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ABSTRACT: 

The Electron, Proton and Alpha Monitor (EPAM), located at the L1 Position approximately 1-

million miles from the earth in the direction of the sun, was designed to detect fluctuations in 

solar output through counting the numbers of various particles hitting the detector.  The EPAM 

detector is part of an early warning system that can alert the earth to coronal mass ejection events 

that can damage our electronic grids and satellite equipment.  EPAM gives a real-time estimate 

of changes in the local solar magnetic field directed towards the earth, recorded in the 

fluctuations of solar particles being ejected.  This paper presents an analysis of fluctuations in 

data taken by the Geological Survey of Israel (GSI) compared to the changes in detected 

numbers of protons as seen by EPAM.  Surprisingly, the GSI and EPAM detectors show an 

unexpected correlation between the variation in count rate detected by the GSI detectors and an 

increased numbers of protons seen at EPAM  – well above statistical significance of 5𝜎, 

indicating a non-random connection between the data sets.  The statistically significant overlap 

between data taken by these two detectors, subject to very different conditions, may hint at a 

Primakoff mechanism whereby exotic particles, e.g. galactic Dark Matter, couple through 

magnetic fields to both photons and nuclei.  This work builds on an earlier paper on the 

observations of Radon decay and their implications for particle physics. 
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Onboard electrostatic suspension inertial sensors are important applications for gravity satellites
and space gravitational wave detection missions, and it is important to suppress noise in the measure-
ment signal. Due to the complex coupling between the working space environment and the satellite
platform, the process of noise generation is extremely complex, and traditional noise modeling and
subtraction methods have certain limitations. With the development of deep learning, applying it to
high-precision inertial sensors to improve the signal-to-noise ratio is a practically meaningful task.
Since there is a single noise sample and unknown true value in the measured data in orbit, odd-even
sub-samplers and periodic sub-samplers are designed to process general signals and periodic signals,
and adds reconstruction layers consisting of fully connected layers to the model. Experimental anal-
ysis and comparison are conducted based on simulation data, GRACE-FO acceleration data and
Taiji-1 acceleration data. The results show that the deep learning method is superior to traditional
data smoothing processing solutions.
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I. INTRODUCTION

Inertial sensors are able to detect acceleration, angular velocity, gravity vectors, and other motion factors. This
paper focuses on the application of inertial sensors in the fields of aviation and gravitational wave detection. In space,
star trackers can serve as the inertial reference for spacecraft, and are employed in space satellite missions related to
precise space measurements, high-precision navigation, and mapping. High-precision inertial sensors play a crucial role
as key scientific payloads in space missions such as global gravity field inversion, space gravitational wave detection,
and gravitational field measurements. Among modern advanced technologies including superconducting magnetic
levitation and SQUID technology, and cold atom interferometry technology, high-precision electrostatic suspension
inertial sensors based on electrostatic servo control technology are still the most advanced and reliable onboard inertial
reference technology for in-orbit operation. Accomplishing a series of gravity satellite missions, including GRACE
[1], GRACE-FO [2], and GOCE [3], high-precision inertial sensors that use electrostatic levitation have proven to
be successful. The ultra-high-precision electrostatic suspension inertial sensor, verified by the LISA PathFinder [4]
satellite, is expected to become a crucial payload for upcoming space gravitational wave detection missions, such as the
LISA [4], Taiji [5], and Tianqin plans [6] In the Taiji mission, inertial sensors can not only track the motion of the test
mass by measuring the capacitance change caused by its displacement but also measure the acceleration signal of the
test mass with high accuracy. The accuracy of the inertial sensor has an important impact on the sensitivity of space
gravitational wave detection missions.The electrostatic suspension inertial sensor system mainly consists of the test
mass as the inertial reference, the electrode housing with sensing and driving electrodes, the servo control electronic
system, the vacuum system, and other charge management subsystems and isolation subsystems that depend on the
specific space environment and satellite platform characteristics for a given mission. From a hardware perspective, it
is challenging to minimize the effects of environmental interference and noise on the measurement system and achieve
higher detection sensitivity through hardware improvements once a certain level is reached. Due to its extremely high
sensitivity, the on-board electrostatically suspended inertial sensor is subject to complex physical environment coupling
interference, including temperature gradient fluctuations, magnetic fields, electric field fluctuations, microvibrations,
high-energy particle beam charging, and other environmental factors related to the specific space environment and
satellite platform characteristics. Moreover, the measurement data of the sensor is extremely complex with interference
and noise components, including readout noise and control noise. Therefore, traditional processing methods such as
noise modeling, subtraction, data smoothing, and trend fitting are used to suppress noise and improve signal-to-noise
ratio. However, the noise singal often exhibits unfavorable fluctuations in frequency similar to potential scientific
signals, making it difficult to achieve the best noise filter [7]. Intelligent computing methods are considered to assist
in completing this task. This is a critical technology for further improving the detection sensitivity of inertial sensors
and achieving accurate and efficient scientific applications of measurement data.

In recent years, deep learning has developed rapidly and made progress in many fields. For example, in the fields of
Computer Vision, Natural Language Processing and Time-series, deep learning methods continue to evolve and reach
advanced levels of noise reduction compared with traditional processing methods. Generally speaking, deep learning
techniques can be divided into two categories: supervised and unsupervised learning. With supervised methods, we
need ture data to train the neural network model. Changhui Jiang et al. [8],based on supervised learning, used a
combination of recursive neural network (RNN) and long and short time memory network (LSTM) to process the
output of inertial sensor as a time series signal, finally improving the accuracy of inertial sensor. Despite the wide
application of supervised learning, its limitations are evident, as it is difficult to acquire data that is close to true
values and the accuracy of the true value samples severely affects the effectiveness of denoising algorithms. In the
case of signal measurement, such as signals from satellites like Taiji-1 and GRACE-FO, only noisy signals but no true
signals are obtained. Although it is possible to obtain data from simulating dynamic equations constructed by sensors
and observed objects, or from ground tests simulating orbit environmental conditions, the data obtained by these
methods are often not accurate enough, thus affecting the final denoising effects. Therefore, considering unsupervised
learning methods for signal denoising is recommended. For unsupervised or self-supervised learning denoising, Jaakko
Lehtinen et al. [9] proposed the Noise2Noise(N2N) denoising framework, which can train a denoising network model
without using clean images as training samples. The authors experimented with simple noise distributions (Gaussian,
Poisson, Bernoulli) and complex, intractable synthetic noise from Montalcaro images. The final results show that deep
learning neural networks are able to denoise signals without the need for clean target data, and the final performance
level is equal to or close to that of using clean target data. In order to solve the limitation of requiring multiple
noise samples in the N2N method, Tao Huang et al. [10] proposed the Neighbor2Neighbor method based on the N2N
method, and proposed a random neighbor subsampler to generate training image pairs based on a single noise image
sample. The final experimental results show that the deep learning method can deal with the problem of only single
noisy signal denoising, and has achieved higher effectiveness and superiority than the existing methods. In addition
to the field of image, many people have applied the N2N method to the signal processing of time series. Qingchun
Li et al. [11] proposed a Single noise audio denoising framework (SNA-DF) based on N2N for processing single noise
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Abstract

Neutron stars are one of the most mysterious wonders in the Universe. Their

extreme densities hint at new and exotic physics at work within. Gravitational

waves could be the key to unlocking their secrets. In particular, a first detection of

gravitational waves from rapidly-spinning, deformed neutron stars could yield new

insights into the physics of matter at extreme densities and under strong gravity.

Once a first detection is made, a critical challenge will be to robustly extract phys-

ically interesting information from the detected signals. In this essay, we describe

initial research towards answering this challenge, and thereby unleashing the full

power of gravitational waves as an engine for the discovery of new physics.
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Abstract. Putting constraints on a possible Lorentz Invariance Violation (LIV)

from astrophysical sources such as gamma-ray bursts (GRBs) is an essential tool

for finding evidences of new theories of quantum gravity (QG) that predict energy-

dependent speed of light. Such a search has its own difficulties, so usually, the effect

of the cosmological model is understudied and the default model is a fixed-parameters

ΛCDM. In this work, we use different astrophysical datasets to study the effect of

a number of dark energy models on the LIV constrains. To this end, we combine

two public time-delay GRB datasets with the supernovae Pantheon dataset, a number

of angular baryonic acoustic oscillations (BAO), the cosmic microwave background

(CMB) distance prior and a GRB or quasars dataset. We find for α the expected

average value of ∼ 4 × 10−4, corresponding to EQG ≥ 1017 GeV for both time-delay

(TD) datasets, with the second one being more sensitive to the cosmological model.

We find that the cosmology amounts to at least 20% deviation in our constraints on the

energy. Also interestingly, adding the TD points makes the DE models less-preferable

statistically and shifts the value of the parameter c/(H0rd) down, making it smaller

than the expected value. We see that possible LIV measurements depend critically

on the transparency of the assumptions behind the published data with respect to

cosmology and that taking it into account may be important contribution in the case

of possible detection.
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Untargeted Bayesian search of anisotropic gravitational-wave backgrounds
through the analytical marginalization of the posterior
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We develop a method to perform an untargeted Bayesian search for anisotropic gravitational-wave
backgrounds that can efficiently and accurately reconstruct the background intensity map. Our
method employs an analytic marginalization of the posterior of the spherical-harmonic components
of the intensity map, without assuming the background possesses any specific angular structure.
The key idea is to realize that the likelihood function is a multivariable Gaussian of the spherical-
harmonic components of the energy spectrum of the gravitational-wave background. If a uniform
and wide prior of these spherical-harmonic components is prescribed, the marginalized posterior
and the Bayes factor can be well approximated by a high-dimensional Gaussian integral. The
analytical marginalization allows us to regard the spherical-harmonic components of the intensity
map of the background as free parameters, and to construct their individual marginalized posterior
distribution in a reasonable time, even though many spherical-harmonic components are required.
The marginalized posteriors can, in turn, be used to accurately construct the intensity map of the
background. By applying our method to mock data, we show that we can recover precisely the
angular structures of various simulated anisotropic backgrounds, without assuming prior knowledge
of the relation between the spherical-harmonic components predicted by a given model. Our method
allows us to bypass the time-consuming numerical sampling of a high-dimensional posterior, leading
to a more model-independent and untargeted Bayesian measurement of the angular structures of the
gravitational-wave background.

I. INTRODUCTION

The direct detection of gravitational waves (GWs) emit-
ted by compact binary coalescence (CBC) is a milestone
in GW astrophysics [1–10]. The detection of a GW back-
ground (GWB), formed by the random and incoherent
superposition of numerous individually unresolvable GW
signals emitted by different types of sources, may be the
milestone that can be achieved next, in the foreseeable
future [11–15]. Astrophysical sources, including CBCs
[16–19], rapidly rotating asymmetric neutron stars [20–24]
and core-collapse supernova [25–28], can generate GWs
that form a GWB. Alternatively, a GWB can also be
generated by GWs emitted by cosmological sources, like
cosmological inflation [29–36], the phase transitions that
may have occurred in the early Universe [37–46], and
cosmic strings [47–55], if they exist. A GWB may even
be generated by physics that has yet to be fully explored,
such as ultralight bosons [56–60] and primordial black
holes [61–64], which are candidates to explain dark mat-
ter. As a GWB can be formed by sources significantly
different from those generating individually detectable
GW signals, detecting a GWB constitutes a unique probe
of the Universe [15].

While a GWB is expected to be dominantly isotropic,
it should also contain angular structures. In general,
different sources and generation mechanisms could form
GWBs with different angular structures [19, 53, 65–70].

∗ akwchung@illinois.edu

This source and mechanism dependence suggests that
accurately mapping the angular structure of the GWB
could be very informative, allowing us to pinpoint GWB
sources and deduce their properties [71]. To this end,
several methods have been developed to extract the an-
gular distribution of the GWB power spectrum. Broadly
speaking, these methods can be classified as either fre-
quentist or Bayesian. The frequentist approach amounts
to constructing some maximum-likelihood estimator with
different basis to characterize GWB anisotropies. Ex-
amples of the frequentist approach include radiometer
search [72] and spherical-harmonic decomposition [73],
which have been widely used in analyzing the actual data
measured by the LIGO and Virgo detectors [74]. The
Bayesian approach amounts to constructing the posterior
of random variables related to GWB anisotropies, such
as done very recently in [75, 76].

These two approaches are useful in probing GWB
anisotropies, but they also have limitations. For ex-
ample, since the radiometer search works in the pixel
basis, it is not suitable for searching for extended sources
[77, 78]. Working in the spherical-harmonic basis, one
can use a spherical-harmonic decomposition to search for
widespread sources and probe the anisotropies in a model-
independent way, but it may lead to some nonphysical
maximum likelihood estimates, such as complex estimates
for some coefficients that, on physical grounds, should be
real.

One way to remedy the drawback of the spherical-
harmonic decomposition is to perform a model-
independent Bayesian search for an anisotropic GWB.
However, to describe an anisotropic GWB without assum-
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Abstract

We present a new exactly divergence-free and well-balanced hybrid finite volume/finite element scheme for the numerical
solution of the incompressible viscous and resistive magnetohydrodynamics (MHD) equations on staggered unstructured
mixed-element meshes in two and three space dimensions. The equations are split into several subsystems, each of which
is then discretized with a particular scheme that allows to preserve some fundamental structural features of the underlying
governing PDE system also at the discrete level. The pressure is defined on the vertices of the primary mesh, while the
velocity field and the normal components of the magnetic field are defined on an edge-based/face-based dual mesh in
two and three space dimensions, respectively. This allows to account for the divergence-free conditions of the velocity
field and of the magnetic field in a rather natural manner. The non-linear convective and the viscous terms in the
momentum equation are solved at the aid of an explicit finite volume scheme, while the magnetic field is evolved in an
exactly divergence-free manner via an explicit finite volume method based on a discrete form of the Stokes law in the
edges/faces of each primary element. The latter method is stabilized by the proper choice of the numerical resistivity in
the computation of the electric field in the vertices/edges of the 2D/3D elements. To achieve higher order of accuracy, a
piecewise linear polynomial is reconstructed for the magnetic field, which is guaranteed to be exactly divergence-free via
a constrained L2 projection. Finally, the pressure subsystem is solved implicitly at the aid of a classical continuous finite
element method in the vertices of the primary mesh and making use of the staggered arrangement of the velocity, which
is typical for incompressible Navier-Stokes solvers. In order to maintain non-trivial stationary equilibrium solutions of the
governing PDE system exactly, which are assumed to be known a priori, each step of the new algorithm takes the known
equilibrium solution explicitly into account so that the method becomes exactly well-balanced. We show numerous test
cases in two and three space dimensions in order to validate our new method carefully against known exact and numerical
reference solutions. In particular, this paper includes a very thorough study of the lid-driven MHD cavity problem in the
presence of different magnetic fields and the obtained numerical solutions are provided as free supplementary electronic
material to allow other research groups to reproduce our results and to compare with our data. We finally present long-
time simulations of Soloviev equilibrium solutions in several simplified 3D tokamak configurations, showing that the new
well-balanced scheme introduced in this paper is able to maintain stationary equilibria exactly over very long integration
times even on very coarse unstructured meshes that, in general, do not need to be aligned with the magnetic field lines.

keywords– well-balanced; divergence-free; semi-implicit hybrid finite volume / finite element scheme; staggered un-
structured mixed-element meshes; incompressible viscous and resistive magnetohydrodynamics
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We propose that the dark matter of our universe could be sterile neutrinos which reside within the
twin sector of a mirror twin Higgs model. In our scenario, these particles are produced through a
version of the Dodelson-Widrow mechanism that takes place entirely within the twin sector, yielding
a dark matter candidate that is consistent with X-ray and gamma-ray line constraints. Furthermore,
this scenario can naturally avoid the cosmological problems that are typically encountered in mirror
twin Higgs models. In particular, if the sterile neutrinos in the Standard Model sector decay out
of equilibrium, they can heat the Standard Model bath and reduce the contributions of the twin
particles to Neff . Such decays also reduce the effective temperature of the dark matter, thereby
relaxing constraints from large-scale structure. The sterile neutrinos included in this model are
compatible with the seesaw mechanism for generating Standard Model neutrino masses.

INTRODUCTION

Despite its considerable empirical successes, the Stan-
dard Model (SM) does not explain a number of observed
phenomena, including the origin and identity of dark mat-
ter (DM), the existence of neutrino masses, and the large
hierarchy between the electroweak and Planck scales. In
the SM, radiative corrections are naively expected to in-
crease the mass of the Higgs boson to near the Planck
scale, leading to what is known as the electroweak hierar-
chy problem.

Supersymmetry, if broken near the TeV-scale, could
facilitate the cancellation of the largest of these correc-
tions, but this class of solutions to the hierarchy problem
appears increasingly fine-tuned in light of null results
from the Large Hadron Collider [1–6]. An alternative
approach, known as “neutral naturalness,” stabilizes the
electroweak hierarchy by introducing new symmetries and
new particles without color or other SM gauge charges,
making it possible to cancel the quadratic contributions
to the Higgs mass while simultaneously satisfying current
constraints from colliders [7–16].

The prototypical example of neutral naturalness is the
twin Higgs framework [7–9, 13, 17–20], which introduces
“twin” copies of SM particles that are charged under twin
versions of the SM gauge group. A discrete Z2 twin sym-
metry between the SM and twin sectors helps to stabilize
the Higgs mass up to one-loop, allowing the hierarchy
problem to be addressed at a higher energy scale, such as

∗ holst@uchicago.edu, https://orcid.org/0000-0003-4256-3680
† dhooper@fnal.gov, http://orcid.org/0000-0001-8837-4127
‡ krnjaicg@fnal.gov, http://orcid.org/0000-0001-7420-9577
§ songdeheng@yukawa.kyoto-u.ac.jp, 0000-0003-3441-4212

through a supersymmetric UV completion [20–22]. For
such a model to be phenomenologically viable, the Z2 sym-
metry must be softly broken, allowing the Higgs vacuum
expectation value (VEV) to be different in each sector.
For a ratio of twin-to-SM VEVs of vB/vA ∼ 3− 5, such a
scenario can address the hierarchy problem while allowing
the 125 GeV Higgs boson to behave approximately as pre-
dicted by the SM, containing only a ∼ v2

A/v
2
B ∼ O(10%)

admixture of the twin sector Higgs boson.

Even with asymmetric VEVs, cosmological problems
can arise in “mirror twin Higgs” (MTH) models, in which
the SM and twin sectors contain the same particle content.
Because the twin and SM sectors are initially in equilib-
rium, large energy densities of twin photons and twin
neutrinos will be present in the early universe in MTH
models, increasing the Hubble expansion rate in conflict
with measurements of the effective number of neutrino
species, Neff . Proposed solutions to this problem include
introducing asymmetric and out-of-equilibrium decays of
new particles to dilute the energy density in the twin
sector [23, 24], reducing the number of twin species as
in “fraternal twin Higgs” models [13, 25], or delaying the
thermal decoupling of the two sectors through SM-twin
neutrino mixing [26].

A variety of DM candidates can arise within the context
of twin Higgs models [25, 27–43], including the twin tau,
which in fraternal models can be stable, functioning as
a prototypical WIMP [25, 27, 28]. However, in light
of increasingly stringent constraints from LZ and other
direct detection experiments [44], it is well-motivated to
consider other dark matter candidates that might arise
in the twin Higgs framework.

The problem of non-zero neutrino masses can be simply
explained by supplementing the SM with right-handed
neutrinos. Through the seesaw mechanism [45–47], this
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ABSTRACT

The Macquart relation describes the correlation between the dispersion measure (DM) of fast radio

bursts (FRBs) and the redshift z of their host galaxies. The scatter of the Macquart relation is sen-

sitive to the distribution of baryons in the intergalactic medium (IGM) including those ejected from

galactic halos through feedback processes. The width of the distribution in DMs from the cosmic web

(DMcosmic) is parameterized by a fluctuation parameter F , which is related to the cosmic DM variance

by σDM = Fz−0.5. In this work, we present a new measurement of F using 78 FRBs of which 21 have

been localized to host galaxies. Our analysis simultaneously fits for the Hubble constant H0 and the

DM distribution due to the FRB host galaxy. We find that the fluctuation parameter is degenerate

with these parameters, most notably H0, and use a uniform prior on H0 to measure log10 F > −0.89 at

the 3σ confidence interval and a new constraint on the Hubble constant H0 = 85.3+9.4
−8.1 km s−1 Mpc−1.

