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FULLY NONLINEAR GRAVITATIONAL INSTABILITIES FOR

EXPANDING SPHERICAL SYMMETRIC NEWTONIAN UNIVERSES

WITH INHOMOGENEOUS DENSITY AND PRESSURE

CHAO LIU

Abstract. Nobel Prize laureate P.J.E. Peebles [24] has emphasized the importance and dif-
ficulties of studying the large scale clustering of matter in cosmology. Nonlinear gravitational
instability plays a central role in understanding the clustering of matter and the formation
of nonlinear structures in the universe and stellar systems. However, there is no rigorous re-
sult on the nonlinear analysis of this instability except for some particular exact solutions
without pressure, and numerical and phenomenological approaches. Both Rendall [26] and
Mukhanov [21] have highlighted the challenge posed by nonlinear gravitational instability with
effective pressure. This has been a longstanding open problem in astrophysics for over a cen-
tury since the occurrence of linearized Jeans instabilities in Newtonian universes in 1902. This
article contributes to a fully nonlinear analysis of the gravitational instability for the Euler–

Possion system which models expanding Newtonian universes with inhomogeneous density and
pressure. The exponential or finite-time increasing blowups of the density contrast ̺ can be
determined, which may account for the considerably faster growth rate of nonlinear structures
observed in astrophysics than that suggested by the classical Jeans instability. We believe this
is the first rigorous result for the nonlinear Jeans instability with effective pressure and the
method is concise and robust.

Keywords: blowup, ODE blowup, Euler–Poisson system, Jeans instability, gravitational
instabilities, self-increase blowup, second order nonlinear hyperbolic equations

Mathematics Subject Classification: Primary 35A01; Secondary 35L02, 35L10, 83F05

1. Introduction

The gravitational instability, which Nobel laureate P.J.E. Peebles extensively discusses and
highlights in his renowned book [24], is of tremendous significance in astrophysics. It charac-
terizes the clustering of matter at large scales (as opposed to an isolated singularity), the mass
accumulation of self-gravitating systems, and enhances the understanding of the formation of
stellar systems and nonlinear structures in the universe1. However, up to now, the gravitational
instability was only rigorously studied in the linear regime since the first linearized gravitational
instability was obtained by Jeans [10] for Newtonian gravity in 1902 (thus it is also known as
Jeans instability), and then generalized to general relativity by Lifshitz [13] in 1946. The Jeans
instability was extended to the expanding background universe in Bonnor [6] (also see [21,31]).
Revised: The linearized Jeans instability derivations become substantially distorted by the ac-
cretions of the mass, as the increasing density results in significant deviations from the linear
regime. Additionally, the growth rate predicted by the classical linearized Jeans instability fails
to account for the considerable inhomogeneities observed in the present-day universe and the
formation of galaxies. This growth rate is deemed too slow and, as a result, less efficient. Previ-
ous studies by [6,21,31], and our own work [19] demonstrate that the growth rate of density for

1Additionally, it is worth noting the tenth inquiry in John Baez’s compilation of open questions in cosmology
and astrophysics [3], which asks, “10. Why are the galaxies distributed in clumps and filaments? ”
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Spacecraft and drones aimed at exploring our solar system are designed to

operate in conditions where the smart use of onboard resources is vital to the

success or failure of the mission. Sensorimotor actions are thus often derived

from high-level, quantifiable, optimality principles assigned to each task, uti-

lizing consolidated tools in optimal control theory. The planned actions are

derived on the ground and transferred onboard where controllers have the

task of tracking the uploaded guidance profile. Here we argue that end-to-

end neural guidance and control architectures (here called G&CNets) allow

transferring onboard the burden of acting upon these optimality principles.

In this way, the sensor information is transformed in real time into optimal

plans thus increasing the mission autonomy and robustness. We discuss the

main results obtained in training such neural architectures in simulation for

interplanetary transfers, landings and close proximity operations, highlight-
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ing the successful learning of optimality principles by the neural model. We

then suggest drone racing as an ideal gym environment to test these architec-

tures on real robotic platforms, thus increasing confidence in their utilization

on future space exploration missions. Drone racing shares with spacecraft

missions both limited onboard computational capabilities and similar control

structures induced from the optimality principle sought, but it also entails dif-

ferent levels of uncertainties and unmodelled effects. Furthermore, the success

of G&CNets on extremely resource-restricted drones illustrates their potential

to bring real-time optimal control within reach of a wider variety of robotic

systems, both in space and on Earth.

Introduction

The design of a space exploration mission heavily relies on optimality principles. Given the

absence of a safe harbor in space, every onboard resource, including propellant mass, available

energy, and computing capabilities, must be utilized parsimoniously to ensure the highest possi-

ble mission return. Even with safety margins built into the mission plan, executing sub-optimal

plans can result in the failure of the entire mission. To address this challenge, optimal control

models have been developed that capture the optimality principles relevant to different mission

phases and translate them into elaborate system behaviours. In practice, the optimal guidance

profile that follows the application of abstract optimality principles is carefully derived on the

ground, well ahead of the mission launch, for most flown and planned missions. The plan is

then uploaded onboard and acted upon by the dedicated control system that, using the specific

actuators available, tracks the planned profile continuously canceling incurred deviations. This

approach is common to interplanetary trajectory phases, landing phases, surface exploration

phases, formation flying missions and more (see Figure 1), thanks to the abstract nature of the
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Prediction for the interferometric shape of the first black hole photon ring
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Black hole images are theoretically predicted—under mild astrophysical assumptions—to display
a stack of lensed “photon rings” that carry information about the underlying spacetime geometry.
Despite vigorous efforts, no such ring has been observationally resolved thus far. However, planning
is now actively under way for space missions targeting the first (and possibly the second) photon rings
of the supermassive black holes M87* and Sgr A*. In this work, we study interferometric photon ring
signatures in time-averaged images of Kerr black holes surrounded by different astrophysical profiles.
We focus on the first, most easily accessible photon ring, which has a larger width-to-diameter ratio
than subsequent rings and whose image consequently lacks a sharply defined diameter. Nonetheless,
we show that it does admit a precise angle-dependent diameter in visibility space, for which the Kerr
metric predicts a specific functional form that tracks the critical curve. We find that a measurement
of this interferometric ring diameter is possible for most astrophysical profiles, paving the way for
precision tests of strong-field general relativity via near-future observations of the first photon ring.

I. INTRODUCTION

Theoretical work [1–4] predicts that—under some mild
assumptions—images of an astrophysical Kerr black hole
generically display a stack of nested “photon rings,” each
of which is a strongly lensed image of the main emission
superimposed on top of the direct image. These rings
may be labeled by the number n of half-orbits executed
around the black hole by their constitutive photons on
their way from source to observer. The full set of n ≥ 1
rings is often collectively referred to as “the photon ring”:
a striking feature that dominates simulated black hole
images, and a signature stamp of strong gravity (Fig. 1).

Despite vigorous efforts [5–8], Event Horizon Telescope
(EHT) observations from Earth of the supermassive black
holes M87* and SgrA* [9, 10] have yet to experimentally
resolve any photon ring [11, 12]. Space missions targeting
their first (n = 1)—and possibly second (n = 2)—photon
rings are now being planned [13–15]. While a theoretical
prediction for the interferometric signature of the n ≥ 2
rings has already been derived [15–18] and explored [19–
21], a sharp prediction for the interferometric signature
of the more readily accessible n = 1 ring is still lacking.
This paper formulates such a prediction (Sec. III F).

II. PHOTON RING IMAGES

The lensing behavior of the Kerr geometry confers two
properties to the appearance of the photon ring. First,
since each subring is a mirror image of its predecessor, the
full photon ring must exhibit a self-similar substructure,
which in the limit n → ∞ is completely characterized
by three critical exponents γ, δ, and τ that respectively
control the demagnification, rotation, and time delay of
successive images [3]. The analytically known parameters
(γ, δ, τ) depend only on the mass and spin of the black
hole—as well as the photon orbital radius [2, 3]—and may
in principle be measured from observations of light echoes
or their characteristic pattern of autocorrelations [22, 23].

Since successive subrings are exponentially demagnified
by ∼ e−γ , the large-n rings quickly become so narrow in
the image plane of a distant observer that they may—
to a very good approximation—be regarded as infinitely
thin, mathematical curves Cn. In fact, this is an excellent
approximation for n ≥ 2, as the second (n = 2) photon
ring already appears extremely thin; typically, only the
first (n = 1) ring displays a noticeable thickness (Fig. 1).

The second property is closely tied to the exponential
subring demagnification: the photon rings must converge
(exponentially fast in n) to a theoretical “critical curve” in
the image plane of an observer, which corresponds to the
image of the black hole’s (asymptotically) bound photon
orbits. First derived by Bardeen [24], this analytically
known curve—call it C̃—delineates the apparent cross-
section of a black hole in the sky. It is fully determined by
the Kerr geometry (together with the observer inclination
θo). Thus, the critical curve is the “n→∞ photon ring”

C̃ = C∞ ≡ lim
n→∞

Cn, (1)

and indeed, photons that appear exactly on C̃ lie on null
rays that were unstably trapped (in the far past) within a
region of spacetime just outside the event horizon, which
is now known as the “photon shell” [2, 3]; see also [25–27].

The preceding discussion leads to a simple description
of the large-n subring images: they appear as thin curves
Cn that closely track the critical curve C̃ = C∞, with the
deviations exponentially suppressed in n. As illustrated
in the bottom-right panel of Fig. 1, this description is
already valid for n = 2: the second photon ring looks like
a bright, narrow curve that sits exactly atop C̃ (drawn as
a dashed black line). On the other hand, the bottom-left
panel of Fig. 1 shows why this description fails for n = 1:
the first ring has a significant width, and its shape visibly
deviates from that of the (dashed black) critical curve.

Moreover, the appearance of the n = 1 photon ring—
both its thickness and deviation from C̃—can significantly
vary with the choice of astrophysical source. This leads
to the central question of this paper: can one produce a
sharp theoretical prediction for the n = 1 ring shape?
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Blandford-Znajek Process in Einsteinian Cubic Gravity

Jun Peng 1† and Xing-Hui Feng 2∗

1Faculty of Science, Beijing University of Technology, Beijing 100124, China
2Center for Joint Quantum Studies and Department of Physics, School of Science, Tianjin

University, Tianjin 300350, China

ABSTRACT

In this paper, we investigate the Blandford-Znajek (BZ) process within the framework of Ein-
steinian cubic gravity (ECG). To analytically study the BZ process using the split monopole configu-
ration, we construct a slowly rotating black hole in ECG up to cubic order in small spin, considering
the leading order in small coupling constant of higher curvature terms. By deriving the magneto-
sphere solution around the black hole, we determine the BZ power up to the second relative order
in spin. The BZ power is modified by the coupling constant compared to Kerr black hole. Although
the general nature of the BZ process in ECG remains unchanged at the leading order in spin, the
coupling constant introduces modification at the second relative order in spin. Therefore, we antic-
ipate that it is feasible to discern general relativity from higher derivative gravities by examining
the BZ power in rapidly rotating black holes.

† junpeng@bjut.edu.cn ∗ xhfeng@tju.edu.cn
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On the screening condition in the core of neutron stars

D. N. Kobyakov1, ∗

1Institute of Applied Physics of the Russian Academy of Sciences, 603950 Nizhny Novgorod, Russia

The screening condition in neutron star core has been formulated as equality of velocities of superconducting
protons and the electrons vp = ue at wavenumbers q� λ−1 (λ is the London depth) and has been used to derive
the force between the electronic flow past the flux tube, which has astrophysical applications. By calculating
the current-current response, I find that vp 6= ue for l−1 < q� λ−1 (l is the electron mean free path) at typical
realistic parameters. Therefore, the momentum exchange between the electrons and the flux tubes in the core of
neutron stars remains an open question.

Introduction. In the core of neutron stars, the protons are
superconducting and the electrons are normal. Moreover, ob-
servable neutron stars host the magnetic field in their inte-
rior, which according to theoretical expectations induces a
flux tube lattice in the superconducting protons. Scattering
of the electrons by the flux tubes effectively couples the elec-
trons and the protons, and this coupling plays an important
role in modelling of observable phenomena in neutron stars.

Scattering of the electrons by a single flux tube in super-
conducting protons (or by a single superfluid neutron vortex
with magnetization) has been a long-standing problem. Al-
par, Langer and Sauls [1] have considered this problem for
the first time and have discussed some astrophysical implica-
tions. Their work has given rise to many publications where
this problem was addressed. A review of the literature on this
subject goes beyond the aims of this paper and is not essen-
tial for the further discussion below. A comprehensive liter-
ature review may be found in a recent work by Gusakov [2],
who also has done detailed calculations of the scattering of the
electrons by the proton flux tube in order to resolve some dis-
crepancies between different approaches to the physical prob-
lem, which have emerged since the appearance of the work by
Alpar, Langer and Sauls [1]. In the calculations of Gusakov
[2], an essential step was made in equation (16) of [2], when
the screening condition vp = ue was used. Lately, this condi-
tion was also used by Sourie and Chamel [3] in their studies
of superfluid neutron vortices in the core of neutron stars.

The condition vp = ue is expected to hold in the hydrody-
namic regime [4], which is defined, in the present context, for
wavenumbers q much smaller than the electron inverse mean
free path l−1 [5]. In other related problems, one may define
the hydrodynamic regime as length scales much longer than
the superfluid vortex separation [6], but here we will be inter-
ested in the electron properties.

However, the flux tube core length scale λ at typical tem-
perature T = 108 K is about 80 fm, and therefore it is not
clear whether the hydrodynamic approximation applies for
the problem of extraction of the momentum exchange in the
electron-flux tube scattering, because l� λ . Actually, we will
see that l is typically somewhere between 105 fm and 109 fm,
while the flux tube separation is somewhere between 144 fm
(at the magnetic field H = 1015 Oe) and 455 fm at (H = 1014

Oe).

∗ dmitry.kobyakov@appl.sci-nnov.ru

In this paper, I will show that when the flux tube size is re-
solved by the electron dynamics, the latter are in the particle-
hole regime and consequently the screening condition does
not always hold.

Screening of charge current by electrons. We will do cal-
culations with the material parameters corresponding to the
nuclear saturation density. The baryon number density is
n = 0.16 fm−3, the proton fraction xp = 0.05 and the pro-
ton number density is np = xpn, the electron number den-
sity is ne = np and the the electron Fermi wavenumber is
ke = (3πne)

1/3 ≈ 0.6187 fm−1. The electron velocity ue is the
microscopic velocity averaged on length scale much longer
than k−1

e . Likewise, the proton superflow velocity vp is the
quantity averaged on length scale much longer than the pro-
ton coherence length ξ (T ). At T � Tc, the superconducting
density is equal to np, where Tc = γ∆p/kBπ , with lnγ = 0.577
is the Euler constant and ∆p is the proton s-wave supercon-
ducting energy gap, and we have

ξ (0) =
h̄vF p

2γ∆p
≈ 7.2

(
1MeV

∆p

)
fm. (1)

Here, vF p = h̄kp/mp is the electron Fermi velocity, kp = ke
and mp is the proton mass. The number currents are defined
as je = neue and jp = npvp and the electric currents are Je =
−eneue and Jp = enpvp, where e is the proton electric charge.

Noting that me � mp, where me is the electron mass, is a
reasonable lowest-order approximation even for the relativis-
tic electrons, we may neglect the inertia of the electrons [4].
This implies that in order to study the transverse electromag-
netic response of the system it is sufficient to assume that the
proton velocity is given and then to calculate the equilibrium
electron velocity. The physical meaning of the screening con-
dition vp = ue is that for a given proton velocity, the electron
velocity is the same and the total electrical current Je + Jp is
zero, or Je = −Jp. Thus, we are free to choose the proton
phase as a constant, and we obtain

Jp = enp(−eA/c), (2)

where A is the electromagnetic vector potential [7]. It will be
convenient to work in the Fourier representation, X(q,ω) =∫

d3xdt eiq·x−iωtX(x, t), where X(x, t) is any function of space
and time. From the relation E = −c∂A/∂ t we observe that
to calculate the electron current for a given proton velocity, in
the lowest approximation we need to calculate the quantity

σ(q,ω) =
δJe(q,ω)

δE(q,ω)
=

ec
iω

δ je(q,ω)

δA(q,ω)
, (3)
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Direct detection of cosmic ray-boosted puffy dark matter
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Abstract

For the light relativistic dark matter (DM) boosted by high energy cosmic ray, its scattering

cross section with the nucleon is sensitively dependent on the momentum-transfer and such an

dependence is caused by the mediator in the scattering. For puffy DM particle with a size, the

momentum-transfer dependence can also arise from the DM radius effect. All these momentum-

transfer dependences should be considered. In this note we study the direct detection limits on

the cosmic ray-boosted puffy DM for a simplified model with a light mediator. For comparison,

we first re-derive the direct detection limits on the cosmic ray-boosted point-like DM. We display

the limits on various planes of parameters and find that the limits for the cosmic ray-boosted puffy

DM are stronger than for the point-like DM.

∗Electronic address: wywang@bjut.edu.cn
†Electronic address: wlxu@emails.bjut.edu.cn
‡Electronic address: jmyang@itp.ac.cn
§Electronic address: zhurui@itp.ac.cn
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Charged Particle Motion Near a Magnetized Black Hole: A Near-Horizon
Approximation
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In this paper, the orbits of a charged particle near the event horizon of a magnetized black hole are
investigated. For a static black hole of mass M immersed in a homogeneous magnetic field B, the
dimensionless parameter b = eBGM/(mc4) controls the radius of the circular orbits and determines
the position of the innermost stable circular orbit (ISCO), where m and e are the mass and charge
of the particle. For large values of the parameter b, the ISCO radius can be very close to the
gravitational radius. We demonstrate that the properties of such orbits can be effectively and easily
found by using a properly constructed “near-horizon approximation”. In particular, we show that
the effective potential (which determines the position of the orbit) can be written in a form which
is invariant under rescaling of the magnetic field, and as a result is universal in this sense. We also
demonstrate that in the near-horizon approximation, the particle orbits are stationary worldlines
in Minkowski spacetime. We use this property to solve the equation describing slow changes in
the distance of the particle orbit from the horizon, which arise as a result of the electromagnetic
field radiated by the particle itself. This allows us to evaluate the life-time of the particle before it
reaches the ISCO and ultimately falls into the black hole.

I. INTRODUCTION

An isolated, non-rotating black hole does not have a
magnetic field [1]. This is a direct consequence of the
famous no-hair theorem [2]. However, when a black hole
is surrounded by an accretion disk, a magnetic field gen-
erated by currents in the disk plasma may exist. This
field plays an important role in black hole astrophysics.
For example, the Blandford-Znejek mechanism, which
provides an explanation behind the formation of astro-
physical jets around spinning supermassive black holes,
requires an accretion disk with a strong magnetic field
around a rotating black hole [3] (see also [4] and refer-
ences therein).

In 2013, evidence of the existence of a magnetic field
in the vicinity of the black hole at the center of the Milky
way was obtained [5, 6]. This was done by observing the
Faraday rotation of the linearly polarized radio waves
emitted by the magnetar PSR J1745-2900, which trav-
elled close to the black hole on their way to the Earth.
The angle of Faraday rotation of a linearly polarized ra-
dio wave beam in magnetized plasma is proportional to
the integral of the product of the longitudinal magnetic
field and the density of free electrons over the ray’s path.
It is also proportional to the wavelength squared [7]. This
makes it possible to obtain information about a regular
magnetic field by observing the Faraday rotation angle
for different wavelengths. The radio waves emitted by
the magnetar allow one to measure the magnetic field at
a distance from the black hole about 105 of its gravita-
tional radius. According to adopted models, the mag-
netic field increases inwardly, and the estimated regular
magnetic field near the black hole should be about 100G

∗ vfrolov@ualberta.ca
† nbaker@ualberta.ca

[5, 6].

More recently, in 2021, polarization measurements by
the Event Horizon Telescope of the light emitted by the
matter surrounding the black hole in the galaxy M87
provided signatures of the magnetic field close to the edge
of the black hole [8]. Based on these observations, the
estimated magnetic field strength was shown to be in the
range B ∼ 1 − 30G. Estimations based on observations
and theoretical models indicate that the magnetic field
near stellar mass black holes can in fact be much larger
(see, e.g., [9, 10]).

Let us emphasize that for realistic magnetic fields ex-
pected near black holes, one can neglect their back-
reaction on the spacetime geometry. On the other hand,
the effect of these fields on the orbits of charged particles
near the horizon might be very large. This happens be-
cause, in general, the dimensionless quantity e/(

√
Gm)

for a particle of charge e and mass m is very large (e.g.,
for electrons it is of order 1016). This implies that even
close to the horizon of a magnetized black hole, the
Lorentz force acting on a charged particle can dramat-
ically change its trajectory. We define a dimensionless
parameter which characterizes the strength of the mag-
netic field, given by

b =
eBGM

mc4
. (1.1)

Here, M is the mass of the black hole and B is the char-
acteristic value of the magnetic field in its vicinity. The
meaning of this parameter is as follows. The surface grav-
ity of a non-rotating black hole of mass M is

κ =
c4

4GM
, (1.2)

which is a red-shifted gravitational field strength calcu-
lated at the horizon. Using κ, one can write the param-
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Constraints on rotating self-dual black hole with quasi-periodic oscillations
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(Dated: May 23, 2023)

An impressive feature of loop quantum gravity (LQG) is that it can elegantly resolve both the
big bang and black hole singularities. By using the Newman-Janis algorithm, a regular and effective
rotating self-dual black hole(SDBH) metric could be constructed, which alters the Kerr geometry
with a polymeric function P from the quantum effects of LQG geometry. In this paper, we investigate
its impact on the frequency characteristics of the X-ray quasi-periodic oscillations(QPOs) from 5
X-ray binaries and contrast it with the existing results of the orbital, periastron precession and nodal
precession frequencies within the relativistic precession model. We apply a Monte Carlo Markov
Chain (MCMC) simulation to examine the possible LQG effects on the X-ray QPOs. We found that
the best constraint result for the rotating self-dual geometry from LQG came from the QPOs of
X-ray binary GRO J1655-40, which establish an upper bound on the polymeric function P less than
8.6 × 10−4 at 95% confidence level. This bound leads to a restriction on the polymeric parameter δ
of LQG to be 0.24.

I. INTRODUCTION

The prevailing theory of gravity, known as general rel-
ativity (GR), has many remarkable successes but also
some problems. For example, GR does not include any
quantum aspects and it is incompatible with quantum
mechanics [1–3]. GR also leads to singularities where the
known laws of physics do not apply, such as at the origin
of the universe [4, 5] and inside black holes [6]. To over-
come these issues, various modified or quantum gravity
theories have been suggested as possible replacements or
extensions to GR. Therefore, it is crucial to test these
theories beyond GR and determine the final theory of
gravity.

Loop quantum gravity (LQG) provides an elegant res-
olution of the classical big bang and black hole singular-
ities. A regular static spacetime metric, called the self-
dual spacetime, has been obtained in the mini-superspace
approach based on the polymerization procedure in LQG
[7]. This spacetime has no curvature singularity and its
regularity is determined by two parameters arising from
LQG: the minimal area and the Barbero-Immirzi param-
eter. Furthermore, this spacetime exhibits a T-duality
symmetry, which inspires its name as the self-dual space-
time [8, 9]. Black holes in LQG have received a lot of
interest in recent years, see e.g. [10–14] and references
therein. For more details, we direct the reader to the
review articles [15–19].

One may naturally wonder if the LQG effects on the
self-dual spacetime can produce any observable features
that can be verified or limited by present or future ex-
periments and observations. This question has motivated
a multitude of studies in the past decades from various

∗ liuc09@sjtu.edu.cn
† hgxu@sjtu.edu.cn; Corresponding author

viewpoints [9, 20–31]. In particular, in [30], the LQG
effects on the shadow of a spinning black hole were ex-
amined in detail and their observational consequences
were contrasted with the latest Event Horizon Telescope
(EHT) observation of the supermassive black hole M87*.
The gravitational lensing in the self-dual spacetime has
also been investigated and the polymeric function from
LQG has been constrained by using the Geodetic Very-
Long-Baseline Interferometry Data of the solar gravita-
tional deflection of radio waves [9]. Recently, the solar
system test and S2 near Sgr A* orbital Celestial me-
chanics test of the self-dual spacetime has been carried
out [31, 32], from which the observational bounds on the
polymeric function P of LQG are obtained as well. It is
worth noting that the phenomenological study of other
kinds of loop quantum black holes has also been exten-
sively explored, see [33–37] and references therein.

On the other hand, high-precision X-ray timing obser-
vations of black hole X-ray binaries provide us with an ex-
cellent opportunity to test the nature of gravity in strong
gravitational fields and to gain a deeper understanding of
the geometric structure of black hole spacetime [38, 39].
X-ray binary systems (XRBs) are composed of a black
hole (BH) or a neutron star (NS) that attracts mate-
rial from a stellar companion. Near the compact central
object, the attracted material reaches such high tempera-
tures that it emits bright X-rays – allowing us to observe
the relativistic motion of matter in strong gravitational
fields and probe the ultra-dense matter that makes up
NSs. With current observational means and technical
conditions, these systems are impossible to image directly
as their angular size is typically sub-nano-arcseconds, but
the rapid X-ray variability that is observed allows us to
indirectly map the accretion flow [40, 41]. In particu-
lar, quasi-periodic oscillation (QPO) is the manner in
which the X-ray light from an astronomical object flick-
ers about certain frequencies. When QPOs, as a peculiar
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Dusty Dark Matter Bubbles of a New Vacuum stopped in
Earth and Radiating 3.5 keV X-rays.
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We continue our work on a proposal for what dark matter could be, namely that the dark matter

consists of essentially macorscopic objects built from ordinary matter. The only element of “new

physics” is that there should exist several types or phases of vacuum. Then the dark matter

particles are bubbles of a new type of vacuum filled with ordinary matter - say diamond - under

high pressure and the whole bubble is supposedly contaminated by the materials in the extragalactic

or intragalactic space able to form dust. The dust has a lower than dimension 3 structure and may

well be long chains of atoms.

We begin speculations on identifying the phase transition between the vacua, which we require

in our model, with a (second order?) transition revealed in the Columbia plot with quark masses

as axes. In the corner of small quark masses there is a true phase transition as temperature is

raised, while outside this region there is instead no genuine phase transition under variation of the

temperature but rather only a “crossover”.
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1. Introduction

Concerning its gravitational force the existence of dark matter is incorporated in the standard

cosmological model, but the non-gravitational properties of the dark matter is much less well-

established and even connected with seeming contradictions or mysteries.

Many physicists still believe in WIMPs being the dark matter, while we ourselves go for a model

hopefully incorporable into the Standard Model, in which the dark matter is more like macroscopic

structures of ordinary matter (only with one new vacuum story added). But let us start by looking

at a few questions:

1.1 Mysteries concerning Dark Matter

• Why do the Xenon experiments not “see” the dark matter ?

The answer of our model: The dark matter particles get stopped down to too low speed by

the atmosphere and the shielding. Then they do not have enough speed to bring the nuclei in

the detector up to a speed that gives visible scintillation in the counters.

• But how can then DAMA “see” the dark matter?

Our answer: Dark matter radiates electrons. DAMA only tests that it is dark matter by the

seasonal variation [1, 2], while the Xenon-experiments exclude (or can separate) the electron

induced signal. So DAMA would accept as possible dark matter a signal with sufficiently

high energy electrons. However such high energy electrons would not be produced by simple

collisions of a few hundred km/s dark matter particles; so special radiation would be needed.

• Could the Xenon experiments then not look for electrons also?

Our answer: Yes, and indeed Xenon1T “saw” a little excess of “electron recoil events” of

energy about 3.5 keV [3].

Unfortunately this little electron-recoil effect was retested and it turned out, as reported in a

paper published shortly after this workshop [4], to probably have been due to the presence of

radon gas. So now the situation is that the Xenon-experiments saw nothing in electron recoil

events either.

• But recoil electrons from 300 km/s collisions only have about 1 eV energy, not keV’s!

Our model answer: Our dark matter particles can be excited so as to radiate 3.5 keV X-rays

or electrons.

• How does the dark matter get excited so as to radiate electrons in DAMA?

Our answer: The dark matter particles get heated up and excited by the interaction with the

atmosphere while being stopped.

• But if they get so easily stopped and slowed down, does it not mean that the dark matter is

not truly dark?
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Abstract

We study the impact of renormalization group effects on QCD axion phenomenology. Focusing on the DFSZ model, we argue that
the relevance of running effects for the axion couplings crucially depends on the scale where the heavier Higgs doublet, charged
under the Peccei-Quinn symmetry, is integrated out. We study the impact of these effects on astrophysical and cosmological bounds
as well as on the sensitivity of helioscopes experiments such as IAXO and XENONnT, showing that they can be sizable even in the
most conservative case in which the two Higgs doublets remain as light as the TeV scale. We provide simple analytical expressions
that accurately fit the numerical solutions of the renormalization group equations as a function of the mass scale of the heavy scalars.
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1. Introduction

Axions are an intrinsic prediction of the Peccei-Quinn (PQ)
mechanism [1, 2], which remains, after over four decades, the
most appealing solution to the strong CP problem. This prob-
lem arises because Quantum Chromodynamics (QCD) predicts
CP violating effects that are not observed experimentally. The
PQ mechanism involves a new global chiral symmetry U(1)PQ,
which is anomalous under QCD and spontaneously broken at
a large energy scale fa (PQ scale). The axion is the Nambu-
Goldstone boson associated with the spontanous breaking of
this symmetry [3, 4], and is characterised by the fact that all
its interactions are inversely proportional to fa. Although the
original Weinberg-Wilczek model [3, 4], in which the scale
of PQ breaking coincides with the electroweak (EW) symme-
try breaking scale, was quickly ruled out, new viable models

emerged early on, in which the PQ scale can be arbitrarily high
so that all axion interactions can be sufficiently suppressed,
yielding the so-called invisible axion. Two examples are par-
ticularly appealing for their simplicity: the KSVZ or hadronic
axion [5, 6] and the DFSZ axion [7, 8]. The main difference
between KSVZ and DFSZ-type axions is that the former do not
couple to ordinary quarks and leptons at the tree level. Though
many other possible axion models have been considered in the
literature (see Ref. [9] for a comprehensive overview), the two
above-mentioned models are by far the most studied ones and
are universally regarded as benchmark QCD axion models. In
recent years continuous progress in experimental technologies
has brought within reach the possibility of detecting in terres-
trial experiments the invisible axions arising in these models.
This has stimulated a tremendous interest in this field, with sev-
eral new theoretical and phenomenological studies, as well as a
wealth of new experimental proposals (see [10, 11] for recent
reviews). In the meanwhile, ongoing experiments have already
started to probe the benchmark KSVZ/DFSZ axion models, and
in the coming decades they will dig deep into the relevant pa-
rameter space region. From the theory side, this calls for the
development of “precision axion physics”, which will turn out
to be crucial in the case of an axion discovery. Indeed, from a
given determination of the low-energy axion couplings to pho-
tons and other matter fields (such as electrons and nucleons)
one would like to infer the structure of the high-energy theory,
that is the ultraviolet (UV) completion of the axion effective
field theory (EFT). This step is highly non-trivial, since it en-
tails a large separation of scales, from the typical low-energy
scale of axion experiments up to the PQ scale, fa & 108 GeV.
Hence, axion related physical quantities, as for example the
axion couplings to Standard Model (SM) fermions, are poten-
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Dark matter at the Higgs resonance
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The singlet scalar Higgs portal model provides one of the simplest explanations of dark matter
in our Universe. Its Higgs resonant region, mDM ≈ mh/2, has gained particular attention, being
able to reconcile the tension between the relic density measurement and direct detection constraints.
Interestingly, this region is also preferred as an explanation of the Fermi-LAT γ-ray Galactic center
excess. We perform a detailed study of this model using γ-ray data from the Galactic center and
from dwarf spheroidal galaxies and combine them with cosmic-ray antiproton data from the AMS-
02 experiment that shows a compatible excess. In the calculation of the relic density, we take into
account effects of early kinetic decoupling relevant for resonant annihilation. The model provides
excellent fits to the astrophysical data either in the case the dark matter candidate constitutes all or
a subdominant fraction of the observed relic density. We show projections for future direct detection
and collider experiments to probe these scenarios.

