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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 2022 (from April 2022 to March 2023).

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.

Due to the pandemic of COVID-19, the activity in RESCEU has been seriously affected for the last couple

of years. We had been struggling to advance our projects; weekly seminars and regular discussions have

been carried out via zoom, and we organized a summer school online inviting several foreign researchers.

Since the latter half of the year, we have been gradually been resuming face-to-face activities such as

seminars and workshops.

We are pleased to announce the following awards for our RESCEU members this year. Professor Kenta

Hotokezaka received the Yukawa-Kimura Prize, for his research on ”Electromagnetic Counterparts of Neu-

tron Star Mergers” in January 2023. Fumihiro Naokawa, a graduate student of Yokoyama group, received

the School of Science Encouragement Award (Master program), University of Tokyo in March 2023. The

following students of Yokoyama group received presentation awards in the conferences as follows. Jason

Kristiano: 2nd International Symposium on Trans-Scale Quantum Science (poster, Nov. 2022) Jun’ya

Kume: 26th International Summer Institute on Phenomenology of Elementary Particle Physics and Cos-

mology (poster, Sep. 2022) Hyun Jeong: Joint workshop on General Relativity and Cosmology (oral,

Mar. 2023).

Along with these awards to current members, former director Professor Emeritus Kazuo Makishima

received the Order of the Sacred Treasure, Gold Rays with Neck Ribbon in April 2022.

In 2022, two new faculties, Kana Moriwaki and Kentaro Komori (since June), joined as assistant profes-

sors. Moriwaki is working on observational cosmology and large scale structures at Yoshida group, while

Komori is dedicated to gravitational wave science at Ando group. Two new project assistant professors,

namely, Akihiro Suzuki and Ryusuke Jinno (since October) have been hired by RESCEU. Suzuki is an

expert of supernovae working with Shigeyama, while Jinno is a particle cosmologist mainly working with

members of Yokoyama group. Furthermore, six postdocs joined us, namely, Yuki Takei (JSPS, Shigeyama

group), Daichi Tsuna (Shigeyama group), Purnendu Karmakar (JSPS, Cannon group), Kazuya Takahashi

(Hotokezaka group), Alessandro Trani (Suto group), and Wang Haoyu (Ando group). On the other hand,

several people left RESCEU to a new position: Yuji Chinone to an assistant professor at KEK on October

1, Heather Fong to University of British Columbia as a CITA National Fellow on February 1, Daichi Tsuna

to Caltech as Burke Fellow on December 1, and Alessandro Trani to Niels Bohr Institute on December 1.

Finally, Professor Yasushi Suto stepped down from the director after eight years of his service, and I

have taken over the directorship. Since COVID-19 has finally turned to normal endemic, we are planning

to resume various face-to-face activities this year such as the summer school, international conferences, and

inviting visiting professors. We would appreciate your further support for our activities.

May 2023

Director Jun’ichi Yokoyama
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1 Members

RESCEU members

Yasushi Suto [須藤靖] Director

Jun’ichi Yokoyama [横山順一] Professor

Kipp Cannon Professor

Toshikazu Shigeyama [茂山俊和] Professor

Kenta Hotokezaka [仏坂健太] Associate Professor

Kohei Kamada [鎌田耕平] Assistant Professor

Atsushi Nishizawa [西澤篤志] Assistant Professor

Kana Moriwaki [森脇可奈] Assistant Professor

Kentaro Komori [小森健太郎] Assistant Professor

Akihiro Suzuki [鈴木昭宏] Project Assitant Professor

Yuji Chinone [茅根裕司] Project Assitant Professor

Ryusuke Jinno [神野隆介] Project Assitant Professor

Koh Ueno [上野昂] Postdoctoral Fellow (Kakenhi Grant of Prof. Yokoyama)

Daisuke Toyouchi [豊内大輔] Postdoctoral Fellow (RESCEU)

Christopher M. Irwin Postdoctoral Fellow (Kakenhi Grant of Prof. Hotokezaka)

Kazuya Takahashi [高橋和也] Postdoctoral Fellow (RESCEU)

Alessandro Trani Postdoctoral Fellow (RESCEU)

Daichi Tsuna [津名大地] Postdoctoral Fellow (RESCEU)

Wang Haoyu Postdoctoral Fellow (Kakenhi Grant of Prof. Michimura)

Yuki Takei [武井勇樹] Postdoctoral Fellow (JSPS Grant)

Purnendu Karmakar Postdoctoral Fellow (JSPS Grant)

Heather Fong Kin Yee Postdoctoral Fellow (Kakenhi Grant of Prof. Cannon)

Chiyo Ueda [上田千代] Secretary

Naoko Tomioka [富岡直子] Secretary

Mami Narita [成田満美] Secretary

Nao Watanabe [渡辺菜穂] Secretary



1 Members 6

RESCEU affiliates

Naoki Yoshida [吉田直紀] Professor, Dept. of Physics

Tomonori Totani [戸谷友則] Professor, Dept. of Astronomy

Kotaro Kohno [河野孝太郎] Professor, Institute of Astronomy

Mamoru Doi [土居守] Professor, Institute of Astronomy

Motohide Tamura [田村元秀] Professor, Dept. of Astronomy

Seiji Sugita [杉田精司] Professor, Dept. of Earth and Planetary Science

Eiichi Tajika [田近英一] Professor, Dept. of Earth and Planetary Science

Satoshi Yamamoto [山本智] Professor, Dept. of Physics

Hideo Higuchi [樋口秀男] Professor, Dept. of Physics

Chikara Furusawa [古澤力] Professor, Universal Bioligy Institute

Aya Bamba [馬場彩] Associate Professor, Dept. of Physics

Akito Kusaka [日下暁人] Associate Professor, Dept. of Physics

Kazuhiro Shimasaku [嶋作一大] Associate Professor, Dept. of Astronomy

Masaki Ando [安東正樹] Associate Professor, Dept. of Physics

Hajime Kawahara [河原創] Assistant Professor, Dept. of Earth and Planetary Science

Nobunari Kashikawa [柏川伸成] Professor, Dept. of Astronomy
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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
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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 2022

Place: Online
Time: 2021/8/17 (Wed) – 2021/8/19 (Fri)

Program

8/17 (Wed) morning, chair: Kazuya Takahashi

9:50–10:00 Yasushi Suto Opening remarks

10:00–11:30 (L) Kazunori Akiyama Photographing Black Holes with the Event Horizon Telescope

11:30–12:00 break

12:00–12:15 Fumihiro Naokawa Gravitationally lensed Cosmic Birefringence

12:15–12:30 Hiroto Mitani Physics of the atmospheric escape driven by EUV photoion-

ization heating

8/17 (Wed) afternoon, chair: Kana Moriwaki

14:00–14:15 Jason Kristiano One-loop perturbativity bound in single-field inflation

14:15–14:30 Alessandro Trani A new model of common envelope evolution in binary stars

14:30–14:45 Daiki Watarai Physically consistent waveform for capturing Beyond-GR effects

in the merger phase

14:45–15:00 break

15:00–15:15 Yurina Nakazato [OIII] emission lines from high-z galaxies in the Epoch of Reion-

ization

15:15–15:30 Jun’ya Kume Abelian-Higgs cosmic string model and its multi-messenger sig-

nals

15:30–16:00 break

16:00–17:30 (L) Kirsten Knudsen High-redshift galaxies and galaxy evolution from an observa-

tional perspective

8/18 (Thu) morning, chair: Christopher Irwin

10:00–10:15 Minori Shikauchi Probing BH population with astrometric satellite Gaia

10:15–10:30 Fumio Uchida Magneto-hydrodynamic evolution of the cosmological magnetic

fields

10:30–11:00 break

11:00–11:15 Betül Uysal The effect of the baryonic streaming in the formation of the Milky

Way

11:15–11:30 Takuya Tsutsui Observational constraint on axion dark matter with gravitational

waves
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8/18 (Thu) afternoon, chair: Kohei Kamada

14:00–14:15 Toshinori Hayashi Dynamical disruption timescales of hierarchical triple systems: de-

pendence on the orbital configuration

14:15–14:30 Koki Tokeshi Two-point correlation in primordial black hole formation

14:30–14:45 Takatoshi Ko Is the remnant J005311 from the white dwarf binary merger SN

1181 remnant?

