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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 2024 (from April 2024 to March 2025).

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 we have had 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. Since the two leaders of the projects are leaving from the center (Professor Suto retired from the
University of Tokyo and Professor Yokoyama has become the Director of Kavli Institute for the Physics
and Mathematics of the Universe (Kavli IPMU, WPI).) and other members will exchange in the coming
year, we have been reorganizing the projects. Thus this year’s annual report describes the achievements
of each laboratory and does not include achievements of the projects performed with affiliates mentioned
above.

We were also able to conduct our annual summer school, which has traveled around Japan every year,
this year in Kanazawa City for face-to-face meetings. We also co-organized Quantum probes for gravity
workshop 2024 on September 9-10 at Hongo Campus.

Furthermore, we invited Professor Daniel Nathan Kasen of University of California, Berkeley as a visiting
professor in the Visiting Professor Division, which is the only division that the Graduate School of Science
maintains.

We are pleased to announce the following awards for our RESCEU members this year. Professor Kana
Moriwaki was awarded the 3rd Marie Sklodowska Curie Award, Grand Prize (May 23) for her “Theoretical
Study of Large-Scale Structure in the Early Universe”.

There were two press-releases from the center: i)”The case of the missing black holes” by Mr. Jason
Kristiano and Prof. Jun’ichi Yokoyama. ii)”Fresh wind blows from historical supernova” by Mr. Takatoshi
Ko, Prof. Toshikazu Shigeyama, and Prof. Aya Bamba.

In this academic year, Dr. Yuta Michimura joined RESCEU as an associate professor, and Takahiro
Yamamoto as a postdoc. On the other hand, Project Assistant Professor Hiroto Mitani has moved to a
postdoctoral position at the University of Duisburg-Essen in Germany.

We would appreciate your further support for our activities.

November 2025

Director Toshikazu Shigeyama
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Reports on overall activities
at RESCEU in 2024



1 Members

’ RESCEU members ‘

Toshikazu Shigeyama [/5ILI{EH]

Jun’ichi Yokoyama [ LiJIE—]
Kipp Cannon

Kenta Hotokezaka [{AYR{EX]
Yuta Michimura [ZEFHEXK]
Kana Moriwaki [#xfi 7] %3]
Kentaro Komori [/NERfEAE]

Takahiro Yamamoto [[LIARE 7]

Akihiro Suzuki [$/KHEZ]
Kenneth Wong

Koh Ueno [ 5]
Christopher M. Irwin
Kazuya Takahashi [/ f&H1]
Takuya Takahashi [=if& S 575]
Wang Haoyu

Yuki Takei [ 54

Chiyo Ueda [ HF1X]

Nao Watanabe [JEi1AE]
Tomoko Ishida [ H% F]
Mami Narita [ i3]

Director

Professor (Concurrent)

Professor

Associate Professor

Associate Professor

Assistant Professor

Assistant Professor

Project Assistant Professor

Project Assistant Professor

Project Assistant Professor

Postdoctoral Fellow (Kakenhi Grant of Prof. Yokoyama)

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

Postdoctoral Fellow (RESCEU)

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

Secretary

Secretary

Secretary

Secretary



1 Members

RESCEU affiliates |
Naoki Yoshida [ FHEAC]
Tomonori Totani [F A& Hll]
Kotaro Kohno [{A[EFZ£KHN]
Aya Bamba [[535¥]
Akito Kusaka [H NBEA]
Kazuhiro Shimasaku [I§{E—K]
Masaki Ando [%& B 1EHH]
Nobunari Kashikawa [#)![{f15%]

Professor, Dept. of Physics

Professor, Dept. of Astronomy
Professor, Institute of Astronomy
Associate Professor, Dept. of Physics
Associate Professor, Dept. of Physics
Associate Professor, Dept. of Astronomy
Associate Professor, Dept. of Physics

Professor, Dept. of Astronomy



2 Projects

Project 1. Evolution of the Universe and cosmic structures

’ Name ‘ Research themes

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 themes

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

Yuta Michimura

Experimental gravity




3 Symposia and Meetings

RESCEU Summer School 2024

Place: Garden Hotel Kanazawa, Ishikawa, Japan
Time: 2025 September 5 (Thu) — 2024 September 7 (Sat)
Web: https://www.resceu.s.u-tokyo.ac.jp/workshops/resceu24s/index.php

Program

September 5 (Thu)
12:50-13:00 Jun’ichi Yokoyama Opening
(chair: Yuta Michimura)
13:00-14:20 (L) Yanbei Chen Lecture la: Lectures on Gravitational-Wave Astronomy
14:20-15:40 (L) Anupreeta More Lecture 2a: Introduction to Gravitational lensing
break
(chair: Kipp Cannon)
16:00-16:15  Soichiro Kuwahara Foreground subtraction from the perspective of anisotropy obser-

vation

16:15-16:30 Daiki Watarai Post-innermost Stable Circular Orbit Ringdown of a Rapidly Spin-
ning Black Hole

