use to set
bounds. Axion mass and coupling are set to ma = 202 MeV
and gaγγ = 2.2× 10−10 GeV−1 for illustrative purposes.

remnant frame, as we have recently pointed out in the
context of SNe in Ref. [38]. This gas later evolves simi-
larly to a “standard” fireball propagating in vacuum. Dif-
ferently from the fireball assumed to power gamma-ray
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Dark matter is undoubtedly one of the fundamental, albeit unknown, components of the standard
cosmological model. The failure to detect WIMPs, the most promising candidate particle for cold
dark matter, actually opens the way for the exploration of viable alternatives, of which ultralight
bosonic particles with masses∼ 10−21 eV represent one of the most encouraging. N-body simulations
have shown that such particles form solitonic cores in the innermost parts of virialized galactic halos
that are supported by internal quantum pressure on characteristic ∼kpc de Broglie scales. In the
Galaxy, this halo region can be probed by means of S-stars orbiting the supermassive black hole
Sagittarius A* to unveil the presence of such a solitonic core and, ultimately, to bound the boson
mass mψ. Employing a Monte Carlo Markov Chain algorithm, we compare the predicted orbital
motion of S2 with publicly available data and set an upper bound mψ . 3.2 × 10−19 eV on the
boson mass, at 95 % confidence level. When combined with other galactic and cosmological probes,
our constraints help to reduce the allowed range of the bosonic mass to (2.0 . mψ . 32.2)× 10−20

eV, at the 95 % confidence level, which opens the way to precision measurements of the mass of the
ultralight bosonic dark matter.

Introduction — The currently accepted cosmological
model, built upon the theory of General Relativity (GR),
prescribes that ∼27% of the matter-energy content of the
Universe resides in the form of a yet unknown Dark Mat-
ter (DM) component [1]. Hierarchical structure forma-
tion [2] and the spectrum of CMB fluctuations [3] point
towards a Cold DM (CDM) scenario, according to which
DM is composed of non-relativistic particles belonging to
physical scenarios beyond the Standard Model of parti-
cle physics, and weakly interacting with ordinary mat-
ter solely through gravitational forces [4]. Despite the
success of CDM-based cosmological simulations in pre-
dicting large scale structures in the Universe, the CDM
model is currently challenged by a remarkable lack of de-
tection of its most promising candidate, i.e. the WIMPs,
in Earth-based laboratories [5, 6] and by seemingly unrec-
oncilable problems on galactic or sub-galactic scales (i.e.
< 10 kpc) [7–9]. Contrary to what observations suggest,
especially in dwarf and low surface brightness galaxies,
the lack of internal pressure in self-gravitating CDM ha-
los would result in inherently spiky density profiles, and
to the absence of a natural mechanism that prevents the
formation of structures below a certain scale [1]. This
gives rise to the well-known “missing satellite”, “too big
to fail” and “core-cusp” problems [7–9]. Some studies in-
voke tidal forces and a not completely understood bary-
onic feedback mechanism (from supernovae and active
galactic nuclei) to alleviate the tension between simula-
tions and observations [10, 11]. Nonetheless, since the
aforementioned proposals have not been validated and
established yet, other paths have been investigated

Wave Dark Matter (commonly referred to also as Fuzzy
Dark Matter or ψ-Dark Matter) is considered among the
most promising alternatives [12] as in it all such seem-
ingly contradicting astrophysical observations find a nat-
ural explanation [13]. In this scenario, DM is composed of
ultralight particles (mψ < 10−17 eV), whose macroscopic
de Broglie wavelength λdB ∼ 1 kpc gives rise to quantum
behaviors on astrophysical scales and whose existence,
at a fundamental level, seems to be justified by axionic
DM particles generated through a symmetry breaking by
the misalignment mechanism [14, 15] rather common in
string landscape [16]. Inherently spinless, such particles
follow a Bose-Einstein statistics [17]. As a consequence
of that, a self-gravitating halo composed of such particles
builds an internal quantum pressure, sustained by uncer-
tainty principle. This prevents wave DM to be confined
on scales smaller than its de Broglie wavelength, thereby
providing a natural lower Jeans scale for structure forma-
tion and leading to the emergence of a prominent soliton
core [18], as confirmed by pioneering cosmological sim-
ulations in [19]. The generation of coherent standing
waves of wave DM in the outskirts of galactic halos leads
to the formation of density fluctuations, owing to quan-
tum interference patterns on the de Broglie scale [20],
that, once azimuthally averaged, follow a Navarro-Frenk-
White (NFW) profile [19, 21]. Nonetheless, on much
larger cosmological scales wave DM behaves exactly as
CDM would, thus predicting the same large scale struc-
tures and overall cosmic evolution [12]. Several efforts
have been made to design astrophysical tests that could
directly constrain the mass of the boson mψ. The most
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White dwarf cooling in f (R, T) gravity
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In recent times, astounding observations of both over- and under-luminous type Ia supernovae
have emerged. These peculiar observations hint not only at surpassing the Chandrasekhar limit but
may also suggest potential modifications in the physical attributes of their progenitors, such as their
cooling rate. This, in turn, can influence their temporal assessments and provide a compelling ex-
planation for these intriguing observations. In this spirit, we investigate here the cooling process of
white dwarfs in f (R, T) gravity with the simplest model f (R, T) = R + λT, where λ is the model
parameter. Our modelling suggests that the cooling timescale of white dwarfs exhibits an inverse
relationship with the model parameter λ, which implies that for identical initial conditions, white
dwarfs in f (R, T) gravity cool faster. This further unveils that in the realm of f (R, T) gravity, the
energy release rate for white dwarfs increases as λ increases. Furthermore, we also report that the
luminosity of the white dwarfs also depends on λ and an upswing in λ leads to an amplification in
the luminosity, and consequently a larger white dwarf in general relativity can exhibit comparable
luminosity to a smaller white dwarf in f (R, T) gravity.

I. INTRODUCTION

White dwarfs (WDs) mark the final evolutionary stage of main sequence stars with initial masses up to 10 M� [1]
and comprise 95%-97% of all the observed stars in the Milky Way [2]. These stars usually end up as WDs once all the
H in the core is fused into He during the main sequence phase and later into C and O during the horizontal branch
and asymptotic giant branch phases. The stars then experience the loss of their outer envelopes and what remains
are dense C-O cores. These cores do not undergo any nuclear fusion and therefore cool down by radiating heat for
the rest of their existence.
The maximum mass a WD can acquire precisely equals 1.44 M� and is known as the Chandrasekhar limit [3]. The
constraint on this mass arises from the fact that the electron degenerate pressure can only equalize the gravitational
collapse up to a certain point. Any further increase in the mass of the WD either through merger or accretion results
in a thermonuclear explosion due to runaway carbon ignition and can be observed as a Type Ia supernova. Type Ia
supernovae serve as standard candles, exhibiting comparable absolute magnitudes when they explode. As a result,
they are a valuable tool for measuring distances in the cosmos [4]. Remarkably, in the late 1990s, the utilization of
type Ia supernovae as distance indicators led to the discovery that our Universe is experiencing accelerated expan-
sion [5, 6].
Although general relativity has been remarkably successful in explaining numerous astrophysical phenomena, it has
hitherto been unable to explain, for instance, the origin of the flat galactic rotation curves and the acceleration of the
Universe. In this regard, two enigmatic cosmological entities, namely dark matter and dark energy were proposed
to reconsider the observations. However, the existence of these entities is yet to be confirmed observationally or
experimentally [7]. In this spirit, geometric extensions of general relativity were introduced to provide an alternative
explanation to these phenomena without requiring dark matter and dark energy [8–19].
Stellar remnants such as black holes, neutron stars, and WDs are frequently employed to set bounds on extended
theories of gravity. For instance, in [20, 21] the authors used gravitational waves from compact binaries to impose
tight constraints on multiple theories of gravity, ref [22–24] investigated the viability of f (R), and f (R, T) theories
of gravity in explaining the WD properties respectively (where R denote the Ricci scalar and T denote the trace of
the stress-energy-momentum tensor), in [25], the authors studied the properties of neutron stars in f (R, T) gravity,
while in ref [26], the authors used observational data of WDs to set bounds on Horndeski theories of gravity.

∗ snehasish@astro.ncu.edu.tw
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Gravitational Positivity for Phenomenologists:

Dark Gauge Boson in the Swampland
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Abstract

The gravitational positivity bound gives quantitative “swampland” constraints on low-
energy effective theories inside theories of quantum gravity. We give a comprehensive dis-
cussion of this bound for those interested in applications to phenomenological model building.
We present a practical recipe for deriving the bound, and discuss subtleties relevant for realis-
tic models. As an illustration, we study the positivity bound on the scattering of the massive
gauge bosons in the Higgs/Stückelberg mechanism. Under certain assumptions on gravitational
amplitudes at high energy, we obtain a lower bound mV & Λ2

UV/gMPl on the gauge boson mass
mV , where g is the coupling constant of the gauge field, MPl is the reduced Planck mass and
ΛUV is the ultraviolet cutoff of the effective field theory. This bound can strongly constrain
new physics models involving a massive gauge boson.
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Frequency-domain approach to self-force in hyperbolic scattering

Christopher Whittall1 and Leor Barack1

1Mathematical Sciences, University of Southampton, Southampton SO17 1BJ, United Kingdom
(Dated: May 18, 2023)

We develop a frequency-domain method for calculating the self-force acting on a scalar charge on
a fixed scattering geodesic in Schwarzschild spacetime. Existing frequency-domain methods, which
are tailored for bound orbits, are inadequate here for several reasons. One must account for the
continuous spectrum in the scattering problem, deal with slowly-convergent radial integrals that are
hard to evaluate numerically, and confront the inapplicability of the standard self-force method of
“extended homogeneous solutions”, which only works for compactly supported sources. We tackle
each of these issues in turn, and then present a full numerical implementation, in which we calculate
the self-force correction to the scatter angle due to scalar-field back-reaction. We perform a range
of internal validation tests, as well as ones based on comparison with existing time-domain results.
We discuss the merits and remaining limitations of our method, and outline directions for future
work.

I. INTRODUCTION

Calculations of the scatter angle in hyperbolic black-
hole encounters have been of recent cross-disciplinary in-
terest. Post-Minkowskian (PM) calculations of the scat-
ter angle may be used to calibrate effective-one-body
(EOB) models of binary black-hole mergers [1–4], pro-
viding waveforms that are suitable for gravitational-wave
data analysis for operating and upcoming detector ex-
periments. Studies of gravitational scattering are fur-
ther motivated by the discovery, using effective field
theory techniques [5], of so-called “boundary-to-bound”
relations connecting scatter observables to bound-orbit
observables [2, 6–10]. The problem has drawn signifi-
cant attention from outside the traditional gravitational
physics community, leading to the introduction of new
techniques and rapid developments in the PM theory of
two-body dynamics in recent years [11–14]. Advanced
quantum amplitude techniques such as generalized uni-
tarity [15, 16] and double copy [17–19] have been used to
develop “dictionaries” that translate quantum scattering
amplitudes to classical gravitational dynamics, supple-
menting PM calculations using effective field theory [20–
25].

A complementary method of calculating the scatter an-
gle is provided by the self-force approximation, in which
the scatter angle is expanded order-by-order in the mass
ratio, assumed small, without recourse to the weak-field
assumption present in PM theory. Thus self-force cal-
culations are applicable even for strong-field orbits, as-
suming the mass ratio is small. Comparison with PM
results in an overlapping domain of validity can provide
useful mutual checks on both schemes. Furthermore, as
pointed out by Damour in Ref. [3], the full conservative
two-body dynamics, at any mass ratio, can be inferred
through 4PM order using simply the leading-order self-
force correction to the scatter angle. A calculation of
the second-order self-force correction would extend this
to 6PM order.

A first step towards a full self-force calculation of the
scatter angle was taken in Ref. [26], which demonstrated

a method to reconstruct the linear metric perturbation
sourced by a point mass moving along a fixed hyperbolic
geodesic in the Schwarzschild spacetime, in a gauge suit-
able for self-force calculations. To demonstrate the prac-
ticality of their approach, they developed a time-domain
(TD) numerical scheme for obtaining a certain scalar-
like Hertz potential from which the metric perturbation
can be derived. But that initial work stopped short of a
calculation of the scatter angle correction itself. In a sub-
sequent work by the same authors [27], a first calculation
of the self-force correction to the scatter angle was carried
out, albeit in a scalar-field toy model. This numerical cal-
culation was performed based on the time-domain com-
putational platform developed in Ref. [26]. In addition to
these numerical results, the scalar, electromagnetic and
gravitational self-force corrections to the scatter angle
have been derived analytically at leading (2PM) order,
by Gralla and Lobo in Ref. [28]. These calculations were
most recently extended to 4PM order using scattering-
amplitudes methods, showing impressive agreement with
the self-force results [29].

Time-domain codes provide the most straightforward
route to begin self-force calculations along scatter or-
bits, but they are not necessarily optimal. Frequency-
domain (FD) methods provide an alternative approach
to self-force calculations. Their applications include first
calculations of the scalar-field self-force along equatorial
bound [30, 31] and generic bound [32] geodesics in the
Kerr spacetime, and the first calculations of the gravi-
tational self-force along generic bound geodesics in the
Kerr spacetime [33, 34]. These methods are prized for
their accuracy and efficiency, but so far they have only
been applied to bound orbits. There is, therefore, nat-
ural interest in extending frequency-domain methods to
the study of self-force along scatter orbits, a non-trivial
task that presents several new obstacles, outlined below.
A scalar-field toy model in the Schwarzschild spacetime
provides the simplest laboratory in which to meaningfully
explore and mitigate these challenges. The development
and numerical implementation of such a model will be
the focus of the current work.
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SRF Cavity Searches for Dark Photon Dark Matter: First Scan Results
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We present the first use of a tunable superconducting radio frequency cavity to perform a scan
search for dark photon dark matter with novel data analysis strategies. We mechanically tuned the
resonant frequency of a cavity embedded in the liquid helium with a temperature of 2 K, scanning
the dark photon mass over a frequency range of 1.37 MHz centered at 1.3 GHz. By exploiting the
superconducting radio frequency cavity’s considerably high quality factors of approximately 1010, our
results demonstrate the most stringent constraints to date on a substantial portion of the exclusion
parameter space, particularly concerning the kinetic mixing coefficient between dark photons and
electromagnetic photons ε, yielding a value of ε < 2.2 × 10−16.

INTRODUCTION

The quest for new physics in fundamental research has
necessitated increasingly precise measurements in recent
years, such as detecting feeble signals from ultralight
dark matter candidates. Notable examples of such candi-
dates include axions [1–3] and dark photons [4, 5], which
are well predicted in many extra dimension or string-
inspired models [6–9]. A dark photon, a hypothetical
particle from beyond the Standard Model (SM) of parti-
cle physics, serves as the hidden gauge boson of a U(1)
interaction. Through a small kinetic mixing, dark pho-
tons can interact with ordinary photons, thus providing
one of the simplest extensions to the SM.

The detection of ultralight dark photon dark mat-
ter (DPDM) capitalizes on the tiny kinematic mixing,
which contributes to weak localized effective electric cur-
rents and enables experimental probing of these elusive
particles. Various search techniques for DPDM have
been employed, such as dish antennas [10–12], geomag-
netic fields [13, 14], atomic spectroscopy [15], radio tele-
scopes [16] and atomic magnetometers [17]. Additionally,
due to similarities with axion detection [18–22], axion-
photon coupling constraints have been reinterpreted to
set bounds on the kinetic mixing coefficient of dark pho-

tons [23, 24].

Haloscopes serve as a crucial tool for detecting ultra-
light dark matter. In these devices, the ultralight dark
matter field is converted into electromagnetic signals
within a cavity. Superconducting radio frequency (SRF)
cavities in accelerators [25] boast exceptionally high qual-
ity factors, reaching Q0 > 1010, allowing for the accumu-
lation of larger electromagnetic signals and reduced noise
levels [26–29]. Unlike axion detection, DPDM detection
does not require a magnetic field background, enabling
the full potential of superconducting cavities to be ex-
ploited. Moreover, a scan rate improvement of Q0/QDM

can be achieved for Q0 > QDM compared to conventional
methods [27], where QDM ≈ 106 is the quality factor of
the dark matter frequency distribution. In this study,
we demonstrated that an SRF cavity with Q0 ∼ 1010

can result in the most stringent constraints to date. The
vast unexplored region of DPDM parameter space neces-
sitates a realistic detector to scan the mass window. For
the first time, we conducted scan searches by mechani-
cally tuning the SRF cavity, reaching the deepest region
of DPDM interaction with a frequency range of 1.37 MHz
around 1.3 GHz and a total integration time of 32 hours,
achieving the fastest scan rate ever.
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ABSTRACT

Context. Devising fast and accurate methods to predict the Lyman-alpha forest at the field level avoiding the computational burden of
running large-volume cosmological hydrodynamic simulations is of fundamental importance to quickly generate the massive set of
simulations needed by the state-of-the-art galaxy and Lyα forest spectroscopic surveys.
Aims. We present an improved analytical model to predict the Lyα forest at the field level in redshift space from the dark matter field,
expanding upon the widely-used Fluctuating Gunn-Peterson approximation. Instead of assuming a unique universal relation over the
whole considered cosmic volume, we introduce the dependence on the cosmic web environment (knots, filaments, sheets, voids) in the
model, thereby effectively accounting for non-local bias. Furthermore, we include a detailed treatment of velocity bias in the redshift
space distortions modelling, allowing the velocity bias to be cosmic-web dependent.
Methods. We first map the dark matter field from real to redshift space through a particle-based relation including velocity bias,
depending on the cosmic web classification of the dark matter field in real space. We then formalize an appropriate functional form
for our model, building upon the traditional Fluctuating Gunn-Peterson approximation (FGPA) and including a cut-off and a boosting
factor mimicking a threshold and inverse-threshold bias effect, respectively, with model parameters depending on the cosmic web
classification in redshift space. Eventually, we fit the coefficients of the model via an efficient Markov Chain Monte Carlo scheme.
Results. We find evidence for a significant difference of the same model parameters in different environments, suggesting that for the
investigated setup the simple standard FGPA is not able to adequately predict the Lyα forest in the different cosmic web regimes. We
reproduce the summary statistics of the reference cosmological hydrodynamic simulation we use for comparison, yielding accurate
mean transmitted flux, probability distribution function, 3D power spectrum, and bispectrum. In particular, we achieve maximum
deviation and average deviations accuracy in the Lyα forest 3D power spectrum of ∼ 3% and ∼ 0.1% up to k ∼ 0.4 h Mpc−1, ∼ 5%
and ∼ 1.8% up to k ∼ 1.4 h Mpc−1 .
Conclusions. Our new model outperforms previous analytical efforts to predict the Lyα forest at the field level in all the probed
summary statistics, and has the potential to become instrumental in the generation of fast accurate mocks for covariance matrices
estimation in the context of current and forthcoming Lyα forest surveys

Key words. Cosmology: large scale structure of Universe, dark energy — quasars: emission lines, surveys — methods: numerical

1. Introduction

The neutral hydrogen (H I) absorption features imprinted in
quasar spectra, also known as the Lyman-α forest (Lyα for-
est, hereafter), represent one of the most promising cosmolog-
ical probes over the current and next decades. The Lyα for-
est traces the density field continuously along the line-of-sight,
and the high number density of quasar sightlines per square de-
gree delivered by state-of-the-art cosmological redshift surveys
will allow building accurate three-dimensional maps of the Uni-
verse at z & 1.8, i.e at distances which are currently beyond
the reach of wide-field galaxy redshift surveys. In the await of
next-generation astronomical facilities such as the Square Kilo-

? e-mail: francesco.sinigaglia@phd.unipd.it
?? e-mail: fkitaura@iac.es

metre Array Observatory1 and the Extremely Large Telescope2,
the Lyα forest is anticipated to play a pivotal role in refining the
constraints on cosmological models and advancing our compre-
hension of the high-redshift Universe.

To maximize the scientific return and optimize the extrac-
tion of cosmological information from the incoming unprece-
dented Lyα forest data sets provided by surveys as DESI (Levi
et al. 2013), Euclid (Amendola et al. 2018), WEAVE-QSO (Pieri
et al. 2016), and Subaru-PFS (Takada et al. 2014), it is extremely
important to develop accurate analytical models and numerical
tools to efficiently interpret and analyze Lyα forest observables.

In particular, a primary goal is to formalize an effective
model of the bias relation linking the Lyα forest to the dark mat-
ter field. In fact, an effective bias mapping allows the prediction
1 SKAO: https://www.skao.int
2 ELT: https://elt.eso.org

Article number, page 1 of 13
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ABSTRACT

Millions of quasar spectra will be collected by the Dark Energy Spectroscopic Instrument (DESI),

leading to a four-fold increase in the number of known quasars. High accuracy quasar classification

is essential to tighten constraints on cosmological parameters measured at the highest redshifts DESI

observes (z > 2.0). We present the spectral templates for identification and redshift estimation of

quasars in the DESI Year 1 data release. The quasar templates are comprised of two quasar eigenspectra
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ABSTRACT

Recently, the first JWST measurement of thermal emission from a rocky exoplanet was reported.

The inferred dayside brightness temperature of TRAPPIST-1 b at 15 µm is consistent with the planet

having no atmosphere and therefore no mechanism by which to circulate heat to its nightside. In this

Letter, we compare TRAPPIST-1 b’s measured secondary eclipse depth to predictions from a suite of

self-consistent radiative-convective equilibrium models in order to quantify the maximum atmospheric

thickness consistent with the observation. We find that plausible atmospheres (i.e., those that contain

at least 100 ppm CO2) with surface pressures greater than 0.01 bar (0.1 bar) are ruled out at 1σ (3σ),

regardless of the choice of background atmosphere. Thicker atmospheres of up to 10 bar (100 bar) at 1σ

(3σ) are only allowed if the atmosphere lacks any strong absorbers across the mid-IR wavelength range

— a scenario that we deem unlikely. We additionally model the emission spectra for bare-rock planets

of various compositions. We find that a variety of silicate surfaces match the measured eclipse depth

to within 1σ, and the best-fit grey albedo is 0.02 ± 0.11. We conclude that planned secondary eclipse

observations at 12.8 µm will serve to validate TRAPPIST-1 b’s high observed brightness temperature,

but are unlikely to further distinguish among the consistent atmospheric and bare-rock scenarios.

1. INTRODUCTION

We have now entered the era of JWST, and with

it comes the potential to perform the first meaningful

characterization of terrestrial (i.e., rocky) exoplanets.

Among the possible rocky planet targets for JWST, the

planets in the TRAPPIST-1 system are some of the most

promising for atmospheric characterization due to their

very favorable planet-to-star size ratios (Gillon et al.

2016). The system is also of extreme interest because it

hosts multiple terrestrial planets, including several that

reside in or near the habitable zone (Gillon et al. 2017).

Recently, Greene et al. (2023) measured the thermal

emission from the innermost planet, TRAPPIST-1 b,

and they found that its 15-µm brightness temperature

was consistent with the planet being a bare rock, devoid

of any atmosphere at all.

Thermal emission measurements of presumed tidally-

locked planets, such as those produced by Greene et al.

(2023) for TRAPPIST-1 b, are a productive avenue

for confirming whether rocky exoplanets possess atmo-

spheres (Koll et al. 2019; Mansfield et al. 2019). By

measuring the planet’s dayside temperature via sec-

ondary eclipse observations, one can constrain the pres-

ence and thickness of the atmosphere in the following

sense: atmospheres serve to lower the dayside emission

temperature below what would be expected for a bare

(and dark) rocky surface. Even moderately thick atmo-

spheres transport considerable heat away from a tidally-

locked planet’s dayside (Koll 2022). Reflective aerosols,

another signpost of a planet possessing an atmosphere,

also serve to lower the dayside temperature by reflecting

incoming stellar radiation back to space (Mansfield et al.

2019). The maximal dayside effective temperature, cor-

responding to no atmosphere and a zero-albedo surface
is:

Tmax = T∗

√
R∗

d

(
2

3

)1/4

(1)

where T∗ and R∗ are the stellar temperature and radius,

and d is the planet-star separation. For TRAPPIST-1

b, Tmax = 508 K, whereas the 15 µm brightness tem-

perature reported by Greene et al. is 503+26
−27 K, fully

consistent with the no-atmosphere scenario.

From a theoretical standpoint, it is unclear whether

terrestrial planets orbiting M-dwarfs should be expected

to possess atmospheres. There are studies that go both

ways. Atmospheric loss processes should be efficient for

planets orbiting active M-dwarf host stars, but some

planets may be able to retain their atmospheres or re-

new them via outgassing following a decline in stellar

activity with age (e.g. Zahnle & Catling 2017; Turbet

et al. 2020; Wordsworth & Kreidberg 2022).
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A catalog of collected debris disks: properties, classifications and

correlations between disks and stars/planets
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Abstract We have collected a catalog of 1095 debris disks with properties and classification (re-

solved, planet, gas) information. From the catalog, we defined a less biased sample with 612 objects

and presented the distributions of their stellar and disk properties to search for correlations between

disks and stars. We found debris disks were widely distributed from B to M-type stars while planets

were mostly found around solar-type stars, gases were easier to detect around early-type stars and

resolved disks were mostly distributed from A to G-type stars. The fractional luminosity dropped off

with stellar age and planets were mostly found around old stars while gas-detected disks were much

younger. The dust temperature of both one-belt systems and cold components in two-belt systems

increased with distance while decreasing with stellar age. In addition, we defined a less biased planet

sample with 211 stars with debris disks but no planets and 35 stars with debris disks and planets and

found the stars with debris disks and planets had higher metallicities than stars with debris disks

but no planets. Among the 35 stars with debris disks and planets, we found the stars with disks and

cool Jupiters were widely distributed with age from 10 Myr to 10 Gyr and metallicity from -1.56

to 0.28 while the other three groups tended to be old (> 4Gyr) and metal-rich (> -0.3). Besides,

the eccentricities of cool Jupiters are distributed from 0 to 0.932 wider than the other three types of

planets (< 0.3).

Key words: catalogs - infrared: stars - stars: planetary systems - methods: statistical

ar
X

iv
:2

30
5.