14:45–15:00 break

15:00–15:15 Yuta Tarumi Non-LTE analysis of Helium line in kilonova

15:15–15:30 Rui Lan Zhang Fast method for generating mock line intensity maps based on hy-

drodynamical simulations

15:30–16:00 break

16:00–17:30 (L) David Wands Primordial black holes from inflation

8/19 (Fri) morning, chair: Purnendu Karmakar

10:00–11:30 (L) Emanuele Berti Testing gravity with gravitational waves

11:30–12:00 break

12:00–12:15 Yuta Shiraishi Searching for blackholes in non-interacting binaries by photomet-

rical surveys

12:15–12:30 Soichiro Kuwahara The recent status of Cherenkov-like burst search

8/19 (Fri) afternoon, chair: Daisuke Toyouchi

14:00–15:30 (L) Nami Sakai Astrochemical approach to star and planet formation

15:30–16:00 break

16:00–16:15 Honori Inaguma Stellar-mass black hole binary mergers by the Kozai-Lidov mech-

anism

16:15–16:30 Hiroki Kawai The core-halo mass relation in fuzzy dark matter halos

16:30–16:40 Jun’ichi Yokoyama Closing remarks

(L: Lecture)
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4 RESCEU colloquia

• RESCEU Colloquium No. 56
Stefan Ballmer (Syracuse University)
“The Next Leap in Gravitational-Wave Astronomy”
June 2, 2022, 16:00-17:00
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5 Project 1. Evolution of the Universe and

cosmic structures

5.1 Activity Report

5.1.1 Lorentzian description of phase transition

Phase transition has been formulated by the path integral in the Euclidian spacetime, but it has a
problem such as the ambiguity of the final state or the existence of the multiple negative modes in the
presence of gravity. We succeeded in formulating the phase transition with the Lorentzian path integral
and in evaluating the transition rate when we take the gravity as a background. We not only reproduced
the traditional results of the Euclidean path integral but also evaluated the formation rate of the bubble
whose radius is different from that of the critical one, which cannot be done in the traditional formalism.
(Yokoyama & Kamada)

5.1.2 Chiral effect in cosmology

Chiral effect, such as the chiral anomaly, plays imprtant roles in cosmology. We succeeded in evaluating
the formation rate of a domain-wall system called the chiral soliton lattice, whose stability is energeti-
cally favored by the chiral effect, by describing it with the Nambu-Goto-like action. We also studied the
coevolution of magnetic field and baryon asymmetry after axion inflation, which are generated with the
help of chiral effect. There is a possibility that they annihilate each other, but we found that it can be
avoided by the right-handed neutrino and succeeded in construcvting a scenario to explain the present
baryon asymmetry of the Universe in the context of axion inflation. (Kamada)

5.1.3 Astrophysical transients: their origins and consequences

The following topics were studied in this project.

• Optical emission immediately after binary neutron star mergers (Shigeyama)

• Observations of the early light from type Ia supernovae (Shigeyama, Doi)

• Influence of Pop III supernova explosions on the companion stars (Shigeyama)

• Rapidly rotating massive white dwarfs as a result of binary white dwarf mergers (Kashiyama, Fuji-
sawa, Ko, Tsuna, Shigeyama, Bamba)

• Emission of type IIn supernovae (Shigeyama, Tsuna, Kashiyama, Takei)

• Eruptive mass loss from a massive star a few years before the core collapse (Shigeyama, Takei, Tsuna,
Ko)

• Nuclear burning flash at later evolutionary phases of massive stars (Shigeyama, Hasegawa)

• Accretion of C+O matter onto a neutron star igniting Carbon burning (Shigeyama, Nagarajan)

• Influence of supernova fallback on newborn neutron star magnetospheres (Shigeyama, Kashiyama,
Zhong)
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• Rotational equilibria on the 2D Lagrange coordinates (Fujisawa)

• The W4 method: a new multi-dimensional root-finding scheme for nonlinear systems of equations
(Fujisawa)

• Black hole formation from rotating massive stars (Shigeyama, Kashiyama, Tsuna)

• Emission of type IIn supernovae (Shigeyama, Tsuna, Kashiyama, Takei)

• Influence of supernova fallback on newborn neutron star magnetospheres (Shigeyama, Kashiyama,
Zhong)

Here the names of researchers are listed in the parentheses.

5.1.4 Statistical Computational Cosmology

We developed a deep-learning method to detect and classify transient objects in data collected by Tomo-e
Gozen. It was implemented in the Tomo-e Gozen pipeline, and the number of transient candidates was
reduced to about 40 objects per night, which is a factor of 130 smaller than the previous version, while
maintaining the recovery rate of real transients; we obtain a false positive rate of 0.0002 at a true positive
rate of 0.9. We also conducted theoretical calculations to detect pair-instability supernovae though the
nominal 5-year operation of Euclid satellite. Our model is based on recent observations of LIGO-VIRGO
of massive blackhole mergers, and forecast that Euclid detects several hydrogen-poor PISNe. (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)

5.1.6 High redshift galaxies

We have launched the Hinotori (star formation History INvestigatiOn TO find RejuvenatIon) project to
reveal the nature of rejuvenation galaxies (RGs), galaxies that restarted their star formation after being
quiescent. As the first step of Hinotori, we construct the largest RG sample with 1071 sources. These RGs
are selected from reconstructed star formation histories of ∼ 9000 z ∼ 0 galaxies. We find that the RGs
account for ∼ 10 % of the whole sample, and rejuvenation events contribute on average only about 0.1 %
of the total stellar mass in those galaxies but 17 % of the cosmic-star formation rate density today. The
morphology of the RGs is more disk-like than QGs, suggesting that rejuvenation may occur selectively in
disk-like QGs. Our results also suggest that galaxies may have experienced multiple rejuvenation events
since z ∼ 1. (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)
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5.1.7 High redshift galaxies

The large variation in opacity in the Lyα forest at z > 5.5 may indicate that the reionization process
is inhomogeneous. Fluctuations in the UV background (Γ model) and IGM gas temperature (T model)
have been proposed to explain this large variation, but they predict the correlation between τeff and galaxy
density inversely. To explore models that could explain the large variation in τeff , Lyαemitters (LAEs) are
searched around the sightlines of two quasar (J1137+3549 and J1602+4228) with τeff ∼ 3 and J1630+4012
with τeff ∼ 5.5. Using narrow-band imaging with Subaru/Hyper Suprime-Cam, LAE density maps were
created and their spatial distributions are explored. We found that the low τeff region shows excess density
within 20 h−1 Mpc from the quasar sightlines, while the high τeff region is deficient in LAEs. These observed
τeff -galaxy density relations consistently support the Γ model in all three fields. (Kashikawa)

5.1.8 Dust-enshrouded growth of galaxies and supermassive blackholes

We conducted an ALMA-Herschel joint analysis of 180 sources detected in 33 lensing cluster fields
by the ALMA Lensing Cluster Survey (ALCS) at 1.2 mm. Our main sample comprised 141 securely
detected sources, and we performed far-infrared spectral energy distribution modeling to derive physical
properties related to dusty star formation for 125 of these sources. The redshift distribution suggests
an increasing fraction of z ∼ 1 − 2 galaxies among fainter millimeter sources. The median intrinsic (de-
lensed) star formation rate for the main sample was significantly (∼3 times) lower than that of conventional
submillimeter galaxies at similar redshifts[67]. We also presented multi-wavelength mosaics and photometric
catalogs, constructed from reprocessed archival Hubble Space Telescope (HST) and Spitzer data. The final
catalogs contain 218,000 sources, covering a combined area of 690 arcmin2, a factor of ∼ 2 improvement over
the currently existing photometry. These serve as valuable tools for future ALMA surveys and follow-ups
with JWST. Our multi-wavelength approach will enable better constraints on photometric redshifts and
stellar masses, aiding in the identification of high-redshift candidates and contributing to our understanding
of the Epoch of Reionization and the formation of the first galaxies[57] (Kohno, Shimasaku).