16:30-16:45 Suyog Garg GW waveform generator using Machine Learning

16:45-17:00 Hayato Imafuku Statistical properties of parameter estimation in scalar-tensor po-

larization search
17:00-18:20 (L) Yanbei Chen Lecture 1b: Lectures on Gravitational-Wave Astronomy

September 6 (Fri)
—12:00 Morning Free discussion

(chair: Kenneth Wong)
13:20-14:40 (L) Anupreeta More Lecture 2b: Strong Gravitational lensing
14:40-16:00 (L) Surhud More Lecture 3a: Weak Gravitational Lensing
break

(chair: Kazuya Takahashi)
16:20-16:35 Takahiro S. Yamamoto TBD

16:50-17:05 Reiko Harada Estimation of the Hubble parameter from compact object cat-
alogues without threshold

17:05-17:20 Hanchun Jiang Impact of Reionization History on Constraining Primordial
GWs with CMB B-modes

17:20-17:35 Jason Kristiano Comparing sharp and smooth transitions of the second slow-

roll parameter in single-field inflation
17:35-17:50 Jeong Hyun The role of Higgs field after R? inflation
19:00— Workshop dinner

September 7 (Sat)
(chair: Toshikazu Shigeyama)



3 Symposia and Meetings

09:00-10:20
10:20-10:35
10:35-10:50
10:50-11:05
11:05-11:20

11:20-11:35
11:35-11:50

lunch

(L) Martijn Oei
Takatoshi Ko
Shota Takahashi
Ryoga Honjo
Daisaburo Kido

Yuka Yamada
Fumihiro Naokawa

(chair: Kenta Hotokezaka)

13:20-14:40
14:40-16:00
(L: Lecture)

(L) Surhud More
(L) Martijn Oei

lecture 4a

Type Iax SN occured in 1181

B % W -ilEE 2 =2 — b U / @ Eddington tensor DHEE
Polarization of aspherical shock breakout

The propagation of jet in merger ejecta and the instability at jet
head

Void detection on Line Intensity maps

Cosmic birefringence and polarized radio galxies

Lecture 3b: Weak Gravitational Lensing
Lecture 4b



4 RESCEU colloquia

¢ RESCEU Colloquium No. 68
Aswin Vijayan (University of Sussex)
“The early Universe through the FLARES (First Light And Reionisation Epoch Simulations) lens”
January 10, 2025, 13:00-14:30

¢ RESCEU Colloquium No. 67
Derek Inman (RIKEN / iTHEMS)
“Structure Formation on Very Small Scales at Very Early Times”
December 12, 2024, 15:30-17:00

¢ RESCEU Colloquium No. 66
Ben Horowitz (Kavli IPMU)
“Fast Inference in Cosmology and Astrophysics with Differentiable Simulations”
November 19, 2024, 14:00-15:30

¢ RESCEU Colloquium No. 65
Carolina Cuesta-Lazaro (MIT/CfA)
“Cosmology ~ s Midlife Crisis: Embracing the Machine Learning Makeover”
November 14, 2024, 15:30-16:30

¢ RESCEU Colloquium No. 64
Patricia Diego Palazuelos (Max Planck Institute for Astrophysics)
“Cosmic birefringence: searching for parity-violating physics with the CMB polarization”
October 3, 2024, 15:00-16:00

¢ RESCEU Colloquium No. 63
Achamveedu Gopakumar (TIFR, Mumbai)
“Galaxy-based gravitational wave observatory and its promises”
July 31, 2024, 13:00-14:30

¢ RESCEU Colloquium No. 62
Anton Jaelani (Institut Teknologi Bandung)
“Hunting for Gravitational Lensing Systems in Astronomical Images”
July 11, 2024, 13:00-14:30

¢ RESCEU Colloquium No. 61
Anowar Shajib (University of Chicago)
“The strong-lensing revolution in the JWST-Roman-Rubin era: from resolving the Hubble tension to
constraining baryonic feedback”
June 11, 2024, 14:00-15:30



4 RESCEU colloquia
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1) Loop effects in cosmological perturbation
2) Constraining primordial black hole formation
through higher order cosmological perturbation
3) Gravitational-wave data analysis 4) Lorentzian
analysis of vacuum decay in cosmology 5) Higgs R?

inflation, and 6) Evolution of cosmological magnetic
fields.