Using a synthetic sample of 100 localized FRBs, the constraint on the fluctuation parameter is im-

proved by a factor of ∼ 2. Comparing our F measurement to simulated predictions from cosmological

simulation (IllustrisTNG), we find agreement between 0.4 < z < 2. However, at z < 0.4, the simula-

tions underpredict F which we attribute to the rapidly changing extragalactic DM excess distribution

at low redshift.

Keywords: Radio transient sources (2008), Radio bursts (1339), Cosmological parameters (339), Inter-
galactic medium (813), Hubble constant (758)

1. INTRODUCTION

In galaxy formation models, AGN and stellar feedback

have provided mechanisms for regulating star formation

and evacuating gas out of low-mass halo (Cen & Ostriker

2006; Davé et al. 2011). In simulations without baryonic

outflows, galaxies simply produce too many stars and

have higher than observed star formation rates (Davé

et al. 2011). These outflow processes are also critical in

understanding how the IGM becomes enriched and how

the galaxies and the IGM co-evolve.

Corresponding author: J. Baptista

jaymarie@stanford.edu

Not only is understanding the nature of feedback

crucial in reproducing realistic galaxy properties in

cosmological-baryonic simulations but also in under-

standing the channels where these “missing” baryons

may have left halos and are prevented from re-accretion.

Gas accretion onto galaxies from cold gas filaments is

exceptionally efficient. Baryonic feedback is a preven-

tative process that not only enriches the IGM but also

removes baryons and restricts accretion from the IGM

(Kereš et al. 2005). For example, in the Simba suite of

cosmological hydrodynamic simulations, feedback from

AGN jets can cause 80% of baryons in halos to be evac-

uated by z = 0 (Davé et al. 2019; Appleby et al. 2021;

Sorini et al. 2022).
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Improving constraints on primordial
non-Gaussianity using neural
network based reconstruction

Thomas Flöss,a,b P. Daniel Meerburga

aVan Swinderen Institute, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The
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The Netherlands
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Abstract. We study the use of U-Nets in reconstructing the linear dark matter density field
and its consequences for constraining cosmological parameters, in particular primordial non-
Gaussianity. Our network is able to reconstruct the initial conditions of redshift z = 0 density
fields from N-body simulations with 90% accuracy out to k ≤ 0.4 h/Mpc, competitive with
state-of-the-art reconstruction algorithms at a fraction of the computational cost. We study
the information content of the reconstructed z = 0 density field with a Fisher analysis using
the QUIJOTE simulation suite, including non-Gaussian initial conditions. Combining the pre-
and post-reconstructed power spectrum and bispectrum data up to kmax = 0.52 h/Mpc, we
find significant improvements on all parameters. Most notably, we find a factor 3.65 (local),
3.54 (equilateral) and 2.90 (orthogonal) improvement on the marginalized errors of fNL as
compared to only using the pre-reconstructed data. We show that these improvements can be
attributed to a combination of reduced data covariance and parameter degeneracy. The results
constitute an important step towards more optimal inference of primordial non-Gaussianity
from non-linear scales.
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TOI-2498 b: A hot bloated super-Neptune within the Neptune desert
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ABSTRACT
We present the discovery and confirmation of a transiting hot, bloated Super-Neptune using photometry from TESS and LCOGT
and radial velocity measurements from HARPS. The host star TOI-2498 is a V = 11.2, G-type (Teff = 5905 ± 12K) solar-like
star with a mass of 1.12 ± 0.02 M� and a radius of 1.26 ± 0.04 R�. The planet, TOI-2498 b, orbits the star with a period of
3.7 days, has a radius of 6.1 ± 0.3 R⊕, and a mass of 35 ± 4 M⊕. This results in a density of 0.86 ± 0.25 g cm-3. TOI-2498 b
resides on the edge of the Neptune desert; a region of mass-period parameter space in which there appears to be a dearth of
planets. Therefore TOI-2498 b is an interesting case to study to further understand the origins and boundaries of the Neptune
desert. Through modelling the evaporation history, we determine that over its ∼3.6 Gyr lifespan, TOI-2498 b has likely reduced
from a Saturn sized planet to its current radius through photoevaporation. Moreover, TOI-2498 b is a potential candidate for
future atmospheric studies searching for species like water or sodium in the optical using high-resolution, and for carbon based
molecules in the infra-red using JWST.

Key words: planets and satellites: detection - stars: individual: TOI-2498 (TIC-263179590, GAIADR3 3330907293088717824)
- techniques: photometric - techniques: radial velocities
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ABSTRACT

The diffuse γ-ray emission between 10 and 1000 TeV from the Galactic plane

was recently measured precisely by the Large High Altitude Air Shower Observa-

tory (LHAASO), which is very useful in constraining the propagation and inter-

action of cosmic rays in the Milky Way. On the other hand, new measurements

of CR spectra reach a very high precision up to 100 TeV energies, revealing mul-

tiple spectral structures of various species. In this work, we confront the model

prediction of the diffuse γ-ray emission, based on up-to-date measurements of

the local cosmic ray spectra and simplified propagation setup, with the measure-

ments of diffuse γ-rays. To better constrain the low-energy part of the model, we

analyze Fermi-LAT data to extract the diffuse emission between 1 and 500 GeV

from the same sky regions of LHAASO. Compared with the prediction, we find

that clear excesses between several GeV and ∼ 60 TeV of the diffuse emission

exist. Possible reasons to explain the excesses may include unresolved sources or

more complicated propagation models. We illustrate that an exponential-cutoff-

power-law component with an index of −2.40 and cutoff energy of ∼ 30 TeV is

able to account for such excesses.

1. Introduction

The origin and propagation of cosmic rays (CRs) are one of the most important questions

in astroparticle physics. Except for the ultra-high energy end, most CR particles lose their

directions due to the deflection in the Galactic magnetic field, resulting in difficulties in
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ABSTRACT

Atmospheric mass loss plays a major role in the evolution of exoplanets. This process is driven by

the stellar high-energy irradiation, especially in the first hundreds of millions of years after dissipation

of the proto-planetary disk. A major source of uncertainty in modeling atmospheric photo-evaporation

and photo-chemistry is due to the lack of direct measurements of the stellar flux at EUV wavelengths.

Several empirical relationships have been proposed in the past to link EUV fluxes to emission levels in

X-rays, but stellar samples employed for this aim are heterogeneous, and available scaling laws provide

significantly different predictions, especially for very active stars. We present new UV and X-ray

observations of V1298 Tau with HST/COS and XMM-Newton, aimed to determine more accurately the

XUV emission of this solar-mass pre-Main Sequence star, which hosts four exoplanets. Spectroscopic

data were employed to derive the plasma emission measure distribution vs. temperature, from the

chromosphere to the corona, and the possible variability of this irradiation on short and year-long time
scales, due to magnetic activity. As a side result, we have also measured the chemical abundances of

several elements in the outer atmosphere of V1298 Tau. We employ our results as a new benchmark

point for the calibration of the X-ray to EUV scaling laws, and hence to predict the time evolution of

the irradiation in the EUV band, and its effect on the evaporation of exo-atmospheres.

Keywords: exoplanet systems — exoplanet atmospheres — X-rays stars — pre-main sequence stars

1. INTRODUCTION

The frequency of planets as a function of their masses,

size, and host star properties is a key parameter for test-

ing planet formation and evolution models. On the other

hand, evolutionary paths are the result of a complex in-

terplay between physical and dynamic processes operat-

ing on different time scales, including the stellar radia-

tion fields. In particular, intense high-energy irradiation

from the host stars, especially at young ages, can be re-

sponsible for atmospheric evaporation of the exoplanets,

and it is one of the ingredients, still poorly understood,

that shapes the planet mass-radius relationship (Lopez

& Fortney 2013; Owen & Wu 2013; Fulton et al. 2017;

Owen & Wu 2017; Fulton & Petigura 2018; Owen & Lai

2018).

The thermal structure and chemistry of planetary at-

mospheres sensitively depend on the spectral energy dis-

tribution of the stellar radiation (Lammer et al. 2003).
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ABSTRACT

Microstreams are fluctuations in the solar wind speed and density associated with polarity-reversing folds
in the magnetic field (also denoted switchbacks). Despite their long heritage, the origin of these mi-
crostreams/switchbacks remains poorly understood. For the first time, we investigated periodicities in mi-
crostreams during Parker Solar Probe (PSP) Encounter 10 to understand their origin. Our analysis was focused
on the inbound corotation interval on 2021 November 19-21, while the spacecraft dove toward a small area
within a coronal hole (CH). Solar Dynamics Observatory remote-sensing observations provide rich context for
understanding the PSP in-situ data. Extreme ultraviolet images from the Atmospheric Imaging Assembly reveal
numerous recurrent jets occurring within the region that was magnetically connected to PSP during intervals
that contained microstreams. The periods derived from the fluctuating radial velocities in the microstreams
(approximately 3, 5, 10, and 20 minutes) are consistent with the periods measured in the emission intensity
of the jetlets at the base of the CH plumes, as well as in larger coronal jets and in the plume fine structures.
Helioseismic and Magnetic Imager magnetograms reveal the presence of myriad embedded bipoles, which are
known sources of reconnection-driven jets on all scales. Simultaneous enhancements in the PSP proton flux and
ionic (3He, 4He, Fe, O) composition during the microstreams further support the connection with jetlets and
jets. In keeping with prior observational and numerical studies of impulsive coronal activity, we conclude that
quasiperiodic jets generated by interchange/breakout reconnection at CH bright points and plume bases are the
most likely sources of the microstreams/switchbacks observed in the solar wind.

Keywords: Sun: jets—Sun: corona—Sun: UV radiation—Sun: magnetic fields

1. INTRODUCTION

It is well known that the fast solar wind (>500 km s−1) originates from polar coronal holes (Viall & Borovsky 2020). Mi-
crostreams are the fluctuations in the fast wind radial speed of 20 km s−1above or below the running-average speed, lasting
0.4 days (Neugebauer et al. 1995; Neugebauer & Sterling 2021). These structures have been detected by Helios at 0.3 AU and
Ulysses between ≈1 and 3 AU (Thieme et al. 1990; Neugebauer et al. 1995). Microstreams are often associated with folds in the
magnetic field denoted “switchbacks”, which have been detected by the Parker Solar Probe (PSP; Fox et al. 2016; Raouafi 2022;
Raouafi et al. 2023a) in the near-Sun solar wind observations (Bale et al. 2019; Kasper et al. 2019; Horbury et al. 2020). Two
theories have been proposed to explain the switchbacks in the solar wind: (i) interchange reconnection in the solar corona (Fisk
& Kasper 2020; Zank et al. 2020; Drake et al. 2021) (ii) in-situ processes in the solar wind (Squire et al. 2020; Ruffolo et al.
2020; Shoda et al. 2021). PSP observations of the switchbacks suggest a correspondence with the typical spatial scale of granules
(∼1000 km), and a correspondence between the switchback patches and the characteristic size of supergranules (∼30,000 km)
(Bale et al. 2021; Fargette et al. 2021).

pankaj.kumar@nasa.gov
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ABSTRACT

Context: Solar coronal mass ejections (CMEs) can catch up and interact with preceding CMEs and solar wind structures
to undergo rotation and deflection during their propagation.

Aim: We aim to show how interactions undergone by a CME in the corona and heliosphere can play a significant
role in altering its geoeffectiveness predicted at the time of its eruption. To do so, we consider a case study of two suc-
cessive CMEs launched from the active region NOAA 12158 in early September 2014. The second CME was predicted
to be extensively geoeffective based on the remote-sensing observations of the source region. However, in situ measure-
ments at 1 au recorded only a short-lasting weak negative Bz component followed by a prolonged positive Bz component.

Methods: The EUropean Heliosphere FORecasting Information Asset (EUHFORIA) is used to perform a self-
consistent 3D MHD data-driven simulation of the two CMEs in the heliosphere. First, the ambient solar wind is
modelled, followed by the time-dependent injection of CME1 with the LFF spheromak and CME2 with the "Flux Rope
in 3D" (FRi3D) model. The initial conditions of the CMEs are determined by combining observational insights near the
Sun, fine-tuned to match the in situ observations near 1 au, and additional numerical experiments of each individual
CME.

Results: By introducing CME1 before CME2 in the EUHFORIA simulation, we modelled the negative Bz compo-
nent in the sheath region ahead of CME2 whose formation can be attributed to the interaction between CME1 and
CME2. To reproduce the positive Bz component in the magnetic ejecta of CME2, we had to initialise CME2 with an
orientation determined at 0.1 au and consistent with the orientation interpreted at 1 au, instead of the orientation
observed during its eruption.

Conclusions: EUHFORIA simulations suggest the possibility of a significant rotation of CME2 in the low corona in
order to explain the in situ observations at 1 au. Coherent magnetic field rotations with enhanced strength (potentially
geoeffective) can be formed in the sheath region as a result of interactions between two CMEs in the heliosphere even
if the individual CMEs are not geoeffective.

Key words. Magnetohydrodynamics (MHD) – Sun: coronal mass ejections (CMEs) – Sun: heliosphere – solar-terrestrial
relations

Use \titlerunning to supply a shorter title and/or \authorrunning to supply a shorter list of authors.

1. Introduction

Coronal Mass Ejections (CMEs) can drive major geomagnetic storms (Gosling et al. 1991; Huttunen et al. 2005). Hence,
it is important to model their initiation and propagation in order to forecast their arrival at Earth or at any other planet
or satellite. Uncertainties in space weather prediction are introduced by multiple factors, starting from the monitoring
of the eruptions at the Sun, to the modelling of their propagation from the solar corona to the planets or satellites in

Article number, page 1 of 24
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ABSTRACT

Aims. We aim to characterise the small-scale magnetic fields for a sample of 16 Sun-like stars and investigate the capabilities of the
newly upgraded near-infrared (NIR) instrument CRIRES+ at the Very Large Telescope (VLT) in the context of small-scale magnetic
field studies. Our targets also had their magnetic fields studied in the optical, which allows us to compare magnetic field properties at
different spatial scales on the stellar surface and to contrast small-scale magnetic field measurements at different wavelengths.
Methods. We analyse the Zeeman broadening signature for six magnetically sensitive and insensitive Fe i lines in the H-band to mea-
sure small-scale magnetic fields on the stellar surface. We use polarised radiative transfer modelling and non-local thermodynamic
equilibrium departure coefficients in combination with Markov Chain Monte Carlo sampling to determine magnetic field character-
istics together with non-magnetic stellar parameters. We use two different approaches to describe small-scale magnetic fields. The
first is a two-component model with a single magnetic region and a free magnetic field strength. The second model contains multiple
magnetic components with fixed magnetic field strengths.
Results. We find average magnetic field strengths ranging from ∼ 0.4 kG down to < 0.1 kG. The results align closely with other results
from high resolution NIR spectrographs such as SPIRou. It appears that the typical magnetic field strength in the magnetic region is
slightly stronger than 1.3 kG and that for most stars in our sample this strength is between 1 and 2 kG. We also find that the small-
scale fields correlate with the large-scale fields and that the small-scale fields are at least 10 times stronger than the large-scale fields
inferred with Zeeman Doppler imaging. The two- and multi-component models produce systematically different results as the strong
fields from the multi-component model increase the obtained mean magnetic field strength. When comparing our results with the
optical measurements of small-scale fields we find a systematic offset of 2–3 times stronger fields in the optical. This discrepancy can
not be explained by uncertainties in stellar parameters. Care should therefore be taken when comparing results obtained at different
wavelengths until a clear cause can be established.

Key words. stars: solar-type – stars: magnetic field – techniques: spectroscopic

1. Introduction

The study of stellar magnetic fields involves the analysis of
magnetic structures at multiple spatial scales, with one of the
most powerful magnetic diagnostic techniques known as Zee-
man Doppler Imaging (ZDI, Donati & Landstreet 2009) that
utilises time series of circularly polarised spectra, ZDI is how-
ever only sensitive to the large-scale magnetic field structures.
Other methods that rely on unpolarised spectra, such as Zee-
man broadening or intensification, are sensitive to smaller spatial
scales. Comparing the two scales, one finds that the large-scale
field strengths are only about 10 % of the total field strength
on the surface of stars (e.g. Reiners 2012; See et al. 2019;
Kochukhov et al. 2020), which suggests that the latter is domi-

nated by the small-scale component. Due to this large difference,
magnetic analysis based on only a single spatial scale might
miss important information causing inaccurate conclusions to
be drawn. Large-scale fields are generally understood to reach
out beyond the stellar surface and into the surrounding envi-
ronment, thereby governing processes such as star-planet inter-
actions (e.g. Vidotto et al. 2018; Alvarado-Gómez et al. 2022)
and the rotational spin-down of stars due to magnetised stellar
wind (e.g. Kawaler 1988; Barnes 2003). On the other hand, when
studying stellar evolution, predictions of surface magnetic field
strengths required to sufficiently inflate the star made by Feiden
& Chaboyer (2013) have been found to better align with small-
scale field measurements (Kochukhov & Shulyak 2019; Hahlin
et al. 2021) showing that the stronger small-scale fields are more

Article number, page 1 of 29
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ABSTRACT

Massive close binary stars with extremely small separations have been observed, and they are pos-

sible progenitors of gravitational-wave sources. The evolution of massive binaries in the protostellar

accretion stage is key to understanding their formation process. We, therefore, investigate how close

the protostars, consisting of a high-density core and a vast low-density envelope, can approach each

other but not coalesce. To investigate the coalescence conditions, we conduct smoothed particle hydro-

dynamics simulations following the evolution of equal-mass binaries with different initial separations.

Since Population (Pop) I and III protostars have similar interior structures, we adopt a specific Pop III

model with the mass and radius of 7.75 M� and 61.1 R� obtained by the stellar evolution calculations.

Our results show that the binary separation decreases due to the transport of the orbital angular mo-

mentum to spin angular momentum. If the initial separation is less than about 80 per cent of the

sum of the protostellar radius, the binary coalesces in a time shorter than the tidal lock timescale.

The mass loss up to the merging is . 3 per cent. After coalescence, the star rotates rapidly, and its

interior structure is independent of the initial separation. We conclude that there must be some orbital

shrinking mechanism after the protostars contract to enter the zero-age main-sequence stage.

Keywords: Population III stars (1285); Protostars (1302); Close binaries (254)

1. INTRODUCTION

Population III (hereafter Pop III) stars are believed
to form in primordial gas clouds hosted by dark matter

minihalos with ∼ 105−6 M� (e.g., Haiman et al. 1996;

Tegmark et al. 1997; Nishi & Susa 1999; Abel et al. 2002;

Yoshida et al. 2003). Their formation process after the

cloud collapse has been investigated in previous theoret-

ical works. Recent numerical simulations have demon-

strated that the circumstellar disks form and are grav-

itationally unstable to fragment, resulting in multiple

protostars (e.g., Greif et al. 2011; Wollenberg et al. 2020;

Sugimura et al. 2020). These studies show that many

fragments form in a circumstellar disk, and a large frac-

tion of the protostars have experienced a binary phase

(Susa 2019; Shima & Hosokawa 2021; Chiaki & Yoshida

2022).

kirihara@ccs.tsukuba.ac.jp

It is highly uncertain that close protostellar binaries

survive until becoming main-sequence binary stars. In

order to reduce the computational cost, a sink particle

approach has been used to simulate the evolution of the

protostars and the circumstellar disks (Stacy et al. 2010,

2012; Clark et al. 2011; Smith et al. 2011; Susa 2013;

Susa et al. 2014; Sugimura et al. 2020; Sharda et al.

2020). For example, in smoothed particle hydrodynam-

ics (SPH) simulations, one often inserts sink particles

representing accreting protostars when the local density

exceeds a threshold value. Greif et al. (2011) and Prole

et al. (2022) pointed out that the number of fragments

depends on the sink radius and sink-creation criteria.

