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Abstract

We explore the gravitational wave spectrum generated by string-wall structures in an

SO(10) (Spin(10)) based scenario of pseudo-Goldstone boson dark matter (pGDM) particle.

This dark matter candidate is a linear combination of the Standard Model (SM) singlets

present in the 126 and 16 dimensional Higgs fields. The Higgs 126-plet vacuum expectation

value (VEV) 〈126H〉 leaves unbroken the Z2 subgroup of Z4, the center of SO(10). Among

other things, this yields topologically stable cosmic strings with a string tension µ ∼ 〈126H〉2.

The subsequent (spontaneous) breaking of Z2 at a significantly lower scale by the 16-plet

VEV 〈16H〉 leads to the appearance of domain walls bounded by the strings produced earlier.

We display the gravitational wave spectrum for Gµ values varying between 10−15 and 10−9

(〈126H〉 ∼ 1011 - 1014 GeV), and 〈16H〉 ∼ 0.1 - 103 TeV range (G denotes Newton’s constant.)

These predictions can be tested, as we show, by a variety of (proposed) experiments including

LISA, ET, CE and others.

All authors contributed equally.
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Cosmic string bursts in LISA
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Cosmic string cusps are sources of short-lived, linearly polarised gravitational wave bursts which
can be searched for in gravitational wave detectors. We assess the capability of LISA to detect these
bursts using the latest LISA configuration and operational assumptions. For such short bursts,
we verify that LISA can be considered as “frozen”, namely that one can neglect LISA’s orbital
motion. We consider two models for the network of cosmic string loops, and estimate that LISA
should be able to detect 1-3 bursts per year assuming a string tension Gµ ≈ 10−11 − 10−10.5 and
detection threshold SNR ≥ 20. Non-detection of these bursts would constrain the string tension to
Gµ . 10−11 for both models.

I. INTRODUCTION

The scientific objectives of the LISA mission [1], whose
launch is planned in 2037, are incredibly broad and cover,
amongst other things, the astrophysics of stellar bina-
ries, the detailed properties of black holes and tests of
General Relativity, galaxy formation and the measure-
ment of cosmological parameters (see [2–12] for recent
white papers). Furthermore, LISA may also discover new
cosmological sources of gravitational waves (GW), either
through their burst-like signal, or from their contribution
to the stochastic GW background (SGWB), or possibly
both. In this paper we focus on one such GW source,
namely cosmic strings, which are line-like topological de-
fects that may be formed in symmetry breaking phase
transitions in the early universe [13–16]. The potential
of LISA to detect cosmic strings through their contri-
bution to the SGWB was recently studied in depth in
[17]. However, as is well known, see e.g. [18, 19], cosmic
string cusps — points on the string which instantaneously
travel at the speed of light — also source GW bursts.
Whilst these have been searched for with LIGO-Virgo-
Kagra [20, 21], at LISA frequencies the existing studies
are somewhat dated, and limited to the Mock LISA Data
Challenge 3 (MLDC 3.4) [22–25]. The aim of this paper
is to reconsider the cosmic string burst signature taking
the latest LISA configuration and operation assumptions
with the most up-to-date cosmic string models. We do
not deal with the detection of these signals assuming that
the techniques similar to [24] are efficient.

We consider standard (non-current carrying) cosmic
strings parametrised by their dimensionless energy per
unit length Gµ related to the energy scale η of the phase

∗Electronic address: pierre.auclair@uclouvain.be
†Electronic address: stas@apc.in2p3.fr
‡Electronic address: quelquejay@apc.in2p3.fr
§Electronic address: steer@apc.in2p3.fr

transition by

Gµ ∼ 10−6
( η

1016 GeV

)2
. (1)

A network of cosmic strings contains both infinite strings
as well as a population of closed loops [15]. Multiple stud-
ies have shown that the network evolves to an attractor
self-similar scaling solution in which the energy density
in strings is a fixed fraction of the energy density of the
universe, and all characteristic length scales of the string
network are proportional to cosmic time t. Whereas the
scaling infinite string network leaves imprints at CMB
scales [26] with current constraints Gµ < 10−7 [27], the
GW signal is predominantly sourced by the loop distri-
bution. As loops oscillate they decay into GWs, and
since loops of different sizes are permanently sourced by
the infinite string network (from formation until today),
the produced GWs cover decades in frequency. They can
therefore be probed for by LIGO-Virgo-Kagra, LISA, and
PTA experiments. In [20, 21], the LIGO-Virgo-Kagra
collaboration has searched for both their SGWB and
burst signatures. The resulting constraints [21] depend
on the loop distribution, and are

Gµ . 9.6× 10−9 BOS Model

Gµ . 4× 10−15 LRS Model

where the LRS and BOS Models (the letters correspond
to the author’s names) refer to the two main loop dis-
tributions in the current literature, given in Refs. [28]
and [29] respectively. From the SGWB only, at PTA
frequencies, the current constraints are Gµ . 10−10 [30–
35]. In the LISA frequency band, the SGWB from cosmic
strings was recently studied in [17], where it was shown
that LISA should detect the SGWB from strings with
Gµ & O(10−17). As stated above, our aim in this paper
is to focus on the burst signature at LISA frequencies.

In section II we recall the main properties of the
beamed burst signal from cusps, including the frequency
dependence of the opening angle of the beam (which is
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Abstract

Single field models of inflation capable to produce primordial black holes usually

require a significant departure from the standard, perturbative slow-roll regime. In

fact, in many of these scenarios, the size of the slow-roll parameter |η| becomes

larger than one during a short phase of inflationary evolution. In order to develop

an analytical control on these systems, we explore the limit of |η| large, and promote

1/|η| to a small quantity to be used for perturbative expansions. Formulas simplify,

and we obtain analytic expressions for the two and three point functions of curvature

fluctuations, which share some of the features found in realistic inflationary models

generating primordial black holes. We study one-loop corrections in this frame-

work: we discuss criteria for adsorbing ultraviolet divergences into the available

parameters, leaving log-enhanced infrared contributions of controllable size.

1 Introduction and Conclusions

Identifying the nature of dark matter is one of the most challenging open problems in

cosmology [1]. A fascinating possibility is that dark matter is made of primordial black

holes (PBH) [2–5], forming from the collapse of high density fluctuations produced during

cosmic inflation: see e.g. [6–12] for reviews. In order for producing PBH, the size of the

inflationary curvature fluctuation spectrum needs to increase by around seven orders of

magnitude, from large to small scales. This condition is not possible to achieve within a

controlled slow-roll expansion in single-field inflation [13]: a departure from the standard

slow-roll conditions is needed. In several single-field realizations of PBH scenarios, the

size |η| of the second slow-roll parameter becomes larger than one during a brief phase of

non-slow-roll evolution (from now on, NSR). Such brief NSR era should last few e-folds

∆NNSR of expansion. Examples are ultra-slow-roll models [14–16], where η = −6, and

constant roll models [17–19], where |η| can be larger or smaller than 6, depending on

the properties of the inflationary potential. In these cases, the evolution of fluctuations

challenges analytical investigations, since the slow-roll expansion breaks down. Wands

duality [20] can be of help in the ultra-slow-roll case, but still care is needed in connecting

slow-roll to NSR eras. Oftentimes, a numerical analysis is needed.

In this work, we consider large values for the slow-roll quantity |η|, and use the inverse

1/|η| as expansion parameter. A large value of |η| is not inconceivable to obtain at the
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∗ beata.zjawin@phdstud.ug.edu.pl
† piotr.wcislo@umk.pl

Abstract – Experiments aimed at searching for variations in the fine-structure constant α are
based on spectroscopy of transitions in microscopic bound systems, such as atoms and ions, or
resonances in optical cavities. The sensitivities of these systems to variations in α are typically
on the order of unity and are fixed for a given system. For heavy atoms, highly charged ions
and nuclear transitions, the sensitivity can be increased by benefiting from the relativistic effects
and favorable arrangement of quantum states. This article proposes a new method for controlling
the sensitivity factor of macroscopic physical systems. Specific concepts of optical cavities with
tunable sensitivity to α are described. These systems show qualitatively different properties from
those of previous studies of the sensitivity of macroscopic systems to variations in α, in which the
sensitivity was found to be fixed and fundamentally limited to an order of unity. Although possible
experimental constraints attainable with the specific optical cavity arrangements proposed in this
article do not yet exceed the present best constraints on α variations, this work paves the way for
developing new approaches to searching for variations in the fundamental constants of physics.

Introduction. – Although the standard model de-
scribes nature at the microscale with remarkable accu-
racy, it does not provide an explanation of the values of
the parameters on which it is based, i.e., the fundamental
constants. This has triggered a number of questions and
hypotheses, including those about possible variations in
the fundamental constants, which are also motivated by
fundamental forces unification theories in which time and
space variations in the fundamental constants naturally
appear [1].

Recently, considerable experimental effort (both labora-
tory experiments [2–5] and astrophysical observations [6])
has been made to search for variability in the fundamen-
tal constants. In this paper, we focus on the fine-structure
constant α. We show that it is possible to design a macro-
scopic physical system for which the sensitivity to varia-
tions in α can be controlled. As a specific example, we the-
oretically consider a class of optical cavities with singular
configurations for which the sensitivity of the frequency
of the cavity modes to variations in α can be tuned, in
principle, up to infinity. Although possible experimental
constraints on α variations attainable with the specific de-

signs proposed in this article would not exceed the present
best constraints, our considerations show that the sensi-
tivity factor does not need to be fixed for a given system
and that macroscopic systems can have enhanced sensitiv-
ity to variations in α. This introduces new perspectives
on the search for variations in physical constants and the
related tests of fundamental physics, such as dark matter
searches [4, 5, 7, 8] and tests of extra-dimensional theories
[9].

The detection limits of atomic, molecular, and optical
experiments aimed at searching for α variations are deter-
mined by two factors: 1) the sensitivity of the considered
frequency reference to variations in α and 2) the relative
precision of the frequency measurements. The highest rel-
ative precision is achievable in the optical domain [10,11],
e.g., with optical cavities approaching 10−17 in the 1 to
100 s time range [12–14]. To quantify the sensitivity of
a frequency reference to variations in α, a dimensionless
coefficient, Kα, is defined as

δν0

ν0
= Kα

δα

α
, (1)

p-1
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in black-hole signals

Shahar Hadar∗1,2, Sreehari Harikesh†2,3, and Doron Chelouche‡2,3

1
Department of Mathematics and Physics, University of Haifa at Oranim, Kiryat Tivon 3600600, Israel

2Haifa Research Center for Theoretical Physics & Astrophysics, University of Haifa, Haifa 3498838, Israel
3Department of Physics, Faculty of Natural Sciences, University of Haifa, Haifa 3498838, Israel

Abstract

Rapid progress in electromagnetic black hole observation presents a theoretical
challenge: how can the universal signatures of extreme gravitational lensing be distilled
from stochastic astrophysical signals? With this motivation, the two-point correlation
function of specific intensity fluctuations across image positions, times, and frequencies
is here considered. The contribution of strongly deflected light rays, those which make
up the photon ring, is analytically computed for a Kerr black hole illuminated by
a simple geometric-statistical emission model. We subsequently integrate over the
image to yield a spectro-temporal correlation function which is relevant for unresolved
sources. Finally, some observational aspects are discussed and a preliminary assessment
of detectability with current and upcoming missions is provided.

1 Introduction

The immediate surroundings of active black holes (BHs), at the horizon scale, provide an

arena for some of the highest-energy astrophysical phenomena known to date. Plasma flowing

into and around a BH at extreme temperatures, relativistic velocities, and strong magnetic

fields, radiates through a variety of mechanisms and often becomes highly luminous. The

emission generated in the BH’s close vicinity is subsequently lensed by its strong gravitational

field. Photons which eventually reach our telescopes, therefore, encode both the complicated

astrophysical phenomena responsible for their creation, and the simple gravitational field

governing their propagation. Nevertheless, the two effects are intertwined within the signal

impinging on the telescope—which in many cases is also highly variable.
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An oscillating inflaton field induces small amplitude oscillations of the Hubble parameter at the
end of inflation. These Hubble parameter induced oscillations, in turn, trigger parametric particle
production of all light fields, even if they are not directly coupled to the inflaton. We here study
the induced particle production for a light scalar field (e.g. the Standard Model Higgs field) after
inflation as a consequence of this effect. Our analysis yields a model-independent lower bound on
the efficiency of energy transfer from the inflaton condensate to particle excitations.

I. INDUCED GRAVITATIONAL PREHEATING
EFFECT

A major challenge for inflationary cosmology [1] is to
provide a mechanism to produce a hot gas of particles
after the period of inflation, a period during which the
number density of particles existing before inflation is
exponentially diluted. The first attempts to describe
this reheating process were perturbative [2]. But it was
soon realized [3–7] that the oscillating inflaton conden-
sate (which results after inflation has ended) can induce
parametric resonance excitations of any field which cou-
ples to the inflaton. The analysis of the efficiency of this
process is, however, very model independent (see e.g. [8]
for reviews of reheating).

Here we discuss a model-independent mechanism
which leads to the production of particles, even if they
are not non-gravitationally coupled to the inflaton field.
The source of this phenomenon is the oscillating con-
tribution to the pressure which the oscillating inflaton
condensate induces. This oscillating pressure leads to a
oscillating contribution to the mass of any field which has
the usual coupling to gravity, in particular the Standard
Model Higgs field. Our process thus provides a channel
to directly produce Standard Model particles after infla-
tion, and it provides a model-independent lower bound
on the efficiency of reheating.

The gravitational particle production channel which
we are discussing leads to the production of quanta of all
scalar fields whose mass is substantially smaller than the
inflaton mass. Gauge fields will be excited by the same
mechanism, as will fermions, except that in the case of
fermions the particle production will be smaller due to
Pauli blocking. Since dark matter and Standard Model
matter are excited by the same process, there is a possi-
ble connection to the dark matter coincidence problem,
namely the puzzle of why the energy densities of dark
matter and visible matter are of similar magnitude to-

∗ rhb@physics.mcgill.ca
† vkamali@ipm.ir
‡ rudnei@uerj.br

day.
The gravitational reheating mechanism which we em-

ploy here was first studied in the context of dark mat-
ter production after inflation in various works [9]. In
[10], the mechanism was studied in the context of moduli
and graviton production during a early universe phase
in which a modulus field is coherently oscillating. Re-
cently, we [11] studied the decay on an axion condensate
by the same mechanism 1. Here, we emphasize two new
aspects. First, we point out that gravitational preheat-
ing leads to a direct and model-independent production
channel for Standard Model particles. Second, we derive
a lower bound on the efficiency of the energy transfer
from the inflaton condensate to particle quanta, and de-
termine a lower bound on the effective temperature at the
end of the preheating phase. We also point out a possible
connection to the dark matter coincidence problem, the
mystery of why the density of dark matter is comparable
to the density of Standard Model matter.

In the following, we will use natural units in which the
speed of light, Planck’s constant and Boltzmann’s con-
stant are set to one. We work in the context of a spatially
flat homogeneous and isotropic background metric with
scale factor a(t), where t is physical time. The comov-
ing spatial coordinates are xi, i = 1, 2, 3. The Planck
mass is denoted by mPl. The Hubble expansion rate is
H(t) = ȧ(t)/a(t), where an overdot denotes the deriva-
tive with respect to time. ρ and p stand for energy density
and pressure, respectively.

II. EQUATIONS OF MOTION

In the following we will denote the oscillating scalar
inflaton field by φ, and the scalar field whose particle
production we study by χ. Specifically, χ can be the
Higgs field of the Standard Model of particle physics.
For simplicity, we will neglect nonlinearities in the scalar

1 See also [12] for some early work, and [13] for an application of
a parametric resonance instability to describe the generation of
photons from a gravitational wave.
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Abstract. Evidence Networks can enable Bayesian model comparison when state-of-the-art
methods (e.g. nested sampling) fail and even when likelihoods or priors are intractable or
unknown. Bayesian model comparison, i.e. the computation of Bayes factors or evidence
ratios, can be cast as an optimization problem. Though the Bayesian interpretation of optimal
classification is well-known, here we change perspective and present classes of loss functions
that result in fast, amortized neural estimators that directly estimate convenient functions of
the Bayes factor. This mitigates numerical inaccuracies associated with estimating individual
model probabilities. We introduce the leaky parity-odd power (l-POP) transform, leading
to the novel “l-POP-Exponential” loss function. We explore neural density estimation for
data probability in different models, showing it to be less accurate and scalable than Evidence
Networks. Multiple real-world and synthetic examples illustrate that Evidence Networks are
explicitly independent of dimensionality of the parameter space and scale mildly with the
complexity of the posterior probability density function. This simple yet powerful approach
has broad implications for model inference tasks. As an application of Evidence Networks to
real-world data we compute the Bayes factor for two models with gravitational lensing data
of the Dark Energy Survey. We briefly discuss applications of our methods to other, related
problems of model comparison and evaluation in implicit inference settings.

Keywords: Bayesian model comparison, deep learning, simulation-based inference, applications

1. Introduction

1.1. Background

Bayesian model comparison aims to evaluate the relative posterior probability of different underlying
models given some observed data xO. The ratio of probabilities (the posterior odds) for two models, M1

and M0, can be related to the model evidence, via:

p(M1|xO)

p(M0|xO)
=
p(xO|M1)

p(xO|M0)

p(M1)

p(M0)
, (1)

where p(xO|M1) is the evidence for model M1 and p(M1) is the prior probability of the model. The
evidence ratio for the two models is known as the Bayes factor, K (see Jaynes 2003 for details).

Under the assumption of equal prior probability for both models, the Bayes factor (i.e. the ratio of
model evidences) becomes equal to the ratio of posterior probabilities for models:

K =
p(xO|M1)

p(xO|M0)
=
p(M1|xO)

p(M0|xO)
, if p(M1) = p(M0) . (2)

The evaluation of the Bayes factor, given some data and taking into account all sources of uncertainty,
is typically the ultimate goal for model comparison. Bayes factors have been used or discussed in the fields
of epidemiology, engineering, particle physics, cosmology, law, neuroscience, and many others (Wakefield,
2009; Yuen, 2010; Jasa & Xiang, 2012; Feroz, 2013; Fenton et al., 2016; Handley et al., 2019; Keysers
et al., 2020; Massimi, 2020). Though the simplest interpretation is that of an odds ratio under equal
model priors, interpretations like the Jeffreys’ scale (Jeffreys, 1998) are also popular for Bayesian model
comparison. In general these interpretations are concerned with the log Bayes factor, thought of as the
relative magnitude of the odds.
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Leading Loops in Cosmological Correlators
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Cosmological correlators from inflation are often generated at tree level and hence loop contributions are

bounded to be small corrections by perturbativity. Here we discuss a scenario where this is not the case.

Recently, it has been shown that for any number of scalar fields of any mass, the parity-odd trispectrum of

a massless scalar must vanish in the limit of exact scale invariance due to unitarity and the choice of initial

state. By carefully handling UV-divergences, we show that the one-loop contribution is non-vanishing

and hence leading. Surprisingly, the one-loop parity-odd trispectrum is simply a rational function of

kinematics, which we compute explicitly in a series of models, including single-clock inflation. Although the

loop contribution is the leading term in the parity-odd sector, its signal-to-noise ratio is typically bounded

from above by that of a corresponding tree-level parity-even trispectrum, unless instrumental noise and

systematics for the two observables differ. Furthermore, we identify a series of loop contributions to the

wavefunction that cancel exactly when computing correlators, suggesting a more general phenomenon.
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
In asymptotically flat spacetimes, bearing the null geodesics reaching the future null

infinity in mind, we propose new concepts, the “dark horizons” as generalizations of
the photon sphere. They are defined in terms of the structure of escape/capture cones
of photons with respect to a unit timelike vector field. More specifically, considering a
two-sphere that represents a set of emission directions of photons, the dark horizons are
located at positions where a hemisphere is marginally included in the capture and escape
cones, respectively. We show that both of them are absent in the Minkowski spacetime,
while they exist in spacetimes with black hole(s) under a certain condition. We derive
the general properties of the dark horizons in spherically symmetric spacetimes and
explicitly calculate the locations of the dark horizons in the Vaidya spacetime and the
Kerr spacetime.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Subject Index E0,E31,A13

1. Introduction

Recently, Event Horizon Telescope (EHT) Collaboration succeeded in obtaining the image

of the regions around black holes in M87 [1] and in Sagittarius A* [2]. Future observations of

the black hole shadow are expected to test the general relativistic magnetohydrodynamics

(GRMHD) models [3], to constrain theories of gravity [4–6], and so forth. In static and

spherically symmetric spacetimes, the edge of the shadow is given by the photon sphere [7, 8].

1/34
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We consider optical fibers as detectors for scalar ultralight dark matter (UDM) and propose using
a fiber-based interferometer to search for scalar UDM with particle mass in the range 10−17−10−13

eV/c2
(
10−3 − 10 Hz

)
. Composed of a solid core and a hollow core fiber, the proposed detector

would be sensitive to relative oscillations in the fibers’ refractive indices due to scalar UDM-induced
modulations in the fine-structure constant α. We predict that, implementing detector arrays or
cryogenic cooling, the proposed optical fiber-based scalar UDM search has the potential to reach
new regions of the parameter space. Such a search would be particularly well-suited to probe for a
Solar halo of dark matter with a sensitivity exceeding that of previous DM searches over the particle
mass range 7× 10−17 − 2× 10−14 eV/c2.

I. INTRODUCTION

Dark matter (DM) is a substance of unknown composi-
tion that accounts for 85% of the matter in the Universe.
It is the dominant component of matter in galaxies [1],
and its existence is inferred through its gravitational ef-
fects on normal matter. The lack of non-gravitational
observations permits a wide variety of viable DM candi-
dates, along with interactions with Standard Model par-
ticles and fields [2, 3].

We consider a scalar ultralight dark matter (UDM) sce-
nario, where dark matter is entirely composed of scalar
particles with mass mDM . 10 eV/c2 that would act as a
coherently oscillating scalar field around earth due to its
large number density. Through non-gravitational inter-
actions with normal matter, scalar UDM induces an effec-

Laser

Fiber A
(solid core)

Fiber B
(hollow core)

Photodetector

measure optical 
phase difference

FIG. 1. Conceptual model for an optical fiber-based
detector: Relative oscillations in the refractive indices of two
fibers can be detected using an optical-path-length-balanced
Mach-Zehnder interferometer. Scalar UDM affects the refrac-
tive index of the solid core fiber, shifting the optical phase and
resulting in an oscillation in output optical power at the UDM
frequency. While the noise analysis in this paper assumes a
more complex setup (see Fig. 4), which leads to common-
mode rejection of various technical noise, the signal can be
well-modeled by the setup above.

tive oscillation in fundamental constants [4]. Specifically,
we consider oscillation of the fine-structure constant α,
an effect that can be searched for with a wide variety of
detector types [3] including atomic experiments [5–10],
optical cavities [11–13], mechanical systems [14, 15], and
gravitational wave detectors [16–18].

Here we propose a detector that would use optical
fibers to search for scalar UDM-induced oscillations in
α, which would produce a measurable oscillation of op-
tical refractive indices. Such a detector would probe for
UDM by comparing the refractive indices of two different
types of fibers, solid core and hollow core, which would
be differentially affected by oscillations in α.