1) We have shown that an inflationary model
in which the three-point correlation function (non-
Gaussianity) is large enough to be observationally
significant would necessarily induce large quantum
corrections to the two-point correlation function,
i.e., the power spectrum, through higher-loop ef-
fects of fluctuations, thereby conflicting with the
observed isotropy of the cosmic microwave back-
ground. Conversely, single-field inflation mod-
els that produce curvature perturbations on large
scales consistent with observations inevitably pre-
dict only small non-Gaussianity. Therefore, if fu-
ture observations were to detect significant non-
Gaussianity, it would imply the need for mecha-
nisms beyond single-field inflation.

2) It is known that to realize large-amplitude fluc-
tuations at specific scales during inflation, the pres-
ence of a transient ultra-slow-roll (USR) phase is
desired. During this phase, the mode that would
normally decay instead grows, so the quantum na-
ture of the fluctuations is expected to persist. In-
deed, when we explicitly computed the higher-order
quantum corrections to the fluctuations in such
models, we found that their effects extend even
to large scales. Consequently, models that gener-
ate large density perturbations at small scales—
sufficient to produce primordial black holes—turn
out to conflict with the observed isotropy of the
cosmic microwave background on large scales.

3) Gravitational-wave detectors contain not only
gravitational-wave signals but also various types of
noise, some of which can be monitored by environ-
mental sensors. To separate these noise components
from the detector output and efficiently extract the
gravitational-wave signal, we have been developing

12

an approach based on independent component anal-
ysis (ICA). While conventional analyses have been
limited to cases where the noise components are
linearly mixed, by applying variational methods we
have succeeded in developing a framework that can
handle arbitrary nonlinear couplings between noise
and signal. We have verified the effectiveness of this
method using real data from the KAGRA detector.

4) Vacuum decay induced by cosmological first-
order phase transitions has traditionally been an-
alyzed using the Euclidean (imaginary-time) path
integral formalism. We performed an analysis in
real time and, by applying the Picard-Lefschetz
prescription, identified the appropriate integration
contour, thereby obtaining a more general result.
We showed that in the case where a critical bubble
is formed, our result reproduces the conventional
one, while for larger bubbles, the process can be in-
terpreted as evolving in imaginary time up to the
critical bubble and in real time thereafter. This
provides, for the first time, a justification of the
conventional approach. We also carried out a sim-
ilar analysis for phase transitions seeded by black
holes.

5) The Higgs inflation and Starobinsky models
are known as the simplest inflationary scenarios
that successfully reproduce the observations of the
cosmic microwave background. We considered a
mixed model in which both the Higgs field and the
squared Ricci scalar term are present, and we inves-
tigated its reheating process in detail. We showed
that in Higgs inflation, the production of particles
with energies exceeding the cutoff scale during pre-
heating can be avoided by including the R? term.

6) We have formulated the evolution of cosmic
magnetic fields analytically and comprehensively
by incorporating the effects of magnetic reconnec-
tion suggested by recent results from state-of-the-
art MHD simulations, together with a newly dis-
covered conserved quantity.

RE
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1] A. G. Abac et al. [LIGO Scientific, KAGRA
and VIRGO], Astrophys. J. 977 (2024) no.2, 255
doi:10.3847/1538-4357 /ad8de0 [arXiv:2410.09151
[astro-ph.HE]].

[2] G. Raman et al. [LIGO Scientific, KAGRA, Virgo,
Swift and Swift-BAT/GUANO], Astrophys. J. 980
(2025) no.2, 207 doi:10.3847/1538-4357/ad9749
[arXiv:2407.12867 [astro-ph.HE]].

[3] J. Kristiano and J. Yokoyama, JCAP 10
(2024), 036 doi:10.1088,/1475-7516/2024/10/036
[arXiv:2405.12145 [astro-ph.CO]].

[4] F. Uchida, M.
and J. Yokoyama,

Kamada
(2025),

Fujiwara, K.
JCAP 08
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017 doi:10.1088/1475-7516/2025 /08 /017
[arXiv:2405.06194 [astro-ph.CO]].

[5] A. G. Abac et al. [LIGO Scientific, KAGRA and
VIRGO], Astrophys. J. Lett. 970 (2024) no.2, L34
doi:10.3847/2041-8213 /adbbeb  [arXiv:2404.04248
[astro-ph.HE]].

[6] A. G. Abac et al. [KAGRA, LIGO Scien-
tific and VIRGO], Phys. Rev. D 110 (2024)
no.4, 042001 doi:10.1103/PhysRevD.110.042001
[arXiv:2403.03004 [astro-ph.CO]].
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(SAALER L)
[8] F. Uchida, “Probing the Early Universe with the
Evolution of Promordial Magnetic Fields”, (&5
).
[9] EEEXZEX, “Stochastic Selection in the Inflation-
ary Universe” (Fi+:30).
[10] %%, "R2 4 7L — a Y EINBWIC BT 2WE
K22 DAl (Cosmological evolution after R? infla-
tion)” (lBL&m™X).