Such studies also suffer from uncertain merger condi-

tions between sink particles, which should differ from

actual conditions between accreting protostars. Stellar

evolution calculations predict that an accreting Pop III

protostar swells and consists of a high-density core and

a vast low-density envelope (e.g., Stahler et al. 1986;
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ABSTRACT

To decipher complex patterns of gravity-mode period spacings observed for intermediate-mass main-

sequence stars is an important step toward the better understanding of the structure and dynamics in

the deep radiative region of the stars. In this study, we apply JWKB approximation to derive a semi-

analytical expression of the g-mode period spacing pattern, for which the gradient in the Brunt-Väisälä

frequency is taken into account. The formulation includes a term P−1B?, where P and B? represent

the g-mode period and degree of the structural variation, the latter of which especially is related to

the steepness of the gradient of the Brunt-Väisälä frequency. Tests with 1-dimensional stellar models

show that the semi-analytical expression derived in this study is useful for inferring the degree of the

structural variation B? with accuracy of ∼ 10 % in the case of relatively massive intermediate-mass

models with the mass M larger than 3M�. The newly formulated expression will possibly allow us

to put further constraints on, e.g., mixing processes inside intermediate-mass main-sequence g-mode

pulsators such as β Cep, SPB, and γ Dor stars that have been principal targets in asteroseismology.

Keywords: Asteroseismology (73) — Stellar oscillations (1617) — Stellar interiors (1606) — Stellar

cores (1592) — Stellar evolution (1599)

1. INTRODUCTION

Modern space-borne missions such as Kepler (Koch

et al. 2010) and TESS (Ricker et al. 2014) have en-

abled us to detect non-radial oscillations of tens of

thousands of stars with unprecedentedly high precisions

(∼ 10−5 mag), bringing about the firm establishment of

asteroseismology (e.g. Aerts et al. 2010). Main-sequence

gravity-mode pulsators (e.g., γ Dor stars, SPB stars, and

β Cep stars) are of particular importance since, based

on measurements of the g modes, we can probe the deep

radiative region of these stars (e.g. Unno et al. 1989),

thus far leading to numerous significant constraints on

theories of, for instance, the angular momentum trans-

fer or the chemical element transport deep inside stars

(e.g. Aerts et al. 2019)

Corresponding author: Yoshiki Hatta

yoshiki.hatta@isee.nagoya-u.ac.jp

One remarkable feature often seen in observed spec-

tra of g-mode pulsators is that g-mode peaks are al-

most equidistantly spaced in periods (e.g. Degroote et al.

2010a; Papics et al. 2014, 2015; Van Reeth et al. 2015).

This observational characteristic can be explained by the

asymptotic theory of stellar non-radial oscillation (e.g.

Tassoul 1980) where local wavelengths of the waves are

assumed to be much shorter than the scale height of the

background (c.f. geometrical optics). In such a high-

order limit, the g-mode period spacing, which is defined

as the difference between two g-mode periods with the

neighboring radial order n and the same spherical degree

l, is constant:

∆Pg =
2π2√
l(l + 1)

[∫ r1

r0

N

r
dr

]−1

, (1)

where N and r represent the Brunt-Väisälä (BV here-

after) frequency and the distance from the center. The

bottom and top of the g-mode cavity are denoted by r0

and r1, respectively. Since the integration in the right-
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ABSTRACT

Based on the DECaLS shear catalog, we study the scaling relations between halo mass(Mh) and

various proxies for SDSS central galaxies, including stellar mass(M∗), stellar velocity dispersion(σ∗),

abundance matching halo mass(MAM) and satellite velocity dispersion(σs), and their dependencies on

galaxy and group properties. In general, they are all good proxies of Mh, and their scaling relations

are consistent with previous studies. We find that the Mh-M∗ and Mh-σ∗ relations depend strongly

on group richness(Nsat), while the Mh-MAM and Mh-σs relations are independent of it. Moreover,

the dependence on star formation rate(SFR) is rather weak in the Mh-σ∗ and Mh-σs relations, but

very prominent in the other two. σs is thus the best proxy among them, and its scaling relation is in

good agreement with hydro-dynamical simulations. However, estimating σs accurately for individual

groups/clusters is challenging because of interlopers and the requirement for sufficient satellites. We

construct new proxies by combining M∗, σ∗, and MAM, and find the proxy with 30% contribution

from MAM and 70% from σ∗ can minimize the dependence on Nsat and SFR. We obtain the Mh-

supermassive black hole(SMBH) mass relation via the SMBH scaling relation and find indications for

rapid and linear growth phases for SMBH. We also find that correlations among Mh, M∗ and σ∗ change

with M∗, indicating that different processes drive the growth of galaxies and SMBH at different stages.

Keywords: gravitational lensing - galaxies: halos

1. INTRODUCTION

In the standard ΛCDM paradigm, dark matter halos,
approximately in dynamical equilibrium, form hierar-

chically through gravitational instability. Galaxies form

and evolve in the potential wells of dark matter halos

(e.g. White & Rees 1978; Fall & Efstathiou 1980; Mo

et al. 2010). Galaxies residing in one halo are regarded

as a galaxy group or a cluster. Understanding the evolu-

tion of galaxies in dark matter halos (groups) and the re-

lated physics is one of the greatest challenges of modern

cosmogony. In recent years, many studies have concen-

trated on establishing galaxy - halo connections, mani-

fested as scaling relations between halo mass and galaxy

and group properties (proxies). These scaling relations

can be used to estimate the halo mass of galaxy groups

and clusters (Yang et al. 2005; Zahid et al. 2016; Seo

et al. 2020), constrain cosmology (Bocquet et al. 2015;

Caldwell et al. 2016), and study galaxy formation mod-

els (see Mo et al. 2010; Wechsler & Tinker 2018, for

references).
In these scaling relations, halo mass is not a direct

observable. A halo mass estimate usually requires high-

quality data and/or sophisticated techniques, and some-

times model assumptions. Numerous studies have devel-

oped various methods to constrain the halo mass, includ-

ing the virial mass estimator (e.g. Carlberg et al. 2001;

Rines et al. 2013; Abdullah et al. 2020), X-ray emission

(Ruel et al. 2014), Sunyaev–Zel’dovich (SZ) effects (Ruel

et al. 2014; Rines et al. 2016), caustics technique (e.g.

Rines & Diaferio 2006; Rines et al. 2013), abundance

matching (Yang et al. 2007) and weak lensing (e.g. Man-

delbaum et al. 2006, 2016; Hoekstra 2007; Leauthaud

et al. 2012; Velander et al. 2014; Gonzalez et al. 2015;

Han et al. 2015; Hudson et al. 2015; Viola et al. 2015;

Luo et al. 2018; Gonzalez et al. 2021; Rana et al. 2022;

Zhang et al. 2021, 2022b). Various halo mass proxies
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26Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain
27Department of Physics, IIT Hyderabad, Kandi, Telangana 502285, India

28University Observatory, Faculty of Physics, Ludwig-Maximilians-Universität, Scheinerstr. 1, 81679 Munich, Germany
29Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, PA 19104, USA
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I. INTRODUCTION

As photons from the cosmic microwave background
(CMB) propagate towards Earth, they interact with gas
in the intervening space. These interactions leave im-
prints on the CMB. The two interactions considered
in this paper are the thermal and kinematic Sunyaev-
Zel’dovich effects (tSZ effect and kSZ effect, respectively)
[31, 65, 66]. The kSZ effect is caused when low-energy
CMB photons Compton scatter off of moving free elec-
trons. The interaction results in an energy shift that
depends on the density and coherent motion of the free
electrons, scaling with the projected electron momentum
along the line-of-sight. The tSZ effect is also caused by
the scattering of CMB photons, but is dependent on the
random thermal motion of the electrons as opposed to
their bulk motion, thus scaling with the product of the
electron temperature and density. Measurements of these
effects can teach us about the distribution and thermody-
namic properties of the baryons in and between galaxies
and clusters, and the growth of cosmological structures.

Previous kSZ measurements [34, 40, 61] and recent fast
radio burst measurements (such as [42]), provide mul-
tiple low-z probes of the mean baryon abundance that
agree with the CMB and big-bang nucleosynthesis (BBN)
cosmic abundance. However, current measurements of
the baryon densities within galaxy halos only account
for a portion of the overall cosmic abundance of baryons
[15, 28]. This suggests there must be additional baryons
beyond the virial radii of these halos. This uncertainty
around the location of the baryons is known as the miss-
ing baryon problem. Both SZ effects provide ways to
trace baryons in ionized gas at large halo-centric radii
and potentially resolve this problem (e.g., [45], and see
[46] for a review).

Unlike X-ray surface brightness, which depends on
the square of the gas density, the surface brightness
of the kSZ effect has a linear dependence on density.
This means that the kSZ effect can be used to trace
low-density regions of ionized gas that cannot be easily
traced with X-ray observations; consequently kSZ mea-
surements are crucial for understanding galaxy evolution.
In particular, they test models of galaxy evolution and
feedback that predict different distributions of ionized
gas in and around halos [9, 10].

Over the years the kSZ signal has been measured us-
ing a variety of techniques. The pairwise-momentum es-
timator uses CMB temperature maps and galaxy cat-
alogs to measure the net difference in temperature be-
tween clusters that are moving towards each other un-
der the influence of gravity [31]. The kSZ signal has
also been measured using projected fields [13, 24, 34, 40].
This method relies on cross-correlating the square of a
CMB temperature map with a projected density map
constructed from large-scale structure tracers. Velocity-
reconstruction stacking [60, 67, 68] is another approach
that involves stacking CMB temperature maps at the lo-
cation of galaxies, weighted by the line-of-sight velocities

associated with those galaxies. This is the method that
we use for this paper.

The first measurement of the kSZ effect was pre-
sented in [31] in 2012 using the pairwise-momentum esti-
mator, cross-correlating Atacama Cosmology Telescope
(ACT) maps with spectroscopic galaxy measurements
from the SDSS-III Baryon Oscillation Spectroscopic Sur-
vey (BOSS) [23]. Since then, a number of detections us-
ing the pairwise method have been made with ACT and
BOSS data, including [12] and [14]. This method was
also applied to the DES redMaPPer cluster catalog and
SPT data in [62]. The first kSZ measurement with pho-
tometric data was presented in [34], which used projected
fields to measure the kSZ effect at 3.8-4.5σ significance
using Planck, WMAP, and WISE data.

Soon after, [64] presented the first pairwise kSZ mea-
surement using photometric data. This was done with
maps from the South Pole Telescope and galaxy catalogs
from the Dark Energy Survey (DES). Doing so, they were
able to detect the kSZ signal at 4.2σ and reject the null
hypothesis at 2.4σ.

Recent velocity-reconstruction stacking measurements
from ACT and BOSS [61] [hereafter S21] present the
highest-significance kSZ measurement to date at 7.9σ and
rule out the null hypothesis at 6.5σ.

These high-significance measurements have helped
push the boundaries of what we know about the kSZ
effect, by leveraging large amounts of spectroscopic data
and high-resolution CMB maps. Except for [34, 40, 64],
these measurements have been primarily limited to spec-
troscopic catalogs. This is due to the fact that mea-
suring the kSZ effect generally depends on having very
well-constrained 3D locations of the objects in RA, dec-
lination, and redshift. For stacking analyses, this is be-
cause it is necessary to first estimate the radial velocities
of the halos in question. These velocities are typically
inferred from the 3D density of galaxies in galaxy cata-
logs using the continuity equation. Similarly, for pairwise
estimators the estimator depends on knowing the dis-
tances between pairs, and thus the 3D location of halos.
In both cases, these quantities are much more robustly
inferred with high-precision spectroscopic redshifts than
with photometric redshifts. However, an advantage of
photometric surveys is that they typically have signifi-
cantly higher densities of objects than are found in spec-
troscopic surveys. It would be advantageous to exploit
the much denser photometric catalogs in order to im-
prove our ability to measure and understand the kSZ sig-
nal. This idea was explored in [49], which used a forward
modeling technique to combine spectroscopic galaxy data
from SDSS with photometric and spectroscopic catalogs
of clusters also from SDSS to measure the kSZ signal at
2σ.

In this work, we present a new hybrid estimator that
involves interpolating the velocity field constructed from
spectroscopic galaxy catalogs to infer the velocity field at
the locations of galaxies in a photometric survey. This
alternative method allows us to leverage the more pre-
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ABSTRACT
Accurate quantification of the signal-to-noise ratio (SNR) of a given observational
phenomenon is central to associated calculations of sensitivity, yield, completeness
and occurrence rate. Within the field of exoplanets, the SNR of a transit has been
widely assumed to be the formula that one would obtain by assuming a boxcar light
curve, yielding an SNR of the form (δ/σ0)

√
D. In this work, a general framework

is outlined for calculating the SNR of any analytic function and it is applied to the
specific case of a trapezoidal transit as a demonstration. By refining the approximation
from boxcar to trapezoid, an improved SNR equation is obtained that takes the form
(δ/σ0)

√
(T14 + 2T23)/3. A solution is also derived for the case of a trapezoid convolved

with a top-hat, corresponding to observations with finite integration time, where it
is proved that SNR is a monotonically decreasing function of integration time. As
a rule of thumb, integration times exceeding T14/3 lead to a 10% loss in SNR. This
work establishes that the boxcar transit is approximate and it is argued that efforts
to calculate accurate completeness maps or occurrence rate statistics should either
use the refined expression, or even better numerically solve for the SNR of a more
physically complete transit model.

Key words: eclipses — planets and satellites: detection — methods: statistical —
methods: analytical

1 WHY SNR MATTERS

The expected signal-to-noise ratio (SNR) of a given observa-
tional phenomenon is central to discussions of experimental
sensitivity, anticipated yield, completeness calculations and
occurrence rate inferences. One might naively assume that
the SNR of an exoplanetary transit would have a rather
trivial formula, since the transit looks ostensibly similar to
a boxcar function. Indeed, the first transit detection algo-
rithm to gain widespread use, the Box-fitting Least Squares
(BLS) algorithm (Kovács, Zucker, & Mazeh 2002), explicitly
assumes as such, as well as papers outlining transit surveys,
such as Kepler (Borucki et al. 2006). Under this assumption,
the SNR of a single transit takes the form

SNR ∝ δ
√

D, (1)

where δ is the transit depth and D is the duration of
the boxcar transit, although sometimes the duration is re-
placed with the number of points occurring in transit, or
something similar (e.g. Borucki et al. 2006). The constant of
proportionality here concerns the noise and varies amongst
authors depending on their specific treatment.

? E-mail: dkipping@astro.columbia.edu

In the early years of transit surveys, there was arguably
less motivation to skeptically challenge the boxcar assump-
tion; afterall, the field was in “gold-rush” mode and it was
not a critical issue if yield estimates were x2 off, or if BLS
missed a few planets here and there. But in the Kepler -
era, occurrence rate inferences became of central interest; a
calculation which is predicated upon accurate completeness
calculations (e.g. Petigura, Howard, & Marcy 2013; Dressing
& Charbonneau 2013; Burke et al. 2015).

“Completeness” refers to the true positive rate of a sur-
vey, and within the transit literature is usually framed as
the completeness conditional upon the fact that the planet
in question has the correct geometry to transit (which means
the geometric factor is treated separately). Given this fram-
ing, completeness is solely dependent upon the SNR of the
signal in question - the higher the SNR, the higher the ex-
pected completeness.

Some of the earliest occurrence rate calculations as-
sumed that the completeness was a Heaviside step function
with respect to SNR. For example, Howard et al. (2012)
assumed that all transits with SNR> 10 have 100% com-
pleteness. Fressin et al. (2013) introduced the more sophis-
ticated linear-ramp model, where completeness was 0% up to
some lower threshold SNR, then linearly ramped up to 100%
where it saturated. Christiansen et al. (2013) advanced this

© 2023 The Authors

ar
X

iv
:2

30
5.

06
79

0v
1 

 [
as

tr
o-

ph
.E

P]
  1

1 
M

ay
 2

02
3

mailto:dkipping@astro.columbia.edu


Astronomy & Astrophysics manuscript no. aanda ©ESO 2023
May 12, 2023

Letter to the Editor

Doppler wind measurements in Neptune’s stratosphere with ALMA
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ABSTRACT

Context. Neptune’s tropospheric winds are among the most intense in the Solar System, but the dynamical mechanisms that produce
them remain uncertain. Measuring wind speeds at different pressure levels may help understand the atmospheric dynamics of the
planet.
Aims. The goal of this work is to directly measure winds in Neptune’s stratosphere with ALMA Doppler spectroscopy.
Methods. We derived the Doppler lineshift maps of Neptune at the CO(3-2) and HCN(4-3) lines at 345.8 GHz (λ ∼ 0.87 mm) and
354.5 GHz (0.85 mm), respectively. For that, we used spectra obtained with ALMA in 2016 and recorded with a spatial resolution of
∼0.37" on Neptune’s 2.24" disk. After subtracting the planet solid rotation, we inferred the contribution of zonal winds to the mea-
sured Doppler lineshifts at the CO and HCN lines. We developed an MCMC-based retrieval methodology to constrain the latitudinal
distribution of wind speeds.
Results. We find that CO(3-2) and HCN(4-3) lines probe the stratosphere of Neptune at pressures of 2+12

−1.8 mbar and 0.4+0.5
−0.3 mbar,

respectively. The zonal winds at these altitudes are less intense than the tropospheric winds based on cloud tracking from Voyager
observations. We find equatorial retrograde (westward) winds of −180+70

−60 m/s for CO, and −190+90
−70 m/s for HCN. Wind intensity

decreases towards mid-latitudes, and wind speeds at 40◦S are −90+50
−60 m/s for CO, and −40+60

−80 m/s for HCN. Wind speeds become
0 m/s at about 50◦S, and we find that the circulation reverses to a prograde jet southwards of 60◦S. Overall, our direct stratospheric
wind measurements match previous estimates from stellar occultation profiles and expectations based on thermal wind equilibrium.
Conclusions. These are the first direct Doppler wind measurements performed on the Icy Giants, opening a new method to study and
monitor their stratospheric dynamics.

Key words. Planets and satellites: atmospheres – Planets and satellites: gaseous planets – Radiative transfer

1. Introduction

Voyager 2 measurements of Neptune’s atmosphere revealed
some of the most intense zonal winds ever measured in the
Solar-System planets (Hammel et al. 1989; Smith et al. 1989).
This was done by tracking cloud motions in images of Voy-
ager’s ISS instrument, and constrained Neptune winds to be
−400 m/s (retrograde) at the equator, with a prograde jet of about
+ 250 m/s at latitude 70ºS (Limaye & Sromovsky 1991; Sro-
movsky et al. 1993). Subsequent cloud-tracking measurements
with the Hubble Space Telescope (Sromovsky et al. 2001a,b)
and ground-based observatories with adaptive optics (Fitzpatrick
et al. 2014; Tollefson et al. 2018) confirmed this general wind
pattern (Fletcher et al. 2020).

Cloud-tracking methods, however, generally lack an accu-
rate constraint of the atmospheric altitudes probed by the obser-
vations. Although clouds are mostly expected to be located in
the upper troposphere (∼100 mbar–1 bar), determining the exact
cloud-top pressure levels requires multiple-scattering radiative-
transfer computations. These are highly dependent on the as-
sumed optical properties of the atmospheric aerosols, and on

? e-mail: oscar.carrion@obspm.fr,
oscar.carrion.gonzalez@gmail.com

the assumed vertical distribution of gaseous species and aerosols
(e.g. Luszcz-Cook et al. 2016). Furthermore, cloud pressure lev-
els have been found to vary with latitude by about an order of
magnitude (Irwin et al. 2011, 2016; Hueso et al. 2017). Even
clouds at similar latitudes have been found to be located at pres-
sure levels as different as 30 and 300 mbar (de Pater et al. 2014).

Above the cloud level, wind information has been derived
primarily from the thermal wind equation that relates the latitu-
dinal temperature gradient to the vertical wind shear. Temper-
ature fields from Voyager/IRIS spectra were initially used for
this (Conrath et al. 1989). Later, additional ground-based ther-
mal observations became available (Fletcher et al. 2014). At tro-
pospheric levels, these data consistently indicate a warm equa-
tor, cool mid-latitudes and a warmer south pole. Albeit it cannot
be applied at the equator, the thermal wind equation implies de-
caying winds with altitude at low latitudes (-30° to 30°) and es-
sentially altitude-independent winds at mid-to-high southern lat-
itudes. Relatively small changes were found in the predicted cir-
culation pattern from 1989 to 2003 (southern summer solstice),
except near the south pole, found to be anomalously warm (by
∼5 K) in 2003 (Orton et al. 2007).

