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Monday Plenary Session

Monday Plenary Session / 42

New results from testing relativistic gravity with radio pulsars

Author: Michael Kramer'

! Max-Planck-Institut fuer Radioastronomie
Corresponding Author: mkramer@mpifr-bonn.mpg.de

We experience a golden era in testing and exploring relativistic gravity. Whether it is results from
gravitational wave detectors, satellite or lab experiments, radio astronomy plays an important com-
plementary role. Here one can mention the cosmic microwave background, black hole imaging and,
obviously, binary pulsars. This talk will concentrate on the latter and new results from studies of
strongly self-gravitating bodies with unrivalled precision. I compare the results to other methods,
discuss implications for other areas of relativistic astrophysics and will give an outlook of what we
can expect from new instruments in the near future.

Monday Plenary Session / 139

Black Holes in the 21cm signal of HI from cosmic dawn

Author: Felix Mirabel¥™

Corresponding Author: felix.mirabel@cea.fr

A deep absorption in the 21-cm line of atomic hydrogen (HI), redshifted to the epoch of cosmic
dawn (z ~ 20), was reported by the EDGES experiment. To explain that absorption trough it has
been proposed that either an additional exotic cooling mechanism, or a brighter radio background
emission previously unaccounted for is needed. Here we discuss the possibility that the required
cosmic radio background could be produced by non-thermal emission from a prolific population
of black holes formed at cosmic dawn. We conclude that unless black holes formed at that epoch
are radically different from those observed in the local Universe, the radio emission is orders of
magnitude below the required levels.

Monday Plenary Session / 1063

SRG Orbital Observatory: X-Ray map of the Universe with a mil-
lion accreting supermassive black holes

Author: Rashid Sunyaev"°™
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Corresponding Author: rsyunyaev@gmail.com

SRG with German (eRosita) and Russian (ART-XC) X-Ray telescopes was launched by RosKosmos
on July 13th of 2019 from Baikonur. During the flight to the L2 point of the Sun-Earth system, SRG
performed calibrations and long duration Performance Verification (PV) observations of a dozen of
targets and deep fields. Starting in the middle of December 2019, the SRG scanned the whole sky
three times. During these scans, SRG discovered two and a half million point X-Ray sources: mainly
AGNs and QSOs, stars with hot and bright coronae, and 40 thousand clusters of galaxies. There is
a competition and synergy with the search for clusters of galaxies by Atacama Cosmology and the
South Pole Telescopes sensitive in the microwave spectral band. We see X-Rays from hundreds of
stars accompanied by exoplanets. SRG provided the X-Ray map of the whole sky in hard and soft
bands, the last is now the best among existing. It reveals a lot of information about the distribution
of absorbing cold gas in the Milky Way and provides a beautiful image of the North Polar Spur and
similar bright emitting eRosita Bubble on the Southern side from the Central Part of the Galaxy. I
will describe the Observatory plans for the future and demonstrate several results from the PV phase
observations. The huge samples of the X-ray selected quasars at the redshifts up to z=6.2 and clusters
of galaxies will be used for well-known cosmological tests and detailed study of the growth of the
large scale structure of the Universe during and after reionization. SRG/eRosita is discovering every
day several extragalactic objects which increased or decreased their brightness more than 10 times
during half of the year after the previous scan of the same strip on the sky. A significant part of these
objects has observational properties similar to the Tidal Disruption Events. ART-XC discovered a
lot of bright galactic and extragalactic transients.

Monday Plenary Session / 138

A 21-solar mass black hole in the X-ray binary system Cygnus
X-1

Author: James Miller-Jones’

! International Centre for Radio Astronomy Research - Curtin University
Corresponding Author: james.miller-jones@curtin.edu.au

The fate of massive stars is influenced by the mass lost to stellar winds over their lifetimes, which
limit the masses of the stellar remnants that they eventually produce. In this talk I will discuss our
recent redetermination of the black hole mass in the X-ray binary system Cygnus X-1. At 21 solar
masses, our measurement makes this the most massive dynamically-confirmed stellar-mass black
hole yet detected without the use of gravitational wave facilities. With the system having been
formed in an environment with close to solar metallicity, this measurement challenges existing esti-
mates of wind mass loss rates from massive stars. I will present the new astrometric measurements
that resolved the discrepancy between radio and optical parallax values, and outline how this en-
abled us to refine the measured black hole mass. Finally, I will briefly discuss the implications of
this result for massive star evolution.

Monday Plenary Session / 54

Singularity theorems in spinning black holes

Author: Roy P Kerr!

! Canterbury University
Corresponding Author: roy.patrick.kerr@gmail.com

There are three regions in the Kerr spinning black hole metric, separated by the two event horizons.
The outer two are probably good approximations to the corresponding regions as a real black hole
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forms, but the inner Kerr is not. It has to have something to generate the gravitational field outside,
and that can only be a singularity since it is by definition matter free. However, even after 58 years
there is no proof that singularities form inside real collapsing bodies. I believe this is because they
are singularity free!

Monday Plenary Session / 196

The Development of General Relativity

Author: Asghar Qadir’

' None
Corresponding Author: asgharqadir46@gmail.com

The development of the Einstein Field Equations is traced and it is argued that Einstein probably
had included the cosmological constant in his field equations but then dropped it at first and later
re-inserted it when he needed it for a static cosmological solution of his field equations. His initial
derivation would have been geometrical, rather than field theoretic. The significance of this fact for
the interpretation of the cosmological constant and its role as “dark energy” is discussed.

Monday Plenary Session / 45

Ulugh Beg’s Scientific School in Samarkand

Author: Mohammad Bagheri'

! Institute for the History of Science, University of Tehran
Corresponding Author: mohammad.bagheri2006@gmail.com

Ulugh Beg was the grandson of Tamerlane who conquered a vast area in Transoxania and Iran
around 1400. Mohammad Taraghay, best known as Ulugh Beg (lit. “Grand prince”) was born in
1394 in Sultaniya (Zanjan, Iran). In 1409, he became the ruler of Samarkand where he founded a
school in 1420 which is still well preserved there. Astronomy was the major subject taught in the
school and Ulugh Beg gathered a group of astronomers there. He also founded an observatory in
1424 which was designed by the Iranian scholar Jamshid Kashani (al-Kashi) who upon Ulugh Beg’s
request, supervised the construction and operation of the observations made there. After Ulugh
Beg’s tragic murder arranged by his son in 1449, the observatory was destroyed and forgotten. Its
remnants were rediscovered in 1908 near Samarkand. The main part of the observatory was a huge
stone sextant more than 40 meters long. It measured the meridian transit of celestial bodies from
which the declination of the ecliptic, the equinoxes and the geographical latitude of the locality could
be determined accurately. The results of the observations were composed in a Persian treatise called
Zij Ulugh Beg. Zijis a Persian word used for a collection of astronomical tables with explanations
for using them in astronomical calculations. Several commentaries are written on this work5and
selections of it are translated into Arabic, English, French, Russian and Turkish. Ulugh Beg also
devised a method for finding the sine of one degree for which he solved a cubic equation by an
iterative method.
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Tuesday Plenary Session

Tuesday Plenary Session / 225

The strong cosmic censorship in general relativity

Author: Mihalis Dafermos’

! Princeton University and the University of Cambridge
Corresponding Author: dafermos@math.princeton.edu

I'will review recent progress on our understanding of the issue of strong cosmic censorship in general
relativity, including very recent developments in the case of non-zero cosmological constant.

Tuesday Plenary Session / 159

The black hole entropies

Author: Juan Maldacena™™

Corresponding Author: malda@ias.edu

One of the surprising properties of black holes is that they can be assigned an entropy proportional
to the area of the horizon. With this assignment, black holes obey the laws of thermodynamics.
Over the last decade, a new type of black hole entropy entropy formula was developed which is
believed to give the von Neumann or fine grained entropy of the black hole. It is also a formula
involving an area, the area of a certain minimal surface, which can be in the black hole interior. We
will review this formula, as well as its quantum corrections. We will briefly mention an application
to black hole evaporation, a topic which will be covered more extensively in Ahmed Almheiri’s
talk.

Tuesday Plenary Session / 184

Quantum Field Theory with Boundary Conditions at the Hori-
zons

Author: Gerard 't Hooft ™

Corresponding Author: g.thooft@uu.nl

In using QFT to study black holes, coordinate transformations are needed with boundary conditions
at the horizons. To avoid quantum copies it is imperative that the mapping must be one-to-one. It
is explained why this turns the horizons into projective spheres instead of regular spheres. Also
what is needed is the concept of antivacuum’, a state on which all creation operators vanish. This
procedure describes a black hole that only contains pure quantum states, and evolves with a unitary
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evolution operator, agreeing with standard QFT outside the horizons. It is explained how informa-
tion is preserved and firewalls are transformed away. What used to be regarded as theinterior’ of a
black hole is now relocated to regions beyond the infinite future and before the infinite past, hence
of no direct physical relevance.

Tuesday Plenary Session / 197

Probing singularities of GR with Quantum Fields

Author: Abhay Ashtekar'

! Institute fro Gravitation & the Cosmos, Penn State

Corresponding Author: ashtekar.gravity@gmail.com

Singularity theorems of Penrose and Hawking are based on geodesic incompleteness. Physically,
this criterion refers to the fate of classical test particles. What if one uses quantum fields instead?
They would be more fundamental probes. For technical simplicity, I will restrict myself to cosmo-
logical singularities and show that one can unambiguously evolve quantum

fields across them in a rigorous sense. Already for test quantum

fields, classical singularities are not absolute boundaries where physics breaks down. I will also dis-
cuss the behavior of expectation values of renormalized products of

fields. The overall conclusion

is that singularities of classical GR are tamer when seen from a quantum perspective, and the quan-
tum considerations provide more refined tools to probe their structure. This work is based on joint
work with Tommaso De Lorenzo and Marc Schneider, and supported by the NSF grant PHY-1806356
and the Eberly Chair funds of Penn State.

Tuesday Plenary Session / 239

Entropy of the Hawking radiation

Author: Ahmed Almbheiri’

! Institute for Advanced Study

Corresponding Author: almheiri@ias.edu

Hawking showed that the von Neumann or fine-grained entropy of the radiation emanating from an
evaporating black hole monotonically increases throughout the black hole’s lifetime. This suggests
that black hole formation and evaporation can evolve a pure quantum state of a collapsing star into
a mixed quantum state of the Hawking radiation. This is in direct conflict with the unitarily of time
evolution in quantum mechanics, which requires that the radiation entropy vanishes once the black
hole has completely evaporated. I will review some recent progress on this issue and discuss a new
formula for computing the von Neumann entropy of the radiation that more carefully accounts for
the gravitational nature of the theory. It predicts that the entropy of the radiation far away from the
black hole can receive contributions from the black hole interior, including a term coming from the
area of a surface near the event horizon. I will show how this formula produces an entropy that is
consistent with unitary black hole evaporation and gives the so-called “Page curve” of an entropy
that initially rises but then ultimately diminishes down to zero.

Tuesday Plenary Session / 151

Nonlinear stability of Kerr for small angular momentum
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Author: Sergiu Klainerman'

! Princeton U
Corresponding Author: seri@math.princeton.edu

I will talk about my very recent result in collaboration with Jeremie Szeftel in which we provide a
complete proof of the nonlinear stability of the family of Kerr spacetimes Kerr(a, m) with small a/m.
The proof, which builds on our previous work “ Global non-linear stability of Schwarzschild space
under polarized perturbations” , introduces various new geometric and analytic ideas to dispense
on any symmetry assumptions.
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Wednesday Plenary Session

Wednesday Plenary Session / 61

Testing LCDM on small scales with cluster lenses

Author: Priya Natarajan'

! Yale University
Corresponding Author: priyamvada.natarajan@yale.edu

The key elusive cosmic constituents - dark matter, dark energy and black holes - play a fundamental
role in shaping the visible universe. In this talk, I will discuss the current status of our understanding
of the distribution of dark matter on small-scales in LCDM and the key open questions. Gravitational
lensing by clusters of galaxies offers a powerful way to map dark matter and the high quality of cur-
rent data permits detailed comparison with simulations of structure formation. Deep Hubble Space
Telescope data in combination with ground-based follow-up spectroscopy permit the construction of
high-resolution lensing derived maps of dark matter that can be used to stress-test the LCDM model.
I present results from recent work that reveal tensions between the predictions of the standard cold
dark matter theory and observations of cluster lenses.

Wednesday Plenary Session / 145

Planck and the HO tension

Author: George Efstathiou™™

Corresponding Author: gpe@ast.cam.ac.uk

The Planck mission found excellent agreement with a spatially flat Universe and fluctuations con-
sistent with simple models of inflationary cosmology. The Planck data are well described by a six
parameter model that has become known at the LCDM cosmology. Nevertheless, there have been
claims of deviations (or tensions) with the LCDM cosmology both internally to the Planck data and
with other astrophysical data. I will discuss an extensive reanalysis of Planck that makes use of more
sky. The fit to the LCDM model is improved and there is no evidence for any internal inconsisten-
cies within the Planck dataset. These results are consistent with the new results from ground based
polarization experiments. I will then describe some aspects of the so called ‘Hubble tension’, i.e. the
discrepancy between the LCDM value of HO and the value inferred from the Cepheid distance ladder.
I will point out three puzzling aspects of the distance ladder measurement.

Wednesday Plenary Session / 62

New Determination of the Hubble Constant with Gaia EDR3, Fur-
ther Evidence of Excess Expansion
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Author: Adam Riess™°"

Corresponding Author: ariess@stsci.edu

The Hubble constant remains one of the most important parameters in the cosmological model,
setting the size and age scales of the Universe. Present uncertainties in the cosmological model
including the nature of dark energy, the properties of neutrinos and the scale of departures from flat
geometry can be constrained by measurements of the Hubble constant made to higher precision than
was possible with the first generations of Hubble Telescope instruments. A streamlined distance
ladder constructed from infrared observations of Cepheids and type Ia supernovae with ruthless
attention paid to systematic now provide <2% precision and offer the means to do much better. By
steadily improving the precision and accuracy of the Hubble constant, we now see evidence for
significant deviations from the standard model, referred to as Lambda CDM, and thus the exciting
chance, if true, of discovering new fundamental physics such as exotic dark energy, a new relativistic
particle, or a small curvature to name a few possibilities. I will review recent and expected progress,
most recently based on measurements from Gaia EDR3 released in December, 2020.

Wednesday Plenary Session / 592

The unreasonable effectiveness of LCDM

Author: Licia Verde'

! ICREA & ICC Universitat de Barcelona
Corresponding Author: liciaverde@gmail.com

The standard cosmological model (the LCDM model) has been established and its parameters are now
measured with unprecedented precision. However, there is a big difference between modelling and
understanding and precision is not enough: accuracy is also crucial. The “unreasonable effectiveness”
of the LCDM model offers challenges and opportunities. In particular, as statistical errors in some key
cosmological parameters have shrunk significantly very recently, some tensions have emerged, the
most famous one being the ‘Hubble tension’. This has motivated the exploration of extensions to the
standard cosmological model in which higher values of HO can be obtained from CMB measurements
and galaxy surveys. The trouble, however, goes beyond HO; such modifications affect other quantities
too, such as cosmic times, age of the Universe and the matter density. Any Hubble trouble has
implications well beyond HO itself. I will recap some recent results, trying to look at cosmological
tensions in both a model-dependent and model independent way and speculate what we can learn
about the LCDM model and its effectiveness.

Wednesday Plenary Session / 47

The Hubble constant tension

Author: Wendy Freedman'

' University of Chicago
Corresponding Author: wfreedman@uchicago.edu

An important and unresolved question in cosmology today is whether there is new physics that is
missing from our current standard Lambda Cold Dark Matter (LCDM) model. A current discrepancy
in the measurement of the Hubble constant, Ho, could be signaling a new physical property of the
universe or, more mundanely, unrecognized measurement uncertainties. I will discuss two of our
most precise methods for measuring distances in the local universe: Cepheids and the Tip of the
Red Giant Branch (TRGB). I will present new results from the Carnegie-Chicago Hubble Program
(CCHP. Using the Hubble Space Telescope Advanced Camera for Surveys, we are using the TRGB
to calibrate Type Ia supernovae out into the Hubble flow to provide an independent measurement
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of Ho. I will address the uncertainties, discuss the current tension in Ho, and whether there is need
for additional physics beyond the standard LCDM model.

Wednesday Plenary Session / 52

The Hubble tension

Author: Marc KamionkowskiN°"

Corresponding Author: kamion@jhu.edu

In recent years, a determination of the Hubble constant from supernovae has become increasingly
discrepant with that inferred from the cosmic microwave background. This “Hubble tension” is
not easily attributable to any known systematic artifacts in either measurement and may thus be
indicating some new physics beyond that in the standard cosmological model. Easy fixes based on
late-time modifications to the expansion rate are elusive as they require violations of the strong
energy principle and even then introduce new discrepancies. One possible explanation involves a
modification to the early-time expansion history of the Universe. I will discuss the Hubble tension,
the difficulties with late-time solutions, these new “early dark energy” models, and their current
status.
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Thursday Plenary Session

Thursday Plenary Session / 46

Frame-Dragging And ITS Tests With LASER Relativity And Geodesy
Satellites

Author: Ignazio Ciufolini'

! University of Salento
Corresponding Author: ignazio.ciufolini@gmail.com

Dragging of inertial frames, or frame-dragging, is an intriguing and fascinating phenomenon of
Einstein’s theory of General Relativity (GR) with relevant astrophysical implications. Some theories
of gravitation, alternative to GR but in agreement with its post-Newtonian tests, predict a different
result from GR for frame-dragging. However, frame-dragging tests, in agreement with GR, have
been obtained with LARES (LAser RElativity Satellite), of the Italian Space Agency (ASI), successfully
launched in February 2012, and with data from the LAGEOS (Laser Geodynamics Satellite ), LAGEOS
2 and GRACE (Gravity Recovery and Climate Experiment) satellites. The accuracy of these tests
reached a few parts in a hundred. The forthcoming ASI LARES 2 satellite, to be launched in 2021,
together with data from the LAGEOS and GRACE Follow-On satellites, is aimed at frame-dragging
tests with an accuracy of a few parts in a thousand.

Thursday Plenary Session / 56

Einstein confirmed: New high precision tests of General Relativ-
ity

Author: Claus Laemmerzahl’

! University of Bremen
Corresponding Author: claus.laemmerzahl@zarm.uni-bremen.de

General Relativity (GR) is a consequence of the Einstein Equivalence Principle. Accordingly, tests of
GR are either test of its foundation or test of consequences of GR. In general, tests of the foundations
are zero tests. Test of predictions of GR rely on certain notions like standard clocks or non-rotating
frames which can be defined within GR and which are basic in the prediction of certain numeri-
cal values for particular effects. We outline the structure of these tests and report on recent high
precision laboratory tests of foundations and of consequences of GR. At the end the importance of
quantum tests of GR emphasized and the importance of fundamental tests for practical applications
is outlined.

Thursday Plenary Session / 44
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Cosmology and Multi-Messenger Astrophysics with Gamma-Ray
Bursts

Author: Lorenzo Amati'

! INAF - OAS Bologna
Corresponding Author: lorenzo.amati@inaf.it

Since their discovery in the late ‘60s, Gamma-Ray Bursts constitute one of the most fascinating
and mysterious phenomena for modern science, with strong implications for several fields of astro-
physics and fundamental physics. In this review, I will focus on the perspective key-role of GRBs
for cosmology and multi-messenger astrophysics. Indeed, the huge luminosity, the redshift distribu-
tion extending at least up to z~10 and the association with the explosive death of very massive stars
make long GRBs (i.e., those lasting up to a few minutes) potentially extremely powerful cosmolog-
ical probes (early Universe, geometry and expansion rate of space-time, “dark energy” evolution).
At the same time, short GRBs (lasting no more than ~1-2s) are the most prominent electromagnetic
signature of gravitational-wave sources like NS-NS and NS-BH merging events, and both long/short
GRBs are expected to be associated with neutrino emission. I will also report on the status of the
THESEUS space mission project, aiming at fully exploiting these unique potentialities of the GRB
phenomenon.

Thursday Plenary Session / 591

The irreducible mass of the Christodoulou - Ruffini - Hawking
Mass formula

Author: Yuan K. Ha'

! Temple University
Corresponding Author: yuanha@temple.edu

We reveal three new discoveries in black hole physics previously unexplored in the Hawking era.
These results are based on the remarkable 1971 discovery of the irreducible mass of the black hole
by Christodoulou and Ruffini,

1. The Horizon Mass Theorem states that the mass at the event horizon of any black hole: neutral,
charged, or rotating, is always twice its irreducible mass observed at infinity.

2. The External Energy Theorem asserts that the rotational energy of a Kerr black hole exists com-
pletely outside the horizon. This is due to the fact that the irreducible mass does not contain rota-
tional energy

3. The Moment of Inertia Theorem shows that every black hole has a moment of inertia. When
the rotation stops, the irreducible mass of a Kerr black hole becomes the moment of inertia of a
Schwarzschild black hole. This is recognized as the rotational equivalent of the rest mass of a mov-
ing body in relativity.

Thus after 50 years, the irreducible mass has gained a new and profound significance. No longer is it
a limiting value in rotation, it determines black hole dynamics and structure. What is believed to be
a black hole is a mechanical body with an extended structure. Astrophysical black holes are likely
to be massive compact objects from which light cannot escape.

Thursday Plenary Session / 50

Laser interferometry in space

Author: Gerhard Heinzel’
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! Max-Planck-Institut fuer Gravitationsphysik (Albert-Einstein-Inst.)
Corresponding Author: gerhard.heinzel@aei.mpg.de

In the last decade, laser interferometry in space has advanced from planning on ground to an es-
tablished technique for gravitational physics, both for the detection of gravitational waves (LISA
project) as well as for global observation of the Earth gravity field (GRACE Follow-On). I will sum-
marize the past and planned missions including LISA Pathfinder, GRACE Follow-On, Pathfinder
missions in China and LISA.

Thursday Plenary Session / 59

The Transient Sky viewed through the Five-hundred-meter Aper-
ture Spherical radio Telescope (FAST)

Author: Di Li!

! National Astronomical Observatories, China

Corresponding Author: dili@nao.cas.cn

Inspired by the visionary efforts of building Arecibo, the Five-hundred-meter Aperture Spherical ra-
dio Telescope (FAST) was formally established in 2007; its construction commenced in 2011; achieved
first light in 2016; started normal operation in 2020. The first internationally open call-for-proposal
was released in March 2021. I report here a few science highlights so far, particularly from the Com-
mensal Radio Astronomy FAST Survey (CRAFTS), which is an unprecedented large-scale commensal
radio survey enabled by a several novel techniques. CRAFTS simultaneously records pulsar, Galac-
tic HI, extra-galactic HI, and transient data streams. CRAFTS has discovered more than 150 new
pulsars, including more than 40 MSPs, more than 20 binaries, and at least one DNS system. We have
imaged about 5% of the full sky in HI, including the Lockman hole, the Orion region, etc. CRAFTS
has also resulted in 6 new FRBs, including one high DM repeater that has since been localized and
is shown to be the FRB with the largest fraction of local host DM. Other dedicated programs have
provided the stringiest limit on the radio flux of the Galactic FRB source, the first evidence of 3D
alignment between a pulsar’s spin axis and spatial velocity, the most radio faint pulsar through a
search of unassociated Fermi sources, etc.

Thursday Plenary Session / 60

The Latest Progress of PandaX — a deep underground liquid xenon
observatory

Author: Jianglai Liu'

' SJTU
Corresponding Author: jianglailiu@sjtu.edu.cn

The dark matter and neutrinos are keys to the formation and evolution of the universe. Yet we
do not know what is dark matter, and we do not fully understand the fundamental properties of
neutrinos. PandaX is an underground xenon-based observatory located in the world deepest China
Jinping Underground Laboratory in Sichuan, China. The current phase of PandaX consists of a 4-
tonne scale dual-phase xenon time-project-chamber detector, and we plan to carry out a wide range
of studies in dark matter searches, Majorana neutrinos, astrophysical neutrinos, etc. In this talk, I
will present the latest progress of PandaX, and give an outlook of its future.
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Thursday Plenary Session / 143

Gravitational coupling between millimetre-sized masses: prospects
for a quantum Cavendish experiment

None

Author: Markus Aspelmeyer

Corresponding Author: markus.aspelmeyer@univie.ac.at

Earth-based experiments have been continuously increasing their sensitivity to gravity phenomena
at laboratory scales. A yet unexplored frontier is the regime of microscopic source masses, which
enables studies of fundamental interactions and provides a path towards exploring the quantum
nature of gravity. We have recently demonstrated gravitational coupling between a test mass and
a 90mg gold sphere, the smallest source mass to date in table-top gravity experiments. The minia-
turized torsion balance measurement achieves a systematic accuracy of 3e-11 m/s2 and a statistical
precision of 3e-12 m/s2. We expect that further improvements will enable the isolation of gravity as
a coupling force for objects well below the Planck mass. This is a practical prerequisite for future
“quantum Cavendish” experiments that aim to probe probe gravitational phenomena originating
from quantum superposition states of a source-mass configuration.
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Friday Plenary Session / 43

Dragging of inertial frames by matter and waves

Authors: Jiri Bicak'; Tomas Ledvinka®

! Institute of Theoretical Physics, Faculty of Mathematics and Physics, Charles University, Prague
? Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic

Corresponding Authors: jiri.bicak@mff.cuni.cz, ledvinka@gmail.com

We shall analyze three specific general-relativistic problems in which gravitomagnetism plays the
important role: the dragging of magnetic fields around rotating black holes, dragging inside a col-
lapsing slowly rotating spherical shell of dust, compared with the dragging by rotating gravitational
waves (CQG 34, 205006 (2017), Phys. Rev. D 85 124003, (2012) etc). We shall also briefly show how
snstantaneous Machian gauges® can be useful in the cosmological perturbation theory (Phys. Rev.
D 76, 063501 (2007)). Finally, we shall mention the ,Quantum Detection of Inertial Frame Dragging*
(Phys. Rev. D 103, 024027 (2021)).

Friday Plenary Session / 58
Evolution of close binary stars and their role in the most power-
ful stellar explosions

Author: Norbert Langer’

! Bonn University
Corresponding Author: nlanger@astro.uni-bonn.de
The majority of massive stars is born in close binary stars, and their evolution is strongly altered
by their companion star. We discuss the main mechanisms of close binary interaction, and their
relevance for understanding the diversity of core collapse supernovae. Binary interaction also affects,
and sometimes enables, extreme events, like hypernovae, long-duration gamma-ray bursts, super
luminous supernovae, and compact object merger. We will explore the capabilities and problems

of binary evolution models in predicting these events and their discrete progenitor states, and the
consequences thereof.

Friday Plenary Session / 53

Observations of Fast Radio Bursts

Author: Victoria Kaspi'
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! McGill University
Corresponding Author: vkaspi@physics.mcgill.ca

Fast Radio Bursts (FRBs) are few-millisecond bursts of radio waves coming from far outside the Milky
Way. Some repeat. Their origin is presently unknown as is whether they represent a single class
of object or multiple classes. Recently there has been tremendous observational progress on under-
standing FRBs thanks to a variety of new instruments designed for their study. In this talk I review
what is known about FRB observational properties, including population property distributions of

both repeaters and apparent non-repeaters, as well as what is known about their host galaxies and
environments.

Friday Plenary Session / 55

Numerical Relativity and the Interpretation of Gravitational Wave
Observations

Author: Pablo Laguna'

! University of Texas at Austin
Corresponding Author: plaguna@utexas.edu

Numerical relativity simulations of compact-object binary coalescences have played an important
role in the detection of gravitational wave observations and the characterization of the sources. As
current detectors increase their sensitivity and future detectors join the effort, the role of numerical
relativity will become more prevalent. I will provide an overview of the current status of compact-
object binary simulations and discuss the challenges that numerical relativity will face in the near
future imposed by gravitational wave observations.

Friday Plenary Session / 64

The Physical Mechanisms of Fast Radio Bursts

Author: Bing Zhang'

! University of Nevada, Las Vegas
Corresponding Author: zhang@physics.unlv.edu

Fast radio bursts (FRBs) are cosmological millisecond-duration bursts in the radio band. The recent
detection of the Galactic FRB 200428 suggests that magnetars can produce FRBs. In this talk, I will
review the current understanding of the physical mechanisms of FRBs in reference of two related
astrophysical phenomena, namely, radio pulsars and gamma-ray bursts. I will discuss the observa-
tional evidence in favor of FRB emission involving a neutron star magnetosphere. Some ideas and
issues of various radiation mechanisms for FRBs and the associated X-ray bursts within the magne-
tar framework will be critically discussed. Several open questions in the field regarding repeaters vs.
non-repeaters and whether there are engines other than magnetars will be presented.

Friday Plenary Session / 105

1082

Page 20



Sixteenth Marcel Grossmann Meeting Book of Abstracts

The story of GW 170817 - GRB 170817A: from gravitational waves
to heavy elements

Author: Tsvi Piran’

! The Hebrew University

Corresponding Author: tsvi.piran@mail.huji.ac.il

The detection of gravitational waves from the binary neutron star merger, GW 170817, and subse-
quent short GRB as well as a kilonova signature and late afterglow confirmed a standing predictions
and opened new fields of research. In this talk I will review early predictions, observations and inter-
pretation as well as lessons that have been learnt. I will also review the exciting new line of studies
that has emerged from this discovery and expectations for future events.

Massive Binary Stars in the Era of Gravitational Wave Astrophysics

Author: Selma de Mink’

! Max Planck Institute for Astrophysics

Corresponding Author: sedemink@mpa-garching.mpg.de

The direct detection of gravitational waves has triggered excitement from physicist, astrophysicists
and general public alike. The first event and many that followed originated from surprisingly heavy
systems, with typical masses of 30-45 solar masses, well in excess of the masses of black holes known
in X-ray binary systems. How did heavy pairs of Black holes form? What do these measurements
tell us about the massive stars that were their progenitors? In this talk I will try to give a taste of
the excitement and rapidly developing ideas and new questions about the formation of Gravitational
Wave sources and the stars they originate from and what we hope to learn in the near future with
next generation detectors.

Friday Plenary Session / 420

Recent advances in the observation of high energy cosmic rays

Author: Ivan De Mitri'
! Gran Sasso Science Institute (GSSI) and INFN
Corresponding Author: ivan.demitri@gssi.it
The study of High Energy (HE) and Ultra-High Energy (UHE) cosmic rays is currently being driven
by new and very interesting data from both space-borne and ground-based experiments. The talk
will be devoted to a review of recent observations of electrons/positrons, protons/antiprotons, and

nuclei, at energies above hundreds of GeV. New techniques and mission concepts will also be briefly
discussed.

Friday Plenary Session / 48

Probes of the Progenitors, Engines and Physics behind Stellar
Collapse
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Author: Chris Fryer'

! Los Alamos National Laboratory
Corresponding Author: fryer@lanl.gov

Understanding the nature of the stellar collapse plays an important role in a wide range of astro-
physics. Stellar collapse produce the compact remnants (neutron stars and black holes) that make up
a menagerie of exotic astrophysics objects from pulsars and X-ray binaries to the merging compact
objects detected in gravitational waves. Stellar collapse plays an important role in most gamma-ray
burst engines and their supernovae disseminate many of the heavy elements into the universe. But,
to understand the true impact of stellar collapse on these phenomena, we must understand the en-
gine driving supernova explosions. Despite recent successes supporting the convection-enhanced,
neutrino-driven engine driving these explosions, we are far from a complete picture of these explo-
sions. For example, uncertainties in stellar evolution prior to collapse and the engine itself make
quantitative predictions from stellar collapse. Here we review our current understanding of stellar
collapse (both the engine and its progenitor stars) and the observations (both current and proposed)
to help us improve this understanding.
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Saturday Plenary Session / 66

Highlights of Insight-HXMT and perspectives of eXTP

Author: Shuang-Nan Zhang'

! Institute of High Energy Physics, Chinese Academy of Sciences

Corresponding Author: zhangsn@ihep.ac.cn

Insight-HXMT is China’s first X-ray astronomy satellite and was successfully launched on June 15th,
2017. It carries three sets of collimated X-ray instruments with large effective areas in 1-250 keV. In
addition, it can also serve as a nearly all-sky monitor for high energy sources between 0.2 to 3 MeV,
such as bright pulsars and gamma-ray bursts. I will review some highlights of the scientific results
of Insight-HXMT. I will also briefly introduce the enhanced X-ray Timing and Polarimetry (eXTP)
mission, a large China-Europe collaboration, currently in Phase B and planned for launch in around
2027.eXTP will open a new era in exploring the extreme universe.

Saturday Plenary Session / 51

The Southern Wide-field Gamma-ray Observatory

Author: Jim Hinton'

! Max-Planck-Institut fur Kernphysik

Corresponding Author: jim hinton@mpi-hd.mpg.de

The Southern Wide-field Gamma-ray Observatory (SWGO), is a new project for gamma-ray astro-
physics in the energy range from a few hundred GeV up to a PeV. SWGO will be a steradian field of
view, 100% duty-cycle detector, surveying the southern sky and monitoring for transient phenom-
ena, as such it complements very well the planned flagship facility the Cherenkov Telescope Array.
As the first instrument of this type in the Southern Hemisphere, SWGO will ideally suited to map
out the diffuse emission of the inner galaxy, the Fermi bubbles, and search for WIMP annihilation
in the halo of the Milky Way. In this talk I will present the status of SWGO detector design and site
search is well as give an overview of the scientific prospects.

Saturday Plenary Session / 63

Exploring the dynamic X-ray universe with the Einstein Probe
mission

Author: Weimin Yuan'
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! National Astronomical Observatories, Chinese Academy of Sciences
Corresponding Author: wmy@nao.cas.cn

Time-domain astrophysics has been revolutionized by the advent of the multi-wavelength and multi-
messenger era. The Einstein Probe (EP) is a space mission designed to discover and characterize
high-energy transients and to monitor source variability in the X-ray band. Its large field-of-view
telescope equipped with the micro-pore optic will carry out high-cadence all-sky monitoring survey
with unprecedented sensitivity in the previously poorly monitored soft X-ray band. It has also the
capability of quick and deep onboard follow-up observations and good source localization in X-ray.
Currently in the development phase, EP is a project of the Chinese Academy of Science (CAS) with
the participation of European Space Agency and Max Planck Institute for extraterrestrial Physics.
In this talk I will introduce the Einstein Probe mission, and discuss its main science goals in the field
of cosmic high-energy transients.

Saturday Plenary Session / 73

The X-Ray Imaging and Spectroscopy Mission (XRISM)

Author: Makoto Tashiro’

! Saitama University
Corresponding Author: tashiro@mail.saitama-u.ac.jp

The X-Ray Imaging and Spectroscopy Mission (XRISM) is a JAXA/NASA X-ray observatory with
collaboration from ESA and several institutes and academic institutions worldwide. It is proposed
to fulfill the promise of high-resolution X-ray spectroscopy with imaging once realized but unex-
pectedly terminated by a mishap of ASTRO-H/Hitomi. XRISM carries two sets of X-ray Mirror
Assemblies and is equipped on the focal plane with a 6 x 6 pixelized X-ray micro-calorimeter array
and an aligned X-ray CCD camera. With the combination of high-resolution spectroscopy imaging
and the broader field of view, XIRSM is expected to pioneer a new horizon of the Universe in X-ray
astrophysics. Aiming to launch the satellite in Japanese Fiscal Year 2022, we are proceeding produc-
tion of components and integration of the satellite. I will report the development status, reviewing
the science objectives and the operation plan.

Saturday Plenary Session / 141

Exploring the transient sky with the SVOM mission

Author: Bertrand Cordier’

! CEA-Saclay, Département d’Astrophysique
Corresponding Author: bcordier@cea.fr

I will present the SVOM mission that the Chinese National Space Agency and the French Space
Agency havedecided to jointly implement for a launch in autumn 2022.In the line of Swift, SVOM
has been designed to detect, characterize and quickly localize gamma-raybursts (GRBs) and other
types of high-energy transients. For this task, the spacecraft will carry two widefieldhigh-energy
instruments: ECLAIRs, a hard X-ray imager, and the Gamma-Ray Monitor, a broadbandspectrome-
ter. Upon localizing a transient, SVOM will quickly slew towards the source and start deep follow-
upobservations with two narrow-field telescopes: the Micro-channel X-ray Telescope in X-rays and
the Visible Telescope in the visible.The originality of SVOM is to have a set of instruments deployed
on the ground to complete the measurements made in space.i.e.a Wide Angle Camera and two ded-
icated ground robotic telescopes.The nearly anti-solar pointing of SVOM combined with the fast
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transmission of GRBpositions to the ground thanks to a VHF antenna network will facilitate the ob-
servations of SVOM transients by the largestground based telescopes.All this together makes SVOM
a powerful time domain machine.

Saturday Plenary Session / 399

First result of LHAASO: Implication for extreme particle acceler-
ators

Author: Ruoyu Liu’

! Nanjing University
Corresponding Author: ryliu@nju.edu.cn

The Large High Altitude Air Shower Observatory is a new-generation multi-component instrument
for TeV-PeV gamma rays and TeV-EeV cosmic rays. Recently, LHAASO has published its first result
on the discovery of 12 ultrahigh-energy (E>100TeV) gamma-ray sources at more than 7 sigma con-
fidence level. Among them, there are famous sources like the Crab Nebula, the Cygnus Cocoon, as
well as new sources without TeV counterpart. The discovery indicates the prevalence of PeV particle
accelerators in our Galaxy.

Saturday Plenary Session / 419

The enhanced X-ray Timing and Polarimetry mission eXTP: a fu-
ture X-ray mission to study the state of matter under extreme
conditions

Author: Margarita Hernanz Carbo'

' ICE (CSIC) & IEEC
Corresponding Author: hernanz@ice.csic.es

The eXTP (enhanced X-ray Timing and Polarimetry) mission is a major project of the Chinese
Academy of Sciences (CAS), with a large involvement of Europe and expected ESA support. It is
designed to study the state of matter under extreme conditions of density, gravity and magnetism,
as for instance what is happening on the vicinity of black holes or what is the state of matter inside
neutron stars. Its predicted launch is in 2027. eXTP will carry a unique suite of instruments, en-
abling for the first time ever the simultaneous spectral-timing-polarimetry studies of cosmic sources
in the energy range from 0.5 to 30 keV. The eXTP scientific payload includes four instruments: SFA
(Spectroscopy Focusing Array), PFA (Polarimetry Focusing Array), LAD (Large Area Detector) and
WFM(Wide Field Monitor). They offer an unprecedented simultaneous wide-band X-ray timing and
polarimetry sensitivity. A large European consortium is contributing to the eXTP study, both for
the science and the instrumentation, providing two of the four instruments: LAD and WFM. The
WFM for eXTP will be a wide field X-ray monitor instrument in the 2-50 keV energy range. Its
unprecedented combination of large field of view and imaging down to 2 keV will allow eXTP to
make important discoveries of the variable and transient X-ray sky, outstanding contributions to
multi-messenger astronomy.

Saturday Plenary Session / 77

The Gamow Explorer
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Author: Nicholas White'

! George Washington University
Corresponding Author: newhite@gwu.edu

Gamma Ray Bursts (GRBs) are bright backlights that can be used to probe the high redshift universe
(z>6) when the first stars were born, galaxies formed and Hydrogen was reionized. Since the after-
glow is bright only for a few days, speed is of the essence. Gamow Explorer is optimized to quickly
identify high redshift events to trigger follow-up spectroscopic observations with JWST and >8m
class ground-based telescopes. A wide field of view Lobster Eye X-ray Telescope will find GRBs
and locate them with arc minute precision. A rapidly slewing spacecraft will point a 5 photometric
channel Photo-z Infra-Red Telescope to identify high redshift (z > 6) GRBs using the Lyman-drop
out. The Gamow Explorer will also rapid identify X-ray and IR counterparts associated with GW
events. The mission will be proposed to the 2021 NASA MIDEX call and if approved launched in
2028.

Saturday Plenary Session / 299

A 40-Year Journey

Author: Reinhard Genzel

! Max Planck Insitute for Extraterrestrial Physics
Corresponding Author: arichter@mpe.mpg.de

More than one hundred years ago, Albert Einstein published his Theory of General Relativity (GR).
One year later, Karl Schwarzschild solved the GR equations for a non-rotating, spherical mass dis-
tribution; if this mass is sufficiently compact, even light cannot escape from within the so-called
event horizon, and there is a mass singularity at the center. The theoretical concept of a ‘black hole’
was born, and was refined in the next decades by work of Penrose, Wheeler, Kerr, Hawking and
many others. First indirect evidence for the existence of such black holes in our Universe came from
observations of compact X-ray binaries and distant luminous quasars. I will discuss the forty year
journey, which my colleagues and I have been undertaking to study the mass distribution in the
Center of our Milky Way from ever more precise, long term studies of the motions of gas and stars
as test particles of the space time. These studies show the existence of a four million solar mass
object, which must be a single massive black hole, beyond any reasonable doubt.
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Accretion Discs and Jets

Accretion Discs and Jets / 567

Accretion of the relativistic Vlasov gas onto a moving Schwarzschild
black hole

Author: Patryk Mach'

! Jagiellonian University
Corresponding Author: patryk.mach@uj.edu.pl

I will discuss recent analytic results on the stationary accretion of the relativistic collisionless Vlasov
gas onto a moving Schwarzschild black hole. The model assumes that the gas obeys the Maxwell-
Juttner distribution at infinity. The Vlasov equation is solved formally in terms of suitable action-
angle variables in the framework proposed originally by Rioseco and Sarbach. Depending on the
asymptotic temperature, the results interpolate between two regimes: In the limit of infinite asymp-
totic temperature of the gas, we recover the qualitative picture known form the relativistic Bondi-
Hoyle-Lyttleton accretion of the perfect gas with the ultra-hard equation of state, in which the mass
accretion rate is proportional to the Lorentz factor associated with the black hole velocity. For low
asymptotic temperatures, the mass accretion rate is not a monotonic function of the velocity of the
black hole. The model can be applied in situations where the gas is not likely to be in thermal equi-
librium in the vicinity of the black hole, for instance in the context of dark matter accretion. The
talk is based on two papers written jointly with Andrzej Odrzywolek: Phys. Rev. Lett. 126, 101104
(2021) and Phys. Rev. D 103, 024044 (2021).

Accretion Discs and Jets / 542

Limiting effects in tori clusters

None

Author: Daniela Pugliese

Corresponding Author: dany.pugliese@gmail.com

We consider agglomerates of misaligned tori orbiting a supermassive black hole. The aggregate of
tilted tori is modelled as a single orbiting configuration by introducing a leading function governing
the distribution of toroids (and maximum pressure points inside the disks) around the black hole
attractor. The orbiting clusters are composed by geometrically thick, pressure supported, perfect
fluid tori.

This analysis places constraints on the existence and properties of tilted tori and more general ag-
gregates of orbiting disks.

We study the constraints on the tori collision emergence and the instability of the agglomerates of
tori with general relative inclination angles, the possible effects of the tori geometrical thickness and
on the oscillatory phenomena.

Some notes are discussed on the orbiting ringed structure in dependence of the dimensionless pa-
rameter £ representing

the (total) BH rotational energy extractable versus the mass of the BH, associating £ to the charac-
teristics of the accretion processes.
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Accretion Discs and Jets / 740

Time-dependent Kerr discs and tidal disruption events

Author: Steven Balbus™°™*

Corresponding Author: steven.balbus@physics.ox.ac.uk

Whilst the classical Novikov and Thorne solutions for steady state black hole accretion discs have
been known for nearly half a century, the development of time-dependent relativistic disc theory
is relatively new. I will review the formal theory of time-dependent thin discs in Kerr geometry,
and argue that analysis of tidal disruption events (the tidal destruction of a star by a supermassive
galactic black hole and the subsequent accretion of the debris) is an ideal venue for its application.
Late time X-ray observations probe the disc regions near the innermost stable circular orbit, whilst
the simultaneous UV emission arises from farther out. The observed steeply falling X-ray light
curves together with a simultaneous flat UV plateau are, we shall show, strong support for the basic
disc emission model. Nonthermal x-ray emission, conditions of strong variability, and limitations of
the thin disc model will be discussed as time permits.

Accretion Discs and Jets / 33

Multifrequency Behaviour of High Mass X-ray Binary Systems

Author: Franco Giovannelli

! INAF-Istituto di Astrofisica e Planetologia Spaziali
Corresponding Author: franco.giovannelli@iaps.inaf.it

In thus talk I will present the zoo of the High Mass X-ray Binary Systems (HMXBs). Among these
I will discuss the X-ray/Be systems and in particular A0535 + 26/HDE245770. Through the mul-
tifrequency experimental data obtained in long observation campaigns it was possible to develop
a particular model for the aforementioned system and then a general one that explains the delay
between the flares in the X-band compared to those in the optical. This general model has been
successfully applied to different binary systems for which the delay is known experimentally. This
model can also be successfully extended to extragalactic systems in which a star is engulfed by tidal
effects from the central black hole. Some examples will be shown.

Accretion Discs and Jets / 743

Electromagnetic fields in polish doughnut models

Authors: Eva Hackmann'; Audrey Trova?; Kris Schroven™*"; Vladimir Karas"°"; Jiri Kovar™°™; Petr Slany™"¢;
Claus Laemmerzahl®

' ZARM, University of Bremen
2 ZARM, Univeersity of Bremen
* University of Bremen
Corresponding Author: eva.hackmann@zarm.uni-bremen.de
Analytical models of accretion disks have been an important tool to understand the basic underlying
principles of accretion. Classically, these models are constructed using an isolated Kerr black hole.

However, astrophysical black holes are usually surrounded by electromagnetic fields. We consider
here the presence of electromagnetic test fields that are weak in the sense that they do not influence
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the spacetime geometry. The origin of these fields could be internal, like a tiny electric charge of
the black hole, or external, like the galactic magnetic field. We show a general method to construct
polish doughnuts in such settings and discuss some particular examples.

Accretion Discs and Jets / 999

Simulations of black hole accretion and jets

Author: Alexander Tchekhovskoy'

! Northwestern University
Corresponding Author: atchekho@northwestern.edu

In this talk I will review the recent insights into the physics of black hole accretion and jets enabled
by the advances in general relativistic numerical simulations. In particular, I will discuss how the
jets form, collimate, accelerate, and interact with the ambient medium.

Accretion Discs and Jets / 392

Measurement of Black Hole Spin with the Event Horizon Tele-
scope: Theory of Radiative Echoes and VLBI Observations

Author: Kotaro Moriyama'

Co-authors: Kazunori Akiyama L. Shin Mineshige %. Mareki Honma *

! Massachusetts Institute of Technology
% Kyoto University

* National Astronomical Observatory of Japan

Corresponding Author: kotaromo@mit.edu

Observational measurement of the black-hole spacetime is one of the essential topics in modern
physics and astrophysics, since it will lead to a critical test of the theory of general relativity. In
general relativity, the spacetime around is uniquely determined by its mass and spin parameter. The
mass can be accurately measured by observing orbits of stars or gas dynamics inside the sphere of
its gravitational influence. On the other hand, it is not easy to extract the spin information, which
depends on the complexity of accretion flow properties and spacetime effects in the vicinity of the

black hole.

In this presentation, we simulate Event Horizon Telescope (EHT) observations for a gas cloud in-
termittently falling onto a black hole and construct a method for spin measurement based on its
relativistic flux variation. We investigate the spin’s signature by calculating an infalling gas cloud’s
motion and photon trajectories in the Kerr spacetime by the general relativistic ray-tracing method.
The light curve of the infalling gas cloud is composed of peaks formed by photons that directly reach
a distant observer and by secondary ones reaching the observer after more than one rotation around
the black hole. The time interval between the peaks is determined by a period of photon rotation
near the photon circular orbit, which uniquely depends on the spin.

To optimize our new spin measurement method, we perform synthetic EHT observations for the
supermassive black hole at the Galactic center (Sgr A) under a more realistic situation by perform-
ing three-dimensional general relativistic magnetohydrodynamics simulations. Even for the realistic
situation, the black hole spin’s signature is detectable in correlated flux densities, which are accurately
calibrated by baselines between sites with redundant stations. The synthetic observations indicate that
our methodology can be applied to EHT observations of Sgr A from April 2017-2022.
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Accretion Discs and Jets / 808

Magnetized accretion disk structure in the background of an ac-
celerating black hole
Author: Shokoufe Faraji'

Co-author: Audrey Trova >

' ZARM
2 ZARM, Univeersity of Bremen

Corresponding Author: shokoufe faraji@zarm.uni-bremen.de

An accelerating black hole can be described by a solution of Einstein’s vacuum field equation. This
talk will explain the analytical magnetized tori around this black hole and states its properties. The
astrophysical motivation for choosing such fields is the possibility to constitute the simplest reason-
able model for a real situation occurring in these objects’ vicinity in this situation.

Accretion Discs and Jets / 776

Relativistic Jets from Spinning Black Holes

Author: Ramesh Narayan'
' Harvard University

Many accreting black holes in Nature are observed to have relativistic jets, and it has been suggested
that the jets receive much of their power from the spin energy of the central black hole. There is
considerable evidence in support of this idea from computer simulations of accretion flows. The talk
will review some recent progress in this field.

Accretion Discs and Jets / 646

Advective accretion onto a non-spherical accretor in white dwarf
and neutron star binaries: a new scenario of shock formation

Author: Sudeb Ranjan Datta’

Co-authors: Prasun Dhang %; Bhupendra Mishra

! Indian Institute of Science

? Institute for Advanced Study, Tsinghua University, Beijing-100084, China
Corresponding Author: sudebd@iisc.ac.in

Numerous studies on hydrodynamics of the Keplerian as well as the sub-Keplerian accretion disc
around a compact object (e.g., white dwarf (WD), neutron star (NS), or a black hole (BH)) attempted
to explain the observed UV, soft and hard X-ray spectra. Although, when the compact object (e.g., a
WD or an NS) has a finite surface, its rapid rotation, the stellar magnetic field could cause deforma-
tion of the spherical symmetry. Earlier studies for Keplerian disc showed that a deviation from the
spherical symmetry of the compact object could affect the observed light curve and spectra at high
frequencies. Here, we have explored the effect of the non-spherical nature of a compact object on the
hydrodynamics of an optically thin, geometrically thick sub-Keplerian advective flow. We find that
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due to non-spherical shape of the central accretor, there is a possibility to trigger Rankine-Hugoniot
shock in the sub-Keplerian advective flow close to the accretor without considering any general rel-
ativistic effect or presence of the hard surface of the star. Our results are more relevant for accretion
onto WD as hardly any general relativistic effect will come in the picture. We propose that some
observational features e.g., high significance of fitting the spectra with multi-temperature plasma
models rather than single temperature models, and variable efficiency of X-ray emission (X-ray lu-
minosity in comparison with optical and UV luminosity of the disk) in nonmagnetic cataclysmic
variables can be explained by the presence of shock in the sub-Keplerian advective flow.

Accretion Discs and Jets / 209

The Nature of the X-ray Emission and Innermost Accretion Re-
gions of Typical Radio-Loud Quasars

Authors: William Brandt'; Shifu Zhu'; John Timlin'

! Penn State University
Corresponding Author: wnbrandt@gmail.com

Radio-loud quasars (RLQs) are typically more X-ray luminous, by a factor of 2-20, than matched
radio-quiet quasars (RQQs). This excess X-ray emission has generally been attributed to small-scale
jets. To determine the nature of this excess X-ray emission, we have constructed a large, uniform
sample of 729 optically selected RLQs with high fractions of X-ray detections and radio-slope mea-
surements. We investigate correlations between their X-ray, optical/UV, and radio luminosities, as
well as their X-ray spectral and variability properties. Strikingly, we find that steep-spectrum RLQs
(SSRQs) follow a quantitatively similar relation between X-ray vs. optical luminosities as RQQs,
suggesting a common accretion-disk corona origin for the X-ray emission of both classes. Formal
statistical model selection supports these conclusions, as does consideration of analogies with black-
hole X-ray binaries. However, the relation’s intercept for SSRQs is larger than that for RQQs and
increases with radio loudness, suggesting a connection between the radio jets and the accretion-flow
configuration. Flat-spectrum RLQs also generally appear to have corona-dominated X-ray emission,
though in some cases jets make large contributions. Our spectral measurements of X-ray continuum
shapes and (average) reflection signatures confirm these conclusions, as do our inter-observation
measurements of X-ray variability on timescales of weeks-years. Our results indicate the corona-jet,
disk-corona, and disk-jet connections of RLQs are likely driven by independent physical processes.
Moreover, the observed corona-jet connection implies that small-scale processes in the vicinity of
black holes, probably associated with the magnetic flux/topology instead of black-hole spin, are con-
trolling quasar radio loudness.

Accretion Discs and Jets / 801

Properties of accretion disk models with quadrupole
Author: Shokoufe Faraji'

Co-author: Audrey Trova

' ZARM
% ZARM, Univeersity of Bremen

Corresponding Author: shokoufe.faraji@zarm.uni-bremen.de

There is an alternative generalization of the q-metric Weyl’s procedure describes a deformed compact
object in the presence of an external distribution of matter via exercising quadrupole moments. This
metric may associate the observable effects to these parameters as dynamical degrees of freedom in
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the system. The talk will describe this metric and exploring the properties of analytical accretion
disk models in this background.

Accretion Discs and Jets / 778

Ionized accretion disks orbiting magnetized black holes
Author: Zdenék Stuchlik™™

We give summary of some astrophysically important new phenomena related to ionized Keplerian

or toroidal disks orbiting around a Kerr black hole immersed in a large-scale external magnetic
field.

1. Under appropriately chosen conditions the electrons can be treated in “force-free” approximation,
while ions in “dielectric approximation”. Then off-equatorial “dielectric clouds” could be formed
and represent an obstacle for the Blandford-Znajek process.

2. Keplerian disks ionized near the ISCO could be important in creation of ultra-high energy cosmic
rays. Due to the magnetic Penrose process realized in a proper way, protons or ions could be
accelerated up to energy overcoming 10”22 eV in conditions quite realistic from astrophysical
point of view.

3. Slightly charged hot-spots orbiting near the ISCO could give rise to high-frequency quasi-periodic
oscillations (HFQPOs) in X-rays observed around supermassive black hole in Active Galactic Nu-
clei, with predicted frequencies in agreement with observed frequencies, if the so called epicyclic
geodesic model of HFQPOs is applied with modification given by the interaction of the large-scale
magnetic field with charge of the hot-spot.

4. The new radiative Penrose process has been recently discovered, being related to the negative en-
ergy photons created due to the back-reaction of the charged particles moving in the ergosphere
of the magnetized black holes. This kind of Penrose process can both increase by one order en-
ergy of the radiating particle, or can lead to “floating orbits” crossing repeatedly the ergosphere
boundary.

Accretion Discs and Jets / 679

Hydrodynamical instability with noise in the Keplerian accretion
disks: modified Landau equation

Author: Subham Ghosh'

Co-author: Banibrata Mukhopadhyay '

! Indian Institute of Science
Corresponding Author: subham@iisc.ac.in

Abstract:

The origin of hydrodynamical instability and turbulence in the Keplerian accretion disk is a long-
standing puzzle. The flow therein is linearly stable. Here we explore the evolution of perturbation
in this flow in the presence of an additional force. Such a force, which is expected to be stochas-
tic in nature hence behaving as noise, could result from thermal fluctuations (however small be),
Brownian ratchet, grain—fluid interactions, feedback from outflows in astrophysical disks, etc. We
essentially establish the evolution of nonlinear perturbation in the presence of Coriolis and external
forces, which is the modified Landau equation. We obtain that even in the linear regime, under suit-
able forcing and Reynolds number, the otherwise least stable perturbation evolves to a very large
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saturated amplitude, leading to nonlinearity and plausible turbulence. Hence, forcing essentially
leads a linear stable mode to unstable. We further show that nonlinear perturbation diverges at a
shorter time-scale in the presence of force, leading to a fast transition to turbulence. Interestingly,
the emergence of nonlinearity depends only on the force but not on the initial amplitude of pertur-
bation, unlike the original Landau equation-based solution.