I. INTRODUCTION

The origin of dark matter (DM) is one of the main
unsolved puzzles in fundamental physics today, implying
physics Beyond the Standard Model (BSM). The Singlet
Scalar Higgs portal (SHP) model is among the simplest
UV complete BSM theories that provide a valid DM can-
didate [1–9]. While a large portion of the model parame-
ter space has already been excluded by the interplay of di-
rect detection and relic density constraints, the Higgs res-
onant region, mDM ≈ mh/2, is particularly challenging
to probe. It constitutes one of the two remaining viable
regions [10, 11] within the model. Independently, a DM
mass of around 60 GeV is also preferred as an explana-
tion of two potential indirect detection signals of DM [12]
as we detail below. In fact, putting together all relevant
observational data allows for a scenario where the DM
candidate constitutes all or just a subdominant fraction
of the observed DM density and reveals an intricate rela-
tion between the model parameters and the DM fraction.
Due to the sharp resonance, the results are highly sensi-
tive to the DM mass in the region mDM = mh/2±O(Γh),
where Γh denotes the total Higgs width. Therefore, the
Higgs resonant region deserves a closer look, which we
will provide in this paper.

Several groups have reported the detection of an ex-
cess of γ rays, which is labeled as the Galactic center
excess (GCE), in the data of the Fermi Large Area Tele-

∗Electronic address: dimauro.mattia@gmail.com
†Electronic address: chiara.arina@uclouvain.be
‡Electronic address: nicolao.fornengo@unito.it
§Electronic address: heisig@virginia.edu
¶Electronic address: daniele.massaro@uclouvain.be

scope (Fermi-LAT) in the direction of the center of the
Milky Way (see, e.g., [12–28]). Recently, Refs. [27, 28]
have provided comprehensive and updated results for the
GCE properties. They find that the GCE Spectrum En-
ergy Distribution (SED) is peaked at a few GeV and
has a high energy tail significant up to about 50 GeV.
The spatial distribution of the GCE is compatible with a
DM template modeled with a generalized Navarro-Frenk-
White density profile with slope γ = 1.2−1.3. Moreover,
the GCE centroid is located at the dynamical center of
the Milky Way and its morphology is roughly spherically
symmetric and does not change with energy. Therefore,
all the characteristics of the GCE are perfectly compati-
ble with γ rays produced from DM particles annihilating
in the main halo of the Milky Way. The GCE SED can
be well modeled with DM particles of mass (40−80) GeV
annihilating into bb̄ with a thermal annihilation cross-
section [12, 20, 21, 24, 29], which is the correct cross-
section to explain the observed relic density of DM in the
Universe [30]. Among several BSM theories that have
been proposed to fit the GCE, the SHP model with a
DM mass close to the Higgs resonance provides one of
the simplest solutions (see, e.g., [12, 24, 31–33]).

An alternative interpretation is associated to a popu-
lation of millisecond pulsars located around the Galactic
bulge that would produce a signal with properties com-
patible with the GCE (see, e.g., [34–37]). Outbursts of
cosmic rays (CRs) from the Galactic center have also
been proposed as possible interpretations for the GCE
(see, e.g., [38–40]).

If DM is the actual origin of the GCE, γ rays produced
from these elusive particles could be detectable also from
other astrophysical objects which are very dense of DM
(see, e.g., for a review [41]). Milky Way dwarf spheroidal
galaxies (dSphs) are among the most promising targets
for the indirect search of DM because gravitational obser-
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Type Ia Supernova Explosions in Binary Systems: A Review
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Abstract Type Ia supernovae (SNe Ia) play a key role in the fields of astrophysics and cosmology. It is
widely accepted that SNe Ia arise from thermonuclear explosions of white dwarfs (WDs) in binary systems.
However, there is no consensus on the fundamental aspects of the nature of SN Ia progenitors and their
actual explosion mechanism. This fundamentally flaws our understanding of these important astrophysical
objects. In this review, we outline the diversity of SNe Ia and the proposed progenitor models and explosion
mechanisms. We discuss the recent theoretical and observational progress in addressing the SN Ia progenitor
and explosion mechanism in terms of the observables at various stages of the explosion, including rates and
delay times, pre-explosion companion stars, ejecta–companion interaction, early excess emission, early
radio/X-ray emission from circumstellar material (CSM) interaction, surviving companion stars, late-time
spectra and photometry, polarization signals, and supernova remnant properties, etc. Despite the efforts from
both the theoretical and observational side, the questions of how the WDs reach an explosive state and what
progenitor systems are more likely to produce SNe Ia remain open. No single published model is able to
consistently explain all observational features and the full diversity of SNe Ia. This may indicate that either
a new progenitor paradigm or the improvement of current models is needed if all SNe Ia arise from the same
origin. An alternative scenario is that different progenitor channels and explosion mechanisms contribute to
SNe Ia. In the next decade, the ongoing campaigns with the James Webb Space Telescope (JWST), Gaia and
the Zwicky Transient Facility (ZTF), and upcoming extensive projects with the Vera C. Rubin Observatory
Legacy Survey of Space and Time (LSST) and the Square Kilometre Array (SKA) will allow us to conduct
not only studies of individual SNe Ia in unprecedented detail but also systematic investigations for different
subclasses of SNe Ia. This will advance theory and observations of SNe Ia sufficiently far to gain a deeper
understanding of their origin and explosion mechanism.

Key words: binaries: close – methods: numerical – supernovae: general

1 INTRODUCTION

Supernovae (SNe) are highly energetic explosions of some
stars, that are so bright that they can outshine an entire
galaxy. Their typical bolometric luminosities reach the or-
der of 1043 erg s−1, which is about ten billion times the so-
lar luminosity. SNe play an important role in the fields of
astrophysics and cosmology because they have been used
as cosmic distance indicators, and they are heavy-element
factories (especially for intermediate mass and iron-group
elements), kinetic-energy sources, and cosmic-ray accel-

erators in galaxy evolution. SNe are also key players in
the formation of new-generation stars by triggering the col-
lapse of molecular clouds. SNe are generally classified into
two main categories according to spectroscopical features:
Type I and Type II SNe (Minkowski 1941; Filippenko
1997; Parrent et al. 2014). Type I SNe have no hydrogen
(H) lines in their spectra whereas Type II SNe contain ob-
vious H lines. Type Ia SNe (SNe Ia) are a subclass of Type I
which exhibit strong singly ionized silicon (Si) absorption
(Si ii at 6150, 5800 and 4000 Å) feature in their spectra.

http://arxiv.org/abs/2305.13305v1
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Using Giant Pulses to Measure the Impulse Response of the Interstellar Medium
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ABSTRACT

Giant pulses emitted by PSR B1937+21 are bright, intrinsically impulsive bursts. Thus, the observed signal
from a giant pulse is a noisy but direct measurement of the impulse response from the ionized interstellar
medium. We use this fact to detect 13,025 giant pulses directly in the baseband data of two observations of
PSR B1937+21. Using the giant pulse signals, we model the time-varying impulse response with a sparse
approximation method, in which the time dependence at each delay is decomposed in Fourier components,
thus constructing a wavefield as a function of delay and differential Doppler shift. We find that the resulting
wavefield has the expected parabolic shape, with several diffuse structures within it, suggesting the presence of
multiple scattering locations along the line of sight. We also detect an echo at a delay of about 2.4 ms, over 1.5
times the rotation period of the pulsar, which between the two observations moves along the trajectory expected
from geometry. The structures in the wavefield are insufficiently sparse to produce a complete model of the
system, and hence the model is not predictive across gaps larger than about the scintillation time. Nevertheless,
within its range, it reproduces about 75% of the power of the impulse response, a fraction limited mostly by the
signal-to-noise ratio of the observations. Furthermore, we show that by deconvolution, using the model impulse
response, we can successfully recover the intrinsic pulsar emission from the observed signal.

Keywords: Pulsars (1306), Radio bursts (1339), Interstellar scintillation (855), Deconvolution (1910)

1. INTRODUCTION

Radio signals emitted by pulsars propagate through the
ionized interstellar medium (ISM) and are distorted by a
variety of frequency-dependent effects such as dispersion,
birefringence, and scintillation due to multi-path scattering
(Rickett 1990). While these distortions make it difficult to
observe the intrinsic pulsar emission at low radio frequencies,
they also contain a wealth of information about the structure
of the ISM along the line of sight to the pulsar.

If the pulsar emission can be coherently separated from
propagation effects in the ISM, both the intrinsic radio emis-
sions of pulsars and the structure of the ISM can be better
studied. For example, coherent dedispersion (Hankins &
Rickett 1975) is used to remove the ν−2 dispersive effects
of the ionized ISM, by applying an inverse filter to raw volt-
age (baseband) data, for a known dispersion measure (DM).
Circular birefringence caused by Faraday rotation can also be
corrected in a similar manner using a rotation measure (RM).

Corresponding author: Nikhil Mahajan
mahajan@astro.utoronto.ca

There is, however, no similar general technique for inverting
the multi-path scattering effects responsible for scintillation.

Traditionally, pulsar scintillation is studied using dynamic
spectra. Recovering the impulse response of the ISM from
a dynamic spectrum requires solving an ill-posed phase re-
trieval problem, since generally only the amplitude informa-
tion is kept in the process of creating a dynamic spectrum.
Thus, approaches to this problem so far (Walker et al. 2008;
Baker et al. 2022) usually impose a sparsity constraint in or-
der to tackle it. Osłowski & Walker (2022) show that these
techniques fail when the true impulse response is dense.

Alternatively, cyclic spectroscopy (Demorest 2011; Walker
et al. 2013) is a technique that exploits the cyclic nature of
pulsar emission, to generate “cyclic spectra”, which preserve
some of the phase information that would traditionally be lost
in dynamic spectra. These cyclic spectra can then be used to
decouple the impulse response of the ISM from the intrinsic
pulse profile, as demonstrated by Walker et al. (2013). How-
ever, this technique assumes the observed signal is cyclosta-
tionary (i.e., the pulse profile is stable over the integration
time). Transient emission phenomena such as nulling, mode
changing, or giant pulse emission would violate this assump-
tion, and could affect the validity of a cyclic spectrum.
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Winking filaments due to cyclic evaporation-condensation
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ABSTRACT

Context. Observations have shown that some filaments appear and disappear in the Hα line wing images periodically. There have
been no attempts to model these "winking filaments" thus far.
Aims. The evaporation-condensation mechanism is widely used to explain the formation of solar filaments. Here, we demonstrate,
for the first time, how multi-dimensional evaporation-condensation in an arcade setup invariably causes a stretching of the magnetic
topology. We aim to check whether this magnetic stretching during cyclic evaporation-condensation could reproduce a winking
filament.
Methods. We used our open-source code MPI-AMRVAC to carry out 2D magnetohydrodynamic simulations based on a quadrupolar
configuration. A periodic localized heating, which modulates the evaporation-condensation process, was imposed before, during, and
after the formation of the filament. Synthetic Hα and 304 Å images were produced to compare the results with observations.
Results. For the first time, we noticed the winking filament phenomenon in a simulation of the formation of on-disk solar filaments,
which was in good agreement with observations. Typically, the period of the winking is different from the period of the impulsive
heating. A forced oscillator model explains this difference and fits the results well. A parameter survey is also done to look into details
of the magnetic stretching phenomenon. We found that the stronger the heating or the higher the layer where the heating occurs, the
more significant the winking effect appears.

Key words. Sun: Corona – Sun: magnetic fields – magnetohydrodynamics (MHD) – Sun: filaments, prominences – Sun: oscillations

1. Introduction

Solar prominences or filaments are cool and dense structures
in the solar corona (Tandberg-Hanssen 1995; Vial & Engvold
2015). As the surrounding corona is tenuous, they can easily be
observed in multiple wavelengths, such as Hα and extreme ul-
traviolet (EUV). This is convenient for detecting waves or oscil-
lations in the solar corona, for instance, as well as for examining
how they are manifested in prominences (Arregui et al. 2018;
Chen et al. 2020).

Due to the magnetic buoyancy, heavy prominences can be
suspended high up in the solar corona. There have been sev-
eral mechanisms proposed to explain how such dense and cool
plasma can enter the solar corona (see Mackay et al. 2010, for
example). Meanwhile, many of these mechanisms have been
demonstrated either by works of observation (e.g., Chae 2003;
Berger et al. 2011; Zou et al. 2016) or simulation (e.g., An et al.
1988; Kaneko & Yokoyama 2015; Fan 2018). The evaporation-
-condensation mechanism, which has been studied in 1D geom-
etry in detail in a number of previous works (see e.g., Antiochos
et al. 1999, 2000; Xia et al. 2011), is among these mechanisms.
Later on, this approach was extended to multi-dimensional mag-
netohydrodynamic (MHD) models (see e.g., Xia et al. 2012; Xia
& Keppens 2016; Li et al. 2022).

This evaporation-condensation mechanism works in the fol-
lowing way. Cool plasma in the chromosphere, mainly from the
higher chromosphere to lower transition region (TR) heights,
enters the solar corona through evaporation. The heating that
causes such evaporation is usually modeled as a parametrized lo-
calized heating source. It is denoted as Hloc so that it may be dis-

tinguished from the background heating, Hbgr, which is used to
balance the coronal radiative cooling and maintain a hot corona.
In the simulations, taking Zhou et al. (2021) as an example, the
following expression is used for the background heating, Hbgr:

Hbgr = H0 exp (− (y − y0) /λ0) , (1)

where y is the vertical coordinate perpendicular to the solar sur-
face and λ0 is the heating scale height. Control parameters y0
and H0 serve to set the magnitude of the background heating.
The expression in Eq. 1 is typically used in simulations which
lack detailed lower-lying convection aspects and/or neglect ad-
equate treatments of the full radiative transfer equation. Its jus-
tification is based on the observational fact that the total energy
transported into the corona (per unit area) should be in the or-
der of ∼ 2 × 105 erg cm−2 (Withbroe & Noyes 1977; Aschwan-
den 2001). Recently, Brughmans et al. (2022) studied the effect
of other observationally motivated forms of background heat-
ing (see Mandrini et al. 2000, for example), especially on the
in situ thermal-instability-driven formation process of promi-
nence structures in flux ropes (while ignoring condensation-
evaporation aspects).

The localized heating term Hloc usually takes the following
form:

Hloc = H1 exp
(
− |y − y1|

s /λs
1

)
, (2)

where s = 1 or 2. Although this expression is similar to that of
Hbgr, in this case, Hloc behaves quite differently. From previous
parameter surveys (Xia et al. 2011; Johnston et al. 2019; Pelouze
et al. 2022), successful simulations of evaporation-condensation
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ABSTRACT

In this work we present, for the first time, infrared spectra of Titan from the Spitzer Space Telescope

(2004 − 2009). The data are from both the short wavelength-low resolution (SL, 5.13 − 14.29 µm, R ∼
60 − 127) and short wavelength-high resolution channels (SH, 9.89 − 19.51 µm, R ∼ 600) showing the

emissions of CH4, C2H2, C2H4, C2H6, C3H4, C3H6, C3H8, C4H2, HCN, HC3N, and CO2. We compare

the results obtained for Titan from Spitzer to those of the Cassini Composite Infrared Spectrometer

(CIRS) for the same time period, focusing on the 16.35 − 19.35 µm wavelength range observed by

the SH channel but impacted by higher noise levels in CIRS observations. We use the SH data

to provide estimated haze extinction cross-sections for the 16.67 − 17.54 µm range that are missing

in previous studies. We conclude by identifying spectral features in the 16.35 − 19.35 µm wavelength

range, including two prominent emission features at 16.39 and 17.35 µm, that could be analyzed further

through upcoming James Webb Space Telescope Cycle 1 observations with the Mid-Infrared Instrument

(5.0−28.3 µm, R ∼ 1500−3500). We also highlight gaps in current spectroscopic knowledge of molecular

bands, including candidate trace species such as C60 and detected trace species such as C3H6, that

could be addressed by theoretical and laboratory study.

1. INTRODUCTION

Saturn’s moon Titan exhibits the most complex and diverse atmospheric chemistry of any body in the solar system

besides Earth. The bulk atmospheric composition has been estimated at mole fractions of 1.5 − 5.5% methane (CH4)

and 98.5 − 94.5% nitrogen gas (N2) depending on altitude (Niemann et al. 2010). Photochemistry in the upper

atmosphere produces a rich array of hydrocarbons and nitriles via dissociation of methane and nitrogen gas (Lavvas

et al. 2008; Loison et al. 2015). Some oxygen compounds including carbon monoxide (CO), carbon dioxide (CO2),

and water vapor (H2O) are also produced due to an external oxygen source from Enceladus and contribute heavily to

various chemical processes in the atmosphere (Hörst et al. 2008; Dobrijevic et al. 2014; Teanby et al. 2018; Vuitton

et al. 2019).

In addition, Titan contains a complex organic haze with a vertical density profile and albedo wavelength dependence

that is still not well-constrained (Li et al. 2011; Li 2015; Creecy et al. 2019). The haze, primarily composed of organic-

rich solid particles, absorbs at visible wavelengths and is transparent at infrared (IR) wavelengths. This leads to an

anti-greenhouse effect in which solar radiation is absorbed in the upper atmosphere whereas thermal IR radiation from

the surface escapes easily, reducing the surface temperature by an estimated 9 K (McKay et al. 1991).

bpcoy0@g.ucla.edu
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ABSTRACT

Previous STIS long-slit observations of η Car identified numerous absorption features in both the

stellar spectrum, and in the adjacent nebular spectra, along our line-of-sight. The absorption features

became temporarily stronger when the ionizing FUV radiation field was reduced by the periastron

passage of the secondary star. Subsequently, dissipation of a dusty structure in our LOS has led to

a long-term increase in the apparent magnitude of η Car, an increase in the ionizing UV radiation,

and the disappearance of absorptions from multiple velocity-separated shells extending across the

foreground Homunculus lobe. We use HST/STIS spectro-images, coupled with published infrared and
radio observations, to locate this intervening dusty structure. Velocity and spatial information indicate

the occulter is ≈1000 au in front of η Car. The Homunculus is a transient structure composed of dusty,

partially-ionized ejecta that eventually will disappear due to the relentless rain of ionizing radiation and

wind from the current binary system along with dissipation and mixing with the ISM. This evolving

complex continues to provide an astrophysical laboratory that changes on human timescales.

Keywords: massive stars: Eta Carinae, binary winds

1. INTRODUCTION

Eta Carinae (η Car) caught the attention of southern

observers in the early nineteenth century as its visual

Corresponding author: Theodore R. Gull

tedgull@gmail.com

magnitude changed frequently (Smith & Frew 2011). By

the 1840s its visual magnitude rivaled Sirius only to dis-

appear to the naked eye, then marginally brightened in

the 1890s and faded again. In the period 1939-1945 there

was a jump by 1.2 mag in the visual brightness without

brightening of the central star (Thackeray 1953). After

that the brightening progressed at a slower pace (Gavi-
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ABSTRACT

We present a study of the three-dimensional (3D) distribution of interstellar dust derived from stellar extinction observations toward
the Taurus molecular cloud (MC) and its relation with the neutral atomic hydrogen (Hi) emission at 21 cm wavelength and the carbon
monoxide 12CO and 13CO emission in the J = 1→ 0 transition. We used the histogram of oriented gradients (HOG) method to match
the morphology in a 3D reconstruction of the dust density (3D dust) and the distribution of the gas tracers’ emission. The result of the
HOG analysis is a map of the relationship between the distances and radial velocities. The HOG comparison between the 3D dust and
the Hi emission indicates a morphological match at the distance of Taurus but an anti-correlation between the dust density and the Hi
emission, which uncovers a significant amount of cold Hi within the Taurus MC. The HOG between the 3D dust and 12CO reveals a
pattern in radial velocities and distances that is consistent with converging motions of the gas in the Taurus MC, with the near side of
the cloud moving at higher velocities and the far side moving at lower velocities. This convergence of flows is likely triggered by the
large-scale gas compression caused by the interaction of the Local Bubble and the Per-Tau shell, with Taurus lying at the intersection
of the two bubble surfaces.

Key words. ISM: clouds – ISM: structure – ISM: bubbles – ISM: kinematics and dynamics

1. Introduction

Most stars form in a cold, dense, and mostly molecular phase
of the interstellar medium (ISM; see, Ferrière 2001; Klessen
& Glover 2016, for a review). Although there is a significant
amount of diffuse molecular gas in the Milky Way and other
galaxies (see, for example, Roman-Duval et al. 2016; Miville-
Deschênes et al. 2017; Rosolowsky et al. 2021), most of the star
formation appears related to localized dense molecular clouds
(MCs; see, Heyer & Dame 2015; Dobbs et al. 2014; Chevance
et al. 2022, for a review). Thus, insight into the formation and de-
struction of MCs is crucial for understanding the star formation
process and the evolution of galaxies. In this paper, we combined
the atomic and molecular gas emission with the dust 3D distri-
bution in and around the Taurus MC in search of clues about its
formation and current dynamics.

At a distance of around 140 pc (Zucker et al. 2020), Taurus
is one of the nearest and best-studied star-forming regions (see
Kenyon et al. 2008, for a review). It was first discovered as a
series of dark spots and lanes visible against the bright back-
ground of stars just south of the Milky Way’s plane (Barnard
1919; Lynds 1962) and is one of the MCs where the relation be-
tween dust and gas was first studied (Lilley 1955). This region

? Corresponding author, e-mail: juandiegosolerp@gmail.com

does not contain luminous O or B stars but has a rich population
of less-massive pre-main sequence stars, among them T Tauri
variable stars with G, K, or M spectral types (Joy 1945; Kenyon
& Hartmann 1995; Rebull et al. 2010).

The first large-scale and high angular resolution study res-
olution of Taurus in carbon monoxide (CO) emission in the
J = 1→ 0 transition revealed a mass of 2.4× 104 M� in molec-
ular gas, which in combination with the counts of young stars
results in a star formation efficiency between 0.3% and 1.2%
(Goldsmith et al. 2008). Observations of neutral atomic hydro-
gen (Hi) emission toward dark clouds in Taurus reveal the pres-
ence Hi narrow self-absorption (HINSA) features that appear
correlated with the hydroxyl radical (OH) and CO emission,
which suggests that a significant fraction of the Hi is located
in the cold, well-shielded portions of MCs and is mixed with the
molecular gas (Li & Goldsmith 2003; Goldsmith & Li 2005).

Three-dimensional maps of the local dust distribution in 3D
indicate that the Taurus MC sits in the nearest hemisphere of
a near-spherical shell with a diameter of around 160 pc that is
also connected to the Perseus MC, thus called the Per-Tau Shell
(Leike et al. 2020; Bialy et al. 2021). The connection between
the Taurus and Perseus MCs had been suggested since the first
large-scale mapping of the CO emission toward these regions
(Ungerechts & Thaddeus 1987). Still, it was only confirmed with
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ABSTRACT

We present MeerKAT Fornax Survey atomic hydrogen (H i) observations of the dwarf galaxies located in the central ∼ 2.5 × 4 deg2

of the Fornax galaxy cluster (Rvir ∼ 2◦). The H i images presented in this work have a 3σ column density sensitivity between 2.7 and
50 × 1018 cm−2 over 25 km s−1 for spatial resolution between 4 and 1 kpc. We are able to detect an impressive MHI = 5 × 105 M� 3σ
point source with a line width of 50 km s−1 at a distance of 20 Mpc. We detect H i in 17 out of the 304 dwarfs in our field – 14 out of
the 36 late type dwarfs (LTDs), and 3 of the 268 early type dwarfs (ETDs). The H i-detected LTDs have likely just joined the cluster
and are on their first infall as they are located at large clustocentric radii, with comparable MHI and mean stellar surface brightness at
fixed luminosity as blue, star-forming LTDs in the field. By contrast, the H i-detected ETDs have likely been in the cluster longer than
the LTDs and acquired their H i through a recent merger or accretion from nearby H i. Eight of the H i-detected LTDs host irregular or
asymmetric H i emission and disturbed or lopsided stellar emission. There are two clear cases of ram-pressure shaping the H i, with the
LTDs displaying compressed H i on the side closest to the cluster centre and a one-sided, starless tail pointing away from the cluster
centre. The H i-detected dwarfs avoid the most massive potentials (i.e. cluster centre and massive galaxies), consistent with massive
galaxies playing an active role in the removal of H i. We create a simple toy model to quantify the timescale of H i stripping in the
cluster by reproducing the observed Mr′ - MHI relation. We find that a MHI = 108 M� dwarf will be stripped in ∼ 240 Myr. The model
is consistent with our observations, where low mass LTDs are directly stripped of their H i from a single encounter and more massive
LTDs can harbour a disturbed H imorphology due to longer times or multiple encounters being required to fully strip their H i. This is
the first time dwarf galaxies with MHI . 1 × 106 M� have been detected and resolved beyond the local group and in a galaxy cluster.

Key words. Galaxies: general – galaxies: clusters: individual: Fornax – galaxies: dwarf – galaxies: evolution – galaxies: interactions
– radio lines: galaxies

1. Introduction

Dwarf galaxies are the most abundant type of galaxy through-
out the Universe. In general, dwarf galaxies have weak gravity, a
metal poor interstellar medium (ISM), low interstellar pressure,
insufficient dust shielding and the disks tend to be thick and dif-
fuse (see Henkel et al. 2022, for a recent review). Due to these
properties, dwarf galaxies are the most sensitive to internal pro-
cesses, such as star formation and feedback, and non-secular pro-
cesses, like tidal and hydrodynamical interactions that strip the
ISM and distort the stellar body. This makes them the best candi-
dates to test and understand the rapid and efficient processes that
evolve star forming late type dwarfs (LTDs) into quiescent early
type dwarfs (ETDs). It is well established that the dense environ-
ment of galaxy clusters provide hostile conditions that efficiently
produce quiescent galaxies of any mass via ISM removal and the

quenching of star formation (for a comprehensive review see e.g.
Boselli & Gavazzi 2006, 2014; Cortese et al. 2021; Boselli et al.
2022). Direct stripping of the cold ISM either through hydrody-
namical, tidal or a combination of both forces is required during
cluster infall to explain the lack of ISM observed in cluster galax-
ies (e.g. Valluri & Jog 1990, 1991; Mayer et al. 2006; De Rijcke
et al. 2010; Gavazzi et al. 2018; Boselli et al. 2022). Both ob-
servations and simulations show that low mass galaxies falling
into clusters have their ISM fully stripped close to or just past
their first pericentric passage, resulting in a more rapid quench-
ing (e.g. Boselli et al. 2008, 2014b; Pasquali et al. 2019; Lotz
et al. 2019).

Atomic neutral hydrogen (H i) remains one of the best ob-
servational tracers for measuring environmentally-driven galaxy
transformations (e.g. Cortese et al. 2010, 2011; Catinella et al.
2018; de Blok et al. 2018). However, dwarf galaxies in all en-
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ABSTRACT

One of the major sources of perturbation in the solar cycle amplitude is believed to be the emer-

gence of anomalous active regions which do not obey Hale’s polarity law and Joy’s law of tilt angles.

Anomalous regions containing high magnetic flux that disproportionately impact the polar field are

sometimes referred to as “rogue regions”. In this study – utilizing a surface flux transport model –

we analyze the large-scale dipole moment build-up due to the emergence of anomalous active regions

on the solar surface. Although these active regions comprise a small fraction of the total sunspot

number, they can substantially influence the magnetic dipole moment build-up and subsequent solar

cycle amplitude. Our numerical simulations demonstrate that the impact of “Anti-Joy” regions on the

solar cycle is similar to those of “Anti-Hale” regions. We also find that the emergence time, emergence

latitude, relative number and flux distribution of anomalous regions influence the large-scale magnetic

field dynamics in diverse ways. We establish that the results of our numerical study are consistent with

the algebraic (analytic) approach to explaining the Sun’s dipole moment evolution. Our results are

relevant for understanding how anomalous active regions modulate the Sun’s large-scale dipole moment

build-up and its reversal timing within the framework of the Babcock-Leighton dynamo mechanism –

now believed to be the primary source of solar cycle variations.