Additional wind measurements with other techniques were
performed for a reduced number of latitudes. French et al. (1998)

Article number, page 1 of 8

ar
X

iv
:2

30
5.

06
78

7v
1 

 [
as

tr
o-

ph
.E

P]
  1

1 
M

ay
 2

02
3



MNRAS 000, 1–9 (2023) Preprint 12 May 2023 Compiled using MNRAS LATEX style file v3.0

Testing the Cosmological Principle: On the Time Dilation
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ABSTRACT
We present a novel test of the cosmological principle: the idea that, on sufficiently large scales, the universe should appear
homogeneous and isotropic to observers comovingwith the Hubble flow. This is a fundamental assumption inmodern cosmology,
underpinning the use of the Friedmann-Lemaître-Robertson-Walkermetric as part of the concordanceΛCDMparadigm.However,
the observed dipole imprinted on the Cosmic Microwave Background (CMB) is interpreted as our departure from the Hubble
flow, and such a proper motion will induce a directionally-dependent time dilation over the sky. We illustrate the feasibility of
detection of this ‘time dilation dipole’ and sketch the practical steps involved in its extraction from a catalogue of sources with
intrinsic time-scales. In essence, whilst the scale of this dilation is small, being of order of 0.1%, it will in principle be detectable
in large scale surveys of variable cosmological sources, such as quasars and supernovae. The degree of alignment of the time
dilation dipole with the kinematic dipole derived from the CMB will provide a new assessment of the cosmological principle,
and address the tension in dipole measures from other observations.

Key words: cosmology: theory – cosmology: observations – quasars: general – transients: supernovae

1 INTRODUCTION

The cosmological principle, which posits that large-scale views of
the universe should appear homogeneous and isotropic to comoving
observers, underpins our modern cosmological ideas (see Harrison
2000). Namely, the key proposition of homogeneity and isotropy
is incorporated within the Friedmann-Lemaître-Robertson-Walker
(FLRW) metric of spacetime, as employed by the current concor-
dance cosmological model, ΛCDM. As guided by the cosmologi-
cal principle, comoving observers define a cosmological rest frame,
which is conventionally taken to correspond to the frame in which the
Cosmic Microwave Background (CMB) is perceived as maximally
isotropic with temperature anisotropies Δ𝑇/𝑇 ≈ 10−5 (Maartens
2011). The fact that the CMB is observed to exhibit a dipole has
been interpreted as our departure from the local Hubble flow – that
is, Earth’s deviation from the cosmic rest frame – with a peculiar ve-
locity of 369.82 ± 0.11 km s−1 towards (𝑙, 𝑏) = (264.◦0.21, 48.◦253)
(Planck Collaboration et al. 2020). If this interpretation is correct,
then this dipole should be imprinted on other observations of cosmo-
logical sources (e.g. Ellis & Baldwin 1984), although more recently
there has been a claimed tension between the magnitude and direc-
tion of cosmic dipoles when compared to the CMB (see Aluri et al.
2022 for a recent review). Insofar that this evinces disagreement be-
tween the standard of rest defined by the CMB and other sources of
cosmological origin, some have proposed that the tension represents
a challenge to the cosmological principle and hence the foundations
of modern relativistic cosmologies.

★ E-mail: ooay3125@uni.sydney.edu.au (OTO)
† E-mail: geraint.lewis@sydney.edu.au (GFL)

Motivated by this tension, we propose a novel test of the cos-
mological principle, formulated through the observed time dilation
of distant sources. In Section 2, we briefly outline recent determi-
nations of cosmic dipoles from various cosmological observations,
indicating the degree of the current tension. In Section 3, we out-
line our approach, demonstrated through the numerical simulation
of a mock catalogue of sources each carrying an intrinsic timescale.
The effects of kinematic time dilation are then imprinted onto the
sources, and, following the procedure of Bayesian hypothesis testing,
Earth’s peculiar motion is recovered. This serves to elucidate the key
steps involved in our probe of the cosmological principle if it were
to be performed in reality. In Section 4 we discuss the observational
prospects given future surveys. We summarise this work and present
our conclusions in Section 5.

2 TESTING THE COSMOLOGICAL PRINCIPLE

2.1 Matter dipole studies

A key way of assessing the consistency of the cosmological principle
– which was initially postulated a priori by Milne (1935) – is by
determining the degree of concordance between the CMB dipole and
the ‘matter dipole’. In particular, we can apply a local Lorentz boost
to transform into a frame in which the CMB exhibits no dipole. This
is postulated as the cosmic rest frame. If this interpretation – typically
called the ‘kinematic interpretation’ of the CMB dipole – holds, then
distributions of matter should be perceived as isotropic to an observer
(the fundamental observer) in this frame. Ellis & Baldwin (1984)
proposed a test along these lines through observations of radio galaxy

© 2023 The Authors
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ABSTRACT
Anomalous Microwave Emission (AME) is an important emission component between 10 and 60GHz that is not yet fully
understood. It seems to be ubiquituous in our Galaxy and is observed at a broad range of angular scales. Here we use the new
QUĲOTE-MFI wide survey data at 11, 13, 17 and 19GHz to constrain the AME in the Galactic plane (|𝑏 | < 10◦) on degree
scales. We built the spectral energy distribution between 0.408 and 3000GHz for each of the 5309 0.9◦ pixels in the Galactic
plane, and fitted a parametric model by considering five emission components: synchrotron, free-free, AME, thermal dust and
CMB anisotropies. We show that not including QUĲOTE-MFI data points leads to the underestimation (up to 50%) of the
AME signal in favour of free-free emission. The parameters describing these components are then intercompared, looking for
relations that help to understand AME physical processes. We find median values for the AME width, 𝑊AME, and for its peak
frequency, aAME, respectively of 0.560+0.059−0.050 and 20.7

+2.0
−1.9 GHz, slightly in tension with current theoretical models. We find

spatial variations throughout the Galactic plane for aAME, but only with reduced statistical significance. We report correlations
of AME parameters with certain ISM properties, such as that between the AME emissivity (which shows variations with the
Galactic longitude) and the interstellar radiation field, and that between the AME peak frequency and dust temperature. Finally,
we discuss the implications of our results on the possible molecules responsible for AME.

Key words: radiation mechanisms:general – ISM: general – radio continuum: ISM – (cosmology): diffuse radiation – Galaxy:
general

1 INTRODUCTION

The first detections of Galactic Anomalous Microwave Emission
(AME) were carried out less than 30 years ago (Kogut et al. 1996;
Leitch et al. 1997): the Differential Microwave Radiometers (DMR,

★ E-mail: mateoft@iac.es (MFT)
† E-mail: jalberto@iac.es

Smoot et al. 1990) onboard of the Cosmic Bakground Explorer
(COBE, Boggess et al. 1992), recorded an unexpected excess emis-
sion at 31GHz. This excess was first thought to be due to free-free
or synchrotron components. However, this emission did not corre-
late with H𝛼 emission, which is expected for free-free1, and was not

1 In absence of extreme conditions, such as in compact HII regions.

© 2023 The Authors
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ABSTRACT

In N-body simulations, nearly radial mergers can form shell-like overdensities in the sky position and

phase space (r−vr) due to the combination of dynamical friction and tidal stripping. The merger event

of Gaia-Sausage-Enceladus has provided a unique opportunity to study the shells in the phase space.

To search for them, we integrate the orbits of 5949 GSE-related halo K giants from the LAMOST

survey and record their positions at all time intervals in r − vr diagram. After the subtraction of

a smoothed background, we find six significant and complete thin chevron-like overdensities. The

apocenters rapo of stars in the six chevrons are around 6.75, 12.75, 18.75, 25.25, 27.25, and 30.25 kpc.

These chevrons reveal the multiple pile-ups of GSE stars at different apocenters. The application of

a different Milky Way mass Mvir will change the opening angles of these chevrons, while leave their

apocenters almost unchanged. By comparing with a recent study of the phase space overdensities of

local halo stars from Gaia RVS survey, our results are more inclined to a medium Mvir of 1012M�.

The application of a non-axisymmetric Galactic potential with a steadily rotating bar has a blurring

effect on the appearance of these chevron-like overdensities, especially for the chevrons with rapo > 20

kpc.

1. INTRODUCTION

The arrival of the Gaia (Gaia Collaboration et al.

2018, 2022) data reveals that the Galactic stellar halo is

dominated by a relatively metal-rich and highly eccen-

tric (eccentricity ec > 0.7) stellar component of a ma-

jor merger event known as Gaia-Sausage-Enceladus oc-

curred 11−8 Gyr ago (Belokurov et al. 2018; Helmi et al.

2018). GSE is thought to be a massive dwarf galaxy with

a total stellar mass M∗ on the order of 109 − 1010M�
(Vincenzo et al. 2019; Deason et al. 2019; Fattahi et al.

2019; Mackereth et al. 2019). The stellar debris of the

GSE is characterized by the large eccentricity and low

angular momentum Lz, and the metallicity distribu-

tion [Fe/H] of GSE stars peaks around −1.4−−1.1 dex

(Sahlholdt et al. 2019; Gallart et al. 2019; Das et al.

2020; Feuillet et al. 2020; Naidu et al. 2020; Bird et al.

Corresponding author: Gang Zhao

gzhao@nao.cas.cn

2021; Zhao & Chen 2021; Liu et al. 2022; Limberg et al.

2022; Myeong et al. 2022).

In N-body simulations, tidal debris of nearly radial

merger events can create patterns similar to shells or

umbrellas both in the sky position (Amorisco 2015; Ka-

rademir et al. 2019; Valenzuela & Remus 2022) and

phase space (r − vr) (Seguin & Dupraz 1996; Sander-

son & Helmi 2013; Dong-Páez et al. 2022). Such tidal

features are found in M31 (Fardal et al. 2007) and some

elliptical galaxies (Hendel & Johnston 2015; B́ılek et al.

2022) from their surface brightness. The massive and

radial merger event of GSE provides a unique way to

search for possible stellar shells in phase space. A recent

study using local halo stars from Gaia DR3 RVS survey

revealed that stars likely belonging to the GSE form sev-

eral thin chevron-like overdensities in r−vr diagram (Be-

lokurov et al. 2023). Further simulations showed that

stars in the chevron-like shells conserve similar orbits of

unique average energy, and the overdensities in r − vr
space correspond to the bumps of stars in energy dis-
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ABSTRACT

Context. Tensions between the diffuse gamma-ray sky observed by the Fermi Large Area Telescope (LAT) and the diffuse high-energy
neutrino sky detected by the IceCube South Pole Neutrino Observatory question our knowledge about high-energy neutrino sources
in the gamma-ray regime. While blazars are among the most energetic persistent particle accelerators in the Universe, studies suggest
that they could account for up to for 10–30% of the neutrino flux measured by IceCube.
Aims. Our recent results highlighted that the associated IceCube neutrinos arrived in a local gamma-ray minimum (dip) of three strong
neutrino point-source candidates. We increase the sample of neutrino-source candidates to study their gamma-ray light curves.
Methods. We generate the one-year Fermi-LAT light curve for 8 neutrino source candidate blazars (RBS 0958, GB6 J1040+0617,
PKS 1313-333, TXS 0506+056, PKS 1454-354, NVSS J042025-374443, PKS 0426-380 and PKS 1502+106), centered on the de-
tection time of the associated IceCube neutrinos. We apply the Bayesian block algorithm on the light curves to characterize their
variability.
Results. Our results indicate that GB6 J1040+0617 was in the phase of high gamma-ray activity, while none of the other 7 neutrino
source candidates were statistically bright during the detection of the corresponding neutrinos and that indeed even most of the times
neutrinos arrived in a faint gamma-ray phase of the light curves. This suggests that the 8 source-candidate blazars (associated with 7
neutrino events) in our reduced sample are either not the sources of the corresponding IceCube neutrinos, or that an in-source effect
(e.g. suppression of gamma rays due to high gamma-gamma opacity) complicates the multimessenger scenario of neutrino emission
for these blazars.

Key words. galaxies: active, gamma rays: galaxies, neutrinos, radio continuum: galaxies

1. Introduction

According to observations to date, the energetics of
diffuse gamma rays (Ackermann & et al. 2015), neu-
trinos (IceCube Collaboration 2021) and cosmic rays
(Fenu & Pierre Auger Collaboration 2017) share similar
power-law energetics. At lower energies, though, there is more
flux in neutrinos than could be expected from gamma rays, if
they are produced by the same sources. Results suggest that
there could be a population of neutrino sources being obscured
in gamma rays (e.g. IceCube Collaboration 2021). The tension
at lower energies (E < 100 TeV) between the diffuse gamma-
ray background measured by the Fermi Large Area Telescope
(Fermi-LAT) and the diffuse neutrino background measured by
the IceCube Neutrino Observatory also suggests the existence of
a population of gamma-ray dark neutrino sources (Murase et al.
2016; Murase 2019), for which rather an anti-correlation holds
between the neutrino and gamma-ray fluxes, at least in the
epochs of efficient neutrino emission.

After finding a 3σ significant connection between the
gamma-ray flaring blazar TXS 0506+056 and a ∼ 290 TeV Ice-
Cube neutrino alert (IC-170922A), this blazar quickly came into
the focus of multimessenger astronomy. Follow-up searches in
the offline IceCube data revealed a neutrino flare from the direc-
tion of TXS 0506+056 at the turn of the year 2014/2015 with
an even higher significance (3.5σ). The individual events of this
neutrino flare contained one order of magnitude lower energies
(∼ 10 TeV) than to the 2017 event, and they do not satisfy the
strict selection cuts for single high-energy alerts.

As it turned out, the 2014/2015 neutrino flare
(IceCube Collaboration 2018) happened during a low gamma-
state of the source-candidate blazar TXS 0506+056 (Garrappa
2019). An explanation suggests that if the medium is ideal to
generate neutrinos it will absorb the pionic gamma photons that
are also generated in the hadronic process (Halzen et al. 2019;
Halzen & Kheirandish 2020). Observations suggest this might
be actually true, at least for a population of high-energy (HE)
neutrino sources (e.g. Kun et al. 2021). The PeV–neutrino event
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Exploring connections between the VLBI and
optical morphology of AGNs and their host galaxies

David Fernández Gil, Jeffrey A. Hodgson, Benjamin L’Huillier
Sejong University, Dept. of Physics and Astronomy, Seoul, South Korea

Abstract. We analyse VLBI and optical images of AGNs and their host galaxies and look for statistical
correlations between the shape and orientation of the galaxy and the direction of the jet. We utilise the
Astrogeo catalogue, which has over 9000 VLBI sources, many of those with a clear core-jet like structure
that allows for the jet position angle to be reliably determined. We then use the VLBI source positions to
search for optical counterparts within various optical surveys. In order to parameterise the orientation and
shape of the host galaxy, we fitted a Gaussian elliptical model to the optical image, taking the PSF into
account. We check our own shape parameters from this fit against the ones provided by the optical surveys.
As of yet, no clear correlation between the galaxy morphology and the jet direction is seen.

Keywords. AGN jets | Host galaxies | Optical counterparts | VLBI | Astrogeo | SDSS | Jet direction |
Galaxy morphology

1. Introduction
Active Galactic Nuclei (AGN) are compact central regions of galaxies that can produce

relativistic jets. These jets, when pointed towards Earth, are referred to as blazars and can be
detected via VLBI. AGN play an active role in star-formation feedback and are useful for
studying distant galaxies due to their high brightness (Urry and Padovani (1995)).

The study aims to investigate the correlation between small-scale jet properties and large-
scale host galaxy characteristics, specifically examining the correlation between jet orientation
and host galaxy optical shape. The expectation is that the jets may be perpendicular to the plane
of the host galaxy; however, factors such as interaction with the environment, energy changes,
projection and relativistic effects can complicate this relationship. The goal is to use a large
sample to determine if there are any statistically significant generalities in the orientation of
the jets relative to their host galaxies.

2. Observations
We utilize the Astrogeo VLBI catalogue, a geodetic catalogue, to gather data from over 9000

VLBI sources. The catalogue includes the coordinates of the sources and the jet position angle
(PA) (Plavin et al. (2022)). The optical counterpart and shape parameters of the host galaxies
are obtained from several optical surveys, indicated in Table 1.

Table 1. : Information about the optical surveys and their shape parameters.

Survey Name Median Seeing Band Good fit definition Reference

Sloan Digital Sky Survey (SDSS) 1.43” r type ‘GALAXY’ Abdurro’uf et al. (2022)
Dark Energy Spectroscopic Instrument (DESI) 1.2” g type ‘Sérsic’ Dey et al. (2019)
Kilo Degree Survey Golden Catalogue (KiDS) 0.7-0.9” g b > 2px, stellar index < 0.5 de Jong et al. (2013)
Skymapper 2.6” g b > 2px, stellar index < 0.5 Murphy et al. (2009)

© International Astronomical Union, 2021
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On-Site Production of Quasi-Continuous Ultra-High

Vacuum Pipes
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Driescher Gässchen 5, Aachen, 52062, Germany

bWelding and Joining Institute, RWTH Aachen University,
Pontstrasse 49, Aachen, 52062, Germany

cWerkhuizen Hengelhoef, Hengelhoefstraat 162, Genk, 3600, Belgium
dAperam Stainless Europe, Swinnenwijerweg 5, Genk, 3600, Belgium

eRWTH Aachen University, Templergraben 55, Aachen, 52062, Germany

Abstract

We present a design study for a new production technology for ultra-high vac-
uum pipes. The pipes are produced in a fully automatised process in sections
of hundreds of meters directly in the later location of usage. We estimate the
effort for such a production and show that it might be substantially lower
than the effort for an off-site production of transportable sections.

1. Motivation

The Einstein Telescope is a gravitational wave detector of the third gen-
eration in preparation in Europe [1]-[4]. It is based on six Michelson in-
terferometers enhanced by Fabry-Perot arm cavities, with an arm length of
10 km each. The interferometers will be located in underground tunnels in
the shape of a 10 km equilateral triangle. The laser beams will travel in
ultra-high-vacuum (UHV) pipes. A diameter of roughly 1 m is required to
enclose the beams. Plain pipe sections of 500 m length are envisioned, con-
nected to each other by pumping stations. In total 120 km of these UHV
pipes will be required plus an additional 10 to 20 km of smaller pipes. It will
be the largest UHV system ever built.

The Einstein Telescope will measure gravitational waves through the
changes in the length of the arms caused by the passing waves. The telescope
will be able to detect changes down to 10−20 m. Fluctuations in the pressure

Preprint submitted to Vacuum May 12, 2023
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Interpreting the GeV-TeV Gamma-Ray
Spectra of Local Giant Molecular
Clouds using GEANT4 Simulation

Abhijit Roy,a, Jagdish C. Joshi,a,b Martina Cardillo,c, and Ritabrata
Sarkard,

aAryabhatta Research Institute of Observational Sciences (ARIES),
Manora peak, Beluwakhan, Uttarakhand 263002, India
bCentre for Astro-Particle Physics (CAPP) and Department of Physics, University of Jo-
hannesburg, PO Box 524, Auckland Park 2006, South Africa
cINAF - Istituto di Astrofisica e Planetologia Spaziali (IAPS),
Via del Fosso del Cavaliere 100, 00133 Roma, Italy
dInstitute of Astronomy Space and Earth Science (IASES),
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E-mail: abhijitroy@aries.res.in (AR), jagdish@aries.res.in (JCJ),
martina.cardillo@inaf.it (MC), ritabrata.s@gmail.com (RS)

Abstract. Recently, the Fermi-LAT gamma-ray satellite has detected six Giant Molecular
Clouds (GMCs) located in the Gould Belt and the Aquila Rift regions. In half of these objects
(Taurus, Orion A, Orion B), the observed gamma-ray spectrum can be explained using the
Galactic diffused Cosmic Ray (CR) interactions with the gas environments. In the remaining
three GMCs (Rho Oph, Aquila Rift, Cepheus), the origin of the gamma-ray spectrum is still
not well established. We use the GEometry ANd Tracking (GEANT4) simulation framework
in order to simulate gamma-ray emission due to CR/GMC interaction in these three objects,
taking into account the gas density distribution inside the GMCs. We find that propagation
of diffused Galactic CRs inside these GMCs can explain the Fermi-LAT detected gamma-ray
spectra. Further, our estimated TeV-PeV fluxes are consistent with the HAWC upper limits,
available for the Aquila Rift GMC. As last step, we compute the total neutrino flux estimated
for these GMCs and compare it with the IceCube detection sensitivity.