Reference:
Ghosh, S., Mukhopadhyay, B., 2020, MNRAS, 496, 4191
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Binary-Driven Hypernovae of Type
1,2 and 3

Binary-Driven Hypernovae of Type 1, 2 and 3 / 958

GRB-SN association and Inferences of GRB 190114C for the Crab
pulsar and the supernova remnant

Authors: Rahim Moradi'; Jorge Armando Rueda Hernandez?; Remo Ruffini?; Carlo Luciano Bianco?; Christian
Cherubini®; Simonetta Filippi*; Narek Sahakyan®; Y. Wang?; Liang Li°

! ICRANet and ICRA-Sapienza
? ICRANet

* Department of Science and Technology for Humans and the Environment and ICRA, Campus Bio-Medico University
of Rome, 00128 Rome, Italy and International Center for Relativistic Astrophysics Network-ICRANet, 65122
Pescara, Italy

* Campus Bio-Medico University of Rome
> ICRANet-Armenia
% JCRANet, Piazza della Repubblica 10, I-65122 Pescara, Italy

Corresponding Author: rahim.moradi@icranet.org

We assume that the progenitor of the Crab nebula and of the Crab pulsar, like GRB 190114C is a
binary-driven hyper-novae of type I (BdHNe I). In BAHN I the explosion of the supernova as well as
of the role of the hypercritical accretion of the SN ejecta onto the binary companion neutron star
(NS) and onto the newbornNS (vNS) have central role. The synchrotron emission powered by the
vNS-pulsar emission and the accreted SN ejecta onto the vNS, gives origin to the X-ray afterglows.
We evidence that the X-ray afterglow luminosity of GRB 190114C, selected as a prototype, extrap-
olated to 1000 yr, coincides with the currently observed emission of the Crab Nebula. We model
the vNS through the equilibrium sequence of Maclaurin spheroid. By requiring that the vNS period
extrapolated to 1000 yr coincides with the one of PSR B0531+21 (the Crab pulsar) , we study the
evolution of the spin of the vNS with the initial P = 0.9 ms.

Binary-Driven Hypernovae of Type 1, 2 and 3 / 946

General Relativistic Turbulence in spherically symmetric Core-
Collapse Supernovae simulations

Author: Luca Boccioli’

Co-authors: Grant Mathews 2; Evan O’Connor *

! University of Notre Dame
% University of Notre
* University of Stockholm
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Corresponding Author: lbocciol@nd.edu

It is generally believed that General Relativity (GR) is of secondary importance in the explosion
of core-collapse supernovae (CCSN). However, as 3D simulations are becoming more and more de-
tailed, GR effects can be strong enough to change the hydrodynamics of the supernova and affect the
explosion. Since a 3D simulation in full GR is computationally extremely challenging, it is valuable
to modify simulations in a spherically symmetric spacetime to incorporate 3D effects. This permits
exploration of the parameter dependence of CCSN with a minimum of computational resources. In
this talk I will report on the formulation and implementation of general relativistic neutrino-driven
turbulent convection in the spherically symmetric code GR1D. This is based upon STIR, the recently
proposed Newtonian model based on mixing length theory of Couch et al. (2020). When the param-
eters of this model are calibrated to 3D simulations, we find that our GR formulation significantly
alters the correspondence between progenitor mass and explosion vs. black-hole formation. We
therefore believe that, going forward, simulating CCSN in full GR is of primary importance.

Binary-Driven Hypernovae of Type 1,2 and 3 / 598

Neutrino and gamma-ray production from proton-proton inter-
actions in binary-driven hypernovae

Authors: Stefano Campion'; Jorge Armando Rueda Hernandez?; Julio David Melon Fuksman®

! [CRANeT
2 [CRANet

* Max Planck Institute for Astronomy
Corresponding Author: stefano.campion90@gmail.com

We estimate the neutrino emission from the decay chain of the m-meson and p-lepton, produced
by proton-proton inelastic scattering in energetic (Eis, > 1052 erg) long gamma-ray bursts (GRBs),
within the type I binary-driven hypernova (BdHN) model. The BdHN I progenitor is a binary sys-
tem composed of a carbon-oxygen star (CO.q;c) and a neutron star (NS) companion. The COqye
explosion as supernova (SN) triggers a massive accretion process onto the NS. For short orbital pe-
riods of few minutes, the NS reaches the critical mass, hence forming a black hole (BH). Recent
numerical simulations of the above scenario show that the SN ejecta becomes highly asymmetric,
creating a \textit{cavity} around the newborn BH site, due to the NS accretion and gravitational col-
lapse. Therefore, the electron-positron (e*) plasma created in the BH formation, during its isotropic
and self-accelerating expansion, engulfs different amounts of ejecta baryons along different direc-
tions, leading to a direction-dependent Lorentz factor. The protons engulfed inside the high-density
(~ 10?3 particle/cm®) ejecta reach energies in the range 1.24 < E,, < 6.14~GeV and interact with
the unshocked protons in the ejecta. The protons engulfed from the low density region around the
BH reach energies ~ 1~TeV and interact with the low-density (~ 1 particle/cm?) protons of the in-
terstellar medium (ISM). The above interactions give rise, respectively, to neutrino energies £, < 2
GeV and 10 < E, < 103 GeV, and for both cases we calculate the spectra and luminosity.
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Black Hole Thermodynamics / 833

Linear growth of the two-point function for the Unruh state in
1+1 dimensional black holes

Author: Paul Anderson’

Co-authors: Zachary P. Scofield '; Jennie Traschen ?

! Wake Forest University

2 University of Massachusetts, Amherst
Corresponding Author: anderson@wfu.edu

The two-point function for a massless minimally coupled scalar field in the Unruh state is computed
for various examples of 1+1 dimensional black holes. It is found that for spacelike separations of the
points the two-point function grows linearly in terms of a time coordinate that is well-defined on
the future black hole horizon, and for Schwarzschild-de Sitter black holes is also well-defined on the
future cosmological horizon. The two-point function for a massive scalar field in Schwarzschild-de
Sitter spacetime is also discussed.

Black Hole Thermodynamics / 746

Rindler trajectories and Rindler horizons in the Schwarzschild
spacetime

Author: Sanved Kolekar!

Co-author: Kajol Paithankar '

I Centre for Excellence in Basic Sciences, Mumbai
Corresponding Author: sanved.kolekar@cbs.ac.in

We investigate radial Rindler trajectories in a Schwarzschild spacetime. We assume the trajectory
to remain linearly uniformly accelerated (LUA) throughout its motion, in the sense of the curved
spacetime generalisation of the Letaw-Frenet equations. For the Schwarzschild spacetime, we arrive
at a bound on the magnitude of the acceleration |a| for radially inward moving trajectories, in terms
of the mass M of the black hole given by |a| < 1/(1/27M) for a particular choice of asymptotic initial
data h, such that, for acceleration |a| greater than the bound value, the linearly uniformly accelerated
trajectory always falls into the black hole. For |a| satisfying the bound, there is a minimum radius
or the distance of closest approach for the radial LUA trajectory to escape back to infinity. However,
this distance of closest approach is found to approach its lowest value of r, = 3M, greater than
the Schwarzschild radius of the black hole, when the bound, |a|] = 1/ (V2TM ) is saturated. We
further show that a finite bound on the value of acceleration, |a| < B(M, h) and a corresponding
distance of closest approach r, > 2M always exists, for all finite asymptotic initial data h. We
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further investigate the past and future Rindler horizons for these radial Rindler trajectories. The
analytical solution for the radial LUA trajectories along with its past and future intercepts calC
with the past null infinity calJ~ and future null infinity calJ* are presented. The Rindler horizons,
in the presence of the black hole, are found to depend on both the magnitude of acceleration |a|
and the asymptotic initial data h, unlike in the flat Rindler spacetime case wherein they are only a
function of the global translational shift h. The implications for the corresponding Unruh effect are
discussed.

Black Hole Thermodynamics / 410

Black Hole Thermodynamics from Entanglement Mechanics

Author: S. Mahesh Chandran’

Co-author: S. Shankaranarayanan >

' IIT Bombay
? Department of Physics, Indian Institute of Technology, Mumbai, Maharashtra 400076

Corresponding Author: maheshchandran14895@gmail.com

Since its inception, the Bekenstein-Hawking area relation for black-hole entropy has been the pri-
mary testing ground for various theories of quantum gravity. However, a key challenge to such the-
ories is identifying the microscopic structures and explaining the exponential growth of microstates,
providing a fundamental understanding of thermodynamic quantities. Since entropy is a single num-
ber, we explore other quantities to provide complete information about the black-hole microstates.
We establish a one-to-one correspondence between entanglement energy, entropy, and tempera-
ture (Quantum entanglement mechanics) and the Komar energy, Bekenstein-Hawking entropy, and
Hawking temperature of the horizon (black-hole thermodynamics), respectively. We also show that
this correspondence leads to the Komar relation and Smarr formula for generic 4-D spherically sym-
metric space-times. While offering an independent derivation of black-hole thermodynamics from
field observables, the universality of results suggests that quantum entanglement is a fundamental
building block of space-time. DOI : https://doi.org/10.1103/PhysRevD.102.125025

Black Hole Thermodynamics / 467

Thermodynamics of Charged Black Hole

Author: Muhammad Sharif¥o®

Corresponding Author: msharif. math@pu.edu.pk

This talk investigates thermodynamics, quasi-normal modes, thermal fluctuations and phase tran-
sitions of Reissner-Nordstrom black hole with the effects of non-linear electrodynamics. We first
compute the expressions for Hawking temperature, entropy and heat capacity of this black hole
and then obtain a relation between Davies point and quasi-normal modes with non-linear electro-
dynamics. We also observe the effects of logarithmic corrections on uncorrected thermodynamic
quantities such as entropy, Hawking temperature, Helmholtz free energy, internal energy, Gibbs-
free energy, enthalpy and heat capacity. It is found that presence of non-linear electrodynamics
parameter induces more instability in black holes of large radii. Finally, we analyze the phase tran-
sitions of Hawking temperature as well as heat capacity in terms of entropy for different values of
charge, horizon radius and coupling parameter. We obtain that Hawking temperature changes its
phase from positive to negative for increasing values of charge and horizon radius while it shows
opposite trend for higher values of coupling parameter. The heat capacity changes its phase from
negative to positive for large values of charge, horizon radius and coupling parameter.
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Black Hole Thermodynamics / 710

Superentropic black hole with Immirzi hair

Author: Simon Boudet™°"®

Corresponding Author: simon.boudet@unitn.it

In this talk I will report an analytic solution describing asymptotically anti-de Sitter black holes with
hyperbolic horizon, derived in the context of f(R) generalizations to the Holst action, endowed with
a dynamical Immirzi field. These black holes exhibit scalar hair of the second kind, which ultimately
depends on the Immirzi field radial behavior. In particular, the latter is reponsible for modifications
to the usual entropy law associated to the black hole and it boils down to a constant value in the
asymptotic region, thus restoring the standard loop quantum gravity picture. I will then discuss
the black hole thermodynamics in the extended phase space approach, proving the violation of the
reverse isoperimetric inequality, which results in the superentropic nature of the black hole, and
discussing the thermodynamic stability of the solution.

Black Hole Thermodynamics / 288

Information recovery from evaporating black holes

Author: Zhiwei Wang""®

Co-authors: Samuel Braunstein *; Saurya Das 2

! University of York
% University of Lethbridge

Corresponding Author: zhiweiwang.phy@gmail.com

We show that the apparent horizon and the region near r=0 of an evaporating charged, rotating black
hole are timelike. It then follows that for black holes in nature, which invariably have some rotation,
have a channel, via which classical or quantum information can escape to the outside, while the
black hole shrinks in size. We discuss implications for the information loss problem.

Black Hole Thermodynamics / 162

Thermodynamics of AdS Black Holes: Central Charge Critical-
ity

Authors: Wan Congl; David Kubiznak?; Robert Mann'!

! University of Waterloo

% Perimeter Institute
Corresponding Author: dkubiznak@perimeterinstitute.ca

We reconsider the thermodynamics of AdS black holes in the context of gauge-gravity duality. In
this new setting where both the cosmological constant A and the gravitational Newton constant G
are varied in the bulk, we rewrite the first law in a new form containing both A (associated with
thermodynamic pressure) and the central charge C' of the dual CFT theory and their conjugate
variables. We obtain a novel thermodynamic volume, in turn leading to a new understanding of the
Van der Waals behavior of the charged AdS black holes, in which phase changes are governed by
the degrees of freedom in the CFT. Compared to the “old” P — V criticality, this new criticality is
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“universal” (independent of the bulk pressure) and directly relates to the thermodynamics of the dual
field theory and its central charge.

Black Hole Thermodynamics / 925

Einstein-Maxwell-Dilaton-Axion mass formulas for black hole
systems with struts and strings
Author: Dmitry Galtsov™°™

Co-authors: Gerard Clement '; Igor Bogush

! LAPTH, Annecy-le-Vieux, France

* Moscow Lomonosov State University
Corresponding Author: gdmv04@mail.ru

We derive Smarr-type mass formulas for black holes solutions with non-connected horizons, repre-
sented by their rod structure, in the framework of the EMDA theory, generalizing the results of the
recent paper “On the Smarr formulas for electrovac spacetimes with line singularities - ScienceDi-
rect”. Our formalism covers such configurations as aligned multiple black holes joined by struts and
possibly by Misner and Dirac strings when the individual components are endowed with magnetic
mass or monopole charges. It is shown, that the axion and dilaton fields only modify the expressions
for the electric and magnetic charges, but do not introduce new terms into the mass formulas. We
discuss the thermodynamic interpretation of solutions with Misner and Dirac strings and discuss
the relationship with previous literature on Misner string.

Black Hole Thermodynamics / 685

Why the black hole information problem is a false problem.

Author: Carlo Rovelli!

' AMU University
Corresponding Author: rovelli.carlo@gmail.com

Ireview the arguments supporting the idea that there is an information puzzle in black holes physics.
Namely that unitarity is conflicting with local quantum field theory and the equivalence principle. I
show that these arguments rely on speculative extra assumptions, justified only by faith in specific
hypothesis on quantum gravity. Therefore the black hole information puzzle a problem only for
these peculiar approaches to quantum gravity. Distinguishing thermodynamical entropy from von
Neumann entropy and event horizons from apparent horizons shows that the black hole information
problem is, by itself, a false problem.

Black Hole Thermodynamics / 462

Back-reaction of Matter Fluctuations in Asymptotically non-flat
Black-hole Space-times

Author: Manu Srivastava'

. 1
Co-author: Shankaranarayanan Subramaniam
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! Indian Institute of Technology Bombay
Corresponding Author: manu_s@iitb.ac.in

Hawking radiation remains a crucial theoretical prediction of semi-classical gravity and is consid-
ered one of the critical tests for a model of quantum gravity. However, Hawking’s original derivation
used quantum field theory on a fixed background. Efforts have been made to include the space-time
fluctuations arising from the quantization of the dynamical degrees of freedom of gravity itself and
to study the effects on the Hawking particles. Using semi-classical analysis, we study the effects
of quantum fluctuations of scalar field stress-tensors in asymptotic non-flat spherically symmetric
black-hole space-times. Using two different approaches, a statistical mechanical approach and a
quantum field theoretic approach, we obtain a critical length-scale from the horizon at which grav-
itational interactions become large, i.e., when the back reaction to the metric due to the scalar field
becomes significant. The work can be found at [arXiv: 2008.00429].

Black Hole Thermodynamics / 897

Microscopic model building for Black Hole Membranes from Con-
straints of Symmetry

Author: Swastik Bhattacharya'

Co-author: S Shankaranarayanan >

! BITS Pilani Hyderabad
2 [IT Bombay

Corresponding Author: swastikrfit@gmail.com

Einstein equations projected on Black Hole horizons give rise to the equations of motion of a viscous
fluid. This suggests a way to understand the microscopic degrees of freedom on the Black Holehori-
zon by focusing on the physics of this fluid. In this talk, we shall approach this problem by building a
crude microscopic model for the Horizon-fluid(HF) corresponding to asymptotically flat Black Holes
in 3+1 dimensions. The symmetry requirement for our model is that it should directly incorporate
the S1 diffeo-symmetry on the BH horizon. The second constraint comes from the demand that
the correct value of the Coefficient of the Bulk Viscosity of the HF can be deduced from the model.
Both these requirements can be satisfied by an adoption of the eight vertex Baxter model on a S2
surface. We show that the adiabatic entropy quantisation proposed by Bekenstein also follows from
this model. Finally, we argue the results obtained so far suggest that a perturbed Black Hole can be
described by a CFT perturbed by relevant operators and discuss the physical implications.

Black Hole Thermodynamics / 834

Stress-energy Tensor for a Quantized Scalar Field When a Black
Hole in Four Dimensions Forms From the Collapse of a Null Shell

Author: Shohreh Gholizadeh Siahmazgi'

Co-authors: Paul R. Anderson }; Raymond D. Clark 1. Alessandro Fabbri 2

! Wake Forest University
? Universidad de Valencia-CSIC and Universit\’fe} Paris-Saclay

Corresponding Author: ghols18@wfu.edu
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A method will be presented which allows for the numerical computation of the stress-energy tensor
for a quantized massless minimally coupled scalar field in the region outside the event horizon of a
4D Schwarzschild black hole that forms from the collapse of a null shell. This method involves taking
the difference between the stress-energy tensor for the in state in the collapsing null shell spacetime
and that for the Unruh state in Schwarzschild spacetime. The construction of the modes for the in
vacuum state and the Unruh state will be discussed. Applying the method, the renormalized stress-
energy tensor in the 2D case has been computed numerically and shown to be in agreement with the
known analytic solution. In 4D, the presence of an effective potential in the mode equation causes
scattering effects that make the the construction of the in modes more complicated. The numerical
computation of the n modes in this case will be presented.

Black Hole Thermodynamics / 438

Eddington gravity with matter: An emergent perspective

Author: Sumanta Chakraborty’

Co-author: Thanu Padmanabhan

! Indian Association for the Cultivation of Science
Corresponding Author: sumantac.physics@gmail.com

We describe an action principle, within the framework of the Eddington gravity, which incorporates
the matter fields in a simple manner. Interestingly, the gravitational field equations derived from
this action is identical to Einstein’s equations, in contrast with the earlier attempts in the literature.
The cosmological constant arises as an integration constant in this approach. In fact, the derivation
of the field equations demands the existence of a nonzero cosmological constant, thereby providing
the raison d’étre for a nonzero cosmological constant, implied by the current observations. Several
features of our approach strongly support the paradigm that gravity is an emergent phenomenon
and, in this perspective, our action principle could have a possible origin in the microstructure of
the spacetime. We also discuss several extensions of the action principle, including the one which
can incorporate torsion into the spacetime. We also show that an Eddington-like action can be
constructed to obtain the field equations of the Lanczos-Lovelock gravity.
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Black Holes in Alternative Theories of Gravity / 660

Asymptotically flat black hole solution in modified gravity

Author: Surajit Kalita'

Co-author: Banibrata Mukhopadhyay *

! Indian Institute of Science, Bangalore

? Indian Institute of Science
Corresponding Author: surajitk@iisc.ac.in

This abstract is primarily based on my paper EPJC 79 (2019) 877.

f(R) gravity theory is one of the most popular alternate theories of gravity, which has been used
to describe various phenomena in cosmology and astrophysics. In this talk, I will explore the prop-
erties of spacetime in the presence of f(R) gravity. First, I will describe how it is used to obtain
a spherically symmetric spacetime metric. It is observed that the properties of the spacetime and
some other physics related to the marginal orbits deviate from those for the Schwarzschild metric,
depending on the model’s parameter. It is also well noted that this solution is actually asymptotically
flat, which means the metric approaches the Minkowski metric as we move away from the compact
object. Eventually, I will talk about using this solution in the accretion disk to understand its various
properties.

Black Holes in Alternative Theories of Gravity / 379

Infinitely degenerate exact Ricci-flat solutions in f(R) gravity

Authors: Semin Xavier'; Jose Mathew?; S. Shankaranarayanan3

' IIT Bombay
? Department of Physics, The Cochin College, Kochi, Kerala, India
* Department of Physics, Indian Institute of Technology, Mumbai, Maharashtra 400076

Corresponding Author: seminxavier@iitb.ac.in
The evidence is mounting that the Universe is currently undergoing a phase of accelerated expansion.
One possible alternative is the modification in gravity in the largest possible scales. This leads to the

many questions related to black-holes: violation of Birkhoff theorem and no-hair theorem. To con-
firm/infirm, we need to obtain exact black-hole solutions in these modified gravity theories.
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In this talk, we focus on the exact spherically symmetric solutions in f(R) theories of gravity. We
explicitly show that some f(R) models contain an infinite number of exact static, Ricci-flat spher-
ically symmetric vacuum solutions and, hence, violate Birkhoff’s theorem in f(R) theories. We
analytically derive two exact vacuum black-hole solutions for the same class of f(R) theories. The
two black-hole solutions have the event-horizon at the same point; however, their asymptotic fea-
tures are different. Our results suggest that the no-hair theorem may not hold for generic modified
gravity theories. We discuss the implications of our work to distinguish modified gravity theories
from general relativity. (Based on arXiv:2003.05139)

Black Holes in Alternative Theories of Gravity / 461

Analytical computation of quasi-normal modes of slowly-rotating
black-holes in dCS gravity

Author: Manu Srivastava’

Co-authors: Yanbei Chen ?; Shankaranarayanan Subramaniam !

! Indian Institute of Technology Bombay
* California Institute of Technology

Corresponding Author: manu_s@iitb.ac.in

Following the direct detection of gravitational waves, modification to General Relativity (GR) at
strong gravity regimes is one of the most important aspects of gravity research. Chern Simons (CS)
gravity is one of the most frequently studied parity-violating models of strong gravity. CS gravity
is indistinguishable from GR for all conformally flat space-times and for space-times that possess a
maximally symmetric 2-dimensional subspace. Also, it is known that the Kerr black-hole is not a
solution for CS gravity. At the same time, the only rotating solution available in the literature for
dynamical CS (dCS) gravity is the slow-rotating case. In this work, for the slow-rotating case, we
derive the linear perturbation equations governing the metric and the dCS field accurate to linear
order in spin and quadratic order in the CS coupling parameter (o) and obtain the quasi-normal
mode (QNM) frequencies. After confirming the recent results of Wagle et al. [arXiv 2103.09913], we
find an additional contribution to the eigenfrequency correction at the leading perturbative order of
a?. Unlike Wagle et al., we also find corrections to frequencies in the polar sector. We compute these
extra corrections by evaluating the expectation values of the perturbative potential on unperturbed
QNM wavefunctions along a contour deformed into the complex-r plane. For o = 0.1M?, we find
the ratio of the imaginary parts of the dCS correction to the purely GR correction in the first QNM
frequency (in the polar sector) to be 0.263 implying a significant change. Also, for the (I,m) =
(2,2) mode, the dCS corrections make imaginary part of the first QNM of the fundamental mode
less negative, thereby decreasing the decay rate. Our results, along with future gravitational wave
observations, can be used as a test for dCS gravity and to further constrain the CS coupling parameter
values.

Black Holes in Alternative Theories of Gravity / 978

emergent magnetic monopoles in degenerate theory

Author: suvikranth gera'

Co-author: SANDIPAN SENGUPTA '

' IIT KHARAGPUR
Corresponding Author: suvikranthg@gmail.com

We show that a magnetic charge in curved spacetime could be an artefact of a vacuum phase with
zero metric determinant at a distance. This phase is characterized by a solution of the first-order field
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equations with nontrivial torsion. The monopole charge has a topological origin, given precisely by
a lower-dimensional counterpart of the Nieh-Yan invariant in absence of matter. In this geometric
realization, the monopole core remains hidden from the observer living in the invertible metric phase,
thus precluding its direct detection.

Black Holes in Alternative Theories of Gravity / 28

Does the Penrose Suggestion as to Black Holes from a Prior Uni-
verse Showing Up in Today’s Universe Have Credibility? Exam-
ined from a Singular, and Nonsingular Beginning of Cosmologi-
cal Expansion

Author: Andrew Beckwith'

! Chongqing University, physics
Corresponding Author: rwill9955b@gmail.com

We examine if there are grounds to entertain the Penrose suggestion as to black holes from a prior
cycle of creation appearing in the present cosmos. There are two cases to consider. One a singular
start to the Universe or as Karen Freeze and others have modeled a non-singular start. The two
cases are different and touch upon the limits of validity of the Penrose singularity theorem. We will
first of all state the two cases, singular and nonsingular, and then afterwards, briefly allude to the
Penrose singularity theorem. The plausibility of the singular cosmological expansion start point w
case analysis of Black holes from a prior universe will be discussed first Afterwards, a synopsis of the
Penrose singularity theorem. After that, the Nonsingular case of a starting point of the expansion
of the Universe will be entertained and described. Since the nonsingular start to the expansion
of the Universe is not so well known, a considerable amount of space will be spent upon what I
view as mathematical constructions allowing for its analysis. About the only way to ascertain these
cases will be by GW astronomy, hence the details of GW production from the early Universe will
be covered in excruciating detail. The methodology for that section is simple. Use a construction
for a minimal time-step, then from there get emergent space-time conditions for a bridge from a
nonsingular start to the universe, to potential Quantum gravity conditions. Our Methodology is to
construct using a “trivial” solution to massive gravitons, and a nonsingular start for expansion of
the universe. Our methodology has many consequences, not the least is a relationship between a
small timestep, which is called t, and then the minimum scale factor and even the tension or property
values of the initial space-time wall, .

Black Holes in Alternative Theories of Gravity / 164
Scalar perturbations of Kerr black-holes in hybrid metric-Palatini
gravity

Authors: Jodo Rosa'; José Lemos™°™; Francisco Lobo?

! University of Tartu

2 Science Faculty of the University of Lisbon
Corresponding Author: joaoluis92@gmail.com

It is shown that the Kerr solution exists in the generalized hybrid metric-Palatini gravity theory and
that for certain choices of the function f(R, R) that characterizes the theory, the Kerr solution can
be stable against perturbations on the scalar degree of freedom of the theory. We start by verifying
which are the most general conditions on the function f(R,R) that allow for the general relativis-
tic Kerr solution be also a solution of this theory. We perform a scalar perturbation in the trace of
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the metric tensor, which in turn imposes a perturbation in both the Ricci and Palatini scalar curva-
tures. To first order in the perturbation, the equations of motion, namely the field equations and the
equation that relates the Ricci and the Palatini curvature scalars, can be rewritten in terms of a 4th
order wave equation for the perturbation § R which can be factorized into two 2nd order massive
wave equations for the same variable. The usual ansatz and separation methods are applied and
stability bounds on the effective mass of the Ricci scalar perturbation are obtained. These stability
regimes are studied case by case and specific forms of the function f(R, R) that allow for a stable
Kerr solution to exist within the perturbation regime studied are obtained.

Black Holes in Alternative Theories of Gravity / 876

An overview of quasinormal modes in modified and extended
gravity

Authors: Aurélien Barrau'; Flora Moulin¥°™; Killian Martineau?

! LPSC - CNRS
2 LPSC

Corresponding Author: barrau@in2p3.fr

As gravitational waves are now being nearly routinely measured with interferometers, the question
of using them to probe new physics becomes increasingly legitimate. In this article, we rely on a
well established framework to investigate how the complex frequencies of quasinormal modes are
affected by different models. The tendencies are explicitly shown for both the pulsation and the
damping rate. The goal is, at this stage, purely qualitative. This opportunity is also taken to derive
the Regge-Wheeler equation for general static and spherically symmetric metrics.

Based on: Moulin, Barrau, Martineau, Universe 5 (2019) 9, 202

Black Holes in Alternative Theories of Gravity / 1019

Bardeen Black Hole from a Self-Dual Radius in Spacetime

Author: Michael Florian Wondrak'

' Goethe-Universitit Frankfurt and Helmholtz Research Academy Hesse for FAIR

Corresponding Author: wondrak@fias.uni-frankfurt.de

From a phenomenological point of view, the singularities of ordinary black hole solutions hint at a
breakdown of general relativity. The Bardeen black hole is a prototype of regular black hole solutions,
i.e. those which are geodesically complete and avoid a curvature singularity.

The Bardeen solution is generally interpreted as a magnetically or electrically charged solution to
gravity coupled to non-linear electrodynamics. In this talk, we derive that in a spacetime inheriting
a self-dual radius from string theory, black holes naturally take on the Bardeen form.

The threshold mass for Bardeen black holes achieves a particular interpretation. During the evapo-
ration process, a black hole undergoes a transition from an instable classical Schwarzschild phase to
a stable quantum phase. In the end, there is a cold, thermodynamically stable remnant. The minimal
black hole size of the order of the self-dual radius.

The self-dual radius can be tested by its impact on quantum mechanical systems. We find that it
modifies the form of the atomic electrostatic potentials. We derive experimental bounds from high-
precision spectroscopy of the hydrogen atom. The investigation of the 1S_{1/2}-2S_{1/2} transition
frequency allows to constrain the self-dual radius down to below 3.9 x 10"(-19) m.
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Black Holes in Alternative Theories of Gravity / 191

Black holes in metric-affine gravity: properties and observational
discriminators

Author: Diego Rubiera-Garcia'

! Complutense University of Madrid
Corresponding Author: drubiera@ucm.es

We present several families of black hole solutions in metric-affine theories of gravity with inde-
pendent metric and affine connection. We show that the resolution of the singularity problem is a
common feature of many such solutions, and discuss several strategies in terms of their observational
discriminators as compared to GR canonical objects.

Black Holes in Alternative Theories of Gravity / 673

Absorption by deformed black holes

Authors: Renan B. Magalhies'; Luiz C. S. Leite?; Luis C. B. Crispino”

! Universidade Federal do Pard
2 Instituto Federal do Para, Campus Altamira.

3 Universidade Federal do Pard, Amazonia
Corresponding Authors: rbmagalhaes22@hotmail.com, crispino@ufpa.br

Alternative theories of gravity and the parameterized deviation approach allow black hole solutions
to have additional parameters beyond mass, charge and angular momentum. Matter fields could be,
in principle, affected by the additional parameters of these solutions. We compute the absorption
cross section of massless spin-0 waves by static Konoplya-Zhidenko black holes, characterized by a
deformation parameter introduced in the mass term, and compare it with the well-known absorption
of a Schwarzschild black hole with the same mass. We compare our numerical results with the sinc
approximation in the high-frequency limit, finding excellent agreement.

Black Holes in Alternative Theories of Gravity / 394

Universe in a black hole with spin and torsion

Author: Nikodem Poplawski'

! University of New Haven
Corresponding Author: npoplawski@newhaven.edu

We consider gravitational collapse of a spherically symmetric sphere of a fluid with spin and torsion
into a black hole. We use the Tolman metric and the Einstein-Cartan field equations with a relativistic
spin fluid as a source. We show that gravitational repulsion of torsion prevents a singularity and
replaces it with a nonsingular bounce. Quantum particle production during contraction strengthens
torsion in opposing shear. Particle production during expansion can produce enormous amounts of
matter and generate a finite period of inflation. The resulting closed universe on the other side of
the event horizon may have several bounces. Such a universe is oscillatory, with each cycle larger
in size then the previous cycle, until it reaches the cosmological size and expands indefinitely. Our
universe might have therefore originated from a black hole existing in another universe.
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Black Holes in Alternative Theories of Gravity / 816

Shadow of a charged black hole surrounded by an anisotropic
matter field

Authors: Javier Badia!; Ernesto F. Eiroa™~°™

! Instituto de Astronomia y Fisica del Espacio (IAFE, CONICET-UBA)
Corresponding Author: jbadia@iafe.uba.ar

A certain type of matter with anisotropic pressures can add to the Reissner-Nordstrom metric a term
proportional to a power of the radial coordinate. Using the standard method of separating variables
for the Hamilton-Jacobi equation, we study the shadow of the corresponding rotating solution, ob-
tained through the Newman-Janis algorithm. We define and calculate three observables in order to
characterize the position, size and shape of the shadow.

Black Holes in Alternative Theories of Gravity / 234

Holography for Rotating Black Holes in f(T) Gravity

Author: Masoud Ghezelbash'

! University of Saskatchewan
Corresponding Author: amgl42@usask.ca

The nonextremal Kerr black holes have been considered to be holographically dual to two-dimensional
(2D) conformal field theories (CFTs). In this talk, we extend the holography to the case of an asymp-
totically anti-de Sitter (AdS) rotating charged black holes in f(T)=T+oT"2 gravity, where a is a
constant. We find that the scalar wave radial equation at the near-horizon region implies the exis-
tence of the 2D conformal symmetries. We note that the 27 identification of the azimuthal angle ¢ in
the black hole line element, corresponds to a spontaneous breaking of the conformal symmetry by
left and right temperatures TL and TR, respectively. We show that choosing proper central charges
for the dual CFT, we produce exactly the macroscopic Bekenstein-Hawking entropy from the micro-
scopic Cardy entropy for the dual CFT. These observations suggest that the rotating charged AdS
black hole in f(T) gravity is dual to a 2D CFT at finite temperatures TL and TR for a specific value of
mass M, rotational, charge, and f(T) parameters, Q, Q, and |o|, respectively.

Black Holes in Alternative Theories of Gravity / 971

Asymptotically flat hairy black holes in massive bigravity

Authors: Mikhail Volkov'; Romain Gervalle™"®

! University of Tours, France
Corresponding Author: michael.volkov@lmpt.univ-tours.fr

We study asymptotically flat black holes with massive graviton hair within the ghost-free bigravity
theory. There have been contradictory statements in the literature about their existence, but we have
been able to construct such solutions within a carefully designed numerical scheme. The masses of
stable hairy black holes that would be physically relevant range form stellar values up to values
typical for supermassive black holes. One of their two metrics is extremely close to Schwarzschild
while all the “hair” is hidden in the second metric that is not coupled to matter and not directly
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seen. However, the “hairy features” should manifest themselves in violent processes like black hole
collisions and should be visible in the structure of the signals detected by LIGO/VIRGO.

Black Holes in Alternative Theories of Gravity / 859

Constraining modified gravity theories with physical black holes

Author: Sebastian Murk’

Co-author: Daniel Terno *

! Macquarie University, Sydney

? Macquarie University
Corresponding Author: sebastian.murk@students.mq.edu.au

The existence of black holes is one of the key predictions of general relativity (GR) and therefore
a basic consistency test for modified theories of gravity. In spherical symmetry, only two classes
of GR solutions are compatible with the formation of a regular apparent horizon in finite time of a
distant observer. In this talk, I will demonstrate how to derive constraints that any self-consistent
modified gravity theory must satisfy to be compatible with their existence. In addition, I will discuss
their properties, highlight characteristic features, and illustrate the construction on some popular
modified theories of gravity, e.g. the Starobinsky model. Both of the GR solutions can be regarded
as zeroth-order terms in perturbative solutions of this model. On the other hand, it is also possible
to construct non-perturbative solutions without a well-defined GR limit.

Note: some of the results presented in this talk are summarized in arXiv:2012.11209.

Black Holes in Alternative Theories of Gravity / 353

Some studies of black hole shadows in the conformal massive
gravity and the Einstein-Aether gravity

Author: Mubasher Jamil'

! Zhejiang university of Technology
Corresponding Author: jamil.camp@gmail.com

In the first part, we use a suitable conformal rescaling to construct static and rotating regular black
holes in conformal massive gravity. The new metric is characterized by the mass M, the “scalar
charge” Q, the angular momentum parameter a, the “hair parameter” A, and the conformal scale
factor encoded in the parameter L. We explore the shadow images and the deflection angles of rela-
tivistic massive particles in the spacetime geometry of a rotating regular black hole later.

In the second part, we will discuss the shadow cast by two types of charged and slowly rotating
black holes in Eisntein-aether theory of gravity. This two types of black holes are corresponding to
two specific combinations of the coupling constants of the aether field, i.e., c14=0 but c123#0 for the
first type and c123=0 for the second type, respectively. For both types of black holes, in addition to
the mass and charge of the black holes, we show that the presence of the aether field can also affect
the size of the shadow. For the first type black hole, it is shown that the shadow size increases with
the parameter c13, while for the second type black hole, the shadow size still increases with c13 but
decreases with the parameter c14. With these properties of these aether parameters, we also discuss
the observational constraints on these parameters by using the data of the first black hole image by
the Event Horizon Telescope.
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Black Holes in Alternative Theories of Gravity / 996

Black holes, stationary clouds and magnetic fields

Author: Nuno Santos!

Co-author: Carlos Herdeiro *

! Técnico Lisboa & Universidade de Aveiro

? Aveiro University, Portugal
Corresponding Author: nunomoreirasantos@tecnico.ulisboa.pt

As the electron in the hydrogen atom, a bosonic field can bind itself to a black hole occupying a dis-
crete infinite set of states. When (i) the spacetime is prone to superradiance and (ii) a confinement
mechanism is present, some of such states are infinitely long-lived. These equilibrium configura-
tions, known as stationary clouds, are states “synchronized” with a rotating black hole’s event hori-
zon. For most, if not all, stationary clouds studied in the literature so far, the requirements (i)-(ii)
are independent of each other. However, this is not always the case. In fact, massless neutral scalar
fields can form stationary clouds around a Reissner—Nordstrom black hole when both are subject to
a uniform magnetic field. The latter simultaneously enacts both requirements by creating an ergore-
gion (thereby opening up the possibility of superradiance) and trapping the scalar field in the black
hole’s vicinity. This leads to some novel features, in particular, that only black holes with a subset
of the possible charge to mass ratios can support stationary clouds.
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Compact Stars as Laboratories for Testing Strong Gravity / 170

Exotic thin-shell fluid stars with arbitrary compactess

Authors: Jodo Rosa'; Pedro Picarra™™

! University of Tartu

Corresponding Author: joaoluis92@gmail.com

We propose two models for constant density relativistic perfect-fluid spheres supported by thin shell
configurations. These models are obtained from the Schwarzschild constant density star solution:
the first via the collapse of the external layers of the fluid into a thin shell by performing a matching
with the exterior Schwarzschild solution at a matching radius smaller than the star radius; and the
second via the creation of a vacuum bubble inside the star by matching it with an interior Minkowski
spacetime. Both models are shown to satisfy both the weak and the strong energy conditions (WEC
and SEC) and can have a compactness arbitrarily close to that of a black-hole without developing
singularities at the center, thus being exceptions to the Buchdahl limit. We compute the stability
regimes of the models proposed and we show that there are combinations of the star radius ? and
the matching radius Ry, for which the solutions are stable, the dominant energy condition (DEC) is
satisfied, and the radius of the object is smaller than 3M, implying that these models could be used
as models for dark matter or exotic compact objects.

Compact Stars as Laboratories for Testing Strong Gravity / 1053

Magnetic field in Neutron stars, vacuum birrefrigence consequences

Authors: Aurora Perez Martinez'; M. A. Perez-Garcia?; E. Rodriguez Querts?; A. Romero Jorge®

! Departamento de Fisica Fundamental, Plaza de la Merced, Edificio Trilingue, Universidad de Salamanca, Esparia
2 Instituto de Cibernetica Matematica y Fisica ICIMAF

Corresponding Author: aurora@icimaf.cu

Vacuum in presence of magnetic field exhibits birrefrigence. We have obtained this effect from linear
correction of dispersion relation of photon travelling perpendicular to the magnetic field valid even
for magnetic fields close to B<sub>c</sub>=10<sup>13</sup> G.

Although this phenomenon has not been yet detected evidenceof this effect has been reported for
neutron star RX J1856.5-3764 by Mignani et al.. In the light of this finding we analyze our results.
In this context we discussed possible experiments in lab with pulsanting laser beams.
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Compact Stars as Laboratories for Testing Strong Gravity / 179

Probing Strong Field Gravity and the Structure of Ultra-Dense
Matter with the Thermal Evolution of Neutron Stars

Authors: Martin Javier Nava—CalIejasl; Dany Pagez; Mikhail V. Beznogov2

! Instituto de Astronomia - UNAM
2 Instituto de Astronomia - UNAM

Corresponding Author: mnava@astro.unam.mx

Thermal evolution of neutron stars is studied in the f(R) = R + aR? theory of gravity.

We first describe the equations of stellar structure and evolution for a spherically symmetric space-
time plus a perfect fluid at rest.

We then present numerical results for the structure of neutron stars using four dense matter equa-
tions of state and a series of gravity theories for

« ranging from zero, i.e., General Relativity, up to o ~ 1016 cm?.

We emphasize properties of these neutron star models that are of relevance for their thermal evolu-
tion as the threshold masses for enhanced neutrino emission

by the direct Urca process, the proper volume of the stellar cores where this neutrino emission is
allowed, the surface gravitational acceleration that impact the observable effective temperature, and
the crust thickness.

Finally, we numerically solve the equations of thermal evolution using the public code \texttt{NSCool}
and explicitly analyze the effects of altering gravity.

We find that uncertainties in the dense matter microphysics, as its chemical composition and super-
fluidity/superconductivity properties, as well as the

astrophysical uncertainties on the chemical composition of the surface layers, have a much stronger
impact than possible modification of gravity

within the studied family of f(R) theories.

We conclude that within this family of gravity theories, conclusions from previous studies of neu-
tron star thermal evolution are not significantly

altered by alteration of gravity.

Conversely, this implies that neutron star cooling modeling may not be a useful tool to constrain
deviations of gravity from Einstein theory

unless these are much more radical than in the f(R) framework.

Compact Stars as Laboratories for Testing Strong Gravity / 235

Effects of modified theories of gravity on neutrino pair annihila-
tion energy deposition near neutron stars

Authors: Leonardo Mastrototaro!; Gaetano Lambiase?

! Universita degli Studi di Salerno - INFN, Sezione di Napoli, Gruppo collegato di Salerno
2 Universita degli Studi di Salerno

Corresponding Author: 1. mastrototaro5@gmail.com

We present our studies on the neutrino pairs annihilation into electron-positron pairs (v — e~ e™)
near the surface of a neutron star in the framework of extended theories of gravity. The latter mod-
ifies the maximum energy deposition rate near to the photonsphere and it might be several orders
of magnitude greater than that computed in the framework of General Relativity. These results pro-
vide a rising in the Gamma-Ray Bursts energy emitted from a close binary neutron star system and
might be a fingerprint of modified theories of gravity, changing our view of astrophysical phenom-
ena.
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Compact Stars as Laboratories for Testing Strong Gravity / 271

Neutron Stars in Scalar-tensor Theories: Analytic Scalar Charges
and Gravitational-wave Constraints

Authors: Kent Yagi1 ; Michael Stepniczkal; Zack Carson'; Brian Seymour2

! University of Virginia
% California Institute of Technology

Corresponding Author: ky5t@virginia.edu

Neutron stars in scalar-tensor theories may undergo spontaneous scalarization, which is important
for probing the theories with binary pulsar and gravitational wave observations. Since the effect
is nonlinear, most studies of spontaneous scalarization were carried out numerically. In the first
part of my talk, I explain how one can compute the effect of scalarization analytically based on a
perturbative analysis and analytic modeling of neutron stars through the Tolman VII solution. I
show that the analytic calculations match accurately with numerical ones. These findings improve
our understanding of spontaneous scalarization and provide us quick and ready-to-use expressions
of scalar charges. In the second part, I present current and future prospects of constraining scalar-
tensor theories with gravitational waves from a mixed binary of a black hole and a neutron star. I
show that future observations can significantly improve bounds on these theories.

Compact Stars as Laboratories for Testing Strong Gravity / 484

The Brach Cut Universe: from the origin of the universe to the
formation of compact stars

Author: Cesar Augusto Zen Vasconcellos'

Co-author: Benno Bodmann

! ICRANet
Corresponding Author: cesarzen@cesarzen.com

In this contribution we identify two scenarios for the evolutionary branch cut universe. In the first
scenario, the universe evolves continuously from the negative complex cosmological time sector,
prior to a primordial singularity, to the positive one, circumventing continuously a branch cut, and
no primordial singularity occurs in the imaginary sector, only branch points. In the second scenario,
the branch cut and branch point disappear after the {\it realisation} of the imaginary component of
the complex time by means of a Wick rotation, which is replaced by the thermal time. In the second
scenario, the universe has its origin in the Big Bang, but the model contemplates simultaneously a
mirrored parallel evolutionary universe going backwards in the cosmological thermal time negative
sector. A quantum formulation based on the WDW equation is sketched and preliminary conclusions
are drawn. Finally, a description of the evolutionary process of the branch cut universe, from its
beginnings to the creation phase of compact stars is proposed.

Compact Stars as Laboratories for Testing Strong Gravity / 994

Neutron stars in f (R, T ) gravity using realistic equations of state
in the light of massive pulsars and GW170817

Author: Manuel Malheiro'
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! Instituto Tecnolégico de Aerondutica

Corresponding Author: manuelmalheiro@gmail.com

In this work we investigate neutron stars (NS) in f (R, T ) gravity

for the case R + 2AT , R is the Ricci scalar, and T the trace of the

energy-momentum tensor. The hydrostatic equilibrium equations are

solved considering realistic equations of state (EOS). The NS masses

and radii obtained are subject to a joint constrain from massive pulsars

and the event GW170817. The parameter A needs to be negative as in

previous NS studies, however, we found a minimum value for it due to the existence

of the NS crust. The pressure in this modified theory of gravity depends on the

inverse of the sound velocity. Since, this velocity is lower in the crust, |A| needs to be very small. We
found that the increment in the star mass is less

than 1%, much smaller than previous ones obtained not considering the

realistic stellar structure, and the star radius cannot become larger, its

changes compared to GR is less than 3.6% in all cases. The finding that

using several relativistic and non-relativistic models the variation on

the NS mass and radius is almost the same for all the EsoS, manifests

that our results are insensitive to the high-density part of the EOS.

It confirms that stellar mass and radii obtained in f(R,T) depends only on the NS crust, where the
EoS is essentially the same for all the models. Finally, we highlight that our results indicate that
conclusions obtained from NS studies

done in modified theories of gravity without using realistic EsoS that

describe correctly the NS interior can be unreliable.

Compact Stars as Laboratories for Testing Strong Gravity / 803

Application of a hierarchical MCMC follow-up to Advanced LIGO
continuous gravitational-wave candidates

Authors: Rodrigo Tenorio'; David Keitel'; Alicia M. Sintes'

! Universitat de les Illes Balears

Corresponding Author: rodrigo.tenorio@ligo.org

We present the first application of a hierarchical Markov Chain Monte Carlo (MCMC) follow-up on
continuous gravitational-wave candidates from real-data searches. The follow-up uses an MCMC
sampler to draw parameter-space points following the F-statistic. As outliers are narrowed down,
coherence time increases, imposing more restrictive phase-evolution templates. We introduce a
novel Bayes factor to compare results from different stages: The signal hypothesis is derived from
first principles, while the noise hypothesis uses extreme value theory to derive a background model.
The effectiveness of our proposal is evaluated on fake Gaussian data and applied to a set of 30 out-
liers produced by different continuous wave searches on O2 Advanced LIGO data. The results of
our analysis suggest all but three outliers are inconsistent with an astrophysical origin under the
standard continuous wave signal model. We successfully ascribe two of the surviving outliers to an
instrumental artifact and a strong hardware injection present in the data. The behavior of the third
outlier suggests an instrumental origin as well, but we could not relate it to any known instrumental
cause.

Compact Stars as Laboratories for Testing Strong Gravity / 687

Probing modified gravitational-wave propagation through tidal
measurements of binary neutron star mergers

Authors: Nan Jiang'; Kent Yagi'
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! University of Virginia
Corresponding Author: nj2nu@virginia.edu

Gravitational-wave(GW) sources can serve as standard sirens to probe cosmology by measuring
their luminosity distance and redshift. Such standard sirens are also useful to probe theories beyond
General Relativity with a modified GW propagation. Previous studies on the latter assume multi-
messenger observations so that the luminosity distance can be measured with GWs while the redshift
is obtained by identifying sources’ host galaxies from electromagnetic (EM) counterparts. Given that
GW events of binary neutron star(BNS) coalescences with associated EM counterpart detections
are expected to be rather rare, it is important to examine the possibility of using standard sirens to
probe gravity with GW measurements alone. In this paper, we achieve this by extracting the redshift
from the tidal measurement of BNSs(originally proposed within the context of GW cosmology). We
also improve previous work by considering multi-band GW observations between ground-based
(e.g.Einstein Telescope) and space-based (e.g. DECIGO) interferometers. We find that such multi-
band observations with the tidal information can constrain a parametric non-Einsteinian deviation
in the luminosity distance more stringently than the case with EM counterparts (due to a larger
number of events) by a factor of a few.

Compact Stars as Laboratories for Testing Strong Gravity / 793

Neutron Stars in Scalar-tensor Theories: Universal Relations and
Analytic Investigations

Authors: Michael Stepniczka™*"; Kent Yagi'

! University of Virginia
Corresponding Author: ms7wk@virginia.edu

Neutron stars are ideal astrophysical sources to probe general relativity due to their large compact-
nesses and strong gravitational fields. For example, binary pulsar and gravitational wave observa-
tions have placed stringent bounds on certain scalar-tensor theories in which a massless scalar field
is coupled to the metric through matter. A remarkable phenomenon of neutron stars in such scalar-
tensor theories is spontaneous scalarization, where a normalized scalar charge remains order unity
even if the matter-scalar coupling vanishes asymptotically far from the neutron star. On the other
hand, certain quasi-universal relations have been found for global quantities of neutron stars (such
as the moment of inertia and quadrupole moment) that are insensitive to the underlying equations of
state. We find a new quasi-universal relation in massless scalar-tensor theories between the scalar
charge and stellar binding energy (related to stellar compactness). Although the above finding is
based on numerical calculations, we give mathematical support for this universal relation by com-
puting for the first time scalar charges analytically for both Tolman VII and constant density stars.
Such analytic results provide ready-to-use expressions for scalar charges in massless scalar-tensor
theories.
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Conformal Dilaton Gravity and
Related Issues

Conformal Dilaton Gravity and Related Issues / 537

A Spinor Representation of Gravity

Author: Angelo Hartmann'

! University of Insubria
Corresponding Author: achartmann91@gmail.com

We follow an old hypothesis that there exists an intimate connection between weak interaction and
gravity, symbolized by the relationship between the Fermi and Newton’s constants. We analyze
the hypothesis that the effect of matter upon the metric that represents gravitational interaction in
General Relativity is an effective one. This leads us to consider gravitation to be the result of the in-
teraction of two neutral spinorial fields (g-neutrinos) with all kinds of matter and energy. We present
three examples with only one g-neutrino: two static and spherically symmetric configurations and
a cosmological framework for an isotropic dynamical universe. Without self-interaction, the associ-
ated effective geometry is precisely the Schwarzschild metric. On the other hand, a self-interacting
g-neutrino generates a new gravitational black-hole.

Conformal Dilaton Gravity and Related Issues / 453

What does zero modes tell us about entanglement ?

Author: PARUL JAIN'

Co-authors: S. Mahesh Chandran ?; S Shankaranarayanan

! INDIAN INSTITUTE OF TECHNOLOGY-BOMBAY, INDIA
® IIT Bombay

Corresponding Author: paruljain@iitb.ac.in

It has been known that the zero modes can contribute towards divergence in the entanglement
entropy and the nature of the divergent term

can be either log or log(log). However, a clear understanding of what

leads to these two different forms of zero mode divergence is still lacking.

So, in order to throw some light along this direction, I will talk about how

these two different divergent behaviours can be seen as a signature of a

crossover in the zero mode limit for the ground state entanglement.

59



Sixteenth Marcel Grossmann Meeting / Book of Abstracts

Conformal Dilaton Gravity and Related Issues / 101

Using Lorentz violation for early universe GW generation due to
black hole destruction in the early universe as by Freeze

Author: Andrew Beckwith'

! Chongqing University, physics
Corresponding Author: rwill9955b@gmail.com

We are using information from a paper deriving a Lorentz-violating energy-momentum relation
entailing an exact momentum cutoff as stated by G. Salesi . Salesi in his work allegedly defines Pre
Planckian physics, whereas we restrict our given application to GW generation and DE formation
in the first 10"-39s to 10"-33s or so seconds in the early universe. This procedure is inacted due to
an earlier work whereas referees exhibited puzzlement as to the physical mechanism for release of
Gravitons in the very early universe. The calculation is meant to be complementary to work done
in the Book “Dark Energy” by M. Li, X-D. Li, and Y. Wang, and also a calculation for Black hole
destruction as outlined by Karen Freeze, et. al. The GW generation will be when there is sufficient
early universe density so as to break apart Relic Black holes but we claim that this destruction is
directly linked to a Lorentz violating energy-momentum G. Salesi derived, which we adopt, with a
mass m added in the G. Salesi energy momentum results proportional to a tiny graviton mass, times
the number of gravitons in the first 10"-43 seconds

Conformal Dilaton Gravity and Related Issues / 129

Conformal Dilaton Gravity and Warped Spacetimes in 5D

Author: Reinoud Slagter’

! ASFYON, Astronomisch Fysisch Onderzoek Nederland
Corresponding Author: info@asfyon.com

We applied the conformal dilaton gravity model on a BTZ-like black hole spacetime in five dimen-
sions using the warped Randall-Sundrum-1 variant.
We find exact (¢, 7)-dependent solutions for the dilaton field and the metric components, written as

Juv = Wn—2 Gy, from the 5D Einstein equations, as well as from the induced 4D Einstein equations
on the brane.

Next, we write (4)§W = w2(4)§,“,.

The free parameters of the solution can be chosen in such a way that the spacetime is singular-free.
The location of the horizon(s) and the ergosphere of the induced 4D spacetime are also determined
by the gravitational field outside the brane.

This solution can also be used to calculate the functional integration over w and then over §,,, for
the effective action.

The energy-momentum tensor for the dilaton field, as well as the surface gravity of the horizon de-
termining the Hawking radiation, can be calculated exactly.

Because the use of a “large” extra dimension results in a fundamental Planck scale comparable with
the electroweak scale, one can possible construct, although here without matter, a finite, renor-
malizable and anomaly-free effective action. A connection is made with the antipodal mapping in
connection with the complementarity issue.

Conformal Dilaton Gravity and Related Issues / 625

From Neutrino Masses to the Full Size of the Universe - Some In-
triguing Aspects of the Tetron Model
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Author: Bodo Lampe™*™

Corresponding Author: lampe.bodo@web.de

The universe according to the tetron model consists of invisible tiny constituents, elastically bound
with bond length about the Planck length and binding energy the Planck energy.

A tetron transforms as the fundamental fermion(=octonion) representation 8 of SO(6,1). With re-
spect to the decomposition SO(6,1)->SO(3,1)xSO(3) a tetron possesses spin 1/2 and isospin 1/2, i.e.
it represents an isospin doublet of Dirac spinors.

The 24 known quarks and leptons arise as eigenmode excitations of a tetrahedral fiber structure,
which is made up from 4 tetrons and extends into 3 additional ‘internal’ dimensions.

While the laws of gravity are due to the elastic properties of the tetron bonds, particle physics inter-
actions take place within the internal fibers.

I will concentrate on two of the most intriguing features of the model:

-understanding small neutrino masses from the conservation of isospin, and, more in general, calcu-
lating the spectrum of quark and lepton masses. This is obtained from the tetron model’s interpre-
tation of the Higgs mechanism.

-the possibility to determine the full size of the universe from future dark energy measurements. This
is obtained from the tetron model’s interpretation of the dark energy phenomenon.

Conformal Dilaton Gravity and Related Issues / 343

Quantum communication through a partially reflecting moving
mirror

Author: Alessio Lapponi'

Co-authors: Stefano Mancini *; Orlando Luongo *

' UNICAM, University of Camerino. Quantum Optics & Quantum Information Group
2 University of Camerino, Quantum Optics & Quantum Information Group

* University of Camerino, Physics Division
Corresponding Authors: alessio.lapponi@gmail.com, michael.good@nu.edu.kz

Motivated by the fact that the null-shell of a collapsing black hole can be described by a perfectly re-
flecting accelerating mirror, we investigate an extension of this model to mirror semi-transparency
and derive a general expression for the corresponding Bogoliubov coefficients. In so doing, we intro-
duce the concept of “impulsive accelerated mirrors”, corresponding to those mirrors that are accel-
erated via an impulsive force. We show this treatment guarantees analytic solutions of Bogolubov
coefficients. In particular, we evaluate the corresponding particle production from the so-obtained
Bogoliubov coefficients. Finally, we recognize the mirror as a Gaussian quantum channel acting
between the spacetime regions of left-past and right-future.