(&FE)

[11] J. Kristiano and J. Yokoyama, doi:10.1007/978-
981-97-8887-3_3 [arXiv:2405.12149 [astro-ph.CO]].
In ”Primordial Black Holes” (Springer 2025).
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[12] J. Yokoyama, “Developing a New Nonlinear In-
dependent Component Analysis Scheme,” (poster)
10th KAGRA International Workshop, 2023/5/29
National Tsing Hua University.

[13] J. Yokoyama, “Developing a New Nonlinear In-
dependent Component Analysis Scheme,” (poster)
ICRC 2023 Nagoya University, 2023/8.

[14] K. Kamada, “ Baryon (over)production from
large lepton flavor asymmetry”, PLANCK 2023,
2023/5/25.

[15] R. Jinno, “Quartic Gradient Flow,” Higgs as a
Probe of New Physic, Osaka Univ., 2023/6 .

[16] R. Jinno, “Higgsless simulations of first-order
phase transitions and gravitational wave pro-
duction,” 2023 Shanghai Symposium on Particle
Physics and Cosmology: Phase Transitions, Grav-
itational Waves, and Colliders, TD Lee Institute,
Shanghai, China, 2023/9.

[17]

18]

[19]

[20]

21]

22]

23]

24]

[25]

[26]

[27]

[28]

[29]

[30]
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R. Jinno, “Gravitational waves from feebly-
interacting particles in a first-order phase transi-
tion,” CTPU homecoming workshop, 2023/10.

R. Jinno, “Gravitational waves from feebly-
interacting particles in a first-order phase transi-
tion,” Gravitational Wave Probes of Physics Be-
yond Standaerd Model, Osaka City University,
2023/11.

R. Jinno, “Gravitational waves from feebly-
interacting particles in a first-order phase transi-
tion,” Jeju workshop, 2023/11.

Jun’ya Kume, “Back-reactions in axion inflation
with U(1) gauge field” (poster), RESCEU Summer
School 2023, 2023/8.

Jun’ya Kume, “Updates on KAGRA B-L vector
boson search”, LIGO-Virgo-KAGRA collaboration
meeting September 2023, Toyama International
Conference Center, Japan, 2023/9.

Jun’ya Kume, “A fate of catalyzed first order phase
transition -black holes from primordial black holes-
7 INFN TAsP meeting, Universita di Torino, Italy,
2024/11.

Jun’ya Kume, “Ultralight dark matter search with
KAGRA -the O3GK result and toward the O4
analysis-”, FY2023 “What is dark matter? - Com-
prehensive study of the huge discovery space in
dark matter”, YITP, 2024/3.

F. Uchida, and R. Jinno, “Monopole-wrapping
axion domain wall”, COSMQO’23, IFT, Madrid,
2023/9/11.

K. Tokeshi, “Borel resummation for secular diver-
gences in stochastic inflation”, Planck 2023, War-
saw University, Poland, 2023/05/22-26.

K. Tokeshi, “Borel resummation for secular di-
vergences in stochastic inflation”, RESCEU Sum-
mer School 2023, Shinshu University, Japan,
2023/08/09-12.

K. Tokeshi, “Stochastic selection effect in the early
Universe, 32nd Workshop on General Relativity
and Gravitation (JGRG32), Nagoya University,
Japan, 2023/11/27-12/01.

J. Kristiano, “One-loop correction in primordial
black hole formation from single-field inflation”
The 26th International Conference on Particle
Physics and Cosmology (COSMO), IFT, Spain,
2023/09/11-15.

J. Kristiano, “Superhorizon evolution of the
squeezed bispectrum” Correlators in Cortona,
Ttaly, 2023,/09/18-22.

J. Kristiano, “One-loop correction in primordial
black hole formation from single-field inflation” Fo-
cus Week on Primordial Black Holes, Kavli IPMU,
2023/11/13-17.
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[31] J. Kristiano, “Superhorizon evolution of the
squeezed bispectrum” The 32nd Workshop on Gen-
eral Relativity and Gravitation in Japan (JGRG),
Nagoya University, 2023/11/27.

[32] M. Hong, “Quartic Gradient Flow” (poster),
RESCEU Summer School 2023, Shinshu Univer-
sity, 2023/8/9-12.

[33] M. Hong, “Quartic Gradient Flow”, The 32nd
Workshop on General Relativity and Gravitation
in Japan, Nagoya University, 2023/11/27-12/1.

