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Nonlocal gravity (NLG), a classical extension of Einstein’s theory of gravitation,

has been studied mainly in linearized form. In particular, nonlinearities have thus

far prevented the treatment of cosmological models in NLG. In this essay, we dis-

cuss the local limit of NLG and apply this limit to the expanding homogenous and

isotropic universe. The theory only allows spatially flat cosmological models; fur-

thermore, de Sitter spacetime is forbidden. The components of the model will have

different dynamics with respect to cosmic time as compared to the standard ΛCDM

model; specifically, instead of the cosmological constant, the modified flat model of

cosmology involves a dynamic dark energy component in order to account for the

accelerated phase of the expansion of the universe.
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Probing the Origin of Primordial Black
Holes through Novel Gravitational
Wave Spectrum
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Abstract. In this article we investigate the cumulative stochastic gravitational wave spectra
as a tool to gain insight on the creation mechanism of primordial black holes. We consider
gravitational waves from the production mechanism of primordial black holes and from the
gravitational interactions of those primordial black holes among themselves and other astro-
physical black holes. We specifically focus on asynchronous bubble nucleation during a first
order phase transition as the creation mechanism. We have used two benchmark phase tran-
sitions through which the primordial black holes and the primary gravitational wave spectra
have been generated. We have considered binary systems and close hyperbolic interactions
of primordial black holes with other primordial and astrophysical black holes as the source of
the secondary part of the spectra. We have shown that this unique cumulative spectra have
features which directly and indirectly depend on the specifics of the production mechanism.
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When studied at finite temperature, Yang-Mills theories in 3 + 1 dimensions display the presence
of confinement/deconfinement phase transitions, which are known to be of first order—the SU(2)
gauge theory being the exception. Theoretical as well as phenomenological considerations indicate
that it is essential to establish a precise characterisation of these physical systems in proximity of such
phase transitions. We present and test a new method to study the critical region of parameter space
in non-Abelian quantum field theories on the lattice, based upon the Logarithmic Linear Relaxation
(LLR) algorithm. We apply this method to the SU(3) Yang Mills lattice gauge theory, and perform
extensive calculations with one fixed choice of lattice size. We identify the critical temperature,
and measure interesting physical quantities near the transition. Among them, we determine the
free energy of the model in the critical region, exposing for the first time its multi-valued nature
with a numerical calculation from first principles, providing this novel evidence in support of a
first order phase transition. This study sets the stage for future high precision measurements, by
demonstrating the potential of the method.
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Searches for continuous gravitational waves from neutron stars:
A twenty-year retrospective
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Abstract

Seven years after the first direct detection of gravitational waves, from the collision of two black holes, the field of
gravitational wave astronomy is firmly established. A first detection of continuous gravitational waves from rapidly-
spinning neutron stars could be the field’s next big discovery. I review the last twenty years of efforts to detect continuous
gravitational waves using the LIGO and Virgo gravitational wave detectors. I summarise the model of a continuous
gravitational wave signal, the challenges to finding such signals in noisy data, and the data analysis algorithms that have
been developed to address those challenges. I present a quantitative analysis of 291 continuous wave searches from 78
papers, published from 2003 to 2022, and compare their sensitivities and coverage of the signal model parameter space.

Keywords: gravitational waves, neutron stars, data analysis

1. Introduction

Together with a young collaborator, I arrived
at the interesting result that gravitational waves
do not exist, though they had been assumed
a certainty to the first approximation. This
shows that the non-linear general relativistic
field equations can tell us more or, rather, limit
us more than we have believed up to now.

Einstein, in a letter to Born, 1936 [1].

It is just as well that Einstein’s moment of doubt in the
existence of gravitational waves was itself momentary [2],
and that his initial predictions have stood [3, 4]. Far
from acting as a “limit”, wave-like solutions to the Ein-
stein field equations have fulfilled their promise to “tell us
more” about the Universe that could be achieved through
traditional astronomy. Analysis of the growing catalogue
of detections of gravitational waves from colliding pairs
of black holes and neutron stars [5–10] by the LIGO and
Virgo detectors [11, 12] has, e.g.: confirmed the existence
of stellar-mass black holes [5]; strengthened links between
the merger of binary neutron stars, short-hard gamma-
ray bursts, kilonovae, and the production of heavy ele-
ments [13]; yielded insights into the mass spectrum of black
holes, and by inference their stellar progenitors [14, 15];
and opened an independent avenue towards resolving ten-
sions in cosmology regarding measurement of the Hubble
constant [16–18].

Email address: karl.wette@anu.edu.au (Karl Wette)

As well as the important discoveries and insights from
observing binary black hole and neutron star mergers, it is
hoped that the gravitational wave view of the Universe will
continue to widen in the coming years. Perhaps we will ob-
serve the gravitational aftermath of a supernova, the faint
hum of gravitational waves from rapidly-spinning neutron
stars, signatures of dark matter or particles beyond the
Standard Model, or the even fainter murmur of gravita-
tional waves from the very early Universe. It is the second
of these – the search for so-called continuous gravitational
waves – that is the subject of this review.

General relativity predicts gravitational waves from an
astronomical body only when it possesses a time-varying
quadrupole moment; put simply, only if the body is not
symmetric about its rotation axis, so that the distribution
of its mass is seen to “move” when rotated. While the orbit
of neutron stars or black holes around each other presents
an obvious asymmetry, the extent to which a single neu-
tron may sustain a non-axisymmetric shape is expected
to be much smaller [19, 20]. It is assumed that all neu-
tron stars possess a magnetic field [21] which, so long as
it is not aligned with the star’s rotation axis, will dis-
tort the star in a non-axisymmetric way [22]. It is likely
therefore that all neutron stars radiate some continuous
gravitational waves. It remains to be discovered, however,
whether the strength of those waves – arising either from
magnetic distortion, or through some other mechanism – is
sufficient to be detectable using the instruments and data
analysis techniques available to us.

In this review I look back at the last twenty years of
searches for continuous gravitational waves (CWs). I begin
in Sec. 2 with an overview of the CW signal model. I
then discuss the many challenges faced by CW searches

Preprint submitted to Astroparticle Physics May 15, 2023
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How do supernova remnants cool? - I. Morphology, optical emission lines,
and shocks
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ABSTRACT
Supernovae (SNe) inject ∼ 1051 erg in the interstellar medium, thereby shocking and heating the gas. A substantial fraction of
this energy is later lost via radiative cooling. We present a post-processing module for the FLASH code to calculate the cooling
radiation from shock-heated gas using collisional excitation data from MAPPINGS V. When applying this tool to a simulated
SN remnant (SNR), we find that most energy is emitted in the EUV. However, optical emission lines ([O III], [N II], [S II], H𝛼,
H𝛽) are usually best observable. Our shock detection scheme shows that [S II] and [N II] emissions arise from the thin shell
surrounding the SNR, while [O III], H𝛼, and H𝛽 originate from the volume-filling hot gas inside the SNR bubble. We find that
the optical emission lines are affected by the SNR’s complex structure and its projection onto the plane of the sky because the
escaping line luminosity can be reduced by 10 – 80% due to absorption along the line-of-sight. Additionally, the subtraction of
contaminating background radiation is required for the correct classification of an SNR on the oxygen or sulphur BPT diagrams.
The electron temperature and density obtained from our synthetic observations match well with the simulation but are very
sensitive to the assumed metallicity.

Key words: MHD - ISM: clouds - ISM: evolution - ISM: supernova remnants - shock waves - methods: numerical

1 INTRODUCTION

Massive stars (> 8M�) have a short lifetime (only a few million
years) and can end their lives as supernovae (SNe) surrounded by the
molecular environment in which they formed. As such, about 10 to
20 per cent of all SN remnants (SNRs) are estimated to interact with
dense molecular clouds (MCs) (Hewitt & Yusef-Zadeh 2009). Al-
though the interaction of SNRs and the turbulent interstellar medium
(ISM) is difficult to treat both analytically and numerically (Haid
et al. 2016), a solid analytical description of the evolution of SNRs in
homogeneous media has long been established (Sedov 1959; Cheva-
lier 1977; Ostriker & McKee 1988). The density of the gas hit by the
expanding SN shock dramatically affects the properties of the shock
itself, such as the velocity and temperature of the shock (e.g. McKee
& Ostriker 1977; Slane et al. 2015; Chandra 2018). The SNR shock
also affects the molecular gas, heating and ionising it, and driving
turbulence. Recently, several authors have studied the evolution of
SNRs interacting with the turbulent, multi-phase ISM in 3D sim-
ulations (e.g. De Avillez & Breitschwerdt 2005; Gatto et al. 2015;
Iffrig & Hennebelle 2015; Walch et al. 2015; Walch & Naab 2015;
Martizzi et al. 2016; Seifried et al. 2018; Zhang & Chevalier 2019;
Steinwandel et al. 2020). Current simulations of the multi-phase ISM
show that only 10 to 20 per cent of all SNRs explode in a high-density

★ E-mail: makarenko@ph1.uni-koeln.de

environment due to SN clustering (Hu et al. 2017; Gatto et al. 2017;
Rathjen et al. 2021; Hislop et al. 2022). This is in agreement with
observational estimates by e.g. Hewitt & Yusef-Zadeh (2009).
Observationally, SNRs can be studied across different energy

bands due to their cooling radiation that covers the entire wavelength
range (Chandra 2018). Most SNRs are observed at radio wavelengths
due to their non-thermal synchrotron emission (e.g. Blandford &
Cowie 1982). In an early evolutionary stage (Sedov-Taylor (ST) stage,
typically 1 − 2 × 104 years after the SN event), SNRs may be ob-
served in the X-ray as the hot, shocked plasma cools (Sasaki et al.
2004, 2013; Slane et al. 2015). In the later transition (TR) phase and
in the pressure-driven snowplough (PDS) phase, when the dense,
shocked gas cools, one may observe SNRs in the UV and Optical
(Dopita et al. 1984). However, these observations are rarer because
of extinction at optical wavelengths and because significant optical
emission only occurs when high-density gas is shocked, i.e. when
an SNR encounters a dense MC. In Green’s catalogue (Green 2019)
only about 20% of the SNRs have optical counterparts.
When observable, optical emission line diagnostics allow us to

determine the evolutionary stage of the SNR and to analyse the phys-
ical parameters that define its environment. Optical emission tends
to originate from the cooling and recombination zone directly down-
stream of the shock front itself, which is why it can produce a variety
of diagnostics for both the material encountered and the physical
processes involved (Dopita et al. 1984; Blair & Kirshner 1985). The

© 2023 The Authors
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Abstract. We detect the cross-correlation between 2.7 million DESI quasar targets across
14,700 deg2 (180 quasars deg−2) and Planck 2018 CMB lensing at ∼30σ. We use the cross-
correlation on very large scales to constrain local primordial non-Gaussianity via the scale
dependence of quasar bias. The DESI quasar targets lie at an effective redshift of 1.51 and
are separated into four imaging regions of varying depth and image quality. We select quasar
targets from Legacy Survey DR9 imaging, apply additional flux and photometric redshift cuts
to improve the purity and reduce the fraction of unclassified redshifts, and use early DESI
spectroscopy of 194,000 quasar targets to determine their redshift distribution and stellar
contamination fraction (2.6%). Due to significant excess large-scale power in the quasar
autocorrelation, we apply weights to mitigate contamination from imaging systematics such
as depth, extinction, and stellar density. We use realistic contaminated mocks to determine
the greatest number of systematic modes that we can fit, before we are biased by overfitting
and spuriously remove real power. We find that linear regression with one to seven imaging
templates removed per region accurately recovers the input cross-power, fNL and linear bias.
As in previous analyses, our fNL constraint depends on the linear primordial non-Gaussianity
bias parameter, bφ = 2(b− p)δc assuming universality of the halo mass function. We measure
fNL = −26+45

−40 with p = 1.6 (fNL = −18+29
−27 with p = 1.0), and find that this result is robust

under several systematics tests. Future spectroscopic quasar cross-correlations with Planck
lensing can tighten the fNL constraints by a factor of 2 if they can remove the excess power
on large scales in the quasar auto power spectrum.

Keywords: cosmological parameters from LSS – power spectrum – CMB – galaxy clustering
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The present work analyzes various aspects of M31 gamma-ray halo emission in its relation to an-
nihilating dark matter (DM). The main aspect is the predicted effect of asymmetry of the intensity
of emission due to inverse Compton scattering (ICS) of a possible population of relativistic electrons
and positrons (e±) in the galactic halo on starlight photons. This asymmetry is expected to exist
around the major galactic axis, and arises due to anisotropy of the interstellar radiation field and
the inclination of M31. ICS emission and its asymmetry were modeled by GALPROP code for
the trial case of e± generated by annihilating weakly interacting massive particles (WIMPs) with
various properties. The asymmetry was obtained to appear at photon energies above ∼ 0.1 MeV.
Morphological and spectral properties of the asymmetry were studied in detail. Potential observa-
tional detection of the asymmetry may allow to infer the leptonic fraction in the emission generation
mechanism, thus providing valuable inferences for understanding the nature of M31 gamma-ray halo
emission. Specific asymmetry predictions were made for the recently claimed DM interpretation of
the outer halo emission. The paper also studied the role of secondary – ICS and bremsstrahlung –
emissions due to DM annihilation for that interpretation. And, finally, the latter was shown to be
in significant tension with the recently derived WIMP constraints by radio data on M31.

I. INTRODUCTION AND MOTIVATION

M31 (Andromeda galaxy) is the closest large spiral
galaxy. Its proximity allows to study in detail a wide
variety of astrophysical phenomena under a view and
environment, which are alternative to our own Galaxy,
Milky Way (MW). This paper concerns the results of
gamma-ray band observations of M31 in their possible
relation to annihilating dark matter (DM). M31 was de-
tected in gamma rays for the first time by Fermi-LAT
during the first years of its operation [1]. Later, more
observational data was accumulating, which enabled cer-
tain detailization of both the emission spectrum and mor-
phology. Thus, [2] reported that the gamma-ray emission
source at M31 center is extended, has the angular radius
≈ 0.4◦ and presumably has a uniform brightness distri-
bution. The emission spectrum was measured up to ≈ 10
GeV. Then [3] (among other works on the subject) con-
firmed the cited results of [2] and also reported a possible
presence of another emission component, which extends
up to ≈ 1◦. At about the same time, [4] also found out
a tentative presence of very large outer gamma-ray halo,
which extends up to at least ≈ 9◦. And very recently, [5]
elaborated that the central source, which was previously
thought to be extended with the radius 0.4◦, in fact rep-
resents two point sources: one is in the center and one
is ≈ 0.4◦ away from the center. And it is not very clear
whether the non-central source belongs to M31.

Simultaneously with the observational progress briefly
described above, extensive theoretical modeling of the
possible gamma-ray emission mechanisms in M31 was
developing. A wide variety of emission sources has been
proposed: a population of millisecond pulsars (MSPs) [6],

∗ E-mail: aegorov@runbox.com

cosmic rays (CRs) [7, 8] and DM annihilation (e.g., [9]).
It is very possible that more than one emission mecha-
nisms work together, and different processes are respon-
sible for the emission generation in different regions of
the galaxy.

Many works studied the possibility of presence of DM
contribution in the gamma-ray emission [6, 9–12] and
derived the respective constraints. One brief conclu-
sion from these studies is impossibility to explain all
the emission by annihilating DM only. Thus, the fit of
the inner halo (IH) region spectrum requires the mass of
DM particle (traditional weakly interacting massive par-
ticles (WIMPs) are being considered) to be very small –
mx ≈ (6−11) GeV according to [11], while the outer halo
(OH) region spectrum can be fitted by heavier WIMP
with mx ≈ (45 − 72) GeV [9]. But this is an absolutely
natural situation: we would primarily expect for DM con-
tribution to be minor, while the majority of emission is
generated by usual astrophysical processes, like it is in
our own Galaxy. And it is very interesting and promis-
ing to understand the emission nature in detail, which
may eventually lead to a robust detection of DM signal
among other emission components. Thus, M31 studies
in the gamma-ray band represent a valuable direction in
the field of DM indirect searches.

One potential emission generation mechanism is lep-
tonic, i.e. through the inverse Compton scattering (ICS)
process between the photon field in the galaxy and rel-
ativistic electrons/positrons. This mechanism has a big
relevance: [7, 8] showed that both the IH and OH emis-
sions could be explained by CR interactions, when a sig-
nificant contribution comes from ICS of CR e±. The
emission due to WIMP annihilation (or decay) would
also necessarily have the leptonic (secondary) compo-
nent; since besides the prompt gammas, the annihilation
produces relativistic e± too (DM e± hereafter). However,
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Synopsis 

The goal of helioseismology is to provide accurate information about the Sun’s interior from the 

observations of the wave field at its surface. In the last three decades, both global and local 

helioseismology studies have made significant advances and breakthroughs in solar physics.  

However 3-d mapping of the structure and dynamics of sunspots and active regions below the 

surface has been a challenging task and are among the long standing and intriguing puzzles in solar 

physics due to the complexity of the turbulent and dynamic nature of magnetized regions.  

Thus the key problems that need to be addressed during the next decade are:  

 Understanding the wave excitation mechanisms in the quiet Sun and magnetic regions 

 Characterizing the wave propagation and transformation in strong and inclined magnetic 

field regions and understanding the magnetic portals in the chromosphere 

 Improving helioseismology techniques and investigating the whole life cycle of active 

regions, from magnetic flux emergence to dissipation 

 Detecting helioseismic signature of the magnetic flux of active regions before it becomes 

visible on the surface so as to provide warnings several days before the emergence  

For a transformative progress on these problems require  

 Full disk, simultaneous Doppler and vector magnetic field measurements of the 

photosphere up to the chromosphere with a spatial resolution of about 2 arc-sec  

 Large-scale radiative MHD simulations of the plasma dynamics from the sub-

photosphere to the chromosphere  

Multi-height observations will also able to estimate and correct the center-to-limb variation which 

is crucial for the measurement of meridional flow in the deeper convection zone including the 

tachocline region.   These measurements will further help to reduce the convective background 

noise in the power spectra resulting in a more accurate determination of the oscillation frequencies. 

1. Introduction  

Magnetic field at the Sun’s surface is manifested in the forms of active regions, which are highly 

concentrated magnetic structures often surrounded by plage representing large areas of diffuse 

magnetic field. Although a deeper understanding of sunspots and active regions through the high-

resolution observations and modeling has been a major area of investigation in solar physics, the 

mechanisms of their formation, evolution and eventual disintegration are still intriguing puzzles. 

It is well established that the solar dynamo responsible for creating the magnetic field and its rise 

through the convection zone are hidden from direct observations and can only be probed through 

helioseismology.  

Recently, the understanding of the turbulent magnetized plasma in strong field regions has 

received a boost through radiative MHD numerical simulations and application of local 

helioseismology techniques to mid-to high-resolution observations. Forward modeling and 

numerical simulations suggest that active regions open a window from the interior into the solar 

atmosphere and that the seismic waves leak through this window. Under certain conditions the 

leaked acoustic waves are converted into additional MHD waves (Alfvén, fast/slow magnetic 
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A multi-messenger model for neutron star - black hole mergers
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ABSTRACT
We present a semi-analytic model for predicting kilonova light curves from the mergers of neutron stars with black holes
(NSBH). The model is integrated into the mosfit platform, and can generate light curves from input binary properties and
nuclear equation-of-state considerations, or incorporate measurements from gravitational wave (GW) detectors to perform
multi-messenger parameter estimation. The rapid framework enables the generation of NSBH kilonova distributions from binary
populations, light curve predictions from GW data, and statistically meaningful comparisons with an equivalent BNS model in
mosfit. We investigate a sample of kilonova candidates associated with cosmological short gamma-ray bursts, and demonstrate
that they are broadly consistent with being driven by NSBH systems, though most have limited data. We also perform fits to the
very well sampled GW170817, and show that the inability of an NSBH merger to produce lanthanide-poor ejecta results in a
significant underestimate of the early (. 2 days) optical emission. Our model indicates that NSBH-driven kilonovae may peak
up to a week after merger at optical wavelengths for some observer angles. This demonstrates the need for early coverage of
emergent kilonovae in cases where the GW signal is either ambiguous or absent; they likely cannot be distinguished from BNS
mergers by the light curves alone from ∼ 2 days after the merger. We also discuss the detectability of our model kilonovae with
the Vera C. Rubin Observatory’s Legacy Survey of Space and Time (LSST).

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION

Our understanding of compact object mergers has made significant
advances following the advent of gravitational-wave (GW) astron-
omy, including the first ever detection in GW of a binary black hole
(BBH)merger (Abbott et al. 2016), binary neutron star (BNS)merger
(Abbott et al. 2017a) and most recently the merger of a neutron star –
black hole (NSBH) system (Abbott et al. 2021c).Where neutron stars
(NS) are involved, accompanying electromagnetic (EM) signals like
short gamma-ray bursts (SGRBs; e.g. Paczynski 1986; Kouveliotou
et al. 1993; Berger 2014) and kilonovae (Li & Paczyński 1998; Ross-
wog 2005;Metzger et al. 2010; Barnes&Kasen 2013;Metzger 2019)
are expected. Both became confirmed counterparts of BNS mergers
with the coincident detections of GW170817 (Abbott et al. 2017a),
GRB 170817A (Goldstein et al. 2017; Hallinan et al. 2017; Margutti
et al. 2017; Savchenko et al. 2017; Troja et al. 2017; D’Avanzo et al.
2018; Lyman et al. 2018; Margutti et al. 2018; Mooley et al. 2018;
Troja et al. 2018b; Lamb et al. 2019a) and the kilonova AT2017gfo
(Andreoni et al. 2017; Arcavi et al. 2017; Chornock et al. 2017; Coul-
ter et al. 2017; Cowperthwaite et al. 2017; Drout et al. 2017; Evans
et al. 2017; Kasliwal et al. 2017a; Lipunov et al. 2017; McCully et al.
2017; Nicholl et al. 2017a; Pian et al. 2017; Shappee et al. 2017;
Smartt et al. 2017; Soares-Santos et al. 2017; Tanvir et al. 2017;
Utsumi et al. 2017; Valenti et al. 2017; Villar et al. 2017).