As a consequence we study the loss/amplification properties of this quantum channel, alongside
the noise it creates, through which we evaluate its capacities in transmitting classical and quantum
information.
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Cosmic Backgrounds from Radio to Far-IR / 371

High-redshift universe with redshifted 21 cm line

Author: Tirthankar Roy Choudhury’

! National Centre for Radio Astrophysics, Tata Institute of Fundamental Research
Corresponding Author: tirth@ncra.tifr.res.in

The redshifted 21 cm line of neutral hydrogen is one of the most useful probes of the early universe.
Several experiments are ongoing and are being planned to detect the signal from high redshifts. De-
tection of the signal will help in understanding the first stars in the Universe, the formation and evo-
lution of galaxies and also constraining cosmological parameters. In this talk, we will discuss some
of the most interesting problems in cosmology and the high-redshift universe that can be studied
using the 21 cm line, highlighting possible synergies with observations in other wave bands.

Cosmic Backgrounds from Radio to Far-IR / 310

New Planck tSZ map and its cosmological analysis

Authors: Hideki Tanimura'; Nabila Aghanim?; Marian Douspis®

! L’Institut d’Astrophysique Spatiale (IAS)
? Institut d’Astrophysique spatiale

Corresponding Authors: nabila.aghanim@universite-paris-saclay.fr, hideki.tanimura@ias.u-psud.fr, marian.douspis@universite-
paris-saclay.fr

The thermal Sunyaev-Zeldovich (tSZ) effect is produced by the inverse Compton scattering of cosmic
microwave background (CMB) photons by hot electrons, particularly in galaxies clusters. It has been
used as a powerful probe to constrain the cosmological parameters, given its particular sensitivity
to sigma8 and omega_m.

We present a new all-sky tSZ map constructed from the latest Planck PR4 data released in 2020 with
the MILCA algorithm. We will review the obtained improvements in this tSZ map in terms of signal-
to-noise and resolution with respect to the map produced by the Planck collaboration in 2015. We
will also present the results of the cosmological analysis with this new tSZ map.

Cosmic Backgrounds from Radio to Far-IR / 727

63



Sixteenth Marcel Grossmann Meeting / Book of Abstracts

The impact of the Lorentz symmetry violation on the CMB polar-
ization

Authors: seddigheh tizchang'; Rohoollah Mohammadi?; She-Sheng Xue®

! School of Particles and Accelerators, Institute for Research in Fundamental Sciences (IPM

? Iranian National Science and Technology Museum (INMOST),School of Astronomy, Institute for Research in Funda-
mentalSciences (IPM)

* ICRANet and Department of Physics, University of Rome“Sapienza” P.le A. Moro 5, 00185 Rome, Italy
Corresponding Author: s.tizchang@ipm.ir

In the standard cosmological scenario, no circular polarization is predicted for Cosmic Microwave
Background (CMB) radiation. However, in the frame of moving particle, Lorentz symmetry can
violate and lead to circular polarization for CMB radiation. We estimate the circular polarization

power spectrum Clv %) in CMB radiation due to Compton scattering in presence of the Lorentz
symmetry violation. We show that the V-mode power spectrum can be obtained in terms of linear
polarization power spectrum at the last scattering surface.

Cosmic Backgrounds from Radio to Far-IR / 242

Cosmology with Radio Astrophysics

Author: Amanda Weltman'

! University of Cape Town
Corresponding Author: awelti@gmail.com

In this talk we will consider several ways to use background radio radiation to learn about the large
scale features of our universe as well as fundamental physics. In particular, we will highlight the
power in cataloguing and understand a large number of Fast Radio Bursts and their background
environments to learn about cosmology.

Cosmic Backgrounds from Radio to Far-IR / 464

Cosmological and astrophysical results exploiting magnification
bias with high-z submillimeter galaxies

Author: Laura Bonavera'

Co-authors: Marcos M. Cueli ; Joaquin Gonzalez-Nuevo !

! University of Oviedo
Corresponding Author: bonaveralaura@uniovi.es

The high-z submillimeter galaxies (SMGs) can be used as background sample for gravitational lens-
ing studies thanks to their magnification bias (Gonzalez-Nuevo et al. 2017), which can manifest itself
through a non-negligible measurement of the cross-correlation function between a background and
a foreground source sample with non-overlapping redshift distributions. In particular, the choice of
SMGs as background sample enhances the cross-correlation signal so as to provide an alternative
and independent observable for cosmological studies regarding the probing of mass distribution.

In particular (Bonavera et al. 2020), the magnification bias can be exploited in order to constrain
the free astrophysical parameters of a Halo Occupation Distribution (HOD) model and some of
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the main cosmological parameters. Urged by the improvements obtained when adopting a pseudo-
tomographic analysis (Gonzalez-Nuevo et al. 2021), we adopt a tomographic set-up to explore not
only a ACDM scenario, but also the possible time evolution of the dark energy density in the woCDM
and wow,CDM frameworks (Bonavera et al. tbs).

The results that have been obtained so far by our group will be discussed.

Cosmic Backgrounds from Radio to Far-IR / 183

The Planck Legacy Archive, present and future

Author: Marcos Lopez-Caniego'

! Aurora Technology for ESA

Corresponding Author: mcaniego@hotmail.com

The Planck Legacy Archive (PLA) hosts the products from the European Space Agency mission to
study the Cosmic Microwave Background (CMB). The PLA web interface (https://pla.esac.esa.int)
directs the users to a wide variety of Planck products, e.g., time ordered data, CMB maps, frequency
and astrophysical components maps (Dust, Synchrotron, Free-Free, CIB,..), source catalogues and
other products needed for cosmological studies (angular power spectra, likelihood, lensing maps,
simulations). Advance Search panels are available to extensively query the PLA database, in addition
to embedded links to the Planck Explanatory Supplement documentation, multiple data download
options, and Helpdesk support.

Three major releases of Planck products took place in 2013, 2015, and 2018 and a selection of products
have been tagged as “Legacy” to identify the version of each product most appropriate for general
scientific use. In 2021 a new release of products will take place with a joint reprocessing of LFI+HFI
time ordered data that includes additional information not used in previous releases. In addition, EU
funded projects reprocessing Planck data, or combining it with other experiments, are expected to
the deliver to the PLA higher level data products of interest to the CMB Community.

The PLA also offers specialized tools that facilitate the processing of Planck products. These tools are
mainly designed to help users who are not familiar with some of the particularities of the Planck prod-
ucts, and can be categorized into distinct groups: map operations including component subtraction,
unit conversion, colour correction, bandpass transformation, and masking of map-cutouts/full-sky
maps; component separation codes, map-making codes and effective beam-averaging. In addition,
the PLA includes an interface to the latest version of the Planck Sky Model simulation tool, with a
simple user interface that allows users to simulate the microwave/sub-millimetre sky with Planck,
as well as future CMB experiments and custom-defined instruments.

Cosmic Backgrounds from Radio to Far-IR / 454

High angular resolution Sunyaev Zel’dovich observations: the
case of MISTRAL

Author: Elia Stefano Battistelli'

Co-authors: Alessandro Coppolecchia ?; Alessandro Navarrini *; Alessandro Paiella *; Andrea Orlati *; Angelo
Cruciani ’; Eleonora Barbavara ?; Emilio Molinari *; Ettore Carretti *; Fabio Columbro %; Federica Govoni *; Federico
Cacciotti %; Federico Radiconi ?; Francesco Piacentini ?; Giorgio Pettinari %. Giovanni Isopi z, Giuseppe D’Alessandro
Z; Giuseppe Presta %: Lorenzo Mele 2; Luca Lamagna %: Marco De Petris %; Matteo Murgia % Paolo De Bernardis ?;
Pasqualino Marongiu *; Sergio Poppi *; Silvia Masi ?; Tonino Pisanu *

! Spaienza University of Rome

? Sapienza University of Rome
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Corresponding Author: elia.battistelli@romal.infn.it

The interaction of the Cosmic Microwave Background (CMB) photons with hot electron gas in
Galaxy Clusters and surrounding medium can be detected through the Sunyaev Zel’dovich effect.
When this effect is detected with high enough angular resolution (~10”) it allows astrophysicists to
study the physics of galaxy clusters, relaxed and non-relaxed clusters, and detect filamentary struc-
tures which could give the possibility to detect the Cosmic Web. These observations are one of the
main targets of the MISTRAL instrument together with a long list of scientific targets spanning from
extragalactic astrophysics to solar system science. MISTRAL (MIllimetric Sardinia radio Telescope
Receiver based on Array of Lumped elements kids) is a millimetric camera working in the W-band
(77-103 GHz) which will be hosted on the Sardinia Radio Telescope (SRT), the Italian 64-m radio
telescope located near Cagliari at 600m above the sea level, managed by INAF. It is being built as a
facility instrument by the Sapienza University for INAF, funded by a PON contract for the upgrade
of the SRT at high frequency. It will consist of a compact cryostat hosting the re-imaging optics,
cooled at 4 K, and a 408—pixel array of photon—noise limited lumped element kinetic inductance
detectors, manufactured at CNR-IFN, and cooled at a base temperature lower than 300 mK.

Cosmic Backgrounds from Radio to Far-IR / 315

The CMB Dipole: Eppur Si Muove

Authors: Raelyn Sullivan'; Douglas Scott'; Dagoberto Contreras™°"; Planck Collaboration™°™

! University of British Columbia
Corresponding Author: rsullivan@phas.ubc.ca

The largest temperature anisotropy in the cosmic microwave background (CMB) is the dipole. The
simplest interpretation of the dipole is that it is due to our motion with respect to the rest frame
of the CMB (with debate over the possibility of alternative explanations). As well as creating the
¢ = 1 mode of the CMB sky, this motion affects all astrophysical observations by modulating and
aberrating sources across the sky. It can be seen in galaxy clustering, as well as in principle through a
dipole-shaped acceleration pattern in quasar positions. Additionally, the dipole modulates the CMB
temperature anisotropies with the same frequency dependence as the thermal Sunyaev-Zeldovich
(tSZ) effect, and so these modulated CMB anisotropies can be extracted from the tSZ maps produced
by Planck. I will discuss this novel way of measuring our motion with respect to the CMB frame, as
well as discussing other signatures that may be possible to measure in future.

Cosmic Backgrounds from Radio to Far-IR / 520

New gravitational degrees of freedom as a solution to the dark
matter problem.

Author: Constantinos Skordis'

! CEICO, Institute of Physics of the Czech Academy of Sciences
Corresponding Author: skordis@fzu.cz
Cosmological and astronomical observations indicate that the majority

of mass and energy density of fields in the universe are in a form
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which interacts extremely weakly, if at all, with light. The standard
interpretation is the existence of dark matter, commonly thought to be
in the form of particles not part of the standard model of particle
physics. At present a firm detection of such a particle is lacking,

and moreover, all these observations concern a mismatch between the
observed dynamics of visible matter with its gravitational influence.
Hence, a less explored interpretation is that the underlying theory of
gravity may not be General Relativity. A hint that this may be the
case is the observation by Milgrom that discrepancies concerning
galaxies are controlled by a single, seemingly universal, acceleration
scale.

In this talk, I will discuss this possibility and focus on a

particular relativistic realization constructed to reproduce Milgrom’s
Modified Newtonian Dynamics law at the scale of galaxies. I will show
that this proposal leads to (i) correct gravitational lensing on

galactic scales, (ii) tensor modes propagating at the speed of light,

and (iii) cosmological evolution in line with observations of the

Cosmic Microwave Background anisotropies and the large-scale structure
power spectrum.

Cosmic Backgrounds from Radio to Far-IR / 504

Planck constraints on the tensor-to-scalar ratio

Author: Matthieu Tristram’

! IJClab, CNRS, France
Corresponding Author: tristram@ijclab.in2p3.fr

I will present constraints on the tensor-to-scalar ratio r using Planck data as described in [Tristram

et al,, A&A, 647, A128 (2021)].

In this paper, we use the latest release of Planck maps (PR4), processed with the NPIPE code, which
produces calibrated frequency maps in temperature and polarisation for all Planck channels from 30
GHz to 857 GHz using the same pipeline. We computed constraints on r using the BB angular power
spectrum, and we also discuss constraints coming from the TT spectrum. Given Planck’s noise level,
the TT spectrum gives constraints on r that are cosmic-variance limited (withor =0.093),butweshowthatthe-
marginalisedposteriorpeakstowardsnegativevaluesofrataboutthel.2clevel Wederived Planck constraints
using the BB power spectrum at both large angular scales (the ‘reionisation bump’) and intermediate
angular scales (the ‘recombination bump’) from | = 2 to 150 and find a stronger constraint than that
from TT, with or = 0.069. The Planck BB spectrum shows no systematic bias and is compatible with
zero, given both the statistical noise and the systematic uncertainties. The likelihood analysis using

B modes yields the constraint r < 0.158 at 95 % confidence using more than 50 % of the sky. This
upper limit tightens to r < 0.069 when Planck EE, BB, and EB power spectra are combined consis-
tently, and it tightens further to r < 0.056 when the Planck T T power spectrum is included in the
combination. Finally, combining Planck with BICEP2/Keck 2015 data yields an upper limit of r <
0.044.
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Cosmic Strings / 171

Thick brane structures in generalized hybrid metric-Palatini grav-
ity
Authors: Jodo Rosa'; Francisco Lobo?; Dionisio Bazeia“°"; Douglas Ferreira™°"

! University of Tartu

? Science Faculty of the University of Lisbon
Corresponding Author: joaoluis92@gmail.com

In this work, we study 5-dimensional braneworld scenarios in the scalar-tensor representation of the
generalized hybrid metric-Palatini gravitational theory. We start by considering a model for a brane
supported purely by the gravitational scalar fields of the theory and then consider other distinct
cases where the models are also supported by an additional matter scalar field. We investigate the
stability of the gravity sector and show that the models are all robust against small fluctuations of
the metric. In particular, in the presence of the additional scalar field, we find that the profile of the
gravitational zero mode may be controlled by the parameters of the model, being also capable of
developing internal structure.

Cosmic Strings / 332

Cosmic strings and pulsar timing

Authors: Simone Blasi'; Schmitz Kai?; Brdar Vedran®

' VUB
2 CERN

* Fermilab & Northwestern U.
Corresponding Author: simone.blasi@vub.be

Gravitational wave astronomy opens up a new window of exploration in fundamental physics. The
recent analysis by the NANOGrav collaboration based on the 12.5-year pulsar-timing data set has
shown evidence for a common red process which is compatible with a stochastic background of
gravitational waves. In this talk, we will discuss the interpretation of this signal in terms of physics
beyond the Standard Model with focus on cosmic strings, highly energetic topological defects arising
as a consequence of cosmological phase transitions in the early Universe.

Cosmic Strings / 119
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Cosmic strings in generalized hybrid metric-Palatini gravity

Authors: Hilberto Silva'; Francisco Lobo?; Tiberiu Harko™°"; Jodo Luis Rosa™°"

! Instituto Astrofisica e Ciéncias do Espaco

? Science Faculty of the University of Lisbon
Corresponding Author: hilberto.silva@astro.up.pt

We consider the possible existence of gravitationally bound stringlike objects in the framework of the
generalized hybrid metric-Palatini gravity theory, in which the gravitational action is represented
by an arbitrary function of the Ricci and of the Palatini scalars, respectively. The theory admits an
equivalent scalar-tensor representation in terms of two independent scalar fields. Assuming cylin-
drical symmetry, and the boost invariance of the metric, we obtain the gravitational field equations
that describe cosmic stringlike structures in the theory. The physical and geometrical properties
of the cosmic strings are determined by the two scalar fields, as well by an effective field poten-
tial, functionally dependent on both scalar fields. The field equations can be exactly solved for a
vanishing, and a constant potential, respectively, with the corresponding string tension taking both
negative and positive values. Furthermore, for more general classes of potentials, having an additive
and a multiplicative algebraic structure in the two scalar fields, the gravitational field equations are
solved numerically. For each potential we investigate the effects of the variations of the potential
parameters and of the boundary conditions on the structure of the cosmic string. In this way, we
obtain a large class of stable stringlike astrophysical configurations, whose basic parameters (string
tension and radius) depend essentially on the effective field potential, and on the boundary condi-
tions.

Cosmic Strings / 189

New Evidence of the Azimuthal Alignment of Quasars Spin Vec-
tor in the LQG U1.28, U1.27, U1.11, Cosmologically Explained.

Author: Reinoud Slagter

! ASFYON, Astronomisch Fysisch Onderzoek Nederland
Corresponding Author: info@asfyon.com

There has been observational evidence about spin axes of quasars in large quasar groups correlated
over hundreds of Mpc. This is seen in the radio spectrum as well as in the optical range. There is
not yet a satisfactory explanation of this “spooky” alignment.

This alignment cannot be explained by mutual interaction at the time that quasars manifest them-
selves optically. A cosmological explanation could be possible in the formation of superconducting
vortices (cosmic strings) in the early universe, just after the symmetry-breaking phase of the uni-
verse.

We gathered from the NASA/IPAC and SIMBAD extragalactic databases the right ascension, decli-
nation, inclination, position angle and eccentricity of the host galaxies of 3 large quasar groups to
obtain the azimuthal and polar angle of the spin vectors.

The alignment of the azimuthal angle of the spin vectors of quasars in their host galaxy is confirmed
in the large quasar group U1.27 and compared with two other groups in the vicinity, i.e., U1.11 and
U1.28, investigated by Clowes (2013).

It is well possible that the azimuthal angle alignment fits the predicted azimuthal angle dependency
in the theoretical model of the formation of general relativistic superconducting vortices, where the
initial axially symmetry is broken just after the symmetry breaking of the scalar-gauge field.
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Cosmography with Gravitational Lensing / 792

H_0 measurement from time-delay cosmography

Author: Geoff Chih-Fan Chen'

L ucLA

Corresponding Author: gcfchen@astro.ucla.edu

The Hubble constant (Hp) is one of the most important parameters in
cosmology. Its value directly sets the age, the size, and the critical

density of the Universe. Despite the success of the flat ACDM model, the
derived Hubble constant from Planck data under the assumption of a flat
LCDM model has 4.4-0 tension with the direct measurements. If this
tension is not due to the systematics, it may indicate the new physics
beyond the standard cosmological model. Hy from time-delay lensing is

a powerful independent tool for addressing the H tension since it is
independent of both Planck and the distance ladder. One way to do this

is to increase the number of high-quality lens systems since this allows

us to look for correlations and other effects due to systematics, and to do
hierarchical approaches to assess known systematic effects.

Keck AO data is not only the key component to increase the precision of Hy
measurement but also provides systematic checks with the Hy results

based on HST imaging. In this talk, I will present the view of the current H
measurement, the systematic checks, and the future prospects of
TDCOSMO collaboration.

Cosmography with Gravitational Lensing / 468

Cosmology and Stellar Physics with Strong Lensing

Authors: Sherry Suyu'; Jana BayerN"ne ; Raoul Cafiameras™°"; Claudio GrilloN°"; Simon Huber"°"®; Stefan Schuldt™ ™

Co-authors: Gabriel Caminha ; James H. H. Chan ; Frédéric Courbin ; Aleksi Halkola ; Markus Kromer ; Amata
Mercurio ; Ulrich Noebauer ; Piero Rosati ; Yiping Shu ; Stuart Sim ; Dominique Sluse ; Stefan Taubenberger ;
Christian Vogl ; Akin Yildirim

! Max Planck Institute for Astrophysics / Technical University of Munich

Corresponding Author: suyu@mpa-garching.mpg.de

Strongly lensed supernovae (SNe) are emerging as a new probe of cosmology and SN progenitors.
The time delays between the multiple images of a lensed SN can be used to determine the Hubble
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constant (HO) that sets the expansion rate of the Universe. An independent determination of HO is
important to ascertain the possible need of new physics beyond the standard cosmological model,
given the tension in current HO measurements. I would like to present investigations of SN Refsdal,
the first strongly lensed SN with multiple spatially-resolved SN images. While strongly lensed SNe
are very rare with currently only 2 known systems, future surveys, particularly the Rubin Obser-
vatory Legacy Survey of Space and Time, are expected to yield hundreds of such exciting events. I
present a new program aimed to find and study lensed SNe for cosmology and stellar physics.

Cosmography with Gravitational Lensing / 568

A strong Lensing Model of SDSS J1029+2623: prospects for cos-
mography

Author: Ana Acebron'

! Universita degli Studi di Milano
Corresponding Author: anaacebronmunoz@gmail.com

In the last years, thanks to the increased precision of the measurements of the Hubble constant, HO,
some tension has emerged between measurements from local and early-Universe probes. Strong
gravitational (SL) lenses with measured time delays between the multiple images are yielding a com-
petitive approach to estimate HO, that is independent and complementary to other techniques. Such
studies are extremely timely since upcoming surveys, like LSST, are expected to discover hundreds
of variable sources multiply lensed by galaxy clusters.

I will present a new SL analysis of the galaxy cluster SDSS J1029+2623 at a redshift of z=0.588, which
is one of the few known lens galaxy clusters with multiple images of a background (z=2.1992) quasar,
with a measured time delay. I have used archival HST multicolour imaging and MUSE IFS to iden-
tify cluster members, measure the stellar velocity dispersions for the brightest of them, and spec-
troscopically confirm lensed sources. With the newly acquired data, we are able to build a detailed
parametric lens mass model, that can shed new light on the known flux ratio anomaly between the
quasar images, and give some prospects on the use of this cluster lens to constrain cosmological
parameters.

Cosmography with Gravitational Lensing / 765
Cosmography with space-based strong lensing observations
Author: Eric JULLO!

' Aix-Marseille Univ/LAM
Corresponding Author: eric jullo@lam.fr

In this talk, I will present my work on cosmography with strong-lensing in galaxy-clusters observed
with the Hubble Space Telescope. I will detail some particular aspects of the analysis, in preparation
for future surveys like Euclid and CSST.

Cosmography with Gravitational Lensing / 799

A tale of two double quasars: Hubble constant tension or biases?
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None

Authors: Luis J. Goicoechea'; Vyacheslav N. Shalyapin

! Universidad de Cantabria
Corresponding Author: goicol@unican.es

For a flat ACDM (standard) cosmology, a small sample of gravitationally lensed quasars with mea-
sured time delays has recently provided a value of the Hubble constant Hj in agreement with data
from SNe, but in tension with the Planck flat ACDM result. Identifying biases in some methods may
solve this tension, avoiding hasty rejection of the standard cosmological model. As a case study, we
use two double quasars of the GLENDAMA sample (SBS 0909+532 and SDSS J1339+1310) to discuss
the Hy value in a standard cosmology. Our preliminary analysis focus on the role of several param-
eters: astrometry for the lens system, time delay between images, external convergence and mass
model for the main lens galaxy

Cosmography with Gravitational Lensing / 830

Time-delay cosmography in the age of JWST

Author: Akin Yildirim'

Co-authors: Sherry Suyu 2. Geoff Chih-Fan Chen ?; Eiichiro Komatsu '; Aleksi Halkola

' Max Planck Institute for Astrophysics
? Max Planck Institute for Astrophysics / Technical University of Munich
* UCLA

Corresponding Author: yildirim@mpa-garching. mpg.de

Our cosmological discourse is currently dominated by the discrepancy between early and late-time
cosmological probes. This tension, if confirmed, can only be resolved by yet unknown physics or
by our lack of accounting for systematic uncertainties in the methods. Given the drastic implica-
tions of the former, the latter has been of great interest lately. In the context of time-delay strong
lensing (TDSL), which has been established as one of the few powerful and independent probes of
HO, the prominent mass-sheet degeneracy (MSD) is commonly cited as being a significant source of
systematics. This degeneracy is tightly linked to our lack of understanding of the inner mass den-
sity profiles of galaxies and introduces a full degeneracy with HO in the models. Additional tracers
of the underlying gravitational potential are needed to break the degeneracy. Yet, current obser-
vational facilities fall short in obtaining the required data. In my talk, I will show how JWST will
help us to finally break the MSD, by tightly constraining the amount of mass-sheet that is physically
associated with the lens. Based on detailed simulations with JWST-like stellar kinematics, we find
that uncertainties of the time-delay distance and the lens angular diameter distance can be limited
to better than 10%, without assumptions on the background cosmological model. These distance
constraints would translate to a < 4% precision measurement on HO in flat LCDM cosmology from
a single lens. Based on these forecasts, TDSL will regain much of its precision while still allowing
for models which are maximally degenerate with HO. This will enable us to obtain a < 2% precision
measurement on HO by means of only a few lens systems and potentially provide a smoking gun
evidence to address the HO tension within JWST’s first few years of operation.

Cosmography with Gravitational Lensing / 678

Cluster strong lensing cosmography: robust cosmological con-
straints from a sample of galaxy clusters

:None

Authors: Gabriel Bartosch Caminha’; Sherry Suyuz; Claudio Grillo®; Piero Rosati

Page 73



Sixteenth Marcel Grossmann Meeting / Book of Abstracts

! Max Planck Institute for Astrophysics
? Max Planck Institute for Astrophysics / Technical University of Munich
* University of Milan

Corresponding Author: caminha@mpa-garching. mpg.de

Galaxy cluster strong lensing has numerous applications in cosmology. Thanks to the wealth of
multi-wavelength observations of clusters using state-of-the-art observatories, such as the Hubble
Space Telescope and the Very Large Telescope, this field is providing significant contributions to
the understanding of our Universe. One of the main points that are still not fully understood is the
nature of the components of the Universe. The upcoming generation of observational surveys of the
cosmos were designed to probe Dark Matter and Energy as one main scientific goals.

One cosmological probe not yet fully explored is the cluster strong lensing cosmography. Although
the main contribution to the light deflection of lensed galaxies is the gravitational potential of fore-
ground galaxies, the background geometry of the Universe has a non-negligible effect. Thanks to the
high accuracy of current strong lens models, we can probe this “secondary” quantity with unprece-
dented precision. In the ACDM framework, these quantities are Dark Matter and Energy densities,
and the Dark Energy equation of state.

In this talk, I will present the combined strong lensing constraints on the quantities above from a
sample of galaxy clusters, in contrast to what was done in single systems until today. I will show that
the combined constraints are powerful in probing the background geometry of the Universe, and are
also nicely complementary to other probes such as the cosmic microwave background, Supernovae-
Ia and Baryonic Acoustic Oscillations. Hence, cluster strong lensing will be a competitive cosmolog-
ical probe and paramount in the observations of the next generation of surveys such as the Rubin
Observatory Legacy Survey of Space and Time (LSST) and Euclid space telescope.

Cosmography with Gravitational Lensing / 1010

Search for lensing signatures in the gravitational-wave observa-
tions from the first half of LIGO-Virgo’s third observing run

Author: David Keitel’

Co-authors: The LIGO Scientific Collaboration ; The Virgo Collaboration

! Universitat de les Illes Balears
Corresponding Author: david.keitel@ligo.org

The Advanced LIGO and Advanced Virgo detectors are now observing large numbers of gravitational-
wave signals from compact binary coalescences, with 50 entries in the latest transient catalogue
GWTC-2. The next detector upgrades will continue bringing rapidly growing event rates and red-
shift range, so our chances become better both to detect rare astrophysical effects on these novel
cosmic messengers and to employ them as cosmological probes. Gravitational lensing, with its long
and productive history in electromagnetic astronomy, holds particularly great potential for the fu-
ture of GW astrophysics and cosmology. This presentation covers the first LIGO-Virgo collaboration
search for signatures of gravitational lensing in data from O3a, the first half of the third advanced
detector observing run. We study: 1) the expected rate of lensing at current detector sensitivity
and the implications of a non-observation of strong lensing or a stochastic gravitational-wave back-
ground on the merger-rate density at high redshift; 2) how the interpretation of individual high-mass
events would change if they were found to be lensed; 3) the possibility of multiple images due to
strong lensing by galaxies or galaxy clusters; and 4) possible wave-optics effects due to point-mass
microlenses. Overall, we find no compelling evidence for lensing in the observed GW signals from
any of these analyses on current data, but we also highlight the future prospects of lensed GWs with
the current detector network at design sensitivity and future detectors.
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Dark Energy and the Accelerating Universe / 270

Tracker phantom field and a cosmological constant: dynamics of
a composite dark energy model

Authors: Luis Urena—Lopezl; Nandan Royz; Francisco Linares Cedefio®

! Universidad de Guanajuato, Mexico
? Centre for Theoretical Physics \& Natural Philosophy, Mahidol University

® Mesoamerican Centre for Theoretical Physics, Universidad Auténoma de Chiapas
Corresponding Author: lurena@ugto.mx

We study here phantom models of dark energy represented by a scalar field and with tracker prop-
erties. By means of a change of polar-like of variables, we study a general class of models classified
in terms of a set of three free parameters. Upon comparison of the models with observations, and
considering Bayesian evidence, our results suggest a preference for phantom-like dark energy and
possibly a negative cosmological constant.

Dark Energy and the Accelerating Universe / 323

Observational constraints on nonlinear matter extensions of gen-
eral relativity

Author: Carlos Martins’

' CAUP
Corresponding Author: carlos.martins@astro.up.pt

We present a phenomenological but thorough analysis of current observational constraints on classes
of FLRW cosmological models in which the matter side of Einstein’s equations includes, in addi-
tion to the canonical term, a term proportional to some function of the energy-momentum tensor
(T? = TopT? = p? + 3p?), or of its trace (T = p — 3p). Qualitatively, we may think of these
models as extensions of general relativity with a nonlinear matter Lagrangian. As such they are
somewhat different from the usual dynamical dark energy or modified gravity models: in the for-
mer class of models one adds further dynamical degrees of freedom to the Lagrangian (often in the
form of scalar fields), while in the latter the gravitational part of the Lagrangian is changed. We
study both of these models under two different scenarios: (1) as phenomenological two-parameter
or three-parameter extensions of the standard ACDM, in which case the model still has a cosmolog-
ical constant but the nonlinear matter Lagrangian leads to additional terms in Einstein’s equations,
which cosmological observations tightly constrain, and (2) as alternatives to ACDM, where there
is no cosmological constant, and the nonlinear matter term would have to provide the acceleration
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(which would be somewhat closer in spirit to the usual modified gravity models). A comparative
analysis of the observational constraints obtained in the various cases provides some insight on the
level of robustness of the ACDM model and on the parameter space still available for phenomeno-
logical alternatives.

Dark Energy and the Accelerating Universe / 113

Testing Late Time Cosmic Acceleration with uncorrelated Baryon
Acoustic Oscillations dataset

Authors: Denitsa Staicova'; David Benisty2

! INRNE, BAS
? University of Cambridge

Corresponding Author: dstaicova@inrne.bas.bg

Baryon Acoustic Oscillations (BAO) involve measuring the spatial distribution of galaxies to de-
termine the growth rate of cosmic structure. We derive constraints on cosmological parameters
from 17 uncorrelated BAO measurements that were collected from 333 published data points in
the effective redshift range 0.106<z<2.36. We test the correlation of the subset using random co-
variance matrix. The ACDM model fit yields the cosmological parameters: Qm=0.261+0.028 and
QA=0.733+0.021. Combining the BAO data with the Cosmic Chronometers data, the Pantheon Type
Ia supernova and the Hubble Diagram of Gamma Ray Bursts and Quasars, the Hubble constant
yields 69.85+1.27km/sec/Mpc and the sound horizon distance gives: 146.1+2.15Mpc. Beyond the
ACDM model we test QKCDM and wCDM. The spatial curvature is Qk=-0.076+0.012 and the dark
energy equation of states: w=-0.989+0.049. {We perform AIC test to compare the 3 models and see
that ACDM scores best.

Dark Energy and the Accelerating Universe / 612

Observational signatures of dark energy and dark matter interac-
tions

Author: Shinji Tsujikawa'

! Waseda Universitysity
Corresponding Author: tsujikawa@waseda.jp

We place observational constraints on two models within a class of scenarios featuring an elastic
interaction between

dark energy and dark matter that only produces momentum exchange up to first order in cosmo-
logical perturbations. The first one corresponds to a perfect-fluid model of the dark components
with an explicit interacting Lagrangian, where dark energy acts as a dark radiation at early times
and behaves as a cosmological constant at late times. The second one is a dynamical dark energy
model with a dark radiation component, where the momentum exchange covariantly modifies the
conservation equations in the dark sector.

Using Cosmic Microwave Background (CMB), Baryon Acoustic

Oscillations (BAO), and Supernovae type la (Snla) data, we show that the Hubble tension can be alle-
viated due to the additional radiation, while the og tension present in the A-cold-dark-matter model
can be eased by the weaker galaxy clustering that occurs in these interacting models. Furthermore,
we show that, while CMB+BAO+Snla data put only upper bounds on the coupling strength, adding
low-redshift data in the form of a constraint on the parameter Sg strongly favours nonvanishing
values of interaction parameters. Our findings are in line with other results in the literature that
could signal a universal trend of the momentum exchange among the dark sector.
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Dark Energy and the Accelerating Universe / 202

Non-linear perturbations in the Galileon Ghost Condensate model

Author: Francesco Pace'

! Dipartimento di Fisica ed Astronomia, Universitd di Bologna
Corresponding Author: francesco.pace.work@gmail.com

Although the LCDM model is very successful in explaining current cosmological observations, in
light of numerous tensions between data and theory, it is worth investigating the evolution of pertur-
bations in alternative models, especially in the non-linear regime, where future surveys will provide
a wealth of data. In this talk I will derive the relevant equations necessary to describe matter pertur-
bations within the spherical collapse model for the Galileon Ghost Condensate, which extends the
well known cubic covariant Galileon. I will show how the mass function is affected by the different
evolution of perturbations and present a simple recipe which maps the linear matter power spectrum
to the non-linear one. I will also extend the analysis to discuss the lensing convergence.

Dark Energy and the Accelerating Universe / 104

Cosmology with Type Ia supernovae: Searching for systematics
and model independent reconstructions

Authors: Hanwool Koo'; Arman Shafieloo’

Co-authors: Ryan Keeley *; Benjamin L’Huillier *

' KASI/UST
% Korea Astronomy Space Science Institute

? Sejong University
Corresponding Author: hkoo@kasi.re.kr

We analyze the Joint Light-curve Analysis (JLA) Type Ia supernovae (SN Ia) compilation implement-
ing the non-parametric iterative smoothing method. We explore the SN Ia light-curve hyperparame-
ter space and find no dark energy model dependence nor redshift evolution of the hyperparameters.
We also analyze the more recent Pantheon SN Ia compilation to search for possible deviations from
the expectations of the concordance ACDM model. We demonstrate that the redshift binned best
fit parameter values oscillate about their full dataset best fit values with considerably large ampli-
tudes. At the redshifts below z~0.5, we show that such oscillations can only occur in 4 to 5% of
the simulations. This might be a hint for some behavior beyond the predictions of the concordance
model or a possible additional systematic in the data. In addition, we develop a non-parametric
approach using the distribution of likelihoods from the iterative smoothing method. It determines
consistency of a model and the data without comparison with another model. Simulating future
WFIRST-like data, we show how confidently we can distinguish different dark energy models using
this approach.

Dark Energy and the Accelerating Universe / 110

The CMaDE Model: a simple Quantum Mechanical explanation
for the Accelerated Expansion of the Universe

Author: Tonatiuh Matos’
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! Centro de Investigacion y de Estudios Avanzados del IPN
Corresponding Author: tonatiuh.matos@cinvestav.mx

Nowadays one of the greatest mysteries of science is to find out why the universe has an accelerated
expansion. In this talk we show that by considering the quantum nature of the gravitational field,
we can associate an effective Compton mass to the wavelength of the graviton. The Compton Mass
Dark Energy (CMaDE) model proposes that this mass can be interpreted as dark energy, with a
Compton wavelength given by the size of the observable universe Ry, implying that the dark energy
varies depending on this size. We find that the dark energy density rate is given by Q5 = 272/3/R%,,
it has no free constants and depends exclusively on the radiation rate €2,.. Using 2, = 9.54 x 1077,
the theoretical prediction for a flat universe of the dark energy rate is Q5 = 0.6922. We perform a
study in general for a non-flat universe, using the Planck data and a modified version of the CLASS
code we find a very good fit with the Cosmic Microwave Background and Mass Power Spectrum
profiles, provided that the Hubble parameter today is Hy = 66 km/s/ for a flat universe and Hy = 72
km/s/Mpc for an universe with curvature 2, = 0.05. We conclude that the CMaDE model provides a
natural explanation for the accelerated expansion and coincidence problem of the universe.

Dark Energy and the Accelerating Universe / 214

Cosmological reconstruction of gravity

Author: Levon Pogosian'

! Simon Fraser University
Corresponding Author: levon@sfu.ca

We use the CMB, BAO, SN and galaxy weak lensing data to jointly reconstruct the effective dark
energy density and the two phenomenological functions (mu and Sigma) describing possible modi-
fied gravity effects in the evolution of large scale structure. I will focus on the dependence of such
reconstructions on the underlying assumptions (priors) and their implications for dark energy and
modified gravity theories.

Dark Energy and the Accelerating Universe / 452

Constraining the dark energy-dark matter interaction model us-
ing low-redshift observations

Author: Archana Sangwan'

Co-authors: Joseph P. Johnson ?; Shankaranarayanan S. *

! Indian Institute of Technology
? Indian Institute of Technology Bombay

Corresponding Author: arch06san@gmail.com

Various observations have shown that dark energy accounts for nearly two-thirds of the energy den-
sity of the Universe.

The simplest model to explain the nature of dark energy is the cosmological constant (ACDM) model.
Although Planck observations supports using ACDM model as the base cosmological model, there
exist some inconsistencies in parameter estimates when compared with independent observations.
The most important is the inconsistency in the Hy estimates from the Planck collaboration which
reports H0=67.5f8:g km s~! Mpc™!, a considerably lower value when compared with the direct lo-
cal distance ladder measurements. This value shows a discrepancy at the level

greater than 40 with the constraints reported by SHOES collaboration in 2019, H=74.3"142 km s !
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Mpc~!. These disagreements, called the Hubble tension, point towards a new physics that deviates
from the standard ACDM model and to resolve this various methods have been proposed.

In this talk, we focus on an interacting dark energy dark matter model where the interacting term
is taken to be linear in the field (¢) and a quintessence scalar field with an inverse power poten-
tial (V(¢) ~ ¢~ ™) is assumed as a description of dark energy. We study in detail the evolution
of the model and provide constraints on the model parameters using low redshift cosmological ob-
servations of Type Ia Supernovae (SN), baryon acoustic oscillations (BAO), direct measurements of
Hubble parameter (Hz) and high redshift HII galaxy measurements (HIIG). We find that the model
agrees with the existing values of the nonrelativistic matter density parameter, 2,,, and dark energy
equation of state parameter, wg. The analysis shows that the interacting model prefers a negative
value of coupling constant and gives the best fit value of Hy= 69.9;"?:32 km s~! Mpc~! and thereby
alleviates the H( tension between Planck measurements and the observations considered. [arxiv:
2102.12367].

Dark Energy and the Accelerating Universe / 705

Evidence for Emergent Dark Energy

Author: Arman Shafieloo’

! Korea Astronomy and Space Science Institute (KASI)
Corresponding Author: shafieloo@kasi.re.kr

We discuss a generalised form of an emergent dark energy model with one degree of freedom for the
dark energy sector that has the flexibility to include both ACDM model as well as the Phenomeno-
logically Emergent Dark Energy (PEDE) model proposed by Li & Shafieloo (2019) as two of its special
limits. The free parameter for the dark energy sector, namely A, has the value of 0 for the case of
the A and 1 for the case of PEDE. We confront the model with various cosmological observations
and put constraints on the A parameter and show that at the current status of cosmological obser-
vations, there is considerable evidence in favor of emergent dark energy with respect to the case of
the cosmological constant. I will also briefly discuss how near future observations can make things
clear in favor or against this model.

Dark Energy and the Accelerating Universe / 745

Soft Dark Energy and Soft Dark Matter

Author: Emmanuel Saridakis’

! National Observatory of Athens
Corresponding Author: msaridak@phys.uoa.gr

Standard cosmology is based on the assumption that the dark fluids behave as standard, hard matter.
On the other hand, soft matter is a well studied field in condensed matter physics. We investigate
the possibility of soft cosmology”, namely the appearance (intrinsically or effectively) of soft-matter
properties in the dark sectors. We propose a novel parametrization introducing thesoftness parame-
ters”, which quantify the scale dependence of the dark sector’s EoS, i.e the difference between large
and intermediate scales. Although the background evolution remains unaffected, even a slightly
non-trivial softness parameter improves the clustering behavior and alleviates e.g. the fog tension.
Soft dark energy and soft dark matter seem to be favoured by the data comparing to LambdaCDM
scenario.

Page 79



Sixteenth Marcel Grossmann Meeting / Book of Abstracts

Dark Energy and the Accelerating Universe / 18

Testing LCDM with eBOSS / SDSS

Author: Ryan Keeley'

! Korea Astronomy Space Science Institute
Corresponding Author: rkeeley@kasi.re.kr

In this talk I will review recent progress that the SDSS-IV / eBOSS collaboration has made in con-
straining cosmology from the clustering of galaxies, quasars and the Lyman-alpha forest. The SDSS-
IV / eBOSS collaboration has measured the baryon acoustic oscillation (BAO) and redshift space
distortion (RSD) features in the correlation function in redshift bins from z~0.15 to z~2.33. These
features constitute measurements of angular diameter distances, Hubble distances, and growth rate
measurements. A number of consistency tests have been performed between the BAO and RSD
datasets and additional cosmological datasets such as the Planck cosmic microwave background con-
straints, the Pantheon Type Ia supernova compilation, and the weak lensing results from the Dark
Energy Survey. Taken together, these joint constraints all point to a broad consistency with the
standard model of cosmology ACDM + GR, though they remain in tension with local measurements
of the Hubble parameter.

Dark Energy and the Accelerating Universe / 868

Probing the swampland with dark energy observations of Euclid,
SKA, and LSST.

Authors: Aurélien Barrau'; Cyril Reneveyzg Killian Martineau?

L LPSC - CNRS
2 LPSC

Corresponding Author: barrau@in2p3.fr

We explore the ability of future cosmological surveys to put string theory under pressure through
the Swampland program. It is well known that constructing consistent string theory solutions in a
de Sitter background is tremendously difficult. This led to speculative constraints on the shape of
the potential felt by the dark energy scalar field. This is known as the “de-Sitter conjecture” and low-
energy effective theories that violate it are believed to live in the Swampland. Future experiments,
such as the Vera Rubin Observatory, Euclid or SKA, will set strong constraints on dark energy and
we investigated their potential conflict with the Swampland conditions. In particular, we show that
the expected constraints on the equation of states of dark energy might be in severe contradiction
with the de-Sitter conjecture. Our study is carried out for many different quintessence potentials and
a very wide range of initial conditions. The improvements with respect to available measurements
are precisely estimated. The analysis is also extended to very long term perspectives.

Based on: Barrau, Renevay, and Martineau, Astrophysical Journal 912 (2021) 2, 99

Dark Energy and the Accelerating Universe / 84

Testing F(Q) gravity with redshift space distortions

Authors: Tiago Barreiro'; Bruno Barros™°™; Tomi Koivisto™*"*; Nelson Nunes™°™

! Instituto de Astrofisica e de Ciéncias do Espago, FCUL
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Corresponding Author: tmbarreiro@ulusofona.pt

A cosmological model with Symmetric Teleparallel Gravity where gravity is non-metrical is con-
strained with redshidt space distortions data. The cosmological background for the model mimics
a ACDM evolution but differences arise in the perturbations. The linear matter fluctuations are nu-
merically evolved and the study of the growth rate of structures is analysed in this cosmological
setting. The best fit parameters reveal that the 68 tension between Planck and Large Scale Structure
data can be alleviated within this framework.

Dark Energy and the Accelerating Universe / 811

Simulation-wise Comparison of Yukawa and Newtonian Gravita-
tional Forces

Authors: Ezgi Canay'; Maxim Eingorn®

! Istanbul Technical University

% North Carolina Central University
Corresponding Author: ezgicanay@itu.edu.tr

In a cubic cosmological simulation box with three-dimensional periodicity, we determine the gravi-
tational potential and force generated by a single particle. Using both the Newtonian approximation
and Yukawa law of gravity within the cosmic screening approach [1,2], we zoom into the regions
in the box where the distinction among them becomes significant. Extending the analysis to cor-
responding physical distances today as well as at late stages of matter domination, we show how
employing Newtonian approximation over Yukawa gravity affects simulations of structure forma-
tion in terms of force computation. Additionally, we compare the plain Yukawa (non-periodic) and
Yukawa-Ewald (periodic) forces in the box to study the impacts of periodic boundaries.

[1] M. Eingorn, First-order cosmological perturbations engendered by point-like masses. Ap] 825,
84 (2016). arXiv:1509.03835.

[2] E. Canay, M. Eingorn, Duel of cosmological screening lengths. Phys. Dark Univ. 29, 100565
(2020). arXiv:2002.00437.

Dark Energy and the Accelerating Universe / 883

A simple parametrisation for coupled dark energy

Authors: Vitor da Fonseca'; Tiago Barreiro?; Nelson Nunes®

! Institute of Astrophysics and Space Science at the Faculty of Science of the University of Lisbon
? Instituto de Astrofisica e de Ciéncias do Espago, FCUL

Corresponding Author: silopisilo@gmail.com

As an alternative to the popular parametrisations of the dark energy equation of state, we construct
a quintessence model where the scalar field has a linear dependence on the number of e-folds. Con-
straints on more complex models are typically limited by the degeneracies that increase with the
number of parameters. The proposed parametrisation conveniently constrains the dark energy equa-
tion of state as it allows for a wide variety of time evolutions. We also consider a non-minimal
coupling to cold dark matter. We fit the model with Planck and KiDS observational data. The CMB
favours a non-vanishing coupling with energy transfer from dark energy to dark matter. Conversely,
gravitational weak lensing measurements slightly favour energy transfer from dark matter to dark
energy, with a substantial departure of the dark energy equation of state from -1.
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Dark Energy and the Accelerating Universe / 914

Reconstructing the growth and expansion history. The case for
negative dark energy?

Author: Benjamin L’Huillier'

! Sejong University
Corresponding Author: lhuillier.benjamin@gmail.com

The consistency between the cosmic expansion and growth may hold clues about the nature of the
acceleration of the Universe. Using model-independent methods, we reconstruct the growth his-
tory from redshift-space distortion and deduce the corresponding expansion history, which we test
against supernovae data. Motivated by these results, we then introduce a model of two-component
dark energy with a negative cosmological constant hidden behind a phantom-like fluid, and study
the viability of such models against state-of-the-art data. While the model does not show better
evidence than a cosmological constant, it is still consistent with the data.

Dark Energy and the Accelerating Universe / 100

On the Hubble constant tension in the SNe Ia Pantheon sample

Authors: Maria Dainotti’; Biagio De Simone?; Tiziano Schiavone®; Giovanni Montani*; Enrico Rinaldi’; Gaetano
Lambiase®

! National Astronomical Observatory of Japan
? Universita degli Studi di Salerno

* Universita di Pisa

* Universita La Sapienza & ENEA

3 University of Michigan
Corresponding Author: b.desimonel@studenti.unisa.it

The Hubble constant (HO) tension between Type Ia Supernovae (SNe Ia) and Planck measurements
ranges from 4 to 6 o. To investigate it, we estimate HO in the ACDM and wOwaCDM models by
dividing the Pantheon sample, a collection of 1048 SNe Ia, into 3, 4, 20, and 40 bins. A preliminary
consistency check is performed, considering the compatibility of contours for 3 and 4 bins with the
ones of the total Pantheon sample through a 2-D analysis where the nuisance parameters are HO and
QO0m. For each bin, a 1-D Monte Carlo Markov-Chain analysis for HO with the D’Agostini method
is performed in order to extract the value of HO, considering a fiducial absolute magnitude of SNe Ia
M~-19.25. We will show the MCMC application through the Cobaya package for Python. We fit the
extracted HO values with a function describing the redshift evolution: g(z)=H’0/(1+z)"a, where o is
the evolutionary parameter and H'0=H0 at z=0. We find that HO evolves with redshift, showing a
slowly decreasing trend, with o coefficients in the order of 10"-2, consistent with zero only from 1.2
to 2.0 o. Interestingly, in the extrapolation of HO to z=1100, the redshift of the last scattering surface,
we obtain values of HO compatible in 1 ¢ with Planck measurements independently of cosmological
models. Thus, we have reduced the HO tension from 54% to 72% for the ACDM and wOwaCDM
models, respectively. If the decreasing trend of HO is real, it could be due to astrophysical selection
effects, such as the stretch evolution, or to modified gravity, such as the f(R) theories.

Dark Energy and the Accelerating Universe / 617
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On the evolution of inhomogenous perturbations in the ACDM
model and f(R) modified gravity theories

Authors: Tiziano Schiavone'; Giovanni Montani?

! University of Pisa & INFN Pisa
2 ENEA & University Sapienza of Rome

Corresponding Author: tiziano.schiavone@phd.unipi.it

In this talk we focus on weak inhomogeneous Universe models at low redshift, described by the
Lemaitre-Tolman-Bondi (LTB) metric within the framework of f(R) modified gravity theories. The
principal aim of this study was to compare the evolution of inhomogeneous perturbations in the
ACDM and alternative f(R) cosmological models, assuming a flat Friedmann-Lemaitre-Robertson-
Walker (FLRW) metric as the background. We used the equivalent scalar-tensor formalism in the
Jordan frame, for which the extra degree of freedom of the f(R) function is translated into a non-
minimally coupled scalar field. The evolution of perturbations was investigated at the first order
in time and space, separately. We found spherically symmetric solutions using perturbative and
numerical techniques. The results appear to distinguish between the presence of a cosmological
constant and the scalar field. Moreover, the results are valid for any f(R) model, since the radial
profiles of perturbations do not depend on the particular choice of the f(R) function.

Dark Energy and the Accelerating Universe / 88
Probing modified gravity with cosmology and solutions to the

Hubble tension

Author: Noemi Frusciante'

! JA/FCUL, Lisbon (PT)
Corresponding Author: nfrusciante@fc.ul.pt
The late time cosmic acceleration is one of the most puzzling phenomena in modern cosmology.
Its modeling within General Relativity (GR) through the cosmological constant (L) results in the
LCDM scenario. Although the latter gives a precise description of the Universe, it is known that it
still contains a number of unresolved problems. These lead researchers to look for modified gravity
models, for example by including additional degrees of freedom. In this talk I will present the phe-
nomenology and the cosmological bounds of theories consistent with the gravitational-wave event

GW170817. In particular I will discuss models which solve the Hubble tension between Planck and lo-
cal measurements and for which data show a statistically significant preference over LCDM.

Dark Energy and the Accelerating Universe / 517

Testing the equivalence principle on cosmological scales
Author: Camille Bonvin'
Co-authors: Pierre Fleury ; Felipe Oliveira Franco
! University of Geneva
Corresponding Author: camille.bonvin@unige.ch

The weak equivalence principle is one of the cornerstone of general relativity. Its validity has been
tested with impressive precision in the Solar System, with experiments involving baryonic matter
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and light. However, on cosmological scales and when dark matter is concerned, the validity of this
principle is still unknown. In this talk I will show how relativistic effects in the large-scale structure
can be used to test whether dark matter obeys the weak equivalence principle. I will present forecasts
for this new test of gravity for future surveys like DESI and the SKA, showing that deviations from
the equivalence principle can be constrained with a precision of order 10 percent.

Dark Energy and the Accelerating Universe / 1011

Gravitational Interaction in the Chimney Lattice Universe

Authors: Andrew McLaughlin1 ; Maxim Eingornl; Ezgi Canayz; Maksym Brilenkov®; Alexander Zhuk*

! NC Central University
? Istanbul Technical University
* University of Oslo

* Mechnikov National University
Corresponding Author: amclaul2@eagles.nccu.edu

We investigate the influence of the chimney topology TxTxR of the Universe on the

gravitational potential and force that are generated by point-like massive bodies. We obtain three
distinct expressions for the solutions. One follows from Fourier expansion of delta functions into
series using periodicity in two toroidal dimensions. The second one is the summation of solutions of
the Helmholtz equation, for a source mass and its infinitely many images, which are in the form of
Yukawa potentials. The third alternative solution for the potential is formulated via the Ewald sums
method applied to Yukawa-type potentials. We show that, for the present Universe, the formulas
involving plain summation of Yukawa potentials are preferable for computational purposes, as they
require a smaller number of terms in the series to reach adequate precision.

Dark Energy and the Accelerating Universe / 867

Observational Constraints of Dark D-Brane Cosmology

Author: Elsa Teixeira’

! University of Sheffield
Corresponding Author: emcteixeiral@sheffield.ac.uk

“Dark energy”, a matter/energy source whose nature is still not well understood, is widely assumed
as an explanation for the observed accelerated expansion of the Universe. The standard model of
cosmology, the ACDM model, consists of the simplest scenarios in which dark energy is a cosmolog-
ical constant. Even though it provides an impressive fit to the available cosmic background radiation
and large-scale distribution of galaxies observational data, this model is still hunted by conceptual
problems and observational tensions.

To tackle some of these issues, it is common to take generalisations of the cosmological constant,
such as promoting it to a dynamical scalar field, with the possibility of having interaction with the
matter sector.

In this talk I will give a brief overview of interacting dark energy models, with particular focus on
disformal couplings and its cosmological implications. More concretely, I will focus on the general
Dark D-Brane scenario, that predicts a natural interaction in the dark sector related with the in-
duced metric on a moving brane. Furthermore, I will present the main cosmological predictions of
this setting, obtained through a numerical study, together with a statistical data analysis to produce
observational constraints.
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Dark Energy and the Accelerating Universe / 767

Anisotropic cosmological models in Horndeski gravity

Author: Mikhail Volkov!

Co-authors: Rafkat Galeev ; Ruslan Muharlyamov ; Alexey Starobinsky ; Sergey Sushkov

! University of Tours, France
Corresponding Author: michael.volkov@lmpt.univ-tours.fr

It was found recently that the anisotropies in the homogeneous Bianchi~I cosmology considered
within the context of a specific Horndeski theory are damped near the initial singularity instead of
being amplified. In this work we extend the analysis of this phenomenon to cover the whole of the
Horndeski family. We find that the phenomenon is absent in the K-essence and/or Kinetic Gravity
Braiding theories, where the anisotropies grow as one approaches the singularity. The anisotropies
are damped at early times only in more general Horndeski models whose Lagrangian includes terms
quadratic and cubic in second derivatives of the scalar field. Such theories are often considered as
being inconsistent with the observations because they predict a non-constant speed of gravitational
waves. However, the predicted value of the speed {\it at present} can be close to the speed of light
with any required precision, hence the theories actually agree with the present time observations.
We consider two different examples of such theories, both characterized by a late self-acceleration
and an early inflation driven by the non-minimal coupling. Their anisotropies are maximal at inter-
mediate times and approach zero at early and late times. The early inflationary stage exhibits an
instability with respect to

inhomogeneous perturbations, suggesting that the initial state of the universe should be inhomoge-
neous. However, more general Horndeski models may probably be stable.
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Dark Matter and Rare Processes / 254

The Dark Matter Directionality Approach

Author: Vincenzo Caracciolo’

! University of Rome “Tor Vergata”
Corresponding Author: vincenzo.caracciolo@roma2.infn.it
Dark Matter particle candidates able to induce nuclear recoils can be
also studied using the so-called directionality technique. This approach is
based on studying the correlation between the nuclear recoils direction and
the Earth motion in the galactic rest frame.

Several experimental techniques to explore the directionality approach
have been proposed. In this talk, a review of such experimental approaches

will be addressed.

Dark Matter and Rare Processes / 450

Leptophillic Dark Matter at Linear Colliders

Author: Bhupal Dev'

! Washington University in St. Louis
Corresponding Author: bdev@wustl.edu
Leptophilic dark matter (LDM) could naturally arise in many beyond the Standard Model scenarios
and could address certain experimental anomalies. We will discuss some model-independent collider
constraints on the LDM effective couplings with the Standard Model sector, considering its produc-

tion at a future electron-positron linear collider (with polarized and unpolarized beam options) in
the mono-photon and mono-Z channels.