[34] M. Hong, “Starobinsky Inflation and beyond in
Einstein-Cartan Gravity”, Berkeley Week at the
University of Tokyo, The University of Tokyo,
2024/3/11-15

[35] F. Naokawa, ” The rotation of axion by the rotation
of photon”, RESCEU Summer School, Nagano,
Japan, 2022/8/12.

[36] F. Naokawa,”Cosmic birefringence by rotating
ALP”, Large Scale Parity Violation Workshop,
ASIAA, Taiwan, 2023/12/5.

[37] F. Naokawa,” Rotating axion and cosmic birefrin-
gence”, Extreme Mass Dark Matter Workshop,
YITP, Japan, 2024/03/06.

[38] F. Naokawa,” A phase uncertainty of cosmic bire-
fringence”, What is dark matter? -Comprehensive
study of the huge discovery space in dark matter-,
YITP, Japan, 2024/03/07.

[39] H. Jeong, ”Are primordial black holes produced
after R? inflation?”, The 32nd Workshop on Gen-
eral Relativity and Gravitation in Japan, Nagoya
University, 2023/11/27-12/1.

[40] J. Yokoyama ”Stochastic inflation and beyond”
Starobinsky memorial online conference ”Quan-
tum gravity and all of that” 2024/4/20.

[41] J. Yokoyama ”Loop corrections to non-standard
inflation,” CosPA2024 Ningbo University, China,
2024/6/15.

[42] J. Yokoyama ” Quantum aspects of inflationary cos-
mology” 2024 Joint Annual Conference of Phys-
ical Societies in Guangdong-Hong Kong-Macao
Greater Bay Area, Macao, 2024/7/30

[43] J. Yokoyama ”Quantum loop effects in inflationary
cosmology,” Pacific 2024, Gamp Station, UCLA,
Tahiti, 2024/8/28

[44] J. Yokoyama ” Quantum aspects of inflationary cos-
mology” ICTP-AP winter school, UCAS, Beijing,
2024/11/28.

(EIN2H)
—

[45] R. Jinno, “Quartic Gradient Flow / Tunneling po-
tential formalism,” Second Mini-workshop on the
Early Universe, Suwa lake, Nagano, 2023/7/3-5.
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[46] FHEFBEAY, < ED=2— R Y/ ¥OE—FE FKRD
VHNAER) AARYESS 2023 FEXAR, B
K2, 2023/09/16-19.

[47] F. Uchida, “Do primordial magnetic fields survive
until today?”, Second Mini-workshop on the Early
Universe, Suwa lake, Nagano, 2023/7/3.

[48] F. Uchida, “The baryon isocurvature problem of
primordial magnetic fields”, Berkeley week, the
University of Tokyo, Hongo, Tokyo, 2024/3/15.

[49] K. Tokeshi, “MERTEHIcHB 1T 2Hl#IFF Langevin
FHEA”, BARYEY 2 2023 FERXKR, HILKZE,
2023,/09/16-19.

[50] WARTF, IR FT 4 LY~ 7u—K, HAYHYS
55 78 [AIEEIURZ (2023 4F), ALK, 2023/9/16-19.

[51] WART, “TA > aRL Y - HINRVENIBITS
Nieh-Yan JHB X Of Holst JHIC X524 > 7L —> 3
V' HAWHAES 2024 FEERR, £V 74 >,
2024/3/18-21

[52] /|5, " Tomo-e Gozen DI 5 fRAE % 22/ 77 iR
AFEPT?, KRB 23y b URY T L 2023, KE,
2023/5/30.

(53] EJIIEE, "FHEETOMMHENEN, HAKRX
¥ 2024 FEREFER, HERFE+A V714 VHE,
2023/3/13.

[54] E)IISEE, "ERIS 3 7 7 oA L &k B FEHEET,
HARY S 2024 EHBFER, 4> 74 VB
2023/3/24.

[55] ®¥%, "R 4 > 7L — a YEEMCBIT BN F UK
R, HARYIFR2ESES 78 BIFERAS (2023 ),
JER2E, 2023/9/16-19.

[56] B, "R% 4 ¥ 7 L— a YENBIICE T 3G
7 v 7 R—VER, HARYEY S 2024 FEFER,
* 74 VR, 2023/3/18-21.

[57] FHEFRESY, “ET oL X — W I B 5 — RS
LENPAER, AR TESGORTMmE ZONH]
KEK, 2023/8/28-30.

[58] R. Jinno, “First-order phase transitions and grav-
itational wave production in the early Universe,”
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6.1 Kipp Cannon’s Labora-

tory

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,
although they have not yet been observed we ex-
pect 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 trans-
parent 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 GEOGO0 antenna in Germany, and the
KAGRA antenna in Japan. Throughout the 2024
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fiscal year, we participated in the fourth observation
period of the LIGO, Virgo and KAGRA detectors,
called “O4”. This data collecting period started in
May 2023 and is expected to conclude in November
2025. In addition, various theoretical studies are
needed to maximize the scientific results obtained
from the data, and members of our group are active
in almost all areas of the exploration of astronomy,
cosmology, and fundamental physics with gravita-
tional waves.