★ E-mail: b.gompertz@bham.ac.uk (BPG)

The association of kilonovae with BNS mergers has important
implications for the production of heavy elements in the Universe.
These thermal transients are powered by the radioactive decay of
unstable heavy elements assembled by rapid neutron capture (𝑟-
process) nucleosynthesis following themerger (Lattimer& Schramm
1974; Eichler et al. 1989; Freiburghaus et al. 1999). Modelling of the
GW170817 kilonova indicates that BNS mergers may be the dom-
inant source of 𝑟-process elements in the Universe (Rosswog et al.
2018). However, comparisons with kilonova candidates associated
with cosmological SGRBs (Berger et al. 2013; Tanvir et al. 2013;
Yang et al. 2015; Jin et al. 2015, 2016; Kasliwal et al. 2017b; Jin
et al. 2018; Troja et al. 2018a; Eyles et al. 2019; Lamb et al. 2019b;
Troja et al. 2019; Jin et al. 2020; Fong et al. 2021; O’Connor et al.
2021; Rastinejad et al. 2022; Troja et al. 2022) imply that the yield
of 𝑟-process elements is highly variable between events (Gompertz
et al. 2018; Ascenzi et al. 2019; Rastinejad et al. 2021). In addition,
significant uncertainties remain in themeasuredBNSmerger rate. Es-
timates from GW events (320+490−240 Gpc

−3 yr−1; Abbott et al. 2021b)
are hampered by the low number of detections to date, while infer-
ences from the rate of short GRB detections (270+1580−180 Gpc

−3 yr−1;
Fong et al. 2015) must account for the jet opening angle distribution,
which is poorly constrained. The exact contribution BNS mergers
make to the 𝑟-process census is therefore highly uncertain.

A growing number of studies seek to minimise this uncertainty
through simultaneous modelling of both the EM and GW observa-
tions, where available (Margalit & Metzger 2017, 2019; Barbieri

© 2022 The Authors
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Prospects of detecting soft X-ray emission from typical WHIM filaments
around massive clusters and the Coma cluster soft excess
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ABSTRACT
While hot ICM in galaxy clusters makes these objects powerful X-ray sources, the cluster’s outskirts and overdense gaseous
filaments might give rise to much fainter sub-keV emission. Cosmological simulations show a prominent "focusing" effect of
rich clusters on the space density of the Warm-Hot Intergalactic Medium (WHIM) filaments up to a distance of ∼ 10 Mpc (∼
turnaround radius, 𝑟𝑡𝑎) and beyond. Here, we use Magneticum simulations to characterize their properties in terms of integrated
emission measure for a given temperature and overdensity cut and the level of contamination by the more dense gas. We suggest
that the annuli (∼ 0.5 − 1) × 𝑟𝑡𝑎 around massive clusters might be the most promising sites for the search of the gas with
overdensity . 50. We model spectral signatures of the WHIM in the X-ray band and identify two distinct regimes for the gas
at temperatures below and above ∼ 106 K. Using this model, we estimate the sensitivity of X-ray telescopes to the WHIM
spectral signatures. We found that the WHIM structures are within reach of future high spectral resolution missions, provided
that the low-density gas is not extremely metal-poor. We then consider the Coma cluster observed by SRG/eROSITA during the
CalPV phase as an example of a nearby massive object. We found that beyond the central 𝑟 ∼ 40′ (∼ 1100 kpc) circle, where
calibration uncertainties preclude clean separation of the extremely bright cluster emission from a possible softer component,
the conservative upper limits are about an order of magnitude larger than the levels expected from simulations.

Key words: radiation mechanisms: thermal – Physical Data and Processes, X-rays: general – Resolved and unresolved sources
as a function of wavelength, Galaxy: halo – The Galaxy, – galaxies: clusters: individual: Coma

1 INTRODUCTION

Warm-hot intergalactic medium with temperature from 105 K to a few
times 106 K and overdensity (relative to the mean baryonic density
of the Universe) from a few to a few tens is believed to contain almost
a half of all baryons in the modern Universe (Cen & Ostriker 1999;
Davé et al. 2001; Bertone et al. 2010; Martizzi et al. 2019; Tuominen
et al. 2021). On the low temperature and density end, it is located in
sheets of matter collapsed in only one direction, while on the high
temperature and density end, it corresponds to the hot and tenuous
outskirts of virialized objects, i.e. galaxies, groups, and clusters.

The relatively high temperature and low density of this gas make
its direct observation very hard. Indeed, on the one hand, thermally-
excited emission is very faint and falls into UV and soft X-ray bands,
suffering from high line-of-sight absorption and foreground emission
of our own Galaxy. On the other hand, the degree of hydrogen and
helium ionization in this medium is extremely high (due to both
collisional and photoionization in the radiation field of cosmic X-ray
and UV background) prohibiting any detectable absorption signal
akin to Lyman forest absorption readily observed in the spectra of
quasars at redshifts above two.

This picture changes dramatically if WHIM is allowed to be sig-
nificantly enriched with metals, which are capable of staying only

partially ionized under WHIM-relevant physical conditions. Both
emission (Paerels et al. 2008) and absorption (Richter et al. 2008) in
lines of the metals have long been considered as the most promising
venue for the direct observation of this medium, in particular, thanks
to the exquisite redshift-sensitivity of the signal enabling the possibil-
ity of cross-correlation of the X-ray signal with galaxies overdensities
inferred from the optical surveys (Bregman et al. 2019; Nicastro et al.
2022, for recent reviews).

An alternative approach is to focus on the overdense regions
which are naturally present in the vicinity of massive galaxy clusters.
Namely, the expected overdensity of all structures near a turn-around
radius of the cluster is ∼ 2− 3 (see, e.g. Fig. 2 in Diemer & Kravtsov
2014 or Fig.5 in O’Neil et al. 2021), and one can expect WHIM gas
to be concentrated there as well, in particular in the form of the mat-
ter filaments with an overdensity of few tens. As a result, the excess
X-ray emission from such regions would naturally contain the con-
tribution of WHIM, and this can be used even without the selection
of individual filaments traced by the overdensity of galaxies at the
redshift of the central cluster.

Given that the surface brightness of the WHIM emission does
not depend on the distance to the object (for small redshifts), it is
primarily the sky area covered by the object that determines the total

© 0000 The Authors
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CHEOPS’s hunt for exocomets: photometric observations of 5 Vul
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ABSTRACT
The presence of minor bodies in exoplanetary systems is in most cases inferred through infra-red excesses, with the exception of
exocomets. Even if over 35 years have passed since the first detection of exocomets around β Pic, only ∼ 25 systems are known
to show evidence of evaporating bodies, and most of them have only been observed in spectroscopy. With the appearance of
new high-precision photometric missions designed to search for exoplanets, such as CHEOPS, a new opportunity to detect
exocomets is available. Combining data from CHEOPS and TESS we investigate the lightcurve of 5 Vul, an A-type star with
detected variability in spectroscopy, to search for non periodic transits that could indicate the presence of dusty cometary tails
in the system. While we did not find any evidence of minor bodies, the high precision of the data, along with the combination
with previous spectroscopic results and models, allows for an estimation of the sizes and spatial distribution of the exocomets.

Key words: comets:general – stars:individual:HD182919

1 INTRODUCTION

Exocomets are still the only minor bodies we are able to observe
in extrasolar planetary systems. However, they remain elusive, and
since their first detection by Ferlet et al. (1987) around the star β
Pictoris, only other ∼ 25 systems show evidence of the presence of
such minor bodies (Strøm et al. 2020). The first evidences for ex-
ocomets were observed in spectroscopy, as (blue-)red-shifted vari-
ations in the Ca II K lines of several A-type stars, with a sample
growing slowly throughout the years (e.g. Redfield & Linsky 2008;
Kiefer et al. 2014b; Montgomery & Welsh 2012; Rebollido et al.
2020). The variations observed spanned from few km/s to hundreds
of km/s, and traced the gaseous tails of exocomets as they transited
the star. They were found later in UV wavelengths, tracing other
metallic elements (Vidal-Madjar et al. 1994; Roberge et al. 2000;
Grady et al. 2018)Due to the sporadic nature of exocometary events,
their orbits are difficult to constrain, and only for the case of β Pic
we have estimations of the pericenter of the transiting comets, both
through models (Beust & Morbidelli 1996, 2000) and observations
(Kennedy 2018).

Given comets in the solar system develop two tails, one composed
of gas and another one composed of dust, it was predicted (Lecave-
lier Des Etangs et al. 1999; Lecavelier Des Etangs 1999) that pho-
tometric observations could also detect these bodies as individual
(i.e., non periodic) transits, with a particular saw tooth shape due

? E-mail: irebollido@stsci.edu

to the exponential decrease of material in the tail. While osberva-
tions compatible with exocomets were detected with Kepler (Boy-
ajian et al. 2016; Rappaport et al. 2018; Kennedy et al. 2019), the
sensitivity and pointing constrains of the instrument did not allow
for observations of the bright A-type stars where exocomets have
been classicaly found using spectroscopy. Shortly after, the launch
of TESS allowed monitoring of much brighter stars, leading to the
detection of exocomets in photometry in the star β Pic (Zieba et al.
2019; Pavlenko et al. 2022) with a frequency high enough to make
estimations about the size distribution of the minor bodies in the
system Lecavelier des Etangs et al. (2022). To this date, there are no
publication of simultaneously detected comets in spectroscopy and
photometry around any star.

Aiming at expanding the sample of known spectroscopic exo-
comet host stars with photometric detections, we obtained CHEOPS
Cycle 1 data of the star 5 Vulpecula, selected as at the time of the
call for proposals it did not fall in the TESS observing windows.
The structure of the paper is as follows: Section 2 describes the
target and observations; Section 3 analyses the photometric upper
limits and revises the published spectroscopic data; Section 4 offers
an overview of the system and the potential discrepancy between
observation strategies; and finally Section 5 summarises the work
presented here.

© 2022 The Authors
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All-Sky Faint DA White Dwarf Spectrophotometric Standards for Astrophysical Observatories: The Complete Sample
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ABSTRACT

Hot DA white dwarfs have fully radiative pure hydrogen atmospheres that are the least complicated to model.
Pulsationally stable, they are fully characterized by their effective temperature Teff, and surface gravity log g,
which can be deduced from their optical spectra and used in model atmospheres to predict their spectral energy
distribution (SED). Based on this, three bright DAWDs have defined the spectrophotometric flux scale of the
CALSPEC system of HST. In this paper we add 32 new fainter (16.5 < V < 19.5) DAWDs spread over the whole
sky and within the dynamic range of large telescopes. Using ground based spectra and panchromatic photometry
with HST/WFC3, a new hierarchical analysis process demonstrates consistency between model and observed
fluxes above the terrestrial atmosphere to < 0.004 mag rms from 2700 Å to 7750 Å and to 0.008 mag rms at
1.6µm for the total set of 35 DAWDs. These DAWDs are thus established as spectrophotometric standards with
unprecedented accuracy from the near ultraviolet to the near-infrared, suitable for both ground and space based
observatories. They are embedded in existing surveys like SDSS, PanSTARRS and GAIA, and will be naturally
included in the LSST survey by Rubin Observatory. With additional data and analysis to extend the validity of
their SEDs further into the IR, these spectrophotometric standard stars could be used for JWST, as well as for
the Roman and Euclid observatories.

Keywords: Standards, Cosmology: Observations, Methods: Data Analysis, Stars: White Dwarfs, Surveys

1. INTRODUCTION

Most currently available spectrophotometric (and photo-
metric) standards in the sky limit us to color accuracies of 1
to 2%. This accuracy is a limitation to the uncertainty bud-
gets of key scientific investigations such as the determination
of photo-redshifts. This in turn limits the uncertainties in
determining the dark-energy equation of state, e.g. Betoule
et al. (2013). The motivation for developing an all-sky net-
work of DA white dwarfs (DAWDs) as more accurate spec-
trophotometric standards was described in considerable de-
tail by Narayan et al. (2016, hereafter N16), and need not be
repeated here. Salient features of those arguments are briefly
re-cast in § 2 below.

This paper presents an all-sky set of 32 new spectropho-
tometric standard stars on an absolute scale. They are faint
enough to be within the dynamic range of large telescopes

(apertures 4m and higher), with two or more of them accessi-
ble from any site on the globe at any instant at airmass lower
than 2. This study has utilized observational data from the
Hubble Space Telescope (HST) through three proposals: GO-
12967, GO-13711, and GO-15113 (PI: A. Saha), and spec-
troscopic observations from the ground utilizing data from
Gemini Observatory, the MMT Observatory, and the SOAR
telescope.

In prior publications we have presented results for a sample
of 19 stars in the equatorial and northern regions of the sky
with spectrophotometric accuracy in colors to sub-percent
accuracy from the near ultraviolet (UV) through near infrared
(IR). In this paper we add an additional 13 DAWDs in the
Southern sky to extend the 19 Northern and Equatorial faint
DAWD standards presented in Narayan et al. (2019, hereafter
N19), thereby yielding an all-sky network of 32 faint spec-
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Spectral age distribution for radio-loud active galaxies in the XMM-LSS
field
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ABSTRACT
Jets of energetic particles, as seen in FR type-I and FR type-II sources, ejected from the center of Radio-Loud AGN affect
the sources surrounding intracluster medium/intergalactic medium. Placing constraints on the age of such sources is important
in order to measure the jet powers and determine the effects on feedback. To evaluate the age of these sources using spectral
age models, we require high-resolution multi-wavelength data. The new sensitive and high-resolution MIGHTEE survey of the
XMM-LSS field along with data from the Low Frequency Array (LOFAR) and the Giant Metrewave Radio Telescope (GMRT)
provide data taken at different frequencies with similar resolution, which enables us to determine the spectral age distribution
for radio loud AGN in the survey field. In this study we present a sample of 28 radio galaxies with their best fitting spectral
age distribution analyzed using the Jaffe-Perola (JP) model on a pixel-by-pixel basis. Fits are generally good and objects in our
sample show maximum ages within the range of 2.8 Myr to 115 Myr with a median of 8.71 Myr. High-resolution maps over a
range of frequencies are required to observe detailed age distributions for small sources and high-sensitivity maps will be needed
in order to observe fainter extended emission. We do not observe any correlation between the total physical size of the sources
and their age and we speculate both dynamical models and the approach to spectral age analysis may need some modification
to account for our observations.

Key words: galaxies: active, galaxies: nuclei, galaxies: evolution

1 INTRODUCTION

1.1 Radio-loud active galactic nuclei

Active galactic nuclei (AGN) are driven by the accretion of mat-
ter onto the central supermassive black hole of a galaxy. In this pa-
per, we use the term radio-loud AGN (RLAGN) to refer to objects
which have strong radio emission related to the active nucleus, in
general exceeding the radio emission due to star formation in their
host galaxy. Traditionally RLAGNs have been classified morpho-
logically into two different types depending on the jet morphology,
namely, Fanaroff-Riley type I and type II (FRI and FRII), named
after the Faranoff and Riley morphological distinction for central
brightened and edge brightened sources (Fanaroff & Riley 1974).
The jets that terminate in a hotspot and remain relativistic through-
out are categorised as edge-brightened FRII radio galaxies, whereas
the jets that are relativistic initially and decelerate through kpc scales
are categorised as centre-brightened FRI radio galaxies. Hence, the
main extended structures that are seen in the RLAGN are: the jet,

? E-mail: s.pinjarkar2@herts.ac.uk

the hotspot, and the lobes, seen as FRII’s and jets which decelerate
to form plumes of lobes, seen as FRI’s (e.g., Bridle & Perley 1984,
Harwood et al. 2015, Blandford et al. 2019, Hardcastle & Croston
2020). These structures can be pc to Mpc in size (e.g., Blandford &
Rees 1974, Urry & Padovani 1995, Rafferty et al. 2006).

Energy is dissipated in the jets and hotspots of these sources,
which accelerate electrons to relativistic speeds and give rise to in-
tense radio emission. Hotspots advance through the external medium
and leave behind the material that forms the lobes (see Begelman
et al. 1984 review). The expansion of the lobes does work on the
external environment which can heat the gas around it and affect
the gas cooling rates; such effects are known as "AGN feedback"
processes (e.g., Croton et al. 2006; Bower et al. 2006). These pro-
cesses in turn transfer energy onto the intracluster medium (ICM)
or intergalactic medium (IGM) (e.g., McNamara & Nulsen 2012),
causing the environment around the jets to heat. Hence, it is impor-
tant to understand the power of AGN mechanism which requires us
to focus our attention towards the AGN energetics and the time they
spend providing feedback. Furthermore, a constrained plasma age
measurement can also give us insights into the dynamics of such
powerful radio galaxies.

© 2023 The Authors
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ABSTRACT
Wepresent the first X-ray observation at sub-arcsecond resolution of the high-redshift (𝑧 = 6.18) quasar CFHQS J142952+544717
(J1429). The ∼ 100 net-count 0.3–7 keV spectrum obtained from ∼ 30 ksec Chandra exposure is best fit by a single power-law
model with a photon index Γ = 2.0± 0.2 and no indication of an intrinsic absorber, implying a 3.6–72 keV rest-frame luminosity
𝐿X = (2.3+0.6−0.5) × 10

46 erg s−1. We identify a second X-ray source at 30′′ distance from J1429 position, with a soft (Γ ' 2.8)
and absorbed (equivalent hydrogen column density 𝑁H < 13.4× 1020 cm−2) spectrum, which likely contaminated J1429 spectra
obtained in lower angular resolution observations. Based on the analysis of the Chandra image, the bulk of the X-ray luminosity
is produced within the central ∼ 3 kpc region, either by the disk/corona system, or by a moderately aligned jet. In this context,
we discuss the source properties in comparison with samples of low- and high-redshift quasars. We find indication of a possible
excess of counts over the expectations for a point-like source in a 0.5′′–1.5′′ (∼ 3 − 8 kpc) annular region. The corresponding
X-ray luminosity at J1429 redshift is 4 × 1045 erg s−1. If confirmed, this emission could be related to either a large-scale X-ray
jet, or a separate X-ray source.

Key words: galaxies: active, galaxies: high-redshift, galaxies: nuclei, X-rays: general, individual: CFHQS J142952+544717

1 INTRODUCTION

The formation and growth of early black holes and their impact on
the evolution of structures across the Universe is at the forefront of
current astrophysical research. One of themain open problems relates
to the formation and evolution of radio sources and the significance
of radio phenomena (i.e., jets and lobes) produced by growing black
holes in the feedback and co-evolution of galaxies and clusters of
galaxies. We still do not understand why only a small fraction of
quasars exhibits powerful radio emitting structures extending to large,
in some cases even Mpc, scales. And yet, the existence of jetted
quasars at high redshift challenges models of structure formation,
as their radio power requires a very massive black hole, Mbh >

109−1010M� (e.g., Croton et al. 2006; Volonteri & Natarajan 2009;
Valiante et al. 2016, and references therein).
The energy released by the jet into the interstellar medium (ISM)

may impact the evolution of the host galaxy (Fragile et al. 2004;
Gaibler et al. 2012; Mukherjee et al. 2018; Meenakshi et al. 2022).
Observational evidence of such effect is still limited and its interpre-
tation controversial, with positive and negative feedback considered
to play a role. (e.g. Bicknell et al. 2000; Croft et al. 2006; Nesvadba

★ E-mail: giulia.migliori@inaf.it

et al. 2010; Salomé et al. 2015; Lanz et al. 2016; Nesvadba et al.
2020; Girdhar et al. 2022). In a recent work, Poitevineau et al. (2023)
found indication that the supermassive black holes (SMBHs) pow-
ering radio-loud1 active galactic nuclei (AGN) in the 0.3 < 𝑧 < 4
range, are overall more massive than what expected by the scaling re-
lation between the masses of SMBHs and their host spheroids in the
local Universe. The proposed explanation involves a relevant role of
“radio-mode” AGN feedback, leading to a rapid growth of SMBHs
at early epochs while influencing the star-formation history of the
AGN host galaxy (see also Jolley & Kuncic 2008; Diana et al. 2022).
In order to investigate radio-mode feedback in the AGN evolution,

sizeable samples of radio-loud AGN at high redshift are needed.
Indeed, the number of known high-redshift radio sources (𝑧 > 5)
has increased significantly during the past several years (e.g Bañados
et al. 2015; Bañados et al. 2018; Fan et al. 2022, for a general review),
with a rapid sequence of record breaking discoveries (Willott et al.
2010; Saxena et al. 2018; Belladitta et al. 2020; Bañados et al. 2021;
Connor et al. 2021; Endsley et al. 2022; Ighina et al. 2023, to name

1 Here we assume the classical separation between radio-loud (RL) and
radio-quiet (RQ) quasar based on the rest-frame radio to optical flux density
ratio 𝑅, with the radio being measured at 5GHz and the optical at 4400 Å
(Kellermann et al. 1989). The divide is set at 𝑅 = 10.

© 2023 The Authors
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ABSTRACT

Aims. We present the Differentiable Lensing Lightcone (DLL), a fully differentiable physical model designed for being used as a
forward model in Bayesian inference algorithms requiring access to derivatives of lensing observables with respect to cosmological
parameters.
Methods. We extend the public FlowPM N-body code, a particle-mesh N-body solver, simulating lensing lightcones and implementing
the Born approximation in the Tensorflow framework. Furthermore, DLL is aimed at achieving high accuracy with low computational
costs. As such, it integrates a novel Hybrid Physical-Neural parameterisation able to compensate for the small-scale approximations
resulting from particle-mesh schemes for cosmological N-body simulations. We validate our simulations in an LSST setting against
high-resolution κTNG simulations by comparing both the lensing angular power spectrum and multiscale peak counts. We demonstrate
an ability to recover lensing C` up to a 10% accuracy at ` = 1000 for sources at redshift 1, with as few as ∼ 0.6 particles per Mpc/h. As
a first use case, we use this tool to investigate the relative constraining power of the angular power spectrum and peak counts statistic
in an LSST setting. Such comparisons are typically very costly as they require a large number of simulations, and do not scale well
with the increasing number of cosmological parameters. As opposed to forecasts based on finite differences, these statistics can be
analytically differentiated with respect to cosmology, or any systematics included in the simulations at the same computational cost
of the forward simulation.
Results. We find that the peak counts outperform the power spectrum on the cold dark matter parameter Ωc, on the amplitude of
density fluctuations σ8, and on the amplitude of the intrinsic alignment signal AIA.