Keywords: Giant Molecular Clouds, Diffused Cosmic Rays, Pion-decay Gamma-Rays
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XTE J1906+090: a persistent low luminosity Be X-ray Binary
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ABSTRACT

We present new results from �#)��'�! and (F8 5 C observations of the hitherto poorly studied and unidentified X-ray source

XTE J1906+090.A bright hard X-ray outburst (luminosity of∼1036 erg s−1 above 20 keV) has been discovered with �#)��'�!

observations in 2010, this being the fourth outburst ever detected from the source. Such events are sporadic, the source duty

cycle is in the range (0.8–1.6)% as inferred from extensive �#)��'�! and (F8 5 C monitoring in a similar hard X-ray band.

Using five archival unpublished (F8 5 C/XRT observations, we found that XTE J1906+090 has been consistently detected at a

persistent low X-ray luminosity value of ∼1034 erg s−1, with limited variability (a factor as high as 4). Based on our findings, we

propose that XTE J1906+090 belongs to the small and rare group of persistent low luminosity Be X-ray Binaries.

Key words: X-rays: binaries – X-rays: general – stars: neutron

1 INTRODUCTION

XTE J1906+090 is an 89 seconds transient X-ray pulsar serendipi-

tously discovered by '-)� in 1996 (Marsden et al. 1998). To date

only two outbursts have been reported in the literature, detected in

1996 and 1998 with RXTE/PCA during regular a monitoring cam-

paign of the nearby magnetar SGR J1900+14 (Wilson et al. 2002).

The two outbursts differed significantly in term of peak flux and du-

ration. The 1996 outburst was particularly short (2-4 days duration)

and not particulary bright since it reached a peak flux of ∼ 6×10−12

erg cm−2 s−1 (2–10 keV). The 1998 outburst was longer (25 days

duration) and brighter (2-10 keV peak flux of ∼ 1.1×10−10 erg cm−2

s−1). From spectral analysis, the measured high absorption column

density suggested a source distance of at least 10 kpc. �ℎ0=3A0 ob-

servations in 2003 (Göǧüş et al. 2005) caught the source at a flux

level of ∼ 3×10−12 erg cm−2 s−1 (2-10 keV). The arcsecond sized

�ℎ0=3A0 position allowed pinpointing the optical/infrared counter-

part whose colors are typical of an early type star (Göǧüş et al.

2005). Based on the above evidence, XTE J1906+090 has been con-

sidered a candidate transient Be X-ray Binary (BeXRB). However

the firm confirmation of such nature can only be obtained through op-

tical/infrared spectroscopy which is still lacking. Corbet et al. (2017)

performed a Swift/BAT investigation of the long term hard X-ray

light curve of the source. They noted the presence of two bright out-

bursts in the 15-50 keV light curve (dated 2009 and 2016), although

no information was provided about their duration and energetic. In

addition, Corbet et al. (2017) found two periodicities at ∼81 days and

∼173 days. Although their nature is still unclear, they might be the

orbital and super-orbital period, respectively.

Here we report new results on XTE J1906+090 obtained from

unpublished Swift/XRT and �#)��'�! archival data.

2 DATA ANALYSIS

2.1 INTEGRAL

The temporal and spectral behaviour of XTE J1906+090 has been

investigated in detail above 20 keV with the ISGRI detector (Lebrun

et al. 2003), which is the lower energy layer of the IBIS coded mask

telescope (Ubertini et al. 2003) onboard �#)��'�! (Winkler et

al. 2003).

INTEGRAL observations are divided into short pointings (Sci-

ence Windows, ScWs) whose typical duration is ∼ 2,000 seconds.

The IBIS/ISGRI public data archive (from revolution 30 to 2,000,

i.e. from approximately January 2003 to September 2018) has been

specifically searched for hard X-ray activity from XTE J1906+090. In

particular, the data set consists of 8,119 ScWs where XTE J1906+090

was within the instrument field of view (FoV) with an off-axis angle

value less than 12◦. We note that such a limit is generally applied

because the response of IBIS/ISGRI is not well modelled at large

off-axis values and this may introduce a systematic error in the mea-

surement of the source fluxes.

To search for transient hard X-ray activity from XTE J1906+090 in

a systematic way, we used the bursticity method as developed by Bird

et al. (2010, 2016). Such method optimizes the source detection time-

scale by scanning the IBIS/ISGRI light curve with a variable-sized

time window to search for the best source significance value. Then

the duration, time interval and energy band over which the source

significance is maximized, are recorded. Once a newly discovered

outburst activity from XTE J1906+090 was found, a specific spec-

trum and light curve were extracted. To this aim, the data reduction

was carried out with the latest release 11.2 of the Offline Scientific

Analysis software (OSA, Courvoisier et al. 2003). The IBIS/ISGRI

systematics, which are typically of the order of 1%, were added to

the extracted spectrum.

Images from the X-ray Monitor JEM–X (Lund et al. 2003) onboard

© 2023 The Authors
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ABSTRACT

Aims. We inspect the microlensing data of the KMTNet survey collected during the 2018–2020 seasons in order to find lensing events produced
by binaries with brown-dwarf companions.
Methods. In order to pick out binary-lens events with candidate BD lens companions, we conduct systematic analyses of all anomalous lensing
events observed during the seasons. By applying the selection criterion with mass ratio between the lens components of 0.03 . q . 0.1, we identify
four binary-lens events with candidate BD companions, including KMT-2018-BLG-0321, KMT-2018-BLG-0885, KMT-2019-BLG-0297, and
KMT-2019-BLG-0335. For the individual events, we present the interpretations of the lens systems and measure the observables that can constrain
the physical lens parameters.
Results. The masses of the lens companions estimated from the Bayesian analyses based on the measured observables indicate that the probabilities
for the lens companions to be in the brown-dwarf mass regime are high: 59%, 68%, 66%, and 66% for the four events respectively.

Key words. gravitational microlensing – (Stars:) brown dwarfs

1. Introduction

Due to the trait of occurring by the mass of a lensing object
regardless of its luminosity, microlensing provides an impor-
tant tool to detect very faint and even dark astronomical ob-
jects. With this trait, microlensing has been applied to search
for extrasolar planets, and about 30 planets are annually be-
ing detected (Gould et al. 2022; Jung et al. 2022; Gould 2022)
from the combined observations by survey, for example, the
KMTNet (Kim et al. 2016), MOA (Bond et al. 2001), and OGLE
(Udalski et al. 2015) experiments, and followup groups, for ex-
ample, the ROME/REA survey (Tsapras et al. 2019).

Brown dwarfs (BDs) are another population of faint astro-
nomical objects to which microlensing is sensitive. Microlens-
ing BDs can be detected through a single-lens event channel, in
which a single BD object produces a lensing event with a short
time scale, for example, Han et al. (2020). Considering that BDs
may have formed via a similar mechanism to that of stars, BDs
can be as abundant as its stellar siblings, and, in this case, a sig-
nificant fraction of short time-scale lensing events being detected
by the surveys may be produced by BDs. Observationally, both
radial-velocity (Grether & Lineweaver 2006) and microlensing
(Shvartzvald et al. 2016) studies indicate a deficit of BDs com-

panions compared to both stars and planets, suggesting that mi-
crolensing may allows us to study the stars, BDs and planet for-
mation mechanism. However, confirming the BD lens nature of
a short time-scale event by measuring the mass of the lens is dif-
ficult because the event time scale depends not only on the lens
mass but also on the distance to the lens and the relative lens-
source proper motion. The lens mass can be determined by si-
multaneously measuring the extra lensing observables of the an-
gular Einstein radius θE and microlens parallax πE, for example,
OGLE-2017-BLG-0896 (Shvartzvald et al. 2019), but the frac-
tion of these events is small.

Han et al. (2022), hereafter paper I, investigated the mi-
crolensing survey data collected during the early phase of the
KMTNet experiment with the aim of finding microlensing bina-
ries containing BD companions. The strategy applied to paper I
in finding BD events was picking out lensing events produced
by binaries with small companion-to-primary mass ratios q, for
example, 0.03 . q . 0.1. Considering that typical Galactic lens-
ing events are produced by low-mass stars (Han & Gould 2003),
the companions to the lenses of these events are very likely to be
BDs.

Article number, page 1 of 10
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ABSTRACT

Low mass stars (≤ 1 M�) are some of the best candidates for hosting planets with detectable life

because of these stars’ long lifetimes and relative planet to star mass and radius ratios. An important

aspect of these stars to consider is the amount of ultraviolet (UV) and X-ray radiation incident on

planets in the habitable zones due to the ability of UV and X-ray radiation to alter the chemistry and

evolution of planetary atmospheres. In this work, we build on the results of the HAZMAT I (Shkolnik

& Barman 2014) and HAZMAT III (Schneider & Shkolnik 2018) M star studies to determine the

intrinsic UV and X-ray flux evolution with age for M stars using Gaia parallactic distances. We then

compare these results to the intrinsic fluxes of K stars adapted from HAZMAT V (Richey-Yowell et al.

2019). We find that although the intrinsic M star UV flux is 10 to 100 times lower than that of K stars,

the UV fluxes in their respective habitable zone are similar. However, the habitable zone X-ray flux

evolutions are slightly more distinguishable with a factor of 3 – 15 times larger X-ray flux for late-M

stars than for K stars. These results suggest that there may not be a K dwarf advantage compared to

M stars in the UV, but one may still exist in the X-ray.

Keywords: stars: evolution, stars: low-mass

1. INTRODUCTION

There are many factors that go into determining

planet habitability, one of which is the understand-

ing the luminosity evolution of the star (e.g. Meadows

& Barnes 2018). The high-energy radiation environ-

ment, i.e. the ultraviolet (UV) and X-ray radiation, of

host stars can severely impact planetary atmospheres,

as these wavelengths can cause photo-dissociation and

ionization of molecules and atoms in the atmosphere,

leading to changes in the composition or even com-

plete erosion of the atmosphere (e.g. Segura et al. 2005;

try@lowell.edu

Airapetian et al. 2017; Tilley et al. 2019; Teal et al.

2022). Additionally, this photochemistry can produce

hazes in the atmospheres of planets that make observa-

tions of any molecular signatures quite difficult (Zerkle

et al. 2012; Neves Ribeiro do Amaral et al. 2022). Un-

derstanding the high-energy radiation environment of

low-mass stars and how this evolves in time is thus crit-

ical for modeling planetary atmosphere composition and

being able to observe potential biosignatures of planets.

The HAbitable Zones and M star Activity across Time

(HAZMAT) program aims to determine the temporal

UV and X-ray evolution of low-mass stars with the goal

of providing the necessary constraints for habitability

studies of planets around these types of stars. The low-
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Does Nature allow formation of ultra-compact black hole X-ray binaries
via accretion-induced collapse of neutron stars?
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ABSTRACT

The formation path to ultra-compact X-ray binaries (UCXBs) with black hole (BH) accretors is still
unclear. In the classical formation scenario, it is difficult to eject the massive envelope of the progenitor
star of the BH via common envelope process. Given that some neutron stars (NSs) in binary systems
evidently have birth masses close to ∼ 2.0 M�, we explore here the possibility that BH-UCXBs may
form via accretion-induced collapse (AIC) of accreting NSs, assuming that these previously evolved
in LMXBs to masses all the way up to the maximum limit of a NS. We demonstrate this formation
path by modelling a few cases of NS-UCXBs with initial NS masses close to the maximum mass of
a NS that evolve into BH-UCXBs after the NS accretes material from its He WD companion. We
follow the evolution of the post-AIC BH-UCXB and, based on simple arguments, we anticipate that
there is about one BH-UCXB with an AIC origin and a He WD donor within the current sample of
known UCXBs and that 2–5 such BH-UCXBs may be detected in gravitational waves by LISA. In
addition, we find that the X-ray luminosity of NS-UCXBs near their orbital period minimum exceeds
∼ 1039 erg s−1 and thus such systems may appear as ultraluminous X-ray sources.

Keywords: Compact binary stars (283) — X-ray binary stars (1811) —Black holes (162) — Neutron
stars (1108) – White dwarf stars (1799) – Gravitational wave sources (677)

1. INTRODUCTION

Ultra-compact X-ray binaries (UCXBs) are X-ray bi-
naries with short orbital periods (Porb < 80 min). The
accretors are neutron stars (NSs) or black holes (BHs)
and the companion stars are hydrogen-deficient, par-
tially or fully degenerate low-mass (. 0.2 M�) stars
(Rappaport et al. 1982; Savonije et al. 1986). UCXBs
are important for studies of binary evolution (e.g. Post-
nov & Yungelson 2014; Chen et al. 2021; Tauris & van
den Heuvel 2023), accretion disks (e.g. Heinke et al.
2013), and accreting millisecond pulsars (e.g. Wijnands
2010). Due to their short orbital periods, they are also
very important sources for gravitational wave (GW) de-
tectors, such as LISA (Amaro-Seoane et al. 2023), Tian-
Qin (Luo et al. 2016), and Taiji (Ruan et al. 2020).

So far, around 20 confirmed and candidate UCXBs
have been found in our Galaxy (in’t Zand et al. 2007;

Corresponding author: Hai-Liang Chen

chenhl@ynao.ac.cn

Nelemans & Jonker 2010). The far majority of accretors
in this sample of systems are NSs. Only one UCXB is
confirmed to have a BH accretor (the source X9 in the
globular cluster 47 Tucanae, Bahramian et al. 2017). In
addition, there is another BH-UCXB candidate found
in the globular cluster RZ2109 in the elliptical galaxy
NGC 4472 (Steele et al. 2014). These two BH-UCXBs
are remarkable as they show signs of oxygen enrichment,
pointing to a possible CO white dwarf (WD) donor star.

The formation of BH-UCXBs remains an unsolved
question. In globular clusters, BH-UCXBs may sim-
ply be produced by dynamical interactions that pair the
BH with its companion star (e.g. Ivanova et al. 2005,
2010). In the Galactic field, however, the evolution of
binary systems is challenging to model. One reason is
the removal of the massive envelope of the BH progen-
itor star by its companion star, either via a common
envelope (CE) phase or stable mass transfer via Roche-
lobe overflow (RLO), while at the same time producing
a tight-orbit system. Depending on the ZAMS masses of
the two stellar components in the original binary system,
the former (CE) scenario may prove difficult because of
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ABSTRACT

The variability of submillimeter emission provides a useful tool to probe the accretion physics in

low-luminosity active galactic nuclei. We accumulate four years of observations using Submillimeter

Array for Centaurus A, NGC 4374, NGC 4278, and NGC 5077 and one year of observations for NGC

4552 and NGC 4579. All sources are variable. We measure the characteristic timescale at which

the variability is saturated by modeling these sources’ light curve as a damped random walk. We

detect a timescale for all the sources except NGC 4552. The detected timescales are comparable to

the orbital timescale at the event horizon scale for most sources. Combined with previous studies, we

show a correlation between the the timescale and the black hole mass over three orders of magnitude.

This discovery suggests the sub-mm emission is optically thin with the emission originating from the

event horizon. The mass scaling relationship further suggests that a group of radio sources with a

broadband spectrum that peaks at submillimeter wavelengths have similar inner accretion physics.

Sources that follow this relationship may be good targets for high-resolution imaging with the Event

Horizon Telescope.

Keywords: Active galactic nuclei: Low-luminosity AGN - Active galactic nuclei: Radio active galac-

tic nuclei - Active galactic nuclei: Radio core - Black holes: Supermassive black holes -

Astronomical methods: Time domain astronomy: Time series analysis

1. INTRODUCTION

In recent years, people have shown an increased inter-

est in understanding the similarity of black hole accre-

tion systems. Studies have drawn analogs between sys-

tems with mass across several orders of magnitude, from

stellar mass black hole in X-ray binaries (BHBs) to su-

permassive black hole (SMBH) in active galactic nuclei

(AGN). Long-term variability studies have revealed that

the timing feature of the accretion behavior is related

to physical parameters like black hole mass, luminos-

ity, Eddington ratio, and redshift (e.g, McHardy et al.

(2006), Kelly et al. (2009), and MacLeod et al. (2010)).

More specifically, these studies have investigated the re-

lationship between black hole mass and characteristic

timescale of variability. One can expects a linear re-

lationship between black hole mass and characteristic

timescale if the emission origin region in all systems is

the same size in the Schwarzschild radius unit (Rs =

2GM/c2). The characteristic timescale, corresponding

to the transition in the power spectral density (PSD)

of the variability varying from power law in the high-

frequency regime to white noise in the low-frequency

end, have been found be consistent with the physical

timescales, e.g., the orbital timescale or the thermal

timescales; therefore, the characteristic timescale corre-

sponds to the emission zone size and is further related to

the black hole mass. This concept was clearly shown in

Burke et al. (2021) who suggested that the physical ori-

gin of the mass-dependent optical timescale is associated

with the thermal timescale. The corresponding emission

radius of the optical timescale deriving from the thin

disk theory (Shakura & Sunyaev (1973) is consistent
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Solar Cycle Precursors and the Outlook for Cycle 25
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Key Points:

• Solar Cycle 25 has revealed itself as a small cycle with an expected sunspot
number maximum of about 134.

• Three magnetic precursors from the cycle minimum in 2019 predicted a similar
Cycle 25 sunspot number maximum.

• Two of these magnetic precursors were accurately predicted years before cycle
minimum using surface flux transport.

Corresponding author: L.A. Upton, lisa.upton@swri.org
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Abstract
Sunspot Cycle 25 is now over 3 years past the cycle minimum of December 2019. At this
point in the cycle, curve-fitting to the activity becomes reliable and now consistently
indicates a maximum sunspot number of 135 ± 10 - slightly larger than Cycle 24’s
maximum of 116.4, but well below the average of 179. A geomagnetic precursor,
the minimum in the aa-index, and the Sun’s magnetic precursors, the Sun’s polar field
strength and its axial dipole moment at the time of minimum, are often used to predict
the amplitude of the cycle at (or before) the onset of the cycle. We examine Cycle 25
predictions produced by these precursors. The geomagnetic precursor indicated a Cycle
25 slightly stronger that Cycle 24, with a maximum of 132 ± 8. The Sun’s magnetic
precursors indicated that Cycle 25 would be more similar to Cycle 24, with a maximum
sunspot number of 120± 10 or 114± 15. Combining the curve-fitting results with the
precursor predictions, we conclude that Cycle 25 will have a maximum smoothed
sunspot number of 134 ± 8 with maximum occurring late in the fall of 2024. Models
for predicting the Sun’s magnetic field ahead of minimum, were generally successful
at predicting the polar precursors years in advance. The fact that Sun’s magnetic
precursors at cycle minimum were successfully predicted years before minimum and
that the precursors are consistent with the size of Cycle 25 suggests that we can now
reliably predict the solar cycle.

Plain Language Summary

Now that over 3 years have passed since the start of Cycle 25, we can determine
the size of the cycle and look back at previous predictions. For the last eleven months
we have consistently found that Cycle 25 is following the behavior of a smaller than
average sunspot cycle, just slightly larger than the last cycle. The strength of the Sun’s
magnetic field at the start of a sunspot cycle has become recognized as the best predic-
tor for the ultimate strength of that cycle. This follows from solar magnetic dynamo
models in which the magnetic field at minimum gets stretched and strengthened to pro-
duce the magnetic sunspots and explosive magnetic activity of cycle maximum. Three
different measurements of the strength of the Sun’s magnetic field in late 2019 and
early 2020 (at the start of the current sunspot cycle) indicated that this cycle would
be slightly stronger than the previous cycle, but still weaker than average. Models
can be used to estimate two of these measurements well before cycle minimum, thus
providing a reliable prediction years before the start of a sunspot cycle.