Dark Matter and Rare Processes / 521

Indirect Search for Dark Matter signatures in the Cosmic Rays
as seen from Space

Author: Marco Ricci’
! INFN - LNF
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Corresponding Author: marco.ricci09@gmail.com

The Dark Matter (DM) problem, experimentally, is tackled in different ways that can fall into two
main complementary areas: direct and indirect searches. Among the indirect searches for DM, the
observation from space of possible indirect signatures in the Cosmic Rays and in the gamma-ray
sector has triggered increasing interest in the last years, with space missions like PAMELA, AMS,
FERMI, DAMPE and with the planned projects like GAPS (on stratospheric balloon) and HERD. This
talk will give an overview on the current status of this field of research and on the perspectives
awaited by future planned missions.

Dark Matter and Rare Processes / 277

Quantum mechanics tests in the Gran Sasso undergroud labora-
tory: collapse models and spin-statistics

Author: Catalina Oana Curceanu’

U INEN - LNF
Corresponding Author: catalina.curceanu@gmail.com

We are experimentally investigating possible departures from the standard quantum mechanics’ pre-
dictions at the Gran Sasso underground laboratory in Italy.

In particular, with radiation detectors we are searching signals predicted by the collapse models
(spontaneous emission of radiation) which were proposed to solve the “measurement problem” in
quantum physics and signals coming from a possible violation of the Pauli Exclusion Principle.

I shall discuss our recent results published in Nature Physics under the title “Underground test of
gravity-related wave function collapse”, where we ruled out the natural parameter-free version of
the gravity-related collapse model. I shall then present more generic results on testing CSL (Contin-
uous Spontaneous Localization) collapse models and discuss future perspectives.

Finally, I shall briefly present the VIP experiment with which we look for possible violations of the
Pauli Exclusion Principle by searching for “impossible” atomic transitions and comment the impact
of this research in relation to Quantum Gravity models.

Dark Matter and Rare Processes / 573

Mirror Dark Matter: direct detection, ultra cold neutrons and
gravitational waves

Author: Andrea Addazi'

! Sichuan University
Corresponding Author: addazi@scu.edu.cn

We will discuss Mirror dark matter searches from
Direct detection underground experiments, ultra cold neutrons and gravitational waves physics.

Dark Matter and Rare Processes / 80

The dark matter: DAMA/LIBRA and its perspectives
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Author: Pierluigi Belli'

! INFN Roma Tor Vergata
Corresponding Author: pierluigi.belli@romaz2.infn.it

The recent results of DAMA/LIBRA-phase2 experiment deep underground at Gran Sasso are pre-
sented. The improved experimental configuration with respect to the phasel allowed a lower soft-
ware energy threshold. The DAMA/LIBRA-phase2 data confirm the evidence of a signal that meets
all the requirements of the model independent Dark Matter annual modulation signature, at high
C.L. The model independent DM annual modulation result is compatible with a wide set of DM
candidates. Some of them and perspectives will be outlined.

Dark Matter and Rare Processes / 280

Improving the sensitivity to light dark matter with the Migdal
effect

Authors: andrea messina'; Stefano Piacentini?; Giovanni Grilli di Cortona®

! Sapienza University of Rome & INFN
? Sapienza, University of Rome & INFN
* Laboratori Nazionali di Frascati - INFN

Corresponding Author: andrea.messina@uniromal.it

The search for dark matter (DM) weakly interacting massive particles with noble elements has
probed masses down and below a GeV/c"2. The ultimate limit is represented by the experimental
threshold on the energy transfer to the nuclear recoil. Currently, the experimental sensitivity has
reached a threshold equivalent to a few ionization electrons. In these conditions, the contribution of
a Bremsstrahlung photon or a so-called Migdal electron due to the sudden acceleration of a nucleus
after a collision might be sizeable. We present a recent work where, using a Bayesian approach, we
studied how these effects can be exploited in experiments based on liquid argon detectors. In partic-
ular we develop a simulated experiment to show how the Migdal electron and the Bremsstrahlung
photon allow to push the experimental sensitivity down to masses of 0.1 GeV/c"2, extending the
search region for dark matter particles of previous results. For these masses we estimate the effect
of the Earth shielding that, for strongly interacting dark matter, makes any detector blind. Finally,
given the relevance of the Migdal electrons to the search for low mass DM, we discuss some new
ideas on how to possibly measure such an effect with detectors based on a Time Projection Chamber
exposed to an high neutron flux.

Dark Matter and Rare Processes / 527

Dark photon search

Author: Annalisa D’Angelo’

! Universita’ degli Studi di Roma Tor Vergata & INFN Roma Tor Vergata
Corresponding Author: annalisa.dangelo@roma2.infn.it
The Heavy Photon Search (HPS) experiment searches for an electro-produced dark photon using
an electron beam provided by the CEBAF accelerator at the Thomas Jefferson National Accelerator

Facility.
HPS looks for dark photons through two distinct methods, a resonance search in the e+e- invariant
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mass distribution above the large QED background (large dark photon-SM particles coupling region)
and a displaced vertex search for long-lived dark photons (small coupling region).

HPS employs a compact spectrometer, matched to the forward kinematic characteristics of A’ electro-
production. The detector consists of a silicon tracker for momentum analysis and vertexing and a
lead tungstate (PbWO4) electromagnetic calorimeter for particle ID and triggering.

Three taking periods took place in 2015, 2016 and 2019, while a fourth run has been scheduled in
summer 2021.

Results from the available data are presented together with an overview of future projects.

Dark Matter and Rare Processes / 208

DAMA/LIBRA annual modulation and Axion Quark Nugget Dark
Matter Model

Author: Ariel Zhitnitsky1

! University of British Columbia

Corresponding Author: arz@phas.ubc.ca

The DAMA/LIBRA experiment shows 9.50 evidence for an annual modulation in the (1 — 6) keV
energy range, strongly suggesting that the observed modulation has the dark matter origin. How-
ever, the conventional interpretation in terms of WIMP-nucleon interaction is excluded by other
experiments. We propose an alternative source of modulation based on the so-called axion quark
nugget (AQN) dark matter model which was originally invented long ago to explain the similarity
between the dark and visible cosmological matter densities, i.e. Qdark ~ Qvisible. This proposal can
be directly tested by COSINE-100, ANAIS-112, CYGNO and other similar experiments. I will also
mention other possible manifestations of the same model such as the solar corona heating problem,
and the recently detected by Telescope Array the Mysterious Burst Events which are very distinct
from conventional cosmic air showers.

The talk is based on several recent papers including:

1. A.~Zhitnitsky, DAMA/LIBRA annual modulation and Axion Quark Nugget Dark Matter Model,”
Phys. Rev. D {101}, no.8, 083020 (2020) [arXiv:1909.05320 [hep-ph]]

2. A.~Zhitnitsky,The Mysterious Bursts observed by Telescope Array and Axion Quark Nuggets,” J.
Phys. G {48}, no.6, 065201 (2021) [arXiv:2008.04325 [hep-ph]]
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Dark Matter Detection / 114

Dark Matter Searches at Colliders

Author: Ning Zhou'

! Shanghai Jiao Tong University
Corresponding Author: nzhou@sjtu.edu.cn

Many new physics models like SUSY can have dark matter candidates. Collider experiment pro-
vides a unique approach search for dark matter candidates. Like neutrinos, dark matter candidates,
once produced from high energy particle collisions, would escape from detection and leave a signa-
ture of missing energy. The production mechanism through effective field theory model, simplified
model and UV-completed models have been proposed and searched. In addition, the mediator of
interactions between dark matter and SM particles is another target which can be probed at collider
experiments, which turn out to have a quite high sensitivity in some parameter space. In this talk, I
will give an overview the strategy of collider search for dark matter and discuss the current experi-
mental constraints. The collider’s constraints can be combined with direct detection experiments to
cover a large scope of dark matter parameter space.

Dark Matter Detection / 203

The SuperCDMS SNOLAB experiment: Mining Dark Matter in
Northern Canada

Author: Tarek Saab’

! University
Corresponding Author: tsaab@ufl.edu

Cold Dark matter is one of the major constituents of the leading cosmological model for our Universe,
with many ongoing experimental efforts at directly detecting interactions of the hypothetical particle
with terrestrial detectors.

SuperCDMS SNOLAB is a Generation-2 dark matter experiment under construction at SNOLAB in
Sudbury, Canada. The experiment will employ two types of state of the art cryogenic Ge and Si
detectors capable of detecting sub-keV energy depositions from potential dark matter interactions.
This talk will present the ongoing efforts in building the SuperCDMS SNOLAB experiment as well
as future operational plans to ultimately deploy an array of 24 detectors with the goal of improving
sensitivity to light dark matter particles by orders of magnitude compared to existing limits.

Dark Matter Detection / 325
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Search of Light Dark matter with the CRESST-III experiment.

Author: Paolo Gorla'

! Laboratori Nazionali del Gran Sasso - INFN
Corresponding Author: paolo.gorla@Ings.infn.it

The CRESST-III (Cryogenic Rare Event Search with Superconducting Thermometers) experiment,
located in the Gran Sasso underground laboratory (LNGS, Italy), aims at the direct detection of light
dark matter (DM) particles.

Scintillating CaWOy crystals operated as cryogenic detectors at mK temperatures are used as target
material for elastic DM-nucleus scattering. The simultaneous measurement of the phonon signal
from the CaWOQ, crystal and the emitted scintillation light in a separate cryogenic light detector
provides particle discrimination on an event-by-event basis. The experiment, optimized for low-
energy nuclear recoil detection, reached an unprecedented threshold of 30 eV for nuclear recoil
energies and it is currently leading the field of low-mass dark matter search, for values as low as 160
MeV/c?.

In this contribution, the current stage of the CRESST-III experiment, together with the most recent
dark matter results will be presented. The perspective for the next phase of the experiment will be
also discussed

Dark Matter Detection / 401

Understanding Axion Miniclusters: Formation and observational
signatures

Authors: David Ellis'; David Marsh?

! University of Géttingen
? King’s College London

Corresponding Author: david.ellis@uni-goettingen.de

Axion dark matter can be produced by the decay of cosmic strings, leading to large amplitude, small
scale density perturbations in the axion field. These perturbations for the seeds for axion “miniclus-
ters”: small and dense dark matter clumps, with mass M = 10~'2M. The seeds go on to form
minicluster halos via hierarchical structure formation. By comparison between the semi-analytic
Peak-Patch model and N-body simulations, we show that these minicluster halos are too diffuse to
produce a detectable microlensing signal. However, the halos also tend to have dense substructures
due to the survival of the initial seeds. The dense substructures are formed by direct collapse in the
radiation dominated epoch, and are morphologically distinct from the later-formed halos, and thus
may have density profiles that enable them to produce their own lensing signal. Using our analytic
model and simulations, we investigate this possibility and study in detail the formation, evolution,
and survival of the minicluster seeds.

Dark Matter Detection / 634

Explaining the recent XENON1T excess with Inelastic Dark mat-
ter

Authors: He Hong-jian'; Wang Yu-chen?; Jiaming Zheng®
! Shanghai Jiao-tong University, Tsinghua University, Peking University

? Tsinghua University
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* Shanghai Jlao-tong University
Corresponding Author: zhengjm3@sjtu.edu.cn

Measuring dark matter (DM) signals via electron recoil provides an important means

for the direct detection of light DM particles. In this talk, I will show that the recent XENON1T
anomaly with electron recoil energy around (2 - 3) keV can be naturally explained by the exothermic
inelastic scattering between DM and electrons in a 2-component DM scenario. The stability of the
heavier component is guaranteed by the small mass gap which sources the electron recoil energy.
We provide an effective field analysis on this scenario focusing on the direct detection and relic
density constraints. I will also discuss probable UV completions of this scenario.

Dark Matter Detection / 1035

Dark matter search at the CEPC

Author: mangi ruan’

! IHEP
Corresponding Author: ruanmq@ihep.ac.cn

After the Higgs discovery, the precise determination of the Higgs boson properties became one of the
top priorities for experimental particle physics. The Circular Electron Positron Collider is therefore
proposed. Colliding the electron and positron at a tunnel with the main ring circumference of 100 km,
the CEPC is expected to deliver 1 Million Higgs bosons in an extremely clean collision environment.
In addition, the CEPC also produces 100 Million W bosons and nearly 1 Tera Z bosons. This large
statistic of bosons generated in clean collision environment, and the model-independent tagging of
the Higgs events, makes CEPC an excellent discovering window for the dark matter, via the Higgs
invisible decay and other processes. This talk reports the simulation studies of dark matter search
at the CEPC, as well as the anticipated accuracies at other future facilities.

Dark Matter Detection / 952

Halo uncertainties in electron recoil events at direct detection ex-
periments

Authors: Sambo Sarkar!; Tarak Nath Maityzg Tirtha Sankar Ray3

! Indian Institute of Technology Kharagpur
? [ISc Bangalore, India
* Indian Institue of Technology Kharagpur

Corresponding Author: sambosarkar92@gmail.com

The dark matter direct detection rates are highly correlated with the phase space distribution of
dark matter particles in our galactic neighbourhood. In this paper we make a systematic study of
the

impact of astrophysical uncertainties on electron recoil events at the direct detection experiments
with Xenon and semiconductor detectors. We find that within the standard halo model there can
be up to ~ 50% deviation from the fiducial choice in the exclusion bounds from these observational.
uncertainties. For non-standard halo models we report a similar deviation from the fiducial standard
halo model when fitted with state-of-art N-body simulation while even larger deviations are obtained
in case of the observational uncertainties
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Dark Matter Detection / 938

Detecting planetary-mass primordial black holes with resonant
electromagnetic gravitational-wave detectors

Authors: Nicolas Herman'; Léonard Lehoucq2

! Université de Namur

2 ENS Paris-Saclay
Corresponding Author: nicolas.herman@unamur.be

The possibility to detect gravitational waves (GW) from planetary-mass primordial black hole (PBH)
binaries with electromagnetic (EM) detectors of high-frequency GWs is investigated. We consider
two patented experimental designs, based on the inverse Gertsenshtein effect, in which incoming
GWs passing through a static magnetic field induce EM excitations inside either a TM cavity or a TEM
waveguide. The frequency response of the detectors is computed for post-newtonian GW waveforms.
We find that such EM detectors based on current technology may achieve a strain sensitivity down
to h ~ 10739, which generates an EM induced power of 10~ W. This allows the detection of PBH
binary mergers of mass around 105 My, if they constitute more than 0.01 percent of the dark matter,
as suggested by recent microlensing observations. We envision that this class of detectors could also
be used to detect cosmological GW backgrounds and probe sources in the early Universe at energies
up to the GUT scale.

This reasearch leads to an accepted publication in Physical Review D. More info: https://arxiv.org/abs/2012.12189

Dark Matter Detection / 577

Recent status and results of the Dark Matter Particle Explorer

Author: Xiang Li'

! Purple Mountain Observatory, CAS
Corresponding Author: xiangli@pmo.ac.cn

The DArk Matter Particle Explorer (DAMPE) is a satellite-borne, calorimetric type, high-energy-
resolution space cosmic ray and gamma-ray detector. It was launched in December 2015 and has
been stably operating for more than five years. Its three major scientific objectives are dark matter
indirect detection, cosmic ray physics and gamma-ray astronomy. Precise measurements of the all-
electron, proton and Helium spectra in wide energy ranges have been obtained, shedding new light
on the research of cosmic ray physics and dark matter properties. We will also present the current
status of the mission and its recent physical results.

Dark Matter Detection / 1005

Probing Axion Like Particles Using Time Dependent Magnetic
Field

Author: Mohammad Sharifian™°™

Corresponding Author: mohammadsharifian@ph.iut.ac.ir
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From years ago, there have been established many different experiments for the detection of Axion
Like Particles (ALPs) as a promising candidate of dark matter. The coupling of ALPs with the standard
model particles has been explained with some interaction Lagrangians. Many experiments try to
detect ALPs by their interaction with photons in the context of a static magnetic field using the

well known interaction Lagrangian, L4, = i Jaryy OF, Wﬁ 1Y, where ¢ is the ALP field, F),, is the
electromagnetic field with Fhv = %e’“’”"F po its dual, and g4~ is the coupling constant.

However, we try a sinusoidal magnetic field in order to check the effect of such a magnetic field pat-
tern on the detection. Starting from Feynman diagrams and calculating the second-order S-matrix,
the oscillating magnetic field generates two peaks in the Hamiltonian integrand. This results in an
enhancement of the phase deviation of the interacting photon.

Also, Our setup is designed in a practical manner. A tabletop Fabry-Perot cavity is used and two per-
pendicularly polarized photons pump in the cavity. We show that one of these polarizations interact
with ALPs and the other remains intact. Therefore, both polarizations will feel the same noise and
there is no problem about different noise effects on the interacted and reference photons.

All in all, the resulting exclusion region illustrates the advantage of the setup. Using a 10 cm cavity
with the finesse of 10° and also a magnetic field with the amplitude and frequency of 10 T and 1
MHz, respectively, one can detect ALPs with the coupling constant of g4, > 10712,

Dark Matter Detection / 481

Dark matter program of the CDEX collaboration at China Jinping
Underground Laboratory

Author: Shin Ted LIN?

Co-author: Qian Yue

! Sichuan University

? Tsinghua University

Corresponding Author: stlin@scu.edu.cn

The CDEX program pursues the direct detection of light dark matter candidates with an array of ger-
manium detectors since 2009 at the deepest operating underground site located in Sichuan, China.
Searches of modulation effect of light WIMPs[1], WIMPs-nucleus interaction via Midgal effect[2],
dark photon model[3], solar axions and axion-like particles[4] as well as the effective-Field-theory-
involved interactions[5] have been recently carried out based on the CDEX-1 and CDEX-10 experi-
ments. An upgraded dark matter experiment of the CDEX-50dm is proposed and on-going together
with the R&D programs on the key low radioactivity technologies including electroformed copper
at the underground site, fabrication and the extra-low-background front-ends of the various germa-
nium detector types, operations of a germanium detector with its bare crystal immersed in liquid
nitrogen, possible hybrid Anti-Compton detectors of the mixed PEN and liquid/solid argon as well
as radon mitigation of a 1725 meter cube liquid nitrogen tank. Results and the prospects of the CDEX
dark matter program will be described and discussed.

1. L. T. Yang et al.,(CDEX Collaboration) “Light WIMPs Search by Annual Modulation Analysis with
a Point-Contact Germanium Detector at the China Jinping Underground Laboratory”, Phys. Rev.
Lett. 123, 221301 (2019)

2. Z.Z.Liu(CDEX Collaboration) “Constraints on spin-independent nucleus scattering with sub-GeV
WIMP dark matter from the CDEX-1B Experiment at CJPL”, Phys. Rev. Lett. 123 161301 (2019)

3. Z. She(CDEX Collaboration) “Direct Detection Constraints on Dark Photons with CDEX-10 Ex-
periment at the China Jinping Underground Laboratory” Phys. Rev. Lett. 124, 111301 (2020)

4. Y. Wang(CDEX Collaboration) “Improved limits on solar axions and bosonic dark matter from the
CDEX-1B experiment using profile likelihood ratio method” Phys. Rev. D 101, 052003 (2020)

5. Y. Wang (CDEX Collaboration), “First experimental constraints on WIMP couplings in the effec-
tive field theory framework from CDEX” Sci. China-Phys. Mech. Astron. 64, 281011 (2021)
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Dark Matter Detection / 736

Searching for ultralight vector dark matter with the cryogenic
gravitational wave telescope KAGRA

Authors: Yuta Michimura®; Tomohiro Fujitazg Jun’ya Kume®; Soichiro Morisaki*; Hiromasa Nakatsuka’; Atsushi
Nishizawa®; Ippei Obata®; KAGRA Collaboration™™

! Department of Physics, University of Tokyo
* Waseda / RESCEU

* RESCEU, UTokyo

* University of Wisconsin-Milwaukee

> ICRR, UTokyo

¢ MPA

Corresponding Author: michimura@phys.s.u-tokyo.ac.jp

Recently, a considerable amount of attention has been given to the search for ultralight dark mat-
ter by measuring the oscillating length changes in the arm cavities of gravitational wave detectors.
Although gravitational wave detectors are extremely sensitive for measuring the differential arm
length changes, the sensitivity to dark matter is largely attenuated, as the effect of dark matter is
mostly common to arm cavity test masses. In Phys. Rev. D 102, 102001 (2020), we proposed to
use auxiliary length channels, which measure the changes in the power and signal recycling cav-
ity lengths and the differential Michelson interferometer length. When our method is applied to a
cryogenic gravitational wave detector KAGRA, the sensitivity to U(1)_{B-L} gauge boson dark mat-
ter with masses below 7x10"{-14} eV can be greatly enhanced, since KAGRA employs sapphire test
masses and fused silica auxiliary mirrors. We showed that KAGRA can probe more than an order of
magnitude of unexplored parameter space at masses around 1.5x10"{-14} eV, without any modifica-
tions to the existing interferometer. In this talk, we present the status of the data analysis pipeline
development and discuss the prospects of our analysis using the data from KAGRA’s first observing
run in 2020.

Dark Matter Detection / 19

Strong constraints on thermal relic dark matter from Fermi-LAT
observations of the Galactic Center

Author: Ryan Keeley'

Co-authors: Oscar Macias %; Kevork Abazajian *; Manoj Kaplinghat *; Shunsaku Horiuchi *

! Korea Astronomy Space Science Institute
® GRAPPA

3 UC, Irvine

* Virginia Tech

Corresponding Author: rkeeley@kasi.re.kr

The extended excess towards the Galactic Center (GC) in gamma rays inferred from Fermi-LAT ob-
servations has been interpreted as being due to dark matter (DM) annihilation. In a recent paper my
collaborators and I performed a new likelihood analyses of the GC and showed that when includ-
ing templates for the stellar galactic and nuclear bulges, the GC shows no significant detection of
a DM annihilation template, even after generous variations in the Galactic diffuse emission (GDE)
models and a wide range of DM halo profiles. We include Galactic diffuse emission models with
combinations of 3D inverse Compton maps, variations of interstellar gas maps, and a central source
of electrons. For the DM profile, we include both spherical and ellipsoidal DM morphologies and
a range of radial profiles from steep cusps to kiloparsec-sized cores, motivated in part by hydro-
dynamical simulations. Our derived upper limits on the dark matter annihilation flux place strong
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constraints on DM properties. In the case of the pure b-quark annihilation channel, our limits on
the annihilation cross section are more stringent than those from the Milky Way dwarfs up to DM
masses of ~TeV, and rule out the thermal relic cross section up to ~300 GeV. Better understanding
of the DM profile, as well as the Fermi-LAT data at its highest energies, would further improve the
sensitivity to DM properties.
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Dark Matter Searches with Liquid
Xenon and Argon Detectors and Self
Gravitating Systems and Dark
Matter

Dark Matter Searches with Liquid Xenon and Argon Detectors and Self Gravitating Systems
and Dark Matter / 194

Bose-Einstein condensate dark matter halos

Author: Pierre-Henri Chavanis’

! Laboratoire de Physique Theorique de Toulouse
Corresponding Author: chavanis@irsamc.ups-tlse.fr

We consider the possibility that dark matter is made of self-gravitating Bose-Einstein condensates
(BECs) described by the Schrodinger-Poisson or Gross-Pitaevskii-Poisson equations. We determine
the mass-radius relation of self-gravitating BECs with repulsive or attractive self-interaction at zero
temperature. When the self-interaction is attractive, we evidence the existence of a maximum mass
above which the system (e.g. an axion star) collapses. This leads to a dense axion star, a bosenova,
or a black hole. We apply these results to the case of bosonic dark matter halos with a core-halo
structure made of a soliton surrounded by an isothermal atmosphere. We determine the core mass-
halo mass relation of self-gravitating BECs with repulsive or attractive self-interaction and discuss
the possibility of collapse of the quantum core.

[1] P.H. Chavanis, Derivation of the core mass — halo mass relation of fermionic and bosonic dark
matter halos from an effective thermodynamical model, Phys. Rev. D, 100, 123506 (2019)

Dark Matter Searches with Liquid Xenon and Argon Detectors and Self Gravitating Systems
and Dark Matter / 175

Direct Detection Signals from Absorption of Fermionic Dark Mat-
ter

Author: Jeff Dror'
' UC Santa Cruz

Corresponding Author: asafjeffdror@gmail.com

In this talk I will present a class of direct detection signals; absorption of fermionic dark matter.
I enumerate the operators through dimension six which lead to fermionic absorption, study their
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direct detection prospects, and summarize additional constraints on their suppression scale. Such
dark matter is inherently unstable as there is no symmetry which prevents dark matter decays. Nev-
ertheless, I will show that fermionic dark matter absorption can be observed in direct detection and
neutrino experiments while ensuring consistency with the observed dark matter abundance and
required lifetime.

Dark Matter Searches with Liquid Xenon and Argon Detectors and Self Gravitating Systems
and Dark Matter / 245

Pico-charged particles from dark matter decay explain 511 keV
line and XENON1T signal

Author: Yasaman Farzan'

' IPM
Corresponding Author: yasaman@theory.ipm.ac.ir

There is a robust signal for a 511 keV photon line from the galactic center which may originate from
dark matter particles with masses of a few MeV. I will introduce a model in which dark matter first
decays into a pair of intermediate pico-charged particles CC™ with a lifetime much larger than the
age of the universe. The galactic magnetic field accumulates the relativistic CC™ that eventually
annihilate, producing the e —e + pair that give rise to the 511 keV line. This model avoids the bounds
from delayed recombination and from the absence of the line from dwarf galaxies which rule out
more simplistic DM explanations for the 511 keV line.

The relativistic pico-charged C particles from dark matter decay can scatter on the electrons inside
the direct dark matter search detectors imparting a recoil energy of Er ~ keV. I show that this model
can account for the electron recoil excess recently reported by the XENON1T experiment. Moreover,
we show that the XENON1T electron recoil data sets the most stringent bound on the lifetime of the
dark matter within this model.

Dark Matter Searches with Liquid Xenon and Argon Detectors and Self Gravitating Systems
and Dark Matter / 102

Manifestations of new particles in underground laboratories and
atomic experiments

Author: Victor Flambaum!

! University of New South Wales, School of Physics, Sydney 2052, Australia
Corresponding Author: v.flambaum@unsw.edu.au

We perform accurate relativistic atomic many-body calculations of the effects of dark matter pro-
duced in underground laboratories. Our recent calculation of the ionization of atoms by absorption
of scalar particles gives cross section, which is several orders of magnitude smaller than that calcu-
lated by other authors. The reason is that the traditional plain wave approximation for outgoing elec-
tron violates orthogonality condition with bound electron wave function which plays crucial role in
the zero multipolarity transitions. Such plain wave non-relativistic approximation also gives wrong
result (strongly underestimate cross section) for electron ionization by WIMP scattering.

Interaction between the standard model matter and low mass scalar dark matter field may be pre-
sented as variation of the fundamental constant while interaction with an axion-like field leads to
oscillating effects of violation of the fundamental symmetries including electric dipole moments.
New interactions mediated by hypothetical particles produce effects, which may be observed in
atomic experiments. Our aim is to find enhanced effects, perform their calculations, motivate new
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experiments and provide interpretation of their results.
New results of our group on these topics published recently in PRL, PRD, PRA, JHEP and arxiv papers

will be presented.

Dark Matter Searches with Liquid Xenon and Argon Detectors and Self Gravitating Systems
and Dark Matter / 620

The approach to equilibrium for idealized collisionless self-gravitating
systems

Authors: Liliya Williams'; Jens Hjorth?

! University of Minnesota

% University of Copenhagen
Corresponding Author: llrw@umn.edu

The evolution and equilibrium structure of dark matter halos has been well studied using N-body
simulations. However, theoretical understanding, for example, based on statistical mechanics has
been more challenging. A decade ago we showed that extremizing the number of microstates with
a given energy per unit mass, under the constraints of conserved total energy and mass, leads to the
maximum entropy state, known as DARKexp. Its differential energy distribution, and the resulting
density structures provide very good fits to simulated dark matter halos. Here we define a non-
equilibrium functional, which is maximized for DARKexp and increases monotonically during the
evolution towards equilibrium of an idealized collisionless system, the Extended Spherical Infall
Model.

Dark Matter Searches with Liquid Xenon and Argon Detectors and Self Gravitating Systems
and Dark Matter / 1017

Preliminary results of rich galaxy clusters’ spatial distribution
analysis on CfA2 Redshift survey data: compact objects or dark
matter presence at redshift less 0.022.

None

Author: Irene Arkhangelskaja

Co-authors: Arkady Galper . Lu Khanh !; Dina Dorosheva '

! National Research Nuclear University MEPhI
Corresponding Author: irene.belousova@usa.net

Preliminary results of the investigation of the properties of 13 clusters of galaxies from CfA2 redshift
survey are discussed in the presented article. The distributions on absolute magnitude and luminos-
ity represent two areas for clusters ##88, 1101, 1046, 142, 933, 1242, 1652, 107, 150, 316, 317, 961,
977. Redshifts of these clusters are in the region 0.002 — 0.022. The distributions on groups members
position, absolute magnitude and luminosity represent two areas for these clusters. Galaxies from
these areas are paired accordingly its spectral characteristics and position. Also several anomalies
of spatial dynamic of galaxies in these clusters were separated. Such structure could be caused by
dark matter presence inside cluster in configuration similar to Zeldovich pancake or gravitational
lensing on compact object or dark matter blob located between galaxy cluster and observer.

Several peculiarities have found on the spatial distributions of galaxies in clusters ##933, 142, 1046,
and 1652. Moreover, these groups reveals associations with high-energy gamma-emission sources
on Fermi/LAT 10-Year Point Source Catalog 4FGL DR2 data (4FGL]J1144.9+1937, 4FGL]J0152.2+3714,
4FGLJ1230.8+1223 and 4FGLJ1653.8+3945 correspondingly).These sources are active galaxies 3C 264,
B2 0149+37, M87 and MRC 501. Furthermore, 3C 264 and M87 observed in subTeV energy band by
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VERITAS data. Joint observations of such clusters by orbital gamma-ray observatories with high
angular resolution and ground-based Cherenkov air-shower experiments could possibly clarify the
type of gravitational lensing and processes of particle acceleration in these objects especially highest
energy of emitted gammas. Thus we propose including these and similar clusters in the programs of
observations of the planned experiment GAMMA-400 (Gamma Astronomical Multifunctional Mod-
ular Apparatus) with angular resolution ~0.01° at Ey = 100 GeV and several TeV upper energy band.
Also now it is discussed coordination of multiwavelength observations program of Cherenkov Tele-
scope Array (CTA) and GAMMA-400 objects list for observations.

Dark Matter Searches with Liquid Xenon and Argon Detectors and Self Gravitating Systems
and Dark Matter / 355

Present and Future of Dark Matter direct detection with XENONnNT

Author: Riccardo Biondi'

' INEN - LNGS
Corresponding Author: riccardo.biondi@Ings.infn.it

The dual phase Time Projection Chamber detectors exploiting Xenon element is the leading tech-
nology in the field of direct Dark Matter searches, as testified by the most stringent upper Limit
on WIMP-nucleon cross section set by the XENON1T experiment. The XENONnT experiment, cur-
rently, under commissioning at the Gran Sasso underground laboratories, is ready to start its physics
program. It will exploit 5.9 tonnes of instrumented liquid xenon and most of the infrastructure al-
ready developed for its predecessor. The ultra-low background level reached in XENONI1T, will be
further reduced in the XENONNT by an improved capability of alpha and beta background-events re-
duction. Furthermore a new neutron veto system will enable identification of otherwise irreducible
neutron backgrounds. This talk is devoted to report the most recent results from XENON1T and the
current status of XENONnT commissioning and sensitivity studies on the expected performances of
this detector.

Dark Matter Searches with Liquid Xenon and Argon Detectors and Self Gravitating Systems
and Dark Matter / 1060

Hunt for the Sterile Neutrino Dark Matter

Authors: Soroush Shakeri'; She-Sheng Xue?

! ICRANet-Isfahan
2 [CRANet, Physics Department, Sapienza University of Rome

Corresponding Author: s.shakeri@iut.ac.ir

In this talk, we present an effective model for the sterile neutrino dark matter candidate. Due to
new physics at the UV scale, three sterile neutrinos couple with SM fermions and gauge bosons
via the SM gauge symmetric four-fermion interactions. Upon the spontaneous symmetry breaking,
sterile neutrinos become massive and possess effective couplings to SM particles. We will show
that the sterile neutrinos with masses around 90 keV and specific effective coupling can explain the
XENONI1T anomaly preserving DM astrophysical and cosmological constraints. We point out that
the presence of three right-handed sterile neutrino allows to obtain correct dark matter relic density
by the late entropy production due to late decay of heavier right-handed neutrinos. Moreover, four
sterile neutrinos interaction can form composite scalar and pseudo scalar particles, the latter plays
the role of axion, while the former the role of massive WIMP particles. Some phenomenological
consequences of these new states as dark matter are discussed.

Besides, with possible sterile neutrino spectra and new effective coupling to SM particles, we try
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to explain the anomalies in other experiments such as muon g-2 and MiniBooNe experiment. Our
scenario also offers some new distinctive features which may potentially produce observable signals
in the sensitivity range of the next generation of XENON detectors such as XENONnT, LZ and
DARWIN.
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Dark Matter: Beyond LCDM / 193

Phase transitions in the self-gravitating Fermi gas

Author: Pierre-Henri Chavanis'

! Laboratoire de Physique Theorique de Toulouse
Corresponding Author: chavanis@irsamc.ups-tlse.fr

We discuss the nature of phase transitions in the self-gravitating Fermi gas in Newtonian gravity and
general relativity. When the particle number is above the Oppenheimer-Volkoff limit, we evidence
the existence of a new turning point of mass-energy in the caloric curve leading to the collapse of
the system towards a black hole. We mention possible applications of these results to the case of
fermionic dark matter halos with a core-halo structure made of a fermion ball surrounded by an
isothermal atmosphere.

[1] P.H. Chavanis, G. Alberti, Gravitational phase transitions and instabilities of self-gravitating
fermions in general relativity, Phys. Lett. B 801, 135155 (2020)

Dark Matter: Beyond LCDM / 148

Constraints on the (warm) nature of dark matter from the first
billion years

Author: Pratika Dayal'

! Kapteyn Astronomical Institute
Corresponding Author: p.dayal@rug.nl

Most astrophysical constraints on the warm dark matter particle mass have been limited to observa-
tions covering the last 12 billion years of the Universe. However, over the past few years, data from
the Hubble Space Telescope and the EDGES (21cm) collaboration have allowed such constraints to
be extended well into the first billion years, a crucial epoch inaccessible by any other means. In this
talk I will present a semi-analytic model of galaxy formation & 21cm emission that jointly tracks
the dark matter and baryonic assembly of galaxies through cosmic time. I will use this to highlight
the role of different dark matter models in shaping the observable properties of early galaxies and
show how forthcoming instruments such as the James Webb Space Telescope (JWST) can be used
as an invaluable “Dark Matter Machine” in order to distinguish between cold and warm dark matter
cosmologies using early galaxies. Finally, I will show how the EDGES data can already be used to
rule out WDM lighter than 3 keV.
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Dark Matter: Beyond LCDM / 547

An excess of small scale strong lenses observed in galaxy clus-
ters

Author: Pietro Bergamini'

' INAF-OAS, Osservatorio di Astrofisica e Scienza dello Spazio di Bologna
Corresponding Author: pietro.bergamini@inaf.it

Thanks to the CLASH and Frontier Fields (FF) programs of the Hubble Space Telescope, it has been
possible to identify an unprecedented number of strongly lensed sources in the central regions of sev-
eral galaxy clusters. Complementing these observations with MUSE spectroscopy, we obtain high
fidelity mass models for MACSJ1206, MACS]J0416, and AS1063. The models are consistent with the
presence of massive and compact dark matter halos in cluster galaxies. Consequently, we estimate
large cross-sections for galaxy-galaxy strong lensing (GGSL) in these clusters. Indeed, to confirm
these expectations, we discover several multiple images of distant sources lensed by cluster mem-
bers. Besides, eight additional CLASH and FF clusters with lens models available from the literature
have similarly high GGSL cross-sections. We compare these observations with theoretical expecta-
tions in the concordance LCDM model with the aid of state-of-the-art N-body and hydrodynamical
simulations. We find that the simulated clusters have GGSL cross-sections ~10 times smaller than
measured in observations. We suggest that hitherto undiagnosed systematic issues with simulations
or incorrect assumptions about dark matter properties could explain our results.

Dark Matter: Beyond LCDM / 190

Imaging formation process for DM profiles

Author: Omar de Jests Cabrera Rosas'

' CINVESTAV
Corresponding Author: omar.cabrera@cinvestav.mx

The imaging formation process for some DM profiles is carried out.

We use the analytic information given for the surface mass density in each case (some classic profiles,
and some recently proposed), to obtain the geometrical and physical characterization that could
provide information to identify new types of DM. The goal of this work is to understand if there
are trails of the physical information encoded in the observational data related with the imaging
formation process, that determine if there are new species of DM (or observational data to identify
new properties for these profiles).

The calculations are analytic, and the simulations are generated with the physical information for
each profile.

Dark Matter: Beyond LCDM / 283

Where my DAEMON hides — The emergence of self-similar cos-
mic structures

Author: Jenny Wagner'

! Heidelberg University
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Corresponding Author: j.wagner@uni-heidelberg.de

Large-scale N-body simulations have successfully reconstructed cosmic structure formation with
increasing resolution and complexity, as observations corroborate. Complementary efforts have
arrived at a hydrodynamical theory that explains cosmic structure evolution up to the non-linear
regime. While the statistical properties of mass density perturbations for the observable universe as
a whole become comprehensible, it is still unknown why our heuristic approaches for the character-
isation of individual, locally collapsed mass agglomerations work so well.

In particular, we lack an explanation why mass density profiles like the Navarro-Frenk-White profile
or other composites of power laws arise in dark-matter N-body simulations and successfully match
halo profiles inferred by observations like gravitational lensing effects.

As a first step towards one general dark matter mass density profile that replaces the heuristically
inferred fitting functions, I introduce the “DArk Emergent Matter halO explanatioN“ (DAEMON)
which explains self-similar dark matter halo morphologies forming under scale-free gravitational
interaction. DAEMON thus bases power-law mass density profiles and composites thereof on sound
mathematically and physically fundamental principles:

Understanding the particle distributions as discrete samplings of a corresponding smooth mass den-
sity, DAEMON explains the cusp-core problem in the halo centre as an inhomogeneous, statistical
sampling. The transition to isothermality marks the shift to a homogeneously sampled region. As
scale-free Newtonian gravity does not favour a specific halo boundary, our choice of a boundary
relative to the particle distribution sets the power-law index in the outer regions.

This simple but powerful explanation of halo morphologies can be employed to make simulations
more efficient or facilitate the choice of lens models in strong gravitational lensing to mention two
applications that profit from this progress in understanding cosmic structures.

J. Wagner. Cosmic structures from a mathematical perspective 1: dark matter halo mass density profiles!
GReG (2020)

Dark Matter: Beyond LCDM / 82

Probing the nature of dark matter with Milky Way subhaloes

Author: Mark Lovell!

! University of Iceland
Corresponding Author: mrlovell62@gmail.com

The nature of dark matter is expected to be most strongly expressed in dark matter subhaloes with
mass < 10°M,. These subhaloes are accessible to us in the vicinity of the Milky Way (MW), through
the abundance and structure of both luminous MW satellites and dark subhaloes that never form
stars. In this talk I will present work on the properties of these subhaloes in two radically differ-
ent dark matter models. First, I will demonstrate how a self-interacting dark matter (SIDM) model
with a strongly velocity-dependent self-interaction cross-section can initiate gravothermal collapse
in subhaloes, and can subsequently explain the surprisingly similar densities of bright and faint MW
satellites. Second, I will switch to the warm dark matter (WDM) model, and consider its conse-
quences for the radial distribution of luminous satellites and dark subhaloes relative to the cold dark
matter (CDM) model. I will show that subhaloes closer to the MW centre (< 40kpc) are the remnants
of relatively massive haloes that appear in similar numbers in CDM and WDM. This is the region in
which gaps in stellar streams are used to constrain dark matter subhalo abundances, therefore we
show that limits on WDM are somewhat weaker than if we had extrapolated the change in subhalo
abundance from what we measure in the halo at large (< 300kpc). I will end my talk with a brief
change of topic, making a prediction for the properties of possible dark matter decay X-ray emission
lines in galaxy clusters to be probed by the upcoming XRISM observatory.
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Dark Matter: Beyond LCDM / 874

Dark matter as Planck relics without too exotic hypotheses

Authors: Aurélien Barrau'; Killian Martineau?; Jean-Frederic NgonoN"“e; Flora Moulin®

! LPSC - CNRS
2 LPSC

Corresponding Author: barrau@in2p3.fr

The idea that dark matter could be made of stable relics of microscopic black holes is not new. In
this article, we revisit this hypothesis, focusing on the creation of black holes by the scattering of
trans-Planckian particles in the early Universe. The only new physics required in this approach is
an unusually high-energy scale for inflation. We show that dark matter emerges naturally and we
study the question of fine-tuning. We finally give some lines of thoughts for a possible detection.
Based on: Barrau, Martineau, Moulin, Ngono, Phys.Rev.D 100 (2019) 12, 123505

Dark Matter: Beyond LCDM / 290

On the Random Motion of Nuclear Objects in a Fuzzy Dark Matter
Halo

Author: Dhruba Dutta Chowdhury’

Co-authors: Frank van den Bosch !; Victor Robles !; Pieter van Dokkum '; Hsi-Yu Schive 2; Tzihong Chiueh z,
Tom Broadhurst *

' Yale University
? National Taiwan University

* University of Basque Country UPV/EHU
Corresponding Author: dhruba.duttachowdhury@yale.edu

Fuzzy Dark Matter (FDM), consisting of ultralight bosons (my, ~ 10~22eV), is an intriguing alterna-
tive to Cold Dark Matter. Numerical simulations that solve the Schrodinger-Poisson (SP) equation
show that FDM halos consist of a central solitonic core, which is the ground state of the SP equa-
tion, surrounded by an envelope of interfering excited states. These excited states also interfere
with the soliton, causing it to oscillate and execute a confined random walk with respect to the
halo center of mass. Using high-resolution numerical simulations of a 6.6 x 10° M, FDM halo with
my, = 8x 10~23eV in isolation, we demonstrate that the wobbling, oscillating soliton gravitationally
perturbs nuclear objects, such as supermassive black holes or dense star clusters, causing them to
diffuse outwards. In particular, we show that, on average, objects with mass < 0.3% of the soliton
mass (Ms,)) are expelled from the soliton in ~ 3Gyr, after which they continue their outward diffu-
sion due to gravitational interactions with the soliton and the halo granules. More massive objects
(> 1%Mso1), while executing a random walk, remain largely confined to the soliton due to dynam-
ical friction. We also present an effective treatment of the diffusion, based on kinetic theory, that
accurately reproduces the outward motion of low mass objects and briefly discuss how the observed
displacements of star clusters and active galactic nuclei from the centers of their host galaxies can
be used to constrain FDM.

Dark Matter: Beyond LCDM / 548

Learning the properties of our Galaxy’s dark matter with Stellar
Streams
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Author: Rodrigo Ibata’

! Observatoire Astronomique de Strasbourg
Corresponding Author: rodrigo.ibata@astro.unistra.fr

The Galactic halo is criss-crossed by long stellar streams that are probably the remnants of defunct
globular clusters and dwarf galaxies. I will present the recent discoveries of these structures from
Gaia mission data. While streams clearly inform us in a direct way about past accretions onto our
Galaxy, their most promising property is that they allow us to measure the Galactic acceleration field
and they may allow us to quantify the prevalence of small-scale of dark matter overdensities in the
halo. I'will also present some novel unsupervised machine-learning methods that we are developing
to fit the acceleration field from these streams (and field stars) while also learning the transformation
from observed kinematic coordinates to canonical action-angle variables.

Dark Matter: Beyond LCDM / 106

A Multiple-Scales Approach to the Averaging Problem in Cosmol-
ogy

Author: Barry Ginat'

! Technion - Israel Institute of Technology
Corresponding Author: ginat@campus.technion.ac.il

The Universe is homogeneous and isotropic on large scales, so on those scales it is usually modelled
as a Friedmann-Lemaitre-Robertson-Walker (FLRW) space-time. The non-linearity of the Einstein
field equations raises concern over averaging over small-scale deviations form homogeneity and
isotropy, with possible implications on the applicability of the FLRW metric to the Universe, even
on large scales. In this talk I will present a technique, based on the multiple-scales method of sin-
gular perturbation theory, to handle the small-scale inhomogeneities consistently. I will obtain a
leading order effective Einstein equation for the large-scale space-time metric, which contains a
back-reaction term. The derivation relies on a series of consistency conditions, that ensure that
the growth of deviations from the large-scale space-time metric do not grow unboundedly; crite-
ria for their satisfiability are discussed, and it is shown that they are indeed satisfied if matter is
non-relativistic on small scales. I will also estimate the magnitude of the back-reaction term relative
to the critical density of the Universe in the example of an NFW halo. In this example, the back-
reaction term can be interpreted as a contribution of the energy-density of gravitational potential
energy, averaged over the small-scale, to the total energy-momentum tensor.

Dark Matter: Beyond LCDM / 91

Scalar field dark matter as an alternative explanation for the anisotropic
distribution of satellite galaxies

Authors: Jordi Solis Lépezl; Francisco S. Guzman?; Tonatiuh Matos *; Victor H. Robles*; L. Arturo Ulreﬁa—Lc')pcsez5

! Cinvestav

% Universidad Michoacana de San Nicolas de Hidalgo
? Cinveatav-IPN

* Physics Department, Yale University

5 Universidad de Guanajuato
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Corresponding Author: jsolis@fis.cinvestav.mx

The scalar field dark matter also called ultralight bosonic dark matter, has received considerable
attention due to the number of problems it might help to solve. Among these are the cusp-core
problem and the abundance of small structures of the standard cold dark matter model. In this talk,
we show that multi-state solutions of the Gross-Pitaevskii-Poisson equations, interpreted as galactic
halo density profiles, can provide a possible explanation to the anisotropic distribution of satellite
galaxies observed in the Milky Way, M31 and Centaurus A, where satellites trajectories seem to con-
centrate on planes close to the poles of the galaxies instead of following homogeneously distributed
trajectories. In order to construct a proof of concept, we study the trajectories of a number of test
particles traveling on top of the gravitational potential due to a multi-state halo with monopolar
and dipolar modes. The result is that particles accumulate asymptotically in time on planes passing
close to the poles. Satellite galaxies are not test particles but interpreted as such, our results indicate
that in the asymptotic time their trajectories do not distribute isotropically, instead, they prefer to
have orbital poles accumulating near the equatorial plane of the multistate halo. The concentration
of orbital poles depends on whether the potential is monopolar or dipolar dominated.
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Dense Matter in Compact Stars / 216

Elastic properties of the NS crust in the OCP approximation.

Authors: David Barba Gonzélez'; Conrado Albertus?; M. Angeles Perez-Garcia®

! Universidad de Salamanca
2 University of Salamanca, Spain

* Department of Fundamental Physics, University de Salamanca, Spain
Corresponding Author: david.barbag@usal.es

We calculate the elastic properties of the outer crust of Neutron Stars (NSs) under the approximation
of the one component plasma (OCP) in the high density limit. An electron sector under a degenerate
Fermi sea is considered. This is of interest for the modelling of the gravitational wave signal strength
emitted in the violent events of NS mergers and NS continuous emission. We use Molecular Dynam-
ics simulations at finite temperature with Ewald sums and extract the relevant elastic quantities such
as the stress tensor components for the long range multipolar expansion.

Dense Matter in Compact Stars / 146

Search for gravitational waves from r-mode oscillations in PSR
J0537-6910

Author: Michat Bejger'

Co-author: LVK
! Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences

Corresponding Author: bejger@camk.edu.pl
PSR J0537-6910 is a young neutron star that regularly experiences pulsar glitches, and shows a rather
high braking rate between them. Observed spin-down of the pulsar could be due to the r-mode
oscillations, which in turn may generate gravitational waves in the sensitivity range of the LIGO
and Virgo detectors.
Based on the analysis of the LIGO-Virgo-KAGRA observing run O3, and taking into account the

NICER telescope pulsar timing, this search placed interesting constraints on theoretical models for
the r-modes oscillations and on the J0537 neutron star parameters.

Dense Matter in Compact Stars / 204

Was GW190814 a Black Hole-Strange Quark Star System?

111



Sixteenth Marcel Grossmann Meeting / Book of Abstracts

Authors: Alessandro Drago™°"; Domenico Logoteta™°™; Giuseppe Pagliara™*"; Ignazio Bombaci °*; Isaac Vidana~*"

Corresponding Author: pagliara@fe.infn.it

The gravitational waves event GW190814 originated from the merger of a 23Msun black — hole and a
compact object of 2.6 Msun. The nature of the low mass companion is quite puzzling since it could be
either the lightest black -hole or the heaviest neutron star ever known. In particular, if such massive
neutron stars do exist, it seems to be difficult to reconcile the indications from data suggesting a
not too stiff equation of state of dense matter (such as e.g GW170817) and the possibility that the
equation of state is instead so stiff to allow for a maximum mass value above 2.6Msun. In this talk, I
will discuss the possibility that the low mass companion of the GW190814 system is a strange quark
star, within the so-called two-families scenario. In this scenario hadronic stars and strange quark
stars coexist, the first family being characterized by

light and very compact stars (in which delta resonances and hyperons do form) and the second family
composed by massive and large strange quark stars. The many phenomenological implications of
this scenario, also in connection with future gravitational waves detections, will also be discussed.
The talk is based on the recent PRL 126 (2021) 162702.

Dense Matter in Compact Stars / 530

A first sign from the neutron star in SN 1987A

Author: Dany Page'

! Instituto de Astronomia, Universidad Nacional Autonoma de Mexico
Corresponding Author: page@astro.unam.mx

After three decades, the neutron star formed by SN 1987A has likely given us a first sign of its
presence: a blob of warm dust near the center of the explosion. I will summarize our understanding
of the explosion, the structure of the supernova remnant, and the characteristics of “the blob”. 1
will describe in detail the possible explanations for the excess of energy coming out of the blob:
radioactive heating, accretion onto a black hole or energy output from a neutron star. In the latter
case, it could be either accretion energy, the power output from a pulsar or simply the thermal
radiation from a hot young star. Our study strongly favors thermal radiation, but the alternatives
cannot be totally ruled out. An important consequence of this is that this young neutron star is
definitely not an energetic pulsar and more likely a new member of the growing family of Central
Compact Objects (CCOs) that constitute about 25% of the young neutron star population and show
no signs of pulsar activity.

Dense Matter in Compact Stars / 324

Bosonic Dark Matter in Neutron Stars and Gravitational Waves

Authors: Davood Rafiei Karkevandi'; Soroush Shakeri

! ICRANet-Isfahan University of Technology
? Isfahan University of Technology (IUT)

Corresponding Author: davood.rafiei64@gmail.com

Compact astrophysical objects such as neutron stars (NSs) offer natural laboratories that can accrete
sizable amount of Dark Matter (DM) in extreme density regimes. In this work, we study the presence
of self-interacting bosonic DM in NSs through its effect on various properties of NSs. In our scenario,
the bosonic DM and baryonic matter (BM) are mixed together which are interacting only through
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gravitational force. We show that depending on DM model parameters and the amount of DM
fraction, DM can exist as a core inside the compact star or as an extended halo around it. Thanks
to the recent detection of gravitational waves from binary NSs, in addition to the maximum mass
of a compact object, we consider the tidal deformability as a new probe for the presence of DM
coexisting with BM in NSs and to check the consistency with observational constraints. In this work,
the parameter space of self-interacting bosonic DM such as the mass and the coupling have been
explored from the mass-radius relation and the tidal deformability by considering various amounts
of DM in the system.

As the conclusion, we show that a DM core decreases the total mass of the compact object and the
tidal deformability while a DM halo could increase both of them. Finally, considering various DM
fractions, boson’s masses and coupling constants, some constraints have been obtained on our DM
model by taking into account the maximum mass limit of NS, M > 2M® (M ® = Mass of the sun)
and the tidal deformability upper limit from GW170817 event, A < 800 for M = 1.4M®.

Dense Matter in Compact Stars / 586

Parameter estimation for a two-component neutron star model
with a Kalman filter

Authors: Nicholas O’Neill'; Patrick Meyersl; Andrew Melatos'; Robin Evans!

! University of Melbourne
Corresponding Author: noneill@student.unimelb.edu.au

Timing noise in a pulsar is the stochastic deviation of the pulse arrival times of the pulsar away
from its long term spin down trend. In the classic two-component neutron star model, interactions
between the crust and superfluid cause these perturbations to decay exponentially with a character-
istic timescale. This research uses a Kalman filter to track the pulsar frequency through time and to
calculate a posterior on the parameters of the two-component pulsar model. Our method is reliable
on simulated data, which we show through both individual and large-scale Monte Carlo tests. We
will also show some representative examples on publicly available data from real pulsars, where we
aim to test the two-component model and to use it to efficiently measure physical properties of the
star. Our measurements of the properties of neutron stars will provide insight into their internal
structure and will also provide evidence for or against the two-component model.

Dense Matter in Compact Stars / 832

NEMO: a dedicated kHz gravitational-wave observatory for neu-
tron star extreme matter

Author: Paul Lasky'

! Monash University
Corresponding Author: plaskygw@gmail.com

Gravitational waves from the late inspiral, merger, and post-merger of a binary neutron star coales-
cence provide complementary information about the cold and hot equations of state of neutron star
matter. These signals dominate in the kHz range, higher than the most sensitive part of the current
generation of gravitational-wave interferometers. I will present the design concept and science case
for NEMO: a gravitational-wave interferometer optimised to study nuclear physics with merging
neutron stars. I will discuss the science NEMO can achieve, both in a network of A+-like interferom-
eters, and also with next-generation electromagnetic telescopes. NEMO has the potential not only
for ground-breaking science in its own right, but can also act as a technology driver for full-scale
third-generation instruments such as Einstein Telescope and Cosmic Explorer.

Page 113



Sixteenth Marcel Grossmann Meeting / Book of Abstracts

Dense Matter in Compact Stars / 367

Extracting physics from the randomness in neutron star rotation

Author: Andrew Melatos'

! University of Melbourne
Corresponding Author: amelatos@unimelb.edu.au

Rotational irregularities in neutron stars, principally glitches and timing noise, are often regarded
as nuisance phenomena which are subtracted from electromagnetic pulsar timing data in order to
reveal the underlying, secular rotational evolution. This represents a missed opportunity. Glitches
and timing noise excite internal degrees of freedom in the star impulsively and stochastically. The
internal response leaves a distinctive imprint on pulsar timing data. Here we review two new data
analysis techniques, which track rotational irregularities as a specific realization of a random pro-
cess, whose physical parameters can be inferred within a Bayesian framework. The first technique
tracks timing noise with a Kalman filter and can be used to infer the parameters of the classic, two-
component, crust-superfluid model of a neutron star. The second technique tracks glitches with a
hidden Markov model and can be used to infer the parameters of superfluid vortex pinning and mu-
tual friction. Both techniques operate without human supervision and perform well on synthetic and
real data. We show that automated measurements of glitch sizes and waiting times are a powerful
tool to falsify theories of the stick-slip, stress-relax physics of glitches. We also show that contem-
poraneous gravitational-wave and electromagnetic timing experiments have the power to resolve
important physical and parametric degeneracies in the future.

Dense Matter in Compact Stars / 766

Effects of anisotropy on strongly magnetized neutron and strange
quark stars in general relativity

Authors: Debabrata Deb'; Banibrata Mukhopadhyay'; Fridolin Weber?