1. INTRODUCTION

Active regions emerging on the solar surface have long been considered the primary element through which the

solar cycle manifests itself (Schwabe 1844). Short and long-term evolution of the magnetic field associated with active

regions drives solar magnetic events such as flares, coronal mass ejections, energetic particle releases, etc., besides

controlling the Sun’s total electromagnetic output. These activities subsequently affect the Earth and its vicinity,

specifically satellite operations, telecommunications, and contribute to various aspects of space weather (Nandy 2004;

Nandy & Martens 2007; Schrijver et al. 2015). Since surface magnetic field distribution and its evolution play crucial

roles in governing the short and long-term changes in space weather and space climate, respectively, it is vital to

study the large-scale surface magnetic field during a solar cycle as well as its cycle to cycle irregularities (Bhowmik &

Nandy 2018; Petrovay et al. 2020; Nandy 2021; Bhowmik et al. 2023). The magnetic cycle of the Sun can be explained

using the Babcock-Leighton (B-L) Solar Dynamo theory (Leighton 1964; Piddington 1972; Wang et al. 1991; Hazra

& Nandy 2016; Charbonneau 2020; Fan 2021; Hazra et al. 2023). At the solar activity minimum, the global magnetic

field is primarily dominated by the poloidal field component, which is predominantly dipolar. The solar differential

rotation stretches this poloidal field longitudinally to generate the toroidal field component in the tachocline region.

Amplified toroidal flux ropes eventually encounter magnetic buoyancy in the convection zone and emerge primarily

as Bipolar Magnetic Regions (BMRs) (Nandy 2002; Gilman 2018; Fan 2021). Near the Sun’s equator, the leading

sunspot polarities of two opposite hemispheres annihilate each other, and the remaining trailing spot (mainly of uni-

polar magnetic fields) drifts towards the respective poles via large-scale meridional flow and diffusion. During the first

half of the solar cycle, many such trailing polarities reaching the polar region eventually cancel the existing large-scale

∗ dnandi@iiserkol.ac.in
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ABSTRACT

Context. The envelopes of evolved late-type stars on the asymptotic giant branch are characterized by a complex chemistry that near
the stellar surface is close to thermochemical equilibrium, but in the outer envelope is dominated by radical reactions, assisted by a
photo-chemistry driven by the interstellar radiation field.
Aims. The study at hand aims to describe the distribution of atomic carbon, C0, throughout the envelope, in support of an improved
understanding of its photo-chemistry. Additionally, we also briefly discuss the observation of [C ii] emission towards the star.
Methods. We obtain spectra of the [C i] 3P1 →

3P0 fine structure line (at 492.160700 GHz) at projected distances of up to 78′′ from
the star. The line profiles are characterized by both direct fitting of Gaussian components, and by modeling the observed line of the
[C i] triplet. We also report the detection of the 2P3/2 →

2P1/2 line (at 1900.5369 GHz) from the C+ fine structure singlet at the central
position and at 32′′ from the star.
Results. The overall picture of the [C i] emission from IRC +10216 agrees with more limited previous studies. The satisfying agree-
ment between the observed and modeled line profiles, with emission at the systemic velocity appearing beyond one beam (13′′ HPBW)
from the star, rules out that the C0 is located in a thin shell. Given that the bond energy of CO falls only 0.1 eV below the ionization
threshold of C0, the absence of observable [C ii] emission from sightlines beyond a projected distance of ∼ 1017 cm (& 20′′– 30′′) from
the star (adopting a distance of 130 pc) does not contradict a scenario where the bulk of C0 is located between that of CO and C+, as
expected for an external FUV radiation field. This conjecture is also corroborated by a model in which the C0 shell is located farther
outside, failing to reproduce the [C i] line profiles at intermediate sky-plane distances from the star. Comparing a photo-chemical
model adopted from literature with the simplifying assumption of a constant C0 abundance with respect to the H2 density (with the
1/r2 fall-off of a mass-conserving expansion flow), we constrain the inner boundary of the [C i] emitting shell, located at ∼ 1016 cm
from the star.

Key words. Stars: AGB and post-AGB – Stars: carbon – circumstellar matter

1. Introduction

Low- to intermediate-mass stars (0.8 − 8 M�) evolve to the
asymptotic giant branch (AGB) when they are close to the end
of their lives. These objects go through intense mass loss form-
ing a circumstellar envelope (CSE) around them that contains
dust and molecules (Höfner & Olofsson 2018). Many of the
241 molecules that so far have been identified in astronomical
sources, were detected in the CSEs of AGB or red supergiant
stars (McGuire 2022), which therefore efficiently enrich the in-
terstellar medium (ISM). The abundances of carbon and oxy-
gen at the stellar surface reflect the interplay of nucleosynthesis
and convection in the stellar interior. Stars with C/O > 1 are de-
fined as carbon-rich, those with C/O < 1 as oxygen-rich, and
those with C/O ≈ 1 are the S-type stars. The abundance of these
atoms is mainly due to the third dredge-up, where the material
is brought up to the stellar surface and subsequently ejected into
the envelope thanks to thermal pulses (TPs) forming in response
to instabilities in the helium burning shell. The third dredge-up
occurs after each TP (except for a few initial ones, depending on
the model, e.g., Weiss & Ferguson 2009), influencing the C/O

? Member of the International Max Planck Research School (IM-
PRS) for Astronomy and Astrophysics at the Universities of Bonn and
Cologne.

ratio in the envelope (Karakas & Lattanzio 2014, further refer-
ences therein), while the number of TPs depends on the mass
loss experienced by the star before it leaves the AGB.

IRC+10216 (= CW Leonis) is the archetypal carbon-rich
AGB star located close to us at a distance between 120 − 140
pc (Crosas & Menten 1997; Groenewegen et al. 2012) and los-
ing its mass at a high rate of 2 − 4 × 10−5 M� yr−1 (Crosas &
Menten 1997; De Beck & Olofsson 2018; Fonfría et al. 2022).

The star has a luminosity of 8600 L� determined from the
VLA imaging of the optically thick radio photosphere (Menten
et al. 2012), that for a photospheric effective temperature of 2750
K (assumed from SED modeling, Men’shchikov et al. 2001) en-
tails an optical photospheric diameter of 3.8 AU, while mea-
surements of lunar occultations in the H and K bands estimate
a near-infrared diameter of 7.1 AU (Richichi et al. 2003). The
star has a very extended molecular envelope moving through
the ISM. Mauron & Huggins (1999) and Dharmawardena et al.
(2018) also show that the dust continuum emission extends out
to ∼ 200′′ or more from the central star. The interphase be-
tween the envelope and the ISM is seen in the ultraviolet images
taken with the GALEX satellite (Sahai & Chronopoulos 2010),
and at far-infrared wavelengths with the PACS and SPIRE in-
struments aboard Herschel (Ladjal et al. 2010). Similar interac-
tion between the two environments is also seen in Mira A as

Article number, page 1 of 10
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ABSTRACT

We present a first study based on the analysis of the DEep Spectra of Ionized REgions
Database (DESIRED). This is a compilation of 190 high signal-to-noise ratio optical spec-
tra of H II regions and other photoionized nebulae, mostly observed with 8-10m telescopes
and containing ∼29380 emission lines. We find that the electron density –𝑛e– of the objects
is underestimated when [S II] _6731/_6716 and/or [O II] _3726/_3729 are the only density
indicators available. This is produced by the non-linear density dependence of the indica-
tors in the presence of density inhomogeneities. The average underestimate is ∼ 300 cm−3

in extragalactic H II regions, introducing systematic overestimates of 𝑇e([O II]) and 𝑇e([S II])
compared to 𝑇e([N II]). The high-sensitivity of [O II] __7319 + 20 + 30 + 31/__3726 + 29 and
[S II] __4069 + 76/__6716 + 31 to density makes them more suitable for the diagnosis of
the presence of high-density clumps. If 𝑇e([N II]) is adopted, the density underestimate has
a small impact in the ionic abundances derived from optical spectra, being limited to up to
∼0.1 dex when auroral [S II] and/or [O II] lines are used. However, these density effects are
critical for the analysis of infrared fine structure lines, such as those observed by the JWST
in local star forming regions, implying strong underestimates of the ionic abundances. We
present temperature relations between 𝑇e([O III]), 𝑇e([Ar III]), 𝑇e([S III]) and 𝑇e([N II]) for the
extragalactic H II regions. We confirm a non-linear dependence between 𝑇e([O III])-𝑇e([N II])
due to a more rapid increase of 𝑇e([O III]) at lower metallicities.

Key words: ISM:Abundances – ISM: HII regions – galaxies: abundances – ISM: evolution.

1 INTRODUCTION

The determination of chemical abundances from emission line spec-
tra of ionized nebulae is an essential tool for studying the chemical
composition and evolution of the Universe, from the Milky Way to
high-redshift galaxies. In ionized nebulae, the total abundance of
heavy elements, the metallicity, is traced by the O/H abundance, as
it comprises ∼ 55 per cent of the total metal content (Peimbert et al.
2007). This information can be used to explore the nucleosynthesis
of chemical elements and the galaxy formation and evolution. In
fact, the mean metallicity of the galaxies and the shape of radial
abundance gradients depend on their masses, the star formation his-
tory and the relative importance of the gas inflows/outflows across
their discs (e.g. Tinsley 1980; Prantzos 2008; Matteucci 2014).

The chemical abundances of elements heavier than He can

★ E-mail: jemd@uni-heidelberg.de

be derived from bright collisionally excited lines (CELs) in the
emission line spectra of ionized nebulae. In the optical range, the
emissivity of CELs is exponentially dependent on the electron
temperature, 𝑇e, being a critical physical parameter for obtaining
accurate abundance values. This is the basis of the so-called di-
rect method for determining chemical abundances (e.g. Dinerstein
1990; Peimbert et al. 2017; Pérez-Montero 2017). Moreover, re-
cently Méndez-Delgado et al. (2023) demonstrated the presence of
temperature inhomogeneities within the highly ionized gas as theo-
rized by Peimbert (1967). The existence of such spatial temperature
variations introduces a systematic bias towards lower abundances
that can reach errors as high as ∼ 0.5 dex in the O/H abundance
(Méndez-Delgado et al. 2023). On the other hand, the fine structure
CELs in the infrared (IR) range that arise from atomic transitions
of low energy levels (Δ E<< 1 eV) have a smaller temperature-
dependence (Osterbrock & Ferland 2006). However, in these cases
the electron density, 𝑛e, is a fundamental parameter to accurately

© 2020 The Authors
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ABSTRACT

We present High Sensitivity Array observations of the H2O megamasers of NGC 1068. We obtain

absolute astrometry with 0.3 mas precision that confirms the association of the disk masers with

the nuclear radio continuum source S1. The new observations reveal two new blueshifted groups of

disk masers. We also detect the 22 GHz continuum on short interferometric baselines. The position-

velocity diagram of the disk masers shows a curve consistent with a nonaxisymmetric distribution

of maser spots. This curve is probably the result of spiral arms with a constant pitch angle ∼ 5◦.

The disk kinematics are consistent with Keplerian rotation and low turbulent speeds. The inferred

central mass is 17 × 106 M�. On the basis of disk stability arguments, the mass of the molecular

disk is ≈ 110 × 103 M�. The disk masers further resolve into filamentary structures suggesting an

ordered magnetic field threading the maser disk. The magnetic field strengths must be & 1.6 mG to

withstand turbulent motions in the partially ionized molecular gas. We note apparent asymmetries in

the molecular disk that might be explained by anisotropic heating by a misaligned inner accretion disk.

The new observations also detect the fainter jet masers north of the disk masers. The distribution and

kinematics of the jet masers are consistent with an expanding ring of molecular gas.

1. INTRODUCTION

Extragalactic H2O megamasers are found to be associated with molecular accretion disks and nuclear outflows (H2O

megamasers are reviewed in Lo 2005). The most famous case is NGC 4258 (Herrnstein et al. 1999), in which H2O

masers trace Keplerian rotation in a sub-pc scale, warped disk, and new megamaser sources have been discovered and

studied in recent years (Kuo et al. 2011). H2O megamaser disks are of broader astrophysical importance because they

provide tight constraints on the centrally concentrated masses of galaxies, presumably supermassive black holes (e.g.,

Gao et al. 2017), and, with the measurement of centripetal accelerations, they afford direct, geometrical measurement

of distances to galaxies (e.g., Gao et al. 2016).

NGC 1068 is the archetypal hidden type 2 Seyfert galaxy (Antonucci & Miller 1985) and one of the first AGNs

shown to harbor a circumnuclear H2O megamaser disk (Gallimore et al. 1996b; Greenhill et al. 1996). Two different

sources of H2O megamaser emission were identified in NGC 1068, one associated with the compact radio source “C,”

which appears to mark the interaction between the radio jet and a molecular cloud; and the other with the nuclear

radio source “S1” (Gallimore et al. 1996b, 2001). In the commonly accepted interpretation, the S1 megamasers trace a

nearly edge-on, geometrically thin annular disk surrounding the central engine. This interpretation is partly inspired by

their resemblance to the H2O megamasers of NGC 4258. Primarily, the S1 megamasers show the classic triply-peaked

spectrum expected from an edge-on rotating disk (or annulus) of molecular gas (Watson & Wallin 1994; Gallimore

et al. 1996b, 2001), although the redshifted masers are consistently brighter in monitoring observations (Gallimore

et al. 2001). For the purpose of discussion, we refer to the masers associated with radio component C as jet masers,

and those with component S1 as disk masers.

Corresponding author: Jack F. Gallimore

jgallimo@bucknell.edu
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ABSTRACT
We present an X-ray spectro-polarimetric analysis of the bright Seyfert galaxy IC 4329A. The Imaging X-ray Polarimetry
Explorer (IXPE) observed the source for ∼ 500 ks, supported by XMM-Newton (∼ 60 ks) and NuSTAR (∼ 80 ks) exposures.
We detect polarisation in the 2–8 keV band with 2.97𝜎 confidence. We report a polarisation degree of 3.3 ± 1.1 per cent
and a polarisation angle of 78◦ ± 10◦ (errors are 1𝜎 confidence). The X-ray polarisation is consistent with being aligned with
the radio jet, albeit partially due to large uncertainties on the radio position angle. We jointly fit the spectra from the three
observatories to constrain the presence of a relativistic reflection component. From this, we obtain constraints on the inclination
angle to the inner disc (< 39◦ at 99 per cent confidence) and the disc inner radius (< 11 gravitational radii at 99 per cent
confidence), although we note that modelling systematics in practice add to the quoted statistical error. Our spectro-polarimetric
modelling indicates that the 2–8 keV polarisation is consistent with being dominated by emission directly observed from the
X-ray corona, but the polarisation of the reflection component is completely unconstrained. Our constraints on viewer inclination
and polarisation degree tentatively favour more asymmetric, possibly out-flowing, coronal geometries that produce more highly
polarised emission, but the coronal geometry is unconstrained at the 3𝜎 level.

Key words: galaxies: active – galaxies: Seyfert – polarisation – galaxies: individual: IC 4329A

★ E-mail: adam.ingram@newcastle.ac.uk

1 INTRODUCTION

Active galactic nuclei (AGNs) are powered by accretion of mate-
rial from the host galaxy onto the central supermassive black hole.
An optically thick, geometrically thin disc that radiates a multi-

© 2022 The Authors
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Abstract. We study the clustering of primordial black holes (PBHs) and axion miniclus-
ters produced in the model proposed to explain the LIGO/Virgo events or the seeds of the
supermassive black holes (SMBHs) in Ref. [1]. It is found that this model predicts large
isocurvature perturbations due to the clustering of PBHs and axion miniclusters, from which
we obtain stringent constraints on the model parameters. Specifically, for the axion decay
constant fa = 1016 GeV, which potentially accounts for the seeds of the SMBHs, the PBH
fraction in dark matter should be fPBH . 7 × 10−10. Assuming that the mass of PBHs in-
creases by more than a factor of O(10) due to accretion, this is consistent with the observed
abundance of SMBHs. On the other hand, for fa = 1017 GeV required to produce PBHs of
masses detected in the LIGO/Virgo, the PBH fraction should be fPBH . 6×10−8, which may
be too small to explain the LIGO/Virgo events, although there is a significant uncertainty
in calculating the merger rate in the presence of clustering.

Keywords: primordial black holes, axions, physics of the early universe
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Model-independent mass limits assess the robustness of current cosmological measurements of
the neutrino mass scale. Consistency between high-multipole and low-multiple Cosmic Microwave
Background observations measuring such scale further valuate the constraining power of present
data. We derive here up-to-date limits on neutrino masses and abundances exploiting either the
Data Release 4 of the Atacama Cosmology Telescope (ACT) or the South Pole Telescope polar-
ization measurements from SPT-3G, envisaging different non-minimal background cosmologies and
marginalizing over them. Both the most constraining and marginalized bounds are competitive
with those found with Planck data: we obtain

∑
mν < 0.139 eV and Neff = 2.82 ± 0.25 in a dark

energy quintessence scenario, both at 95% CL. These limits translate into
∑
mν < 0.20 eV and

Neff = 2.79+0.30
−0.28 after marginalizing over a plethora of well-motivated fiducial models. Our findings

reassess both the strength and the reliability of cosmological neutrino mass constraints.

Keywords: ...

I. INTRODUCTION

Cosmological bounds on neutrino masses are reaching
limits close to the lower bounds derived from neutrino
oscillation data [1–3]:∑

mν >

{
(0.0591± 0.00027) eV (NO)
(0.0997± 0.00051) eV (IO)

. (1)

obtained by assuming that the lightest neutrino mass is
zero, and

∆m2
21 = (7.50± 0.21)× 10−5 eV2 ,

|∆m2
31| =

{
(2.550± 0.025)× 10−3 eV2 (NO)
(2.450± 0.025)× 10−3 eV2 (IO)

,
(2)

where ∆m2
ij ≡ m2

i −m2
j . The sign of ∆m2

31 determines
the type of neutrino mass ordering, being positive for
normal ordering (NO) and negative for inverted order-
ing (IO). Interestingly, the tightest bound on

∑
mν <

0.09 eV at 95% CL [4–6] is comparable to the IO lower
bound. In addition, one expects near future observa-
tions from ongoing galaxy surveys, such as DESI [7, 8],
to improve current limits, eventually reaching the NO
predictions (in the absence of a signal). Even if data are
not informative enough to claim a tension between cos-
mological and terrestrial, neutrino oscillation bounds [9],
it is timely to reassess the robustness of neutrino mass
limits, as such a tension could strongly depend on the

∗ e.divalentino@sheffield.ac.uk
† gariazzo@to.infn.it
‡ w.giare@sheffield.ac.uk
§ omena@ific.uv.es

underlying fiducial cosmology. In this regard, Bayesian
model comparison techniques offer the ideal tool for com-
puting model-marginalized cosmological parameter lim-
its, avoiding the biases due to the fiducial cosmology, see
Ref. [10] for a pioneer study applied to neutrino mass
limits. The former method was extended to scenarios in-
cluding a freely varying neutrino mass abundances (pa-
rameterized via Neff) or a hot-dark matter axion com-
ponent in Refs. [6] and [11]. However, in these previous
studies the neutrino mass limits were driven by the input
from Planck CMB data.

In order to reinforce and, to some extent, to con-
vey with particle physics constraints on the neutrino
properties (mass, hierarchy and abundances), not only
model-independent mass limits are required: consis-
tency tests between limits from high-multipole and low-
multiple CMB probes are also mandatory. In this spirit,
we present here model-marginalized limits on the neu-
trino mass

∑
mν and on the relativistic degrees of free-

dom Neff exploiting data from the ACT and SPT damp-
ing tail CMB experiments, analyzed in combination with
the previous WMAP CMB probe. Other low redshift
probes, such as Type Ia Supernovae and BAO will also
be considered in the numerical analyses. The structure
of the paper is as follows. We start from section II, which
contains a dedicated description of the statistical method
exploited here to derive model-marginalized bounds on
the neutrino properties. The following section III and
section IV describe the cosmological observations and
fiducial cosmologies considered here, respectively, while
section V is devoted to our numerical implementation.
In section VI we illustrate and discuss the main results
of our analyses, to conclude in section VII.
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Halo formation and evolution in SFDM and CDM:

new insights from the fluid approach

Horst Foidl1,∗ Tanja Rindler-Daller1,2,† and Werner W. Zeilinger1‡
1Institut für Astrophysik, Universitätssternwarte Wien,

Fakultät für Geowissenschaften, Geographie und Astronomie,

University of Vienna, Türkenschanzstr.17, A-1180 Vienna, Austria
2Wolfgang Pauli Institut, Oskar-Morgenstern-Platz 1, A-1090 Vienna, Austria

(Dated: May 23, 2023)

We present dark matter (DM)-only simulations of halo formation and evolution in scalar field
dark matter (SFDM) cosmologies in the Thomas-Fermi regime, aka “SFDM-TF”, where a strong
repulsive 2-particle self-interaction (SI) is included. This model is a valuable alternative to cold dark
matter (CDM), with the potential to resolve the “cusp-core” problem of the latter. In general, SFDM
behaves like a quantum fluid. Previous literature has presented fluid approximations for SFDM-TF
in 1D and 3D, respectively, as well as numerical DM-only simulations of SFDM-TF halo formation,
whose results are in agreement with earlier analytic expectations, that a core-envelope halo structure
arises; a central region close to a (n = 1)-polytropic core, surrounded by a CDM-like (aka NFW-
like) halo envelope. While those previous results are generally in mutual agreement, discrepancies
have been also reported. Therefore, we perform dedicated 3D cosmological simulations of the halo
infall problem for the SFDM-TF model, as well as for CDM and its corresponding CDM fluid
approximation, where we implement both previous fluid approximations into the code RAMSES.
We compare our findings with those previous simulations. Our results are very well in accordance
with previous works and extend upon them, in that we can explain the reported discrepancies.
They are not due to the different fluid approximations, nor the geometry, but rather a result of
different simulation setups. Moreover, we find some interesting details, as follows. The evolution of
both SFDM-TF and CDM halos follows a 2-stage process. In the early stage, the central density
in the halo rises, its profile becomes close to a (n = 1.5)-polytropic core being dominated by an
”effective” velocity-dispersion pressure Pσ that stabilizes it against gravity. In fact, this pressure
stems from random orbital motion in CDM, but from random wave motion in SFDM. Consecutively,
for CDM halos, this core transitions into a steep central cusp whose slope is almost the same as the
outer density slope, which is close to ρ ∝ r−3 as expected from NFW. Finally, however, the central
profile makes another transition to a “shallower cusp”, very close to the NFW behavior of ρ ∝ r−1.
On the other hand, in the formation of the SFDM-TF halo, the additional pressure PSI due to SI
determines the second stage of the evolution. At the end, PSI dominates in the central region, whose
density follows closely a (n = 1)-polytropic core. This core is enshrouded by a nearly isothermal
envelope, i.e. the outskirts are similar to CDM at this point. We also encounter a new effect in our
simulations, namely a late-time expansion of both polytropic core plus envelope, because the size of
the almost isothermal halo envelope is affected by the “external pressure”, which decreases with the
expansion of the background universe. Hence, the core size of SFDM-TF halos is not necessarily
determined only by the parameters of the model, as our simulations reveal that an initial primordial
core of ∼ 100 pc – demanded by power spectrum constraints – can evolve into a larger core of & 1
kpc, after all, during halo evolution, even without feedback from baryons.

I. INTRODUCTION

The nature of the cosmological dark matter (DM) re-
mains an open problem in physics and astronomy. The
paradigm of collisionless, nonrelativistic – “cold” – dark
matter (CDM) has been a core feature of the cosmo-
logical standard model for almost four decades, given
its ability to explain important astronomical observa-
tions, notably on cosmological scales such as the cos-
mic web of structure, the matter power spectrum and
the temperature anisotropies of the cosmic microwave

∗ horst.foidl@outlook.com
† tanja.rindler-daller@univie.ac.at
‡ werner.zeilinger@univie.ac.at

background, as well as the elemental abundances in the
wake of Big Bang nucleosynthesis. Nevertheless, the par-
ticle nature of CDM has not yet been identified, despite
ongoing efforts to detect plausible candidates of CDM.
These are foremost “weakly interacting massive particles
(WIMPs)” that need to be heavier than the proton, or
the QCD axion with a mass of about ∼ 10−5 eV/c2. The
observation of the Bullet Cluster, which shows a clear
spatial separation of gas masses and sources of gravity is
a very convincing indication, that DM can be considered
a particle (Clowe et al. [1]). This is one reason why the
majority of the research community favors the particle
hypothesis of DM.

However, apart from the hitherto non-detection of DM
candidates, a closer analysis and comparison of theoret-
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Rapidly Evolving Transients in Archival ZTF Public Alerts
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ABSTRACT

We search the archival Zwicky Transient Facility public survey for rapidly evolving transient (RET)

candidates based on well-defined criteria between 2018 May and 2021 December. The search yielded

19 bona-fide RET candidates, corresponding to a discovery rate of ∼ 5.2 events per year. Even with a

Galactic latitude cut of 20◦, 8 of the 19 events (∼ 42%) are Galactic, including one with a light-curve

shape closely resembling that of the GW170817 kilonova (KN). An additional event is a nova in M31.

Four out of the 19 events (∼ 21%) are confirmed extragalactic RETs (one confirmed here for the first

time) and the origin of 6 additional events cannot be determined. We did not find any extragalactic

events resembling the GW170817 KN, from which we obtain an upper limit on the volumetric rate

of GW170817-like KNe of R ≤ 2,400 Gpc−3 yr−1 (95% confidence). These results can be used for

quantifying contaminants to RET searches in transient alert streams, specifically when searching for

kilonovae independently of gravitational-wave and gamma-ray-burst triggers.

Keywords: High energy astrophysics; Supernovae; Transient sources; Time domain astronomy

1. INTRODUCTION

Most extragalactic transients discovered by wide-field

optical surveys are thermonuclear and core-collapse

(CC) supernovae (SNe) with characteristic timescales

(i.e., rest-frame time spent above half of their peak

brightness, t1/2) longer than 10 days (Perley et al. 2020).
Over the last decade, optical surveys have discovered a

new class of transients with rapidly evolving light curves

(on timescales of just a few days). Initially, such rapidly

evolving transients (RETs) of a variety of spectral types

were studied individually, such as SN 2002bj (officially

classified as an SN Ib but with a very peculiar spec-

trum; Poznanski et al. 2010), SN 2010X (classified as

a so-called “point Ia” or SN .Ia; Bildsten et al. 2007;

Kasliwal et al. 2010), PTF09uj (SN IIn; Ofek et al.

2010), SN 2005ek (SN Ic; Drout et al. 2013), iPTF15ul

(SN Ibn; Hosseinzadeh et al. 2017), iPTF16asu (SN Ic-

BL; Whitesides et al. 2017), and SN 2018kzr (McBrien

et al. 2019). The Kepler space telescope, during its K2

mission, also discovered a RET, KSN 2015K, which was

observed with a 30 min cadence (Rest et al. 2018).

With more discoveries, RETs started to be studied in

samples. Drout et al. (2014) presented 14 RETs from

Pan-STARRS1 (PS1; Chambers et al. 2016). Arcavi

et al. (2016) reported four especially bright RETs with

peak luminosities between those of SNe and superlumi-

nous SNe (SLSNe; Mpeak ≈ −20 mag) discovered by the

Palomar Transient Factory (PTF; Law et al. 2009; Rau

et al. 2009) and the SN Legacy Survey (SNLS; Astier et

al. 2006). Pursiainen et al. (2018) discovered 72 RETs

with the Dark Energy Survey (DES; Flaugher 2005).

Perley et al. (2020) classified 14 RETs with the Bright

Transient Survey of the Zwicky Transient Facility (ZTF;

Bellm et al. 2019; Graham et al. 2019; Fremling et al.

2020a). Recently, Ho et al. (2021) presented 42 RETs

from Phase I of ZTF.

Many RETs were found in archival searches and thus

have no spectroscopic data. Even those found in real

time are challenging to classify spectroscopically given

their rapid fading. Those that do have spectra show a

variety of characteristics, including blue continua and

spectral features associated with normal SNe of various

types. This suggests that the RET population is likely

heterogeneous in nature.

Several scenarios have been proposed to explain the

photometric and spectroscopic properties of RETs, in-
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The Cherenkov Telescope Array

Werner Hofmann∗ and Roberta Zanin

May 23, 2023

Abstract

The Cherenkov Telescope Array Observatory (CTAO) is a next-generation facility for ground-based very
high energy gamma ray astronomy. CTAO will be operated as an open observatory. With two sites, in
the northern and southern hemispheres, the Cherenkov Telescope Array CTA will provide full-sky coverage,
improving sensitivity by an order of magnitude over current instruments, with a wide gamma ray energy
coverage from 20 GeV to 300 TeV. CTA will use telescope arrays composed of three types of telescopes,
optimized to cover different energy ranges. The large telescopes covering the lowest energies provide rapid
slewing capability, for follow-up of transients. Key Science Projects (KSPs) are developed to form a signif-
icant part of the CTAO observing program during the first decade of operation, providing legacy data sets
such as surveys or deep observations of key targets.
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Revisiting coupled CDM-massive
neutrino perturbations in diverse
cosmological backgrounds

Sourav Pal,1 Rickmoy Samanta1,2 and Supratik Pal1,3

1Physics and Applied Mathematics Unit, Indian Statistical Institute,
203, B.T. Road, Kolkata 700108, India

2Birla Institute of Technology and Science Pilani, Hyderabad 500078, India
3Technology Innovation Hub on Data Science, Big Data Analytics and Data Curation,
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Abstract. Massive neutrinos are well-known to cause a characteristic suppression in the
growth of structures at scales below the neutrino free-streaming length. A detailed under-
standing of this suppression is essential in the era of precision cosmology we are entering into,
enabling us to better constrain the total neutrino mass and possibly probe (beyond)-ΛCDM
cosmological model(s). Instead of the usual N-body simulation or Boltzmann solver, in this
article we consider a two-fluid framework at the linear scales, where the neutrino fluid pertur-
bations are coupled to the CDM (+ baryon) fluid via gravity at redshifts of interest. Treating
the neutrino mass fraction fν as a perturbative parameter, we find a fully analytic solution
to the system with redshift-dependent neutrino free-streaming length in ΛCDM background.
The perturbative scale-dependent solution is shown to be in excellent agreement with numer-
ical solution of the two-fluid equations valid to all orders in fν , and also agrees with results
from CLASS to a good accuracy. We further generalize the framework to incorporate different
evolving dark energy backgrounds and found sub-percent level differences in the suppression,
all of which lie within the observational uncertainty of BOSS-like surveys. We also present a
brief discussion on the prospects of the current analysis in the context of upcoming missions.ar
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On the isotropy of SnIa absolute magnitudes in the Pantheon+ and SH0ES
samples

Leandros Perivolaropoulos1, ∗

1Department of Physics, University of Ioannina, GR-45110, Ioannina, Greece
(Dated: May 23, 2023)

We use the hemisphere comparison method to test the isotropy of the SnIa absolute magnitudes
of the Pantheon+ and SH0ES samples in various redshift/distance bins. We compare the identified
levels of anisotropy in each bin with Monte-Carlo simulations of corresponding isotropised data
to estimate the frequency of such levels of anisotropy in the context of an underlying isotropic
cosmological. We find that the identified levels of anisotropy in all bins are consistent with the
Monte-Carlo isotropic simulated samples. However, in the real samples for both the Pantheon+
and the SH0ES cases we find sharp changes of the level of anisotropy occuring at distances less
than 40Mpc. For the Pantheon+ sample we find that the redshift bin [0.005, 0.01] is significantly
more anisotropic than the other 5 redshift bins considered. For the SH0ES sample we find a sharp
drop of the anisotropy level at distances larger than about 30Mpc. These anisotropy transitions are
relatively rare in the Monte-Carlo isotropic simulated data and occur in 2% of the SH0ES simulated
data and at about 7% of the Pantheon+ isotropic simulated samples. This effect is consistent with
the experience of an off center observer in a 30Mpc bubble of distinct physics or systematics.