1 Introduction

Activity on the Sun varies with a periodicity of about eleven years. This vari-
ability is characterized by fluctuations in the appearance of sunspots but also includes
the evolution of coronal holes, changes in the solar wind speed, and changes in the
frequency of eruptive events such as solar flares and coronal mass ejections (Hathaway,
2015). Together, these and other solar phenomena drive changes in the interplanetary
environment, i.e. space weather. As space weather events interact with the Earth,
they cause geomagnetic storms that impact the geospace environment in a variety of
ways. Extreme ultraviolet and x-ray emissions give rise to ionization in the ionosphere
and heating and increased density in the thermosphere. This increases the drag on
satellites and debris in low Earth orbits and increases the risk of satellites colliding
with debris or even completely deorbiting - as occurred in early 2022 with the SpaceX
Starlink satellites (Hapgood et al., 2022). Increases in energetic charged particles can
further disrupt, damage, or cause failure of satellites or their electrical components.
While satellites essential for communications and national defense are most at risk,
geomagnetic storms are not a threat to just them. Radiation from these storms also
pose a threat to astronauts in space and crew on airline flights over the poles. Closer to

–2–
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Skew spectrum and smoothed skewness of 21-cm signals from epoch
of reionization
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ABSTRACT
Due to the non-linear ionizing and heating processes, the 21-cm signals from epoch of reion-
ization (EoR) are expected to have strong non-Gaussian fluctuations. In this paper, we use
the semi-numerical simulations to study the non-Gaussian statistics i.e. skew spectrum and
smoothed skewness of the 21-cm signals from EoR. We find the 21-cm skew spectrum and
smoothed skewness have similar evolution features with the 21-cm bispectrum. All of them
are sensitive to the EoR models, while not too much to the cosmic volume applied. With the
SKA1-low telescope as reference, we find both the skew spectrum and smoothed skewness
have much higher S/N ratios than the 21-cm bispectrum.

Key words: dark ages, reionization, first stars - methods: numerical - early Universe

1 INTRODUCTION

Following the first galaxies and first stars formation, the Universe
undergoes the phase transition from fully neutral to highly ion-
ized (Furlanetto et al. 2006; Dayal & Ferrara 2018), which is
named as the Epoch of Reionization (EoR). Although many facili-
ties have measured the properties about EoR, e.g. the optical depth
measured by the Cosmic Microwave Background (CMB) projects
(𝜏 = 0.0544 ± 0.007 by Planck Collaboration et al. 2020) denotes
that the mid-point redshift of the EoR is at 𝑧 = 7.68 ± 0.79, the
Gunn-Peterson trough measured by the spectra of high-𝑧 quasars
(Fan et al. 2006) confirms the end of EoR at 𝑧 ∼ 6, and many high-𝑧
galaxies during EoR have been observed by the Hubble Space Tele-
scope (HST) (Bouwens et al. 2015) and James Webb Space Tele-
scope (JWST) (Donnan et al. 2023), the most promising method
is to measure the 21-cm signals of the hyper-fine transition line of
neutral hydrogen (Furlanetto et al. 2006; Koopmans et al. 2015). In-
deed, the measurements of 21-cm signals, including the global and
the interference ones, have been one of the main goals of many radio
telescopes, e.g. the Experiment to Detect the Global EoR Signature
(EDGES, Bowman et al. 2018), the Shaped Antenna measurement
of the background Radio Spectrum 3 telescope (SARAS-3, Bevins
et al. 2022), the Low-Frequency Array (LOFAR, Mertens et al.
2020), the Murchison Widefield Array (MWA, Trott et al. 2020),
theHydrogen Epoch of ReionizationArray (HERA, Abdurashidova
et al. 2022b), and the Square Kilometre Array (SKA, Koopmans
et al. 2015).

Althoughwithout clearly definite results reported by the 21-cm
facilities, some telescopes have released the early results of 21-cm
signal, e.g. the EDGES project has reported an absorption profile

★ E-mail: maqb@gznu.edu.cn

on the global 21-cm signal at 78 MHz (i.e. 𝑧 ∼ 17) (Bowman et al.
2018), while this is still debated (e.g. Hills et al. 2018; Singh et al.
2022), and not confirmed by the recent observations of SARAS-
3 telescope (Bevins et al. 2022). The interference telescopes have
given some upper limits on the 21-cm power spectra Δ221cm, e.g.
a 2-𝜎 upper limit of Δ221cm < (73)2mK2 at 𝑧 ≈ 9.1 and 𝑘 =

0.075 ℎ cMpc−1 by the LOFAR telescope (Mertens et al. 2020),
Δ221cm ≤ (43)2mK2 at 𝑧 = 6.5 and 𝑘 = 0.14 ℎ cMpc−1 by theMWA
telescope (Trott et al. 2020), and Δ221cm ≤ (30.76)2mK2 at 𝑧 = 7.9
and 𝑘 = 0.192 ℎ cMpc−1 by the HERA telescope (Abdurashidova
et al. 2022b). With these results, people already rule out some
extreme EoR models (e.g. Ghara et al. 2020, 2021; Greig et al.
2021a,b; Abdurashidova et al. 2022a).

Since the ionizing and heating processes during EoR are highly
non-linear, the fluctuations on the 21-cm images are very non-
Gaussian (Majumdar et al. 2018), which can bemeasured by e.g. the
skewness and kurtosis (Kittiwisit et al. 2022), the three point corre-
lation function (Hoffmann et al. 2019), the bispectrum (Watkinson
et al. 2019; Hutter et al. 2020; Ma et al. 2021) and bispectrum phase
(Thyagarajan et al. 2020), and the position-dependent power spectra
(Giri et al. 2019). Although these high-order statistics may be hard
to measure (Watkinson et al. 2021), they are very sensitive to the
physical processes of EoR e.g. the reionization history (Majumdar
et al. 2018), the X-ray heating (Watkinson et al. 2019; Ma et al.
2021), the ionization topologies (Hutter et al. 2020), and the effect
of redshift space distortion (Majumdar et al. 2020).Meanwhile, their
combination with 21-cm power spectra observations will improve
the constraints on the parameters of EoRmodel (Shimabukuro et al.
2017).

The calculations of non-Gaussian features (e.g. the three point
correlation function and the bispectrum) are usually very expensive

© 2022 The Authors
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Constraining Primordial Magnetic Fields with Line-Intensity Mapping
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Primordial magnetic fields (PMFs) offer a compelling explanation for the origin of observed mag-
netic fields, especially on extragalactic scales. Such PMFs give rise to excess of power in small scale
matter perturbations that could strongly influence structure formation. We study the impact of the
magnetically enhanced matter power spectrum on the signal that will be observed by line-intensity
mapping (LIM) surveys targeting carbon monoxide (CO) emission from star-forming galaxies at high
redshifts. Specifically, the voxel intensity distribution of intensity maps provides access to small-
scale information, which makes it highly sensitive to signatures of PMFs on matter overdensities.
We present forecasts for future LIM CO surveys, finding that they can constrain PMF amplitudes
as small as σB,0 ∼ 0.04−1 nG, depending on the magnetic spectral index and the targeted redshifts.

I. INTRODUCTION

Magnetic fields are a pervasive feature of the Universe,
existing in a wide range of environments from planets [1]
and stars [2], to galaxies [3, 4] and galaxy clusters [5–7],
at scales ranging between ∼ 1 Gauss to ∼ 10−6 Gauss.
There is also observational evidence for ∼ 10−7 Gauss
magnetic fields, which are coherent on scales up to tens
of kpc inside and nearby high redshift galaxies [8–10], as
well as in the interstellar medium [11]. While magnetic
fields on all these scales play a crucial role in astrophysical
processes and can have significant effects on the behavior
of matter and radiation, their origin remains a mystery.
The dynamo process [12], which amplifies a seed field, is
believed to be the mechanism responsible for generating
the observed magnetic fields on different scales [12–14].
Various models have been proposed for the generation of
such seeds on small [15–18] and large [19–23] scales.

Meanwhile, recent observational evidence based on
blazar emissions suggest that weak ∼ 10−16 Gauss mag-
netic fields, coherent on Mpc scales, could likewise exist
in the intergalactic medium (IGM) [24–26]. Yet, the ex-
istence of these fields is difficult to explain with purely
astrophysical processes in the late Universe. An intrigu-
ing explanation for magnetic fields on such scales could be
their production at an early phase of the Universe. The
generation of such primordial magnetic fields (PMFs)
could be achieved via numerous processes in the early
Universe, e.g., inflation [27–29] or phase transitions [30–
32]; for reviews see Refs. [33–35]. The presence of mag-
netic fields early on could leave a signature on different
cosmological and astrophysical observables; for example,
magnetized gas may affect the polarization of the cosmic
microwave background (CMB) by inducing Faraday ro-
tation [36–41], just as dissipation of PMFs can heat the
IGM, thus affecting structure formation [42–44].

∗ talabadi@post.bgu.ac.il
† libanore@bgu.ac.il
‡ hcruz2@jhu.edu
§ kovetz@bgu.ac.il

Perhaps the most prominent signature of PMFs is
on the matter power spectrum. Prior to recombina-
tion, PMFs evolve according to the laws of magneto-
hydrodynamics (MHD) [45, 46], as they interact with the
ionized baryon plasma. Consequently, the ionized plasma
is subjected to Lorentz pressure, which induces addi-
tional matter density fluctuations [47–49]. These tend
to cause an excess at small scales k & 1 Mpc−1 in the
matter power spectrum, which in turn affects observ-
ables that trace structure formation. There have been
several attempts to detect or place constraints on PMFs
through observations and experiments [41, 50–55]. How-
ever, overall the constraints on the strength of PMFs are
still not very tight, mainly due to the low sensitivity to
information on small scales of the various experiments.

A promising probe of structure formation in the Uni-
verse is line intensity mapping (LIM), which measures
the integrated spectral line emission from galaxies and
the IGM [56–58]. Depending on the observed fre-
quency range, many lines can be observed at different
redshifts, probing different phases the IGM and star-
forming regions. There are ongoing and planned exper-
iments [59–64] targeting neutral and ionized hydrogen
lines, e.g., 21cm spin-flip of neutral hydrogen, Lyman-α,
Hα, Hβ [65–76], as well as atomic and molecular lines
produced in star forming regions, e.g. CO, CII, OIII; see
Ref. [58] for a recent review. Among these, the rotational
carbon-monoxide (CO) transitions are of particular inter-
est [65, 66, 68, 77, 78], and in particular CO(1-0), as its
line-foreground contamination is relatively low [79, 80]
and it can be easily observed from galaxies at z ∼ 3− 7.

It was recently shown in Ref. [81] that LIM surveys
can probe the matter distribution on both small and
large scales through the one-point function of the in-
tensity fluctuations measured in their maps. This is
commonly referred to as the voxel intensity distribution
(VID) [57, 78]. Unlike higher order statistics, which suf-
fer from limited angular resolution, the VID is sensitive
to the total emission from galaxies formed in both small
and massive halos (see e.g., Ref. [82]). This suggests that
the VID of a LIM survey may serve as a probe for mag-
netically induced matter perturbations on small scales.
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A Wide View of the Galactic Globular Cluster NGC 2808: Red Giant and Horizontal Branch Star Spatial Distributions
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ABSTRACT

Wide-field and deep DECam multi-band photometry, combined with HST data for the core of the Galactic
globular cluster NGC 2808, allowed us to study the distribution of various stellar sub-populations and stars in
different evolutionary phases out to the cluster tidal radius. We used the Cugi = (u − g) − (g − i) index to identify
three chemically distinct sub-populations along the red giant branch and compared their spatial distributions.
The most light-element enriched sub-population (P3) is more centrally concentrated; however, it shows a more
extended distribution in the external regions of the cluster compared to the primordial (P1) and intermediate
(P2) composition populations. Furthermore, the P3 sub-population centroid is off-center relative to those of
the P1 and P2 groups. We also analyzed the spatial distribution of horizontal branch stars and found that the
relative fraction of red horizontal branch stars increases for radial distances larger than ≈ 1.5′while that of the
blue and hotter stars decreases. These new observations, combined with literature spectroscopic measurements,
suggest that the red horizontal branch stars are the progeny of all the stellar sub-populations in NGC 2808,
i.e. primordial and light-element enhanced, while the blue stars are possibly the result of a combination of the
"hot-flasher" and the "helium-enhanced" scenarios. A similar distribution of different red giant branch sub-
populations and horizontal branch stars was also found for the most massive Galactic globular cluster, ω Cen,
based on combined DECam and HST data, which suggests the two may share a similar origin.

Keywords: NGC 2808

1. INTRODUCTION NGC 2808 is one of the most massive (M = 8.5×105

M�, McLaughlin & van der Marel 2005) Galactic globular
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FAST drift scan survey for Hi intensity mapping: I. preliminary data analysis
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ABSTRACT
This work presents the initial results of the drift-scan observation for the neutral hydrogen (Hi) intensity
mapping survey with the Five-hundred-meter Aperture Spherical radio Telescope (FAST). The data analyzed in
this work were collected in night observations from 2019 through 2021. The primary findings are based on 28
hours of drift-scan observation carried out over seven nights in 2021, which covers 60 deg2 sky area. Our main
findings are: (i) Our calibration strategy can successfully correct both the temporal and bandpass gain variation
over the 4-hour drift-scan observation. (ii) The continuum maps of the surveyed region are made with frequency
resolution of 28 kHz and pixel area of 2.95 arcmin2. The pixel noise levels of the continuum maps are slightly
higher than the forecast assuming 𝑇sys = 20K, which are 36.0mK (for 10.0 s integration time) at the 1050–1150
MHz band, and 25.9 mK (for 16.7 s integration time) at the 1323–1450 MHz band, respectively. (iii) The
flux-weighted differential number count is consistent with the NRAO-VLA Sky Survey (NVSS) catalog down to
the confusion limit ∼ 7mJy/beam−1. (iv) The continuum flux measurements of the sources are consistent with
that found in the literature. The difference in the flux measurement of 81 isolated NVSS sources is about 6.3%.
Our research offers a systematic analysis for the FAST Hi intensity mapping drift-scan survey and serves as a
helpful resource for further cosmology and associated galaxies sciences with the FAST drift-scan survey.

Keywords: cosmology: large-scale structure of universe — methods: data analysis — surveys

Corresponding author: Yougang Wang
wangyg@bao.ac.cn

Corresponding author: Xin Zhang
zhangxin@mail.neu.edu.cn

Corresponding author: Xuelei Chen
xuelei@cosmology.bao.ac.cn

1. INTRODUCTION
Measurements of the cosmological large-scale structure
(LSS) play an important role in studying the evolution of the
Universe. In the past decades, the LSS fluctuations have been
explored by observing the galaxy distribution in the Universe
with wide-field spectroscopic and photometric surveys (Cole
et al. 2005; Eisenstein et al. 2005; Anderson et al. 2014; Hin-
ton et al. 2017; eBOSS Collaboration et al. 2020). Recently, it
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ABSTRACT

We analyze the physical properties of 8 X-ray selected active galactic nuclei (AGN) and one candidate proto-
quasar system (ADF22A1) in the z = 3.09 SSA22 protocluster by fitting their X-ray-to-IR spectral energy dis-
tributions (SEDs) using our SED fitting code, LIGHTNINGa). We recover star formation histories (SFH) for 7 of
these systems which are well-fit by composite stellar population plus AGN models. We find indications that 4/9
of the SSA22 AGN systems we study have host galaxies below the main sequence, with SFR/SFRMS ≤ −0.4.
The remaining SSA22 systems, including ADF22A1, are consistent with obscured supermassive black hole
(SMBH) growth in star forming galaxies. We estimate the SMBH accretion rates and masses, and compare the
properties and SFH of the 9 protocluster AGN systems with X-ray detected AGN candidates in the Chandra
Deep Fields (CDF), finding that the distributions of SMBH growth rates, star formation rates, SMBH masses,
and stellar masses for the protocluster AGN are consistent with field AGN. We constrain the ratio between the
sample-averaged SSA22 SMBH mass and CDF SMBH mass to < 1.41. While the AGN are located near the
density peaks of the protocluster, we find no statistically significant trends between the AGN or host galaxy
properties and their location in the protocluster. We interpret the similarity of the protocluster and field AGN
populations together with existing results as suggesting that the protocluster and field AGN co-evolve with their
hosts in the same ways, while AGN-triggering events are more likely in the protocluster.

1. INTRODUCTION

Galaxies hosting X-ray detected active galactic nuclei
(AGN) are observed to be more numerous in the z & 1

progenitors of galaxy clusters (“protoclusters”) than in local
galaxy clusters, where the frequency of X-ray AGN (AGN
fraction) is suppressed compared to mean-density (“field”)
environments. The enhancement of AGN fraction has now
been observed in clusters over z ≈ 1–1.5 (Martini et al.
2013) and numerous protoclusters over z ≈ 2–4 (e.g., Digby-
North et al. 2010; Lehmer et al. 2013; Vito et al. 2020; Tozzi
et al. 2022), including the z = 3.1 SSA22 protocluster, where
Lehmer et al. (2009a) (hereafter L09) found a∼ 6-fold AGN
fraction enhancement over the field at the same redshift. The

Corresponding author: Erik B. Monson
ebmonson@uark.edu

a) https://www.github.com/rafaeleufrasio/lightning

SSA22 protocluster is an intersection of filaments ∼ 60 co-
moving Mpc (cMpc) across at its widest extent (see Fig-
ure 1). It is known to contain an intense overdensity of star
forming galaxies (see, e.g., Tamura et al. 2009; Kubo et al.
2013; Umehata et al. 2015) which are found, along with the
AGN, to be coincident with intersections of filamentary cold
gas reservoirs in the intergalactic medium (IGM) and Lyman-
alpha (Lyα) nebulae (Umehata et al. 2019). SSA22, then,
represents one of our best laboratories for studying how the
protocluster environment may drive enhancements of AGN
activity.

Observational constraints and the scatter in the AGN
fraction–redshift relationship are such that the source of the
apparent AGN fraction enhancement in protocluster environ-
ments remains uncertain. Simulations of SSA22-like proto-
cluster environments by Yajima et al. (2022) suggest that the
super-massive black holes (SMBH) in the protocluster grow
rapidly in galaxies with M? > 1010 M�, potentially reach-
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Time evolution of Ce as traced by APOGEE using giant stars
observed with the Kepler, TESS and K2 missions
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ABSTRACT

Context. Abundances of slow neutron-capture process elements in stars with exquisite asteroseismic, spectroscopic, and astrometric
constraints offer a novel opportunity to study stellar evolution, nucleosynthesis, and Galactic chemical evolution.
Aims. We aim to investigate one of the least studied s-process elements in the literature, cerium (Ce), using stars with asteroseismic
constraints from the Kepler, K2 and TESS missions.
Methods. We combine the global asteroseismic parameters derived from precise light curves obtained by the Kepler, K2 and TESS
missions with stellar parameters and chemical abundances from the latest data release of the large spectroscopic survey APOGEE and
astrometric data from the Gaia mission. Finally, we compute stellar ages using the code PARAM with a Bayesian estimation method.
Results. We investigate the different trends of [Ce/Fe] as a function of metallicity, [α/Fe] and age taking into account the dependence
on the radial position, specially in the case of K2 targets which cover a large Galactocentric range. We, finally, explore the [Ce/α]
ratios as a function of age in different Galactocentric intervals.
Conclusions. The studied trends display a strong dependence of the Ce abundances on the metallicity and star formation history.
Indeed, the [Ce/Fe] ratio shows a non-monotonic dependence on [Fe/H] with a peak around −0.2 dex. Moreover, younger stars have
higher [Ce/Fe] and [Ce/α] ratios than older stars, confirming the latest contribution of low- and intermediate-mass asymptotic giant
branch stars to the Galactic chemical enrichment. In addition, the trends of [Ce/Fe] and [Ce/α] with age become steeper moving
towards the outer regions of the Galactic disc, demonstrating a more intense star formation in the inner regions than in the outer
regions. Ce is thus a potentially interesting element to help constraining stellar yields and the inside-out formation of the Milky Way
disc. However, the large scatter in all the relations studied here, suggests that spectroscopic uncertainties for this element are still too
large.