We utilized ALMA to investigate G09.83808, a strongly-lensed submillimeter galaxy (SMG) at z = 6.0.
Our observations detected various line emissions such as [N II] 205 µm and [O III] 88 µm, as well as
dust continuum emissions. The compact spatial distribution of the dust suggests that G09-83808 could
be a progenitor to compact quiescent galaxies observed at z ∼ 4. We also noted a declining trend in the
[N II] line to infrared luminosity ratio, analogous to trends seen in local luminous infrared galaxies. We
estimated the gas-phase metallicity of the galaxy to be Z ∼ 0.5 − 0.7Z⊙, indicating that G09.83808 is
among the early galaxies to experience chemical enrichment[66]. Furthermore, we detected the CO(12–11)
line and investigated the physical properties of the multi-phase interstellar medium in G09.83808. Our
findings suggest that the molecular gas is concentrated in the central 0.5 kpc region and is both warm
(Tkin ∼ 320 K) and dense. We find the elevated CO luminosity ratio LCO(12−11)/LCO(6−5) = 1.1 ± 0.2,
which is consistent with those in local active galactic nuclei and 6 < z < 7 quasars. We suggest that
G09-83808 hosts a dust-obscured growing supermassive black hole, which illuminates the surrounding ISM
to form X-ray dominated regions, at the end of cosmic reionization[54] (Kohno).

We investigated the feasibility of [C II] 158 µm line intensity mapping using the integrated superconduct-
ing spectrometer (ISS) technology, which has been demonstrated by DESHIMA2.0 on the submillimeter-
wave telescope ASTE[55, 56], to obtain new constraints on the [C II] luminosity functions and the roles of
dust-obscured star-formation in the epoch of reionization (Kohno, Moriwaki, Yoshida).

5.1.9 X- and γ-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 shock structure and heating mechanism in supernova remnant (SNR) systems.
We have made detailed spatially resolved spectroscopy of young SNRs, SN1006, and found that the tem-
perature of the heated interstellar medium become higher in the scale of ∼0.6 pc. The increase is smaller
than expected from the Rankine-Hugoniot relation of ideal gas, but we still discuss what makes the de-
screpancy. The particle acceleration on the SNR shocks are also examined; we found that the enhancement
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of synchrotron X-rays due to the shock-cloud interaction [83], which is the third sample for such a case.
The detailed analysis of an old gamma-ray SNR, G298.6+0.0, and confirmed as one of the oldest sample
found ever [93].

The accreting neutron stars are also studied into the detail. We have phase-resolved (both orbital and
spin) spectroscopy of Cen X-3, and found that the key parameter of time variability is absorption [94].
Together with same analysis with Her X-1, another accreting neutron star, a toy model of the geometry of
accreting pulsars has been constructed, which well explain both models.

We also study on the detector development for the near future missions. For the XRISM, to be launched
on the Japanese fiscal year 2023, we fixed the performance verification targets. We also developed the
Monte-Carlo based data analysis method for pile-uped data of the X-ray CCD onboard XRISM. For Cipher
mission, the first imaging polarimetory cubesat in the hard X-ray band, we developed the new analysis
method to increase the sensitivity sensitivity several fold. The GRAMS mission, a new MeV gamma-ray
mission, we succeeded to have a chance of the balloon Engineering Demonstration Experiment in the fiscal
year of 2023, and started the preparation (Bamba).

5.1.10 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 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 obser-
vation campaign in 2016, and our focus has been on data analysis. We realized the improvement of the
constraint on the tensor-to-scalar ratio r. Recently we are proceeding a new time-domain data analysis of
the Polarbear datasets for searching the Axion-like particle (ALP). For Simons Array experiment, we
are focusing on both of data analysis and deployment of the telescopes. Science observations are conducted
with the first telescope, and we are analyzing the data in parallel with analysis pipeline development to
achieve the improved result on the inflationary signature and ALP search. As for the second telescope,
test observations and deployment are proceeded. We are providing feedbacks by the analysis of the test
observations.

The Simons Observatory experiment is scheduled for the first light in 2023. We are deploying three
0.4-m Small Aperture Telescopes (SATs), which are dedicated for exploring inflationary signature, and 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 SATs, especially the
cryogenic optics tube, the cryogenic continuously rotating half-wave plate (HWP) system, and the wiregrid
calibrator, and made significant progress in fabricating and commissioning. Currently, we also are woking
on the deployment work at the Chile site.

We also focus on developing techniques for high-performance computation (HPC) enabling data analysis
for Simons Observatory as well as Simons Array, producing order-of-magnitude larger data volume than
the previous instruments. While improving computational throughput, we need to improve on the analysis
systematics as well. One of our emphasis has been to reduce systematic leakage from the E-modes to
B-modes, developing technique to achieve this in a computationally feasible manner. In doing so, we
have developed a new pipeline module by taking advantage of GPUs and have validated it with simulated
datasets. (Kusaka, Kiuchi, Takeuchi)

5.1.11 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 1micron, and though
uncertainty is large, about 105 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
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placed in space, or extracted from Antarctic ice or deep-sea sediments, depending on future technological
developments. (Totani)
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[166] J. Yokoyama, “KAGRA toward O4 and beyond”, 15th Asia Pacific Physics Conference, Korea, online
2022/8/22-25.
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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 supernovæ, 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



6.1. ACTIVITY REPORT 28

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 [17].

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 sGRBs. 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 2 kHz to 4 kHz, 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 [16].

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 sGRB 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 sGRB 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 [19].

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.
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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 [21].

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 (DFI),
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 [17]. 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 [18, 20]. 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. One 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 [25, 26, 28, 29].

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
3µJy. 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 [32].

Supermassive Black Holes and AGNs (D. Toyouchi)

We studied the chemical evolution of AGN environments [30]. 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 Activity Report

Project 3 “Formation and characterization of planetary systems” approaches the problem both theoreti-
cally and observationally through the collaboration with members in Departments of Physics, Astronomy,
and Earth and Planetary Sciences. We show several highlights of our research this year.

7.1.1 Architecture of planetary systems predicted from protoplanetary disks

observed with ALMA

Starting from the initial configurations of 12 multi-planetary systems deduced from ALMA disks, we
carried out two-stage N-body simulation to investigate the evolution of the planetary systems at the disk
stage as well as the long term orbital stability after the disk dispersal. At the disk stage, our simulation
includes both the orbital migration and pebble/gas accretion effects. We found a variety of planetary
systems are produced and can be categorised into distant giant planets, Jupiter-like planets, Neptune-like
planets and distant small planets. We found the disk stage evolution as well as the final configurations are
sensitive to both the initial mass assignments and viscosity. After the disk stage, we implement only mutual
gravity between star and planets and introduce stochastic perturbative forces. All systems are integrated
for up to 10Gyr to test their orbital stability. Most planetary systems are found to be stable for at least
10Gyr with perturbative force in a reasonable range. Our result implies that a strong perturbation source
such as stellar flybys is required to drive the planetary system unstable.

7.1.2 Analytic model for photometric variation due to starspots on a differen-

tially rotating star

We present an analytic model of the lightcurve variation for stars with non-evolving starspots on a
differentially rotating surface. We generate different realizations of multi-spots according to the model,
and perform mock observations of the resulting lightcurve modulations. We discuss to what extent one can
recover the properties of the spots and the parameters for the differential rotation law from the periodogram
analysis. Although our analytical model neglects the evolution of spots on the stellar surface (dynamical
motion, creation and annihilation), it provides a basic framework to interpret the photometric variation of
stars, in particular from the existing Kepler data and the future space-born mission.

7.1.3 Dynamical disruption timescales of hierarchical triple systems

We examine the stability of hierarchical triple systems using direct N -body simulations without adopt-
ing a secular perturbation assumption. We estimate their disruption timescales in addition to the mere
stable/unstable criterion, with particular attention to the mutual inclination between the inner and outer
orbits. We improve the fit to the dynamical stability criterion that has been widely adopted in the previous
literature. Especially, we find that that the stability boundary is very sensitive to the mutual inclination;
coplanar retrograde triples and orthogonal triples are much more stable and unstable, respectively, than
coplanar prograde triples. We obtain an improved empirical fit to the disruption timescales, which indicates
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that the coplanar retrograde triples are significantly more stable than the previous prediction. We further-
more find that the dependence on the mutual inclination can be explained by the energy transfer model
based on a parabolic encounter approximation. We also show that the disruption timescales of triples are
highly sensitive to the tiny change of the initial parameters, reflecting the genuine chaotic nature of the
dynamics of those systems.