Due to ease of manufacturing coupled with extremely
low optical loss, optical fibers are low cost and large chan-
nel capacity information transmission devices. These
properties make them ubiquitous in long distance clas-
sical and quantum communication networks. Technical
advances in ultra low loss fibers are being accelerated due
demands in disparate fields such as high-volume online
data transmission or quantum cryptography. In a parallel
development, photonic crystal fibers offer a novel route to
efficiently transmit high power without losses associated
with material non-linearity [19]. When combined with
advances in cryogenics fueled by quantum computing, ex-
isting and near-term fiber technology offers a promising
table-top route to search for dark matter, achieving sensi-
tivities to scalar UDM that exceed the current constraints
over a wide range of sub-Hz frequencies.

This paper is organized as follows: In Section II, we
provide a brief background of scalar UDM and the sig-
nal it produces. In Section III, we introduce the con-
cept of an optical fiber-based UDM detector. In Section
IV we present a model for the noise sources that would
limit the detector’s sensitivity and in Section V we use
this noise model to calculate the minimum detectable
coupling strength, which is evaluated considering both
Galactic halo and Solar halo UDM scenarios. Additional
details can be found in the Appendices, including deriva-
tions of expressions in the main text and extended discus-
sion of the noise models used to characterize the prospec-
tive UDM detector.
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Photo-zSNthesis: Converting Type Ia Supernova Lightcurves to Redshift Estimates via Deep

Learning

Helen Qu1 and Masao Sako1

1Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, PA 19104, USA

ABSTRACT

Upcoming photometric surveys will discover tens of thousands of Type Ia supernovae (SNe Ia),

vastly outpacing the capacity of our spectroscopic resources. In order to maximize the science return

of these observations in the absence of spectroscopic information, we must accurately extract key

parameters, such as SN redshifts, with photometric information alone. We present Photo-zSNthesis, a

convolutional neural network-based method for predicting full redshift probability distributions from

multi-band supernova lightcurves, tested on both simulated Sloan Digital Sky Survey (SDSS) and Vera

C. Rubin Legacy Survey of Space and Time (LSST) data as well as observed SDSS SNe. We show

major improvements over predictions from existing methods on both simulations and real observations

as well as minimal redshift-dependent bias, which is a challenge due to selection effects, e.g. Malmquist

bias. The PDFs produced by this method are well-constrained and will maximize the cosmological

constraining power of photometric SNe Ia samples.

1. INTRODUCTION

The study of Type Ia supernovae (SNe Ia) has proven

to be a crucial tool in modern cosmology, providing in-

sight into the expansion rate of the universe and the

properties of dark energy (Riess et al. 1998; Perlmut-

ter et al. 1999). Measuring the cosmological redshift of

each SN, a proxy quantity for recessional velocity, is es-

sential for accurate estimation of the distance-redshift

relation and resulting cosmological analyses. However,

traditional methods of measuring redshifts are time-

consuming and resource-intensive, primarily relying on

spectroscopic observations of the SNe themselves or

their host galaxies. Using host galaxy redshifts can also

lead to cosmological biases if the host is incorrectly iden-

tified (Qu et al., in prep).

Most SNe Ia cosmological analyses so far have re-

lied on SN spectra for SN type confirmation as well

as redshift information, but only with samples of up

to ∼ 1, 500 SNe (e.g. Abbott et al. 2019; Brout et al.

2022). Spectroscopic follow-up of all SNe Ia candidates

or their host galaxies will become infeasible with future

sky surveys such as the Legacy Survey of Space and

Time at the Vera C. Rubin Observatory (LSST), which

will discover tens of thousands of SNe Ia over the course

of their observational lifetimes (LSST Science Collabo-

Corresponding author: Helen Qu

helenqu@sas.upenn.edu

ration et al. 2009). Recent improvements in photomet-

ric SN classification (e.g. Möller & de Boissière 2020;

Qu et al. 2021) have drastically reduced the likelihood

of non-Ia contamination in photometric SNe Ia samples

and enabled cosmological analyses with photometrically

classified samples (Vincenzi et al. 2023). However, spec-

troscopic redshifts were still available for the host galax-

ies of these photometrically confirmed SNe Ia and were

used as the SN redshifts. Accurate photometric redshift

estimates for SNe that are independent of host galaxy

spectroscopic redshifts are thus the final building block

required to enable SNe Ia cosmology for the LSST era.

Cosmological inference frameworks that account for

the inflated uncertainties from photometric redshifts are

currently being developed. Mitra et al. (2022); Dai et al.

(2018) show promising results with simulated LSST

samples and SN photometric redshifts fitted using host

galaxy redshift priors. In particular, Dai et al. (2018)

recovers a fitted Ωm value consistent with the input cos-

mology when using SN photo-zs fitted with a host galaxy

photo-z prior. Mitra et al. (2022) shows a 2% effect on

fitted cosmological parameters of an assumed systematic

uncertainty due to the use of SN photo-zs of 0.01. Using

observed data from the Dark Energy Survey, Chen et al.

(2022) performed a cosmological analysis using a subset

of ∼ 100 SNe Ia hosted by galaxies in the redMaGiC

catalog, which have both photometric and spectroscopic

redshifts. The difference in best-fit cosmological param-

eters between using spectroscopic and photometric red-

shifts was found to be minimal, ∆w ∼ 0.005. redMaGiC
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MUSE AO spectroscopy confirms five dual AGNs and two strongly
lensed QSOs at sub-arcsec separation
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ABSTRACT

The novel Gaia Multi Peak (GMP) technique has proven to be able to successfully select dual and lensed AGN candidates at sub-
arcsec separations. Both populations are important because dual AGNs represent one of the central, still largely untested, predictions
of ΛCDM cosmology, and compact lensed quasars allow to probe the central regions of the lensing galaxies. In this work, we
present high spatial resolution spectroscopy of twelve GMP-selected systems. We use the the adaptive-optics assisted integral-field
spectrograph MUSE at VLT to resolve each system and study the nature of each component. All the targets reveal the presence of
two components confirming the GMP selection. We classify five targets as dual AGNs, two as lensed systems, and five as a chance
alignment of a star and and AGN. Having separations between 0.30" and 0.86", these dual and lensed systems are, to date, among the
most compact ever discovered at z > 0.3. This is the largest sample of distant dual AGNs with sub-arcsec separations ever presented
in a single paper.

Key words. Galaxies: active – quasars: Dual, – Gravitational lensing: general

1. Introduction

Supermassive black hole (SMBH) pairs at sub-kpc scales (∼
0.5′′) are expected to form in at the centre of galaxies during the
hierarchical assembly of structures (e.g. Begelman et al. 1980;
Mayer et al. 2007). During galaxy mergers, SMBH pairs can un-
dergo orbital decay via dynamical friction, form a gravitation-
ally bound binary (e.g. Kelley et al. 2017; Volonteri et al. 2022,
among many others), and eventually coalesce with associated
emission of gravitational waves (GWs) as predicted by Albert
Einstein’s general theory of relativity (Einstein 1936). Dual ac-
tive galactic nuclei (AGNs) are systems containing two active
nuclei powered by accretion onto two different SMBHs that are
nested inside their host, but that are not yet mutually gravitation-
ally bound. These systems are the natural precursors of coalesc-
ing binary SMBHs, which are strong emitters of low-frequency
GWs (Colpi 2014). Quantifying their overall abundance would
help us estimating the GW event rate in the future ESA mission
Laser Interferometer Space Antenna (LISA), which will unveil
the rich population of SMBHs of ∼ 104−7 M� forming in the col-
lision out to redshifts as large as z ∼ 20 (e.g Amaro-Seoane et al.
2023). Moreover, dual AGNs are relevant to understand the theo-

ries of hierarchical structure formation, growth and demography
of SMBHs, and AGN fuelling and feedback.

The discovery of two nearby AGNs at the same redshift can
reveal the presence of a dual system (two different SMBHs),
but can also be due to the lensing of a single quasar (QSO)
by an intervening foreground galaxy. Lensed systems at small
projected separations are a powerful tool to address key ques-
tions in astrophysics, like studying intrinsically faint and distant
lensed sources, investigating dark matter properties of the deflec-
tor (Massey et al. 2010), and providing constraints to fundamen-
tal cosmological quantities, like the Hubble constant, the cos-
mological constant, and the density parameter of the Universe
(Wong et al. 2020). These studies are possible since many prop-
erties of the lensed systems depend on the age, the scale, and the
overall geometry of the Universe (Narasimha 2002). Therefore,
both dual and lensed AGNs are very powerful tools to answer a
wide range of open questions.

The direct observation of dual and lensed AGNs at such
small separations is challenging due to the combination of their
rarity and the limited spatial resolutions of current facilities. The
ESA GAIA satellite (Gaia Collaboration et al. 2016) catalog has
been mined in various ways to select these elusive systems. For
example, dual and lensed systems have been discovered by look-

Article number, page 1 of 11
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Constraints on star formation in Orion A from Gaia
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ABSTRACT
We develop statistical methods within a Bayesian framework to infer the star formation history from photometric surveys of
pre-main sequence populations. Our procedures include correcting for biases due to extinction in magnitude-limited surveys,
and using distributions from subsets of stars with individual extinction measurements. We also make modest corrections for
unresolved binaries. We apply our methods to samples of populations with Gaia photometry in the Orion A molecular cloud.
Using two well-established sets of evolutionary tracks, we find that, although our sample is incomplete at youngest ages due to
extinction, star formation has proceeded in Orion A at a relatively constant rate between ages of about 0.3 and 5 Myr, in contrast
to other studies suggesting multiple epochs of star formation. Similar results are obtained for a set of tracks that attempt to take
the effects of strong magnetic fields into account. We also find no evidence for a well-constrained “birthline” that would result
from low-mass stars appearing first along the deuterium-burning main sequence, especially using the magnetic evolutionary
tracks. While our methods have been developed to deal with Gaia data, they may be useful for analyzing other photometric
surveys of star-forming regions.

Key words: stars: formation – stars: pre-main sequence – stars: pre-main sequence – open clusters and associations: individual:
Orion Nebula Cluster

1 INTRODUCTION

The wealth of data from the Gaia mission provides a new means to
study the star formation history (SFH) of nearbymolecular clouds and
associations. It also presents an opportunity to systematically assess
the initial properties of young stars after the end of the protostellar
phase, potentially yielding insights into the star formation process.
Gaia parallaxes and proper motions are crucial in providing cleaner
membership samples in stellar associations. The systematic optical
photometry from Gaia is also useful because colour-magnitude di-
agrams (CMDs) may have advantages over HR diagrams, because
standard reddening vectors tend to shift late-G and KM stars roughly
along isochrones (while extinction corrections in the HR diagram
change only luminosities, given effective temperatures or spectral
types). In addition, it is also more straightforward to make statistical
corrections for unresolved binary stars (UBS) in CMDs than in HR
diagrams.
The Orion region is an obvious choice for studies of pre-main se-

quence as it comprises the nearest set of well-populated associations.
Several studies of the SFH in the Orion region have been made with
extensive use of Gaia data. For example, Kounkel et al. (2018, K18

★ E-mail: jalzate@cefca.es

hereafter) and Zari et al. (2019) studied the overall structure and dis-
tribution of several regions of Orion in addition to the Orion A cloud,
and characterized their average ages, while Großschedl et al. (2018)
focused on the details of the structure of the Orion A cloud. Distinc-
tively, Beccari et al. (2017, B17 hereafter) and Jerabkova et al. (2019,
J19 hereafter) derive a detailed SFH of a region around the Orion
Nebula Cluster (ONC), which appears to span ±2◦ north-south and
nearly the same distance east-west (see figure 3 in B17) and it is spa-
tially consistent with the Northern part of the Orion A cloud.1. They
argued that star formation in the area has been comprised of three
very distinct star-forming episodes, based on CMDs from Omega-
Cam and Gaia photometry. One surprising aspect of these studies is
that the multiple sequences in the CMDs correspond to the positions
that would result from unresolved binary and triple systems; but B17
and J19 conclude that explaining the data this way would require
implausible distributions of mass ratios for the multiple systems.
Here we focus on the Orion A star-forming cloud, dominated by

the ONC, as the site of the major population of the youngest stars,

1 While B17 and J19 describe their study as that of the ONC, the region
studied is much larger than that typically ascribed to the ONC, and includes
the L1641 and OMC2/3 regions (see, e.g. figures 1 and 14 in Megeath et al.
2012).

© 2022 The Authors

ar
X

iv
:2

30
5.

11
82

3v
1 

 [
as

tr
o-

ph
.S

R
] 

 1
9 

M
ay

 2
02

3



ar
X

iv
:2

30
5.

11
81

6v
1 

 [
as

tr
o-

ph
.S

R
] 

 1
9 

M
ay

 2
02

3

Draft version May 22, 2023

Typeset using LATEX default style in AASTeX631

Element Abundances in Impulsive Solar Energetic Particle Events

J. Martin Laming1 and Natsuha Kuroda2, 1

1Space Science Division, Code 7684, Naval Research Laboratory, Washington DC 20375, USA
2George Mason University, Fairfax VA 22030, USA

ABSTRACT

We outline and discuss a model for the enhanced abundances of trans-Fe elements in impulsive Solar

Energetic Particle (SEP) events, where large mass dependent abundance enhancements are frequently
seen. It comes about as a variation of the ponderomotive force model for the First Ionization Potential

(FIP) Effect, i.e. the increase in coronal abundance of elements like Fe, Mg, and Si that are ionized in

the solar chromosphere relative to those that are neutral. In this way, the fractionation region is placed

in the chromosphere, and is connected to the solar envelope allowing the huge abundance variations to

occur, that might otherwise be problematic with a coronal fractionation site. The principal mechanism
behind the mass-independent FIP fractionation becoming the mass dependent impulsive SEP fraction-

ation is the suppression of acoustic waves in the chromosphere. The ponderomotive force causing the

fractionation must be due to torsional Alfvén waves, which couple much less effectively to slow modes

than do shear waves, and upward propagating acoustic waves deriving from photospheric convection
must be effectively mode converted to fast modes at the chromospheric layer where Alfvén and sound

speeds are equal, and subsequently totally internally reflected. We further discuss observations of the

environments thought to be the source of impulsive SEPs, and the extent to which the real Sun might

meet these conditions.

1. INTRODUCTION

The detection of enhanced abundances of the rare isotope 3He in various regimes of solar energetic particles has come

to be recognized as almost ubiquitous throughout the solar cycle (Wiedenbeck et al. 2005). These enhancements are
thought to originate in solar 3He rich flares leading to impulsive SEP events, followed by further acceleration by shocks.

The production of copious amounts of 3He by these events is one of the most remarkable abundance anomalies known

in the solar corona, with abundance enhancements relative to 4He on occasion of over 104. Such anomalies are also

often accompanied by enhancement in abundance of trans-Fe elements (e.g. Mason et al. 2004; Mason 2007), which
have proved equally difficult to explain. In this paper we suggest an origin for these trans-Fe element abundances, as

a special case of element abundance fractionation by the ponderomotive force that in usual conditions gives rise to the

by-now well known First Ionization Potential (FIP) effect.

Dating back to Pottasch (1963), an enhancement in coronal abundance of elements that are predominantly ionized

in the solar chromosphere, by a factor of about 3-4, has been observed relative to those that are neutral. This appears
for elements with First Ionization Potential (FIP) below about 10 eV, i.e. those elements with neutral atoms capable

of being photoionized by H I Lyman-α like Fe, Mg, Si, etc. The FIP effect was considered controversial for many years,

but began to be taken seriously in the 1980’s following the influential reviews of Meyer (1985a) and Meyer (1985b). It

appears to be strongest in solar active regions and coronal mass ejections. It is common in the slow solar wind but is
weaker in fast solar wind and its coronal hole source regions. It is also found in gradual SEP events.

These and other abundance anomalies (e.g. the “Inverse” FIP effect) have all been explained by a model invok-

ing the ponderomotive force as the agent of ion-neutral separation in the chromosphere (Laming 2004, 2009, 2012;

Rakowski & Laming 2012; Laming 2015; Dahlburg et al. 2016; Laming 2017; Laming et al. 2019; Kuroda & Laming

2020; Réville et al. 2021). Alfvén waves reflecting and refracting during their propagation through the chromosphere
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Powerful Radio-Loud Quasars are Triggered by Galaxy Mergers in the Cosmic Bright Ages
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ABSTRACT
While supermassive black holes are ubiquitous features of galactic nuclei, only a small minority

are observed during episodes of luminous accretion. The physical mechanism(s) driving the onset of
fueling and ignition in these active galactic nuclei (AGN) are still largely unkown for many galaxies
and AGN-selection criteria. Attention has focused on AGN triggering by means of major galaxy
mergers gravitationally funneling gas towards the galactic center, with evidence both for and against
this scenario. However, several recent studies have found that radio-loud AGN overwhelmingly reside
in ongoing or recent major galaxy mergers. In this study, we test the hypothesis that major galaxy
mergers are important triggers for radio-loud AGN activity in powerful quasars during cosmic noon
(1 . z . 2). To this end, we compare Hubble Space Telescope WFC3/IR observations of the z > 1 3CR
radio-loud broad-lined quasars to three matched radio-quiet quasar control samples. We find strong
evidence for major-merger activity in nearly all radio-loud AGN, in contrast to the much lower merger
fraction in the radio-quiet AGN. These results suggest major galaxy mergers are key ingredients to
launching powerful radio jets. Given many of our radio-loud quasars are blue, our results present a
possible challenge to the “blow-out” paradigm of galaxy evolution models in which blue quasars are the
quiescent end result following a period of red quasar feedback initiated by a galaxy merger. Finally,
we find a tight correlation between black hole mass and host galaxy luminosity for these different
high-redshift AGN samples inconsistent with those observed for local elliptical galaxies.

Keywords: Radio loud quasars (1349) — Galaxy mergers (608) — Active galactic nuclei (16) — Radio
jets (1347)
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1. INTRODUCTION

Essentially all massive galaxies seem to harbor a su-
permassive black hole (SMBH, taken to be black holes
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ABSTRACT

Context. Models of planet-disk interaction are mainly based on two and three dimensional viscous hydrodynamical simulations.
In such models, accretion is classically prescribed by an αν parameter which characterizes the turbulent radial transport of angular
momentum in the disk. This accretion scenario has been questioned for a few years and an alternative paradigm has been proposed
that involves the vertical transport of angular momentum by magneto-hydrodynamical (MHD) winds.
Aims. We revisit planet-disk interaction in the context of MHD wind-launching protoplanetary disks. In particular, we focus on the
planet’s ability to open a gap and produce meridional flows. Accretion, magnetic field and wind torque in the gap are also explored,
as well as the evaluation of the gravitational torque exerted by the disk onto the planet.
Methods. We carry out high-resolution 3D global non-ideal MHD simulations of a gaseous disk threaded by a large-scale vertical
magnetic field harboring a planet in a fixed circular orbit using the GPU-accelerated code Idefix. We consider various planet masses
(10 Earth masses, 1 Saturn mass, 1 Jupiter mass and 3 Jupiter masses for a Solar-mass star) and disk magnetizations (104 and 103 for
the β-plasma parameter, defined as the ratio of the thermal pressure over the magnetic pressure).
Results. We find that gap-opening always occurs for sufficiently massive planets, typically of the order of a few Saturn masses for
β0 = 103, with deeper gaps when the planet mass increases and when the initial magnetization decreases. We propose an expression
for the gap opening criterion when accretion is dominated by MHD winds. We show that accretion is unsteady and comes from surface
layers in the outer disk, bringing material directly towards the planet poles. A planet gap is a privileged region for the accumulation
of large-scale magnetic field, preferentially at the gap center or at the gap edges for some cases. This results in a fast accretion stream
through the gap, which can become sonic at high magnetizations. The torque due to the MHD wind responds to the planet presence
in a way that leads to a more intense wind in the outer gap compared to the inner gap. More precisely, for massive planets, the wind
torque is enhanced as it is fed by the planet torque above the gap’s outer edge whereas the wind torque is seemingly diminished above
the gap’s inner edge due to the planet-induced deflection of magnetic field lines at the disk surface. This induces an asymmetric gap,
both in depth and in width, that progressively erodes the outer gap edge, reducing the outer Lindblad torque and potentially reversing
the migration direction of Jovian planets in magnetized disks after a few hundreds of orbits. For low-mass planets, we find strongly
fluctuating gravitational torques that are mostly positive on average, indicating a stochastic outward migration.
Conclusions. The presence of MHD winds strongly affects planet-disk interaction, both in terms of flow kinematics and protoplanet
migration. This work illustrates the tight dependence between the planet torque, the wind torque and magnetic field transport that
is required to get the correct dynamics of such systems. In particular, many of the predictions from "effective" models that use
parameterized wind torques are not recovered (such as gap formation criteria, migration direction and speed) in our simulations.

Key words. accretion, accretion disks – protoplanetary disks – planet-disk interactions – magnetohydrodynamics (MHD) – methods:
numerical

1. Introduction

The question of accretion and its origin in the context of proto-
planetary disks is an utmost step if we want to develop reliable
and realistic models, whether it be of the evolution of the disk
itself (Pascucci et al. 2022), of its constituents such as the gas,
the dust and the planets, but also of their interactions (see, e.g.,
Rabago & Zhu 2021).

Observational evidence of an ultraviolet excess in the spec-
tral energy distribution gives through continuum fitting methods
a quantitative estimate of the stellar accretion rate, with a typi-
cal value of 10−8 M�.yr−1 (Venuti et al. 2014). In order to ex-
plain such high values of the stellar accretion rate, one needs
to rely on mass and angular momentum transport models. The
conventional viscous model relies on a turbulent transport of an-
gular momentum. It aims at parametrizing the disk’s turbulent
viscosity ν with an αν-parameter (Shakura & Sunyaev 1973).
Turbulence in disks is in general supposed to be the conse-

? e-mail: gaylor.wafflard@univ-grenoble-alpes@fr

quence of the non-linear saturation of the Magneto-Rotational
Instability (MRI, Balbus & Hawley 1991; Lesur et al. 2022).
Although the MRI is the most promising instability to explain
turbulence-driven accretion, recent global simulations of proto-
planetary disks with non-ideal MHD effects have shown that the
MRI may not occur in most regions of protoplanetary disks (see,
e.g., Perez-Becker & Chiang 2011b,a; Bai & Stone 2013a; Lesur
et al. 2014). Beside the MRI, a wide range of hydrodynamical
instabilities can play a role in the production of turbulence and
therefore accretion, like the Gravitational Instability (GI, Kratter
& Lodato 2016; Béthune & Latter 2022) or the Vertical Shear
Instability (VSI, Nelson et al. 2013; Stoll & Kley 2014) but they
rely on either very massive disks (GI) or on very fast cooling
timescales (VSI) which are probably not always applicable to
Class II objects (Lesur et al. 2022).