! Department of Physics, Indian Institute of Science
* Department of Physics, San Diego State University, San Diego, CA 92182, USA

Corresponding Author: debabratadeb@iisc.ac.in

We investigate the properties of anisotropic, spherically symmetric compact stars, especially neutron
stars and strange quark stars, made of strongly magnetized matter. The neutron stars are described
by a polytropic equation of state, the strange quark stars by an equation of state based on the MIT
Bag model. The stellar models are based on an a priori assumed density dependence of the magnetic
field and thus anisotropy. Our study shows that not only the presence of a strong magnetic field
and anisotropy, but also the orientation of the magnetic field itself, have an important influence
on the physical properties of stars. Two possible orientations are considered, a radial orientation,
where the local magnetic fields point in the radial direction, and a transverse orientation, where the
local magnetic fields are perpendicular to the radial direction. Interestingly, we find that for a trans-
verse orientation of the magnetic field, the stars become more massive with increasing anisotropy
and magnetic field strength and increase in size, since the repulsive, effective anisotropic force in-
creases in this case. In the case of a radially orientated magnetic field, however, the masses and
radii of the stars decrease with increasing magnetic field strength, because of the decreasing effec-
tive anisotropic force. Importantly, we also show that in order to achieve hydrostatic equilibrium
configurations of magnetized matter, it is essential to account for both the local anisotropy effects as
well as the anisotropy effects caused by a strong magnetic field. Otherwise, hydrostatic equilibrium
is not achieved for magnetized stellar models.
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Dense Matter in Compact Stars / 205

Quasi-universality of the magnetic deformation of neutron stars
in general relativity and beyond

Authors: Jacopo Soldateschi!; Niccold Bucciantini?; Luca Del Zanna'!

! Universita degli Studi di Firenze
2 INAF - Osservatorio Astrofisico di Arcetri

Corresponding Author: jacopo.soldateschi@unifi.it

Neutron stars (NSs) harbour extremely powerful magnetic fields, leading to their shape being de-
formed. The magnetic deformation of NSs depends both on the geometry - and strength - of their
internal magnetic field and on their composition, encoded by the equation of state (EoS). However,
both the details of the internal magnetic structure and the EoS of the innermost part of NSs are
mostly unkown. We performed a study of numerical models of magnetised, static, axisymmetric
NSs in general relativity (GR) and in one of its most promising extensions, scalar-tensor theories
(STTs). We did so by using several realistic EoSs currently allowed by observational and nuclear
physics constraints, considering also EoSs for strange quark stars. We show that it is possible to
find simple relations among the magnetic deformation of a NS, its Komar mass and its circumfer-
ential radius. These relations are quasi-universal, in the sense that they mostly do not depend on
the EoS and only slightly depend on the magnetic field geometry. Our results, being formulated in
terms of potentially observable quantities, could help to constrain the magnetic properties of NSs
interiors and better assess the detectability of continuous gravitational waves by isolated neutron
stars, without knowing their equation of state. In the case of STTs, these relations depend also on
the scalar charge of the NS, thus potentially providing a new way to set constraints on the theory
of gravitation.

Dense Matter in Compact Stars / 1007

Probing the dense matter physics of neutron star cores with transiently-
accreting neutron stars

Author: Melissa Mendes'

Co-authors: Andrew Cumming ?; Charles Gale ?; Farrukh Fattoyev >

! McGill University
% Mcgill University
* Manhattan College

Corresponding Author: melissa.mendessilva@mail. mcgill.ca

The composition of neutron stars is an open research problem. In particular, the lack of information
on the behavior of the symmetry energy above saturation density has prevented a reliable first-
principle calculation of neutron stars equation of state. However, recently, new observational data
has become available, which allows for better constraining of the internal properties of the star, lead-
ing to an improved understanding of its behavior and characteristics. In particular, the long time
search for a definite observation of a star with direct Urca reactions came to an end recently with the
x-ray spectrum measurements of the neutron star in system MXB 1659-29. This was the first observa-
tion to unambiguously suggest the presence of fast neutrino-cooling processes in the star’s interior,
as described by 1. These measurements come from long term observations of outburst-quiescent
cycles of neutron stars in low-mass X-ray binary (LMXB) systems, which allow us to calculate their
cooling processes rate, in turn helping constrain the star’s proton fraction. This calculation was
performed in 1, where it was shown in a simple model that direct Urca reactions take place in 1% of
the volume of the core of that neutron star, implying that its proton fraction is above threshold. In
this presentation we use neutron star models that include detailed neutron star equations of state
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and superfluid/superconductivity gaps to calculate a star’s direct Urca luminosity and compare to
the predictions in [I. We also discuss the implications of a star’s high proton fraction on its core
heat capacity. This is an important step towards a universal equation of state for neutron stars
and therefore, towards a better understanding of the phase diagram of asymmetric matter at high
densities.

1 Brown et al. Rapid Neutrino Cooling in the Neutron Star MXB 1659-29, Physics Review Letters,
10.1103/PhysRevLett.120.182701, ArXiv: 1801.00041

Dense Matter in Compact Stars / 237

Tidal deformations of hybrid stars with elastic phases

Author: Jonas Pereira’

Co-authors: Nils Andersson ; Michal Bejger 3. Fabian Gittins >

! Nicolaus Copernicus Astronomical Center (CAMK)
% University of Southampton
* CAMK

Corresponding Author: jpereira@camk.edu.pl

Gravitational wave astronomy is expected to provide independent constraints on neutron star prop-
erties, such as their equation of state. This is possible with the measurements of binary components’
tidal deformability, which alter the point-particle gravitational waveforms of neutron-star binaries.
I'll discuss some tidal deformability effects due to the elasticity/solidity of the hadronic phase in a
hybrid neutron star. I employ the framework of nonradial perturbations with zero frequency and
study hadronic phases presenting elastic aspects when perturbed (with the shear modulus approx-
imately 1% of the pressure). I'll show that the relative tidal deformation change in a hybrid star
with a perfect-fluid quark phase and a hadronic phase presenting an elastic part is never larger than
about 2 — 4% (with respect to a perfect-fluid counterpart). These maximum changes occur when
the elastic region of a hybrid star is larger than approximately 60% of the star’s radius, which may
happen when its quark phase is small and the density jump is large enough, or even when a hybrid
star has an elastic mixed phase. For other cases, tidal deformation changes due to an elastic crust are
negligible (1075 — 10~1%), therefore unlikely to be measured even with third generation detectors.
Thus, only when the size of the elastic hadronic region of a hybrid star is over half of its radius, the
effects of elasticity could have a noticeable impact on tidal deformations.

Dense Matter in Compact Stars / 366

Measuring Nuclear Matter Parameters with NICER and LIGO/Virgo

Authors: Kent Yagil;]osef Zimmerman'; Andrew Steiner!; Zack Carson!; Kristen Schumacher?

! University of Virginia
2 University of Illinois

Corresponding Author: ky5t@virginia.edu

Neutron star observations offer us an excellent testbed to measure nuclear parameters that are dif-
ficult to access with terrestrial experiments. Some of these nuclear parameters have strong corre-
lations with radii and tidal deformabilities of neutron stars. In this talk, I focus on one of such
parameters, K_{sym,0}, that corresponds to the curvature of symmetry energy at nuclear saturation
density. I describe how one can use the correlations to constrain this parameter with the recent
x-ray measurement of the radius with NICER and the gravitational-wave measurement of the tidal
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deformability with LIGO/Virgo. I will also discuss recent improvements on the analysis by increasing
the number of sampling equations of state, including higher-order nuclear parameters, and relaxing
some of the assumptions in the original analysis.

Dense Matter in Compact Stars / 614

Binary neutron star mergers of quark matter based nuclear equa-
tions of state

Authors: Atul Kedia'; Hee Il Kim?; Grant Mathews®; In-Saeng Suh!

! University of Notre Dame
? Sogang University
* University of Notre

Corresponding Author: akedia@nd.edu

With recent observations of gravitational wave signals from binary neutron star(BNS) mergers and
observations by NICER, the nuclear equation of state(EoS) is becoming increasingly testable by nu-
merical simulations. Numerous simulations currently exist exploring the equations of state at dif-
ferent density regimes for the constituent neutron stars. In this work we perform full GR three-
dimensional hydrodynamics simulations of BNS mergers for parameterized EoSs based on quark
matter at the highest nuclear densities. We construct our initial data using Lorene followed by simu-
lating the merger with Einstein Toolkit. The goal of this study is to extract the effects on the observed
GW waveform as the merger happens caused by quark matter.

Dense Matter in Compact Stars / 959

Probing hybrid stars with gravitational waves via interfacial modes

Authors: Shu Yan Lau'; Kent Yagi1

! University of Virginia
Corresponding Author: sl8ny@virginia.edu

A hybrid star consisting of a defined quark matter core and a hadronic matter envelope has a unique
internal structure that can have some influence on its observable properties. One possibility is the
tidal effect during binary compact star coalescence, which is encoded in the phase of the emitted
gravitational wave signal. In particular, the dynamical part of the tide which comes from the excita-
tions of non-radial pulsation modes depends on the detailed features of the stellar internal structure.
Out of the many pulsation modes, we focus on the interfacial mode of hybrid stars with a crystalline
quark matter core and fluid nuclear matter envelope. This mode originates from the discontinuities
in density and shear modulus at the interface separating the quark matter and nuclear matter phase.
It is of interest due to its relatively large overlap integral with the external tidal field, which implies a
significant excitation amplitude, and its resonant frequency might lie within the sensitive region of
ground-based gravitational-wave detectors depending on the EOS. In this talk, I will describe how
the interfacial mode affects the waveform of a binary hybrid star coalescence and show that the
effects can potentially be detected with advanced LIGO and next-generation detectors based on a
Fisher analysis.

Dense Matter in Compact Stars / 652
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On the properties of metastable hypermassive hybrid stars

Authors: Matthias Hanauske'; Lukas Weih°; Most Elias™°"; Luciano Rezzolla¥°™

! Goethe University Frankfurt, Institute for Theoretical Physics
Corresponding Author: hanauske@th.physik.uni-frankfurt.de

Hypermassive hybrid stars (HMHS) are extreme astrophysical objects that could be produced in the
merger of a binary system of two neutron stars. In contrast to their purely hadronic counterparts,
hypermassive neutron stars (HMNS), these highly differentially rotating objects contain deconfined
strange quark matter in their slowly rotating inner region. HMHS and HMNS are both metastable
configurations and can survive only shortly after the merger before collapsing to rotating black
holes. The properties of a HMHS/HMNS (e.g. rotational property, density and temperature distri-
bution) and the space-time distortion it causes, have been computed by fully general-relativistic
hydrodynamic simulations [1-7] and the complicated dynamics of the collapse from a HMNS to a
more compact HMHS have been analysed in detail [5,7]. The interplay between the density and
temperature distributions and the differential rotational profiles in the interior of the HMHS after
the collapse produces a clear gravitational wave signature of the production of quark matter, if the
hadron-quark phase transition is strong enough. During the collapse of the HMHS to a Kerr Black
the color degrees of freedom of the pure strange quark matter core gets macroscopically confined
by the formation of the event horizon [4,6].

1 M. Hanauske, et al., PRD 96.4 (2017): 043004.

2 M. Hanauske, and L. Bovard, Journal of Astrophysics and Astronomy 39.4 (2018): 1-11.
3 M. Hanauske, et al., Universe 5.6 (2019): 156.

[4] E. Most, et al., PRL 122(6) (2019), 061101.

[5] L. Weih, M. Hanauske, and L. Rezzolla, PRL 124.17 (2020): 171103.

[6] A. Motornenko, et al., XKIKXKXIKIX 37.3 (2020): 272-282.

[7] M. Hanauske, et al., The European Physical Journal Special Topics (2021): 1-8.

Dense Matter in Compact Stars / 892

Neutron star radius-to-mass ratio from accretion disc occultation

Author: Riccardo La Placao™

Co-author: Luigi Stella '

! INAF - Osservatorio Astronomico di Roma
Corresponding Author: riccardo.laplaca@inaf.it

The equation of state (EoS) of matter at supranuclear densities in the core of neutron stars (NSs)
contains key information on the properties of the strong force and the possible existence of exotic
states of matter; however it is only poorly constrained from earth-based experiments and theory. NS
properties, the precise values of M and R in particular, encode unique information on the EoS, and
different approaches have been proposed to measure, or at least constrain, NS radii. I present a new
method to measure the R/M ratio of disk accreting NSs which display a relativistically broadened
Fe-Ka profile: this method exploits the occultation of the inner disk region right behind the NS by
the body of the NS itself as seen by an observer at infinity. The occultation imprints conspicuous
features in the line profiles especially for disk inclinations > 65° and NSs of radius larger than R >
6 GM/c"2, and can provide a proxy of the NS R/M ratio. We developed a dedicated model within
XSPEC and by fitting it to current data from a few high-inclination NS low mass X-ray binaries,
we found that the signal to noise ratio of the X-ray spectra from present-generation instruments
is probably insufficient to measure the R/M ratio. However, through XSPEC simulations adopting
response matrices of the near-future eXTP mission we showed that R/M can be measured to ~3%
precision over a range of inclinations. Such precision in radius determination is required to draw
quantitative conclusions on the EoS of ultra-dense matter and represents the goal that other methods
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too aim to achieve in the future.
If time allows, I will also talk about some factors that can influence the current and future analysis
of disk-emitted radiation in the X-ray spectra, focusing in particular on the Fe-Ka line.
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Dragging is Never Draggy: MAss and
CHarge Flows in GR

Dragging is Never Draggy: MAss and CHarge Flows in GR / 272

Progress towards waveforms for extreme mass ratio inspirals

Authors: Barry Wardell'; Adam Pound?; Niels Warburton'; Leanne Durkan’; Jeremy Miller®

! University College Dublin
% University of Southampton

? Israel Oceanographic & Limnological Research
Corresponding Author: barry.wardell@ucd.ie

Extreme mass ratio inspirals (EMRIs) are expected to be a key source of gravitational waves for the
LISA mission. In order to extract the maximum amount of information from EMRI observations by
LISA, it is important to have an accurate prediction of the expected waveforms. In particular, it will
be necessary to have waveforms that incorporate effects that appear at second order in the mass
ratio. In this talk we present the latest progress towards this goal, including recent results for the
second-order gravitational-wave energy flux from black hole binaries.

Dragging is Never Draggy: MAss and CHarge Flows in GR / 284

Testing the general relativistic nature of the Milky Way Rotation
Curve with Gaia DR2

Author: Mariateresa Crosta’

! INAF-OATo

Corresponding Author: mariateresa.crosta@inaf.it

Gaia directly measures the kinematics of the stellar component of the Galaxy with the goal to create
the largest, most precise three-dimensional map of the Milky Way (MW).

The very core of the Gaia data analysis and processing involves General Relativity (GR) to guarantee
accurate scientific products. Nevertheless, any Galactic model should be developed consistently with
the relativistic-compliant kinematics delivered by Gaia. In this respect, I will present the first test
for a relativistic Galactic rotation curve (RC) with the Gaia second release (DR2) products (MNRAS,
Issue 496, 2, 2020, M.Crosta at al.). Dark Matter (DM) is supposed to reside mostly in the Galactic halo.
Both a GR model and a DM-based analogue were fit to the best-ever kinematics, derived exclusively
from DR2 data, of a carefully selected homogenous sample of disk stars tracing the axisymmetric
part of the Galactic potential.

The relativistic RC results statistically indistinguishable from its state-of-the-art DM-based analogue.
This supports the ansatz that a gravitational dragging effect could drive the stellar velocities in the
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plane of our Galaxy far away from its center and mimic DM. Furthermore, one of Einstein’s equations
provides the necessary baryonic matter density to close the observed gap with respect to the expected
Newtonian velocities. Despite some inadequacies, the simplified GR model has proven also to be
quite useful to estimate the (external) radial size of the Galactic bulge and the disc thickness at radial
distances R>4 kpc.

These findings push on the fully use of Einstein’s theory and state the need to develop more complex
relativistic galactic “geometries” that take into account the MW multi-structures in concomitance
of the incoming and increasingly accurate Gaia data releases and with other Galactic observations
targeting the Galactic center.

Dragging is Never Draggy: MAss and CHarge Flows in GR / 562

Black Holes - Nature or Nurture?: The Roles of Rotation and Ac-
cretion in Powering Cosmic Sources

Author: Roger Blandford'

! KIPAC, Stanford University
Corresponding Author: rdb3@stanford.edu

Black holes power many of the most powerful sources in the universe through their disks, jets and
winds. They are powered by their rotational energy (Nature) and by the gravitational energy of
accreting gas and stars (Nurture). The balance of these two modes and their implications, will be
re-examined in the light of recent, remarkable observations of the nearby galaxy M87 by the Event
Horizon Telescope as well as other developments. The importance of the dragging of inertial frames
for rotational energy extraction, particle acceleration and imaging will be highlighted.

Dragging is Never Draggy: MAss and CHarge Flows in GR / 441

Spinning particle: Is Newton-Wigner the only way?

Author: Vojtéch Witzany'

! University College Dublin
Corresponding Author: vojtech.witzany@ucd.ie

A rapidly spinning compact object couples to an ambient curved background via the so-called spin-
curvature coupling. In expressing this, one has to deal with the ambiguity of the definition of the
center of mass of the body. What is worse, in a Hamiltonian formalism, this choice corresponds to
an unphysical “parasitic” degree of freedom in the dynamical system. A solution to this is to apply a
Hamiltonian constraint on the system and to obtain a set of brackets where the center-of-mass degree
of freedom is erased from the algebra. In this talk I will report on my progress in this procedure in
the case of the so-called Tulczyjew-Dixon (or “covariant”) supplementary spin condition and in my
effort to cover the resulting phase space with canonical coordinates.

Dragging is Never Draggy: MAss and CHarge Flows in GR / 393

Magnetized black holes: the role of rotation, boost, and accretion
in twisting the field lines and accelerating particles

Author: Vladimir KarasNo™
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Co-author: Ondfej Kopacek '

! Astronomical Institute, Czech Academy of Sciences
Corresponding Author: vladimirkaras@cuni.cz

Combined influence of linear boost and rotation of a black hole can distort an ambient magnetic
field to the extent that magnetic field lines develop a neutral point, where the magnetic intensity
vanishes. This purely geometrical effect interacts with the accretion flow that can carry and dis-
tort the frozen-in magnetic lines, too. Near the event horizon, the magnetic null is threaded by
a non-vanishing electric component; these are circumstances favourable for acceleration of elec-
trically charged particles. We outline the mechanism which could operate in the magnetosphere
of astrophysical black holes that rotate and move through diluted gaseous environment pervaded
by an organized (super-horizon scale) magnetic field. This set-up may work as a pre-acceleration
agent near the ergospheric boundary (cf. The Astrophysical Journal, Volume 900, id.119, 2020;
https://arxiv.org/abs/2008.04630).

Dragging is Never Draggy: MAss and CHarge Flows in GR / 540

Gravitomagnetic resonance and gravitational waves

Authors: Matteo Luca Ruggiero'; Antonello Ortolan®

! Politecnico di Torino and INFN, LNL
2 INFN

Corresponding Author: matteo.ruggiero@polito.it

Gravitational waves are usually described in terms of a transverse and traceless (TT) tensor, which
allows to introduce the so-called TT coordinates. However, another possible approach is based on
the use of a Fermi coordinates system, defined in the vicinity of the world-line of an observer ar-
bitrarily moving in spacetime. In particular, Fermi coordinates have a direct operational meaning,
since they are the coordinates an observer would use to perform space and time measurements; in-
deed, using these coordinates the metric tensor contains (up to the required approximation level)
only quantities that are invariant under coordinate transformations internal to the reference frame.
Using this approach it is simple to emphasise that what an observer measures depends both on the
background field where he is moving and, also, on his kind of motion. This is quite similar to what
happens when we study classical mechanics in non inertial frames: inertial forces appear, depending
on the peculiar motion of the frame with respect to an inertial one. We show that using Fermi coor-
dinates the effects of a plane gravitational wave can be described by gravitoelectromagnetic fields:
in other words, the wave field is equivalent to the action of a gravitoelectric and a gravitomagnetic
field, that are transverse to the propagation direction and orthogonal to each other. In particular,
the gravito-magnetic field acts on spinning particles and we show that, due to the action of the
gravitational wave field a gravitomagnetic resonance may appear. We give both a classical and a
quantum description of this phenomenon and suggest that it can be used as the basis for a new type
of gravitational wave detectors.

Dragging is Never Draggy: MAss and CHarge Flows in GR / 483

The measurement of the Lense-Thirring effect within the LARASE
experiment

Author: David Lucchesi'

' INAF/IAPS Tor Vergata and INFN ROMA2
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Corresponding Author: david.lucchesi@inaf.it

The LAser RAnged Satellites Experiment (LARASE), funded by the National Scientific Committee
2 (CSN2) of the Italian National Institute for Nuclear Physics (INFN) in the years 2013-2019, had
among its main objectives that of verifying the gravitational interaction in the weak-field and slow-
motion limit of General Relativity. Three geodynamic satellites: LAGEOS (NASA, 1976), LAGEOS
IT (ASI/NASA, 1992) and LARES (ASI, 2012) were taken as test masses of the experiment and their
motions were carefully studied and compared with that of a timelike geodesic of General Relativity.
Among the various measurements performed, the precession of the orbits of the satellites produced
by the Earth’s rotation, that is the precession induced by the angular momentum of our planet, has a
particular consideration. This precession is generally known in the literature as Lense-Thirring effect
or frame-dragging effect and proves that mass-energy currents affect the geometry of spacetime
and, consequently, participate in the creation of its curvature. The results obtained in measuring the
Lense-Thirring effect will be presented, highlighting the difficulties that must be overcome to the
extent of a very small effect compared to the overall classical precession produced by the Earth’s
gravitational field and which acts on the same orbital elements subject to this relativistic precession.
Emphasis will be given to the discussion of the systematic errors of the measurement, with special
attention to gravitational perturbations.

Dragging is Never Draggy: MAss and CHarge Flows in GR / 295

Gravitomagnetism in the Lewis cylindrical metrics

Author: Filipe Costa’

Co-authors: José Natario '; Nilton O. Santos 2

Y CAMGSD - Instituto Superior Técnico, Universidade de Lisboa
2 Sorbonne Universite, UPMC Universite Paris 06, LERMA, UMRS8112 CNRS, Observatoire de Paris-Meudon

Corresponding Author: Ifilipecosta@tecnico.ulisboa.pt

The Lewis solutions describe the exterior gravitational field produced by infinitely long rotating
cylinders, and are useful models for global gravitational effects. When the metric parameters are
real (Weyl class), the metrics of rotating and static cylinders are locally indistinguishable, but known
to globally differ. The significance of this difference, both in terms of concrete physical effects and of
the mathematical invariants where the rotation imprints itself, remained however an open problem.
In this talk we will address these issues. We show that the Weyl class metric can be put into a
‘canonical’ form which depends explicitly only on three parameters with a clear physical significance,
and reveals that the two settings differ only at the level of the gravitomagnetic vector potential which,
for a rotating cylinder, cannot be eliminated by any global coordinate transformation. It manifests
itself in frame-dragging effects such as the Sagnac and gravitomagnetic clock effects. This mirrors
the electromagnetic field of a rotating charged cylinder, which likewise differs from the static case
only in the vector potential, responsible for the Aharonov-Bohm effect (formally analogous to the
Sagnac effect). The notions of local and global staticity are also revisited.

Dragging is Never Draggy: MAss and CHarge Flows in GR / 123

Quantum detection of inertial frame dragging

Author: wan cong'

Co-authors: Jiri Bicak ?; Davis Kubiznak *; Robert Mann

! University of Waterloo
* Charles University

% Perimeter Institute
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Corresponding Author: wcong@uwaterloo.ca

The Unruh De-Witt detector was introduced originally to give an operational meaning to particle
detection in curved spacetimes. This simple two level quantum system interacts with the quantum
field through a monopole type coupling, possibly exciting it to the excited state in the process. As
the vacuum state of the field depends on global features of the background spacetime, the transition
probability of a detector may be able to pick up these features too. As a result, UDW are better-than-
classical-detectors. Due to inertial frame dragging, inertial observers inside of a spherical rotating
shell are dragged into rotation with respect to distant stars. However to a classical observer inside the
shell, the local surrounding spacetime is Minkowski — by performing local gravitational experiments,
the observer cannot tell if the shell is rotating. In contrast, we shall see that the transition probability
of a UDW detector is sensitive to the shell’s rotation. This is true even when the “switched-on” time
of the detector is shorter than the time it takes for a signal to travel to the shell and back.

Page 125



Sixteenth Marcel Grossmann Meeting / Book of Abstracts

Page 126



Effects of Primordial Perturbations
Enhancement: from Black Holes
Formation to CMB Anomalies

Effects of Primordial Perturbations Enhancement: from Black Holes Formation to CMB Anoma-
lies / 443

Primordial Black Holes Arise When The Inflaton Falls

Author: Keisuke Inomata’

Co-authors: Evan McDonough %; Wayne Hu 2

! University of Chicago, KICP
% University of Chicago

Corresponding Author: keisukeinomata0123@gmail.com

Primordial Black Holes (PBHs) have entered the forefront of theoretical cosmology, due their poten-
tial role in phenomena ranging from gravitational waves, to dark matter, to galaxy formation. While
producing PBHs from inflationary fluctuations naively would seem to require a large deceleration
of the inflaton from its velocity at the horizon exit of CMB scales, in this talk we demonstrate that
an acceleration from a relatively small downward step in the potential that is transited in much less
than an e-fold amplifies fluctuations as well. Depending on the location of the step, such PBHs could
explain dark matter or the black holes detected by the gravitational wave interferometers. The per-
turbation enhancement has a natural interpretation as particle production due to the non-adiabatic
transition associated with the step.

Effects of Primordial Perturbations Enhancement: from Black Holes Formation to CMB Anoma-
lies / 955

Deep learning merger masses estimation from gravitational waves
signals in thefrequency domain

Authors: Camilo Santa™*"; Juan Pablo Marulanda'; Antonio Enea Romano®

! University of Antioquia
* UDEA/CERN

Corresponding Author: camilo.santav@udea.edu.co

Detection of gravitational waves (GW) from compact binary mergers provide a new window into
multi-messenger astrophysics. The standard technique to determine the merger parameters is matched
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filtering, consisting in comparing the signal to a template bank. This approach can be time consum-
ing and computationally expensive due to the large amount of experimental data which needs to be
analyzed.

In the attempt to find more efficient data analysis methods we develop a new frequency domain
convolutional neural network (FCNN) to predict the merger masses from the spectrogram of the
detector signal, and compare it to time domain neural networks (TCNN). Since FCNNs are trained
using spectrograms, the dimension of the input is reduced as compared to TCNNs, implying a sub-
stantially lower number of model parameters, and consequently less over-fitting. The additional
time required to compute the spectrogram is approximately compensated by the lower execution
time of the FCNNs, due to the lower number of parameters.

In our analysis FCNNs show a slightly better performance on validation data and a substantially
lower over-fit, as expected due to the lower number of parameters, providing a new promising ap-
proach to the analysis of GW detectors data, which could be further improved in the future by using
more efficient and faster computations of the spectrogram.

Effects of Primordial Perturbations Enhancement: from Black Holes Formation to CMB Anoma-
lies / 747

Numerical simulations of Primordial Black Holes (PBHs)

Author: Albert Escriva’

! University of Barcelona
Corresponding Author: albert.escriva@fqa.ub.edu

In this talk, I will talk about the recent developments in numerical simulations of PBHs under spher-
ical symmetry on a FRW background. Specifically, I will focus on the threshold for PBH formation
and the effect of the accretion and sizes of the PBHs formed in terms of the specific shape of the
initial curvature profile.

Effects of Primordial Perturbations Enhancement: from Black Holes Formation to CMB Anoma-
lies / 524

Predictions for the CMB in inflationary and anisotropic cosmolo-
gies

Authors: Ivan Agullo’; Javier Olmedo?; Sreenath Vijayakumar®

' Louisiana State University
? Universidad de Granada

* National Institute of Technology Karnataka
Corresponding Author: javolmedo@ugr.es

The paradigm of slow-roll inflation provides a snapshot of the early universe that is in good agree-
ment with present observations. Despite its success, most of the models studied so far rely heavily
on the assumption that the universe is perfectly isotropic at early times. In this talk, I will discuss re-
cent advances in anisotropic inflationary models. We adopt a Fock quantization for gauge-invariant
perturbations. We evolve them through an anisotropic bounce within loop quantum cosmology.
Despite anisotropies die out very rapidly just before the inflationary expansion, scalar and tensor
perturbations keep memory of that anisotropic phase, and leave several types of anomalies in the
Cosmic Microwave Background (CMB). With these imprints and current data, we constrain the de-
parture from spatial isotropy of the early universe, as well as discuss modifications in the usual
angular correlation functions and the generation of TB and EB correlations that are forbidden in the
standard isotropic scenario.
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Effects of Primordial Perturbations Enhancement: from Black Holes Formation to CMB Anoma-
lies / 333

tSZ in high ell CMB data as cosmological probe: SPT+Planck

Author: Marian Douspis’

Co-authors: Laura Salvati ; Adelie Gorce ; Nabila Aghanim

' IAS
Corresponding Author: marian.douspis@ias.u-psud.fr

Small scale CMB data contain a lot of cosmological information hidden in the different components
: primordial CMB, tSZ effect, kSZ effect, CIB. Standard analyses assume templates for non primor-
dial CMB components and lose the cosmological signature of large scale structures contained in
secondary anisotropies. I will present a new analysis of SPT data at small scales where the tSZ spec-
trum is derived from the halo model and bring additional constraints. I will show the cosmological
and scaling relation parameter constraints obtained by combining SPT CMB data and Planck tSZ
measurements.

Effects of Primordial Perturbations Enhancement: from Black Holes Formation to CMB Anoma-
lies / 853

A possible mass distribution of primordial black holes implied by
LIGO-Virgo

None

Author: Heling Deng

Corresponding Author: dengheling@gmail.com

The LIGO-Virgo Collaboration has so far detected around 90 black holes, some of which have masses
larger than what were expected from the collapse of stars. The mass distribution of LIGO-Virgo black
holes appears to have a peak at ~ 30M, and two tails on the ends. By assuming that they all have
a primordial origin, we analyze the GWTC-1 (01&02) and GWTC-2 (O3a) datasets by performing
maximum likelihood estimation on a broken power law mass function f(m), with the result f oc m!-2
for m > 35M and f o m~* for m > 35M,. This appears to behave better than the popular log-
normal mass function. Surprisingly, such a simple and unique distribution can be realized in our
previously proposed mechanism of PBH formation, where the black holes are formed by vacuum
bubbles that nucleate during inflation via quantum tunneling. Moreover, this mass distribution can
also provide an explanation for supermassive black holes formed at high redshifts.

Effects of Primordial Perturbations Enhancement: from Black Holes Formation to CMB Anoma-
lies / 797

Effects of the modification of gravity on the production of pri-
mordial black holes

None

Author: Sergio Andrés Vallejo Peiia
Co-author: Romano Antonio E.
Corresponding Author: sergio.vallejo@udea.edu.co

The enhancement of the spectrum of primordial comoving curvature perturbation R can induce the

production of primordial black holes (PBH) which could account for part of present day dark matter.
As an example of the effects of the modification of gravity on the production of PBHs, we investigate
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the effects on the spectrum of R produced by the modification of gravity in the case of G-inflation,
deriving the relation between the unitary gauge curvature perturbation ¢ and the comoving curva-
ture perturbation R, and identifying a background dependent enhancement function £ which can
induce large differences between the two gauge invariant variables. We use this relation to derive an
equation for R, showing for the presence of a momentum dependent effective sound speed (MESS),
associated to the intrinsic entropy which can arise in modified gravity theories, in agreement with
the model independent MESS approach to cosmological perturbations.

When ( is not constant in time it is different from R, for example on sub-horizon scales, or in models
exhibiting an anomalous super-horizon growth of ¢, but since this growth cannot last indefinitely,

eventually they will coincide.
We derive the general condition for super-horizon growth of ¢, showing that slow-roll violation is

not necessary.
Since the abundance of PBHs depends on the statistics of the peaks of the comoving density contrast,
which is related to the spectrum of R, it is important to take into account these effects on the PBHs

abundance in modified gravity theories.
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Electromagnetic Counterparts of Compact Binary Mergers / 979

Jet physics, ejecta properties and Hubble constant from the after-
glows of neutron star mergers

Authors: Kunal MooleyNO“e; JAGWAR Collaboration™™

Corresponding Author: kmooley@caltech.edu

Radio afterglows of neutron star mergers are excellent probes of the fast ejecta (relativistic jets and
fast tail of the dynamical ejecta) and provide strong constraints on the inclination angle, ejecta mor-
phology and energetics. This information is complementary to the ejecta mass and composition
derived from the early-time UV-optical-infrared emission (called the kilonova/macronova). Radio
observations of GW170817 revealed an energetic and narrowly-collimated jet, similar to those seen
in gamma-ray bursts, surrounded by a wider angle outflow (together called the structured jet or
jet-cocoon). Very long baseline interferometric observations were especially important in constrain-
ing the geometry, thereby providing a (standard siren) measurement of the Hubble constant. I will
present the latest results from GW170817 and discuss the prospects for detecting radio afterglows
of mergers in the upcoming LIGO-Virgo-KAGRA observing runs.

Electromagnetic Counterparts of Compact Binary Mergers / 564

Diversity of Kilonova Emission from Binary Neutron Star Merg-
ers

Author: Brian Metzger'

' Columbia University/Flatiron Institute

Corresponding Author: bdm2129@columbia.edu

The outcome of a binary neutron star depends sensitively on the mass of the binary and the equation
of state of dense nuclear matter. All else being equal, lower mass binaries tend to produce rapidly
rotating magnetar remnants that survive longer (if not indefinitely) before collapsing into black
holes. I will discuss some of the implications of the resulting diversity imprinted by a range of
binary masses on the properties of the kilonova emission. A long-lived remnant can influence the
kilonova properties in a number of ways, ranging from the impact of strong neutrino irradiation
from the remnant on the composition of the ejecta (and hence the colors of the kilonova imprinted
by the ejecta opacity) to contributing an additional source of luminosity from a rotationally-driven
outflow in excess of that from radioactivity alone. Insofar as the properties of a putative relativistic
jet would also influenced by the remnant lifetime, we should expect close connections between the
non-thermal (e.g. afterglow) and thermal kilonova signatures of the merger.

131



Sixteenth Marcel Grossmann Meeting / Book of Abstracts

Electromagnetic Counterparts of Compact Binary Mergers / 984

Emission from Structured GRB Jets: Theoretical Overview

Author: Ramandeep Gill™™

Corresponding Author: rsgill. rg@gmail.com

The unprecedented coincident detection of a short gamma-ray burst (GRB) with gravitational waves
from a binary neutron star (BNS) merger in GW170817/GRB170817A, followed by the long-lasting
broadband afterglow, put our understanding of the structure of GRB jets to the test. GRB170817A
turned out to be a particularly interesting event, due to its nearby distance (~40 Mpc) and emission
from an off-axis jet, that gave us a range of new insights and confirmed some old ones. The most
important of which is the unequivocal realization that GRB jets have angular structure. This has
important implications for the detection and understanding of future such events. In this review
talk, I will present the theory of emission from structured GRB jets, covering both prompt and af-
terglow emission. I will highlight the differences between off-axis emission from the simpler and
often used top-hat jet model and the structured jets using the prompt and afterglow observations
of GRB170817A. The full range of afterglow lightcurves that can be observed from an off-axis struc-
tured jet will be discussed. Important diagnostics, namely the afterglow flux centroid motion, image
size, and polarization, that can be used to understand the outflow structure and properties of the
post-shock magnetic field in future events will be discussed.

Electromagnetic Counterparts of Compact Binary Mergers / 968

Constraints on Kilonova Emission from Two Short GRBs at z=0.5

Author: Brendan O’Connor’

' George Washington University
Corresponding Author: oconnorb@gwmail.gwu.edu

The connection between binary neutron star mergers and short gamma-ray bursts (GRBs) was solid-
ified by the simultaneous detection of GW170817 and GRB 170817A. These events were followed by
bright kilonova emission arising from the radioactive decay of freshly synthesized r-process ejecta,
which were expelled during the neutron star merger. Kilonova emission is a fundamental signa-
ture of neutron star mergers. The ability to distinguish kilonova emission from the GRB afterglow
requires a well characterized multi-wavelength afterglow, and sensitive near-infrared (nIR) obser-
vations. The majority of short GRBs lack these features, and, therefore, no meaningful limits on
the kilonova ejecta mass can be determined in most cases. As such, evidence for kilonova emission
has only been identified in a handful of short GRBs. In this talk I will present a multi-wavelength
study of two cosmological short GRBs, GRB 160624A at z = 0.483 and GRB 200522A at z = 0.554,
targeted at constraining kilonova emission from these events. Although associated to a similar dis-
tance, these events display extremely different emission properties. The optical/nIR limits for GRB
160624A are among the most stringent for short GRBs, and strongly disfavor kilonova ejecta masses
larger than 0.1 solar mass. Whereas GRB 200522A displays a bright, nIR emission component that
can be explained either by a radioactively powered kilonova with large ejecta mass, ~ 0.1 solar mass,
or by intrinsic extinction from its host galaxy. These observations further extend the small sample of
short GRBs with nIR observations, and pave the way for future results from the James Webb Space
Telescope.

Electromagnetic Counterparts of Compact Binary Mergers / 902

Kilonova signal in NS-BH merger
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Authors: Francesco Di Clemente'; Alessandro Drago'; Giuseppe Pagliara’

! University of Ferrara

Corresponding Author: drago@fe.infn.it

A kilonova signal is generally expected after a Black Hole - Neutron Star merger. The strength of
the signal is related to the Equation of State of neutron star matter and it increases with the stiffness
of the latter. The recent results obtained by NICER suggest a rather stiff Equation of State and the
expected kilonova signal is therefore strong, at least if the mass of the Black Hole does not exceed
~ 10Mg. We compare the predictions obtained by considering Equations of State of neutron star
matter satisfying the most recent observations with the results predicted in the two-families scenario.
In the latter a soft hadronic Equation of State produces very compact stellar objects while a rather stiff
quark matter Equation of State produces massive strange quark stars, satisfying NICER results. The
expected kilonova signal in the two-families scenario is very weak: the Strange Quark Star - Black
Hole merger does not produce a kilonova signal because, according to simulations, the amount of
mass ejected is negligible and the Hadronic Star - Black Hole merger produces a signal much weaker
than in the one-family case because the hadronic Equation of State is very soft. This prediction will
be easily tested with the new generation of detectors.

Electromagnetic Counterparts of Compact Binary Mergers / 351

The Best Case Scenario: Towards prompt arcminute localization
of a GW source with targeted joint sub-threshold GRB searches,
intelligent scheduling, and early warning response

Author: Aaron Tohuvavohu'

! University of Toronto

Corresponding Author: aaron.tohu@gmail.com

The rich EM phenomenology in the first few hours after a compact object merger encodes the na-
ture of the post-merger remnant, and a wide array of other compelling physics. Unfortunately, the
requirement to find, and classify a counterpart within the large GW localization regions before fol-
lowup with sensitive instruments can begin, excludes access to these first few hours, even for the
most well localized GW sources. The ability to rapidly localize a GW source to within the field-of-
view of a narrow field sensitive facility, would enable extraordinary science, and is uniquely enabled
by GRB imagers with arcminute localization, like Swift/BAT. Such a prompt localization is the best
case scenario. I will present the Swift/BAT-GUANO rapid spacecraft commanding and targeted sub-
threshold GRB search pipeline, which allows significantly deeper searches for faint GRB 170817-like
bursts, achieving the farthest detection range for such transients among current instruments. This
pipeline has already increased the rate of arcmin localized GRBs by >15%. GW/GRB searches in the
joint sub-threshold regime can also significantly extend the BNS detection horizon, and I will dis-
cuss methods and results from a joint search during LVC O3. The angular resolution of BAT allows
good spatial discrimination and push to higher temporal FARs with the small spatial overlap, further
increasing the sensitivity of joint searches. However, Swift/BAT’s field of view (1/6 sky) decreases
the expected detection yield compared to all-sky instruments, even with the increased horizon. I
will discuss biased scheduling techniques that can increase the joint GRB/GW detection rate, and ef-
forts to use GUANO-enabled rapid commanding capabilities to respond to early warning GW alerts
and put the GW location within the BAT FoV at merger time. The combination of all of these will
increase the chance of a best case scenario, and set the stage for next generation space telescope
response.

Electromagnetic Counterparts of Compact Binary Mergers / 812
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Electromagnetic Counterparts of Compact Binary Mergers: the
recent case of GW170817

Author: Raffaella Margutti’

' UC Berkeley
Corresponding Author: raffaella.margutti@gmail.com

I will provide a critical review of what we learned from the NS-NS merger GW170817 during year of
electromagnetic follow up across the spectrum. Specifically, I will focus on recent developments from
our coordinated radio-X-ray monitoring campaign that revealed the emergence of a new component
of emission.

Electromagnetic Counterparts of Compact Binary Mergers / 122

Constraining and comparing short gamma-ray burst beam pro-
files using gravitational waves

Author: Fergus Hayes'
Co-authors: Ik Siong Heng ! Gavin Lamb ?; John Veitch *

! University of Glasgow

% University of Leicester
Corresponding Author: fhayes.1@research.gla.ac.uk

GRB 170817A was markedly dissimilar to any other detected short gamma-ray burst as it was ob-
served off-axis. This was further made evident by the information gained from the accompanying
observation of GW170817. The event has since sparked discussion into the short gamma-ray burst
beam profile and how it can link the observed luminosity of GRB 170817A with the rest of the ob-
served on-axis short gamma-ray burst population. By assuming the short gamma-ray burst beam
profile is universal across events, we use a fully Bayesian analysis to place constraints on beam
profiles associated with cocoon, structured and simple top-hat jet models, as well as the binary neu-
tron star merger rate. The beam profiles are constrained to reconcile the discrepancy between GRB
170817A and the rest of the on-axis population, given the distance and inclination information from
GW 170817 and the neutron star merger rate inferred from LIGO’s first and second observing runs.
We further show that these models can be distinguished from one another given a population of fu-
ture gravitational wave detections of neutron star mergers with and without a counterpart, promised
by the observations made by third-generation detectors.

Electromagnetic Counterparts of Compact Binary Mergers / 1054
CALET search for Gamma-ray Counterparts of Gravitational Wave
Events

Author: Masaki Mori’

! Ritsumeikan University
Corresponding Author: morim@fc.ritsumei.ac.jp
The CALorimetric Electron Telescope (CALET) cosmic ray detector on the International Space Sta-

tion (ISS) has been in operation since its launch in 2015.
The main instrument, the CALorimeter (CAL), is monitoring the gamma ray sky from ~1 GeV up to
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~10 TeV with a field-of-view of about 2 sr for more than five years.

In this paper, we describe the analysis of gamma ray candidate events observed by CALET and re-
port on a search for gamma-ray emission from gravitational wave event candidates announced by
the LIGO/Virgo third observing run since 2019 April.

Electromagnetic Counterparts of Compact Binary Mergers / 195

Neutron Star properties and EM follow-up of Kilonovae

Authors: M. Angeles Perez-Garcia!; David Barba Gonzalez?; Conrado Albertus®

! Department of Fundamental Physics, University de Salamanca, Spain

2 University of Salamanca, Spain
Corresponding Author: mperezga@usal.es

When two Neutron Stars (NSs) merge a multi-band electromagnetic (EM) emission, known as Kilo-
nova (KN), follows. It is believed to be powered by the radioactive decay of ejecta products. In this
contribution we discuss how future measurements of KN light curves and spectra could constrain
some interesting features of the NSs in the coalescing binary. In particular we will focus on the
impact and uncertainties of the current knowledge of the equation of state of dense matter on the
mass, velocity and other subsequent observables in the KN ejecta.
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Exact Solutions (Including Higher
Dimensions)

Exact Solutions (Including Higher Dimensions) / 412

New exact stationary cylindrical anisotropic fluid solution of GR

Author: Marie-Noélle Célérier’

! LUTH Observatoire de Paris
Corresponding Author: marie-noelle.celerier@obspm.fr

The properties of interior spacetimes sourced by stationary cylindrical anisotropic fluids are analyt-
ically studied for both nonrigid and rigid rotation. The gravito-electromagnetic features of different
classes of such GR solutions are described. Their regularity conditions and those for their junction
to a vacuum exterior are provided. A new class of rigidly rotating exact solutions to Einstein’s field
equations satisfying a physically consistent equation of state for anisotropic fluids is displayed. Its
physical properties are discussed.

Exact Solutions (Including Higher Dimensions) / 510

Freely-falling bodies in standing-wave spacetime

Authors: Syed Naqvi'; Sebastian Szybka'

! Jagiellonian University
Corresponding Author: syed.kmc.140291@gmail.com

The phenomena of standing waves is well known in mechanical and electromagnetic setting where
the wave has the maximum and minimum amplitude at the antinodes and nodes, respectively. In the
context of the exact solution to Einstein Field equations, we analyze a spacetime which represents
standing gravitational waves in an expanding Universe. The study the motion of free masses subject
to the influence of standing gravitational waves in the polarized Gowdy cosmology with a three-
torus topology. We show that antinodes attract freely falling particles and we trace the velocity
memory effect.

Exact Solutions (Including Higher Dimensions) / 24

Three-parameter solution for the null-surface formulation in 2+1
dimensions
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Authors: Tina Harriott'; Jeffrey Williams®

! Mount Saint Vincent University

% Brandon University
Corresponding Author: tina harriott@msvu.ca

The null-surface formulation (NSF) of general relativity is equivalent to standard general relativity
but uses families of null surfaces rather than the metric or a connection. The NSF can be constructed
in dimension 3+1, in any dimension higher, and also in dimension 2+1, which is a special case: In
2+1 dimensions, the main NSF field equation is equivalent to Cartan’s metricity condition. The latter
arose in differential equation theory to address the problem of classifying solutions of third-order
ordinary differential equations. Solving the NSF/Cartan equation has proved challenging, and only
three solutions are known to date. This talk presents a fourth solution, which depends upon three in-
dependent parameters. Two of the previously known solutions are included as special cases. Energy
conditions, Petrov classification, and possible source terms are examined. The physical interpreta-
tion is discussed in detail.

Exact Solutions (Including Higher Dimensions) / 300

Analytic and localized brane-world black holes

Author: Theodoros Nakas'

Co-author: Panagiota Kanti '

! University of Ioannina
Corresponding Author: theodoros.nakas@gmail.com

We construct from first principles the geometry of an analytic, exponentially localized five-dimensional
brane-world black hole. The black-hole singularity lies entirely on the 3-brane, while the event hori-
zon is shown to have a pancake shape. The induced line-element on the brane assumes the form
of the Schwarzschild solution while the bulk geometry is effectively AdSs outside the horizon. The
derived geometry is supported by an anisotropic fluid in the bulk described only by two independent
components, the energy density and tangential pressure, whereas no matter needs to be introduced
on the brane for its consistent embedding in the bulk. Finally, we show that a brane-world Reissner-
Nordstrom-(A)dS solution can be also obtained using the same procedure.

Exact Solutions (Including Higher Dimensions) / 603

Memory effects in Kundt geometries for Brans-Dicke gravity

Authors: Indranil Chakrabortylg Siddhant Siddhant; Sayan Kar?

' IIT Kharagpur
Corresponding Author: indradeb@iitkgp.ac.in

Understanding gravitational wave memory effects for exact radiative solutions in General Relativity
(GR) have received considerable attention lately, following the work of Zhang, Duval, Gibbons and
Horvathy (PRD, 2017). In principle, one can arrive at these effects by studying the separation of
pairs of geodesics in such spacetimes. Radiative geometries such as Kundt waves have shown to
possess distinct memory behaviour. In this talk, after a brief review of results in GR, we move on to
discuss our recent work in Brans-Dicke gravity. Constructing an exact solution for Kundt waves and
gyratons in this theory, we investigate memory by analysing both geodesics and geodesic deviation.
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Our study reveals significant differences in memory effects obtained for both these geometries (i.e.
with and without gyratonic terms) as well as with earlier related results obtained in GR.

Exact Solutions (Including Higher Dimensions) / 558

Scalar configurations in Quadratic Palatini Gravity: The Persis-
tence of Wormholes

Authors: Renan B. Magalhies'; Gonzalo J. Olmo?; Luis C. B. Crispino’

! Universidade Federal do Pard
% University of Valencia

3 Universidade Federal do Pard, Amazonia
Corresponding Author: rbmagalhaes22@hotmail.com

Using the algorithm proposed to map solutions of General Relativity (GR) into Ricci-Based Gravity
theories, we extend the search for scalar configurations in quadratic gravity theories with curvature
dependence in both Ricci scalar, R, and Ricci-squared scalar, ) = R, R*”. We describe the general
method to map a scalar configuration of GR into f(R, Q), and illustrate this procedure by applying
it to the quadratic model f(R,Q) = R + aR? + bQ. We find scalar field solutions that, depending
on the parameters a and b, can describe quite different compact objects, such as wormholes and
compact balls. We compare the solutions found in the f(R, Q) theory context with the GR seed
solution and previous scalar configurations found in a quadratic f(R) theory, pointing out some
differences between them. We analyze some properties of the solutions found, in particular we
study their geodesic structure.
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Exact Solutions in Four and Higher
Dimensions

Exact Solutions in Four and Higher Dimensions / 932

Multicenter and Rotating Solutions in Eddington-inspired Born-
Infeld Gravity

Author: Gonzalo J. Olmo'

. . .2 .4 ,
Co-authors: Diego Rubiera-Garcia “; Merce Guerrero 3. Emanuele Orazi *; Gerardo Mora-Pérez

! University of Valencia - CSIC

2 Complutense University of Madrid
> ucM

* UFRN

Corresponding Author: drubiera@ucm.es

In the so-called Ricci-based Gravity theories (RBGs for short) it is possible to transform a modified
gravity problem into a standard problem in GR coupled to a modified matter source. Taking ad-
vantage of this property, one can also take non-vacuum solutions of GR and use them as seeds to
generate new solutions in other theories of the RBG family. I will present recent results in this di-
rection in which exact solutions of the Kerr-Newman type and multicenter (Majumdar-Papapetrou)
type are generated in the so-called Eddington-inspired Born-Infeld (EiBI) theory of gravity.

Exact Solutions in Four and Higher Dimensions / 701

Anisotropic Solutions through Decoupling in Curvature-Matter
Coupling Gravity

Author: Muhammad Sharif¥o®

Corresponding Author: msharif. math@pu.edu.pk

In this talk, we discuss the extended gravitational decoupling approach for a static sphere in the
framework of f(R,T) gravity where R represents the Ricci scalar and T is the trace of the energy-
momentum tensor. In this approach, the domain of a known solution is extended by incorporating
a new gravitational source. Transformations in radial and temporal metric functions split the sys-
tem of field equations into two subsystems corresponding to isotropic and additional sources. We
consider the Korkina-Orlyanskii metric as a solution for the system related to the seed source and
extend it to anisotropic domain using some physical constraints on the new source. The physical
acceptability, compactness and redshift of anisotropic solutions are explored graphically for the com-
pact star 4U 1538-52. It is found that well-behaved solutions can be constructed in the framework
of f(R,T) gravity through the decoupling technique.
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Exact Solutions in Four and Higher Dimensions / 572

Kundt spacetimes in the Einstein-Gauss-Bonnet theory

Author: Robert Svarc!

Co-authors: Jiri Podolsky '; Ondrej Hruska '

' Charles University
Corresponding Author: robert.svarc@utf.mff.cuni.cz

Based on our recent results we present the complete class of vacuum solutions in the Einstein-Gauss-
Bonnet gravity which admit non-expanding, shear-free and twist-free null geodesic congruence and
thus form the Kundt family of geometries. We explicitly derive the field equations and classify their
solutions into three distinct subfamilies. Algebraic structure of the curvature tensors is determined
and using the corresponding scalars entering the invariant form of geodesic deviation equation we
discuss the specific local physical properties of the gravitational field constrained by the EGB the-
ory. Moreover, we analyse various interesting subclasses of such vacuum solutions, namely the
Ricci type III spacetimes, all geometries with constant-curvature transverse space, and the whole pp
-wave class admitting a covariantly constant null vector field.

Exact Solutions in Four and Higher Dimensions / 888

Tolman-Oppenheimer-Volkoff conditions beyond spherical sym-
metry

Authors: José Pedro Mimoso’; Alan Maciel?; Morgan Le Delliou®

' IA - Instituto de Astrofisica e Ciencias do Espaco & Faculty of Science, University of Lisbon
2 Universidade Federal do ABC, S. Paulo. Brasil
* Institute of Theoretical Physics, School of Physical Science and Technology, Lanzhou University, China

Corresponding Author: jpmimoso@fc.ul.pt

In most cases the TOV equation appears as the relativistic counterpart of the classical condition for
hydrostatic equilibrium, and characterises the static equilibrium of bound, spherical distributions
of matter such as stars. In the present work we aim at showing that a generalised TOV equation
also characterises the equilibrium of models endowed with other symmetries besides spherical. We
resort to the dual null formalism applied to spacetimes with two dimensional spherical, planar and
hyperbolic symmetries, and consider a perfect fluid as the source. Static configurations assume the
existence of a time-like Killing vector field orthogonal to the surfaces of symmetry, and homoge-
neous dynamical solutions arise when the Killing field is space-like. In order to treat equally all
the aforementioned cases, we discuss the definition of a quasi-local energy for the spacetimes with
planar and hyperbolic foliations, since the Hawking-Hayward definition only applies to compact
foliations. This procedure enables us to translate our geometrical formalism to the fluid dynam-
ics language in a unified way, to find the generalised TOV equation, for the three cases when the
solution is static, and to obtain the evolution equation, for the homogeneous spacetime cases. Re-
markably, we show that the static solutions which are not spherically symmetric violate the weak
energy condition (WEC). We also show that the counterpart of the TOV equation p + P = 0, defines
a cosmological constant-type behaviour, both in the hyperbolic and spherical cases. This implies a
violation of the strong energy condition in both cases, added to the above mentioned violation of the
weak energy condition in the hyperbolic case. We illustrate our unified treatment obtaining analogs
of Schwarzschild interior solution, for an incompressible fluid p = p_0 constant.

Exact Solutions in Four and Higher Dimensions / 1004
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Non-singualar spacetimes with the NUT parameter

Author: Maciej Ossowski'

! University of Warsaw
Corresponding Author: maciej.ossowski@fuw.edu.pl

The spacetimes with the NUT parameter are commonly associated with an unwanted defect in the
form of a singular axis of symmetry. In the case of the Taub-NUT spacetime the most common
remedy is the Misner’s interpretation: by compactifying the orbits of the cyclic time symmetry one
discovers that the spacetime has a structure of the Hopf fibration. Then Taub-NUT may be regarded
as a smooth “regularizer” of the Schwarzschild solution curing the curvature singularity at r = 0.

I will discuss how the above results may be extended to black hole spacetimes including more param-
eters — Kerr rotation, cosmological constant and acceleration. Suprisingly, additional parameters do
not necessarily lead to harsher conditions for non-singularity. The basic premise of the extension of
Misner’s interpretation to more general spacetimes is to find Killing vector fields generating the non-
singular orbit space and subsequently impose the U(1)-principle bundle structure onto the spacetime.
This leads to spacetimes without singular axis for all admissible parameters, and even to completely
singularity-free spacetime for a subfamily of accelerated Kerr-NUT-(anti-) de Sitter (i.e. general
Plebanski-Demianski, type D, black hole solution).

The application of the non-singular interpretation to Killing horizons and cosmology will be pre-
sented.
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Experimental Gravitation

Experimental Gravitation / 806

A parallel plate approach to force metrology

Author: René Sedmik’

Co-author: Mario Pitschmann !

' TU Wien
Corresponding Author: rene.sedmik@tuwien.ac.at

Understanding dark energy and dark matter is one of the most pressing problems in present day
physics. In recent years, scalar field models have become popular as candidate theories. As the
corresponding hypothetical particles have low masses, collider experiments may not be suitable to
search for them. Force metrology at sub-mm scales, on the other hand has proven to be useful in this
respect. Over the past decade, tight limits on most candidate models have been set but no confirmed
signals have been found.

The Casimir And Non-Newtonian Force EXperiment (CANNEX) presently is the only force metrol-
ogy experiment working in the geometry of plane parallel plates. This geometry maximizes the
force generation between the two test masses, and thereby the sensitivity with respect to a range
of dark matter, dark energy, and interfacial Casimir forces. In the present talk, we report on the
recently completed proof of principle, discuss the status of the experiment, and give an overview of
the manifold opportunities for measurements that are about to commence soon.

