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Preface

We are pleased to present the annual report of Research Center for the Early Universe (RESCEU) for
the fiscal year of 2023 (from April 2023 to March 2024).

RESCEU was founded in 1999 as an institute belonging to Faculty of Science, the University of Tokyo,
led by the first director, Prof. Katsuhiko Sato of Physics Department. In 2015 we reorganized the research
projects in RESCEU, and now we have three major projects including (1) Evolution of the universe and
cosmic structures (led by Jun’ichi Yokoyama), (2) Gravitational-wave astrophysics and experimental gravity
(led by Kipp Cannon), and (3) Formation and characterization of planetary systems (led by Yasushi
Suto). Those projects have been supported by a variety of collaboration among our research affiliates in
Departments of Physics, Astronomy, and Earth and Planetary Sciences of Faculty of Science, the University
of Tokyo.

After suffering for several years from Covid-19, this year’s activities were almost restored to pre-pandemic
levels. We were also able to conduct our annual summer school, which has traveled around Japan every year,
this year at Shinshu University in Nagano City for face-to-face meetings. However, instead of sleeping and
eating together, this time each participant stayed at a hotel and commuted to the venue. The international
conference in Hongo was also revived, with the RESCEU symposium and several other meetings. We also
hosted LIGO-Virgo-KAGRA collaboration meeting at Toyama International Conference Hall jointly with
local researchers there.

Furthermore, for the first time in many years, we were able to invite Professor Re’em Sari of the Hebrew
University as a visiting professor in the Visiting Professor Division, which is the only division that the
Graduate School of Science maintains.

On the other hand, there was very sad news: Prof. Starobinsky, who had been a visiting professor at
RESCEU for 12 times since 2000, passed away on December 21 in Moscow due to Covid. He was also a
frequent lecturer at our summer school. He had made immortal achievements in many areas of cosmology
and gravity theory, including inflationary cosmology, and we were certain he would win the Nobel Prize.
We pray for his soul rest in peace.

We are pleased to announce the following awards for our RESCEU members this year. Professor Kenta
Hotokezaka was awarded the 38th Nishinomiya-Yukawa Memorial Prize (Oct. 2023) for his “Theoreti-
cal Study of Electromagnetic Counterparts Associated with Neutron Star Mergers”. Professor Emeritus
Katsuhiko Sato was awarded the ICGAC-15 award in July 2023 together with Visiting Professor Alexei
Starobinsky for their pioneering contributions to the theory of cosmic inflation, which established the roles
of gravitational wave production, and of super-horizon fluctuations in creating the seeds of cosmic struc-
ture. Minori Shikauchi, a student of Cannon group, received the excellent award in the final examination
of the Forefront Physics and Mathematics Program to Drive Transformation (FoPM) in October. Fumihiro
Naokawa (Yokoyama group) and Daiki Watarai (Cannon group) each received the Student Presentation
Award of the Physical Society of Japan in June.

In this academic year, Kenneth Wong joined RESCEU as a project assistant professor, and Tomoko Ishida
as a secretary. On the other hand, Assistant Professor Atsushi Nishizawa was promoted to an associate
professor of Hiroshima University, Assistant Professor Kohei Kamada was promoted to a distinguished
researcher at Hangzhou Institute for Advanced Study, and Project Assistant Professor Ryusuke Jinno
was promoted to an associate professor at Kobe University. Among our postdocs, Daisuke Toyouchi was
promoted to a specially appointed assistant professor at Osaka University, Yuki Takei got a next position

at Yukawa Institute for Theoretical Physics, Kyoto University, and Jun’ya Kume moved to University of



Padua. Finally, Professor Yasushi Suto retired from the University of Tokyo in March 2024, and moved to
Kochi University of Technology. I have also been serving as Director of Kavli Institute for the Physics and
Mathematics of the Universe (Kavli IPMU, WPI) since November 2023.

We would appreciate your further support for our activities.

May 2024

Director Jun’ichi Yokoyama
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Reports on overall activities
at RESCEU in 2023



1 Members

’ RESCEU members ‘

Jun’ichi Yokoyama [##|LiJIH—]
Kipp Cannon

Toshikazu Shigeyama [/5ILE#]]

Kenta Hotokezaka [{AYR{EX]
Kohei Kamada [ FH#F]
Atsushi Nishizawa [PH{2HEE]
Kana Moriwaki [#&fi 7] %3]
Kentaro Komori [/NR{EAER
Akihiro Suzuki [$/KHEZ]
Ryusuke Jinno [#%7f&/]
Kenneth Wong

Koh Ueno [ F¥F 5]

Daisuke Toyouchi [ ARHH]
Christopher M. Irwin
Kazuya Takahashi [=E&H1H]
Wang Haoyu

Yuki Takei [EH 5]
Purnendu Karmakar

Chiyo Ueda [ FHFAX]
Naoko Tomioka [ [l E ]
Mami Narita [ i3]

Nao Watanabe [JE15FE]
Tomoko Ishida [ H% F]

Director

Professor

Professor

Associate Professor

Assistant Professor

Assistant Professor

Assistant Professor

Assistant Professor

Project Assitant Professor

Project Assitant Professor

Project Assistant Professor

Postdoctoral Fellow (Kakenhi Grant of Prof. Yokoyama)

Postdoctoral Fellow (RESCEU)

Postdoctoral Fellow (Kakenhi Grant of Prof. Hotokezaka)
Postdoctoral Fellow (RESCEU)

Kakenhi Grant of Prof. Michimura)
JSPS Grant)

JSPS Grant)

Postdoctoral Fellow
Postdoctoral Fellow

Postdoctoral Fellow

P

Secretary
Secretary
Secretary
Secretary

Secretary



1 Members

RESCEU affiliates |

Yasushi Suto [ZHEIH]

Naoki Yoshida [ FHEAC]
Tomonori Totani [F & & HI|
Kotaro Kohno [{A/%722KEHf]
Mamoru Doi [1J&5F]
Motohide Tamura [FHATTF]
Seiji Sugita [#ZHFEH]]

Eiichi Tajika [FHI%—]
Satoshi Yamamoto [[LAN%Y]
Hideo Higuchi [##i155 5]
Chikara Furusawa [t /]]
Aya Bamba [[535¥]

Akito Kusaka [H FBEA]
Kazuhiro Shimasaku [IB{E—X]
Masaki Ando [ZZ S IE#H]
Hajime Kawahara [{A]JiEl]
Nobunari Kashikawa, [#1)1[{#15Z]

Professor, Dept.
Professor, Dept.
Professor, Dept.

of Physics
of Physics
of Astronomy

Professor, Institute of Astronomy

Professor, Institute of Astronomy

Professor, Dept.
Professor, Dept.
Professor, Dept.
Professor, Dept.
Professor, Dept.

of Astronomy

of Earth and Planetary Science
of Earth and Planetary Science
of Physics

of Physics

Professor, Universal Bioligy Institute

Associate Professor, Dept. of Physics

Associate Professor, Dept. of Physics

Associate Professor, Dept. of Astronomy

Associate Professor, Dept. of Physics

Assistant Professor, Dept. of Earth and Planetary Science

Professor, Dept.

of Astronomy



2 Projects

Project 1. Evolution of the Universe and cosmic structures

’ Name

‘ Research thema

Jun’ichi Yokoyama

Physics of the Early Universe

Toshikazu Shigeyama

Coevolution of galaxies and stars

Naoki Yoshida

Evolution of compact objects and time domain astronomy

Tomonori Totani

Evolution of the Universe probed by gamma-ray bursts and fast radio

bursts

Kotaro Kohno

Dust-enshrouded growth of galaxies and supermassive black holes

Aya Bamba

Chemical evolution of the Universe with supernova remnant study

Akito Kusaka

Observational cosmology based on cosmic microwave background radiation

Kazuhiro Shimasaku

Galaxy formation and evolution

Nobunari Kashikawa

Distant objects and early Universe

Kohei Kamada

Particle cosmology

Kana Moriwaki

Machine learning and cosmology

Project 2. Gravitational-wave astrophysics and experimental gravity

Name ‘ Research thema

Kipp Cannon Detection and interpretation of gravitational waves emitted by the collisions

of compact objects

Kenta Hotokezaka | Electromagnetic counterparts of gravitational-wave neutron star mergers

Mamoru Doi Identifications of gravitational-wave sources by wide-field and multi-color op-

tical observations

Masaki Ando Gravitational-wave experiment and astrophysics

Kentaro Komori Gravitational-wave experimental astrophysics

Atsushi Nishizawa | Theories of gravitation and data analysis




2 Projects

Project 3. Formation and characterization of planetary systems

Name

Research thema

Yasushi Suto

Dynamical evolution of orbit and angular momentum of exoplanetary systems

Motohide Tamura

Exoplanet observations and instrumentations

Seiji Sugita

An asteroid sample-return mission and feasibility study for an exoplanet ob-

servation satellite

Satoshi Yamamoto

Physics and chemistry of protoplanetary disk formation

Eiichi Tajika

Diversity and evolution of habitable planets

Hajime Kawahara

Exploring instrumentation and methods for characterizing exoplanets

Hideo Higuchi

Universal biology

Chikara Furusawa

Universal biology
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3 Symposia and Meetings

RESCEU Summer School 2023

Place: Faculty of Engineering, Shinshu University, Nagano, Japan
Time: 2023 August 9 (Wed) — 2023 August 12 (Sat)
Web: https://sites.google.com /view /resceu-ss2023

Program

August 9 (Wed)
12:30-13:00 Registration
13:00-13:10 Tomoya Kinugawa Opening remarks
(chair: Kana Moriwaki)
13:10-14:40 (L) Livia Vallini The interstellar medium of galaxies in the Epoch of Reionization I -
Theory & Modelling
15:00-16:30 (L) Livia Vallini The interstellar medium of galaxies in the Epoch of Reionization IT
- Observations
(chair: Hiroto Mitani)
17:00-17:15 Yurina Nakazato Simulations of highIT]edshift [OIII] emitters: Chemical evolution and
bursty star formation history
17:15-17:30  Yuka Yamada Target selection of [OII] emission line galaxies with z~1.6-2.4 for the
upcoming PFS observation
17:30-17:45 Jason Kristiano  Primordial black holes from single-field inflation?
17:45-18:00 Minori Shikauchi Spatial and Binary Parameter Distributions of BH Binaries in the
Milky Way Detectable with Gaia

August 10 (Thu)
(chair: Kenta Hotokezaka)

9:00-10:30 (L) Yoshiyuki Inoue High-Energy Accretion Phenomena Around Black Holes I
10:50-12:20 (L) Yoshiyuki Inoue High-Energy Accretion Phenomena Around Black Holes 11
Lunch

13:30-17:30  Free Discussions

18:00-21:00 Dinner

August 11 (Fri)
(chair: Kipp Cannon)

9:00-10:30 (L) Jocelyn Read Neutron-star astrophysics with gravitational-wave astronomy I -
Source modeling and single-event inference

10:50-12:20 (L) Jocelyn Read Neutron-star astrophysics with gravitational-wave astronomy II -
Population results and future expectations

Lunch

13:30-15:00 Poster Session
(chair: Kohei Kamada)



3 Symposia and Meetings

15:30-17:00 (L) Muneto Nitta Introduction to Topological Solitons and Defects & Application to

QCD I
(chair: Akihiro Suzuki)
17:15-17:30 Reiko Harada On the Testability of the Quark-Hadron Transition Using Gravi-
tational Waves From Merging Binary Neutron Stars
17:30-17:45 Suyog Garg Convolutional Neural Network for Gravitational-Wave detection
from Neutron Star Black Hole Binary
17:45-18:00 Tomoya Kinugawa

August 12 (Sat)
(chair: Kohei Kamada)

9:00-10:30 (L) Muneto Nitta

Gravitational waves from first star remnants

Introduction to Topological Solitons and Defects & Application to

QCD II
(chair: Toshikazu Shigeyama)

11:00-11:15 Fumio Uchida Monopole wrapped by domain walls?