Key words. methods: statistical – dark energy

1. Introduction

Weak gravitational lensing by Large Scale Structures (LSS) is
one of the key probes to test cosmological models and gain in-
sight into constituents of the Universe. The upcoming stage-IV
surveys, such as the Legacy Survey of Space and Time (LSST)
of the Vera C. Rubin Observatory Ivezić et al. (2019), the Nancy
Grace Roman Space Telescope (Spergel et al. 2015), and the Eu-
clid Mission (Laureijs et al. 2011), will provide measurements
of billions of galaxy shapes with unprecedented accuracy, which
in turn will lead to tight constraints on dark energy models (e.g.
Mandelbaum et al. 2018).

With the increased statistical power of these surveys comes
the question of their optimal analysis. Traditional cosmological
analysis rely on measurements of the two-point statistics, either
the shear two-point correlation functions or its Fourier trans-
form, the lensing power spectrum. However, the two-point statis-
tics are only optimal for Gaussian fields, and do not fully capture
the non-Gaussian information imprinted in the lensing signal at
the scales that future surveys will be able to access (e.g. infor-

? Contact: denise.lanzieri@cea.fr

mation encoded in the peaks and in the filamentary features of
the matter distribution).

This has led to the introduction of a number of higher-order
statistics to access the non-Gaussian information from weak
lensing data: the weak lensing one point PDF (Liu & Mad-
havacheril 2019; Uhlemann et al. 2020; Boyle et al. 2021), lens-
ing peak counts (Liu et al. 2015a,b; Lin & Kilbinger 2015;
Kacprzak et al. 2016; Peel et al. 2017; Shan et al. 2018; Mar-
tinet et al. 2018; Ajani et al. 2020; Harnois-Déraps et al. 2021;
Zürcher et al. 2022), Minkowski functionals (Kratochvil et al.
2012; Petri et al. 2013), moments of mass maps (Gatti et al.
2021), wavelet and scattering transforms (Ajani et al. 2021;
Cheng & Ménard 2021), and 3 point statistics (Takada & Jain
2004; Semboloni et al. 2011; Rizzato et al. 2019; Halder et al.
2021).

Recently, machine learning-based methods that broadly fall
in the category of Simulation-Based Inference (SBI) (Fluri et al.
2019; Kacprzak & Fluri 2022; Fluri et al. 2021; Jeffrey et al.
2021; Fluri et al. 2022), and Bayesian forward-modeling frame-
works (Porqueres et al. 2021; Sarma Boruah et al. 2022) have
also been introduced to attempt to fully account for the non-
Gaussian content in the weak lensing signal. Unlike the meth-
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ABSTRACT

We report a 325(−7,+8) day quasi-periodic oscillation (QPO) in the X-ray emission of the blazar Mkn
421, based on data obtained with the Rossi X -ray Timing Explorer (RXTE ) satellite. The QPO is
seen prominently in the ASM data (at least 15 cycles), due to the fact that it has had near-continuous
sampling for more than a decade. The PCA data, where the sampling is not uniform and shows many
large gaps, provide supporting evidence at lower significance. QPOs are an important observable in
accretion disks, can be modulated by various orbital timescales, and may be generated by a number
of mechanisms. They have been studied extensively in X-ray binaries, and should be present in active
galactic nuclei (AGN) if they are governed by a common set of physical principles. In jetted sources,
QPOs can probe jet-disk interactions or helical oscillations. This QPO previously has been claimed
intermittently in X-ray, radio and gamma-ray data, but the continuous, 15-year extent (1996-2011) of
the ASM observations (in which Mkn 421 is the brightest AGN observed) provides a unique window.
The QPO appears present for nearly the entire extent of the ASM observations. We explore various
physical origins and modulating mechanisms, particularly interpretations of the QPO as a result of
disk-jet interactions, either due to an accretion disk limit cycle, jet instabilities or helical motions.
Limit-cycle related oscillations would not interact with either Keplerian or Lense-Thirring modulated
oscillations, however those associated with jet instabilities or helical motions in the jet would likely
be modulated by Lense-Thirring precession.

Keywords: quasi-periodic oscillations, active galactic nuclei, RXTE , QPOs, AGN

1. INTRODUCTION

Quasi-Periodic Oscillations (QPOs) in accretion disks
have been thoroughly studied in both neutron star (NS)
and black hole X-ray binaries (BHXRB). High-frequency
(HF) QPOs in galactic sources are thought to probe the
motion of matter under strong gravity near the surface
of the NS or event horizon of the BH. Models of QPOs
include Keplerian orbital motion of matter in the disk,
central compact object spin, general relativistic effects
such as Lense-Thirring precession, or beat frequencies
between two of the previous mechanisms. The history of
these models can be found in various reviews such as van
der Klis (1989, 2000) and Ingram & Motta (2019).
RXTE observations of microquasars found QPOs at

nearly identical frequencies: 67 Hz for GRS 1915+105
and 66 Hz for IGR J17091-3624. Similarities in the com-
plex light curves of these two sources prompted investi-
gation of whether the same physical mechanisms cause
these behaviors (Altamirano et al. 2011). A cardinal
question in astrophysics is whether galactic black holes
in BHXRB and supermassive black holes (SMBHs) in
AGN are governed by shared physical processes. Mer-
loni et al. (2003) investigated the disk-jet connection,
yielding tight correlations between BH mass, radio and
X-ray luminosity over many orders of magnitude, thus
supporting the theory of scale invariance. If there is a
commonality in the underlying physics of disk-accretion
and jet-launching in BHXRB and AGN, observational
evidence of timing features would appear on much differ-
ent time scales, often compared using the mass ratio.

More recent studies into microquasars have given rise
to new theories behind QPOs and the newly named

quasi-periodic eruptions (QPEs) (Giustini et al. 2020;
Miniutti et al. 2019), expanding the list of possible com-
mon mechanisms. The same concept of shared processes
applies to galactic BHs in BHXRB and SMBHs in AGN.
Similarly, Janiuk & Czerny (2011)’s expansion upon Can-
nizzo (1992, 1993, 1998)’s work has led to the accre-
tion disk limit-cycle being considered in both AGN and
BHXRB.

The widely known Schwarzschild radius is given by:

RS ≡ 2GM

c2
(1)

For a non-rotating, or Schwarzschild, BH, the inner-
most stable circular orbit (ISCO) for material in the ac-
cretion disk has a radius of RISCO ≡ 3RS . For a rotat-
ing, or Kerr, BH the radius of the ISCO for a maximally-
rotating BH in both the co-rotating and counter-rotating
cases is constrained by 0.5RS ≤ RISCO ≤ 4.5RS (Jefre-
mov et al. 2015).

Early searches for QPOs focused heavily on Seyfert
galaxies, including studies conducted by Gierliński et al.
(2008); Middleton & Done (2010); Alston et al. (2014,
2015); Smith et al. (2018); Edelson et al. (2014); Zhou
et al. (2018); Tarnopolski et al. (2020) and Smith et al.
(2020). Successes in these campaigns paved the way for
similar searches in blazars. Much of the variable emission
in blazars, particularly BL Lacertae objects, comes from
non-thermal processes, particularly within the relativis-
tic jet which is seen at very small angles to the line of
sight and therefore Doppler boosted (see, e.g., Giommi
et al. (2021)). Nevertheless, recent work has begun to
suggest that the violent, variable emission in these ob-
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ABSTRACT
Torsional Alfvén waves in coronal plasma loops are usually considered to be non-collective, i.e. consist of cylindrical
surfaces evolving independently, which significantly complicates their detection in observations. This non-collective
nature, however, can get modified in the nonlinear regime. To address this question, the propagation of nonlinear
torsional Alfvén waves in straight magnetic flux tubes has been investigated numerically using the astrophysical MHD
code Athena++ and analytically, to support numerical results, using the perturbation theory up to the second order.
Numerical results have revealed that there is radially uniform induced density perturbation whose uniformity does
not depend on the radial structure of the mother Alfvén wave. Our analysis showed that the ponderomotive force
leads to the induction of the radial and axial velocity perturbations, while the mechanism for the density perturbation
is provided by a non-equal elasticity of a magnetic flux tube in the radial and axial directions. The latter can be
qualitatively understood by the interplay between the Alfvén wave perturbations, external medium, and the flux tube
boundary conditions. The amplitude of these nonlinearly induced density perturbations is found to be determined by
the amplitude of the Alfvén driver squared and the plasma parameter β. The existence of the collective and radially
uniform density perturbation accompanying nonlinear torsional Alfvén waves could be considered as an additional
observational signature of Alfvén waves in the upper layers of the solar atmosphere.

Key words: MHD – Sun: corona – waves – plasmas – Sun: oscillations

1 INTRODUCTION

Due to the progress in observational techniques and facilities,
various modes of magnetohydrodynamic (MHD) waves are
being confidently detected in the solar atmosphere. In partic-
ular, the existence of upwardly propagating torsional Alfvén
waves have been reported in photospheric bright points (Jess
et al. 2009) and thin chromospheric spicular-type structures
(e.g. Pontieu et al. 2014; Srivastava et al. 2017). Likewise,
there are sporadic reports of torsional Alfvén waves in coro-
nal structures (Kohutova et al. 2020) and of their excitation
during solar flares (Aschwanden & Wang 2020).
Alfvén waves are well-known candidates for transferring

and transporting energy into the solar corona. For example,
in the observation made by Srivastava et al. (2017), the es-
timated energy flux carried by Alfvén waves at the chromo-
spheric layer was reported to be potentially sufficient to com-
pensate radiative losses in the corona (for review of coronal
heating mechanisms by Alfvén waves, see e.g. Van Doorsse-
laere et al. 2020). This is besides the great interest in Alfvén

? E-mail: mr_beloff@mail.ru

waves in the context of providing energy sources for solar
wind acceleration (Banerjee et al. 2021).
The evolution of torsional Alfvén waves in initially uniform

plasmas has been shown to lead to the formation of elongated
over-dense threads in high-resolution 3D ideal MHD simula-
tions, which in turn could act as effective waveguides for other
MHD wave modes (Díaz-Suárez & Soler 2021).
Despite the persistent interest in Alfvén waves in the solar

atmosphere, there are only a few reports of their detection in
the corona (e.g. Kohutova et al. 2020). This is in contrast to
magnetoacoustic (MA) waves which are confidently detected
in the corona in direct imaging, spectroscopic, and indirect
observations as quasi-periodic pulsations in flares (see e.g.
Nakariakov & Kolotkov 2020, for a recent comprehensive re-
view). The reason for this fact is that the detection of Aflvén
waves is more challenging in comparison with MA waves (it
is also instructive to read Verwichte et al. 1999, in this re-
spect). First of all, Alfvén waves are not compressive in the
linear regime and, therefore, do not modulate plasma emis-
sion through density perturbations as essentially compressive
MA waves do. As a result, if the plasma structure is poorly
resolved, the only way to detect linear (with relatively low
amplitude) Alfvén wave is to measure non-thermal Doppler

© 2023 The Authors
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ABSTRACT
Post-starburst galaxies (PSBs) are transition galaxies showing evidence of recent rapid star formation quenching. To understand
the role of galaxy mergers in triggering quenching, we investigate the incidence of PSBs and resolved PSB properties in post-
merger galaxies using both SDSS single-fiber spectra and MaNGA resolved IFU spectra. We find post-mergers have a PSB
excess of 10 – 20 times that relative to their control galaxies using single-fiber PSB diagnostics. A similar excess of ∼ 19
times is also found in the fraction of central (C)PSBs and ring-like (R)PSBs in post-mergers using the resolved PSB diagnostic.
However, 60% of the CPSBs + RPSBs in both post-mergers and control galaxies are missed by the single-fiber data. By visually
inspecting the resolved PSB distribution, we find that the fraction of outside-in quenching is 7 times higher than inside-out
quenching in PSBs in post-mergers while PSBs in control galaxies do not show large differences in these quenching directions.
In addition, we find a marginal deficit of HI gas in PSBs relative to non-PSBs in post-mergers using the MaNGA-HI data. The
excesses of PSBs in post-mergers suggest that mergers play an important role in triggering quenching. Resolved IFU spectra are
important to recover the PSBs missed by single-fiber spectra. The excess of outside-in quenching relative to inside-out quenching
in post-mergers suggests that AGN are not the dominant quenching mechanism in these galaxies, but that processes from the
disk (gas inflows/consumption and stellar feedback) play a more important role.

Key words: galaxies: evolution – galaxies: interactions – galaxies: starburst

1 INTRODUCTION

The galaxy population in the local universe can be broadly divided
into two main categories; blue star-forming spirals and red quiescent
ellipticals. This bimodality is well characterized by the color vs mag-
nitude diagram of the galaxy population (Blanton et al. 2003; Baldry
et al. 2004; Wyder et al. 2007; Jin et al. 2014), which shows the star-
forming ‘blue cloud’ separated from the quiescent ‘red sequence’.
This bimodal trend is built up over cosmic time showing star-forming
galaxies are quenching their star formation and are evolving from the
‘blue cloud’ to the ‘red sequence’ (Bell et al. 2004; Arnouts et al.
2007; Faber et al. 2007; Jannuzi et al. 2007). However, what trig-
gers this evolution and the truncation of star formation is not fully
understood.
Theoretically, galaxymergers offer a scenariowhere star formation

quenching is expected to be seen. Galaxy mergers can trigger both
enhanced star formation (Barnes & Hernquist 1996; Cox et al. 2006;
Lin et al. 2007) and active galactic nuclei (AGN, Di Matteo et al.

★ E-mail: wli58@crimson.ua.edu

2005;Hopkins et al. 2006, 2008;Hickox et al. 2009). Both gas inflows
and gas consumption by star formation during mergers (Moreno et al.
2015) and the merger-driven AGN or stellar feedback (Bower et al.
2006; Croton et al. 2006; Fabian 2012; Lin et al. 2017) can cause
star formation quenching. However, star formation quenching due
to gas inflows/consumption and AGN/stellar feedback would lead to
different resolved star formation histories. On one hand, simulations
have shown that galaxy mergers can induce gas inflows towards the
center, resulting in star formation suppression in the outskirts and
enhanced starburst in the center, followed by a truncation of star for-
mation due to gas consumption (Naab & Burkert 2001; Moreno et al.
2015). Alternatively, mergers can also trigger widespread starbursts
extending over large scales (Schweizer 2005; Kim et al. 2009; Saitoh
et al. 2009; Hopkins et al. 2013), leading to rapid consumption of
the gas in the outskirts first. Both scenarios can cause star forma-
tion quenching from the outskirts and progressively moving inward,
leading to an outside-in quenching direction. On the other hand, sim-
ulations support that AGN feedback can drive kinetic winds, which
lead to star formation quenching from the center extending to the out-
skirts, resulting in an inside-out quenching direction (Nelson et al.

© 2023 The Authors
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ABSTRACT

Aims. We present a magnetic-field surface map for both stellar components of the young visual binary ξBoo AB (A: G8V, B: K5V).
Methods. Employed are high resolution Stokes-V spectra obtained with the Potsdam Echelle Polarimetric and Spectroscopic Instru-
ment (PEPSI) at the Large Binocular Telescope (LBT). Stokes V line profiles are inverted with our iMAP software and compared
to previous inversions. We employed an iterative regularization scheme without the need of a penalty function and incorporated a
three-component description of the surface magnetic-field vector. The spectral resolution of our data is 130 000 (0.040–0.055 Å) and
have signal-to-noise ratios (S/N) of up to three thousand per pixel depending on wavelength. A singular-value decomposition (SVD)
of a total of 1811 spectral lines is employed for averaging Stokes-V profiles. Our mapping is accompanied by a residual bootstrap
error analysis.
Results. Magnetic flux densities of the radial field component of up to plus/minus 115±5 G were reconstructed for ξ Boo A while up
to plus/minus 55±3 G were reconstructed for ξBoo B. ξBoo A’s magnetic morphology is characterized by a very high latitude, nearly
polar, spot of negative polarity and three low-to-mid latitude spots of positive polarity while ξBoo B’s morphology is characterized
by four low-to-mid latitude spots of mixed polarity. No polar magnetic field is reconstructed for the cooler ξBoo B star. Both our
maps are dominated by the radial field component, containing 86% and 89% of the magnetic energy of ξ Boo A and B, respectively.
We found only weak azimuthal and meridional field densities on both stars (plus/minus 15–30 G), about a factor two weaker than
what was seen previously for ξBoo A. The phase averaged longitudinal field component and dispersion is +4.5±1.5 G for ξ Boo A
and –5.0±3.0 G for ξBoo B.

Key words. stars: imaging – stars: activity – stars: magnetic fields – stars: starspots – stars: individual: ksi Boo A,B

1. Introduction

The technique of Zeeman-Doppler imaging (ZDI) was intro-
duced three decades ago by Semel (1989) and had become an
indispensable technique for cool-star magnetic field studies (see
reviews by Kochukhov 2021, Reiners 2012, Strassmeier 2009,
and Donati & Landstreet 2009). So far, ZDI employed almost
exclusively circular polarization (CP) Stokes V spectra and only
rarely also Stokes IV, that is, intensity and CP line profiles to-
gether. This is because Stokes I inversion is not feasible for stars
with low rotational line broadening due to the Doppler effect of
the surface rotation being too small. The targets ξ Boo A+B are
among those cool stars with very small rotational line broaden-
ing but still with an active atmosphere. Therefore, only CP ZDI
of the ξ Boo AB binary system is possible.
ξ Boo’s optical light variability was discovered by

Chugainov (1983). He obtained a photometric period of ≈10 d
with an average amplitude of just 5.5 mmag from 45 nights of
UBV data in 1980. The variability was assigned to ξBoo A al-
though only the combined light with ξ Boo B could be mea-
sured. On two nights Chugainov (1983) noted flare-like events
with ∆U of up to 0m.1. Other determinations of the rotational
period followed. For ξ Boo A, Plachinda & Tarasova (2000) ob-
tained 6.1455±0.0003d using longitudinal magnetic field mea-
surements. Activity indices based on the Ca ii H&K lines were

⋆ Based on data acquired with the Potsdam Echelle Polarimetric and
Spectroscopic Instrument (PEPSI) using the Large Binocular Telescope
(LBT). The LBT is an international collaboration among institutions in
the United States, Italy, and Germany.

used by Noyes et al. (1984) to obtain 6.2±0.1 d, by Donahue et
al. (1996) to obtain 6.31 d, and by Hempelmann et al. (2016) to
obtain 6.299±0.037d. Toner & Gray (1988) employed spectral
line bisectors and line ratios to get 6.43±0.01 d. As suggested
by Morgenthaler et al. (2012) the differences between these val-
ues may be related to their probing of different stellar layers and
latitudes and the star’s differential rotation. For ξBoo B, a mean
period of 11.94 d was obtained by Donahue et al. (1996) from the
Mt. Wilson Ca ii data. Its period range with a minimum value of
10.92 d and a maximum of 13.19 d was also attributed to dif-
ferential surface rotation. Vidotto et al. (2014) listed 10.3 d for
ξBoo B in their sample table and referred to a paper by Petit et
al. in preparation, the origin of this period is thus unclear.

A new determination of the lithium abundance of both ξBoo
stars was recently presented by Strassmeier & Steffen (2022),
who also reviewed the relevant global stellar parameters of both
components together with the K5 reference dwarf star 61 Cyg A.
We adopt their astrophysical parameters for our ZDI input in the
present paper but also refer to Takeda et al. (2020) for an inde-
pendent determination of the stellar parameters of the ξBoo A
component. The 7Li abundance is 23 times higher for ξBoo A
than the Sun’s, but three times lower than the Sun’s for ξ Boo B
while both fit the trend of single stars in the similar-aged M35
open cluster. Both star’s age appears to be ≈200 Myr.

Magnetic-field measurements concentrated mostly on the
brighter A component. Boesgaard (1974) presented an initial
marginal detection based on a conventional Zeeman analyzer
while Boesgaard et al. (1975) followed up and concluded that
the field was too weak for their kind of technique. The A com-
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ABSTRACT

We have measured the angular auto-correlation function of near-infrared galaxies in
SERVS+DeepDrill, the Spitzer Extragalactic Representative Volume Survey and its follow-up
survey of the Deep Drilling Fields, in three large fields totalling over 20 deg2 on the sky,
observed in two bands centred on 3.6 and 4.5 `m. We performed this analysis on the full
sample as well as on sources selected by [3.6]-[4.5] colour in order to probe clustering for
different redshift regimes. We estimated the spatial correlation strength as well, using the
redshift distribution from S-COSMOS with the same source selection. The strongest clus-
tering was found for our bluest subsample, with <I>∼0.7, which has the narrowest redshift
distribution of all our subsamples. We compare these estimates to previous results from the
literature, but also to estimates derived from mock samples, selected in the same way as the
observational data, using deep light-cones generated from the SHARK semi-analytical model
of galaxy formation. For all simulated (sub)samples we find a slightly steeper slope than for
the corresponding observed ones, but the spatial clustering length is comparable in most cases.

Key words: surveys - galaxies:statistics - galaxies: formation - galaxies: evolution - cosmology:
observations - infrared: galaxies

1 INTRODUCTION

Studying galaxy environments and their effects on galaxy evolution

is one of the main motivations for large, wide-area galaxy sur-

veys. Galaxies are not spread evenly throughout the Universe, but

cluster in pairs, groups and clusters: their distribution is clustered.

One consequence of that is that they interact, where the amount of

clustering, which is usually quantified using the 2-point correlation

function for galaxies (Peebles 1980), and its characteristic length-

★ e-mail: evkampen@eso.org

scale, the clustering strength A0, will determine the frequency and

severeness of galaxy-galaxy or galaxy-group interaction, and thus

the evolutionary history of the galaxy population.