7.1.4 Photometric variations due to a global inhomogeneity on an obliquely

rotating star

We perform intensity variability analyses (photometric analyses: the Lomb-Scargle periodogram, autocor-
relation, and wavelet) and asteroseismic analysis of 92 Kepler solar-like main-sequence stars to understand
the reliability of the measured stellar rotation periods. We focus on the 70 stars without reported stellar
companions, and classify them into four groups according to the quarter-to-quarter variance of the Lomb-
Scargle period and the precision of the asteroseismic period. We present detailed individual comparison
among photometric and asteroseismic constraints for these stars. We find that most of our targets exhibit
significant quarter-to-quarter variances in the photometric periods, suggesting that the photometrically
estimated period should be regarded as a simplified characterization of the true stellar rotation period, es-
pecially under the presence of the latitudinal differential rotation. On the other hand, there are a fraction
of stars with a relatively small quarter-to-quarter variance in the photometric periods, most of which have
consistent values for asteroseismically and photometrically estimated rotation periods. We also identify over
ten stars whose photometric and asteroseismic periods significantly disagree, which would be potentially
interesting targets for further individual investigations.

7.1.5 Lagrange stability of hierarchical triple systems

While there have been many studies examining the stability of hierarchical triple systems, the meaning
of “stability” is somewhat vague and has been interpreted differently in previous literatures. The present
paper focuses on “Lagrange stability”, which roughly refers to the stability against the escape of a body
from the system, or “disruption” of the triple system, in contrast to “Lyapunov-like stability” that is related
to the chaotic nature of the system dynamics. We compute the evolution of triple systems using direct
N -body simulations up to 107Pout, which is significantly longer than previous studies (with Pout being the
initial orbital period of the outer body). We obtain the resulting disruption timescale Td as a function of
the triple orbital parameters with particular attention to the dependence on the mutual inclination between
the inner and outer orbits, imut. By doing so, we have clarified explicitly the difference between Lagrange
and Lyapunov stabilities in astronomical triples. Furthermore, we find that the von Zeipel-Kozai-Lidov
oscillations destabilize significantly inclined triples (roughly with 60◦ < imut < 150◦) relative to those with
imut = 0◦. On the other hand, retrograde triples with imut > 160◦ become strongly stabilized with much
longer disruption timescales.

7.1.6 A super-Earth orbiting near the inner edge of the habitable zone around

the M4.5 dwarf Ross 508

We report the first near-infrared radial velocity (RV) discovery of a super-Earth planet on a 10.77 d orbit
around the M4.5 dwarf Ross 508. Using precision RVs from the Subaru Telescope IRD (InfraRed Doppler)
instrument, we derive a semi-amplitude of 3.92 ms−1, corresponding to a planet with a minimum mass
msini of 4.00 Earth masses. The planet, Ross 508 b, has a semi-major axis of 0.05366 au. This gives an
orbit-averaged insolation of 1.4 times the Earth’s value, placing Ross 508 b near the inner edge of its star’s
habitable zone. We have explored the possibility that the planet has a high eccentricity and its host is
accompanied by an additional unconfirmed companion on a wide orbit. Our discovery demonstrates that
the near-infrared RV search can play a crucial role in finding a low-mass planet around cool M dwarfs like
Ross 508.
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7.1.7 Direct-imaging Discovery and Dynamical Mass of a Substellar

Companion Orbiting an Accelerating Hyades Sun-like Star with

SCExAO/CHARIS

We present the direct-imaging discovery of a substellar companion in orbit around a Sun-like star member
of the Hyades open cluster. So far, no other substellar companions have been unambiguously confirmed
via direct imaging around main-sequence stars in Hyades. The star HIP 21152 is an accelerating star as
identified by the astrometry from the Gaia and Hipparcos satellites. We detected the companion, HIP
21152 B, in multiple epochs using the high-contrast imaging from SCExAO/CHARIS and Keck/NIRC2.
The CHARIS spectroscopy reveals that HIP 21152 B’s spectrum is consistent with the L/T transition,
best fit by an early T dwarf. Our orbit modeling determines the semimajor axis and the dynamical
mass of HIP 21152 B to be 17.5 au and 27.8 Jupiter masess, respectively. Mass estimates inferred from
luminosity-evolution models are slightly higher. With a dynamical mass and a well-constrained age due
to the system’s Hyades membership, HIP 21152 B will become a critical benchmark in understanding the
formation, evolution, and atmosphere of a substellar object as a function of mass and age.

7.1.8 The JWST Early-release Science Program for Direct Observations of

Exoplanetary Systems

The direct characterization of exoplanetary systems with high-contrast imaging is among the highest
priorities for the broader exoplanet community. As large space missions will be necessary for detecting and
characterizing exo-Earth twins, developing the techniques and technology for direct imaging of exoplanets is
a driving focus for the community. For the first time, JWST will directly observe extrasolar planets at mid-
infrared wavelengths beyond 5 microns, deliver detailed spectroscopy revealing much more precise chemical
abundances and atmospheric conditions, and provide sensitivity to analogs of our solar system ice-giant
planets at wide orbital separations, an entirely new class of exoplanet. However, in order to maximize the
scientific output over the lifetime of the mission, an exquisite understanding of the instrumental performance
of JWST is needed as early in the mission as possible.

We describe our 55 hr Early Release Science Program that will utilize all four JWST instruments to
extend the characterization of planetary-mass companions to 15 microns as well as image a circumstellar
disk in the mid-infrared with unprecedented sensitivity.

We also present the highest fidelity spectrum to date of a planetary-mass object. VHS 1256 b is a <20
Jupiter masses widely separated (a = 150 au), young, planetary-mass companion that shares photometric
colors and spectroscopic features with the directly imaged exoplanets HR 8799c, d, and e. As an L-to-T
transition object, VHS 1256 b exists along the region of the color-magnitude diagram where substellar
atmospheres transition from cloudy to clear. We observed VHS 1256 b with JWST’s NIRSpec IFU and
MIRI MRS modes for coverage from 1 to 20 microns at resolutions of 1000-3700. Water, methane, carbon
monoxide, carbon dioxide, sodium, and potassium are observed in several portions of the JWST spectrum
based on comparisons from template brown dwarf spectra, molecular opacities, and atmospheric models.
The spectral shape of VHS 1256 b is influenced by disequilibrium chemistry and clouds. We directly detect
silicate clouds, the first such detection reported for a planetary-mass companion.

7.1.9 Photosynthetic Fluorescence from Earthlike Planets around Sunlike and

Cool Stars

Remote sensing of the Earth has demonstrated that photosynthesis is traceable as the vegetation red
edge (VRE), which is a steep rise in the reflection spectrum of vegetation, and as solar-induced fluores-
cence. This study examines the detectability of biological fluorescence from two types of photosynthetic
pigments, chlorophylls (Chls) and bacteriochlorophylls (BChls), on Earthlike planets with oxygen-rich/poor
and anoxic atmospheres around the Sun and M dwarfs. We find that the BChl-based fluorescence for wave-
lengths of 1000-1100 nm, assuming the spectrum of BChl b-bearing purple bacteria, could provide a suitable
biosignature, but only in the absence of water cloud coverage or other strong absorbers near 1000 nm. The
Chl fluorescence is weaker for several reasons. The apparent reflectance excess is greatly increased in both
the Chl and BChl cases around TRAPPIST-1, due to the fluorescence and stellar absorption lines. This
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could be a promising feature for detecting the fluorescence around ultracool red dwarfs using follow-up
ground-based observations at high spectral resolution.

7.1.10 An Earth-sized Planet around an M5 Dwarf Star at 22 pc

We report on the discovery of an Earth-sized transiting planet (R=1.015 Earthe radii) in a period of 4.02
day orbit around K2-415, an M5V star at 22 pc. The planet candidate was first identified by analyzing the
light-curve data obtained by the K2 mission, and it is here shown to exist in the most recent data from
TESS. Combining the light curves with the data secured by our follow-up observations, including high-
resolution imaging and near-infrared spectroscopy with IRD, we rule out false-positive scenario. Based
on IRD’s radial velocities of K2-415, which were sparsely taken over three years, we obtain a planet mass
of 3.0 Earth masses for K2-415b. Being one of the lowest-mass stars (0.16 solar masses) known to host
an Earth-sized transiting planet, K2-415 will be an interesting target for further follow-up observations,
including additional radial velocity monitoring and transit spectroscopy.