Experimental Gravitation / 636

Measurement of the gravitational redshift effect using the satel-
lite Spectr-R in the "RadioAstron” mission

Authors: Aleksei Belonenko™°"; Valentin Rudenko'; Andrei Gusev'; Sergei Popovl; Norbert Bartel?; Nelson
Nunes?; Leonid Gurvits®; Cimo®; M Bietenholz*; D Litvinov®; Calves Molera ®; M Zakhvatkin’

! Sternberg Astronomical Institute, Moscow State University, Moscow, Russia;
? York University

* Joint Institute for VLBI, ERIC and Delft University of Technology

* University and South African Radio Astronomy Observatory

> ASC, Lebedev Physical Institute RAS

® University of Tasmania

7 Keldysh L.A.M., Russian Academy of Sciences
Corresponding Author: av.belonenko@physics.msu.ru

We report on the recent results of testing one of the aspects of Einstein’s principle of equivalence -
the effect of gravitational redshift, by means of its precision measurement using the Spectr-R as part
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of the VLBI mission Radioastron.

Satellite Spectr-R and two tracking stations (Green Bank (USA)) and Pushchino (Russia) were equipped
with hydrogen frequency standards with relative stability no worse than 10~*. Comparison of the
onboard and ground standards made it possible to measure the frequency shift due to the difference
in gravitational potentials on the ground and in orbit. Each measurement session consisted of alter-
nating segments communication with carrier synchronized according to the onboard standard (1w
mode) and according to the ground standard of the Pushchino station (2w mode). The use of a combi-
nation of both modes made it possible to compensate for the dominant 1st order Doppler effect and
tropospheric shifts. The ionospheric shift was eliminated by measurements at two different carrier
frequencies. The Doppler effect of the second order and the systematic error of the difference in
the nominal values of the standards are compensated for when passing to the measurement of the
modulation component of the gravitational shift during the orbital motion of the satellite, which is
10% of the stationary value due to the large ellipticity of the orbit. We report success in revising the
bias value by re-processing the accumulated data from 5% to 15%. This makes it possible to bring
the error of correspondence of the measured gravitational shift to the calculation formula of general
relativity to the level of 10"{-3}. Although this is rougher than the result achieved with the Galileo
satellites, it should be noted that never before has the gravitational redshift been measured with
such accuracy at such large distances from the Earth of 350,000 km.

Experimental Gravitation / 782

Dark gravitomagnetism with LISA and gravitational waves space
detectors

Authors: Angelo Tartaglial; Massimo Bassan?; Valerio Ferroni®; Giuseppe Pucacco®; Daniele Vetrugno3

' INAF
2 Universita di Roma Tor Vergata and INFN sezione Roma 2
* Universita di Trento and TIFPA

* Universita di Roma Tor Vergata an INFN sezione Roma 2
Corresponding Author: angelo.tartaglia@inaf.it

The LISA interferometer, designed for detecting gravitational waves, lends an opportunity to mea-
sure the gravitomagnetic field linked by the device. The expected flux is due to the angular momen-
tum of the sun, but could also have a contribution from the angular momentum of the Milky Way,
including the dark halo in which our galaxy is likely to be immersed. According to current models,
the total mass of the dark halo is expected to be several times the mass of the visible (baryonic) disk.
The method that could be used to spot the total gravitomagnetism at the position of the solar system
is based on the anisotropy in the propagation of electromagnetic waves, induced by the presence
of the gravito-magnetic field. The asymmetry could be evidenced exploiting the Sagnac effect on
pairs of EM pulses propagating in opposite directions along the contour of the interferometer. The
peculiar orientation of the plane of LISA leads to a seasonal modulation of the projection of the area
onto the galactic plane, thus offering a means to discriminate the signal from the Milky Way from
that of the sun. The use of the Sagnac effect is already foreseen within LISA for the control of the
configuration of the arms, but it could be extended here for research purposes. We will discuss both
the problems of principle and the practical problems to be tackled.

Experimental Gravitation / 998

qBounce: Ultra-cold neutrons bound by Earth’s gravity field, a
tabletop search for hypothetical gravity-like interactions

Author: Jakob Micko'

Co-authors: Hartmut Abele 2; Tobias Jenke *
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VILL, TU Wien
2 TU Wien
SILL

Corresponding Author: micko@ill.fr

Very slow, so-called ultra-cold neutrons form bound quantum states in the Earth’s gravitational
field. These neutrons allow the fascinating possibility to investigate gravity at short distances using
a simple quantum system. A spectroscopy method for ultra-cold neutrons bound to the surface
of mirrors allows to drive transitions between eigen-states of quantum gravitational states. This
enables us to measure the transition frequencies with high accuracy. A deviation from the expected
gravitational energy states might point to hypothetical gravity-like interactions. Here we present
the gBounce experiment, where we implement Ramsey’s method of separated oscillating fields by
mechanically exciting the neutrons with oscillating mirrors, a method we call Gravity Resonance
Spectroscopy (GRS). Multiple transitions have been observed by gBounce in the past. The results of
Rabi’s Method have been used to constrain chameleon and symmetron dark energy. After extending
the experimental capabilities to two separated oscillating mirrors we have succeeded in determining
the transition frequency with an energy resolution AE~10716 eV.

Experimental Gravitation / 1021

Using Bose-Einstein Condensates as Gravitational Wave Detec-
tors

Author: Matthew Robbins’

! University of Waterloo, Perimeter Institute for Theoretical Physics
Corresponding Author: mrobbins@perimeterinstitute.ca

With the recent direct observation of gravitational waves, a new avenue of observing the Universe
has become available. As a result, much effort is being devoted to the design of new detectors sen-
sitive to different gravitational wave sources. One unique proposal is to detect gravitational waves
using a Bose-Einstein Condensate (BEC) by using quantum metrology.

In this talk, I will show that transient gravitational wave detection using BECs is limited at lower
frequencies by methods in quantum optics and by damping at higher frequencies. For continuous
sources, an oscillating speed of sound is considered as a means to amplify sensitivity. I will discuss
the prospects and challenges for such detectors to be competitive to existing gravity wave detec-
tors.

Experimental Gravitation / 275

Gravitomagnetic Field Generation using High Permittivity Mate-
rials in SMES Devices

Author: Gary Stephenson’

! Seculine Consulting
Corresponding Author: seculine@gmail.com
A method is described for creating a measurable unbalanced gravitational acceleration using a grav-
itomagnetic field surrounding a superconducting toroid as described by Forward (1962). An experi-

mental Superconducting Magnetic Energy Storage (SMES) toroid configuration of wound supercon-
ducting nanowire is proposed to create a measurable acceleration field along the axis of symmetry,
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providing experimental confirmation of the additive nature of a Lense-Thirring derived gravitomag-
netic field. In the present paper gravitational coupling enhancement of this effect is explored using
high permittivity material, as predicted by Sarfatti (2020) in his modification to Einstein’s General
Relativity Field Equations for gravitational coupling in matter.

Experimental Gravitation / 252

A Man-Made Experiment Aimed to Clarify the Gravity Law in
The Solar System

Author: Alexander Yefremov!

Co-author: Alexandra Vorobyeva '

! RUDN University
Corresponding Author: vorobyeva-aa@rudn.ru

A new type of man-made experiment is precomputed and suggested to enforce the evidence base
for general relativity (GR) as the Solar system gravity. We present a detailed analytical and numer-
ical descriptions of a space-probe flight from the Earth towards Venus with Venus’ gravity assist
(GA) accelerating the probe to return it to the Earth’s orbit. We demonstrate that any planet’s GA
is ultrasensitive to variation of the probe-planet impact parameter, so it can serve as a powerful
amplifier (up to 10”5 times) of deviations from the assigned probe’s trajectory. An empiric GA-
sensitivity function is built with the help of the “conic patched approximation” method (e.g. [1,2])
and numerical orbit construction 3. To compare the classical and GR versions of the Sun’s gravity we
introduce a concept of the probe’s “standard flight” and (solving geodesic equation in Schwarzschild
coordinates with the tangent space technique) we show that the GR-field distorts the Earth-Venus
classical trajectory and reduces probe-Venus GA-distance up to 1% (~40 km at the probe’s altitude
~4000 km over planet’s surface). Three constituents of the effect are the Einstein’s “perihelion shift”,
the quasi-elliptic orbit compression, and the probe’s earlier arrival at the GA point. This effect en-
tails the difference between the flight endpoints (achieved at the same time) of few million km, the
distance obviously observable from the Earth [4]. Thus, the proposed experiment makes it possible
to distinguish classical and GR gravities. Moreover, using the standard flight scheme we compare
the impact of two GR-gravities represented in Schwarzschild and isotropic coordinates. An analyti-
cal calculation yields ~0.25% difference between respective probe-Venus GA-distances, which entails
~0.5 million km endpoint distance, making possible to specify even a type of GR gravity [5]. We also
discuss a need of convincing empiric statistic and measures to avoid the probe’s trajectory random
perturbances.
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Experimental Gravitation / 777

Relativistic measurements with the Galileo Constellation: the
Galileo for Science_2.0 (G4S_2.0) Project
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Corresponding Author: david.lucchesi@inaf.it

G4S_2.0 is a new project funded by the Italian Space Agency (ASI) that aims to perform a set of
gravitational measurements with the Galileo satellites of the Full Operational Capability (FOC) con-
stellation. Two of these satellites, GSAT 0201 and GSAT 0202, are characterized by a relatively high
eccentricity of their orbits, about 0.16, with respect to that of the other satellites of the constellation,
close to zero. From the accurate analysis of the orbits and clocks of these satellites it is possible to
perform a series of relativistic tests. These tests mainly concern the motion of a “proof mass” along
a timelike geodesic of space-time and the time dilation of on-board clocks.

After a general introduction to the goals of G4S_2.0 in the field of fundamental physics measure-
ments, we present the preliminary activities of the project which are under development by IAPS-
INAF in Roma, ASI-CGS in Matera and Politecnico in Torino.

Experimental Gravitation / 933

The Ginger project - preliminary results

Authors: Carlo Altucci'; Francesco Bajardiz; Andrea Basti’; Nicold Beverini®; Salvatore Capozziello4; Giorgio
Carelli®; Donatella Ciampini3; Angela D. V. Di Virgilios; Francesco Fuso®; Umberto Giacomelli’; Enrico Maccioni®;
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Corresponding Author: giorgio.carelli@unipi.it
The debate on gravity theories to extend or modify general relativity is very active today and research

efforts are devoted to test theories of gravity. Here, we present the GINGER experiment, which, being
Earth based, requires little modeling of external perturbation, allowing a thorough analysis of the
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systematics, crucial for experiments where sensitivity breakthrough is required.

We recently proposed the GINGER (Gyroscopes IN GEneral Relativity) experiment a tri-axial array of
Ring Lasers (RL) that can reach the sensitivity, accuracy, and long term stability required to measure
the inertial frame dragging induced by the rotating Earth, as predicted by General Relativity. This
effect, also known Lense-Thirring effect, amounts for the Earth to 1 part in 10”9 of its rotation rate,
thus requiring an unprecedented sensitivity and accuracy of experimental apparatus. The proposed
array of at least 3 RLs would allow us to measure both the rotation rate, and the orientation of the
instantaneous rotation axis. A top class Sagnac gyroscope prototype, GINGERINO, was built and its
sensitivity investigated with standard statistical means and the available geodesic measurements of
the Earth angular rotation rate. All features of the Earth rotation rate are correctly reproduced. The
unprecedented sensitivity of fractions of frad/s is attained for long term runs. Work is in progress
in order to further confirm this excellent sensitivity and stability, which certainly would put Sagnac
gyroscopes at the forefront for fundamental physics.

Experimental Gravitation / 364

Review of Tokamak Physics and GW conditions in relic condi-
tions before 10"- 26 reduction in frequency with predictions as
to what may be obtained in eLISA GW measurements from 10"-4
Hz down to 10"-16 Hz for eLISA

Author: Andrew Beckwith'

' Chongqing University, physics

Corresponding Author: rwill9955b@gmail.com

+ We consider an inverse procedure as to predict what may be obtained in eLISA , near Earth Orbit,
in GW frequency. Among other issues would be the duration of the GW pulse so observed, in
eLISA measurements, the relative degree of noise in the signal, as observed by eLISA, and this by
the device of a step down in frequency of GW from about 10”19 Hz, in the early universe, or at a
minimum 1010 Hz down to 10"-4 Hz to a low of 10*-16 Hz, as could be ascertained by eLISA. We
use the Tokamak in order to obtain GW signals an average of 10"25 to 10”26 times larger than
what eLISA would observe as a way to make guesses as to the turbulence of the LISA signal, how
to consider and prepare for inevitable isotropic stochastic noise in the signal as well as guesses as
to sources as to the noise and the duration of the signal. Which may be observed by eLISA. We do
this as was mentioned before using Grischuk and Sachin (1975) amplitude for the GW generation
due to plasma in a toroid, we generalize this result for Tokamak physics. We obtain evidence
for strain values up to h ~ 10"-25 - 10"-26 in a Tokamak center. The GW frequency created by
a Tokamak are due to Plasma physics interactions within the Tokamak Toroid, but can with an
application of common sense allow us to know what to look for in e LISA in its commissioning
and GW runs

Experimental Gravitation / 840

Polarization rotation in geometric optics approximation and its
subleading order correction

Author: Pravin Dahal’

' Macquarie University

Corresponding Author: pravin-kumar.dahal@hdr.mq.edu.au
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Geometric optics approximation is sufficient to describe the effects in the near-Earth environment.
In this framework a careful analysis of the local standard polarization directions allows to obtain
transparent expressions for polarization rotation. We provide a simple estimation of this emitter/observer-
dependent phase and give its explicit form in different settings: 1) Considering the relative motion
between the earth and the satellite and ignoring any gravitational effects. 2) Considering the gravita-
tional effects of the earth up to the leading order post-Newtonian for light propagation between the
earth and the satellite and ignoring any relative motions between them. Even if the gravitationally-
induced polarization rotation also called gravitational Faraday effect is a pure gauge effect in the
geometric optics approximation, it cannot be simply dismissed. Interpretation of the results of Fara-
day effects in the framework of geometric optics, and in the spin-optics approximation is sometimes
contradictory. The reason is the crucial role of local reference frames and the ensuing introduction
of the standard polarization directions sometimes were not treated in a fully satisfactory manner.
Establishing local reference frame with respect to some distant stars leads to the Faraday phase er-
ror between the ground station and the spacecraft of the order of 10719, while the Wigner phase
of special relativity is of the order 10~#~10~°. Both types of errors can be simultaneously miti-
gated.

We also present briefly the covariant formulation of geometric optic correction up to the subleading
order approximation, which is necessary for the propagation of electromagnetic/ gravitational waves
of large but finite frequencies.

Experimental Gravitation / 630

How a Laser Physics Induced Kerr-Newman Black Hole Can Re-
lease Gravitational Waves without Igniting the Black Hole Bomb
(Explosion of a Mini Black Hole in a Laboratory)

Author: Andrew Beckwith!

! Chongqing University, physics
Corresponding Author: rwill9955b@gmail.com

Note, that micro black holes last within micro seconds, and that we wish to ascertain how to build,
in a laboratory, a black hole, which may exist say at least up to 10" -1 seconds and provide a test bed
as to early universe gravitational theories. First of all, it would be to determine, if the mini black hole
bomb, would spontaneously occur, unless the Kerr-Newmann black hole were carefully engineered
in the laboratory. Specifically, we state that this paper is modeling the creation of an actual Kerr
Newman black hole via laser physics, or possibly by other means. We initiate a model of an induced
Kerr-Newman black Holes, with specific angular momentum J, and then from there model was to
what would happen as to an effective charge, Q, creating an E and B field, commensurate with the
release of GWs. The idea is that using a frame of reference trick, plus E + i B = —function of the
derivative of a complex valued scalar field, as given by Appell, in 1887, and reviewed by Whittaker
and Watson, 1927 of their “A Course of Modern Analysis” tome that a first principle identification of
a B field, commensurate with increase of thermal temperature, T, so as to have artificially induced
GW production. This is compared in part with the Park 1955 paper of a spinning rod, producing
GW, with the proviso that both the spinning rod paper, and this artificial Kerr-Newman Black hole
will employ the idea of lasers in implementation of their respective GW radiation. The idea is in
part partly similar to an idea the author discussed with Dr. Robert Baker, in 2016 with the difference
that a B field would be generated and linked to effects linked with induced spin to the Kerr-Newman
Black hole.

Experimental Gravitation / 1024

Height measures in relativistic geodesy
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Author: Dennis Philipp’

' ZARM, University of Bremen
Corresponding Author: dennis.philipp@zarm.uni-bremen.de

The Newtonian gravity potential is one of the main notions for conventional geodesy and employed
for basic concepts, such as the definition of heights. A modern height definition in terms of geopo-
tential numbers can offer a variety of advantages. Moreover, from the theoretical point of view, such
a definition is considered more fundamental.

We know, however, that relativistic gravity (here General Relativity) requires to reformulate basic
geodetic notions and to develop a consistent theoretical framework, relativistic geodesy, to yield
an undoubtedly correct interpretation of contemporary and future (high-precision) measurement
results. The new framework of chronometric geodesy that builds on the comparison of clocks at
different positions in the gravitational field offers fundamental insight into the spacetime geome-
try if a solid theoretical formulation of observables is underlying all observations. For chronometry,
high-performance clock networks, i.e., optical clocks connected by dedicated frequency transfer tech-
niques, are capable to observe the mutual redshift with incredible accuracy.

Here we approach a genuine relativistic definition of the concept of height. Based on the relativistic
generalization of geopotential numbers, a definition of chronometric height is suggested, which re-
duces to the well-known notions in the weak-field limit. This height measure is conceptually based
on the so-called time-independent redshift potential, which describes the gravitoelectric degree of
freedom in General Relativity.

Experimental Gravitation / 706

The SaToR-G experiment: testing metric and non-metric theories
of gravity in the Earth’s field via laser tracking to geodetic satel-
lites

Author: David Lucchesi’

Co-authors: Luciano Anselmo %; Massimo Bassan *; marco Lucente *; Carmelo Magnafico 4. Carmen Pardini %;
4 . .. .4 . .
Roberto Peron *; Giuseppe Pucacco ; Feliciana Sapio °; Massimo Visco

' INAF/IAPS Tor Vergata and INFN ROMA2

? Istituto di Scienza e Tecnologie dell Informazione (IST/CNR)
3 Dipartimento di Fisica, Tor Vergata; INFN Roma2

* Istituto di Astrofisica e Planetologia Spaziali (IAPS/INAF)

Corresponding Authors: massimo.visco@inaf.it, david.lucchesi@inaf.it

Satellite Tests of Relativistic Gravity (SaToR-G) is a new experiment in fundamental physics of the
National Scientific Committee 2 (CSN2) of the Italian National Institute for Nuclear Physics (INFN).
The experiment aims at testing gravitation beyond the predictions of Einstein’s Theory of General
Relativity in its weak-field and slow-motion limit, searching for effects foreseen by alternative theo-
ries of gravitation and possibly connected with “new physics”. The predictions of General Relativity
on the orbits of geodetic satellites, which play the role of test masses, will be compared with those
of alternative theories of gravity both metric and non-metric in their essence. This will allow to
test, in addition to other aspects of gravitation, the field equation of gravity. The natural theoretical
framework to test gravitation will be that of the Parameterized Post-Newtonian (PPN) formalism.
However, we will also try to apply, as far as possible, the approach suggested by R. H. Dicke more
than 50 years ago, usually referred to as the Dicke framework. This is a fairly general framework
that allows us to conceive experiments not connected, a priori, with a given physical theory and also
provides a way to analyze the results of an experiment under primary hypotheses.

The activities of the experiment related to the development of perturbative models to better deter-
mine the dynamics of the orbits of the considered satellites will be presented together with prelimi-
nary results on possible new constraints to alternative theories of gravitation.
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Experimental Gravitation / 429

Gravitational tidal forces bring Newton’s equivalence principle
to life in quantum mechanics

Authors: Faycal Hammad'; Parvaneh Sadeghil; Nicolas Fleuryz; Alexandre Leblanc®

! Bishop’s University
% Université de Sherbrooke

* Université de Montréal
Corresponding Author: fayhammad@gmail.com

Gravitational tidal forces conceal very interesting effects when combined with the extended nature
of the wavefunction of a freely-falling quantum particle. The reason being that inertial properties of
the particle get then mixed with the gravitational effects in such a way that, as in classical mechanics,
the ratio of the gravitational mass to the inertial mass of the particle emerges in an isolated form. The
equivalence principle in quantum mechanics then takes on a novel meaning thanks to the emergence
of mass-independent dynamics during the free fall of the quantum particle.

Experimental Gravitation / 719

Large ring laser gyroscopes: geometry stabilization and control

Authors: Umberto Giacomelli'; Beverini Nicold; Giorgio Carelli®; Donatella Ciampini4; Angela D. V. Di Virgilios;
Francesco Fuso?; Enrico Maccioni*; Paolo Marsili*; Andreino Simonelli®

! GSSI - INFN sez. Pisa - Universita di Pisa
2 Universita di Pisa

* Universita di Pisa - INFN Sez. Pisa

* Universita di Pisa - INFN sez. Pisa

> INFN-Pisa

® INFN sez. Pisa

Corresponding Author: umberto.giacomelli@df.unipi.it

Ring laser Gyroscopes (RLG) are very versatile devices that find application in many fields as navi-
gation, seismology and geophysics. Moreover, thanks to their sensitivity and accuracy, in the last
years they have been used in fundamental physics research field.

GINGER (Gyroscopes IN GEneral Relativity) research group aims to exploit a large RLG to test gen-
eral relativity theory. Our research team has two working RLG, both with a square shape, one
installed in Pisa and named GP2.(1.6 m side), and the other installed in the INFN underground labo-
ratory of Gran Sasso near L’Aquila named GINGERINO (3.6 m side). The final goal of GINGER is to
measure the earth rotation rate with enough precision to take into consideration general relativity
predicted corrections.

To reach this target, one of the requirements is the stability of the laser and the optical cavity of
the RLG. We will show the last developed techniques aimed to satisfy this stability requirement.
Working on GP2 we have tested two different techniques to control the ring shape. One is based on
the stabilization of the two Fabry-Pérot resonators formed along the square diagonals by the oppo-
site mirrors of the RLG. The other consists of controlling the ring perimeter by monitoring its free
spectral range through a beet-note between one of the counterpropagating beams and a frequency
stabilized laser source. We will show the characteristics, the potentialities and the tests of these two
methods.
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Exploring the Black Hole Mass Gap / 791

New Physics and the Black Hole Mass Gap

Author: Samuel McDermott'

! Fermilab
Corresponding Author: samueldmcdermott@gmail.com

The LIGO/Virgo collaboration is making astonishing discoveries at a fantastic pace, including a heavy
binary black hole merger with component masses in the “black hole mass gap,” which cannot be
explained by standard stellar structure theory. In this talk, I will discuss how new light particles that
couple to the Standard Model can act as an additional source of energy loss in the cores of population-
III stars, dramatically altering their evolution and potentially explaining mass-gap objects. I will also
demonstrate how new population catalogs can help distinguish different scenarios for the origin of
these objects.

Exploring the Black Hole Mass Gap / 610

Relativistic Plasma Screening Effects on Pulsational Pair-Instability
Supernova: Astornomoical Observables and the Black Hole Mass
Gap

Authors: Michael Famiano!; A. Baha Balantekin?; Toshitaka KajinoS; Motohiko Kusakabe®; Kanji Mori?; Grant
Mathews®

! Western Michigan University
% University of Wisconsin

° BUAA

* Fukuoka University

> University of Notre
Corresponding Author: michael. famiano@wmich.edu

If an astrophysical environment is hot enough, screening in the associated nuclear reactions can be
modified by the presence of a relativistic electron-positron plasma. Additionally, strong magnetic
fields can create an additional enhancement as the electron and positron energy distribution is modi-
fied by the altered Landau level occupancy. This can result in a further enhancement of nuclear reac-
tion rates, and the reaction rate enhancement factor is studied in several relevant scenarios. Nearly
every astrophysical site may undergo shifts in nuclear reaction rates due to electron-positron screen-
ing at high temperatures and magnetic fields. Massive stars that undergo pulsational pair-instability
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can be affected by the relativistic plasma in the core, and results are presented including affects on
the final black-hole mass, composition of matter ejected in the pulse, and stellar dynamical effects.
Brief mention is made of the effects of relativistic screening and screening in highly magnetized
plasmas on other astrophysical sites.

Exploring the Black Hole Mass Gap / 985

Avoiding Pair Instability in Massive Stars by Adding Non-Nuclear
Energy

Author: Joshua Ziegler'

Co-author: Katherine Freese !

! University of Texas at Austin

Corresponding Author: jjziegler@utexas.edu

Models of the evolution of stars with initial masses of approximately 80 — 2400, include instability
due to the production of electron positron pairs in some portion of the star. The resulting supernovae
do not leave behind a black hole remnant, meaning that no black holes in the mass range 50—120M,
are expected to form. However, a fundamental assumption in these models is that the only source
of energy injection into the star comes from nuclear fusion. However, there are scenarios in which
nuclear reactions may not be the only energy source of note in a star. For instance, in the early
universe, it may be possible for self-annihilation of dark matter in a star may provide a non-negligible
source of energy. Therefore, we explore the effect that introducing a non-nuclear energy source into
a star can have on its evolution, specifically on the pair instability. As a test case, we were able to
show that a star with an initial mass of 180M, can completely avoid a pair instability supernova if
approximately half of the energy needed to support it comes from a non-nuclear source.

Exploring the Black Hole Mass Gap / 804

Lesson’s from LIGO-Virgo’s Biggest Black Holes

Author: Maya Fishbach'

! CIERA/ Northwestern University
Corresponding Author: maya.fishbach@northwestern.edu

Stellar theory predicts the existence of a black hole mass gap in the range ~50 to ~120 solar masses
resulting from pair instability supernovae. The binary black holes of LIGO-Virgo’s first two observ-
ing runs supported this prediction, showing evidence for a dearth of component black hole masses
above 45 solar masses. Meanwhile, among the 30+ new observations from the third observing run,
there are several black holes that appear to sit above the 45 solar mass limit. I will discuss how these
unexpectedly massive black holes fit into our understanding of the binary black hole population. The
data are consistent with several scenarios, including a mass distribution that evolves with redshift
and the possibility that the most massive binary system, GW190521, straddles the mass gap, contain-
ing an intermediate-mass black hole heavier than 120 solar masses. I will also discuss applications
of the binary black hole population to cosmology.

Exploring the Black Hole Mass Gap / 264
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Importance of Convective Overshoot for GW190521 formation
from Population III binary stars

Author: Ataru Tanikawa'

Co-authors: Tomoya Kinugawa ; Takashi Yoshida ; Kotaro Hijikawa ; Hideyuki Umeda

! The University of Tokyo
Corresponding Author: tanikawa@ea.c.u-tokyo.ac.jp

We studied the formation of GW190521-like binary black holes (BHs) from Population (Pop) IIl binary
stars by binary population synthesis technique. We adopted two kinds of Pop III star evolution mod-
els with different convective overshoot parameters, both of which can reproduce solar-metallicity
star evolution if we change only metallicity from zero metallicity to the solar metallcity. We found
that the Pop III star evolution model with the smaller convective overshoot can form GW190521-like
merging binary BHs, although the other model cannot. In the first model, the merger rate is 0.04
per year per cubic Gpc at redshift of 0.82, comparable to the merger rate of GW190521-like events
infered by gravitational wave observations. In the first model, a star with the initial mass of 90 solar
masses can leave behind a BH with 90 solar masses, even if it is a member of a binary star. The
star keeps a small radius until its collapse to a BH, and thus its hydrogen envelope is not stripped
by its companion star. Moreover, its helium core is less than 40 solar masses, and it can avoid pair
instability. We also found that Pop III binary stars in the first model cannot form merging BHs with
100-130 solar masses. If future observations discover a BH mass gap in 100-130 solar masses, Pop III
binary stars should be a promising progenitor of GW190521.

Exploring the Black Hole Mass Gap / 594

Classical Binary Formation of GW 190521

None

Author: Krzysztof Belczynski

Corresponding Author: chrisbelczynski@gmail.com

LIGO/Virgo Collaboration reported the detection of the most massive BH-BH merger up to date
with component masses of 85+66 Msun. Motivated by recent observations of massive stars and
employing newly estimated uncertainties on pulsational pair-instability mass-loss we show that it
is trivial to form such massive BH-BH mergers through the classical isolated binary evolution (with
no assistance from either dynamical interactions or exotica). LIGO/Virgo observations show that
the merger rate density of light BH-BH mergers (both components: M_BH}<50 Msun) is of the order
of tens of mergers per Gpc”3 per yr, while GW190521 indicates that the rate of heavier mergers is
0.02-0.43 Gpc*-3 yr*-1. Our model (with standard assumptions about input physics) but extended
to include 200 Msun stars and allowing for the possibility of stellar cores collapsing to 90 Msun BHs
produces

consistent merger rates, masses and low effective spins for such massive BH-BH mergers. We do
not claim that GW190521 was formed by an isolated binary, but it appears that such a possibility can
not be excluded.

Exploring the Black Hole Mass Gap / 953

Parameter estimation for gravitational wave signals in or near
the PISN mass gap: GW190521 and other high mass events

Authors: Maite Mateu-Lucena°™; Héctor EstellésN°™; Sascha Husa°"¢; Marta Colleoni™°™; Maria de Lluc Planas™°™;
Cecilio Garcia-Quir6s™*"*; David KeitelN°™; Antoni Ramos-Buades™*"; Ajit Kumar Mehta'*"*; Alessandra Buonanno™°™;
Serguei Ossokine™°™
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In this talk we present a re-analysis of high mass gravitational-wave events with posterior support
in or near the pair-instability supernova (PISN) mass gap with state-of-art phenomenological wave-
form models, IMRPhenomX and IMRPhenomT, One particularly interesting event is GW190521 -
the most massive binary observed to data, with only a few observable wave cycles. We discuss
challenges in estimating the source parameters due to the shortcomings of current waveform tem-
plates and the sensitivity to approximate degeneracies in the waveforms. We test the robustness of
our results with a convergence analysis of our Bayesian inference runs and a comparison of differ-
ent sampling codes. We discuss the parameter estimation results and provide updated probabilities
of the component masses being in the PISN mass gap. We also provide update parameter estima-
tion results for GW170729, the most massive binary black hole merger detected in the first and the
second observational periods, and discuss relevant current and future developments in waveform
development and parameter estimation.
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Explosive Events Associated with Compact-Object Binary Mergers / 790

Searching for joint gravitational-wave and high energy neutrino
events with LLAMA

Author: Doga Veske'

Co-authors: Zsuzsa Marka ; Stefan Countryman ; Yasmeen Asali ; Ana Silva Oliveira ; Imre Bartos ; Szabolcs
Marka

! Columbia University
Corresponding Author: dv2397@columbia.edu

Multi-messenger detections allow us to learn more about the astrophysical sources by probing dif-
ferent physics and also by guiding the astronomers more precisely with low latency follow-ups. We
will present the statistically optimal methods for multi-messenger searches and summarize the joint
gravitational-wave and high energy neutrino event searches’ results of Low Latency Algorithm for
Multi-messenger Astrophysics (LLAMA) with IceCube’s neutrinos and LIGO/Virgo’s public detec-
tions and announcements.

Explosive Events Associated with Compact-Object Binary Mergers / 372

Selected topics on EM counterparts of gravitational waves

Author: Bing Zhang'

! University of Nevada, Las Vegas
Corresponding Author: zhang@physics.unlv.edu

I will discuss two less-discussed, yet physically-motivated channels for EM counterparts of gravita-
tional wave events: brief FRB-like signals from charged CBCs (especially binary black hole mergers
and plunging neutron star - black hole mergers) and short-GRB-less X-ray transients. I will also
discuss the physical processes that contribute to the delay timescale between CBC signals and their
associated GRBs and how future observations will help to reveal the jet launching and dissipation
mechanisms from neutron star mergers.

Explosive Events Associated with Compact-Object Binary Mergers / 227
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Binary neutron star merger simulations: long-lived remnants,
short gamma-ray bursts, and kilonovae

Authors: Jay Vijay Kalinani'; Riccardo Ciolfi*; Wolfgang Kastaun®; Bruno Giacomazzo*

! University of Padova
2 INAF, Astronomical Observatory of Padova, Italy
* Max Planck Institute for Gravitational Physics (AEI), Hannover, Germany

* University of Milano Bicocca, Italy
Corresponding Author: jaykalinani@gmail.com

In the era of multi-messenger astrophysics, binary neutron star (BNS) mergers have proven to be
one of the prime sources of gravitational waves (GWs), also able to produce short-gamma ray bursts
(SGRBs) as well as radioactively powered kilonovae. General relativistic magnetohydrodynamic
(GRMHD) simulations represent a fundamental tool to probe the underlying physical mechanisms
involved in such merger events, including the crucial effects of magnetic fields. In this talk, I will
discuss some of the key results from our recent GRMHD simulations of BNS mergers. In particular, I
will focus on the importance of magnetic fields and their amplification mechanisms in merger events,
the post-merger remnant structure and its rotation profile, magnetically driven mass outflows that
could significantly contribute to kilonova emission, and the implications for the production of SGRB
jets.

Explosive Events Associated with Compact-Object Binary Mergers / 302

On the Rate of Neutron Star Binary Mergers from Globular Clus-
ters

Author: Claire Ye!

! CIERA/Northwestern University
Corresponding Author: shiye2015@u.northwestern.edu

Tens of binary black hole (BH) mergers and a few binary neutron star (NS) mergers have been ob-
served by LIGO/Virgo gravitational wave detectors, strongly advancing our understanding of the
lives and deaths of compact objects. Recent realistic globular cluster simulations have shown that
dynamical formations of binary BHs can entirely explain the observed rate of binary BH mergers.
At the same time, it is well known that globular clusters are abundant in millisecond pulsars, with
their production greatly enhanced by dynamical interactions. These naturally lead to the question
of whether globular clusters could also efficiently produce NS-BH and NS-NS mergers. In this talk,
I will show how we use a large sample of models that are representative of the present-day Milky
Way globular clusters to quantify the merger rates of these two types of binary mergers. I will talk
about the intertwined dynamical evolution of BHs and NSs in globular clusters and how it affects
the formation rates of compact object binaries.

Explosive Events Associated with Compact-Object Binary Mergers / 373

Uncertainties in Modeling Kilonova Emission

Author: Chris Fryer'

! Los Alamos National Laboratory
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Corresponding Author: fryer@lanl.gov

Neutron star mergers have long been believed to drive short-duration gamma-ray bursts, one of
the most powerful explosions in the universe. They have also long been believed to be a promis-
ing source of the r-process isotopes observed in the Milky Way. These two theories were violently
validated in the observation of the first neutron star merger in gravitational waves. The electro-
magnetic follow-up of this event proved that mergers could both produce relativistic jets and heavy
r-process isotopes. But determining the exact composition of from the electromagnetic emission
requires detailed physics and current models are currently forced to approximate this physics. I will
discuss the uncertainties in these physical assumptions and their effect on the emission from neu-
tron star mergers and our inference of the ejecta properties from events like the merger producing
GW170817.

Explosive Events Associated with Compact-Object Binary Mergers / 658

Multi-messenger astrophysics in the Einstein Telescope era

Author: Marica Branchesi'

! Gran Sasso Science Institute/INFN

Corresponding Author: marica.branchesi@gssi.it

The next decade of Universe exploration is expected to undergo a revolution for the transient astro-
physics. The third generation of gravitational-wave (GW) observatories, such as Einstein Telescope
(ET) and Cosmic Explorer (CE) will allow us for the first time to observe GWs along the cosmic
history back to the cosmological dark ages. These observatories will be an unprecedented resource
to address open questions of fundamental physics, astrophysics and cosmology. They will oper-
ate in synergy with a new generation of innovative electromagnetic (EM) observatories, such as
CTA, Athena, the Vera Rubin Observatory, JWST, ELT, SKA and the mission concepts THESEUS
and HERMES. This network of observatories will probe the formation, evolution and physics of bi-
nary systems of compact object in connection with kilonovae and short gamma-ray bursts along
with the star formation history and chemical evolution of the Universe. The talk will summarize the
multi-messenger science case for ET and the perspectives for the next decade.

Explosive Events Associated with Compact-Object Binary Mergers / 1075

Probing the progenitors of spinning binary black-hole mergers
with long gamma-ray bursts

Author: Tassos Fragos'

! University of Geneva

Corresponding Author: anastasios.fragkos@unige.ch

Long gamma-ray bursts are associated with the core-collapse of massive, rapidly spinning stars.
However, the believed efficient angular momentum transport in stellar interiors leads to predomi-
nantly slowly-spinning stellar cores. In this talk, I will report on binary stellar evolution and popula-
tion synthesis calculations, showing that tidal interactions in close binaries not only can explain the
observed sub-population of spinning, merging binary black holes, but also lead to long gamma-ray
bursts at the time of black-hole formation, with rates matching the empirical ones. We find that ~10%
of the GWTC-2 reported binary black holes had a long gamma-ray burst associated with their forma-
tion, with GW190517 and GW190719 having the highest probability of being among them.
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Explosive Events Associated with Compact-Object Binary Mergers / 289

No Detectable Kilonova Counterpart is expected for O3 neutron
star-black hole candidates

Authors: Jinping Zhu'; Bing Zhangz; Shichao Wu®; Yuan-Pei Yang4; He Gao®; Yun-Wei Yu®; Zhuo Li%; Zhoujian
Cao’; Liang-Duan Liu*; Yan Huang’; Xing-Han Zhang®

! Peking University

% Department of Physics and Astronomy, University of Nevada

* Department of Astronomy, Beijing Normal University

* South-Western Institute for Astronomy Research, Yunnan University, Kunming
* Institute of Astrophysics, Central China Normal University

¢ Department of Astronomy, School of Physics, Peking University
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8 Department of Physics, Tsinghua University

Corresponding Author: zhujp@pku.edu.cn

As the new era of GW-led multi-messenger astronomy is ushered in, one may especially expect
to catch GW signals from neutron star-black hole (NSBH) mergers and search for associated as-yet
undiscovered NSBH kilonova emissions. However, in spite of many efforts for follow-up searches of
potential NSBH candidates during the third run (O3) of LIGO/Virgo Collaboration (LVC), no surely
EM counterpart candidate was identified. In this talk, I will show our simulated NSBH kilonova
luminosity function based on our NSBH kilonova models and analyze the detectability of kilonova
emissions from cosmological NSBH populations for present and future follow-up telescopes. Fur-
thermore, I will analyze the tidal disruption probability of potential NSBH merger GW events de-
tected during the O3 of LVC and the detectability of kilonova emissions in connection with these
events. Plausible explanations for the lack of NSBH associated kilonova detection during O3 will be
given.

Explosive Events Associated with Compact-Object Binary Mergers / 975

Using fast ejecta to distinguish neutron stars from black holes in
gravitational wave events in the lower mass gap

Author: Elias Roland Most'

! Princeton University
Corresponding Author: emost@princeton.edu

Gravitational wave events involving very massive neutron stars, such as
GW 190425, have just started to be detected. Although typically classified as
binary neutron star mergers, the observed gravitational-wave signal is
usually not able to clearly establish a neutron-star nature of the massive
primary object in the system. Thus, a black hole-neutron star system cannot
be fully ruled out by the gravitational wave detection alone.

In this talk, I will show how early fast ejecta — only produced in binary
neutron star mergers — can potentially resolve this question and shed light
on the nature of the binary system. By comparing simulations of binary
neutron

star and black hole — neutron star mergers of exactly the same masses and
spins, I will show that such fast ejecta are entirely absent, if the primary

is a black hole. Because our simulations indicate that the

mass ejecta and accretion disks produced in the merger are comparable in
both cases, the presence of fast ejecta might be the only distinguishing
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feature present in the electromagnetic afterglow accompanying such a
gravitational wave event.

Explosive Events Associated with Compact-Object Binary Mergers / 899

Kilonova signals in NS-BH mergers

Authors: Alessandro Dragol; Francesco Di Clemente?; Giuseppe P.agliaral

! University of Ferrara

% University of Ferrara
Corresponding Author: drago@fe.infn.it

A kilonova signal is generally expected after a Black Hole - Neutron Star merger. The strength of
the signal is related to the Equation of State of neutron star matter and it increases with the stiffness
of the latter. The recent results obtained by NICER suggest a rather stiff Equation of State and the
expected kilonova signal is therefore strong, at least if the mass of the Black Hole does not exceed
~ 10M¢. We compare the predictions obtained by considering Equations of State of neutron star
matter satisfying the most recent observations with the results predicted in the two-families scenario.
In the latter a soft hadronic Equation of State produces very compact stellar objects while a rather stiff
quark matter Equation of State produces massive strange quark stars, satisfying NICER results. The
expected kilonova signal in the two-families scenario is very weak: the Strange Quark Star - Black
Hole merger does not produce a kilonova signal because, according to simulations, the amount of
mass ejected is negligible and the Hadronic Star - Black Hole merger produces a signal much weaker
than in the one-family case because the hadronic Equation of State is very soft. This prediction will
be easily tested with the new generation of detectors.

Explosive Events Associated with Compact-Object Binary Mergers / 349

From Whisky to Spritz: Simulating Magnetized Binary Neutron
Star Mergers

Author: Bruno Giacomazzo'

! University of Milano-Bicocca
Corresponding Author: bruno.giacomazzo@unimib.it

Magnetic fields play an important role in the dynamics of binary neutron star mergers and on their
gravitational wave and electromagnetic emission (such as the production of relativistic jets and short
gamma-ray bursts). In this talk I will review some of the main results in the field of fully general
relativistic magnetohydrodynamic (GRMHD) simulations of these systems focusing in particular
on a set of simulations performed with my WhiskyMHD code. I will also briefly discuss the open
problems in this field and the need for more accurate GRMHD codes, such as the recently published
Spritz code.

Explosive Events Associated with Compact-Object Binary Mergers / 786

Importance of stable mass transfer and stellar winds for the for-
mation of gravitational waves sources

Authors: Andras Dorozsmai'; Silvia Toonen?
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! University of Birmingham

* University of Amsterdam

Corresponding Author: andris@star.sr.bham.ac.uk

The isolated formation channel is one of the most studied formation scenarios for stellar mass black
hole binary (BBH) mergers detected by LIGO and Virgo. Focusing on the effects of

uncertain stellar and binary physics, we investigate this BBH formation channel using the rapid
binary population

synthesis code SeBa.

Regardless of our assumptions, the two must common formation path within the isolated binary
scenario involves (i) a stable mass transfer followed by a common envelope evolution or (ii) two
stable mass transfers. I will show that uncertainties in the first stable mass transfer can have a
significant effect on the relative importance of these two channels. Based on a number of model
variations that I simulated, I will show that merger rate of the channel with two stable mass transfers
can change an order of magnitude depending on what we assume about the angular momentum lost
from the system and the mass accretion efficiency during the first mass transfer phase. At the same
time, the merger rates of the common envelope channel can be significantly lower than previously
predicted, if we update our models based on recent developments on the mass transfer stability
criteria with giants with radiative donors and predictions about at what stage the star develops a
deep convective envelope. Finally, I also compare my results to gravitational wave observations and
to High-mass X-ray binaries, where the latter can give us important clues about angular momentum
lost from the system and the mass accretion efficiency.

Explosive Events Associated with Compact-Object Binary Mergers / 551

Binary neutron star formation and the origin of GW170817

Authors: Krzysztof Belczynski™*™; Tomasz Bulik™**; Aleksandra Olejak'; Martyna Chruslinska™*"; N. Singh™°™;
N. Pol¥"; L. Zdunik™°"; R. O’ShaughnessyN""e; M. MCLaughlinNO"E; D. Lorimer™°"; O. Korobkin™°™; E.PJ.vanden
Heuvel¥"¢; M.B. Davies"°"; D. Holz"°"®

! Nicolaus Copernicus Astronomical Center Polish Academy of Sciences
Corresponding Author: aolejak@camk.edu.pl

The first neutron star-neutron star merger (NS-NS: GW170817) was detected in gravitational waves
by LIGO/Virgo in a galaxy in which the majority of star formation was taking place a long time
ago (~11 Gyr). Only some extreme evolutionary models (with small NS natal kicks and high com-
mon envelope efficiency) can generate NS-NS merger rates in old host galaxies consistent with the
LIGO/Virgo estimate (>100 Gpc-3yr—-1). However, we show that these models generate rates ex-
ceeding empirical Galactic NS-NS merger rates based on the large population of Milky Way NS-NS
binaries. Typically, evolutionary models produce NS-NS merger rates that are consistent with the
Milky Way empirical rates (~10-200 Myr—1). However, these models generate local cosmic NS-NS
merger rate in old host galaxies (~1-70 Gpc-3yr-1) below the LIGO/Virgo estimate. The reason be-
hind this tension is the predicted delay time distribution between star formation and NS-NS mergers
that favors short delays. Evolutionary models produce a generic steep power-law NS-NS delay time
distribution. This limits NS-NS merger rates in old host galaxies. However, we show that such dis-
tribution is consistent with observations of Galactic NS-NS binaries; 50% of which show very long
merger times (much longer than Hubble time). Once model distributions are convolved with contin-
uous prolonged star formation in the Galactic disk, then~20-70% of the predicted NS-NS population
has very long current Galactic merger times (>30 Gyr). Although NS-NS binaries are formed pre-
dominantly with short delay times, many of short delay time systems merge, while long delay time
systems survive and contribute to the current Galactic NS-NS population. This study highlights the
tension between the current evolutionary predictions and the observation of the first NS-NS merger
in an old host galaxy. It is crucial to understand that models need to explain not only the LIGO/Virgo
rate estimate, but also the merger site.
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Extended Theories of Gravity and Quantum Cosmology / 41

Quantum gravity phenomenology from thermodynamics of space-
time

Author: Marek Liska’

! Institute of Theoretical Physics, Charles University, Prague
Corresponding Author: liska. mk@seznam.cz

On one hand, the formalism developed in thermodynamics of spacetime allows a derivation of Ein-
stein equations from the proportionality of entropy to the area. On the other hand, low energy
quantum gravity effects imply a modified entropy formula with an additional term logarithmic in
the area. Combining both concepts, I will introduce the derivation of quantum modified gravita-
tional dynamics from the modified entropy and discuss its main features. Moreover, I will show its
physical implications on a simple cosmological model and show that it suggests the replacement of
the Big Bang singularity by a regular bounce.

Extended Theories of Gravity and Quantum Cosmology / 301

Primordial Black Holes and Stochastic Gravitational Waves in
the Sound Speed Resonance Cosmology

Author: Sheng-Feng Yan'

Co-authors: Bo Wang ?; Chao Chen ; Chunshan Lin *; Dong-Gang Wang *; Xi Tong ®; Yi-Fu Cai °

! INFN(Milano), USTC

2 USTC

* Jagiellonian U.

* DAMTP, Cambridge

® HKUST

¢ University of Science and Technology of China

Corresponding Author: sfyan22@mail.ustc.edu.cn

Primordial black hole (PBH) is a kind of important Dark Matter candidate of cosmological origin.
And it is also a potential seed of supermassive black holes. However, the formation and the as-
trophysical effects of PBH still remain unclear. From theoretical perspective, the speaker and his
collaborators proposed sound speed resonance BSSRX mechanism as an efficient novel effect to pro-
duce PBH. The speaker will briefly review PBH and SSR mechanism and summarize what they have
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done in this topic. After that, he will introduce their recent work on the SSR mechanism of stochastic
gravitational waves which might be a new probe for new physics in the early universe.

Extended Theories of Gravity and Quantum Cosmology / 574

Chaotic Solutions and Black Hole Shadow in f(R) gravity

Author: Andrea Addazi'

! Sichuan University
Corresponding Author: addazi@scu.edu.cn

We discuss the emergence of black hole shadow and photon-sphere inthe context of f(R) gravity. It is
shown that the shadow is exponentially sensitive to linear instabilities of metric coming from some
f(R) solutions. Thus, the instabilities of photon circular trajectories, delimiting the black hole photon-
sphere, are double exponentialized. Specifically we individuate two Lyapunov exponents, rather
than only one, related to two different sources of chaos in geodesic orbits as a sort of butterfly effect.
Such a result violates the black hole chaos bound proposed by Maldacena, Shenker and Stanford for
General Relativity. Wealso explore the impact of the black hole metric instabilities in f(R) gravity on
the quasi-normal modes. In the framework of Extended Theories of Gravity, our analysis suggests
a new paradigm to deal withblack hole shadow and gravitational waves observations coming from
black hole merging in the ringdown phase.

Extended Theories of Gravity and Quantum Cosmology / 485

Gravitational Memory Waveforms in Brans-Dicke Theory

Authors: Shammi Tahura!; David Nichols!; Kent Yagil

! University of Virginia
Corresponding Author: stétc@virginia.edu

Gravitational-wave (GW) memory effects are lasting changes in the GW strain and its time integrals
following bursts of GWs. They are closely related to the symmetries of asymptotically flat spacetimes
and their corresponding conserved charges. There are three types of GW memory effects (displace-
ment, spin, and center-of-mass) that are related to different conserved charges and have different
observable effects. GW memory effects are well studied in general relativity (GR), but have not
been explored as carefully in theories beyond GR. One of the simplest modified theories of gravity
is Brans-Dicke theory, which includes a massless scalar field nonmininally coupled to gravity. This
theory has a scalar breathing polarization of GWs in addition to the tensor GWs in GR, and there
can be scalar GW memory effects in addition to the tensor GW memory effects. The scalar memory
effects are not related to symmetries or conserved quantities, but the scalar waves (and their mem-
ory) do affect the tensor memories. I will present the leading Newtonian corrections to the tensor
displacement and spin GW memory effects from nonspinning, quasi-circular compact binaries in
Brans-Dicke theory.

Extended Theories of Gravity and Quantum Cosmology / 865

Quantum Corrections to the Bianchi II Transition

Author: Sara Fernandez Uria'
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Co-authors: David Brizuela ; Ana Alonso-Serrano *

! University of the Basque Country
% Universidad del Pais Vasco/Euskal Herriko Unibertsitatea

3 Max-Planck-Institut fiir Gravitationsphysik (Albert-Einstein-Institut)
Corresponding Author: sara.fernandezu@ehu.eus

A semiclassical state is studied as it approaches a cosmological Bianchi II singularity, by means of
the evolution of its moments. Classically this system undergoes a transition between two Bianchi I
models, with a specific and well-known transition law, which is derived based on the conservation of
certain physical quantities. In the quantum theory, however, these constants of motion are modified,
due to effects produced by fluctuations and high-order quantum moments of the different variables.
Therefore, quantum corrections arise in the transition rule. In order to compute them, we focus on
the so-called locally rotationally symmetric (LRS) and vacuum cases, as a first step towards a more
complete study. Indeed, the main goal will be to generalize this analysis to the Bianchi IX universe,
which can be seen as a succession of Bianchi II models. Ultimately, these results will lead to a better
understanding of the role played by quantum effects in the BKL conjecture.

Extended Theories of Gravity and Quantum Cosmology / 742

Teleparallel, f(T) and Torsional Gravity and Cosmology

Author: Emmanuel Saridakis’

! National Observatory of Athens
Corresponding Author: msaridak@phys.uoa.gr

We review various theoretical models and scenarios based on teleparallel gravity and torsional mod-
ifications of gravity. Then we apply them in a cosmological framework, discussing the early and late
time solutions as well as the observational constraints using various datasets. Finally we present the
recent possibility of using multi-messenger astronomy, in order to investigate torsional modified
gravity and test deviations from general relativity.

Extended Theories of Gravity and Quantum Cosmology / 809

Late time cosmology with derivatives of matter Lagrangian

Author: Shahab Shahidi!

' Damghan University
Corresponding Author: shahab.shahidi@gmail.com

A class of modified gravity theories with higher order derivative terms of a function of the matter
Lagrangian f(L,,) is considered. We will consider the Newtonian limit of the theory and show that
the model predicts the standard Poisson equation for a massive test particle due to the higher order
nature of the derivative matter coupling. Generally the energy momentum tensor is not conserved,
leading to the fifth force similar to f(R,T') theories. We will however show that in the FRW back-
ground the energy-momentum tensor is conserved. Cosmological implications of this model with
different functions of the matter Lagrangian f will be investigated in details and we will show that
current observational data can be satisfied. Evolution of the matter density perturbation in the lon-
gitudinal gauge is also considered for dust matter sources and we will show that the observational
data can be satisfied in this model.
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Extended Theories of Gravity and Quantum Cosmology / 437

Tidal heating of black holes and exotic compact objects on the
brane

Author: Sumanta Chakraborty'

Co-authors: Subhadip Sau ; Sayak Datta

! Indian Association for the Cultivation of Science
Corresponding Author: sumantac.physics@gmail.com

During the early phase of in-spiral of a binary system, the tidal heating of a compact object due to
its companion plays a significant role in the determination of the orbital evolution of the binary. The
phenomenon depends crucially on the ‘hairs’, as well as on the nature of the compact object. It turns
out that the presence of extra dimension affects both these properties, by incorporating an extra tidal
charge for braneworld black holes and also by introducing quantum effects, leading to the possible
existence of exotic compact objects. It turns out that the phasing information from tidal heating in
the gravitational wave waveform can constrain the tidal charge inherited from extra dimension to
a value \sim 10"{-6}, the most stringent constraint, to date. Moreover, second-order effects in tidal
heating for exotic compact objects, also reveal an oscillatory behavior with respect to spin, which
has unique signatures.

Extended Theories of Gravity and Quantum Cosmology / 459

Investigating if a quark star - black hole binary may yield new as-
trophysics and insights as to gravitational waves and Bose-Einstein
condensation

Author: Andrew Beckwith'

! Chongqing University, physics
Corresponding Author: rwill9955b@gmail.com

We wish to investigate if we can extend the insights provided by the publication “Can stellar mass
black holes be quark stars?” by Z. Kovacs,et.al. in MNRAS, 2009 as to answering their question
via examining what may happen in a quark star - black hole binary in its Gravitational wave gen-
eration. In doing so, we also examine how to Use this idea to explore the idea of a black hole as a
Bose-Einstein condensate of gravitons for black holez in lower mass ranges. Which extends the idea
brought up by P.H. Chavanis, page 181 in “Self Gravitating Bose-Einstein condensates” in “Quantum
Aspects of black holes” with Xavier Calmet as editor. In essence, full examination of what may be
involved via Quark stars as well as investigating via a quark star- black hole binary some funda-
mental astrophysics questions. In addition, we wish to understand how fundamental Bose-Einstein
condensation really is.

Extended Theories of Gravity and Quantum Cosmology / 843

Motion of a particle in the Bogoslovsky-Finsler space-time and
the fate of the broken Lorentz invariance

Author: Nikolaos Dimakis’

! Sichuan University
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Corresponding Author: nsdimakis@scu.edu.cn

We study the motion of a particle in the Bogoslovsky-Finsler space-time, where a Lorentz violation
takes place due to a non-zero continuous parameter in the action. We demonstrate that the broken
Lorentz symmetries are substituted by a different type of symmetry. The new symmetry vectors are
generators of higher order (or hidden) symmetries that are related to integrals of motion which are
rational functions in the momenta. On mass shell the generators can be seen as space-time vectors
producing disformal transformations.

Extended Theories of Gravity and Quantum Cosmology / 662

Data-driven Reconstruction of the Late-time Cosmic Acceleration
with f(T) Gravity

Authors: Xin Ren!; Yi-Fu Cai'; Emmanuel Saridakis?; Thomas Hong Tsun Wong3

! University of Science and Technology of China
% National Observatory of Athens
* The University of Hong Kong

Corresponding Author: rx76@mail.ustc.edu.cn

Along with the accumulated cosmological observations, while the standard paradigm of modern
cosmology has been verified with high precision, some new challenges such as the Hy tension ap-
pear. To address these issues, we in this article reconstruct the free function of f(7T') gravity in a
model-independent manner using the combined observational data. The obtained function is con-
sistent with the standard ACDM cosmology within 1o confidence level, however the best-fit value
experiences oscillatory features. Similar oscillatory dark-energy scenarios are known to be in good
agreement with observational data, nevertheless this is the first time that such a behavior is proposed
for f(T) gravity. Finally, since the reconstruction procedure is completely model-independent, the
obtained data-driven reconstructed f(7') form could release the tensions between ACDM estima-
tions and local measurements.