I. INTRODUCTION

The cosmological principle (CP)[1] is a corner-
stone of the standard cosmological model ΛCDM .
It assumes that the Universe is homogeneous and
isotropic on scales larger than about 100Mpc. This
assumption is consistent with most cosmological ob-
servations and allows the use of the FRW metric as
a background where cosmological perturbation grow
to form the observed large scale structure. The main
cosmological observation that supports the CP is
the isotropy of the Cosmic Microwave Background
(CMB) and observations of the distribution of galax-
ies on scales larger than 100Mpc which are consis-
tent with the onset of homogeneity and isotropy on
these scales.

Despite of the simplicity and overall observational
consistency of the CP, a few challenges have de-
veloped during the past several years which ap-
pear to consistently question the validity of the
CP on cosmological scales larger than 100Mpc and
motivate further tests to be imposed on its va-
lidity. Some of these challenges pointing to pre-
ferred directions on large cosmological scales include
the quasar dipole[2–6], the radio galaxy dipole[7–
9], the bulk velocity flow[10–13], the dark velocity
flow[14], the CMB anomalies[15, 16], the galaxy spin
alignment[17–19], the galaxy cluster anisotropies
[20], and a possible SnIa dipole[21, 22]. These obser-
vational challenges of the CP may be indirectly con-
nected with other tensions of the standard ΛCDM
model including the Hubble [23–25] and growth ten-

∗ leandros@uoi.gr

sions [26–29] where the best fit parameter values of
the model H0 and σ8 appear to be inconsistent when
probed by different observational data. These ten-
sions may indicate that a new degree of freedom[30–
36] is required to be introduced in the ΛCDM model.
For example it would be in principle possible that
these tensions may disappear if the new degree of
freedom corresponding to anisotropy was allowed to
be introduced in the data analysis[22, 37–42].

An efficient method to test the CP is the use
of type Ia supernovae (SnIa) which can map the
expansion rate of the Universe up to redshifts of
about 2.5. The latest and most extensive SnIa
sample is the Pantheon+ sample[43–45].It provides
equatorial coordinates, apparent magnitudes, dis-
tance moduli and other SnIa properties, derived
from 1701 light curves of 1550 SnIa in a redshift
range z ∈ [0.001, 2.26] compiled across 18 different
surveys. This sample is significantly improved over
the first Pantheon sample of 1048 SnIa [46], partic-
ularly at low redshifts z.

The Pantheon+ sample has been used extensively
for testing cosmological models and fitting cosmic
expansion history parametrizations of H(z) [43]. It
has also been used to identify and constrain pos-
sible velocity dipoles and compare with the corre-
sponding velocity dipole obtained from the CMB.
It was found that even though the observer velocity
amplitude agrees with the dipole found in the cos-
mic microwave background, its direction is different
at high significance[21]. These results are in some
tension with previous studies based on the previous
Pantheon sample[47]. The isotropy of H0 has also
been investigated using the hemisphere comparizon
method [22, 42, 48–52] and relatively small but sta-
tistically significant anisotropy level was identified
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Non-Linearity-Free prediction of the
growth-rate fσ8 using Convolutional
Neural Networks
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Abstract. The growth-rate fσ8(z) of the large-scale structure of the Universe is an impor-
tant dynamic probe of gravity that can be used to test for deviations from General Relativity.
However, in order for galaxy surveys to extract this key quantity from cosmological observa-
tions, two important assumptions have to be made: i) a fiducial cosmological model, typically
taken to be the cosmological constant and cold dark matter (ΛCDM) model and ii) the mod-
eling of the observed power spectrum from Hα emitters, especially at non-linear scales, which
is particularly dangerous as most models used in the literature are phenomenological at best.
In this work, we propose a novel approach involving convolutional neural networks (CNNs),
trained on the Quijote N-body simulations, to predict fσ8(z) directly and without assuming
a model for the non-linear part of the power spectrum, thus avoiding the second of the afore-
mentioned assumptions. We find that the predictions for the value of fσ8 from the CNN
are in excellent agreement with the fiducial values, while the errors are within a factor of
order unity from those of the traditionally optimistic Fisher matrix approach, assuming an
ideal fiducial survey matching the specifications of the Quijote simulations. Thus, we find the
CNN reconstructions provide a viable alternative in order to avoid the theoretical modeling
of the non-linearities at small scales when extracting the growth-rate.

1Corresponding author.
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Revisiting the orbital motion of WR 138
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Abstract

The optical spectrum of WR 138 exhibits emission lines typical of a WN6o star and absorption lines from a rapidly-rotating OB
star. Using a large set of spectroscopic data, we establish a new orbital solution of the WN6o star based on the radial velocities of
highly-ionized nitrogen lines. We show that the WN6o star moves on a 4.3 yr orbit with a comparatively low eccentricity of 0.16.
The radial velocities of the OB star display considerable scatter. Our best estimates of the velocities of He i absorption lines result
in a mass-ratio of mWN6o/mOB = 0.53 ± 0.09. We disentangle the spectra of the two stars and derive a projected rotational velocity
of v sin i = 350 ± 10 km s−1 for the OB star. Our best orbital parameters, combined with the Gaia parallax of WR 138, are at odds
with a previous interferometric detection of the companion, suggesting that there is either a bias in this detection or that WR 138 is
actually a triple system.

Keywords: Stars: early-type, Stars: Wolf-Rayet, Stars: massive, Stars: individual: WR 138

1. Introduction

There is consensus that classical Wolf-Rayet (WR) stars are
evolved descendants of massive OB-type stars that have lost
their outer hydrogen-rich layers (Crowther, 2007). How exactly
this evolution proceeds is not clear though: both wind mass-loss
and binary interaction could lead to the formation of WR stars.
The incidence of known binaries among Galactic WR stars led
to the suggestion that ≥ 70% of their progenitor O-type stars
are in binary systems that are close enough to enable a Roche
lobe overflow (RLOF) interaction over their lifetime (Vanbev-
eren et al., 1998). Over the last two decades, intensive studies
of O stars indeed revealed that the majority of them are part
of binary or higher multiplicity systems (Sana et al., 2012, and
references therein). The mass and angular momentum transfers
that occur during a RLOF interaction can result in a significant
spin-up of the mass gainer (Packet, 1981). In WR + O binaries
that have evolved through binary interaction, the O star should
thus be a rapid rotator. This expectation was confirmed obser-
vationally for a sample of eleven WR + O systems (Shara et
al., 2017), though the rotation rates were found to be signifi-
cantly subcritical (Vanbeveren et al., 2018). Probably one of
the most extreme cases to investigate in this context is WR 138
(= HD 193 077), the target of the present study.

Although the presence of absorption lines in the spectrum
of WR 138 was recognized a long time ago (Hiltner, 1945),
the multiplicity of this star has been an open issue for many
years. Massey (1980) found no evidence for an orbital motion
of the emission lines with an amplitude larger than 30 km s−1

and for periods of less than six months. He accordingly sug-
gested that the broad absorption lines, for which he estimated

Email address: g.rauw@uliege.be (Gregor Rauw)
1Senior Research Associate FRS-FNRS (Belgium).
2Honorary Research Director FRS-FNRS (Belgium).

v sin i ' 500 km s−1, would be intrinsic to the WN star. Using a
more extensive series of photographic spectra, Lamontagne et
al. (1982) noted low-amplitude radial velocity (RV) variations
of the N iv λ 4058 emission line on periods of 2.3238 days and
either of 1763 or 1533 days. Yet, the short period variations
were seen neither in the He ii λ 4686 emission line nor in the
absorption lines. Instead, the RVs of the He ii λ 4686 emission
were seen to vary on the same long period as those of the N iv
λ 4058 line, and the absorption line RVs were found to vary in
antiphase also on that period. Lamontagne et al. (1982) there-
fore classified WR 138 as a triple system consisting of a WN6
star orbited every 2.32 days by an unseen companion, which
they tentatively proposed to be a neutron star, and an O-type star
on a much wider orbit. The existence of the 2.32 day cycle was
not confirmed in subsequent RV studies (Annuk, 1990; Palate et
al., 2013). Moreover, WR 138 does not display the strong and
hard X-ray emission one would expect from a neutron star in
close orbit to a WN star. Instead, the X-ray emission was found
to be typical of wide WR + OB colliding wind binaries (Palate
et al., 2013). The most recent orbital solution of the WN star
was published by Annuk (1990), who inferred an orbital period
of 1538 ± 14 days, a RV amplitude of K ∼ 30 km s−1 and an
eccentricity of e ∼ 0.3. Yet, different emission lines led to dif-
ferent values of K and e, and Annuk (1990) could not measure
the RVs of the absorption lines. Further information regarding
the multiplicity of WR 138 was gathered via H-band CHARA
interferometry that allowed to resolve the star into two objects
separated by 12.4 mas (Richardson et al., 2016). Richardson
et al. (2016) thus suggested that WR 138 might have evolved
through a previous mass-transfer episode that created the WR
star and led to a spin-up of the O-type star.

In the present work, we revisit the orbit of WR 138, using
a large set of optical spectra collected over twelve years. The
data used in our study are described in Sect. 2. The analysis of

Preprint submitted to New Astronomy May 23, 2023
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Galaxy And Mass Assembly (GAMA): The group H i mass as a
function of halo mass
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ABSTRACT
We determine the atomic hydrogen (H i) to halo mass relation (HIHM) using Arecibo Legacy
Fast ALFA survey H i data at the location of optically selected groups from the Galaxy and
Mass Assembly (GAMA) survey. We make direct H i detections for 37 GAMA groups. Using
H i group spectral stacking of 345 groups, we study the group H i content as function of halo
mass across a halo mass range of 1011 − 1014.7 M�. We also correct our results for Eddington
bias. We find that the group H i mass generally rises as a function of halo mass from 1.3%
of the halo mass at 1011.6M� to 0.4% at 1013.7M� with some indication of flattening towards
the high-mass end. Despite the differences in optical survey limits, group catalogues, and halo
mass estimation methods, our results are consistent with previous group H i-stacking studies.
Our results are also consistent with mock observations from Shark and IllustrisTNG.
Key words: galaxies: groups: general – galaxies: haloes – radio lines: general

1 INTRODUCTION

The effect of environment on the neutral gas content of galaxies is
an important driver of galaxy evolution (Cortese et al. 2021). It has
been well established that galaxies in higher density environments,
such as large groups and clusters, are deficient in neutral atomic
hydrogen, H i, compared to those found in the field (Haynes et al.
1984; Solanes et al. 2001; Kilborn et al. 2009; Chung et al. 2009;
Cortese et al. 2011; Brown et al. 2017). A number of potentially
important effects drive this trend, such as the gravitational interac-
tions between galaxies (tidal stripping, galaxy harassment; Moore
et al. 1996) and the interaction of galaxies with the intra-group or
intra-cluster medium (ram-pressure stripping, strangulation; Gunn
& Gott 1972; Balogh & Morris 2000). Understanding the balance
between these processes, their combined effect, and their evolution
with time, remains a core goal for galaxy evolution studies, given

★ E-mail: ajay.dev@research.uwa.edu.au

the importance of gas as the fuel for star formation and galactic
mass assembly.

A particularly useful global observable to constrain these ef-
fects is the scaling, and evolution of the H i content as a function
of the halo mass, which is dominated by dark-matter (DM). Models
that trace and predict the (multiphase) cool-gas content of galax-
ies have undergone significant developments in recent years, both in
cosmological semi-analytic models (Obreschkow et al. 2009; Lagos
et al. 2011; Popping et al. 2014; Lu et al. 2014; Lagos et al. 2018),
and hydrodynamical simulations (Lagos et al. 2015; Crain et al.
2017; Davé et al. 2017; Diemer et al. 2018; Stevens et al. 2019).
Directly relating H i to halo mass provides a valuable observational
end-to-end constraint for these models. In doing so, we link the in-
put DMmass distribution for semi-analytic modelling techniques to
the desired simulation output product of H imass. However, making
this observational link presents a number of challenges, including
the difficulty of detecting H i beyond the relatively local Universe
for evolutionary studies, the increasing low-mass limit to which H i

© 2023 The Authors
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Exploring the high energy frontiers of the Milky Way

with ground-based gamma-ray astronomy:

PeVatrons and the quest for the origin of Galactic cosmic-rays
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Abstract: Cosmic rays (CRs) are charged particles that arrive at Earth isotropically from all directions and

interact with the atmosphere. The presence of a spectral knee feature seen in the CR spectrum at ∼3 PeV

energies is an evidence that astrophysical objects within our Galaxy, which are known as ’Galactic PeVatrons’,

are capable of accelerating particles to PeV energies. Scientists have been trying to identify the origin of

Galactic CRs and have been looking for signatures of Galactic PeVatrons through neutral messengers. Recent

advancements in ground-based γ -ray astronomy have led to the discovery of 12 Galactic sources emitting above

100 TeV energies, and even the first time detection of PeV photons from the direction of the Crab Nebula

and the Cygnus region. These groundbreaking discoveries have opened up the field of ultra-high energy (UHE,

E>100 TeV) γ -ray astronomy, which can help us explore the high energy frontiers of our Galaxy, hunt for

PeVatron sources, and shed light on the century-old problem of the origin of CRs. This review article provides

an overview of the current state of the art and potential future directions for the search for Galactic PeVatrons

using ground-based γ -ray observations.

Keywords: Galactic PeVatrons, cosmic rays, gamma-ray astronomy
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Observational properties of a bright type Iax SN 2018cni and a faint type Iax SN 2020kyg
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ABSTRACT

We present the optical photometric and spectroscopic analysis of two type Iax SNe 2018cni and

2020kyg. SN 2018cni is a bright type Iax SN (MV,peak = −17.81±0.21 mag) whereas SN 2020kyg

(MV,peak = −14.52±0.21 mag) is a faint one. We derive 56Ni mass of 0.07 and 0.002 M�, ejecta mass

of 0.48 and 0.14 M� for SNe 2018cni and 2020kyg, respectively. A combined study of the bright

and faint type Iax SNe in R/r- band reveals that the brighter objects tend to have a longer rise time.

However, the correlation between the peak luminosity and decline rate shows that bright and faint type

Iax SNe exhibit distinct behaviour. Comparison with standard deflagration models suggests that SN

2018cni is consistent with the deflagration of a CO white dwarf whereas the properties of SN 2020kyg

can be better explained by the deflagration of a hybrid CONe white dwarf. The spectral features of

both the SNe point to the presence of similar chemical species but with different mass fractions. Our

spectral modelling indicates stratification at the outer layers and mixed inner ejecta for both the SNe.
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An elusive dark central mass in the globular cluster M4
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ABSTRACT
Recent studies of nearby globular clusters have discovered excess dark mass in their cores, apparently in an extended distribution,
and simulations indicate that this mass is composed mostly of white dwarfs (respectively stellar-mass black holes) in clusters
that are core-collapsed (respectively with a flatter core). We perform mass-anisotropy modelling of the closest globular cluster,
M4, with intermediate slope for the inner stellar density. We use proper-motion data from Gaia EDR3 and from observations
by the Hubble Space Telescope. We extract the mass profile employing Bayesian Jeans modelling, and check our fits with
realistic mock data. Our analyses return isotropic motions in the cluster core and tangential motions (β ≈ −0.4±0.1) in
the outskirts. We also robustly measure a dark central mass of roughly 800 ± 300M�, but it is not possible to distinguish
between a point-like source, such as an intermediate-mass black hole (IMBH), or a dark population of stellar remnants of extent
≈ 0.016 pc ' 3300AU. However, when removing a high-velocity star from the cluster centre, the same mass excess is found,
but more extended (∼ 0.034 pc ≈ 7000AU). We use Monte Carlo N -body models of M4 to interpret the second outcome, and
find that our excess mass is not sufficiently extended to be confidently associated with a dark population of remnants. Finally,
we discuss the feasibility of these two scenarios (i.e., IMBH vs. remnants), and propose new observations that could help to
better grasp the complex dynamics in M4’s core.

Key words: black hole physics - astrometry - proper motions – stars: black holes – stars: kinematics and dynamics – globular
clusters: individual: M4 (NGC 6121)

1 INTRODUCTION

Few stellar systems in the Universe are as active and dynamically
complex as globular star clusters (GCs). Indeed, the interplay be-
tween stellar evolution and dynamical interactions allows GCs to
serve as laboratories for a vast number of interesting astrophysi-
cal phenomena, such as formation of black-hole mergers with com-
ponents in the proposed pair-instability mass gap (e.g., Rodriguez
et al. 2019; Di Carlo et al. 2020; Kremer et al. 2020c; Gerosa &
Fishbach 2021), gravitational waves (Abbott et al. 2016, 2021; Ro-
driguez et al. 2021), formation of compact black hole–luminous star
binaries (e.g., Strader et al. 2012; Giesers et al. 2019; Kremer et al.
2018), stellar-mass tidal disruption events (e.g., Perets et al. 2016;
Kremer et al. 2019), Type Ia supernovae (e.g., Webbink 1984), for-
mation of young neutron stars (e.g., Nomoto & Iben 1985) and fast
radio bursts (Bhardwaj et al. 2021; Kirsten et al. 2022; Kremer et al.
2021b; Lu et al. 2022). Finally, one of the potential outcomes of
these dense environments is intermediate-mass black holes (IMBHs,
Madau & Rees 2001; Miller & Hamilton 2002a; Portegies Zwart

? E-mail: evitral@stsci.edu
† E-mail: libra@stsci.edu

& McMillan 2002; Portegies Zwart et al. 2004; Giersz et al. 2015;
González et al. 2021, with masses ∼ 102 − 105 M�), thought to
be the missing link of black hole evolution, with barely a few ob-
served cases (e.g., Chilingarian et al. 2018; Lin et al. 2020; Abbott
et al. 2020). Hence, this class is much in contrast with the many
stellar-mass black holes (. 102 M�) and supermassive black holes
(& 105 M�), which have already been confirmed for a considerable
amount of time (e.g., Webster & Murdin 1972; Bolton 1972; Hoyle
& Fowler 1963; Schmidt 1963; Event Horizon Telescope Collabora-
tion et al. 2019).

For this reason, many studies have targeted GCs to search for
IMBH candidates (e.g., Gebhardt, Rich & Ho 2002; Baumgardt et al.
2003; Noyola, Gebhardt & Bergmann 2008; van der Marel & An-
derson 2010; Baumgardt 2017; Kamann et al. 2016; Tremou et al.
2018; Häberle et al. 2021), searching for electromagnetic signatures
associated with accretion of material onto the IMBH and/or dynam-
ical signatures (i.e., the dynamical effect of the IMBH on cluster
stars). However, both of these detection methods face challenges.
Accretion-signature searches are limited, since all IMBHs may not
necessarily be actively accreting, hence not emitting light at observ-
able frequencies. Additionally, some proposed IMBH accretion can-

© 2015 The Authors
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A New Photoionization Model of the Narrow Line Region in Active Galactic Nuclei
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ABSTRACT
The photoionization model of narrow-line regions (NLRs) in active galactic nuclei (AGNs) has been

investigated for decades. Many published models are restricted to simple linear scaling abundance rela-
tions, dust-free assumption, uniform AGN radiation field, and using one specific photoionization code,
which restricts them from providing a satisfactory prediction on a broad range of AGN observations.
Through a comprehensive investigation, here we present how the choice of abundance scaling relations,
dust inclusion, AGN radiation fields, and different photoionization codes CLOUDY and MAPPINGS
affect the predictions on the strength of strong UV, optical, and infrared emission lines. We find the
dust-depleted radiation pressure-dominated AGN model built with the latest non-linear abundance
sets and photoionization code MAPPINGS V are consistent with AGN observations across a broad
range of wavelengths. We also assess new potential HII-AGN separation diagrams in the optical and
UV wavelengths.

Keywords: galaxies: active — galaxies: ISM — galaxies: Seyfert —ISM: abundances — quasars:
emission lines

1. INTRODUCTION

Spectroscopic observations of active galactic nuclei
(AGNs) can provide vital insights into physical processes
within or in the vicinity of AGNs because the radia-
tion field from central AGNs excites and ionized the
nearby interstellar medium, which then emits emission
lines across the electromagnetic spectrum.
When combined with theoretical AGN models, the

emission lines of the narrow line region in AGNs can not
only place constraints on the chemical abundance and
ionization parameter of the interstellar medium but also
enable the study of chemical evolution. For example,
Storchi-Bergmann et al. (1998) find two metallicity cali-
brations from AGN photoionization models, which allow
the derivation of the chemical abundance of the NLR
gas using two easily observed optical emission line ra-
tios [N ii]λλ 6548,6584/Hα and [O iii]λλ 4959,5007/Hβ
or [O ii]λ 3727/[O iii]λλ 4959,5007. Recently, attempts
have also been made to simultaneously estimate the
gas metallicity and ionization parameter by applying a

peixin.zhu@cfa.harvard.edu

Bayesian approach based on fitting AGN models to the
observed emission line spectra of AGNs (Thomas et al.
2018; Pérez-Montero et al. 2019).
At UV wavelengths, Nagao et al. (2006) show that the

gas metallicity of faint high−z galaxies can be estimated
by comparing the observed UV emission line ratios in the
NLR of high−z radio galaxies with the prediction from
AGN models.
Given the potential power for interpreting data with

theoretical AGN models, attempts to model the narrow-
line region of AGNs have lasted for decades. Beginning
with models of Ferland & Netzer (1983) and Halpern
& Steiner (1983), the consensus has been made that
photoionization-dominated AGN models are most suc-
cessful in reproducing the observed strong line ratios in
the narrow-line region (e.g. Stasińska 1984; Binette et al.
1988). This conclusion was later reinforced by the coni-
cal shape observed in the NLR in several Seyfert galaxies
(e.g. Schmitt et al. 1994).
To generate the photoionization model for the narrow-

line region of AGNs, an ionizing radiation field is re-
quired in conjunction with a detailed self-consistent pho-
toionization model such as MAPPINGS (e.g. Sutherland
& Dopita 1993; Sutherland et al. 2018) or CLOUDY
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Protoplanetary Disk
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ABSTRACT

Context. Disk temperature structure is crucial for the formation of planets. Midplane heating induced by disk accretion plays a key role
in determining the disk temperature particularly at the inner disk midplane where planets form. However, the efficiency of accretion
heating has been not well constrained by observations.
Aims. Our aim is to observationally constrain the physical properties of the inner region of the CW Tau disk where the midplane
heating potentially takes place.
Methods. We construct two-dimensional physical models of the CW Tau disk, taking into account the midplane heating. The models
are compared with the ALMA dust continuum observations at Bands 4, 6, 7 and 8, with an angular resolution of 0′′.1. The observed
brightness temperatures are almost wavelength-indenpendent at .10 au.
Results. We find that if the maximum dust size amax is . 100 µm, the brightness temperatures predicted by the model exceed the
observed values, regardless of the efficiency of accretion heating. The low observed brightness temperatures can be explained if
millimeter scattering reduces the intensity. If the disk is passive, amax needs to be either ∼ 150 µm or & few cm. The accretion heating
significantly increases the brightness temperature particularly when amax . 300 µm, and hence amax needs to be either ∼ 300 µm or &
few cm. The midplane temperature is expected to be ∼1.5–3 times higher than the observed brightness temperatures, depending on the
models. The dust settling effectively increases the temperature of the dust responsible for the millimeter emission in the active disk,
which makes the model with 300 µm-sized dust overpredicts the brightness temperatures when strong turbulence is absent. Porous
dust (porosity of 0.9) makes the accretion heating more efficient so that some sort of reduction in accretion heating is required.
Conclusions. The brightness temperature is not a simple function of the dust temperature because of the effect of scattering and
midplane heating even if the disk is optically thick. The current data of the CW Tau disk are not enough to discriminate between
the passive and active disk models. Future longer wavelength and higher angular resolution observations will help us constrain the
heating mechanisms of the inner protoplanetary disks.

Key words. protoplanetary disks — accretion, accretion disks — planets and satellites: formation

1. Introduction

The temperature structure of inner protoplanetary disks controls
the evolution of dust grains (e.g., Birnstiel et al. 2010; Okuzumi
et al. 2016; Dra̧żkowska & Alibert 2017; Ueda et al. 2021b),
subsequent formation of planets and their migration (e.g., Kley
& Nelson 2012; Bitsch et al. 2014; Bitsch 2019; Savvidou &
Bitsch 2021) and eventually the chemical composition of plan-
ets (e.g., Öberg et al. 2011; Madhusudhan et al. 2014; Ohno &
Ueda 2021; Schneider & Bitsch 2021; Notsu et al. 2022). Partic-
ularly at the midplane of the inner regions of disks (. 10 au), the
heating resulting from disk gas accretion is thought to play a key
role in determining the disk temperature. In the classical model
of accretion heating, the gravitational energy of the disk gas is
released near the midplane where the energy is hard to escape
from the disk, leading to efficient heating of the disk midplane
(e.g., Hubeny 1990; Nakamoto & Nakagawa 1994). However,
recent non-ideal magneto-hydrodynamical models have shown
that accretion heating may be less efficient compared to the clas-
sical model when the accretion is primarily driven by the magne-
torotational instability (MRI) in the upper layer of the disk (Hi-
rose & Turner 2011) or by magneto-hydrodynamical disk winds

(Mori et al. 2019). This is because the gravitational energy re-
leased at the upper layer can escape from the disk more easily.
Still, accretion heating in magneto-hydrodynamically accreting
disks can affect the disk temperature structure depending on the
disk ionization state and opacity (Béthune & Latter 2020; Kondo
et al. 2022).

Even though how the disk midplane is heated is crucial for
the formation of planets, it is poorly constrained by observations.
The Atacama Large Millimeter/submillimeter Array (ALMA)
provides an opportunity to probe the temperature structure of the
inner regions of disks, where accretion heating potentially takes
place. The ALMA high-resolution multi-wavelength analysis al-
lows us to evaluate the dust properties (e.g., dust size, tempera-
ture and surface density) as a function of radial distance based on
the spectral behavior of the (sub-)millimeter dust thermal emis-
sion (Carrasco-González et al. 2019; Macías et al. 2021; Sierra
et al. 2021; Ueda et al. 2022; Guidi et al. 2022). However, previ-
ous studies have generally assumed that the observed dust tem-
peratures at different ALMA wavelengths are identical (i.e., ver-
tically isothermal). If the disk is optically thick at the observing
wavelengths, the different observing wavelengths trace different
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High-resolution APEX/LAsMA 12CO and 13CO (3-2) observation of
the G333 giant molecular cloud complex : I. Evidence for

gravitational acceleration in hub-filament systems
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ABSTRACT

Context. Hub-filament systems are suggested to be the birth cradles of high-mass stars and clusters.
Aims. We investigate the gas kinematics of hub-filament structures in the G333 giant molecular cloud complex using 13CO (3−2)
observed with the APEX/LAsMA heterodyne camera.
Methods. We apply the FILFINDER algorithm to the integrated intensity maps of the 13CO J=3−2 line to identify filaments in the
G333 complex, and we extract the velocity and intensity along the filament skeleton from moment maps. Clear velocity and density
fluctuations are seen along the filaments, allowing us to fit velocity gradients around the intensity peaks.
Results. The velocity gradients fitted to the LAsMA data and ALMA data agree with each other over the scales covered by ALMA
observations in the ATOMS survey (< 5 pc). Changes of velocity gradient with scale indicate a ”funnel” structure of the velocity
field in PPV space, indicative of a smooth, continuously increasing velocity gradient from large to small scales, and thus consistent
with gravitational acceleration. The typical velocity gradient corresponding to a 1 pc scale is ∼ 1.6 km s−1 pc−1. Assuming free-fall,
we estimate a kinematic mass within 1 pc of ∼ 1190 M�, which is consistent with typical masses of clumps in the ATLASGAL
survey of massive clumps in the inner Galaxy. We find direct evidence for gravitational acceleration from comparison of the observed
accelerations to those predicted by free-fall onto dense hubs with masses from millimeter continuum observations. On large scales,
we find that the inflow may be driven by the larger scale structure, consistent with hierarchical structure in the molecular cloud and
gas inflow from large to small scales. The hub-filament structures at different scales may be organized into a hierarchical system
extending up to the largest scales probed, through the coupling of gravitational centers at different scales.
Conclusions. We argue that the ”funnel” structure in PPV space can be an effective probe for the gravitational collapse motions in
molecular clouds. The large scale gas inflow is driven by gravity, implying that the molecular clouds in G333 complex may be in the
state of global gravitational collapse.