11:15-11:30  Koki Tokeshi Borel resummation for secular divergences in stochastic inflation
11:30-11:45 Fumihiro Naokawa  The rotation of photon by the rotation of axion

11:45-12:00 Yuta Shiraishi Compact Star-Luminous Star Search by TESS Photometric Survey
12:00-12:15 Hanchun Jiang Search for M-dwarf Flares by Machine Learning Method
12:15-12:24  Jun’ichi Yokoyama Closing remarks

(L: Lecture)

Poster Presentations

11

Purnendu Karmakar
Jun’ya Kume

Soichiro Kuwahara

Tomoya Hasegawa

Muzi Hong
Christopher Irwin

Zhuoxi Liang
Yuting Liu

Kazuya Takahashi
Yuki Takei
Akihiro Suzuki

Soichiro Yamazaki

f(Q) cosmology

Back-reactions in axion inflation with U(1) gauge field

Recent status of foreground subtraction on the search of stochastic gravitational
wave

A light curve model of SN precursor emission - Combining the results of Tsuna
et al. (2021) and Matsumoto & Metzger (2022) -

Quartic Gradient Flow

Insights on the origin of low-luminosity GRBs from a revised shock breakout
picture for GRB 060218

The Luminosity Functions of Supernova Host Galaxies

Hubble constant from the cluster-lensed quasar system SDSS J1004+44112: in-
vestigation of the lens model dependence

Imaging jet structures with gamma-ray burst afterglows

Simulating hydrogen-poor interaction-powered supernovae

Gamma-ray burst jet simulations with massive circum-stellar medium

Quantum algorithm for collisionless Boltzmann equation simulation



3 Symposia and Meetings 12

The 14th RESCEU International Symposium: From Large to
Small Structures in the Universe

Place: Koshiba Hall, University of Tokyo
Time: 2023 October 30 (Mon) — 2023 November 2 (Thu)
Web: https://www.resceu.s.u-tokyo.ac.jp/symposium/resceu_sympo2023/

Program

October 30 (Mon)
9:00-9:30  Registration
9:30-9:40  Jun’ichi Yokoyama Opening address
9:40-9:50 Hiroto Mitani Logistics
Dark Matter Halos and Galaxies (chair: Masamur Oguri)
9:50-10:15  Yipeng Jing The connection between dark matter halos and emission line galaxies
(ELGs) and evidence for galactic conformity
10:15-10:40  Atsushi Taruya To be or not to be: (non-)universal features in dark matter halos
10:40-10:55 Hyunbae Park  Impact of small-scale structure on reionization
10:55-11:20  Coffee
Machine learning in Astronomy (chair: Naoki Yoshida)
11:20-11:45 Kana Moriwaki Deep learning application to large-scale structure of the universe
traced by line intensity
11:45-12:10 Pablo Lemos Machine Learning Powered Inference in Astronomy
12:10-12:35  Ofer Lahav AT for Cosmological Experiments: Evolution or Revolution?
12:35-14:00 Lunch
Galaxy Surveys and their cosmological implications (chair: Ofer Lahav)
14:00-14:25 Masahiro Takada Subaru HSC and PFS
14:25-14:50 Takahiro Nishimichi Emulator as a theoretical template in cosmological inference
14:50-15:15 Toshiya Namikawa  Probing inflationary gravitational waves with high-precision cos-
mic microwave background B-modes
15:15-15:30  Yuka Yamada Target selection of [OII] emission line galaxies for PFS observa-
tion
15:30-15:50  Coffee
Baryonic evolution of cosmic structures (chair: Masahiro Takada)
15:50-16:15  Jia Liu Effects of baryonic feedback on the cosmic web
16:15-16:40 Renyue Cen The Missing Pillar In Galaxy Formation
16:40-17:05 Eiichiro Komatsu (online) The Temperature of Hot Gas in the Universe

October 31 (Tue)
From Fluctuations to Compact Objects (chair: Atsushi Taruya)

9:00-9:25 Jun’ichi Yokoyama  Small to Large-scale fluctuations in the universe

9:25-9:50 Masamune Oguri Gravitationally lensed supernovae

9:50-10:05  Masahiro Morikawa The Universality of Astronomical Objects from Low-Frequency
Fluctuations

10:05-10:30 Kenta Hotokezaka Neutron Star Mergers and Kilonovae

10:30-10:50  Coffee
Black Holes and Gravitational Wave (chair: Kipp Cannon)
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10:50-11:15 Re’em Sari Dynamical Processes around Supermassive Black Holes

11:15-11:30 Soichiro Morisaki  Rapid localization and inference on compact binary coalescences
with the Advanced LIGO-VirgoKAGRA gravitational-wave de-
tector network

11:30-11:45 Daiki Watarai Physically consistent gravitational waveform for capturing
beyond-GR effects in the compact binary merger phase

11:45-12:00 Suyog Garg Deep Convolutional Neural Network for detecting Gravitational
Wave signals from Eccentric Compact Binaries

12:00 Conference Photo

12:20 — 14:00 Lunch
Numerical Simulations (chair: Kana Moriwaki)
14:00-14:25 Kohji Yoshikawa
14:25-14:50 Naoki Yoshida
14:50-15:15  Michiko Fujii
15:15-15:35  Coffee
Cosmological Parameters (chair: Yipeng Jing)
15:35-16:00 Changbom Park Discordance of the flat ACDM ’concordance’ model:
for the Dark Energy Equation of State Parameter w > —1

Vlasov-Poisson simulation of collisionless self-gravitating systems
Putting the Universe in a computer

N-body simulations of star clusters

Evidence

16:00-16:25 Takahiko Matsubara  Statistics of tensor fields in observational cosmology and nonlin-
ear perturbation theory

16:25-16:40 Jingjing Shi Galaxy Intrinsic Shape - Challenge and Opportunity

16:40-16:55 Yuting Liu Hubble constant from the cluster-lensed quasar system SDSS
J1004+4112: investigation of the lens model dependence

16:55-17:20  Shun Saito Prospects from Emission-Line Galaxy Redshift Surveys

November 1 (Wed)
Protoplanetary Disks (chair: Hiroto Mitani)

9:00-9:25 Nami Sakai Protostellar disks formed in diverse chemical environments
9:25-9:50 Yuri Aikawa Chemical and Physical Evoution of Protopalnetary Disks
9:50-10:05  Daisuke Takaishi Formation of unipolar outflow and ”protostellar rocket ef-

fect” in magnetized and turbulent molecular cloud cores

10:05-10:20 Masataka Aizawa Revealing faint asymmetric structures in dust continuum
emission of proto-planetary disks
10:20-10:35 Anton Feeney-Johansson Studying the velocity and angular momentum structure of
protostellar outflows in the eDisk survey

10:35-11:00  Coffee
Observations and Modellings of Exoplanets (chair: Konstantin Batygin)

11:00-11:25

Othman Benomar Asteroseismology as a Tool to Probe Stellar Interiors and Its

Contribution to Exoplanet Science

11:25-11:40  Teruyuki Hirano Chromatic Measurements of RadialVelocity Jitter
11:40-11:55 Shin’ichirou Yoshida Numerical modeling of rapidly rotating brown dwarfs
11:55-12:10 Hiroto Mitani Atmospheric escape of hot Jupiters

12:10-12:35 Hajime Kawahara Initiatives at ISAS for Exploring Habitable Worlds
12:35-14:00 Lunch

Dynamics of Few-Body and Many-Body Systems (chair: Kenta Hotokezaka)

13
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14:00-14:25
14:25-14:40
14:40-15:05

15:05-15:20

15:20-15:35

15:35-16:25
18:00

Konstantin Batygin
Kento Masuda

Alessandro Trani

Toshinori Hayashi

Hideki Asada
Yasushi Suto

Conference banquet

November 2 (Thu)
Astrophysics of Galaxies and Galaxy Clusters (chair: Erik Reese)

9:30-9:55
9:55-10:20

10:20-10:45
10:45-11:00
10:00-11:15

11:15-11:30
11:30-11:55
11:55-12:15

Noriko Yamasaki

Tetsu Kitayama

Sebastien Peirani
Kazuya Takahashi

Hiroki Kawai

Kenneth Wong

Kazuo Makishima

Naoki Yoshida & Yasushi Suto

14

The Planet 9 hypothesis: a status update

A planet-planet eclipse in the Kepler-51 system?

Three-body encounters in black hole discs around a supermassive
black hole

Constraining the binarity of dark companions in Gaia BH1 and
Gaia BH2

Relativistic three-body problem

from N to 3

Understanding the soft-X-ray sky

High-resolution measurements of the Sunyaev-Zel’dovich effect to-
ward galaxy clusters

BH spin and galaxy orientation from new horizon simulations
Imaging jet structures with gamma-ray burst afterglows
Analytical model for the statistics of ultra-high magnification
events

A Measurement of the Hubble Constant from Lensed Quasars
The Missing Last Piece in Understanding the Cluster Evolution
Closing



4 RESCEU colloquia

¢ RESCEU Colloquium No. 60
Tsvi Piran (Hebrew University of Jerusalem)
“Tidal Disruption Events - a being is devoured by a black hole”
February 19, 2024, 14:00-15:00

¢ RESCEU Colloquium No. 59
Stephane Colombi (Institut Astrophysique de Paris/OAR)
“Vlasov versus N-body”
November 20, 2023, 14:30-16:00

¢ RESCEU Colloquium No. 58
Alfredo Luminari (INAF TAPS/OAR)
“Time-Evolving Photoionisation in the XRISM era”
October 12, 2023, 13:00-14:00

¢ RESCEU Colloquium No. 57
Ajit Kembhavi (Inter-University Center for Astronomy and Astrophysics)
“Artificial Intelligence and Machine Learning in Astronomy”
September 28, 2023, 13:00-14:00
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5 Project 1. Evolution of the Universe and
cosmic structures

5.1 Activity Report

5.1.1 Quantum aspects of inflationary cosmology

We have been working on higher-order quantum corrections to the curvature perturbation spectrum gen-
erated during inflation. We have also studied reheating after R? inflation in the presence of heavy Majorana
neutrinos to explain the origin of radiation and baryon asymmetry simultaneously through leptogenesis.
(Yokoyama)

5.1.2 Chiral magnetohydrodynamics

To deal with magnetohydrodynamics in a fluid where the chirality of fermions is a relatively well-conserved
quantity, it is necessary to use chiral magnetohydrodynamics, which incorporates chiral anomalies and the
chiral magnetic effect. We discovered that in the early universe, under a large lepton flavor asymmetry, the
chiral magnetic effect can amplify hypermagnetic fields, leading to a conversion into baryon number. This
allowed us to establish an upper limit on the lepton flavor asymmetry in the early Universe. Motivated by
axion inflation, we also studied the chiral magnetohydrodynamics numerically with initial conditions where
the magnetic helicity of fermions cancels out. We found that the annihilation of chirality and magnetic
helicity progresses as a power function of time, which can be explained by the conservation of a quantity
known as the Hosking integral. This implies that the possibility of baryon number generation during axion
inflation being disrupted by such annihilation is reduced. (Kamada and Yokoyama)