Extended Theories of Gravity and Quantum Cosmology / 712

Big-bounce in projectively invariant Nieh-Yan models: Bianchi I
cosmology

Author: Simon Boudet™°"®

Corresponding Author: simon.boudet@unitn.it

In this talk I will discuss the possibility to extend the notion of the Nieh-Yan topological invariant to
generic metric-affine geometries, where both torsion and nonmetricity are taken into account. No-
tably, the properties of projective invariance and topologicity can be independently accommodated
by a suitable choice of the parameters featuring this new Nieh-Yan term. Considering a special class
of modified theories of gravity able to promote the Immirzi parameter to a dynamical scalar field cou-
pled to the Nieh-Yan form, I will discuss in more detail the dynamics of the effective scalar tensor
theory stemming from such a revised theoretical framework. I will focus, in particular, on cosmo-
logical Bianchi I models and report classical solutions where the initial singularity is safely removed
in favor of a big bounce, which is ultimately driven by the nonminimal coupling with the Immirzi
field. These solutions are characterized by finite time singularities, but it turns out that such critical
points do not spoil the geodesic completeness and wave regularity of these spacetimes.
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Extended Theories of Gravity and Quantum Cosmology / 702

Decoupled Quark Stars in Self-interacting Brans-Dicke Gravity

Author: M. Sharif?

Co-author: Amal Majid '

' University of the Punjab
Corresponding Author: amalmajid89@gmail.com

We generate two anisotropic solutions for a static sphere filled with quark matter in the framework
of self-interacting Brans-Dicke theory. For this purpose, we add an anisotropic source in the seed
distribution and decouple the field equations through deformation in the radial metric function. Asa
result of this transformation, the field equations are disintegrated into two systems which separately
include the effects of isotropic and anisotropic sources. The system related to the additional source is
solved via the MIT bag model equation of state. We consider Tolman V spacetime and Karmarkar’s
condition to formulate two solutions for the isotropic sector which are extended to the anisotropic
domain via decoupling technique. The junction conditions at the boundary determine the unknown
parameters in terms of mass and radius of the spherical object. We investigate the viability and
stability of the constructed strange star models in the presence of massive scalar field corresponding
to three strange star candidates: Her X-1, PSR J1614-2230 and 4U 1608-52. It is concluded that the
anisotropic models are well-behaved as they fulfill the necessary requirements for lower as well as
higher values of the decoupling parameter.

Extended Theories of Gravity and Quantum Cosmology / 629

A Solution of the Cosmological Constant, Using Multiverse Ver-
sion of Penrose CCC Cosmology, and Enhanced Quantization Com-
pared

Author: Andrew Beckwith'

! Chongqing University, physics
Corresponding Author: rwill9955b@gmail.com

We reduplicate the Book “Dark Energy” by M. Li, X-D. Li, and Y. Wang, zero-point energy calcula-
tion with an unexpected “length’ added to the ‘width’ of a graviton wavefunction just prior to the
entrance of ‘gravitons’ to a small region of space-time prior to a nonsingular start to the universe.
We compare this to a solution worked out using Klauder Enhanced quantization, for the same given
problem. The solution of the first Cosmological Constant problem relies upon the geometry of the
multiverse generalization of CCC cosmology which is explained in this paper. The second solution,
used involves Klauder enhanced quantization. We look at energy given by our methods and compare
and contrast it with the negative energy of the Rosen model for a mini sub universe and estimate
GW frequencies

Extended Theories of Gravity and Quantum Cosmology / 219

Inflationary supersymmetric FRLW quantum cosmology

Authors: Cupatitzio Ramirez Romero!; Victor Vazquez Baez!; Eliceo Martinez Perez!

! Benemérita Universidad Auténoma de Puebla
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Corresponding Author: cramirez@fcfm.buap.mx

We consider inflationary scenarios of the supersymmetric quantum cosmology of FRLW models with
a scalar field. We use the superfield formalism with a superpotential for the scalar superfield. From
the probability amplitude solution of the supersymmetric Wheeler-DeWitt equation, we compute
an effective probability density from which we get mean trajectories that are parametrized by the
scalar. We analyse several superpotentials, for which the resulting evolutions of the scale factor are
consistent with inflationary scenarios. For these cases, we show the acceleration, the e-folds and the
horizon.

Extended Theories of Gravity and Quantum Cosmology / 120

Cosmic stringlike objects in hybrid metric-Palatini gravity

Authors: Hilberto Silva'; Francisco Lobo?; Tibeiru Harko“°"

! Instituto Astrofisica e Ciéncias do Espago

? Science Faculty of the University of Lisbon
Corresponding Author: hilberto.silva@astro.up.pt

We consider static and cylindrically symmetric interior string type solutions in the scalar-tensor rep-
resentation of the hybrid metric-Palatini modified theory of gravity. As a first step in our study,we
obtain the gravitational field equations and further simplify the analysis by imposing Lorentz invari-
ance along the t and z axes, which reduces the number of unknown metric tensor components to a
single function W?2(r). In this case, the general solution of the field equations can be obtained,for
an arbitrary form of the scalar field potential, in an exact closed parametric form, with the scalar
field taken as a parameter. We consider in detail several exact solutions of the field equations, cor-
responding to a null and constant potential, and to a power-law potential of the form

V()= V,3/4, in which the behaviours of the scalar field, of the metric tensor components and of the
string tension can be described in a simple mathematical form. We also investigate the string mod-
els with exponential and Higgs type scalar field potentials by using numerical methods. In this way
we obtain a large class of novel stable string-like solutions in the context of hybrid metric-Palatini
gravity, in which the basic parameters, such as the scalar field, metric tensor components, and string
tension, depend essentially on the initial values of the scalar field, and of its derivative,on the » = 0
circular axis.

Extended Theories of Gravity and Quantum Cosmology / 261

Gravitational waves in spacetime with extra dimensions

Authors: Yuchen Du!; Sharaban Tahura'; Diana Vaman'; Kent Yagi1

! University of Virginia
Corresponding Author: yd3gh@virginia.edu

We study the effect of compact extra dimensions on the gravitational wave luminosity and waveform.
We consider a toy model, with a compactified fifth dimension, and matter confined on a brane. We
work in the context of five dimensional (5d) general relativity, though we do make connections with
the corresponding Kaluza-Klein effective 4d theory. We show that the luminosity of gravitational
waves emitted in 5d gravity by a binary with the same characteristics (same masses and separation
distance) as a 4d binary is 20.8% less relative to the 4d case, to leading post-Newtonian order. The
phase of the gravitational waveform differs by 26% relative to the 4d case, to leading post-Newtonian
order. Such a correction arises mainly due to the coupling between matter and dilaton field in the
effective 4d picture and agrees with previous calculations when we set black holes’ scalar charges
to be those computed from the Kaluza-Klein reduction. The above corrections to the waveform and
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the luminosity are inconsistent with the gravitational-wave and binary pulsar observations and thus
they effectively rule out the possibility of such a simple compactified higher dimensions scenario.
We also comment on how our results change if there are several compactified extra dimensions, and
show that the discrepancy with 4d general relativity only increases.

Extended Theories of Gravity and Quantum Cosmology / 350

Effective f(R) actions for modified Loop Quantum Cosmologies

Authors: Ana Rita Ribeiro!; Francisco Lobo?; Daniele Vernieri®

! Faculdade de Ciéncias da Universidade de Lisboa
? Science Faculty of the University of Lisbon
* University of Naples "Federico II”

Corresponding Author: anaritaribeiro95@hotmail.com

General Relativity is an extremely successful theory, at least for weak gravitational fields, however,
it breaks down at very high energies, such as in correspondence of the initial singularity. Quantum
Gravity is expected to provide more physical insights concerning this open question. Indeed, one
alternative scenario to the Big Bang, that manages to completely avoid the singularity, is offered
by Loop Quantum Cosmology (LQC), which predicts that the Universe undergoes a collapse to an
expansion through a bounce. In this talk, I will discuss how, in a recent paper, we used metric f(R)
gravity to reproduce the modified Friedmann equations which have been obtained in the context of
modified loop quantum cosmologies. I will describe the order reduction method that was used and
how this allowed us to obtain covariant effective actions that lead to a bounce, for specific models
of modified LQC, considering matter as a scalar field.

Extended Theories of Gravity and Quantum Cosmology / 69

Quadratic curvature theories formulated as Covariant Canonical
Gauge theories of Gravity

Author: David Benisty'

! University of Cambridge
Corresponding Author: benidav@post.bgu.ac.il

The Covariant Canonical Gauge theory of Gravity is generalized by including at the Lagrangian
level all possible quadratic curvature invariants. In this approach, the covariant Hamiltonian princi-
ple and the canonical transformation framework are applied to derive a Palatini type gauge theory
of gravity. The metric guv, the

affine connection yApv and their respective conjugate momenta, kyvo and qoéfn

tensors, are the independent field components describing the gravity. The metric is the basic dynam-
ical field, and the connection is the gauge field. The torsion-free and metricity-compatible version
of the space-time Hamiltonian is built from all possible invariants of the qo&fn) tensor components
up to second order. These correspond in the Lagrangian picture to Riemann tensor invariants of the
same order. We show that the quadratic tensor invariant is necessary for constructing the canonical
momentum field from the gauge field derivatives, and hence for transforming between Hamiltonian
and Lagrangian pictures. Moreover, the theory is extended by dropping metric compatibility and
enforcing conformal invariance. This approach could be used for the quantization of the quadratic
curvature theories, as for example in the case of conformal gravity
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Extended Theories of Gravity and Quantum Cosmology / 358

Probing multiverse using gravitational wave observations

Author: Moe Kukihara®

Co-author: Kazuhiro Hayama

! Fukuoka University

? Fukuoka University
Corresponding Author: sd211003@cis.fukuoka-u.ac.jp

From the theory of the multiverse cosmologyNit is possible that our universe collides with other uni-
verses locally in its history®which may result in local changes of the curvature of the spacetimeXIn
this paper®we propose a method to probe the multiverse using gravitational wave observations for
the first timeXOur method firstly makes triangles using two detected gravitational wave sources and
the SunXand then measures the curvature of the trianglesXWe use 11 gravitational wave sources de-
tected by LIGO and Virgo during O1 and O2Kand make 55 triangles by combining them to measure
their curvaturelThe curvature is measured by comparing the distance between two gravitational
wave sources estimated by the gravitational wave observations with the one obtained with assump-
tion of a simple model of the cosmological evolutionX

As a resultlwe found thatilfor 43 of 55 trianglesXthe distances estimated by the model are greater
than the ones obtained by the gravitational wave observations¥This indicates a negative curva-
ture@which may be due to the simplification of the cosmological evolutionXFor the rest 12Kthe dis-
tances are not determined because of uncertainty of the parameters of the gravitational wave obser-
vations. Further gravitational wave observations and more sophisticated model of the cosmological
evolution is essential to test the multiverse cosmology observationally.

Extended Theories of Gravity and Quantum Cosmology / 639

Operator Ordering Ambiguity in Observables of Quantum Cos-
mology

Author: Harkirat Singh Sahota'

Co-author: Kinjalk Lochan '

' IISER Mohali
Corresponding Author: ph17078@iisermohali.ac.in

We discuss the status of observables and operator ordering ambiguities in the quantum cosmology
model with Brown Kuchat dust as the matter field. In order to study the dynamics of the FRW uni-
verse, Hubble parameter and Ricci scalar are expressed as a function of phase space variables. As
these functions exhibit operator ordering ambiguity, several Hermitian extensions corresponding to
these observables can be written. For the unitarily evolving semiclassical wave packet constructed
in Kiefer et al. [Phys.Rev.D 99 (2019) 12, 126010], we computed the expectation value of these ob-
servables, which shows that very early in collapsing branch and very late in expanding branch, the
expectation values of the Hubble parameter and Ricci scalar matches the classically obtained results
irrespective of the operator ordering chosen. The expectation value of Hubble parameter is same
for all operator orderings. The expectation value of Hubble parameter vanishes, and Ricci scalar
attains an extremum at the point of classical singularity for all orderings, showing a robust bounce.
The magnitude of this extrema is sensitive to the operator ordering chosen. For Weyl orderings, the
expectation value of Ricci scalar becomes negative for certain parameter values. We have computed
the expectation value of other curvature invariants as well, which follows the trend.
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Extended Theories of Gravity and Quantum Cosmology / 821

Semiclassical and quantum polymer dynamics of the Bianchi I
cosmology in Ashtekar and volume-like variables

Author: Eleonora Giovannetti’

Co-authors: Giovanni Montani ?; Silvia Schiattarella ?

! Sapienza

% Universita di Roma “La Sapienza”
Corresponding Author: ele.giovannetti@gmail.com

We analyze the Bianchi I cosmology in the presence of a massless scalar

field and describe its dynamics via a semiclassical and quantum polymer

approach. We investigate the morphology of the emerging Big Bounce

by adopting three different sets of configurational variables:

the natural Ashtekar connections, the Universe volume plus two anisotropy

coordinates and a set of anisotropic volume-like coordinates

(the latter two sets of variables would coincide in the case of an

isotropic Universe). In the semiclassical analysis we demonstrate that the Big Bounce has a universal
nature in both the two sets of volume-like variables, i.e. its critical energy density has a maximum
value fixed by fundamental constants

and the Immirzi parameter only. On the contrary, when adopting the Ashtekar connections (the
privileged variables as dictated by Loop Quantum Gravity) the value of the critical Big Bounce den-
sity depends on the Cauchy problem for the

dynamics and specifically on the conjugate momentum to the scalar field, which is a constant of
motion in the present analysis. Also, a cosmological constant is included in the Ashtekar connec-
tions’ formulation and some interesting results are mentioned making a comparison between the
synchronous dynamics and that one when the scalar field is taken as a relational time. From a pure
quantum point of view, we investigate the Bianchi I dynamics only in terms of the Ashtekar con-
nections. In particular, we apply the Arnowitt-Deser-Misner (ADM) reduction of the variational
principle and then we quantize the system. We study the resulting Schr\’{o}dinger dynamics, stress-
ing that the wave packet peak behavior over time singles out common features with the semiclassical
trajectory, confirming the non-universal character of the emerging Big Bounce also on a quantum
level.

Extended Theories of Gravity and Quantum Cosmology / 847

Ungravity and the Cosmological Constant.

Authors: Miguel Sabido'; Luis Rey Diaz-Barrén®

! Universidad de Guanajuato

? Instituto Politécnico Nacional
Corresponding Author: msabido@fisica.ugto.mx

In this work we study an “ungravity” origin to the cosmological constant. We derive the modified
Friedmann equations from the first law of thermodynamics and the “ungravity” entropy-area re-
lationship. From the modified Friedmann equations (in the late time regime) we find an effective
cosmological constant.

Extended Theories of Gravity and Quantum Cosmology / 1028
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Observable traces of nonmetricity: constraining metric-affine grav-
ity
Author: Adria Delhom I Latorre'

! University of Valencia
Corresponding Author: adria.delhom@uv.es

In this talk we will argue that, in generic metric-affine theories of gravity, non-linear 12,y terms
in the action do not introduce new degrees of freedom, but rather couple the rest of the degrees
of freedom of the theory among themselves. At a perturbative level, this leads to a set of effective
interactions among the matter degrees of freedom suppressed by a heavy mass scale that controls
deviations from the Einstein-Hilbert action. From the geometrical point of view, we will see that
we can associate these interactions to a piece of the nonmetricity tensor that is also suppressed by
such heavy scale. Thus, one can see these interactions as a physical effect related to nonmetricity
in generic metric-affine theories of gravity. We will also see how these effective interactions can
be used to set bounds on metric-affine theories where nonlinear terms involving R,y occur in the
action.
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eXTP - Enhanced X-ray Timing and Polarimetry Mission / 522

The role of eXTP in the multi-messenger astronomy era

Author: Giulia Stratta’

! INAF/OAS-Bologna
Corresponding Author: giulia.stratta@inaf.it
The first detection of gravitational waves on 2015 with the Advanced LIGO and Advanced Virgo
interferometers has opened a new observational window in the Universe. The last decade has also
welcomed decisive discoveries in neutrino astronomy. Expected advances of gravitational wave and
neutrino detectors by the end of the 2020s will mark the start of a golden era of multi-messenger
astrophysics. The most promising multi-messenger sources in the high-energy sky, e.g. GRBs, AGNs,
magnetars, are among the main targets for eXTP. This talk will focus on the role of eXTP in the

context of multi-messenger astronomy and in particular on the synergies with gravitational wave
interferometers.

eXTP - Enhanced X-ray Timing and Polarimetry Mission / 732

Testing fundamental physics laws in extreme density and gravity
with eXTP

Author: Anna WattsNo"

Corresponding Author: alwatts@uva.nl

Primary science goals for the Enhanced X-ray Timing and Polarimetry (eXTP) mission include stud-
ies of matter under conditions of extreme density and strong gravity. I will describe how eXTP’s ob-
servations of neutron stars and black holes will lead to major advances in both of these areas.

eXTP - Enhanced X-ray Timing and Polarimetry Mission / 1058

Probing the strong magnetic field in astrophysics with eXTP

Author: Hua Feng'

! TsingHua University
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Strongly magnetized high energy astrophysical objects, including a variety
of pulsars and magnetars, are expected to produce high degree of X-ray
polarization, which can be used to diagnose the magnetic field, emission
mechanism, and geometry of the objects, and also test the fundamental
physics. In this talk, I will present possible science cases that the
enhanced X-ray Timing and Polarimetry (eXTP) mission can do with these
systems.

eXTP - Enhanced X-ray Timing and Polarimetry Mission / 549

Orbiting blobs in accretion discs in the era of high-angular reso-
lution and polarimetry

Author: Vladimir KarasNo™

Co-authors: Michal Zajac¢ek !. Andreas Eckart ?

! Center for Theoretical Physics, Polish Academy of Sciences
® I Physikalisches Institut der Universitit zu Koln
Corresponding Author: vladimirkaras@cuni.cz
Energy shifts of radiation from accreting black holes may be caused by the fast orbital motion and
the gravitational redshift near the event horizon. Individual clumps of matter experience the effects
of general relativity as they gradually sink into a deep potential well. An episodic supply of material
is maintained by tidal disruption events (TDE) and the emerging radiation is modulated in the X-ray
domain and in longer wavelengths. Changes of polarization properties of the observed signal exhibit

a specific dependence on energy. We will mention the polarimetric properties that can be revealed
by the upcoming X-ray polarimetry.

eXTP - Enhanced X-ray Timing and Polarimetry Mission / 708

Observatory Science with eXTP

None

Author: Xiangdong Li

Corresponding Author: lixd@nju.edu.cn

In this talk we will present the potential of the enhanced X-ray Timing and Polarimetry (eXTP)
mission for studies related to Observatory Science targets. These include flaring stars, supernova
remnants, accreting white dwarfs, low and high mass X-ray binaries, etc.

eXTP - Enhanced X-ray Timing and Polarimetry Mission / 770

The Large Area Detector and Wide Field Monitor onboard eXTP

Author: Yuri Evangelista'

! INAF IAPS

Corresponding Author: yuri.evangelista@inaf.it
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The enhanced X-ray Timing and Polarimetry mission (eXTP) is a flagship observatory for X-ray
timing, spectroscopy and polarimetry developed by an International Consortium led by the Chinese
Academy of Science, with a large participation of European institutions.

Thanks to its very large collecting area, good spectral resolution and unprecedented polarimetry
capabilities, eXTP will explore the properties of matter and the propagation of light in the most
extreme conditions found in the Universe. eXTP will investigate three fundamental science areas:
the equation of state of ultra-dense matter, the effects of strong-field gravity, the astrophysics and
physics of very strong magnetic fields. eXTP will, in addition, be a powerful, wide-ranging X-ray
observatory. The mission will continuously monitor the X-ray sky, characterizing the active X-ray
Universe on a large range of time scales, and will enable multi-wavelength and multi-messenger
studies for gravitational waves and neutrinos sources. The mission is currently undergoing its phase
B study, targeting a launch in 2027.

In this paper I will present the European contributions to the eXTP payload: the Large Area Detector
(LAD) and Wide Field Monitor (WFM) instruments.

eXTP - Enhanced X-ray Timing and Polarimetry Mission / 1057

The enhanced X-ray Timing and Polarimetry Mission

Author: Alessandra De Rosa'

! JAPS/INAF
Corresponding Author: alessandra.derosa@inaf.it

The enhanced X-ray Timing and Polarimetry Mission — eXTP is a science mission designed to study
the state of matter under extreme conditions of density, gravity and magnetism.

Primary targets include stellar-mass and supermassive black holes, isolated and binary neutron stars,
and strong magnetic field systems like magnetars.

In addition to investigating fundamental physics, eXTP will be a very powerful observatory for
astrophysics that will provide observations of unprecedented quality on a variety of galactic and ex-
tragalactic objects and will be highly instrumental to detect electro-magnetic counterparts of gravi-
tational wave sources.

The mission carries a unique and unprecedented suite of state-of-the-art scientific instruments en-
abling for the first time ever the simultaneous spectral-timing-polarimetry studies of cosmic sources
in the energy range from 0.5-30 keV (and beyond).

The program is led by the Chinese Academy of Sciences and universities in China, the eXTP inter-
national consortium includes major institutions in several European countries. The planned launch
date of the mission is in 2027.

eXTP - Enhanced X-ray Timing and Polarimetry Mission / 666

Design of the SFA and PFA instrument onboard eXTP

Authors: YuSa Wang'; YuPeng Xu'; Yong Chen'; WeiChun Jiang'; Wei Li'; Hua Feng?; FangJun Lu'

! [HEP,CAS
? TsingHua University

Corresponding Author: wangyusa@ihep.ac.cn

The eXTP (enhanced X-ray Timing and Polarimetry) mission is a flagship international collabora-
tion mission led by China, with large contribution from European countries. The eXTP mission is
designed to study the equation of state of ultra-dense matter under extreme conditions of strong
gravity, density and magnetic field. Its primary targets contain the isolated and binary neutron
stars, strong magnetic field systems like magnetars, and stellar-mass and supermassive black holes.
The mission carries four main instruments, the Spectroscopy Focusing Array (SFA), the Polarimetry
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Focusing Array (PFA), the Large Area Detector (LAD) and the Wide Field Monitor (WFM), enabling
for the simultaneous spectral-timing-polarimetry observation of cosmic sources in the energy range
from 0.5-30 keV. The LAD and WFM are led by European countries, the SFA and PFA are led by
China (IHEP, CAS). The SFA and PFA payloads include 9 and 4 identical telescopes respectively. The
SFA and PFA telescopes are based on Nickel electroforming Wolter-I mirror technology, with focal
length 5.25m and a field of view 12 arcmin. The angular resolutions of SFA and PFA are 1 arcmin
and 30 arcsec for spectral-timing and imaging requirements. To achieve good energy and time reso-
lution, a 19 cells SDD is the baseline detector of SFA. The focal plane detectors of PFA use gas pixel
detectors (GPDs), with a sensitive region of 1.5 cmx1.5 cm. In this paper we provide an overview of
the SFA&PFA instrument designs, including optics and detectors.

eXTP - Enhanced X-ray Timing and Polarimetry Mission / 903

Masses and radii of compact stars in the two-families scenario

Authors: Alessandro Drago'; Giuseppe Pagliara'

! University of Ferrara
Corresponding Author: drago@fe.infn.it

I will outline the so-called two-families scenario in which neutron stars (composed also of hadronic
resonances and of hyperons) exist together with strange quark stars, i.e. compact objects composed
entirely of deconfined quark matter. The two-families scenario has rather precise and explicit pre-
dictions concerning masses and radii, which can be tested by eXTP. In particular we predict the
existence of massive strange quark stars with large radii, as the ones recently observed by NICER,
and the existence of rather compact and lighter hadronic stars as suggested by some analysis of the
EM spectra.

1) Was GW 190814 a Black Hole-Strange Quark Star System? Phys.Rev.Lett. 126 (2021) 16, 162702
2) Why can hadronic stars convert into strange quark stars with larger radii. Phys.Rev.D 102 (2020)
6, 063003

3) Are Small Radii of Compact Stars Ruled out by GW170817/AT2017gfo? Astrophys.]. 860 (2018) 2,
139

4) Speed of sound in dense matter and two families of compact stars. 2102.02357
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From Cosmic Strings to Superstrings / 440

Scaling solutions of wiggly cosmic strings

Authors: Ana Almeida¥°"; Carlos Martins’

' CAUP
Corresponding Author: ana26rita@gmail.com

Cosmic strings may have formed in the early universe due to the Kibble mechanism. While string
networks are usually modeled as being of Nambu-Goto type, this description is understood to be a
convenient approximation, which neglects the typically expected presence of additional degrees of
freedom on the string worldsheet. Previous simulations of cosmic strings in expanding universes
have established beyond doubt the existence of a significant amount of short-wavelength propaga-
tion modes (commonly called wiggles) on the strings, and a wiggly string extension of the canonical
velocity-dependent one-scale model has been recently developed. Here we improve the physical in-
terpretation of this model, by studying the possible asymptotic scaling solutions of this model, and
in particular how they are affected by the expansion of the universe and the available energy loss
or transfer mechanisms—e.g., the production of loops and wiggles. In addition to the Nambu-Goto
solution, to which the wiggly model reduces in the appropriate limit, we find that there are also so-
lutions where the amount of wiggliness can grow as the network evolves or, for specific expansion
rates, become a constant. Our results show that full scaling of the network, including the wiggliness,
is much more likely in the matter era than in the radiation era, which is in agreement with numerical
simulation results.

From Cosmic Strings to Superstrings / 581

Approach to scaling in axion string networks

Authors: Joanes Lizarragal; Mark Hindmarsh?; Jon Urrestilla'; Asier Lopez Eiguren3

! University of the Basque Country
? University of Helsinki
* Tufts University

Corresponding Author: asierlopez_eiguren@tufts.edu

In the QCD axion dark matter scenario with post-inflationary Peccei-Quinn symmetry breaking,
the number density of axions, and hence the dark matter density, depends on the length of string
per unit volume at cosmic time ¢, by convention written (/t>. The expectation has been that the
dimensionless parameter ¢ tends to a constant (p, a feature of a string network known as scaling. It
has recently been claimed that in larger numerical simulations ¢ shows a logarithmic increase with
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time. This case would result in a large enhancement of the string density at the QCD transition, and
a substantial revision to the axion mass required for the axion to constitute all of the dark matter.
With a set of new simulations of global strings we compare the standard scaling (constant-¢) model
to the logarithmic growth. We also study the approach to scaling, through measuring the root-
mean-square velocity v as well as the scaled mean string separation x. We find good evidence for
a fixed point in the phase-space analysis in the variables (x, v), providing a strong indication that
standard scaling is taking place. We show that the approach to scaling can be well described by
a two parameter velocity-one-scale (VOS) model, and show that the values of the parameters are
insensitive to the initial state of the network. We conclude that the apparent corrections to ( are
artifacts of the initial conditions, rather than a property of the scaling network.

From Cosmic Strings to Superstrings / 1039

Large number of cusps in high-harmonic loops

Author: Anastasios Avgoustidis'

' University of Nottingham
Corresponding Author: tavgoust@gmail.com

There has been significant progress in recent years on modelling the evolution of cosmic string and
cosmic superstring networks. As we are targeting gravitational wave signals from strings, attention
is shifting to the closed string (loop) component of those networks. The predicted signal depends
on a number of parameters, some of which are assumed/argued to be of order unity. I will focus on
one of these parameters, namely the number of cusps per period of oscillation of the loop and will
present evidence, based on the study of high-harmonic loops, that this can be significantly larger
than unity. This could potentially lead to an enhancement of the predicted gravitational wave signal;
to quantify this effect one needs to model the loop distribution in the string network.

From Cosmic Strings to Superstrings / 503

High-resolution calibration of string modelling

Authors: José Ricardo Correia’; Carlos Martins®

! Instituto de Astrofisica / Faculdade de Ciéncias da Unviersidade do Porto
? CAUP

Corresponding Author: jose.correia@astro.up.pt

The canonical velocity-dependent one-scale (VOS) model for cosmic string evolution contains a num-
ber of free parameters which cannot be obtained ab initio. Therefore it must be calibrated using
high resolution numerical simulations. We exploit our state of the art graphically accelerated imple-
mentation of the evolution of local Abelian-Higgs string networks to provide a statistically robust
calibration of this model. In order to do so, we will make use of the largest set of high resolution
simulations carried out to date, for a variety of cosmological expansion rates, and explore the im-
pact of key numerical choices on model calibration, including the dynamic range, lattice spacing,
and the choice of numerical estimators for the mean string velocity. This sensitivy exploration will
show that certain numerical choices will indeed have consequences for observationally crucial pa-
rameters, such as the loop chopping parameter. To conclude, we will also briefly illustrate how our
results impact observational constraints on cosmic strings.

From Cosmic Strings to Superstrings / 448
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Loop decay in Abelian-Higgs string networks

Authors: Joanes Lizarragal; Mark Hindmarsh?; Jon Urrestilla'; Ander Urio’

! University of the Basque Country
? University of Helsinki

Corresponding Author: joanes.lizarraga@ehu.eus

The evolution of cosmic strings, in particular cosmic string loops, has been an open question for
a number of years. The dynamics observed by field theory lattice simulations and by the Nambu-
goto approximation do not agree, giving big differences in the lifetimes of loops, which for example
affects their gravitational wave production.

In this talk we will discuss the results obtained from lattice field theory loop evolution simulations,
focusing on loops produced during the evolution of an actual realistic cosmic string network. We
show that those loops decay proportional to L, but with a larger proportionality constant than the
decay by GW. We see no dependency on the behaviour on the string decay on the string length.
Moreover, motivated by recent results that show L? decay for loops created by artificially setting up
string configurations, we propose another method that confirms the L? decay. This shows that the
decay proportional to L is intrinsic to network loops, and requires further investigation.

From Cosmic Strings to Superstrings / 884

Electroweak axion string and superconductivity

Authors: Yu Hamada'; Koichi Yoshioka?; Yoshihiko Abe?

' KEK
2 Kyoto Univ.

Corresponding Author: yuhamada@post.kek.jp

We study the axion strings with the electroweak gauge flux in the DFSZ axion model and show that
these strings, called the electroweak axion strings, can exhibit superconductivity without fermionic
zero modes. We construct three types of electroweak axion string solutions. Among them, the
string with W-flux can be lightest in some parameter space, which leads to a stable superconducting
cosmic string. We also show that a large electric current can flow along the string due to the Peccei-
Quinn scale much higher than the electroweak scale. This large current induces a net attractive force
between the axion strings with the same topological charge, which opens a novel possibility that the
axion strings form Y-junctions in the early universe.

From Cosmic Strings to Superstrings / 552
Radiation from Global Cosmic Strings using Adaptive Mesh Re-
finement
Authors: Amelia Drew'; Paul Shellard’
! University of Cambridge
Corresponding Author: ad652@cam.ac.uk
We present results from adaptive mesh refinement (AMR) simulations of global cosmic strings. Using

the public code, GRChombo, we perform a quantitative investigation of the dynamics of single sinu-
soidally displaced string configurations. We study a wide range of string energy densities p o< In A,
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defined by the string width parameter A over two orders of magnitude. We investigate the result-
ing massless (Goldstone boson or axion) and massive (Higgs) radiation signals, using quantitative
diagnostic tools to determine the eigenmode decomposition. Given analytic radiation predictions
for global Nambu-Goto strings, we compare the oscillating string decay with a backreaction model
accounting for radiation energy losses, finding excellent agreement. We establish that backreac-
tion decay is accurately characterised by the inverse square of the amplitude being proportional
to the inverse tension p for 3 < A < 100. The investigation of massive radiation at small to in-
termediate amplitudes finds evidence that it is suppressed exponentially relative to the preferred
massless channel with a v/\ dependence in the exponent. We conclude that analytic radiation mod-
elling in the thin-string (Nambu-Goto) limit provides the appropriate cosmological limit for global
strings.
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Fundamental Physics in Space / 455

Orbit and Constellation Design for TianQin: Progress Review

Author: Xuefeng Zhang'

Co-authors: Bobing Ye ; Zhuangbin Tan ; Chengjian Luo ; TianQin Team

! Sun Yat-sen University
Corresponding Author: zhangxf38@sysu.edu.cn

The TianQin mission plans to deploy three drag-free controlled satellites in circular high Earth orbits
at an altitude of 10° km. The satellites form a nearly equilateral-triangle constellation, and exchange
high-precision laser interferometric links to detect low-frequency gravitational waves in the mHz
frequency band. TianQin features a geocentric concept, and is facing the challenge of designing and
utilizing high Earth orbits to the best effect. In this talk, we briefly summarize main progresses on
TianQin’s orbit and constellation design, including constellation stability optimization, orbital orien-
tation and radius selection, the Earth-Moon’s gravity disturbance evaluation, and eclipse avoidance
(Ye et al, JMPD 1950121(2019), Tan et al, JMPD 2050056(2020), Zhang et al, PRD 062001(2021), Ye et
al, PRD 042007(2021), Zhou et al, PRD 103026(2021)).

Fundamental Physics in Space / 730

BECCAL (Bose Einstein Condensate and Cold Atom Laboratory

Author: Lisa Woerner!

' DLR - QT
Corresponding Author: lisa.woerner@dlr.de

BECCAL (Bose Einstein Condensate and Cold Atom Laboratory) is a joint mission between NASA
and DLR. The payload will be installed to the international space station (ISS) to enable research on
cold and condensed atoms in the unique microgravity environment. Consequently, BECCAL is not
dedicated to a single experiment, but planned as a multi-purpose, multi-user facility.

To create a design baseline, six main areas of research for BECCAL were defined by the science def-
inition team:

« Atom Interferometry

« Coherent Atom Optics

« Scalar Bose Einstein Condensates

« Spinor Bose Einstein Condensates and Quantum Gas Mixtures

« Strongly Interacting Gases and Molecules

« Quantum Information

With those areas as a baseline, BECCAL offers researchers several possibilities to work with cold
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and condensed atoms using magnetic and optical fields. BECCAL operates with Rubidium and Potas-
sium, also enabling the study of mixtures.

BECCAL is currently in the design phase, which will be completed by the end of this year with the
critical design review. It is destined for a minimum of 1500 hrs of experimental operations over a
time of three years after launch.

In my talk, I will give an overview over the payload and the possibilities offered by the mission.

Fundamental Physics in Space / 456

Ultracold quantum bubbles aboard the International Space Sta-
tion

Author: Nathan Lundblad'

Co-authors: Joseph Murphree '; David Aveline >

! Bates College
2 Jet Propulsion Laboratory

Corresponding Author: nlundbla@bates.edu

Exploring the effects of geometry, topology, dimensionality, and interactions on ultracold atomic
ensembles has proven to be a continually fruitful line of inquiry. One heretofore unexplored con-
figuration for such ensembles is that of a bubble or shell, where trapped atoms are confined in
the vicinity of a spherical or ellipsoidal surface. Such a system could offer new collective modes,
topologically-sensitive behavior of quantized vortices, self-interference and shell collapse, as well as
the exploration of trapped ultracold systems with mm-scale spatial extent. While techniques for the
generation of bubble-shaped traps have been known since 2001, terrestrial gravity has thus far pre-
vented the observation of ultracold shells. With the construction of the NASA Cold Atom Lab (CAL)
facility and its subsequent delivery to the International Space Station (ISS) and commissioning as an
orbital BEC facility in 2018, experimental schemes requiring a sustained microgravity environment
are now possible. I will present recent CAL observations of trapped shells of ultracold atoms, in-
cluding a variety of shell configurations that are possible with this apparatus. I will also discuss the
thermodynamics of ultracold shells and review open questions being explored in the current second
science run of CAL aboard ISS.

Fundamental Physics in Space / 590

MICROSCOPE error data analysis for a test of the principle equiv-
alence in space

Author: Manuel Rodrigues'

Co-authors: Gilles Métris ; Alain Robert *

! ONERA
2 Observatoire de la Cote d’Azur
* CNES
Corresponding Author: manuel.rodrigues@onera.fr
MICROSCOPE aims to test the Weak Equivalence Principle with unprecendent accuracy. The satel-
lite was launched in 2016 and terminated its operations end of 2018. Since then, the in-orbit collected

data of science and technological experiments has been extensively analysed to evaluate the perfor-
mance of each subsystem. While waiting for this final result, we can unveil the two major points
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on which we pay some efforts to lead to the future release of EP test: the temperature sensitivity of
the experiment and the disturbances brought by the satellite craking into the the data process. At
this time, the data processing of all data is finished, the final result is under submission and should
improve the previous publication [Touboul et al, 2017].

Fundamental Physics in Space / 989

Quantum Key Distribution from space

Authors: Claus Laemmerzahl'; Roy Barzel®

! University of Bremen

2 ZARM. University of Bremen
Corresponding Author: claus.laemmerzahl@zarm.uni-bremen.de

Quantum Key Distribution (QKD) is essential for providing secure communication. For long dis-
tances QKD from space turns out to be most efficient. In this contribution the influence of general
relativistic effects as well as of instrumental choices on secure QKD is analyzed. One aspects of the
resut is that certain classes of orbits are not optimal for QKD. On the other hand, such orbits may
be used for improved test of General Relativity and also for quantum theory.
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Future Missions for High Energy Astrophysics / 602

IXPE (Imaging X-ray Polarimetry Explorer) an upcoming new
window in X-ray Astronomy and future opportunities.

Author: Paolo Soffitta’

! INAF-IAPS
Corresponding Author: paolo.soffitta@iaps.inaf.it

At last, in few months, the window of Astronomical X-ray polarimetry will be re-opened after more
than 40 years. IXPE the Imaging X-ray Polarimetry Explorer, is the next NASA Small Explorer
Mission with a decisive contribution of Italy. Three X-ray mirrors focalize the radiation into three
detector units that host the polarization sensitive detectors entirely devised, built, tested and cali-
brated in Italy. For the first time it will be possible to perform polarimetry resolved in time, energy
and space in 2-8 keV energy range.

IXPE mission was approved in January 2017. The flight is targeted for the end of 2021. Polarimetry is
expected to provide a wealth of information determining either the emission processes themselves
in celestial X-ray sources and the magnetic field configuration at the site of particle acceleration,
disentangling the geometry of compact objects and probing fundamental physics effects. Future
experiments are being devised on the path of what IXPE will discover and they will be briefly pre-
sented.

Future Missions for High Energy Astrophysics / 763

The Chasing All Transients Constellation Hunters — CATCH

Author: Lian Tao'

! Institute of High Energy Physics, CAS
Corresponding Author: taolian@ihep.ac.cn

Modern astronomy has entered the multi-wavelength and multi-messenger era, and time-domain
astronomy is one of the leading frontiers. Around 2030, a series of all-sky monitors and survey mis-
sions will discovery more than tens of thousands of transients every day. However, the existing and
planned telescopes can not simultaneously perform follow-up observations for so many transients of
different sky regions, and many important scientific discoveries will be inevitably lost. Thus, we pro-
pose a new space science mission—Chasing All Transients Constellation Hunters (CATCH). CATCH
is a constellation, which consists of hundreds of satellites. Each satellite will carry a lightweight fo-
cusing X-ray telescope developed by China independently. A single satellite can track one or several
transients, and hundreds of satellites can work together to achieve uninterrupted monitoring of a
substantial amount of transients. In addition, many satellites can also form a large field of view or
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a high-precision constellation to jointly chase some important targets (such as gravitational-wave
bursts). CATCH has unprecedented scientific capabilities and will bring important scientific discov-
eries.

Future Missions for High Energy Astrophysics / 890

Laue lenses: focusing optics for hard-X/soft-Gamma rays

Author: Lisa Ferro'

Co-authors: Enrico Virgilli ; Miguel Moita ; Filippo Frontera *; Stefano Squerzanti *; Piero Rosati ; Claudio Ferrari
%: Riccardo Lolli '; Ezio Caroli %; Natalia Auricchio ®; John Buchan Stephen %. Claudio Labanti ?; Fabio Fuschino 2;
Riccardo Campana 2. Stefano Del Sordo 7; Carmelo Gargano 7

! University of Ferrara

* INAF OAS Bologna

* University of Ferrara and INAF-OAS Bologna
* INFN Ferrara

® IMEM-CNR

¢ INAF OAS-Bologna

7 IASF - Palermo

Corresponding Author: frrlsi@unife.it

Hard X-/soft Gamma-ray astronomy is a key field for the study of important astrophysical phenom-
ena such as the electromagnetic counterparts of gravitational waves, gamma-ray bursts, black holes
physics and many more. However, the spatial localization, imaging capabilities and sensitivity of
the measurements are strongly limited for the energy range >70 keV due to the lack of focusing
instruments operating in this energy band. A new generation of instruments suitable to focus hard
X-/ soft gamma-rays is necessary to shed light on the nature of astrophysical phenomena which are
still unclear due to the limitations of current direct-viewing telescopes.

Laue lenses can be the answer to those needs. A Laue lens is an optical device consisting of a large
number of properly oriented crystals which are capable, through Laue diffraction, to focus the radia-
tion into the common Laue lens focus. In contrast with the grazing incidence telescopes commonly
used for softer X-rays, the transmission configuration of the Laue lenses allows us to obtain a signif-
icant sensitive area even at energies of hundreds of keV.

At the University of Ferrara we are actively working on the modelization and construction of a broad-
band Laue lens. In this talk we will present the main concepts behind Laue lenses, our Montecarlo
modelization with our Laue Lens Library, and the latest technological developments of the TRILL
(Technological Readiness Increase for Laue Lenses) project, devoted to the advancement of the tech-
nological readiness of Laue lenses by developing the first prototype of a sector of a lens made of
cylindrically bent crystals of Germanium.

Future Missions for High Energy Astrophysics / 905

MeVCube- a noval compton camera and MeVGRO

Authors: Wenxi Pengl; Ackermann Markus?; Jian Li%; Berge David®; Dongya Guo!; Rui Qiaol; Ke Gong1

! IHEP,CAS

2 DESY,Zeuthen

* usTC

* Humboldt University of Berlin
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Corresponding Author: pengwx@ihep.ac.cn

Aim to the MeV window of gamma-ray astronomy and the next generation of gamma-ray telescope,
a prototype gamma-ray imaging detector—MeVCube funded by NSFC and DFG will be developed
to demonstrates that even a tiny detector can reach the sensitivity of last generations large -scale
instruments. I will present the preliminary design of MeVCube and the prospective performance
yielded by simulation. Furthermore, a mission concept—MeVGRO proposed by IHEP will also be
introduced.

Future Missions for High Energy Astrophysics / 893

ASTENA: a mission concept for a deep study of the transient gamma-
ray sky and for nuclear astrophysics

Author: Enrico Virgilli'

Co-authors: Ezio Caroli !; Filippo Frontera % Piero Rosati ; Lisa Ferro *; Miguel Moita ; Claudio Labanti 1. Riccardo
Campana 1. Fabio Fuschino *

! INAF OAS Bologna
2 University of Ferrara and INAF-OAS Bologna

® University of Ferrara
Corresponding Author: enrico.virgilli@inaf.it

E. Virgilli, F. Frontera, P. Rosati, E. Caroli, L. Ferro, M. Moita, C. Labanti, R. Campana, F. Fuschino
on behalf of a large collaboration

Gamma-ray astronomy is a branch whose potential has not yet been fully exploited. The observa-
tions of elemental and isotopic abundances in supernova (SN) explosions are key probes not only of
the stellar structure and evolution but also for understanding the physics that makes Type-Ia SNe
as standard candles for the study of the Universe expansion properties. In spite of its crucial role,
nuclear astrophysics remains a poorly explored field mainly for the typical emission line intensity
which is vanishingly small and requires very high sensitivities of the telescopes.

Furthermore, in spite that the Galactic bulge-dominated intensity of positron annihilation line at 511
keV has been measured, its origin is still a mystery due to the poor angular resolution and insuffi-
cient sensitivity of the commonly employed instrumentation at MeV and sub-MeV energy domain.

To answer these scientific issues a jump in sensitivity and angular resolution with respect to the
present instrumentation is required. Conceived within the EU project AHEAD, a new high energy
mission, capable of tackling the previously mentioned topics, has been proposed. This concept mis-
sion named ASTENA (Advanced Surveyor of Transient Events and Nuclear Astrophysics), includes
two instruments: a Wide Field Monitor with Imaging and Spectroscopic (WFM-IS, 2 keV - 20 MeV)
capabilities and a Narrow Fleld Telescope (NFT, 50 - 700 keV). Thanks to the combination of an-
gular resolution, sensitivity and large FoV, ASTENA will be a breakthrough in the hard X and soft
gamma-ray energy band, also enabling polarimetry in this energy band. In this talk the science goals
of the mission are discussed, the payload configuration is described and expected performances in
observing key targets are shown.

Future Missions for High Energy Astrophysics / 872

The X/Gamma-ray Imaging Spectrometer (XGIS) for THESEUS and
other opportunities

Author: Lorenzo Amati'

! INAF - OAS Bologna
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Corresponding Author: lorenzo.amati@inaf.it

The Transient High-Energy Sky and Early Universe Surveyor (THESEUS) mission concept aims at
fully exploiting Gamma-Ray Bursts (GRB) for early Universe and multi-messenger astrophysics, as
well as providing a substantial advance in time-domain astronomy through detection, accurate loca-
tion, multi-wavelength (0.3 keV — 10 MeV plus near IR) characterization, and redshift measurement,
of many classes of high-energy transients. I will describe the science case, scientific requirements
and concept of the X/Gamma-ray Imaging Spectrometer (XGIS), a GRB and transients monitor ca-
pable of covering an exceptionally wide energy band (2 keV — 10 MeV), with imaging capabilities
and location accuracy <15 arcmin up to 150 keV over a Field of View of 2sr, a few hundreds energy
resolution in the X-ray band (<30 keV) and few s time resolution over the whole energy band. In
synergy with the Soft-X-ray Imager (0.3 - 5 keV) and the Infra-Red Telescope (IRT), combined with
spacecraft fast slewing capabilities, the XGIS will allow THESEUS to detect, accurately localize and
characterize any class of GRBs (long, short, high-z, sub-energetic, ultra-long, etc.), as well as further
bright X/gamma-ray transients, for a fraction of which the IRT will provide detection, arcsec local-
ization, moderate spectroscopy and on-board redshift determination. Thanks to a design based on a
modularity approach, the XGIS can be easily re-scaled and adapted for fitting the available resources
and specific scientific objectvies of other high-energy astrophysics missions.

Future Missions for High Energy Astrophysics / 911

Polarimetric prospects of a new hard X- soft gamma-ray space
mission for next decades

Authors: Miguel Moita'; Lisa Ferro'; Ezio Caroli?; Enrico Virgilli?; Filippo Frontera®; Rui Curado da Silva*; Na-
talia Auricchio?; Stefano del Sordo’; Jorge Maia®; John B. Stephen7; Fabio Fuschino?; Claudio Labanti?; Riccardo
Campana’; Piero Rosati'

! University of Ferrara

2 INAF OAS Bologna

* University of Ferrara and INAF-OAS Bologna

* LIP-Laboratorio de Instrumentacao e Fisica Experimental de Particulas, Portugal
3 IASF-Palermo INAF Palermo

¢ LIP-Laboratorio de Instrumentacao e Fisica Experimental de Particulas

7 OAS of Bologna INAF Bologna
Corresponding Author: miguelfmoita@gmail.com

The polarization measurement of the high-energy photons from cosmic sources is today recognised
as a key goal for understanding the emission mechanisms and the geometry of the active regions
involved, and therefore to solve still open hot scientific issues. To achieve this challenging objective,
a mandatory requirement for new instrumentation in this energy regime will be to provide high
sensitivity for polarimetric measurements associated with spectroscopy and imaging. In this per-
spective the Advanced Surveyor of Transient Events and Nuclear Astrophysics (ASTENA) mission
concept is under study. This mission includes two main instruments exploiting unprecedented sen-
sitivity: the Wide field monitor (WFM-IS), with a large effective area and a broad energy passband
(2-20 MeV), and the Narrow Field Telescope (NFT), with a broad energy passband (50-700 keV) with
focusing capabilities based on the use of an advanced broad-band Laue lens. Both instruments will
include new concept spectrometers with fine 3D spatial resolution allowing to perform scattering
polarimetry along with spectroscopy, imaging and timing. The achievable high sensitivity of both
these instruments coupled with the particular characteristics in terms of 3D spatial resolution of their
spectrometer detectors will allow them to perform high reliable polarimetry measurements. Herein,
we report on the results of a Monte Carlo study devoted to optimizing the configuration of both
instruments, in particular, the modulation factor (Q), and the event detection efficiency. We present
the dependence of these parameters from detector geometrical configurations (pixel/voxel shape,
pixel/voxel scales), and from various filters that can be implemented. Finally, the Minimum De-
tectable Polarisation (MDP) results obtained for some case studies of real sources are also presented
and discussed, showing that ASTENA can reach very low MDP levels, down to 1% in a reasonable
observation time.
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Future Missions for High Energy Astrophysics / 773

Gamma-Ray Polarimetry of GRBs with the POLAR andPOLAR-2
missions

Author: Merlin Kole!

! University of Geneva
Corresponding Author: merlin.kole@unige.ch

Despite over 50 years of Gamma-Ray Burst (GRB) observations many open questions remain about
their nature and the environments in which the emission takes place. Polarization measurements of
the GRB prompt emission have long been theorized to be able to answer most of these questions. The
POLAR detector was a dedicated GRB polarimeter developed by a Swiss, Chinese and Polish collabo-
ration. The instrument was launched, together with the second Chinese Space Lab, the Tiangong-2,
in September 2016 after which it took 6 months of scientific data. During this period POLAR de-
tected 55 GRBs as well as several pulsars. From the analysis of the GRB polarization catalog we see
that the prompt emission is lowly polarized or fully unpolarized. There is, however, the caveat that
within single pulses there are strong hints of an evolving polarization angle which washes out the
polarization degree in the time integrated analysis. Building on the success of the POLAR mission,
the POLAR-2 instrument is currently under development. POLAR-2 is a Swiss, Chinese, Polish and
German collaboration and was recently approved for launch in 2024. Thanks to its large sensitivity
POLAR-2 will produce polarization measurements of at least 50 GRBs per year with a precision equal
or higher than the best results published by POLAR. POLAR-2 thereby aims to make the prompt po-
larization a standard observable and produce catalogs of the gamma-ray polarization of GRBs. Here
we will present an overview of the POLAR mission and all its scientific measurement results. Addi-
tionally, we will present an overview of the future POLAR-2 mission, and how it will answer some
of the questions raised by the POLAR results.
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Gamma-Ray Burst Correlations:
Observational Challenges and
Theoretical Interpretation

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
157

Presenting backscattering dominated model for the prompt phase
of GRBs to explain their key observational features

Authors: Mukesh Kumar Vyas'; Asaf Pe’er?; David Eichler®

! Bar Ilan University, Ramat Gan, Israel
% Bar Ilan University

* Ben Gurion University of the Negev
Corresponding Author: mukeshkvys@gmail.com

We propose a Backscattering dominated prompt emission model for gamma ray bursts’ (GRB) prompt
phase in which the photons generated through pair annihilation at the centre of a GRB are backscat-
tered through Compton scattering by an outflowing stellar cork. Using pair annihilation spectrum
for seed photons, we show that the obtained spectra are capable of explaining the low energy and the
high energy slopes in the observed prompt spectra of most GRBs. We also explain several observed
features of GRB prompt phase such as Amati correlation, spectral lag etc.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
961

Modelling flares, breaks, and energetic photons in GRB Fermi-
LAT Light curves

Authors: Nissim Fraijal; Maria Dainotti?; Simone Dichiara®; Paz Beniamini*; Rodolfo Barniol-Duran’; Laskar
Tanmoy6

! Institute of Astronomy, UNAM

? National Astronomical Observatory of Japan

* UMD/NASA-GSFC

* Caltech

> Department of Physics and Astronomy, California State University, Sacramento

¢ Department of Physics, University of Bath, Claverton Down
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Corresponding Author: nifraija@astro.unam.mx

The Fermi-LAT collaboration presented the second gamma-ray burst (GRB) catalog covering its first
ten years of operations. A large fraction of light curves (LCs) in this catalog cannot be explained by
the closure relations of the standard synchrotron forward-shock (FS) model, suggesting that there
could be an essential contribution from another process. Therefore, we derive the synchrotron self-
Compton (SSC) LCs from the reverse shock in the thick- and thin-shell regime for a constant-density
and stellar-wind medium. We show that this emission could explain the GeV flares exhibited in some
LAT LCs. Additionally, we show that the passage of the FS synchrotron energy break in the LAT
band could be responsible for the late time steepening of LAT LCs. In particular cases, we model the
LAT LCs of GRB 160509A, GRB 131108A, and GRB 160816A.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
342

Diversity in supernovae associated with gamma-ray bursts

Author: Takashi Moriya'

! National Astronomical Observatory of Japan
Corresponding Author: takashi.moriya@nao.ac.jp

I will discuss supernovae associated with gamma-ray bursts and what they tell us about the progen-
itors of gamma-ray bursts. I will focus on the supernova diversity from gamma-ray bursts and what
the diversity tells us.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
1069

Consequences of a hot thermal electron distribution in GRB af-
terglows

Author: Donald Warren™°

The broadband afterglows of gamma-ray bursts provide a wealth of information vital for interpret-
ing these extremely energetic events: the progenitor systems, the hydrodynamics of the GRB, the
microphysics of relativistic shocks, and more. A proper understanding of afterglows may even allow
GRBs to extend the cosmic distance ladder. However, our interpretation of afterglows is shaped by
the models we apply to the observations. The traditional theory of afterglows is based on a pure
power law of electrons, but there should also be a hot, thermal population of electrons that don’t en-
ter the shock acceleration process. In this talk I will outline the theoretical justification for thermal
electrons, and discuss some of their observational consequences: TeV emission, light curves, and
decay indices used for closure relations.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
1070

Theory of plateau phase in GRBs

Author: Asaf Pe’er!