7.1.11 Investigation of asteroids Ryugu, Bennu, and Dimorphos with

Hayabusa2, OSIRIS-REx, and Hera missions

Samples from asteroid Ryugu brought back to the Earth by JAXA’s Hayabusa2 were analyzed extensively
throughout 2022. We continued our participation in curation and initial analysis activities of Ryugu
samples. These activities have revealed many important properties of Ryugu and its parent body. One
important finding is that Ryugu sample experienced extensive aqueous alteration in its parent body and
still retain much hydrated minerals [13]. Second, Ryugu materials turned out to be very similar to CI
chondrites, one of the most primitive carbonaceous chondrites found on Earth [14]. Because the elemental
abundance of CI chondrites is similar to the solar composition, CI has been considered as the standard
materials of our solar system. However, because all the CI chondrite samples collected on Earth have been
contaminated with Earth’s moisture and organics, light element abundances were not considered reliable.
Now we have contamination-free CI materials from Ryugu, our knowledge on the light elements in the solar
system would be much more accurate. We also observed both noble gas and adsorbed gas in the returned
samples, revealing that the surface exposure ages of Ryugu is several million years [15] and that Ryugu
materials are rather reducing [16]

Second, we participated in other international planetary missions, such as NASA’s OSIRIS-REx mission
and ESA’s Hera mission. The former is a sample return mission to a carbon-rich asteroid in a near-Earth
orbit with aiming at science goals with Hayabusa2. Because of our similar experiences, we participated
in science data analysis around OSIRIS-REx sampling campaign on asteroid Bennu [17]. We observed a
massive ejecta curtain emerged from the physical disturbance created by sampling activities on Bennu,
indicated that its surface materials are extremely mobile with internal cohesion ¡¡ 1 Pa. This further shows
that crater chronology curve for Bennu should be very similar to Ryugu. The latter mission is to conduct
detailed observations of artificial impact crater created on Dimorphos a satellite of asteroid Didymos. We
conducted detailed science and project design with many lessons learned from Hayabusa2 [18].
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8 横山順一研究室

8.1 横山 (順) 研究室
当研究室は、一般相対性理論、場の量子論、素粒子

物理学等の基礎物理学理論に基づいて宇宙論と重力
理論の理論的研究を幅広く行うとともに、理学部物
理学教室の教育と研究に参画しています。また、大型
低温重力波検出器 KAGRA の本格稼働を迎え、ビッ
グバン宇宙国際研究センターの Cannon研究室とと
もに重力波データ解析の研究と人材育成にも携わっ
ています。横山は 2021年 9月から KAGRA科学会
議議長を務めるとともに [45, 48, 51, 52]、2022年末
まで 3年間アジア太平洋物理学会連合会長として域
内の物理学の振興に務めました [46, 47, 49]。

8.1.1 宇宙論:時空構造
真空相転移のローレンツ経路積分による考察
真空相転移はユークリッド化された時空での経路

積分により定式化されてきたが、終状態の曖昧さや
重力存在下での負モードの唯一性の破れといった問
題がある。そこで本研究では、実時間において真空
相転移の確率をローレンツ経路積分で直接定式化し、
鞍点法により評価することを試みた。その結果、重
力を背景時空として扱った場合、ローレンツ経路積
分による解析は、従来のユークリッド経路積分で予
言される相転移確率を再現した。さらに、ユークリッ
ド経路積分では評価できなかった、臨界半径とは異
なる大きさを持つ真空泡の生成についても、その生
成確率を評価した [5, 30, 54]。

単一場インフレーション模型における高次量子効果
我々は、単一場インフレーション模型における曲

率揺らぎの 2点相関関数に対する 3点相互作用から
の 1ループ補正を計算し、それが古典的な寄与より
十分小さくなることを要請することにより、原始非
ガウス性揺らぎに上限を与えた。特に、観測的に許
される非ガウス性の範囲はこの制限を満たすが、1
ループ補正が古典的な寄与の 1 ∼ 10 % 程度になる
領域もあるので、将来観測がそのような値を示唆し
た場合、高次のループ補正を考慮することが重要に
なる [6, 28, 33, 35, 39, 61, 105, 107]。
原始ブラックホール (PBH)生成機構として最も研

究されているものに、単一場インフレーションにおい

て作られた大きな振幅を持つ小スケール密度揺らぎ
の崩壊が挙げられる。我々は、大スケールにおける密
度揺らぎのパワースペクトルへの 1ループ補正を計
算し、大量のPBHを作るような小スケール揺らぎは
CMBスケールに大きな補正を与え、矛盾を来すこと
を示した [55, 56, 66, 74, 78, 92, 109, 113, 114, 108]。

初期宇宙の一次相転移と重力波
初期宇宙の一次相転移は音波・乱流等の流体の運

動を引き起こし、それによって生成した重力波が宇
宙空間干渉計で将来的に観測される可能性がある。
我々は音波からの重力波生成のシミュレーションを
提案した [84]ほか、相互作用の弱い粒子がこのプロ
セスに関与した場合に特徴的な重力波シグナルが出
現する可能性を指摘し [77, 85, 111]、重力の影響を
考慮した場合の原始ブラックホール生成の可能性も
議論した [87]。また物理学会で概説を行った [91]。

数理解析と宇宙論
LIGO/Virgoによるブラックホール連星からの重

力波初観測以降、連星系の運動を解析的に理解する
post-Newtonian或いは post-Minkowskian理論が発
展している。この際必要となるファインマン積分に
おいて、展開の高次になると解析的計算が難しくな
るという問題を回避するには、積分を数値的に高精
度で評価した結果から解析的表式を推測すると良い。
この数値評価に、機械学習を活用した normalizing
flow という手法でモンテカルロ積分を行った結果、
通常のモンテカルロ積分と比べてどのような改善が
見られるか報告した [80, 86]。

Stochastic inflation において、相関関数の e-
folding 展開が一般に発散級数となることが知られ
ている。そこで本研究では、発散級数に解析的意味
付けを与える Borel 総和の手法を用いてこれを処理
し、相関関数の正しい時間発展が得られることを示
した。また Borel 空間における特異点の解析から、
本研究で扱った λϕ4 模型では非摂動効果の非存在が
示唆された [83, 89]。
我々はグラディエントフローを空間方向に 4階微

分へと拡張した方程式が、場の量子論における鞍点
解へ自動的に収束する振る舞いをすることを発見し、
報告した [89]。

宇宙複屈折の精密計算
宇宙複屈折とは、宇宙マイクロ波背景放射 (CMB)

が伝播中にその偏光面が回転する現象を指し、近年
CMBの観測データからその存在が示唆されている。
本研究では、これまで考慮されていなかった重力レ
ンズ効果を取り入れた理論計算を実現し、将来の高
精度観測では、その効果が必ずしも無視できないこ
とを示した [7, 22, 25, 37, 41, 43, 75, 81]。
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8.1.2 宇宙論:物質の起源と進化
インフレーション後の宇宙再加熱と物質生成
インフレーション後の宇宙が運動項優勢になるよ

うな模型では、宇宙再加熱をどう実現するかに問題
があったが、我々はインフラトンがU(1)ゲージ場と
Chern-Simons結合をしている場合、ゲージ場がまず
増幅され、そこからシュウィンガー効果により物質
粒子が生成されることにより、放射優勢のビッグバ
ン宇宙が再現されることを示した [8] 。
インフレーション後場が振動せず運動項優勢とな

る理論での再加熱機構として、ヒッグス場に時空曲
率との結合を与え、インフレーション後にスピノー
ダル不安定性を実現する方法も考えられる。われわ
れは、このような理論に階層的な質量を持つ三世代
の右巻きニュートリノを導入することにより、宇宙
再加熱、ダークマター、バリオン非対称生成を同時
に実現するシナリオを構築した [9]。
また、こうした重い右巻きニュートリノを導入す

ることにより、観測との相性がとても良い R2 イン
フレーション理論の再加熱機構がどのように変化し、
それがスペクトル指数やバリオン非対称などの観測
量にどのような影響を与えるのかを仔細に研究し、
定量的に明らかにした [40, 64, 73]。