5.1.3 Higgs inflation in the Einstein-Cartan formalism

We studied the behavior of an inflation model at the high-energy scales where the Standard Model
Higgs drives inflation in the Einstein-Cartan formalism, where the metric and Palatini formulations can be
smoothly connected by adding the Nieh-Yan term. We found that when the Nieh-Yan term is sufficiently
small, the behavior of the theory nearly matches that of the Palatini formulation. We also showed that
quantum effects lead to the emergence of an R? term below the cutoff scale only on the case closer to the
metric formulation, ensuring the theory’s consistency. (Kamada)

¥ subsectionAstrophysical transients: their origins and consequences The following topics were studied
in this project. ¥ beginitemize ¥item Optical emission immediately after binary neutron star mergers
(Shigeyama) ¥item Observations of the early light from type Ia supernovae (Shigeyama, Doi) ¥item
Dynamical model of supernova SN 1181 as a result of binary white dwarf mergers (Ko, Shigeyama, Bamba)
¥item Emission of type IIn supernovae (Shigeyama, Takei) ¥item Eruptive mass loss from a massive
star a few years before the core collapse (Shigeyama, Takei, Ko) ¥item Nuclear burning flash at later
evolutionary phases of massive stars (Shigeyama, Hasegawa) ¥item Influence of nuclear burning on the
accretion of Helium rich matter onto a neutron star (Shigeyama) ¥ item Influence of supernova fallback on
newborn neutron star magnetospheres (Shigeyama, Zhong) ¥ enditemize Here the names of researchers at
RESCEU are listed in the parentheses.
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5.1.4 Statistical Computational Cosmology

Cosmology with ongoing and future wide-field galaxy surveys demands accurate theoretical prediction
for statistics of clustering of galaxies and dark matter. We devised a neural network emulator for real-
space galaxy clustering trained on data extracted from the DARK QUEST suite of N-body simulations.
The emulator achieves sub-percent accuracies at mega-parsec scales, and thus can be readily used to
interpret data from future surveys. We combine the emulator with a galaxy-halo connection model to
predict the galaxy correlation function through the halo model. We continue working on signal extraction
from future line intensity mapping observations. We explore applications of modern generative models,
high-order statistics such as void probability function and minimum spanning tree. We contribute the
Japan-Netherland project TIFUUN through development of data analysis methods and generating realistic
mock catalogues using cosmological simulations. (Yoshida)

5.1.5 Large-Scale Structure of the Universe

Line intensity mapping measures the large-scale distribution of galaxies. We developed a method to
generate mock line intensity maps from dark-matter only simulation data. We confirm that the statistical
properties of the line intensity maps are properly reproduced with our method. Our new method is faster
than detailed cosmological hydrodynamics simulation and thus can produce a large amount of mock data.
They will play a critical role in estimating systematic biases and covariances in analysis of future wide-field
observational data by, e.g., NASA’s SPHEREx. (Moriwaki)

¥ subsectionHigh redshift galaxies

With an X-ray stacking analysis of ~ 12,000 Lyman-break galaxies (LBGs) using the Chandra Legacy
Survey image, we investigate average supermassive black hole (SMBH) accretion properties of star-forming
galaxies (SFGs) at 4 < z < 7. Although no X-ray signal is detected in any stacked image, we obtain strong
30 upper limits for the average black hole accretion rate (BHAR) as a function of star formation rate
(SFR). At z ~ 4 (5) where the stacked image is deeper, the 3c BHAR upper limits per SFR are ~ 1.5 (1.0)
dex lower than the local black hole-to-stellar mass ratio, indicating that the SMBHs of SFGs in the inactive
(BHAR < 1M, yr~!) phase are growing much more slowly than expected from simultaneous evolution.
We obtain a similar result for BHAR per dark halo accretion rate. QSOs from the literature are found to
have ~ 1 dex higher SFRs and 2 2 dex higher BHARs than LBGs with the same dark halo mass. We
also make a similar comparison for dusty starburst galaxies and quiescent galaxies from the literature. A
duty-cycle corrected analysis shows that for a given dark halo, the SMBH mass increase in the QSO phase
dominates over that in the much longer inactive phase. Finally, a comparison with the TNG300, TNG100,
SIMBA100, and EAGLE100 simulations finds that they overshoot our BHAR upper limits by < 1.5 dex,
possibly implying that simulated SMBHs are too massive. (Shimasaku)

It has recently been reported that the quenching of satellite galaxies in clusters depends on the orientation
relative to the cluster central galaxies, with satellites along the major axis of centrals being more likely to
be quenched than those along the minor axis. We detect such anisotropic quenching up to z ~ 1 in a large
optically selected cluster catalogue constructed from the Hyper Suprime-Cam Subaru Strategic Program.
We then confirm that the observed anisotropy cannot be explained by differences in local galaxy density
or stellar mass distribution along the two axes. Finally, we argue that the physical origins of the observed
anisotropy should have shorter quenching time-scales than ~ 1 Gyr, like ram-pressure stripping, because,
for anisotropic quenching to be observed, satellites must be quenched before their initial orientation angles
are significantly changed. (Shimasaku)

5.1.6 High redshift quasars

The correlation between the stellar mass of galaxies and the mass of supermassive black holes (SMBHs)
is known as co-evolution Since both galaxy and SMBH masses are related to the mass of the dark matter
halo (DMH), it is important to constrain the DMH mass of quasars at high redshifts in order to understand
the co-evolution. Clustering analysis is commonly used to estimate the DMH masses of objects, but has
so far been limited to the analysis for z < 4 because the number density of quasars decreases rapidly at
high redshifts. The HSC-SSP, a large-scale survey utilizing the wide field of view and high sensitivity of
the HSC, has produced deep imaging data covering about 1200 square degrees, and the Subaru High-z
Exploration of Low-Luminosity quasars (SHELLQs) has discovered 162 new quasars so far by efficiently
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selecting low-luminosity quasars at z ~ 6 using Bayesian statistics and spectroscopic follow-up observations.
The number density of high-redshift quasars has been dramatically increased by detecting fainter quasars
than ever before. We have performed a clustering analysis of quasars at z ~ 6 using quasars detected by
SHELLQs and bright quasars detected by SDSS and Pan-STARRS in the HSC-SSP region. In this study,
we selected 107 quasars considering the uniformity of the sample, and discussed the typical DMH masses
of these quasars. As a result of the clustering analysis, we obtained Mjq, = 5.0ij3 x 1012h7 My as a
typical DMH mass of quasar at z ~ 6. The mass corresponds to the most massive halo at the time, and its
mass evolution by the extended Press-Schechter theory shows that it grows to a mass of 2 x 10'*h=1 M
at z = 0, which is equivalent to the DMH of a galaxy cluster. Furthermore, a comparison with a previous
study in which clustering analysis was performed for quasars at z < 4 shows that the DMH mass of quasars
is almost independent of redshift and is typically distributed in the range of 10'2~13hA=1 M. Although a
tendency that the quasar DMH masses are independent of redshift had been pointed out for z < 4 before,
this study reveals, for the first time, that this tendency continues up to z ~ 6. This result suggests that
the SMBHs require high mass DMHs to accrete enough gas and stars to the accretion disk in order to shine
brightly as quasars, while the feedback from the quasar becomes stronger when the DMH mass becomes
too large, which prevents the accretion. The results suggest that this mechanism is universally active in all
epochs. (Kashikawa)

5.1.7 Dust-enshrouded growth of galaxies and supermassive blackholes

By exploiting the ALMA Lensing Cluster Survey (ALCS), which observed 33 lensing cluster fields at 1.2
mm, we discovered a triply imaged X-ray active galactic nucleus (AGN) at z = 2.063 £ 0.005 lensed by
the galaxy cluster MACS J0035.4-2015 (z = 0.352)[65]. A stacking analysis of galaxies in cluster fields has
been made to investigate the difference of dust properties between galaxies in fields and biased regions[d9].
(Kohno)

Dusty star-forming galaxies (DSFGs) are among the most massive and active star-forming galaxies during
the cosmic noon. Theoretical studies have proposed various formation mechanisms of DSFGs, including
major merger-driven starbursts and secular star-forming disks. Here, we report J0107a, a bright (~8 mJy
at observed-frame 890 pym) DSFG at z = 2.467 that appears to be a gas-rich massive disk and might be
an extreme case of the secular disk scenario. J0107a has a large stellar mass of 5 x 101 My with a large
molecular gas mass reservoir ~ 10! M, and an elevated star formation rate of ~ 500 Mg yr~—!. J0107a does
not have a gas-rich companion. The rest-frame 1.28 pm JWST NIRCam image of J0107a shows a grand-
design spiral with a prominent stellar bar extending ~15 kpc. The Atacama Large Millimeter /submillimeter
Array Band-7 continuum map reveals that the dust emission originates from both the central starburst
and the stellar bar. 3D disk modeling of the CO(4-3) emission line indicates a dynamically cold disk with
rotation-to-dispersion ratio Vipax/o ~8. The results suggest a bright DSFG may have a non-merger origin,
which is in contrast to a classical SMG formation scenario, and its vigorous star formation may be triggered
by the bar and/or rapid gas inflow[560]. (Kohno)

We are leading the international joint development of new millimeter and submillimeter wave spectro-
scopic devices such as DESHIMA2.0 and its development into a three-dimensional imaging spectrograph,
TIFUUN, planning their deployment on Atacama Submillimeter Telescope Experiment (ASTE) in Chile.
Based on these new technological developments, we are planning to search for high-redshift dusty star-
burst galaxies and dust-enshrouded growing super-massive black holes. We are also planning to extract
information from less-massive galaxies that have been overlooked by existing telescopes like ALMA, us-
ing the sub/millimeter-wave line intensity mapping (LIM) technique, with coordinated theoretical and
data-scientific studies of LIM. (Kohno, Moriwaki, Yoshida)

5.1.8 X- and y-ray study of high-energy astrophysics

Our aim is understanding high energy phenomena in the universe, such as supernova explosions and
their remnants, compact stars such as neutron stars and blackholes, and active galactic nucleus. Such high
energy objects emit X-rays and gamma-rays, thus we observe such high energy photons using balloons and
satellites.

This year, we studied the environment of efficient acceleration sites in supernova remnant (SNR) systems.
We have made detailed spatially resolved spectroscopy of SNRs, HESS J1534-571 and Kepler. We found
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that there is no enhancement of synchrotron X-rays due to the shock-cloud interaction in both targets
(92, 96].

We also study on the detector development for the near future missions. We succeeded to launch the
XRISM satellite on Sep. 7, 2023. The satellite is safely operated and made the first light on December
2023, and started the performance verification observations. We expect new results will be published in
the next year.

The GRAMS mission, a new MeV gamma-ray mission, we succeeded the balloon Engineering Demon-
stration Experiment on July 2023. Everything went smoothly and we achieved the safe usage of the Liquid
argon detectors at the balloon hight.

We also develop the small satellite mission ipher which aims to detect the polarization of hard X-rays.
We utilize the CMOS sensor as the main detector. In order to measure the polarization, we need small pixel
size CMOS sensors. With the beam experiment at SPring-8, we successfully demonstrated that 1.5 pum
pixel size CMOS sensors have better sensitivity for X-ray polarization than 2.5 pm pixel ones.

5.1.9 Observational cosmology using cosmic microwave background

We conduct cosmology research by observing Cosmic Microwave Background (CMB) through observa-
tional projects: POLARBEAR, Simons Array, and Simons Observatory.