! Bar Ilan University
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Corresponding Author: asaf.peer@biu.ac.il

Since its discovery in 2005, the plateau phase seen in the early x-ray afterglow of a significant fraction
(10’s of %) of GRBs confuse theoreticians. A close look reveals that “plateau” bursts nearly never show
evidence for LAT emission, neither a thermal component. Using this a hint, I argue that the plateau
is due to the coasting of GRB jets in a “wind”-like medius. I will provide the theoretical arguments
for the evolution of the lightcurve, and show how both the X-ray and optical lightcurves naturally
fitted within the framework of this model. The end of the plateau thus marks the transition between
the coasting and the self-similar motion phases.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
411

Cosmology through the Ep,i - Eiso correlation of Gamma-Ray
Bursts

Author: Lorenzo Amati’

! INAF - OAS Bologna

Corresponding Author: lorenzo.amati@inaf.it

The correlation between the photon energy at which the nuFnu spectrum in the cosmological rest-
frame peaks, Ep,i, and the isotropic-equivalent radiated energy, Eiso, is one of the most investigated
observaitonal properties of Gamma-Ray Bursts (GRB). In addition to its relevance for understanding
the physics of prompt emission, identifying sub-classes of GRBs, shedding light on jet structure
and viewing angle, the Ep,i - Eiso correlation is provide us with an the psosibility of using GRBs
for measuring cosmological parameters. I provide an overview of the observaitonal status of the
correlation, of the methods most used wordlwide for exploiting it as a cosmological tool and the
perspective advancement expected thanks to next generation facilities.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
1014

Remaining compact object during the collapse scenario: a neu-
trino approach

Authors: Gibran Morales'; Nissim F]raijal2

! JA-UNAM

2 Instituto de Astronomia, Universidad Nacional Autonoma de Mexico, Apartado Postal 70264, C.P. 04510, Mexico D.F,
Mexico

Corresponding Author: gmorales@astro.unam.mx

Gamma-ray bursts (GRBs) correspond to the most energetic electromagnetic events known. These
events can release a large amount of energy during a time scale ranging from a few milliseconds to
tens of seconds. Based on their duration, we can classify them into short and long events, being
the production process in each case different. In this work, we study this sort of astrophysical
source through neutrinos. In particular, we focus our work on those neutrinos produced by thermal
processes during the collapsar model that explain the production of the long GRBs (IGRBs). Within
this model, the central remnant left after the star’s collapse is either a neutron star (NS) or a black
hole (BH). In the first case, several authors have even discussed a magnetar whose magnetic field
is stronger than in the second case. Considering this additional contribution, we study neutrino
oscillation and propagation in both scenarios to find how the neutrino flavor ratios are modified
when propagating through both media with different background conditions. These results act as
an additional detection channel to determine the surviving compact object left behind.
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Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
555

GRB correlations and physical implications

Author: Bing Zhang'

! University of Nevada, Las Vegas
Corresponding Author: zhang@physics.unlv.edu

I will review several GRB correlations reported in the literature and discuss possible physical mecha-
nisms behind them. Topics to be covered include Amati/Yonetoku relations, Frail relation, Ghirlanda/Liang-
Zhang relations, energy/luminosity-Lorentz factor (Liang-Lii relation), Dainotti relation, and several
three-parameter fundamental-plane relations. These correlations provide hints on the jet composi-

tion, energy dissipation mechanism, jet structure, and central engine of GRBs.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
505

On the origin of very high-energy gamma-rays from GRBs

Authors: Xiang-Yu Wang'; Ruo-Yu Liu™°; Bing Zhang™*™

! Nanjing University
Corresponding Author: xywang@nju.edu.cn

Recently, very high-energy photons above 100 GeV were reported to be detected from GRB 190114C
and GRB 180720B at, respectively, 100-1000 s and 10 hr after the burst. We model the available
broadband data of both GRBs with the synchrotron plus synchrotron self-Compton (SSC) emission
of the afterglow shocks. We find that the sub-TeV emission of GRBX180720B can be interpreted as
the SSC emission from afterglow shocks expanding in a constant-density circumburst medium. The
SSC emission of GRBX190114C dominates over the synchrotron component from GeV energies at
~100Xs, which can explain the possible hard spectrum of the GeV emission at this time. The extrap-
olated flux of this SSC component to sub-TeV energies can explain the highsignificance detection
of GRBX190114C by the MAGIC telescope. The parameter values (such as the circumburst density
and shock microphysical parameters) in the modeling are not unusual for both gamma-ray bursts,
implying that the detection of sub-TeV photons from these two bursts should be attributed to their
large burst energies and low redshifts.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
221

A model for X-ray plateaux following short Gamma-Ray Bursts

None

Authors: Lucy Strangl; Andrew Melatos

! University of Melbourne
Corresponding Author: Istrang91@gmail.com
Many short Gamma-Ray Bursts (sGRBs) have a prolonged plateau in the X-ray afterglow lasting

up to tens of thousands of seconds. A central engine injecting energy into the remnant may fuel
the plateau. We develop a simple analytic model which naturally produces X-ray plateaux using a
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magnetar as the central engine. Our model leverages well-established descriptions of young super-
nova remnants and applies the underlying physics to sGRB remnants. We calculate analytically the
energy distribution of a bubble of electrons powered by the magnetar wind to obtain both the light
curve and the spectrum. Using data from the Swift X-Ray Telescope, we find our model aligns with
observed data. We also produce spectra in X-ray plateaux which allow for parameter estimation.
The plerion contribution is accompanied by an ejecta contribution which we do not model here. If
combined with a gravitational wave signal, our model could provide insight into multimessenger
astronomy and neutron star physics.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
880

Gamma-Ray Bursts and magnetars in the multi-messenger era

Author: Maria Grazia Bernardini’

! INAF - Osservatorio Astronomico di Brera
Corresponding Author: maria.bernardini@inaf.it

Newly-born millisecond magnetars are competing with black holes as source of the gamma-ray burst
(GRB) power. In ten years of activity, Swift has provided compelling but indirect evidences support-
ing the magnetar central engine for both long and short GRBs, that is currently the best way to
interpret several correlations observed between prompt and afterglow properties. We review the
main observational features that point to the magnetar central engine, and we discuss how the com-
bined information provided by both the electromagnetic and gravitational signal is the most promis-
ing way to unveil the nature of the GRB central engine, which is one of the major breakthrough
achievable in the next future.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
1067

The X-ray fundamental plane of the Platinum Sample, the Kilono-

vae and the SNe Ib/c associated with GRBs and the fundamental
plane in Fermi-LAT

Author: Maria Dainotti!

! National Astronomical Observatory of Japan
Corresponding Author: mariagiovannadainotti@yahoo.it

A large fraction of Gamma-Ray Bursts (GRBs) lightcurves (LCs) shows X-ray plateaus. We analyze
all GRBs with known redshifts presenting plateaus observed by The Neil Gehrels Swift Observatory
from its launch until August 2019. The fundamental plane relation between the rest-frame time and
X-ray luminosity at the end of the plateau emission and the peak prompt luminosity holds for all
the GRB classes when selection biases and cosmological evolutions are applied. We have discovered
two important findings: 1) a new class of Long GRBs with good data coverage: the Platinum Sample;
2) the Platinum, the SNe-LGRB and the KN-SGRB samples, the second sample composed of GRBs
associated spectroscopically with the SNe Ib,c, the third sample composed by 8 GRBs associated
with Kilonovae or where there could have been such an association, yield the smallest intrinsic scat-
ter, sigmaplatinum,GRB-SNe=0.22 +/ 0.10 and sigmaKN-SGRB=0.24 +/ 0.12. The highest correlation
coefficients yield for the SN-LGRB-ABC sample, which are GRBs spectroscopically associated with
SNe Ib/c or with a clear optical bump in the LC resembling the SNe Ib/c, (R2SN-LGRB-ABC = 0.95),
for the SN-LGRBs (R2SN-LGRB = 0.91) and the KN-SGRBs (R2KN-SGRB = 0.90) when the redshift
evolution is considered. These category planes are reliable candidates to be used as cosmological
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tools. Furthermore, the distance from the Gold fundamental plane is a crucial discriminant among
classes. In fact, we find that the distributions of the distances of the SNe-LGRB, SNe-LGRB-ABC,
KN-SGRBs and SGRBs samples from the Gold fundamental plane are statistically different from the
distribution of the Gold GRBs’ distances from the Gold fundamental plane with and without consid-
ering evolution cases.

We will also show the applicability of the fundamental plane in high energy gamma-rays.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
165

The X-Ray Fundamental Plane of the Platinum Sample, the Kilo-
novae, and the SNe Ib/c Associated with GRBs

Author: Aleksander Lenart!

Co-authors: Maria Dainotti *; Giuseppe Sarracino *; Shigehiro Nagataki *; Salvatore Capozziello *; Nissim Fraija
6
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Cinthia, I-80126 Napoli, Italy; INFN Sez. di Napoli, Compl. Univ. Monte S. Angelo Ed. G, Via Cinthia, I-80126
Napoli, Italy

4 Interdisciplinary Theoretical & Mathematical Science Program, RIKEN (iTHEMS), 2-1 Hirosawa, Wako, Saitama
351-0198, Japan , ,; RIKEN Cluster for Pioneering Research, Astrophysical Big Bang Laboratory (ABBL), 2-1
Hirosawa, Wako, Saitama 351-0198, Japan
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® Instituto de Astronomia, Universidad Nacional Autonoma de Mexico, Apartado Postal 70264, C.P. 04510, Mexico D.F,
Mexico

Corresponding Author: lenart.alenart@gmail.com

A large fraction of gamma-ray Bursts (GRBs) lightcurves (LCs) show X-ray plateaus. We analyze
all GRBs with known redshifts presenting plateaus observed by The Neil Gehrels Swift Observatory
from its launch until 2019 August. The fundamental plane relation between the rest-frame time and
X-ray luminosity at the end of the plateau emission and the peak prompt luminosity holds for all the
GRB classes when selection biases and cosmological evolutions are applied.

We have discovered two important findings: (1) a new class of long GRBs with good data coverage:
the platinum sample; and (2) the platinum, the SNe-LGRB and the KN-SGRB samples, yield the small-
est intrinsic scatter with opiatinum,grRB—5Ne = 0.22 £0.10 and o g n—sgrB = 0.24 £0.12.

The SNe-LGRBs are composed of GRBs associated spectroscopically with the SNe Ib,c, the KN-SGRBs
are composed by 8 GRBs associated with kilonovae or where there could have been such an associ-
ation.

The highest correlation coefficients are yielded for the SN-LGRB-ABC sample, which includes GRBs
spectroscopically associated with SNe Ib/c or with a clear optical bump in the LC resembling the
SNe Ib/c, (R%N_LGRB_ABC = 0.95), for the SN-LGRBs (R%N_LGRB = 0.91), and the KN-SGRBs
(R% n_sarp = 0.90) when the redshift evolution is considered. These category planes are reliable
candidates to use as cosmological tools. Furthermore, the distance from the gold fundamental plane
is a crucial discriminant among classes. In fact, we find that the distributions of the distances of
the SNe-LGRB, SNe-LGRB-ABC, KN-SGRB and SGRB samples from the gold fundamental plane are
statistically different from the distribution of the gold GRBs’ distances from the gold fundamental
plane with and without considering evolution cases.
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Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
556

X-ray Plateaus in Gamma-Ray Burst Afterglows and Their Appli-
cation in Cosmology

Author: RK'
! XX
Corresponding Author: carpedieminreality@163.com

For gamma-ray bursts (GRBs) with a plateau phase in the X-ray afterglow, a so-called L-T-E corre-
lation has been found which tightly connects the isotropic energy of the prompt GRB (Ey,iso) with
the end time of the X-ray plateau (Ta) and the corresponding X-ray luminosity at the end time (LX
). Here we show that there is a clear redshift evolution in the correlation. Furthermore, since the
power-law indices of LX and Ey,iso in the correlation function are almost identical, the L-T-E corre-
lation is insensitive to cosmological parameters and cannot be used as a satisfactory standard candle.
On the other hand, based on a sample including 121 long GRBs, we establish a new three parameter
correlation that connects LX , Ta and the spectral peak energy Ep, i.e. the L-T-Ep correlation. This
correlation strongly supports the so-called Combo-relation established by Izzo et al. (2015). After
correcting for the redshift evolution, we show that the de-evolved L-T-Ep correlation can be used
as a standard candle. By using this correlation alone, we are able to constrain the cosmological pa-
rameters as Qm = 0.389+0.202-0.141 (1o) for the flat ACDM model, or Qm = 0.369+0.217-0.191, w
=-0.966+0.513-0.678 18 (10) for the flat wCDM model. Combining with other cosmological probes,
more accurate constraints on the cosmology models are presented.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
854

The GRB plateau emission naturally explained within the classi-
cal “fireball” model

Authors: Hiisne Dereli—Béguél; Asaf Pe’er?; Felix Rydes; Bing Zhang4; Maria Dainotti®

! Bar-Ilan University

2 Bar Ilan University

* KTH Royal Institute of Technology
* University of Nevada, Las Vegas

® National Astronomical Observatory of Japan
Corresponding Author: husnedereli@gmail.com

The origin of the plateau phase seen in the early X-ray light curves of GRBs (up to thousands of
seconds) is a debated topic. I will present a new model formulation as explanation of the plateau
emission and its application to the observation in both X-ray and optical bands. Main outcomes of
this application is that (i) the end of the plateau phase marks the transition from the coasting phase
to the self-similar expansion phase, (ii) the initial Lorentz factor of the relativistically expanding jet
is of the order of a few tens and (iii) the expansion occurs into a low-density wind.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
1072

Searching for Fermi Short Gamma-Ray Bursts with DDOTI and
Tomo-e Gozen
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Author: Alan Watson'

' Universidad Nacional Auténoma de México
Corresponding Author: alan@astro.unam.mx

Neutron-star mergers and their remnants are fascinating both as laboratories for physics at high
energies and densities and because of their likely importance for the production of heavy elements.
There are several approaches to observing these mergers. First, we can locate the EM counterparts
of neutron-star GW events. This was spectacularly successful with GW170817, but despite huge
efforts this remains the only GW event whose EM counterpart has been identified. This approach
is now on hold until the resumption of GW observations, possibly in 2022. Second, we can study
short gamma-ray bursts (SGRBs) detected and localized by the Swift satellite. Here we discuss a third
approach, localizing SGRBs detected by the Fermi satellite. Enticingly, while Swift detects only about
10 SGRBs per year, Fermi detects about 45. The challenge is improving the detection localization
from 10 degrees to 1 arcsec to allow deep observations with large telescopes. We will present our
ongoing collaborations to do this with the Deca-Degree Optical Transients Imager (DDOTI), a wide-
field telescope at the Observatorio Astronémico Nacional in Mexico, and with the Tomo-e Gozen
wide-field camera on the Kiso Schmidt telescope of the University of Tokyo.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
875

The photospheric origin of £,-L,, and E,-F;,, correlations in GRBs

Author: Hirotaka Ito'

Co-authors: Jin Matsumoto ; Shigehiro Nagataki ; Donald Warren ; Maxim Barkov ; Daisuke Yonetoku ; Oliver
Just ; Yuki Takei

! RIKEN
Corresponding Author: hirotaka.ito@riken.jp
In the current study, we present hydrodynamical simulations and post-process radiation transfer cal-
culations of photospheric emission in GRBs. Our simulations show that the photospheric emission
can reproduce the observed correlations among the spectral peak energy, E,, peak luminosity, L,
and isotropic energy, F;5,, as a consequence of the viewing angle dependence. We also find that the

time-resolved property of the emission shows E,~L;,, tracking behavior that is consistent which
the observation.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
341

The structure of Gamma Ray Bursts: beyond GRB 170817

Author: Paz Beniamini’

! Caltech
Corresponding Author: pazb@caltech.edu
Combining information from the first gravitational wave detected gamma-ray burst, GRB 170817
with observations of cosmological GRBs holds important lessons for understanding the structure of

GRB jets and the required conditions at the emitting region. It also re-frames our understanding of
more commonly observed phenomena in GRBs, such as X-ray plateaus, and sets our expectations
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for future observations. I will present different lines of argument suggesting that efficient gamma-
ray emission in GRBs has to be restricted to material with Lorentz factor > 50 and is most likely
confined to a narrow region around the core. GRB jets viewed slightly beyond their jet cores, result
in X-ray plateaus that are consistent with observed light-curves and naturally reproduce correlations
between plateau and prompt emission properties. For jets viewed further off-axis (that are expected
to be detected as future GW triggered events) we provide new analytical modelling that reveals two
different types of light-curves that could be observed (single or double peaked) and outlines how the
underlying physical properties can be recovered from such observations.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
927

Short Gamma-Ray Bursts: situation and future perspectives

Author: Paolo D’Avanzo’

! INAF - Osservatorio Astronomico di Brera
Corresponding Author: paolo.davanzo@inaf.it

After 15 years of Swift observations, the knowledge of the class of short GRBs experienced an im-
pressive boost. The discovery of short GRB afterglows in 2005, provided the first insight into their
energy scale, environments and host galaxies. The lack of detection of associated supernovae proved
that their progenitors are not massive stars. The spectacular detection of the first electromagnetic
counterpart of a gravitational wave event detected by the LIGO/Virgo interferometers and originated
by the coalescence of a double neutron star system (GW 170817) marked the dawn of a new era for
astronomy. The short GRB 170817A associated to the GW event provided the long-sought evidence
that at least a fraction of short GRBs are originated by NS-NS merging and suggested the intriguing
possibility that relativistic jets can be launched in the process of a NS-NS merger. The extensive
follow-up campaign carried out at all wavelengths over almost three years of GRB 170817A probed
the GRB emission geometry, providing clear evidence for a successful jet endowed with an angular
energy profile, featuring a narrow and energetic core (seen off-axis), surrounded by a slower, less
energetic layer/sheath/cocoon. Besides the remarkable event associated to GW 170817, kilonova
signatures have been tentatively identified in other short GRBs light curves, supporting a scenario
where kilonovae are ubiquitous and can probe neutron star mergers well beyond the horizon of the
gravitational wave detectors.

In this talk I will provide an overview of the observational properties of short GRBs and kilonovae,
showing how the study of correlations and carefully selected samples of events can provide a useful
tool to unveil the properties (progenitors, central engine, emission geometry, environment) of these
elusive events.

Gamma-Ray Burst Correlations: Observational Challenges and Theoretical Interpretation /
497

Searching for strange quark planets

Author: Yong-Feng Huang'

! Nanjing University
Corresponding Author: hyf@nju.edu.cn

The central engine of gamma-ray bursts may be neutron stars. However, the internal structure of
neutron stars is still largely uncertain. It has been suggested that strange-quark matter (SQM) may
be the true ground state of hadronic matter, indicating that the observed pulsars may actually be
strange stars (SSs), but not neutron stars. According to the SQM hypothesis, the existence of a
hydrostatically stable sequence of SQM stars has been predicted, ranging from 1 to 2 solar mass SSs,
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to smaller strange dwarfs and even strange planets. While gravitational wave (GW) astronomy is
expected to open a new window to the universe, it will shed new light on the search for SQM stars.
We show that due to their extreme compactness, strange planets can spiral very close to their host
SSs without being tidally disrupted. We thus can try to identify strange quark objects by searching
for close-in pulsar planets. Additionally, Like inspiraling neutron stars or black holes, a merging
strange star-strange planet system would serve as new sources of GW bursts, producing strong
GWs at the final stage. The events occurring in our local universe can be detected by GW detectors,
such as Advanced LIGO and the future Einstein Telescope. This effect provides a unique probe to
SQM objects and is hopefully a powerful tool for testing the SQM hypothesis. In this talk, we will
present our recent studies concerning strange quark planets.

Page 204



Ghost-Free Models of Modified
Gravity: Massive Gravity, Horndeski
and DHOST Theories, Other Related
Models; Their Properties and
Solutions

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 133

Shift-Symmetric Theories for Consistent Black-Hole Hair

Author: Francesco Serra’

! Scuola Normale Superiore, Pisa

Corresponding Author: francesco.serra95@libero.it

Scalar-tensor theories enjoying a shift symmetry can describe black holes with scalar hair. I will
discuss which of these theories can give rise to acceptable black holes with hair, based on three re-
quirements. These are stability under generic perturbations, consistency from the point of view of
effective field theory, and the existence of a standard UV completion.

I will argue that in the most symmetric case, these requirements leave only one acceptable source
of hair. This is the linear coupling of the scalar field to the Gauss-Bonnet invariant.

However, I will show that other shift symmetric scalar interactions must be included alongside the
Gauss-Bonnet coupling when this can affect astrophysical black holes. If this were not the case, the
effective theory would break down around the shortest length-scales currently probed by gravita-
tional table-top experiments.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 839

Ghosts in metric-affine gravity

Authors: Adria Delhom I Latorre'; Jose Beltran Jiménez?

! University of Valencia

% Universidad de Salamanca
Corresponding Author: adria.delhom@uv.es

In this talk we will explicitly show how ghost degrees of freedom arise in a sub-class of metric-
affine theories unless projective symmetry is enforced. Then, we will generalise the techniques
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employed in that particular case to argue why ghosts will arise in generic metric-affine theories of
gravity around arbitrary backgrounds. We will also discuss some results on possible ways to avoid
them.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 387

Exact gravitational waves in non-local gravity

Authors: Ivan KolaiN°"®; Toméas Malek!; Anupam Mazumdar™°m

! Institute of Mathematics, Czech Academy of Sciences
Corresponding Author: malek@math.cas.cz
We study exact solutions of infinite derivative gravity within the class of so-called almost universal
spacetimes. For such an ansatz, the field equations reduce to a single non-local but linear equation
which is exactly solvable with the ghost-free choice exp(—£>
Box) of the non-local form factor by eigenfunction expansion or using the heat kernel method. This
procedure allows us to obtain non-local analogues of Aichelburg-Sexl and Hotta-Tanaka solutions
which represent gravitational waves generated by null sources propagating in Minkowski, de Sitter

or anti-de Sitter backgrounds. We discuss properties of these non-local solutions and also point out
that the non-locality regularizes curvature singularities at the locations of the sources.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 887

Analytic infinite derivative gravity as the quantum gravity probe

Author: alexey koshelev'

! universidade da beira interior

Corresponding Author: alexey@ubi.pt
I will discuss the general aspects of the Analytic Infinite Derivative (AID) gravity theories. It will be
shown in details why an infinite number of derivatives is required to eradicate ghosts. Explicit ghost-

free construction will be presented. Then it will be explained how unitarity is maintained in this non-
local setup upon accounting loop corrections. Observational aspects will be briefly touched.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 657

Non-local self-healing of Higgs inflation

Authors: Anna Tokareva'; Alexey Koshelev’

! University of Jyvaskyla
2 UBI
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Corresponding Author: anna.a.tokareva@jyu.fi

Higgs inflation is known to be a minimal extension of the Standard Model allowing for the descrip-
tion of the early Universe inflation. This model is considered as an effective field theory since it has
a relatively low cutoff scale, thus requiring further extensions to be a valid description of the reheat-
ing phase. We present a novel unified approach to the problem of unitarization and UV completion
of the Higgs inflation model without introducing new massive degrees of freedom. This approach is
based on an analytic infinite derivative modification of the Higgs field kinetic term. We construct a
unitary non-local UV completion of the original Higgs inflation model while the inflationary stage
is kept stable with respect to quantum corrections.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 161

Is there a Gauss-Bonnet gravity in four dimensions?

Authors: Robie Hennigarl; David Kubiznak?; Robert Mann®; Christopher Pollack®

! Memorial University of Newfoundland
% Perimeter Institute

3 University of Waterloo
Corresponding Author: dkubiznak@perimeterinstitute.ca

We comment on the recently introduced Gauss-Bonnet gravity in four dimensions. We argue that
although the naive D->4 limit of the Gauss-Bonnet gravity does not work, a well-defined theory
is obtained by generalizing a conformal trick employed by Mann and Ross to obtain a limit of the
Einstein gravity in D=2 dimensions. This yields a scalar-tensor theory of the Horndeski type that can
also be obtained by dimensional reduction methods. Some properties and solutions of this theory in
four and three dimensions will be discussed.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 339

Asymptotically flat hairy black holes in Massive Bigravity

Authors: Romain Gervalle'; Michael Volkov'

! Institut Denis Poisson (Tours)
Corresponding Author: romain.gervalle@univ-tours.fr

We study asymptotically flat black holes with massive graviton hair within the ghost-free Bigravity
theory. There have been contradictory statements in the literature about their existence: such solu-
tions were reported some time ago, but later a different group claimed the Schwarzschild solution to
be the only asymptotically flat black hole in the theory. We have analyzed the issue ourselves and
have been able to construct such hairy black holes within a carefully designed numerical scheme.
We analyze their perturbative stability and find that some of them can be stable. The masses of stable
hairy black holes that would be physically relevant range from stellar values up to values typical for
supermassive black holes. One of their two metrics is extremely close to Schwarzschild, while all
their “hair” is hidden in the second metric that is not coupled to matter and not directly seen. If
the Massive Bigravity theory indeed describes physics, the hair of such black holes should manifest
themselves in violent processes only, like black hole mergers, and should be visible in the structure
of the signals detected by LIGO/VIRGO.
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Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 769

Anisotropic cosmological models in Horndeski gravity

Author: Mikhail Volkov'

Co-authors: Alexey Starobinsky ; Sergey Sushkov ; Rafkat Galeev ; Ruslan Muharlyamov

! University of Tours, France
Corresponding Author: michael.volkov@lmpt.univ-tours.fr

It was found recently that the anisotropies in the homogeneous Bianchi~I cosmology considered
within the context of a specific Horndeski theory are damped near the initial singularity instead of
being amplified. In this work we extend the analysis of this phenomenon to cover the whole of the
Horndeski family. We find that the phenomenon is absent in the K-essence and/or Kinetic Gravity
Braiding theories, where the anisotropies grow as one approaches the singularity. The anisotropies
are damped at early times only in more general Horndeski models whose Lagrangian includes terms
quadratic and cubic in second derivatives of the scalar field. Such theories are often considered as
being inconsistent with the observations because they predict a non-constant speed of gravitational
waves. However, the predicted value of the speed {\it at present} can be close to the speed of light with
any required precision, hence the theories actually agree with the present time observations. We
consider two different examples of such theories, both characterized by a late self-acceleration and an
early inflation driven by the non-minimal coupling. Their anisotropies are maximal at intermediate
times and approach zero at early and late times. The early inflationary stage exhibits an instability
with respect to inhomogeneous perturbations, suggesting that the initial state of the universe should
be inhomogeneous. However, more general Horndeski models may probably be stable.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 621

Ultrarelativistic spinning objects in nonlocal ghost-free gravity

Authors: Jens Boos'; Jose Pinedo Soto?; Valeri P. Frolov?

! William & Mary
2 University of Alberta

Corresponding Author: jboos@wm.edu

We study the gravitational field of ultrarelativistic spinning objects (gyratons) in a modified gravity
theory with higher derivatives. In particular, we focus on a special class of such theories with an
infinite number of derivatives known as “ghost-free gravity” that include a nonlocal form factor
such as exp(-\Box\ell"2), where \ell is the scale of nonlocality. First, we obtain solutions of the
linearized ghost-free equations for stationary spinning objects. To obtain gyraton solutions we boost
these metrics and take their Penrose limit. This approach allows us to perform calculations for any
number of spacetime dimensions. All solutions are regular at the gyraton axis. In four dimensions,
when the scale nonlocality \ell tends to zero, the obtained gyraton solutions correctly reproduce the
Aichelburg-Sexl metric and its generalization to spinning sources found earlier by Bonnor. We also
study the properties of the obtained four-dimensional and higher-dimensional ghost-free gyraton
metrics and briefly discuss their possible applications.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 930

Page 208



Sixteenth Marcel Grossmann Meeting Book of Abstracts

Palatini kinetic scalar-tensor theory: analytical and numerical
solutions

Author: Dmitry Galtsov™°™

Co-author: Dmitry Bushuev '

! Moscow Lomonosov State University
Corresponding Author: gdmv04@mail.ru

We discuss different types of solutions (globally regular, black holes, wormholes and cosmological
solutions), in the framework of the new two-parameter Palatini scalar-tensor theory with the deriva-
tive coupling of a scalar to the Ricci tensor. The metric version of the theory for generic values of two
coupling constants is ghostly, but in Palatini version it is ghost-free. The theory admits an Einstein’s
frame with a non-canonical scalar field, and its one-parameter subfamily is reduced to the minimal
Einstein-scalar theory in this frame Some analytical solutions can be constructed using disformal
transformations from the Einstein frame. Usually, the singular solutions of Einstein-scalar gravity
transform into non-singular solutions in the Jordan frame due to the strong violation of the NEC in
this theory. We construct numerical solutions describing various alternatives to the static metrics of
ultracompact objects, including solutions with non-singular centers and wormholes. Cosmological
solutions, both analytical and numerical, typically exhibit genesis-type behavior.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 936

DHOST theories

Author: Karim Noui'

' IDP Tours & APC Paris
Corresponding Author: noui@univ-tours.fr

The last few years have witnessed a great enthusiasm for modified theories of gravity and particularly
for scalar-tensor theories. The motivations to modify gravity are to test the limits of general relativity
on the one hand and also to propose “answers” to open

questions of cosmology and astrophysics. In this context, many theories have emerged and a very
complex landscape of theories has appeared in the literature. In this talk, I will show how we can
classify some of these theories and how we can construct the most general tensor-scalar theories
(aka DHOST theories) that are physically viable (in a precise sense that I will give). Finally, we will
show how these modified theories can be applied to cosmology (to account for dark energy) and in
astrophysics.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 390

Testing gravity with cosmic microwave background in DHOST
theory

Author: Takashi Hiramatsu'

! Rikkyo Univ.

Corresponding Author: hiramatz@rikkyo.ac.jp
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We developed a CMB Boltzmann solver to test gravity theories in the framework of the degenerate
higher-order scalar-tensor (DHOST) theory. This theoretical framework includes the wide class of
dark energy models such as the Horndeski theory and its extensions as certain limits, and the general
relativity can be also recovered. In this talk, we show how to formulate the linear perturbations of
gravity and matter in the DHOST theory and derive their effective description parameterized by time-
dependent effective field theory (EFT) parameters, o; (i = B, K,T,M,H,L) and 3; (i = 1,2,3).
We then show that the angular power spectra of the CMB temperature anisotropies, E-mode and
lensing potential as a demonstration and find that the parameter characterizing the DHOST theory,
B1, provides the larger modifications of the spectra, compared with other EFT parameters. We also
show the results in a specific model in which the cosmic expansion as well as the EFT parameters
are consistently determined.

Ghost-Free Models of Modified Gravity: Massive Gravity, Horndeski and DHOST Theories,
Other Related Models; Their Properties and Solutions. / 381

Non-local R”"2-like inflation, Gravitational Waves and Non-Gaussianities

Author: KORUMILLI SRAVAN KUMAR'

! Tokyo Institute of Technology, Tokyo, Japan
Corresponding Author: sravan.mph@icloud.com

The emergence of R? (Starobinsky) inflation from the semi-classical modification of gravity due to
matter quantum fields clearly points out the importance of fundamental physics and the first prin-
ciples in the construction of successful cosmological models. Along with the observational success,
R? gravity is also an important step beyond general relativity (GR) towards quantum gravity. Fur-
thermore, several approaches of quantum gravity to date are strongly indicating the presence of
non-locality at small time and length scales. In this regard, ultraviolet (UV) completion of R? infla-
tion has been recently studied in a string theory-inspired ghost-free analytic non-local gravity. We
discuss the promising theoretical predictions of non-local R?-like inflation with respect to the key
observables such as tensor-to-scalar ratio, tensor tilt which tell us about the spectrum of primordial
gravitational waves, and scalar Non-Gaussianities which tell us about the three-point correlations in
the CMB fluctuations. Any signature of non-local physics in the early Universe will significantly im-
prove our understanding of fundamental physics at UV energy scales and quantum gravity.
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Gravitational Lensing and Shadows / 395

Killing tensors and photon surfaces in foliated spacetimes

Authors: KIRILL KOBIALKO'; Igor Bogush?; Dmitry Galtsov™ "

! Department of Theoretical Physics, Moscow State University, Russia

? Lomonosov Moscow State University

Corresponding Author: bogush94@gmail.com

We present a purely geometric method for constructing a rank two Killing tensor in a spacetime with
a codimension one foliation that lifts the trivial Killing tensors from slices to the entire manifold 1.
The resulting Killing tensor can be nontrivial. A deep connection is found between the existence of
such a Killing tensor and the presence of generalized photon surfaces in spacetime with two Killing
vector fields. This technique generates Killing tensors in a purely algebraic way, without solving
differential equations. The use of our method is demonstrated for Kerr, Kerr-Newman-NUT-AdS
metrics and Kerr-NUT-AdS multicharge gauged supergravity solution.

1 K. Kobialko, I. Bogush, D. Gal’tsov, arXiv: 2104.02167 [gr-qc].

Gravitational Lensing and Shadows / 74

Geodesic bilocal operators in Schwarzschild spacetime

Author: Julius Serbenta’

Co-author: Mikotaj Korzynski '

! Center for Theoretical Physics Polish Academy of Sciences
Corresponding Author: julius@cft.edu.pl

We present a unified formulation of geometrical optics in General Relativity. Consider two causally
connected, locally flat neighborhoods. Suppose that each null geodesic originating in one neighbor-
hood terminates at the other one, and the curvature along the trajectory is small enough, such that
the linear geodesic deviation equation holds. Also, let the observation be performed by a number of
nearby observers. One can show that all the optical observables like parallax and angular diameter
distances are expressible in terms of bilocal geodesic operators (as defined in 1811.10284), which are
functionals of the curvature along the line of sight, and the 4-velocities of the emitter and observer.
In this talk, we present a complete solution of the geodesic deviation equation and use it to construct
bilocal geodesic operators for Schwarzschild spacetime. Finally, we use these operators to study an-
gular diameter and parallax distances as well as emitter-observer-velocity-independent distance slip
(1912.04988).
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Gravitational Lensing and Shadows / 751

Fuzzball Shadows: Emergent Horizons from Microstructure

Authors: Daniel Mayerson'; Fabio Bacchini™°"; Bart Ripperda?; Jordy Davelaar™°™®; Hector Olivares™°™; Thomas
Hertog"*™; Bert Vercnocke™"™

! IPhT, CEA Saclay

? Princeton University/Flatiron Institute
Corresponding Author: daniel. mayerson@ipht.fr

I will present our imaging study of four-dimensional, string-theoretical, horizonless “fuzzball” ge-
ometries. Their microstructure traps light rays straying near the would-be horizon on long-lived,
highly redshifted chaotic orbits. In fuzzballs sufficiently near the scaling limit this creates a shadow
much like that of a black hole, while avoiding the paradoxes associated with an event horizon. Ob-
servations of the shadow size and residual glow can potentially discriminate between fuzzballs away
from the scaling limit and alternative models of black compact objects.

Gravitational Lensing and Shadows / 723

Photon region and shadow in a spacetime with a quadrupole mo-
ment

Author: Jan Hackstein’

Co-author: Volker Perlick

' ZARM, University of Bremen
Corresponding Author: jan.hackstein@zarm.uni-bremen.de

A black hole’s shadow is expected to deform under the influence of an external gravitational field
caused by matter present in its vicinity. This talk aims to characterise the distortion of a Schwarzschild
black hole shadow due to a non-zero quadrupole moment ¢y by qualitatively investigating the be-
haviour of light rays close to the black hole horizon. In particular, the numerical investigation in
the meridional plane for 1 > ¢y > 0 finds four non-circular closed geodesics and their neigh-
bouring geodesics exhibit chaotic behaviour that is not present in the undistorted Schwarzschild
spacetime. The black hole shadow is therefore approximated by restricting the observational setup
accordingly. In that case, the black hole shadow’s eccentricity indicates a prolate deformation for
static observers. The photon sphere in the Schwarzschild spacetime deforms into a photon region
with a crescent-shaped projection on the meridional plane. Furthermore, the resulting boundary
curve of the black hole shadow is visualised.

Gravitational Lensing and Shadows / 1008

Microlensing in terms of an exact lens map

Author: Volker Perlick™o™

Corresponding Author: volker.perlick@zarm.uni-bremen.de
In spherically symmetric and static spacetimes, gravitational
lensing can be formulated in terms of an exact lens map, in

close analogy to the weak-field formalism of lensing. Whereas
in the latter case the lens map is a map from a lens plane to
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a source plane, the exact lens map is a map from the celestial
sphere of the observer to a sphere where the light sources are
thought to be situated. It is demonstrated that, with the help

of the exact lens map, microlensing light curves can be calculated
exactly. Several examples are presented, including microlensing
by a Barriola-Vilenkin monople and by a Schwarzschild black hole.

Gravitational Lensing and Shadows / 771

A Morse-theoretical analysis of gravitational lensing by rotating
traversable wormhole

Authors: Mourad Halla!; Volker Perlick *

' ZARM, University of Bremen

Corresponding Author: mourad.halla@zarm.uni-bremen.de

Consider, in the domain of wormbhole, a point p (observation event) and a timelike curve «y (worldline
of light source).

We prove that for infinitely many positive integers « there is a past-pointing lightlike geodesic A,
of Morse index x from p to 7 , hence an observer at p sees infinitely many images of .

We will show that in the rotating traversable wormhole the occurrence of infinitely many images is
intimately related to the occurrence of centrifugal-plus-Coriolis force reversal.

Gravitational Lensing and Shadows / 992

Static, equipotential photon surfaces have no hair

Author: Carla Cederbaum!

! Tuebingen University

Corresponding Author: cederbaum@math.uni-tuebingen.de

The Schwarzschild spacetime of positive mass is well-known to possess a unique “photon sphere”
- meaning a cylindrical, timelike hypersurface P such that any null geodesic initially tangent to
P remains tangent to P - in all dimensions. We will show that it also possesses a rich family of
spatially spherically symmetric “photon surfaces” — general timelike hypersurfaces P such that any
null geodesic initially tangent to P remains tangent to P. This generalizes a result of Foertsch, Hasse,
and Perlick from 2+1 to higher dimensions. Furthermore, we will discuss how these photon surfaces
behave across the black hole horizon and towards infinity in the Kruskal-Szekeres extension.

Similar results can be obtained in a large class of static, spherically symmetric spacetimes, including
for example sub-extremal Reissner-Nordstrom spacetimes, but also other relevant examples. We
show that they are (almost) necessarily rotationally symmetric and give concrete ODEs for their
radial profile, including a solvability analysis of said ODEs.

We will also present a general theorem that implies that any static, vacuum, asymptotically flat
spacetime possessing a so-called “equipotential” photon surface must already be the Schwarzschild
spacetime. The proof of the theorem uses and extends Riemannian geometry arguments first intro-
duced by Bunting and Masood-ul-Alam in their proof of static black hole uniqueness. It holds in all
dimensions n + 1 > 3 + 1 and naturally generalizes to electro-vacuum.

Parts of this work are joint with Gregory J. Galloway, with Sophia Jahns and Olivia Vicanek Martinez,
and with Markus Wolff.
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Gravitational Lensing and Shadows / 566

Decoding a black hole metric from interferometric patterns of
relativistic images

Author: Valerio Bozza!

! Universita di Salerno, Italy
Corresponding Author: valboz@sa.infn.it

Photons emitted by light sources in the neighbourhood of a black hole can wind several times around
it before fleeing towards the observer. For spherically symmetric black holes, two infinite sequences
of images are created for any given source, asymptotically approaching the shadow border with
decreasing magnitude. These sequences are reflected by a characteristic staircase structure in the
complex visibility function that may be used to decode the properties of the black hole metric. Re-
calling the formalism of gravitational lensing in the strong deflection limit, we derive analytical
formulae for the height, the width and the periodicities of the steps in the visibility as functions of
the black hole parameters. These formulae can then be used to track the changes in the visibility for
different metrics and ultimately test General Relativity.

Gravitational Lensing and Shadows / 805

Geometric optics, its corrections, and Green functions in curved
spacetimes

Author: Abraham Harte'

! Dublin City University
Corresponding Author: abraham.harte@dcu.ie

Geometric optics and its corrections are typically derived using a high-frequency WKB ansatz, which
results in a tower of transport equations along null geodesics. Separately, field propagation can be
described using Green functions, which are known to have a Hadamard form involving certain biten-
sors. In this talk, it will be explained how these two perspectives on field propagation complement
one another. For example, using a result from geometric optics, certain aspects of Green functions
near the light cone can be shown to transform very simply under wide classes transformations ap-
plied to the background metric. One aspect with this property is the luminosity distance, which im-
plies that it depends relatively little on the geometry in between the source and the observer.

Gravitational Lensing and Shadows / 836

Shadow of black holes with a plasma environment in 4D Einstein-
Gauss-Bonnet gravity

Author: Ernesto F. Eiroa'

Co-author: Javier Badia *

' IAFE (CONICET-UBA)
? Instituto de Astronomia y Fisica del Espacio (IAFE, CONICET-UBA)

Corresponding Author: eiroa@iafe.uba.ar
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We study the shadow cast by rotating black holes surrounded by plasma in the context of the novel 4D
Einstein-Gauss-Bonnet theory of gravity. The metric for these black holes results from applying the
Newman-Janis algorithm to a spherically symmetric solution. We obtain the contour of the shadow
for a plasma frequency model that allows a separable Hamilton-Jacobi equation. We introduce three
observables in order to characterize the position, size, and shape of the shadow.

Gravitational Lensing and Shadows / 894

Aspects of neutrino mass hierarchy in gravitational lensing

Authors: Himanshu Swami'; Kinjalk Lochan!; Ketan M. Patel?

! IISER Mohali
% Physical Research Laboratory, Ahmedabad

Corresponding Author: ph16084@iisermohali.ac.in

It is now clear beyond any doubt that neutrinos have masses, and that they mix. Experiments with
solar, atmospheric, reactor and accelerator neutrinos have determined, with remarkable accuracy,
values of Amfj = m? — m?. Absolute neutrino masses, however, are still unknown. We know
neutrino vacuum oscillations only depend on Am?, hence, oscillations experiments are inadequate
of providing information about absolute neutrino masses. In our work, we show that the lensing of
neutrinos induced by a gravitational source substantially modifies this standard picture and it gives
rise to a novel contribution through which the oscillation probabilities also depend on the individual
neutrino masses. We show that the oscillation probability in the presence of lensing is sensitive to
the absolute masses of neutrinos and sign of Am?j, unlike in the case of standard vacuum oscillation
in flat spacetime. We demonstrate this explicitly by considering an example of weak lensing induced
by a Schwarzschild mass and discuss various implications of gravitationally modified neutrino oscil-
lations and means of observing them.

Further, We study decoherence effects in neutrino flavour oscillations in Schwarzschild geometry
with particular emphasis on the lensing. Assuming Gaussian wave packets, we show that the de-
coherence is sensitive to the absolute values of neutrino masses as well as the classical trajectories
taken by neutrinos between the source and detector along with the spatial widths of neutrino wave
packets. We show that in presence of a Schwarzschild object the neutrino wave packets decohere
later in comparison when the Schwarzschild object is absent. At distances beyond the decoherence
length, flavour transition probability attains a value that depends only on the leptonic mixing pa-
rameters. Hence, the observability of neutrino lensing significantly depends on these parameters
and in-turn the lensing can provide useful information about the latter.

Journal reference:Phys. Rev. D 102, 024043(2020)

Gravitational Lensing and Shadows / 931

Gravitational Lensing by Charged Accelerating Black Holes

Author: Torben Frost!

U ITP, Leibniz University Hannover and ZARM, University of Bremen
Corresponding Author: torben.frost@zarm.uni-bremen.de

Current astrophysical observations show that on large scale the Universe is electrically neutral. How-
ever, locally this may be quite different. Black holes enveloped by a plasma in the presence of a
strong magnetic field may have acquired a significant electric charge. We can also expect that some
of these charged black holes are moving. Consequently to describe them we need spacetime metrics
describing moving black holes. In general relativity such a solution is given by the charged C-de
Sitter-metric. In this talk we will assume that it can be used to describe moving charged black holes.
We will investigate how to observe the electric charge using gravitational lensing. First we will use
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elliptic integrals and functions to solve the geodesic equations. Then we will derive lens equation,
travel time and redshift. We will discuss the impact of the
electric charge on these observables and potential limitations for its observation.

Gravitational Lensing and Shadows / 993

Journeys in the maximal analytic extension of Kerr spacetime —
General relativistic visualization

Author: Thomas Reiber™™

Corresponding Author: thomas.reiber@uni-hildesheim.de

The maximal analytic extension of slow Kerr spacetime contains an infinity of asymptotically flat
“exterior” regions connected by a strongly curved region. General relativistic ray tracing is used to
calculate videos showing the view of an observer moving through Kerr spacetime. Covering the
whole maximal analytic extension requires a multitude of coordinate patches. The calculated videos
give an intuitive idea of its causal structure.

Gravitational Lensing and Shadows / 81

Lensing of 69 — Free lensing from its lens models

Author: Jenny Wagner'

! Heidelberg University
Corresponding Author: j.wagner@uni-heidelberg.de

After more than a century of modern cosmology in which model assumptions were indispensable
to interpret the sparse and vague data, we are finally able to replace model assumptions by observa-
tional evidence. With telescopes like Hubble, the development of adaptive optics for ground-based
facilities, and installations of integrated field units, the amount of high-quality data has vastly in-
creased in the last decades. It will continue to improve and increase with next generation telescopes
like the James Webb Space Telescope. The gaps between data shrinking, the necessity to fill in blanks
by models decreases.

Within the growing framework of data-driven cosmology, this talk introduces observation-based
strong gravitational lensing. It reconstructs a deflecting mass density and properties of the multiply-
imaged background source without employing any assumptions about the overall shape of the de-
flecting mass density profile or properties of the source object. Freeing strong gravitational lensing
from its lens models, we can characterise the general class of invariance transformations rooted in
the lensing formalism beyond the famous mass-sheet transform. We are also able to determine the
maximum set of local lens and source properties all model-based reconstructions agree upon, and
we can efficiently reconstruct multi-scale lensing phenomena, even for a single system of multiple
images in an otherwise uncharted lensing region.

The method of reducing an under-determined system of equations to its local, uniquely determined,
non-degenerate solutions can also be transferred to other astrophysical probes like plasma lensing.
Being a dispersive phenomenon, the wavelength dependence of plasma lensing observables allows
to break degeneracies that are inherently invincible in non-dispersive gravitational lensing.

Thus, using data not models, various applications become possible to gain new, less biased insights
into light deflection phenomena.

J. Wagner. A Model-Independent Characterisation of Strong Gravitational Lensing by Observables.
Universe (2019)
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Symplectic evolution of an observed light bundle

Author: Nezihe Uzun'

! Université Claud Bernarde Lyon 1
Corresponding Author: nezihe.uzun@ens-lyon.fr

Each and every observational information we obtain from the sky regarding the brightnesses, dis-
tances or image distortions resides on the deviation of a null geodesic bundle. In this talk, we will
present the symplectic evolution of it on a reduced phase space. The resulting formalism is analo-
gous to the one in paraxial Newtonian optics. It allows one to identify any spacetime as an optical
device and distinguish its thin lens, pure magnifier and rotator components. We will show that the
distance reciprocity in relativity results from the symplectic evolution of this null bundle. Other
potential applications like wavization and quantization will also be summarized.

Gravitational Lensing and Shadows / 86

Weighing spacetime along the line of sight using times of arrival
of electromagnetic signals

Authors: Mikolaj Korzynski'; Jan Miskiewicz’; Julius Serbenta®

! Center for Theoretical Physics, PAS Warsaw
? Center for Theoretical Physics, PAS
* Center for Theoretical Physics Polish Academy of Sciences

Corresponding Author: korzynski@cft.edu.pl

I will discuss a new method of determining the spacetime curvature and matter density along the
line of sight using variations of times of arrival (TOA) of electromagnetic signals, measured in the
vicinity of two given points. We measure the variations of the TOA’s up to quadratic order in the dis-
placements of the source and the receiver with the help two groups of synchronised clocks, equipped
with transmitters and receivers. The TOA’s are affected by the gravitational field along the lone of
sight and it turns out that it is possible to determine from this data the first two moments of the
matter density profile along the line of sight. The measurement is insensitive to the states of motion
of the two groups of clocks, their angular positions or the influence of masses off the line of sight.
Potential applications include precise binary pulsar timing and dark matter search. The talk is based

on arXiv:2102.00095 [gr-qc].

Gravitational Lensing and Shadows / 465

Rotation of polarization in the gravitational field of alaser beam—
Faraday effect and optical activity

Authors: Dennis Ritzel'; Fabienne Schneiter?; Daniel Braun?

! Humboldt Universitit zu Berlin

2 Universitdt Tiibingen

Corresponding Author: raetzeld@physik.hu-berlin.de
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We investigate the rotation of the polarization of a light ray propagating in the gravitational field
of a circularly polarized laser beam. The rotation consists of a reciprocal part due to gravitational
optical activity, and a non-reciprocal part due to the gravitational Faraday effect. We discuss how to
distinguish the two effects: letting light propagate back and forth between two mirrors, the rotation
due to gravitational optical activity cancels while the rotation due to the gravitational Faraday effect
accumulates. In contrast, the rotation due to both effects accumulates in a ring cavity and a situation
can be created in which gravitational optical activity dominates. Such setups amplify the effects by
up to five orders of magnitude, which however is not enough to make them measurable with state
of the art technology. The effects are of conceptual interest as they reveal gravitational spin-spin
coupling in the realm of classical general relativity, a phenomenon which occurs in perturbative
quantum gravity.

Gravitational Lensing and Shadows / 518

Shadows of the past, shadows of the future

Author: Maciek Wielgus'

! Black Hole Initiative (Harvard University)
Corresponding Author: maciek. wielgus@gmail.com

What do archival observations tell us about the M87 black hole?

With the 2017 observations of the Event Horizon Telescope we observed the M87 supermassive black
hole with linear resolution corresponding to about 3 Schwarzschild radii, revealing a bright ring
surrounding dark center — a feature dubbed a “black hole shadow”. Several archival observations of
M387 with the EHT prototype arrays were obtained in 2009-2013. They are generally of far lower data
quantity, quality, and resolution. Nevertheless, they allow to constrain certain geometric parameters
of the source, confirming its persistent diameter and presence of the flux depression. I will discuss
those observations and findings. Then I will discuss more generally what constitutes a minimal
usable observation to meaningfully claim a detection of a black hole shadow, if it can be translated
to a mass measurement, and what other assumptions do we need to make. This is relevant in the
context of the future space very long baseline interferometry observations that may give us results
for a larger set of sources, but likely with data sets resembling sparse 2009-2013 observations more
than the 2017 results of the EHT.

Gravitational Lensing and Shadows / 72

Plasma lensing

Author: xinzhong Er!

! SWIFAR, Yunnan Univ.
Corresponding Author: xer@ynu.edu.cn

Gravitational lensing is a widely used probe in the study of the dark universe. Besides the gravity,
the free electrons in the plasma can also cause deflections of the light. Although plasma lensing has a
distinct similarity to gravitational lensing, particularly in its mathematical description, plasma lens-
ing introduces additional features, such as wavelength dependence, diverging deflection, etc. I will
briefly introduce the basic phenomenon of plasma lensing and the lensing effects, such as the mag-
nification and time delay in the plasma lensing. It shows some potentially interesting applications
in the study of the pulsar, FRB as well as the interstellar and intergalactic medium.
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Images and photon rings of accretion disks surrounding compact
objects

Author: Frederic Vincent!

! Paris Observatory / LESIA

Corresponding Author: frederic.vincent@obspm.fr

The planet-size network of millimeter antennas Event Horizon Telescope (EHT) has recently deliv-
ered images of the surroundings of the supermassive compact object M87" at the center of the galaxy
Messier 87. Such images are crucial to better understand the physics at play in a strong gravitational
field environment. They might also allow to probe the extreme relativistic effects on the radiation
emitted close to the compact object.

In this talk, I will present a simple semi-analytic model of the accretion flow surrounding M87*
and discuss images of this flow. In particular, I will focus on the highly-lensed part of the image
generally refered to as the « photon ring ». After providing a definition of this feature, I will discuss
the prospect of using it as a probe of the underlying spacetime. I will also discuss how the highly-
lensed part of the image changes when the compact object is not a black hole but a more exotic
alternative object.

The final goal of my talk is to discuss to what extent can EHT-like images help constrain the nature
of the compact objects at the center of M87 or our Milky Way.

Gravitational Lensing and Shadows / 167

Gravitational lensing by rotating Simpson—Visser black holes

Authors: Sushant Ghosh’; Shafqat Islam?

' Jamia millia Islamia

? Centre for theoretical physics
Corresponding Author: sgghosh@jmi.ac.in

We investigate strong-field gravitational lensing by rotating Simpson-Visser black hole, which has
an additional parameter (I), apart from mass (M) and rotation parameter (a). It can admit Cauchy
and event horizons for some parameters and free from the singularity and assess phenomenological
differences from the Kerr black holes. We also find a decrease in the deflection angle ap, angular
position 61 decreases more slowly and z,,, more quickly, but angular separation s increases more
rapidly, and their behavior is similar to that of the Kerr black hole. We apply the formalism to discuss
the astrophysical consequences in the supermassive black holes NGC 4649, NGC 1332, Sgr Aand M87
and find that the rotating Simpson-Visser black holes can be quantitatively distinguished from the
Kerr black hole via gravitational lensing effects. However, the deviations of the angular positions of
the first image from that of the Kerr black hole are not more than 0.194 pas for Sgr A*, 0.04565 pas
for M87, 0.0920051 pas for NGC 4649, and 0.0487413 pas for NGC 1332 and thus required resolution
is much higher than current astronomical observation capability like of EHT.

Gravitational Lensing and Shadows / 1022

Black hole shadow as a standard ruler in cosmology

Author: Oleg Tsupko'
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Co-authors: Zuhui Fan ?; Gennady Bisnovatyi-Kogan '

! Space Research Institute of Russian Academy of Sciences

2 South-Western Institute for Astronomy Research, Yunnan University
Corresponding Author: tsupkooleg@gmail.com

Advancements in the black hole shadow observations may allow us not only to investigate physics
in the strong gravity regime, but also to use them in cosmological studies. We propose to use the
shadow of supermassive black holes as a standard ruler for cosmological applications assuming the
black hole mass can be determined independently. First, observations at low redshift distances can
be used to constrain the Hubble constant independently.

Secondly, the angular size of shadows of high redshift black holes is increased due to cosmic expan-
sion and may also be reachable with future observations.

Talk is mainly based on the paper:

OXYu. Tsupko, Z. Fan and G.S. Bisnovatyi-Kogan, Black hole shadow as a standard ruler in cosmology,
Classical and Quantum Gravity (2020)

see also:

G.S. Bisnovatyi-Kogan and O.Yu. Tsupko, Shadow of a black hole at cosmological distances, Physical
Review D (2018);

V. Perlick, O.Yu. Tsupko and G.S. Bisnovatyi-Kogan, Black hole shadow in an expanding universe
with a cosmological constant, Physical Review D (2018).
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Comparing Kerr-Sen and Kerr-Newman black hole shadows

Authors: Sérgio Xavier'; Pedro Cunha?; Luis C B CrispinoS; Carlos Herdeiro*

! Federal University of Para
% Aveiro University
3 Universidade Federal do Pard, Amazonia

* Aveiro University, Portugal
Corresponding Author: sergio.xavier@icen.ufpa.br

Celebrating the centennial of its first experimental test, the theory of General Relativity (GR) has
successfully and consistently passed all subsequent tests with flying colors. It is expected, however,
that at certain scales new physics, in particular, in the form of quantum corrections, will emerge,
changing some of the predictions of GR, which is a classical theory. In this respect, black holes
(BHs) are natural configurations to explore the quantum effects on strong gravitational fields. BH
solutions in the low-energy effective field theory description of the heterotic string theory, which
is one of the leading candidates to describe quantum gravity, have been the focus of many studies
in the last three decades. The recent interest in strong gravitational lensing by BHs, in the wake
of the Event Horizon Telescope (EHT) observations, suggests comparing the BH lensing in both
GR and heterotic string theory, in order to assess the phenomenological differences between these
models. In this work, we investigate the differences in the shadows of two charged BH solutions
with rotation: one arising in the context of GR, namely the Kerr-Newman (KN) solution, and the
other within the context of low-energy heterotic string theory, the Kerr-Sen (KS) solution. We show
and interpret, in particular, that the stringy BH always has a larger shadow, for the same physical
parameters and observation conditions
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Can different black holes cast the same shadow?

Authors: Haroldo Cilas Duarte Lima Junior'; Luis C B Crispinoz; Pedro Cunha?®; Carlos Herdeiro*

! Universidade Federal do Pard
% Universidade Federal do Pard, Amazonia
* Aveiro University

* Aveiro University, Portugal
Corresponding Author: haroldo.ufpa@gmail.com

We consider the following question: may two different black holes (BHs) cast exactly the same
shadow? In spherical symmetry, we show the necessary and sufficient condition for a static BH to
be shadow-degenerate with Schwarzschild is that the dominant photonsphere of both has the same
impact parameter, when corrected for the (potentially) different redshift of comparable observers in
the different spacetimes. Such shadow-degenerate geometries are classified into two classes. The
first shadow-equivalent class contains metrics whose constant (areal) radius hypersurfaces are iso-
metric to those of the Schwarzschild geometry, which is illustrated by the Simpson and Visser (SV)
metric. The second shadow-degenerate class contains spacetimes with different redshift profiles and
an explicit family of metrics within this class is presented. In the stationary, axi-symmetric case, we
determine a sufficient condition for the metric to be shadow degenerate with Kerr for far-away ob-
servers. Again we provide two classes of examples. The first class contains metrics whose constant
(Boyer-Lindquist-like) radius hypersurfaces are isometric to those of the Kerr geometry, which is
illustrated by a rotating generalization of the SV metric, obtained by a modified Newman-Janis algo-
rithm. The second class of examples pertains BHs that fail to have the standard north-south Z2 sym-
metry, but nonetheless remain shadow degenerate with Kerr. The latter provides a sharp illustration
that the shadow is not a pro