The diversity of increasingly resolved observations provides
valuable constraints on disk accretion models. In particular, the
turbulence-driven accretion model agrees with the inferred disk
lifetimes and measured stellar accretion rates if αν lies in the
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ABSTRACT

We combine Hubble Space Telescope (HST) Fine Guidance Sensor, Hipparcos, and Gaia DR3 astro-
metric observations of the K0 V star 14 Her with the results of an analysis of extensive ground-based
radial velocity data to determine perturbation orbits and masses for two previously known companions,
14 Her b and c. Radial velocities obtained with the Hobby-Eberly Telescope and from the literature
now span over twenty five years. With these data we obtain improved RV orbital elements for both
the inner companion, 14 Her b and the long-period outer companion, 14 Her c. We also find evidence
of an additional RV signal with P∼ 3789d.
We then model astrometry from Hipparcos, HST, and Gaia with RV results to obtain system parallax
and proper motion, perturbation periods, inclinations, and sizes due to 14 Her b and c. We find Pb =
1767.6 ± 0.2 d, perturbation semi-major axis αb = 1.3 ± 0.1 mas, and inclination ib = 36◦ ± 3◦, Pc

= 52160 ± 1028 d, perturbation semi-major axis αc = 10.3± 0.7 mas, and inclination ic = 82◦ ± 14◦.
In agreement with a past investigation, the 14 Her b, c orbits exhibit significant mutual inclination.
Assuming a primary mass M∗ = 0.98±0.04M�, we obtain companion massesMb = 8.5+1.0

−0.8MJup and

Mc = 7.1+1.0
−0.6MJup.

Keywords: astrometry — interferometry — stars:distances — exoplanets:mass

1. INTRODUCTION

Exoplanetary systems provide an opportunity to probe
the dynamical origins of planets (e.g. Ford 2006) and
system evolution (Wright et al. 2009). They provide
laboratories within which to tease out the essential pro-
cesses and end states from the accidental. The nearby,
metal-rich KO V star, 14 Her (HD 145675), has long been
known to host a companion (Butler et al. 2003), and
likely hosts a second (Goździewski et al. 2006; Witten-
myer et al. 2007; Wright et al. 2007; Hirsch et al. 2021;
Rosenthal et al. 2021). Recent astrometric and radial ve-
locity (RV) explorations of the 14 Her multi-planet sys-
tem include Bardalez Gagliuffi et al. (2021) and Feng
et al. (2022).

Before it was included in lists of multi-planet systems,
we included 14 Her in a Hubble Space Telescope (HST)
proposal (Benedict 2005) to carry out astrometry us-
ing the Fine Guidance Sensors (FGS). Those observa-
tions supported attempts to establish true component
mass of several promising candidate systems, all rela-
tively nearby, and with companion M sin i values and
periods suggesting measurable astrometric amplitudes.
See Benedict et al. (2017), section 4.6, for a review. As
discussed below, these 14 Her FGS data were problemat-

ical, and until now, not fully analyzable.
We now return to these older FGS data, motivated by

newer predictive resources. These include the Gaia DR3
RUWE parameter which predicts unmodeled photocen-
ter motion (Stassun & Torres 2021), and the Brandt
(2021) χ2 value. The latter parameter measures an
amount of measured acceleration obtained by compar-
ing an earlier epoch proper motion from Hipparcos with
a DR3 proper motion. A larger χ2 value indicates more
significant change (acceleration) in proper motion, thus
a higher probability of a perturbing companion. For
14 Her χ2 = 1009 and RUWE = 1.819, both indicat-
ing significant difference from straight line motion.

14 Her is a system for which accurate component
masses would prove useful. For 14 Her we use mod-
els previously employed for the exoplanet candidate sys-
tems ε Eri (Benedict et al. 2006), HD 33636 (Bean et al.
2007), υ And (McArthur et al. 2010), HD 136118 (Mar-
tioli et al. 2010), HD 38529 (Benedict et al. 2010), HD
128311 (McArthur et al. 2014), HD 202206 (Benedict &
Harrison 2017), and µ Ara (Benedict et al. 2022b).

A mass for 14 Her b was our original goal. Return-
ing to this target, now with a suspected second compan-
ion, raises the possibility of establishing two companion
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Alpha-Meteoroids then and now:
Unearthing an overlooked micrometeoroid population

Maximilian Sommer*

21 March 2023

Abstract

The term ‘α-meteoroid’ was introduced to describe a group of micrometeoroids with certain dynamical properties,
which—alongside the group of the β-meteoroids—had been identified by the first generation of reliable in-situ dust detectors
in interplanetary space. In recent years, use of the term α-meteoroid has become more frequent again, under a subtly but cru-
cially altered definition. This work shall bring attention to the discrepancy between the term’s original and newly established
meaning, and spotlight the now-overlooked group of particles that the term used to describe. We review past and present
pertinent literature around the term α-meteoroid, and assess the dynamics of the originally referred-to particles with respect
to possible sources, showing that their formation is the expected consequence of collisional grinding of the zodiacal cloud at
short heliocentric distances. The abundance of the original α-meteoroids, which are essentially ‘bound β-meteoroids’, makes
them relevant to all in-situ dust experiments in the inner solar system. Due to the change of the term’s meaning, however, they
are not considered by contemporary studies. The characterization of this particle population could elucidate the processing of
the innermost zodiacal cloud, and should thus be objective of upcoming in-situ dust experiments. The attained ambiguity of
the term α-meteoroid is not easily resolved, warranting great care and clarity going forward.

1 Introduction
The first important in-situ measurements of cosmic dust were carried out by the dedicated dust sensors aboard the Pioneer 8
and 9 spacecraft. Their most prominent discovery was a distinct group of dust particles that appeared to be coming from the
Sun on hyperbolic trajectories (Berg and Grün, 1973). In a seminal work, Zook and Berg (1975) coin the term β-meteoroids,
to refer to dust grains that ‘have their orbits significantly altered by radiation pressure’, including those affected strongly
enough to assume escape trajectories. The escaping β-meteoroids were subsequently confirmed by dust detectors onboard the
Helios (Grün et al., 1980) and later Ulysses spacecraft (Baguhl et al., 1995; Wehry et al., 2004). Since their discovery, the
study of the β-meteoroids remains of high interest, being seen as a window of insight into the near-Sun physics that enable
their creation. To what extent these miniscule particles are remnants of collisional grinding of the zodiacal cloud (e.g., Zook
and Berg, 1975; Grün et al., 1985b), of grains sublimating in the heat of the Sun (e.g., Mukai and Yamamoto, 1979; Kobayashi
et al., 2009), or of rotational bursting of grains spun up by solar radiation (e.g., Misconi, 1993; Herranen, 2020) is still subject
of scientific debate.

However, the data of these early dust detectors, onboard Pioneer 8/9, HEOS-2, and Helios revealed another group of
interplanetary dust particles, which where characterized by approach directions centred around the heliocentric spacecraft
apex, as well as impact speeds that suggested the particles had large orbital eccentricities and were encountered near their
aphelion (Zook and Berg, 1975; Hoffmann et al., 1975a,b; Grün et al., 1980). Initially referred to as ‘apex particles’ by
Hoffmann et al. (1975a,b), it became clear that they constituted a distinct dynamical class, for which Grün and Zook (1980)
introduced the term ‘α-meteoroids’—setting them apart from the hyperbolic β-meteoroids, as well as from the sporadic
micrometeoroids with higher angular momentum. These α-meteoroids, around 1 µm in size, occupied a mass range in between
the smaller β-meteoroids and the larger sporadic meteoroids (10−13 g ≤ m ≤ 10−11 g). Grün and Zook (1980) argue that the
dynamics of the α-meteoroids speak against a Poynting-Robertson-drag-induced evolution from cometary or asteroidal orbits
and instead point to a common origin with the β-meteoroids (presumably, the collisional fragmentation of bigger grains
closer to the Sun). However, interest in the α-meteoroids subsided with only few publications taking them up in the following
years, possibly owing to the growing popularity of in-situ cosmic dust research on the outer solar system and the interstellar

*University of Stuttgart, Germany. Email address: sommer@irs.uni-stuttgart.de
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EUV fine structure and variability associated with coronal rain
revealed by Solar Orbiter/EUI HRIEUVand SPICE
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ABSTRACT

Context. Coronal rain is the most dramatic cooling phenomenon of the solar corona. Recent observations in the visible and UV
spectrum have shown that coronal rain is a pervasive phenomenon in active regions. Its strong link with coronal heating through the
Thermal Non-Equilibrium (TNE) - Thermal Instability (TI) scenario, makes it an essential diagnostic tool for the heating properties.
Another puzzling feature of the solar corona, besides the heating, is its filamentary structure and variability, particularly in the EUV.
Aims. We aim to identify observable features of the TNE-TI scenario underlying coronal rain at small and large spatial scales, to
understand the role it plays in the solar corona.
Methods. We use EUV datasets at unprecedented spatial resolution of ≈ 240 km from the High Resolution Imager (HRI) in the EUV
(HRIEUV) of the Extreme Ultraviolet Imager (EUI) and SPICE on board Solar Orbiter from the spring 2022 perihelion.
Results. EUV absorption features produced by coronal rain are detected at scales as small as 260 km. As the rain falls, heating
and compression is produced immediately downstream, leading to a small EUV brightening accompanying the fall and producing
a ‘fireball’ phenomenon in the solar corona. Just prior to impact, a flash-like EUV brightening downstream of the rain, lasting a
few minutes is observed for the fastest events. For the first time, we detect the atmospheric response to the rain’s impact on the
chromosphere and consists of upward propagating rebound shocks and flows partly reheating the loop. The observed widths of the
rain clumps are 500 ± 200 km. They exhibit a broad velocity distribution of 10 − 150 km s−1, peaking below 50 km s−1. Coronal
strands of similar widths are observed along the same loops co-spatial with cool filamentary structure seen with SPICE, which we
interpret as the Condensation Corona Transition Region. Matching with the expected cooling, prior to the rain appearance sequential
loop brightenings are detected in gradually cooler lines from corona to chromospheric temperatures. Despite the large rain showers,
most cannot be detected in AIA 171 in quadrature, indicating that line-of-sight effects play a major role in coronal rain visibility. Still,
AIA 304 and SPICE observations reveal that only a small fraction of the rain can be captured by HRIEUV.
Conclusions. Coronal rain generates EUV structure and variability over a wide range of scales, from coronal loop to the smallest
resolvable scales. This establishes the major role that TNE-TI plays in the observed EUV morphology and variability of the corona.

Key words. Sun: transition region – Sun: corona – Sun: activity – Sun: filaments, prominences – Magnetohydrodynamics – Insta-
bilities
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A New LBV Candidate in M33
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ABSTRACT

The evolutionary relationships and mechanisms governing the behavior of the wide
variety of luminous stars populating the upper H-R diagram are not well established.
Luminous blue variables (LBVs) are particularly rare, with only a few dozen identified
in the Milky Way and nearby galaxies. Since 2012, the Barber Observatory Luminous
Stars Survey has monitored more than 100 luminous targets in M33, including M33C-
4119 which has recently undergone photometric and spectroscopic changes consistent
with an S Doradus eruption of an LBV.

Keywords: Massive stars(732),Luminous blue variable stars(944),Triangulum
Galaxy(1712)

1.

M33C-4119 (LGGS J013312.81+303012.6) is a new Luminous Blue Variable (LBV) candidate dis-
covered in an on-going survey of M33 (Martin & Humphreys 2017). LBVs are rare and difficult to
identify due to the infrequency of their characteristic photometric and spectroscopic variability. Only
a few dozen have been identified in the Milky Way and nearby galaxies (Humphreys et al. 2016).
Their eruptive mechanism and connection to other classes of massive stars including B[e] supergiants,
warm hypergiants, and supernova impostors are poorly understood.

M33C-4119 is a luminous OB-supergiant (Humphreys et al. 2014) in an outer spiral arm of M33
numbered B78 in Association 127 (Humphreys & Sandage 1980) about 12 arc minutes southwest
of the galaxy center. The designation M33C-4119 is from Burggraf (2015). It is also identified
as IFM B 333 by Ivanov et al. (1993) and J013312.81+303012.6 by Massey et al. (2016). Before
2012 it exhibited 0.1 – 0.2 mag alpha-Cygni type variations (Hartman et al. 2006; Chambers et al.
2016; Burggraf 2015) including measurements of digitized photographic plates as far back as 1968
(Gottschling 2017). A few measurements ∼0.5 mag brighter than average were recorded 2001–2002
(Burggraf 2015; Massey et al. 2016).

Corresponding author: John C. Martin
jmart5@uis.edu
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Density and magnetic intensity
dependence of radio pulses induced by
energetic air showers
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Abstract. We have studied the effect of changing the density and magnetic field strength in the
coherent pulses that are emitted as energetic showers develop in the atmosphere. For this purpose we
have developed an extension of ZHS, a program to calculate coherent radio pulses from electromagnetic
showers in homogeneous media, to account for the Lorentz force due to a magnetic field. This makes it
possible to perform quite realistic simulations of radio pulses from air showers in a medium similar to
the atmosphere but without variations of density with altitude. The effects of independently changing
the density, the refractive index and the magnetic field strength are studied in the frequency domain
for observers in the Cherenkov direction at far distances from the shower. This approach is particularly
enlightening providing an explanation of the spectral behavior of the induced electric field in terms of
shower development parameters. More importantly, it clearly displays the complex scaling properties
of the pulses as density and magnetic field intensity are varied. The usually assumed linear behavior
of electric field amplitude with magnetic field intensity is shown to hold up to a given magnetic field
strength at which the extra time delays due to the deflection in the magnetic field break it. Scaling
properties of the pulses are obtained as the density of air decreases relative to sea level. A remarkably
accurate scaling law is obtained that relates the spectra of pulses obtained when reducing the density
and increasing the magnetic field.ar
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Radiation-Driven Wind Hydrodynamics of Massive Stars: A
Review
Michel Curé1 and Ignacio Araya2
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Abstract: Mass loss from massive stars plays a determining role in their evolution through the upper
Hertzsprung-Russell diagram. The hydrodynamic theory that describes their steady-state winds is the
line-driven wind theory (m-CAK). From this theory, the mass-loss rate and the velocity profile of the wind
can be derived, and knowing these properly will have a profound impact on quantitative spectroscopy
analysis from the spectra of these objects. Currently, the so-called β law, which is an approximation for the
fast solution, is widely used instead of the m-CAK hydrodynamics, and when the derived value is β & 1.2,
there is no hydrodynamic justification for these values. This review focuses on 1) a detailed topological
analysis of the equation of motion (EoM); 2) solving numerically the EoM for all three different (fast and
two slow) wind solutions; 3) deriving analytical approximations for the velocity profile via the LambertW
function and 4) give a discussion of the applicability of the slow solutions.

Keywords: stars: massive; stars: mass-loss; hydrodynamics; methods: analytical; methods: numerical

1. Introduction

At the beginning of the XX century, Johnson [1,2] and Milne [3] argued that the force on
ions in the atmosphere of a luminous star could be responsible for the ejection of these ions
from the star. They also argued that the ejected ions should carry with them the corresponding
number of electrons, strictly there should be no charge–current, but they did not realize at
that time that the collisional coupling between ions and protons would drag the rest of the
plasma (mostly fully ionized Hydrogen), with them as well, at least to supersonic velocities,
and this theory was laid aside. It was Chandrasekhar [4,5], who in the context of globular
cluster dynamics, developed the theory of collisions due to an inverse square law, and Spitzer
[6] applied Chandrasekhar’s theory for collisions between charged particles.

Morton [7] was the first to report far-ultraviolet observations of three OB supergiants from
an Aerobee-sounding rocket. After this came Copernicus, the first satellite with a telescope on
board, and since then it has been possible to obtain stellar spectra in the ultraviolet (UV) region.
Morton [7] found that the resonance lines of C IV, N V and Si IV showed the typical P-Cygni1

profiles. He found that the displacements in the profiles of C IV λλ1549.5 and Si IV λλ1402.8
corresponding to outflow velocities in the range 1500–3000 km/s.

Snow and Morton [9] showed through a detailed survey that stars brighter than Mbol ∼ −6
have strong P-Cygni profiles in their spectra and therefore lose mass. The same conclusion was
arrived at by Abbott [10], who compared the radiative force with the gravitational force and
concluded that radiative forces could initialize and maintain the mass-loss process for stars
with an initial mass at the zero-age main sequence (ZAMS) of about 15 M� or greater.

1 See Lamers and Cassinelli [8], section 2.2
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Hall effect on the magnetic reconnections during the
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Abstract. We present a novel Hall magnetohydrodynamics (HMHD) numerical
simulation of a three-dimensional (3D) magnetic flux rope (MFR)—generated
by magnetic reconnections from an initial 3D bipolar sheared field. Magnetic
reconnections during the HMHD evolution are compared with the MHD. In both
simulations, the MFRs generate as a consequence of the magnetic reconnection at
null points which has not been realized in contemporary simulations. Interestingly, the
evolution is faster and more intricate in the HMHD simulation. Repetitive development
of the twisted magnetic field lines (MFL) in the vicinity of 3D nulls (reconnection site) is
unique to the HMHD evolution of the MFR. The dynamical evolution of magnetic field
lines around the reconnection site being affected by the Hall forcing, correspondingly
affects the large-scale structures.
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ABSTRACT
Methylamine has been the only simple alkylamine detected in the interstellar medium
for a long time. With the recent secure and tentative detections of vinylamine and
ethylamine, respectively, dimethylamine has become a promising target for searches
in space. Its rotational spectrum, however, has been known only up to 45 GHz until
now. Here we investigate the rotation-tunneling spectrum of dimethylamine in selected
regions between 76 and 1091 GHz using three different spectrometers in order to fa-
cilitate its detection in space. The quantum number range is extended to J = 61 and
Ka = 21, yielding an extensive set of accurate spectroscopic parameters. To search for
dimethylamine, we refer to the spectral line survey ReMoCA carried out with the Ata-
cama Large Millimeter/submillimeter Array toward the high-mass star-forming region
Sagittarius B2(N) and a spectral line survey of the molecular cloud G+0.693−0.027
employing the IRAM 30 m and Yebes 40 m radio telescopes. We report nondetections
of dimethylamine toward the hot molecular cores Sgr B2(N1S) and Sgr B2(N2b) as
well as G+0.693−0.027 which imply that dimethylamine is at least 14, 4.5 and 39
times less abundant than methylamine toward these sources, respectively. The obser-
vational results are compared to computational results from a gas-grain astrochemical
model. The modeled methylamine to dimethylamine ratios are compatible with the ob-
servational ratios. However, the model produces too much ethylamine compared with
methylamine which could mean that the already fairly low levels of dimethylamine in
the models may also be too high.

Key words: Molecular data – Methods: laboratory: molecular – Techniques: spectro-
scopic – Line: identification – ISM: abundances – Astrochemistry

1 INTRODUCTION

Methylamine, CH3NH2, was among the earliest molecules
to be discovered by radio-astronomical means; Kaifu et al.
(1974) and Fourikis et al. (1974) reported detections toward
Sagittarius (Sgr) B2 and Orion A, although the detection
toward Orion A was dismissed a few years later (Johansson
et al. 1984). Despite being a fairly small molecule, searches
for methylamine toward other sources remained fruitless for
quite some time. It was ultimately identified in the course of
a spectral line survey of a z≈ 0.89 foreground galaxy located
in front of the quasar PKS 1830−211 (Muller et al. 2011).
Surprisingly, CH3NH2 emission was detected toward the pe-

? E-mail: hspm@ph1.uni-koeln.de (HSPM)

culiar molecule-rich circumstellar environment of the “red
nova” CK Vul, thought to be the remnant of a stellar merger
(Kamiński et al. 2017), and imaged with the Atacama Large
Millimeter/submillimeter Array (ALMA)(Kamiński et al.
2020). Recently, CH3NH2 was detected in the molecular
cloud G+0.693−0.027 close to Sgr B2(N) (Zeng et al. 2018).
Shortly thereafter, it was also found toward the high-mass
star forming regions NGC6334I (Bøgelund et al. 2019) and
G10.47+0.03 (Ohishi et al. 2019) and later toward several
other high-mass protostars (Nazari et al. 2022).

Zeng et al. (2021) detected vinylamine, C2H3NH2, se-
curely and ethylamine, C2H5NH2, tentatively in a spectral
line survey of G+0.693−0.027. Dimethylamine, CH3NHCH3,
(DMA for short) is an isomer of ethylamine and related
to methylamine, making it a viable candidate for searches

© 2023 The Authors
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ABSTRACT
Data-driven analysis methods can help to infer physical properties of red giant stars where “gold-standard” asteroseismic data are
not available. The study of optical and infrared spectra of red giant stars with data-driven analyses has revealed that differences
in oscillation frequencies and their separations are imprinted in said spectra. This makes it possible to confidently differentiate
core-helium burning red clump stars (RC) from those that are still on their first ascent of the red giant branch (RGB). We extend
these studies to a tenfold larger wavelength range of 0.33 to 2.5`m with the moderate-resolution VLT/X-shooter spectrograph.
Our analysis of 49 stars with asteroseismic data from the K2 mission confirms that CN, CO and CH features are indeed the
primary carriers of spectroscopic information on the evolutionary stages of red giant stars. We report 215 informative features
for differentiating the RC from the RGB within the range of 0.33 to 2.5`m. This makes it possible for existing and future
spectroscopic surveys to optimize their wavelength regions to deliver both a large variety of elemental abundances and reliable
age estimates of luminous red giant stars.

Key words: stars: evolution – asteroseismology – methods: data analysis

1 INTRODUCTION

The physical processes that drive the assembly and evolution of spiral
galaxies leave imprints on the distributions of stellar age, abundance,
and kinematics. Mapping those observable properties in spiral galax-
ies aids in inferring their formation histories (e.g., Poci et al. 2019)
and how they have evolved based on factors such as mass and en-
vironment (e.g., Santucci et al. 2020). Observations of stars in the
Milky Way provide complementary information, allowing a highly
detailed look into distinct nucleosynthetic sites and processes for
dynamical evolution (e.g., Lucey et al. 2022; Chen et al. 2022).
The combination of large-scale spectroscopic surveys and theGaia

astrometric mission (Gaia Collaboration et al. 2016, 2022) has rev-
olutionised this field within the Milky Way, making it possible to
map chemo-dynamical structure in great detail (e.g., Casey et al.
2017; Grieves et al. 2018; Hayden et al. 2018; Buder et al. 2019;
Bland-Hawthorn et al. 2019; Hayden et al. 2020; Medan & Lépine
2023). However, this detailed view is restricted to a zone of ∼ 3 kpc
around the Sun, where the measurement uncertainty in Gaia par-
allax produces a fractional uncertainty in distance of 10% or less
(e.g. Luri et al. 2018). Using stellar standard candles as a tracer pop-
ulation is one way to extend precise chemodynamic investigations

★ E-mail: k.banks@unsw.edu.au

to more distant regions of the Galaxy. The red clump (RC), which
is a post-red giant branch (RGB) phase of core helium burning, is
one point in stellar evolution that can be used as a standard candle
(e.g., Cannon 1970; Girardi 2016). This is due to the fact that all
low-mass (0.8−2.0M�), non-metal-poor ([Fe/H] > −0.5) RGB stars
ignite helium fusion when their core reaches a threshold mass of 0.47
𝑀� , independent of the original stellar mass (Girardi 2016). As a
result, these stars all transition into RC stars with identical helium-
burning core masses and any luminosity difference between them,
which is small, arises from differences in their envelope masses and
compositions.
A challenge when using RC stars as standard candles is that they

occupy a similar colour and magnitude space as non-standard candle
stars on the lower RGB. While RC stars are well confined in lumi-
nosity, with log(𝐿RC/𝐿�) = 1.95 and a mean intrinsic dispersion
of ∼ 0.17 ± 0.03mag in all colour bands (Hawkins et al. 2017),
RGB stars with similar colours and effective temperatures occupy a
wider range in luminosity. Even with spectroscopic measurements of
log 𝑔 confining the luminosity estimates of RGB stars, their distance
estimates have an uncertainty of up to ∼ 10% (e.g. Bovy et al. 2014).
Methods for probabilistically separating red clump and red giant

branch stars on the basis of spectroscopic stellar parameters have
been developed by a number of authors, including Williams et al.
(2013), Bovy et al. (2014) and Sharma et al. (2018). Many authors,

© 2023 The Authors
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ABSTRACT

Context. The study of high-mass stars found to be isolated in the field of the Milky Way may help to probe the feasibility of the core-
accretion mechanism in the case of massive star formation. The existence of truly isolated stars may efficiently probe the possibility
that individual massive stars can be born in isolation.
Aims. We observed WR67a (hereafter Sapaki), an O3If* star that appears to be isolated close to the center of a well-developed giant
cavity that is aptly traced by 8.0 µm hot dust emission.
Methods. We acquired medium-resolution (R = 4100) and moderate signal-to-noise (S/N = 95 at 4500 Å) spectra for Sapaki in the
range of 3800 − 10500 Å with the Magellan Echellette (MagE) at Las Campanas Observatory. We computed the line-of-sight total
extinctions. Additionally, we restricted its heliocentric distance by using a range of different estimators. Moreover, we measured its
radial velocity from several lines in its spectrum. Finally, we analyzed its proper motions from Gaia to examine its possible runaway
status.
Results. The star has been classified as having the spectral type O3If* given its resemblance to standard examples of the class. In
addition, we found that Sapaki is highly obscured, reaching a line-of-sight extinction value of AV = 7.87. We estimated the heliocentric
distance to be in the range of d = 4 − 7 kpc. We also estimated its radial velocity to be Vr = −34.2 ± 15.6 km/s. We may also discard
its runaway status solely based on its 2D kinematics. Furthermore, by analyzing proper motions and parallaxes provided by Gaia, we
found only one other star with compatible measurements.
Conclusions. Given its apparent non-runaway status and the absence of clustering, Sapaki appears to be a solid candidate for isolated
high-mass star formation in the Milky Way.