Key words. Submillimeter: ISM – ISM:structure – ISM: evolution – Stars: formation – methods: analytical – techniques: image
processing

1. Introduction

To understand the formation of hierarchical structures in high-
mass star formation regions, it is critical to measure the dy-
namical coupling between density enhancements in giant molec-
ular clouds and gas motion of their local environment (Mc-
Kee & Ostriker 2007; Motte et al. 2018; Henshaw et al. 2020).
Such studies may distinguish between competing concepts for
high-mass star formation, such as monolithic collapse of turbu-
lent cores in virial equilibrium (McKee & Tan 2003; Krumholz
et al. 2007), competitive accretion in a protocluster environ-
ment through Bondi-Hoyle accretion (Bonnell et al. 1997,
2001), turbulence-driven inertial-inflow (Padoan et al. 2020)
and gravity-dominated global hierarchical collapse (Vázquez-
Semadeni et al. 2009; Ballesteros-Paredes et al. 2011; Hartmann

et al. 2012; Vázquez-Semadeni et al. 2017, 2019), as discussed
in Zhou et al. (2022). High-resolution observations show that
density enhancements are organized in filamentary gas networks,
especially in hub-filament systems. In such systems, converging
flows are funneling matter into the hub through the filaments.
Many case studies have suggested that hub-filament systems are
the birth cradles of high-mass stars and clusters (Peretto et al.
2013; Henshaw et al. 2014a; Zhang et al. 2015; Liu et al. 2016b;
Yuan et al. 2018; Lu et al. 2018; Issac et al. 2019; Dewangan
et al. 2020; Liu et al. 2022; Zhou et al. 2022). Numerical simu-
lations of colliding flows and collapsing clumps reveal velocity
gradients along the dense filamentary streams converging toward
the hubs (Wang et al. 2010; Gómez & Vázquez-Semadeni 2014;
Smith et al. 2016; Padoan et al. 2020). In observations, velocity
gradients along filaments are often interpreted as evidence for
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Negligible Effects of Baryons on the Angular Momentum Scaling Relations of Galactic Dark Matter Halos

S. MICHAEL FALL1 AND VICENTE RODRIGUEZ-GOMEZ2

1Department of Physics and Astronomy, Johns Hopkins University, 3400 N. Charles Street, Baltimore, MD 21218, USA
2Instituto de Radioastronomı́a y Astrofı́sica, Universidad Nacional Autónoma de México, Apdo. Postal 72-3, 58089 Morelia, Mexico

ABSTRACT
In cosmological simulations without baryons, the relation between the specific angular momentum jh and

mass Mh of galactic dark matter halos has the well-established form jh ∝ M
2/3
h . This is invariably adopted

as the starting point in efforts to understand the analogous relation between the specific angular momentum j∗
and mass M∗ of the stellar parts of galaxies, which are often re-expressed relative to the corresponding halo
properties through the retention fractions fj = j∗/jh and fM = M∗/Mh. An important caveat here is that the
adopted jh ∝ M

2/3
h relation could, in principle, be modified by the gravitational back-reaction of baryons on

dark matter (DM). We have tested for this possibility by comparing the jh–Mh relations in the IllustrisTNG100
and TNG50 simulations that include baryons (full-physics runs) with their counterparts that do not (DM-only
runs). In all cases, we find scaling relations of the form jh ∝ Mα

h , with α ≈ 2/3 over the ranges of mass and
redshift studied here: Mh ≥ 1010M� and 0 ≤ z ≤ 2. The values of α are virtually identical in the full-physics
and DM-only runs at the same redshift. The only detectable effect of baryons on the jh–Mh relation is a slightly
higher normalization, by 12%–15% at z = 0 and by 5% at z = 2. This implies that existing estimates of fj
based on DM-only simulations should be adjusted downward by similar amounts. Finally, we discuss briefly
some implications of this work for studies of galaxy formation.

Keywords: Galaxy formation (595) — Galaxy kinematics (602) — Galaxy dark matter halos (1880) — Hydro-
dynamical simulations (767) — Scaling relations (2031)

1. INTRODUCTION

Two of the most basic properties of cosmic structures are
their mass M and angular momentum J or, equivalently,
M and specific angular momentum j = J/M . The rela-
tion between j and M for a population of objects reflects
the physical processes by which they form and evolve. In
cold dark matter-type cosmologies, bound structures in virial
equilibrium develop from small perturbations in the early
universe by gravitational instability. Throughout this devel-
opment, but especially in the translinear phase of growth,
they acquire angular momentum from the tidal torques ex-
erted by neighboring perturbations (Peebles 1969; Doroshke-
vich 1970; White 1984).

These processes are now well understood in cosmolo-
gies that include only gravitationally interacting dark mat-
ter (DM), usually thought to provide a good description of
galactic halos. The results of cosmological N -body simu-
lations are often expressed in terms of the spin parameter
λ ≡ j|E|1/2/(GM3/2), where E is the total energy (po-
tential plus kinetic) of a halo, and G is the gravitational con-

Corresponding author: S. Michael Fall
fall@jhu.edu

stant. The median spin value, derived from many DM-only
(DMO) simulations, is λ̂ ≈ 0.035, irrespective of cosmo-
logical parameters and the mass and density contrast of the
halos (Bullock et al. 2001; van den Bosch et al. 2002; Avila-
Reese et al. 2005; Bett et al. 2007; Macciò et al. 2007, 2008;
Zjupa & Springel 2017). This implies a relation between the
specific angular momentum j, mass M , and mean internal
density 〈ρ〉 of halos of the form j ∝ 〈ρ〉−1/6M2/3 (given
the scalings E ∝ M2/R and 〈ρ〉 ∝ M/R3 with mass M
and radius R). For a fixed density contrast, 〈ρ〉 /ρcrit = con-
stant, this becomes j ∝ M2/3. The same simulations show
that the dispersions of λ and j about their median values at
each M are substantial: σ(lnλ) ≈ σ(ln j) ≈ 0.5–0.6.

The optically visible stellar components of galaxies obey a
remarkably similar scaling relation: j = AMα, with an ex-
ponent α ≈ 0.6 and an amplitude A that correlates with disk
fraction and morphological type (Fall 1983; Romanowsky &
Fall 2012; Fall & Romanowsky 2013; Obreschkow & Glaze-
brook 2014; Fall & Romanowsky 2018; Posti et al. 2018;
Di Teodoro et al. 2021; Mancera Piña et al. 2021a,b; Hard-
wick et al. 2022; Di Teodoro et al. 2023; Pulsoni et al. 2023).
This apparently simple stellar j–M relation is less straight-
forward to interpret than the corresponding halo relation be-
cause it must reflect the complicated combined effects of
cooling, collapse, star formation, black hole growth, and

ar
X

iv
:2

30
5.

12
55

6v
1 

 [
as

tr
o-

ph
.G

A
] 

 2
1 

M
ay

 2
02

3

http://orcid.org/0000-0003-3323-9061
http://orcid.org/0000-0002-9495-0079
mailto: fall@jhu.edu


MNRAS 000, 1–11 (2023) Preprint 23 May 2023 Compiled using MNRAS LATEX style file v3.0

Testing Multiband (𝐺, 𝐺BP, 𝐺RP, 𝐵, 𝑉 and 𝑇𝐸𝑆𝑆) Standard Bolometric
Corrections by Recovering Luminosity and Radii of 341 Host Stars
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ABSTRACT
Main-sequence bolometric corrections (𝐵𝐶) and a standard 𝐵𝐶−𝑇eff relation are produced for TESSwavelengths using published
physical parameters and light ratios from SED models of 209 detached double-lined eclipsing binaries. This and previous five-
band (Johnson 𝐵,𝑉 , Gaia𝐺,𝐺BP,𝐺RP) standard 𝐵𝐶 −𝑇eff relations are tested by recovering luminosity (𝐿) of the most accurate
341 single host stars (281 MS, 40 subgiants, 19 giants and one PMS). Recovered 𝐿 of photometry are compared to 𝐿 from
published 𝑅 and 𝑇eff . A very high correlation (𝑅2 = 0.9983) is achieved for this mixed sample. Error histograms of recovered
and calculated 𝐿 show peaks at ∼2 and ∼4 per cent respectively. The recovered L and the published 𝑇eff were then used in
𝐿 = 4𝜋𝑅2𝜎𝑇4eff to predict the standard 𝑅 of the host stars. Comparison between the predicted and published R of all luminosity
classes are found successful with a negligible offset associated with the giants and subgiants. The peak of the predicted 𝑅 errors
is found at 2 per cent, which is equivalent to the peak of the published 𝑅 errors. Thus, a main-sequence 𝐵𝐶 − 𝑇eff relation could
be used in predicting both 𝐿 and 𝑅 of a single star at any luminosity class, but this does not mean 𝐵𝐶 − 𝑇eff relations of all
luminosity classes are the same because luminosity information could be more constrained by star’s apparent magnitude b than
its 𝐵𝐶 since 𝑚Bol = b + 𝐵𝐶b .

Key words: Stars: fundamental parameters, Stars: general, Stars: planetary systems

1 INTRODUCTION

Luminosity (𝐿) is not an observable parameter for a star. There are
only one direct and two indirect methods of obtaining 𝐿. The di-
rect method uses the Stefan-Boltzmann law (𝐿 = 4𝜋𝑅2𝜎𝑇4eff) for
calculating a luminosity directly from a given radius (𝑅) and effec-
tive temperature (𝑇eff) of a star. Therefore, the most accurate stellar
𝐿 comes from observationally determined most accurate 𝑅 and 𝑇eff
values whichwould be available fromDetachedDouble-lined Eclips-
ing Binaries (DDEBs; Andersen 1991; Torres et al. 2010; Eker et al.
2014, 2015, 2018). The typical accuracy of a calculated 𝐿 is 8.2–12.2
per cent (Eker et al. 2021b).
The first of the two indirect methods requires mass and pre-

determined classical mass-luminosity relation (MLR) in the form
of 𝐿 ∝ 𝑀𝛼, where the typical accuracy is 17.5-37.99 per cent (Eker
et al. 2018, 2021b). In early times, especially after the discovery of
main-sequenceMLR independently by Hertzsprung (1923) and Rus-
sell et al. (1923), the MLR was claimed to be one of the most promi-
nent empirical laws of nature by Eddington (1926) and Gabovits
(1938) and it was used either predicting 𝐿 from 𝑀 or 𝑀 from 𝐿 at
least until the middle of the 20th century or perhaps until Andersen
(1991) was objecting it. Those were the times the observational accu-
racy of 𝐿 (or𝑀) was not high enough to distinguish the true 𝐿 (or𝑀)

★ E-mail: eker@akdeniz.edu.tr (Z. Eker)
† E-mail: volkanbakis@akdeniz.edu.tr (V. Bakış)

from the average 𝐿 (or 𝑀) for a given 𝑀 (or 𝐿) of a main-sequence
star.
The second of the two indirect methods requires an absolute vi-

sual magnitude and a pre-estimated bolometric correction (𝐵𝐶) to
compute the absolute bolometric magnitude of a star in the first step
as 𝑀Bol = 𝑀V + 𝐵𝐶V and then to obtain its 𝐿 in SI units from

𝑀Bol = −2.5 × 𝑙𝑜𝑔𝐿 + 71.197425..., (1)

where the typical accuracy of 𝐿 is about to 10-13 per cent (Eker et al.
2021b, 2022; Bakış & Eker 2022) which is equivalent to the uncer-
tainty of 𝐵𝐶V if the uncertainty of the absolute visual magnitude is
negligible and the 𝐵𝐶V is a standard 𝐵𝐶V. Otherwise, that is if the
𝐵𝐶V is not a standard 𝐵𝐶V, an additional uncertainty 10 per cent
or more (Eker et al. 2021b, 2022) would arise due to the complex-
ities caused by the three paradigms (the 𝐵𝐶 scale is arbitrary, 𝐵𝐶
values must always be negative, and the bolometric magnitude of a
star ought to be brighter than its 𝑉 magnitude) which are not valid
since 2015 (Eker et al. 2022). It was Torres (2010) who first noticed
inconsistencies due to improper usage of𝑀𝐵𝑜𝑙,� and tabulated 𝐵𝐶V
values that may lead to errors of up to 10 per cent or more in the
derived 𝐿 equivalent to about 0.1 mag or more in the bolometric
magnitudes.
Disagreed bolometric corrections (𝐵𝐶V), which are primarily in

tabulated form, had been used for about a century (Kuiper 1938;
Popper 1959; Johnson 1966; Flower 1996; Bessell et al. 1998; Girardi
et al. 2008; Sung et al. 2013). International Astronomical Union was

© 2023 The Authors
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Intermediate-Mass Black Holes: The Essential Population to
Explore the Unified Model for Accretion and Ejection Processes
Xiaolong Yang1,2,* , Jun Yang 3

1 Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China
2 Shanghai Key Laboratory of Space Navigation and Positioning Techniques, Shanghai 200030, China
3 Department of Space, Earth and Environment, Chalmers University of Technology, Onsala Space Observatory,
SE-439 92 Onsala, Sweden
* Correspondence: yangxl@shao.ac.cn

Abstract: We study radio and X-ray emissions from intermediate-mass black holes (IMBHs) and explore
the unified model for accretion and ejection processes. The radio band survey of IMBH (candidate) hosted
galaxies indicates that only a small fraction (∼0.6%) of them are radio-band active. In addition, very long
baseline interferometry observations reveal parsec-scale radio emission of IMBHs, further resulting in a
lower fraction of actively ejecting objects (radio emission is produced by IMBHs other than hosts), which
is consistent with a long quiescent state in the evolution cycle of IMBHs. Most (75%, i.e., 3 out of 4 samples
according to a recent mini-survey) of the radio-emitting IMBHs are associated with radio relics and there
is also evidence of dual radio blobs from episodic ejecting phases. Taking the radio emission and the
corresponding core X-ray emission of IMBH, we confirm a universal fundamental plane relation (FMP)
of black hole activity. Furthermore, state transitions can be inferred by comparing a few cases in XRBs
and IMBHs in FMP, i.e., both radio luminosity and emission regions evolve along these state transitions.
These signatures and evidence suggest an analogy among all kinds of accretion systems which span from
stellar mass to supermassive black holes, hinting at unified accretion and ejection physics. To validate the
unified model, we explore the correlation between the scale of outflows (corresponding to ejection powers)
and the masses of central engines; it shows that the largest scale of outflows L̂Sout follows a power-law
correlation with the masses of accretors Mcore, i.e., log L̂Sout = (0.73± 0.01) log Mcore − (3.34± 0.10). In
conclusion, this work provides evidence to support the claim that the ejection (and accretion) process
behaves as scale-invariant and their power is regulated by the masses of accretors.

Keywords: accretion; jets; black holes; stellar-mass black holes; intermediate-mass black holes; supermas-
sive black holes; very long baseline interferometry

1. Introduction

Two types of astrophysical black holes, stellar-mass black holes (SBHs) and supermassive
black holes (SMBHs), are widely identified in the Universe through their observational signa-
tures. The death of massive stars will leave behind SBHs as fossil [1], which have the masses
3–100 M�. SBHs are abundant in our Galaxy as the X-ray binary systems (XRBs, which accrete
matters from a companion star). On the other hand, SMBHs (≥106 M�) are generally identified
at the center of massive galaxies (they co-evolve with bulges and hosts) [2]. Remarkably,
SMBHs have an essential role in regulating the evolution of their host galaxies, which conduce
to the correlation between SMBHs and their host properties, e.g., the correlation between the
SMBH mass and the bulge velocity dispersion (M− σ). In particular, accreting SMBHs from
active galactic nuclei (AGNs) can maintain strong feedback to the hosts. The black holes with

Galaxies 2023, 1, 0. https://doi.org/10.3390/galaxies1010000 https://www.mdpi.com/journal/galaxies
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The core starbursts of the galaxy NGC 3628: Radio very long baseline interferometry and X-ray

studies
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ABSTRACT

We present radio very long baseline interferometry (VLBI) and X-ray studies of the starburst galaxy

NGC 3628. The VLBI observation at 1.5 GHz reveals seven compact (0.7−7 parsec) radio sources

in the central ∼250 parsec region of NGC 3628. Based on their morphology, high radio brightness

temperatures (105 − 107 K), and steep radio spectra, none of these seven sources can be associated

with active galactic nuclei (AGNs); instead, they can be identified as supernova remnants (SNRs), with

three of them appearing consistent with partial shells. Notably, one of them (W2) is likely a nascent

radio supernova and appears to be consistent with the star formation rate of NGC 3628 when assuming

a canonical initial mass function. The VLBI observation provides the first precise measurement of the

diameter of the radio sources in NGC 3628, which allow us to fit a well-constrained radio surface

brightness - diameter (Σ−D) correlation by including the detected SNRs. Furthermore, future VLBI

observations can be conducted to measure the expansion velocity of the detected SNRs. In addition

to our radio VLBI study, we analyze Chandra and XMM-Newton spectra of NGC 3628. The spectral

fitting indicates that the SNR activities could well account for the observed X-ray emissions. Along

with the Chandra X-ray image, it further reveals that the X-ray emission is likely maintained by

the galactic-scale outflow triggered by SN activities. These results provide strong evidence that SN-

triggered activities play a critical role in generating both radio and X-ray emissions in NGC 3628 and

further suggest that NGC 3628 is in an early stage of starbursts.

Keywords: Starburst galaxies (1570) — Supernova remnants (1667) — Very long baseline interferom-

etry (1769) — Radio sources (1358) — X-ray sources (1822)

1. INTRODUCTION

Galaxies with enhanced star formation compared with

normal spiral galaxies, especially in the central nuclear

region, are known as starburst galaxies (Lehnert &

Heckman 1996). They have star formation rates (SFRs)

several to hundreds of times higher than ordinary galax-

ies like the Milky Way. Studying nearby starburst galax-

ies may shed light on our understanding of the evolution

Corresponding author: Xiaolong Yang; Ziwei Ou

yangxl@shao.ac.cn; ouzw3@mail.sysu.edu.cn

of their high redshift cousin in the early Universe (e.g.

Rinaldi et al. 2022).

Starburst is an important episode in galaxy evolu-

tion (Hopkins et al. 2006; Zhang et al. 2018); it lasts

up to a few hundred million years (e.g. McQuinn et al.

2018). Simulations and observations indicate that the

starburst activity can be triggered by mergers or close

flybys between two galaxies (Mihos & Hernquist 1996;

Schweizer 2005; Di Matteo et al. 2007; Montuori et al.

2010). These interactions push the gas inflow toward

the center of galaxies, where it reaches sufficient den-

sity to cause large numbers of massive stars to form

(Combes 2000). In addition, the birth (stellar feedback)

and death (supernova explosion) of massive stars can
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ABSTRACT

Accretion of black holes at near-Eddington or super-Eddington rates is the most powerful episode

that drives black hole growth, and it may work in several types of objects. However, the physics of

accretion and jet-disc coupling in such a state remains unclear, mainly because the associated jets

are not easily detectable due to the extremely weak emission or possibly episodic nature of the jets.

Only a few near/super-Eddington systems have demonstrated radio activity, and it remains unclear

whether there is a jet and what are their properties, in super-Eddington active galactic nuclei (AGNs)

(and ultraluminous X-ray sources). The deficit is mainly due to the complex radio mixing between

the origins of jets and others, such as star formation activity, photo-ionized gas, accretion disk wind,

and coronal activity. In this work, we conducted high-resolution very long baseline interferometry

(VLBI) observations to explore the jets in the highly accreting narrow-line Seyfert I system I Zw 1.

Our observations successfully revealed small-scale jets (with a linear size of ∼ 45 parsec) at both 1.5

and 5 GHz, based on the high radio brightness temperature, radio morphology, and spectral index

distribution. Interestingly, the lack of a flat-spectrum radio core and knotty jet structures imply

episodic ejections in I Zw 1, which resemble the ejection process in Galactic X-ray binaries that are

in the canonical very high state. The high accretion rates and jet properties in the AGN I Zw 1 may

support the AGN/XRB analogy in the extreme state.

Keywords: Active galactic nuclei (16) — Accretion (14) — Very long baseline interferometry (1769)

— Radio jets (1347) — Seyfert galaxies (1447)
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Compressible Magnetohydrodynamic Turbulence Modulated by Collisionless Damping
in Earth’s Magnetosheath: Observation Matches Theory
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4Shandong Key Laboratory of Optical Astronomy and Solar-Terrestrial Environment,
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In this letter, we provide the first observational evidence of substantial collisionless damping (CD)
modulation in the magnetohydrodynamic (MHD) turbulence cascade in Earth’s magnetosheath
using four Cluster spacecraft. Plasma turbulence is primarily shaped by the forcing on large scales
and damping on small scales. Based on an improved compressible MHD decomposition algorithm,
our observations demonstrate that CD enhances the anisotropy of compressible MHD modes due
to their strong pitch angle dependence. The wavenumber distributions of slow modes are more
stretched perpendicular to the background magnetic field (B0) under CD modulation compared to
Alfvén modes. In contrast, fast modes are subject to a more significant CD modulation. Fast modes
exhibit a scale-independent, slight anisotropy above the CD truncation scales, and their anisotropy
increases as the wavenumbers fall below the CD truncation scales. As a result, CD affects the
relative energy fractions in total compressible modes. Our findings take a significant step forward
in comprehending the functions of CD in truncating the compressible MHD turbulence cascade and
the consequential energy anisotropy in the wavevector space.

Introduction.— Plasma turbulence, particularly its
compressible component, plays a crucial role in numer-
ous astrophysical processes, such as the heating and ac-
celeration of solar wind, cosmic ray transport, and star
formation [1–4]. The current model of plasma turbulence
is typically characterized by a three-way process: (1) en-
ergy injection on large scales [5, 6], (2) inertial energy
cascade following some self-similar power law scaling, and
(3) dissipation caused by certain kinetic physical pro-
cesses on small scales [7, 8]. Inertial energy cascade, the
most characteristic signature of magnetohydrodynamic
(MHD), has been effectively described using incompress-
ible MHD models such as the isotropic theory (IK65)
[9, 10] and scale-dependent anisotropic turbulence the-
ory (GS95) [11]. The nearly incompressible (NI) theory
has also been used to explain some phenomena related
to compressible solar wind turbulence [12, 13]. How-
ever, compressible MHD turbulence is subjected to vari-
ous damping processes while following the inertial energy
cascade [14–17], which is still not completely understood.
Fully comprehending how damping truncates compress-
ible MHD turbulence is an inseparable piece for depicting
turbulence in real astrophysical plasma.

The anisotropy of compressible turbulence in the in-
ertial range has been extensively studied through simu-
lations and satellite observations [18, 19]. In a homoge-
neous plasma with a uniform background magnetic field
(B0), small amplitude compressible MHD fluctuations
can be decomposed into three MHD eigenmodes (namely,
Alfvén, slow, and fast modes) [20–25]. The linear in-
dependence among the three MHD eigenmodes enables

individual analysis of their statistical properties in the
small amplitude limit [21, 26]. The mode composition of
MHD turbulence significantly affects the energy cascade
and observational turbulence statistics [23, 27–29]. Based
on current compressible turbulence models, Alfvén and
slow modes are expected to follow a cascade with scale-

dependent anisotropy k‖ ∝ k
2/3
⊥ , where k⊥ and k‖ are

wavenumbers perpendicular and parallel to B0 [11, 30].
In contrast, fast modes are expected to show isotropic be-
haviors and cascade like the acoustic wave [31, 32]. These
theoretical conjectures have been confirmed by numerical
simulations [23, 26].

Earlier theoretical studies have demonstrated a strong
propagation angle dependence in collisionless and viscous
damping, influencing the three-dimensional (3D) energy
distributions [16, 33–35]. The collisionless damping (CD)
leads to the rapid dissipation of plasma waves by the
wave-particle interactions via gyroresonance or Landau
resonance. Despite theoretical predictions, direct obser-
vations demonstrating how CD modulates the statistics
of compressible MHD modes are still lacking, primarily
due to the limited satellite measurements. Thanks to
the availability of spatial information from four Cluster
spacecraft, this letter presents the first observational ev-
idence of substantial CD modulation in the compressible
MHD turbulence cascade by comparing the CD rate pre-
dicted by theory with the compressible energy distribu-
tions measured by the Cluster mission.

Overview.— Fig. 1 shows an overview of Cluster ob-
servations in Earth’s magnetosheath during 19:00-14:00
UT on 2-3 December 2003 in Geocentric Solar Ecliptic
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ABSTRACT
The recent discovery of new Active Galactic Nuclei (AGN) at 𝑧 > 4 with JWST is revolutionising the black hole (BH) landscape
at cosmic dawn, unveiling for the first time accreting BHs with masses of 106 − 107M�. To date, the most distant reside
in CEERS-1019 at 𝑧 = 8.7 and GNz11 at 𝑧 = 10.6. Given the high rate of newly discovered high-z AGNs, more than 10
at 𝑧 > 4, we wonder: are we really surprised to find them in the nuclei of 𝑧 ∼ 5 − 11 galaxies? Can we use the estimated
properties to trace their origin? In this work, we predict the properties of 4 < 𝑧 < 11 BHs and their host galaxies considering
an Eddington-limited (EL) and a super-Eddington (SE) BH accretion scenario, using the Cosmic Archaeology Tool (CAT), a
semi-analytical model for the formation and evolution of 𝑧 > 4 AGNs and galaxies. We then calculate the transmitted spectral
energy distribution of CAT synthetic candidates, representative of the estimated BH properties in CEERS-1019 and GNz11. We
find that the estimated luminosity of high-z JWST detected AGNs are better reproduced by the SE model, where BHs descend
from efficiently growing light and heavy seeds. Conversely, the host galaxy stellar masses are better matched in the EL model, in
which all the systems detectable with JWST surveys JADES and CEERS appear to be descendants of heavy BH seeds. Our study
suggests an evolutionary connection between systems similar to GNz11 at 𝑧 = 10.6 and CEERS-1019 at 𝑧 = 8.7 and supports
the interpretation that the central point source of GNz11 could be powered by a super-Eddington (_Edd ' 2 − 3) accreting BH
with mass 1.5 × 106M�, while CEERS-1019 harbours a more massive BH, with 𝑀BH ' 107𝑀�, accreting sub-Eddington
(_Edd ' 0.45 − 1), with a dominant emission from the host galaxy.

Key words: galaxies: active – galaxies: formation – galaxies: evolution – galaxies: high redshift – quasars: supermassive black
holes – black hole physics

1 INTRODUCTION

Understanding how galaxies form and evolve in the first billion years
of cosmic evolution is one of the driving science objectives of the
recently launched JWST. With its unprecedented sensitivity, JWST
has already started to revolutionise the field. JWST/NIRCam obser-
vations have enabled to detecting galaxies at 𝑧 & 10 (Castellano
et al. 2022; Labbe et al. 2022; Naidu et al. 2022b; Atek et al. 2023;
Tacchella et al. 2022, 2023), providing the first observational con-
straints on the UV luminosity function and star formation history
in the first 500 Myr of the Universe (Donnan et al. 2023; Harikane
et al. 2022), showing a surprising lack of evolution in the number
density of bright galaxies at 𝑧 & 10. While some of these sources
must be interpreted with caution, given their possible confusion with
dusty, star-forming galaxies at 𝑧 ∼ 5 (Zavala et al. 2023; Naidu et al.
2022a; Arrabal Haro et al. 2023), JWST is showing that galaxies
in the early Universe are characterized by a diversity of properties
(Barrufet et al. 2022; Whitler et al. 2023), including unexpectedly
strong dust obscuration at 8 < 𝑧 < 13 (Rodighiero et al. 2023),
and massive quiescent galaxies at 3 < 𝑧 < 5 (Carnall et al. 2023).

★ E-mail: raffaella.schneider@uniroma1.it

JWST/NIRSpec observations have spectroscopically confirmed sev-
eral tens of these systems (see Nakajima et al. 2023 and references
therein), including galaxies at 10 ≤ 𝑧 ≤ 13.2 (Curtis-Lake et al.
2022; Robertson et al. 2023; Bunker et al. 2023; Arrabal Haro et al.
2023). Most of these galaxies show strong nebular lines, indicative of
extreme excitation conditions, with high ionization parameters and
low-metallicities (Curti et al. 2023; Cameron et al. 2023; Sanders
et al. 2023a,b).
Interestingly, the spectra of some of these galaxies reveal the pres-

ence of broad permitted lines (H𝛼, H𝛽, H𝛾), consistent with be-
ing emitted from the Broad Line Region (BLR) of weak Active
Galactic Nuclei (AGNs). Two systems with estimated BH masses
of 𝑀BH ∼ 107𝑀� have been reported by Kocevski et al. (2023):
CEERS-1670 at 𝑧 = 5.2, and CEERS-3210 at 𝑧 = 5.6, the latter
being a heavily obscured AGN caught in a transition phase between
a dust-obscured starburst and an unobscured quasar, similar to the
transitioning quasar GNz7q at 𝑧 ∼ 7.19 reported by Fujimoto et al.
(2022). Übler et al. (2023) identified an AGN in the compact galaxy
GS-3073 at 𝑧 = 5.6, estimating a BHmass of ∼ 108𝑀� . Finally, Lar-
son et al. (2023) reported the discovery of CEERS-1019, an accreting
black hole with mass 𝑀BH ∼ 107𝑀� at 𝑧 = 8.7, and Maiolino et al.
(2023) argued that the 𝑧 = 10.6 galaxyGNz-11 (Tacchella et al. 2023;

© 2023 The Authors
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Abstract

Black holes with masses in excess of several billion solar masses have
been found at redshifts 6–7.5, when the universe was less than 1 Gyr old
[1–3]. The existence of such supermassive black holes already in place at
such early epochs has been challenging for theoretical models [4–7] and
distinguishing between different scenarios has prompted the search for
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ABSTRACT

All known Small Solar System Bodies have diameters between a few meters and a few thousands

of kilometers. Based on the collisional evolution of Solar System Bodies, a larger number of asteroids

with diameters down to ∼ 2 m is thought to exist. As all Solar System Bodies, Small Bodies can

be passive sources of high-energy gamma rays, produced by the interaction of energetic cosmic rays

impinging on their surfaces. Since the majority of known asteroids are in orbits between Mars and

Jupiter (in a region known as the Main Belt), we expect them to produce a diffuse emission close to

the ecliptic plane. In this work we have studied the gamma-ray emission coming from the ecliptic using

the data collected by the Large Area Telescope onboard the Fermi satellite. We have fit the results

with simulations of the gamma-ray intensity at source level (calculated with the software FLUKA) to

constrain the Small Solar System Bodies population. Finally, we have proposed a model describing

the distribution of asteroid sizes and we have used the LAT data to constrain the gamma-ray emission

expected from this model and, in turn, on the model itself.