The Simons Observatory experiment has celebrated the first light in 2023. We deployed and started ob-
servations with two of the three 0.4-m Small Aperture Telescopes (SATSs), which are dedicated for exploring
inflationary signature, with the third starting in 2024. Also starting observation in 2024 is a 6-m Large
Aperture Telescope (LAT), which will measure (or constrain) the sum of neutrino masses, and the dark
content of the universe. We have primarily focused on the development of SATSs, especially the cryogenic
optics tube, the cryogenic continuously rotating half-wave plate (HWP) system, and the wiregrid calibrator.
We have been the primary contributor of these subsystems in on-site commissioning and data analysis to
validate and characterise them. We also played a crucial role in the area of data analysis pipeline to extract
scientific result such as the CMB power spectrum.

In achieving the goals enumerated above, we made significant progress in research and development
of new instruments. We summarized several of these R&D as journal publications, including the wiregrid
calibrator, anti-reflection coating, and the optical and mechanical elements of the cryogenic half-wave plate.
We apply some of our microwave experimental technique outside the CMB observation; for example, we
develop a concept of light dark-matter search experiment using a magnon-cavity hybrid system.

The POLARBEAR experiment and its successor, Simons Array, are designed to measure both inflationary
signature and the gravitational lensing effect in CMB polarization. POLARBEAR has concluded its observa-
tion campaign in 2016, and our focus has been on data analysis. We have recntly conducted a re-analysis
of the calibration data observing crab nebula daily, and conducted a new time-domain data analysis of the
POLARBEAR datasets for searching the Axion-like particle (ALP). For Simons Array experiment, science
observations are conducted with the first and second telescopes. (Kusaka, Kiuchi, Takeuchi)

5.1.10 Solid grains ejected from terrestrial exoplanets as a probe of the abun-
dance of life in the Milky Way

Searching for extrasolar biosignatures is important to understand life on Earth and its origin. Astro-
nomical observations of exoplanets may find such signatures, but it is difficult and may be impossible to
claim unambiguous detection of life by remote sensing of exoplanet atmospheres. Here, another approach
is considered: collecting grains ejected by asteroid impacts from exoplanets in the Milky Way and then
travelling to the Solar System. The optimal grain size for this purpose is around lmicron, and though
uncertainty is large, about 10° such grains are expected to be accreting on Earth every year, which may
contain biosignatures of life that existed on their home planets. These grains may be collected by detectors
placed in space, or extracted from Antarctic ice or deep-sea sediments, depending on future technological
developments. (Totani)
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5.1.11 Statistical study on repeating fast radio bursts in comparison with
earthquakes and solar flares

The production mechanism of repeating fast radio bursts (FRBs) is still a mystery, and correlations
between burst occurrence times and energies may provide important clues to elucidate it. While time
correlation studies of FRBs have been mainly performed using wait time distributions, here we report
the results of a correlation function analysis of repeating FRBs in the 2D space of time and energy. We
analysed nearly 7,000 bursts reported in the literature for the three most active sources of FRB 20121102A,
20201124A, and 20220912A, and found the following characteristics that are universal in the three sources.
A clear power-law signal of the correlation function is seen, extending to the typical burst duration ( 10
msec) towards shorter time intervals (At). The correlation function indicates that every single burst has
about a 10-60 per cent chance of producing an aftershock at a rate decaying by a power law as o (At) ——p
with p = 1.5-2.5, like the Omori-Utsu law of earthquakes. The correlated aftershock rate is stable regardless
of source activity changes, and there is no correlation between emitted energy and At. We demonstrate
that all these properties are quantitatively common to earthquakes, but different from solar flares in many
aspects, by applying the same analysis method for the data on these phenomena. These results suggest
that repeater FRBs are a phenomenon in which energy stored in rigid neutron star crusts is released by
seismic activity. This may provide a new opportunity for future studies to explore the physical properties
of the neutron star crust. (Totani)
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6 Project 2. Gravitational-wave
astrophysics and experimental gravity

6.1 Activity Report

6.1.1 Kipp Cannon group

Our research group studies black holes, neutron stars, exotic astrophysical objects, and the Universe
using gravitational waves, and electromagnetic observations. Gravitational waves are waves of spacetime
curvature generated by the movement of mass and momentum. There are many reasons why gravitational
waves are an interesting way to explore the sky. Because gravitational waves are generated by physical
processes different from those that produce light or radio waves (which are generated by the movement of
electric charges and currents), gravitational waves carry different information about their sources than is
carried by electromagnetic waves. Gravitational waves interact weakly with matter allowing them to pass
through material that would be opaque to radio waves and light. For example we expect that gravitational
waves can escape the dense deep cores of supernovee, and show us the earliest moments of the Big Bang.
The Earth, too, is transparent to gravitational waves, so gravitational-wave telescopes can see the sky below
them through the Earth as easily as they can see the sky above, allowing gravitational-wave telescopes to
monitor the whole sky continuously, day and night. Gravitational waves are the only significant form of
energy expected to be radiated by some of the most exotic events in the universe like the collisions of black
holes. However, because everything is nearly transparent to gravitational waves, it is very difficult to build
a device that can detect them, and the first detection of this form of energy was only achieved in 2015. It
is even more difficult to build a device that can generate gravitational waves of any measurable amplitude,
and so astronomy, that is the observation of intense naturally occurring sources of these waves like the
collisions of black holes, provides our only opportunity to explore this aspect of the natural world.

Our research group’s members are members of the LIGO Scientific Collaboration and KAGRA Collabo-
ration, and we analyze data collected by the two LIGO gravitational-wave antennas in the United States,
the Virgo antenna in Italy, the GEO600 antenna in Germany, and the KAGRA antenna in Japan.

The Advanced LIGO and Advanced Virgo antennas were not collecting data during FY2022, and had
not been doing so since March of 2020 at the start of the pandemic. The fourth observing run for the
Advanced detectors, “O4”, began shortly after the start of the FY2023 academic year. Nevertheless,
analysis of previously recorded data continued during this time, as well as research and development of new
techniques for analyzing and extracting information from the data, which we hope to apply in the future.
Members of our group are active in all aspects of observational gravitational-wave astronomy, the following
are some highlights from FY2022.

Searches for Compact Object Collisions

When heavy stars exhaust their fuel supply they undergo gravitational collapse. The end state of this
process can be a neutron star or a black hole. There are many of these in the Universe, and occasionally
they collide with one another. These collisions are very powerful sources of gravitational radiation. Since
the first detection of gravitational waves from the collision of a pair of black holes in September, 2015, we
have been able to study the behaviour of strongly curve spacetime.

This past academic year the LIGO, Virgo, and KAGRA collaborations published the results of a search
for collisions of black holes with masses below 1 solar mass (doi:10.48550/arXiv.2212.01477). There are
theoretical reasons to believe that the normal life cycle of stars cannot result in such low mass black
holes, only exotic processes such as large density fluctuations in the early Universe or some dark matter
models could result in such objects existing at all. The discovery of such an object could transform our
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understanding of nature. The search produced no evidence of such objects, and so constraints on primordial
black hole production and dissipative dark matter were inferred.

Overlapping of gravitational-wave signals in the future gravitational-wave detectors

Future terrestrial gravitational wave detectors such as Einstein Telescope and Cosmic Explorer are ex-
pected to observe a large number of gravitational wave events (hundreds of thousands of events per year)
from binary coalescences of neutron stars and black holes. If the number of events is too large, the gravita-
tional wave signals in the detector data will overlap each other, which might affect the parameter estimation
of an individual gravitational wave signal. In the worst case, these signals cannot be separated and make
their detections difficult. To study this issue, we first performed a simulation to randomly generate grav-
itational wave events and estimated how much gravitational wave signals would overlap. Then, it was
investigated how much the error of parameter estimation and the estimation bias are degraded when the
gravitational wave signals overlap. As a result, it was found that the parameter estimation was hardly
affected unless the waveforms of the overlapping gravitational wave signals were very similar. Therefore,
our conclusion is that the overlaps of gravitational wave signals can occur frequently but do not cause a
problem for parameter estimation in the future gravitational wave detector [B].

Short gamma-ray burst search with the CHIME radio telescope

Short gamma-ray bursts (SGRBs) are energetic and explosive outbursts lasting less than two seconds.
sGRBs are thought to originate from compact object mergers such as binary neutron star and black hole-
neutron star collisions. Since the collisions of compact objects is also be a source of gravitational waves,
the detection of gravitational wave signals associated with sGRBs would impose important constraints
on the origin of sSGRBs. However, only one gravitational wave signal associated with a SGRB has been
observed so far. In this study, in order to increase the samples of sGRBs that are the target of gravitational
wave surveys, we will attempt to detect SGRBs where only a faint light can be observed. In FY2022,
Ms. Shikauchi visited the University of British Columbia, and in collaboration with the group leading
the Canadian Hydrogen Intensity Mapping Experiment (CHIME) experiment developed a search for the
synchrotron afterglows of neutron star collisions based on the the work in [20]. The ultimate goal of this
work is to use neutron star collision remenants identified with CHIME to constrain a search for gravitational
waves from these systems to increase the likelihood of successfully associating a gravitational-wave signal
with an electromagnetic counterpart.

6.1.2 Cosmology, Hubble parameter from Black Hole Collisions

Because when two black holes collide their masses can be inferred from the phase evolution of the
gravitational waveform, and because the amplitude of the emitted gravitational waves is unambiguously
determined by the masses of the two black holes, the phase evolution and the observed amplitude of a
gravitational wave, together, reasonably precisely indicate the distance of the source of the waves from
Earth. If, in addition, the host galaxy and its red shift can be known, then from a collection of such
observations a distance-red shift relationship can be measured quite accurately. This is the so-called
“dark sirens” technique for inferring the Hubble parameter. Unfortunately, in practice, a specific host
galaxy cannot be identified for a black hole collision observed only with gravitational waves, but one can
marginalize over all the galaxies consistent with its location and still infer a Hubble parameter, with the
penalty being that many more black hole collisions must be observed to make a measurement with useful
precision.

In the past, the black hole collisions used for these studies were selected by hand, by the researchers
choosing “good ones”. This risks introducing a confirmation bias or self-selection effect into the results.
Members of our group are working on generalizing the technique to allow all of the black hole collisions
from a gravitational wave catalogue to be used, replacing manual selection of good signals with the P(astro)
parameter — using the probability a given signal is of astrophysical origin to weight its contribution to the
result.

Origins of Compact Binaries with the Astrometric Satellite Gaia

The astrometric satellite Gaia is able to observe non-interacting black hole-luminous companion (BH-LC)
binaries and estimate BH mass by observing the motion of the LCs. Since the orbital period of detectable
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BH-LC binaries should be longer than that of BH X-ray binaries in the Milky Way and extragalactic binary
BHs, Gaia may reveal a different BH population from X-ray and gravitational wave observations. The next
data release was held in June 2022 and included information of binaries, which has attracted a great deal
of attention. Up to now, there are about ten papers studies theoretically predicting the number of BH-LC
binaries observed with Gaia. Two BH-LC binaries have already been confirmed (El-Badry, et al. 2023a,
Tanikawa et al. 2022, El-Badry et al. 2023b). To shed additional light on these observations, in FY2022
we used the binary stellar population synthesis code BSE to model the development of black hole binaries
and investigate their properites. We found various correlations among the parameters of the binaries,
such as the masses and orbital period, and also with its extrinsic properties like the height of the binary
from the galactic plane. We found these correlations differ depending on the binary evolution parameters,
suggesting that observations of large numbers of such binary systems with Gaia could be used to constrain
these unknown parameters.