10
36

4v
1 

 [
as

tr
o-

ph
.E

P]
  1

7 
M

ay
 2

02
3



Draft version May 18, 2023
Typeset using LATEX preprint2 style in AASTeX631

Detecting Exoplanets Closer to Stars with Moderate Spectral Resolution
Integral-Field Spectroscopy

Shubh Agrawal ,1, 2 Jean-Baptiste Ruffio ,1, 3 Quinn M. Konopacky ,3

Bruce Macintosh ,4, 5 Dimitri Mawet ,1, 6 Eric L. Nielsen ,7 Kielan K. W. Hoch ,3, 8

Michael C. Liu ,9 Travis S. Barman ,10 William Thompson ,11

Alexandra Z. Greenbaum ,12 Christian Marois ,13, 14 and Jenny Patience 15

1Department of Astronomy, California Institute of Technology, Pasadena, CA 91125, USA
2Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, PA 19104, USA

3Department of Physics & Center for Astrophysics and Space Sciences, University of California, San Diego, La Jolla,
CA 92093, USA

4Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, Stanford, CA 94305, USA
5University of California Observatories, University of California Santa Cruz, Santa Cruz, CA 95064, USA

6Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr., Pasadena, CA 91109, USA
7Department of Astronomy, New Mexico State University, P.O. Box 30001, MSC 4500, Las Cruces, NM 88003, USA

8Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA
9Institute of Astronomy, University of Hawaii, 2860 Woodlawn Drive, Honolulu, HI 96822, USA

10Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721, USA
11University of Victoria, Department of Physics and Astronomy, 3800 Finnerty Rd, Victoria, BC V8P 5C2, Canada
12IPAC, Mail Code 100-22, California Institute of Technology, 1200 E. California Blvd., Pasadena, CA 91125, USA

13National Research Council of Canada Herzberg, 5071 West Saanich Rd, Victoria, BC, V9E 2E7, Canada
14University of Victoria, 3800 Finnerty Rd, Victoria, BC, V8P 5C2, Canada

15School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85282, USA

(Received December 10, 2022; Revised April 19, 2023; May 11, 2023; Accepted May 12, 2023)

Submitted to AJ

ABSTRACT

While radial velocity surveys have demonstrated that the population of gas giants
peaks around 3 au, the most recent high-contrast imaging surveys have only been sen-
sitive to planets beyond ∼ 10 au. Sensitivity at small angular separations from stars is
currently limited by the variability of the point spread function. We demonstrate how
moderate-resolution integral field spectrographs can detect planets at smaller separa-
tions (. 0.3 arcseconds) by detecting the distinct spectral signature of planets compared
to the host star. Using OSIRIS (R ≈ 4000) at the W.M. Keck Observatory, we present
the results of a planet search via this methodology around 20 young targets in the
Ophiuchus and Taurus star-forming regions. We show that OSIRIS can outperform
high-contrast coronagraphic instruments equipped with extreme adaptive optics and
non-redundant masking in the 0.05 − 0.3 arcsecond regime. As a proof of concept, we
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shubh@sas.upenn.edu
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Aspherical ULDM Collapse: Variation in the Core-Halo Mass Relation
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ABSTRACT
Ultralight dark matter (ULDM) is an interesting alternative to the cold dark matter (CDM) paradigm. Due to the extremely low
mass of the constituent particle (∼ 10−22 eV), ULDM can exhibit quantum effects up to kiloparsec scales. In particular, runaway
collapse in the centres of ULDM halos is prevented by quantum pressure, providing a possible resolution to the ‘core-cusp
problem’ of CDM. However, the the detailed relationship between the ULDM core mass and that of the overall halo is poorly
understood. We simulate the collapse of both spherical and aspherical isolated ULDM overdensities using AxioNyx, finding
that the central cores of collapsed halos undergo sustained oscillatory behaviour which affects both their peak density and
overall morphology. The variability in core morphology increases with the asphericity of the initial overdensity and remnants
of initial asphericity persist long after collapse. Furthermore, the peak central densities are higher in spherical configurations.
Consequently, astrophysically realistic halos may exhibit substantial departures from theoretical core-halo profiles and we would
expect a significant variance of the properties of halos with the same mass.

Key words: galaxies: formation – galaxies: evolution – galaxies: haloes – dark matter

1 INTRODUCTION

Ultralight (or ‘Fuzzy’) DarkMatter (ULDM) is a bosonic darkmatter
model in which the constituent particle has an extremely small mass,
of order 10−22eV (Hui et al. 2017). The corresponding de Broglie
wavelength can approach kiloparsec scales and ULDM thus exhibits
astrophysically relevant wave-like quantum effects. (Kim & Marsh
2016). This leads to the suppression of sub-galactic structure relative
to Cold Dark Matter (CDM) which has led many to speculate that it
may provide a natural resolution to the ‘small-scale crisis’ of CDM
(Boylan-Kolchin et al. 2011; Nakama et al. 2017; Robles et al. 2019).
One aspect of the small-scale crisis, referred to as the ‘core-cusp

problem’, describes the tendency of CDM-only simulations to pro-
duce dark matter halos with steep or ‘cuspy’ inner density profiles,
while observations instead favour smooth ‘cored’ profiles (Bullock
& Boylan-Kolchin 2017; Del Popolo & Le Delliou 2017). However,
the seriousness of the core-cusp problem is the subject of ongoing
debate. While some argue that the steepness of observed central
density profiles may be underestimated (Cooke et al. 2022; Genina
et al. 2018), others contend that better modelling of baryonic feed-
back mechanisms (Del Popolo & Pace 2016) and gas motion in the
inner halos may serve to soften central density cusps (Jahn et al.
2021). These arguments notwithstanding, small-scale discrepancies
between CDM-only simulations and observations motivate the study
of alternative dark matter models in which these issues may be nat-
urally ameliorated.
In ULDM, quantum pressure prevents unmitigated gravitational

collapse in the centres of halos such that high-density ‘cusps’ do

★ Email: emily.kendall@auckland.ac.nz

not form. Instead, simulations have shown that while the outer re-
gions of ULDM halos follow Navarro-Frenk-White (NFW) density
distributions (Navarro et al. 1996), halo centres are characterised by
flattened cores which tend to be well-approximated by the solitonic
ground state solution to the Schrödinger-Poisson equations (Marsh &
Pop 2015). This generic ULDMhalo structure has been explored by a
number of studies, and an approximate relationship between themass
of the solitonic core (𝑀𝑐) and that of the total virialised halo (𝑀ℎ)
has been proposed. Termed the ‘core-halo’ relationship, this was first
discussed in (Schive et al. 2014b), where it was found 𝑀𝑐 ∝ 𝑀

1/3
ℎ
.

Since its inception, however, the applicability of the core-halo rela-
tionship has been hotly contested (Schwabe et al. 2016; Mocz et al.
2017). Alternative core-halo relationships of the form 𝑀𝑐 ∝ 𝑀

𝛽

ℎ
have been found (Padilla et al. 2021; Burkert 2020), with the 𝛽 = 1/3
case seemingly only valid for the most relaxed and spherically sym-
metric systems (Nori & Baldi 2020; Mina et al. 2022). In general,
both simulations and analytical investigations point to significant
scatter in core characteristics of ULDM halos (Taruya & Saga 2022).

It is easy to see that such a relationshipmust be at best approximate,
since the cores of ULDM halos are not strictly solitonic but vary over
time due to the interference of excited eigenmodes. This interference
typically manifests as quasi-normal oscillatory behaviour (Li et al.
2021). Different physical processes may perturb the core in distinct
ways, exciting different eigenmodes and resulting in a core-halo re-
lationship which is dependent upon the details of halo formation.
Indeed, it has been shown that merger history has a non-negligible
impact on the core-halo relationship of simulated ULDM halos (Du
et al. 2017; Zagorac et al. 2023). Furthermore, it has been shown
that stable artificial ULDM halos can be constructed with a wide

© 2023 The Authors
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Unstable cosmic-ray nuclei constrain low-diffusion zones in the Galactic
disk
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ABSTRACT
Observations of the vicinity of a variety of galactic gamma-ray sources have indicated a local suppression of diffusivity of
cosmic rays by up to three orders of magnitude. However, the impact of these low-diffusion zones on global properties of
cosmic-ray transport is however only poorly understood. Here, we argue that cosmic-ray nuclear ratios, like the boron-to-carbon
ratio and relative abundances of Beryllium isotopes are sensitive to the filling fraction of such low-diffusion zones and hence
their measurements can be used to constrain the typical sizes and ages of such regions. We have performed a careful parameter
study of a cosmic-ray transport model that allows for different diffusion coefficients κdisk and κhalo in the galactic disk and
halo, respectively. Making use of preliminary data from the AMS-02 experiment on the ratio of Beryllium isotopes, we find
a 3.5σ preference for a suppression of the diffusion coefficient in the disk with a best-fit value of κdisk/κhalo = 0.20+0.10

−0.06.
We forecast that with upcoming data from the HELIX balloon experiment, the significance could increase to 6.8σ. Adopting a
coarse-graining approach, we find that such a strong suppression could be realised if the filling fraction of low-diffusion zones
in the disk was ∼ 66%. We conclude that the impact of regions of suppressed diffusion might be larger than usually assumed
and ought to be taken into account in models of Galactic cosmic ray transport.

Key words: cosmic rays

1 INTRODUCTION

One of the cornerstones of the standard picture of cosmic ray (CR)
transport (see e.g. Strong et al. 2007; Grenier et al. 2015; Gabici
et al. 2019 for a review) is related to the overabundances of certain,
so called secondary species with respect to solar system values. Such
a difference is commonly interpreted as resulting from spallation re-
actions of primary CRs with interstellar gas. The measurement of
secondary-to-primary ratios like B/C therefore allows us to constrain
the matter traversed during propagation, called the grammage. As the
amount of grammage accumulated is about three orders of magni-
tude larger than the column density of the disk, CRs must propagate
diffusively. In fact, flux ratios involving unstable secondaries such as
10Be allow us to infer that CRs are confined in a larger region called
the Galactic halo of CRs, or halo for short, extending to kiloparsec
distances above and below the disk. All these interpretations can be
formalised in a standard framework where CRs are produced in the
Galactic disk and diffuse in the halo by scattering upon turbulent
Galactic magnetic field, first proposed by Ginzburg & Syrovatskii
(1964). The combination of B/C and 10Be then allows us to deter-
mine the two most important parameters of this model which are the
diffusion coefficient κ and the halo height H (Donato et al. 2002;
Lipari 2022).
As magnetic turbulence controls both κ andH , it is essential for a

comprehensive picture of Galactic CR propagation. Yet, the question

? E-mail: jacobs@physik.rwth-aachen.de
† E-mail: pmertsch@physik.rwth-aachen.de
‡ E-mail: vhmphan@physik.rwth-aachen.de

of how magnetised turbulence is generated and distributed on large
scales remains open. Turbulence can be generated both by supernova
explosions and by inhomogeneities of CR density via the CR stream-
ing instability (Kulsrud & Pearce 1969; Skilling 1975; Marcowith
et al. 2021). For Galactic propagation, the former is believed to be
particularly important for CR particles with high rigidity above a few
hundred GV while the latter might be more relevant for CRs below
a few hundred GV (Blasi et al. 2012). This has been employed to
explain the change in the rigidity dependence of κ at R ' 300 GV
as inferred from B/C data (Génolini et al. 2017). We note, however,
that most of the analyses adopt the simplified assumption that κ is
homogeneous, specifically that it is the same in the disk and in the
halo (see, however Tomassetti 2012; Evoli & Yan 2014). More recent
studies suggest that the spatial dependence of κmight be more com-
plicated if turbulence self-generated via the CR streaming instability
is taken into account (Recchia et al. 2016; Evoli et al. 2018b).

In fact, observations seem to indicate that the diffusion coefficient
could be different between the halo and the disk, at least for cer-
tain regions in the disk. Gamma-ray observations of potential CR
sources such as supernova remnants or pulsars have been interpreted
to have regions with a suppressed isotropic diffusion coefficient in
their surroundings. For example, HAWC (Abeysekara et al. 2017),
Fermi-LAT (DiMauro et al. 2019) andH.E.S.S. (Mitchell et al. 2022)
observed halos of gamma rays (referred to as gamma-ray halos to be
distinguished from theGalactic halo of CRs) at GeV andTeV energies
around the pulsars Monogem and Geminga. These halos originate
from high-energy e+/e− pairs accelerated by the pulsars up to ener-
gies of 100 TeV (Abeysekara et al. 2017) and produce gamma rays

© 0000 The Authors
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Dark Matter model

Abineet Parichha,a,1 Shiv Sethib

aIndian institute of science education and research, Mohali, India
bRaman Research Institute, Bangalore, India

E-mail: ms18094@iisermohali.ac.in, sethi@rri.res.in

Abstract. The Weakly Interacting Massive Particles (WIMPs) have long been the favoured
CDM candidate in the standard ΛCDM model. However, owing to great improvement in
the experimental sensitivity in the past decade, some parameter space of the SUSY-based
WIMP model is ruled out. In addition, a massive stable WIMP as the CDM particle is
also at variance with other astrophysical observables at small scales. We consider a model
that addresses both these issues. In the model, the WIMP decays into a massive particle
and radiation. We study the background evolution and the first order perturbation theory
(coupled Einstein-Boltzmann equations) for this model and show that the dynamics can be
captured by a single parameter r = mL/q, which is the ratio of the lighter mass and the
comoving momentum of the decay particle. We incorporate the relevant equations in the
existing Boltzmann code CLASS to compute the matter power spectra and CMB angular
power spectra. The decaying WIMP model is akin to a non-thermal Warm Dark Matter
(WDM) model and suppresses matter power at small scales, which could alleviate several
issues that plague the CDM model at small scales. We compare the predictions of the model
with CMB and galaxy clustering data. As the model deviates from the ΛCDM model at small
scales, the evolution of the collapse fraction of matter in the universe is compared with the
high-redshift SDSS HI data. Both these data sets yield r & 106, which can be translated into
the bounds on other parameters. In particular, we obtain the following lower bounds on the
self-annihilation cross-section of WIMPs, σ, and the lighter mass: σ & 5 × 10−44 cm2 and
mL & 2.4 keV. The lower limit on mL is comparable to constraints on the mass of thermally-
produced WDM particle. The limit on the self-annihilation cross-section greatly expands the
available parameter space as compared to the stable WIMP scenario.

1Corresponding author.
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Survey for Distant Stellar Aggregates in Galactic Disk: Detecting Two Thousand Star Clusters and Candidates, along with the
Dwarf Galaxy IC 10

Zhihong He (何治宏),1 Yangping Luo (罗杨平),1 Kun Wang (王坤),1 Anbing Ren (任安炳),1 Liming Peng (彭黎明),1 Qian Cui (崔倩),1
Xiaochen Liu (刘效臣),1 and Qingquan Jiang (蒋青权)1

1School of Physics and Astronomy, China West Normal University, No. 1 Shida Road, Nanchong 637002, China

ABSTRACT
Despite having data for over 109 stars from Gaia, only less than 104 star clusters and candidates have been

discovered. Particularly, distant star clusters are rarely identified, due to the challenges posed by heavy extinction
and great distance. However, Gaia data has continued to improve, enabling even fainter cluster members to be
distinguished from field stars. In this work, we will introduce a star cluster search method based on the DBSCAN
algorithm; we have made improvements to make it better suited for identifying clusters on dimmer and more
distant stars. After removing member stars of known Gaia-based clusters, we have identified 2086 objects with
|b| < 10 deg, of which 1488 are highly reliable open star clusters, along with 569 candidates, 28 globular cluster
candidates and 1 irregular galaxy IC 10 at low Galactic latitudes. We found that the proper motion of IC 10 is
similar yet slightly different from the water maser observations, which is an important result for the comparison
with Gaia and VLBA. Besides, when compared with the star clusters appearing in Gaia DR2/EDR3, we have
found nearly three times as many new objects above a distance of 5 kpc, including hundreds of them above Av
> 5 mag. And it has enabled us to detect a higher number of old clusters, over a billion years old, that are
difficult to detect due to observational limitations. Our findings significantly expand the remote cluster sample
and enhance our understanding of the limits of Gaia DR3 data in stellar aggregates research. The full figure set
for 2085 clusters can be seen in https://nadc.china-vo.org/res/r101258/.

Keywords: Galaxy: stellar content - star clusters: general - surveys: Gaia

1. INTRODUCTION
Gaia is a billion-star surveyor that can achieve astrometric

uncertainty of tens of micro-arcseconds (Gaia Collaboration
et al. 2016). This makes it an invaluable tool for studying the
Milky Way and stellar objects in it, especially open clusters
(hereafter OCs) (Cantat-Gaudin 2022). OCs provide accurate
distance and kinematics information through the astrometric
data of cluster members and a valuable wide age range (from
1Myr to < 10 Gyr), which makes them ideal tracers for study-
ing theGalactic structure and stellar evolution (e.g. Kuhn et al.
2019; Cantat-Gaudin et al. 2020a; Castro-Ginard et al. 2021),
as intended by the Gaia mission (Perryman et al. 2001).
In the past five years, researchers have been actively search-

ing for undiscovered star clusters, with more than 5500 OCs
and candidates detected using various methods after the sec-
ond Gaia data release (Gaia Collaboration et al. 2018, DR2).
Three-quarters of these are newly found based on Gaia data,
leading to a wealth of research on Gaia OCs (e.g. Cantat-
Gaudin et al. 2018; Liu & Pang 2019; Sim et al. 2019; Cantat-
Gaudin et al. 2019; Castro-Ginard et al. 2019; Kounkel et al.

Corresponding author: Zhihong He
hezh@cwnu.edu.cn

2020; Castro-Ginard et al. 2020; Ferreira et al. 2020, 2021;
He et al. 2021a, 2022b; Hao et al. 2022b; Hunt & Reffert
2021; Castro-Ginard et al. 2022; He et al. 2022a; Perren et al.
2022; He et al. 2023). However, not all possible clusters
in Gaia data have been found, and recent reports show that
new clusters are still being discovered (e.g. Hao et al. 2022a;
Casado & Hendy 2023; Chi et al. 2023; Qin et al. 2023; Li &
Mao 2023; Hunt & Reffert 2023).
Moreover, most of the Gaia OCs and candidates found in

the Galactic disk are within 5 kpc, with only ∼370 having a
parallax lower than 0.2 mas based on Gaia DR2/EDR3 (Gaia
Collaboration et al. 2021, EDR3). The primary limitation for
finding distant OCs in Gaia data has been Galactic extinction,
with most found OCs having an extinction value of less than
Av = ∼3 mag (Cantat-Gaudin et al. 2020b, hereafter CG20).
OCs with an Av greater than 5 mag were considered not be
easy to detected, which has led to less focus on the search for
those OCs. This absence of distant findings makes it chal-
lenging to trace the Galactic structures beyond 5 kpc based
on OCs (e.g. Cantat-Gaudin et al. 2018; He et al. 2021b).
However, although the optical observation limitations exist in
the Galactic disk, we believe that the vast astrometric dataset
in Gaia DR3 is still not being fully utilized.
Based on Gaia data, the DBSCAN algorithm (Ester et al.

1996) shows it is an efficient clustering method that has con-
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Model of Cosmic Ray Propagation in the Milky Way at the Knee
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We present a new model of anisotropic cosmic ray propagation in the Milky Way, where cosmic
rays are injected at discrete transient sources in the disc and propagated in the Galactic magnetic
field. In the framework of our model, we show that the cosmic ray spectrum is time-dependent
and space-dependent around the energy of the knee. It has a major contribution of one or a few
nearby recent sources at any given location in the Galaxy, in particular at the position of the Solar
system. We find that the distribution of ∼ PeV cosmic rays in our Galaxy is significantly clumpy
and inhomogeneous, and therefore substantially different from the smoother distribution of GeV
cosmic rays. Our findings have important implications for the calculation and future interpretation
of the diffuse Galactic gamma-ray and neutrino fluxes at very high energies.

I. INTRODUCTION

A pronounced change in the cosmic ray spectrum,
called the “cosmic ray knee”, occurs at the energy Ek '
4 PeV. At this energy, its spectral index changes from
β ' 2.7 below, to β ' 3.1 above Ek. This feature was
discovered in 1958, but since then, its nature is still the
subject of discussions. Several astrophysical explanations
have been suggested for the knee. They are divided in
two main categories: Either the knee is linked to the
properties of cosmic ray sources, or it is linked to those
of cosmic ray propagation.

Two specific examples of models within the former cat-
egory are those proposed by Hillas [1] and by Zatsepin et
al. [2]. These models require at least two populations of
Galactic cosmic rays, one dominating the spectrum be-
low the knee, and the other above. A natural explanation
associates these two populations of sources with two dif-
ferent types of supernova (SN) progenitors: Cosmic rays
below the knee might be accelerated, e.g., in SN explo-
sions of isolated stars with masses M = 8− 15M�, while
cosmic-rays with higher energies would be generated by
massive OB or Wolf-Rayet stars in superbubbles [2]. A
characteristic feature of this model is a fast change of the
mass composition around 1016 eV,

In the second scenario, the knee could be due to a tran-
sition from pitch angle scattering to Hall diffusion or drift
along the regular magnetic field [3–5]. Another possibil-
ity is the case suggested in Refs. [6, 7], where the knee
energy corresponds to the rigidity at which the cosmic
ray Larmor radius, RL, is of the order of the correlation
length, Lc, of the turbulent magnetic field in the Galac-
tic disc. In both cases, a transition from large-angle to
small-angle scattering or Hall diffusion is expected as a
result. Therefore, the energy dependence of the confine-
ment time changes, which in turn induces a steepening
of the cosmic ray spectrum [3–8].

It is difficult to distinguish between different cosmic
ray knee models based on the present cosmic ray data.
However, in recent years, new gamma-ray data has been
published from individual sources at 100 TeV by Tibet

ASgamma [9], HAWC [10] and LHAASO [11]. Some of
these sources are most likely to be leptonic, such as the
Crab [9], but others may be be hadronic. Another impor-
tant result is the recent detection of the diffuse gamma-
ray emission from the Galactic plane as measured by the
Tibet ASgamma experiment [12]. The dominant part of
this emission does not come from point sources, and it
can contain a significant emission from cosmic ray inter-
actions with the interstellar gas. The interpretation of
this diffuse emission can be made by combining it to-
gether with that measured by Fermi LAT [13].

Very recently, the LHAASO experiment has measured
this emission with much higher statistics [14], which even
allows to study details in its spectrum. The interpre-
tation of this data has been done recently within the
framework of an isotropic cosmic ray diffusion model in
Ref.[15].

Further important information comes from neutrino
telescopes. Contrary to very high energy gamma-rays,
neutrinos can only come from hadronic interactions.
Some evidence of a signal from our Galaxy was found in
the cascade data of IceCube [16]. Recently, independent
evidence was found in the muon track data [17]. In the
future, larger multi-km3 neutrino telescopes will be able
to test the hadronic nature of the Galactic gamma-ray
emission.

In this work, we propose a new model of anisotropic
cosmic ray propagation in our Galaxy, where cosmic rays
are injected at discrete transient sources in the Galactic
disc and propagated individually in a model of the Galac-
tic magnetic field. Our new model can be used to study
future gamma-ray and neutrino data in great detail. One
of main advantages of our model is that it allows to study,
at the same time, point sources, extended sources of dif-
ferent ages, sizes and shapes (incl. asymmetric shapes),
as well as the true, global diffuse emission from very old
sources. This cannot be made with existing isotropic cos-
mic ray diffusion models.
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Testing 2D temperature models in Bayesian retrievals of atmospheric
properties from hot Jupiter phase curves
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ABSTRACT
Spectroscopic phase curves of transiting hot Jupiters are spectral measurements at multiple
orbital phases, giving a set of disc-averaged spectra that probe multiple hemispheres. By
fitting model phase curves to observations, we can constrain the atmospheric properties of
hot Jupiters such as molecular abundance, aerosol distribution and thermal structure, which
offer insights into their dynamics, chemistry, and formation. In this work, we propose a novel
2D temperature scheme consisting of a dayside and a nightside to retrieve information from
near-infrared phase curves, and apply the scheme to phase curves of WASP-43b observed
by HST/WFC3 and Spitzer/IRAC. In our scheme, temperature is constant on isobars on the
nightside and varies with cos𝑛(longitude/𝜖) on isobars on the dayside, where 𝑛 and 𝜖 are
free parameters. We fit all orbital phases simultaneously using the radiative transfer code
NEMESISPY coupled to a Bayesian inference code. We first validate the performance of
our retrieval scheme with synthetic phase curves generated from a GCM, and find our 2D
scheme can accurately retrieve the latitudinally-averaged thermal structure and constrain the
abundance of H2O and CH4. We then apply our 2D scheme to the observed phase curves
of WASP-43b and find: (1) the dayside temperature-pressure profiles do not vary strongly
with longitude and are non-inverted; (2) the retrieved nightside temperatures are extremely
low, suggesting significant nightside cloud coverage; (3) the H2O volume mixing ratio is
constrained to 5.6 × 10−5–4.0 × 10−4, and we retrieve an upper bound for CH4 at ∼10−6.

Key words: radiative transfer – methods: numerical – planets and satellites: atmospheres –
planets and satellites: individual: WASP-43b.

1 INTRODUCTION

Exoplanets surveys suggest planets are common around stars in our
galaxy (Winn & Fabrycky 2015). The diversity in their character-
istics from system architecture to bulk properties pose challenging
questions in the theory of planetary formation (Mordasini et al.
2009). Gaseous giant planets with close-in orbits (period< 10 days),
dubbed hot Jupiters, are a key piece of the puzzle for two reasons:
(1) they likely undergo significant orbital migration and play an
important role in shaping planetary system architecture (Dawson &
Johnson 2018); and (2) they are the easiest targets for spectroscopic
characterisation, and the constraints on their atmospheric properties
give valuable insights into planetary formation (Madhusudhan et al.
2017; Mordasini et al. 2016).

The spectral appearance of hot Jupiters are determined by the
opacity structure and the thermal structure of their atmospheres.
Conversely, by fitting spectra generated from atmospheric models
to observations, we could constrain the atmospheric properties of

★ E-mail: jingxuan.yang@hertford.ox.ac.uk

these planets, in a process known as atmospheric retrievals (Irwin
et al. 2008;Madhusudhan&Seager 2009; Line et al. 2013;Changeat
& Al-Refaie 2020; Cubillos & Blecic 2021; MacDonald & Batalha
2023). Two observing methods are widely used: (1) transmission
spectroscopy, which measures the stellar light filtered through the
planetary limb during primary transits (Barstow 2017; Sing et al.
2016); (2) eclipse spectroscopy, which extract the dayside emission
spectra bymonitoring the combined stellar and planetary flux during
secondary eclipses (Lee et al. 2012; Mansfield et al. 2021). Such
observations have been done at both high resolution (e.g., Brogi
& Line 2019) from ground-based facilities and at low resolution
using space telescopes (e.g., Wakeford et al. 2017), resulting in a
myriad of atomic and molecular detections (e.g., Fe: Hoeĳmakers
et al. 2018; Na: Snellen et al. 2008; H2O: Evans et al. 2016; CO2:
Team et al. 2022.)

A major challenge in the analysis of low resolution emission
spectra is the degeneracy between thermal structure and molecular
abundance; in particular, modelling highly inhomogeneous thermal
structure with a single temperature-pressure (TP) profile can lead
to significant biases in retrieved molecular abundance (Feng et al.

© 2023 The Authors
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ABSTRACT

Context. Mapping molecular line emission beyond the bright low-J CO transitions is still challenging in extragalactic studies, even
with the latest generation of (sub-)mm interferometers, such as ALMA and NOEMA.
Aims. We summarise and test a spectral stacking method that has been used in the literature to recover low-intensity molecular
line emission, such as HCN(1–0), HCO+(1–0), and even fainter lines in external galaxies. The goal is to study the capabilities and
limitations of the stacking technique when applied to imaged interferometric observations.
Methods. The core idea of spectral stacking is to align spectra of the low S/N spectral lines to a known velocity field calculated from
a higher S/N line expected to share the kinematics of the fainter line, e.g., CO(1–0) or 21-cm emission. Then these aligned spectra
can be coherently averaged to produce potentially high S/N spectral stacks. Here, we use imaged simulated interferometric and total
power observations at different signal-to-noise levels, based on real CO observations.
Results. For the combined interferometric and total power data, we find that the spectral stacking technique is capable of recovering
the integrated intensities even at low S/N levels across most of the region where the high S/N prior is detected. However, when
stacking interferometer-only data for low S/N emission, the stacks can miss up to 50% of the emission from the fainter line.
Conclusions. A key result of this analysis is that the spectral stacking method is able to recover the true mean line intensities in low
S/N cubes and to accurately measure the statistical significance of the recovered lines. To facilitate the application of this technique
we provide a public Python package, called PyStacker.