We employ two recent "warm Spitzer" surveys to estimate

the 2-point galaxy correlation function (usually just called the

’galaxy correlation function’ for short) for catalogues extracted from

the Spitzer Extragalactic Representative Volume Survey (SERVS),

which covers 18 deg2 to 5f depths of 1`Jy at 3.6`m and 2`Jy

at 4.5`m. SERVS, a Spitzer "Exploration Science" program (for

full details this survey, see Mauduit et al. 2012), and its extension,

DeepDrill, performed in a similar fashion (see Lacy et al. (2021)

© 2023 The Authors
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ABSTRACT
𝛾-ray-emitting narrow-line Seyfert 1 galaxies (𝛾-NLS1) constitute an intriguing small population of Active Galactic Nuclei
with 𝛾-ray emission resembling low power flat-spectrum radio quasars (FSRQ), but with differing physical properties. They
are jetted, 𝛾/radio-loud Seyfert galaxies, with relatively low black hole masses, accreting at exceptionally high, near-Eddington
rates. Certain of these sources exhibit highly variable emission states on relatively short time scales, the physical origin of
which remains elusive. In this work, varying emission states of two bona-fide NLS1s, 1H 0323+342 and PMN J0948+0022, and
one little studied FSRQ/intermediate object, B2 0954+25A, are examined. For each source, we analyzed quasi-simultaneous
multiwavelength data for different states of 𝛾-ray activity and present the results of their broad-band emission modelling, taking
into account all available physical constraints to limit the range of the model parameters. Two different scenarios are discussed,
in the framework of a one-zone leptonic model, where the high energy emission is due to the inverse Compton scattering of the
disc and broad line region (BLR) or torus photons by relativistic electrons within the jet. The transition from low to high state
is well described by variations of the jet parameters, leaving the external photon fields unchanged. The parameterisation favours
an emission scenario with particle injection on a stationary shock inside the jet. When considering all physical constraints, the
disc & BLR scenario is preferred for all three sources. We use the multi-epoch modelling to characterize total jet powers and
discuss the intrinsic nature of 𝛾-NLS1 galaxies and FSRQs.

Key words: galaxies: active – gamma-rays: galaxies – galaxies: Seyfert – galaxies: jets – galaxies: individual: 1H 0323+342 –
galaxies: individual: PMN J0948+0022 – galaxies: individual: B2 0954+25A.

1 INTRODUCTION

Since their identification as a particular class of broad-line active
galactic nuclei (AGNs), narrow-line Seyfert 1 galaxies (NLS1s) have
drawn substantial attention. NLS1s share some optical features with
typical broad-line Seyfert 1s, but have narrower permitted emission
lines (FWHM (𝐻𝛽) < 2000 km s−1), pointing to a relatively low
mass black hole (BH) (∼ 106 − 108𝑀�), fairly intense FeII and
OI emission, and weak [O III] lines with a ratio [O III] to H𝛽 <
3 (Osterbrock & Pogge (1985), Goodrich (1989)). In the X-rays,
NLS1s also have extreme properties such as a remarkably soft X-ray
excess (0.5−2 keV) or rapid and large-amplitude observed variability
(Boller et al. (1996)). These X-ray characteristics that set NLS1s
apart from other Seyfert types are mainly due to their high Eddington
accretion rates (𝐿/𝐿𝐸𝑑𝑑 ∼ 0.1−10, Boroson&Green (1992); Boller
et al. (1996)) and their low-mass black holes with regards to Seyfert
1s. NLS1s are mostly radio-quiet, like Seyfert 1s, although a small
fraction, ∼ 4–7%, have been found to be radio-loud with a flat radio
spectrum (see e.g. Komossa et al. (2006), Rakshit et al. (2017)).
The detection of a small fraction of the radio-loud NLS1 galaxies

by the Fermi Gamma-Ray Space Telescope (Abdo et al. (2009a))

★ E-mail: anna.luashvili@obspm.fr

has led to a new 𝛾-loud class of active galactic nuclei (AGNs) that
joins the well-known 𝛾-ray emitting radio galaxies and blazars. Due
to their low black hole masses compared to blazars, NLS1s were
not expected to harbor relativistic jets that could create such high-
energy emission. The fact that this new type of 𝛾-loud AGN features
both blazar- and Seyfert-like characteristics could bring us closer to a
better understanding of AGNunification, beyond the effect of their jet
orientation, to describe different AGN types and provide new insight
into the physics of the formation and evolution of radio jets under high
accretion-rate conditions. About twenty objects of this class have now
been reported in the high energy (HE) band with Fermi-LAT, eight
of them are listed in the Fourth Fermi-LAT source catalog (4FGL;
Abdollahi et al. 2020) (see Paliya et al. (2019), Foschini (2020) for
a recent review). They present both similarities and differences with
the more powerful jetted AGNs, notably flat-spectrum radio quasar
(FSRQs), see e.g. Foschini (2020) and D’Ammando (2019).
Studies investigating the intrinsic power of relativistic jets in 𝛾-

NLS1s, and comparing them with the blazar class (e.g. Foschini, L.
et al. (2015), Paliya et al. (2019)), are not easily comparable to each
other, since they are based on different assumptions and methods,
making it difficult to draw clear conclusions.
The evidence of 𝛾-ray emission poses the question of the location

of the 𝛾-ray emitting zone and the contribution of the 𝛾-𝛾 absorption

© 2022 The Authors
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with Machine-learning-derived Likelihoods
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The interiors of neutron stars reach densities and temperatures beyond the limits of terrestrial
experiments, providing vital laboratories for probing nuclear physics. While the star’s interior is not
directly observable, its pressure and density determine the star’s macroscopic structure which affects
the spectra observed in telescopes. The relationship between the observations and the internal state
is complex and partially intractable, presenting difficulties for inference. Previous work has focused
on the regression from stellar spectra of parameters describing the internal state. We demonstrate a
calculation of the full likelihood of the internal state parameters given observations, accomplished by
replacing intractable elements with machine learning models trained on samples of simulated stars.
Our machine-learning-derived likelihood allows us to perform maximum a posteriori estimation of
the parameters of interest, as well as full scans. We demonstrate the technique by inferring stellar
mass and radius from an individual stellar spectrum, as well as equation of state parameters from a
set of spectra. Our results are more precise than pure regression models, reducing the width of the
parameter residuals by 11.8% in the most realistic scenario. The neural networks will be released
as a tool for fast simulation of neutron star properties and observed spectra.
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ABSTRACT

Phase-space data, chemistry, and ages together reveal a complex structure in the outer
low-α disc of the Milky Way. The age-vertical velocity dispersion profiles beyond the
Solar Neighbourhood show a significant jump at 6Gyr for stars beyond the Galactic
plane. Stars older than 6Gyr are significantly hotter than younger stars. The chem-
istry and age histograms reveal a bump at [Fe/H] = −0.5, [α/Fe] = 0.1, and an
age of 7.2Gyr in the outer disc. Finally, viewing the stars beyond 13.5 kpc in the
age-metallicity plane reveals a faint streak just below this bump, towards lower metal-
licities at the same age. Given the uncertainty in age, we believe these features are
linked and suggest a pericentric passage of a massive satellite ∼ 6Gyr ago that heated
pre-existing stars, led to a starburst in existing gas. New stars also formed from the
metal-poorer infalling gas. The impulse approximation was used to characterise the
interaction with a satellite, finding a mass of ∼ 1011M⊙, and a pericentric position
between 12 and 16 kpc. The evidence points to an interaction with the Sagittarius
dwarf galaxy, likely its first pericentric passage.

Key words: Galaxy: disc - Galaxy: kinematics and dynamics - Galaxy: abundances
- methods: data analysis - surveys

1 INTRODUCTION

The third data release of Gaia has given us ac-
cess to parallaxes and proper motions for a bil-
lion stars (Gaia Collab. et al. 2016; Arenou et al.
2018; Gaia Collab. et al. 2018; Lindegren et al. 2018;
Gaia Collab. et al. 2021). Millions of these stars have
complementary spectroscopic data from a range of surveys,
for which ages and distances have been estimated using
isochrones (e.g. Mints & Alexey 2018; Queiroz et al. 2018;
Sanders & Das 2018; Kordopatis et al. 2023) and ages have
been estimated for red giant samples using data-driven
spectroscopic estimators (Das & Sanders 2019; Huang et al.
2020; Ciucă et al. 2021). Six-dimensional phase-space coor-
dinates, metallicity, a number of abundances, and age have
thus become available for an extraordinary number of stars,
enabling us to characterize the chemodynamical behaviour

⋆ E-mail:p.das@surrey.ac.uk

of stars in detail both within the Solar Neighbourhood and
beyond. The outer disc of the Milky Way has been revealed
to unprecedented detail for the first time.

The low-[α/Fe] stars in our Milky Way have been
shown to flare, i.e. the vertical scale height of the stars
increases with radius (e.g. Bovy et al. 2016; Thomas et al.
2019; Yu et al. 2021). The scale height varies by a factor
of two between the Solar Neighbourhood and a Galacto-
centric distance of 12 kpc (Amôres et al. 2017). It exists
across all ages and is more pronounced for the metal-poorer
([Fe/H] ∼ −0.6) stars (Mackereth et al. 2017). The radial
velocity dispersion profile falls exponentially throughout for
the oldest stars, while the youngest stars plateau beyond the
solar radius (Sanders & Das 2018; Sharma et al. 2021). The
vertical velocity dispersion profile falls exponentially until
just beyond the solar radius and then plateaus for the old-
est stars and even rises again for the youngest stars. This is
partially attributable to a selection function effect, as stars
at a larger heliocentric distance will be observed at higher

© 2023 The Authors
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ABSTRACT

The effect of interplanetary plasma on pulsed pulsar radiation passing through is considered. The pulses of two rotating radio

transients (J0609+16, J1132+25) and a pulsar (B0320+39) detected on the Large Phased Array (Pushchino observatory) were

analyzed. It is shown that in observations at the frequency of 111 MHz, on elongations of 20◦ − 40◦, both an increase and a

decrease in the number of received pulses are observed. The change in the number of pulses is explained by the distortion of the

energy distribution of pulses due to interplanetary scintillation. These changes in the number of observed pulses are in qualitative

agreement with the expected dependence of the scintillation index on the observed sources elongation. Analytical expressions are

obtained that allow estimating the effective modulation index from observations of individual pulses for the power distribution

of pulses by energy.

Key words: pulsars: general; interplanetary medium

1 INTRODUCTION

As is known, pulsars were discovered during the research of inter-

planetary plasma by observing a scintillation of compact (< 1 − 2′′)

radio sources (Hewish, 1968). Despite the discovery of pulsars actu-

ally by the method of interplanetary scintillation in the study of the

interplanetary medium, pulsars did not make a special contribution

to its study. This is due to the fact that, in general, an integral flux

density of a pulsar is small and for observations of pulsars as compact

radio sources of constant radiation that shine through interplanetary

plasma, antennas with high sensitivity are needed. Thus, in the cata-

log of scintillation radio sources of the northern hemisphere (Purvis,

1987), obtained at a frequency of 81.5 MHz, out of 1,789 compact

sources in the catalog, only 17 are identified as pulsars. When study-

ing the interplanetary medium, it is much more profitable to use a

core of a quasar or a radio galaxy as a source that shines through

plasma on a line of sight, rather than a pulsar.

There are very few early works with the special use of pulsars for

interplanetary plasma research. We note only one of them, which

uses pulsars as sources of very small angular sizes. Zeissig (1972)

provides observations of interplanetary scintillation of pulsars CP

0950 (J0953+0755) and NP 0527 (J0528+2200) at a frequency of

318 MHz. For the pulsar J0953+0755, which has a dispersion mea-

sure �" ≈ 3 pc/cm3, the interstellar medium practically does not

scatter pulses, and the index of scintillation (<0 (n)), depending on

the elongation, (n is the angle between the direction to the Sun and

to the source when observed from the Earth) reaches a maximum

and remains constant (see Fig. 3 in Zeissig (1972)). For the pul-

sar J0528+2200 �" ≈ 51 pc/cm3, the interstellar medium scatters

pulses, making a pulsar a non-point object for an observer. The

dependence <0 (n) reaches a maximum, and then falls to small elon-

gations (see Fig. 4 in Zeissig (1972)). Numerical calculations for the

★ E-mail: serg@prao.ru

interplanetary scintillation show exactly this behavior of <0 (n) for

point and non-point sources (Marians, 1975). For a point source the

scintillation index at the maximum (focusing zone) may exceed unity

(Prokhorov, 1975).

In recent years, works have appeared (Tyul’bashev, 2018,

Smirnova, 2022) indicating that it is possible to use interplane-

tary plasma as an amplifier of signals from rotating radio transients

(RRAT). RRAT, being a subsample of pulsars, were discovered as

sources of pulsed radiation having a dispersion delay of the sig-

nal due to its passage through the interstellar medium (McLaughlin,

2006). A pulse radio emission is not detected in the majority of

pulsar rotations. In Tyul’bashev (2018) it was shown that the inter-

planetary medium can amplify signals passing through it by 1.5-2

times. The estimated number of RRATs in the Galaxy is twice as

large as the number of ordinary pulsars (Keane, 2008). In the ATNF

pulsar catalog1 (Manchester, 2005) out of more than 3,000 pulsars,

there are just, approximately, one hundred rotating radio transients.

Obviously, the shortage of undetected RRATs is very large. For weak

RRATs, whose pulses are beyond the detection threshold in the meter

radio range, signal amplification, leading to an increase in a pulse

amplitude, may be the only way to discover them.

In Smirnova (2022), 16 RRAT pulses were studied at a frequency

of 111 MHz and it was found that for six of them, the number of

observed pulses # (n) increases from 2 to 10 times by n = 30◦ ± 10◦.

When studying this effect, it was proved that an increase in the

number of observed pulses is associated with an increase in weak

pulse signals on the interplanetary plasma.

However, there are three different manifestations of interplanetary

scintillations associated with a passage of pulsar pulses through the

interplanetary plasma. Some part of undetectable pulses, the sig-

nal from which is below the detection threshold, are amplified by

1 https://www.atnf.csiro.au/research/pulsar/psrcat/

© December 22, 2022 The Authors

http://arxiv.org/abs/2305.07422v1


N3AS-22-021, INT-PUB-22-025

Phase Transition Phenomenology with Nonparametric Representations of the
Neutron Star Equation of State

Reed Essick,1, 2, 3, 4, ∗ Isaac Legred,5, 6, † Katerina Chatziioannou,5, 6, ‡ Sophia Han ( 韩君),7, 8, 9, § and Philippe Landry1, ¶
1Canadian Institute for Theoretical Astrophysics, University of Toronto, Toronto, ON M5S 3H8

2Department of Physics, University of Toronto, Toronto, ON M5S 1A7
3David A. Dunlap Department of Astronomy, University of Toronto, Toronto, ON M5S 3H4

4Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada, N2L 2Y5
5TAPIR, California Institute of Technology, Pasadena, California 91125, USA

6LIGO Laboratory, California Institute of Technology, Pasadena, CA 91125, USA
7Tsung-Dao Lee Institute and School of Physics and Astronomy,

Shanghai Jiao Tong University, Shanghai 200240, China
8Institute for Nuclear Theory, University of Washington, Seattle, WA 98195, USA

9Department of Physics, University of California, Berkeley, CA 94720, USA
(Dated: May 15, 2023)

Astrophysical observations of neutron stars probe the structure of dense nuclear matter and have the
potential to reveal phase transitions at high densities. Most recent analyses are based on parametrized
models of the equation of state with a finite number of parameters and occasionally include extra
parameters intended to capture phase transition phenomenology. However, such models restrict the
types of behavior allowed and may not match the true equation of state. We introduce a complementary
approach that extracts phase transitions directly from the equation of state without relying on, and
thus being restricted by, an underlying parametrization. We then constrain the presence of phase
transitions in neutron stars with astrophysical data. Current pulsar mass, tidal deformability, and
mass-radius measurements disfavor only the strongest of possible phase transitions (latent energy per
particle & 100 MeV). Weaker phase transitions are consistent with observations. We further investigate
the prospects for measuring phase transitions with future gravitational-wave observations and find that
catalogs of O(100) events will (at best) yield Bayes factors of ∼ 10 : 1 in favor of phase transitions even
when the true equation of state contains very strong phase transitions. Our results reinforce the idea
that neutron star observations will primarily constrain trends in macroscopic properties rather than
detailed microscopic behavior. Fine-tuned equation of state models will likely remain unconstrained
in the near future.

I. INTRODUCTION

Recent astronomical data, such as gravitational waves
(GWs) from coalescing neutron star (NS) binaries [1, 2]
observed by LIGO [3] and Virgo [4], X-ray pulse profiles
from hotspots on rotating NSs observed by NICER [5–8],
and mass measurements for heavy radio pulsars [9–11],
have advanced our understanding of matter at supranu-
clear densities [12–20]. Nonetheless, there is still con-
siderable uncertainty in the equation of state (EoS) of
cold, dense matter, which relates the pressure p to the
energy density ε, or rest-mass density ρ. The data favor
a sound speed cs =

√
dp/dε that exceeds the conjectured

conformal bound of
√

1/3 expected for weakly interact-
ing ultra-relativistic particles [13, 20–22]. The potential
violation of this bound at high densities may point to a
state of matter with strongly coupled interactions.

Such strong couplings call into question the accuracy
of perturbative expansions of interactions between neu-
trons, protons, and pions at high densities, and raise

∗ essick@cita.utoronto.ca
† ilegred@caltech.edu
‡ kchatziioannou@caltech.edu
§ sjhan@sjtu.edu.cn
¶ plandry@cita.utoronto.ca

the possibility that other degrees of freedom may be a
more natural description. Theoretical studies have inves-
tigated whether the smooth crossover from hadron res-
onance gas to quark-gluon plasma observed with lattice
quantum chromodynamics (QCD) at low baryon chemi-
cal potential and high temperature implies the existence
of a critical endpoint in the QCD phase diagram [23]
and how EoS calculations at low density and tempera-
ture connect to perturbative QCD (pQCD) calculations
at high densities (∼ 40 times nuclear saturation ρsat) [24–
26]. Other work predicts a variety of phase transitions
stemming from a range of microphysical descriptions for
dense matter [22, 23, 27–34].

Many theorized phase transitions in NS matter are
characterized by a softening of the EoS, i.e., a decrease
in cs. This occurs because the NS is supported by degen-
eracy pressure, and additional degrees of freedom (e.g.,
hyperons or quarks) initially do not contribute signifi-
cantly to the pressure due to their low number density
n. This manifests as an interval of nearly constant pres-
sure (small cs) over a density range in which the new
degrees of freedom first appear. A decrease in pressure
support relative to an EoS without a phase transition
leads to more compact NSs. Such compactification can
lead to bends or kinks in the relation between macro-
scopic observables, such as the gravitational mass M ,
radius R, tidal deformability Λ, and moment of inertia I.
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GMP-selected dual and lensed AGNs: selection function and
classification based on near-IR colors and resolved spectra from

VLT/ERIS, KECK/OSIRIS, and LBT/LUCI
F. Mannucci1?, M. Scialpi4, 1, A. Ciurlo2, S. Yeh3, C. Marconcini4, 1, G. Tozzi4, 1, G. Cresci1, A. Marconi4, 1, A.

Amiri5, 4, F. Belfiore1, S. Carniani6, C. Cicone7, E. Nardini1, E. Pancino1, K. Rubinur7, P. Severgnini8, L. Ulivi4, 1, G.
Venturi6, 1, C. Vignali9, M. Volonteri10, E. Pinna1, F. Rossi1, A. Puglisi1, G. Agapito1, C. Plantet1, E. Ghose1, L.

Carbonaro1, M. Xompero1, P. Grani1, S. Esposito1, J. Power11, J. C. Guerra Ramon11, M. Lefebvre11, R. Davies12, A.
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ABSTRACT

The Gaia-Multi-Peak (GMP) technique can identify large numbers of dual or lensed active galactic nuclei (AGN) candidates at sub-
arcsec separation, allowing us to study both multiple super-massive black holes (SMBH) in the same galaxy and rare, compact lensed
systems. The observed samples can be used to test the predictions of the models of SMBH merging once 1) the selection function of
the GMP technique is known, and 2) each system has been classified as dual AGN, lensed AGN, or AGN/star alignment. Here we
show that the GMP selection is very efficient for separations above 0.15′′ when the secondary (fainter) object has magnitude G.20.5.
We present the spectroscopic classification of five GMP candidates using VLT/ERIS and Keck/OSIRIS, and compare them with the
classifications obtained from: a) the near-IR colors of 7 systems obtained with LBT/LUCI, and b) the analysis of the total, spatially-
unresolved spectra. We conclude that colors and integrated spectra can already provide reliable classifications of many systems.
Finally, we summarize the 14 confirmed dual AGNs at z>0.5 selected by the GMP technique, and compare this sample with other
such systems from the literature, concluding that GMP can provide a large number of confirmed dual AGNs at separations below
7 kpc.

Key words.

1. Introduction

The existence of dual AGNs, i.e., pairs of active supermassive
black holes (SMBH) at kpc separations inspiralling in the same
galaxy, is one of the fundamental predictions of current mod-
els of galaxy and SMBH formation and evolution (e.g. Trem-
mel et al. 2017). The study of these systems allows us to test
the models of formation and evolution of binary SMBHs. These
are important systems also because mergers of SMBHs in the
mass range 104 − 108 M� will dominate the gravitational wave

? e-mail: filippo.mannucci@inaf.it

(GW) events detected by the future Laser Interferometer Space
Antenna (LISA) space mission and by the Pulsar Timing Arrays
(e.g., Arzoumanian et al. 2018; Amaro-Seoane et al. 2023). Dual
AGNs allow us investigate the starting conditions of the merging
process, and interpret future GW results (e.g. DeGraf et al. 2023;
Dong-Páez et al. 2023; Chen et al. 2022a).