Neutron Star Interiors

The interior structure of neutron stars is determined by the laws of nuclear physics, however we don’t
have a good understanding of the behaviour of matter in the extreme pressure and density conditions found
deep in the interior of a neutron star, therefore not much is known about the interior structure of these
objects. The gravitational waves emitted during the collisions of neutron stars with one another will carry
information about their interior structure. Careful study of gravitational waves from neutron star collisions
can, therefore, teach us about the properties of matter in regimes inaccessible to experiments here on Earth.
Models of neutron stars can be used to connect theories of the properties of nuclear matter to features found
in the gravitational waves emitted during their collisions. In collaboration with Prof. Hotokezaka’s neutron
star modelling group, and the nuclear physics group at the University of Tokyo, members of our group
are making this connection from theory to observation, and investigating the ability of gravitational-wave
detectors to detect a hadron-quark phase transition in the core of neutron stars. The specific goal is to
determine if the transition is a continuous cross-over or a first-order phase transition.

These two different scenarios predict different gravitational waveforms emitted from binary neutron star
mergers, and it has been found that the difference appears mainly in the merger or the post-merger phase
rather than in the inspiral phase. The main frequency band of gravitational waves after the coalescence
of binary neutron stars is 2kHz to 4kHz, which is higher than the most sensitive frequency band of the
current detectors, for example LIGO. Even with the extremely high signal-to-noise ratio of GW170817,
the highest SNR signal seen, we still saw no evidence of a post-merger signal in that gravitational wave.
It was hidden by the detector noise. Therefore, in order to use gravitational wave observations to answer
the question how the quark-hadron phase transition takes place, a detector which has better sensitivity
in the high frequency range and an appropriate analysis method are needed. The goals of this study are
figuring out whether current or currently proposed future detectors can solve this problem, what kind of
events are suitable for this purpose, and what kind of analyses are effective. This work formed the basis of
Ms. Harada’s master’s thesis, which she succesfully defended this academic year.

Tests of General Relativity

Only with the observations of black hole and neutron star collisions in recent years have we had access to
observational tests of the behaviour of gravitational fields in the strong field regime. There are many theories
of gravity besides Einstein’s theory of general relativity that are seriously considered, but, unfortunately,
there are few predictions of what gravitational waves from black hole collisions might look like if these other
theories of gravity are correct. Without specific predictions from alternative theories of gravity, it is difficult
to construct tests that might falsify general relativity or its alternatives. One approach is to construct a
parameterized phenomenological description of the family of gravitational wave signals from black hole
mergers in general relativity, and then introduce perturbations of the parameters, thereby constructing
non-GR black hole merger-like waveforms. The signals observed in the gravitational-wave detector data
can be compared to these and constraints placed on the values of the perturbation parameters, thereby
constraining how much of a deviation from general relativity’s predictions is admissible. Members of our
group are attempting to construct a novel test of this type. The work is on-going, and might lead to a
new constraint on general-relativity, or if not, at least a statement of what sort of future detector would be
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required to make the measurements required to perform the tests that are being designed.

Test of General Relativity in Strong Gravitational Fields

General Relativity (GR), the standard theory of gravity, is only a low-energy effective theory, although it
explains well the observations made so far, and it is bound to break down at some point when we approach
the strong gravity region. Specifically, it has difficulties in predicting the singularity at which the laws of
physics break down, and in the impossibility of renormalization in terms of quantum theory. In order to
construct a theory of gravity that avoids these difficulties, it is essential not only to conduct theoretical
research but also to devise an appropriate method to analyze the obtained gravitational wave data and
to analyze the actual data in order to extract significant information from the data. Therefore, we are
devising a quantitative analysis method for the merge stage of the binary black hole coalescence process,
which is the most gravitationally intense region available through observations, and analyzing the actual
data with the aim of extracting information that will lead to an understanding of the physics of the strong
gravitational field.

Test of gravity with gravitational-wave polarizations

One of the ways to test gravity in the dynamical strong-field regime is to count the polarization modes
of gravitational waves. Not all gravity theories predict the same number of polarization modes. There are
two tensor modes in general relativity, while three or more polarization modes can be found in extended
theories of gravity. In other words, incorrect gravity theories can be ruled out by examining the number
of polarization modes in the observed gravitational-wave signals. We constructed the mixed polarization
model including a scalar polarization as an additional one beyond general relativity and analyzed the actual
observation data of the gravitational wave detectors with the scalar-tensor polarization model. We found
no signs of polarizations inconsistent with the prediction of general relativity. Therefore, we obtained a
new result that supports the correctness of general relativity.

Observational constraint on axion dark matter with propagating gravitational waves

Most of matter in the Universe is invisible, which is called dark matter. A candidate for dark matter is the
axion. If they exist, axions form clouds in a galactic halo and amplify and delay a part of gravitational waves
propagating in the clouds. The Milky Way, from within which we observe the Universe, is surrounded by a
dark matter halo potentially composed of a number of axion patches. Thus, if an axion cloud comprises our
galaxy’s dark matter, characteristic secondary gravitational waves are always expected right after a reported
gravitational-wave signal from a compact binary merger. We searched for the secondary gravitational waves
with a method optimized for the time delay and the amplification. We found no significant signal and
constrained the axion coupling to the parity violating sector of gravity, which is at most 10 times improved
from a previous study, Gravity Probe B.

Stochastic Gravitational-wave Background

While some gravitational wave sources like GW170817 are close, loud, and infrequent, we also anticipate
classes of gravitational wave sources that are distant, quiet, and numerous. Rather than distinct, impul-
sive, signals being detected from such sources we expect to observe them collectively as a diffuse “glow”
of random gravitational radiation coming from all directions on the sky — a stochastic gravitational-wave
background. Spacetime fluctuations in the very early Universe are expected to contribute to a cosmo-
logical gravitational-wave background, but that is expected to be undetectable with modern equipment.
A detectable astrophysical stochastic background of gravitational radiation could come from more recent
processes, for example black hole collisions in the early Universe, a population of cosmic strings, and so
on. Many of the possible sources of a stochastic gravitational wave background are hypothetical; their
discovery would be a tremendous breakthrough. Some sources of stochastic gravitational waves might not
be uniformly distributed on the sky, for example if they are confined to galaxies and are close enough that
the separation of galaxies on the sky is significant, or if, for example, there are gravitational lenses close to
us that magnify and make some parts of the sky appear brighter than others. Members of our group are
collaborating with researchers at the California Institute of Technology and Pennsylvania State University
to develop and conduct a search for anisotropic stochastic gravitational waves.
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Other Gravitational-wave Sources

A number of solutions of Einstein’s field equation for gravity are known that allow a vehicle to be
transported through the surrounding spacetime at speeds greater than the speed of light. Most such
solutions of the field equation share the property of requiring material with negative mass to form the
require spacetime curvature. Although anti-gravitating tensile material is believed to exist, and is believed
to have been responsible for large scale properties of our Universe today, there is no evidence that anti-
gravitating negative energy density material exists, and some hypothesize that its existence is forbidden
due to some yet undiscovered law of nature. Another property the solutions all possess is that they quickly
decay to flat space in their exteriors, which is usually imposed to simplify the mathematics involved in
finding such faster-than-light solutions. What if these two properties are connected? Perhaps faster-than-
light solutions can be found that include an out-going radiation component, and perhaps those solutions
don’t require negative mass. An everyday analogy can be seen: boats exist, boats move faster than the
velocity of surface waves in water, but boats that produce no wake while doing that are likely impossible.

Therefore, for fun, members of our group have hypothesized what the gravitational-wave wake from a
faster-than-light spacetime bubble might look like, and have conducted a search for these signals in 1 year
of data of LIGO and Virgo from O3. Measuring the sensitivity of the search, we can use a null result to
put constraints on the rate of near-Earth flybys of faster-than-light vehicles. This work will be published
shortly. Although this was conducted for amusement, a bi-product of this work has been the discovery
that the waveform model is particularly well suited for identifying a novel class of “glitch” waveforms in
the detector data, and we hope to see it help with noise mitigation efforts in the future.

Improvements of gravitational-wave detector sensitivity

Globally correlated magnetic noise

Correlation analysis between data obtained from multiple detectors is essential to detect the stochastic
gravitational-wave background. However, when global disturbances affect gravitational wave detectors,
correlations due to other than gravitational waves can appear and become a source of noise even in two
detectors that are sufficiently far apart. One of the main sources of such a correlation noise is the global
magnetic field, called the Schumann resonance. Based on the Fisher analysis, we discuss the impact of the
correlated magnetic noise on the detection of the stochastic gravitational-wave background. We show how
much the detector sensitivity to the stochastic gravitational-wave background is affected in the presence of
the correlated magnetic noise. We furthermore show that a network observation combining more than 3
detectors is quite essential and that KAGRA may play an important role in better separating the correlated
noise.

Study on sensitivity improvement for the future space-beased gravitational-wave detectors

The Japanese future space-based gravitational-wave detector, DECIGO, aims at detecting primordial
gravitational waves generated by inflation in the early Universe. However, as the prediction for the am-
plitude of the inflationary gravitational waves is highly uncertain, it is necessary to improve the target
sensitivity of DECIGO and enhance the possibility of the detection of the inflationary gravitational waves.
The current target sensitivity of DECIGO is limited by quantum noise (shot noise and radiation pressure
noise). However, squeezing is not available for DECIGO because of its long arm length and large optical
loss. In the case, the quantum locking method that controls main cavity length by feeding back the signal
from an external small auxiliary cavity can be used to reduce the radiation pressure noise. We extended the
quantum locking by incorporating optical spring and showed that the radiation pressure noise is reduced
further and the sensitive frequency band broadens [].

Searching for short gamma-ray burst afterglows with the radio telescope Canadian Hydrogen
Intensity Mapping Experiment (CHIME) (Shikauchi)

The aim of this work is to understand the origin of short gamma-ray bursts (sGRBs), explosive events in
the Universe. We are trying to detect sSGRB afterglows with the radio telescope CHIME. In the last fiscal
years, I spent one year at the University of British Columbia, Canada, and developed a code to remove
aliases which can be a cause of false positives. Aliases are also known as folding noise. They appear when
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we try to digitize higher frequency components than a sampling frequency. CHIME takes a skymap in
a day called “ringmap” and aliases are seen as artificial objects with the same brightness as true ones.
Thus, true objects are duplicated by aliasing. One of the features of aliases is that their position changes
by frequency. If an effect of noise raised by human activities such as mobile phones, TV broadcasts, and
airplanes is not negligible in a specific frequency, data in the frequency band will be removed from the
analysis. That means brightness of pixels where aliases in a frequency band exist can change day by day.
They can induce false positives for searches for sSGRB afterglows. Considering the position of aliases move
in frequency unlike true objects, we constructed a filter based on linear regression model and applied it to
data in wide frequency band so that aliases move large enough to distinguish if they are aliases or not. We
successfully reduced brightness of aliases to a few percents of the true sources.