Key words. Methods: data analysis – Techniques: interferometric – Galaxies: ISM – Radio lines: galaxies – Radio lines: ISM

1. Introduction

Mapping extragalactic molecular line emission with high spa-
tial resolution and sensitivity is still challenging even with the
latest generation of (sub-)mm interferometers, such as ALMA
(Atacama Large Millimeter/submillimeter Array) and NOEMA
(Northern Extended Millimeter Array). Practically, for most
nearby galaxies, only the low-J CO transitions, which are the
brightest mm-wave lines, can be rapidly surveyed at good . 1′′
resolution while also achieving widespread high significance de-
tections across the full disc of a typical star-forming galaxy
(e.g. Leroy et al. 2021b). Recovering integrated intensities of
fainter, and hence typically low signal-to-noise ratio (S/N) lines,
like HCN(1–0), HCO+(1–0) or N2H+(1–0), is more challenging.
These lines carry critical physical information on the composi-
tion, temperature, and density of the gas but often have intensi-
ties 30 to >100 times fainter than the CO lines (e.g., Usero et al.
2015; Jiménez-Donaire et al. 2017). To measure the intensities

? e-mail: lukas.neumann.astro@gmail.com

of these other lines “spectral stacking” methods have become
popular in recent years.

Stacking of astronomical data has been used for at least four
decades (e.g., Cady & Bates 1980) and applied across wave-
length regimes, from X-ray (e.g. Hickox et al. 2007; Chen et al.
2013) to sub-millimetre and radio wavelengths (e.g. Knudsen
et al. 2005; Karim et al. 2011; Schruba et al. 2011; Delhaize et al.
2013; Caldú-Primo et al. 2013; Bigiel et al. 2016; Lindroos et al.
2016; Jolly et al. 2020). In the past decade, spectral stacking
has become a particularly important tool in millimetre studies
of galaxies, allowing the recovery of otherwise undetected line
emission. For example, Jiménez-Donaire et al. (2019), Bešlić
et al. (2021) and Neumann et al. (2023) all use spectral stack-
ing leveraging a CO emission prior to recover emission from
faint, high critical density emission lines, including HCN(1–
0), HNC(1–0) or HCO+(1–0), across large areas in the disks of
nearby galaxies. den Brok et al. (2021), den Brok et al. (2022)
used spectral stacking based on 12CO to obtain more signifi-
cant constraints on lines tracing rarer CO isotopologues. And
Schruba et al. (2011) used 21-cm emission as a prior to con-

Article number, page 1 of 9
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ABSTRACT

We present simulated galaxy spectral energy distributions (SEDs) from the far ultraviolet through

the far infrared, created using hydrodynamic simulations and radiative transfer calculations, suitable

for the validation of SED modeling techniques. SED modeling is an essential tool for inferring star

formation histories from nearby galaxy observations, but is fraught with difficulty due to our incomplete

understanding of stellar populations, chemical enrichment processes, and the non-linear, geometry

dependent effects of dust on our observations. Our simulated SEDs will allow us to assess the accuracy

of these inferences against galaxies with known ground truth. To create the SEDs, we use simulated

galaxies from the NIHAO suite and the radiative transfer code SKIRT. We explore different sub-grid

post-processing recipes, using color distributions and their dependence on axis ratio of galaxies in the

nearby universe to tune and validate them. We find that sub-grid post-processing recipes that mitigate

limitations in the temporal and spatial resolution of the simulations are required for producing FUV

to FIR photometry that statistically reproduce the colors of galaxies in the nearby universe. With

this paper we release resolved photometry and spatially integrated spectra for our sample galaxies,

each from a range of different viewing angles. Our simulations predict that there is a large variation

in attenuation laws among galaxies, and that from any particular viewing angle that energy balance

between dust attenuation and reemission can be violated by up to a factor of 3. These features are

likely to affect SED modeling accuracy.

1. INTRODUCTION

Understanding our place in the universe requires untangling the history of galaxies over cosmic time. This paper

presents simulated observations of galaxies accounting for dust absorption, scattering, and emission, to test the spectral

energy distribution (SED) modeling techniques that many investigators use to infer the growth and evolution of galaxies

from observations.

Galaxy evolution research proceeds on two major, complementary avenues—the archaeological record of individual

galaxies at redshift zero and look-back studies of how the population of galaxies changes over time. This paper

concentrates on understanding the archaeological record.

Unraveling galaxy histories based on redshift zero observations through SED modeling is fraught with difficulty and

ambiguity due to uncertainties in modeling star formation, stellar evolution, stellar structure, stellar atmospheres,

chemical evolution, and dust (Conroy & Gunn 2010; Conroy 2013; Hayward & Smith 2015; Lower et al. 2020). In this

paper we will provide simulations that will help us to better understand these uncertainties, especially those related

to dust.

A particularly informative property of a galaxy is its star formation rate (SFR), which tells us how rapidly the galaxy

is converting gas into stars. Because young stellar populations emit much more strongly in the ultraviolet (UV) than

do older populations, the UV luminosity emitted by stars is closely related to a galaxy’s SFR.

However, dust preferentially absorbs and scatters UV light relative to higher wavelengths and tends to be located

near newly formed stellar populations (Salim & Narayanan 2020). Thus, the observed UV luminosity is typically

substantially less than the emitted luminosity. The combination of absorption and scattering due to a dusty medium

between the observer and a source is known as extinction, and its wavelength dependence as the extinction curve. The
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Abstract The Wide-field Infrared Survey Explorer (WISE) has detected hundreds of millions

of sources over the entire sky. However, classifying them reliably is a great challenge due to

degeneracies in WISE multicolor space and low detection levels in its two longest-wavelength

bandpasses. In this paper, the deep learning classification network, IICnet (Infrared Image

Classification network), is designed to classify sources from WISE images to achieve a more

accurate classification goal. IICnet shows good ability on the feature extraction of the WISE

sources. Experiments demonstrates that the classification results of IICnet are superior to

some other methods; it has obtained 96.2% accuracy for galaxies, 97.9% accuracy for quasars,

and 96.4% accuracy for stars, and the Area Under Curve (AUC) of the IICnet classifier can

reach more than 99%. In addition, the superiority of IICnet in processing infrared images

has been demonstrated in the comparisons with VGG16, GoogleNet, ResNet34, MobileNet,

EfficientNetV2, and RepVGG—fewer parameters and faster inference. The above proves that

IICnet is an effective method to classify infrared sources.

Key words: methods: data analysis – techniques: image processing – infrared: general

1 INTRODUCTION

Infrared astronomical observation is one of the most important branches of observational astronomy today,

which mainly focused on the study of various types of celestial sources in the universe through observations

★ corresponding author
★★ corresponding author
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ABSTRACT
We report on the second observation of the radio-quiet active galactic nucleus (AGN) MCG-05-23-16 performed with the
Imaging X-ray Polarimetry Explorer (IXPE). The observation started on 2022 November 6 for a net observing time of 640 ks,
and was partly simultaneous with NuSTAR (86 ks). After combining these data with those obtained in the first IXPE pointing on
May 2022 (simultaneous with XMM-Newton and NuSTAR) we find a 2–8 keV polarization degree Π = 1.6 ± 0.7 (at 68 per cent
confidence level), which corresponds to an upper limit Π = 3.2 per cent (at 99 per cent confidence level). We then compare the
polarization results with Monte Carlo simulations obtained with the monk code, with which different coronal geometries have
been explored (spherical lamppost, conical, slab and wedge). Furthermore, the allowed range of inclination angles is found for
each geometry. If the best fit inclination value from a spectroscopic analysis is considered, a cone-shaped corona along the disc
axis is disfavoured.
Key words: galaxies: active – galaxies: Seyfert – polarization – X-rays:galaxies – X-rays: individual: MCG-05-23-16

1 INTRODUCTION

The large amount of energy released by AGNs is widely thought to be
generated in a very compact and central region via accretion onto a
supermassive black hole (SMBH, Rees 1984; Antonucci 1993). The
optical/UV radiation emitted by the accretion disc is partly redirected
towards the X-ray band (primary emission) through a process known
as Comptonization, which involves multiple scatterings in a cloud
of hot electrons, generally called the corona (Sunyaev & Titarchuk
1980; Haardt & Maraschi 1991; Zdziarski et al. 2000; Zdziarski &
Gierliński 2004; Done et al. 2007). These structures are character-
ized by high electron temperatures (𝑘𝑇e usually ranging from tens

to hundreds keV) and moderate Thomson optical depths (𝜏, Petrucci
et al. 2001; Perola et al. 2002; Dadina 2007; Panessa et al. 2011;
De Rosa et al. 2012; Ricci et al. 2017; Marinucci et al. 2018; Tor-
tosa et al. 2018; Middei et al. 2019). Despite being a key element in
understanding the energy generation mechanism of AGNs, the mor-
phology of the corona, which may hold clues to its physical origins,
remains a matter of debate. While in principle spectroscopic tech-
niques can provide information on the coronal geometry, even the
best observations, while providing valuable information on its phys-
ical parameters such as temperature and optical depth, fall short of
distinguishing between different geometrical configurations (Zhang

© 2023 The Authors
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effect from Planck PR4 data

Jyothis Chandran,★ Mathieu Remazeilles,† and R. B. Barreiro‡
Instituto de Física de Cantabria (CSIC-UC), Avda. de los Castros s/n, 39005 Santander, Spain

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT
Taking advantage of the reduced levels of noise and systematics in the data of the latest Planck release (PR4, also known as
NPIPE), we construct a new all-sky Compton-𝑦 parameter map (hereafter, 𝑦-map) of the thermal Sunyaev-Zeldovich (SZ) effect
from the Planck PR4 data. A tailored Needlet Internal Linear Combination (NILC) pipeline, first validated on detailed sky
simulations, is applied to the nine single-frequency Planck PR4 sky maps, ranging from 30 to 857GHz, to produce the PR4
𝑦-map over 98% of the sky. Using map comparisons, angular power spectra and one-point statistics we show that the PR4 NILC
𝑦-map is of improved quality compared to that of the previous PR2 release. The new 𝑦-map shows reduced levels of large-scale
striations associated with 1/ 𝑓 noise in the scan direction. Regions near the Galactic plane also show lower residual contamination
by Galactic thermal dust emission. At small angular scales, the residual contamination by thermal noise and cosmic infrared
background (CIB) emission is found to be reduced by around 7% and 34%, respectively, in the PR4 𝑦-map. The PR4 NILC
𝑦-map is made publicly available for astrophysical and cosmological analyses of the thermal SZ effect.

Key words: galaxies: clusters: intracluster medium - cosmic background radiation - large-scale structure of Universe - methods:
data analysis - cosmology: observations

1 INTRODUCTION

The cosmicmicrowave background (CMB) radiation undergoes spec-
tral and spatial distortions while travelling from the last-scattering
surface at the recombination epoch up to our instruments at the
present time because of the scattering and the deflection of the CMB
photons by the matter intervening along the line-of-sight. Such dis-
tortions induce secondary CMB temperature anisotropies (Aghanim
et al. 2008). Analysing them allows us to use the CMB as a backlight
to probe the baryonic and dark matter distributions in the Universe
(Basu et al. 2021).
The most prominent spectral distortion of the CMB anisotropies

arises from the thermal Sunyaev-Zeldovich (SZ) effect (Zeldovich
& Sunyaev 1969; Sunyaev & Zeldovich 1972): when CMB photons
travel through a hot ionised gas of electrons, predominantly located
in the potential wells of massive galaxy clusters, they get upscattered
to higher energies by the electrons through an inverse Compton scat-
tering process. This causes an overall shift of the CMB blackbody
spectrum to higher frequencies as the total number of photons is
conserved, thus leading to a characteristic spectral signature of the
thermal SZ effect, with a decrement of CMB intensity at low fre-
quency in the direction of galaxy clusters and an increment of CMB
intensity at high frequency.
The peculiar frequency dependence of the thermal SZ effect has

allowed the detection of thousands of galaxy clusters from multi-
frequency observations of the microwave sky over the past decade

★ E-mail: chandran@ifca.unican.es
† E-mail: remazeilles@ifca.unican.es
‡ E-mail: barreiro@ifca.unican.es

(Planck Collaboration XXVII 2016; Hilton et al. 2021; Bleem et al.
2015; Melin et al. 2021), but also the mapping of the thermal SZ
Compton-𝑦 parameter (hereafter, 𝑦-map) from the entire hot gas all
over the sky, which includes diffuse, unbound gas between clus-
ters (Planck Collaboration XXII 2016; Aghanim et al. 2019; Mad-
havacheril et al. 2020; Tanimura et al. 2022; Bleem et al. 2022). With
increasing sensitivity and resolution, next-generation CMB experi-
ments are expected to release even larger cluster catalogues (Ade
et al. 2019; Abazajian et al. 2019) and cleaner 𝑦-maps of the hot gas
(Hanany et al. 2019; LiteBIRD Collaboration et al. 2022) in the near
future.

Being independent of the redshift, the thermal SZ effect serves
as an important cosmological probe of the large-scale structure in
the Universe (Birkinshaw 1999; Carlstrom et al. 2002). Cluster num-
ber counts as a function of the redshift from current SZ catalogues
provides cosmological constraints on the amplitude of dark matter
fluctuations, 𝜎8, and the matter density Ωm, which are independent
of the constraints from primary CMB anisotropies, exhibiting the
first tensions with respect to ΛCDM model predictions from the
high-redshift CMB probe (Planck Collaboration XX 2014; Planck
Collaboration XXIV 2016). Unlike cluster catalogues which solely
rely on the most massive clusters that can be detected individually,
Compton 𝑦-maps probe the full thermal SZ emission over the sky, in-
cluding the fainter emission from low-mass clusters and the diffuse,
unbound gas outside clusters which in fact contribute statistically
to the signal. As such, Compton 𝑦-maps provide another important
and complementary cosmological probe through the angular power
spectrum of the Compton-𝑦 field (Komatsu & Kitayama 1999; Re-
fregier et al. 2000; Komatsu & Seljak 2002; Planck Collaboration

© 2015 The Authors
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Advanced Data Analysis for Observational Cosmology:
applications to the study of the Intergalactic Medium

Guido Cupani1,2, Giorgio Calderone1, Stefano Cristiani1,2, and
Francesco Guarneri1

1INAF–Astronomical Observatory of Trieste, I-34151 Trieste, Italy;

guido.cupani@inaf.it

2IFPU–Institute for Fundamental Physics of the Universe, via Beirut 2,
I-34151 Trieste, Italy

Abstract. The analysis of absorption features along the line of sight to distant
sources is an invaluable tool for observational cosmology, giving a direct insight into
the physical and chemical state of the inter/circumgalactic medium. Such endeavour
entails the accessibility of bright QSOs as background beacons, and the availability of
software tools to extract the information in a reproducible way. In this article, we will
present the latest results we obtained in both directions within the QUBRICS project:
we will describe how machine learning techniques were applied to detect hundreds of
previously unknown QSOs in the southern hemisphere, and how state-of-the art soft-
ware like QSFit and Astrocook was integrated in the analysis of the targets, opening up
new possibilities for the next era of observations.

1. Introduction: the quest for bright beacons

Several science cases in cosmology and fundamental physics rely on the availability
of luminous background beacons (typically quasars, or QSOs) at high redshift, to shed
light on the intervening matter. Here is a partial list (see Calderone et al. 2019 for details
and references): (i) the determination the matter power spectrum at small scales; (ii)
the measure of the abundances of primordial elements; (iii) the measure of a possible
variation of fundamental constants; (iv) the Sandage Test, i.e. the direct measurement
of the cosmic expansion rate from the redshift drifts of distant objects.

Historically, there has been a dearth of detected luminous QSOs in the Southern
hemisphere with respect to the North, due to the lack of appropriate surveys like the
SDSS (Blanton et al. 2017). The scenario is now changing, thanks to several recent
photometric databases (see Section 2). It is therefore crucial to (i) mine the databases
to identify quasar candidates; (ii) acquire the spectra of selected candidates to refine the
mining techniques; (iii) consolidate the confirmed QSOs into a database; (iv) develop
and test the analysis procedures required to pursue the science cases described above.
The QUBRICS project (QUasars as BRIght beacons for Cosmology in the Southern
hemisphere, Calderone et al. 2019; Boutsia et al. 2020, 2021) is addressing all these
tasks: it has identified so far several hundreds of new QSOs at δ < 0, which are
now suitable to be observed with ground-based facilities like VLT UVES and VLT
ESPRESSO, and in the future with the ESO ELT.

1
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The Tiered Radio Extragalactic Continuum (T-RECS)
simulation II: HI emission and continuum-HI
cross-correlation.
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ABSTRACT
In this paper we extend the Tiered Radio Extragalactic Continuum Simulation (T-
RECS) to include HI emission. The HI T-RECS model is based on the most recent HI
mass function estimates, combined with prescriptions to convert HI mass to total in-
tegrated HI flux. It further models source size, morphology and kinematics, including
rotational velocity and HI line width. The continuum T-RECS model is updated to im-
prove the agreement with deeper number counts available at 150 MHz. The model for
star-forming galaxies (SFGs) is also modified according to the most recent indications
of a star formation rate (SFR)–radio luminosity relation, which depends primarily on
stellar mass rather than redshift. We further introduce prescriptions to associate an HI
mass to the T-RECS radio continuum SFG and Active Galactic Nuclei (AGN) pop-
ulations. This gives us a way to meaningfully associate counterparts between HI and
continuum catalogues, thus building HI × continuum simulated observations. Cluster-
ing properties of the sources in both HI and continuum are reproduced by associating
the galaxies to dark matter haloes of a cosmological simulation. We deliver a set of
mock catalogues, as well as the code to produce them, which can be used for simulating
observations and predicting results from radio surveys with existing and forthcoming
radio facilities, such as the Square Kilometre Array (SKA).

Key words: radio lines: galaxies, radio continuum: galaxies, galaxies: luminosity
function, mass function, large-scale structure of Universe, software: simulations

1 INTRODUCTION

The neutral gas component of galaxies can be traced by
the 21-cm “spin-flip” transition of neutral hydrogen (HI),
which can be detected over the radio continuum emission at
a rest frequency of ν21cm ' 1.420 GHz (Hellwig et al. 1970).
So far, due to the faintness of the signal, most blind HI
observations have targeted the local Universe (e.g. HIPASS,
Barnes et al. 2001, Wong et al. 2006, ALFALFA Huang et al.
2012, ADUS Xi et al. 2021, BUDHIES Gogate et al. 2023).
A new generation of facilities is allowing HI surveys that
will greatly improve over their predecessors in terms of fre-
quency range, survey area and overall accuracy: CHILES on

? E-mail: anna.bonaldi@skao.int

the Jansky Very Large Array (JVLA, Fernández et al. 2016),
WALLABY and DINGO on the Australian SKA Pathfinder
(ASKAP, Koribalski et al. 2020; Meyer 2009) and LADUMA
and MIGHTEE on the SKA Precursor MeerKAT (Blyth
et al. 2016; Maddox et al. 2021; Ponomareva et al. 2023).
These observational efforts will culminate with the Square
Kilometre Array Observatory (SKAO) planned HI observa-
tions (Staveley-Smith & Oosterloo 2015).

Interstellar gas and stars, and the link between them,
are at the heart of galaxy formation and galaxy evolution
studies. They together account for the galaxy’s baryonic
content, and the former fuels the latter through bursts of
star-formation activity. In this context, HI and continuum
surveys combined are a particularly powerful tool, with the
former tracing neutral gas and the latter tracing star for-

© 2017 RAS
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Coded Mask Instruments for Gamma-Ray
Astronomy

Andrea Goldwurm and Aleksandra Gros

Abstract Coded mask instruments have been used in high-energy astronomy for
the last forty years now and designs for future hard X-ray/low gamma-ray telescopes
are still based on this technique when they need to reach moderate angular resolu-
tions over large field of views, particularly for observations dedicated to the, now
flourishing, field of time domain astrophysics. However these systems are somehow
unfamiliar to the general astronomers as they actually are two-step imaging devices
where the recorded picture is very different from the imaged object and the data pro-
cessing takes a crucial part in the reconstruction of the sky image. Here we present
the concepts of these optical systems applied to high-energy astronomy, the basic re-
construction methods including some useful formulae and the trend of the expected
and observed performances as function of the system designs. We review the histor-
ical developments and recall the flown space-borne coded mask instruments along
with the description of a few relevant examples of major successful implementations
and future projects in space astronomy.

Keywords
Coded Masks; Coded Apertures; Imaging Systems; Gamma-Ray Astronomy; Image
Decoding; Image Processing; Data Analysis.
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ABSTRACT

Material outgassing in a vacuum leads to molecular contamination, a well-known problem in spaceflight. Water is the most common contaminant
in cryogenic spacecraft, altering numerous properties of optical systems. Too much ice means that Euclid’s calibration requirements cannot be met
anymore. Euclid must then be thermally decontaminated, a month-long risky operation. We need to understand how ice affects our data to build
adequate calibration and survey plans. A comprehensive analysis in the context of an astrophysical space survey has not been done before.
In this paper we look at other spacecraft with well-documented outgassing records. We then review the formation of thin ice films, and find
that for Euclid a mix of amorphous and crystalline ices is expected. Their surface topography – and thus optical properties – depend on the
competing energetic needs of the substrate-water and the water-water interfaces, and are hard to predict with current theories. We illustrate that
with scanning-tunnelling and atomic-force microscope images of thin ice films.
Sophisticated tools exist to compute contamination rates, and we must understand their underlying physical principles and uncertainties. We find
considerable knowledge errors on the diffusion and sublimation coefficients, limiting the accuracy of outgassing estimates. We developed a water
transport model to compute contamination rates in Euclid, and find agreement with industry estimates within the uncertainties. Tests of the Euclid
flight hardware in space simulators did not pick up significant contamination signals, but were also not geared towards this purpose; our in-flight
calibrations observations will be much more sensitive.
To derive a calibration and decontamination strategy we need to understand the link between the amount of ice in the optics and its effect on
the data. There is little research about this, possibly because other spacecraft can decontaminate more easily, quenching the need for a deeper
understanding. In our second paper we quantify the impact of iced optics on Euclid’s data.

Key words. Space vehicles, Space vehicles: instruments, Telescopes, Molecular processes, Solid state: volatile
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The Radio Detector of the Pierre Auger Observatory – status and expected
performance

Tim Huege1,2,∗ for the Pierre Auger Collaboration3,∗∗
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2Vrije Universiteit Brussel, Astrophysical Institue, Brussels, Belgium
3Observatorio Pierre Auger, Avenida San Martín Norte 304, Malargüe, Argentina

Abstract. As part of the ongoing AugerPrime upgrade of the Pierre Auger Observatory, we are deploying
short aperiodic loaded loop antennas measuring radio signals from extensive air showers in the 30 − 80 MHz
band on each of the 1,660 surface detector stations. This new Radio Detector of the Observatory allows us
to measure the energy in the electromagnetic cascade of inclined air showers with zenith angles larger than
∼ 65◦. The water-Cherenkov detectors, in turn, perform a virtually pure measurement of the muon component
of inclined air showers. The combination of both thus extends the mass-composition sensitivity of the upgraded
Observatory to high zenith angles and therefore enlarges the sky coverage of mass-sensitive measurements
at the highest energies while at the same time allowing us to cross-check the performance of the established
detectors with an additional measurement technique. In this contribution, we outline the concept and design of
the Radio Detector, report on its current status and initial results from the first deployed stations, and illustrate
its expected performance with a detailed, end-to-end simulation study.

1 Introduction

The Pierre Auger Observatory is currently undergoing the
AugerPrime upgrade [1]. In addition to equipping ev-
ery water-Cherenkov detector (WCD) with a surface scin-
tillator detector (SSD) [2] and improving the dynamic
range and the readout electronics, every WCD will also be
equipped with a dual-polarized antenna measuring the ra-
dio signals from extensive air showers in the 30− 80 MHz
band. With the 1.5 km spacing of the Auger surface detec-
tor (SD) array, this will allow the measurement of inclined
air showers, with zenith angles beyond ∼ 65◦, which
have been both predicted by simulations [3] and confirmed
with measurements of the Auger Engineering Radio Ar-
ray (AERA) [4] to illuminate areas of tens of km2 with
detectable radio signals. For such geometries, the elec-
tromagnetic cascade of extensive air showers will be ef-
fectively absorbed in the atmosphere, and the WCDs will
measure the virtually pure muon content of the particle
showers. The radio antennas, in contrast, are purely sen-
sitive to the electromagnetic cascade of the air showers.
The combination of the two provides very good sensitiv-
ity to the mass composition of the primary cosmic rays,
with different systematics from the combination of WCD
and SSD measurements provided by AugerPrime for more
vertical air showers.

In this article, we will shortly describe the concept and
design of the Auger Radio Detector (RD), report on its cur-

∗e-mail: tim.huege@kit.edu
∗∗e-mail: spokespersons@auger.org, full author list available at

https://www.auger.org/archive/authors_2022_10.html

rent status and plans for deployment, and finally present
the results of an end-to-end simulation study of its ex-
pected performance.

2 Concept of the Auger Radio Detector

The Auger RD builds on the available infrastructure of the
upgraded SD. An upgraded detector station including a ra-
dio antenna is shown in Fig. 1. Two aluminum rings form-
ing the dual-polarized antenna are mounted on a fiberglass
mast in which the signal cables are contained. The mast
is fixed by an aluminum frame directly connected to the
structure of the SD tank (not touching the surface scin-
tillator detector beneath). Guy wires additionally support
the mast and reduce vibrations that could otherwise be in-
duced by strong winds.

The antenna is a Short Aperiodic Loaded Loop An-
tenna (SALLA) [6], a revised and improved design based
on the one originally developed in the context of AERA
[7]. It features a simple mechanical design, minimizing
cost and easing handling and maintenance. With its di-
ameter of 122 cm, it is tailored at the frequency range of
interest of 30 − 80 MHz, for which it delivers a virtually
uniform response with very little dispersion. The antenna
features a 392 Ω resistor at the bottom which shapes the
antenna’s main lobe towards the zenith and suppresses de-
pendence on structures below the antenna, in particular the
SSD, the WCD and potentially variable ground conditions.
Although originally designed for AERA, the SALLA was
not favored at the time because its resistor leads to a de-
creased sensitivity; only ∼ 10% of the captured signal in-
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The beaming effect for Fermi-LAT-detected FR-I radio galaxies
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ABSTRACT

Our knowledge of Giga-electron volt (GeV) radio galaxies has been revolutionized by the Fermi-

LAT Telescope, which provides an excellent opportunity to study the physical properties of GeV

radio galaxies. According to the radio power and morphology, radio galaxies can be separated into

Fanaroff-Riley Type I radio galaxies (FR-Is) and Type II radio galaxies (FR-IIs). In this paper, we

consider the unification of FR-Is and BL Lacertae objects (BL Lacs), and assume FR-Is to be a

standard candle to discuss the beaming effect for Fermi-LAT-detected FR-Is. Our main conclusions

are as follows: (1) The estimated Doppler factors for 30 Fermi-LAT-detected FR-Is are in a range

of δI = 0.88 − 7.49. The average Doppler factor (< δI >= 2.56 ± 0.30) of the 30 FR-Is is smaller

than that (< δBL >= 10.28±2.03) of the 126 Fermi-LAT-detected BL Lacs, supporting the unification

model that FR-Is are regarded as the misaligned BL Lacs with smaller Doppler factors; (2) We propose

that different regions of FR-Is in the plot of the γ-ray luminosity against the photon spectral index

(logLγ −αph) may indicate the different beaming effects; (3) The average Doppler factor of the 6 TeV

FR-Is is similar to that of the 24 non-TeV FR-Is, which implies that the difference between the TeV

and GeV emissions is not driven by the beaming effect in the Fermi-LAT-detected FR-I samples.