Models of galaxy and SMBH co-evolution predict that dual
AGNs at small separations (less than 10 kpc) are quite com-
mon, reaching a few percent of all existing AGNs at z > 0.5,
where merging activity is expected to be larger than in the local
Universe (Volonteri et al. 2022), and therefore must exist in a
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Large-scale Velocity-coherent Filaments in the SEDIGISM Survey:
Association with Spiral Arms and Fraction of Dense Gas
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ABSTRACT

Context. Filamentary structures in the interstellar medium are closely related to star formation. Dense gas mass fraction (DGMF) or
clump formation efficiency in large-scale filaments possibly determine their hosting star formation activities.
Aims. We aim to automatically identify large-scale filaments, characterize them, investigate their association with Galactic structures,
and study their DGMFs.
Methods. We use a modified minimum spanning tree (MST) algorithm to chain parsec-scale 13CO clumps previously extracted from
the SEDIGISM (Structure, Excitation, and Dynamics of the Inner Galactic InterStellar Medium) survey. The MST connects nodes in a
graph such that the sum of edge lengths is minimum. Modified MST also ensures velocity coherence between nodes, so the identified
filaments are coherent in position-position-velocity (PPV) space.
Results. We generate a catalog of 88 large-scale (> 10 pc) filaments in the inner Galactic plane (with −60◦ < l < 18◦ and |b| < 0.5◦).
These SEDIGISM filaments are larger and less dense than MST filaments previously identified from the BGPS and ATLASGAL
surveys. We find that eight of the filaments run along spiral arms and can be regarded as “bones” of the Milky Way. We also find three
bones associated with the Local Spur in PPV space. By compiling 168 large-scale filaments with available DGMF across the Galaxy,
an order of magnitude more than previously investigated, we find that DGMFs do not correlate with Galactic location, but bones have
higher DGMFs than other filaments.

Key words. stars: formation – catalogs – ISM: clouds – ISM: molecules – Galaxy: structure – ISM: structure

1. Introduction

The interstellar medium (ISM) has a highly filamentary nature
over a wide range of scales (e.g. Andre et al. 2010; Wang
et al. 2015; Li et al. 2016; Arzoumanian et al. 2019; Schisano
et al. 2020; Palmeirim et al. 2013; Soler et al. 2022), and such
filaments may play a vital role in star formation (e.g. Liu et al.
2012; Peretto et al. 2013, 2014; Liu et al. 2016; Yuan et al.
2018; Zhang et al. 2019; Xu et al. 2023; Zhang et al. 2023).
Theoretical works on filamentary structures can be traced
back to Ostriker (1964), who employed a semi-analytic model
to characterise an idealized infinite isothermal cylinder under
? Corresponding author.

hydrostatic equilibrium. Early observations on filaments, limited
by resolution and sensitivity, focused mainly on nearby regions
such as Taurus (Schneider & Elmegreen 1979). The Herschel
Space Observatory (Pilbratt et al. 2010) with higher sensitivity,
spatial dynamic range, and angular resolution revolutionized
the detailed study of filaments and revealed the ubiquity of
filamentary structures throughout the ISM at near (e.g., Andre
et al. 2010; Arzoumanian et al. 2011) and far (e.g., Molinari
et al. 2010; Wang et al. 2015).

Among the different identified filamentary structures, the
large-scale (80 pc) filament seen as a chain of infrared dark
clouds (IRDC) “Nessie” was firstly reported by Jackson et al.
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ABSTRACT

Thorne–Żytkow objects (TŻO) are potential end products of the merger of a neutron star with a non-degenerate star. In
this work, we have computed the first grid of evolutionary models of TŻOs with the MESA stellar evolution code. With these
models, we predict several observational properties of TŻOs, including their surface temperatures and luminosities, pulsation
periods, and nucleosynthetic products. We expand the range of possible TŻO solutions to cover 3.45 . log (Teff/K) . 3.65 and
4.85 . log (L/L�) . 5.5. Due to the much higher densities our TŻOs reach compared to previous models, if TŻOs form we
expect them to be stable over a larger mass range than previously predicted, without exhibiting a gap in their mass distribution.
Using the GYRE stellar pulsation code we show that TŻOs should have fundamental pulsation periods of 1000–2000 days, and
period ratios of ≈0.2–0.3. Models computed with a large 399 isotope fully-coupled nuclear network show a nucleosynthetic
signal that is different to previously predicted. We propose a new nucleosynthetic signal to determine a star’s status as a TŻO:
the isotopologues 44TiO2 and 44TiO, which will have a shift in their spectral features as compared to stable titanium-containing
molecules. We find that in the local Universe (∼SMC metallicities and above) TŻOs show little heavy metal enrichment,
potentially explaining the difficulty in finding TŻOs to-date.

Key words: stars: evolution – stars: abundances – stars: interiors – stars: variables

1 INTRODUCTION

Thorne–Żytkow objects (TŻOs) are the hypothetical unique product
of themerger of a neutron star (NS)with a non-degenerate star leading
to the formation of a single object (Thorne & Zytkow 1975, 1977).
Depending on the mass of the combined star, it can be supported
either via nuclear burning on/or near the surface of the NS and by
accretion onto the NS (Eich et al. 1989; Biehle 1991).
A number of potential TŻOs candidates have been suggested: U

Aqr (Vanture et al. 1999), HV 2112 (Levesque et al. 2014), HV
11417 (Beasor et al. 2018), and VX Sgr (Tabernero et al. 2021),
though they are not without controversy (Coe & Pightling 1998;
Vanture et al. 1999; Tout et al. 2014; Maccarone & de Mink 2016;
Tabernero et al. 2021). Objects have been also been proposed that
may form a TŻO (TIC 470710327 Eisner et al. 2022), or may be the
remnants of a TŻO (1E161348-5055 Liu et al. 2015). The issue with
identifying a TŻO is distinguishing it from other similar stars, such as
asymptotic giant branch (AGB) or super-AGB (SAGB) stars (Biehle
1991, 1994; O’Grady et al. 2023). TŻOs are expected to appear as
cool red supergiants (RSG) (Cannon et al. 1992) (hereafter C92),
though many challenges remain in observing and modelling RSGs

★ E-mail: rfarmer@mpa-garching.mpg.de

complicating their analysis (Levesque et al. 2005; Davies et al. 2018).
Observations to date have relied on indirect measurements, such as
their predicted unique nucleosynthetic signatures (Biehle 1994; van
Paradĳs et al. 1995). Future gravitational wave observations may
provide an opportunity to detect either the formation of the TŻO
(Nazin & Postnov 1995; Morán-Fraile et al. 2023), a rotating NS
inside a TŻO (DeMarchi et al. 2021), or a post-TŻO black hole (BH)
(Cholis et al. 2022).
TŻOs are expected to be fully convective down to a “knee” where

it then transitions to a flat temperature profile until the material
reaches the surface of the NS (Eich et al. 1989). At the knee, nuclear-
processed material will be mixed outwards into the convective enve-
lope, while fresh hydrogen is mixed into the region below the knee.
Material may also be burnt at the base of the convective envelope.
It is expected that the material is burnt via the interrupted rapid
proton process (irp-process, Cannon 1993 hereafter C93), where
rapid proton captures (Wallace & Woosley 1981; van Wormer et al.
1994; Fisker et al. 2008) are interrupted when the material is mixed
outwards by convection. This material then beta decays before being
mixed back into the inner regions where additional proton captures
can occur.
This irp-process can lead to the production of heavy elements

such as Rubidium, Strontium, Yttrium, and Molybdenum (C93). It is

© 2023 The Authors
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Abstract

This manuscript develops a simultaneous navigation and gravity estimation
strategy around a small body. The scheme combines dynamical model com-
pensation with a mascon gravity fit. Dynamical compensation adds the unmod-
eled acceleration to the filter state. Consequently, the navigation filter is able
to generate an on-orbit position-unmodeled acceleration dataset. The avail-
able measurements correspond to the landmarks-based navigation technique.
Accordingly, an on-board camera is able to provide landmark pixels. The afore-
mentioned position-unmodeled acceleration dataset serves to train a mascon
gravity model on-board while in flight. The training algorithm finds the opti-
mal mass values and locations using Adam gradient descent. By a careful choice
of the mascon variables and constraints projection, the masses are ensured to
be positive and within the small body shape. The numerical results provide a
comprehensive analysis on the global gravity accuracy for different estimation
scenarios.

Keywords: Small body exploration, Spacecraft autonomy, Deep space
navigation, Gravity field modeling.

1. Introduction

Small bodies exploration is of great scientific interest because these objects
are able to explain Solar System formation processes [1]. They could also collide
with Earth, thus it is pertinent to design and test asteroid deflection techniques
[2]. There are several small body missions planned in the 2020s decade. Two
prominent examples include Psyche [3] which will explore the metallic asteroid
of the same name and Hera [4] which will analyze in-situ the DART [5] impact
on Dydimos’s moon. Currently, OSIRIS-REx mission [6] is returning to Earth
with collected samples from asteroid Bennu.

∗Corresponding author
Email address: jsanchezm@us.es (Julio C. Sanchez)

Preprint submitted to Acta Astronautica May 15, 2023
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Abstract GW170817 is the unique gravitational-wave (GW) event that is associated to the electromag-

netic (EM) counterpart GRB 170817A. NGC 4993 is identified as the host galaxy of GW170817/GRB

170817A. In this paper, we particularly focus on the spatially resolved properties of NGC 4993. We present

the photometric results from the comprehensive data analysis of the high spatial-resolution images in the

different optical bands. The morphological analysis reveals that NGC 4993 is a typical early-type galaxy

without significant remnants of major galaxy merger. The spatially resolved stellar population proper-

ties of NGC 4993 suggest that the galaxy center has passive evolution with the outskirt formed by gas

accretion. We derive the merging rate of the compact object per galaxy by a co-evolution scenario of su-

permassive black hole and its host galaxy. If the galaxy formation is at redshift 1.0, the merging rate per

galaxy is 3.2×10−4 to 7.7×10−5 within the merging decay time from 1.0 to 5.0 Gyr. The results provide

the vital information for the ongoing GW EM counterpart detections. The HST data analysis presented in

this paper can be also applied for the Chinese Space Station Telescope (CSST) research in the future.

Key words: gravitational waves — (stars:) binaries: general — galaxies: evolution
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Examining Uranus’ ζ ring in Voyager 2 Wide-Angle-Camera Observations:
Quantifying the Ring’s Structure in 1986 and its Modifications prior to the Year 2007
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ABSTRACT

The ζ ring is the innermost component of the Uranian ring system. It is of scientific
interest because its morphology changed significantly between the Voyager 2 encounter
in 1986 and subsequent Earth-based observations around 2007. It is also of practical
interest because some Uranus mission concepts have the spacecraft pass through the
inner flank of this ring. Recent re-examinations of the Voyager 2 images have revealed
additional information about this ring that provide a more complete picture of the ring’s
radial brightness profile and phase function. These data reveal that this ring’s brightness
varies with phase angle in a manner similar to other tenuous rings, consistent with it
being composed primarily of sub-millimeter-sized particles. The total cross section of
particles within this ring can also be estimated from these data, but translating that
number into the actual risk to a spacecraft flying through this region depends on a
number of model-dependent parameters. Fortunately, comparisons with Saturn’s G
and D rings allows the ζ-ring’s particle number density to be compared with regions
previously encountered by the Voyager and Cassini spacecraft. Finally, these data
indicate that the observed changes in the ζ-ring’s structure between 1986 and 2007
are primarily due to a substantial increase in the amount of dust at distances between
38,000 km and 40,000 km from Uranus’ center.

1. INTRODUCTION

The ζ ring is a relatively broad and diffuse
ring that was first clearly seen in a single im-
age obtained by the Voyager 2 spacecraft as it
flew past Uranus in 1986 (Smith et al. 1986), at
which time it was designated 1986/U2R. The
peak brightness of this ring was situated at a
distance of around 37,500 km from Uranus’ cen-
ter in this image (Smith et al. 1986; Esposito

et al. 1991), making it the innermost known
component of the Uranian ring system.

Interest in the ζ ring increased when Earth
passed through Uranus’ ring-plane in 2007, en-
abling this ring to be clearly observed with
Earth-based telescopes. These observations
confirmed earlier Earth-based detections of this
ring (de Pater et al. 2006a), and clearly demon-
strated that the location of the ring’s peak
brightness had shifted outwards from 37,500
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Abstract

The Sun and other solar-type stars have magnetic fields that permeate their interior and surface, extends through
the interplanetary medium, and is the main driver of stellar activity. Stellar magnetic activity affects physical
processes and conditions of the interplanetary medium and orbiting planets. Coronal mass ejections (CMEs) are
the most impacting of these phenomena in near-Earth space weather, and consist of plasma clouds, with magnetic
field, ejected from the solar corona. Precisely predicting the trajectory of CMEs is crucial in determining whether a
CME will hit a planet and impact its magnetosphere and atmosphere. Despite the rapid developments in the search
for stellar CMEs, their detection is still very incipient. In this work we aim to better understand the propagation
of CMEs by analysing the influence of initial parameters on CME trajectories, such as position, velocities, and
stellar magnetic field’s configuration. We reconstruct magnetograms for Kepler-63 (KIC 11554435) and Kepler-411
(KIC 11551692) from spot transit mapping, and use a CME deflection model, ForeCAT, to simulate trajectories of
hypothetical CMEs launched into the interplanetary medium from Kepler-63 and Kepler-411. We apply the same
methodology to the Sun, for comparison. Our results show that in general, deflections and rotations of CMEs
decrease with their radial velocity, and increase with ejection latitude. Moreover, magnetic fields stronger than the
Sun’s, such as Kepler-63’s, tend to cause greater CME deflections.

Keywords: Sun: coronal mass ejections (CMEs) – planet-star interactions – stars: activity – stars: magnetic fields – stars:
solar-type – starspots

1 Introduction

The magnetic field in solar-type stars is the main driver
of phenomena related to stellar activity. Such phenom-
ena occur from the photosphere (e.g. spots) throughout
the corona (e.g. flares, eruptions, proeminences) and
can extend to outer layers and over the interplanetary
medium, as an ionised wind and coronal mass ejection
(CME). These products of solar activity also influence
physical processes and conditions in the Earth’s atmo-
sphere and in the near-Earth interplanetary medium,
which is known as space weather.

The events that most impact space weather are CMEs
– clouds of plasma ejected from the solar corona, with a
magnetic field stronger than the background interplane-
tary magnetic field of the solar wind (Gopalswamy et al,
2009). Despite Earth being 1 AU from the Sun, CMEs can
be geo-effective, that is, can hit Earth and affect the geo-
magnetic field and its atmosphere, depending on the solar
coordinates where they are ejected from. When they reach

Earth, they can cause space weather phenomena, such as
auroras, which pose no risk and are considered a beau-
tiful natural spectacle. On the other hand, the collision
of a CME with the Earth’s magnetosphere can accelerate
particles and alter the Earth’s electric and magnetic fields
(Baker et al, 1998), which can drive geomagnetic storms,
damage satellites, communication systems, transmission
networks and electrical distribution, and even endanger
the lives of astronauts.

However, space weather in other stellar systems can
differ significantly from that of the Solar System. Exo-
planets can orbit very close to their star, and stellar
activity and magnetic field strength can be vastly greater
compared to that of the Sun. In these cases, orbiting exo-
planets may be subject to more extreme space weather
conditions compared to Earth. The action of intense UV
flux, stellar wind, and the frequent impact of CMEs can
cause the atmospheric erosion of a planet. This may result
in a surface exposed to ionising radiation, which is harmful
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ABSTRACT

Context. The dominant formation channel of brown dwarfs (BDs) is not well constrained yet and a promising way to discriminate
between scenarios consists of testing environment-dependent efficiency in forming BDs. So far, the outcome of star formation, studied
through the initial mass function, has been found to be very similar in all clusters that have been studied.
Aims. We aim at characterizing the low-mass (sub)stellar population of the central portion (2.4 pc2) of the ∼2 Myr old cluster NGC
2244 using near infrared spectroscopy. By studying this cluster, characterized by a low stellar density and numerous OB stars, we aim
at exploring the effect that OB stars may have on the production of BDs.
Methods. We obtain near infrared HK spectroscopy of 85 faint candidate members of NGC 2244. We derive the spectral type and
extinction by comparison with spectral templates. We evaluate cluster membership using three gravity-sensitive spectral indices based
on the shape of the H-band. Furthermore, we evaluate the infrared excess from Spitzer of all the candidate members of the cluster.
Finally, we estimate the mass of all the candidate members of the cluster and derive the initial mass function, star-to-BD number ratio
and disk fraction.
Results. The initial mass function is well represented by a power law (dN/dM ∝ M−α) below 0.4 M�, with a slope α = 0.7-1.1
depending on the fitted mass range. We calculate a star-to-BD number ratio of 2.2-2.8. We find the low-mass population of NGC 2244
to be consistent with nearby star-forming regions, although it is at the high-end of BD production. We find BDs in NGC 2244 to be on
average closer to OB stars than to low-mass stars, which could potentially be the first evidence of OB stars affecting the formation of
BDs. We find a disk fraction of all the members with spectral type later than K0 of 39±9% which is lower than typical values found
in nearby star-forming regions of similar ages.

Key words. stars: pre-main sequence – brown dwarfs – Stars: luminosity function, mass function – open clusters and associations:
individual: NGC 2244

1. Introduction

Brown dwarfs (BDs), objects with masses below 0.075 M�, pop-
ulate the mass spectrum between the realms of stars and planets,
being mainly characterized by the lack of hydrogen burning in
their cores. As is the case for stars, most BDs are born in clus-
ters and associations, making those perfect laboratories where to
study the formation of stars and BDs. One of the most studied
observable outcomes of the star formation process is the initial
mass function (IMF), which represents the mass distribution at
birth. Since the pilot work of Salpeter (1955), the high mass side
of the IMF has been found to be reproduced by a single power-
law with the form dN/dM ∝ M−α, with α ∼ 2.35, except for
some notable exceptions (Bayo et al. 2011; Stolte et al. 2006;
Mužić et al. 2017; Hosek et al. 2019).

? Based on observations collected at the European Southern Obser-
vatory under ESO programme 0102.C-0682(A)

The IMF flattens below 1 M� with a turnover at 0.1-0.7 M�
(Chabrier 2003). The IMF on the low-mass side can also be
well reproduced by a single power-law. In nearby star-forming
regions (SFRs) the low-mass side α has been found to range
between 0.5-1 (Luhman 2007; Bayo et al. 2011; Peña Ramírez
et al. 2012; Alves de Oliveira et al. 2012; Lodieu 2013; Scholz
et al. 2013; Mužić et al. 2015; Suárez et al. 2019). At the same
time, it has been found that 2-5 stars are born for every BD
in a single SFR (Mužić et al. 2019). The wide range of val-
ues found reflects the overall contribution of the uncertainties
of all parameters involved in the derivation of the slope of the
IMF and the star-to-BD number ratio, rather than variations be-
tween clusters. Based on this result and the comparison of other
properties of BDs and stars (e.g. kinematic and spatial distribu-
tions, protoplanetary disk properties and multiplicity) it is gen-
erally accepted that at least most of the BDs with higher masses
form like stars (Luhman 2012), from the turbulent fragmentation
of the molecular cloud (Padoan & Nordlund 2004). However,
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ABSTRACT

While the abundance of elemental deuterium is relatively low (D/H∼ a few ×10−5), orders of magnitude higher D/H abundance
ratios have been found for many interstellar molecules, enhanced by deuterium fractionation. In cold molecular clouds (T < 20 K),
deuterium fractionation is driven by the H2D+ ion, whereas at higher temperatures (T ≥ 20−30 K) gas-phase deuteration is controlled
by reactions with CH2D+ and C2HD+. While the role of H2D+ in driving cold interstellar deuterium chemistry is well understood,
thanks to observational constraints from direct measurements of H2D+, deuteration stemming from CH2D+ is far less understood as
a result of the absence of direct observational constraints of its key ions. Therefore, making use of chemical surrogates is imperative
in order to explore deuterium chemistry at intermediate temperatures. Formed at an early stage of ion–molecule chemistry directly
from the dissociative recombination of CH+

3 (CH2D+), CH (CD) is an ideal tracer for investigating deuterium substitution initiated by
reactions with CH2D+. This paper reports the first detection of CD in the interstellar medium (ISM), carried out using the APEX 12 m
telescope toward the widely studied low-mass protostellar system IRAS 16293−2422. Observed in absorption towards the envelope
of the central protostar, the D/H ratio derived from the column densities of CD and CH is found to be 0.016 ± 0.003. This is an
order of magnitude lower than the values found for other small molecules like C2H and H2CO observed in emission but whose
formation, which is similar to that of CH, is also initiated via pathways involving warm deuterium chemistry. Gas-phase chemical
models reproducing the CD/CH abundance ratio suggest that it reflects ‘warm deuterium chemistry’ (which ensues in moderately
warm conditions of the ISM) and illustrates the potential use of the CD/CH ratio in constraining the gas temperatures of the envelope
gas clouds it probes.

Key words. astrochemistry – ISM: molecules – ISM: individual objects: IRAS 16293−2422 – line: identification – molecular data

1. Introduction

In recent years, the complexities of deuterium chemistry have
been increasingly explored (see Ceccarelli et al. 2014, for a re-
view), motivated by the detection of a large number of deuter-
ated molecules and molecular ions showing a range of deuterium
substitutions from singly deuterated species such as HD (Lacour
et al. 2005) to triply deuterated species such as ND3 (Lis et al.
2002) and CD3OH (Parise et al. 2004). Deuterium is a unique
probe of primordial nucleosynthesis as it is formed in the very
early Universe with an estimated abundance, D/H, of ∼2.5×10−5

(Cooke et al. 2018). Being mainly destroyed in the interiors of
stars via astration, the D/H ratio is expected to vary with location
within the Galaxy. Remarkably, observations have revealed that
the isotopologues of molecules in which one or more hydrogen
atoms are substituted by deuterium atoms have relative abun-
dances (with respect to their main counterparts) that are larger
than the elemental D/H ratio, with values as high as 30%–70 %
(as found, for example, for ND/NH toward IRAS 16293−2422,
Bacmann et al. 2010). Enhancements in the observed D/H ra-
tio are not unexpected and result from isotopic fractionation,
which favours the production of the deuterated isotope owing
to small differences in the zero-point vibrational energies of hy-
drogen and deuterium. However, this alone cannot account for
the large discrepancies between the observed and elemental D/H

abundance ratio, and other chemical processes must be involved
that depend on the environment in which these molecules exist.
Therefore, the physical and chemical conditions that prevail in
the regions where the molecules are formed also play an impor-
tant role in enhancing the observed D/H ratio. This makes the
degree of deuterium fractionation a strong indicator of both the
chemistry and the physical conditions of the studied sources, and
even their age (Brünken et al. 2014).