Theoretical estimates of black hole—luminous companion binary search with the astrometric
satellite Gaia (Shikauchi)

The astrometric satellite Gaia has been supposed to detect black hole (BH)-luminous companion (LC)
binaries by observing LCs in the visible light band. The recent data release in 2022 first revealed information
about non-single stars and two BH-LC binaries have been confirmed (El-Badry+2023a, Tanikawa+2022,
El-Badry+2023b). As more BH binaries get detected with Gaia, we wondered if we could find correlations
between binary parameters seen in X-ray BH binaries. By using binary population synthesis code BSE
(Hurley+2000, 2002), we theoretically estimated correlations of binary parameters and spatial parameters,
i.e. the distance from the Galactic plane and the velocity perpendicular to the plane, of detectable BH-LC
binaries with Gaia. To that end, we first predicted a spatial distribution of detectable BH-LC binaries
in the Milky Way by numerically calculating the motion of each binary after BH formation. Finally, we
found some significant correlations which could give us a clue for binary evolution models such as supernova
models, the strength of BH natal kick (Shikauchi+2023).

On the Testability of the Quark-Hadron Transition Using Gravitational Waves (Harada)

In high-density matter, such as that found at the core of a massive neutron star, the quark degrees
of freedom may be liberated. However, it is not known how the transition from hadron matter to quark
matter occurs. The maximum density of remnants of the binary neutron star mergers is believed to
reach about five times the nuclear saturation density. The gravitational waves emitted from them are
sensitive to the equation of state around the quark-hadron transition. However, the frequencies involved
are typically above 2 kHz, which is considerably higher than the most sensitive frequency range of current
detectors, for example LIGO. In this study, numerical relativity waveforms calculated for two representative
quark-hadron transition scenarios were used, and Bayesian model selection was performed to investigate
the distinguishability of correct scenarios using future detectors. In the analyses, it was assumed that
the relatively low density equation of state around nuclear saturation densities is completely known from
accumulated observations. Under this assumption, it was found that determining the correct scenario
is challenging with observations with the design sensitivity of Advanced LIGO, but there is a realistic
possibility with third-generation detectors or future detectors specialized for post-merger signals.

Test of General Relativity in Strong Gravitational Fields (Watarai)

General Relativity (GR), the standard theory of gravity, is only a low-energy effective theory, although it
explains well the observations made so far, and it is bound to break down at some point when we approach
the strong gravity region. Specifically, it has difficulties in predicting the singularity at which the laws of
physics break down, and in the impossibility of renormalization in terms of quantum theory. In order to
construct a theory of gravity that avoids these difficulties, it is essential not only to conduct theoretical
research but also to devise an appropriate method to analyze the obtained gravitational wave data and
to analyze the actual data in order to extract significant information from the data. Therefore, we are
devising a quantitative analysis method for the merge stage of the binary black hole coalescence process,
which is the most gravitationally intense region available through observations, and analyzing the actual
data with the aim of extracting information that will lead to an understanding of the physics of the strong
gravitational field.
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Testing Metric Affine gravity (Karmakar)

Despite the phenomenological success of General Relativity (GR), particularly in the small scale, chal-
lenges persist in understanding phenomena such as galaxy clusters, cosmological acceleration, quantization,
and fermion coupling to gravity. Metric Affine Gravity (MAG) has garnered attention for its potential to
address these challenges by offering insights into gravity as a gauge theory, fermion coupling to gravity, and
the acceleration of the universe.

In GR, the affine connection is solely expressed through the Levi-Civita connection, which is derived from
the metric field, thereby representing the spacetime geometry through the metric alone. However, in Metric
Affine Gravity, the affine connection and vierbein are treated as fundamental fields to describe spacetime
geometry. Consequently, spacetime can exhibit not only wraps and curves (metric) but also twists (torsion)
and disformation (non-metricity). GR can be considered as a subclass of this extended theory of gravity
and should be tested against observations.

While the disformation aspect of MAG remains understudied, it holds great potential. However, some
parts of the theory exhibit instability. A subclass known as symmetric teleparallel gravity, which incorpo-
rates non-metricity, shows greater stability. As a result, it is a promising candidate to be tested against
observations, such as on galaxy cluster scales and gravitational waves. Progress is being made in under-
standing spacetime within this framework.

When handling these theories against observations, caution must be exercised. GR has a strong presence
in processed data, which may need to be re-evaluated for general purposes. Therefore, it is crucial to
carefully consider the compatibility and implications of these alternative theories with existing observational
data.

Axion dark matter search with gravitational waves (Nishizawa, Tsutsui)

Most of the matter present in our universe is composed of unknown dark matter, and there have been
many dark matter candidates proposed so far. One of the candidates is the axion, and it is believed that
there are multiple axion clouds within the halo of the Milky Way. When gravitational waves propagate
through these axion clouds, gravitational waves induce the decay of axions into gravitons, which results
in an amplification of the gravitational wave amplitude and a time delay due to the changes of the prop-
agation speed. In other words, such specific gravitational wave signatures should be detected around the
observational data of previously detected gravitational waves from compact binary mergers. By searching
for such distinctive gravitational wave signals, we have placed constraints on the gravitational coupling
constant of axions that are up to about 10 times stronger than previous one [I7].

On the other hand, we are also engaged in a collaborative research for tabletop experiments searching for
axions conducted in the Ando Laboratory, Graduate School of Science, Department of Physics, participating
from the theoretical and data analysis aspects.

Development and application for a Cherenkov radiation-like gravitational wave detection

system (Kuwahara)

We assumed the existence of superluminal objects (including artificially engineered superluminal space-
craft by extraterrestrial life forms) emitting transient gravitational waves and developed a detection system
to explore them. Assuming gravitational waves are generated in the form of shock waves, we created
waveform templates based on electromagnetic Cherenkov radiation. Investigations were conducted on one
year of O3 (Observation 3) data. The ranking statistics obtained from this search enabled constraints on
parameters such as the power, velocity, and distance of superluminal objects from the observer’s location.
By chance, the specialized waveform model introduced here was found to match very well with certain
transient noise events known as ”glitches.” We are currently preparing these results for publication.



6.1. ACTIVITY REPORT 40

Exploration of primordial stochastic gravitational waves from the early universe through

foreground gravitational wave subtraction (Kuwahara)

We revisited the latest research on subtraction of foreground from neutron star and black hole binaries.
To determine the sensitivity of current gravitational wave detectors to each anisotropic mode, we developed
code to calculate the Overlap Reduction Function for the spherical harmonic modes of each detector and
recalculated the Fisher information matrix based on its definition. Utilizing the aforementioned Overlap
Reduction Function, we created the code to calculate this Fisher information matrix.

Stochastic gravitational-wave background search in the presence of globally correlated mag-

netic noise (Nishizawa)

Once the third-generation gravitational wave (GW) detectors such as Einstein Telescope and Cosmic
Explorer are completed, the detection of a GW background from a number of compact binary mergers will
be well within reach. Additionally, there is the possibility of detecting a cosmological GW background
originating from the early universe.

A cross-correlation of data from multiple detectors is used for the detection of a GW background. How-
ever, when disturbances of global origin exist on the Earth and affect the GW detectors, correlations other
than GWs may appear even between detectors that are sufficiently far apart. This could lead to false
detections of a GW background. Particularly, a global magnetic field known as the Schumann resonances
could potentially have a significant impact on GW detectors in the future.

To address this, we conducted research on parameter estimation for GW background searches, considering
a correlation noise originating from the Schumann resonances. In the presence of four second-generation
detectors (LIGO, Virgo, KAGRA), we performed Fisher analysis with an analytical model of the Schumann
resonances. The results showed that if the Schumann resonances can be appropriately modeled, correlation
noise would not significantly affect the search sensitivity. However, we also found that inadequate modeling
could bias the parameter estimation results. These research findings were published in the paper [I9].

Displacement noise-free gravitational wave detector with neutron interferometers (Nishizawa)

Observing primordial gravitational waves (GWs), believed to be a direct evidence of inflation in the early
Universe, is an important goal in GW researches. However, the sensitivity of ground-based detectors to
primordial GWs is limited by low-frequency noises such as seismic vibrations and thermal fluctuations of
mirrors. One solution to this challenge is the concept of a displacement noise-free interferometer (DFT),
where displacement noise can be canceled out. In a laser DFI, the displacement noise can be completely
eliminated by appropriately combining signals, while retaining the gravitational wave signal. However, a
drawback of this approach is that it lacks sensitivity in the low-frequency range (0.1 — 1 Hz), which is the
frequency band of interest for observations of primordial GWs.

To address this, we proposed the idea of a DFI with neutron interferometers, which can have good
sensitivity around 1 Hz, thank to the velocity of neutrons much slower than that of laser light [?]. In
the original neutron DFI using Mach-Zehnder interferometers, neutrons were incident from both sides.
However, preparing bidirectional neutron sources posed various challenges. To overcome this, we devised
a practical improvement: a neutron DFI where neutrons with different velocities are incident from one
direction [I6, I¥]. Currently, we are progressing with the consideration of principle verification experiments
using this setup for the neutron DFI.

People and Things

During the 2022 through 2023 academic year, two of our Master’s students, Ms. Harada and Mr. Watarai,
successfully defended their theses and continued on to the doctoral program. Omne doctoral student,
Dr. Tsutsui, successfully defended his thesis and has found employment in the field of modelling and
forecasting of stochastic processes.
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6.1.3 Kenta Hotokezaka group

Kilonova is one of the electromagnetic wave-counterparts associated with binary neutron star mergers.
The radioactive decay of the neutron-rich material released at the time of coalescence is the energy source
of kilonovae. It is important that this phenomenon is particularly related to the origin of heavy elements.
We conducted research from both observational and theoretical perspectives on kilonovae [PH, 28, 28, 24].

A kilonova enters the nebular phase, where emission lines arising from atomic transitions escape from
the ejecta without interaction. Thus, observing the nebular spectrum will provide us valuable information
on the elements synthesized in merger ejecta. We developed a model for the kilonova nebular emission
including all the r-process elements. With this model, we found that the late-time Spitzer observations of
the kilonova AT2017gfo can be explained by the emission line of doubly ionized tungsten or selenium [25].

We also continued to study the multi-wavelength behaviour of non-thermal afterglow. In particular, we
conducted a VLA observation at 4.5 year after GW170817 [27]. The radio flux was detected at the level of
3 udy. This flux level agrees with the expectation of the jet afterglow. Therefore, we put a constraint on
the late-time contribution of the kilonova afterglow.

Gamma-Ray Burst Theory (K. Takahashi, C. M. Irwin)

Gamma-ray bursts (GRBs) and their afterglows are important as a probe of death of massive stars and
compact binary mergers. We examined the possibility that the shock breakout theory can explain GRB
060218. In order to do it, we considered non-thermal equilibrium processes and light-travel time effects. We
found that a shock breakout model including these effects successfully explain the observed data. We also
studied particle acceleration in GRB afterglows. In particular, we showed that the future multi-wavelength
observation of neutron star mergers’ afterglows can reveal the dependence of the particle spectrum on the
shock velocity [B2].

Supermassive Black Holes and AGNs (D. Toyouchi)

We studied the chemical evolution of AGN environments [B0]. In this work, we focused on the evolution
of [Fe/Mg] with a semi-analytic modeling. As a result, we obtained a constraint on the birth rate of
massive stars in the AGN environments. We also performed radiation hydrodynamics simulations for first
star formation [31].

6.2 Activity report of Affiliates

6.2.1 Masaki Ando

Ando group is working on experimental research for gravitational-wave observation, in particular for
large projects such as KAGRA and B-DECIGO. KAGRA is a gravitational-wave antenna at Kamioka,
Gifu prefecture in Japan. We are playing a key role since the conceptual study phase before the start
of the project in 2010. The installation of the main components have been finished in FY2018, and we
are in the phase of commissioning; shakedown, and tuning for the full operation of the interferometer. In
FY2020, the KAGRA interferometer started the observation run, named O3GK. Our group members led
the commissioning works and operation of the interferometer. We are also working on B-DECIGO, which is
a space-borne gravitational wave antenna with an observation band of around 0.1 Hz. We made a theoretical
study on science cases by this mission as well as experimental development of critical subsystems, such as
laser interferometer, stabilized laser source, drag-free system, and low-noise thruster.