Keywords: Active galaxies - Fanaroff-Riley radio galaxies - jets - Gamma-rays

1. INTRODUCTION

Active galactic nuclei (AGNs) are the most energetic objects with relativistic jets in the Universe. Their physical

structure, supermassive black hole (SMBH) + accretion disk + relativistic jet, is widely accepted for decades (Urry &

Padovani 1995). Blazars are an extreme subclass of AGNs with the jet being aligned with our line of sight, which can

be separated into BL Lacertae objects (BL Lacs) with weak or no emission lines (equivalent width, EW< 5Å), or flat

spectrum radio quasars (FSRQs) with broad emission lines (EW> 5Å) (Stickel et al. 1991; Urry & Padovani 1995).

Their electromagnetic emission is strongly boosted due to the relativistic jet pointing toward the observer, resulting

that the observed flux density (fob) is enhanced by the Doppler factor (δ), namely fob = δqf in, where f in denotes the

intrinsic flux density, q = 2 +α for a continuous jet and 3 +α for the case of a moving sphere (Lind & Blandford 1985;

Ghisellini et al. 1993), α is a spectral index (fν ∝ ν−α). The Doppler factor can be expressed by δ = [Γ(1−β cos θ)]−1,

where θ is an viewing angle, and Γ is a Lorentz factor determined by bulk velocity (β = v/c), Γ = 1/
√

1− β2.

Radio galaxies are also a subclass of AGNs. Based on the morphology and radio power, Fanaroff & Riley (1974)

classified the radio galaxies into Fanaroff-Riley Type I radio galaxies (FR-Is) and Type II radio galaxies (FR-IIs).

Corresponding author: Junhui Fan

Email: fjh@gzhu.edu.cn
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Air-Shower Radio Simulations – Where we stand and
where we go

Tim Huege𝑎,𝑏,∗
𝑎Karlsruher Institut für Technologie, Institut für Astroteilchenphysik (IAP), Karlsruhe, Germany
𝑐Vrĳe Universiteit Brussel, Astrophysical Institute, Brussels, Belgium

E-mail: tim.huege@kit.edu

Simulations of the radio emission from extensive air showers have been key in establishing
radio detection as a mature and competitive technique. In particular, microscopic Monte Carlo
simulations have proven to very accurately describe the emission physics and are at the heart of
practically all analysis approaches. Yet with new applications – for example very inclined air
showers, cross-media showers, extreme antenna densities, and higher-frequency measurements –
come new challenges for accurate and efficient simulations. I will review the state of the art of the
existing simulation approaches and discuss where further improvements might be needed and how
they can be achieved.

Acoustic & Radio EeV Neutrino Detection Activities (ARENA)
7–10 Jun 2022
Santiago de Compostela, Spain

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
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Air-Shower Radio Simulations Tim Huege

Figure 1: Lateral distributions of the time-integrated power measured by LOFAR for a subset of 48 of their
measured events (red circles) as compared with the best-fitting CoREAS simulations (blue squares). From [6].

1. Introduction

Simulations of the radio emission from extensive air showers have been a decisive factor in
establishing the radio detection technique for extensive air showers [1]. The approach relied most
upon is the microscopic simulation of the radio emission from single electrons and positrons in the
air-shower cascade using the “endpoints formalism” [2] in the CoREAS [3] code and the time-domain
version of the ZHS formalism [4] in the ZHAireS [5] code.1 The predictions by these simulations
have been tested with data from many different experiments, so far without revealing any deficiencies.

In this article, I will shortly review the degree of certainty we have achieved on these simulation
predictions, first for the case of vertical air showers with zenith angles up to 60◦, then for the case
of inclined showers with zenith angles above 60◦. Furthermore, I will discuss future directions in
which more work should be invested to cope with the ever-increasing need for more complex and
accurate simulation scenarios.

2. Simulations for vertical air showers

Radio emission from vertical air showers, i.e., those with zenith angles up to ∼ 60◦, has been
measured with many different experiments, and their data have been compared extensively with
microscopic simulations.

1The endpoints formalism describes the radio emission as arising from the acceleration in the “kinks” between the
straight track segments used to approximate the continuous motion of a charged particle, whereas the ZHS formalism
associates the emission with the straight track segments themselves.
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RESUMEN

ABSTRACT

This paper investigates a poorly studied open cluster, NGC 5288, using 2MASS

JHKS and the recently released Gaia DR3 astrometric and photometric data.

The mean proper motions in Right Ascension and Declination are estimated

as (−3.840 ± 0.230) and (−1.934 ± 0.162) mas yr−1 respectively. We also

derive the age and distance of the cluster as 510 ± 190 Myr and 2.64 ± 0.11

kpc, using color-magnitude diagrams (CMDs). We have also obtained dis-

tance as 2.77 ± 0.42 kpc using the parallax method. Interstellar reddening

E(B-V) in the direction of the cluster is determined as 0.45 mag using the

((J − H), (J − K)) color-color diagram. We have found the mass function

slope for main-sequence stars as 1.39 ± 0.29 within the mass range 1.0−2.7

M�, which agrees with Salpeter’s value within uncertainty. Galactic orbits

are derived using the Galactic potential model, indicating that NGC 5288

follows a circular path around the Galactic center.

Key Words: Colour Magnitude Diagrams — Initial Mass Function — Lumi-

nosity Function — Membership Probability — Open Cluste — Proper motion

1. INTRODUCTION

Open clusters (OCs) are loosely bound systems consisting of around a

hundred to a few thousand stars. Owing to the origin of cluster members

from a common molecular cloud, they have similar chemical composition,

kinematic properties and distance from the Sun (Dias et al. 2002; Joshi et

al. 2016). This makes them prime candidates for studying stellar formation

and evolution. OCs can help us conveniently determine various astrophysical

parameters and provide insights into the chemical and structural evolution of

the Milky Way Galaxy (Sariya et al. 2021a; Tadross & Hendy 2021).

Global space missions like Gaia, launched in 2013, have provided the sci-

entific community with high-precision, 3-dimensional spatial and velocity dis-

tributions of more than 3 billion stars (Gaia Collaboration et al. 2016). The

mission has transformed the field of astrophysics and established a foundation

1Department of Physical Sciences, Indian Institute of Science Education and Research,

Berhampur, Odisha 760010, India
2Indian Centre for Space Physics, 466 Barakhola, Singabari road, Netai Nagar, Kolkata

700099, India
3Indian Institute of Astrophysics, Koramangala II BLock, Bangalore, 560034, India
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ABSTRACT

Coronal Mass Ejections (CMEs) correspond to dramatic expulsions of plasma and magnetic field from

the solar corona into the heliosphere. CMEs are scientifically relevant because they are involved in

the physical mechanisms characterizing the active Sun. However, more recently CMEs have attracted

attention for their impact on space weather, as they are correlated to geomagnetic storms and may

induce the generation of Solar Energetic Particles streams. In this space weather framework, the present

paper introduces a physics-driven artificial intelligence (AI) approach to the prediction of CMEs travel

time, in which the deterministic drag-based model is exploited to improve the training phase of a

cascade of two neural networks fed with both remote sensing and in-situ data. This study shows that

the use of physical information in the AI architecture significantly improves both the accuracy and the

robustness of the travel time prediction.

Keywords: Solar coronal mass ejections; coronagraphic imaging; space weather; drag-based model;

machine learning; neural networks

1. INTRODUCTION

Coronal Mass Ejections (CMEs) (Howard 2011) consist in large eruptions of plasma and magnetic field that are

typically triggered by solar flares (Piana et al. 2022) and that propagate from the solar corona into the heliosphere.

From a phenomenological perspective, the rate of occurrence of CMEs is related to the solar cycle and typically

ranges from one event per more than one week at the minimum to several CMEs per day at the maximum (Zhao

& Dryer 2014). From an experimental perspective, the observations of CMEs are typically performed by means of

remote-sensing instruments that can measure their most significant kinematic parameters, like the initial propagation

speed, the CME mass and initial cross-section. Examples of telescopes appropriate for measuring remote sensing

parameters are coronagraphs on board space clusters like the Large Angle and Spectrometric Coronagraph (LASCO)

(Brueckner et al. 1995) on board the Solar and Heliophysics Observatory (SOHO) (Domingo et al. 1995), the Sun Earth

Connection Coronal and Heliospheric Investigation (SECCHI) (Howard et al. 2008) on board STEREO-A/STEREO-B

(Kaiser et al. 2008), and the recent Metis (Fineschi et al. 2012) on board Solar Orbiter (Cyr et al. 2020). Further,

CMEs travel from the Sun to the Earth while embedded within the solar wind (Lazar 2012), which implies that some

solar wind parameters play a significant role for the understanding of the CMEs dynamics. In particular, the solar

wind average density and speed can be inferred from measurements provided by in-situ instruments like the WIND

Spacecraft (Wilson et al. 2021), the Advanced Composition Explorer (ACE) (Stone et al. 1998), the Charge, Element,

Corresponding author: Michele Piana

piana@dima.unige.it
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ABSTRACT

The Ly𝛼 line is a powerful probe of distant galaxies, which contains information about inflowing/outflowing gas through which
Ly𝛼 photons scatter. To develop our understanding of this probe, we post-process a zoom-in radiation-hydrodynamics simulation
of a low-mass (𝑀star ∼ 109 𝑀�) galaxy to construct 22500 mock spectra in 300 directions from 𝑧 = 3 to 4. Remarkably,
we show that one galaxy can reproduce the variety of a large sample of spectroscopically observed Ly𝛼 line profiles. While
most mock spectra exhibit double-peak profiles with a dominant red peak, their shapes cover a large parameter space in terms
of peak velocities, peak separation and flux ratio. This diversity originates from radiative transfer effects at ISM and CGM
scales, and depends on galaxy inclination and evolutionary phase. Red-dominated lines preferentially arise in face-on directions
during post-starburst outflows and are bright. Conversely, accretion phases usually yield symmetric double peaks in the edge-on
direction and are fainter. While resonant scattering effects at < 0.2 × 𝑅vir are responsible for the broadening and velocity shift
of the red peak, the extended CGM acts as a screen and impacts the observed peak separation. The ability of simulations to
reproduce observed Ly𝛼 profiles and link their properties with galaxy physical parameters offers new perspectives to use Ly𝛼 to
constrain the mechanisms that regulate galaxy formation and evolution. Notably, our study implies that deeper Ly𝛼 surveys may
unveil a new population of blue-dominated lines tracing inflowing gas.

Key words: galaxies: evolution – ultraviolet: galaxies – methods: numerical – line: profiles – radiative transfer

1 INTRODUCTION

Over the past decade, Ly𝛼 emission from galaxies has quickly be-
come one of the most important observational probes of the high-
redshift Universe (see e.g. reviews by Barnes et al. 2014; Stark 2016;
Ouchi et al. 2020). There are four primary reasons for this. First,
most Ly𝛼 photons are emitted by the interstellar medium (ISM) of
star-forming galaxies, through recombinations of protons and elec-
trons after hydrogen is photo-ionised by energetic radiation from
short-lived massive stars. This fluorescent mechanism easily chan-
nels ∼ 5 − 10% of the bolometric luminosity of these galaxies into
the Ly𝛼 line, which makes it an extremely bright spectral feature,
ideal for detecting very faint objects in the high-𝑧 Universe where
Ly𝛼 can be observed from the ground (Partridge & Peebles 1967).
Second, the Ly𝛼 transition has a large cross section – even traces of
neutral hydrogen between distant objects and the Earth will scatter
Ly𝛼 photons off the line of sight. This allows one to constrain the
ionisation state of the intergalactic medium (IGM) with spectra of
distant quasars (Gunn & Peterson 1965), or by measuring how the
visibility of the Ly𝛼 emission line from star forming galaxies varies

★ E-mail: jeremy.blaizot@univ-lyon1.fr

with redshift (Haiman & Cen 2005) or position (Furlanetto et al.
2006). Third, because the Ly𝛼 line is resonant, and again because of
its large cross section, Ly𝛼 photons will scatter many times through
the ISM and circum-galactic medium (CGM) before they may reach
the IGM and the observer. This scattering process introduces a cou-
pling between the observational properties of the Ly𝛼 line and the
flows of gas it has traversed, which may be used to infer the physical
conditions in galaxies and their environment from the Ly𝛼 line shape
(Verhamme et al. 2006). Fourth is technological progress. With the
advent of a number of instrumentswhich havemade the spectroscopic
observation and characterisation of the Ly𝛼 line seem easy at all red-
shifts. Of particular interest are the Cosmic Origins Spectrograph
(COS) onboard the Hubble Space Telescope (HST/COS, Green et al.
2012), which has allowed exquisite spectroscopy of the Ly𝛼 line of
local star-forming galaxies (see Runnholm et al. 2021, and references
therein), and the Multi-Unit Spectroscopic Explorer (MUSE) at the
Very Large Telescope (VLT/MUSE, Bacon et al. 2010), which has
increased by orders of magnitude the number of high-quality Ly𝛼
spectra of low-mass, star forming galaxies at redshifts between 3 and
6 (e.g. Inami et al. 2017).
It is thus clear that the Ly𝛼 line is an extremely powerful and

versatile observational tool, and that its observation at all redshifts

© 2023 The Authors
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ABSTRACT
Cosmological models and their parameters are widely debated, especially about whether the current discrep-
ancy between the values of the Hubble constant, 𝐻0, obtained by type Ia supernovae (SNe Ia), and the Planck
data from the Cosmic Microwave Background Radiation could be alleviated when alternative cosmological
models are considered. Thus, combining high-redshift probes, such as Gamma-Ray Bursts (GRBs) and Quasars
(QSOs), together with Baryon Acoustic Oscillations (BAO) and SNe Ia is important to assess the viability of
these alternative models and if they can cast further light on the Hubble tension. In this work, for GRBs, we use
a 3-dimensional relation between the peak prompt luminosity, the rest-frame time at the end of the X-ray plateau,
and its corresponding luminosity in X-rays: the 3D Dainotti fundamental plane relation. Regarding QSOs, we
use the Risaliti-Lusso relation among the UV and X-ray luminosities for a sample of 2421 sources. We correct
both the QSO and GRB relations by accounting for selection and evolutionary effects with a reliable statistical
method. We here use both the traditional Gaussian likelihoods (LG) and the new best-fit likelihoods (LN) to
infer cosmological parameters of a non-flat ΛCDM and flat 𝑤CDM models. We obtain for all the parameters
reduced uncertainties, up to 35% for 𝐻0, when applying the new LN likelihoods in place of the Gaussian ones.
Our results remain consistent with a flat ΛCDM model, although with a shift of the dark energy parameter 𝑤
toward 𝑤 < −1 and a curvature density parameter toward Ω𝑘 < 0.

Keywords:methods: statistical — cosmology: theory— cosmology: observations—- cosmological parameters

1. INTRODUCTION
Although the flat ΛCDM model (Peebles 1984) remains the most suitable cosmological model to parameterize the Universe,
discussions about the possibility of an open and closed Universe are obtaining increasing attention. Undoubtedly, the flat ΛCDM
model, with the cold dark matter (CDM) component and a cosmological constant Λ (Carroll 2001), as suggested by the current
accelerated expansion of the Universe (Riess et al. 1998; Perlmutter et al. 1999), allows a series of observations with cosmic
microwave background (CMB; Planck Collaboration et al. 2020) and the baryon acoustic oscillations (BAO; Alam et al. 2021),
which agree with the accelerated expansion based on type Ia supernovae (SNe Ia). Nevertheless, there is a current crisis of

∗ First and second authors share the same contribution.
Corresponding author, maria.dainotti@nao.ac.jp
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ABSTRACT

We present the intra-cluster kinematics and dynamics of three open clusters: NGC 1193, NGC 2355, and King 12 by incorporating

kinematical and photometric data from Gaia DR3, as well as a ground-based telescope. After selecting cluster members based

on proper motion data, clusters’ fundamental and structural parameters are investigated. We found the clusters at distances of

4.45, 1.97, and 3.34 kpc from the Sun in the direction of the Galactic anticenter. The luminosity function of the cluster NGC

1193 is flat, whereas it advances towards the fainter ends of the other two clusters. We observed a dip in the luminosity function

of King 12. The mass function slopes for all three clusters differ from the solar neighbourhood reported by Salpeter, with NGC

1193 and NGC 2355 being flatter and King 12 having a higher value than the Salpeter value. The intra-cluster kinematics depict

that stars in King 12 are moving outwards due to tidal forces from the Galactic disc, which we confirmed by plotting the cluster’s

orbit in the Galaxy. Stars in NGC 2355 are moving with smaller relative velocities and have zero mean relative motion, which

signifies that the cluster is neither contracting nor evaporating. The Galactic orbits of NGC 1193 suggest that it is orbiting farther

from the Galactic disc, and so is less impacted by the Galactic tidal forces.

Key words:

Galaxy: kinematics and dynamics - open clusters and associations: general - open clusters and associations: individual (NGC

1193, NGC 2355, King 12)

1 INTRODUCTION

Open clusters (OCs) of our Galaxy have an extensive range of ages

that can cover the Galactic disc’s entire lifetime. The older OCs are

tracing the thick disc, while the younger ones are found in spiral

arms in the thin disc where the perturbation is numerous. Motion

and spatial distribution of these objects in the Galaxy can assist in

comprehending the gravitational potential and perturbations which

shape the configuration and dynamics of the Galaxy (Soubiran et al.

2018). In addition to the evolution of an isolated system, dynamical

evolution of the stars in open clusters are influenced by the disrup-

tive effects of the tidal forces arising from the Galactic disc and the

molecular clouds present in the Galactic disc (Friel 1995). The theo-

retical models suggest that generally, in the time scale of 108 to 109

years, all the open clusters will disrupt, and the disruption time scales

depend on the mass as well as the core radius of the clusters (Spitzer

1958; Spitzer & Harm 1958). Most of the OCs in the Milky Way sur-

vive due to their higher mass and central concentration and the path

they follow to revolve around the Galactic centre, which avoids the

influence of large disruptive forces (Friel 1995). So old open clusters

★ E-mail: geetarangwal91@gmail.com

are worth exploring to test these theories. Also, we can predict the

survival of the younger systems according to these theories.

For this study, we selected three open clusters, NGC 1193, NGC

2355 and King 12, found towards the Galactic anti-centre. These

clusters are at different dynamical stages and have distinct spatial

locations in the Galactic disc. NGC 1193 is one of the Galaxy’s

oldest and most well-populated open clusters of faint stars. Kaluzny

(1988) studied this cluster using CCD data and determined age,

metallicity, and distance modulus as 8 Gyr, 0.001 dex, and 13.8

mag. They also identified five blue straggler stars in this cluster.

Tadross (2005) studied this cluster extensively using USNO-B1.0

catalogue. They found age, metallicity, � (� − +), and distance as

8.0 Gyr, 0.008, 0.10 ± 0.06 mag and 5250 ± 240 pc, respectively.

Kyeong et al. (2008) conducted an *�+'� photometric study and

estimated the fundamental parameters for this cluster as � (� − +),

[�4/�], (<−")0 and age as 0.19 ± 0.04, -0.45 ± 0.12, 13.3 ± 0.15

and, 5 Gyr respectively.

NGC 2355 is an intermediate open cluster at a distance of ∼ 2 kpc

from the Sun. Kaluzny & Mazur (1991) studied the central part of this

cluster using CCD photometric data in*�+ filters and calculated the

fundamental parameters � (�−+), [�4/�] and distance as 0.12 mag,

0.13 dex, and 2.2 kpc respectively. Soubiran et al. (2000a) studied it

© 2023 The Authors
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We construct a numerical model of steady-state, general relativistic (GR) super-Eddington accre-
tion flows in an optically thick, advection-dominated regime, motivated by tidal disruption events
wherein super-Eddington accretion assumes a pivotal role. Our model takes into account the loss
of angular momentum due to radiation and the scale-height derivative in the basic equations of the
GR slim disk. For comparison purposes, we also provide a new analytical solution for a radiation-
pressure-dominant GR slim disk, which neglects the angular momentum loss due to radiation and
the scale-height derivative. We find that the radiation pressure enhances by incorporating the scale
height derivative into the basic equations. As a result, the surface density near the disk’s inner edge
decreases, whereas the disk temperature and scale height increase, brightening the disk spectrum
in the soft X-ray waveband. Notably, an extremely high mass accretion rate significantly enhances
the effect of the scale-height derivative, affecting the entire disk. In contrast, the inclusion of the
radiation-driven angular momentum loss only slightly influences the disk surface density and tem-
perature compared with the case of the scale-height derivative inclusion. The X-ray luminosity
increases significantly due to scale height derivative for Ṁ/ṀEdd & 2. In addition, the increment is
higher for the non-spinning black hole than the spinning black hole case, resulting in a one-order of
magnitude difference for Ṁ/ṀEdd & 100. We conclude that incorporating the scale-height deriva-
tive into a GR slim disk model is crucial as it impacts the disk structure and its resultant spectrum,
particularly on a soft-X-ray waveband.

I. INTRODUCTION

A tidal disruption event (TDE) occurs when a star
is disrupted by a black hole’s tidal gravity that exceeds
the star’s self-gravity [1, 2]. The radius below which
tidal disruption happens is the tidal radius given by
rt ' (M/M?)

1/3R? [3], where M is the black hole mass,
and M? and R? are the stellar mass and radius respec-
tively. The disrupted debris returns to the pericenter
following a Keplerian orbit with a mass fallback rate
Ṁfb ∝ t−5/3, where t is the time. However, the time
variation of Ṁfb at early times and the magnitude of
Ṁfb at the peak depends on the stellar density [4], stellar
rotation [5], and stellar orbital eccentricity [6]. If the in-
falling debris loses its angular momentum on a timescale
shorter than the orbital time of the fallback debris, the
accretion rate can be equivalent to the mass fallback rate.
However, the fallback debris interacts between head and
tailed parts due to the general relativistic (GR) apsidal
motion, and the resultant energy dissipation by stream-
stream collisions results in the formation of an accretion
disk [7–9]. The resultant disk can be circular or elliptical
depending on the energy dissipation efficiency [10]. The
disk viscosity dominates the subsequent evolution of the
formed disk. As the viscous timescale is usually much
longer than the orbital time, the mass accretion rate is
not likely to equal the mass fallback rate [11–13].

As the ratio of the tidal radius to the black hole hori-
zon is inversely proportional to M2/3, an increase in the

∗ tmageshwaran2013@gmail.com, tmageshwaran@chungbuk.ac.kr,
kimi@chungbuk.ac.kr

mass of the black hole results in the tidal disruption ra-
dius approaching the event horizon. This highlights the
importance of considering GR dynamics for TDEs with
higher-mass black holes. The innermost stable circular
orbit, rISCO, decreases for a prograde black hole spin
[14] so that the impact of the black hole spin on the
accretion dynamics, disk spectra, and light curves can be
more significant than in the non-spinning black hole case.
This motivated Novikov and Thorne [15] to construct
a model of a GR steady-state geometrically thin disk
with alpha-viscosity. Recently, Balbus and Mummery
[16] have constructed a GR model of a time-dependent,
optically thick, geometrically thin disk in the context of
TDEs. Mageshwaran and Bhattacharyya [17] have devel-
oped a GR model of a time-dependent, optically thick,
geometrically thin disk with a mass fallback rate at the
constant outer radius in the case of both full and partial
stellar disruptions. These models are gas-pressure dom-
inant, so that should be consistent with the standard
disk model when the accretion rate is mildly lower than
the Eddington rate in the non-relativistic, steady-state
limit [18, 19]. The radiation pressure becomes signifi-
cantly remarkable as the accretion rate exceeds the Ed-
dington rate. However, a radiation-pressure dominant,
optically thick disk, where the advective energy transport
is not properly treated, is known to result in a Lightman-
Eardley thermal instability [20]. Therefore, Abramowicz
et al. [21] has introduced the advection cooling in the
energy conservation equation of the optically thick disk
at super-Eddington accretion rate and has constructed
the optically thick, advection-dominant disk in the non-
relativistic limit, so-called slim disk model.

A GR steady-state solution of optically thick,
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ABSTRACT

Using magnetohydrodynamic simulations of Fluctuation dynamos in turbulent
flows with rms Mach numbers M ≈ 0.2, 1.1 and 3, we show that magnetic pres-
sure forces play a crucial role in dynamo saturation in supersonic flows. Firstly, as
expected when pressure forces oppose compression, an increase in anti-correlation be-
tween density and magnetic field strengths obtains even in subsonic flows with the
anti-correlation arising from the intense but rarer magnetic structures. In supersonic
flows, due to stronger compressive motions density and magnetic field strength con-
tinue to maintain a positive correlation. However, the degree of positive correlation
decreases as the dynamo saturates. Secondly, we find that the unit vectors of ∇ρ and
∇B2 are preferentially anti-parallel to each other in subsonic flows. This is indicative
of magnetic pressure opposing compression. This anti-parallel alignment persists in
transonic and supersonic flows at dynamo saturation. However, compressive motions
also lead to the emergence of a parallel alignment in these flows. Finally, we consider
the work done against the components of the Lorentz force and the different sources
of magnetic energy growth and dissipation. We show that while in subsonic flows,
suppression of field line stretching is dominant in saturating the dynamo, the picture
is different in supersonic flows. Both field line stretching and compression amplifies
the field initially. But the growing magnetic pressure opposes further compression of
magnetic flux which then dominates the saturation of the dynamo.

Key words: dynamo–(magnetohydrodynamics) MHD – turbulence – methods: nu-
merical

1 INTRODUCTION

It is now well established that dynamically insignificant seed
magnetic fields embedded in a conducting fluid can be am-
plified to near equipartition strength by a three-dimensional
random or turbulent flow (Batchelor 1950; Kazantsev 1968;
Haugen et al. 2004; Schekochihin et al. 2004; Brandenburg
& Subramanian 2005; Subramanian et al. 2006; Federrath
et al. 2011; Bhat & Subramanian 2013; Sur et al. 2014a;
Porter et al. 2015; Federrath 2016; Xu & Lazarian 2016; Sur
et al. 2018; Rincon 2019; Seta et al. 2020; Xu & Lazarian
2020; Seta & Federrath 2021a; Tobias 2021). The growth of
the field depends on competition between inductive growth
and resistive dissipation which translates to the requirement
that the magnetic Reynolds number (Rm) is above a criti-

? E-mail: sharanya.sur@iiap.res.in
† E-mail: kandu@iucaa.in

cal instability threshold Rmcr. This process, referred to as
Fluctuation dynamo (FD) amplifies seed fields exponentially
fast (on eddy-turnover time-scales) by stretching and com-
pression of field lines driven by random (in time) motions
that is supplied by a random/turbulent flow, until a satura-
tion process becomes important. FDs are crucial to explain
the possible presence of magnetic fields in elliptical galaxies
(Moss & Shukurov 1996; Sur 2019; Seta et al. 2021), in young
galaxies at high redshifts (Sur et al. 2018) and in clusters of
galaxies (Subramanian et al. 2006; Cho & Ryu 2009; Bhat
& Subramanian 2013; Porter et al. 2015; Marinacci et al.
2018; Vazza et al. 2018; Donnert et al. 2018; Sur 2019; Sur
et al. 2021). In addition, they are also likely to operate in
disc galaxies, generated from turbulent fluid motions (Pak-
mor et al. 2017; Gent et al. 2023) and provide seed fields for
large-scale dynamo action.