In the 2024 fiscal year, our group was joined by
one new Master’s student. One of our Master’s stu-
dents graduated to the doctoral program, and one
doctoral student graduated with his Ph.D. We are
delighted that one of our group’s postdoctoral fel-
lows, Dr. Takahiro Yamamoto, has been hired as an
assistant professor and will be remaining with our
research group, and that we were joined in this fis-
cal year by Dr. Alvin Li, a new postdoctoral fellow.

6.1.1 Testing
with Gravitational Waves

General 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
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-
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tures from general relativity’s predictions to be de-
tected.

Testing Gravitational Wave from Compact
Object Collisions for non-GR Polarization
States

Just as in the case of Maxwell’s equations and
electromagnetic waves, general relativity predicts
gravitational waves have only exactly two po-
larization states. In the future, when enough
gravitational-wave antennas are available with suf-
ficient sensitivity it will be possible to test directly
for the presence of additional degrees of freedom in
the wave, however at this time we are limited in our
ability to test this prediction of general relativity.
One approach, which members of our group have
been pursuing, is to use the rate at which the orbit
of a colliding pair of black holes decays, and use
that to test for evidence of energy being lost from
the system at too high a rate. Observing this would
suggest that energy is being radiated into more de-
grees of freedom than the 2 of general-relativity.
This effect is partially degenerate with other prop-
erties of the systems being observed, and so care-
ful statistical analysis is required to disentangle the
effects of additional polarization states. One ap-
proach is to gather evidence from ensembles of black
hole collisions under the assumption that they all
obey the same laws of gravity.

6.1.2 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 dis-
tance ladders derived from electromagnetic obser-
vations, and cosmological probes such as the cosmic
microwave background, as demonstrated following
the detection of GW170817. However, unlike the
case of GW170817, most of the GW candidates ob-
served so far do not have electromagnetic counter-
parts and thus their host galaxies cannot be identi-
fied, i.e., their red-shift information cannot be ob-
tained directly. In recent years, measurements of
the Hubble parameter have been obtained from en-
sembles of black hole collisions using a galaxy cat-
alogue and the distribution of signal amplitudes of
sources. Those studies have typically used only sig-
nificant events, for example events with a signal-
to-noise-ratio of 11 or higher. While efforts have
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been made in the past to correct for the selection
bias, it is expected that using a lower threshold in
the event selection and utilizing all candidates de-
tected by detection pipelines reduces the risk that
a measurement of the Hubble parameter is affected
by human-induced selection bias. Many of the sub-
threshold candidates originate from noise in detec-
tors 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 inclusion of sub-
threshold candidates by utilizing intermediate data
products accumulated during the detection process
of GWs.

6.1.3 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,
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 that this will make tests for the pres-
ence of eccentricity compact object collisions fast
and easy.

6.2 List of Achievements

Awards, etc.

e Li, Alvin. Croucher Fellowships for Postdoc-
toral Research. Croucher Foundation, Hong
Kong. Sep 2024 — Aug 2026.

e Li, Alvin. Outstanding Presentation Award.
The 33rd Workshop on General Relativity
and Gravitation in Japan, Kindai University,
Osaka. Dec 2024.

Publications
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7.1 Research activities

Our laboratory explores transient celestial phe-
nomena and the role of these phenomena in the
entire history of the universe by constructing the-
oretical models. More specifically, we investigate
phenomena associated with supernovae and stellar
mergers. We will explain the achievements pub-
lished in the fiscal year 2024 in the following.

7.1.1 Theoretical model for the rem-
nant of a supernova generated
by white dwarf merger

A strong stellar wind was discovered from an ob-
ject that appears to be the result of the merger of
a white dwarf composed of oxygen and neon and
a slightly lighter white dwarf composed of carbon
and oxygen, and a model to explain the observa-
tions was constructed with Kazumi Kashiyama and
Kotaro Fujisawa in 2019. Recently, X-rays were
observed from an extended region surrounding the
stellar wind of that object and from a central point-
like region. It was also pointed out that this ob-
ject can be linked to a supernova that exploded in
1181, which is recorded in the Azuma Kagami. We
modeled the X-ray emission from the broad region
by assuming that the X-rays are emitted from the
shock wave generated by the collision of the super-
nova ejecta with the interstellar medium, and the
point-like X-rays are emitted from the shock wave
generated by the stellar wind hitting the supernova
from the inside. To test the predictions of the model
for the emission, we are attempting to observe the
object covering multiple wavelengths from radio to
X—I‘&yS.[67 87 9’ |A7 I |7 |67 |7 2]