6.2.2 Mamoru Doi

In preparation to the fourth observing run (O4) of the gravitational wave (GW) detectors of the LIGO-
Virgo-KAGRA Collaboration (LVK) which begins in 2023, we updated the VOEvent based automated
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followup system of Tomo-e Gozen that we developed in O3 to adapt the system to the revised alert format
which will be used in O4. The pipeline software that searches transient objects from data obtained by
Tomo-e Gozen is also upgraded, and will enable us to search optical counterparts of GW events in a timely
fashion.

We search for optical counterparts of Fast Radio Bursts (FRBs) using the optical high-speed observing
facilities, Tomo-e Gozen on the Kiso Schmidt telescope and TriCCS on the Seimei telescope, in order
to understand the nature of the mysterious transient phenomena. The searches target both repeating
and non-repeating FRBs. In FY 2022, we published the results (optical upper limits) of the monitoring
observation of repeating FRB 20190520B in collaboration with the radio observing groups using the Five-
hundred-meter Aperture Spherical radio Telescope (FAST), and conducted further monitoring observations
of repeating FRBs. The simultaneous optical-radio survey for non-repeating FRBs using Tomo-e Gozen
and the Canadian Hydrogen Intensity Mapping Experiment (CHIME) is also ongoing.

We have discoverd an ultraluminous fast-evolving transient at redshift of 1.063 using the Hyper Suprime-
Cam (HSC) on the 8.2 m Subaru telescope. We also found and studied 32 tiny (diameter less than 100 m)
near-Earth Objects (NEOs) with Tomo-e Gozen, and discovered that the distribution of tiny NEOs in a
diameter and rotational period diagram is truncated around a period of 10 s. We also discovered 22 flares
from M3- M5 dwarfs with a rise time of about five to one hundred seconds with Tomo-e Gozen, and studied
their properties.
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7 Project 3. Formation and characterization
of planetary systems

7.1 Investigation of asteroids Ryugu, Bennu, and Dimorphos
with Hayabusa2, OSIRIS-REx, and Hera missions

Analysis of asteroid Ryugu’s samples brought back to the Earth by JAXA’s Hayabusa2 progressed
throughout 2023. Our participation in curation and initial analysis activities of Ryugu samples continued.
Furthermore, we developed a new and improved optical measurement systems for the upcoming curation of
Bennu samples, which will be delivered from NASA to JAX in 2024. We also participated in Bennu sample
measurement activities in the NASA OSIRIS-REx project team. These activities have revealed many
important properties of asteroids Ryugu and Bennu. One important finding is on the space weathering
processes of Ryugu and Bennu surface materials 1] [2] [@]. Although Ryugu and Bennu share many similar
properties, such as low density (~1.2 g/cc), extremely low albedo (~0.04), flat spectra without clear 0.7
um absorption feature, low thermal inertia (~300 J m~2 s~%% K~1), and high boulder abundance, they
have been known to have opposite direction of space weathering. More specifically, Ryugu material reddens
and darkens with age, and Bennu material blues and brightens with age. Such opposite spectral evolution
would play an important role in expanding the spectral variety among C-complex asteroids. Our new
analyses have shown that the evolution tracks of the two asteroids follow the single line with a kink in the
reflectance-spectral slope space. Such coincidence in evolution track would strongly support that the color
change in surface materials on two asteroids is controlled by the same common mechanism. This would
be rather inconsistent with two different processes and events on the two asteroids. Although the exact
mechanism has not been identified, our analysis show that grain size change on two asteroids would be able
to account for the observed spectral changes on the two asteroids.

We also conducted a number of new analyses of Hayabusa2 data obtained both during proximity operation
around asteroid Ryugu and after departing from it. One outcome is about distribution of fractures on
boulders on Ryugu. Our analysis revealed that boulder fractures are consistent with thermal fatigues
caused by diurnal temperature change caused by asteroid spin [B] [d]. Another is observation of dependence
of zodiacal light on the distance from the Sun. Continuous measurement in zodiacal light as the Hayabusa2
spacecraft changes its distance r from the Sun, we could detect zodiacal light changes quantitatively. Our
new observation allows us to estimate that dust number density is proportional to r!->4¥9-08 [[0], This
dependence is lower than the measurements by dust counting in the past.
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9.1 Kipp Cannon Group

Our research group studies black holes, neutron
stars, exotic astrophysical objects, and the Universe
using gravitational waves, and electromagnetic ob-
servations. Gravitational waves are waves of space-
time curvature generated by the movement of mass
and momentum. There are many reasons why grav-
itational waves are an interesting way to explore the
sky. Because gravitational waves are generated by
physical processes different from those that produce
light or radio waves (which are generated by the
movement of electric charges and currents), gravita-
tional waves carry different information about their
sources than is carried by electromagnetic waves.
Gravitational waves interact weakly with matter al-
lowing them to pass through material that would
be opaque to radio waves and light. For example
we expect that gravitational waves can escape the
dense deep cores of supernovae, and show us the ear-
liest moments of the Big Bang. The Earth, too, is
transparent to gravitational waves, so gravitational-
wave telescopes can see the sky below them through
the Earth as easily as they can see the sky above, al-
lowing gravitational-wave telescopes to monitor the
whole sky continuously, day and night. Gravita-
tional waves are the only significant form of energy
expected to be radiated by some of the most exotic
events in the universe like the collisions of black
holes. However, because everything is nearly trans-
parent to gravitational waves, it is very difficult to
build a device that can detect them, and the first
detection of this form of energy was only achieved in
2015. It is even more difficult to build a device that
can generate gravitational waves with detectable
amplitudes, and so observation of highly energetic
astronomical phenomena provides our only oppor-
tunity to explore this aspect of the natural world.

Our research group’s members are members of
the KAGRA Collaboration, and we analyze data
collected by the two LIGO gravitational-wave an-
tennas in the United States, the Virgo antenna in
Italy, the GEO600 antenna in Germany, and the
KAGRA antenna in Japan. Currently, we are par-
ticipating in the fourth observation “O4” by LIGO,
Virgo, and KAGRA, which started in May 2023.
In addition, various theoretical studies are needed

o7

to maximize the scientific results obtained from the
data, and members of our group are active in al-
most all areas of the exploration of astronomy, cos-
mology, and fundamental physics with gravitational
waves.

This year our group was joined by one new Mas-
ter’s student. Two of our Master’s students grad-
uated to the doctoral program, and one doctoral
student graduated with her Ph.D. and has moved
to a research scientist position with SPring8. Our
postdoctoral fellow’s term ended and he is moving
to a research position at Tartu University.

9.1.1 Nuclear Physics with Gravita-
tional Waves

Neutron Star Interiors

It is expected that at high enough densities,
quarks become free particles and matter becomes
a quark plasma. How the phase transition occurs
is not known, although a number of possible mod-
els have been constructed. Determining which, if
any, are correct, and what physical properties the
plasma possess would teach us about the proper-
ties of quarks and other fundamental particles. It
is possible that this phase transition occurs deep
in the interior of neutron stars, and, if so, the
gravitational waves emitted during the collisions of
neutron stars will be affected by the presence of
this material. Studying the gravitational waves ob-
served from neutron star collisions is hoped to be
able to reveal information about the phase transi-
tion to a quark plasma.

Our group recently completed an analysis of this
phenomenon and concluded that the best observ-
able is the duration of the post-collision signal, i.e.,
the time delay from the stars’ collision to the col-
lapse of the debris to a black hole. This is in con-
trast to previous studies which focused on spec-
troscopy, testing for the presence of specific frequen-
cies in the post-merger signal.

9.1.2 Testing General

with Gravitational Waves

Relativity

Compact Object Collisions in Alternative

Gravity Theories

One challenge confronting people attempting to
use observations of gravitational waves to constrain
gravity theories is that only for General Relativity
— the prevailing theory of gravity — have extensive
theoretical and numerical studies of the behaviour
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of spacetime during compact object collisions been
performed. Comparatively little is known about the
waves produced by compact object collisions in al-
ternate theories of gravity. The standard approach
taken to using gravitational wave observations to
test for evidence of non-General Relativity gravity
is to introduce ad hoc parameterized perturbations
to the waveform models, and use observed signals to
constrain the value of the perturbation parameters.
The difficulty with this is there is often no physical
interpretation of the meaning of the perturbation
parameters, it’s not clear what the inferred con-
straints are constraining, and it’s not understood
if it is reasonable to imagine the parameters being
varied independently.

Our group is engaged in an effort to translate
combinations of perturbation parameters into phys-
ically meaningful quantities, for example a “non-
conservation of energy” parameter. The goal is to
allow, for example in that specific case, one to re-
quire that energy be conserved when varying the
waveform perturbation parameters. This allows a
more refined, careful, analysis of the observed wave-
forms to be performed and allows smaller depar-
tures from general relativity’s predictions to be de-
tected.

9.1.3 Cosmology with Gravitational
Waves

Inferring the Hubble Parameter from Com-

pact Object Collisions

Gravitational waves from compact object colli-
sions can provide measurements of the Hubble pa-
rameter that are independent of the cosmic distance
ladders derived from electromagnetic observations,
and cosmological probes such as the cosmic mi-
crowave background, as demonstrated following the
detection of GW170817. However, unlike the case
of GW170817, most of the GW candidates observed
so far do not have electromagnetic counterparts and
thus their host galaxies cannot be identified, i.e.,
their red-shift information cannot be obtained di-
rectly. In recent years, measurements of the Hubble
parameter using multiple candidates of those have
been made, relying on a galaxy catalogue, spacial
and mass distribution of sources, or both. Those
studies have typically used only significant events,
for example events with a signal-to-noise-ratio of
11 or higher. While efforts have been made in
the past to correct for the selection bias, it is ex-
pected that using a lower threshold in the event
selection and utilizing all candidates detected by
detection pipelines reduce the risk that a measure-
ment of the Hubble parameter is affected by human-
induced selection bias. Many of the sub-threshold
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candidates originate from non-Gaussian noise in de-
tectors rather than from compact binary collisions,
and they must be properly handled, which makes
the analysis more complex. We have formulated
an analysis technique that enables such appropri-
ate handling of sub-threshold candidates by utiliz-
ing intermediate data products accumulated during
the detection process of GWs. We plan to imple-
ment this method and analyze actual data obtained
during the third observing run of the LIGO-Virgo-
KAGRA Collaboration.

9.1.4 Multi-Messenger Astronomy

Triggered Search for Neutron Star Collisions

via Long Duration Radio Transients

The Canadian Hydrogen Intensity Mapping Ex-
periment (CHIME) produces daily intensity maps
of the sky covering the radio frequency band in
which synchrotron radiation should be emitted
from the debris of neutron star collisions. In
this frequency band the debris from the explosion
should exhibit a characteristic brightening and dim-
ming lasting from weeks to months. Previous work
has modelled the brightness vs. time curves for
such transient radio sources, and we have previ-
ously studied the problem of detecting the presence
of such a signal in CHIME data. In this past year
we conducted the first investigation of the feasibil-
ity of such a search in real, rather than synthetic,
daily CHIME intensity maps. This is still a work
in progress, but we are hopeful that the final sensi-
tivity will be similar to previously published theo-
retical estimates.