Given the ubiquity of the occurrence of fluctuation dy-
namos in astrophysical objects, we revisit the mechanism

© 2023 RAS
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ABSTRACT

We investigated the inner buried nucleus of a nearby luminous infrared galaxy NGC 4418 using

high-resolution spectroscopy of fundamental carbon monoxide (CO) ro-vibrational absorptions around

4.67 µm for the first time. This method allowed us to examine the physical and kinematical properties

in the hot inner region of this nucleus. We detected a series of both very deep (partly saturated)
12CO and moderately deep (optically thin) 13CO absorption lines and inferred a large column density

(NH2 = (5 ± 3) × 1023 cm−2 in front of the 5 µm photosphere) of warm (Tex ' 170 K) molecular

gas by assuming an isothermal plane-parallel slab illuminated by a compact background MIR-emitting

source. We modeled that the warm CO absorber almost covers the central heating source and that

it is an inner layer around the 5 µm photosphere (at r =several pc) of a compact shroud of gas and

dust (d ∼ 100 pc). The width of the absorption lines (110 km s−1) and their small deviation from

the systemic velocity (< 10 km s−1) are consistent with a warm and turbulent layer with little bulk

motion in the radial direction.

Keywords: Infrared spectroscopy (2285) — Luminous infrared galaxies (946)

1. INTRODUCTION

NGC 4418 is a nearby luminous infrared galaxy

(LIRG) notable for its compact and luminous but highly
obscured nucleus at a distance of 34 Mpc (Vsys =

2117 km s−1 in the heliocentric system1; Ohyama et al.

2019. At this distance, 1′′ corresponds to 165 pc).

This galaxy hosts a compact bright mid-infrared (MIR)

emitting core at the nucleus, which cannot be resolved

at ∼ 0.3′′ resolution (Evans et al. 2003; Siebenmorgen

∗ This research is based on data collected at the Subaru Telescope,
which is operated by the National Astronomical Observatory of
Japan. We are honored and grateful for the opportunity of ob-
serving the Universe from Maunakea, which has the cultural,
historical, and natural significance in Hawaii.

1 This is based on optical stellar spectroscopy at the nucleus.
Sakamoto et al. (2021b) found Vsys = 2115 km s−1 (after con-
version to the heliocentric velocity in the optical definition) with
the high-resolution (1′′) (sub-)mm molecular line measurement,
in agreement (within 2 km s−1) with the optical measurement.

et al. 2008; Roche et al. 2015). The corresponding sub-

mm and far-infrared (FIR) cores (Sakamoto et al. 2013,

2021a; Lutz et al. 2016) emit most of its large bolometric

luminosity (Lbol ' 1 × 1011 L�; e.g., González-Alfonso

et al. 2012). It displays a prominent red spectral energy

distribution (SED) at MIR beyond ∼ 5 µm, but only

a stellar SED at the shorter wavelengths (Spoon et al.

2001; Evans et al. 2003; Imanishi et al. 2004; Sieben-

morgen et al. 2008). This object is located at the end

of the deepest 9.7 µm absorption by amorphous silicate

dust (hereafter, the 9.7 µm absorption) and the small-

est equivalent width of the PAH 6.2 µm emission on the

so-called Spoon diagram and is classified as 3A (Spoon

et al. 2007). The very deep 9.7 µm absorption and the

prominent ice features at MIR are often discussed in

the context of obscured heating sources such as buried

young stellar objects (e.g., Dudley & Wynn-Williams

1997; Spoon et al. 2001, 2004). All of these charac-

teristics are very different from typical active galactic

nuclei (AGNs) and starburst galaxies, and the nucleus
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ABSTRACT

We present 850 µm polarization and C18O (3− 2) molecular line observations toward the X-shaped

nebula in the California molecular cloud using the JCMT SCUBA-2/POL-2 and HARP instruments.

The 850 µm emission shows that the observed region includes two elongated filamentary structures

(Fil1 and Fil2) having chains of regularly spaced cores. We measured the mass per unit length of

the filament and found that Fil1 and Fil2 are thermally super- and subcritical, respectively, but

both are subcritical if nonthermal turbulence is considered. The mean projected spacings (∆S̄) of

cores in Fil1 and Fil2 are 0.13 and 0.16 pc, respectively. ∆S̄ are smaller than 4×filament width

expected in the classical cylinder fragmentation model. The large-scale magnetic field orientations

shown by Planck are perpendicular to the long axes of Fil1 and Fil2, while those in the filaments

obtained from the high-resolution polarization data of JCMT are disturbed, but those in Fil1 tend

to have longitudinal orientations. Using the modified Davis-Chandrasekhar-Fermi (DCF) method,

we estimated the magnetic field strengths (Bpos) of filaments which are 110±80 and 90±60 µG. We

calculated the gravitational, kinematic, and magnetic energies of the filaments, and found that the

fraction of magnetic energy is larger than 60% in both filaments. We propose that a dominant magnetic

energy may lead the filament to be fragmented into aligned cores as suggested by Tang et al., and a

shorter core spacing can be due to a projection effect via the inclined geometry of filaments or due to

a non-negligible, longitudinal magnetic fields in case of Fil1.

Keywords: Interstellar magnetic fields (845); Interstellar medium (847); Polarimetry (1278); Submil-

limeter astronomy (1647); Star forming regions (1565)

1. INTRODUCTION

Hub-filament systems (HFSs) are the best laborato-

ries to investigate the initial conditions for star forma-

tion. HFS consists of a hub with high column den-

sity (> 1022 cm−2) and low axis ratio and several fil-

aments with relatively low column density and high as-

pect ratio extended from the hub (Myers 2009). They

are mostly associated with active low- to high-mass star

clusters (Kumar et al. 2020), and easily found both in

nearby star-forming molecular clouds and more distant

infrared dark clouds. Hence, HFSs have been studied

using multi-wavelength observations to understand how

they form and stars are generated in them (e.g., Kumar

et al. 2020; Hwang et al. 2022; Bhadari et al. 2022).

The crucial process to form stars in the hubs and fil-

aments is the fragmentation. It is believed that early

star formation begins with fragmentation of filaments

in hydrostatic equilibrium state into cores due to linear

perturbations (e.g., Ostriker 1964). With an assumption

of the isothermal, infinitely long cylindrical structure,

fragmentation in a filament occurs via gravitational per-

turbations with a critical wavelengths of 2 times the fil-

ament’s diameter, and filaments may have cores with a

regular spacing of 4 times the diameter of filament which

is the fastest growing mode (e.g., Inutsuka et al. 1992).
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Constraining the redshift of BL Lac VER J0521+211
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2Departamento de F́ısica Aplicada, Centro de Investigación y de Estudios Avanzados del IPN, Unidad Mérida.
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ABSTRACT

Observation of several very high energy (VHE) flaring events of the BL Lac object VER J0521+211 were reported by

the VERITAS and MAGIC collaborations between 2009 and 2014. The redshift of this source is uncertain and several

analysis have derived different limits for it. In the framework of the photohadronic model, and using three different

extragalactic background light (EBL) models, we analyze seven independent VHE spectra of VER J0521+211 and

determine the limiting values on its redshift. It is observed that the photohadronic scenario provides excellent fits

to the reported observations. It is further observed that the photohadronic scenario, along with the EBL model of

Domı́nguez et al., puts the most restrictive limits on the redshift z of VER J0521+211: 0.29 6 z 6 0.31 from the

confidence level (CL) intervals at 2σ, or a more conservative 0.28 6 z 6 0.33, at 3σ.

Key words: BL Lacertae objects: general, galaxies: jets, gamma rays: galaxies

1 INTRODUCTION

VER J0521+211 was first detected as a very high energy
gamma-ray (VHE > 100 GeV) source by VERITAS in the
year 2009 (Ong 2009). The source is highly variable at all
wavebands and is associated with the radio-loud active galaxy
RGB J0521.8+2112. Several VHE flaring events from VER
J0521+211 were observed between 2009 and 2014. During
the 2009 VHE flaring period, the source exhibited a high-
frequency BL Lac (HBL) like behavior with the synchrotron
spectrum in the harder X-ray regime (in the range 1015 Hz
to 1017 Hz) (Archambault et al. 2013). It was observed si-
multaneously in the multiwavelength during a sustained flar-
ing episode from late 2012 to early 2014. This period also
included the observations by MAGIC and VERITAS. For
this entire observation period the synchrotron peak frequency
remained between 1014 Hz and 1015 Hz and classified this
source as an intermediate-frequency-peaked BL Lac (IBL) ob-
ject. However, its redshift remained uncertain (Adams et al.
2022).

The VERITAS collaboration detected a VHE gamma-
ray flare on 2020 February 25 from VER J0521+211 with
steadily rising flux reaching a value > 130% of the VHE flux
from the Crab Nebula (Quinn & VERITAS Collaboration
2020). This lead to the coordinated multiwavelength obser-
vations by several other instruments. During the flaring pe-
riod, the Swift XRT observed (Quinn & VERITAS Collab-

? Contact e-mail: sarira@nucleares.unam.mx
† Contact e-mail: benjamin.medina@cinvestav.mx
‡ Contact e-mail: gabriel.sanchez@cinvestav.mx
§ Contact e-mail: Subhash.Rajpoot@csulb.edu

oration 2020) an order of magnitude increase in the X-ray
flux compared to the one recorded weeks and months be-
fore. Similarly, the Fermi-LAT also observed elevated GeV
gamma-rays (Sinapius et al. 2020). Contrary to this, the op-
tical monitoring of VER J0521+211 showed a dimming of
the source, suspecting an orphan flare which was not visible
in optical wavelength (Pursimo & Ojha 2020). The IceCube
neutrino telescope also looked for track-like muon neutrino
events from the direction of VER J0521+211 but with null
results (Pizzuto & Taboada 2020).

In BL Lac objects the non thermal emission dominates over
the stellar emission of the host galaxy and hinders the esti-
mation of the redshift. The knowledge of the redshift of the
source is essential to the understanding of the intrinsic spec-
trum, the nature of the source, and its cosmic evolution. Since
VHE gamma-rays are attenuated by the EBL, knowledge on
the redshift helps to probe the EBL effect through lepton
pair production. The observed VHE flux of a blazar Fγ is re-
lated to the intrinsic flux Fint, through the relation (Hauser
& Dwek 2001)

Fγ(Eγ) = Fint(Eγ) e−τγγ(Eγ ,z), (1)

where τγγ is the optical depth for the process γγ → e+e− and
depends on the photon energy Eγ and the redshift z of the
source. The exponential factor corresponds to the depletion
of the VHE flux due to the lepton pair-production. Thus, the
distance to the source is essential to estimate the intrinsic flux
from the observed flux. Well-known EBL models (Frances-
chini et al. 2008; Finke et al. 2010; Domı́nguez et al. 2011;
Gilmore et al. 2012) are used by the Imaging Atmospheric
Cerenkov Telescopes (IACTs) collaborations to analyze the
observed VHE γ-ray spectra from objects of varying redshifts.

© 2023 The Authors
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Abstract
Recent measurements of Jupiter’s gravitational moments by the Juno spacecraft and seismology of Saturn’s

rings suggest that the primordial composition gradients in the deep interior of these planets have persisted since
their formation. One possible explanation is the presence of a double-diffusive staircase below the planet’s
outer convection zone, which inhibits mixing across the deeper layers. However, hydrodynamic simulations
have shown that these staircases are not long-lasting and can be disrupted by overshooting convection. In this
paper we suggests that planetary rotation could be another factor for the longevity of primordial composition
gradients. Using rotational mixing-length theory and 3D hydrodynamic simulations, we demonstrate that
rotation significantly reduces both the convective velocity and the mixing of primordial composition gradients.
In particular, for Jovian conditions at 𝑡 ∼ 108 yrs after formation, rotation reduces the convective velocity by a
factor of 6, and in turn, the kinetic energy flux available for mixing gets reduced by a factor of 63 ∼ 200. This
leads to an entrainment timescale that is more than two orders of magnitude longer than without rotation. We
encourage future hydrodynamic models of Jupiter and other gas giants to include rapid rotation, because the
decrease in the mixing efficiency could explain why Jupiter and Saturn are not fully mixed.

Key words: UAT Keywords: Jupiter (873), Saturn (1426), Solar system gas giant planets (1191), Planetary
interior (1248), Hydrodynamics (1963), Hydrodynamical simulations (767), Convective zones (301)

1. Introduction
The history of the solar system is written in the interiors

of the giant planets. In particular, since Jupiter accounts for
75% of the Solar System’s planetary mass, understanding its
interior (or more precisely, determining the distribution and
total mass of heavy elements within the planet) can provide
important clues on the first stages of the formation of the so-
lar system (see the recent review by Miguel & Vazan 2023).
Traditionally, Jupiter has been considered a fully convective
planet, with a well-defined interface separating a dense core
made of heavy elements and the hydrogen-helium envelope
(Pollack et al. 1996). However, new data from the Juno mis-
sion indicates that Jupiter does not have a well-defined central
core of heavy elements, nor is it homogeneously mixed (e.g.,
Bolton et al. 2017b,a; Wahl et al. 2017; Debras & Chabrier
2019; Howard et al. 2023). Interestingly, ring seismology
suggests that Saturn is likewise not homogeneously mixed
(Mankovich & Fuller 2021). These new observational con-
straints on the internal structure of gas giants require updates
to formation and evolution models (Helled et al. 2022). Com-
position gradients decrease the efficiency of the heat transport
throughout the planet’s interior and thus affect its cooling,
and mass-radius relationship at a given age (e.g., Chabrier &
Baraffe 2007; Leconte & Chabrier 2012, 2013).

Primordial composition gradients are expected to naturally
result from planet formation (e.g., Helled & Stevenson 2017;
Müller et al. 2020; Stevenson et al. 2022) or collisional events
during the planet’s evolution (Liu et al. 2019), but the per-
sistence of composition gradients against strong convective-
mixing over evolutionary timescales is poorly understood.
One mechanism for maintaining a composition gradient ap-
pears in one-dimensional evolution models, where convec-
tive staircases (i.e., multiple convective layers separated by
thin, stably-stratified, diffusive interfaces) form underneath
the outer convective envelope, preventing mixing deeper in
the interior (e.g., Vazan et al. 2015, 2018; Stevenson et al.
2022). However, 3D simulations of layered convection in
incompressible flows have shown that convective staircases
fully mix on short timescales (e.g., Wood et al. 2013; Garaud
2018). Recently, Fuentes et al. (2022) explored the formation
of a convective staircase beneath a growing convection zone,
and found that compositional mixing across the interface be-
tween the convection zone and the stable region prevents the
formation of the staircase. Similar results were found by
Anders et al. (2022) in the context of stellar convection, con-
cluding that compositional gradients are ineffective barriers
against convective mixing over evolutionary timescales.

Rotation is another factor that could prevent convective
mixing in Jupiter and other gas giants. Experiments and nu-
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ABSTRACT
Recently, it was shown that the formation of a photon-trapping surface might not be sufficient
to ensure unimpeded super-Eddington (SE) accretion. In light of this finding, here we derive
a condition such that sustained and unimpeded SE accretion could be achieved in optically
thick slim accretion disks surrounding neutron stars (NSs) and black holes (BHs). For this, we
calculate a semi-analytic approximation of the self-similar global radial velocity expression
for an advection-dominated flow. Neglecting the influence of relativistic jets on the accretion
flow, we find that for Eddington fraction ¤𝑚 & 1.5(𝜖/0.1)3/5 (𝜖 being the accretion efficiency)
sustained SE accretion might be possible in slim disks around BHs irrespective of their spin.
The same condition holds for NSs when 𝜖 > 0.03. The presence of a surface magnetic
field might truncate the disk at the magnetosphere of the NS, resulting in lower efficiencies
and consequently changing the condition to ¤𝑚 > 0.013𝜖−19/31. Our approach suggests that
sustained SE accretion might almost always be possible around NSs and BHs hosting accretion
disks.
Key words: accretion, accretion discs

1 INTRODUCTION

It is understood that radiation takes longer to diffuse through an
optically thick medium due to the presence of a higher number of
scattering targets. Therefore, in the scenario where the medium is
moving at a speed that is greater and in the opposite direction to the
diffusive photons, the photons will be unable to overcome the flow.
Along similar lines, considering Bondi accretion (Bondi 1952) onto
a black hole (BH), Begelman (1979) calculated that for a givenmass
accretion rate ¤𝑀 , a photon trapping surface would form at radius 𝑟tr
such that 𝑟tr = 2𝑟𝑔 ¤𝑚 where

¤𝑚 := 𝜖 ¤𝑀/ ¤𝑀Edd, (1)

¤𝑀Edd = 𝐿Edd/𝑐2 being the mass accretion rate at Eddington lumi-
nosity, 𝐿Edd = 4𝜋𝐺𝑀𝑐/^. Since a trapping surface would form for
any value of ¤𝑚 > 1, an immediate conclusion is that steady-state
super-Eddington (SE) Bondi accretion is always possible. Johnson
& Upton Sanderbeck (2022) (JUS22 from here on) found that the
so-formed trapping surface would ensure sustained and unimpeded
SE accretion if and only if

𝑟eq < 𝑟tr, (2)

where 𝑟eq is the radius at which the momentum flux rate ( ¤𝑝grav) of
infalling matter in the gravitational potential is equal to the max-
imum momentum flux rate ( ¤𝑝rad) of the outgoing radiation. They
derived a simple relation for the accretion rate

¤𝑚 ' 2/𝜖 (3)

★ sgho069@aucklanduni.ac.nz

beyond which Eq. 2 is satisfied, hence allowing for unimpeded
Bondi accretion on a BH. They further anticipated that the value of
¤𝑚 would be lower in the case of accretion through a disk.
While AGN observed today might be undergoing Bondi ac-

cretion owing to a low angular momentum (AM) supply of the gas
(JUS22 ), this might not the case for accretion in stellar binaries
where the AM can be derived from the orbit. Therefore a disk is
much more likely to form. Moreover, these disks would have out-
flows and be more luminous compared to those undergoing Bondi
accretion, hence having observational significance. Therefore, it
would be useful to extend the work of JUS22 for the case when
accretion happens through a disk. Here we calculate the condition
expressed in Eq. 3 for such a form of accretion around neutron stars
(NSs) and BHs while also accounting for the effect of mass outflow.

This article is organized as follows. In section 2 we propose an
extension of the radial velocity self-similar relation for advection-
dominated accretion flow in slim disks around a Schwarzschild BH.
In section 3 we use this to calculate a revised condition allowing
for SE accretion in slim disks around NSs and BHs. Here we also
examine the effect of NS’s surface magnetic field on this condition.
We end with a brief discussion in section 4.

2 SEMI-ANALYTICAL APPROXIMATION OF
GLOBALLY SELF-SIMILAR RADIAL VELOCITY

We assume a height-integrated, axis-symmetric and reflection-
symmetric (w.r.t. to the equatorial plane) steady state slim disk1.

1 As we are interested in accretion rates above Eddington, hence we choose
geometrically slim rather than thin disks (Abramowicz et al. 1988).

© 2023 The Authors
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ABSTRACT

We identify cosmic voids from galaxy density fields under the theory of void-cluster correspondence.

We extend the previous novel void-identification method developed for the matter density field to the

galaxy density field for practical applications. From cosmological N-body simulations, we construct

galaxy number- and mass-weighted density fields to identify cosmic voids that are counterparts of

galaxy clusters of specific mass. The parameters for the cluster-counterpart void identification such

as Gaussian smoothing scale, density threshold, and core volume fraction are found for galaxy density

fields. We achieve about 60–67% of completeness and reliability for identifying the voids of corre-

sponding cluster mass above 3 × 1014 h−1M� from a galaxy sample with the mean number density,

n̄ = 4.4× 10−3(h−1Mpc)−3. When the mean density is increased to n̄ = 10−2(h−1Mpc)−3, the detec-

tion rate is enhanced by ∼ 2–7% depending on the ‘mass scale’ of voids. We find that the detectability

is insensitive to the density weighting scheme applied to generate the density field. Our result demon-

strates that we can apply this method to the galaxy redshift survey data to identify cosmic voids

corresponding statistically to the galaxy clusters in a given mass range.

Keywords: Large-scale structure of the universe (902), Voids (1779)

1. INTRODUCTION

Cosmic voids are the largest volume component of the

large-scale structures in the universe (Joeveer & Einasto

1978; Einasto et al. 1980; Gott et al. 1986; de Lapparent

et al. 1986; Vogeley et al. 1994) but contain a relatively

small amount of mass. Because of their underdense na-

ture, voids have been utilized as a probe for dark energy

(Lee & Park 2009; Lavaux & Wandelt 2010; Li 2011;

Pisani et al. 2015; Sutter et al. 2015; Achitouv 2017),

gravitation (Nusser et al. 2005; Li et al. 2012; Cai et al.

2015; Achitouv 2019), initial conditions (Kim & Park

1998), as well as a laboratory for studying the environ-

mental effect on galaxy formation and evolution (Cec-

carelli et al. 2008; Park & Lee 2009; Kreckel et al. 2011;

Beygu et al. 2013; Shim et al. 2015; Ceccarelli et al.

2022).

Corresponding author: Juhan Kim

kjhan@kias.re.kr

For void identification from simulation and observa-

tion, various void-finding methods have been developed

(Kauffmann & Fairall 1991; El-Ad et al. 1996; Colberg

et al. 2005; Patiri et al. 2006b; Hahn et al. 2007; Platen

et al. 2007; Neyrinck 2008; Forero-Romero et al. 2009;
Lavaux & Wandelt 2010; Sutter et al. 2015; Shim et al.

2021). With reasonable void-finding parameter values,

a void-finder may identify voids that are aspherical and

hierarchical. However, neither the asphericity nor hier-

archical structure of voids are taken into account in the

spherical void formation model (Fillmore & Goldreich

1984; Suto et al. 1984; Bertschinger 1985). Thus, it is

not unnatural to find some discrepancy between voids

in data and the spherical void model. For example, the

shell-crossing density threshold derived from the statis-

tics of voids in data is inconsistent with the prediction

based on the spherical void approximation (Chan et al.

2014; Achitouv et al. 2015; Nadathur & Hotchkiss 2015).

This motivates a search for a new definition and identifi-

cation method for voids that mitigate the inconsistency

between voids in theory and data.
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Measuring µ-Distortions from the Thermal Sunyaev-Zeldovich effect
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The thermal Sunyaev-Zel’dovich (tSZ) effect is a spectral distortion of the cosmic microwave
background (CMB) resulting from inverse Compton scattering of CMB photons with electrons in
the medium of galaxy clusters. The spectrum of the tSZ effect is typically calculated assuming the
spectrum of the CMB is a blackbody. However, energy or photon number injection at any epoch
after photon creation processes become inefficient will distort the blackbody, potentially leading to
a chemical potential or µ-distortion for early injection. These primordial spectral distortions will
therefore introduce a change in the tSZ effect, effectively a distortion of a distortion. While this
effect is small for an individual cluster’s spectrum, upcoming and proposed CMB surveys expect to
detect tens of thousands of clusters with the tSZ effect. In this paper, we forecast constraints on
the µ-distortion monopole from the distortion of the tSZ spectrum of clusters measured by CMB
surveys. We find that planned experiments have the raw sensitivity to place constraints on µ that are
comparable to or better than existing constraints but control over foregrounds and other systematics
will be critical.

I. INTRODUCTION

The cosmic microwave background (CMB) provides us
with vital information about the origin and evolution of
our observable universe, and of the underlying physical
laws that govern it. We have greatly improved measure-
ments of CMB temperature and polarization anisotropy
over the last 20 years with experiments such as WMAP
[1] and Planck [2].

On the other hand, our constraints on the frequency
spectrum of the CMB have not improved since the mea-
surements of the Far Infrared Absolute Spectrophotome-
ter on the Cosmic Background Explorer (COBE/FIRAS
hereafter) [3]. Although the measured CMB spectrum
closely matches a blackbody, the CMB in fact is expected
to have some small distortion away from a blackbody
spectrum.

Energy injections in the form of diffusion damping of
small-scale anisotropies, resulting from imperfect photon-
baryon coupling in the pre-recombination plasma, during
periods of inefficient thermalization (z . 2 × 106) will
slightly distort the spectrum. For 2× 106 & z & 5× 104,
distortions of the µ-type are generated by this process,
while for 5×104 & z & 1100 distortions of the y-type are
generated. Using an internal blackbody as a calibrator,
COBE/FIRAS was able to confirm the CMB spectrum
closely follows a blackbody distribution and place upper
limits of |y| < 1.5× 10−5 and |µ| < 9× 10−5 (95% CL).

While diffusion damping of fluctuations from slow-roll
inflation is one small (µ & 10−8) but guaranteed method
for generating spectral distortions before recombination
[4–7], other possibilities include annihilating particles [8],
diffusion damping in inflationary models that generate
primordial black holes [9], primordial black hole evapo-
ration [10], and primordial gravitational waves [11].

The CMB radiation can also be distorted by post-
recombination sources, for example through inverse

Compton scattering off of the hot electron gas in galaxy
clusters, resulting in cluster-scale distortions of the CMB
spectrum, a phenomenon referred to as the thermal
Sunyaev-Zel’dovich (tSZ) effect [4]. In general spectral
distortions allow one to probe any process associated with
energy injection into the CMB after the thermalization
epoch.

Measuring the mean, or monopole, frequency spectrum
of the CMB is extremely challenging, because it requires
an experiment to retain information about the absolute
power received from the sky, not just the difference in
power between different sky locations. Absolute mea-
surements require exquisite stability over long timescales
and tight control over any spatially varying sources of
emission. Note that these stability requirements remain
even for an experiment that does not require an over-
all absolute gain calibration (e.g., [12, 13]). For these
reasons, it is often assumed that such measurements can
only be made from space.

One way around these requirements is to measure the
mean distortion of an anisotropic signal that can be mea-
sured differentially, such as the CMB dipole [14] or pri-
mary CMB anisotropy. The issue with using CMB tem-
perature anisotropy is that most differential CMB ex-
periments use the temperature anisotropy (either the
dipole—or, more precisely, the annual modulation of the
dipole—or the degree-scale and smaller anisotropy) as a
calibration source, with the underlying assumption that
the photon distribution follows a perfect blackbody. This
effectively destroys any sensitivity to spectral distortions
from the dipole or primary anisotropy, because the cali-
brated spectrum of the anisotropy will be forced to look
like the derivative of a blackbody. Put another way, ex-
periments designed to measure spectral distortions in the
dipole or primary CMB anisotropy must find a different
way of calibrating the relative response between observ-
ing frequencies.
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Jump-starting relativistic flows, and the M87 jet

Maxim Lyutikov, Ahmad Ibrahim
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Abstract

We point out the dominant importance of plasma injection effects for relativistic

winds from pulsars and black holes. We demonstrate that outside the light cylinder

the magnetically dominated outflows while sliding along the helical magnetic field move

in fact nearly radially with very large Lorentz factors γ0 � 1, imprinted into the flow

during pair production within the gaps. Only at larger distances, r ≥ γ0(c/Ω), the

MHD acceleration Γ ∝ r takes over. As a result, Blandford-Znajek (BZ) driven outflows

would produce spine-brightened images, contrary to observations of the edge-brightened

jet in M87. We conclude that M87 jet is not BZ-driven. Other implications include:

(i) variability time scale of emission even from non-blazar AGNe like M87 and Cen

A can be much shorter than the BH spin period; (ii) the model explains blazar-like

phenomena in clearly non-aligned AGNe; (iii) in PIC simulations of pulsars’ and black

holes’ magnetospheres with pair production, the pairs should be injected with large

Lorentz factors - this would drastically change the resulting magnetospheric and inner-

wind structure, if compared with pair injection at rest; (iv) the model resolves the

problem of cyclotron absorption in the Crab pulsar wind.