Key words. stars: early-type – stars: fundamental parameters – ISM: bubbles – techniques: spectroscopic

1. Introduction

Massive stars are key actors in the dynamical and chemical
evolution history of all types of galaxies, including our own
Milky Way (Tielens 2005). During their relatively short life-
times, they can significantly alter the local interstellar medium
(ISM) through intense feedback and supernova explosions (Fier-
linger et al. 2016). Furthermore, they are prime sources of Ly-
man continuum ionizing radiation, which interacts with the ISM
to sculpt bubbles and H II regions (Krause et al. 2013). It has
been well established that the majority of high-mass stars are
formed in the core of their host clusters, possibly forming bi-
nary or multiple stellar systems (Sana et al. 2013). However,
some studies have found these stars in apparent isolation in the
field (e.g. de Wit et al. 2005; Gvaramadze et al. 2011; Roman-
Lopes 2013), which is in defiance of current theories of massive
star formation that require physical conditions that are found
only in the densest regions of giant molecular clouds (McKee
& Ostriker 2007; Zinnecker & Yorke 2007). In fact, most iso-
lated high-mass objects are runaway stars that were ejected from
their parental clusters either due to dynamical interaction with
other massive companions or supernova explosions in close bi-
naries (e.g. Perets & Šubr 2012; Dorigo-Jones et al. 2020; Sana
et al. 2022). For example, in the Milky Way, the cases of Ba-
jamar (O3.5III(f*)) and Toronto (O6.5V((f))z) offer examples
of stars that were ejected from the Bermuda cluster at approx-

imately the same time, causing a rapid orphanization of the clus-
ter (Maíz-Apellániz et al. 2022). Also, WR20aa and WR20c
are two OIf*/WN stars located in the vicinity of Westerlund
2, whose radial vector intercepts at the center of the cluster
where the stellar density reach its maximum (Roman-Lopes et al.
2011). Apart from Milky Way examples, in the Large Magellanic
Cloud, we have the case of VFTS 16, an O2IIIf* star that was
ejected from R136, as well as VFTS 72, a fast-moving O2III-
V(n)((f*)) star that was also probably ejected from its birthplace
in the vicinity of R136 (Lennon et al. 2018). These results sup-
port the idea that massive stars are, in fact, born in clusters, be-
cause the birthplace of isolated stars could be traced back to a
nearby cluster (de Wit et al. 2005; Zinnecker & Yorke 2007;
Gvaramadze et al. 2012).

In this sense, in order to prove that a massive star was formed
in isolation, it has to be very young, with accurate proper mo-
tions and radial velocity measurements; it should also be im-
aged with exquisite angular resolution instruments (e.g., Gvara-
madze et al. 2012; Stephens et al. 2017; Kalari et al. 2019). This
last point is transcendental, since, thanks to near-infrared (NIR)
diffraction-limited images, we can resolve the low-mass end of
the initial mass function (IMF) around massive stars, especially
when we search for them deeply immersed into the Galactic
disk. Consequently, the detection of even a single very early O-
type star represents an achievement in itself, since the scarcity
of these objects is partly responsible for the poorly constrained

Article number, page 1 of 7
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ABSTRACT

Tsinghua university-Ma Huateng Telescope for Survey (TMTS) aims to discover rapidly evolving transients by monitoring the
northern sky. The TMTS catalog is cross-matched with the white dwarf (WD) catalog of Gaia EDR3, and light curves of more
than a thousand WD candidates are obtained so far. Among them, the WD TMTS J23450729+5813146 (hereafter J2345) is
one interesting common source. Based on the light curves from the TMTS and follow-up photometric observations, periods of
967.113 s, 973.734 s, 881.525s, 843.458 s, 806.916 s and 678.273 s are identified. In addition, the TESS observations suggest a
3.39 h period but this can be attributed to the rotation of a comoving M dwarf located within 3

′′
. The spectroscopic observation

indicates that this WD is DA type with)eff = 11778±617K, log 6 = 8.38±0.31, mass=0.84±0.20M⊙ and age=0.704±0.377Gyrs.
Asteroseismological analysis reveals a global best-fit solution of )eff = 12110 ± 10 K and mass=0.760 ± 0.005 M⊙ , consistent
with the spectral fitting results, and Oxygen and Carbon abundances in the core center are 0.73 and 0.27, respectively. The
distance derived from the intrinsic luminosity given by asteroseismology is 93 parsec, which is in agreement with the distance of
98 parsec from Gaia DR3. Additionally, kinematic study shows that this WD is likely a thick disk star. The mass of its zero-age
main-sequence mass is estimated to be 3.08 M⊙ and has a main-sequence plus cooling age of roughly 900 Myrs.

Key words: stars: white dwarfs - stars: variables: general - stars: oscillations - stars: individual: TMTS J23450729+5813146

1 INTRODUCTION

In our Milky Way, up to 97% of all stars will eventually evolve
into white dwarfs (WDs) (Heger et al. 2003). Main-sequence stars
with masses no more than 10-11 M⊙ (Woosley & Heger 2015) will
end up as WDs, depending on their metallicity as well. WDs are
objects of great importance that can provide vital information in
variety of research fields (Althaus et al. 2010). Owing to a simple
cooling mechanism, it is easier to derive relatively accurate ages

∗ E-mail: jcguo@bjp.org.cn (J,Guo), yanhuichen1987@126.com (Y,Chen),
wang_xf@mail.tsinghua.edu.cn (X.Wang)

of WDs, making them suitable for studies on the ages of Galac-
tic populations (Kilic et al. 2019; Guo et al. 2019), which are im-
portant tools by studying their luminosity functions (Munn et al.
2017; Lam et al. 2019) and mass functions (Holberg et al. 2016;
Hollands et al. 2018). Accurate WD luminosity functions can be
adopted to infer the structure and evolution of the Galactic disk and
open and globular clusters (Bedin et al. 2009; Campos et al. 2016;
García-Berro & Oswalt 2016; Kilic et al. 2017; Guo et al. 2018).
Furthermore, massive carbon-oxygen (CO) WDs are progenitors of
type Ia supernovae (SNe Ia), which serve as standard candles for
cosmological studies (Maoz, Mannucci, & Nelemans 2014). Ultra-
short period double WDs are potential gravitational wave sources

© 2022 The Authors
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D-69120, Baden-Württemberg, Germany.
2Instituto de Astrof́ısica de Canarias, (IAC), Vı́a Láctea, 1, San
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Abstract

H II regions, ionized nebulae where massive star formation has taken
place, exhibit a wealth of emission lines that are the fundamental basis
for estimating the chemical composition of the Universe. For more than
80 years, a discrepancy of at least a factor of two between heavy-element
abundances derived with collisional excited lines (CELs) and the weaker
recombination lines (RLs) has thrown our absolute abundance determi-
nations into doubt. Heavy elements regulate the cooling of the interstellar
gas, being essential to the understanding of several phenomena such as
nucleosynthesis, star formation and chemical evolution. In this work,
we use the best available deep optical spectra of ionized nebulae to
analyze the cause of this abundance discrepancy problem. We find for
the first time general observational evidence in favor of the tempera-
ture inhomogeneities within the gas, quantified by t2. The temperature
inhomogeneities inside H II regions are affecting only the gas of high ion-
ization degree and producing the abundance discrepancy problem. This
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A type II solar radio burst without a coronal mass ejection
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ABSTRACT

Context. The Sun produces the most powerful explosions in the solar system, solar flares, that can also be accompanied by large
eruptions of magnetised plasma, coronal mass ejections (CMEs). These processes can accelerate electron beams up to relativistic
energies through magnetic reconnection processes during solar flares and CME-driven shocks. Energetic electron beams can in turn
generate radio bursts through the plasma emission mechanism. CME shocks, in particular, are usually associated with type II solar
radio bursts.
Aims. However, on a few occasions, type II bursts have been reported to occur either in the absence of CMEs or shown to be more
likely related with the flaring process. It is currently an open question how a shock generating type II bursts forms without the
occurrence of a CME eruption. Here, we aim to determine the physical mechanism responsible for a type II burst which occurs in the
absence a CME.
Methods. By using radio imaging from the Nançay Radioheliograph, combined with observations from the Solar Dynamics Observa-
tory and the Solar Terrestrial Relations Observatory spacecraft, we investigate the origin of a type II radio burst that appears to have
no temporal association with a white-light CME.
Results. We identify a typical type II radio burst with band-split structure that is associated with a C-class solar flare. The type II
burst source is located above the flaring active region and ahead of disturbed coronal loops observed in extreme ultraviolet images.
The type II is also preceded by type III radio bursts, some of which are in fact J-bursts indicating that accelerated electron beams do
not all escape along open field lines. The type II sources show single-frequency movement towards the flaring active region. The type
II is located ahead of a faint extreme-ultraviolet (EUV) front propagating through the corona.
Conclusions. Since there is no CME detection, a shock wave is most likely generated by the flaring process or the bulk plasma
motions associated with a failed eruption. The EUV front observed is likely a freely propagating wave that expands into surrounding
regions. The EUV front propagates at an initial speed of approximately 450 km/s and it is likely to steepen into a shock wave in a
region of low Alfvén speed as determined from magneto-hydrodynamic modelling of the corona.

Key words. Sun: corona – Sun: radio radiation – Sun: particle emission – Sun: coronal mass ejections (CMEs) – Sun: activity – Sun:
flares

1. Introduction

Solar radio bursts can be produced by energetic processes in
the solar corona such as solar flares and coronal mass ejections
(CMEs). These processes accelerate electron beams that can in
turn generate emission at radio wavelengths through the plasma
emission mechanism (see e.g., Klassen et al. 2002, and the ref-
erences therein). Solar radio bursts are classified based on their
shape and characteristics in dynamic spectra as type I–V (Wild
1963). Type II and type IV bursts are usually associated with a
combination of a CME and flare or a CME only, but rarely with
solar flares only (e.g. Magdalenić et al. 2012; Su et al. 2015;
Kumar et al. 2016), which suggest that a CME is critical in pro-
ducing them (e.g. Smerd 1970; Dulk et al. 1976; Gergely 1986;
Morosan et al. 2019b; Salas-Matamoros & Klein 2020; Morosan
et al. 2021). Type III bursts in turn are associated with flares or
other activity on the Sun in the absence of flaring events and
they represent signatures of electron beams travelling along open
magnetic field lines (e.g. Reid & Ratcliffe 2014).

Type II radio bursts, in particular, are usually associated with
electron beams accelerated by CME-driven shock waves (Smerd
1970; Gopalswamy et al. 2005; Kumari et al. 2019). Type II
bursts consist of slowly drifting emission lanes observed at met-

ric to decametric wavelengths in dynamic spectra at the funda-
mental and/or harmonic of the plasma frequency (Mann et al.
1996; Nelson & Melrose 1985). The fundamental and harmonic
emission lanes can often show split bands (e.g., Smerd et al.
1975; Vršnak et al. 2001, 2002; Kumari et al. 2017b) and numer-
ous fine structures composing these lanes (e.g., Magdalenić et al.
2020). For example, fine-structured bursts called ‘herringbones’
are characterised by short-duration drifting bursts towards ei-
ther low or high frequencies stemming from a type II ‘back-
bone’ (Holman & Pesses 1983; Cairns & Robinson 1987; Cane
& White 1989), but sometimes also occurring without a type II
backbone (Holman & Pesses 1983; Morosan et al. 2019a). There
is also a wealth of other fine structures composing the emission
lanes of type II bursts, recently documented by Magdalenić et al.
(2020). Type II and associated fine structures are usually clas-
sified as the radio signatures of expanding CME-driven shocks
in the solar corona (e.g., Stewart et al. 1974; Martínez Oliveros
et al. 2012; Liu et al. 2009; Zucca et al. 2018; Carley et al. 2013;
Kumari et al. 2017a; Morosan et al. 2019a).

Some studies, however, suggest that not all type IIs are asso-
ciated with CME shocks (e.g., Magdalenić et al. 2012; Su et al.
2015; Kumar et al. 2016). A different mechanism has been sug-
gested for high-frequency type II bursts (> 150 MHz), that is,
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A GPU-accelerated viewer for HEALPix maps
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ABSTRACT

Context. HEALPix by Górski et al. (2005) is de-facto standard for Cosmic Microwave Background (CMB) data storage and analysis,
and is widely used in current and upcoming CMB experiments. Almost all the datasets in Legacy Archive for Microwave Background
Data Analysis (LAMBDA) use HEALPix as a format of choice. Visualizing the data plays important role in research, and several
toolsets were developed to do that with HEALPix maps, most notably original Fortran facilities and Python integration with healpy.
Aims. With the current state of GPU performance, it is now possible to visualize extremely large maps in real time on a laptop or a
tablet. HEALPix Viewer described here is developed for macOS, and takes full advantage of GPU acceleration to handle extremely
large datasets in real time. It compiles natively on Intel and Arm64 architectures, and uses Metal framework for high-performance
GPU computations. The aim of this project is to reduce the effort required for interactive data exploration, as well as time overhead
for producing publication-quality maps. Drag and drop integration with Keynote and Powerpoint makes creating presentations easy.
Methods. The main codebase is written in Swift, a modern and efficient compiled language, with high-performance computing parts
delegated entirely to GPU, and a few inserts in C interfacing to cfitsio library for I/O. Graphical user interface is written in SwiftUI,
a new declarative UI framework based on Swift. Most common spherical projections and colormaps are supported out of the box, and
the available source code makes it easy to customize the application and to add new features if desired.
Results. On a M1 Max laptop, an nside = 8192 map is processed in real time, with geometry effects being rendered at 60fps in full
resolution with no appreciable load to the machine. Main user-facing delays are limited to CPU-bound cfitsio load times, as well as
sorting needed to construct Cumulative Distribution Function (CDF) estimators for statistical analysis (hidden in background queue).

Key words. Cosmology: cosmic background radiation – Methods: data analysis – Techniques: image processing

1. Introduction

Since its original discovery Dicke et al. (1965), cosmic mi-
crowave background (CMB) has been a veritable gold mine of
information on cosmology in general and early universe physics
in particular. After COBE measured CMB spectrum to be almost
perfectly that of black body radiation Mather et al. (1990) and
detected CMB temperature anisotropy for the first time Smoot
et al. (1992), implications for cosmology were quickly explored,
e.g. Efstathiou et al. (1992). Polarization of CMB was detected
10 years later Kovac et al. (2002), and the field was maturing
quickly with a number of ground, balloon-borne, and satellite
experiments, as well as work by theorists, to become truly a
source for precision cosmology. Two of the satellite missions,
NASA’s WMAP Bennett et al. (2013) and ESA’s Planck Planck
Collaboration et al. (2020a) were particularly impactful. Cur-
rent, future, and proposed CMB experiments will carry the torch,
such as Simons Obervatory Ade et al. (2019), LiteBIRD Hazumi
et al. (2012); Matsumura et al. (2014), CMB Stage 4 Abazajian
et al. (2019), and PICO Hanany et al. (2019). Cosmic microwave
background observations were used not only to measure cosmo-
logical parameters Hinshaw et al. (2013); Planck Collaboration
et al. (2020b) and explore constraints on primordial fluctuations
Planck Collaboration et al. (2020e,d,c), but they also provide in-
formation on astrophysical foregrounds and are becoming im-
portant for galactic science, e.g. Hensley et al. (2022).

? e-mail: frolov@sfu.ca

De-facto standard for CMB data storage and analysis is
HEALPix (Hierarchical Equal Area isoLatitude Pixelation)
Gorski et al. (1999); Górski et al. (2005); Górski & Hivon
(2011), used by both WMAP and Planck Hivon et al. (2015),
as well as by most of the data published on LAMBDA (Legacy
Archive for Microwave Background Data Analysis) Addison
et al. (2019). Original HEALPix library and facilities were writ-
ten in Fortran (with C bindings available), but it since has been
ported or interfaced to a number of languages including R Fryer
et al. (2019), Julia Tomasi & Li (2021), and most notably Python
with healpy package Zonca et al. (2020).

Scientific data visualization plays an important role in re-
search, and two of the most widely used tools for visualizing
HEALPix maps are original map2gif facility of HEALPix, and
healpy package. A number of interactive 3D visualization tools
were developed, either written in Java Joliet et al. (2008); Fer-
nique et al. (2010), cross-platform frameworks as LAMBDA’s
SkyViewer (uses Qt) and Univiewer Mingaliev & Stolyarov
(2010) (uses wxWidgets), or targeting specific operating sys-
tems such as CMBview for macOS Portsmouth (2011). Some
of these projects appear to be orphaned, and GPU technology
has come a long way since then, both in hardware and software
available. OpenCL superseded OpenGL for massively parallel
heterogeneous computing, and in turn was followed by more op-
timized but vendor-specific GPU libraries such as Apple’s Metal
or AMD’s Vulkan. It is now possible to process extremely large
datasets on commodity hardware, and even on portable devices.
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A new technique to measure noise parameters for
global 21-cm experiments

Danny C. Price, Cheuk-Yu Edward Tong, Adrian T. Sutinjo, Nipanjana Patra, Lincoln J.
Greenhill

Abstract – Radiometer experiments to detect 21-
cm Hydrogen line emission from the Cosmic Dawn and
Epoch of Reionization rely upon precise absolute cali-
bration. During calibration, noise generated by ampli-
fiers within the radiometer receiver must be accounted
for; however, it is difficult to measure as the noise power
varies with source impedance. In this letter, we introduce
a convenient method to measure the noise parameters of
a receiver system, which is practical for low-frequency
receivers used in global 21-cm experiments.

1. Introduction

Numerous experiments (e.g. [1–5]) seek to detect
the global 21-cm signal from the Cosmic Dawn with ra-
diometers across 30–250 MHz. Such a detection requires
an exquisitely calibrated radiometer and a well character-
ized antenna. Any spectral features introduced by the ra-
diometer may obfuscate, or be mistaken for, the expected
∼100mK amplitude absorption feature.

The EDGES experiment reported the presence of an
apparent ∼500mK absorption feature in their calibrated
data [1]; however, there are concerns that this is partly or
fully due to unmodelled systematics that have introduced
a spectral feature [6–8]. In tension with the EDGES re-
sult, the SARAS-3 experiment has recently reported a
significant non-detection of the absorption feature in their
calibrated spectra [3]. Gaining a better understanding and
characterization of systematics within global 21-cm ex-
periments will be critical for breaking this tension.

One potential source of unwanted spectral features
deserving more attention is the self-noise introduced by
amplifiers within the radiometer. As the noise perfor-
mance of a radiometer depends upon the impedance of
the antenna it is connected to, a radiometer’s noise fig-
ure will differ when deployed in the field as compared to
laboratory measurements with a 50Ω noise source. This
difference is a source of error that must be accounted for.

To date, most global experiments have used a
method involving a long coaxial cable to determine the
magnitude of the difference, following the approach em-
ployed in EDGES [9]. This method is primarily based
upon Hu & Weinreb [10], but using the “noise wave” for-
mulation of Meys [11]. Here, we introduce a new tech-
nique to characterize noise performance for global 21-cm

experiments, based on the related “noise parameter” for-
mulation commonly used in the microwave engineering
community [12].

Our technique, based on the approach given [13],
only requires a standard Vector Network Analyzer (VNA)
and calibration kit, a short cable, and a calibrated noise
source. We refer the reader to [13] for discussion of the
mathematical and theoretical background.

2. Noise parameters

The noise performance of a device-under-test
(DUT) is commonly characterized by noise parameters:
four real-valued terms from which noise characteristics
can be derived for any input impedance. Following [13],
the noise temperature T of a 2-port DUT connected to a
source with reflection coefficient Γs can be expressed as:

T (Γs) = Tmin +T0N

∣∣Γs−Γopt
∣∣2

(1−|Γs|2)
∣∣1+Γopt

∣∣2 (1)

where the noise parameters are:

• Tmin is the minimum noise temperature.

• Γopt is the optimum reflection coefficient.

• N is the minimum noise ratio.

Note that T0 = 290K, Z0 = 50Ω, and Γs is complex val-
ued. We may treat the magnitude γopt and phase θopt of
Γs as two real-valued noise parameters.