7.1.2 Stationary accretion flows with
nuclear burning onto compact
objects

We construct spherically symmetric models of
stationary trans-sonic accretion flows composed of
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pure helium onto compact objects taking into ac-
count the effects of energy from nuclear burning.
We found that there are critical accretion rates
above which the flow truncates at a finite distance
from the compact object where the velocity of the
supersonic flow becomes equal to the local sound
speed again. [Ig]

7.1.3 Mass eruption from massive
stars

Some massive stars that undergo a gravita-
tional collapse supernova are thought to suddenly
brighten a few years before the explosion and eject
a large amount of their outer layers. We have devel-
oped a phenomenological model of this brightening.
This year, in order to pursue the physical cause of
this phenomenon, we are investigating the pulsation
in the carbon burning stage.[I5, P1]

Particularly, we have conducted evolutionary hy-
drodynamic simulations of red supergiants with ini-
tial masses of 13—18 solar masses by using an open-
source code MESA (Modules for Experiments in
Stellar Astrophysics). We clarified that more mas-
sive red supergiants more likely experience rapid
growth of radial pulsations, followed by possible
mass ejection. This finding could explain the ap-
parent lack of luminous red supergiants in type IIP
supernova progenitor sample (known as the red su-
pergiant problem). [I3, 20

7.1.4 Numerical
interaction-powered transients

modelings of

Several classed of supernovae and related tran-
sients show “interaction signature” indicting that
the ejected matter collides with slowly expand-
ing matter ahead of them (circumstellar mate-
rial; CSM). We have been developing a multi-
dimensional radiation-hydrodynamics code for
modeling interaction-powered transients. In this
year, we have conducted simulations of an ex-
ploding red supergiant with disk-like CSM, aim-
ing at explaining observed properties of the nearby
hydrogen-rich supernova SN 2023ixf. [I2, 7] We
also collaborate with groups working on observa-
tional studies of supernovae for revealing the origin
of supernovae interacting with hydrogen-rich CSM

(type IIn). [4]
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7.1.5 Numerical modelings of jet-
powered transients

X-ray and gamma-ray transient survey missions
have revealed several classes of high-energy tran-
sient phenomena, including gamma-ray bursts, X-
ray flashes, and others. Relativistic jets are believed
to play a critical role in the high-energy emission
from these phenomena. For example, the gravi-
tational collapse of massive stars is sometimes ac-
companied by a gamma-ray burst or a fast X-ray
transient, which is also potential source of high-
energy neutrinos. Recently launched missions such
as Einstein Probe and SVOM are efficiently detect-
ing and localizing gamma-ray and X-ray transients,
and are expected to significantly increase the avail-
able sample size. We have been investigating such
jet-powered transients through a series of three-
dimensional special-relativistic hydrodynamic sim-
ulations combined with semi-analytic light curve
models. [B, 24, 22|

7.1.6 Observational studies of young
galaxies

One of the members (AS) is involved in the Sub-
aru telescope intensive program, “Extremely Metal-
Poor Representative Explored by the Subaru Sur-
vey (EMPRESS)” (PI: Prof. Masami Ouchi). As
a part of the program, we have been investigating
young galaxies at various redshift. In this year,
we analyzed galaxies with strong high-ionization
lines arising from He and Ne ions. The spectral
analysis can put constraints on the ionizing photon
source that produces such high-ionization lines. We
concluded that the spectra of our sample are con-
sistent with galaxies harboring intermediate-mass
black holes with My, ~ 103-10° solar masses. [5]
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9 ENMEXHRE

9.1 Research activities

The Michimura Group is a new RESCEU re-
search group established in 2024. We experimen-
tally study gravity through both the development
of the large-scale cryogenic gravitational wave tele-
scope KAGRA, and various related tabletop exper-
iments. In fiscal year 2024, we made significant
progress in formulating the upgrade plan for KA-
GRA and in developing in-vacuum photodiodes to
reduce scattered light noise. We also published
the first results of a B—L dark matter search using
KAGRA data from the observing run in 2020 as
a LIGO-Virgo-KAGRA Collaboration paper. Fur-
thermore, we successfully demonstrated a sensitiv-
ity enhancement method for the tabletop axion
search experiment DANCE using a wavelength tun-
able laser.

In fiscal year 2024, our project researcher Haoyu
Wang was appointed as a Research Assistant Pro-
fessor at Institute of Science Tokyo.