1. Introduction

Acceleration of relativistic winds and jets is a classical problem in high energy astrophysics

(e.g. Michel 1969; Goldreich & Julian 1970; Blandford & Znajek 1977; Blandford & Königl 1979;

Camenzind 1986; Krolik 1999; McKinney 2006; Barkov & Komissarov 2008; Blandford et al. 2019).

A standard approach involves solution of the MHD equation (analytical or numerical) starting with

a slowly moving plasma. Plasma is then accelerated by the corresponding pressure gradient, and

collimated by magnetic hoop stresses (Blandford & Payne 1982).

MHD models of acceleration (Beskin 2009; Komissarov et al. 2009; Nokhrina & Beskin 2017)

take full account of plasma velocity: both along and across magnetic field. The corresponding

analytical treatment, based on the relativistic Grad-Shafranov equation (Grad 1967; Shafranov

1966; Scharlemann & Wagoner 1973; Beskin 2009) is completed, as it requires finding the initially

unknown current distribution together with the solution for the magnetic field.

In the limit of highly magnetized plasma - the force-free limit - the parallel velocity is not

defined in principle. But that does not mean it can be neglected. Plasma may be/is streaming with
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Abstract. The Galactic Halo is a key target for indirect dark matter detection. The High
Altitude Water Cherenkov (HAWC) observatory is a high-energy (∼ 300 GeV to > 100 TeV)
gamma-ray detector located in central Mexico. HAWC operates via the water Cherenkov
technique and has both a wide field of view of 2 sr and a >95% duty cycle, making it ideal
for analyses of highly extended sources. We made use of these properties of HAWC and a new
background-estimation technique optimized for extended sources to probe a large region of
the Galactic Halo for dark matter signals. With this approach, we set improved constraints
on dark matter annihilation and decay between masses of 10 and 100 TeV. Due to the large
spatial extent of the HAWC field of view, these constraints are robust against uncertainties
in the Galactic dark matter spatial profile.

Keywords: dark matter experiments, gamma-ray experiments
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ABSTRACT

The Large Magellanic Cloud (LMC) has an extensive Hα emission halo that traces an extended,

warm ionized component of its interstellar medium. Using the Wisconsin Hα Mapper (WHAM)

telescope, we present the first kinematic Hα survey of an extensive region around the LMC, from

(`, b) = (264.◦5, −45.◦5) to (295.◦5, −19.◦5), covering +150 ≤ vLSR ≤ +390 km s−1. We find that

ionized hydrogen exists throughout the galaxy and extends several degrees beyond detected neutral

hydrogen emission (log
(
NH i/cm−2

)
≈ 18.3) as traced by 21-cm in current surveys. Using the column

density structure of the neutral gas and stellar line-of-sight depths as a guide, we estimate the upper

limit mass of the ionized component of the LMC to be roughly Mionized ≈ (0.6−1.8)×109 M�, which is

comparable to the total neutral atomic gas mass in the same region (Mneutral ≈ 0.75− 0.85× 109 M�).

Considering only the atomic phases, we find Mionized/Mionized+neutral, to be 46%–68% throughout the

LMC and its extended halo. Additionally, we find an ionized gas cloud that extends off of the LMC

at (`, b) ≈ (285◦,−28◦) into a region previously identified as the Leading Arm complex. This gas is

moving at a similar line-of-sight velocity as the LMC and has Mionized/Mionized+neutral = 13%–51%.

This study, combined with previous studies of the SMC and extended structures of the Magellanic

Clouds, continues to suggest that warm, ionized gas is as massive and dynamically-important as the

neutral gas in the Magellanic System.

Keywords: Magellanic Clouds (990), Local Group (929), Interstellar medium (847), Galaxy structure

(622)

1. INTRODUCTION

At distances of d� ≈ 50 kpc (Walker 2012; Pietrzyński

et al. 2013) and d� ≈ 60 kpc (Hilditch et al. 2005), the

Large Magellanic Cloud (LMC) and Small Magellanic

Cloud (SMC) provide us with an opportunity to thor-

Corresponding author: B. M. Smart

drbsmart@uw.edu

oughly study multiple components of an external galaxy

system in high detail. Surveys reveal that the gas in this

system has a complex morphology and kinematic struc-

ture. Interactions between the Magellanic Clouds (MCs)

have stripped > 109M� of gas out of the galaxies (Fox

et al. 2014) and resulted in multiple gaseous structures

extending out of the system, including several large re-

gions designated as the Bridge, Leading Arm (LA), and

Stream. The neutral gas component of the LMC and
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A non-linear solution to the S8 tension II: Analysis of DES
Year 3 cosmic shear
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ABSTRACT
Weak galaxy lensing surveys have consistently reported low values of the S8 parameter
compared to the Planck ΛCDM cosmology. Amon & Efstathiou (2022) used KiDS-1000
cosmic shear measurements to propose that this tension can be reconciled if the matter
fluctuation spectrum is suppressed more strongly on non-linear scales than assumed in
state-of-the-art hydrodynamical simulations. In this paper, we investigate cosmic shear
data from the Dark Energy Survey (DES) Year 3. The non-linear suppression of the
matter power spectrum required to resolve the S8 tension between DES and the Planck
ΛCDM model is not as strong as inferred using KiDS data, but is still more extreme
than predictions from recent numerical simulations. An alternative possibility is that
non-standard dark matter contributes to the required suppression. We investigate the
redshift and scale dependence of the suppression of the matter power spectrum. If
our proposed explanation of the S8 tension is correct, the required suppression must
extend into the mildly non-linear regime to wavenumbers k ∼ 0.2hMpc−1. In addition,
all measures of S8 using linear scales should agree with the Planck ΛCDM cosmology,
an expectation that will be testable to high precision in the near future.

Key words: cosmology: cosmological parameters, weak lensing, observations,

1 INTRODUCTION

The six-parameter ΛCDM cosmological model has been in-
credibly successful in explaining the anisotropies of the cos-
mic microwave background (CMB; e.g. Planck Collabora-
tion et al. 2020a), baryon acoustic oscillations (BAO; e.g.
Alam et al. 2021) and a wide range of other astronomical
data. Nevertheless, there are indications of ’tensions’ be-
tween this model and some observations. The ‘Hubble ten-
sion’, i.e. the discrepancy between distance ladder measure-
ments of the Hubble parameter at present day, H0, and the
value inferred from the CMB assuming the ΛCDM model, is
the most well known (for reviews see Freedman 2021; Shah
et al. 2021; Kamionkowski & Riess 2022). In addition, there
is an apparent discrepancy between the amplitude of the
matter fluctuations inferred from the CMB and that mea-
sured in cosmic shear surveys which has become known as
the ‘S8 tension’1, (e.g. Heymans et al. 2013; Asgari et al.
2021; Amon et al. 2022; Secco et al. 2022; Dalal et al. 2023;

? E-mail: cp662@cam.ac.uk
† E-mail: alexandra.amon@ast.cam.ac.uk
‡ E-mail: gpe@ast.cam.ac.uk
1 Where S8 = σ8(Ωm/0.3)0.5, Ωm is the present day matter den-
sity in units of the critical density and σ8 is the root mean square

linear amplitude of the matter fluctuation spectrum.

Li et al. 2023). Since new physics may be required to explain
these tensions, they have become the focus of many recent
observational and theoretical studies.

This paper is a sequel to Amon & Efstathiou (2022),
hereafter Paper I, and is devoted exclusively to the S8 ten-
sion. Paper I investigated the hypothesis that the Planck
ΛCDM cosmology accurately describes matter fluctuations
on linear scales, including their growth rate. The S8 tension
is then explained by modifying the matter power spectrum
on non-linear scales. Paper I adopted a simple phenomeno-
logical model for the matter power spectrum

Pm(k, z) = PL
m(k, z) +Amod[PNL

m (k, z)− PL
m(k, z)] , (1)

where the superscript L denotes the linear theory power
spectrum and the superscript NL denotes the non-linear
power spectrum in a model in which the matter behaves
like cold dark matter (i.e. ignoring the thermal pressure of
baryons and baryonic feedback). The Amod parameter mod-
ulates the amplitude of the non-linear spectrum and can de-
scribe a suppression of power on small scales. Paper I com-
pared this model to the weak lensing measurements from the
Kilo-Degree Survey (KiDS) reported by Asgari et al. (2021)
and showed that the Planck ΛCDM cosmology provides ac-
ceptable fits to the KiDS shear-shear two-point statistics if
the suppression parameter has a value Amod ≈ 0.69. Our hy-

© 0000 The Authors
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The flattening of dark matter halo of Centaurus A
galaxy (NGC 5128) out to 40 kpc
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Abstract. Cosmological simulations predict dark matter shapes that deviate from spherical symmetry.
The exact shape depends on the prescription of the simulation and the interplay between dark matter and
baryons. This signature is most pronounced in the diffuse galactic haloes that can be observationally probed
with planetary nebulae and globular clusters (GCs). The kinematic observations of these halo tracers support
intrinsic triaxial shape for the mass generating the gravitational potential. With discrete axisymmetric mod-
elling of GCs as the halo tracers of NGC 5128 we investigate the overall mass distribution of this nearby
giant elliptical galaxy. Our modelling approach constrains c200, (M/L)?,B and inclination. We derive a
preliminary M200 ∼ 1 × 1012 M� and flattening qDM ∼ 1.3 indicative of prolate/triaxial halo for NGC 5128.

Keywords. (cosmology): dark matter; galaxies: halos; galaxies: elliptical and lenticular; evolution;
individual: NGC 5128; galaxies: kinematics and dynamics

1. Introduction
Mass is the dominant driver of structure formation and evolution. In the concordance model

of ΛCDM cosmology, dark matter is the dominant mass component in the Universe. ΛCDM
has been very successful at explaining the observed properties of galaxy populations. However,
there are still some predictions from the theory that have been challenging to constrain obser-
vationally. One such challenge is the intrinsic shape of the dark matter haloes. The shape is
quantified with the axis ratios of a 3D ellipsoid: p = b/a and q = c/a, where a > b > c are
semi-major, intermediate and minor axis. Halos with a > b = c are considered prolate and
a = b > c are considered oblate, otherwise, the shape is triaxial.

NGC 5128 (CenA) is a nearby early-type galaxy (ETG), owing to its proximity and mass it
is an excellent target for dynamical modelling of its halo tracers to constrain the flattening of
the dark matter halo. At a distance of 3.8 Mpc (Harris et al. 2010) and with a stellar mass of
M? ∼ 1011M� this galaxy hosts 1700 discrete kinematic tracers, Globular Clusters (GCs) and
Planetary Nebulae (PNe) with velocity measurements in the literature. Using PNe kinematics
Peng et al. (2004a) found evidence for a triaxial potential of CenA.

In this proceeding, we outline the scientific rationale behind the dynamical studies of dark
matter shapes, introduce NGC 5128 as a test case and discuss the first steps of the dynamical
modelling of its halo tracers.

2. Dark matter halo shapes
Observationally, dark matter can only be probed through its gravitational influence on the

baryons. We can use dynamical modelling to investigate the distribution of dark matter that

© International Astronomical Union, 2023

ar
X

iv
:2

30
5.

09
82

2v
1 

 [
as

tr
o-

ph
.G

A
] 

 1
6 

M
ay

 2
02

3

https://doi.org/10.1017/xxxxx
mailto:tadeja.versic@univie.ac.at


MNRAS 000, 1–21 (2023) Preprint May 18, 2023 Compiled using MNRAS LATEX style file v3.0

Constraints on the spectral signatures of superconducting cosmic strings
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ABSTRACT
If they exist, networks of superconducting cosmic strings are capable of injecting copious amounts of electromagnetic energy
into the background over a broad range of frequencies. We study this injection both analytically, as well as numerically using the
thermalization code CosmoTherm. With our refined analytic formalism, we update constraints from CMB spectral distortions by
following the injection of entropy, as well as energy, on the amplitude of the `-distortion, leading to a significant improvement in
those limits. Furthermore, we utilize the full shape of the distorted spectrum from CosmoTherm to include constraints from non-`,
non-𝑦 type distortions. Additionally, we use the outputs for the ionization history and global 21cm signal to derive and update
constraints on string model parameters using measurements from other datasets. Analysis of CMB anisotropies provides the
most stringent constraints, though with a slightly modified shape and strength when compared to previous results. Modifications
of the reionization history provide new bounds in the high current domain, and we also find that the observations of the low-
frequency radio background probe a small region of parameter space not explored by other datasets. We also analyze global
21-cm constraints, and find that the inclusion of soft photon heating plays a crucial role, essentially removing any constraints
in the considered parameter domain. Spectral distortion measurements from COBE/FIRAS are covered by other constraints, but
our conservative forecast shows that a PIXIE-type satellite would probe important unexplored regions of parameter space.

Key words: Cosmology - Cosmic Microwave Background; Cosmology - Theory

1 INTRODUCTION

We are well into an age of precision cosmology, with detailed ob-
servations being taken over much of the electromagnetic spectrum.
At radio frequencies, an anomalous background is being uncovered
(Fixsen et al. 2011; Dowell & Taylor 2018) with no known astro-
physical source. Meanwhile, data from the epoch of reionization is
slowly building up, with a first claimed detection of the differential
brightness temperature at cosmic dawn coming from the EDGES
experiment (Bowman et al. 2018). We also have exquisite measure-
ments of the cosmic microwave background (CMB) anisotropies
from the Planck satellite (Planck Collaboration et al. 2020), as well
as the frequency spectrum from COBE/FIRAS (Fixsen et al. 1996),
which teaches us still further about our thermal history. One of the
aims of these cosmological observations is to help us understand our
origins. Here, we will consider how the spectral signatures of a net-
work of superconducting cosmic strings can be probed using these
observations.
Cosmic strings are a class of topological defect that may form

at the interface of cosmological phase transitions if the true vacuum
manifold is degenerate, and not simply connected (see Brandenberger
1994; Hindmarsh & Kibble 1995; Vilenkin & Shellard 2000, for
comprehensive reviews). If they form, cosmic strings (also known
as line defects) are nearly one dimensional objects with a small,
but finite width. The interior of a string resembles the state of the
universe as it was in the false vacuum, consisting of a condensate
of scalar and gauge particles from this previously unbroken phase.

★ E-mail: bryce.cyr@manchester.ac.uk

The detection (or non-detection) of cosmic strings in the various
observations give us pieces of information about our thermal history
that would otherwise be very challenging to infer.
String models exhibit a property known as scaling, where the

macroscopic properties of the string network can be described by
one parameter. This parameter is known as the string tension (𝐺`),
and is related to the energy scale of the phase transition ([) through
𝐺` ' 𝐺[2, where 𝐺 is Newton’s gravitational constant. It has also
been shown that some symmetry breaking patterns can imbue the
strings with superconductive properties, leading to the generation of
significant currents,I, as the string traverses through the plasma (see
Witten 1985; Ostriker et al. 1986, for seminal examples). Supercon-
ducting cosmic string models are typically described by these two
parameters, 𝐺` and I.
As we will discuss below, a cosmic string network generally con-

sists of a small number of long strings which run through our Hub-
ble patch at any given time, as well as a distribution of smaller
loops with curvature radii on all scales up to some O(0.1) frac-
tion of the Hubble scale. Although these string loops act as seeds
for density perturbations at early times, detailed observations of the
microwave background have relegated them to only being a highly
subdominant component of structure formation (Perivolaropoulos
1995; Magueĳo et al. 1996; Pen et al. 1997; Albrecht et al. 1997),
requiring 𝐺` . 10−7. Even so, there are hints that the enhanced
gravitational effects of string loops could play a role in the forma-
tion of supermassive black holes (Bramberger et al. 2015; Cyr et al.
2022).
Superconducting loops are capable of producing copious amounts

of gravitational (Vachaspati & Vilenkin 1985) and electromagnetic

© 2023 The Authors
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Mitigating the Non-Linearities in a Pyramid Wavefront Sensor

Finn Archinuka,b, Rehan Hafeezc, Sébastien Fabbroa,b, Hossen Teimooriniaa,b, Jean-Pierre
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Abstract.
For natural guide start adaptive optics (AO) systems, pyramid wavefront sensors (PWFSs) can provide significant

increase in sensitivity over the traditional Shack-Hartmann, but at the cost of a reduced linear range. When using a
linear reconstructor, non-linearities result in wavefront estimation errors, which can have a significant impact on the
image quality delivered by the AO system. Here we simulate a wavefront passing through a PWFS under varying ob-
serving conditions to explore the possibility of using a non-linear machine learning model to estimate wavefront errors
better than a linear reconstruction. We find significant improvement even with light-weight models, underscoring the
need for further investigation of this approach.

Keywords: adaptive optics, machine learning, wavefront reconstruction, astronomy.

*Jean-Pierre Véran, Jean-Pierre.Veran@nrc-cnrc.gc.ca

1 Introduction

Atmospheric turbulence causes random distortions in incoming light from stellar targets, putting

regions of the incoming wavefronts out of phase. An adaptive optics (AO) system aims to reduce

the effect of atmospheric turbulence with a wavefront sensor (WFS) measuring the incoming light

wave, a real-time controller (RTC) calculating the wavefront, and sending a correction signal to a

deformable mirror (DM). DMs are often controlled with modes, which are large scale deformation

patterns of the wavefront. Modes are a linear combination of the actuators that move the surface of

the DM. The ability to convert WFS measurements to modal coefficients that represent the mea-

sured wavefront is called wavefront reconstruction. For a linear WFS such as the Shack-Hartmann

WFS, this reconstruction can be implemented in a form of a matrix multiplication, so this process

is well adapted in fast dynamic environments such as AO.1 Other WFSs compromise linearity in

order to increase sensitivity, in which case a matrix reconstructor is only an approximation and

1
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Effect of Spherical Polarization on the Magnetic Spectrum of the Solar Wind
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ABSTRACT

Magnetic fluctuations in the solar wind are often observed to maintain constant magnitude of the

magnetic field in a manner consistent with spherically-polarized large-amplitude Alfvén waves. We in-

vestigate the effect of spherical polarization on the magnetic spectral index through a statistical survey

of magnetic fluctuations observed by Parker Solar Probe between 20R⊙ and 200R⊙. We find that devi-
ations from spherical polarization, i.e., changes in |B| (compressive fluctuations) and one-dimensional

discontinuities, have a dramatic effect on the scaling behavior of the turbulent fluctuations. We show

that shallow k−3/2 spectra are only observed for constant magnetic field strength, three-dimensional

structures, which we identify as large amplitude Alfvén waves. The presence of compressive fluctua-

tions coincides with a steepening of the spectrum up to k−5/3. Steeper power law scalings approaching
k−2 are observed when the fluctuations are dominated by discontinuities. Near-sun fluctuations are

found to be the most spherically polarized, suggesting that this spherical state is fundamental to the

generation of the solar wind. With increasing distance from the Sun, fluctuations are found to be-

come less three dimensional and more compressive, which may indicate the breakdown of the Alfvénic
equilibrium state.

1. INTRODUCTION

The solar wind is a collisionless magnetized plasma

characterized by nonlinear turbulent interactions

through which energy cascades from large to small scales
(Bruno & Carbone 2013). The energy spectra of solar

wind fluctuations typically follow power-law type distri-

butions; the power law index, γ, of these fluctuations is

an important diagnostic for our understanding of the rel-
evant nonlinear processes that cascade energy from large

to small scales. Equivalently, the scale dependence of the

fluctuation amplitudes can be described by the second-

order structure function scaling exponent, αB , with

αB = −(1+γ) for an asymptotically long inertial range.
Observations from the Parker Solar Probe mission show

that the scaling of turbulent magnetic field fluctua-

tions in the inner heliosphere is αB = 1/2 (Chen et al.

2020; Sioulas et al. 2023), which is consistent with three-
dimensional, anisotropic turbulence (Chandran et al.

2015; Mallet & Schekochihin 2017; Boldyrev 2006). The

αB = 1/2 scaling has often been recovered by sim-

Corresponding author: Corina Dunn

cidunn@berkeley.edu

ulations (Mallet et al. 2016; Perez & Boldyrev 2009;

Chandran & Perez 2019; Meyrand et al. 2019); how-

ever, magnetic field fluctuations at 1AU typically have
a steeper scaling with αB = 2/3 (Podesta et al.

2010; Chen et al. 2013; Wicks et al. 2013; Roberts 2010;

Horbury et al. 2008).

The mode composition of the fluctuations may con-
tribute to the observed spectral index (Sioulas et al.

2023; Bowen et al. 2018; Podesta & Borovsky 2010;

Chen et al. 2013). The observed fluctuations in the solar

wind exhibit characteristics consistent with large am-

plitude Alfvén waves, such as high cross helicity and
constant magnetic field magnitude (de Wit et al. 2020;

Bale et al. 2019; Chen et al. 2020; McManus et al. 2020;

Chaston et al. 2020; Belcher et al. 1969; Goldstein et al.

1974; Lichtenstein & Sonett 1980). This constant mag-
nitude condition (|B| = const.) can be described as

spherical polarization, in which the magnetic field vec-

tor rotates on the surface of a sphere with radius |B|.

Measurements of the velocity fluctuations in the so-

lar wind also show the signature of spherical polariza-
tion, further indicating the presence of large amplitude

Alfvén waves (Wang et al. 2012; Matteini et al. 2015;

Raouafi et al. 2023).While strong spherical polarization

is present, there are persistent subdominant fluctua-

http://arxiv.org/abs/2305.09763v1
mailto: cidunn@berkeley.edu
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Simple convective accretion flows (SCAFs):
Explaining the ≈ −1 density scaling of hot accretion flows around compact accretors

Wenrui Xu 1

1Center for Computational Astrophysics, Flatiron Institute, New York, USA

ABSTRACT
Recent simulations find that hot gas accretion onto compact accretors are often highly turbulent

and diskless, and show power-law density profiles with slope αρ ≈ −1. These results are consistent
with observational constraints, but do not match existing self-similar solutions of radiatively inefficient
accretion flows. We develop a theory for this new class of accretion flows, which we dub simple
convective accretion flows (SCAFs). We use a set of hydrodynamic simulations to provide a minimalistic
example of SCAFs, and develop an analytic theory to explain and predict key flow properties. We
demonstrate that the turbulence in the flow is driven locally by convection, and argue that radial
momentum balance, together with an approximate up-down symmetry of convective turbulence, yields
αρ = −1± few 0.1. Empirically, for an adiabatic hydrodynamic flow with γ ≈ 5/3, we get αρ ≈ −0.8;
the resulting accretion rate (relative to the Bondi accretion rate), Ṁ/ṀB ∼ (racc/rB)0.7, agrees very
well with the observed accretion rates in Sgr A*, M87*, and a number of wind-fed SgXBs. We also
argue that the properties of SCAFs are relatively insensitive to additional physical ingredients such
as cooling and magnetic field; this explains its common appearance across simulations of different
astrophysical systems.

1. INTRODUCTION

From supermassive black holes (SMBHs) to compact
objects around giant stars, many distinct astrophysi-
cal systems contain radiatively inefficient accretion flows
onto small accretors whose size (or effective size) is many
orders of magnitude below the characteristic outer scale
of the flow (e.g., the Bondi radius). The large scale sep-
aration poses a challenge in simulating such systems,
yet it provides opportunities for developing analytic, ra-
dially self-similar solutions that actual accretion flows
may asymptote towards. Beyond the simplest case of
spherical Bondi accretion (Bondi 1952), previous self-
similar analytic theories for radiatively inefficient accre-
tion flows usually consider a disk-like geometry (moti-
vated by the large scale scale separation together with
the assumption of angular momentum conservation, and
by observational evidences of jets), with an overdense
midplane and underdense poles; this contains a num-
ber of distinct solutions depending on whether the mid-
plane contains an rotationally supported disk, whether
the pole contains an outflow, and the level and origin of
turbulence (see a review of some representative theories
in Yuan & Narayan 2014).
However, recent 3D simulations of radiatively ineffi-

cient accretion flows with large scale separations com-
monly demonstrate a class of flows whose properties are

not well explained by existing theories. Physically, this
class of flows concern the accretion of hot (or radia-
tively inefficient; cf. Shapiro et al. 1976; Ichimaru 1977;
Narayan & Yi 1995) gas at scales below the Bondi radius
rB (or a similar outer scale). They are characterized by
two main features:

• The flow is highly turbulent, and the mean flow
properties are often close to spherical symmetry
as opposed to disk-like;

• The radial mean density profile shows a power-
law slope αρ ≈ −1. This leads to a power-law
dependence of accretion rate on the accretor size
Ṁ ∝ rαṀacc with slope αṀ ≈ 0.5.

Flows exhibiting these properties have been observed in
a number of simulations that cover distinct physical sys-
tems such as accretion onto SMBHs like Sgr A* (Pang
et al. 2011; Ressler et al. 2018, 2020a, 2023) and M87*
(Guo et al. 2023), wind accretion onto NSs in super-
giant X-ray binaries (SgXBs; Xu & Stone 2019), and
accretion during common envelope evolution (MacLeod
& Ramirez-Ruiz 2015). Intriguingly, the ρ and Ṁ scal-
ings appear to be insensitive to the detailed physics of
the flow, which varies significantly across some of these
simulations. They also seem to be broadly consistent
with observational constraints on these systems, espe-
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ABSTRACT

We study the redshift evolution of the baryon budget in a large set of galaxy clusters from the Magneticum suite of Smoothed
Particle Hydrodynamical cosmological simulations. At high redshifts (z & 1), we obtain “closed box” (i.e. the baryon mass fraction
fbar = Ωbar/Ωtot) systems independently by the mass of the systems on radii greater than 3R500,c, whereas at lower redshifts, only
the most massive halos could be considered as “closed box”. Furthermore, in the innermost regions (r < R500,c), the baryon fraction
shows a general decrease with the redshift and, for less massive objects, we observe a much more prominent decrease than for
massive halos ( fbar × Ωtot/Ωbar = Ybar decreases by ∼ 4% from z ∼ 2.8 to z ∼ 0.2 for massive systems and by ∼ 15% for less massive
objects in the same redshift range). The gas depletion parameter Ygas = fgas/(Ωbar/Ωtot) shows a steeper and highly scattered radial
distribution in the central regions (0.5R500,c ≤ r ≤ 2R500,c) of less massive halos with respect to massive objects at all redshifts,
while on larger radii (r ≥ 2R500,c) the gas fraction distributions are independent of the masses or the redshifts. We divide the gas
content of halos into the hot and cold phases. The hot, X-rays observable, component of the gas traces well the total amount of gas
at low redshifts (e.g. for z ∼ 0.2 at R500,c, in the most massive sub-sample –4.6 × 1014 ≤ M500,c/M� ≤ 7.5 × 1014 / less massive
sub-sample –6.0 × 1014 ≤ M500,c/M� ≤ 1.9 × 1014– we obtain: Ygas ∼ 0.75/0.67, Yhot ∼ 0.73/0.64, and Ycold ∼ 0.02/0.02). On
the other hand, at higher redshifts, the cold component provides a not negligible contribution to the total amount of baryon in our
simulated systems, especially in less massive objects (e.g. for z ∼ 2.8 at R500,c, in the sub-sample of the most massive objects –
2.5× 1013 ≤ M500,c/M� ≤ 5.0× 1013 / less massive sub-sample –5.8× 1012 ≤ M500,c/M� ≤ 9.7× 1012–, we measure: Ygas ∼ 0.63/0.64,
Yhot ∼ 0.50/0.45, and Ycold ∼ 0.13/0.18). Moreover, the behaviour of the baryonic, entire gas, and hot gas phase depletion parameters
as a function of radius, mass, and redshift are described by some functional forms for which we provide the best-fit parametrization.
The evolution of metallicity and stellar mass in halos suggests that the early (z > 2) enrichment process is dominant, while more
recent star-formation processes give negligible contributions to the enrichment of the gas metallicity. In addition, Active Galactic
Nuclei (AGN) have an important role in the evolution of galaxy clusters’ baryon content. Thereby, we investigate possible correlations
between the time evolution of AGN feedback and the depletion parameters in our numerical simulations. Interestingly, we demonstrate
that the energy injected by the AGN activity shows a particularly strong positive correlation with Ybar, Ycold,Ystar and a negative one
with Yhot, ZTot. Ygas shows the less prominent level of negative correlation, a result which is highly dependent on the mass of the halos.
These trends are consistent with previous theoretical and numerical works, meaning that our results, combined with findings derived
from current and future X-rays observations, represent possible proxies to test the AGN feedback models used in different suites of
numerical simulations.