The noise parameters of a DUT may be determined
by making at least 4 measurements of T (Γs) when differ-
ent source impedances are connected. Following Lane’s
method [14], after the singularity removal detailed in
[15], the four (real-valued) noise parameters can be found
by casting the problem as a matrix equation:

Ax = t′ (2)

x = [a,b,c,d]T (3)

t′ = (1− γ
2
si
)t (4)

Vector t′ is formed from receiver measurements (entries
in t), matrix A is formed from Γs measurements, and we
wish to find (4×1) noise parameter vector x. The rows
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ABSTRACT
Temporal broadening is a commonly observed property of fast radio bursts (FRBs), associated with turbulent media which cause
radiowave scattering. Similarly to dispersion, scattering is an important probe of the media along the line of sight to an FRB
source, such as the circum-burst or circum-galactic mediums (CGM). Measurements of characteristic scattering times alone
are insufficient to constrain the position of the dominant scattering media along the line of sight. However, where more than
one scattering screen exists, Galactic scintillation can be leveraged to form strong constraints. We quantify the scattering and
scintillation in 10 FRBs with 1) known host galaxies and redshifts and 2) captured voltage data enabling high time resolution
analysis, obtained from the Commensal Real-time ASKAP (Australian Square Kilometre Array Pathfinder) Fast Transient survey
science project (CRAFT). We find strong evidence for two screens in three cases. For FRBs 20190608B and 20210320C, we find
evidence for scattering screens less than approximately 16.7 and 3000 kpc respectively, from their sources. For FRB20201124A
we find evidence for a scattering screen at ≈ 26 kpc. Each of these measures is consistent with the scattering occurring in the host
ISM (inter-stellar medium) or CGM. If pulse broadening is assumed to be contributed by the host galaxy ISM or circum-burst
environment, the definitive lack of observed scintillation in four FRBs in our sample suggests that existing models may be
over-estimating scattering times associated with the Milky Way’s ISM, similar to the anomalously low scattering observed for
FRB20201124A.
Key words: fast radio bursts – scattering – intergalactic medium

1 INTRODUCTION

Fast radio bursts (FRBs) are short duration (`s – ms), extragalactic,
radio frequency bursts (Lorimer et al. 2007; Thornton et al. 2013).
In addition to intrinsic time-frequency structure, FRBs are dispersed
and often contain the hallmarks of multi-path propagation, arising
from propagation through a turbulent medium. While the intergalac-
tic medium (IGM) is often responsible for a sizeable portion of FRB
dispersion (Macquart et al. 2020), due to its tenuous density, it is not
expected to contribute significantly to the scattering, with estimates
typically as low as ∼ 10 `s at 1GHz(Macquart & Koay 2013; Cordes
et al. 2022). This conclusion is supported by the observed lack of
correlation between FRB dispersion measures (DM) and scattering
times (Chawla et al. 2022; Gupta et al. 2022).
Similarly, the Milky-Way interstellar medium (ISM) is not ex-

pected to dominate the scattering observed in FRBs at high Galactic
latitudes, with scattering times inferred frompulsars (Cordes&Lazio
2003) being . 10`𝑠 for lines of sight more than 30◦ away from the
Galactic plane. Assuming that the host galaxies of FRBs are similar

★ E-mail: mawson.sammons@postgrad.curtin.edu.au

to the Milky-Way, the symmetry of the scattering process leads to
the conclusion that, on average, host galaxy ISMs are also unlikely
to be singularly responsible for the observed FRB scattering (Simha
et al. 2020; Chawla et al. 2022).
Due to their large geometric leverage, intervening galaxies are

a potential source of large scattering in FRBs. For a high redshift
population (𝑧 ∼ 5), intervening galaxies have been forecast to be the
dominant source of scattering (Ocker et al. 2022a). For FRBs with
𝑧 . 1, however, the probability of intersecting a foreground galaxy
is insufficient for them to be the dominant source of scattering in the
population (Macquart & Koay 2013; Prochaska & Neeleman 2018;
Chawla et al. 2022; Ocker et al. 2022a).
Apotentially important scattering region iswithin the circum-burst

environment, which has long been suggested as the site of the &ms
scattering times and& 100 radm2 rotationmeasures (RMs) observed
in some FRBs (Masui et al. 2015). Measurements of RM variability
in some repeating FRBs have supported this scenario, with large
variations over short durations requiring a dense,magnetisedmedium
near the source (Michilli et al. 2018; Hilmarsson et al. 2021; Anna-
Thomas et al. 2022). Recent measurements of scattering variability
in FRB20190520B provide the tightest limits yet, with variation

© 2021 The Authors
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ABSTRACT

The 21cm global signal is an important probe to reveal the properties of the first astrophysical objects and the processes of
the structure formation from which one can constrain astrophysical and cosmological parameters. To extract the information of
such parameters, one needs to efficiently evaluate the 21cm global signal for statistical analysis. First we developed an artificial
neural network-based emulator to predict the 21cm global signal, which works with significantly less computational cost and
high precision. Then we apply our emulator to demonstrate the parameter estimation based on the Bayesian analysis by using the
publicly available EDGES low-band data. We find that the result is sensitive to the foreground model, the assumption of noise,
and the frequency range used in the analysis. The Bayesian evidence suggests the models with higher order polynomial function
and enhanced noise are preferred. We also compare models suggested from the EDGES low-band data and the ones from recent
JWST measurements of the galaxy luminosity function at 𝑧 = 16. We find that the model which produces the 21cm absorption
line at 𝑧 ≈ 15 is well consistent with the central value of the observed luminosity function at 𝑧 = 16.

Key words: (cosmology:) dark ages, reionization, first stars – early Universe – (galaxies:) high-redshift

1 INTRODUCTION

During the Cosmic Dawn, when the first stars and galaxies are
formed, the intergalactic medium (IGM) was filled with the neu-
tral hydrogen atom. Thus, the 21cm line, emitted from the neutral
hydrogen atoms, can be one of the powerful tools to study the Cosmic
Dawn (e.g. Furlanetto et al. 2006b; Shimabukuro et al. 2023; Minoda
et al. 2022a). The spatial average and fluctuations of the 21cm signal
evolved as the result of radiation from the first luminous objects. For
example, the absorption of the 21cm global signal indicates coupling
between the HI spin temperature and gas temperature via Lyman-𝛼
emission from the first stars (known as “Wouthyusen-Field (WF)
effect” (Wouthuysen 1952; Field 1959)).
There are many 21cm global signal instruments; EDGES (Rogers

& Bowman 2012; Bowman et al. 2018), BIGHORNS (Sokolowski
et al. 2015), SARAS2 (Bevins et al. 2022b). In particular, the EDGES
have continuously investigated the 21cm global signal, and various
methods are developed (e.g. Monsalve et al. 2017a; Murray et al.
2022). The high-band data are used to constrain the galaxy evolution
at the epoch of reionization (Monsalve et al. 2017b, 2018, 2019).
In 2018, the EDGES low band has reported a strong absorption
line at 𝑧 = 17.8, which cannot be explained without new physics or
unknown systematic error (Bowman et al. 2018). The absorption line
at high redshift indicates efficient structure formation at high redshift.
This might indicate the high star formation rate and emission from
the first stars (Madau 2018). For example, the role of Pop III stars

★ E-mail: shintaro.yoshiura@nao.ac.jp
† JSPS Research Fellow

is investigated in (e.g. Chatterjee et al. 2020) using the observed
EDGES signal. The reported EDGES-low signal is also used for
constraining the dark matter model (e.g. Rudakovskyi et al. 2020).
One can also constrain primordial fluctuations, particularly on small
scales (Yoshiura et al. 2018, 2020a; Minoda et al. 2022b), since the
amplitude of density fluctuations on small scales is relevant to the
structure formation process through which the 21cm signal can be
affected1.
A follow-up observation with the SARAS3 has suggested the non-

existence of such a strong absorption signal reported by EDGES
(Singh et al. 2022) and accordingly the high-𝑧 astrophysics has been
constrained (Bevins et al. 2022a). However, they only examined the
absorption signal with the same shape as EDGES, and did not rule
out the existence of absorption lines at the same redshift.
In addition to the global signal, one can also use the 21cm power

spectrum to test the EDGES discovery. The observation of the 21cm

1

Other probes of primordial power spectrum on small scales have been
discussed such as primordial black holes (Bugaev &Klimai 2009; Josan et al.
2009; Sato-Polito et al. 2019); ultra-compact minihalos (Bringmann et al.
2012; Nakama et al. 2018; Emami & Smoot 2018); CMB spectral distortion
(Hu et al. 1994; Chluba et al. 2012a,b; Khatri & Sunyaev 2013; Clesse et al.
2014; Cabass et al. 2016; Kainulainen et al. 2017); supernovae lensing Ben-
Dayan & Takahashi (2016); luminosity function of high-𝑧 galaxies (Yoshiura
et al. 2020a); dark matter substructure (Ando et al. 2022); 21cm fluctuations
(Kohri et al. 2013; Sekiguchi et al. 2018; Muñoz et al. 2017); 21-cm signal
from minihalos Sekiguchi et al. (2018); 21cm forest (Shimabukuro et al.
2014) and Lyman-𝛼 forest (Bird et al. 2011; Palanque-Delabrouille et al.
2015), reionization history (Minoda et al. 2023) and so on.
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ABSTRACT
We develop a deep learning technique to reconstruct the dark matter density field from the redshift-space distribution of dark
matter halos. We implement a UNet-architecture neural network and successfully trained it using the COLA fast simulation,
which is an approximation of the N-body simulation with 5123 particles in a box size of 500 ℎ−1Mpc. We evaluate the resulting
UNet model not only using the training-like test samples, but also using the typical N-body simulations, including the Jiutian
simulation which has 61443 particles in a box size of 1000ℎ−1Mpc, and the ELUCID simulation which has a different cosmology.
The real-space dark matter density fields in the three simulations can all be recovered consistently with only a small reduction
of the cross-correlation power spectrum at 1% and 10% levels at 𝑘 = 0.1 and 0.3 ℎMpc−1, respectively. It is evident that the
reconstruction helps to correct for the redshift-space distortions and is unaffected by the different cosmologies between the
training sample (Planck2018) and the test sample (WMAP5). In addition, we tested the application of the UNet-reconstructed
density field to recover the velocity & tidal field and found it outperforms the traditional approach based on the linear bias model,
showing a 12.2 percent improvement in the correlation slope and a 21.1 percent reduction in the scatter between the predicted
and the true velocities. As a result, our method is highly efficient and has an outstanding level of extrapolation reliability beyond
the training set. This offers an optimal solution that determines the three-dimensional underlying density field from the abundant
galaxy survey data.

Key words: methods: statistical – galaxies: halos – dark matter – large-scale structure of Universe.

1 INTRODUCTION

Mapping the distributions of galaxies offers a key observational probe
to the large-scale mass distribution in the universe, thereby constrain-
ing cosmological models (e.g. Fisher et al. 1994; Peacock et al. 2001;
Hawkins et al. 2003; Yang et al. 2008; Tinker et al. 2005; Shi et al.
2018), understanding galaxy formation (e.g. Jing et al. 1998; Peacock
& Smith 2000; Yang et al. 2003, 2012) and exploring the evolution
of the real universe (e.g. Wang et al. 2014, 2016; Tweed et al. 2017).
One of the main goals of large redshift surveys of galaxies, such as
the 2-degree Field Galaxy Redshift Survey (2dFGRS, Colless et al.
2001) and the Sloan Digital Sky Survey (SDSS, York et al. 2000) is,
therefore, to provide a database for studying the three-dimensional
distribution of galaxies as accurately as possible. In the next decade,
upcoming galaxy surveys such as Dark Energy Spectroscopic In-
strument (DESI, DESI Collaboration et al. 2016a,b), Large Synoptic
Survey Telescope (LSST, Ivezić et al. 2019), EUCLID (Laureĳs
et al. 2011), Wide Field Infrared Survey Telescope (WFIRST, Ake-
son et al. 2019) and Chinese Space Station Telescope (CSST, Zhan
2011; Gong et al. 2019), will map out an unprecedented large volume
of the Universe with extraordinary precision. It is then vital to have

★ E-mail: fshi@xidian.edu.cn

an optimal method that can accurately and efficiently determine the
three-dimensional underlying density field from the abundant galaxy
survey data.

However, a key problem of this endeavor is that galaxies are biased
tracers of the mass distribution and one has to understand the rela-
tionship between galaxies and dark matter before using the galaxy
distribution in space to study the mass distribution in the Universe.
In the past two decades, tremendous amounts of effort have been put
into the establishment of the relationship between galaxies and dark
matter halos, as parameterized either via the conditional luminosity
function (CLF) or the halo occupation distribution (HOD) (e.g. Jing
et al. 1998; Peacock & Smith 2000; Yang et al. 2003; van den Bosch
et al. 2003, 2007; Zheng et al. 2005; Tinker et al. 2005; Mandelbaum
et al. 2006; Brown et al. 2008; More et al. 2009; Cacciato et al. 2009;
Neistein et al. 2011; Avila-Reese et al. 2011; Leauthaud et al. 2012).
An empirical way to establish the galaxy–halo connection is to use
galaxy groups, provided that they are defined as sets of galaxies that
reside in the same dark matter halo. Yang et al. (2005, 2007, 2021)
have developed a halo-based group finder that is optimized for group-
ing galaxies residing in the same dark matter halos, making it ideally
suited for the study of the relation between galaxies and dark mat-
ter halos. Thanks to the well-understood galaxy-halo relationship, it
affords the opportunity to reconstruct the underlying cosmic density

© 2023 The Authors
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ABSTRACT
Stellar mass black holes in X-ray binaries (XRBs) are known to display different states charac-
terized by different spectral and timing properties, understood in the framework of a hot corona
coexisting with a thin accretion disk whose inner edge is truncated. There are several open
questions related to the nature and properties of the corona, the thin disk, and dynamics behind
the hard state. This motivated us to perform two-dimensional hydrodynamical simulations of
accretion flows onto a 10𝑀� black hole. We consider a two-temperature plasma, incorporate
radiative cooling with bremmstrahlung, synchrotron and comptonization losses and approx-
imate the Schwarzschild spacetime via a pseudo-Newtonian potential. We varied the mass
accretion rate in the range 0.02 ≤ ¤𝑀/ ¤𝑀Edd ≤ 0.35. Our simulations show the natural emer-
gence of a colder truncated thin disk embedded in a hot corona, as required to explain the hard
state of XRBs.We found that as ¤𝑀 increases, the corona contracts and the inner edge of the thin
disk gets closer to the event horizon. At a critical accretion rate 0.02 ≤ ¤𝑀crit / ¤𝑀Edd ≤ 0.06, the
thin disk disappears entirely. We discuss how our simulations compare with XRB observations
in the hard state.
Key words: accretion, accretion discs – black hole physics – stars: black holes – methods:
numerical

1 INTRODUCTION

Stellar mass black holes in binary systems (also known as X-ray
binaries, XRBs) are known to display three states characterized by
different spectral and timing properties (e.g. Remillard & McClin-
tock 2006; Fender & Belloni 2012). In the low or hard state the
source is fainter and its X-ray spectrum displays a hard power-law.
As it brightens, it enters a high or soft state, in which the spectrum
is characterized by a thermal component. Between these two states
the source goes through an intermediate (or very high state) state
where the thermal and power-law components are comparable. A
black hole walks though all these states in a couple of months, and
sometimes days.

It is widely accepted that the hard and thermal states can be
understood separately in terms of a hot corona and a thin disk, re-
spectively (Esin et al. 1997; Done et al. 2007). The basic qualitative
idea is that, in the hard state, the thin disk is truncated at a certain
transition radius 𝑅tr inside of which it gives way to a hot corona (i.e.
a radiatively inefficient accretion flow or RIAF). As the mass accre-

★ E-mail: rodrigo.nemmen@iag.usp.br

tion rate ¤𝑀 increases, 𝑅tr becomes progressively smaller until the
entire accretion flows consists of a thin disk: the source transitions
to the soft state. Physically, this is due to the cooling time becoming
shorter than the accretion timescale (Narayan & Yi 1995a).

Two unresolved questions in XRB research stand out. The first:
what is the nature and properties of the X-ray-emitting corona? The
second question: what is the mechanism and dynamics behind state
transitions? Observationally, there is firm evidence that both a hot
corona and a truncated thin disk are present along the state cycles
of XRBs. However, it has been challenging to explain from first
principles how a stable corona is formed and its physical properties
(e.g. Schnittman et al. 2013; Yuan & Narayan 2014; Dexter et al.
2021). In addition, the details of the transition from the hard to soft
state occurs are hotly debated. Is it driven by a decrease in the inner
edge of the thin accretion disk (Ingram & Done 2011; Plant et al.
2014), or a diminution of the corona (García et al. 2015; Kara et al.
2019; Wang et al. 2021)? This remains unclear.

What is clear is that radiative cooling in the accretion flow
should play a major role in explaining these transitions. While his-
torically analytical one-dimensional models have been very useful
in beginning to address these questions (e.g. Chen et al. 1995; Esin

© 2023 The Authors
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ABSTRACT
We perform high-resolution hydrodynamical simulations using the framework of MACER
to investigate supermassive black hole (SMBH) feeding and feedback in a massive compact
galaxy, which has a small effective radius but a large stellar mass , with a simulation duration
of 10 Gyr. We compare the results with a reference galaxy with a similar stellar mass but a less
concentrated stellar density distribution, as typically found in local elliptical galaxies. We find
that about 10% of the time, the compact galaxy develops multi-phase gas within a few kpc, but
the accretion flow through the inner boundary below the Bondi radius is always a single phase.
The inflow rate in the compact galaxy is several times larger than in the reference galaxy,
mainly due to the higher gas density caused by the more compact stellar distribution. Such
a higher inflow rate results in stronger SMBH feeding and feedback and a larger fountain-
like inflow-outflow structure. Compared to the reference galaxy, the star formation rate in
the compact galaxy is roughly two orders of magnitude higher but is still low enough to be
considered quiescent. Over the whole evolution period, the black hole mass grows by ∼50%
in the compact galaxy, much larger than the value of ∼ 3% in the reference galaxy.

Key words: black hole physics - galaxies: active – galaxies: evolution – galaxies: nuclei

1 INTRODUCTION

Observations suggest that the progenitors of today’s massive el-
liptical galaxies were compact quiescent galaxies at 𝑧 ∼ 2, of-
ten termed “red nuggets” (e.g., Kriek et al. 2009; Damjanov et al.
2009). Numerical simulations show that they are formed through
a compaction-quenching process (Fang et al. 2013; Zolotov et al.
2015; Tacchella et al. 2015). At lower 𝑧, the evolution of massive
early-type galaxies is dominated by minor mergers which mainly
add stars to the outskirts of the galaxies to grow their sizes (van
Dokkum et al. 2010; Oser et al. 2010; Naab et al. 2009). Recent
observations have revealed a small population of local compact
galaxies with small effective radii but large stellar masses (Yıldırım
et al. 2017). These compact galaxies are suggested to be relics of
the 𝑧 ∼ 2 red nuggets that have evolved passively in isolation and
thus did not experience as many late-time mergers to grow their
sizes (Trujillo et al. 2014). Like the more typical massive elliptical
galaxies, these red nugget relics also show little to no ongoing star
formation and are surrounded by hot X-ray halos (Buote & Barth
2018; Werner et al. 2018).

It is generally accepted that the quiescent state of massive el-
liptical galaxies is maintained by the feedback from the supermas-
sive black holes (SMBHs) in the centers of galaxies (McNamara

★ E-mail: yuan.li@unt.edu
† E-mail:fyuan@shao.ac.cn

& Nulsen 2007; Fabian 2012). The roles of SMBHs in galaxy evo-
lution have been studied extensively in large-scale cosmological
simulations (e.g., Schaye et al. 2015; Weinberger et al. 2018). Ide-
alized galaxy-scale simulations have explored more details of the
feeding and feedback of SMBHs thanks to the higher spatial reso-
lution they are able to achieve (e.g., Ciotti et al. 2010; Yuan et al.
2018; Wang et al. 2019; Prasad et al. 2020). However, almost all
previous theoretical studies have been focused on typical massive
elliptical galaxies. How SMBH feeding and feedback operate in
compact galaxies and how they differ from typical massive galaxies
are not well-understood from a theoretical perspective.

In this work, we explore SMBH feeding and feedback in an
idealized, isolated compact galaxy. We also perform a simulation
of a typical low z massive elliptical galaxy for comparison. The
two-dimensional hydrodynamical simulations are performed using
the MACER framework (Yuan et al. 2018), resolving from galaxy
scales all the way down below the Bondi radius. In section 2, we
present a brief overview toMACER and the setup of our simulations.
Our main results are discussed in Section 3, including the accretion

© 2022 The Authors
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ABSTRACT

We calculate the upper bounds of the population of theoretically stable Centaur orbits between
Uranus and Neptune. These small bodies are on low-eccentricity, low-inclination orbits in two specific
bands of semi-major axis, centred at ∼24.6 au and ∼25.6 au. They exhibit unusually long Gyr-stable
lifetimes in previously published numerical integrations, orders of magnitude longer than that of a
typical Centaur. Despite the increased breadth and depth of recent solar system surveys, no such
objects have been found. Using the Outer Solar System Origins Survey (OSSOS) survey simulator to
calculate the detection efficiency for these objects in an ensemble of fully characterised surveys, we
determine that a population of 72 stable Centaurs with absolute magnitude Hr ≤ 10 (95% confidence
upper limit) could remain undetected. The upcoming Legacy Survey of Space and Time (LSST) will
be able to detect this entire intrinsic population due to its complete coverage of the ecliptic plane.
If detected, these objects will be interesting dynamically-accessible mission targets — especially as
comparison of the stable Centaur orbital phase space to the outcomes of several modern planetary
migration simulations suggests that these objects could be close to primordial in nature.

Keywords: Centaurs (215) — Astrostatistics (1882) — Surveys (1671) — Orbital dynamics (1184)
— Trans-Neptunian Objects (1705) — Small Solar System bodies (1469) — Planetary
migration (2206)

1. INTRODUCTION

Stable orbits between Uranus and Neptune were first
identified and investigated in the 1990s, with several
studies showing that test particles in a narrow band
of semi-major axis survived tens of Myr during numer-
ical integrations (Gladman & Duncan 1990; Holman
& Wisdom 1993; Holman 1997). This is unusual for
minor planets orbiting within the giant planet region
(called ‘Centaurs’), as they typically occupy more dy-
namically excited orbits and experience short, transi-
tional lifetimes (∼102–104 kyr; Tiscareno & Malhotra
2003; Horner et al. 2004) due to gravitational scattering
during close encounters with the giant planets.

Despite their durability, no further study of the stable
Centaur orbits was performed until the recent work by

Corresponding author: Rosemary C. Dorsey

rosemary.dorsey@pg.canterbury.ac.nz

Zhang & Gladman (2022). Their study offered a high-
resolution characterisation of the orbital phase space
shown to be numerically most stable and the first phys-
ical explanation for the sharp transitions in stability
timescales in this region of the solar system. Through
the integration of ∼105 test particles in the orbital phase
space between Uranus and Neptune in their current lo-
cations (a factor of ∼102 more than that used by Hol-
man 1997), Zhang & Gladman (2022) found that dy-
namically cold orbits (eccentricity e < 0.05 and ecliptic
inclination i < 5◦) in bands of semi-major axis cen-
tred at ∼24.6 au and ∼25.6 au, with widths of ∼0.3 and
∼0.4 au respectively, survived for 4.5 Gyr. This stability
timescale is three orders of magnitude longer than that
of the median dynamical lifetime for inactive Centaurs
(Fernández et al. 2018) and is the same magnitude as
the solar system’s current lifetime. Their analysis of the
solar system resonances revealed that the Gyr orbital
stability of these test particles was due to the complex
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Catalytic role of HI in the interstellar synthesis of complex organic molecule

Shuming Yang,1 Peng Xie,2 Enwei Liang,1 and Zhao Wang1, ∗

1Laboratory for Relativistic Astrophysics, Department of Physics, Guangxi University, Nanning 530004, China
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Using quantum chemical calculations, we model the pathways for synthesizing two purine nucle-
obases, adenine and guanine, in the gas-phase interstellar environment, surrounded by neutral atomic
hydrogen (HI). HI is found active in facilitating a series of fundamental proton transfer processes of
organic synthesis, including bond formation, cyclization, dehydrogenation, and H migration. The
reactive potential barriers were significantly reduced in the alternative pathways created by HI,
leading to a remarkable increase in the reaction rate. The presence of HI also lowered the reactive
activation temperature from 757.8 K to 131.5-147.0 K, indicating the thermodynamic feasibility
of these pathways in star-forming regions where some of the reactants have been astronomically
detected. Our findings suggest that HI may serve as an effective catalyst for interstellar organic
synthesis.