While D atoms are initially locked into HD, deuterium frac-
tionation is initiated via fast ion–molecule reactions beginning
with H+

3 and forming H2D+, as shofwn in the left-hand side
of Fig. 1. As the ensuing proton–deuteron exchange reaction
is exoergic (∆E = 232 K), deuterium is enriched in the cold
interstellar medium (ISM; T ≤ 20 K), for example inside cold
(≈10 K) dark clouds, as the backward reaction (or hydrogena-
tion) is inhibited. At higher gas temperatures (T ∼ 20 – 80 K),
CH2D+ and C2HD+, formed via reactions of HD with CH+

3
(Asvany et al. 2004) and C2H+

2 (Herbst et al. 1987), are two
other ions that effectively drive deuterium fractionation in the
ISM. Furthermore, lying at the heart of carbon-chemistry, ob-
servations of CH+

3 alongside CH2D+ and CHD+
2 , would present

unique probes for studying deuterium chemistry in warmer
environments of the ISM. For example, observed enhancements
in the abundance of species like DCN in warm gas (Leurini et al.
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ABSTRACT
We present the results of spectroscopic observations of two eclipsing WR+OB-type systems
- CQ Cep and CX Cep, performed in 2020-2023 with a low-resolution slit spectrograph TDS
(λλ = 3660−7410Å, R = 1300−2500) on 2.5-m telescope of the SAI MSU Caucasian Moun-
tain Observatory. For CQ Cep, the radial velocity curves of a WN6 star are constructed, the
problem of visibility of spectroscopic traces of an OB star is discussed and the components’
mass ratio q ∼ 0.6 is estimated. For CX Cep, the radial velocity curves are constructed for both
the WN5 and O5 components enabling their masses and circular orbit elements to be refined.
The comparison of the radial velocity curves of these systems obtained in different epochs
allowed us to derive the orbital period change rate Ṗ by the spectroscopic method, which is
found to be in good agreement with estimates obtained by comparing the moments of primary
eclipse minima: Ṗ = −0.0151 ± 0.0013 s yr−1 for CQ Cep and Ṗ = 0.054 ± 0.009 s yr−1 for
CX Cep. The prospects of applicability of the spectroscopic dynamical method for studying
the orbital evolution of Galactic WR+OB binaries and related objects are considered. We also
discuss the effect of finite sizes of stars with stellar wind mass loss in close binary systems on
their orbital evolution.

Key words: Wolf-Rayet stars; WR+OB binaries; close binary systems; stars, individual: CQ
Cep, CX Cep

1 INTRODUCTION

Wolf-Rayet (WR) stars feature powerful high-velocity winds
(ṀWR ≈ 10−5 M� yr−1, v ≈ 103 km s−1), in which wide and intense
helium and CNO-group emission lines are formed. According to
modern concepts, massive WR stars are the naked (mostly helium)
cores of initially massive Population I stars that lost their hydro-
gen envelopes either due to stellar-wind mass loss (Conti 1975),
or due to the mass exchange in close binary systems (Paczynski
1973). Collapses of carbon-oxygen nuclei of WR stars lead to type
Ib/c supernova explosions and the formation of relativistic compact
objects (e.g. Dessart et al. 2020).

To understand the physics and evolution of WR stars it is im-
portant to know their masses, radii, and mass-loss rates. The role
of the WR mass loss is especially important in evolutionary cal-
culations of the formation of merging binary relativistic objects -
progenitors of the observed LIGO-Virgo gravitational wave sources
(Tutukov & Cherepashchuk 2020).

The masses and radii of the ’cores’ of WR stars are determined

? E-mail: iv.shaposhnikov@gmail.com, cherepashchuk@gmail.com,
kpostnov@gmail.com

from the analysis of the radial velocity curves and the light curves
of close binary WR+OB systems (Cherepashchuk et al. 1984; An-
tokhin & Cherepashchuk 2007). To determine the WR mass-loss
rates, researchers use spectroscopic methods for analyzing emis-
sion line profiles, methods based on the analysis of thermal radio
emission or IR radiation from WR (single or in binary), or meth-
ods that analyze the orbital variable linear polarization of binary
radiation from WR+OB systems. However, spectroscopic methods
for estimating ṀWR are model-dependent. The values of ṀWR esti-
mated from the analysis of thermal radio emission or IR radiation
from WR stars are burdened by the effects of stellar wind clump-
ing. The most reliable method for estimating ṀWR is the dynamic
method based on the analysis of the secular change in the orbital pe-
riod of a WR+OB system. For the first time, the dynamic method
was applied by Khaliullin (1974) who discovered the secular in-
crease in the orbital period of the eclipsing binary system V444 Cyg
(WN5+O6, Porb ≈ 4d.2). Assuming that the orbital period change
Ṗ is caused by the high-velocity radial wind from the WR star
(the Jeans mass-loss mode), he gave an estimate ṀWR = 10−5 M�
yr−1. Later observations enabled improving the value of Ṗ to ob-
tain ṀWR = 7 · 10−6 M� yr−1, roughly consistent with the value of
ṀWR = 2.4 · 10−5 M� yr−1 found for V444 Cyg from the analysis

© 2023 The Authors
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Multi log-normal density structure in Cygnus-X molecular clouds: A
fitting for N-PDF without power-law★

Takeru Murase,1† Toshihiro Handa,1,2‡ Ren Matsusaka,1 Yoshito Shimajiri,3,4,5 Masato I.N. Kobayashi,3
Mikito Kohno,6,7 Junya Nishi,1 Norimi Takeba1 and Yosuke Shibata1
1Department of Physics and Astronomy, Graduate School of Science and Engineering, Kagoshima University, 1-21-35 Kôrimoto,
Kagoshima, Kagoshima 890-0065, Japan
2Amanogawa Galaxy Astronomy Research centre, Kagoshima University, 1-21-35 Kôrimoto, Kagoshima, Kagoshima 890-0065, Japan
3National Astronomical Observatory of Japan, Osawa 2-21-1, Mitaka, Tokyo 181-8588, Japan
4 Laboratoire d’Astrophysique (AIM), CEA/DRF, CNRS, Université Paris-Saclay, Université Paris Diderot, Sorbonne Paris Cité, 91191
Gif-sur-Yvette, France
5 Kyushu Kyoritsu University, Jiyugaoka 1-8, Yahatanishi-ku,Kitakyushu, Fukuoka, 807-8585, Japan
6 Astronomy Section, Nagoya City Science Museum, 2-17-1 Sakae, Naka-ku, Nagoya, Aichi, 460-0008, Japan
7 Department of Physics, Graduate School of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8602, Japan

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT
We studied the H2 column density probability distribution function (N-PDF) based on molecular emission lines using the
Nobeyama 45-m Cygnus X CO survey data. Using the DENDROGRAM and SCIMES algorithms, we identified 124 molecular
clouds in the 13CO data. From these identified molecular clouds, an N-PDF was constructed for 11 molecular clouds with an
extent of more than 0.4 deg2. From the fitting of the N-PDF, we found that the N-PDF could be well-fitted with one or two
log-normal distributions. These fitting results provided an alternative density structure for molecular clouds from a conventional
picture. We investigated the column density, dense molecular cloud cores, and radio continuum source distributions in each cloud
and found that the N-PDF shape was less correlated with the star-forming activity over a whole cloud. Furthermore, we found that
the log-normal N-PDF parameters obtained from the fitting showed two impressive features. First, the log-normal distribution at
the low-density part had the same mean column density (∼ 1021.5 cm−2) for almost all the molecular clouds. Second, the width
of the log-normal distribution tended to decrease with an increasing mean density of the structures. These correlations suggest
that the shape of the N-PDF reflects the relationship between the density and turbulent structure of the whole molecular cloud
but is less affected by star-forming activities.

Key words: ISM: clouds – ISM: structure – ISM: molecules – methods: analytical – stars: formation

1 INTRODUCTION

Molecular clouds are an important evolutionary stage in star forma-
tion scenarios; they contain dense regions directly linked to star for-
mation and diffuse regions (e.g. Larson 1994; Larson 1995; Stutzki
et al. 1998; Elmegreen 2000). Although gravitational collapse is an
essential mechanism, it is still open to evolving from an initial density
fluctuation to a dense core; the proposed initial processes are turbu-
lence, self-gravity, and massive star feedback (McKee & Ostriker
2007).

The volume density probability distribution function (𝜌-PDF) has
been used as an effective tool for investigating the density struc-
ture of molecular clouds affected by various physical processes
(e.g. Vázquez-Semadeni 1994; Vázquez-Semadeni & García 2001;

★ The full version of Table 1 is only available in electronic form at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.125.5) or via http:
//cdsweb.u-strasbg.fr/cgi-bin/qcat?J/MNRAS/.
† E-mail:t.murase.univ@gmail.com(TM)
‡ E-mail:handa@sci.kagoshima-u.ac.jp(TH)

Ostriker et al. 2001; Ballesteros-Paredes et al. 2011; Federrath &
Klessen 2013; Federrath et al. 2016; Jaupart & Chabrier 2020;
Khullar et al. 2021). The shapes of the 𝜌-PDF are determined by
the dominant physical processes governing the density structure
of molecular clouds. Theoretical studies of supersonic turbulence
suggest that the probability density function of the gas density,
or the 𝜌-PDF, of turbulence-dominated molecular clouds exhibits
a log-normal distribution (e.g. Vázquez-Semadeni 1994; Passot &
Vázquez-Semadeni 1998; Ostriker et al. 2001; Federrath et al. 2008;
Burkhart et al. 2015; Nolan et al. 2015). This feature is mainly
attributed to the application of the central limit theorem to the
hierarchical density fields formed by multiplicative processes (see
Vázquez-Semadeni 1994; Passot & Vázquez-Semadeni 1998; Mc-
Kee & Ostriker 2007). When the dominant process is asymmetric in
density evolution, such as gravitational collapse, its 𝜌-PDF has an
excess tail. This is a traditional interpretation of the power-law tail of
the 𝜌-PDF at the high-density end (e.g. Klessen 2000; Ballesteros-
Paredes et al. 2011; Kritsuk et al. 2011; Collins et al. 2012; Federrath
& Klessen 2013; Burkhart et al. 2015). However, it is difficult to ob-
tain the 𝜌-PDF of a molecular cloud based on observations owing to

© 2023 The Authors
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Abstract

We present results of long-term photometric monitoring of SS433 which proves a

secular evolutionary increase of the orbital period of SS433 at a rate of (1.14 ±

0.25) × 10−7 s s−1. Using a physical model of non-conservative mass transfer

in SS433 through a supercritical accretion disc around the compact companion,

we reliably confirm that the binary mass ratio in SS433, 𝑞 = 𝑀X/𝑀V is & 0.8.

For an optical star mass 𝑀V ∼ 10𝑀� the compact object in SS433 is a black

hole with mass 𝑀𝐵𝐻 & 8𝑀�. We discuss evolutionary implications of the found

orbital period increase in SS433 – a secular change in the orbital separation and

a size of the Roche lobe of the optical star. We show that for the mass-loss rate
¤𝑀V ∼ 10−4 − 3 × 10−5𝑀� per year and an optical star mass 𝑀V ∼ 10 − 15𝑀� the

found orbital period increase implies the corresponding orbital separation increase

while the Roche lobe size can shrink or expand around a mean constant value

depending on the optical star mass-loss rate which may be modulated with the

precessional period.

Keywords: binary system, evolution, supercritical accretion disc, black hole,

microqusar.
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IceCube: Neutrinos from Active Galaxies

F. Halzen
Department of Physics and

Wisconsin IceCube Particle Astrophysics Center
UW–Madison, Madison, WI 53706 USA

The IceCube project transformed a cubic kilometer of transparent, natural Antarctic ice into
a Cherenkov detector. It discovered neutrinos of TeV-PeV energy originating beyond our
Galaxy with an energy flux that exceeds the one of high-energy gamma rays of extragalactic
origin. Unlike at any other wavelength of light, extragalactic neutrinos outshine the nearby
sources in our own Milky way. Updated measurements of the diffuse cosmic neutrino flux
indicate that the high-energy gamma rays produced by the neutral pions that accompany
cosmic neutrinos lose energy in the sources and are likely to be observed at MeV energy, or
below. After the reanalysis of 10 years of archival data with an improved data selection and
enhanced data analysis methods, the active galaxy NGC 1068 emerged as the hottest spot in
the neutrino sky map. It is also the most significant source in a search at the positions of
110 preselected high-energy gamma-ray sources. Additionally, we find evidence for neutrino
emission from the active galaxies PKS 1424+240 and TXS 0506+056. TXS 0506+056 had
already been identified as a neutrino source in a multimessenger campaign triggered by a
neutrino of 290 TeV energy and, by the independent observation of a neutrino burst in 2014
from this source in archival IceCube data. The observations point to active galaxies as the
sources of cosmic neutrinos, and cosmic rays, with the gamma-ray-obscured dense cores near
the supermassive black holes at their center as the sites where neutrinos originate, typically
within 10 ∼ 100 Schwarzschild radii.

1 High-Energy Neutrinos from the Cosmos

The shortest wavelength radiation reaching us from the universe is not radiation at all; it
consists of cosmic rays—high-energy nuclei, mostly protons. Some reach us with extreme energies
exceeding 10

8
TeV from a universe beyond our Galaxy that is obscured to gamma rays and

from which only neutrinos reach us as astronomical messengers that point back to where they
originate [1]. The recent observation of neutrinos originating in active galaxies [2,3] and produced
in the dense core in the close vicinity of the supermassive black hole [4], represents a breakthrough
for resolving the century-old puzzle of the origin of cosmic rays.

The rationale for searching for cosmic-ray sources by observing neutrinos is straightforward:
in relativistic particle flows, for instance onto black holes, some of the gravitational energy
released in the accretion of matter is transformed into the acceleration of protons or heavier
nuclei. These subsequently interact with radiation surrounding, or ambient matter accreting
onto, the black hole to produce pions and other secondary particles that decay into neutrinos. For
instance, when accelerated protons interact with intense radiation fields via the photoproduction
processes

p + γ → π
0
+ p and p + γ → π

+
+ n , (1)

both neutrinos and gamma rays are produced with roughly equal rates; while neutral pions decay
into two gamma rays, π

0
→ γ + γ, the charged pions decay into three high-energy neutrinos (ν)
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ABSTRACT
Using the data of the SRG/eROSITA all-sky survey, we stacked a sample of ∼ 40 galaxy cluster images in the 0.3–2.3 keV band,
covering the radial range up to 10 × 𝑅500c. The excess emission on top of the galactic and extragalactic X-ray backgrounds and
foregrounds is detected up to ∼ 3 × 𝑅500c. At these distances, the surface brightness of the stacked image drops below ∼ 1% of
the background. The density profile reconstructed from the X-ray surface brightness profile agrees well (within ∼ 30%) with the
mean gas profile found in numerical simulations, which predict the local gas overdensity of ∼ 20–30 at 3 × 𝑅500c and the gas
fraction close to the universal value of Ω𝑏

Ω𝑚
≈ 0.15 in the standard ΛCDM model. Taking at face value, this agreement suggests

that up to ∼ 3 × 𝑅500c the X-ray signal is not strongly boosted by the gas clumpiness, although a scenario with a moderately
inhomogeneous gas cannot be excluded. A comparison of the derived gas density profile with the electron pressure profile based
on the SZ measurements suggests that by 𝑟 ∼ 3 × 𝑅500c the gas temperature drops by a factor of ∼ 4–5 below the characteristic
temperature of a typical cluster in the sample within 𝑅500c, while the entropy keeps growing up to this distance. Better constraints
on the gas properties just beyond 3 × 𝑅500c should be possible with a sample larger than used for this pilot study.

Key words: galaxies: clusters: intracluster medium – X-rays: galaxies: clusters

1 INTRODUCTION

Clusters of galaxies represent the high-mass end of the virialized
halos in the present-day Universe (see Kravtsov & Borgani 2012,
for a review). To the first approximation, their properties depend on
their mass and redshift. In particular, their radial profiles of total and
gas densities and gas temperature or entropy profiles, once properly
scaled, are expected to be approximately universal (e.g. Markevitch
et al. 1998; Voit 2005; Vikhlinin et al. 2006; Arnaud et al. 2010;
Walker et al. 2012; Eckert et al. 2012, 2013; Ghirardini et al. 2019,
among others) although the details of the formation history of indi-
vidual objects lead to inevitable deviations. From this perspective,
averaged (stacked) profiles are useful since these deviations might
be suppressed. The X-ray emission from massive clusters has been
routinely detected up to 𝑅500c

1 or even up to ≈ 1.5 − 2𝑅500c in
individual cases (see, e.g., Reiprich et al. 2013; Walker et al. 2019;
Walker & Lau 2022, for reviews). The same is true for SZ signal
from clusters (e.g. Plagge et al. 2010; Planck Collaboration et al.
2013). Combining the data from many clusters helps to extend the

1 Throughout the paper, the halo radius 𝑅Δ is defined to enclose a fixed
overdensity Δ with respect to either the critical 𝜌𝑐 or mean density 𝜌𝑚 of the
Universe. The halo mass is then defined as 𝑀Δ = 4/3𝜋𝑅3

Δ
· Δ · 𝜌ref where

𝜌ref is either 𝜌𝑚 or 𝜌𝑐 .

radial range probed. To this end, the data of the SRG/eROSITA all-
sky survey (Predehl et al. 2020; Sunyaev et al. 2021; Predehl et al.
2021) are especially valuable since they provide uniform coverage
of the regions around clusters with the same sensitivity and spatial
resolution. Here we perform a pilot study of stacking a small sample
of clusters using eROSITA data.

Throughout the paper, we adopted the Λ cold dark matter cosmol-
ogy with ΩM = 0.3,ΩΛ = 0.7 and 𝐻0 = 70 km s−1 Mpc−1.

2 SAMPLE SELECTION

For the purpose of this study, we need a sample of clusters with
known redshifts and reliable mass estimates. We further would like
to suppress spatial variations of the X-ray sky backgrounds and fore-
grounds to get an accurate estimate of the excess emission associated
with clusters, i.e. the stacked image should not be dominated by
a few very bright objects. Simultaneously, we want the clusters to
be spatially well-resolved and sufficiently bright. A combination of
these requirements calls for a sample of massive nearby clusters,
from which a few nearest objects are excluded. The galaxy clusters
from the CHEX-MATE catalog (CHEX-MATE Collaboration et al.
2021; Campitiello et al. 2022) appear to meet all our requirements.
The CHEX-MATE is an unbiased, signal-to-noise limited sample

© 2015 The Authors

ar
X

iv
:2

30
5.

07
08

0v
1 

 [
as

tr
o-

ph
.C

O
] 

 1
1 

M
ay

 2
02

3



ar
X

iv
:2

30
5.

07
06

8v
1 

 [
as

tr
o-

ph
.H

E
] 

 1
1 

M
ay

 2
02

3

,

,DRAFT VERSION MAY 15, 2023

Typeset using LATEX preprint2 style in AASTeX631

Drop in the Hard Pulsed Fraction and a Candidate
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ABSTRACT

We report on a timing and spectral analysis of a 50-ks NuSTAR observation of

IGR J16320−4751 (= AX J1631.9−4752); a high-mass X-ray binary hosting a slowly-

rotating neutron star. In this observation from 2015, the spin period was 1,308.8±0.4 s giving

a period derivative Ṗ ∼ 2 × 10−8 s s−1 when compared with the period measured in 2004.

In addition, the pulsed fraction decreased as a function of energy, as opposed to the constant

trend that was seen previously. This suggests a change in the accretion geometry of the sys-

tem during the intervening 11 years. The phase-averaged spectra were fit with the typical

model for accreting pulsars: a power law with an exponential cutoff. This left positive resid-

uals at 6.4 keV attributable to the known iron Kα line, as well as negative residuals around 14

keV from a candidate cyclotron line detected at a significance of 5σ. We found no significant

differences in the spectral parameters across the spin period, other than the expected changes

in flux and component normalizations. A flare lasting around 5 ks was captured during the

first half of the observation where the X-ray emission hardened and the local column den-
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ABSTRACT
The recent observation of a low-mass z = 5.2 (Strait et al. 2023) and an intermediate-mass z = 7.3 (JADES-GS-z7-01-QU,
Looser et al. 2023) quenched galaxy with JWST / NIRSpec is the first evidence of halted star formation above z ∼ 5. Here
we show how bursty star formation at high redshift gives rise to temporarily quenched, or miniquenched galaxies in the mass
range M? = 107 − 109 M� using three models of galaxy formation: the periodic box simulation IllustrisTNG, the zoom-in
simulation VELA and an empirical halo model. The main causes for mini-quenching are stellar feedback, lack of gas accretion
onto galaxies and galaxy-galaxy interactions. The abundance of mini-quenching events agrees across the three models: the
population first appears below z ∼ 8, after which the fraction of miniquenched galaxies increases with cosmic time, from
∼ 0.5% at z = 7 to ∼ 1 − 2% at z = 4, corresponding to comoving number densities of 8.0 × 10−6 Mpc−3 and 5.4 × 10−4 Mpc−3,
respectively. The star formation rate duty cycle ( fduty ∼ 99.56+0.4

−4.5% at z = 7) inferred for VELA galaxies is consistent therewith.
Star formation histories (SFHs) in VELA suggest that mini-quenching at z = 4 − 8 is short-lived with a duration of ∼ 20 − 40
Myr, which is close to the free-fall timescale of the inner halo. However, mock spectral energy distributions of miniquenched
galaxies in IllustrisTNG and VELA do not match JADES-GS-z7-01-QU photometry, unless their SFHs are artificially altered
to be more bursty on timescales of ∼ 40 Myr. Studying miniquenched galaxies might aid in calibrating the sub-grid models
governing galaxy formation, as these may not generate sufficient burstiness at high redshift to explain the SFH inferred for
JADES-GS-z7-01-QU.