Key words. Galaxy: evolution – Galaxy: abundances – Galaxy: disk – stars: abundances – stars: late-type –asteroseismology

1. Introduction

Our Universe is enriched in different chemical elements on dif-
ferent timescales (due to their different nucleosynthetic origin).
This suggests that some chemical abundance ratios can be used
to trace different star formation histories. One classical abun-
dance ratio often used in Galactic Archaeology is the [α/Fe] ratio
(e.g., Matteucci 2021). Other abundance ratios are also expected
to vary with age, as for instance the ratio between slow- (s-)
process and α elements – the so called chemical clocks. Recent
data on open clusters (e.g., Casamiquela et al. 2021; Viscasillas
Vázquez et al. 2022), and on field stars (e.g., Spina et al. 2018;
Nissen et al. 2020; Morel et al. 2021) for which it was possible
to measure ages, have confirmed the theoretical expectations in
general terms.

S-process elements can be produced in massive stars (weak
component, 60 < A < 90, with A being the atomic mass number,
Pignatari et al. 2010) or in low- and intermediate-mass asymp-
totic giant branch (AGB) stars with a main component (90 <
A < 204, Lugaro et al. 2003) and/or with a strong component
(by low-metallicity AGB stars, 204 < A < 209, Gallino et al.
1998). Cerium (Ce) has mostly been produced by the main s-
process component (83.5 ± 5.9% at solar metallicity, Bisterzo
et al. 2014) in low-mass AGB stars (1.5 − 3M�).

However, the standard view of the s-process in massive stars
might be modified in rotating stars because of the rotational mix-
ing operating between the H-shell and He-core during the core
helium burning phase. Several observational signatures support
an enhancement of s-process elements (up to A ∼ 140) in mas-
sive rotating stars (Pignatari et al. 2008; Chiappini 2013; Ces-
cutti et al. 2013; Cescutti & Chiappini 2014). Recently, over-

Article number, page 1 of 18
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Propagation effects at low frequencies seen in the LOFAR long-term
monitoring of the periodically active FRB 20180916B
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ABSTRACT
LOFAR (LOw Frequency ARray) has previously detected bursts from the periodically active, repeating fast radio burst (FRB)
source FRB 20180916B down to unprecedentedly low radio frequencies of 110MHz. Here we present 11 new bursts in 223 more
hours of continued monitoring of FRB 20180916B in the 110−188MHz LOFAR band. We place new constraints on the LOFAR
activity width 𝑤 = 4.3+0.7−0.2 day, and phase centre 𝜙

LOFAR
c = 0.67+0.03−0.02 in its 16.33-day activity cycle, strengthening evidence

for its frequency-dependent activity cycle. Propagation effects like Faraday rotation and scattering are especially pronounced at
low frequencies and constrain properties of FRB 20180916B’s local environment. We track variations in scattering and time-
frequency drift rates, and find no evidence for trends in time or activity phase. Faraday rotation measure (RM) variations seen
between June 2021 and August 2022 show a fractional change >50% with hints of flattening of the gradient of the previously
reported secular trend seen at 600MHz. The frequency-dependent window of activity at LOFAR appears stable despite the
significant changes in RM, leading us to deduce that these two effects have different causes. Depolarization of and within
individual bursts towards lower radio frequencies is quantified using LOFAR’s large fractional bandwidth, with some bursts
showing no detectable polarization. However, the degree of depolarization seems uncorrelated to the scattering timescales,
allowing us to evaluate different depolarization models. We discuss these results in the context of models that invoke rotation,
precession, or binary orbital motion to explain the periodic activity of FRB 20180916B.

Key words: fast radio bursts – radio continuum: transients

1 INTRODUCTION

Fast radio bursts (FRBs; see Petroff et al. 2022 for a review) are astro-
physical transients that produce millisecond-duration coherent radio
emission. Their characteristic large dispersive delays are the result
of their extragalactic distances, which have been confirmed in some
cases by a robust association with a host galaxy (e.g., Chatterjee et al.
2017; Bannister et al. 2019; Marcote et al. 2020; Kirsten et al. 2022;
Niu et al. 2022; Ravi et al. 2022). They aremany orders-of-magnitude
more luminous than the individual pulses from Galactic pulsars, in-
cluding even the giant pulses from the young Crab pulsar. Since the
serendipitous discovery of the ‘Lorimer burst’ (FRB 20010724A;
Lorimer et al. 2007), over 600 FRB sources have been catalogued,
most by the Canadian Hydrogen Intensity Mapping Experiment’s
FRB detection system (CHIME/FRB; CHIME/FRB Collaboration
et al. 2021, 2023). In this sample, most have been one-off events (ap-
parent non-repeating FRBs); ≈ 4% of FRBs have been seen to repeat
(Spitler et al. 2016; Pleunis et al. 2021b; CHIME/FRB Collabora-

★ E-mail: a.gopinath@uva.nl

tion et al. 2023) — FRB 20180916B with a periodic activity cycle
of 16.33± 0.12 day (CHIME/FRB Collaboration et al. 2020; Pleunis
et al. 2021b), and FRB 20121102Awith a possible≈ 160-day period-
icity (Rajwade et al. 2020; Cruces et al. 2021). It has been argued that
the apparent one-off events are less active repeating sources that have
simply not been observed to repeat yet (Caleb et al. 2019; Ravi 2019;
James et al. 2020; CHIME/FRB Collaboration et al. 2023). However,
burst morphological and spectral differences between repeating and
apparently non-repeating FRBs point to the possible existence of at
least two distinct populations of FRBs (Hessels et al. 2019; Pleunis
et al. 2021b; CHIME/FRB Collaboration et al. 2023). Alternatively,
this dichotomy may indicate a different burst mechanism in the same
type of progenitor source (Kirsten et al., submitted), or may be a con-
sequence of beaming direction (at least in the case of burst duration
Connor et al. 2020).

We can further explore the origins of FRBs through studies of
their host galaxy environments, changing burst activity (Li et al.
2021; Hewitt et al. 2022; Nimmo et al. 2023), and evolution of burst
properties such as dispersion measure (DM) and Faraday rotation
measure (RM; Michilli et al. 2018b; Hilmarsson et al. 2021b). This

© 2023 The Authors
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R2-corrected Appleby-Battye model

B. W. Ribeiro,a A. Bernuia and M. Campistab

aObservatório Nacional,
Rio de Janeiro 20921-400, Rio de Janeiro, Brazil
bUniversidade Federal do Rio de Janeiro,
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Abstract. Nowadays, efforts are being devoted to the study of alternative cosmological
scenarios, in which, modifications of General Relativity (GR) theory have been proposed to
explain the late cosmic acceleration, without assuming the existence of the dark energy (DE)
component. We investigate the R2-corrected Appleby-Battye model, or R2-AB model, which
consists of an f(R) model with only one extra free parameter b, besides the cosmological
parameters of the flat-ΛCDM model: H0 and Ωm,0. Regarding this model, it was already
shown that a positive value for b is required for the model to be consistent with Solar System
tests, moreover, the condition for the existence of a de Sitter state requires b ≥ 1.6. To
impose observational constraints on the R2-AB model, we consider in our analyses two data
sets: cosmic chronometer H(z) data for the background level, and [fσ8](z) data, for the
perturbative level. The first one provides b = 1.6+3.1

−0.0 and the cosmological parameters

{H0,Ωm,0} in agreement to Planck values, while the second one, indicates b = 1.76+2.91
−0.15

and the parameters {Ωm,0, σ8,0} also in agreement to Planck values; in the last case the
data was marginalized over the parameter H0. Additionally, we perform illustrative analyses
that compare this f(R) model with the flat-ΛCDM model, considering several values of the
parameter b, for diverse cosmological functions like the Hubble function H(z), the equation
of state weff (z), the parametrized growth rate of cosmic structures [fσ8](z), and σ8(z).
The overall conclusion is that the R2-AB model is a promising f(R) model that deserves to
continue being tested with diverse cosmological data.

Keywords: Modified gravity, dark energy, observational cosmology, ...
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ABSTRACT

We analyze the dust properties of 57 870 µm selected dusty star-forming galaxies in the GOODS-
S using new deep ALMA 1.2 mm, 2 mm, and 3 mm continuum imaging together with other far-
infrared through millimeter data. We fit the spectral energy distributions (SEDs) with optically thin
modified blackbodies to constrain the emissivity indices and effective dust temperatures, finding a
median emissivity index of β = 1.78+0.43

−0.25 and a median temperature of Td = 33.6+12.1
−5.4 K. We observe

a negative correlation between β and Td. By testing several SED models, we determine that the
derived emissivity indices can be influenced by opacity assumptions. Our temperature measurements
are consistent with no evolution in dust temperature with redshift.

Keywords: cosmology: observations — galaxies: distances and redshifts — galaxies: evolution —
galaxies: starburst

1. INTRODUCTION

Over the last several decades, dusty star-forming
galaxies (DSFGs) have emerged as a critical population
at redshifts z & 1. First discovered with the Submil-
limeter Common User Bolometer Array (SCUBA) on
the single-dish James Clerk Maxwell Telescope (JCMT)
(Smail et al. 1997; Barger et al. 1998; Hughes et al. 1998;
Eales et al. 1999), DSFGs boast some of the highest star
formation rates (SFRs) in the universe (up to several
thousand M� yr−1) and may be responsible for 25% to
80% of the star formation rate density between redshifts
of z = 6 to z = 2–2.5, respectively (Zavala et al. 2021).

Surveys of distant DSFGs have been performed on
single-dish facilities, both from the ground (JCMT,
IRAM, the South Pole Telescope, and the Large Mil-
limeter Telescope (LMT)) and from space (the Her-
schel Space Observatory). Single-dish observations sam-

Corresponding author: Stephen J. McKay

sjmckay3@wisc.edu

ple large numbers of sources near the peaks of their
far-infrared (FIR) spectral energy distributions (SEDs).
However, they do not allow for accurate position mea-
surements, and they are affected by source blending due
to poor spatial resolution (e.g., Biggs et al. 2011; Barger
et al. 2012). The new TolTEC camera on the LMT,
with its fast mapping speeds and high sensitivity (Wil-
son et al. 2020), may mitigate some of these issues.

In contrast to single-dish imaging surveys, submillime-
ter/millimeter interferometric surveys using NOEMA,
the Submillimeter Array, and the Atacama Large Mil-
limeter/Submillimeter Array (ALMA) have the sensitiv-
ity to detect faint sources (e.g., Ono et al. 2014; Aravena
et al. 2016; Chen et al. 2023). In addition, they provide
accurate positions, are not affected by source blending,
and can resolve extended emission (Hodge & da Cunha
2020). The main drawback is that interferometric sur-
veys are observationally expensive. Currently, the most
efficient strategy for studying large numbers of DSFGs
is to conduct single-dish surveys to identify sources and
then to follow them up with interferometry (e.g., Hodge
et al. 2013; Cowie et al. 2018; Stach et al. 2019).
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ABSTRACT
Intracluster light is thought to originate from stars that were ripped away from their parent
galaxies by gravitational tides and galaxy interactions during the build up of the cluster. The
stars from such interactions will accumulate over time, so semi-analytic models suggest that
the abundance of intracluster stars is negligible in young proto-clusters at 𝑧 ∼ 2 and grows to
around a quarter of the stellar mass in the oldest, most mature clusters. In contrast to these
theoretical expectations, we report on the detection of intracluster light within two proto-
clusters at 𝑧 = 2 using deep HST images. We use the colour of the intracluster light to estimate
its mass-to-light ratio in annuli around the brightest cluster galaxies (BCG), up to a radius of
100 kpc. We find that 54± 5% and 71± 3% of the stellar mass in these regions is located more
than 10 kpc away from the BCGs in the two proto-clusters. This low concentration is similar
to BCGs in lower redshift clusters, and distinct from other massive proto-cluster galaxies. This
suggests that intracluster stars are already present within the core 100 kpc of proto-clusters. We
compare these observations to the Hydrangea hydrodynamical galaxy cluster simulations and
find that intracluster stars are predicted to be a generic feature of group-sized halos at 𝑧 = 2.
These intracluster stars will gradually move further away from the BCG as the proto-cluster
assembles into a cluster.
Key words: Galaxies: clusters: general – Galaxies: evolution – Galaxies: photometry

1 INTRODUCTION

In the standard cosmological paradigm small density fluctuations
of dark matter in the early Universe rapidly collapsed into triaxial
structures called halos, which provided a gravitational well deep
enough to trap gas and produce the first stars. Over the following
13 billion years, these halos merge to produce progressively larger
halos. What happens to the stars in these merging halos is a matter
of debate that is pivotal to our understanding of the evolution of
galaxies.

Clusters of galaxies are the most massive halos in the Uni-
verse and are therefore the most extreme examples of hierarchical

★ E-mail: stephanevazwerner@gmail.com

merging. As such, their central galaxies, known as brightest cluster
galaxies (BCGs), are uniquely suited to study the process of hierar-
chical galaxy formation. Early galaxy formation models (De Lucia
& Blaizot 2007) predicted that BCGs would undergo protracted
growth, in step with the growth of their dark matter halos. But ob-
servations of distant BCGs conflicted with these predictions and
demanded only modest growth in both size and mass since z∼1
(Collins et al. 2009; Whiley et al. 2008; Chu et al. 2021). To ac-
count for this lack of growth, some models were updated to remove
a fraction of the stars from the central galaxies of the merging halos
and deposit them as free-floating stars in the merged halo which is
visible as diffuse, intracluster light (Contini et al. 2013). These new
models producemodest BCGgrowth since z∼1 and a corresponding
rapid increase in intracluster light over the same period. As a result,

MNRAS 000, 1–14 (2023)
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ABSTRACT
Galactic bars, made up of elongated and aligned stellar orbits, can lose angular momen-
tum via resonant torques with dark matter particles in the halo and slow down. Here
we show that if a stellar bar is decelerated to zero rotation speed, it can flip the sign of
its angular momentum and reverse rotation direction. We demonstrate this in a colli-
sionless N -body simulation of a galaxy in a live counter-rotating halo. Reversal begins
at small radii and propagates outward. The flip generates a kinematically-decoupled
core both in the visible galaxy and in the dark matter halo, and counter-rotation
generates a large-scale warp of the outer disk with respect to the bar.

Key words: methods: numerical — galaxies: kinematics and dynamics

1 INTRODUCTION

Galactic bars experience dynamical friction from the dark
matter halo (Tremaine & Weinberg 1984, Weinberg 1985,
Athanassoula 2003, Debattista & Sellwood 1998, 2000,
Chiba & Schönrich 2022, Chiba 2023). This friction slows
the bar and allows it to grow as increasing numbers of stars
enter into resonance (Athanassoula 1992). Recently, Chiba
& Schönrich (2021) demonstrated the deceleration of the
Milky Way bar of more than 24% since its formation to its
current pattern speed of Ωb = 35.5± 0.8 kms−1kpc−1. Here
we ask the question, what happens if a bar is slowed to zero
pattern speed?

To explore this question, we run a numerical experi-
ment of an N -body galaxy embedded in a counter-rotating
(retrograde) live dark matter halo which acts as a reservoir
of negative angular momentum. We have previously shown
that a massive stellar bar torques low-inclination retrograde
dark matter orbits to prograde orientations, absorbing neg-
ative angular momentum in the process (Collier et al. 2019,
Collier & Madigan 2021, Lieb et al. 2022). These bar-driven
orbit reversals act as an effective frictional force on the bar,
rapidly decreasing its pattern speed. Here we show that this
mechanism can slow the bar to zero pattern speed, flip it
in orientation (from the inside-out) and reverse its rotation.
This spontaneously creates a kinematically-decoupled core
in an isolated galaxy. In Section 2 we set up the numeri-
cal experiment. In Section 3 we present our results and we
conclude in Section 4.

? E-mail: annmarie.madigan@colorado.edu

2 NUMERICAL SIMULATION INITIAL
CONDITIONS

We simulate a stellar disk embedded in a live counter-
rotating dark matter halo. The halo is initialized with an
NFW-inspired (Navarro et al. 1996) density profile,

ρh(r) =
ρs e

−(r/rt)
2

[(r + rc)/rs](1 + r/rs)2
, (1)

where ρs ≈ 7× 1010M�/kpc3 is the fitting density parame-
ter, rs = 9 kpc is the characteristic radius, and rc = 1.4 kpc
is a central density core. The Gaussian cutoff is applied at
rt = 86 kpc. The dark matter halo contains 7.2× 106 parti-
cles and the halo mass is Mh = 6.3× 1011M�.

A non-rotating velocity distribution is generated using
an iterative method from Rodionov & Sotnikova (2006) (see
also Rodionov et al. (2009), Collier et al. (2019)). We re-
verse the tangential velocities of all prograde particles to
create a halo that is retrograde with respect to the stel-
lar disk. The new velocity distribution maintains the so-
lution to the Boltzmann equation and does not alter the
velocity profile (Lynden-Bell 1960, Weinberg 1985), so the
equilibrium state is preserved. The halo spin parameter is
λ ≡ Jh/

√
2MvirRvirvc = 0.101 where Jh is the halo angu-

lar momentum, Mvir and Rvir are the viral mass and radius
of the dark matter halo, and vc is the circular velocity of
the system at Rvir. The volume density of the exponential
stellar disk is

ρd(R, z) =
( Md

4πh2z0

)
exp(−R/h) sech2( z

z0

)
, (2)

where Md = 6.3× 1010M� is the disk mass, h = 2.85 kpc is
its radial scale length, and z0 = 0.6 kpc is the vertical scale
height. The stellar disk has Nd = 0.8 × 106 particles. The
radial and vertical dispersion velocities of stellar particles
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Internal gravity waves in massive stars

II. Frequency analysis across stellar mass
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ABSTRACT

Stars that are over 1.6 solar masses are generally known to possess convective cores and radiative envelopes, which allows for
the propagation of outwardly travelling internal gravity waves (IGWs). Here, we study the generation and propagation of IGWs
in such stars using two-dimensional, fully non-linear hydrodynamical simulations with realistic stellar reference states from the
one-dimensional stellar evolution code, Modules for Stellar Astrophysics. Compared to previous similar works, this study utilises
radius-dependent thermal diffusivity profiles for five different stellar masses at the middle of the main sequence: 3M�, 5M�, 7M�,
10M�, and 13M�. From the simulations, we find that the surface perturbations are larger for higher masses, but no noticeable trends
are observed for the frequency slopes with different stellar masses. The slopes are also similar to the results from previous works. We
compared our simulation results with stellar photometric data from a recent survey and we found that for frequency intervals above 8
µHz, there is a good agreement between the temperature frequency slopes from the simulations and the surface brightness variations
of these observed stars. This indicates that the brightness variations are caused by core-generated IGWs.

Key words. Hydrodynamics – Waves – Stars: massive

1. Introduction

Given the progress made in the field of asteroseismology (the
study of pulsations and oscillations in stars apart from the Sun),
it is clearly an auspicious time for theoretical research on stel-
lar interiors to take the centre stage. Direct observables from
stars, such as brightness variations from photometric data and
stellar light spectrum variations from spectroscopic data, can be
analysed further with asteroseismological techniques to quantify
fluid oscillations in stellar interiors. These oscillations take the
form of p-modes (pressure modes) and g-modes (gravity modes).
Fortunately, hydrodynamical simulations can provide informa-
tion on how these g-modes and p-modes are formed and how
they propagate through a star. With a rapidly increasing sam-
ple of stars available for asteroseismology from space missions,
there is a strong call for studies of the effect of stellar mass and
age on surface observables.

Thanks to helioseismology (the study of pulsations and os-
cillations in the Sun) providing a huge amount of information
on solar-like stars, we turn to more massive stars, which have
not been studied as much. One particular characteristic of more
massive stars is the presence of a convective core below a layer
of radiative envelope, instead of a radiative core encompassed by
a convective envelope in less massive stars (e.g. the Sun). The ra-
diative layer is always stably stratified and subadiabatic, which
allows for the propagation of outwardly travelling internal grav-
ity waves (IGWs), generated mostly at the radiative-convective
boundary.

It is important to study these waves in massive stars, as they
provide information about the top of the convective cores. Cur-

rently, one of the more important unanswered questions in this
field is the role of convection in generating these waves. Ku-
mar et al. (1999) suggests that the bulk material inside the con-
vection zone generates waves, which then tunnel through and
manifest themselves at the top of the zone. This notion was de-
veloped further in Lecoanet & Quataert (2013) and a theoreti-
cal spectrum with a cut-off point at the convective turnover fre-
quency was introduced. A more numerical approach was done
in Rogers et al. (2013) and the results from the two-dimensional
(2D) equatorial annulus simulation of a three-solar mass (M�)
star showed a shallower generation spectrum. This work was im-
proved upon with three-dimensional (3D) simulations in Edel-
mann et al. (2019), where the authors arrived at very similar re-
sults. More recently, Pinçon et al. (2016) theoretically showed
how plume models can lead to observations of more than one
slope in the frequency spectrum of IGWs.