I. INTRODUCTION

Finding the synthesis pathways of interstellar com-
plex organic molecules (COMs) of biological interest is
paramount for explaining the origin of the elementary
building blocks of life detected on meteorites, comets
and asteroids6,47,48,64. The formation of biomolecules
through direct collisions between abiotic molecules is gen-
erally challenging in the cold environment of the interstel-
lar medium (ISM). Photochemical and radiation chem-
ical processes, particularly on ice/dust grains, are com-
monly regarded as the principal steps towards synthesiz-
ing interstellar COMs8,24,36,45,49. While the ion-neutral
or radical routes are the commonly considered mecha-
nisms for the gas-phase synthesis of interstellar COMs,
catalyzed reactions are emerging as alternative processes
since the majority of the detected interstellar molecules
are neutral and have a closed shell.

Catalysts, often in the form of free radicals, ions, or
metal clusters, are frequently utilized in laboratory ex-
periments of organic chemistry to convert a challenging
molecule-molecule reaction into a more straightforward
molecule-radical or radical-radical reaction58,79. For the
synthesis of interstellar organics, previous works suggest
that ice/dust grains, hydronium, and carbamic acid could
function as catalysts11,22,42,55,57,59–61,71. For example,
radicals such as ·NH2 and ·CN are considered to par-
ticipate the reactions for synthesizing nucleobases from
HCN, and are capable of reducing the barrier and may
even render some reactions barrierless26,27. Nonetheless,
the low abundance of the previously suggested catalysts
often renders the catalyzed reaction seemingly impossi-
ble in ISM, as it requires the collision of three bodies.
Fortunately, this is not always the case. If the concen-
tration of the catalyst is in great excess of that of the
reactants, the reaction can occur just as easily as a two-
body collision. Neutral atomic hydrogen (HI) is the sim-
plest and the most abundant free radical in the universe.
It dominates the chemical composition of the ISM, and
is virtually ubiquitous in every interstellar environment.
In hot molecular cores, the concentration of HI is about

7− 10 orders of magnitude higher than that of COMs24.
Although HI is a common reactant or product in simple

interstellar reactions, its catalytic activity in interstellar
organic synthesis remains unclear in most astrochemistry
models5,7,10,14,15,46,47,65,66. In comparison to its molecu-
lar form, atomic hydrogen is rare on Earth and is dif-
ficult to prepare and control in laboratory experiments.
As a result, quantum chemical calculations are expected
to shed light on whether HI plays a crucial role in the in-
terstellar formation of COMs78. Aiming at this question,
we conducted a new series of ab initio quantum chemical
calculations to explore the potential catalytic activities
of HI in the formation pathways of adenine (Ade) and
guanine (Gua).

Ade and Gua are two purine nucleobases constituting
the genetic code in the nucleic acids. After having been
detected in meteorites, their extraterrestrial origin and
prebiotic formation are a long-debated focus of atten-
tion in attempts to answer the abiogenesis question6,54.
Intensive efforts are therefore devoted to find the synthe-
sis pathways of nucleobases in laboratory experiments
simulating the chemical evolution of abiotic molecules
in interstellar environments4,9–11,14,18,20,21,44,52,53,62. In
particular, Ade, Gua and purine derivatives have been
synthesized through photochemical reactions of purine
in an interstellar ice analogue37,38. 2-aminopurine and
isoguanine are assumed to be two key intermediates for
these reactions. Nevertheless, the HI-catalyzed synthesis
of nucleobases has yet to be investigated.

II. METHODS

We consider novel synthesis pathways of Ade and Gua
starting from 1h-pyrimidine-2-one C4H4N2O, a direct in-
termediate toward nucleobases producted by two inter-
stellar molecules: formamide H2NCHO and vinyl cyanide
H2CCHCN33. Our proposed pathways involve two steps,
illustrated in Figure 1. In the 1st step (via the paths A-
D), C4H4N2O reacts with either cyanamide (NH2CN) or
carbodiimide (HNCNH) (both detected in Sgr B2 and
Orion-KL3,40,69,74 to form two direct purine-base pre-
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Coupled Multi Scalar Field Dark Energy

J. Alberto Vázquez1,∗ David Tamayo2,† Gabriela Garcia-Arroyo1,‡
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The main aim of this paper is to present the multi scalar field components as candidates to be
the dark energy of the universe and their observational constraints. We start with the canonical
Quintessence and Phantom fields with quadratic potentials and show that a more complex model
should bear in mind to satisfy current cosmological observations. Then we present some implications
for a combination of two fields, named as Quintom models. We consider two types of models, one
as the sum of the quintessence and phantom potentials and other including an interacting term
between fields. We find that adding one degree of freedom, by an interacting term, the dynamics
enriches considerably and could lead to an improvement in the fit of −2 ln ∆Lmax = 5.13, compared
to ΛCDM. The resultant effective equation of state is now able to cross the phantom divide line, and
in several cases present an oscillatory or discontinuous behavior, depending on the interaction value.
The parameter constraints of the scalar field models (quintessence, phantom, quintom and inter-
acting quintom) were performed using Cosmic Chronometers, Supernovae Ia and Baryon Acoustic
Oscillations data; and the Log-Bayes’ factors were computed to compare the performance of the
models. We show that single scalar fields may face serious troubles and hence the necessity of a
more complex models, i.e. multiple fields.

I. INTRODUCTION

The current accelerated cosmic expansion is supported by multiple observations such as the Type Ia supernovae
(SNIa), the distribution of the Large Scale Structure (LSS), the Cosmic Microwave Background anisotropies (CMB),
and the Baryon Acoustic Oscillation peaks (BAO); see [1, 2] and references therein. These measurements may be
indication of a negative-pressure contribution, to the total energy density of the universe, as being the responsible to
drive the accelerated expansion, commonly known as dark energy. Among numerous candidates that play the role of
the dark energy, the simplest and well-known is the cosmological constant term (Λ) introduced to the Einstein field
equations, which main feature lays down on having a constant energy density in time and be uniformly distributed in
space. The cosmological constant, along with the Cold Dark Matter, are the key elements that conform the standard
cosmological model or ΛCDM. Some of the essential properties to understand the nature of the dark energy are
encapsulated into its equation of state (EoS); for a barotropic perfect fluid it is defined as the ratio of the pressure
over its energy density w = p/ρ. In particular the ΛCDM model, having a dark energy EoS w = −1, describes very
accurately most of the observational data, however in recent studies it seems to display a tendency in favor of a time
evolving dark energy EoS w(z) [3–8]. Therefore several dark energy models with departures from the basic standard
model have been introduced to take into account the evolution of w(z), in addition to other properties [9], for instance
the single scalar fields, as they have been already considered in cosmology to explain different phenomena, such as
inflation, dark matter, modified gravity and also are excellent candidates to model the variable dark energy EoS
[3, 10, 11]. Two well-known single scalar fields (one degree of freedom) that have been extensively investigated for
modeling dark energy are quintessence [12] and phantom [13]. The Lagrangian of both of them has a kinetic term and
an associated potential, but the key distinction lays in the sign of their kinetic terms. For quintessence, its kinetic
energy density is positive, while for phantom it is considered as negative. This slight difference results in distinct
branches of values for their associated EoS parameter, i.e. for phantom w < −1 and for quintessence −1 < w < 1.
Furthermore, the phantom divide line (PDL), defined as w(z) = −1, separates the phantom-energy-like behavior
with w < −1 from the quintessence-like behavior with w > −1, and the existence of a no-go theorem shows that in
order to cross the PDL it is required at least two degrees of freedom for the models (in four dimensions) involving
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THE ORIGIN OF LOW-REDSHIFT EVENT RATE EXCESS AS REVEALED BY THE

LOW-LUMINOSITY GRBS

X. F. DONG,1 Z. B. ZHANG,1, 2 , ∗ Q. M. LI,2 Y. F. HUANG,3, 4 , † AND K. BIAN1
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China

ABSTRACT

The relation between the event rate of long Gamma-Ray Bursts at low redshift and the star

formation rate is still controversial, especially in the low-redshift end. Dong et al. confirmed

that the Gamma-Ray Burst rate always exceeds the star formation rate at low-redshift of z < 1

in despite of the sample completeness. However, the reason of low-redshift excess is still

unclear. Considering low-luminosity bursts with smaller redshift generally, we choose three

Swift long burst samples and classify them into low- and high-luminosity bursts in order to

check whether the low-redshift excess is existent and if the excess is biased by the sample size

and completeness. To degenerate the redshift evolution from luminosity, we adopt the non-

parametric method to study the event rate of the two types of long bursts in each sample. It is

found that the high-luminosity burst rates are consistent with the star formation rate within the

whole redshift range while the event rates of low-luminosity bursts exceed the star formation

rate at low redshift of z < 1. Consequently, we conclude that the low-redshift excess is

contributed by the low-luminosity bursts with possibly new origins unconnected with the star

formation, which is also independent of the sample size and the sample completeness.
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ABSTRACT

While various indirect methods are used to detect exoplanets, one of the most effective
and accurate methods is the transit method, which measures the brightness of a given star
for periodic dips when an exoplanet is passing in front of the parent star. For systems with
multiple transiting planets, the gravitational perturbations between planets affect their transit
times. The difference in transit times allows a measurement of the planet masses and orbital
eccentricities. These parameters help speculating on the formation, evolution and stability of
the system. Using Transit Timing Variations (TTVs), wemeasure the masses and eccentricities
of two planets orbiting K2-21, a relatively bright K7 dwarf star. These two planets exhibit
measurable TTVs, have orbital periods of about 9.32 days and 15.50 days, respectively, and
a period ratio of about 1.66, which is relatively near to the 5:3 mean motion resonance. We
report that the inner and outer planets in the K2-21 system have properties consistent with the
presence of a hydrogen and helium dominated atmospheres, as we estimate their masses to be
1.59+0.52−0.44 𝑀⊕ and 3.88+1.22−1.07 𝑀⊕ and densities of 0.22+0.05−0.04 𝜌⊕ and 0.34

+0.08
−0.06 𝜌⊕, respectively

(𝑀⊕ and 𝜌⊕ are the mass and density of Earth, respectively). Our results show that the inner
planet is less dense than the outer planet; one more counter-intuitive exoplanetary system such
as Kepler-105, LTT 1445, TOI-175 and Kepler-279 systems.

Key words: planet-star interactions

1 INTRODUCTION

The Kepler mission revealed that the most numerous type of planet
in our galaxy has a size in between that of Earth and Neptune
(Howard et al. 2012; Petigura et al. 2013; Dressing & Charbonneau
2015). Without solar system analogs to guide us, these sub-Neptune
objects remain shrouded in mystery. A key first step in determining
the nature of sub-Neptune objects is estimating their masses, which
provides ameasure of their bulk density when combined with radius
information from transit observations. Unfortunately, many sub-
Neptune hosting systems are inaccessible to mass measurements via

★ E-mail: maryame@astro.cornell.edu

the radial velocity method for a variety of reasons (e.g. brightness
of the host star in the visible, stellar activity, or long planetary
orbital periods). However, many sub-Neptunes have been found in
multi-planet systems with orbital configurations that allow for their
masses to be estimated by measuring variations in their times of
transit (Schneider 2003). Systems hosting multiple sub-Neptune
type planets also allow for a rich array of comparative studies that
explore the formation and evolution of such planetary systems.

The star within the K2-21 (EPIC 206011691) system is a rela-
tively bright, nearby K7 dwarf (Dressing et al. 2017) that hosts two
transiting planets. The formation and dynamical evolution of plan-
etary systems orbiting K dwarfs is not well understood. To better
understand the origin of compact systems of exoplanets, the first step

© 2022 The Authors
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ABSTRACT
Circumstellar discs likely have a short window when they are self-gravitating and prone to the effects of disc instability, but
during this time the seeds of planet formation can be sown. It has long been argued that disc fragmentation can form large
gas giant planets at wide orbital separations, but its place in the planet formation paradigm is hindered by a tendency to form
especially large gas giants or brown dwarfs. We instead suggest that planet formation can occur early in massive discs, through the
gravitational collapse of dust which can form the seeds of giant planets. This is different from the usual picture of self-gravitating
discs, in which planet formation is considered through the gravitational collapse of the gas disc into a gas giant precursor. It is
familiar in the sense that the core is formed first, and gas is accreted thereafter, as is the case in the core accretion scenario.
However, by forming a ∼ 1𝑀⊕ seed from the gravitational collapse of dust within a self-gravitating disc there exists the potential
to overcome traditional growth barriers and form a planet within a few times 105 years. The accretion of pebbles is most efficient
with centimetre-sized dust, but the accretion of millimetre sizes can also result in formation within a Myr. Thus, if dust can
grow to these sizes, planetary seeds formed within very young, massive discs could drastically reduce the timescale of planet
formation and potentially explain the observed ring and gap structures in young discs.

Key words: planet formation — protoplanetary discs — dust — hydrodynamics

1 INTRODUCTION

Observations of young discs show a wealth of complex structures
in millimetre dust emission (Andrews et al. 2018; Long et al. 2018;
Clarke et al. 2018), scattered light off the gas disc surface (Muto
et al. 2012; Dong et al. 2018) and molecular tracers (Boehler et al.
2018; Öberg et al. 2021). In particular, these very early discs have
been imaged with significant ring and gap structure in continuum
dust observations, with potential explanations ranging frommagnetic
fields (Béthune et al. 2017; Hu et al. 2022), radial thermal variations
(Schneider et al. 2018; Ueda et al. 2021), to hydrodynamic insta-
bilities and vortices (Béthune et al. 2016; Kuznetsova et al. 2022),
among other theories. A common suggestion is that planet formation
and growth is ongoing, such that a planet can halt the inward migra-
tion of dust and open up a gap (Zhang et al. 2018; Lodato et al. 2019;
Pinilla et al. 2020).
While planets have not been directly detected in the locations of

the dust gaps of observed discs, their presence is potentially inferred
by the distortion to the local Keplerian gas flow caused by a planet
as seen through velocity channel maps of CO gas (Pinte et al. 2016;
Teague et al. 2018; Pinte et al. 2020). If planets are indeed a cause
of these structures and planet formation around young stars takes
place much sooner than once thought, the age estimates of these

★ E-mail: hans.baehr@uga.edu

discs would require that planet formation is very fast, even at distant
orbital separations where many of these dust gaps are located.
Disc fragmentation, where the gravitational collapse of the gas

disc into a dense object, has been suggested as a possible pathway
for the formation of gas giant planets on wide orbits (Boss 1997).
However, this idea has a number of disadvantages thatmake it difficult
to reconcile with observed systems. First of all, disc fragmentation
yields companion masses that are on the order of 10 𝑀Jup at for-
mation, which can grow substantially with later accretion from the
disc (Rafikov 2005; Kratter et al. 2010; Rice et al. 2015; Kratter &
Lodato 2016). Secondly, unless fragmentation can concentrate sig-
nificant amounts of dust at the dense centre immediately (Baehr &
Klahr 2019), planets formed by disc instability are expected to have
low metallicities and little or no solid core, which is not consistent
with the gas giants in the solar system (Bolton et al. 2017) or our
understanding of gas giants in other systems (Sato et al. 2005; Buhler
et al. 2016). Third, despite initially forming far out in the early disc,
migration timescales are usually short enough that there is more than
enough time for a gas giant planet formed through disc instability to
become tidally disrupted or accrete onto the star (Nayakshin 2010;
Baruteau et al. 2011; Zhu et al. 2012; Michael et al. 2012; Cloutier
& Lin 2013). Finally, as it is currently understood, fragmentation re-
quires that the disc be both especially cool andmassive (Cossins et al.
2009) and that the thermal relaxation (cooling) timescale is shorter
than a few orbital timescales (Gammie 2001; Kratter &Murray-Clay

© 2023 The Authors
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ABSTRACT

Context. Active galactic nuclei (AGN) are surrounded by dust within the central parsecs. The dusty circumnuclear structures, referred
to as the torus, are mainly heated by radiation from the AGN and emitted at infrared wavelengths, producing the emergent dust
continuum and silicate features. Fits to the infrared spectra from the nuclear regions of AGN can place constraints on the dust
properties, distribution, and geometry by comparison with models. However, none of the currently available models fully describe the
observations of AGN currently available.
Aims. Among the aspects least explored, here we focus on the role of dust grain size. We offer the community a new spectral energy
distribution (SED) library, hereinafter [GoMar23] model, which is based on the two-phase torus model developed before with the
inclusion of the grain size as a model parameter, parameterized by the maximum grain size Psize or equivalently the mass-weighted
average grain size < P >.
Methods. We created 691,200 SEDs using the SKIRT code, where the maximum grain size can vary within the range
Psize = 0.01 − 10.0µm (< P >= 0.007 − 3.41µm). We fit this new and several existing libraries to a sample of 68 nearby and lumi-
nous AGN with Spitzer/IRS spectra dominated by AGN-heated dust.
Results. We find that the [GoMar23] model can adequately reproduce up to ∼85-88% of the spectra. The dust grain size parameter
significantly improves the final fit in up to 90% of these spectra. Statistical tests indicate that the grain size is the third most important
parameter in the fitting procedure (after the size and half opening angle of the torus). The requirement of a foreground extinction by
our model is lower compared to purely clumpy models. We find that ∼ 41% of our sample requires that the maximum dust grain size
is as large as Psize ∼ 10µm (< P >∼ 3.41µm). Nonetheless, we also remark that disk+wind and clumpy torus models are still required
to reproduce the spectra of a non-negligible fraction of objects, suggesting the need of several dust geometries to explain the infrared
continuum of AGN.
Conclusions. This work provides tentative evidence for dust grain growth in the proximity of the AGN.

Key words. galaxies: active – galaxies:nuclei – galaxies:Seyfert – infrared:galaxies

1. Introduction

Active galactic nuclei (AGN) are powered by supermassive
black holes (SMBHs) at the center of galaxies with accretion
disks emitting ∼ 1040−47erg/s from a region as small as the so-
lar system. AGN were originally classified based on their spec-
troscopic signatures, ranging from type-1 AGN, showing both
broad and narrow emission lines, to type-2 AGN, showing only
narrow lines. Antonucci & Miller (1985) suggested that the con-
tinuum and broad-line emission regions are located inside an
optically and geometrically thick ‘disk’, which was later on re-
ferred as the torus (Krolik & Begelman 1986). Continuum and
broad-line photons are scattered into the line of sight by free
electrons above and below the torus. This orientation bias, as

? e-mail: o.gonzalez@irya.unam.mx

Urry & Padovani (1995) wrote, is what makes the “AGN de-
pend so strongly on the orientation that our current classification
schemes are dominated by random pointing directions instead of
more interesting physical properties”.

However, the torus does not only act as a bridge for unify-
ing the AGN phenomenon but it is also expected to explain the
bulk of the infrared dust emission of AGN (Ramos Almeida &
Ricci 2017). Indeed, a significant proportion of the optical/UV
photons produced by the AGN accretion disk are reprocessed
by dust located beyond the sublimation radius and re-emitted in
the infrared. However, one of the challenges faced by such uni-
fied theories is to match the observed infrared emission of AGN
to that predicted for such a dust structure (Pier & Krolik 1992;
Granato & Danese 1994; Efstathiou & Rowan-Robinson 1995).

Until the arrival of extremely large single-aperture telescopes
(e.g. the Extreme Large Telescope), the dust emission morphol-

Article number, page 1 of 26
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Revealing mass distributions of dwarf spheroidal
galaxies in the Subaru-PFS era
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5 Astronomical Institute, Tohoku University, Sendai, Miyagi 980-8578, Japan

Abstract. The Galactic dwarf spheroidal galaxies (dSphs) provide valuable insight into dark matter (DM)
properties and its role in galaxy formation. Their close proximity enables the measurement of line-of-sight
velocities for resolved stars, which allows us to study DM halo structure. However, uncertainties in DM
mass profile determination persist due to the degeneracy between DM mass density and velocity disper-
sion tensor anisotropy. Overcoming this requires large kinematic samples and identification of foreground
contamination. With 1.25 deg2 and 2394 fibers, PFS plus pre-imaging with Hyper Suprime Cam will make
significant progress in this undertaking.

Keywords. Dark matter – Dwarf spheroidal galaxies – Galaxy dynamics – Local Group

1. Introduction
The Galactic dwarf spheroidal (dSph) galaxies are ideal sites for studying the basic proper-

ties of dark matter and its role in galaxy formation. This is because these galaxies have high
dynamical mass-to-light ratio (M/L ∼ 10 − 1000), which means that these are the dark matter
rich systems. Owing to their proximity of the Sun, the dSphs have the advantage that individ-
ual member stars can be resolved. Therefore, it is possible to measure accurate line-of-sight
velocities for their member stars, so that we are able to set constraints on their internal struc-
tures of dark matter halo using the high-quality data (Battaglia & Nipoti 2022; Battaglia et al.
2013, for reviews).

It is well documented that the Λ cold dark matter (ΛCDM) theory has well-reproduced the
cosmological and astrophysical observations on large spacial scales such as cosmic microwave
background and large-scale structure of galaxies. At galactic and sub-galactic scales (<∼
1 Mpc), however, this concordant theory has several outstanding discrepancies between the
predictions from pure dark matter simulations based on ΛCDM models and some observational
facts (Bullock & Boylan-Kolchin 2017). The oldest controversial issues in ΛCDM models is
the so-called “core-cusp” problem: dark matter halos predicted by ΛCDM simulations have
strongly cusped central density profiles, whereas the dark matter halos in the observed less
massive galaxies (dSphs and low surface brightness galaxies) are suggested to have cored dark
matter density profiles. Recently, the dynamical studies for the luminous dSphs, so-called clas-
sical dSphs, have suggested that although there are still large uncertainties, these galaxies show
a diversity of the inner dark matter densities (e.g., Read et al. 2019; Hayashi et al. 2020). To
interpret this diversity, there are various possible mechanisms such as baryonic feedback and
star formation burst (Lazar et al. 2020) and alternative dark matter models (e.g., self-interacting
dark matter: Nishikawa et al. 2020).