Key words: methods: numerical - galaxies: evolution - galaxies: formation - galaxies: high-redshift - galaxies: photometry

1 INTRODUCTION

The tight relation between stellar mass and star formation rate (SFR)
of galaxies, known as the star-forming main sequence (MS), persists
out to high redshift (Speagle et al. 2014; D’Silva et al. 2023; Popesso
et al. 2023), even if the shape, scatter and normalisation have yet
to be accurately determined above redshift z ≈ 5. For star-forming
galaxies, the ‘regulator’ or ‘bathtub’ model posits that the SFR in a
galaxy is controlled by the self-regulation of gas inflow, gas outflow,
and gas consumption through star formation, providing a framework
for understanding continuous star formation over long timescales on
the MS (Bouché et al. 2010; Dekel et al. 2013; Lilly et al. 2013;
Tacchella et al. 2016). Massive galaxies at and above the knee of the
galaxy stellar mass function, then reduce their star-formation activity
and leave the MS. Those galaxies are typically called ‘quiescent’ (or
‘quenched’) and increase significantly in abundance from redshift
z ≈ 2 to today (Faber et al. 2007; Peng et al. 2010).

A plethora of mechanisms has been proposed to explain the
quenching of galaxies, each acting on different timescales and

? E-mail: td448@cam.ac.uk

classes of galaxies. To match the observed galaxy number densi-
ties, internal mechanisms (Croton et al. 2006; Merlin et al. 2012;
Sherman et al. 2020; Zinger et al. 2020; Tacchella et al. 2022) are
invoked at both the low-mass and high-mass end of the galaxy stel-
lar mass function. Its suppression below the knee (M? ∼ 1010.5 M�
at z ∼ 4, Grazian et al. 2015) is typically accomplished via stellar
feedback and above the knee via feedback from active galactic nu-
clei (AGN, Curtis & Sijacki 2016; Henden et al. 2018; Nelson et al.
2021), both of which expel gas and heat the circumgalactic medium.
Some of these internal mechanisms, such as bulge formation, could
lead to morphological quenching (Martig et al. 2009; Gensior et al.
2020; Lu et al. 2021; Shin et al. 2022). Since star formation prefer-
entially occurs in gravitationally unstable gas discs, the stabilization
thereof by the presence of the bulge (its growth and evolution reg-
ulated by AGN feedback) effectively reduces the star-formation ac-
tivity. Especially at low redshift of z < 2 where galaxies can fall into
dense clusters, environmental quenching effects (Dekel & Birnboim
2006; Peng et al. 2012; Ji et al. 2018; Contini et al. 2020; Whitaker
et al. 2021; Williams et al. 2021) such as the loss or removal of
gas from a galaxy due to ram pressure, tidal interactions and virial
shock heating (all three processes on timescales of 100 Myr −2 Gyr)

© 2023 The Authors
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17Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA
18New Mexico State University, Las Cruces, NM 88003, USA
19Centro de Investigación en Astronomı́a, Universidad Bernardo O’Higgins, Avenida Viel 1497, Santiago, Chile
20Department of Astronomy & Astrophysics, Pennsylvania State, 525 Davey Lab, University Park, PA 16802, USA
21Center for Exoplanets & Habitable Worlds, Pennsylvania State, 525 Davey Lab, University Park, PA 16802, USA
22Department of Astronomy, University of Virginia, Charlottesville, VA 22904-4325, USA
23Departamento de Ciencias F́ısicas, Facultad de Ciencias Exactas, Universidad Andrés Bello, Fernández Concha 700, Las Condes,

Santiago, Chile
24Vatican Observatory, Vatican City State 00120, Italy
25Instituto de Astronomı́a, Universidad Autónoma de México, Ensenada, B.C, México
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ABSTRACT

We present a spectroscopic analysis of a sample of 48 M dwarf stars (0.2M� < M < 0.6M�) from the Hyades open

cluster using high-resolution H-band spectra from the SDSS/APOGEE survey. Our methodology adopts spectrum

synthesis with LTE MARCS model atmospheres, along with the APOGEE DR17 line list, to determine effective

temperatures, surface gravities, metallicities, and projected rotational velocities. The median metallicity obtained
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ABSTRACT

Within the convection zone of a rotating star, the presence of the Coriolis force stabilizes long-

wavelength convective modes. These modes, that would have been unstable if the star lacked

rotation, are called overstable convective modes or thermal Rossby waves. We demonstrate that

the Sun’s rotation rate is sufficiently rapid that the lower half of it’s convection zone could

possess overstable modes. Further, we present an analytic solution for atmospheric waves that

reside within a polytropic stratification. We explore in detail the properties of the overstable and

unstable wave modes that exist when the polytrope is weakly unstable to convective overturning.

Finally, we discuss how the thermal Rossby waves that reside within the convection zone of a

star might couple with the prograde branch of the g modes that are trapped within the star’s

radiative zone. We suggest that such coupling might enhance the photospheric visibility of a

subset of the Sun’s g modes.

Subject headings: convection — hydrodynamics — stars: interior — stars: oscillations — stars:

rotation — Sun: interior — Sun: oscillations — Sun: rotation — waves

1. Introduction

The Coriolis force acts to inhibit convection, in both obvious and subtle ways. In addition to suppressing

the efficiency of turbulent heat transport (e.g., Julien et al. 1996; Brandenburg et al. 2009), reducing the

dominant spatial scale of the convective motions (e.g., Featherstone & Hindman 2016; Vasil et al. 2021), and

inducing anisotropy and latitudinal variation in the convective heat flux (e.g., Cowling 1951; Tayler 1973),

rotation has long been known to delay the onset of the convective instability, increasing the thermodynamic

gradients required for spontaneous convective overturning. In a Boussinesq system this appears as an increase

in the critical Rayleigh number that marks the onset of the instability (see Chandrasekhar 1961). In a

gravitationally stratified fluid, the local Ledoux criterion (Ledoux 1947) is modified by rotation such that a

steeper specific entropy or compositional gradient is required for instability. For example, Cowling (1951)

argued that non-axisymmetric motions are locally stable if the square of the buoyancy frequency N2 exceeds

a rotationally dependent threshold (which is negative),

N2 > −4Ω2 k
2
Ω

k2
h

. (1)
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ABSTRACT
Non-Gaussian distributions in cosmology are commonly evaluated with Monte Carlo Markov-
chain methods, as the Fisher-matrix formalism is restricted to the Gaussian case. The
Metropolis-Hastings algorithm will provide samples from the posterior distribution after a
burn-in period, and the corresponding convergence is usually quantified with the Gelman-
Rubin criterion. In this paper, we investigate the convergence of the Metropolis-Hastings al-
gorithm by drawing analogies to statistical Hamiltonian systems in thermal equilibrium for
which a canonical partition sum exists. Specifically, we quantify virialisation, equipartition
and thermalisation of Hamiltonian Monte Carlo Markov-chains for a toy-model and for the
likelihood evaluation for a simple dark energy model constructed from supernova data. We
follow the convergence of these criteria to the values expected in thermal equilibrium, in com-
parison to the Gelman-Rubin criterion. We find that there is a much larger class of physically
motivated convergence criteria with clearly defined target values indicating convergence. As
a numerical tool, we employ physics-informed neural networks for speeding up the sampling
process.

Key words: dark energy – methods: statistical
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ABSTRACT

Context. Notwithstanding the tremendous growth of the exoplanetary field in the last decade, limited attention has been paid to the
planets around binary stars, which represent a little fraction of the total discoveries to date. Circumbinary planets (CBPs) have been
discovered primarily with transit and eclipse timing variation methods, mainly around Main Sequence (MS) stars. No exoplanet has
been found orbiting double white dwarf (DWD) binaries yet.
Aims. In the interest of expanding our understanding on the final fate of CBPs, we modelled the long-term evolution of these circumbi-
nary systems, throughout the life stages of their hosts, from MS to WD. Our goal is to provide the community with both theoretical
constraints on the evolution of CBPs beyond the MS, and the occurrence rates of planet survivals, ejections and collisions throughout
the ageing of the systems.
Methods. We further developed the publicly available Triple Evolution Simulation (TRES) code, to adapt it to the mass range of sub-
stellar objects (SSO). We did so by implementing a variety of physical processes that affect giant planets and brown dwarfs. We used
TRES to simulate the evolution, up to one Hubble time, of two synthetic populations of circumbinary giant planets. Each population
has been generated using different priors for the planetary orbital parameters.
Results. In our simulated populations we identified several evolutionary categories, such as survived, merged, and destabilised sys-
tems. Our primary interest is those systems in which the planet survived the WD formation of the stars in the binary. We name such
planets Magrathea. We found that a significant fraction of simulated CBPs survive the entire system evolution and orbit a DWD bi-
nary. The planetary mass does not play a role in their survival. In the absence of effective inward migration mechanisms, this category
of planets is characterised by long periods.
Conclusions. Magrathea planets are a natural outcome of triple systems evolution and our study indicates that they should be relatively
common in the Galaxy. These gas giants can survive the death of their binary hosts if they orbit far enough to avoid engulfment and
instabilities. Our results can ultimately be a reference to orient future observations of this uncharted class of planets and to compare
different theoretical models.

Key words. circumbinary exoplanets – white dwarfs – gas giants – brown dwarfs – triple systems – binary evolution

1. Introduction

In spite of the diversity of exoplanets uncovered in the last few
years, the known sample of planetary bodies does not uniformly
cover the stellar H-R diagram. Several H-R regions, that show
evidence of the possible existence of planets, show little statis-
tics mostly due to observational bias. For instance, while the
majority of the planets has been found around Main Sequence
(MS) stars, only one confirmed planet (Blackman et al. 2021)
and several candidates (Gänsicke et al. 2019; Vanderburg et al.
2020; Gaia Collaboration et al. 2022a) have been identified or-
biting single white dwarfs (WDs). These detections arrived af-
ter many years of dedicated research (see Veras 2021 and ref-
erences there-in for a recent review). Another offbeat planetary
population is the circumbinary one, the so-called “P-type” sys-

tems1, where the planet orbits a compact binary star with typical
inner orbital separations of less than ∼ 10 au. With the years,
multiple studies showed that stars in binary and multiple sys-
tems are ubiquitous throughout the Milky Way (Raghavan et al.
2010; Duchêne & Kraus 2013; Tokovinin 2014; Moe & Di Ste-
fano 2017; Tokovinin 2021). Such a physical feature naturally
sparkled the interest of planets-chasers, who sky-hunted plan-
ets orbiting multiple star systems through various methods (i.e.,
astrometry e.g., Sahlmann et al. 2015, transit e.g., Doyle et al.
2011; Kostov et al. 2014, 2020; Martin & Fabrycky 2021, and
radial velocities e.g., Martin et al. 2019; Triaud et al. 2022;
Standing et al. 2023), and who also explained the small statis-
tics due to selection bias. For instance, when focusing on the
P-type population around double MS binaries, most of the evi-
dence has been collected through the transit method, which high-

1 We refer to Marzari & Thebault (2019) for a thorough overview on
the characteristics of both P-type and S-type populations

Article number, page 1 of 24

ar
X

iv
:2

30
5.

07
05

7v
1 

 [
as

tr
o-

ph
.E

P]
  1

1 
M

ay
 2

02
3



Mitigating the optical depth degeneracy in the cosmological measurement of neutrino
masses using 21-cm observations

Gali Shmueli,1, ∗ Debanjan Sarkar,1, † and Ely D. Kovetz1, ‡

1Department of Physics, Ben-Gurion University Be’er Sheva 84105, Israel
(Dated: May 15, 2023)

Massive neutrinos modify the expansion history of the universe and suppress the structure forma-
tion below their free streaming scale. Cosmic microwave background (CMB) observations at small
angular scales can be used to constrain the total mass Σmν of the three neutrino flavors. However,
at these scales, the CMB-measured Σmν is degenerate with τ , the optical depth to reionization,
which quantifies the damping of CMB anisotropies due to the scattering of CMB photons with free
electrons along the line of sight. Here we revisit the idea to use 21-cm power spectrum observations
to provide direct estimates for τ . A joint analysis of CMB and 21-cm data can alleviate the τ−Σmν

degeneracy, making it possible to measure Σmν with unprecedented precision. Forecasting for the
upcoming Hydrogen Epoch of Reionization Array (HERA), we find that a . O(10%) measurement
of τ is achievable, which would enable a & 5σ measurement of Σmν = 60 [meV], for any astrophysics
model that we considered. Precise estimates of τ also help reduce uncertainties in other cosmological
parameters, such as As, the amplitude of the primordial scalar fluctuations power spectrum.

I. INTRODUCTION

Since its discovery, the cosmic microwave background
(CMB) [1] has played a dominant role in our understand-
ing of the Universe. Observing the CMB allows us to
learn more about the origins and evolution of the uni-
verse, and test our current understanding of fundamen-
tal physics [2–10]. One such example is the measurement
of the sum of neutrino masses

∑
mν . Neutrinos come

in three flavours. Neutrino oscillation experiments have
revealed that neutrinos have mass and obey three possi-
ble hierarchies: normal, inverted, and degenerate [11–18].
Due to their non-zero mass, neutrinos contribute to the
total energy density of the Universe and affect the cosmic
expansion rate and evolution of cosmic structures [19–22].
This renders the CMB and large-scale structure sensitive
probes of the sum of neutrino masses [23–35].

However, processes in the late time universe, like the
epoch of reionization (EoR) [36, 37], limit the precision
with which we can measure neutrino masses. Free elec-
trons along the light of sight to the surface of last scat-
tering influence the CMB anisotropies, an effect charac-
terized by the parameter τ—known as the optical depth
to reionization [38]—which is one of the six parameters of
the ΛCDM. It has two main effects on the CMB power
spectra [39, 40]. First, it damps the scalar perturba-
tions as generated at recombination by a factor exp(−2τ).
This makes it highly degenerate with As, the amplitude
of the primordial scalar perturbations, and at high mul-
tipoles, or smaller scales, also highly degenerate with the
sum of neutrino masses

∑
mν [41]. Secondly, the re-

scattering of the CMB photons off free electrons at the
reionization epoch generates a bump in the CMB polar-

∗ shmugal@post.bgu.ac.il
† debanjan@post.bgu.ac.il
‡ kovetz@bgu.ac.il

ization power spectra at large angular scales [42, 43]. Ob-
servation of the large-scale CMB polarization thus pro-
vides a measurement of τ , which allows breaking the de-
generacy with As and

∑
mν to some extent. Improving

the measurement of τ will be crucial for differentiating
between the mass hierarchies of neutrinos and enabling
a robust detection of the total mass.

A number of current probes, including the Lyman-α
forest [44–46], Lyman-α emitting galaxies [47–50], the
kinematic Sunyaev-Zeldovich effect [51–55], etc., allow to
place direct constraints on τ . Similarly,

∑
mν can also

be determined by measuring the expansion rate using
distance ladders [56, 57], from large-scale structure sur-
veys [33, 58–60], Lyman-α forest surveys [61, 62], line-
intensity mapping [63–65], the post-reionization 21-cm
signal [66–72], etc. All these independent observations
can be combined together for a precision measurement
of
∑
mν . In this paper, we assess the feasibility of using

the 21-cm signal from EoR as a direct probe of τ .
The redshifted 21-cm observations are a very sensi-

tive probe of EoR. A number of telescopes such as LO-
FAR [73], HERA [74], GMRT [75] and SKA [76] are seek-
ing the signal from high redshifts. Fluctuations in the
21-cm signal probe the density-weighted electron frac-
tion in the EoR, which is the primary ingredient re-
quired to compute τ . Therefore, 21-cm observations pro-
vide an independent measurement of τ [77, 78]. Small-
scale damping in the 21-cm power spectrum, caused by
the neutrinos, also provides an independent estimate of∑
mν [79]. A joint analysis of the 21-cm fluctuations

and the CMB data thus helps to precisely estimate τ ,
break the τ −

∑
mν degeneracy, and significantly re-

duce ∆
∑
mν . This idea was first coined by Ref. [78]

where it was shown that ∆
∑
mν can be measured with

±12 [meV] accuracy if 21-cm observations from HERA
are combined with the CMB observations. Here we re-
visit the analysis presented in Ref. [78] with an updated
treatment and provide forecasts for the combination of
HERA and the planned CMB-S4 experiment [80, 81].
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NIKA2 Cosmological Legacy Survey

Survey Description and Galaxy Number Counts
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ABSTRACT

Context. Finding and characterizing the heavily obscured galaxies with extreme star formation up to very high redshift is key to constrain the
formation of the most massive galaxies in the early Universe. It has been shown that these obscured galaxies are major contributors to the stellar
mass build-up to z∼4. At higher redshift, and despite recent progress, the contribution of dust-obscured galaxies remains poorly known.
Aims. Deep surveys in the millimeter domain are necessary to probe the dust-obscured galaxies at high redshift. We conducted a large observ-
ing program at 1.2 and 2 mm with the NIKA2 camera installed on the IRAM 30-meter telescope. This NIKA2 Cosmological Legacy Survey
(N2CLS) covers two emblematic fields: GOODS-N and COSMOS. We introduce the N2CLS survey and present new 1.2 and 2 mm number count
measurements based on the tiered N2CLS observations (from October 2017 to May 2021) covering 1169 arcmin2.
Methods. After a careful data reduction and source extraction, we develop an end-to-end simulation that combines an input sky model with
the instrument noise and data reduction pipeline artifacts. This simulation is used to compute the sample purity, flux boosting, pipeline transfer
function, completeness, and effective area of the survey (taking into account the non-homogeneous sky coverage). For the input sky model, we
used the 117 square degree SIDES simulations, which include the galaxy clustering. Our formalism allows us to correct the source number counts
to obtain galaxy number counts, the difference between the two being due to resolution effects caused by the blending of several galaxies inside
the large beam of single-dish instruments.
Results. The N2CLS-May2021 survey is already the deepest and largest ever made at 1.2 and 2 mm. It reaches an average 1-σ noise level of
0.17 and 0.048 mJy on GOODS-N over 159 arcmin2, and 0.46 and 0.14 mJy on COSMOS over 1010 arcmin2, at 1.2 and 2 mm, respectively. For
a purity threshold of 80%, we detect 120 and 67 sources in GOODS-N and 195 and 76 sources in COSMOS, at 1.2 and 2 mm, respectively. At
1.2 mm, the number count measurement probes consistently 1.5 orders of magnitude in flux density, covering the full flux density range from
previous single-dish surveys and going a factor of 2 deeper, into the sub-mJy regime. Our measurement connects the bright single-dish to the deep
interferometric number counts. At 2 mm, our measurement matches the depth of the deepest interferometric number counts and extend a factor of
2 above the brightest constraints. After correcting for resolution effects, our results reconcile the single-dish and interferometric number counts,
that can be further accurately compared with model predictions.
Conclusions. While having reached its depth for GOODS-N, we expect the final N2LCS survey to be 1.5 times deeper for COSMOS. Thanks to
its volume-complete flux selection, the final N2CLS sample will be an ideal reference sample to conduct a full characterization of dust obscured
galaxies at high redshift.

Key words. Galaxies: evolution – Methods: data analysis – Radio continuum: galaxies – Submillimeter: galaxies

1. Introduction

Blind far-infrared (far-IR) to millimeter observations have
dramatically improved our understanding of the massive dusty
galaxies in the early Universe (e.g., Blain et al. 2002; Lagache
et al. 2005; Casey et al. 2014; Madau & Dickinson 2014;
Hodge & da Cunha 2020). These sources are believed to be the
progenitors of massive quiescent galaxies in dense environments
that later emerged at lower redshift (Toft et al. 2014; Spilker
et al. 2019; Valentino et al. 2020; Gómez-Guijarro et al. 2022b),
and the study on the early phase of their formation and evolution
provides crucial tests on the theory of galaxy and structure
formation and evolution (Liang et al. 2018; Lovell et al.
2021; Hayward et al. 2021). Since the start of ground-based
(sub)millimeter observations, they became rapidly one of the

best ways to find the dusty galaxies at the highest redshift
(e.g. Barger et al. 1998; Chapman et al. 2005; Ivison et al.
2007; Hodge et al. 2013; Strandet et al. 2017; Simpson et al.
2020; Dudzevičiūtė et al. 2020). Contrary to targeted follow-up
observations of samples selected at shorter wavelengths (e.g.,
Capak et al. 2015; Béthermin et al. 2020; Bouwens et al. 2022),
the dusty galaxy samples from blind far-IR to (sub)millimeter
surveys of continuous sky areas are much less affected by a
complex selection functions, and thus easier to interpret. There
are also statistical studies on DSFGs using the serendipitously
detected samples in targeted ALMA observations (Béthermin
et al. 2020; Gruppioni et al. 2020; Venemans et al. 2020;
Fudamoto et al. 2021). However, these studies are also subject
to complex corrections due to clustering and are still limited by
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Efficient radial migration by giant molecular clouds in the first several
hundred Myr after the stellar birth
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ABSTRACT

Stars in the Galactic disc, including the Solar system, have deviated from their birth orbits and have experienced radial mixing
and vertical heating. By performing hydrodynamical simulations of a galactic disc, we investigate how much tracer particles,
which are initially located in the disc to mimic newborn stars and the thin and thick disc stars, are displaced from initial near-
circular orbits by gravitational interactions with giant molecular clouds (GMCs). To exclude the influence of other perturbers that
can change the stellar orbits, such as spiral arms and the bar, we use an axisymmetric form for the entire galactic potential. First,
we investigate the time evolution of the radial and vertical velocity dispersion 𝜎𝑅 and 𝜎𝑧 by comparing them with a power law
relation of 𝜎 ∝ 𝑡𝛽 . Although the exponents 𝛽 decrease with time, they keep large values of 0.3 ∼ 0.6 for 1Gyr, indicating fast and
efficient disc heating. Next, we find that the efficient stellar scattering by GMCs also causes a change in angular momentum for
each star and, therefore, radial migration. This effect is more pronounced in newborn stars than old disc stars; nearly 30 per cent
of stars initially located on the galactic mid-plane move more than 1 kpc in the radial direction for 1Gyr. The dynamical heating
and radial migration drastically occur in the first several hundred Myr. As the amplitude of the vertical oscillation increases,
the time spent in the galactic plane, where most GMCs are distributed, decreases, and the rate of an increase in the heating and
migration slows down.