9.1.1 KAGRA detector

ments

develop-

KAGRA is a cryogenic laser interferometric grav-
itational wave detector with 3 km arms, constructed
underground in Kamioka, Gifu. KAGRA suffered
significant damage in the Noto Peninsula earth-
quake in January 2024, including the detachment
of magnets used to control the interferometer mir-
rors. However, the detector was restored by Octo-
ber 2024, and by March 2025, we achieved approxi-
mately a three-fold improvement in sensitivity com-
pared to the performance before the earthquake. In
June 2025, KAGRA achieved a sensitivity approxi-
mately five times higher, corresponding to a binary
neutron star range of about 7 Mpc, and rejoined
the LIGO-Virgo-KAGRA observing run O4.

We are participating in the commissioning efforts
for improving KAGRA ’ s sensitivity and have been
evaluating the impact of inhomogeneous birefrin-
gence of the sapphire mirrors on interferometer con-
trol. In particular, we developed a new method to
reconstruct the birefringence map of KAGRA ’ s
sapphire mirrors using the results of transmitted
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wavefront error measurements, and demonstrated
the method by comparing it with in-situ measure-
ments at the KAGRA site [3]. In addition, during
this fiscal year we calibrated the polarization op-
tics used to monitor the birefringence and adjusted
the signal conditioning in preparation to long term
observations.

In addition, we have been working on formulat-
ing upgrade plans for KAGRA in preparation for
the next observing run O5 and beyond. As for the
O5 upgrade, our group is responsible for develop-
ing in-vacuum photodiodes, which are necessary for
reducing scattered light noise, and this fiscal year
we have worked on the development of their en-
closures. Furthermore, we have prepared the KA-
GRA Instrument Science White Paper 2024, which
reviews technologies potentially applicable to KA-
GRA upgrades and summarizes the required R&D
items. As a member of the KAGRA O5 Task Force,
we have contributed to the evaluation of various up-
grade plans and led the formulation of a high fre-
quency upgrade strategy to focus on neutron star
physics.

9.1.2 Laser interferometric dark

matter searches

Using the precision optical metrology employed
in KAGRA, it is possible to search not only for
gravitational waves but also for ultralight dark mat-
ter. For example, by utilizing the polarization op-
tics installed in KAGRA, we can probe the tiny ro-
tation of laser polarization caused by interactions
between axion dark matter and photons. In fact,
since KAGRA resumed observations in June 2025,
it has been conducting, for the first time as a grav-
itational wave detector, simultaneous observations
of both gravitational waves and axions.

By utilizing KAGRA, the world ’ s only gravita-
tional wave detector that employs both fused silica
and sapphire mirrors, it is also possible to search for
B-L vector dark matter. If B—L vector dark mat-
ter exists, it exerts periodic forces of different am-
plitudes on the silica and sapphire mirrors, leading
to changes in KAGRA ’ s auxiliary interferometer
signals. In fact, using auxiliary data from KAGRA’
s observation in 2020, we conducted the first search
for B—L vector dark matter and successfully set up-
per limits [@]. This paper became the first LIGO-
Virgo-KAGRA Collaboration paper based solely on
KAGRA data. Our limits were orders of magni-
tude less stringent than those from previous ex-
periments. Nevertheless, this study demonstrates
the feasibility of using auxiliary channels of gravita-
tional wave detectors like KAGRA for astrophysical
observations.
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We are also conducting tabletop experiments for
axion dark matter searches. In the DANCE (Dark
matter Axion search with riNg Cavity Experiment)
project, which we proposed and are conducting, a
bowtie optical ring cavity is used to perform broad-
band axion searches. Previously, the sensitivity in
the low-mass region was degraded due to the phase
difference between polarizations upon reflection of
the cavity mirrors. By utilizing the wavelength de-
pendence of this phase difference, we proposed and
successfully demonstrated a method to adjust it us-
ing a wavelength-tunable laser.

9.1.3 Optomechanical experiments

We are also pursuing optomechanical ex-
periments that utilize the interaction between
milligram-scale mirrors and light to test the quan-
tum nature of macroscopic objects and of gravity.

Towards optical levitation experiments, where
mirrors are supported solely by the radiation pres-
sure of light, we are collaborating with Laboratoire
des Matériaux Avancés (LMA) in France on the
development of milligram-scale mirrors. In June
2024, a laser cutting machine was newly installed
at LMA, and we have been developing a method to
cut 25 um-thick high-reflectivity-coated fused silica
substrates into 3 mm-diameter mirrors.

Also, in collaboration with Institute of Science
Tokyo, we successfully demonstrated a method to
enhance the optical spring via the Kerr effect by
introducing a nonlinear crystal into an optical cav-
ity [B]. Optical springs are used for signal amplifica-
tion in gravitational-wave detectors and in optome-
chanical experiments, and their enhancement leads
to improved sensitivity in a wide range of optical
precision measurements.
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