アクシオンインフレーション
Axionic inflaton と U(1) ゲージ場の間に Chern-

Simons結合があると、偏極に依存したタキオン不安
定性によってゲージ場が成長することが知られてい
る。我々はこの系に対する準解析的なアプローチを
提案し [10, 29, 57, 58]、荷電粒子生成による反作用
を取り入れた場合の電磁場の強度の推定に成功した。
この結果は初期磁場やバリオン数、原始重力波や原
始ブラックホールの生成等の現象論的帰結に重要な
示唆を与えるものである。
また、このChern-Simons結合により、インフレー

ション終了後にヘリシティを持った磁場とバリオン非
対称が既に生成されている状況が実現される。その後
の時空の発展とともに、磁場とバリオン非対称が対消
滅する可能性があるが、我々は、右巻きニュートリノ
の存在下において完全な対消滅を回避し、最終的に現
在の宇宙のバリオン非対称が説明できるシナリオを
構築することに成功した [11, 53, 90, 93, 94, 97, 99]

宇宙論におけるカイラル効果
カイラル量子異常に代表されるカイラル効果は、宇

宙論においても重要な役割を果たしうる。このテー
マに関する総説を書く [12]とともに、我々は、カイ
ラル効果によりエネルギー的にも安定化されるカイ
ラルソリトン格子と呼ばれるドメインウォールの宇
宙における量子トンネルによる生成率を南部後藤作
用を用いて評価することに成功した [13, 44]。また、
宇宙にレプトンの存在量の世代間に大きな非対称が

あった場合、高温においてカイラルプラズマ不安定
と呼ばれる機構によって強い磁場生成が起こること
を示し、レプトン非対称にこれまでより強い制限が
かかることを明らかにした [79, 100, 102, 103]。

スファレロン脱結合によるバリオン非対称生成機構
近年、素粒子標準模型内で実現できるバリオン数

非対称生成のシナリオが新しく提案された。宇宙膨
張によるスファレロン脱結合で熱平衡からのずれが
できると主張し、CPの破れはスファレロン性質のた
め、従来思われたより多く稼げるという定性的な評
価があった。しかし、このシナリオでは、まだ脱結
合していないスファレロンによる、できたバリオン
数を消す効果を考慮しなかった。本研究でその効果
を入れて、このシナリオで生成できるバリオン数が
僅少にとどまることを示した [21, 72, 82]。

条件付き確率を用いた原始ブラックホール形成条件
原始ブラックホールの形成判定を行なうにあたっ

て、曲率揺らぎで表される圧縮関数と呼ばれる指標
を用いた判定方法がある。圧縮関数は揺らぎの平均
的なプロファイルが与えられて具体的に調べられる
のが常であるが、本研究では、平均プロファイル近
似に頼らない定式化の構築を目的として、条件付確
率分布関数を用いる方法を考察した [26, 59, 65]。

初期磁場の時間発展とバリオン等曲率揺らぎ生成
初期宇宙における磁場の時間発展を理解すること

は、初期磁場研究における定量的な議論の基礎とな
る。本研究では、近年提案された保存量 Hosking in-
tegral に基づいて磁場の時間発展の理論を再構築
し、数値計算と整合的に初期磁場の時間発展を記述
した [27, 31, 36, 60, 63, 69, 110, 112, 115]。
また、宇宙磁場の起源に関して、とくに電弱対称

性が回復した相における磁場生成シナリオについて
一般的な議論を行なった。U(1)Y 磁気ヘリシティが
カイラル量子異常を通じて物質反物質非対称性と結
びついていることから、磁場のゆらぎに由来するバ
リオン等曲率揺らぎ生成が帰結される。バリオン等
曲率揺らぎに対する宇宙論的制限から、このような
シナリオは観測的に示唆されるボイド磁場の強度を
説明できないことを示した [34, 104, 106]。

8.1.3 重力波検出器KAGRAデータ解析
環境モニターを用いた雑音除去手法の開発
我々は独立成分解析 (ICA)と呼ばれる信号処理手

法を用いた独自の雑音除去手法の開発に長らく取り
組んできた。KAGRA初の観測データに対して独立
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成分解析 (ICA)と呼ばれる信号処理手法を用いた独
自の雑音除去手法を適用することで、重力波の観測
周波数帯域において影響が顕著であった音響雑音等
の削減に成功した [14]。また、この研究を通して培
われた解析手法を用いて、2022年 1月のフンガ・ト
ンガ噴火時の環境モニターの応答が調べられた [15]。
現在は非線形雑音の除去手法を実装し、雑音を人工
的に注入した試験データの解析に取り組んでいる。

粒子放射と重力波を用いた宇宙ひもの観測的制限
宇宙ひものループが重力波の放射と素粒子の放射

のどちらによって崩壊するかについては決定的な結
論は出ていない。そこで本研究では、素粒子と重力波
双方の放出を仮定した上での解析を可能とする定式
化を行い、近年のパルサータイミングアレイの観測
結果等を用いた制限を導出した [16, 24, 32, 38, 88]。

軽量ダークマター探索
サファイア鏡を使っているKAGRAでは、干渉計

の補助チャンネルを利用した軽量ベクトル場ダーク
マターのユニークな探索が可能であり、10−13 eV程
度以下の質量を持つ B-Lゲージボゾンを、既存の上
限値を 1桁以上上回る感度での探索が可能となる見
込みである。現在、KAGRA初の観測データからの
制限を算出するため、軽量ベクトル場ダークマター
の統計的性質を明らかにした我々の研究に基づいた
解析パイプラインを開発中である [42]。

KAGRA全著者論文, LVK論文
KAGRAプロジェクトの認定著者として横山、粂、

上野は全著者論文の著者に名を連ねている [17, 18]。
また、LIGO, VirgoとKAGRAは協定を結んでいる
ため、第三観測期の論文はLVK論文としてKAGRA
の認定著者は著者になっている。後者については掲
載を省略する。

8.1.4 時間領域天文学
Tomo-e Gozenカメラによる赤色矮星フレアの観測
東京大学木曽観測所の 105センチシュミット望遠

鏡に取り付けられたTomo-e Gozenカメラを用いて、
毎秒 2フレームという高速撮像で取得した多数の天
体データを解析し、これまでに観測されたことの無
かった高速なものを含む赤色矮星のフレアを 22件検
出することに成功した [19, 118]。
＜受賞＞

[1] J. Kume, 26th International Summer Institute
on Phenomenology of Elementary Particle Physics
and Cosmology, Best Poster Award, September
2022.

[2] J. Kristiano, Poster award, 2nd International Sym-
posium on Trans-Scale Quantum Science (TSQS),
The University of Tokyo, 2022/11/11.

[3] 鄭玄, 優秀発表賞, Joint workshop on General Rel-
ativity and Cosmology, 2023/3/13-14.

[4] 直川史寛, 理学系研究科研究奨励賞, 理学系研究科,
2023年 3月 23日.

＜報文＞
(原著論文)

[5] T. Hayashi, K. Kamada, N. Oshita and J.
Yokoyama, “Vacuum decay in the Lorentzian path
integral”, Journal of Cosmology and Astroparticle
Physics 05 (2022) 041.

[6] J. Kristiano and J. Yokoyama, “Perturbative re-
gion on non-Gaussian parameter space in single-
field inflation”, Journal of Cosmology and As-
troparticle Physics 07 (2022) 007.

[7] K. Murai, F. Naokawa, T. Namikawa, E. Ko-
matsu,“Isotropic cosmic birefringence from early
dark energy” , Physical Review D 107(2023)
L041302.

[8] S. Hashiba, K. Kamada, H. Nakatsuka, “Gauge
field production and Schwinger reheating in run-
away axion inflation”, Journal of Cosmology and
Astroparticle Physics 04 (2022) 058.

[9] K. Fujikura, S. Hashiba, and J. Yokoyama, “Gener-
ation of neutrino dark matter, baryon asymmetry,
and radiation after quintessential inflation”, Phys-
ical Review D 107 (2023) 063537.

[10] T. Fujita, J. Kume, K. Mukaida and Y. Tada, “Ef-
fective treatment of U(1) gauge field and charged
particles in axion inflation”, Journal of Cosmology
and Astroparticle Physics 09 (2022), 023.

[11] V. Domcke, K. Kamada, K. Mukaida, K. Schmitz,
and M. Yamada, “Wash-in leptogenesis after ax-
ion inflation”, Journal of High Energy Physics 01
(2023) 053.