Key words. galaxy clusters, general – methods: numerical – intergalactic medium – large-scale structure of Universe –

1. Introduction

The evolution of the baryon content in galaxy groups and clus-
ters plays a key role in the understanding of the formation
and growth of such systems. Indeed, it is expected that their
baryon budget approaches the cosmological ratio between the
cosmological baryon density Ωbar and the total matter density
Ωm. This condition is described as clusters of galaxies being
"closed boxes" (Gunn & Gott 1972; Bertschinger 1985; Voit
2005), which in turn allows neglecting the effects of feedback

? e-mail: matteo.angelinelli2@unibo.it

from galaxy formation (e.g. Allen et al. 2011). However, as we
showed in our recent work (Angelinelli et al. 2022, subsequently
referred to as PaperI), non-gravitational physics related to galaxy
formation significantly alters this picture, by moving a large
number of baryons well beyond the virial radius of their host
halos. Only for massive systems (Mvir ≥ 5 × 1014h−1M�) and at
very large radii (r ≥ 6R500,c), the baryon fraction approaches the
cosmological value, verifying the condition for a “closed-box”
system.

Many observational studies (Sun et al. 2009; Ettori 2015; Lo-
visari et al. 2015; Eckert et al. 2016; Nugent et al. 2020) show

Article number, page 1 of 15
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Left Ringing: Betelgeuse Illuminates the Connection Between Convective outbursts, Mode switching,

and Mass Ejection in Red Supergiants
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ABSTRACT

Betelgeuse, the nearest red supergiant, dimmed to an unprecedented level in early 2020. The star

emerged from this Great Dimming episode with its typical, roughly 400-day pulsation cycle halved,

and a new dominant period of around 200 days. The dimming event has been attributed to a surface

mass ejection, in which rising material drove shocks through the stellar atmosphere and expelled some

material, partially obscuring the star as it formed molecules and dust. In this paper, we use hydrody-

namic simulations to reveal the connections between Betelgeuse’s vigorously convective envelope, the

surface mass ejection, and the pulsation mode switching that ensued. An anomalously hot convective

plume, generated rarely but naturally in the star’s turbulent envelope, can rise and break free from the

surface, powering an upwelling that becomes the surface mass ejection. The rising plume also breaks

the phase coherence of the star’s pulsation, causing the surface to keep expanding even as the deeper

layers contract. This drives a switch from the 400-day fundamental mode of pulsation, in which the

whole star expands and contracts synchronously, to the 200-day first overtone, where a radial node

separates the interior and exterior of the envelope moving in opposite phase. We predict that the

star’s convective motions will damp the overtone oscillation and Betelgeuse will return to its previous,

400-day fundamental mode pulsation in the next 5-10 years. With its resolved surface and unprece-

dentedly detailed characterization, Betelgeuse opens a window to episodic surface mass ejection in the

late-stage evolution of massive stars.

Keywords: keywords

1. INTRODUCTION

Betelgeuse (α Orionis) is a bright, nearby supergiant

star. Its angular size of roughly 42 mas is so large that

it has been spatially resolved in Hubble Space Tele-

scope (HST) ultraviolet imaging (Gilliland & Dupree

1996), interferometric imaging (e.g. Haubois et al. 2009;

Kervella et al. 2018; Montargès et al. 2021), and Hub-

ble Space Telescope (HST) spectroscopy (e.g. Lobel &

Dupree 2000; Dupree et al. 2020). Betelgeuse’s distance,

and thus radius and mass, remain uncertain, but the star

is likely 16− 20M� and ∼ 700− 900R�, implying a dis-

tance of ∼ 170 pc (Joyce et al. 2020), although other

measures suggest a distance of ∼ 220 pc (Harper et al.

Corresponding author: Morgan MacLeod

morgan.macleod@cfa.harvard.edu

2017). Betelgeuse’s effective temperature is ∼ 3600 K

(Levesque & Massey 2020), and the star’s luminosity is

∼ 105L�. Betelgeuse is likely burning helium in its core

(Levesque & Massey 2020) and is vigorously convecting

in its envelope (e.g. Montargès et al. 2021).

Betelgeuse has long been known to be variable, ex-

hibiting semi-irregular pulsations of ∼ 400 d period and

∼ 0.5 mag photometric amplitude. This optical vari-

ability has been associated with a radial pulsation in

the star’s fundamental mode driven by the κ (opacity)

mechanism (Joyce et al. 2020). However, in late 2019

into early 2020 Betelgeuse underwent a historic dim-

ming, fading by nearly a magnitude below its typical

range. Observational studies have revealed that this

historic fading was associated with mass ejection from

the stellar surface (Dupree et al. 2020, 2022). Shocks

were observed tracing outward through the atmosphere,

leaving a cooler photosphere in their wake (Kravchenko
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GlobULeS-V. UVIT/AstroSat studies of stellar populations in NGC 362:
Detection of Blue Lurkers in a Globular Cluster
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ABSTRACT
We report the discovery of four blue lurkers with low- and extremely low-mass white dwarf (ELM WDs) companions in the
Galactic globular cluster NGC362 using AstroSat’s Ultra Violet Imaging Telescope (UVIT). We analyzed the multi-wavelength
spectral energy distribution (SED) of FUV-bright MS stars using data from the UVIT, UVOT, GAIA EDR3, and 2.2m ESO/MPI
telescopes. Two each of low-mass WDs and ELM WDs are found as companions for the four blue lurkers by the fitting of
two-component SED models. The effective temperatures, radii, luminosities, and masses of two low-mass WDs are (35000,
23000) K, (0.04, 0.05) R�, (1.45, 0.22) L�, and (0.2, 0.2) M�, while the two ELMWDs are (14750, 14750) K, (0.09, 0.10) R�,
(0.34, 0.40) L�, and (0.18, 0.18) M�. The position of blue lurkers within the cluster shows that they originated via the Case A/B
mass-transfer mechanism in a low-density environment. This is the first detection of blue lurkers with low-mass WDs and ELM
WDs as companions in a globular cluster. The companion’s cooling age is less than 4 Myr, which suggests that they were just
recently formed. These binary systems might have originated due to the cluster’s recent core collapse.

Key words: ultraviolet: stars — (stars:) blue lurkers — (stars:) Hertzsprung-Russell and CM diagrams — (stars:) white dwarfs
— (Galaxy:) Globular star clusters: individual: (NGC362)

1 INTRODUCTION

Sandage (1953) discovered stars brighter and bluer than the main
sequence lying above the turn-off in the colour-magnitude diagram
(CMD) of the Galactic Globular Cluster (GGC) M3. These stars are
called Blue Straggler Stars (BSSs). The three major formation path-
ways for BSSs are as follows: mass transfer in binary star systems
via Roche lobe overflow (RLOF), which leads to mass gain by BSS
progenitors (McCrea 1964); stellar collisions in a dense cluster en-
vironment (Hills & Day 1976); and tightening and merger of inner
binaries in a hierarchical triple system (Perets & Fabrycky 2009;
Naoz & Fabrycky 2014).
Blue Lurkers (BLs), like BSSs, are also post-mass transfer (MT) sys-
tems, but they do not appear brighter than the main-sequence turn-off
(MSTO) in the CMD. This could be due to a lack of accreted matter
or a too-small accretor star. The jump in the CMD for these stars is
insufficient for them to be seen above the MSTO. As a result, these
stars have been designated as blue lurkers: “BSS-type stars lying
hidden in the MS below MSTO” (Leiner et al. 2019). These stars
cannot be detected using the CMD alone because they do not stand
out like BSSs. Some possible techniques to find these stars are as

★ arvind@aries.res.in
† rkant@aries.res.in
‡ purni@iiap.res.in

follows: Observation of more than average rotation (Vsini) indicat-
ing a recent MT event (Leiner et al. 2019); Multi-wavelength SED
analysis to find companions such as Extremely Low Mass (ELM)
White Dwarfs (WDs), hot sub-dwarfs etc. (Jadhav et al. 2019; Sub-
ramaniam et al. 2020); Looking for chemical peculiarities possible
only via mass accretion. In fact, N-body simulations and population
synthesis studies predict that such mass transfer products could be
abundant (Andronov et al. 2006; Geller et al. 2013).

ELM WDs are helium core WDs with masses M≤ 0.18 M� (Sun
& Arras 2018). The universe’s age limits the mass of WDs formed
by isolated star evolution to ≈ 0.4 M�(Brown et al. 2010). WDs with
masses 0.1-0.4M� were found to be part of compact binaries (Marsh
et al. 1995; Benvenuto & De Vito 2004; Brown et al. 2010). Their
formation can be explained by mass loss in binary systems.

Relatively few studies have been done to identify BLs, and only
in open clusters (OCs) (Leiner et al. 2019; Jadhav et al. 2019; Sub-
ramaniam et al. 2020). These BLs are found in binary systems with
WD/low-mass WD companions. To our knowledge, no literature ex-
ists on the detection of BLs in GCs. Here we report the first detection
of BLs in the GC NGC362 using UV data.

The GC NGC362 is located in the Tucana constellation in the
Southern hemisphere (RA = 01ℎ 03𝑚 14.26𝑠 and Dec = −70◦ 50′
55.′′6). The cluster has an age of ≈ 11 Gyr, located at a distance of
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The signature of galaxy formation models in the power spectrum of the
hydrogen 21cm line during reionization
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ABSTRACT
Observations of the 21cm line of neutral hydrogen are poised to revolutionize our knowledge of cosmic reionization and the high-
redshift population of galaxies. However, harnessing such information requires robust and comprehensive theoretical modeling.
We study the non-linear effects of hydrodynamics and astrophysical feedback processes, including stellar and AGN feedback,
on the 21cm signal by post-processing three existing cosmological hydrodynamical simulations of galaxy formation: Illustris,
IllustrisTNG, and Eagle. Overall and despite their different underlying galaxy-formation models, the three simulations return
similar predictions for the global 21cm rightness temperature and its power spectrum. At fixed redshift, most differences are
attributable to differences in the history of reionization, in turn driven by differences in the build-up of stellar sources of radiation.
However, the impact of astrophysics is imprinted in the 21cm power spectrum through several unique signatures. First, we find
significant small scale (𝑘 ≥ 10Mpc−1) differences between Illustris and IllustrisTNG, where higher velocity winds generated
by supernova feedback soften density peaks and lead to lower 21cm power in TNG. Second, we find more 21cm power at
intermediate scales (𝑘 ≈ 0.8Mpc−1) in Eagle, due to differences in ionization driven by highly effective stellar feedback, leading
to lower star formation, older and redder stellar populations, and thus lower ionizing luminosities. Though subtle, these features
could allow future observations of the 21cm signal, in conjunction with other reionization observables, to constrain theoretical
models for galactic feedback at high redshift.

Key words: cosmology: reionization – galaxies: high-redshift – galaxies: formation

1 INTRODUCTION

Hydrogen in the intergalactic medium (IGM) is progressively ion-
ized by light from the first galaxies during the epoch of reionization
(Barkana & Loeb 2007). This process began a few 100Myr after
the Big Bang (roughly 𝑧 ≈ 15 − 30), and ended when the Universe
was over 1Gyr old, by 𝑧 ≈ 5.3, as inferred in Planck VI (2018). Di-
rect observations of galaxies at these high redshifts are challenging,
requiring long integration times, techniques such as strong lensing
(Atek et al. 2018), or new telescopes such as JWST. Our knowledge
of early galaxy populations and the sources of cosmic reionization is
correspondingly limited.
Because reionization is driven by the ionizing light of galaxies, the

progress of reionization is coupled to the population of galaxies in the
early Universe. Therefore, we can learn about these first galaxies by
observing the gas in the IGM.For instance, studies of the transmission
of ionizing photons along the lines of sight to distant quasars (e.g.
Fan et al. 2006; Bosman et al. 2021) inform us of the time-frame
of reionization, as well as the topology of the ionized regions as
reionization completes. However, these techniques will not allow
us to probe far beyond 𝑧 = 6 due to the increasingly large column

★ E-mail: Joe.Lewis@uni-heidelberg.de

densities of neutral hydrogen. This is where the 21cm line of atomic
hydrogen plays a crucial role.
The strength of the 21cm signal from a particular volume traces

the density of neutral hydrogen gas, its temperature and velocity,
as well as the local radiation field (see Furlanetto et al. 2006, for
a review of the physics). Thus, the sky-averaged signal traces the
global progress of reionization and constrains first light. Already, the
EDGES experiment has provided first constraints on the global signal
for 𝑧 > 10 (Monsalve et al. 2017). At the same time, interferometry
and 21cm tomography can probe the heterogeneity of reionization:
experiments such as LOFAR (Mertens et al. 2020) and HERA (Ab-
durashidova et al. 2022b) have begun to provide upper limits on the
power spectrum of the 21cm signal. Over the coming decades, new
21cm observatories will see first light (e.g. the Square Kilometer
Array; Koopmans et al. 2015).
In order to interpret this new data, we must understand the astro-

physical processes and underlying reionization scenarios that shape
the 21cm signal. Existing theoretical work can be divided into sev-
eral categories based on the approach. Analytical models predict the
evolution of the global 21cm signal (such as Furlanetto et al. 2006;
Mirocha et al. 2015) and various statistics thereof. Such models are
computationally cheap, and can be used to explore a wide range of
cosmological and universal astrophysical parameters.
Cosmological hydrodynamical simulations, on the other hand, di-
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The HI intensity mapping power spectrum:
insights from recent measurements
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ABSTRACT
The first direct measurements of the HI intensity mapping power spectrum were recently made
using the MeerKAT telescope. These measurements are on nonlinear scales, at redshifts 0.32
and 0.44. We develop a formalism for modelling small-scale power in redshift space, within
the context of the mass-weighted HI halo model framework. This model is consistent with
the latest findings from surveys on the HI-halo mass relation. In order to model nonlinear
scales, we include the 1-halo, shot-noise and finger-of-god effects. Then we apply the model
to the MeerKAT auto-correlation data, finding that the model provides a good fit to the data at
redshift 0.32, but the data may indicate some evidence for an adjustment at 𝑧 ∼ 0.44. Such an
adjustment can be achieved by an increase in the HI halo model bias.

Key words: cosmology : observations – large-scale structure of the universe – radio lines :
galaxies

1 INTRODUCTION

The clustering of dark matter haloes and their tracers is usually
described by its two-point correlation function and the associated
power spectrum. The small-scale structure of the power spectrum
contains valuable information about baryonic effects and peculiar
velocities which is useful for breaking degeneracies in cosmologi-
cal parameters. Intensity mapping of neutral hydrogen (HI), a key
tracer of cosmological dark matter, promises stringent constraints
on the abundances and clustering of dark matter and baryons on
cosmological scales. So far, most studies focused on HI intensity
mapping in cross-correlation with galaxy surveys using single-dish
telescopes (e.g., Chang et al. 2010; Masui et al. 2013; Switzer
et al. 2013; Anderson et al. 2018; Wolz et al. 2022) or telescope
arrays operating in single-dish mode (e.g. Cunnington et al. 2023).
The first direct detection and measurement of the HI intensity
mapping auto-correlation fluctuations was recently made with the
MeerKAT interferometer by Paul et al. (2023), on nonlinear scales
0.4 < 𝑘 6 8 Mpc−1.

In parallel, there has been recent progress on using stacked
individual galaxy detections in HI to understand the properties of
the baryon cycle out to 𝑧 ∼ 0.3 − 1, using the Giant Metrewave
Radio Telescope (GMRT; Bera et al. 2019, 2022) and the MeerKAT
MIGHTEE survey (Sinigaglia et al. 2022). The results show that HI

may play a significant role in the star formation process at these
redshifts.

Previous work (Padmanabhan et al. 2017; Padmanabhan &
Refregier 2017) has built a framework connecting the abundance
and clustering of HI to that of dark matter in a data-driven man-
ner, analogous to the halo model developed for the latter. In this
framework, the small-scale structure of HI is modelled using the
one-halo term of the power spectrum, without considering the effect
of peculiar velocities that alter the form of the power spectrum via
redshift-space distortions (RSD). The RSD ‘finger-of-god’ effects
are especially important on nonlinear scales. Theoretical prescrip-
tions to model RSD in the context of HI have been applied to both
hydrodynamical simulations (Villaescusa-Navarro et al. 2018) and
semi-analytic treatments populating HI in dark matter simulations
(Sarkar & Bharadwaj 2018).

Preliminary findings from the cross-correlation of an HI inten-
sity map from the Parkes telescope with a galaxy sample from the
2dF survey at 𝑧 ∼ 0 (Anderson et al. 2018), confirmed that RSD
effects become important at small scales. Padmanabhan (2021) de-
veloped expressions for the small-scale structure of HI including
redshift space effects, and found them to be a good match to the
Parkes-2dF cross-correlation data. In particular, the low amplitude
of clustering observed in the results was largely found to be consis-
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ABSTRACT

X-ray quasi-periodic eruptions (QPEs) are intense repeating soft X-ray bursts from the nuclei of nearby galaxies. Their physical origin
is still largely unconstrained, and several theoretical models have been proposed ranging from disc instabilities to impacts between
an orbiting companion and the existing accretion disc around the primary, or episodic mass transfer at pericentre in an extreme mass-
ratio binary. We present here results from a recent XMM-Newton observation of GSN 069, the galactic nucleus where QPEs were first
discovered. After about two years of absence, QPEs have reappeared in GSN 069, and we detect two consecutive QPEs separated by
a much shorter recurrence time than ever before. Moreover, their intensities and peak temperatures are remarkably different, a novel
addition to the QPE phenomenology. We study the QPE spectral properties from all XMM-Newton observations assuming QPEs to
either represent an additional emission component superimposed on that from the disc, or the transient evolution of the disc emission
itself. In the former scenario, QPEs are consistent with black-body emission from a region that expands by a factor of 2-3 during
the individual QPE evolution with radius ' 5-10 × 1010 cm at QPE peak. In the alternative non-additive scenario, QPEs originate
from a region with an area ∼ 6-30 times smaller than the quiescent state X-ray emission, with the smallest regions corresponding to
the hottest and most luminous eruptions. The QPE reappearance reveals that eruptions are only present below a quiescent luminosity
threshold corresponding to an Eddington ratio λthresh ' 0.4 ± 0.2 for a 106 M� black hole. The disappearance of QPEs above λthresh
is most likely driven by the ratio of QPE to quiescence temperatures, kTQPE/kTquiesc, approaching unity at high quiescent luminosity,
making QPE detection challenging, if not impossible, above threshold. We briefly discuss some of the consequences of our results on
the proposed models for the QPE physical origin.

Key words. Galaxies: nuclei — Galaxies: individual: GSN 069 — Accretion, accretion disks — Black Hole Physics — X-rays:
individuals: GSN 069

1. Introduction

First discovered in the nucleus of the galaxy GSN 069 (Mini-
utti et al. 2019), X-ray quasi-periodic eruptions (QPEs) are one
of the most recent examples of extreme X-ray variability asso-
ciated with supermassive black holes (SMBHs). QPEs are fast
intense soft X-ray bursts repeating every few hours that stand
out with respect to an otherwise stable quiescent X-ray emis-
sion, likely from an existing accretion disc. Following their first
detection in GSN 069, QPEs have been identified in the nuclei
of other four galaxies to date: RX J1301.9+2747 (Giustini et al.
2020), eRO-QPE1 and eRO-QPE2 (Arcodia et al. 2021, 2022),
and XMMSL1 J024916.6-04124 (Chakraborty et al. 2021). A
further QPE candidate is 2XMM J123103.2+110648 (Terashima
et al. 2012), although its X-ray variability is more reminiscent of
a quasi-periodic oscillation (QPO) than of QPEs (Lin et al. 2013;
Webbe & Young 2023), and the source has been proposed to rep-
resent a descendant of QPE sources (King 2023b).

Quasi-periodic eruptions have thermal-like X-ray spectra
with temperatures evolving from kT ' 50-80 eV to ' 100-

? gminiutti@cab.inta-csic.es
?? Einstein Fellow

250 eV and back in about one to few hours with duty cycle (du-
ration over recurrence) of 10-30% and peak X-ray luminosity of
1042-1043 erg s−1, depending on the specific source. QPE host
galaxies harbour SMBHs of relatively low mass (' 105-107 M�
at most), and they are best classified as post-starburst galaxies
(Wevers et al. 2022), a population that is similar to the preferred
tidal disruption events (TDEs) hosts, as is the low SMBH mass
(Arcavi et al. 2014; French et al. 2020). Two out of the five cur-
rently known QPE sources, GSN 069 and XMMSL1 J024916.6-
04124, have been directly associated with X-ray TDEs (Shu et al.
2018; Sheng et al. 2021; Miniutti et al. 2023; Chakraborty et al.
2021). A further QPE candidate was found during the X-ray
decay of an optically detected TDE, strengthening the possible
connection between QPEs and TDEs (Quintin et al. 2023). De-
spite being unobscured in the X-rays, optical and UV spectra
never show signs of broad emission lines (BELs) (see Wevers
et al. 2022). The lack of BELs indicates either that an active
nucleus switched off leaving only relic narrow lines, or that the
accretion flow is unable to support a mature broad line region,
perhaps being too compact, as expected for instance in TDEs.

We focus here on the discovery-source, GSN 069 (see also
Miniutti et al. 2013), whose long-term evolution over the past
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ABSTRACT
We examine the properties of ∼ 50, 000 rotational variables from the ASAS-SN survey using distances, stellar properties, and
probes of binarity from Gaia DR3 and the SDSS APOGEE survey. They have high amplitudes and span a broader period range
than previously studied Kepler rotators. We find they divide into three groups of main sequence stars (MS1, MS2s, MS2b) and
four of giants (G1/3, G2, G4s, and G4b). MS1 stars are slowly rotating (10-30 days), likely single stars with a limited range of
temperatures. MS2s stars are more rapidly rotating (days) single stars spanning the lower main sequence up to the Kraft break.
There is a clear period gap (or minimum) between MS1 and MS2s, similar to that seen for lower temperatures in the Kepler
samples. MS2b stars are tidally locked binaries with periods of days. G1/3 stars are heavily spotted, tidally locked RS CVn with
periods of tens of days. G2 stars are less luminous, heavily spotted, tidally locked sub-subgiants with periods of ∼ 10 days. G4s
stars have intermediate luminosities to G1/3 and G2, slow rotation periods (approaching 100 days) and are almost certainly all
merger remnants. G4b stars have similar rotation periods and luminosities to G4s, but consist of sub-synchronously rotating
binaries. We see no difference in indicators for the presence of very wide binary companions between any of these groups and
control samples of photometric twin stars built for each group.

Key words: stars: variables: general – stars: rotation – stars: binaries: general – stars: starspots

1 INTRODUCTION

Rotation provides a powerful stellar population diagnostic and is es-
sential to understanding stellar structure and evolution. In stars with
convective envelopes, rotationally-driven dynamos producemagnetic
fields which in turn lead to starspots on the stellar surface (e.g., Yadav
et al. 2015). If the star’s rotation is fast enough and the spot fraction
is large enough, the brightness of the star varies quasi-periodically,
allowing a measurement of the rotation rate of these "rotational vari-
ables." Surface spot coverage is linked to mechanisms of interior
angular momentum transport (Cao et al. 2023), so studies of pho-
tometric modulation are well-suited to studying stellar structure and
evolution.
Rapid rotation in low mass stars is traditionally regarded as an

indicator of youth because the rotation rate in solar-mass stars, and
their activity, decrease with age (Skumanich 1972) due to angular
momentum loss from magnetized solar-like winds (Weber & Davis
1967). Lower mass stars take longer to spin down than Solar analogs,
and are consistently more active at a given rotation period. Stellar
activity is usually parameterized by a Rossby number, the ratio of the
convective overturn timescale to the rotation period. High mass stars

★ E-mail: phillips.1671@osu.edu

have much shorter overturn timescales than low mass stars, and are
therefore inactive; this explains why low mass stars have magnetized
winds and spin down, while higher mass stars do not (Durney &
Latour 1978). Stellar spin down is consequently a potentially impor-
tant age indicator (Barnes 2007), especially in lower mass stars that
experience little nuclear evolution in a Hubble time.

We can model the correlation between rotation rate and age with
gyrochronology, where the rotation rate of a main sequence star is
used as an age estimator. This method has blossomed with the large
samples of low-amplitude rotational variables discovered by Kepler
(Borucki et al. 2010; Koch et al. 2010). For example,McQuillan et al.
(2014) derived rotation periods of ∼ 34, 000 Kepler main-sequence
stars with amplitudes a low as 0.1% and applied gyrochronological
models to estimate their ages. In practice, it has proven challenging to
quantify such gyrochronology relationships. For example, magnetic
braking ceases in the oldest, least active stars (van Saders et al. 2016).
There is also a transient phase where spin down pauses; this was first
discovered in Solar analogs (Krishnamurthi et al. 1997), but lasts for
a longer time in K dwarfs (Curtis et al. 2019), which complicates
gyrochronology (Bouma et al. 2023).

Binary stars provide a completely different channel for inducing
rapid rotation. Close binary systems are synchronized by tides, al-
lowing low mass stars to remain active for their entire main sequence

© 2023 The Authors
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An empirical study of dust properties at the earliest epochs
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ABSTRACT
Wepresent an empirical analysis of the properties of dust-continuum emission in a sample of 17
galaxies in the early Universe (4 < 𝑧 < 8) with well-sampled far-infrared (FIR) spectral energy
distributions (SEDs) compiled from the literature. We place our results into context by self-
consistently comparing to samples of nearby star-forming galaxies, luminous infrared galaxies
(LIRGs), and quasars. With the exception of two sources, we find no significant evolution in
the dust emissivity index across cosmic time, measuring a consistent value of 𝛽IR = 1.8 ± 0.3
at 𝑧 > 4, suggesting the effective dust properties do not change dramatically for most galaxies.
Despite having comparable stellar masses, we find the high-redshift galaxies to be similar
to, or even more extreme than, LIRGs in the HERUS sample in terms of dust temperature
(𝑇dust > 40K) and IR luminosity (𝐿IR > 1011 L�). We find the dust temperature evolves mildly
towards high redshift, though the LIRGs and quasars exhibit elevated temperatures indicating
a more efficient and/or additional heating mechanism. Where available, we compare stellar-
mass estimates to our inferred dust masses, whose degeneracy with dust temperature can only
be mitigated with a well-constrained SED. In merely half of the cases the dust yield may
be explained by supernovae alone, with four sources (44%) significantly exceeding a highly
optimistic yield where 𝑀dust ≈ 0.01𝑀∗. We discuss possible explanations for this apparent
inconsistency and potential observational biases in the measurements of the dust properties of
high-redshift galaxies, including in the current IR-bright sample.