1. INTRODUCTION

The Small Solar System Bodies (SSSBs) include

asteroids, comets, small planetary satellites and all the

other objects in the Solar System which are not planets,

dwarf planets or natural satellites. These bodies can

be mainly divided into three families: the Main Belt,

including all small bodies lying between the orbits of

Mars and Jupiter; the Trojans, which share an orbit with

a larger planet or moon; and the Kuiper Belt, made of

Trans-Neptunian objects. Asteroids are classified based

on their color, albedo and spectral types (Lodders &

Fegley 1998). About 75% of known asteroids belong

to the C-type class. These asteroids are extremely

dark, since their composition includes carbon in addition

to rocks and minerals. The second most abundant

taxonomic species are S-type asteroids, which represent

17% of the whole asteroids population. These asteroids

are moderately bright and consist mainly of iron and

magnesium silicates. Finally, most of the remaining

Corresponding author: S. De Gaetano, L. Di Venere and M. N.
Mazziotta

salvatore.degaetano@ba.infn.it, leonardo.divenere@ba.infn.it,
mazziotta@ba.infn.it

asteroids belong to the M-type class and are rich in

metals (mainly iron and nickel).

All known asteroids have diameters > 2 m (assuming

a spherical shape) and the majority is distributed along

the ecliptic plane. As for all other objects in the Solar

System, these bodies can be passive sources of gamma

rays, produced by inelastic interactions of cosmic rays

impinging on them. The result is the production of

a diffuse gamma-ray emission along the ecliptic plane

which, if observed, could provide a way to further

investigate the asteroid properties and, in particular, to

study the distribution of their sizes.

In the present work, we have studied the gamma-ray

flux from the ecliptic plane using the data collected by

the Fermi Large Area Telescope (LAT) from August

2008 to December 2020 and we have used these results

to constrain the gamma-ray emission from SSSBs. In

addition, we have used the FLUKA code to predict the

gamma-ray emission resulting from CRs interacting

with different types of asteroids. We have then used

the analysis results to constrain the total number of

asteroids with given properties. Finally, we have fit

the LAT data with a diffuse flux model of the SSSBs,

obtained by folding the gamma-ray intensity calculated

with FLUKA with a population distribution function

obtained by extending a model proposed by Davis et al.
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ABSTRACT

We perform general relativistic radiation magnetohydrodynamics (MHD) simulations of super-

Eddington accretion flows around a neutron star with a dipole magnetic field for modeling the galactic

ultra-luminous X-ray source (ULX) exhibiting X-ray pulsations, Swift J0243.6+6124. Our simulations

show the accretion columns near the magnetic poles, the accretion disk outside the magnetosphere,

and the outflows from the disk. It is revealed that the effectively optically thick outflows, consistent

with the observed thermal emission at ∼ 107 K, are generated if the mass accretion rate is much higher

than the Eddington rate ṀEdd and the magnetospheric radius is smaller than the spherization radius.

In order to explain the blackbody radius (∼ 100 − 500 km) without contradicting the reported spin

period (9.8 s) and spin-up rate (Ṗ = −2.22×10−8 s s−1), the mass accretion rate of (200−1200)ṀEdd

is required. Since the thermal emission was detected in two observations with Ṗ of −2.22× 10−8 s s−1

and −1.75 × 10−8 s s−1 but not in another with Ṗ = −6.8 × 10−9 s s−1, the surface magnetic field

strength of the neutron star in Swift J0243.6+6124 is estimated to be between 3×1011 G and 4×1012 G.

From this restricted range of magnetic field strength, the accretion rate would be (200 − 500)ṀEdd

when the thermal emission appears and (60− 100)ṀEdd when it is not detected. Our results support

the hypothesis that the super-Eddington phase in the 2017-2018 giant outburst of Swift J0243.6+6124

is powered by highly super-Eddington accretion flows onto a magnetized neutron star.

1. INTRODUCTION

Ultra-Luminous X-ray sources (ULXs) are bright X-ray compact objects, whose X-ray luminosities exceed the Ed-

dington luminosity for stellar mass black holes ∼ 1039 erg s−1, and have been discovered in off-nuclear regions of our

galaxy and nearby galaxies (see reviews by Kaaret et al. 2017; Fabrika et al. 2021). Recently, several ULXs have been

shown to have coherent pulsations at periods, ∼ 1 − 10 s (e.g., Bachetti et al. 2014; Fürst et al. 2016; Israel et al.

2017a,b). These objects are called ULX Pulsars (ULXPs). It is widely believed that these pulsations can be observed

if the radiation from the vicinity of the neutron star (NS) periodically changes via rotation of the NS. In this case, the

ULXP is powered by a super-Eddington accretion onto the magnetized NS since the luminosity of the ULXP exceeds

the Eddington luminosity for the NS, LEdd.

The super-Eddington accretion flows around the magnetized NS consist of the accretion disk, the outflows, and

the accretion columns. The super-Eddington accretion disk is truncated at a certain radius, called the truncation

radius, by the magnetic fields of the NS, provided that the magnetic field strength of the NS is high enough to prevent

disk accretion. It is considered that radiatively driven outflows are launched from the super-Eddington accretion

disk, which forms on the outside of the truncation radius, since the vertical radiation pressure force is larger than

the vertical gravitational force (Shakura & Sunyaev 1973; Poutanen et al. 2007). The gas moves along the magnetic

field lines inside the truncation radius. Then, column accretion flows, called the accretion columns, are formed near

the magnetic poles of the NS. The radiative luminosity at the base of the accretion columns exceeds the Eddington

luminosity (Basko & Sunyaev 1976; Mushtukov et al. 2015; Kawashima et al. 2016). If the magnetic axis is misaligned

with the rotation axis of the NS, then the pulsation exceeding the Eddington luminosity can be observed via the

precession of the accretion columns (Mushtukov et al. 2018; Inoue et al. 2020). This inflow-outflow structure around

akihiro@ccs.tsukuba.ac.jp
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Detection of thermal Sunyaev–Zel’dovich Effect in the circumgalactic medium of low-mass galaxies - a

surprising pattern in self-similarity and baryon sufficiency
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ABSTRACT

We report on the measurement of the thermal Sunyaev–Zel’dovich (tSZ) Effect in the circumgalactic

medium (CGM) of 641,923 galaxies with M?=109.8−11.3M� at z <0.5, pushing the exploration of tSZ

Effect to lower-mass galaxies compared to previous studies. We cross-correlate the galaxy catalog

of WISE and SuperCosmos with the Compton-y maps derived from the combined data of Atacama

Cosmology Telescope and Planck . We improve on the data analysis methods (correcting for cosmic

infrared background and Galactic dust, masking galaxy clusters and radio sources, stacking, aperture

photometry), as well as modeling (taking into account beam smearing, “two-halo” term, zero-point

offset). We have constrained the thermal pressure in the CGM of M?=1010.6−11.3M� galaxies for

a generalized NFW profile and provided upper limits for M?=109.8−10.6M� galaxies. The relation

between M500 (obtained from an empirical M?–M200 relation and a concentration factor) and Ỹsph
R500 (a

measure of the thermal energy within R500) is >2σ steeper than the self-similarity and the deviation

from the same that has been reported previously in higher mass halos. We calculate the baryon fraction

of the galaxies, fb, assuming the CGM to be at the virial temperature that is derived from M200. fb
exhibits a non-monotonic trend with mass, with M?=1010.9−11.2M� galaxies being baryon sufficient.

Keywords: Sunyaev-Zeldovich effect — Millimeter astronomy — Extragalactic astronomy — Observa-

tional Cosmology — Circumgalactic medium — Hot Intergalactic medium — Hot ionized

medium — Galaxy evolution — Galaxy environments — Galactic winds — Galaxy pro-

cesses — Cosmic microwave background radiation

1. INTRODUCTION

The circumgalactic medium (CGM) is the multiphase

halo of gas and dust surrounding the stellar disk and the

interstellar medium (ISM) of a galaxy (Putman et al.

2012; Tumlinson et al. 2017; Mathur 2022; Faucher-

Giguere & Oh 2023). As a nexus of the accretion from

the intergalactic medium (IGM), galactic outflow, and

recycling precipitation, the CGM plays a crucial role

in the formation and evolution of a galaxy and might

harbor the missing galactic baryons (Cen & Ostriker

1999). The most massive and volume-filling phase of the

Corresponding author: Sanskriti Das

snskriti@stanford.edu

CGM is predicted to be > 106 K hot and fully ionized

(e.g., Spitzer 1956; Schaye et al. 2015; Hopkins et al.

2018; Nelson et al. 2018; Li & Tonnesen 2020). This

hot gas can be observed in the emission and absorption

lines of highly ionized (He-like, H-like) metal ions and

free-free continuum emission in X-ray (Mathur 2022),

and the Sunyaev-Zel’dovich (SZ) effect (Sunyaev & Zel-

dovich 1969; Mroczkowski et al. 2019).

The SZ effect is a distortion in the spectrum of the

cosmic microwave background (CMB) due to the inverse

Compton scattering of the CMB photons with the free

electrons in the intervening ionized media (Sunyaev &

Zeldovich 1969). Thermal SZ (tSZ) effect, the strongest

of different SZ effects, is characterized by the Compton-
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ABSTRACT
Metal-poor stars are key to our understanding of the early stages of chemical evolution in the Universe. New multi-filter surveys,
such as the Southern Photometric Local Universe Survey (S-PLUS), are greatly advancing our ability to select low-metallicity
stars. In this work, we analyse the chemodynamical properties and ages of 522 metal-poor candidates selected from the S-PLUS
data release 3. About 92% of these stars were confirmed to be metal-poor ([Fe/H] ≤ −1) based on previous medium-resolution
spectroscopy. We calculated the dynamical properties of a subsample containing 241 stars, using the astrometry from Gaia
Data Release 3. Stellar ages are estimated by a Bayesian isochronal method formalized in this work. We analyse the metallicity
distribution of these metal-poor candidates separated into different subgroups of total velocity, dynamical properties, and ages.
Our results are used to propose further restrictions to optimize the selection of metal-poor candidates in S-PLUS. The proposed
astrometric selection (parallax > 0.85 mas) is the one that returns the highest fraction of extremely metal-poor stars (16.3%
have [Fe/H] ≤ −3); the combined selection provides the highest fraction of very metal-poor stars (91.0% have [Fe/H] ≤ −2),
whereas the dynamical selection (eccentricity > 0.35 and diskness < 0.75) is better for targetting metal-poor (99.5% have
[Fe/H] ≤ −1). Using only S-PLUS photometric selections, it is possible to achieve selection fractions of 15.6%, 88.5% and
98.3% for metallicities below −3, −2 and −1, respectively. We also show that it is possible to use S-PLUS to target metal-poor
stars in halo substructures such as Gaia-Sausage/Enceladus, Sequoia, Thamnos and the Helmi stream.

Key words: stars: kinematics and dynamics – stars: statistics – stars: abundances

1 INTRODUCTION

Stars with the lowest metal contents in their atmospheres are likely
to be the direct descendants of the earliest stellar generations to be
formed in the Universe (Umeda & Nomoto 2003; Bromm & Larson
2004). These stars can be seen as fossil records of the initial physical
conditions of the Universe and provide important constraints to the
formation and evolution of the Milky Way (e.g. Schörck et al. 2009;
Li et al. 2010; Frebel & Norris 2015; Helmi 2020), as well as its
satellite galaxies (e.g. Kirby et al. 2008; Norris et al. 2008; Tolstoy
et al. 2009; Frebel et al. 2010; Simon 2019).

★ E-mail: felipe.almeida.fernandes@usp.br, felipefer42@gmail.com
† Visiting Fellow at UCLan

Thefirst efforts on building a large sample ofmetal-poor ([Fe/H]1≤
−1) stars were based on the objective prism search technique, which
was employed by the HK survey (Beers et al. 1985, 1992) to identify
around a thousand metal-poor candidates. A few years later, the
Hamburg/ESO survey (Christlieb et al. 2008) was able to increase
this number by an order of magnitude (see Limberg et al. 2021a
for a more recent calibration of these surveys). Large spectroscopic
surveys, such as the Sloan Extension for Galactic Understanding
and Exploration (SEGUE Yanny et al. 2009), the Large Sky Area
Multi-Object Fiber Spectroscopic Telescope (LAMOST Cui et al.
2012; Luo et al. 2015) and the Radial Velocity Experiment (RAVE

1 [A/B] = log(𝑁𝐴/𝑁𝐵)★−log(𝑁𝐴/𝑁𝐵)� , where 𝑁 is the number density
of atoms 𝐴 and 𝐵 of a given element in the star (★) and the Sun (�).

© 2023 The Authors
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curvaton scenario revisited
Chao Chena Anish Ghoshalb Zygmunt Lalakb Yudong Luoc,d
Abhishek Naskare
aJockey Club Institute for Advanced Study, The Hong Kong University of Science and Tech-
nology, Hong Kong S.A.R., China
bInstitute of Theoretical Physics, Faculty of Physics, University of Warsaw,
ul. Pasteura 5, 02-093 Warsaw, Poland
cSchool of Physics, Peking University, Beijing 100871, China
dKavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, China
eDepartment of Physics, Indian Institute of Technology Bombay, Mumbai, 400076, India
E-mail: iascchao@ust.hk, anish.ghoshal@fuw.edu.pl, zygmunt.lalak@fuw.edu.pl,
yudong.luo@pku.edu.cn, abhiatrkmrc@gmail.com

Abstract. We revisit the growth of curvature perturbations in non-minimal curvaton sce-
nario with a non-trivial field metric λ(φ) where φ is an inflaton field, and incorporate the
effect from the non-uniform onset of curvaton’s oscillation in terms of an axion-like potential.
The field metric λ(φ) plays a central role in the enhancement of curvaton field perturbation
δχ, serving as an effective friction term which can be either positive or negative, depending
on the shape of λ(φ), namely the first derivative λ,φ. Our analysis reveals that δχ undergoes
the superhorizon growth when the condition ηeff ≡ −2

√
2εMPl

λ,φ
λ < −3 is satisfied. This is

analogous to the mechanism responsible for the amplification of curvature perturbations in
the context of ultra-slow-roll inflation, namely the growing modes dominate curvature per-
turbations. As a case study, we examine the impact of a Gaussian dip in λ(φ) and conduct
a thorough investigation of both the analytical and numerical aspects of the inflationary dy-
namics. Our findings indicate that the behavior of the curvaton perturbation during inflation
is not solely determined by the depth of the dip in λ(φ). Rather, the shape of the dip also
plays a significant role, a feature that has not been previously highlighted in the literature.
Utilizing the δN formalism, we derive analytical expressions for both the final curvature
power spectrum and the non-linear parameter fNL in terms of an axion-like curvaton’s poten-
tial leading to the non-uniform curvaton’s oscillation. Additionally, the resulting primordial
black hole abundance and scalar-induced gravitational waves are calculated, which provide
observational windows for PBHs.

Keywords: non-minimal curvaton, inflation, primordial black holes, scalar-induced gravita-
tional waves
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Hilbert–Huang Transform analysis of quasi-periodic oscillations in MAXI J1820+070
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ABSTRACT

We present time-frequency analysis, based on the Hilbert–Huang transform (HHT), of the evolution

on the low-frequency quasi-periodic oscillations (LFQPOs) observed in the black hole X-ray binary

MAXI J1820+070. Through the empirical mode decomposition (EMD) method, we decompose the

light curve of the QPO component and measure its intrinsic phase lag between photons from different

energy bands. We find that the QPO phase lag is negative (low energy photons lag behind high

energy photons), meanwhile the absolute value of the lag increases with energy. By applying the

Hilbert transform to the light curve of the QPO, we further extract the instantaneous frequency and

amplitude of the QPO. Compared these results with those from the Fourier analysis, we find that the

broadening of the QPO peak is mainly caused by the frequency modulation. Through further analysis,

we find that these modulations could share a common physical origin with the broad-band noise, and

can be well explained by the internal shock model of the jet.

Keywords: X-rays: binaries – X-rays: individual: MAXI J1820+070 – Accretion

1. INTRODUCTION

Low-frequency quasi-periodic oscillations (LFQPOs)

with frequencies ranging from a few millihertz to ∼30

Hz have been found in most transient black hole X-ray

binaries (Motta et al. 2015; Motta 2016; Belloni 2010;

Ingram & Motta 2019). These oscillations are appro-

priately named to reflect their finite-width peaks, usu-

ally described by multi-Lorentzian components (Belloni

et al. 2002; Rao et al. 2010), in the Fourier power spec-

tra of their X-ray light curves. LFQPOs are believed to

originate from the inner part of the accretion flow, how-

ever, the physical mechanism is still not well understood.

Theories about the origin of LFQPOs can be generally

divided into two broad categories: intrinsic models asso-

ciated with wave modes of the accretion flow (Tagger &

Corresponding author: Qing-cui Bu

bu@astro.uni-tuebingen.de

Pellat 1999; Cabanac et al. 2010) and geometric effects

such as relativistic precession of the inner hot flow or

the jet due to a misalignment of the black hole spin axis

and the binary orbital axis (Stella & Vietri 1997; Stella

et al. 1999; Ingram et al. 2009).

The LFQPO’s broad peak implies that the corre-

sponding X-ray light curve is not strictly periodic and

could be caused by a modulation with varying frequency

or amplitude (Ingram & Motta 2019). Since in the

framework of Fourier analysis, the Fourier frequencies

are defined as constant over the entire time, it doesn’t

give information of the variability of frequencies. There-

fore, time-frequency analysis techniques are required to

study the origin of the QPO peak broadening. One pos-

sible method to investigate the variation of QPO pe-

riod is the Hilbert–Huang transform (HHT) proposed

by Huang et al. (1998). The HHT is a powerful tool

for analyzing phenomena with non-stationary periodic-

ity and has been successfully applied in astronomical re-

search, such as for the QPO in the active galactic nucleus
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We explore the use of Gibbs sampling in recovering the red noise power spectral density, the red
noise Fourier coefficients, and the white noise parameters for the case of single pulsar analyses, and
illustrate its effectiveness using the NANOGrav 11-year data set. We find that Gibbs sampling
noise modeling (GM) is superior to the current standard Bayesian techniques (SM) for single pulsar
analyses, yielding model parameter posteriors with significantly higher computational efficiency and
fidelity. Furthermore, the output of GM contains posteriors for the Fourier coefficients that can
be used to characterize the underlying red noise process of any pulsar’s timing residuals which are
absent in current implementations of SM. Through simulations, we demonstrate the potential for
such coefficients to recover the overall shape of the spatial cross-correlations between pulsar pairs
produced by gravitational waves.

I. INTRODUCTION

Pulsar timing arrays (PTAs) [1, 2] are low-frequency
gravitational-wave (GW) detectors that use high-
precision measurements of the times-of-arrival (TOAs)
of pulses produced by an array of millisecond pulsars
(MSPs). MSPs have ultra-stable spin periods on the
order of milliseconds, and if their TOAs are measured
to sufficient accuracy using large and sensitive radio tele-
scopes, they can be used as cosmic clocks spread through-
out our galaxy. Accurate models are constructed to pre-
dict the time at which each pulse is expected to arrive,
and small deviations from the expected TOAs caused
by GWs can be detected by searching for quadrupolar
spatial correlations in those deviations between pulsars
in the PTA [3]. In recent years, multiple PTA searches
for an isotropic stochastic gravitational wave background
(GWB), have uncovered a common but spatially uncor-
related red noise process [4, 5]. Such a process may be
the first sign of a GWB [6].

The sensitivity of PTAs to a GWB depends primarily
on the number of pulsars in the array [7]. This is due to
the fact that at late times the lowest frequencies in PTA
data sets become GW-dominated, and the significance of
the cross-correlations grows with the square root of the
time span of the data and linearly with the number of pul-
sars in the array. In this regime, increasing the number
of pulsars is the best way to maximize PTA sensitivity
to the GWB. Currently, the International Pulsar Timing
Array (IPTA) monitors 65 millisecond pulsars with 27 of
such pulsars observed for more than 10 years [5]. For this
reason, in each new release of a PTA data set the number

∗ nima.laal@gmail.com

of pulsars used in GWB detection analyses is expected
to grow, which in turn makes the computational cost of
noise modeling and parameter estimation increase signif-
icantly. This poses a significant challenge for Bayesian
inference as typical searches for a GWB involve work-
ing with a very large parameter space making the use of
computationally efficient algorithms a necessity.

Standard Bayesian techniques for single and multi-
pulsar noise modeling often result in a joint probability
distribution for all of the model parameters (see §II D).
Despite the flexibility that this approach offers in choos-
ing and implementing various noise models, the com-
putational cost of parameter estimation using Markov
Chain Monte Carlo (MCMC) simulations quickly be-
comes computationally expensive. For instance, in the
case of single-pulsar analyses, the number of parameters
required to describe a pulsar’s noise may well exceed forty
(see §III). This problem is more severe for the case of
multi-pulsar analyses as even the simplest noise models
(e.g., power-law models) require a number of parameters
that is larger than twice the number of pulsars in the
PTA. Hence, more computationally efficient data analy-
sis techniques are critical for future of PTA analyses.

To mitigate these problem, there have been numer-
ous efforts towards the development of more efficient
Bayesian GWB detection techniques to analyze PTA
data sets, such as those presented in [8–13]. The work
of van Haasteren and Vallisneri [8] in particular provides
an outline for single-pulsar noise analyses in which Gibbs
sampling can be used to characterize the red noise com-
ponent of each pulsar’s timing residuals.

In this paper, we explore the capabilities of the Gibbs
sampling method in single-pulsar noise analyses by ap-
plying it on the NANOGrav 11-year data set [14] as well
as simulated data sets. We show that the Gibbs sam-
pling method is well suited for PTA single-pulsar analyses
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ABSTRACT
The recent discovery of a kilonova from the long duration gamma-ray burst, GRB 211211A, challenges

classification schemes based on temporal information alone. Gamma-ray properties of GRB 211211A
reveal an extreme event, which stands out among both short and long GRBs. We find very short
variations (few ms) in the lightcurve of GRB 211211A and estimate ∼ 1000 for the Lorentz factor of
the outflow. We discuss the relevance of the short variations in identifying similar long GRBs resulting
from compact mergers. Our findings indicate that in future gravitational wave follow-up campaigns,
some long duration GRBs should be treated as possible strong gravitational wave counterparts.

Keywords: gamma rays: individual (211211A)

1. INTRODUCTION

Gamma-ray bursts (GRBs) are typically classified into
long or short groups based on the duration of the ac-
tive gamma-ray episode. Such a classification has his-
torical origins (Kouveliotou et al. 1993), and the physi-
cal understanding behind this picture has matured over
the following decades: short GRBs (sGRBs) are pre-
dominantly from binary neutron star mergers (Duncan
& Thompson 1992; Usov 1992; Thompson 1994; Gold-
stein et al. 2017; Abbott et al. 2017) or possibly from
black hole - neutron star mergers (Narayan et al. 1992),
while long GRBs (lGRBs) originate from the core col-
lapse of massive stars (Woosley 1993; Paczyński 1998;
MacFadyen & Woosley 1999; Woosley & Bloom 2006).
There is an overlap between the duration distributions
of short and long classes. For this reason, the classi-
fication based on the burst duration is complemented
by rudimentary spectral information, the hardness ratio

(HR), available for all GRBs. Classifications based on
two parameters provide better separation between the
classes. On average, sGRBs are harder, while lGRBs
are softer (Paciesas et al. 1999; Bhat et al. 2016; von
Kienlin et al. 2020). In some cases even two parameters
are not sufficient to derive a reliable classification and
further observations are needed to hone in on the phys-
ical origin of the GRBs (see e.g. the Type I/II classifi-
cation scheme by Zhang et al. (2009) and refer to Kann
et al. (2011) for a discussion of controversial scenarios).
LGRBs also include Ultra-long GRBs (ULGRBs) with a
duration longer than thousands of seconds (Gendre et al.
2013; Levan et al. 2014; Piro et al. 2014; Greiner et al.
2015; Kann et al. 2018), and lGRBs associated with Su-
pernovae (SNe) Ic (Hjorth et al. 2003). Additionally gi-
ant flares from extragalactic magnetars (Roberts et al.
2021) can masquerade as sGRBs at a rate of approxi-
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ABSTRACT 

 

This manuscript analyzes lunar lander soil erosion models and trajectory models to 

calculate how much damage will occur to spacecraft orbiting in the vicinity of the 

Moon. The soil erosion models have considerable uncertainty due to gaps in our 

understanding of the basic physics. The results for ~40 t landers show that the Lunar 

Orbital Gateway will be impacted by 1000s to 10,000s of particles per square meter 

but the particle sizes are very small and the impact velocity is low so the damage will 

be slight. However, a spacecraft in Low Lunar Orbit that happens to pass through the 

ejecta sheet will sustain extensive damage with hundreds of millions of impacts per 

square meter: although they are small, they are in the hypervelocity regime, and 

exposed glass on the spacecraft will sustain spallation over 4% of its surface. 

  

INTRODUCTION 

 

The Moon is a reduced-gravity, airless body, so a rocket landing on the Moon 

potentially blows ejecta to higher than orbital altitudes or even completely off the 

Moon. To plan lunar missions, it is important to understand the trajectories and flux of 

the ejecta to protect orbiting spacecraft. Protection may be provided through timing the 

landings relative to positions of the orbiting spacecraft (COLlision Avoidance, or 

COLA), and through the construction or deployment of landing pads. Mitigation may 

be costly or sometimes impossible, so we need requirements derived from science on 

how much damage will occur without mitigation. 

 

RISKS DUE TO UNKNOWNS IN THE PHYSICS 

 

The science of interactions between rocket engines and planetary regolith is still very 

immature and large gaps exist in our understanding, including the following two areas. 

 

Cratering Regime Physics. Prior worked showed that there are various regimes of 

interaction, and different regimes will be “turned on” depending on the conditions of 

the rocket exhaust flow, the conditions of the regolith, and the conditions of the 

planetary environment (mainly the atmosphere and gravity). As near as we can tell, 

lunar landings in the Apollo program and smaller robotic missions only “turned on” 

the surface erosion regime, where gas flow traveling horizontally across the surface of 
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ABSTRACT
In this work, we extend our recently developed super-resolution (SR) model for cosmological simulations to produce fully time-
consistent evolving representations of the particle phase-space distribution. We employ a style-based constrained generative
adversarial network (Style-GAN) where the changing cosmic time is an input style parameter to the network. The matter power
spectrum and halo mass function agree well with results from high-resolution N-body simulations over the full trained redshift
range (10 ≤ 𝑧 ≤ 0). Furthermore, we assess the temporal consistency of our SR model by constructing halo merger trees. We
examine progenitors, descendants and mass growth along the tree branches. All statistical indicators demonstrate the ability of
our SR model to generate satisfactory high-resolution simulations based on low-resolution inputs.

Key words: methods: numerical – methods: statistical – Cosmology: large-scale structure of Universe

1 INTRODUCTION

As future cosmological surveys aim to cover the skymore broadly and
deeply, there is a growing demand for cosmological simulations with
larger sizes and finer resolutions (see e.g. Vogelsberger et al. 2020,
for a review). These simulations are essential for making predictions
from theoretical models and for comparison with galaxy surveys.
Cosmological surveys such as Euclid (Laureĳs et al. 2011) and the
RubinTelescopeLegacySurvey of Space andTime (LSST) (Yao et al.
2017) will require a large number of high-resolution simulations to
gain insight into cosmological models and how they apply to our
Universe.
Cosmological N-body simulations are powerful numericals tool

for solving the non-linear evolution of cosmic structure formation.
While they are computing-intensive, high-resolution dark matter-
only simulations using N-body codes, such as MP-Gadget1, can
follow the small-scale evolution of galaxy halos and so allow the cre-
ation of detailed merger trees. Even with high-performance comput-
ing resources, these numerical models require a significant amount
of storage and computation due to the complex and non-linear dy-
namics involved in gravitational structure formation, which is a very
challenging task. This limitation often requires researchers to choose
between maximizing resolution or volume. These different needs
are illustrated by the range of dark-matter and hydrodynamical sim-
ulations carried out in recent years, from the small volume high

★ Email:xiaowen4@andrew.cmu.edu
1 https://github.com/MP-Gadget/MP-Gadget

resolution FIRE suite (Hopkins et al. 2014) and to the ABACUS
summit(Maksimova et al. 2021) optimized for large-scale structure.
In recent years, Machine learning (ML) (Yue et al. 2016) has

become a promising tool in physics, capable of solving non-linear
problems and reducing computation times. ML is now being exten-
sively applied to cosmology (Dvorkin et al. 2022), addressing prob-
lems that were previously difficult to solve. Deep Learning (DL), the
use of neural networks Dvorkin et al. (2022), has found applications
in many different aspect in cosmological simulations. For example,
using DL, non-linear structures can be derived directly from cosmo-
logical initial conditions (He et al. 2019), and mock halo catalogs
can be inferred from density fields (Berger & Stein 2019; Bernardini
et al. 2020). Other works use Generative Adversarial Networks and
denoising diffusion model(GANs, (Goodfellow et al. 2014; Mudur
& Finkbeiner 2022)), learning from 2D images of cosmic webs (Ro-
dríguez et al. 2018) to generate synthetic versions. Matter density
fields in 3Dhave been generated also (Perraudin et al. 2019).Machine
learning models have been developed to predict different baryonic
properties from dark matter-only simulations, including the distri-
bution of galaxies, thermal Sunyaev-Zeldovich (tSZ) effect, 21 cm
emission from neutral hydrogen, stellar maps, and various gas prop-
erties. Examples of these studies are some that have used machine
learning to predict the galaxy distribution (Modi et al. 2018; Zhang
et al. 2019), others the tSZ effect (Tröster et al. 2019), the 21 cm
emission distribution (Wadekar et al. 2020), and gas properties such
as stellar maps (Dai & Seljak 2021). CAMELS (Cosmology and As-
trophysics with MachinE Learning Simulations, ), is a large project
involving a training set of over 4000 hydrodynamical simulations run
with different hydrodynamic solvers and subgrid models for galaxy

© 2022 The Authors
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frequencies of the observed X-ray quasi-period

oscillations of XTE J1807-294
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Abstract. The investigation of the data for quasi-periodic pulsations observed in the X-ray
spectra of the accreting millisecond pulsar XTEJ 1807-294 allows some conclusions to be
made about its main parameters – mass and angular momentum. Seven different geodesic
models – namely RP, RP1, RP2, TP, TP1, WD and TD are applied in attempt to assess
their ability to describe the properties of the central neutron star.
Key words: pulsars: general – pulsars: individual XTEJ 1807-294 – stars: neutron – X-rays:
binaries – Accretion, accretion disks

Introduction

The field of X-ray timing was revolutionized by the launch of Rossi X-ray
Timing Explorer (RXTE) on the 31st of December 1995, a space observatory
carrying the Proportional Counter Array (PCA). The latter is an X-ray de-
tector with a timing resolution down to milliseconds that allows extraction of
X-ray data for stars in latest stages of their evolution.