In addition to the issue of uncertainty in the generation spec-
trum, IGW propagation in the radiation zone is also a subject of
widespread study. One of the very first studies on this was car-
ried out by Press (1981), who showed that using a locally Bousi-
nesseq and globally anelastic assumption, the linear propagation
of IGWs can be represented with an analytical model. This work
took into consideration the effect of pseudo-momentum conser-
vation, geometry, and radiative damping on IGW propagation.
Zahn et al. (1997) revisited this work and used the same expres-
sion for both viscous and radiative damping interchangeably, de-
pending on which effect was more dominant for a given case.
Ratnasingam et al. (2020) showed that the 2D and 3D linear
models differ by a factor of the square root of the radial coor-
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ABSTRACT

In late 2014, four images of Supernova (SN) “Refsdal,” the first known example of a strongly lensed

SN with multiple resolved images, were detected in the MACS J1149 galaxy-cluster field. Following
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ABSTRACT

Observations of individual massive stars, super-luminous supernovae, gamma-ray bursts, and gravitational-wave events involving
spectacular black-hole mergers, indicate that the low-metallicity Universe is fundamentally different from our own Galaxy. Many
transient phenomena will remain enigmatic until we achieve a firm understanding of the physics and evolution of massive stars at
low metallicity (Z). The Hubble Space Telescope has devoted 500 orbits to observe ∼250 massive stars at low Z in the ultraviolet
(UV) with the COS and STIS spectrographs under the ULLYSES program. The complementary “X-Shooting ULLYSES” (XShootU)
project provides enhanced legacy value with high-quality optical and near-infrared spectra obtained with the wide-wavelength cover-
age X-shooter spectrograph at ESO’s Very Large Telescope. We present an overview of the XShootU project, showing that combining
ULLYSES UV and XShootU optical spectra is critical for the uniform determination of stellar parameters such as effective tempera-
ture, surface gravity, luminosity, and abundances, as well as wind properties such as mass-loss rates in function of Z. As uncertainties
in stellar and wind parameters percolate into many adjacent areas of Astrophysics, the data and modelling of the XShootU project is
expected to be a game-changer for our physical understanding of massive stars at low Z. To be able to confidently interpret James
Webb Space Telescope (JWST) spectra of the first stellar generations, the individual spectra of low Z stars need to be understood,
which is exactly where XShootU can deliver.

Key words. Stars: early-type - Stars: massive - Stars: evolution - Stars: winds, outflows - Stars: abundances - Stars: fundamental
parameters

1. Introduction

We find ourselves amidst a scientific revolution: gravitational
wave (GW) observatories will soon be detecting black hole (BH)
mergers as frequently as once per day. To interpret these events,
we need to comprehend massive stars in low metallicity (Z) en-
vironments (Abbott et al. 2020). This is also crucial for other
fields of Astrophysics, including feedback processes (e.g., Doran
et al. 2013), star formation, interstellar medium (ISM) physics,
supernovae (SNe), and cosmology. To enable progress in these
research areas, we need to uniformly sample the relevant param-
eter space for massive OB stars, including spectral type, lumi-
nosity class, and metallicity (Z).

? Based on observations collected at the European Southern Obser-
vatory under ESO programme 106.211Z.001.

The Hubble Space Telescope (HST) has dedicated 1000 Or-
bits to the Director’s Discretionary Time project “Ultraviolet
Legacy Library of Young Stars as Essential Standards” (ULL-
YSES; Roman-Duval et al. 2020),1, making this the largest
HST program ever conducted. ULLYSES compiles an ultraviolet
(UV) spectroscopic Legacy Atlas of about 250 OB stars in low Z
regions.2 Due to their proximity, the Large and Small Magellanic
Clouds (LMC, SMC) are the best low-Z laboratories for massive
star studies, with respectively 50% and 20% Z�. They are ideal
to study spatially resolved populations of low-Z massive stars
to make a leap towards understanding the Early Universe. As a
pilot study, several stars at sub-SMC metallicities (in Sextans A
and NGC 3109; ∼10% Z�) are also included. The aim is to uni-

1 https://ullyses.stsci.edu
2 The ULLYSES program is also compiling high-quality far-UV, near-
UV, and optical spectra of young, low-mass T Tauri stars in our Galaxy.
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It is often stated that the observation of high-energy neutrinos from an astrophysical source would
constitute a smoking gun for the acceleration of hadronic cosmic rays. Here, we point out that there
exists a purely leptonic mechanism to produce TeV-scale neutrinos in astrophysical environments. In
particular, very high energy synchrotron photons can scatter with X-rays, exceeding the threshold
for muon-antimuon pair production. When these muons decay, they produce neutrinos without any
cosmic-ray protons or nuclei being involved. In order for this mechanism to be efficient, the source
in question must feature both kG-scale magnetic fields and a high density of keV-scale photons. As
an example, we consider the active galaxy NGC 1068, which IceCube has recently detected as a
source of TeV-scale neutrinos. We find that the neutrino emission observed from this source could
potentially be generated through muon pair production for reasonable choices of physical parameters.

INTRODUCTION

The conventional wisdom in the field of neutrino as-
trophysics is that the detection of high-energy neutrinos
from a given source would be unambiguous evidence that
that object accelerates cosmic-ray protons or nuclei. In
particular, whereas gamma rays can be generated through
both leptonic (inverse Compton scattering, synchrotron)
and hadronic (pion production) processes, it has long been
thought that high-energy astrophysical neutrinos would
be produced only through the production and decay of
pions, which are generated through the interactions of
high-energy protons with gas or radiation. In this sense,
neutrinos play a critical role in our efforts to identify the
sources of the hadronic cosmic-ray spectrum.

If the diffuse spectrum of high-energy astrophysical
neutrinos observed by IceCube [1–5] is generated through
hadronic interactions in optically thin environments (i.e.,
those transparent to gamma rays), these neutrinos will in-
evitably be accompanied by gamma rays from the decays
of neutral pions. Normalizing the pion production rate to
the spectrum of neutrinos reported by IceCube, one finds
that these sources should collectively generate a flux of
gamma rays that would approximately saturate, or even
exceed, the isotropic background reported by the Fermi
Collaboration [6–9]. When this fact is combined with the
lack of observed correlations between the directions of Ice-
Cube’s neutrinos and known gamma-ray sources [10–16],
transparent source scenarios appear to be somewhat dis-
favored, instead suggesting that many of these neutrinos
are produced in optically thick environments, in what are
known as “hidden sources.” From this perspective, the
dense cores of Active Galactic Nuclei (AGN) are seen as a

∗ dhooper@fnal.gov, http://orcid.org/0000-0001-8837-4127
† kp@astro.caltech.edu, http://orcid.org/0000-0001-6360-6972

particularly well-motivated class of sources for IceCube’s
diffuse neutrino flux [7, 17–20] (for a review, see Ref. [21]).

The IceCube Collaboration has recently reported an
excess of 79 events from the direction of the nearby active
galaxy, NGC 1068 (also known as M77), corresponding
to a 4.2σ detection of ∼ 1 − 10 TeV neutrinos [22] (see
also, Ref. [10]). Although NGC 1068 has been detected
by the Fermi telescope at ∼ 0.1−30 GeV energies [23, 24],
MAGIC has failed to detect gamma rays from source,
placing strong limits on its emission in the ∼ 0.1−10 TeV
band [25]. The lack of TeV-scale gamma rays from this
source allows us to rule out the possibility that the ob-
served neutrinos are produced in an optically thin envi-
ronment, instead favoring scenarios in which cosmic-ray
protons are accelerated and produce pions in the dense
region immediately surrounding this AGN’s supermassive
black hole [26]. Observations by NuSTAR [27] and XMM-
Newton [28] have detected bright X-ray emission from
this source (corresponding to an intrinsic luminosity of
LX ∼ 1044 erg/s in the 2-10 keV band, and extending up
to energies of εX ∼ 102 keV), suggesting that the densi-
ties of high-energy radiation in the central region (i.e.,
the corona) could be large enough to efficiently absorb
gamma rays through pair production, while still allowing
neutrinos to escape.

The conventional wisdom is that the neutrinos observed
from NGC 1068 should allow us to definitively identify
this object as an accelerator of cosmic ray protons. In this
letter, we propose an alternative mechanism for generating
the neutrino emission from AGN which is purely leptonic
in nature. In particular, in the presence of kG-scale
magnetic fields, cosmic ray electrons in the AGN’s corona
could produce very high-energy gamma rays which would
scatter with X-rays to produce muon-antimuon pairs.
These muons would then decay to produce neutrinos,
without any need for high-energy protons. No protons
would be harmed in the making of these neutrinos.
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ABSTRACT
One of the intriguing puzzles concerning Swift J1644+57, the first jetted tidal disruption event (TDE) discovered, is the constant
increase in its jet energy, as implied by radio observations. During the first two hundred days the jet energy has increased by an
order of magnitude. We suggest that the jet was viewed slightly off-axis. In this case, the apparent energy increase arises due
to the slowing down of the jet and the corresponding broadening of its beaming cone. Using equipartition analysis, we infer an
increasing jet energy as a larger region of the jet is observed. A simple off-axis model accounts nicely for the multi-wavelength
radio observations, resolving this long-standing puzzle. The model allows us to self-consistently evolve the synchrotron signature
from an off-axis jet as a function of time. It also allows us to estimate, for the first time, the beaming angle of the jet, \0 ≈ 21◦.
This implies that the prompt phase of Swift J1644+57 involved super Eddington jet luminosity. We also present a closure relation
between the spectral and temporal flux for off-axis jets, which can be used to test whether a given radio transient is off-axis or
not.
Key words: radiation mechanisms: general – stars: jets – transients: tidal disruption events

1 INTRODUCTION

Swift J1644+57 (hereafter, Sw J1644) was the first identified jetted
tidal disruption event (TDE). It was first detected in X-rays (Burrows
et al. 2011; Bloom et al. 2011; Levan et al. 2011). Its location in the
center of the host galaxy suggested that it was a TDE. The observed
declining rate of the X-ray luminosity is also consistent with the
characteristic mass fallback rate in TDEs. The observed luminosity,
which was orders of magnitude larger than Eddington, suggested
that the emission must have been jetted. While Sw J1644 was never
observed in the optical band,most likely due to severe dust extinction,
it had a radio signal (Zauderer et al. 2011) that was interpreted
(Berger et al. 2012; Metzger et al. 2012) as the radio afterglow
produced by the interaction of the jet with the surrounding matter.
Surprisingly, equipartition analysis revealed that the energy within
the radio-emitting region increased continuously on a time scale of
200 days (Barniol Duran & Piran 2013; Eftekhari et al. 2018; Cendes
et al. 2021). A similar result was obtained using afterglow modeling
(Berger et al. 2012; Zauderer et al. 2013).
Several models have been suggested to explain the puzzling energy

increase. Berger et al. (2012) proposed energy injection by the central
engine. However, as we discuss below this is at odds with the X-
ray light curve. Mimica et al. (2015) and Generozov et al. (2017)
suggested that the underlying jet had an angular structure, whereby
the core fast component (with Γ ≈ 10) is surrounded by a slower (Γ ≈
2) more energetic sheath that is slower to decelerate and therefore
adds to the observed emission and inferred energy only at late times.
While the origin of the injected energy is different, modeling of the

★ E-mail: pazb@openu.ac.il

afterglow, in this case, is rather similar to the models used by Berger
et al. (2012). A very different possibility explored by Kumar et al.
(2013) is that inverseCompton (IC) losses suffered by the synchrotron
radiating electrons in the forward shock (due to IC scattering of the
X-rays), could provide a flattening of the radio and IR lightcurve
without a need to inject energy to the blast-wave at late time. In this
model, all the energy is injected at once but due to significant IC
cooling by the X-ray photons only a small fraction of the electrons’
energy is emitted via synchrotron at radio wavelengths. As the X-
rays flux decreases, this effect diminishes and a larger fraction of the
energy is emitted in the radio.
RecentlyMatsumoto&Piran (2022) developed a formalism for the

equipartition analysis of relativistic off-axis sources. This formalism
introduces an additional free parameter to the relativistic equiparti-
tion analysis of Barniol Duran et al. (2013), the viewing angle of an
observer from the radio-emitting region \eq. A generic feature of a
relativistic off-axis solution is that as the source slows down and its
Lorentz factor decreases an off-axis observer sees a larger fraction
of the source. This results in an increase of the apparent1 energy
inferred from the observations. A characteristic feature of such a
signal is a rapid increase in the flux at a given frequency, as seen
for example in AT 2018hyz, whose radio light curve reveals a ∝ 𝑡5

increase of the peak flux (Cendes et al. 2022).
Motivated by this analysis we explore here the possibility that Sw

J1644 was viewed off-axis and the apparent increase of the energy
implied by the radio observations arose when it was slowing down.
The peak at around 200 d was reached when we observed the whole

1 The equipartition analysis estimates the energy within the observed region.

© 2023 The Authors
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ABSTRACT

We present Keck/DEIMOS spectroscopy of the first complete sample of ultra-diffuse galaxies (UDGs)

in the Virgo cluster. We select all UDGs in Virgo that contain at least 10 globular cluster (GC)

candidates and are more than 2.5σ outliers in scaling relations of size, surface brightness, and luminosity

(a total of 10 UDGs). We use the radial velocity of their GC satellites to measure the velocity dispersion

of each UDG. We find a mixed bag of galaxies: from one UDG that shows no signs of dark matter,

to UDGs that follow the luminosity-dispersion relation of early-type galaxies, to the most extreme

examples of heavily dark matter dominated galaxies that break well-known scaling relations such as

the luminosity-dispersion or the U-shaped total mass-to-light ratio relations. This is indicative of a

number of mechanisms at play forming these peculiar galaxies. Some of them may be the most extended

version of dwarf galaxies, while others are so extreme that they seem to populate dark matter halos

consistent with that of the Milky-Way or even larger. Even though Milky-Way stars and other GC

interlopers contaminating our sample of GCs cannot be fully ruled-out, our assessment of this potential

problem and simulations indicate that the probability is low and, if present, unlikely to be enough to

explain the extreme dispersions measured. Further confirmation from stellar kinematics studies in these

UDGs would be desirable. The lack of such extreme objects in any of the state-of-the-art simulations,

opens an exciting avenue of new physics shaping these galaxies.

1. INTRODUCTION

The efficiency with which galaxies transform gas into

stars is a strong non-linear function of their halo mass

(e.g. Guo et al. 2010; Moster et al. 2013; Behroozi et al.

2013). Initially, halos of all masses are expected to con-

tain a baryonic budget consistent with that of the cos-

mological baryon fraction Ωb ∼ 0.17 (Planck Collabora-

tion et al. 2020), meaning that about 17% of their mass

is in the form of gas or stars. However, subsequent inter-

nal and external processes associated to galaxy evolution

ultimately leads to halos turning a much smaller frac-

tion of those available baryons into stars, bringing the

predicted galaxy mass and luminosity function within

ΛCDM in agreement with observations (White & Rees

1978; Somerville & Davé 2015; Vogelsberger et al. 2020).

Halo masses comparable to the one expected for the

Milky Way, ∼ 1012M�, are believed to be the most ef-

ficient of all, condensing about ∼ 20% of the available

baryon budget into stellar mass at their centers. For

dwarf halos that fraction is much smaller, 1-5%, being

dominated mostly by stellar feedback in the regime of

dwarfs and “classical” dwarf spheroidals and by reioniza-

tion for the lowest luminosity of all, or ultrafaint dwarfs

(M∗ < 105M�; Bullock & Boylan-Kolchin 2017). In-

terestingly, while there are some variations associated
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The gravitationally lensed Supernova Refsdal has successively appeared in

multiple images formed by a massive foreground galaxy-cluster lens. After

the supernova (SN) appeared in 2014, lens models of the galaxy cluster pre-

dicted an additional image of the SN would appear in 2015, which was subse-

quently observed. We use the time delays between the appearances to perform

a blinded measurement of the expansion rate of the Universe, known as the

Hubble constant (H0). Using eight cluster lens models, we infer H0 = 64.8+4.4
−4.3

km s−1 Mpc−1, where Mpc is the megaparsec. Using the two models most con-

sistent with the observations, we find H0 = 66.6+4.1
−3.3 km s−1 Mpc−1. Models that

assign dark-matter halos to individual galaxies and the overall cluster best re-

produce the observations.

Strong gravitational lensing refers to the action of a foreground mass such as a galaxy clus-

ter to produce multiple images of a well-aligned background source. In principle, the time

delays between the images of a strongly lensed supernova (SN) provide a one-step geometric

distance, enabling a measurement of Hubble constant, H0 (1). Although originally proposed

for supernovae (SNe), this technique, known as time-delay cosmography (2), has only been

applied to quasars strongly lensed by foreground, single-galaxy lenses (3, 4, 5). The strongly

lensed Supernova Refsdal appeared in late 2014 in four resolved images, designated S1–S4

(coordinates listed in Table S1), arranged in a cross-like configuration, known as an Einstein

cross, around an early-type member of the galaxy cluster MACS J1149.5+2223 (11h49m35.8s

22◦23′55′′ (J2000); hereafter MACS J1149) (Fig. S1A) (6). Models of the gravitational lens

predicted that an additional image would appear, designated SX (Table S1), which was ob-

served in 2015 (Fig. S1B) (7). An accompanying paper (8) measures the relative time delay

between S1–S4 and SX as 376.0+5.6
−5.5 days, a precision of 1.5%, from Hubble Space Telescope

(HST) observations through the near-infrared F125W (J) and F160W (H) wide-band filters. If

3
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ABSTRACT

We present a spatially-resolved study of the ionised gas in the central 2 kpc of the Seyfert 2 galaxy NGC 2110 and investigate the role
of its moderate luminosity radio jet (kinetic radio power of Pjet = 2.3 × 1043 erg s−1). We use new optical integral-field observations
taken with the MEGARA spectrograph at the Gran Telescopio Canarias, covering the 4300 − 5200 Å and 6100 − 7300 Å ranges with
a spectral resolution of R ' 5000 − 5900. We fit the emission lines with a maximum of two Gaussian components, except at the AGN
position where we used three. Aided by existing stellar kinematics, we use the observed velocity and velocity dispersion (σ) of the
emission lines to classify the different kinematic components. The disc component is characterised by lines with σ ' 60−200 km s−1.
The outflow component has typical values of σ ' 700 km s−1 and is confined to the central 2.5′′ ' 400 pc, which is coincident
with linear part of the radio jet detected in NGC 2110. At the AGN position, the [O iii]λ5007 line shows high velocity components
reaching at least 1000 km s−1. This and the high velocity dispersions indicate the presence of outflowing gas outside the galaxy plane.
Spatially-resolved diagnostic diagrams reveal mostly low ionisation (nuclear) emitting region (LI(N)ER)-like excitation in the outflow
and some regions in the disc, which could be due to the presence of shocks. However, there is also Seyfert-like excitation beyond
the bending of the radio jet, probably tracing the edge of the ionisation cone that intercepts with the disc of the galaxy. NGC 2110
follows well the observational trends between the outflow properties and the jet radio power found for a few nearby Seyfert galaxies.
All these pieces of information suggest that part of observed ionised outflow in NGC 2110 might be driven by the radio jet. However,
the radio jet was bent at radial distances of ∼ 200 pc (in projection) from the AGN, and beyond there, most of the gas in the galaxy
disc is rotating.

Key words. galaxies: individual: NGC 2110 – galaxies: active – galaxies: Seyfert – galaxies: ISM – ISM: jets and outflows –
techniques: imaging spectroscopy

1. Introduction

Active galactic nuclei (AGN) are crucial for understanding
galaxy evolution. AGN feedback has been proposed as one
mechanism to reproduce the observed number of the most mas-

sive galaxies, because in its absence star formation would have
been too efficient (e.g., Silk & Mamon 2012). In particular, in
moderate luminosity AGN, the relationship between radiation
driven outflows and radio jets remains as an open problem. From
the theoretical point of view, it is expected that galaxies host-
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