9.1.5 Expanding Compact Object

Detection Parameter Space

Synthesizing Eccentric Merger Waveforms
with Neural Networks

As mentioned above, searches for gravitational
waves from compact object collisions rely on para-
metric models of the signals. These are constructed
using fits to numerical simulations of spacetime and
matter during a compact object collision. One
weakness of the models that are currently avail-
able is their inability to simulate the signals from
highly eccentric collisions. There exists eccentric
waveform models, but they are slow, requiring inte-
gration of many simultaneous differential equations,
and that makes it impractical to use such models
for Monte Carlo parameter estimation algorithms,
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which need to evaluate enormous numbers of wave-
form models. Our group is in the process of exper-
imenting with the use of neural networks to con-
struct accurate eccentric waveform model predic-
tions with comparatively little computational cost.
The hope is this will allow tests for the presence of
eccentricity in the analysis of future gravitational-
wave detections.

9.1.6 Searching for
Stochastic
Waves

Astrophysi-

cal Gravitational

Multiple Anisotropic Sources

It is expected that laser interferometric
gravitational-wave detectors will detect the pres-
ence of an astrophysical stochastic gravitational-
wave background in the near future. It is possible
that this flux of gravitational waves is composed
of multiple distinct components, for example
components with different spectral indexes or
components with different anisotropic distributions
on the sky. Our group is studying the problem
of detecting and interpreting such gravitational
waves.

9.1.7 List of Achievements
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9.2 Kenta Hotokezaka Group

9.2.1 Electromagnetic Counterparts
of Neutron Star Mergers

Kilonova is one of the electromagnetic wave-
counterparts associated with binary neutron star
mergers. The radioactive decay of the neutron-rich
material released at the time of coalescence is the
energy source of kilonovae. It is important that this
phenomenon is particularly related to the origin of
heavy elements. We conducted research from both
observational and theoretical perspectives on kilo-
novae [0, 2, B, &].

We develop a model for kilonova nebular emis-
sion, where the accurate line list is used. With this
model, the synthetic spectra of the nebular emission
of GW170817 are obtained. We compared them
with the observed data taken by VLT X-Shooter
and found that the strong spectral line at 2.1 mi-
cron is likely an emission line of doubly-ionized tel-
lurium [f].

The second brightest gamma-ray burst, GRB
230307A, was discovered on March 7th, 2023. De-
spite the bright prompt emission, the afterglow of
this burst is particularly faint. Moreover, the burst
was localized in the outskirt of a relatively nearby
galaxy, suggesting that the progenitor of this burst
is a compact binary merger. We worked on the
JWST follow-up observations for this event. We
showed that a kilonova modeling explains observed
data well and the spectroscopic data exhibit a dis-
tinct peak at 2.1 micron consistent with the tel-
lurium emission line [G].

We worked on the afterglow emission of relativis-
tic jets launched in mergers [d, B]. We develop a
numerical code to compute the radio flux and im-
age of afterglows [0, 06, 7). This code will be
useful to constraint the structure of relativistic jets
and viewing angle to jets.
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9.2.2 Shock Breakout

Shock breakout is the first light from a supernova.
Detecting the emission of shock breakout is of con-
siderable interest, as it potentially provides impor-
tant information about the progenitor star and its
immediate circumstellar environment. We found a
new regime of shock breakout, where the breakout
is initially out-of thermal equilibrium and rapidly
thermalized as time goes. We showed that many of
the observed features of low-luminosity GRBs can
be explained within this regime [, [, [3].

9.2.3 Supermassive Stars and Super-
massive Black Holes

We studied the evolution of supermassive black
holes using the luminosity function of high-redshift
quasars [[7]. Moreover, we performed a radiation
hydrodynamic simulation to reveal the role of the
radiation feedback for first star formation [R].
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9.3 Affiliates — Atsushi

Nishizawa

9.3.1 Circular Polarization of the

Astrophysical Gravitational

Wave Background

The circular polarization of gravitational waves
is a powerful observable to test parity violation in
gravity and to distinguish between the primordial
or the astrophysical origin of the stochastic back-
ground. This property comes from the expected un-
polarized nature of the homogeneous and isotropic
astrophysical background, contrary to some specific
cosmological sources that can produce a polarized
background. However, we show that there is a non-
negligible amount of circular polarization also in
the astrophysical background, generated by Poisson
fluctuations in the number of unresolved sources,
which is present in the third-generation interferom-
eters with signal-to-noise ratio larger than two [f].
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Axion dark matter search with gravitational

waves

Most of the matter present in our universe is
composed of unknown dark matter, and there have
been many dark matter candidates proposed so far.
One of the candidates is the axion, and it is be-
lieved that there are multiple axion clouds within
the halo of the Milky Way. When gravitational
waves propagate through these axion clouds, gravi-
tational waves induce the decay of axions into gravi-
tons, which results in an amplification of the gravi-
tational wave amplitude and a time delay due to the
changes of the propagation speed. In other words,
such specific gravitational wave signatures should
be detected around the observational data of pre-
viously detected gravitational waves from compact
binary mergers. Considering a realistic halo profile
of dark matter in the Milky Way and searching for
such distinctive gravitational wave signals, we have
updated the constraints on the gravitational cou-
pling constant of axions from that obtained with a
uniform density profile [2].

On the other hand, we are also engaged in a col-
laborative research for tabletop experiments search-
ing for axions conducted in the Ando Laboratory,
Graduate School of Science, Department of Physics,
participating from the theoretical and data analysis
aspects.

< Reports >
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Physical Review Letters 131, 041401 (2023).

[2] T. Tsutsui and A. Nishizawa, “Observational con-
straint on axion dark matter in a realistic halo pro-
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107, 103516 (2023).
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[3] A. Nishizawa, “Observational constraint on ax-
ion dark matter with gravitational waves”, Kickoff
workshop: “Search for new particles using gravi-
tational waves (SNPGW)”, Nagoya Univ. (hybrid)
(Jun. 12, 2023).

9.4 Affiliates — Mamoru Doi

The former half of the fourth observing run
(O4a) of the gravitational wave (GW) detectors of
the LIGO-Virgo-KAGRA Collaboration (LVK) has
been conducted in May 2023-Jan. 2024. During



9.5. AFFILIATES — MASAKI ANDO

this period, we have carried out GW event followup
observations using Tomo-e Gozen Camera (Tomo-
e Gozen) mounted on the 1.05 m Kiso Schmidt
telescope, putting the VOEvent based automated
followup system and the transient object search
pipeline software in operation. Tomo-e Gozen fol-
lowed up 17 GW events in O4a. Although no
promising candidate of an electromagnetic counter-
part of a GW event was found during O4a by us
or any other observatories, the automated followup
system has been working as intended throughout
03 proving the utility of the observation system.

We carried out northern sky survey every clear
night using the Tomo-e Gozen, searching for the
optical transients and moving objects on the sky.
Among the transient objects discovered by Tomo-e
Gozen, SN 2024acn drew special attention with its
peculiar lightcurve and spectrum. Further followup
observations and data analysis for this object are
underway. Data taken in the northern sky survey
is also utilized to monitor ~ day scale variability
objects on the sky, such as variable stars and active
galactic nuclei. One paper (Maeda et al. 2023) was
published to model early flash of SNela, including
SN2020hvf which was found by the Tomo-e Gozen
northern sky survey.

We also search for optical counterparts of Fast
Radio Bursts (FRBs) using the optical high-speed
observing facilities, Tomo-e Gozen and TriCCS, in
order to understand the nature of the mysterious
transient phenomena. The searches target both
repeating and non-repeating FRBs. In FY 2023,
we analyzed the 98 fps movie data taken in the
monitoring observations of repeating FRBs using
TriCCS. Although an optical transient associated
with a FRB is not found so far, the high sensitivity
of the instrument to a flash like event is proved. The
simultaneous optical-radio survey for non-repeating
FRBs using Tomo-e Gozen and the Canadian Hy-
drogen Intensity Mapping Experiment (CHIME) is
also ongoing.
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(Refereed Publications)

[1] Kakeru, O., et al., “A search for extragalac-
tic fast optical transients in the Tomo-e Gozen
high-cadence survey”, Mon. Not. R. Astron. Soc.,
527(1), 334-345, 2024.

9.5 Affiliates — Masaki Ando

Ando group is working on experimental re-
search for gravitational-wave observation, in par-
ticular for large projects such as KAGRA and B-
DECIGO. KAGRA is a gravitational-wave antenna
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at Kamioka, Gifu prefecture in Japan. We are play-
ing a key role since the conceptual study phase be-
fore the start of the project in 2010. The instal-
lation of the main components have been finished
in FY2018, and we are in the phase of commis-
sioning; shakedown, and tuning for the full opera-
tion of the interferometer. In FY2020, the KAGRA
interferometer started the observation run, named
0O3GK. Our group members led the commission-
ing works and operation of the interferometer. We
are also working on B-DECIGO, which is a space-
borne gravitational wave antenna with an observa-
tion band of around 0.1 Hz. We made a theoret-
ical study on science cases by this mission as well
as experimental development of critical subsystems,
such as laser interferometer, stabilized laser source,
drag-free system, and low-noise thruster.

On December 14th-15th, 2023, our group, to-
gether with RESCEU members, hosted the 32th
KAGRA Face-to-Face collaboration meeting at the
University of Tokyo. There were around 160 par-
ticipants as well as 27 poster presentations. This
meeting was financially supported by RESCEU.

< Awards >

(1] &S, 8 78 BFEXKE HARYEYY R R EHRR
KE, HAWHYR (2023 4 10 A).

[2] BEASHEA, 2023 EEFARR HARYHY 2P EESHIH
FH, HOAPHAES (202344 A°).

<FR>>

(Journal Papers)

[3] Y. Michimura, H. Wang, et al., Effects of mirror
birefringence and its fluctuations to laser interfer-

ometric gravitational wave detectors, Phys. Rev.
D 109, 022009 (2024).

[4] Y. Oshima, et al., First results of axion dark mat-
ter search with DANCE, Phys. Rev. D 108, 072005
(2023).

[5] K. Tsuji, et al., Optimization of Quantum Noise
in Space Gravitational-Wave Antenna DECIGO
with Optical-Spring Quantum Locking Consider-
ing Mixture of Vacuum Fluctuations in Homodyne
Detection, Galaxies 2023, 11, 111 (2023).

[6] R. Sugimoto, et al., Experimental demonstra-
tion of back-linked Fabry-Perot interferometer for
a space gravitational wave antenna, Phys. Rev. D
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9.6. AFFILIATES — KENTARO KOMORI

9.6 Affiliates — Kentaro Ko-
mori

We worked on KAGRA commissioning, in partic-
ular, on the interferometer works to improve the de-
tector stability and sensitivity. We applied feedfor-
ward technique to the interferometer control, and
reduced the coupling noises from other length de-
grees of freedom. In addition, we measured me-
chanical quality factors of the sapphire substrate of
the KAGRA test mass, and pointed out that the
quality factors are smaller than the designed val-
ues so that it might be a fundamental issue for the
future KAGRA.

We also worked on several table-top scale ex-
periments. Toward future upgrade of large-scale
GW detectors targeting high-frequency sensitivity,
a long signal recycling cavity (LSRC) is planned
to be installed. We succeeded in an experimen-
tal demonstration of the LSRC at the table-top
scale interferometer, which will accelerate the in-
stallation in the large detectors. Furthermore, we
proceeded with optomechanical experiments using
mg-scale torsion pendulum to ultimately achieve
macroscopic quantum state.
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