[12] K. Kamada, N. Yamamoto, and D-L. Yang,
“Chiral effects in astrophysics and cosmology”,
Progress in Particle and Nuclear Physics 129
(2023) 104016.

[13] T. Higaki, K. Kamada, and K. Nishimura, “For-
mation of a chiral soliton lattice”, Physical Review
D106 (2022) 9, 096022.

[14] H. Abe et al. (incl. J. Kume, K. Ueno, J.
Yokoyama), “Noise subtraction from KAGRA
O3GK data using Independent Component Anal-
ysis”, Class. Quant. Grav. 40 (2023) 085015.
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[15] T. Washimi et al. (incl. J. Kume, J. Yokoyama)
“Response of the underground environment of the
KAGRA observatory against the air pressure dis-
turbance from the Tonga volcanic eruption on Jan-
uary 15, 2022”, PTEP 2022 (2022) no.11, 113H02.

[16] M. Hindmarsh and J. Kume, “Multi-messenger
constraints on Abelian-Higgs cosmic string net-
works”, [arXiv:2210.06178 [astro-ph.CO]], Journal
of Cosmology and Astroparticle Physics in press.

[17] KAGRA collaboration, “Input optics systems of
the KAGRA detector during O3GK”, PTEP 2023
(2023) no.2, 023F01.

[18] KAGRA collaboration with LIGO Scientific and
Virgo collaborations, “First joint observation by
the underground gravitational-wave detector KA-
GRA with GEO 600”, PTEP 2022 (2022) no.6,
063F01.

[19] M. Aizawa et al. (incl. F. Naokawa), “Fast op-
tical flares from M dwarfs detected by a one-
second-cadence survey with Tomo-e Gozen”, Pub-
lications of the Astronomical Society of Japan, 74,
5, pp.1069-1094, 2022.

(学位論文)

[20] 粂潤哉, “Consequences of gravitational parity vio-
lation in particle cosmology” (博士論文).

[21] 洪木子, “スファレロン脱結合によるバリオン非対称
生成機構の考察” (修士論文).

[22] 直川史寛, “重力レンズ効果を取り入れた宇宙マイク
ロ波背景放射の旋光現象の精密計算” (修士論文).

(著書)

[23] 横山順一（監修）『文系のための東大の先生が教える
宇宙の終わり』(ニュートンプレス)　 2023年 3月。

＜学術講演＞
(国際会議)

一般講演
[24] J. Kume, “Abelian-Higgs cosmic string model and

its multi-messenger signals”, RESCEU Summer
School 2022, Online, 2022/8/17-19.

[25] F. Naokawa, “Gravitationally Lensed Cosmic Bire-
fringence”, 同上。

[26] K. Tokeshi, “Two-point correlation in primordial
black hole formation”, 同上。

[27] F. Uchida, “Magneto-hydrodynamic evolution of
the cosmological magnetic fields”, 同上。

[28] J. Kristiano, “Perturbative region on non-Gaussian
parameter space in single-field inflation”, The 15th
Asia-Pacific Physics Conference (APPC15), On-
line, 2022/08/22-26.

[29] J. Kume, “A new treatment of U(1) gauge field
and charged particles in the axion inflation”, 同上。

[30] T. Hayashi, “Lorentzian analysis of vacuum de-
cay”, 同上。

[31] F. Uchida, “The scaling evolution of the cosmolog-
ical magneto-hydrodynamic system”, 同上。

[32] J. Kume, “Towards the multi-messenger con-
straint on the Abelian-Higgs cosmic string
model”(poster), The 26th Summer Institute, Fuji-
Yoshida, Japan, 2022/9/18-22.

[33] J. Kristiano, “One-loop perturbativity bound in
single-field inflation”, 同上。

[34] F. Uchida, “Baryon isocurvature constraints about
the origin of the cosmological magnetic field”同上。

[35] J. Kristiano, “One-loop perturbativity bound in
single-field inflation”, JGRG31, The University of
Tokyo, 2022/10/24-28.

[36] F. Uchida, “The magneto-hydrodynamic evolution
of the cosmological magnetic fields”, 同上。

[37] F. Naokawa,“Gravitationally Lensed Cosmic Bire-
fringence for the precise prediction”, 同上。

[38] J. Kume, “Multi-messenger constraints on the
Abelian-Higgs cosmic string model”, 同上。

[39] J. Kristiano, “One-loop perturbativity bound
in single-field inflation” (poster), 2nd Interna-
tional Symposium on Trans-Scale Quantum Sci-
ence (TSQS), The University of Tokyo, Japan,
2022/11/10.

[40] H. Jeong, “R2 inflation with the baryogenesis sce-
nario”, FoPM International Symposium, The Uni-
versity of Tokyo, Japan, 2023/2/6-8.

[41] F. Naokawa,“Weak lensing effect on cosmic bire-
fringence and its tomographic analysis”, FY2022
“What is dark matter? -Comprehensive study of
the huge discovery space in dark matter-”, Kavli
IPMU, Japan, 2023/03/07.

[42] J. Kume, “Vector Dark Matter Search with KA-
GRA -updates for O3GK data analysis-”, 同上。

[43] F. Naokawa,“Weak lensing and cosmic birefrin-
gence”, Workshop on Very Light Dark Matter
2023, Nagano, Japan, 2023/03/27.

[44] K. Kamada, “Quantum Nucleation of Chiral Soli-
ton Lattice”, 同上。

招待講演
[45] J. Yokoyama, “Introduction to KAGRA experi-

ment”, Synergies at new frontiers at gamma-rays,
neutrinos and gravitational waves, ICRR, The Uni-
versity of Tokyo, 2022/3/24 （昨年度の未掲載分）.

[46] J. Yokoyama, “Cooperation in physics in the Asia
Pacific Region”, IUPAP centennial symposium,
Trieste, Italy, 2022/7/12.

[47] J. Yokoyama, “Cooperation in physics in the Asia
Pacific Region through AAPPS”, Global Physics
Summit, Yonsei University, Korea 2022/8/22.
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[48] J. Yokoyama, “Status of KAGRA in September
2022”, LIGO-Virgo-KAGRA meeting, Cardiff Uni-
versity, UK, 2022/9/14.

[49] J. Yokoyama, “Mid-to-long term future through
Asia Pacific physics cooperation”, APCTP basic
science forum, Korea, 2022/10/25.

[50] J. Yokoyama, “Closing remarks”, 2nd international
symposium on trans-scale quantum science, Trans-
Scale Quantum Science Institute, The University
of Tokyo, 2022/11/11.

[51] J. Yokoyama, “Status of KAGRA in September
2022”, LIGO-Virgo-KAGRA meeting, Northwest-
ern University, USA, 2023/3/15.

[52] J. Yokoyama, “KAGRA toward O4 and beyond”,
15th Asia Pacific Physics Conference, Korea, on-
line 2022/8/22-25.

[53] K. Kamada, “Wash-in Leptogenesis in the axion
inflationary magnetogenesis scenario”, 同上。

[54] K. Kamada, “Lorentzian Description of the 1st Or-
der Phase Transition”, Online Workshop “Physics
of the Early Universe”, Online, 2022/6/16.

[55] J. Kristiano, “Primordial black holes from single-
field inflation?”, Cosmology and Particle Astro-
physics (CosPA 2022), Online, 2022/11/30.

[56] J. Kristiano, “Ruling out primordial black hole
formation from single-field inflation”, Workshop
on Dynamics of primordial black hole formation,
Rikkyo University, 2023/03/10.

(国内会議)

一般講演
[57] 粂潤哉, “Production of gauge field and charged par-

ticles during axion inflation”(ポスター), 素粒子物
理学の進展 2022, 京大基研, 2022/8/29-9/2.

[58] 粂潤哉, “axion inflation 中の U(1) ゲージ場生成と
荷電粒子による反作用の帰結”, 日本物理学会 2022年
秋季大会, 岡山理科大学, 2022/9/6.

[59] 渡慶次孝気, “二点相関による原始ブラックホール質
量関数の補正”, 同上。

[60] 内田経夫, “宇宙磁場の磁気流体力学的発展の包括的
記述”, 同上。

[61] J. Kristiano,“Perturbative region on non-Gaussian
parameter space in single-field inflation”, 同上。

[62] 横山順一, “My back page 2022”, JGRG31サテライ
ト会、小柴ホール 2022/10/28.