Most of the information that we have about the observed low mass X-ray
binaries (LMXB) is obtained through the studying of the X-ray spectra emit-
ted by the accretion disk surrounding the central object, an already evolved
initially massive star – a black hole (BH) or a neutron star (NS). Neutron
stars and black holes posses extremely strong gravitational field that can be
tested through the exploration of the accreted gas motion and emission. The
emission is in X-ray range, it is persistent and proves to be quasi-periodic. The
observed frequencies can be naturally connected to the geodesic frequencies of
motion of a test particle in the accretion disk. It is possible, of course that the
quasi-periodic oscillations (QPOs) arise as a result of the intrinsic properties
of the accretion disk flow rather than its geometry - for example magnetically-
driven density waves in the disk, (Tagger& Pellat, 1999). The geodesic models
are simpler, though, and hence - more attractive.

QPOs can be devided in two groups – low-frequency (LF QPOs) and high-
frequency (kHz QPOs). An advantage of LF QPOs, which tend to drift in
frequency, is their strength, kHz QPOs are weak and rarely observed but
have one significant advantage – some of them appear in pairs - a lower νL
and a higher νU with rational frequency ratio (for example 3 : 2 or 3 : 1).
Such a relation allows the equations that connect these frequencies to the
basic properties of the central objects - NS or BH to be solved and a relation
between the mass and the angular momentum of the object in question to be
obtained.

This mass-angular momentum relation allow one of these parameters to
be evaluated, if the other is known from additional data (for example, pho-
tometry). We are set to solve another problem – by testing different geodesic
models to find the one that is the most suitable for the description of the

Bulgarian Astronomical Journal 21, 2014
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Discovery of an Extended γ-ray Emission around the Supernova Remnant Candidate associated with

PSR J0837−2454

Pengfei Zhang1 and Yuliang Xin2

1Department of Astronomy, School of Physics and Astronomy, Key Laboratory of Astroparticle Physics of Yunnan Province, Yunnan
University, Kunming 650091, People’s Republic of China; zhangpengfei@ynu.edu.cn

2School of Physical Science and Technology, Southwest Jiaotong University, Chengdu 610031, People’s Republic of China;
ylxin@swjtu.edu.cn

ABSTRACT

Motivated by the recent discovery of a low surface brightness diffuse emission, a supernova remnant

(SNR) candidate, surrounding the young pulsar PSR J0837–2454, we carry out a likelihood analysis

of the γ-ray data obtained by the Fermi Gamma-ray Space Telescope from August 2008 to November

2022. Using a 2D Gaussian spatial template, we detect a significant extended γ-ray emission with

a 68% containment radius of ∼ 1◦.8, which is spatially coincident with the new SNR candidate at

∼ 12σ confidence level. The spectrum of the extended γ-ray emission, obtained in the energy range of

0.1–500.0 GeV, shows a significant spectral curvature at ∼1 GeV, with a log-parabola spectral shape.

Several scenarios, such as the SNR, pulsar wind nebula, and pulsar halo, are discussed as the potential

origins of the extended γ-ray emission, and our model fitting results are preferred for the SNR scenario.

Keywords: Gamma-rays(637); Pulsars (1306); Supernova remnants (1667)

1. INTRODUCTION

During the ending stage of massive star evolution, the

core of the star may undergo a powerful supernova ex-

plosion, collapsing into a rotating neutron star (i.e., a

pulsar), which may lead to the creation of a supernova

remnant (SNR), as the expanding gaseous remnant in-

teracts with the surrounding circumstellar and inter-

stellar medium. In our Galaxy, nearly 300 SNRs have

been identified by the radio observations (Green 2014,

2019) at low Galactic latitudes . 300 pc (Máız-Apellániz

2001). Thanks to the γ-ray telescopes, approximately

40 SNRs have been detected with γ-ray emissions (Zeng

et al. 2019, and references therein), including the GeV

γ-ray SNRs detected by Fermi, e.g. IC 443 and W44

(Ackermann et al. 2013), and the TeV γ-ray SNRs de-

tected by the ground-based Cherenkov telescopes (e.g.

HESS, HAWC, VERITAS and LHAASO), such as RX

J1713.7-3946 (H. E. S. S. Collaboration et al. 2018a),

G106.3+02.7 (Acciari et al. 2009; Albert et al. 2020;

Cao et al. 2021), etc. SNR’s electromagnetic emissions

extend from MHz radio frequencies to TeV γ-ray ener-

gies (Zeng et al. 2019, 2021). The high-velocity shock of

SNR could accelerate cosmic rays to very high energies

(even up to hundred of TeV). The studies of the γ-ray

emissions from SNRs provide us excellent tools for prob-

ing the interstellar medium and stellar evolution in our

Galaxy, especially for the Galactic cosmic rays acceler-

ation.

Recently, Pol et al. (2021) reported a discovery and

timing of a young pulsar PSR J0837–2454 at a high

Galactic latitude with a Galactic coordinate (J2000) of

l = 247◦.6 and b = 9◦.8. They presented the pulsar’s

timing solution by using the radio data from the Parkes

radio telescope. Its spin period (P ) and spin-down rate

(Ṗ ) are 629.4 ms and 3.5×10−13 s s−1, respectively. And

the characteristic age (τc = P
2Ṗ

; Lorimer & Kramer

2012) is 28.6 kyr based on the assumption that the

magnetic-dipole braking as the only energy-loss mech-

anism with a braking index of 3 and P � Pinit (Pinit is

the pulsar’s initial spin period). Its spin-down luminos-

ity (Ė) is calculated to be 5.5×1034 erg s−1, and the sur-

face dipole magnetic field strength (BS) is 1.5× 1013 G.

Based on the NE2001 electron density model provided in

Cordes & Lazio (2002), Pol et al. (2021) claimed that the

pulsar locates at a larger distance of 6.3 kpc inferred by

a DM-derived distances, which implies that PSR J0837–

2454 appears at the edge of Galaxy and has a z-height

above the Galactic plane of 1.1 kpc. If this value is true,

PSR J0837–2454 will be the first pulsar known to be

born from a runaway O/B star.

Furthermore, they also claimed a discovery of a low

surface brightness diffuse emission with a region of ∼
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ABSTRACT

Gamma-Ray Bursts (GRBs), being observed at high redshift (z = 9.4), vital to cosmological studies

and investigating Population III stars. To tackle these studies, we need correlations among relevant

GRB variables with the requirement of small uncertainties on their variables. Thus, we must have

good coverage of GRB light curves (LCs). However, gaps in the LC hinder the precise determination of

GRB properties and are often unavoidable. Therefore, extensive categorization of GRB LCs remains a

hurdle. We address LC gaps using a “stochastic reconstruction,” wherein we fit two pre-existing models

(Willingale 2007; W07 and Broken Power Law; BPL) to the observed LC, then use the distribution of

flux residuals from the original data to generate data to fill in the temporal gaps. We also demonstrate

a model-independent LC reconstruction via Gaussian Processes. At 10% noise, the uncertainty of

the end time of the plateau, its correspondent flux, and the temporal decay index after the plateau

decreases, on average, by 33.3% 35.03%, and 43.32%, respectively for the W07, and by 33.3%, 30.78%,

43.9% for the BPL. The slope of the plateau decreases by 14.76% in the BPL. After using the Gaussian

Process technique, we see similar trends of a decrease in uncertainty for all model parameters for both

the W07 and BPL models. These improvements are essential for the application of GRBs as standard

candles in cosmology, for the investigation of theoretical models and for inferring the redshift of GRBs

with future machine learning analysis.

Keywords: γ-ray bursts— statistical methods— relativistic processes—cosmology: cosmological

parameters— light curve reconstruction

1. INTRODUCTION

Gamma-Ray Bursts (GRBs) are transient astrophysical events that can be observed up to redshift z = 8.2 (Tanvir

et al. 2009; Salvaterra et al. 2009) and z = 9.4 (Cucchiara et al. 2011). Thus, they are excellent candidates for

cosmological tools that can be utilized to probe the early universe. Moreover, a comprehensive characterization of

GRBs can provide insight into Population III stars, the most ancient stars observed at the epoch of re-ionization.

Having a reliable taxonomy of GRB classes and good data coverage will favor future population studies and thus will

enhance the determination of the cosmological evolution of GRB properties and the investigation of their emission

mechanism and/or progenitors. All these are foundational topics for astrophysics.

The lack of a robust GRB classification scheme, the incompleteness of redshift information in the existing sample of

observed GRBs, gaps in the light curves (LCs), and the need for a unique database repository are many of the difficult

challenges that astrophysicists need to overcome. In this paper, we attempt to solve the issue related to the temporal

gaps in the LCs.

Observationally, GRB emission can be divided into two phases: the prompt and the afterglow. The prompt is the

primary phase observed from high-energy γ-rays to X-rays and sometimes in optical bands (Vestrand et al. 2005;
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Evaluation of Coronal and Interplanetary Magnetic Field Extrapolation

Using PSP Solar Wind Observation

Yue-Chun Song

May 2023

Abstract

Using solar wind observation near PSP perihelions as constraints, we have investigated the parameters in
various PFSS model methods. It’s found that the interplanetary magnetic field extrapolation with source sur-
face height RSS = 2Rs is better than that with RSS = 2.5Rs. HMI and GONG magnetograms show similar
performance in the simulation of magnetic field variation, but the former appears to have a slight advantage in
reconstruction of intensity while the latter is more adaptable to sparser grids. The finite-difference method of
constructing eigenvalue problem for potential field can achieve similar accuracy as analytic method and greatly
improve the computational efficiency. MHD modeling performs relatively less well in magnetic field prediction,
but it is able to provide rich information about solar-terrestrial space.

Key words: Sun: magnetic fields — solar wind — solar–terrestrial relations — MHD

1 Introduction

Solar magnetic field is closely related to various structures and activities in solar-terrestrial space, and also
an important factor affecting space weather. The dynamically changing magnetic field is the source of nearly
all solar activity affecting earth and human technological systems. Yet due to the limited observational tech-
niques, at present, only in-situ magnetic field measurement of spacecrafts and radial magnetic field measurement
of photosphere are relatively accurate. The observed chromospheric magnetic field has been continuously im-
proved, while the direct measurement of the coronal magnetic field is still a difficult problem in solar physics
[Yang et al.(2020a), Yang et al.(2020b)].

Some latest research has obtained the coronal magnetic field intensity distribution through indirect ways
[Yang et al.(2020b)], but the commonly used method is still by extrapolation based on the measured photospheric
magnetic field [Wiegelmann & Sakurai(2021)]. For certain coronal region where plasma β � 1, under the assump-
tion of force-free field model, the Lorentz force is 0, that is,

j ×B = 0, (1)

∇×B = αB. (2)

Utilizing Maxwell’s equations, that can be further simplified to a form containing only the magnetic field B. If α
is constant among that spatial range, B will be a linear force-free field, and particularly, a potential field where’s
no current with α = 0; if α varies in space, a nonlinear force-free field will be obtained. When the premise β � 1
doesn’t hold, a more comprehensive model is needed to calculate the coronal magnetic field, such as the magne-
tohydrostatic model [Ruan et al.(2008)], the stationary magnetohydrodynamic model [Wiegelmann et al.(2020)],
magnetohydrodynamic model [Mikić et al.(2018)], etc.

And for interplanetary space farther from the sun, the magnetic field can often be thought of as coupled to
the plasma. As the solar wind spreads radially outward, a spiral structure is formed. That helical structure
is also commonly referred to as ”Parker spiral” due to Parker’s seminal work on interplanetary magnetic field
[Parker(1958)]. Then at a larger distance from the heliocentric (r � Rs), Br ∝ 1/r2, and Bφ ∝ 1/r.

Magnetometers are usually used to obtain the three-component magnetic field. We track the measurements
at the satellite location to acquire the structure of local magnetic field. Before the launch of the Parker Solar
Probe in 2018, the interplanetary magnetic field was mainly observed near 1 AU. PSP is able to reach the corona
at about 9.5 solar radii from the sun and conduct direct measurements of the velocity of protons within 0.5 AU
as well as the coronal and interplanetary magnetic field along its orbit, which provides more accurate solar wind
speed input and new effective reference for optimizing the models.

In this work we mainly analyze the coronal and interplanetary magnetic field with Potential Field Source
Surface (PFSS) model and magnetohydrodynamic (MHD) model. Section 2 introduces the observational data
used in this paper. Section 3 describes several algorithms for PFSS model and MHD model in detail. Section 4
is about the magnetic field simulation results and the comparison with in-situ observation. The adjustment of
parameters and the selection of magnetograms are discussed. Section 5 integrates the main conclusion and issues
that still need further research.
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ABSTRACT

By performing ideal magnetohydrodynamical (MHD) simulations with weak vertical magnetic fields

in unstratified cylindrical shearing boxes with modified boundary treatment, we investigate MHD tur-

bulence excited by magnetorotational instability. The cylindrical simulation exhibits extremely large

temporal variation in the magnetic activity compared to the simulation in a normal Cartesian shear-

ing box, although the time-averaged field strengths are comparable in the cylindrical and Cartesian

setups. Detailed analysis of the terms describing magnetic-energy evolution with “triangle diagrams”

surprisingly reveals that in the cylindrical simulation the compression of toroidal magnetic field is un-

expectedly as important as the winding due to differential rotation in amplifying magnetic fields and

triggering intermittent magnetic bursts, which are not seen in the Cartesian simulation. The impor-

tance of the compressible amplification is also true for a cylindrical simulation with tiny curvature; the

evolution of magnetic fields in the nearly Cartesian shearing box simulation is fundamentally different

from that in the exact Cartesian counterpart. The radial gradient of epicycle frequency, κ, which

cannot be considered in the normal Cartesian shearing box model, is the cause of this fundamental

difference. An additional consequence of the spatial variation of κ is continuous and ubiquitous for-

mation of narrow high(low)-density and weak(strong)-field localized structures; seeds of these ring-gap

structures are created by the compressible effect and subsequently amplified and maintained under the

marginally unstable condition regarding “viscous-type” instability.

Keywords: accretion disks — burst astrophysics — MHD — MHD simulations — protoplanetary disks

— turbulence

1. INTRODUCTION

The local shearing sheet/box model (Goldreich &

Lynden-Bell 1965; Narayan et al. 1987; Hawley et al.

1995; Latter & Papaloizou 2017) is a strong tool to

study various physical properties of differentially rotat-

ing systems. To date, local shearing box simulations

have been applied to a variety of astrophysical problems,

such as magnetohydrodynamical (MHD hereafter) tur-

bulence (e.g., Matsumoto & Tajima 1995; Stone et al.

1996; Kawazura et al. 2022) excited by magnetorota-

tional instability (MRI hereafter; Velikhov 1959; Chan-

drasekhar 1961; Balbus & Hawley 1991), dynamical and

thermal properties of protoplanetary disks (e.g., Kunz &

Lesur 2013; Mori et al. 2017; Pucci et al. 2021) and ac-

cretion disks around compact objects (e.g. Hirose et al.

2009; Dempsey et al. 2022), heating accretion disk coro-

nae (Io & Suzuki 2014; Bambic et al. 2023), driving disk

winds and outflows (Suzuki & Inutsuka 2009; Suzuki

et al. 2010; Bai & Stone 2013; Lesur et al. 2013; Fro-

mang et al. 2013), acceleration of non-thermal particles

(Hoshino 2015; Kimura et al. 2016; Bacchini et al. 2022),

and amplification of magnetic fields in compact objects

(Masada et al. 2012; Guilet et al. 2022).

One of the drawbacks in the normal Cartesian shear-

ing box model is that the positive radial direction is

not well defined because the symmetry with respect to

the ±x directions is assumed. As a result, the angular

momentum is not defined and the radial accretion flow

cannot be properly captured in the Cartesian shearing

system. Therefore, mass accretion rate cannot be di-

rectly measured in numerical simulations but is inferred

from the sum of Maxwell and Reynolds stresses. In ad-

dition, the basic physical properties of magnetic-field

amplification is considered to be qualitatively different

in linear shear flows in Cartesian coordinates and more

realistic differentially rotating flows in cylindrical coor-

dinates (Ebrahimi & Blackman 2016). Although these

problems are not inherent in global simulations (e.g.,
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Abstract

Using Asteroid Terrestrial-impact Last Alert System (ATLAS) and Zwicky Transient Facility (ZTF) data,
I found that the SW Sex star V1315 Aql entered a low state early in 2023. As far as I know, this is the
first such an event since the discovery of this object with observations dating back to 1948. This object is
renowned for its nova shell and the nova explosion was estimated to occur 500–1200 yr ago, although no direct
detection of a nova eruption was present in the historical record. The present low state probably occurred as
the mass-transfer rate from the nova-irradiated secondary decreased secularly. The present low state would
provide an opportunity to study the secondary in detail, which has been hampered by the luminous accretion
disk in the past. I also provide the recent light curve of the classical nova LV Vul, which now shows high and
low states 50 yr after the nova eruption.

V1315 Aql was initially discovered as a variable star (=SVS 8130) by Metik (1961). During a search for
ultraviolet-excess objects, Downes et al. (1986) detected this object (KPD 1911+1212) and identified it to be an
eclipsing cataclysmic variable. Its spectrum was that of a high-excitation old nova0 (this term was used slightly
differently from the modern meaning), and unusually singly peaked emission lines despite its high inclination
and the unusual behavior of the emission lines against the orbital phase already attracted attention. Downes
et al. (1986) classified V1315 Aql to be a member of high-excitation (all eclipsing) old novae, including SW Sex,
LX Ser, DQ Her, RW Tri and V363 Aur as a group. These unusual emission lines have been studied by many
authors (Szkody 1987; Szkody and Piche 1990; Dhillon et al. 1991; Smith et al. 1993; Dhillon and Rutten 1995;
Hellier 1996). This object played an important role in establishing the concept of SW Sex stars (Thorstensen
et al. 1991; Hellier 1996).

This object received attention again by the discovery of a nova shell (Sahman et al. 2015, 2018). Using the
expansion velocity, Sahman et al. (2018) suggested that the nova eruption occurred 500–1200 yr ago. Sahman
et al. (2018) could not find a corresponding “guest star” in old Chinese and Asian records compiled by Stephenson
(1976). Schaefer (2019) could not find evidence for a nova eruption in archival plates starting from 1889.

While inspecting of Asteroid Terrestrial-impact Last Alert System (ATLAS: Tonry et al. 2018) forced pho-
tometry (Shingles et al. 2021) and Zwicky Transient Facility (ZTF: Masci et al. 2019)1 data, I noticed that this
object entered a low state starting from early 2023 (vsnet-alert 27760)2. As far as I know, this is the first such
an event since the discovery of this object.

The typical high-state light curve (2016–2019) is shown in figure 1. The object gradually faded and entered
a low state starting from 2023 (figure 2). Hellier (2000) suggested that SW Sex behavior is caused by episodes of
very high mass transfer, which are balanced by VY Scl low states (i.e. to adjust to the long-term mass transfer
by angular momentum loss from the binary). In the case of V1315 Aql, the origin of very high mass transfer in
its high state appears to be the result of a nova explosion. The present low state would provide an opportunity
to study the secondary (such as the chemical composition) in detail, which has been hampered by the luminous
accretion disk in the past.

Several classical novae (not necessarily SW Sex stars) have been known to show low states recently. They
are summarized in table 1. For CP Lac see vsnet-alert 236213, which was originally detected by Gaia.4 The
2020–2022 low state of DK Lac was detected in the ZTF data. The light curve of LV Vul from the ZTF data is
shown in figure 3. In addition to them, there are also more candidates:

• IV Cep (1971): highly variable in the ZTF data. More than 1 mag fading in 2018 December–2019 April,
2020 June–August, 2021 September–? (ending not recorded due to the seasonal gap) and 2022 August–
September.

• V400 Per (1974): likely low state in early 2022; only three positive ZTF observations.

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

2
<http://ooruri.kusastro.kyoto-u.ac.jp/mailarchive/vsnet-alert/27760>.

3D. Denisenko <http://ooruri.kusastro.kyoto-u.ac.jp/mailarchive/vsnet-alert/23621>.
4
<http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia19elx/>.
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ABSTRACT

The origin and evolution of gas in debris disks is still not well understood. Secondary gas production

from cometary material or a primordial origin have been proposed. So far, observations have mostly

concentrated on CO, with only few C observations available. We create an overview of the C and CO

content of debris disk gas and use it test state-of-the-art models. We use new and archival ALMA

observations of CO and C I emission, complemented by C II data from Herschel, for a sample of 14

debris disks. This expands the number of disks with ALMA measurements of both CO and C I by

ten disks. We present new detections of C I emission towards three disks: HD 21997, HD 121191

and HD 121617. We use a simple disk model to derive gas masses and column densities. We find

that current state-of-the-art models of secondary gas production overpredict the C0 content of debris

disk gas. This does not rule out a secondary origin, but might indicate that the models require an

additional C removal process. Alternatively, the gas might be produced in transient events rather than

a steady-state collisional cascade. We also test a primordial gas origin by comparing our results to a

simplified thermo-chemical model. This yields promising results, but more detailed work is required

before a conclusion can be reached. Our work demonstrates that the combination of C and CO data

is a powerful tool to advance our understanding of debris disk gas.

Keywords: Debris disks (363) — Circumstellar gas (238) — Chemical abundances (224) — Submil-

limeter astronomy (1647) — Aperture synthesis (53) — Radiative transfer (1335)

Corresponding author: Gianni Cataldi

cataldi.gia@gmail.com

∗ Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.
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ABSTRACT

Stellar streams form through the tidal disruption of satellite galaxies or globular clusters orbiting a

host galaxy. Globular cluster streams are of particular interest since they are thin (dynamically cold)

and therefore sensitive to perturbations from low-mass subhalos. Since the subhalo mass function differs

depending on the dark matter composition, these gaps can provide unique constraints on dark matter

models. However, current samples are limited to the Milky Way. With its large field of view, deep

imaging sensitivity, and high angular resolution, the upcoming Nancy Grace Roman Space Telescope

(Roman); presents a unique opportunity to significantly increase the number of observed streams and

gaps. This paper presents a first exploration of the prospects for detecting gaps in streams in M31

and other nearby galaxies with resolved stars. We simulate the formation of gaps in a Palomar-5-like

stream and generate mock observations of these gaps together with background stars in M31 and

foreground Milky Way stellar fields. We assess Roman’s ability to detect gaps out to 10 Mpc through

visual inspection and with the gap-finding tool FindTheGap. We conclude that gaps of ≈ 1.5 kpc in

streams that are created from subhalos of masses ≥ 5 × 106 M� are detectable within a 2–3 Mpc

volume in exposures of 1000s–1 hour. This volume contains ≈ 200 galaxies. Large samples of stream

gaps in external galaxies will open up a new era of statistical analyses of gap characteristics in stellar

streams and help constrain dark matter models.

1. INTRODUCTION

Large-scale cosmological simulations with cold dark

matter (ΛCDM) predict hierarchical formation of dark

matter halos and the existence of substructure at all

scales (White & Rees 1978; Blumenthal et al. 1984; Bul-

lock et al. 2001; Springel et al. 2008; Fiacconi et al.

2016). To test ΛCDM predictions at small scales, previ-

ous studies have uncovered satellite galaxies around the

Milky Way and dwarf galaxies in the local group with

stellar masses down to 103 M�(Willman et al. 2005; Si-

mon & Geha 2007; Martin et al. 2008; Koposov et al.

2009; Willman et al. 2011; McConnachie 2012; Bech-

tol et al. 2015; Drlica-Wagner et al. 2015; Geha et al.

∗ NASA Hubble Fellow

2017; Mao et al. 2021). However, in ΛCDM models,

galaxies with halos of masses . 108M� are more domi-

nated by dark matter compared to higher-mass galaxies,

which makes their detection difficult (Efstathiou 1992;

Okamoto et al. 2008; Bullock et al. 2000; Sawala et al.

2016). Other dark matter models differ from ΛCDM

in their predictions for the masses and number densi-

ties of dark matter subhalos (subhalo mass functions).

For instance, warm dark matter models (WDM, Bode

et al. 2001) predict a similar hierarchical collapse at large

scales, but this collapse is strongly suppressed at lower

masses (. 109M�, depending on particle mass), result-

ing in a smaller fraction of low-mass subhalos (Bose et al.

2017). Similarly, some fuzzy cold dark matter mod-

els (Hu et al. 2000; Hui et al. 2017), predict a sharp

cutoff at low masses (≤ 107M�). Self-interacting dark
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Abstract

Evidence of the negative impact of light pollution on ecosystems is increasing

every year. Its monitoring and study requires the identification, characterisation

and control of the emitting sources. This is the case of urban centres with

outdoor lighting that spills light outside the place it is intended to illuminate.

The quantity and nature of the pollutant (artificial light at night) depends on the

lamps used and how they are positioned. This is important because a greater

proportion of blue light means a greater scattering effect. In this study, we

analysed the emissions of 100 urban centres in the north of Granada province

(Spain), using International Space Station (ISS) images from 2012 and 2021,

in order to compare the results with public lighting inventories and verify the

validity of these data for characterising night-time lighting emissions. Using

inference and cluster analysis techniques, we confirmed an overall increase in

emissions and a shift in their colour towards blue, consistent with the results

of the lighting inventory analysis. We concluded that it is possible to use ISS

imagery to characterise artificial light emissions and the lighting that causes

them, none the less there are a number of inherent problems with the data and

the way it was collected that require the results to be interpreted with caution.

Email address: maximo@iaa.es (Máximo Bustamante-Calabria)

Preprint submitted to Remote Sensing of Environment May 23, 2023
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ABSTRACT

The electromagnetic emission from neutron star mergers is comprised of multiple components. Syn-

chrotron emission from the disk-powered jet as well as thermal emission from the merger ejecta (pow-

ered by a variety of sources) are among the most studied sources. The low masses and high velocities of

the merger ejecta quickly develop conditions where emission from collisionless shocks becomes critical

and synchrotron emission from the merger ejecta constitutes a third component to the observed signal.

The aim of this project is to examine shock development, magnetic field generation and particle accel-

eration in the case of mildly relativistic shocks, which are expected when the tidal ejecta of neutron star

mergers drive a shock into the external medium. Using LANL’s VPIC (vector particle-in-cell) code, we

have run simulations of such mildly-relativistic, collisionless, weakly-magnetized plasmas and compute

the resultant magnetic fields and particle energy spectra. We show the effects of varying plasma con-

ditions, as well as explore the validity of using different proton to electron mass ratios in VPIC. Our

results have implications for observing late-time electromagnetic counterparts to gravitational wave

detections of neutron star mergers.

Keywords: Astrophysics – plasma physics – stellar outflows

1. INTRODUCTION

The merger of compact binaries composed either of

two neutron stars or a neutron star and a black hole

have, for the past 4 decades, been invoked to explain a

wide range of astrophysical phenomena including short-

duration gamma-ray bursts (Paczynski 1991; Popham

et al. 1999), sources of r-process yields (Lattimer &

Schramm 1974; Norman & Schramm 1979) and origins

of gravitational waves (Cameron 1963; Clark & Eard-

ley 1977; Clark et al. 1979). A combination of theory

and observations have been used to strengthen these

claims. For example, early predictions for the offset

of short-duration gamma-ray bursts under the neutron

star merger paradigm (Fryer et al. 1999b; Bloom et al.

1999) ultimately were confirmed by observations, ce-

menting this progenitor for short-duration gamma-ray

bursts (Fong & Berger 2013). Similarly, increasingly de-

tailed studies both of neutron star merger events (De

Donder & Vanbeveren 2004) and galactic chemical evo-

lution (Argast et al. 2004; Komiya & Shigeyama 2016;

Côté et al. 2017, 2019) have shown that these mergers

can be the dominant site of r-process production, identi-

fying both the strengths and weaknesses of this r-process

source.

The concurrent detection of GW170817 in both grav-

itational and electromagnetic waves (Côté et al. 2017)

has dramatically strengthened this picture. Observing

the gravitational waves allowed us to identify a merger

event. The combined gamma-ray and radio observations

provided strong evidence that this merger produced a

relativistic outflow. The strong infrared signal also sug-

gests that the merger ejected r-process elements, but

with a large range of inferred yields (Côté et al. 2017).

A broad range of physical uncertainties make it diffi-
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ABSTRACT

Stripped-envelope supernovae (SESNe) are a subclass of core-collapse supernovae that are deficient in hydro-

gen (SN IIb, SN Ib) and possibly helium (SN Ic) in their spectra. Their progenitors are likely stripped of this

material through a combination of stellar winds and interactions with a close binary companion, but the exact

ejecta mass ranges covered by each subtype and how it relates to the zero-age main-sequence progenitor mass

is still unclear. Using a combination of semi-analytic modeling and numerical simulations, we discuss how the

properties of SESN progenitors can be constrained through different phases of the bolometric light curve. We

find that the light curve rise time is strongly impacted by the strength of radioactive nickel mixing and treatment

of helium recombination. These can vary between events and are often not accounted for in simpler modeling

approaches, leading to large uncertainties in ejecta masses inferred from the rise. Motivated by this, we focus

on the late time slope, which is determined by gamma-ray leakage. We calibrate the relationship between ejecta

mass, explosion energy, and gamma-ray escape time T0 using a suite of numerical models. Application of the fit-

ting function we provide to bolometric light curves of SESNe should result in ejecta masses with approximately

20% uncertainty. With large samples of SESNe coming from current and upcoming surveys, our methods can

be utilized to better understand the diversity and origin of the progenitor stars.

Keywords: radiative transfer — supernovae: general — supernovae: stripped

1. INTRODUCTION

The broad classification of stripped-envelope supernovae

(SESN) refers to core-collapse supernovae (CCSNe) that

have lost most or all of their outer hydrogen (SN IIb

and SN Ib, respectively) and possibly helium (SN Ic) en-

velopes prior to explosion (for reviews of SN classifica-

tion, see Filippenko 1997; Gal-Yam 2017). Understand-

ing the progenitors of these events and the ways in which

they differ from more traditional SNe II provides insight

into the life cycles of massive stars and what events impact

their evolution near death. In a few instances, Type Ibc

progenitors have been identified in pre-explosion imag-

ing (e.g., Eldridge & Maund 2016; Van Dyk et al. 2018;

Kilpatrick et al. 2018; Xiang et al. 2019), but in the vast

majority of cases the progenitors are too dim and distant to

use such techniques. It is therefore crucial to use the SNe

themselves to study the properties of their progenitors.