© International Astronomical Union, 2023
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Akimasa Kataoka,47 Koji Kawabata,48, 49, 50 Francisca Kemper ,51, 52, 53 Jongsoo Kim ,9, 10 Shinyoung Kim ,9

Gwanjeong Kim ,54 Kyoung Hee Kim ,9 Mi-Ryang Kim,55 Kee-Tae Kim ,9, 10 Hyosung Kim,11

Florian Kirchschlager ,56 Masato I.N. Kobayashi ,19 Patrick M. Koch ,14 Takayoshi Kusune,57

Jungmi Kwon ,58 Kevin Lacaille,59, 60 Chi-Yan Law,61, 62 Chang Won Lee ,9, 10 Hyeseung Lee,25

Yong-Hee Lee,63, 3 Chin-Fei Lee,14 Jeong-Eun Lee,55 Sang-Sung Lee,9, 10 Dalei Li,64 Di Li,65 Guangxing Li,66

Hua-bai Li,61 Sheng-Jun Lin ,16 Hong-Li Liu ,66 Tie Liu ,67 Sheng-Yuan Liu ,14 Junhao Liu ,3

Steven Longmore ,68 Xing Lu ,38 A-Ran Lyo,9 Steve Mairs ,3 Masafumi Matsumura ,69

Brenda Matthews,28, 23 Gerald Moriarty-Schieven ,28 Tetsuya Nagata,70 Fumitaka Nakamura,47, 71

Hiroyuki Nakanishi,72 Nguyen Bich Ngoc ,29, 73 Nagayoshi Ohashi ,14 Takashi Onaka ,74, 75 Geumsook Park,9

Harriet Parsons,3 Nicolas Peretto,4 Felix Priestley,4 Tae-Soo Pyo,71, 76 Lei Qian,65 Ramprasad Rao,14

Jonathan Rawlings ,2 Mark Rawlings ,77, 3 Brendan Retter,4 John Richer,78, 79 Andrew Rigby,4

Sarah Sadavoy,34 Hiro Saito,80 Giorgio Savini,81 Masumichi Seta,82 Ekta Sharma ,65 Yoshito Shimajiri ,83

Hiroko Shinnaga,72 Mehrnoosh Tahani ,84 Motohide Tamura ,58, 85, 15 Ya-Wen Tang,14 Xindi Tang ,86

Kohji Tomisaka ,47 Le Ngoc Tram ,87 Yusuke Tsukamoto,72 Serena Viti,88 Hongchi Wang,24 Jintai Wu,17

Jinjin Xie ,27 Meng-Zhe Yang,16 Hsi-Wei Yen,14 Hyunju Yoo ,25 Jinghua Yuan,27 Hyeong-Sik Yun ,89

Tetsuya Zenko,70 Guoyin Zhang,65 Yapeng Zhang ,90 Chuan-Peng Zhang,27, 65 Jianjun Zhou ,64 Lei Zhu,65
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ABSTRACT

We present observations of polarized dust emission at 850µm from the L43 molecular cloud which

sits in the Ophiuchus cloud complex. The data were taken using SCUBA-2/POL-2 on the James Clerk

Maxwell Telescope as a part of the BISTRO large program. L43 is a dense (NH2
∼ 1022–1023 cm−2)

complex molecular cloud with a submillimetre-bright starless core and two protostellar sources. There

appears to be an evolutionary gradient along the isolated filament that L43 is embedded within, with

the most evolved source closest to the Sco OB2 association. One of the protostars drives a CO outflow

that has created a cavity to the southeast. We see a magnetic field that appears to be aligned with

the cavity walls of the outflow, suggesting interaction with the outflow. We also find a magnetic field

strength of up to ∼160±30µG in the main starless core and up to ∼90±40µG in the more diffuse,

extended region. These field strengths give magnetically super- and sub-critical values respectively

and both are found to be roughly trans-Alfvénic. We also present a new method of data reduction for

these denser but fainter objects like starless cores.

Keywords: ISM: Clouds, Dust emission polarization, Magnetic fields

1. INTRODUCTION Magnetic fields (B-fields) are known to be prevalent

throughout the interstellar medium (ISM) and thread
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ABSTRACT

Fast radio bursts (FRBs) are bright radio transients of micro-to-millisecond duration
and unknown extragalactic origin. Central to the mystery of FRBs are their extremely
high characteristic energies, which surpass the typical energies of other radio transients
of similar duration, like Galactic pulsar and magnetar bursts, by orders of magnitude.
Calibration of FRB-detecting telescopes for burst flux and fluence determination is cru-
cial for FRB science, as these measurements enable studies of the FRB energy and
brightness distribution in comparison to progenitor theories. The Canadian Hydrogen
Intensity Mapping Experiment (CHIME) is a radio interferometer of cylindrical de-
sign. This design leads to a high FRB detection rate but also leads to challenges for
CHIME/FRB flux calibration. This paper presents a comprehensive review of these
challenges, as well as the automated flux calibration software pipeline that was devel-
oped to calibrate bursts detected in the first CHIME/FRB catalog, consisting of 536

Corresponding author: Bridget C. Andersen
bridget.andersen@mail.mcgill.ca
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Planetesimal formation via the streaming instability with multiple
grain sizes
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ABSTRACT
Kilometre-sized planetesimals form from pebbles of a range of sizes. We present the first
simulations of the streaming instability that begin with a realistic, peaked size distribution,
as expected from grain growth predictions. Our 3D numerical simulations directly form plan-
etesimals via the gravitational collapse of pebble clouds. Models with multiple grain sizes
show spatially distinct dust populations. The smallest grains in the size distribution do not
participate in the formation of filaments or the planetesimals that are formed by the remaining
∼80% of the dust mass. This implies a size cutoff for pebbles incorporated into asteroids and
comets. Observations cannot resolve this dust clumping. However, we show that clumping,
combined with optical depth effects, can cause significant underestimates of the dust mass,
with 20%-80% more dust being present even at moderate optical depths if the streaming
instability is active.

Key words: hydrodynamics – instabilities – protoplanetary discs – planets and satellites:
formation

1 INTRODUCTION

In the process of planet formation, planetary embryos grow from
the collisions of many millions of 1 km to 100 km sized planetes-
imals. In turn, planetesimals are born from millimetre-centimetre
sized pebbles in protoplanetary discs. However, the formation of
planetesimals cannot occur through simple pathways such as the
collisional coagulation of progressively larger objects. It is well un-
derstood that collisions between objects in the range of 1 cm to 1
m in protoplaneteary disc environments are predominantly destruc-
tive, resulting in smaller remnants from the original bodies in the
collision (Zsom et al. 2010; Güttler et al. 2010; Windmark et al.
2012). Further, all solid objects orbiting in protoplanetary discs ex-
perience a headwind as they orbit through the gaseous component
of the disc. At ∼1 m sizes, this process is maximally efficient, and
causes the rapid orbital decay of these objects, sending them into
the central star on timescales on the order of a few hundred years
(Weidenschilling 1977b).

Hence, planet formation requires a mechanism that is capable
of rapidly forming planetesimals directly from cm sized pebbles.
A leading candidate for this process is known as the streaming
instability (SI), first studied by Youdin & Goodman (2005) (see
also: Youdin & Johansen 2007; Johansen &Youdin 2007). The SI is
a specific example of a broader family of resonant drag instabilities
that exist when the aerodynamic drag timescale becomes resonant
with another dynamical timescale in the disc (Squire & Hopkins
2018, 2020). In the saturated, non-linear phase of the instability,

★ E-mail: wadsley@mcmaster.ca

the SI is capable of producing strong, localized overdensities of
clouds of pebble-sized dust that can then gravitationally collapse
into planetesimals (Johansen et al. 2007), thus directly overcoming
the aforementioned growth barriers.

Since the seminal work from Johansen et al. (2007), over a
decade of research has explored planetesimal formation via the SI
with high resolution 3D hydrodynamic simulations (Johansen et al.
2009, 2012, 2015; Simon et al. 2016, 2017; Schäfer et al. 2017;
Abod et al. 2019; Li et al. 2019; Nesvorný et al. 2019, 2021; Gole
et al. 2020; Rucska & Wadsley 2021; Carrera et al. 2021, 2022;
Carrera & Simon 2022). The streaming instability has proven to
be a robust mechanism for forming planetesimals, so long as the
local protoplanetary disc region meets the prerequisite conditions
of enhanced dust mass concentration (i.e. supersolar) and suffi-
ciently large dust grains (Carrera et al. 2015; Yang et al. 2017; Li
& Youdin 2021). Protoplanetary discs observed with the Atacama
Large Millimeter/submillimeter Array (ALMA) and the Very Large
Telescope (VLT)/SPHERE and Subaru/HiCIAO have shown fea-
tures with concentrated dust mass, such as rings (e.g. Dullemond
et al. 2018; Macías et al. 2019; Muto et al. 2012; Avenhaus et al.
2018), non-axisymmetric bumps (e.g. van der Marel et al. 2013,
2015; Cazzoletti et al. 2018; van der Marel et al. 2021) and spi-
ral structure (e.g. Benisty et al. 2015; Pérez et al. 2016; Benisty
et al. 2017). Some rings may have sufficiently high dust concentra-
tions to initiate planetesimal formation via the SI (Stammler et al.
2019; Maucó et al. 2021). Indeed, Carrera et al. (2021), Carrera
et al. (2022) and Xu & Bai (2022a,b) show that persistent radial
gas pressure maxima, which likely play a role in the formation

© 2020 The Authors
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3
Department of Physics and Astronomy, Clemson University, Kinard Lab of Physics, Clemson, SC 29634-0978, USA

ABSTRACT

Identifying the astrophysical sources responsible for the high-energy cosmic neutrinos has been a

longstanding challenge. In a previous work, we report evidence for a spatial correlation between blazars

from the 5th Roma-BZCat catalog and neutrino data of the highest detectable energies, i.e. & 0.1 PeV,

collected by the IceCube Observatory in the southern celestial hemisphere. The statistical significance

is found at the level of 2× 10−6 post-trial. In this work we test whether a similar correlation exists in

the northern hemisphere, were IceCube is mostly sensitive to . 0.1 PeV energies. We find a consistent

correlation between blazars and northern neutrino data at the pre-trial p-value of 5.12× 10−4, and a

post-trial chance probability of 6.79 × 10−3. Combining the post-trial probabilities observed for the

southern and northern experiments yields a global post-trial chance probability of 2.59× 10−7 for the

genuineness of such correlation. This implies that the spatial correlation is highly unlikely to arise by

chance. Our studies push forward an all-sky subset of 52 objects as highly likely PeVatron extragalactic

accelerators.

Keywords: Neutrinos — galaxies: active — galaxies: jets — black hole physics

1. INTRODUCTION

Despite the evidence of a diffuse neutrino flux consis-

tent with an astrophysical origin reported by the Ice-

Cube Observatory in the & 100 TeV to ∼ 10 PeV en-

ergy range (IceCube Collaboration 2013; Aartsen et al.

2016a), little is known about the astrophysical objects

that are responsible for it. Identifying the astrophysical

sources originating the high-energy astrophysical neutri-

nos represents one of the most compelling questions in

multi-messenger astrophysics. Evidence that at least a

fraction of the IceCube high-energy (& 0.1 PeV) neu-

trinos originates from a peculiar type of active galactic

nuclei (AGN), i.e. accreting super-massive black holes

at the centers of galaxies that emit non thermal radia-

tion, has been recently provided (Buson et al. 2022a,b).

Among them, some can launch powerful outflows, and

few are capable of accelerating particles to nearly the

sara.buson@uni-wuerzburg.com

speed of light in narrow collimated beams, i.e. relativis-

tic jets. The blazar class commonly encompasses those

AGN with a relativistic jet closely aligned with Earth

and has been widely investigated in previous multi-

messenger studies in relation to neutrinos. Generally,

limited multi-wavelength information is available to ac-

cess the nature of an AGN and, for a given survey, most

of the times this is available only for the brightest ob-

jects. Moreover, variability may affect the behaviour of

a source observed at a given time, making an unambigu-

ous classification not possible. As a result, the classifica-

tion of AGN often attempts to categorize the properties

observed in a specific waveband (or survey) at the risk

of lacking a comprehensive view of the actual physical

characteristics of the system (Padovani et al. 2017). Mo-

tivated by these considerations, in our work we search

for candidate neutrino counterparts among AGN whose

emission exhibits the presence of non thermal radiation

over the electromagnetic spectrum, as classified by the

5th Roma-BZCat catalog (5BZCat, Massaro et al. 2015,

and references therein).
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Dynamical Masses of Local Group Galaxies: IAU Symposium 379
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Testing Jeans dynamical models with prolate
rotation on a cosmologically simulated dwarf galaxy

Amrit Sedain1,2, Nikolay Kacharov1

1 Leibniz Institute for Astrophysics, An der Sternwarte 16, 14482 Potsdam, Germany
2 Institute of Physics and Astronomy, Karl-Liebknecht Str.24/25 14476 Potsdam, Germany

Abstract. Prolate rotation is characterized by a significant stellar rotation around a galaxy’s major axis,
which contrasts with the more common oblate rotation. Prolate rotation is thought to be due to major merg-
ers and thus studies of prolate-rotating systems can help us better understand the hierarchical process of
galaxy evolution. Dynamical studies of such galaxies are important to find their gravitational potential pro-
file, total mass, and dark matter fraction. Recently, it has been shown in a cosmological simulation that it
is possible to form a prolate-rotating dwarf galaxy following a dwarf-dwarf merger event. The simulation
also shows that the unusual prolate rotation can be time enduring. In this particular example, the galaxy
continued to rotate around its major axis for at least 7.4 Gyr (from the merger event until the end of the
simulation). In this project, we use mock observations of the hydro-dynamically simulated prolate-rotating
dwarf galaxy to fit various stages of its evolution with Jeans dynamical models. The Jeans models success-
fully fit the early oblate state before the major merger event, and also the late prolate stages of the simulated
galaxy, recovering its mass distribution, velocity dispersion, and rotation profile. We also ran a prolate-
rotating N-body simulation with similar properties to the cosmologically simulated galaxy, which gradually
loses its angular momentum on a short time scale ∼ 100 Myr. More tests are needed to understand why
prolate rotation is time enduring in the cosmological simulation, but not in a simple N-body simulation.

Keywords. Galaxy dynamics, Prolate rotation, Cosmological simulations

1. Introduction
Dwarf galaxies are important building blocks in galaxy hierarchical formation and evolution

theories, so it is essential to understand their properties. There are distinct types of dwarf
galaxies, depending on mass and gas content - mainly gas-rich dwarf irregulars and gas-poor
dwarf spheroidals, as well as transition types. The majority of them are dark matter (DM)
dominated. However, their low stellar densities and shallow potential wells make them very
sensitive to perturbations from stellar feedback, external interactions, etc.

Dynamical studies of dwarf galaxies can reveal their total mass and the mass of their
sub-components (stars, gas, DM content), as well as their internal structure and kinematical
properties, which is not possible from photometry alone.

On the other hand, cosmological simulations allow us to study the formation and evolution
of galaxies at all scales and test real-time observations. By comparing observations and the
simulated results we can better understand the physical processes in our Universe. Zoom-
in simulations are used to study smaller-scale processes in individual galaxies and galaxy
clusters, such as interactions, gas cooling, star formation, and feedback from supernovae and
black holes.

While most galaxies have a certain amount of angular momentum, which flattens them in
the direction of the rotation axis, there are rare exceptions of galaxies that rotate around their
major axis, known as prolate rotation. In the Local Group, we know of only two such cases,
the And II dwarf (Amorisco et al. 2014) and the Phoenix dwarf (Kacharov et al. 2017). In
both studies, they strongly suggest that a major merger at some point in the galaxy’s evolution

© International Astronomical Union, 2023
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On the Metallicities and Kinematics of the Circumgalactic Media of Damped Lyα Systems at z∼2.5∗
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ABSTRACT
We use medium- and high-resolution spectroscopy of close pairs of quasars to analyze the circum-

galactic medium (CGM) surrounding 32 damped Lyα absorption systems (DLAs). The primary quasar
sightline in each pair probes an intervening DLA in the redshift range 1.6 < zabs < 3.5, such that
the secondary sightline probes absorption from Lyα and a large suite of metal-line transitions (in-
cluding O I, C II, C IV, Si II, and Si IV) in the DLA host galaxy’s CGM at transverse distances
24 kpc ≤ R⊥ ≤ 284 kpc. Analysis of Lyα in the CGM sightlines shows an anti-correlation between R⊥
and H I column density (NHi) with 99.8% confidence, similar to that observed around luminous galax-
ies. The incidences of C II and Si II with N > 1013 cm−2 within 100 kpc of DLAs are larger by 2σ than
those measured in the CGM of Lyman break galaxies (Cf (NCii) > 0.89 and Cf (NSiii) = 0.75+0.12

−0.17).
Metallicity constraints derived from ionic ratios for nine CGM systems with negligible ionization cor-
rections and NHi > 1018.5 cm−2 show a significant degree of scatter (with metallicities/limits across
the range −2.06 . logZ/Z� . −0.75), suggesting inhomogeneity in the metal distribution in these
environments. Velocity widths of C IV λ1548 and low-ionization metal species in the DLA vs. CGM
sightlines are strongly (> 2σ) correlated, suggesting they trace the potential well of the host halo over
R⊥ . 300 kpc scales. At the same time, velocity centroids for C IV λ1548 differ in DLA vs. CGM
sightlines by > 100 km s−1 for ∼ 50% of velocity components, but few components have velocities that
would exceed the escape velocity assuming dark matter host halos of ≥ 1012M�.

ststawinski@gmail.com

∗ The data presented herein were obtained at the W. M. Keck Ob-
servatory, which is operated as a scientific partnership among
the California Institute of Technology, the University of Califor-
nia and the National Aeronautics and Space Administration. The
Observatory was made possible by the generous financial support
of the W. M. Keck Foundation.

1. INTRODUCTION

The circumgalactic medium (CGM) is defined as the
gaseous halo surrounding galaxies that hosts the ex-
change of gas between large-scale outflows from the host
galaxy interstellar medium (ISM), the ambient halo, and
accretion from the intergalactic medium (IGM; Tumlin-
son et al. 2017). In the last decade it has become evident
that studying the CGM is crucial to fully understanding
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ABSTRACT

We present the quasar luminosity function (LF) at z = 7, measured with 35 spectroscopically con-

firmed quasars at 6.55 < z < 7.15. The sample of 22 quasars from the Subaru High-z Exploration

of Low-Luminosity Quasars (SHELLQs) project, combined with 13 brighter quasars in the literature,

covers an unprecedentedly wide range of rest-frame ultraviolet magnitudes over −28 < M1450 < −23.
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ABSTRACT

Extremely Red Quasars (ERQs) are thought to represent a brief episode of young quasar and galactic evolution characterized
by rapid outflows and obscured growth due to dusty environments. We use new redshift measurements from CO and LyU
emission-lines to better constrain outflow velocities from previous line measurements. We present sample of 82 ERQs, and the
analysis confirms that ERQs have a higher incidence of large C iv blueshifts, accompanied by large Rest Equivalent Widths
(REWs) and smaller line widths than blue quasars. We find that strong blueshifts (>2000 km s−1) are present in 12/54 (22.22%)
of ERQs with the most robust redshift indicators. At least 4 out of 15 ERQs in the sample also have blueshifts in their HV and
low-ionization UV lines ranging from −500 to −1500 km s−1. ERQs with strong C iv blueshifts are substantially offset in C iv

REW and Full-Width at Half-Maximum (FWHM) from typical blue quasars in the same velocity range. ERQs have average
values of REW = 124Å and FWHM = 5274 km s−1, while blue quasars have REW = 24Å and FWHM = 6973 km s−1. The
extreme nature of the outflows in ERQs might explain some of their other spectral properties, such as the large C iv REWs and
peculiar wingless profiles owing to more extended broad-line regions participating in outflows. The physical reasons for the
extreme outflow properties of ERQs are unclear; however, larger Eddington ratios and/or softer ionizing spectra incident on the
outflow gas cannot be ruled out.

Key words: galaxies: active – quasars: emission lines – galaxies: intergalactic medium – galaxies: evolution – galaxies:
high-redshift

1 INTRODUCTION

Quasars are supermassive black holes rapidly growing by accre-
tion of infalling material at the center of their host galaxy. Ac-
cretion can coincide with streams of infalling gas, or galactic as-
sembly, at high redshift. Merger activity, or infalling gas, may
be the triggers supplying matter for starbursts and quasar activity
(Hopkins et al. 2006, 2008; Somerville et al. 2008; Kereš et al. 2009;
Dekel et al. 2009; Faucher-Giguère & Kereš 2011; Fumagalli et al.
2014; Glikman et al. 2015). This rapid accretion can coincide with
outflows, generating feedback, and potentially influence the galaxy’s
formation (Costa et al. 2014; Nelson et al. 2015; Suresh et al. 2019).
A possible evolutionary scheme is where the central black hole
initially grows in obscurity until feedback generates outflows, and
clears the obscuring interstellar material, revealing a normal blue
quasar (Sanders et al. 1988; Di Matteo et al. 2005; Hopkins et al.
2006, 2008, 2016; Rupke & Veilleux 2011, 2013; Liu et al. 2013;
Stacey et al. 2022).

Red quasars are important for testing the hypothesis that obscured
quasars may be in a young, and short-lived, phase in their evolu-
tion. Young quasars may be reddened by dust created in a major
starburst inside the galaxies, triggered by a merger or cold-mode ac-

★ E-mail: jgill016@ucr.edu

cretion. These reddened quasars may show signs of youth such as
high accretion rates, more infall from the intergalactic medium, or
powerful outflows, as they transform in to blue/unobscured quasars.
Studies of red/obscured quasars have found many to be in merg-
ers or high-accretion phases (Glikman et al. 2015; Wu et al. 2018;
Zakamska et al. 2019).

Extremely red quasars (ERQs) are a unique quasar population se-
lected from the Baryon Oscillation Spectroscopic Survey (BOSS,
?) in the Sloan Digital Sky Survey-III (SDSS, ?) and the ALL-
WISE data release (??) of the Wide-field Infrared Survey Explorer
(WISE, ?), based on red rest-UV to mid-IR colors, 8–,3> 4.6 (AB
magnitudes Ross et al. 2015; Hamann et al. 2017). They are of par-
ticular interest because of a suite of other spectral properties con-
nected to their extreme red colors, namely, unusually strong C iv

_1549 emission lines with peculiar wingless profiles and frequent
large blueshift, a high incidence of broad C iv outflow absorption
lines, and exceptionally fast outflows measured in [O iii] _4959,5007
(Hamann et al. 2017; Perrotta et al. 2019). All of these features might
be explained by exceptionally powerful accretion-disk outflows, e.g.,
that produce spatially-extended C iv broad emission line regions that
produce large C iv rest equivalent widths (REWs) and feed into the
fast, lower-density [O iii] outflows farther out (Zakamska et al. 2016;
Hamann et al. 2017; Perrotta et al. 2019). This evidence for prodi-
gious outflows, combined with the extreme dust reddening, make

© 2023 The Authors
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3 clustertools: A Python Package for Analyzing

Star Cluster Simulations
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Summary

clustertools is a Python package for analyzing star cluster simulations. The
package is built around the StarCluster class, which stores all data read in from
the snapshot of a given model star cluster. The package contains functions
for loading data from commonly used N-body codes, generic snapshots, and
software for generating initial conditions. All operations and functions within
clustertools are then designed to act on a StarCluster. clustertools can
be used for unit and coordinate transformations, the calculation of key structural
and kinematic parameters, analysis of the cluster’s orbit and tidal tails, and
measuring common cluster properties like its mass function, density profile, and
velocity dispersion profile (among others). While originally designed with star
clusters in mind, clustertools can be used to study other types of N -body
systems, including stellar streams and dark matter sub-halos.

Statement of need

Stars do not form alone, but in clustered environments that in some cases can
remain gravitationally bound as a star cluster for billions of years. The details of
how exactly star clusters form, either at high-redshifts or at present day, remain
unknown. After formation, the subsequent evolution of these stellar systems
has been shown to be strongly linked to that of their host galaxy. Hence star
clusters are often used as tools for studying star formation, galaxy evolution,
and galaxy structure. The comparison of simulated star clusters to observations
offers the ability to explore what formation conditions reproduce the properties
of observed star cluster populations and how the evolution and structure of a
galaxy affects star clusters.