Key words: galaxies: high-redshift – dark ages, reionization, first stars – methods: observa-
tional – ISM: dust, extinction

1 INTRODUCTION

Cosmic dust grains are a prominent agent in the physical processes
governing galaxy formation and evolution on the scale of the inter-
stellar medium (ISM). Dust catalyses the formation of molecules
(Wakelam et al. 2017; Chen et al. 2018) and the fragmentation of
gas clouds (Omukai et al. 2005; Schneider et al. 2006), two mech-
anisms that are essential to star formation. Furthermore, while the
dust mass of a galaxy is negligible compared to its stellar or gas
mass (Dwek 1998; Draine et al. 2007; Watson 2011), dust grains
absorb a significant fraction of the optical and ultraviolet (UV) light
and in the infrared (IR) thermally re-emit the absorbed energy (e.g.
Savage & Mathis 1979; Draine 1989; Meurer et al. 1999; Calzetti

★ E-mail: jnw30@cam.ac.uk
† E-mail: rm665@cam.ac.uk

et al. 2000;Weingartner &Draine 2001; Draine 2003). This process
has been shown to occur even among the first galaxies to emerge in
the Epoch of Reionisation (EoR; e.g. Laporte et al. 2017; Tamura
et al. 2019; Bakx et al. 2020; Fudamoto et al. 2021).

A general consensus has been established on the various chan-
nels via which dust is formed across cosmic time. Specifically, the
main sites of dust creation are thought to be asymptotic giant branch
(AGB) stars, supernova (SN) events, and grain growth in the ISM
(e.g. Mancini et al. 2015; Graziani et al. 2020; Dayal et al. 2022).
However, it is still unclear what is the exact composition and abun-
dance of dust, particularly in the early Universe, when the age of
the Universe was comparable to typical dust formation timescales
(Todini & Ferrara 2001; Bianchi & Schneider 2007; Leśniewska &
Michałowski 2019; Sommovigo et al. 2020; Witstok et al. 2023).
In addition, we do not yet fully understand how grain growth oc-
curs in the ISM. It has been shown that this requires very small
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SP(k) - A hydrodynamical simulation-based model for the impact of
baryon physics on the non-linear matter power spectrum

Jaime Salcido 1★, Ian G. McCarthy 1†, Juliana Kwan1, Amol Upadhye 1, Andreea S. Font 1
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ABSTRACT
Upcoming large-scale structure surveys will measure the matter power spectrum to approximately percent level accuracy with the
aim of searching for evidence for new physics beyond the standard model of cosmology. In order to avoid biasing our conclusions,
the theoretical predictions need to be at least as accurate as the measurements for a given choice of cosmological parameters.
However, recent theoretical work has shown that complex physical processes associated with galaxy formation (particularly
energetic feedback processes associated with stars and especially supermassive black holes) can alter the predictions by many
times larger than the required accuracy. Here we present SP(k), a model for the effects of baryon physics on the non-linear
matter power spectrum based on a new large suite of hydrodynamical simulations. Specifically, the ANTILLES suite consists
of 400 simulations spanning a very wide range of the “feedback landscape” and show that the effects of baryons on the matter
power spectrum can be understood at approaching the percent level in terms of the mean baryon fraction of haloes, at scales of
up to 𝑘 . 10ℎ Mpc−1 and redshifts up to 𝑧 = 3. For the range of scales and redshifts that will be probed by forthcoming cosmic
shear measurements, most of the effects are driven by galaxy group-mass haloes (𝑀 ∼ 1013−14M�). We present a simple Python
implementation of our model, available at https://github.com/jemme07/pyspk, which can be used to incorporate baryon effects
in standard gravity-only predictions, allowing for marginalisation over baryon physics within cosmological pipelines.

Key words: cosmology: theory – cosmology: large-scale structure of Universe.

1 INTRODUCTION

Measurements of the growth of large-scale structure (LSS) provide
an important test of our cosmological theoretical framework (Pee-
bles 1980; Bond et al. 1980; Davis et al. 1985; Kaiser 1987; Peacock
& Dodds 1994). They are independent of, and complementary to,
constraints from analyses of fluctuations in the cosmic microwave
background (CMB) and geometric probes, such as Type Ia super-
novae (SNe) and baryon acoustic oscillations (BAOs). The different
LSS tests (e.g., galaxy clustering, Sunyaev-Zel’dovich power spec-
trum, cosmic shear, CMB lensing, redshift-space distortions, etc.)
characterise the clustering of matter on different scales and its evolu-
tion over cosmic time. On the largest scales where the fluctuations are
small and gravity is the sole force of relevance, perturbation theory is
sufficiently accurate to calculate the clustering of matter. However, at
present most LSS tests probe well into the non-linear regime, since
that is typically where most of the observational signal and much
of the cosmological sensitivity originates (e.g., Amon & Efstathiou
2022). The standard approach is therefore to adopt the (semi-)analytic
‘halo model’ formalism (Peacock & Smith 2000; Seljak 2000; Ma
& Fry 2000; Cooray & Sheth 2002; Smith et al. 2003; Mead et al.
2016; Acuto et al. 2021), which is often calibrated using aspects of
large N-body cosmological simulations, or to use such N-body sim-

★ E-mail: j.salcidonegrete@ljmu.ac.uk
† E-mail: i.g.mccarthy@ljmu.ac.uk

ulations to directly correct linear theory in an empirical fashion (e.g.,
Takahashi et al. 2012; Heitmann et al. 2016; Lawrence et al. 2017;
DeRose et al. 2019; Euclid Collaboration et al. 2019; Angulo et al.
2021).
These approaches would be fully adequate if the matter in the

universe were composed entirely of dark matter. However, baryons
contribute a non-negligible fraction of the matter density (Ω𝑏/Ω𝑚 ≈
0.157 ± 0.001; Planck Collaboration et al. 2020) and work based on
cosmological hydrodynamical simulations has shown that feedback
processes associatedwith galaxy formation can have a relatively large
effect (typically many times larger than the statistical precision of
upcoming surveys) on the matter distribution on scales of up to a few
tens of megaparsecs (van Daalen et al. 2011; Schneider & Teyssier
2015; Mummery et al. 2017; Springel et al. 2018; van Daalen et al.
2020). It is therefore crucially important that we model these effects
as accurately as possible, as they will introduce significant biases in
the inferred cosmological parameters from upcoming surveys if no
action is taken (e.g., Semboloni et al. 2011; Schneider et al. 2020;
Castro et al. 2021; Debackere et al. 2021).
One way to tackle this challenging problem is to modify the

gravity-only predictionswith simple analytic prescriptions for baryon
physics that have some number of associated free parameters and to
jointly constrain the cosmological and feedback parameters through
comparisons to LSS observables. Examples of this approach in-
clude the halo model HMcode of Mead et al. (2016) (see also Mead
et al. 2021) or the ‘baryonification’ method of Schneider & Teyssier

© 2020 The Authors
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"Dust Giant": Extended and Clumpy Star-Formation in a Massive
Dusty Galaxy at z = 1.38
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ABSTRACT

We present NOEMA CO (2-1) line and ALMA 870 µm continuum observations of a main-sequence galaxy at z = 1.38. The galaxy
was initially selected as a "gas-giant", based on the gas mass derived from sub-mm continuum (log(Mgas/M�) = 11.20±0.20), however
the gas mass derived from CO (2-1) luminosity brings down the gas mass to a value consistent with typical star-forming galaxies at
that redshift (log(Mgas/M�) = 10.84 ± 0.03). Despite that the dust-to-stellar mass ratio remains elevated above the scaling relations
by a factor of 5. We explore the potential physical picture and consider an underestimated stellar mass and optically thick dust as
possible causes. Based on the updated gas-to-stellar mass ratio we rule out the former, and while the latter can contribute to the dust
mass overestimate it is still not sufficient to explain the observed physical picture. Instead, possible explanations include enhanced HI
reservoirs, CO-dark H2 gas, an unusually high metallicity, or the presence of an optically dark, dusty contaminant. Using the ALMA
data at 870 µm coupled with HS T /ACS imaging, we find extended morphology in dust continuum and clumpy star-formation in
rest-frame UV in this galaxy, and a tentative ∼ 10 kpc dusty arm is found bridging the galaxy center and a clump in F814W image.
The galaxy shows levels of dust obscuration similar to the so-called HS T -dark galaxies at higher redshifts, and would fall into the
optically faint/dark JWS T color-color selection at z > 2. It is therefore possible that our object could serve as low-z analog of the
HS T -dark populations. This galaxy serves as a caveat to the gas masses based on the continuum alone, with a larger sample required
to unveil the full picture.

Key words. evolution — galaxies: high-redshift — galaxies: ISM — submillimeter: ISM: photometry – methods: observational —
techniques: photometric

1. Introduction

The interaction between the interstellar medium (ISM), which
consists mostly of gas and dust, and the radiation fields pro-
duced by stellar activity, are thought to be the main mechanisms
that drive galaxy evolution. Within the contemporary picture
of galaxy formation and evolution, star formation rate (SFR),
molecular gas masses (Mgas), dust mass (Mdust), gas to stel-
lar mass ratio ( fgas ≡ Mgas/M∗) and dust to stellar mass ra-
tio ( fdust ≡ Mdust/M∗) play a critical role in allowing us to in-
terpret the mode and onset of star formation, the assembly of
stellar mass, the final quenching of galaxies and their structure
and dynamics. In particular, the amount of gas with respect to
the ongoing star formation (star formation efficiency, SFE ≡
SFR/Mgas) and the depletion timescale (τdepl ≡ 1/SFE) allow us
to clearly distinguish the star-formation modes between main-
sequence (MS) and starburst (SB) galaxies. It is still unclear,
however, whether enhanced SFE, galaxy mergers or increased
molecular gas reservoirs are responsible for the manifestation

? Corr. author, e-mail: vasily.kokorev.astro@gmail.com

of galaxies in the SB regime. To this end, the evolution of fdust
and fgas across the cosmic time has been extensively studied and
constrained both observationally (see Magdis et al. 2012; San-
tini et al. 2014; Sargent et al. 2014; Genzel et al. 2015; Tacconi
et al. 2018; Liu et al. 2019; Donevski et al. 2020; Magnelli et al.
2020; Kokorev et al. 2021), as well as theoretically (e.g. Tan
et al. 2014; Lagos et al. 2015; Lacey et al. 2016). The important
takeaway point of these studies is that both fdust and fgas increase
slowly from z = 0 to their peak at z ∼ 2− 3, mirroring the evolu-
tion of star formation rate density (SFRD; Madau & Dickinson
2014).

The other key parameter in studying the evolution of galaxies
is the metallicity (Z). Metals are introduced into the ISM by ei-
ther stellar winds and/or via the injection by supernovae (Dwek
& Scalo 1980; Kobayashi et al. 2020). In this context the gas-to-
dust mass ratio (δGDR) connects the amount of metals locked in
the gas phase, with the metals present as dust, therefore acting as
a powerful tool to elucidate the evolutionary stage of a galaxy.
Observations of both atomic (HI) and molecular hydrogen (H2)
have revealed that δGDR decreases as a function of metallicity, at

Article number, page 1 of 9
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What’s in LISA data?
End-to-end simulation and analysis pipeline for LISA

Jean-Baptiste Bayle, Christian Chapman-Bird, Graham Woan
University of Glasgow,

Glasgow G12 8QQ, United Kingdom

Olaf Hartwig, Aurélien Hees, Marc Lilley, Peter Wolf
SYRTE, Observatoire de Paris, Université PSL,

CNRS, Sorbonne Université, LNE,
61 avenue de l’Observatoire, 75014 Paris, France

The data produced by the future space-based millihertz gravitational-wave detector LISA
will require nontrivial pre-processing, which might affect the science results. It is crucial to
demonstrate the feasibility of such processing algorithms and assess their performance and
impact on the science. We are building an end-to-end pipeline that includes state-of-the-
art simulations and noise reduction algorithms. The simulations must include a detailed
model of the full measurement chain, capturing the main features that affect the instrument
performance and processing algorithms. In particular, we include in these simulations, for the
first time, proper relativistic treatment of reference frames with realistic numerically-optimized
orbits; a model for onboard clocks and clock synchronization measurements; proper modeling
of total laser frequencies, including laser locking, frequency planning and Doppler shifts; and
a better treatment of onboard processing. Using these simulated data, we show that our
pipeline is able to reduce the most critical noises and form synchronized observables. By
injecting signals from a verification binary, we demonstrate that good parameter estimation
can be obtained on this more realistic setup, extending existing results from previous LISA
Data Challenges2.

1 Introduction

The gravitational-wave detector LISA is planned for launch in the 2030s1. The raw telemetered
(L0) data LISA will produce cannot be directly used for scientific analysis. Instead, it will be
processed on ground to produce the noise-reduced, calibrated, clock-synchronized L1 data, from
which gravitational waves are extracted. To prepare for mission adoption later this year, we
are building a demonstration pipeline that includes simulation of L0 data and a first version
of the noise-reduction and calibration algorithms. The aim of this work is to demonstrate that
key processing steps can be assembled together and work as expected. In addition, we perform
simple parameter estimation on L1 data, and check that results are not impacted by the increased
complexity of our processing algorithms.

2 Orbits

LISA is made up of 3 spacecraft (labelled 1, 2, 3) in an almost-equilateral triangular forma-
tion around the Sun, with a armlength of 2.5 million km. The spacecraft positions and inter-
spacecraft light travel times define the nonstationary response of the instrument to gravitational-
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ABSTRACT
It is believed that the spectral state transitions of the outbursts in X-ray binaries (XRBs) are triggered by the rise of the mass
accretion rate due to underlying disc instabilities. Recent observations found that characteristics of disc winds are probably
connected with the different spectral states, but the theoretical underpinnings of it are highly ambiguous. To understand the
correlation between disc winds and the dynamics of the accretion flow, we have performed General Relativistic Magneto-
hydrodynamic (GRMHD) simulations of an axisymmetric thin accretion disc with different accretion rates and magnetic field
strengths. Our simulations have shown that the dynamics and the temperature properties depend on both accretion rates and
magnetic field strengths. We later found that these properties greatly influence spectral properties. We calculated the average
coronal temperature for different simulation models, which is correlated with high-energy Compton emission. Our simulation
models reveal that the average coronal temperature is anti-correlatedwith the accretion rates, which is correlatedwith themagnetic
field strengths. We also found that the structured component of the disc winds (Blandford-Payne disc wind) predominates as the
accretion rates and magnetic field strengths increase. In contrast, the turbulent component of the disc winds (𝐵tor disc wind)
predominates as the accretion rates and magnetic field strengths decrease. Our results suggest that the disc winds during an
outburst in XRBs can only be understood if the magnetic field contribution varies over time (e.g., MAXI J1820+070).

Key words: accretion, accretion discs – black hole physics – MHD –– X-rays: binaries – methods: numerical.

1 INTRODUCTION

Black hole X-ray binaries (BH-XRBs) are one of the most observed
and studied astrophysical sources in the literature. They are primarily
observed during their outbursts. In an outburst, the source undergoes
a cycle of processes known as the ‘Q’ diagram (Belloni et al. 2011;
Belloni & Motta 2016; Ingram & Motta 2019). Understanding dif-
ferent parts of the ‘Q’ diagram (hard, intermediate, and soft states) is
becoming less and less ambiguous with time, although the transitions
between different parts still need to be explored in great detail.
An outburst can be classified into two phases, i.e., the rising and

decaying phases. A hard state is observed in both phases. Common
consensuses are that the accretion rate alone triggers the spectral
state transitions in X-ray binaries (see e.g., Narayan et al. 1998; Yuan
& Narayan 2014, for review). Very recent observations try to couple
outflows/windwith the different spectral states ofX-ray binaries (e.g.,
Gallo et al. 2005; Miller et al. 2006; Ponti et al. 2012; Neilsen 2013;
Díaz Trigo & Boirin 2016; Tetarenko et al. 2018). In the black hole
X-ray binariesMAXI J1820+070 andMAXI J1803-298,many obser-
vations reported clear signatures of disc-wind in both the hard states

★ E-mail: ikd4638@sjtu.edu.cn
† E-mail: mizuno@sjtu.edu.cn

in its 2018 outburst (Muñoz-Darias et al. 2019; Mata Sánchez et al.
2022). However, the rising hard state of MAXI J1820+070 shows a
higher degree of optical polarisation than the decaying hard state,
which is found in an intrinsically unpolarised state (Kosenkov et al.
2020). Possibly, the rising phase is dominated by Blandford-Payne
mechanism driven disc-wind (BP disc-wind, structured magnetic
field)(Blandford & Payne 1982), whereas, in the decaying phase, tur-
bulent toroidal magnetic field driven disc-wind or thermal pressure
driven disc-wind may dominate (unstructured magnetic field). Keep-
ing all of these in mind, it’s possible that XRBs disc winds are the
missing piece to the puzzle for figuring out how the spectral state
transition happens during an outburst. These facts hint that during an
outburst, the strength and structure of the magnetic field are expected
to change along the timeline. Therefore, in general, both the accretion
rate, as well as the magnetic field configuration, may be important
for the understanding of an outburst of XRBs.
It is clear from the above discussion that the underlying disc winds

and their properties may help infer the triggers for the spectral state
transitions in X-ray binaries. Earlier thin-disc general relativistic
magnetohydrodynamic (GRMHD) simulations show different com-
ponents of disc-winds from the accretion disc (Vourellis et al. 2019;
Vourellis & Fendt 2021). Later, Dihingia et al. (2021); Dihingia &
Vaidya (2022) found strong signatures of BP dominated disc winds

© 2022 The Authors
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A Simple Code for Rotational Broadening of Broad Wavelength Range High-Dispersion Spectra

ADOLFO CARVALHO1 AND CHRISTOPHER M. JOHNS-KRULL2
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ABSTRACT

We present a simple method for rotationally broadening broad wavelength ranges of high-dispersion spectra.
The broadening is rapid and scales linearly with the length of the spectrum array. For large wavelength ranges,
the method is much faster than the popular convolution-based broadening. We provide the code implementation
of this method in a publicly accessible repository.

Keywords: high-dispersion spectroscopy, open-source code, rotational broadening

1. INTRODUCTION

As faster and more intricate techniques for fitting and mod-
eling high-dispersion spectra develop, one step in the calcu-
lation that is often overlooked is the rotational broadening of
templates or models. A popular technique to rapidly broaden
a small region of a spectrum is to convolve the spectrum by
the kernel prescribed in Gray (2005).

Unfortunately this method typically relies on a wavelength
grid that is sampled at constant dλ and computes the Doppler
shifts in wavelength space. This is only valid for a small re-
gion of the spectrum, ∆v ∼ 3000 km s−1, where the wave-
length dependence of the Doppler shift is small and can be
ignored.

In order to apply the method to larger wavelength ranges
accurately, the spectrum must be separated into many smaller
∆v ∼ 3000 km s−1 arrays which are each broadened then
reassembled into a single broadened spectrum. Even a sin-
gle echelle order on Keck/HIRES or other similar high-
dispersion spectrographs must be separated into at least two
segments for accurate convolutional broadening.

In this note we present a simple code which directly in-
tegrates the stellar (or planetary) disk, allowing for accurate
rotational broadening across a broad wavelength range.

2. BROADENING BY DIRECT INTEGRATION

Rotational broadening by direct integration is relatively
simple and the time taken for the broadening depends mainly
linearly on the length of the vector being broadened.

We compute the broadening by projecting the spherical
stellar surface onto the two-dimensional sky. We first seg-
ment the disk into polar coordinates, r and θ, with r ∈ [0, 1].
The radial grid size is given by Nr, with the corresponding
spacing dr = 1/Nr, and the maximum number of θ steps in
the outermost ring is given by Nθ. At each radial point, the
number of θ steps nθ(r) = rNθ, rounded to the nearest inte-

ger, and dθ = (2π)/nθ. At each r, θ point, we then define
the projected area by

dA(r, θ) =
π(r + dr/2)2 − π(r − dr/2)2

nθ
. (1)

We also incorporate the a linear limb-darkening law, defined
by the parameter ε, which ranges from 0 to 1, by rescaling
the areas such that

d̂A = dA(r, θ)× (1− ε+ ε cos(arcsin(r))). (2)

We then compute the projected velocity by v(r, θ) =

v r sin(θ). To incorporate differential rotation, we adopt
a solar-like differential rotation law by scaling the projected
velocity according to:

v̂ = v(r, θ)×
[
1− δ

2
− δ

2
cos(2 arccos(r cos(θ)))

]
(3)

We can then integrate the disk by:

ŝ(λ) =

∫ 1

0

∫ 2π

0

s(λ(v̂(r, θ)))d̂A(r, θ), (4)

where s(λ(v̂(r, θ))) is the spectrum interpolated onto the
wavelength scale that has been Doppler shifted to the new
velocity v̂. We then normalize by

Â =

∫ 1

0

∫ 2π

0

d̂A(r, θ), (5)

to account for any under or over estimation of the disk area.
We provide the code implementation of this method in 1.

The accuracy of the method is a function of the resolution
used in the disk integration (Nr and Nθ) and the length of

1 https://github.com/Adolfo1519/RotBroadInt
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ABSTRACT

Both direct and indirect methods of exoplanet detection rely upon detailed knowledge of the potential

host stars. Such stellar characterization allows for accurate extraction of planetary properties, as well

as contributing to our overall understanding of exoplanetary system architecture. In this analysis,

we examine the photometry of 264 known exoplanet host stars (harboring 337 planetary companions)

that were observed during the TESS Prime Mission. We identify periodic signatures in the light curves

of these stars and make possible connections to stellar pulsations and their rotation periods, and

compare the stellar variability to the published planetary orbital periods. From these comparisons, we

quantify the effects of stellar variability on exoplanet detection, confirming that exoplanets detection

is biased toward lower variability stars, but larger exoplanets dominate the population of exoplanets

around variable stars. Exoplanet detection methods represented among these systems are distinct

between stellar spectral types across the main sequence, though notable outliers exist. In addition,

biases present in both the sourced data from TESS and the host star selection process, which strongly

influences the representation of both stellar and planetary characteristics in the final populations.

We also determine whether the host star’s photometric variability affects or mimics the behavior or

properties of the system’s planets. These results are discussed in the context of how the behavior of

the host star is responsible for how we observe exoplanet characteristics, most notably their radii and

atmospheric properties, and how the activity may alter our measurements or impact the evolution of

planetary properties.

Keywords: stellar variability – planetary systems

1. INTRODUCTION

Over the course of several decades, the transit and ra-

dial velocity (RV) techniques have been used to discover

the vast majority of known exoplanets. With the prolific

findings of former and current transiting exoplanet mis-

sions such as Kepler (Borucki et al. 2010), K2 (Howell

et al. 2014), and the Transiting Exoplanet Survey Satel-

lite (TESS; Ricker et al. 2015; Guerrero et al. 2021), the

catalog of candidate and confirmed exoplanets contin-

ues to grow. Included in the inventory of stars mon-

esimp005@ucr.edu

∗ UC Chancellor’s Fellow
† Heising-Simons 51 Pegasi b Postdoctoral Fellow

itored by TESS are numerous known exoplanet hosts

(Wong et al. 2020a; Kane et al. 2021; Wong et al. 2021;

Kane et al. 2023), resulting in the discovery of transits

for several known RV planets (Kane 2007; Kane et al.

2020b; Pepper et al. 2020; Delrez et al. 2021), as well as

new planetary companions in previously established ex-

oplanet systems (Huang et al. 2018; Teske et al. 2020).

Since the transit and RV methods of exoplanet detection

are indirect, the derived properties of the detected plan-

ets rely upon a thorough characterization of the host star

(Roberts et al. 2015; Wittrock et al. 2017; Jiang et al.

2020). Stellar parameters such as age, composition, size,

and effective temperature can affect the formation and

stability of a planetary system, as well as the resulting

properties of the indirectly detected planets (van Belle &
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Mass and Color Dependence of the Hubble Spiral Sequence
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ABSTRACT

In the classic Hubble spiral sequence, arm windiness correlates with bulge size; Sa type spiral galaxies

with larger bulges also have the most tightly wound spirals. Exceptions to this have long been known,

and in recent work using Galaxy Zoo morphologies no strong correlation was seen in a volume limited

sample. In this Research Note, we explore the impact of galaxy mass and integrated color upon this

correlation in the Galaxy Zoo sample, finding that bluer and lower mass spirals show the “expected”

correlation; however, it becomes slightly negative for redder and/or more massive spiral galaxies.

1. INTRODUCTION

Hubble’s classification scheme (Hubble 1926) classifies galaxies into two major categories: elliptical and spirals.

Spirals are ordered in increasing order of spiral arm windiness, “concentration” of the arms and dominance of the

central bulge size. From this, it has been implicitly assumed that arm windiness positively correlates with galaxy

bulge size and some work has measured this (e.g. Kennicutt & Hodge 1982). The correlation motivated, in part,

early models of static density wave spiral arms (i.e. Lin & Shu 1964) which predict tighter arms in more centrally

concentrated galaxies. However, it has long been known that the diversity of spiral galaxy morphologies is not captured

by the Hubble sequence (e.g. see Buta 2013), and current understanding of spiral arms has moved on from static density

waves (e.g. see Sellwood & Masters 2022). Using a volume limited sample of galaxies selected from the Galaxy Zoo 2

(GZ2) survey, and defining an arm winding and bulge size score, Masters et al. (2019) found no significant correlation.

In this Research Note, we seek to better understand how spiral arm winding and bulge size are related in sub-samples

of spirals separated by global properties (namely mass and colour).

2. DATA AND SAMPLE SELECTION

Our base sample is GZ2 (Willett et al. 2013) – 250,000 nearby galaxies with Sloan Digital Sky Survey (SDSS) Legacy

imaging and spectroscopy (York et al. 2000).

We limit to z < 0.035 and log(M?/M�) > 9.0, for a volume-limited sample of N =21,899. We use debiased vote

fractions, ‘p[primaryresponse]’, from GZ2 (Willett et al. 2013)

to select 7,272 spiral galaxies using pfeatures > 0.430; pnotedge on > 0.715, and pspiral > 0.5.

We use a previously defined arm winding score, wavg = 0.5pmediumspiral + 1.0ptightspiral, and bulge prominence score,

bavg = 0.2pjustnoticeablebulge + 0.8pobviousbulge + 1.0pdominantbulge. These values have been previously defined and are

discussed in Hart et al. (2017); Masters et al. (2019). The choice of coefficients is arbitrary; these values produce scores

ranging from 0–1 and were calibrated against other measures of pitch angle and bulge size in Hart et al. (2017).

We make four subsets of spiral galaxies based on mass and global color as illustrated in Figure 1. We use NUV-r

colours and stellar mass from the NASA Sloan Atlas (NSA, Blanton et al. 2005, namely ELPETRO MASS). We cut

at (NUV-r) = 4 and log(M?/M�) = 10.3 motivated by the typical colour and mass of the blue cloud–red sequence

transition (e.g. Chilingarian & Zolotukhin 2012; Smethurst et al. 2022).

Overall, we have a total of 7,272 spiral galaxies divided into 5,999 low mass blue, 758 massive blue, 297 low mass

red and 218 massive red spirals.

3. RESULTS

Figure 1 shows our results. The histograms show a notable difference in the distribution of bulge sizes for different

mass and color subsets. Lower mass blue spirals have smaller bulges, while red and/or high mass spirals have larger
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