One especially important parameter is the ejecta mass, Mej,

because it can be used to discriminate between different ori-

gins of SESNe and relating it to the zero age main sequence

(ZAMS) mass, MZAMS, teaches us about the mass loss pro-

cess. The ZAMS mass ranges covered by different classes

of SESN is still unclear, as well as whether or not those

mass ranges represent discrete groups of progenitors or a

continuous distribution (Ouchi & Maeda 2017). A lack of

clearly disparate masses between SESN subtypes may pro-

vide more evidence that SESN result mainly from binary

evolution channels (Lyman et al. 2016). Single-star evolu-

tion requires a radiatively driven wind to remove the outer

envelopes, which is only possible in especially massive stars,

however the number of observed SESN is too high to ex-

plain the majority with such high mass stars (Smith et al.

2011; Smith 2014; Sravan et al. 2019; Dessart et al. 2020),

and that traditional stellar wind prescriptions cannot read-

ily explain high mass loss rates inferred for certain progen-

itors (Ouchi & Maeda 2017). Newer results from Sun et al.

(2022) support a hybrid process to generate SN Ic progenitors

where the hydrogen envelope is stripped via binary interac-

tions and the helium envelope is driven off by winds. This

would still require sufficiently massive stars, though the ex-

act ZAMS masses needed are still debated. Searching for any

correlations between explosion parameters and SESN classes

brings us closer to understanding these progenitors and the

late stages of evolution for massive stars.

Two of the most common ways to constrain Mej from SN

light curves is using the rise time (e.g., Arnett 1982) and the

decaying tail (e.g., Colgate et al. 1980). As we further ar-

gue below in Section 2, using the rise is less reliable due to

differences between events that are not captured in simple fit-

http://arxiv.org/abs/2305.12005v1
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ABSTRACT

Galactic science encompasses a wide range of subjects in the study of the Milky Way and Magellanic

Clouds, from Young Stellar Objects to X-ray Binaries. Mapping these populations, and exploring

transient phenomena within them, are among the primary science goals of the Vera C. Rubin Ob-

servatory’s Legacy Survey of Space and Time (LSST). While early versions of the survey strategy

dedicated relatively few visits to the Galactic Plane region, more recent strategies under consideration

envision higher cadence within selected regions of high scientific interest. The range of galactic sci-

ence presents a challenge in evaluating which strategies deliver the highest scientific returns. Here we

present metrics designed to evaluate Rubin survey strategy simulations based on the cadence of obser-

vations they deliver within regions of interest to different topics in galactic science, using variability

categories defined by timescale. We also compare the fractions of exposures obtained in each filter with

those recommended for the different science goals. We find that the baseline v2.x simulations deliver

observations of the high-priority regions at sufficiently high cadence to reliably detect variability on

timescales >10 d or more. Follow-up observations may be necessary to properly characterize variability,

especially transients, on shorter timescales. Combining the regions of interest for all the science cases

considered, we identify those areas of the Galactic Plane and Magellanic Clouds of highest priority.

We recommend that these refined survey footprints be used in future simulations to explore rolling

cadence scenarios, and to optimize the sequence of observations in different bandpasses.

Keywords: Rubin Observatory — LSST — Galactic and extragalactic astronomy — Local Group —

Milky Way Galaxy – Large Magellanic Cloud — Small Magellanic Cloud

1. INTRODUCTION
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Orbital Decay of Hot Jupiters due to Weakly Nonlinear Tidal Dissipation
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ABSTRACT
We study tidal dissipation in hot Jupiter host stars due to the nonlinear damping of tidally driven

g-modes, extending the calculations of Essick & Weinberg (2016) to a wide variety of non-solar type
hosts. This process causes the planet’s orbit to decay and has potentially important consequences for
the evolution and fate of hot Jupiters. Previous studies either only accounted for linear dissipation
processes or assumed that the resonantly excited primary mode becomes strongly nonlinear and breaks
as it approaches the stellar center. However, the great majority of hot Jupiter systems are in the weakly
nonlinear regime in which the primary mode does not break but instead excites a sea of secondary
modes via three-mode interactions. We simulate these nonlinear interactions and calculate the net
mode dissipation for stars that range in mass from 0.5M� ≤ M? ≤ 2.0M� and in age from the early
main sequence to the subgiant phase. For stars with M? . 1.0M� of nearly any age, we find that the
orbital decay time is . 100 Myr for orbital periods Porb . 1 day. For M? & 1.2M�, the orbital decay
time only becomes short on the subgiant branch, where it can be . 10 Myr for Porb . 2 days and
result in significant transit time shifts. We discuss these results in the context of known hot Jupiter
systems and examine the prospects for detecting their orbital decay with transit timing measurements.

Keywords: gravitation – instabilities – planets and satellites: dynamical evolution and stability – waves

1. Introduction

The orbits of hot Jupiters decay over time due to the
tide-induced transfer of energy and angular momentum
from the orbit to the host star. The orbital decay rate
depends on the efficiency of tidal dissipation within the
star and is sensitive to its structure and evolutionary
state. The rate can therefore be a strong function of not
just orbital period, but also stellar mass and age (for a
review of tidal dissipation processes in stars and giant
planets, see Ogilvie 2014).
The most direct observational evidence of hot Jupiter

orbital decay comes from the measured transit time
shifts of WASP-12b (Maciejewski et al. 2016; Patra et al.
2017; Yee et al. 2020) and Kepler-1658b (Vissapragada

Corresponding author: Nevin N. Weinberg
nevin@uta.edu

et al. 2022). A number of studies also find evidence
from the statistical analysis of hot Jupiter populations
(Jackson et al. 2009; Teitler & Königl 2014; Penev et al.
2018; Hamer & Schlaufman 2019). For example, Jackson
et al. (2009) find that older planets tend to be farther
from their hosts than younger planets, which they ar-
gue is evidence for the ongoing destruction of planets by
tides. Using the measured Galactic velocity dispersion,
Hamer & Schlaufman (2019) show that hot Jupiter host
stars are preferentially younger than a matched sam-
ple of field stars, which can be explained if the planets
are destroyed while the hosts are on the main sequence.
McQuillan et al. (2013) find a dearth of close-in planets
orbiting rapidly rotating stars, which Teitler & Königl
(2014) attribute to tidal ingestion of giant planets. The
recently reported infrared transient ZTF SLRN-2020 ap-
pears to capture the moments of a planet’s ingestion by a
main sequence or early subgiant branch star with mass
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ABSTRACT

Ultra-fast outflows (UFOs) have been revealed in a large number of active galactic nuclei (AGN) and are regarded as promising
candidates for AGN feedback on the host galaxy. The nature and launching mechanism of UFOs are not yet fully understood. Here
we perform a time- and flux-resolved X-ray spectroscopy on four XMM-Newton observations of a highly accreting narrow-line
Seyfert 1 (NLS1) galaxy, Mrk 1044, to study the dependence of the outflow properties on the source luminosity. We find that
the UFO in Mrk 1044 responds to the source variability quickly and its velocity increases with the X-ray flux, suggesting a
high-density (109–4.5 × 1012 cm−3) and radiatively driven outflow, launched from the region within a distance of 98–6600 'g

from the black hole. The kinetic energy of the UFO is conservatively estimated (!UFO ∼ 4.4%!Edd), reaching the theoretical
criterion to affect the evolution of the host galaxy. We also find emission lines, from a large-scale region, have a blueshift of
2700–4500 km/s in the spectra of Mrk 1044, which is rarely observed in AGN. By comparing with other sources, we propose a
correlation between the blueshift of emission lines and the source accretion rate, which can be verified by a future sample study.

Key words: accretion, accretion discs – black hole physics – galaxies: Seyfert - X-rays: individual: Mrk 1044

1 INTRODUCTION

It is well accepted that active galactic nuclei (AGN) are powered by
the accretion of matter onto supermassive black holes (SMBHs) in
the hearts of galaxies. The energetic output of AGN can impact the
evolution of their host galaxies, an effect that is referred to AGN
feedback (e.g. Fabian 2012, and references therein). The enormous
amount of energy and momentum, released in the form of matter
and radiation, can expel or heat the surrounding interstellar medium
(ISM). This may delay the gas cooling and further leads to the
star formation (SF) quenching (Zubovas & King 2012). In the early
phases of feedback, AGN outflows can also trigger the star formation
within the compressed gas (e.g. Maiolino et al. 2017). Ultra-fast
outflows (UFOs) with a wide solid angle are now considered one of
the main mechanisms of AGN feedback for their mildly relativistic

★ E-mail: yerong.xu@inaf.it

speeds (≥ 10000 km/s or 0.032) and powerful kinetic energy
(≥ 0.05!Edd). Such a huge kinetic output matches the theoretical
predictions of effective AGN feedback models (e.g. Di Matteo et al.
2005; Hopkins & Elvis 2010), offering an interpretation of the
observed AGN-host galaxy relations (e.g. "BH−f, Kormendy & Ho
2013, and references therein).

UFOs are commonly detected by identified blueshifted Fe
xxv/xxvi absorption lines above 7 keV in the X-ray band
(e.g. Chartas et al. 2002; Cappi 2006; Tombesi et al. 2010, 2013;
Gofford et al. 2013; Matzeu et al. 2022a). The measured velocities
of UFOs can reach up to ∼ 0.32 (e.g. APM 08279+5255 and PDS
456, Chartas et al. 2002; Reeves et al. 2003), implying that they likely
originate from the inner region of the accretion disk within several
hundred gravitational radii from the black hole. Thanks to the high
spectral resolution of the Reflection Grating Spectrometer (RGS,
Den Herder et al. 2001) onboard XMM-Newton (Jansen et al. 2001)
and the High Energy Transmission Gratings (HETG, Canizares et al.
2005) onboard Chandra (Weisskopf et al. 2002), UFOs are also

© 2023 The Authors
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ABSTRACT
One important source of systematics in galaxy redshift surveys comes from the estimation of the galaxy window function. Up
until now, the impact of the uncertainty in estimating the galaxy window function on parameter inference has not been properly
studied. In this paper, we show that the uncertainty and the bias in estimating the galaxy window function will be salient for
ongoing and next-generation galaxy surveys using a simulation-based approach. With a specific case study of cross-correlating
Emission-line galaxies from the DESI Legacy Imaging Surveys and the Planck CMB lensing map, we show that neural network-
based regression approaches to modelling the window function are superior in comparison to linear regression-based models.
We additionally show that the definition of the galaxy overdensity estimator can impact the overall signal-to-noise of observed
power spectra. Finally, we show that the additive biases coming from the window functions can significantly bias the modes of
the inferred parameters and also degrade their precision. Thus, a careful understanding of the window functions will be essential
to conduct cosmological experiments.

Key words: methods: statistical – cosmology: observations – cosmological parameters

1 INTRODUCTION

The matter density field encodes critical cosmological information
pertaining to cosmological properties and the dark sector. As ob-
servers, we are interested in measuring statistics of this field as a
function of redshift. Galaxy redshift surveys use galaxies as tracers
of the matter density field to measure these statistics. The galaxy
redshift surveys count the number of galaxies in different patches of
the sky and measure the clustering of the galaxy overdensity field,
which can then be translated to the underlying matter density field
assuming models of galaxy-dark matter connection, known as the
galaxy bias. Thus, from an observer’s point of view, measuring the
true galaxy clustering is one of the few observables that allows us
to probe cosmological models. But observational effects, such as
Galactic extinction, seeing conditions, telescope response at various
wavelengths, and the survey geometry, can modulate the true galaxy
number count. Hence, if we do not understand how these observa-
tional effects impact the true galaxy number count, it can lead to
a biased measurement of the underlying matter density field, and
by extension lead to the incorrect measurements of cosmological
parameters (Huterer et al. 2013; Thomas et al. 2011).
The galaxy window function is a way to encode such observa-

tional systematics and the survey geometry; it can be thought of as a
weighting function that tells us how the true galaxy number count is
beingmodulated as a function of right ascension and declination (and
redshift if measuring 3D clustering) on the sky. Since the window
function depends entirely on observational effects, the detector and

★ E-mail: tanveer.karim@cfa.harvard.edu (TK)

the survey geometry, we cannot determine the window function from
first principles. Consequently, it must be modelled carefully using
templates to null out its effects. While the conventional approach
is to make a point estimate of the window function by regressing
over the templates (Elvin-Poole et al. 2018; Ross et al. 2012), such
an approach fails to take into account the inherent uncertainty in
estimating the window function and its variance. Especially as we
enter the era of sub-per cent level precision cosmology, it has become
critical to assess whether the variance and uncertainty in estimating
the galaxy window function can be one of the leading sources of
systematic errors.
This paper aims to address this question with the help of Gaussian

mocks of the galaxy overdensity field and the galaxy window func-
tion. We specifically model how additive and multiplicative biases
in estimating the window function can impact cosmological parame-
ters such as the amplitude of the matter power spectrum, 𝐴𝑠 , and the
galaxy linear bias, 𝑏0. We investigate this problem with a case study
of the cross-correlation of Emission-line galaxies (ELGs) from the
DESI Legacy Imaging Surveys and the Planck CMB lensing. This
question is especially timely because in recent years, a persistent mild
tension in the amplitude of the matter power spectrum, known as the
𝜎8 tension, has appeared in the literature (Di Valentino et al. 2021).
Specifically, the measurements of the amplitude based on CMB data
(Planck Collaboration et al. 2020a; Aiola et al. 2020) is at 2 − 3𝜎
tension with low-redshift probes such as weak lensing, cosmic shear,
cluster counting, redshift-space distortions (RSD), full-shape power
spectrum and cross-correlation of large-scale structure with CMB
lensing (For a detailed discussion, refer to Section V of Abdalla
et al. (2022)). We seek to address this important problem by cross-

© 2023 The Authors
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Chapter 1

The Hubble Constant: A Historical Review

R. Brent Tully

Abstract For 100 years since galaxies were found to be flying apart from each other,

astronomers have been trying to determine how fast. The expansion, characterized

by the Hubble constant, H0, is confused locally by peculiar velocities caused by

gravitational interactions, so observers must obtain accurate distances at significant

redshifts. Very nearby in our Galaxy, accurate distances can be determined through

stellar parallaxes. There is no good method for obtaining galaxy distances that is ap-

plicable from the near domain of stellar parallaxes to the far domain free from veloc-

ity anomalies. The recourse is the distance ladder involving multiple methods with

overlapping domains. Good progress is being made on this project, with satisfactory

procedures and linkages identified and tested across the necessary distance range.

Best values of H0 from the distance ladder lie in the range 73− 75 km s−1 Mpc−1.

On the other hand, from detailed information available from the power spectrum

of fluctuations in the cosmic microwave background, coupled with constraints fa-

voring the existence of dark energy from distant supernova measurements, there is

the precise prediction that H0 = 67.4 ±1%. If it is conclusively determined that the

Hubble constant is well above 70 km s−1 Mpc−1 as indicated by distance ladder re-

sults then the current preferred ΛCDM cosmological model based on the Standard

Model of particle physics may be incomplete. There is reason for optimism that the

value of the Hubble constant from distance ladder observations will be rigorously

defined with ∼ 1% accuracy in the near future.

R. Brent Tully (�)

University of Hawaii, 2680 Woodlawn Dr., Honolulu, HI 96822, USA, e-mail:
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ABSTRACT

Dust absorption is invoked in a number of contexts for hiding a star that has survived
some sort of transient event from view. Dust formed in a transient is expanding away
from the star and, in spherical models, the mass and energy budgets implied by a high
optical depth at late times make such models untenable. Concentrating the dust in
a disk or torus can in principle hide a source from an equatorial observer using less
mass and so delay this problem. However, using axisymmetric dust radiation transfer
models with a range of equatorial dust concentrations, we find that this is quite difficult
to achieve in practice. The polar optical depth must be either low or high to avoid
scattering optical photons to equatorial observers. Most of the emission remains at
wavelengths easily observed by JWST, and the equatorial brightness is reduced by at
most a factor of ∼ 2 compared to isotropic emission even for equatorial (visual) optical
depths of 103. It is particularly difficult to hide a source with silicate dusts because
the absorption feature near 10µm frequently leads to the emission being concentrated
just bluewards of the feature, near 8µm.

Key words: stars: massive – supernovae: general – supernovae

1 INTRODUCTION

There are several classes of transients in which dust forms
and obscures the surviving progenitor or is argued to form in
order to explain the apparent absence of a surviving progen-
itor at optical or near-IR wavelengths. In the first category
are eruptions such as η Car (e.g., Humphreys & Davidson
1994) and stellar mergers such as V838 Mon (e.g.,
Bond et al. 2003). In the second category are debated tran-
sients such as the supernova impostors like SN 1997bs
(e.g., Van Dyk et al. 2000, Adams & Kochanek 2015) and
SN 2008S (e.g., Prieto et al. 2008, Thompson et al. 2009,
Kochanek 2011, Adams et al. 2016) or the proposed failed
supernovae NGC 6946-BH1 (Gerke, Kochanek, & Stanek
2015, Adams et al. 2017, Basinger et al. 2021).

With the constraining powers of ground based observa-
tories, Hubble (HST) and Spitzer (SST) Space Telescopes it
is feasible to hide stars with the luminosities of these progen-
itor systems from detection in nearby galaxies (<∼ 10 Mpc)
with spherical shells of dusty ejecta. The optical depth and
ejecta radius must simply be made large enough to push the
escaping emission to long enough wavelengths to evade de-
tection: sufficiently absorbed in the optical and near-IR to
be invisible or lost amid the overlapping sea of red giants,
and with dust emission cold enough to slip under the sen-
sitivity limits of (generally) warm SST at 3.6 and 4.5µm.
Hiding the emission will become much more challenging in

the era of JWST since it can easily detect such sources out
to ∼ 25µm with vastly better angular resolution for avoiding
confusion with either other stars or diffuse emission.

The combination of near-IR and bluer mid-IR observa-
tions generally rule out sources obscured by dust forming
in an on-going wind. Dust rapidly forms once temperatures
drop below the condensation temperature so, combined with
the expansion, the optical depth of a dusty wind is concen-
trated near its base. Thus, a high optical depth wind imme-
diately converts the emission from the central source into
hot (Td ∼ 1000 K) dust emission. It then takes extremely
high optical depths to absorb these photons further out in
the wind and shift the peak of the escaping emission beyond
5µm.

Colder dust emission is most easily achieved by forming
dust in material ejected in the transient. Dust forms and is
initially hot, but then becomes cooler as the ejecta moves
outwards. Dust growth ceases shortly after it forms, because
the collisional growth rates are dropping as r−2 ∝ t−2 due
to the expansion. The dust opacity is then constant, and the
mean optical depth must drop as t−2 assuming a constant
expansion velocity and mass conservation. The effective op-
tical depth could drop more rapidly than t−2 if the expand-
ing shell starts to fragment due to instabilities, leading to
the radiation escaping through lower optical depth channels
in the ejecta.

The observed spectral energy distribution (SED) of the

© 0000 RAS
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ABSTRACT
The joint analysis of different cosmological probes, such as galaxy clustering and weak lensing, can potentially yield invaluable
insights into the nature of the primordial Universe, dark energy and dark matter. However, the development of high-fidelity
theoretical models that cover a wide range of scales and redshifts is a necessary stepping-stone. Here, we present public high-
resolution weak lensing maps on the light cone, generated using the 𝑁-body simulation suite AbacusSummit in the Born
approximation, and accompanying weak lensing mock catalogues, tuned via fits to the Early Data Release small-scale clustering
measurements of the Dark Energy Spectroscopic Instrument (DESI). Available in this release are maps of the cosmic shear,
deflection angle and convergence fields at source redshifts ranging from 𝑧 = 0.15 to 2.45 with Δ𝑧 = 0.05 as well as CMB
convergence maps (𝑧 ≈ 1090) for each of the 25 base-resolution simulations (𝐿box = 2000 ℎ−1Mpc, 𝑁part = 69123) as well as
for the two huge simulations (𝐿box = 7500 ℎ−1Mpc, 𝑁part = 86403) at the fiducial AbacusSummit cosmology (𝑃𝑙𝑎𝑛𝑐𝑘 2018).
The pixel resolution of each map is 0.21 arcmin, corresponding to a HEALPiX 𝑁side of 16384. The sky coverage of the base
simulations is an octant until 𝑧 ≈ 0.8 (decreasing to about 1800 deg2 at 𝑧 ≈ 2.4), whereas the huge simulations offer full-sky
coverage until 𝑧 ≈ 2.2. Mock lensing source catalogues are sampled matching the ensemble properties of the Kilo-Degree
Survey, Dark Energy Survey, and Hyper-Suprime Cam weak lensing datasets. The produced mock catalogues are validated
against theoretical predictions for various clustering and lensing statistics such as galaxy clustering multipoles, galaxy-shear and
shear-shear, showing excellent agreement. All products can be downloaded via a Globus endpoint (see Data Availability).
Key words: keyword1 – keyword2 – keyword3
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ABSTRACT
The detections of four apparently young radio pulsars in the Milky Way globular clusters are difficult to reconcile with standard
neutron star formation scenarios associated with massive star evolution. Here we discuss formation of these young pulsars
through white dwarf mergers in dynamically-old clusters that have undergone core collapse. Based on observed properties of
magnetic white dwarfs, we argue neutron stars formed via white dwarf merger are born with spin periods of roughly 10− 100ms
and magnetic fields of roughly 1011 − 1013 G. As these neutron stars spin down via magnetic dipole radiation, they naturally
reproduce the four observed young pulsars in the Milky Way clusters. Rates inferred from 𝑁-body cluster simulations as well
as the binarity, host cluster properties, and cluster offsets observed for these young pulsars hint further at a white dwarf merger
origin. These young pulsars may be descendants of neutron stars capable of powering fast radio bursts analogous to the bursts
observed recently in a globular cluster in M81.
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1 INTRODUCTION

The globular clusters in the Milky Way are known to host robust
populations of radio pulsars (e.g., Lyne et al. 1987; Camilo & Ra-
sio 2005).1 For any reasonable initial mass function (e.g., Kroupa
2001), it is well-understood that large numbers of neutron stars form
at early times (𝑡 . 50Myr) in a typical cluster through standard
iron core-collapse and/or electron-capture supernovae (e.g., Podsi-
adlowski et al. 2004), the latter of whichmay be necessary to produce
sufficiently small natal kicks to enable retention in the relatively shal-
lowpotential wells of typical globular clusters (e.g., Pfahl et al. 2002).
However, in present-day globular clusters in excess of 10Gyr in age,
any pulsars formed through massive stellar evolution will have long
since spun down through magnetic dipole radiation rendering them
undetectable as radio sources (e.g., Ruderman & Sutherland 1975).
Thus additional processes are necessary to explain the plethora of
radio pulsars seen in old globular clusters.
One method is the classic low-mass X-ray binary scenario where

the neutron star is “recycled” and spun up to millisecond spin periods
through accretion from a binary companion (e.g., Alpar et al. 1982).
Indeed, themajority of observed globular cluster pulsars are so-called
millisecond pulsars and the processes through which such systems
may form dynamically in a dense stellar environment have been
well-studied (e.g., Sigurdsson & Phinney 1995; Ivanova et al. 2008;
Ye et al. 2019). Furthermore, this scenario connects naturally with
the well-known overabundance of X-ray sources in globular clusters
relative to the Galactic field (e.g., Clark 1975).
However, alongside the broader class of presumably recycled ra-

dio pulsars in globular clusters, there is an additional class of four
apparently young pulsars (Lyne et al. 1996; Boyles et al. 2011) with
relatively long spin periods of 0.1 − 1 s and inferred magnetic fields
of roughly 1011 − 1012 G, larger than those expected in a recycling

★ E-mail: kkremer@caltech.edu
† NASA Einstein Fellow
1 For up-to-date catalog of globular cluster pulsars, see: http://www.naic.
edu/~pfreire/GCpsr.html

scenario where accretion is likely to “bury” any residual neutron star
magnetic field (e.g., Bhattacharya & van den Heuvel 1991). These
four pulsars, which have characteristic ages of roughly 107 − 108 yr
(see Table 1 for a summary of observed properties), have been touted
as evidence for alternative formation scenarios, in particular involv-
ing collapse of massive white dwarfs (e.g., Tauris et al. 2013).2 Such
white dwarf dynamics are motivated by observed populations of cat-
aclysmic variables in globular clusters (e.g., Grindlay et al. 1995)
and also by 𝑁-body simulations of white dwarfs in clusters that natu-
rally lead to both accretion-induced collapse in binaries and massive
white dwarf mergers (e.g., Kremer et al. 2021a).
A recently-observed repeating fast radio burst (FRB) localized to

an old globular cluster in M81 (Bhardwaj et al. 2021; Kirsten et al.
2022) added a new piece to this puzzle. The popular core-collapse-
supernova magnetar mechanism for FRB sources (e.g., Popov &
Postnov 2013; Bochenek et al. 2020) is clearly inconsistent with
this cluster source; any magnetars formed through standard massive
stellar evolution in the cluster will have been inactive for billions
of years by the present day. Alternatively, recent studies (Kremer
et al. 2021b; Lu et al. 2022) have argued this source may instead be
powered by a neutron star born recently through collapse of amassive
white dwarf, similar to the channel throughwhich the aforementioned
four young pulsars may have formed.
In this Letter, we discuss the formation of the four young radio pul-

sars in the Milky Way globular clusters via collapse of white dwarf
merger remnants and connect these objects with the FRB source in
M81. In Section 2, we describe the characteristic birth properties of
neutron stars formed through this scenario, motivated by observed
properties of isolated magnetic white dwarfs. We demonstrate such
neutron stars naturally evolve into objects similar to the young glob-
ular cluster pulsars. In Section 3 we describe a few additional con-

2 An alternative interpretation is that these four pulsars are in fact not young,
but instead were formed through the disruption (via a binary dynamical
encounter) during a low-mass X-ray binary phase. In this case the recycling
process is halted, and these neutron stars appear as so-called partially-recycled
objects (Verbunt & Freire 2014).
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ABSTRACT
High-redshift quasars (𝑧 & 6), powered by black holes (BHs) with large inferred masses, imply rapid BH growth in the early
Universe. The most extreme examples have inferred masses of ∼ 109M� at 𝑧 = 7.5 and ∼ 1010M� at 𝑧 = 6.3. Such dramatic
growth via gas accretion likely leads to significant energy input into the quasar host galaxy and its surroundings, however few
theoretical predictions of the impact of such objects currently exist. We present zoom-in simulations of a massive high-redshift
protocluster, with our fiducial fable model incapable of reproducing the brightest quasars. With modifications to this model to
promote early BH growth, such as earlier seeding and mildly super-Eddington accretion, such ‘gargantuan’ BHs can be formed.
With this new model, simulated host dust masses and star formation rates are in good agreement with existing JWST and ALMA
data from ultraluminous quasars. We find the quasar is often obscured as it grows, and that strong, ejective feedback is required to
have a high probability of detecting the quasar in the rest-frame UV. Fast and energetic quasar-driven winds expel metal-enriched
gas, leading to significant metal pollution of the circumgalactic medium (CGM) out to twice the virial radius. As central gas
densities and pressures are reduced, we find weaker signals from the CGM in mock X-ray and Sunyaev-Zeldovich maps, whose
detection - with proposed instruments such as Lynx, and even potentially presently with ALMA - can constrain quasar feedback.
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1 INTRODUCTION

There is now a wealth of observational evidence that links the masses
of supermassive black holes with the properties of their host galaxies,
such as the mass and velocity dispersion of the host’s bulge (see e.g.
Kormendy & Ho 2013, for a review). For black holes to grow to their
current large masses, they must have undergone significant episodes
of gas accretion in their past, in accordwith Soltan’s argument (Soltan
1982), as all currently knownmechanisms can only produce relatively
small black hole seeds, withmasses . 106M� (Rees 1984; Volonteri
2010). It is further believed that the accretion of gas to fuel black
hole growth also powers quasars, which can release huge amounts of
energy into the surroundingmedium (for seminal papers, see Schmidt
1963; Salpeter 1964; Lynden-Bell 1969).
In the past two decades, hundreds of quasars have been detected

at high redshift, 𝑧 & 6, suggesting that the black holes that power
themmust have grown to high masses, 108−10M� , in the first billion
years of the Universe’s existence (for a recent review see Inayoshi
et al. 2020). Black holes in excess of 109M� have even been detected
above 𝑧 ∼ 7, further challenging theoretical models of the growth of
such objects (e.g. Mortlock et al. 2011; Bañados et al. 2018; Yang
et al. 2020; Wang et al. 2021; Farina et al. 2022). The current record
holder at 𝑧 > 6 in terms of luminosity and black hole mass is SDSS

★ E-mail: jake.bennett@cfa.harvard.edu

J010013.02+280225.8 (henceforth referred to as J0100+2802), with
a hefty inferred mass exceeding 1010M� at 𝑧 = 6.3 (Wu et al. 2015).
The detected high-redshift quasars are typically very bright, with

bolometric luminosities of 1047−48 erg s−1, implying significant en-
ergy input into their surroundings. This feedback is generally ex-
pected to explain the black hole-galaxy correlations we observe at
lower redshift (e.g. Haehnelt et al. 1998; Silk & Rees 1998), however
the mechanism by which energy from active galactic nuclei (AGN)
couples to galaxies and clusters and their circumgalactic or intraclus-
ter media (CGM and ICM, respectively) is still not fully understood
(for reviews see e.g. Fabian 2012; King & Pounds 2015).
Powerful outflows driven byAGNhave been detected around high-

redshift quasars, with speeds ranging from a few hundred to more
than 1000 km s−1 and significant masses of gas being ejected from
the central galaxy into the CGM (e.g. Maiolino et al. 2012; Bischetti
et al. 2019; Marshall et al. 2023; Yang et al. 2023a). Such outflows
could not only eject gas and dust from the host galaxy and enrich the
CGM around such quasars with metals, but could also heat and clear
out the gaseous halo itself up, reducing the amount of inflowing gas
that can reach the central galaxy to fuel star formation and further
black hole accretion.
A further complication to the story of black hole growth at high

redshift comes from the measurement of quasar proximity zones,
which can be used to estimate the lifetime that a quasar has been
actively emitting ionising radiation. This can sometimes lead to very
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