1
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ABSTRACT
The flow of gas into and out of galaxies leaves traces in the circumgalactic medium which can then be studied using absorption
lines towards background quasars. We analyse 27 log[𝑁 (H i)/cm−2] > 18.0 H i absorbers at 𝑧 = 0.2 to 1.4 from the MUSE-
ALMAHalos surveywith at least one galaxy counterpart within a line of sight velocity of±500 km s−1.We perform 3D kinematic
forward modelling of these associated galaxies to examine the flow of dense, neutral gas in the circumgalactic medium. From the
VLT/MUSE, HST broadband imaging and VLT/UVES and Keck/HIRES high-resolution UV quasar spectroscopy observations,
we compare the impact parameters, star-formation rates and stellar masses of the associated galaxies with the absorber properties.
We find marginal evidence for a bimodal distribution in azimuthal angles for strong H i absorbers, similar to previous studies of
the Mg ii and Ovi absorption lines. There is no clear metallicity dependence on azimuthal angle and we suggest a larger sample
of absorbers are required to fully test the relationship predicted by cosmological hydrodynamical simulations. A case-by-case
study of the absorbers reveals that ten per cent of absorbers are consistent with gas accretion, up to 30 per cent trace outflows
while the remainder trace gas in the galaxy disk, the intragroup medium and low-mass galaxies below the MUSE detection limit.
Our results highlight that the baryon cycle directly affects the dense neutral gas required for star-formation and plays a critical
role in galaxy evolution.

Key words: galaxies: evolution – galaxies: formation – galaxies: kinematics and dynamics – galaxies: haloes – quasars:
absorption lines

1 INTRODUCTION

Once known as ‘island universes’, galaxies are no longer considered
isolated systems, especially when observing the cycle of baryons
within these systems (Péroux & Howk 2020). The formation of stars
is mediated by the delicate balance between outflowing and inflowing
gas. Galactic winds driven by active galactic nuclei (AGN) or intense
star-formation remove gas from galaxies (Veilleux et al. 2005). Some
of the outflowing material condenses back onto the galaxy in the
form of fountains (Fraternali & Binney 2008; Marinacci et al. 2010;
Fraternali 2017). At the same time, the accretion of cold gas from
large-scale filaments and the cooling of hot halo gas replenishes the

★ E-mail: simonw358@gmail.com

gas reservoirs of galaxies (Kereš et al. 2005; Nelson et al. 2013;
Hafen et al. 2022). Satellites embedded within the halo of galaxies
are also an important source of cool gas (Wang 1993; Hafen et al.
2019). These phenomena leave their traces in the circumgalactic
medium (CGM), the region that extends from the galactic disk to the
intergalactic medium (IGM; Tumlinson et al. 2017; Faucher-Giguere
& Oh 2023).

While the diffuse gas in the CGM can be studied in emission, it is
typically detected in systems containing quasars, extreme starbursts
and overdensities not representative of typical galaxies (e.g. Hayes
et al. 2016; Epinat et al. 2018; Johnson et al. 2018; Chen et al. 2019;
Helton et al. 2021; Burchett et al. 2021; Cameron et al. 2021). Stack-
ing enables detections of the diffuse gas in emission, but it becomes
difficult to link the detections to galaxy properties and the wider

© 2022 The Authors
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ABSTRACT

We use a suite of 3D simulations of star-forming molecular clouds, with and without stellar feedback

and magnetic fields, to investigate the effectiveness of different fitting methods for volume and column

density probability distribution functions (PDFs). The first method fits a piecewise lognormal and

power-law (PL) function to recover PDF parameters such as the PL slope and transition density. The

second method fits a polynomial spline function and examines the first and second derivatives of the

spline to determine the PL slope and the functional transition density. We demonstrate that fitting

a spline allows us to directly determine if the data has multiple PL slopes. The first PL (set by

the transition between lognormal and PL function) can also be visualized in the derivatives directly.

In general, the two methods produce fits that agree reasonably well for volume density but vary for

column density, likely due to the increased statistical noise in column density maps as compared to

volume density. We test a well-known conversion for estimating volume density PL slopes from column

density slopes and find that the spline method produces a better match (χ2 of 2.38 vs χ2 of 5.92),

albeit with a significant scatter. Ultimately, we recommend the use of both fitting methods on column

density data to mitigate the effects of noise.

1. INTRODUCTION

Star formation primarily occurs in dense and cold

molecular gas within galaxies. Such gas resides in molec-

ular cloud (MC) complexes and is subjected to the

competing effects of supersonic turbulence, self-gravity,

magnetic pressure and tension, and feedback from newly

formed stars, as well as energetic processes that alter

the gas temperature and chemistry (e.g., Padoan et al.
1997; Krumholz et al. 2018). Due to the complexity

of star-forming environments, a common approach for

analytic models of star formation is to study the distri-

bution of gas via a density probability distribution func-

tion (ρ-PDF) analysis (e.g., Federrath & Klessen 2012;

Burkhart 2018). The ρ-PDF (volume density) has been

used to predict a wide range of star formation observ-

ables such as the core mass distribution, the stellar ini-

tial mass function (e.g., Padoan & Nordlund 2002; Hen-

nebelle & Chabrier 2011; Hopkins 2012), the star forma-

tion rate (SFR; e.g., Krumholz & McKee 2005; Padoan

& Nordlund 2011; Federrath & Klessen 2012; Hennebelle

& Chabrier 2011), and star formation efficiency (SFE;

kiihne1999@gmail.com

e.g., Federrath & Klessen 2013). In addition, models of

variable SFE motivated by these works have been used

as subgrid star formation prescriptions in galaxy forma-

tion simulations to account for the (unresolved) dense

gas fraction and its dynamical state (Braun & Schmidt

2015; Semenov et al. 2016; Li et al. 2017; Trebitsch et al.

2017; Lupi et al. 2018; Gensior et al. 2020; Kretschmer

& Teyssier 2020; Kretschmer et al. 2021; Olsen et al.

2021). The ρ-PDF of atomic and molecular tracers has

also been suggested as a diagnostic for the HI-H2 transi-

tion in a turbulent medium (e.g., Burkhart et al. 2015b;

Imara & Burkhart 2016)

The shape of the gas ρ-PDF is profoundly linked to

the kinematics and star formation activity of a MC

(Burkhart 2018; Burkhart & Mocz 2019). The shape

of the ρ-PDF in MCs is expected to be lognormal (LN)

when isothermal supersonic turbulence dominates the

gas dynamics (Federrath et al. 2008; Passot & Vázquez-

Semadeni 1998). Furthermore, the width of the lognor-

mal distribution in the PDF can be related to the sonic

Mach number of the gas and the driving mode of the

turbulence (compressive or solenoidal) in an isothermal

cloud (i.e., the sonic Mach number-variance relation; see

e.g., Federrath et al. 2008; Molina et al. 2012; Burkhart

2018). Generally, the gas within the lognormal por-
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Azimuthal Anisotropy of Magnetic Fields in the Circumgalactic Medium
Driven by Galactic Feedback Processes
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ABSTRACT
We use the TNG50 cosmological magnetohydrodynamical simulation of the IllustrisTNG project to show that magnetic fields
in the circumgalactic medium (CGM) have significant angular structure. This azimuthal anisotropy at fixed distance is driven
by galactic feedback processes that launch strong outflows into the halo, preferentially along the minor axes of galaxies. These
feedback-driven outflows entrain strong magnetic fields from the interstellar medium, dragging fields originally amplified by
small-scale dynamos into the CGM. At the virial radius, z = 0 galaxies with M? ∼ 1010 M� show the strongest anisotropy
(∼ 0.35 dex). This signal weakens with decreasing impact parameter, and is also present but weaker for lower mass as well as
higher mass galaxies. Creating mock Faraday rotation measure (RM) sightlines through the simulated volume, we find that the
angular RM trend is qualitatively consistent with recent observational measurements. We show that rich structure is present in
the circumgalactic magnetic fields of galaxies. However, TNG50 predicts small RM amplitudes in the CGM that make detection
difficult as a result of other contributions along the line of sight.

Key words: galaxies: haloes – galaxies: circumgalactic medium – galaxies: magnetic fields

1 INTRODUCTION

Observational and theoretical studies suggest that galaxies are sur-
rounded by a halo of gas that typically extends out to roughly the
virial radius of their parent dark matter halos. Termed the circum-
galactic medium (CGM), this multi-scale, multi-phase reservoir of
gas is believed to play a critical role in the evolution of galaxies (see
Donahue & Voit 2022 for a recent review of the CGM).

Simultaneously, the CGM is affected by physical processes that
take place within the galaxy. For instance, outflows driven by the
central supermassive black hole (SMBH) can launch gas out of high-
mass galaxies with M? & 1010.5 M� and into the CGM at high ve-
locities (Oppenheimer et al. 2020; Ramesh et al. 2023a), increas-
ing cooling times and preventing future accretion and star formation
(Zinger et al. 2020; Davies et al. 2020). They can create bubbles of
hot, rarified gas (Pillepich et al. 2021) similar to the Fermi/eROSITA
bubbles emerging from the galactic centre of the Milky Way (Su
et al. 2010; Predehl et al. 2020). For less massive galaxies, outflows
driven by supernovae and stellar winds dominate (Fielding et al.
2017; Li & Tonnesen 2020), reshaping the CGM with significant in-
puts of mass, momentum, energy, and metals (Nelson et al. 2019b;
Mitchell et al. 2020; Pandya et al. 2021).

Cosmological galaxy formation simulations tend to find that out-
flows are anisotropic, preferentially propagating perpendicular to the
galactic disk, i.e along directions where the density of gas is lower
than in the disk (e.g Nelson et al. 2019b). As a result, the CGM is
predicted to possess angular anisotropies in key physical quantities
including metallicity (Péroux et al. 2020), density, and temperature

? E-mail: rahul.ramesh@stud.uni-heidelberg.de

(Truong et al. 2021). The star formation activity of satellite galaxies
is expected to respond to this gas anisotropy with an ‘angular con-
formity’ signal (Martı́n-Navarro et al. 2021). This picture of an az-
imuthally anisotropic CGM has also received observational support
with inferences of angular dependencies in metallicity (Cameron
et al. 2021) and density (Zhang & Zaritsky 2022) profiles.

In addition to hydrodynamical and thermal gas processes, non-
thermal components including magnetic fields may play a key role
in the CGM. Theoretical studies suggest that they can lengthen the
lifetimes of small, cold gas clouds by suppressing fluid instabilities
(Ji et al. 2018; Berlok & Pfrommer 2019; Sparre et al. 2020), or
by contributing support in the form of magnetic pressure (Nelson
et al. 2020; Ramesh et al. 2023b). It has recently become possible
to probe the impact of magnetic fields in large-volume simulations
of cosmic structure formation that self-consistently include magne-
tohydrodynamics within the context of a realistic galaxy population
– IllustrisTNG is a notable example. Simulations have shown how
magnetic fields may influence the propreties of halo gas (Pakmor
et al. 2020; van de Voort et al. 2021), outflows (Steinwandel et al.
2020), and the hot intracluster medium (Vazza et al. 2014).

Observationally, extragalactic magnetic fields are difficult to mea-
sure, particularly owing to their relatively low values (Pomakov et al.
2022). However, recent observational studies have inferred ∼ µG
magnetic field strengths in the CGM of a number of galaxies (Mao
et al. 2017; Prochaska et al. 2019; Lan & Prochaska 2020; Mannings
et al. 2022; O’Sullivan et al. 2023; Heesen et al. 2023), which is of
order of the field strengths found in the gaseous halos of galaxies at
z ∼ 0 in the IllustrisTNG simulations (Marinacci et al. 2018; Nel-
son et al. 2018a; Ramesh et al. 2023a). Such inferences are made
possible through measurements of Faraday rotation measure (RM),

© 2023 The Authors
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We present the first simulations of core-collapse supernovae (CCSNe) in axial symmetry (2D) with
feedback from fast neutrino flavor conversion (FFC). Our schematic treatment of FFCs assumes in-
stantaneous flavor equilibration under the constraint of lepton-number conservation. Systematically
varying the spatial domain where FFCs are assumed to occur, we find that they facilitate SN explo-
sions in low-mass (9–12 M�) progenitors that otherwise explode with longer time delays, whereas
FFCs weaken the tendency to explode of higher-mass (around 20 M�) progenitors.

Introduction and Motivation.—Multi-dimensional
simulations of core-collapse supernovae (CCSNe) with re-
fined, energy-dependent neutrino transport, in particular
also in three dimensions (3D), support the viability of
the neutrino-driven explosion mechanism [1–8]. Since the
huge binding energy of several 1053 erg of a newly formed
proto-neutron star (PNS) is carried away by neutrinos
and antineutrinos of all flavors, about one percent of this
energy is well sufficient to explain the vast majority of the
observed CCSNe [9]. The energy transfer to the explosion
is mostly mediated by the absorption of several percent
of the escaping electron (anti)neutrinos (νe and ν̄e) on
free neutrons and protons behind the stalled core-bounce
shock [10]. These reactions therefore decide about suc-
cess or failure of the explosion. They also determine the
neutron-to-proton ratio and thus the formation of chem-
ical elements in the innermost ejecta of successful ex-
plosions. Neutrinos of other flavors (commonly pooled
as νx) do not interact via charged-current processes in
the ejected matter and thus are subdominant for power-
ing the explosion, although their creation by thermal pair
processes contributes significantly to PNS cooling. For
numerical models to be predictive, and to understand
the processes that trigger and power the blast wave, a
reliable implementation of neutrino transport and flavor
evolution in the deep SN interior is indispensable [11–14].

Neutrino flavor conversions in the SN core remain one
of the major uncertainties for rigorous, self-consistent ab-
initio modeling. Despite the long-standing insight that
neutrinos can change flavor during propagation, the pos-
sible consequences have usually been ignored in SN sim-
ulations. But the extremely high neutrino number den-
sities in this environment facilitate nonlinear, collective
phenomena that are not suppressed by matter effects
[15]. In particular, ν and ν̄ can pairwise undergo so-
called fast flavor conversions (FFCs) [16–21]. The char-
acteristic length scales depend on the neutrino number
density and can be as short as centimeters. FFCs have
been at the focus of numerous recent investigations, and

their possible occurrence has been diagnosed in different
regions inside the PNS, in the neutrino-decoupling layer,
and ahead and behind the SN shock [22–26].

Here we explore, for the first time, the impact of FFCs
on the evolution of collapsing stars by multi-dimensional
neutrino-hyrodynamic simulations, thus expanding our
previous work in spherical symmetry [27]. Considering
several, distinctly different progenitor models, we demon-
strate that the consequences of FFCs depend on the stel-
lar core structure and mass range. The quantum ki-
netic problem of neutrino flavor transport still awaits a
practical solution. Therefore, once more we apply our
schematic treatment [27], i.e., we assume that below a
chosen critical density ρc, FFCs lead to flavor equilibrium
under the constraint of lepton-number conservation.

Unexpectedly, our results show that FFCs can both
support or suppress neutrino-driven explosions, with the
exact dynamical response depending on the progenitor
and the assumed region of flavor conversions.

Numerical Setup and Set of Simulations.—Our
simulations were performed in axial symmetry (2D) with
the neutrino-hydrodynamics code Alcar [28, 29]. This
is a state-of-the-art, Eulerian, conservative, higher-order
Godunov-type finite-volume solver for the 1D and multi-
D fluid dynamics equations coupled to a two-moment
scheme for energy-dependent three-flavor neutrino trans-
port. It uses a well-tested implementation of all relevant
neutrino processes. The main features, input physics, nu-
merical setup of the models, and description of the FFC
implementation are provided in our earlier paper [27].

In the absence of a fundamental prescription, and to
enable a systematic parametric study, we assume that
FFCs take place in the entire volume where ρ < ρc, a cho-
sen density threshold value. We assume that pairwise νν̄
flavor conversion is “instantaneous,” i.e., on length scales
much less than our numerical cells and time scales defined
by our computational time stepping. This approach is
justified because FFCs likely proceed on scales much be-
low the resolution of full-scale hydrodynamic CCSN mod-
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Data-driven approaches to estimating the
habitability of exoplanets
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Abstract—The exploration and study of exoplanets remain at
the frontier of astronomical research, challenging scientists to
continuously innovate and refine methodologies to navigate the
vast, complex data these celestial bodies produce. This literature
review aims to illuminate the emerging trends and advancements
within this sphere, specifically focusing on the interplay between
exoplanet detection, classification, and visualization, and the
increasingly pivotal role of machine learning and computational
models. Our journey through this realm of exploration com-
mences with a comprehensive analysis of fifteen meticulously
selected, seminal papers in the field. These papers, each rep-
resenting a distinct facet of exoplanet research, collectively offer
a multi-dimensional perspective on the current state of the field.
They provide valuable insights into the innovative application of
machine learning techniques to overcome the challenges posed
by the analysis and interpretation of astronomical data. From
the application of Support Vector Machines (SVM) to Deep
Learning models, the review encapsulates the broad spectrum
of machine learning approaches employed in exoplanet research.
The review also seeks to unravel the story woven by the data
within these papers, detailing the triumphs and tribulations of
the field. It highlights the increasing reliance on diverse datasets,
such as Kepler and TESS, and the push for improved accuracy
in exoplanet detection and classification models. The narrative
concludes with key takeaways and insights, drawing together the
threads of research to present a cohesive picture of the direction
in which the field is moving. This literature review, therefore,
serves not just as an academic exploration, but also as a narrative
of scientific discovery and innovation in the quest to understand
our cosmic neighborhood.

Index Terms—Exoplanet detection, Machine learning, Compu-
tational models, Data Science, Classification techniques, Visual-
ization strategies, Support Vector Machine, k-Nearest Neighbors,
K-means clustering, Astroinformatics, Light curve analysis, Fea-
ture extraction, Data augmentation, Deep learning, Convolutional
Neural Networks.

I. INTRODUCTION

Astronomy, as an age-old science, has long captivated
humanity with its myriad mysteries and grandeur. In recent
years, one particular area of this expansive field has seized the
spotlight: the exploration of exoplanets [1]. Exoplanets, celes-
tial bodies orbiting stars beyond our own solar system, offer
tantalizing prospects in the quest to understand the universe’s
complexities [4]. The burgeoning interest in these distant
worlds reflects our insatiable curiosity about the cosmos and
the fundamental question of whether life exists beyond Earth
[6].

Our understanding of these celestial bodies has been pro-
pelled by the advent of increasingly sophisticated space

missions and telescopes, such as Kepler and the Transiting
Exoplanet Survey Satellite (TESS) [7]. These instruments have
flooded the scientific community with vast volumes of data,
birthing a new era of discovery [9]. However, this abundance
of data has also presented a challenge: the need for efficient,
accurate methods of analysis to extract meaningful insights
from the deluge.

In response to this, the science of astrophysics has in-
tertwined with the art of data science, resulting in remark-
able synergy. Computational models and machine learning
techniques have emerged as powerful tools in the analysis
and interpretation of astronomical data. From the detection
of exoplanets to their classification, these techniques have
revolutionized the field, transforming raw data into valuable
knowledge [15].

Below is just an imaginary, prediction of an exoplanet’s
habitability detection using the transit of the planet around its
star.

Fig. 1. Calculation of the transit of Exoplanet

This literature review navigates the convergence of as-
trophysics and data science, focusing on the current trends
and advancements in exoplanet detection and classification
[2]. It illuminates the journey from the collection of raw
data to its transformation into meaningful insights, via the
innovative application of machine learning and computational
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Implementation of Rare Isotopologues into Machine
Learning of the Chemical Inventory of the Solar-Type
Protostellar Source IRAS 16293-2422

Zachary T.P. Fried,a Kin Long Kelvin Lee,b Alex N. Byrne,c and Brett A. McGuired,e

Machine learning techniques have been previously used to model and predict column densities in the
TMC-1 dark molecular cloud. In interstellar sources further along the path of star formation, such as
those where a protostar itself has been formed, the chemistry is known to be drastically different from
that of largely quiescent dark clouds. To that end, we have tested the ability of various machine
learning models to fit the column densities of the molecules detected in source B of the Class 0
protostellar binary IRAS 16293-2422. By including a simple encoding of isotopic composition in our
molecular feature vectors, we also examine for the first time how well these models can replicate the
isotopic ratios. Finally, we report the predicted column densities of the chemically relevant molecules
that may be excellent targets for radioastronomical detection in IRAS 16293-2422B.

1 Introduction
The observation of interstellar molecules is a central component
of astrochemical studies. Molecular species have shaped our un-
derstanding of star1 and planet formation2, can trace stellar out-
flows3, interstellar shocks4, and protoplanetary disks5, and can
serve as probes of the physical conditions of interstellar sources
such as the temperature6. However, until recently, in order to
model interstellar abundances and predict new molecules for de-
tection, observations have relied on complex chemical models
based on a vast network of interconnected reactions (e.g. Ruaud
et al. 7 , Wakelam et al. 8). While these astrochemical models can
be excellent tools to explore specific chemical processes that occur
in space, their predictive ability can also be quite limited for sev-
eral reasons (e.g. McGuire et al. 9). Firstly, these models are by
definition incomplete representations of the true chemical com-
plexity of the interstellar medium because network expansions
rely on human input. Additionally, the networks are oftentimes
dependent on uncertain extrapolated rate constants10.

In an attempt to predict molecular abundances without the

a Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA
02139; E-mail: zfried@mit.edu
b Accelerated Computing Systems and Graphics Group, Intel Corporation, 2111 NE
25th Ave., Hillsboro, OR 97124
c Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA
02139
d Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA
02139; E-mail: brettmc@mit.edu
e National Radio Astronomy Observatory, Charlottesville, VA 22903
† Electronic Supplementary Information (ESI) available: [details of any supplemen-
tary information available should be included here]. See DOI: 00.0000/00000000.

need for complete networks, Lee et al. 11 introduced a novel
methodology involving machine learning. A major benefit of
their approach contrasts traditional astrochemical modeling, as
it requires no prior knowledge of the conditions of an interstel-
lar source or any reaction pathways involving the previously de-
tected molecules. Instead, abundances are expressed purely in
terms of a chemical vector space. Simple regression algorithms
were shown to significantly outperform traditional astrochemical
models in reproducing the abundances of molecules already ob-
served, and provided a straightforward way to extrapolate to yet
undetected molecules.

An interstellar source for which this machine learning tech-
nique could be effectively applied is the Class 0 protostar IRAS
16293-2422B (hereafter referred to as IRAS 16293B). IRAS
16293B is one component of the protostellar binary IRAS 16293,
which is located in the L1689 region of the ρ Ophiuchus cloud
complex. This protostar comprises two separate components,
IRAS 16293A and IRAS 16293B, which are separated by around
5.1′′ 12–14. Extensive observations have been made of this source
with the Atacama Large Millimeter/submillimeter Array (ALMA)
as part of the Protostellar Interferometric Line Survey (PILS) pro-
gram15. The submillimeter spectrum toward IRAS 16293B is es-
pecially rich with more than 10,000 features detected15. The line
widths of the spectral peaks are also extremely narrow for a star
forming region (∼1 km/s FWHM), which significantly reduces
line confusion and makes this an excellent source for molecular
detections.

The predictive power of the machine learning method intro-
duced by Lee et al. 11 may be especially useful for IRAS 16293B
since a large portion of the molecular lines in the interstellar line
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