Key words: hydrodynamics – methods: numerical – Galaxy: disc – Galaxy: kinematics and dynamics – ISM: clouds – stars:
kinematics and dynamics

1 INTRODUCTION

Radial mixing and vertical heating of stars in a galactic disc and
physical processes that cause the stellar scattering are essential for
understanding the structural and kinematic properties of the Galaxy
and its formation and evolution (see the review by Bland-Hawthorn
& Gerhard 2016 and references therein). They are also important for
understanding the birth environment of the early Solar system 4.6
Gyr ago and its difference from the current local environment (e.g.
Fujimoto et al. 2018, 2020b; Desch et al. 2022).
It has long been predicted that the orbits of stars are changed by

local fluctuations of the gravitational field in a galactic disc (e.g.
Wielen 1977; Carlberg 1987). The following two physical processes
have been considered for stellar scattering; One, which is referred to
as ‘churning’, is the process that can change a star’s angular momen-
tum and, therefore, its guiding-centre radius (Sellwood & Binney
2002). The other, which is referred to as ‘blurring’, is the process
that increases a star’s epicycle amplitude and, therefore, its peculiar

★ E-mail: fujimoto@u-aizu.ac.jp

velocity relative to the circular motion (Schönrich & Binney 2009).
Therefore, the churning contributes to radial migration1 by changing
the angular momentum, and the blurring contributes to dynamical
heating of a disc by increasing the velocity dispersion.
The presence of super metal-rich stars (Grenon 1972, 1989) and

large dispersion in the age-metallicity relation (e.g. Edvardsson et al.
1993; Haywood 2008; Casagrande et al. 2011; Bergemann et al.
2014; Rebassa-Mansergas et al. 2021) in the Solar neighbourhood
have suggested that many stars have mixed in the Galactic disc due
to radial migration (churning) and dynamical heating (blurring). The
Solar system also has a larger metallicity than the average metallicity
of nearby stars of the same age (Edvardsson et al. 1993)2, suggesting

1 Different authors use the term ‘radial migration’ differently. This paper
uses the term for a scattering event that changes a star’s angular momentum
regardless of a change in its epicycle motion. In contrast, some authors re-
quire the scattering event not to increase the epicycle amplitude or vertical
oscillation (e.g. Vera-Ciro et al. 2014; Martinez-Medina et al. 2017).
2 We note that recent observations (Haywood 2008; Gustafsson et al. 2010;
Casagrande et al. 2011) show that the excess of Solar metallicity relative to

© 2022 The Authors
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Insights from HST into Ultra-Massive Galaxies and Early-Universe Cosmology
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The early-science observations made by the James Webb Space Telescope (JWST) have revealed
an excess of ultra-massive galaxy candidates that appear to challenge the standard cosmological
model (ΛCDM). Here, we argue that any modifications to ΛCDM that can produce such ultra-
massive galaxies in the early Universe would also affect the UV galaxy luminosity function (UV LF)
inferred from the Hubble Space Telescope (HST). The UV LF covers the same redshifts (z ≈ 7−10)
and host-halo masses (Mh ≈ 1010 − 1012 M�) as the JWST candidates, but tracks star-formation
rate rather than stellar mass. We consider beyond-ΛCDM power-spectrum enhancements and show
that any departure large enough to reproduce the abundance of ultra-massive JWST candidates is
in conflict with the HST data. Our analysis, therefore, severely disfavors a cosmological explanation
for the JWST abundance problem. Looking ahead, we determine the maximum allowable stellar-
mass function and provide projections for the high-z UV LF given our constraints on cosmology
from current HST data.

Introduction. — The study of the earliest generations
of galaxies offers a unique opportunity to understand the
Universe during the epochs of cosmic dawn and reioniza-
tion at redshifts z ∼ 5−30. This era represents a largely
uncharted territory in the timeline of the Universe, oc-
cupying the gap between cosmic-microwave-background
(CMB) decoupling (z ∼ 103) and the local Universe
(z ∼ 0), thus making its investigation a crucial step to-
wards a complete understanding of cosmology.

The early-science observations made by the James
Webb Space Telescope (JWST) have unveiled a multi-
tude of galaxy candidates in this era [1–8]. While only
a subset of these candidates have been spectroscopically
confirmed so far [9–12], the findings from JWST provide
an intriguing glimpse into a highly-active Universe dur-
ing this formative era, with ultra-massive galaxies pos-
sibly playing a significant role. The longer-wavelength
capabilities of JWST exceed those of the Hubble Space
Telescope (HST), enabling measurements of rest-frame
visible light in addition to the UV. This feature makes
it possible to track the total stellar mass in a galaxy, in
addition to its star-formation rate, providing valuable in-
sights into astrophysics and cosmology at high redshifts.

In a recent study, early-release photometric data from
JWST were used to estimate the stellar mass of massive
galaxy candidates at redshifts z ≈ 7 − 10 [13]. These
galaxies were identified by detecting the redshifted Ly-
man and Balmer breaks in their spectral energy dis-
tributions, which ensured that their redshifts were ro-
bustly determined. Interestingly, two of the reported

S nsabti1@jhu.edu
M julianmunoz@austin.utexas.edu
K kamion@jhu.edu

objects exhibit stellar masses significantly larger than
what would be expected within the standard cosmologi-
cal model (ΛCDM). If confirmed, this finding would not
only challenge our models of galaxy formation, but also
of cosmology. Indeed, assuming that galaxies form within
dark-matter halos, Refs. [14, 15] presented a compelling
argument that ΛCDM predicts an insufficient number of
halos in the observed volume to host these galaxies, even
if most baryons in the galaxies were converted into stars.
Consequently, this poses a significant abundance problem
for the ΛCDM paradigm.

This discrepancy raises questions about the validity of
our current astrophysical and cosmological models. As a
result, there has been a surge in theoretical work aimed
at modifying ΛCDM to explain this abundance issue [16–
22]. The goal of such modifications is to generate addi-
tional galaxies at z = 7− 10 by enhancing structure for-
mation during this period, while preserving the successful
ΛCDM predictions at the CMB and lower-z epochs.

Here we point out that UV luminosity function (UV
LF) data obtained with HST have already probed the
same range of redshifts and distance scales as the galaxies
from Ref. [13]. Specifically, using these data, we demon-
strate that generic enhancements of power that could ex-
plain the observations from Ref. [13] are ruled out, hence
disfavoring a cosmological solution to the JWST abun-
dance problem. Finally, in anticipation of future surveys,
we determine the maximum permissible cosmological in-
crease in the stellar-mass function at these redshifts and
provide predictions for the high-z UV LF.

Throughout this paper, we will assume a flat cosmol-
ogy and, unless otherwise stated, fix the cosmological
parameters to the Planck 2018 best-fits [23]: h = 0.6727,
ωb = 0.02236, ωcdm = 0.1202, ln

(
1010As

)
= 3.045,

ns = 0.9649, and τreio = 0.0544.
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ABSTRACT
We present the state-of-the-art single-zone nuclear reaction network WinNet that is capable of calculating

the nucleosynthetic yields of a large variety of astrophysical environments and conditions. This ranges from
the calculation of the primordial nucleosynthesis where only a few nuclei are considered to the ejecta of
neutron star mergers with several thousands of involved nuclei. Here we describe the underlying physics and
implementation details of the reaction network. We additionally present the numerical implementation of two
different integration methods, the implicit Euler method and Gears method along with their advantages and
disadvantages. We furthermore describe basic example cases of thermodynamic conditions that we provide
together with the network and demonstrate the reliability of the code by using simple test cases. Once the
manuscript has been accepted for publication, WinNet will be publicly available and open source.

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

1. INTRODUCTION
Nuclear reaction networks are crucial to investigate the syn-

thesis of elements and their isotopes in astrophysical events.
While the events can vastly differ in their conditions, the pro-
cedure to derive their ejecta composition is always similar.
The foundation of the understanding of the origin of elements
has been outlined already in Alpher et al. (1948), the so called
𝛼𝛽𝛾-Paper.

The field of nucleosynthetic calculations encompasses the
production of the light elements during the Big Bang (e.g.,
Peebles 1966; Wagoner et al. 1967; Yang et al. 1984; Boes-
gaard & Steigman 1985; Kawano et al. 1988; Olive et al. 1990;
Walker et al. 1991; Smith et al. 1993; Cyburt et al. 2016; Coc
& Vangioni 2017; Pitrou et al. 2018, 2021; Fields & Olive
2022), the element production during the lifetime of stars
(see e.g., Kippenhahn et al. 2013; Karakas & Lattanzio 2014;
Karakas & Lugaro 2016; Bisterzo et al. 2017; Kobayashi
et al. 2020; Busso et al. 2021; Doherty et al. 2017; Gil-Pons
et al. 2018; Leung & Nomoto 2018; Leung et al. 2020; Arnett
1977; Woosley & Weaver 1995; Heger et al. 2003; Heger &

Woosley 2010; Maeder & Meynet 2012; Frischknecht et al.
2016; Thielemann et al. 2018a; Limongi & Chieffi 2018; Ar-
nett et al. 2019; Kaiser et al. 2020; Eggenberger et al. 2021),
and more violent explosive events such as classical novae
(e.g., Arnould et al. 1980; Wiescher et al. 1986; José et al.
2004; Jose 2016; Vasini et al. 2022), x-ray bursts (e.g., Wi-
escher et al. 1986; Rembges et al. 1997; Schatz et al. 1998;
Cyburt et al. 2010; Jose 2016; Meisel et al. 2020), type Ia
supernovae (e.g., Arnett 1969; Arnett et al. 1971; Iben & Tu-
tukov 1984; Nomoto et al. 1984; Woosley et al. 1986; Mueller
& Arnett 1986; Thielemann et al. 1986; Khokhlov et al. 1993;
Höflich et al. 1998; Röpke et al. 2012; Hillebrandt et al. 2013;
Pakmor et al. 2013; Dan et al. 2015; Maeda & Terada 2016;
García-Senz et al. 2016; Jiang et al. 2017; Röpke & Sim 2018;
Thielemann et al. 2018b; Shen et al. 2018; Leung & Nomoto
2018; Gronow et al. 2021; Lach et al. 2022), Core-collapse
supernovae (e.g., Kotake et al. 2012; Burrows 2013; Janka
et al. 2016; Müller 2016; Radice et al. 2018; Müller 2020;
Vartanyan et al. 2022) with a focus on nucleosynthesis (e.g.,
Woosley & Weaver 1995; Thielemann et al. 1996; Woosley
& Heger 2006; Heger & Woosley 2010; Perego et al. 2015;
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ABSTRACT
Recent observations of radio relics - diffuse radio emission in galaxy clusters - have revealed
that these sources are not smooth but consist of structures in the form of threads and filaments.
We investigate the origin of these filamentary structures and the role of projection effects. To
this end, we have developed a tool that extracts the filamentary structures from background
emission. Moreover, it is capable of studying both two-dimensional and three-dimensional
objects. We apply our structure extractor to, both, observations and cosmological simulations
of radio relics. Using Minkowski functionals, we determine the shape of the identified struc-
tures. In our 2D analysis, we find that the brightest structures in the observed and simulated
maps are filaments. Our analysis of the 3D simulation data shows that radio relics do not con-
sist of sheets but only of filaments and ribbons. Furthermore, we did not find any measurable
projection effects that could hide any sheet-like structures in projection. We find that, both,
the magnetic field and the shock front consist of filaments and ribbons that cause filamentary
radio emission.

Key words: galaxies: clusters: intracluster medium - magnetic fields - shock waves - radio
continuum: general - techniques: image processing - software: data analysis

1 INTRODUCTION

Observations of diffuse radio emission reveal the presence of
highly energetic cosmic-ray electrons, with energies from MeV to
GeV, as well as magnetic fields of a few µG in the intracluster
medium (ICM) (see van Weeren et al. 2019, and references therein
for a recent review). Owing to their improving resolution and sen-
sitivities, new radio observations reveal that the surface brightness
in diffuse sources is not smooth. In most cases, the radio emis-
sion is filamentary, suggesting a much more complex picture of the
sources’ morphologies (Brienza et al. 2021; Knowles et al. 2022;
Giacintucci et al. 2022; Di Gennaro et al. 2018). This, in turn,
has consequences for our understanding of cosmic-ray acceleration
processes and magnetic field evolution in the ICM. In this study,
we focus on the filamentary structures in radio relics.

Radio relics are elongated objects that are normally observed
at the periphery of galaxy clusters. As most relics are co-located
with shock waves in the ICM, it is widely accepted that relics are
produced by the shock (re-)acceleration of cosmic-ray electrons
(Ensslin et al. 1998). Relics are predicted to have a bright radio
edge at the shock wave’s location with a decreasing radio surface
brightness into the downstream region (Hoeft & Brüggen 2007).
However, recent observations have shown that the leading edges of
radio relics, i.e. where particles are accelerated by a shock wave,
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are not uniform but consist of filaments and threads (e.g Rajpuro-
hit et al. 2020; Di Gennaro et al. 2018; de Gasperin et al. 2022).
Moreover, the relics’ downstream regions are filled with filamen-
tary structures - i.e. radio filaments that are brighter than their sur-
roundings (e.g Rajpurohit et al. 2022; de Gasperin et al. 2022). The
origin of these filamentary structures is still unclear. In particular,
it is not understood whether they trace the complex morphology
of the shock front or whether they are determined by the morphol-
ogy of the underlying magnetic field (e.g. Wittor et al. 2021b, and
references therein). Moreover, it is unknown if these filaments are
also filaments in 3D or if they are actually sheets that appear as
filaments in projection.

In this work, we focus on the geometrical characterization of
the filament morphologies. Specifically, we have developed a tool
that extracts structures from background emission. We apply this
structure extractor to, both, observation and cosmological simula-
tions. Using Minkowski functionals, we analyse the geometrical
shape of the extracted structures. This analysis allows us to draw
first conclusions about the origin of the filamentary structures in
radio relics.

This paper is structured as follows: in Sec. 2, we describe the
structure extractor that we have developed for this work. In Sec. 3,
we present the shape parameters that we use to characterize the ge-
ometrical shape of the extracted structures. In Sec. 4, we apply the
developed tools to radio data. In Sec. 5 and in Sec. 6, we summa-
rize the simulations that we have analysed and we present the cor-
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ABSTRACT
The physical conditions giving rise to high escape fractions of ionising radiation (LyC 𝑓esc) in star-forming galaxies – most
likely protagonists of cosmic reionisation – are not yet fully understood. Using the properties of the Lyman-𝛼 line profile
associated with LyC escape, we select potential LyC leakers and non-leakers from a compiled sample of 1422 MUSE-Wide
and MUSE HUDF Lyman-𝛼 emitters (LAEs) in the redshift range 2.9 < 𝑧 < 6.7. We perform spectral stacking to obtain high
signal-to-noise detections of rest-frame UV absorption and emission lines, and find that the stacks with LyC-leaker candidates
show (i) strong nebular O iii]_1666, [Si iii]_1883 and [C iii]_1907+C iii]_1909 emission, suggesting high ionisation parameters
due to an elevated production rate of ionising photons coming from young, metal-poor stars; (ii) high equivalent widths of
He ii_1640 (∼ 1−3Å), possibly indicating a hard ionising spectrum alongside with a high ionising photon production efficiency;
(iii) Si ii∗_1533 emission, revealing the presence of neutral hydrogen off the line of sight, thus implying a highly anisotropic
interstellar medium (ISM); (iv) high C iv__1548,1550 to [C iii]_1907+C iii]_1909 ratios (C iv/C iii] & 0.75), partly associated
with the increased ISM transparency. In contrast, the stacks with non-leakers showweaker nebular emission lines, lowHe ii_1640
equivalent widths (. 1Å), and low C iv/C iii] (. 0.25), suggesting a low ionisation state of the ISM and a high neutral hydrogen
content. Consequently, our results substantiate that the C iv/C iii] ratio can be used as an indirect tracer of 𝑓esc, providing a
promising tool for identification of ionising sources among star-forming galaxies in the epoch of reionisation.

Key words: galaxies: high-redshift – dark ages, reionization, first stars – ISM: lines and bands – ultraviolet: ISM – ultraviolet:
galaxies

1 INTRODUCTION

Ultraviolet and X-ray radiation emitted from the first stars and galax-
ies likely ionised the neutral hydrogen in the intergalactic medium
(IGM) between 𝑧 ≈ 12 (e.g. Hinshaw et al. 2013; Planck Collabo-
ration et al. 2016) and 𝑧 ≈ 6 (e.g. Fan et al. 2006; McGreer et al.
2015). This last phase transition of the Universe is known as the
Epoch of Reionisation (EoR). The hydrogen reionisation could have
been potentially powered by active galactic nuclei (AGNs) due to
their brightness and high escape fractions of ionising radiation ( 𝑓esc).
However, the AGNnumber density is likely to be insufficient tomain-
tain this process at 𝑧 & 6 (e.g Parsa et al. 2018; Kulkarni et al. 2019;
Shen et al. 2020). It is currently believed that the most promising
candidates for the sources of the ionising photons are young massive
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stars in star-forming galaxies (SFGs), although their contribution is
still unclear, primarily due to the uncertainties associated with 𝑓esc.

Recent studies have shown that 𝑓esc in SFGs at 𝑧 & 6 has to
be on average at least 10–20 per cent to successfully reproduce the
observed constraints on the reionisation history (e.g. Ouchi et al.
2009; Robertson et al. 2015; Bouwens et al. 2015; Khaire et al.
2016; Naidu et al. 2020). Direct measurements of 𝑓esc, however, are
severely hampered at such redshifts because ionising radiation, or
Lyman continuum (LyC, _ < 912 Å), is absorbed by the neutral
hydrogen in the IGM (e.g. Madau 1995; Inoue et al. 2014). The
current solution to this problem lies in the studies of LyC-leaking
SFGs in the local Universe (e.g. Izotov et al. 2016a,b, 2018a,b;
Schaerer et al. 2018; Wang et al. 2019; Flury et al. 2022; Xu et al.
2022) and at intermediate redshifts (1 . 𝑧 . 4; e.g. Vanzella et al.
2015; Shapley et al. 2016; Vanzella et al. 2018; Rivera-Thorsen et al.
2017; Marques-Chaves et al. 2021), often accompanied by spectral
stacking with the aim of obtaining higher signal-to-noise (S/N) data
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Identifying the Milky Way’s very high energy hadronic cosmic-ray accelerators — the PeVatrons — is a crit-
ical problem. While gamma-ray observations reveal promising candidate sources, neutrino detection is needed
for certainty, and this has not yet been successful. Why not? There are several possibilities, as we delineated
in a recent paper [T. Sudoh and J. F. Beacom, Phys. Rev. D 107, 043002 (2023)]. Here we further explore the
possibility that the challenges arise because PeVatrons have a large angular extent, either due to cosmic-ray
propagation effects or due to clusters of sources. We show that while extended neutrino sources could be missed
in the commonly used muon-track channel, they could be discovered in the all-flavor shower channel, which
has a lower atmospheric-neutrino background flux per solid angle. Intrinsically, showers are quite directional
and would appear so in water-based detectors like the future KM3NeT, even though they are presently badly
smeared by light scattering in ice-based detectors like IceCube. Our results motivate new shower-based searches
as part of the comprehensive approach to identifying the Milky Way’s hadronic PeVatrons.

I. INTRODUCTION

The Milky Way has powerful but unidentified sources of
hadronic cosmic rays (CRs), but their sources are obscured
by CR deflections in interstellar magnetic fields [1–5]. Find-
ing and understanding these natural particle accelerators, es-
pecially those reaching PeV energies (“PeVatrons”), has been
a major problem [6–8]. Candidate hadronic sources have been
identified though the emission of TeV–PeV gamma rays, but
it is difficult to isolate these from leptonic sources, where the
gamma rays are produced by CR electrons [9–11]. Detect-
ing neutrinos from a source would conclusively identify it as
hadronic, but this has not yet been successful [12–15]. In a
recent paper [16], we use multi-messenger data to constrain
general PeVatron models for Milky Way sources.

Milky Way gamma-ray observations reveal a great diversity
of types of emission, from point sources to extended sources
to diffuse emission from the whole plane [17–25]. Imaging
air-Cherenkov telescopes (IACTs) are especially effective at
finding point sources, due to their excellent flux sensitivity
and angular resolution, which also makes them superior for
determining the morphology of some extended sources. Ob-
servatories based on the direct detection of shower particles —
such as water Cherenkov detectors (WCDs) — are especially
effective at finding extended sources (and diffuse emission),
due to their much larger fields of view and exposures.

In this paper, we show that a similar complementarity oc-
curs for neutrino source searches with tracks versus showers.
Figure 1 gives a schematic overview. Tracks, which arise from
the charged-current (CC) interactions of muon neutrinos, have
good angular resolution and thus have been a major focus in
source studies [26–38]. Showers, which result from the CC
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interactions of electron and tau neutrinos, plus the neutral-
current (NC) interactions of all flavors, have been much less
considered [13, 26, 39] because they have poor angular reso-
lution in IceCube. However, this is not an intrinsic limitation
— it is caused by light scattering in ice [40] — and future
water-based detectors should do much better, as suggested by
the encouraging performance of ANTARES [41]. We show
that for a variety of realistic source and future detector sce-
narios, while the track channel is superior for point sources,
the shower channel can be superior for extended sources.
Shower-based source searches should become an important
part of the broader quest to identify hadronic PeVatrons.

In Sec. II, we review the astrophysical evidence for ex-
tended sources. In Sec. III, we describe our methods to cal-
culate neutrino event spectra. In Sec. IV, we show potential
of showers in the general case, while in Sec. V, we focus on
near-future specifics. In Sec. VI, we conclude.
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FIG. 1. Complementarity of approaches to probing different high-
energy gamma-ray and neutrino sources in the Milky Way. See text.
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