[63] 内田経夫, “初期磁場発展の記述の精密化”, 第 35 回
理論懇シンポジウム, 福島市, 2022/12/21-23.

[64] 鄭玄, “R2 インフレーション理論におけるバリオン数
生成”(ポスター), 同上。

[65] 渡慶次孝気, “原始ブラックホール質量スペクトルが
持つ系統的バイアス”(ポスター), 同上。

[66] J. Kristiano, “Ruling out primordial black hole for-
mation from single-field inflation”, Early Universe
Mini-Workshop, Kobe RIKEN, 2023/01/31.

[67] J. Yokoyama, “Postscript 2019 or: How I learned
to continue worrying and got involved in KA-
GRA”, Workshop on “Fundamental Cosmology:
from Beginning to End”,富士河口湖町, 2023/3/4-5.

[68] J. Kume, “Noise subtraction in Kagra data analy-
sis”, 同上。

[69] F. Uchida, “On the evolution of the primordial
magnetic field”, 同上。

[70] R. Jinno, “Gravitational waves from first-order
phase transitions”, 同上。

[71] K. Kamada, “Chiral effects in cosmology”, 同上。
[72] 洪木子, “スファレロン脱結合によるバリオン非対称生

成機構の考察”, Joint workshop on General Relativ-
ity and Cosmology, 奥多摩町福祉会館, 2023/3/13.

[73] 鄭玄, “R2 インフレーション理論におけるバリオン数
生成”, 同上。

[74] J. Kristiano, “Ruling out primordial black hole for-
mation from single-field inflation”, 同上。

[75] 直川史寛、“宇宙複屈折に対する弱重力レンズ補正”,
日本天文学会 2023年春季年会,立教大学, 2023/3/15．

[76] 粂潤哉, “宇宙論的一次相転移における流体の自己重
力の影響について”, 日本物理学会第 78 回年次大会,
オンライン開催, 2023/3/22-25．

[77] 神野隆介, “Gravitational waves from feebly-
interacting particles”, 同上。

[78] J. Kristiano, “Ruling out primordial black hole for-
mation from single-field inflation”, 同上。

[79] K. Kamada, “A new constraint on lepton flavor
asymmetry in the early Universe through the chiral
plasma instability”, 同上。

[80] 神野隆介, “Machine learning post-Minkowskian in-
tegrals”, 同上。

[81] 直川史寛, “宇宙複屈折に対する重力レンズ効果”, 同
上。

[82] 洪木子, “スファレロン脱結合によるバリオン非対称
生成機構の考察”, 同上。

[83] 渡慶次孝気, “Stochastic Inflation における Borel 総
和法の適用”, 同上。

[84] 神野隆介, “Higgsless simulations of cosmological
phase transitions and gravitational waves”, 同上。

招待講演
[85] R. Jinno, “Gravitational waves from feebly inter-

acting particles in a first order phase transition”,新
ヒッグス勉強会第 35回定例会,大阪大学, 2022/11/18.

[86] 神野隆介, “Machine learning Post-Minkowskian in-
tegrals”, オンラインセミナー「機械学習と物理学」,
オンライン開催, 2022/12/22.

[87] R. Jinno, “Self-gravitation and possible PBH for-
mation in first-order phase transitions”, 新ヒッグ
ス勉強会第 36回定例会, 大阪大学, 2023/2/14.
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[88] 粂潤哉, “Gravitational wave observations as a
probe of particle cosmology”, Joint workshop on
General Relativity and Cosmology, 奥多摩町福祉会
館, 2023/3/13.

[89] R. Jinno, “Quartic Gradient Flow / Borel Resum-
mation in Stochiastic Inflation”, Kobe Workshop
on Cosmology and Fundamental Physics 2023, 神
戸大学, 2023/3/18.

[90] 鎌田耕平, “磁 Baryogenesis、または磁気ヘリシティ
の減衰によるバリオン数生成”, NITEP 素粒子現象
論研究会 2022, 大阪公立大学, 2023/3/18.

[91] 神野隆介, “一次相転移からの重力波観測に向けて”,
日本物理学会 2023年春季大会, 2023/3/22.

[92] J. Kristiano, “Bispectrum and one-loop correction
in PBH formation from single-field inflation”, 国内
モレキュール型研究会「原始密度ゆらぎの非線形成長
とその観測的帰結」, 京大基研, 2023/03/27.

(セミナー)

[93] K. Kamada, “Wash-in leptogenesis – a natural
way to rescue B+L genesis –”, 東京工業大学,
2022/4/13.

[94] K. Kamada, “Magnetogenesis, Baryogenesis, and
Wash-in Leptogenesis in Pseudoscalar Inflation”,
The Uni Melbourne Theoretical Particle Physics
seminar, University of Melbourne, 2022/4/27.

[95] J. Kume, “Chiral asymmetry and gravita-
tional waves”, CosmoCoffee, Helsinki Institute of
Physics, 2022/5/12.

[96] J. Kume, “Gravitational Chiral Anomaly and
Gravitational Waves”, GW-CERN-UNIGE meet-
ing, University of Geneva(online), 2022/6/14.

[97] K. Kamada, “Cosmology with Chiral Effects”,
APEC seminar, Kavli IPMU, University of Tokyo,
2022/6/24.

[98] J. Kume, “Gravitational Chiral Anomaly
and Gravitational Waves”, Aarhus University,
2022/6/28.

[99] 鎌田耕平, “ Conserved Charges in the Early Uni-
verse and Wash-in Leptogenesis”, 慶應義塾大学高
エネルギー物理研究室, オンライン, 2022/7/15.

[100] K. Kamada, “Large Lepton Flavor Asymmetry
induced Chiral Plasma Instability”, Rice Univer-
sity, 2022/9/13.

[101] J. Yokoyama, “Generation of neutrino dark
matter, baryon asymmetry, and radiation after
quintessential inflation”, Portsmouth University,
2022/9/16.

[102] K. Kamada, “Chiral Plasma Instability Con-
strains Large Lepton Flavor Asymmetries”, Uni-
versity of Minnesota, 2022/9/23.

[103] K. Kamada, “Chiral Magnetic Effect, Chiral Plas-
maInstability, and Baryon (Over)Production from
Large Lepton Flavor Asymmetry”, University of
California at Irvine, 2022/9/30.

[104] 内田経夫, “初期磁場に対するビッグバン元素合成か
らの制限”, 埼玉大学素粒子論研究室, 2022/11/18.

[105] J. Kristiano, “One-loop perturbativity bound in
single-field inflation”, 東京大学素粒子論研究室,
2022/11/28.

[106] F. Uchida, “BBN constraint on the origin of
the cosmological magnetic field”, 東京工業大学,
2022/11/30.

[107] J. Kristiano, “One-loop perturbativity bound as
a constraint on single-field inflation and primordial
black hole formation”, The University of Athens,
Online, 2022/12/06.

[108] K. Kamada, “Baryon asymmetry of the Uni-
verse induced from Axion Inflation”, 神戸大学,
2022/12/21.

[109] J. Kristiano, “Ruling out primordial black hole
formation from single-field inflation”, 名古屋大学物
理 C研, 2023/01/19.

[110] F. Uchida, “Toward the description of the evolu-
tion of the primordial magnetic field”, Cosmology
Initiative, Arizona State University, 2023/2/3.

[111] 神野隆介, “Gravitational waves from feebly-
interacting particles”, 富山大学理論物理学研究室,
富山大学, 2023/2/6.

[112] F. Uchida, “Analytic description of the evolution
of the primordial magnetic field”, 慶應義塾大学高
エネルギー物理研究室, オンライン, 2023/2/24.

[113] J. Kristiano, “Ruling out primordial black hole
formation from single-field inflation”, 中国科学院理
論物理学研究所　オンライン 2023/02/28.

[114] J. Kristiano, “Ruling out primordial black hole
formation from single-field inflation”, KEK　理論
センター 2023/03/02.

[115] F. Uchida, “On the description of the evolution
of the primordial magnetic field”, internal seminar
at Astrophysics and Cosmology groups, Carnegie
Mellon University, Pittsburgh, PA, 2023/3/6.

[116] J. Yokoyama, “Imprints of quantum physics on
the universe”, Physics Colloquium, University of
Wisconsin, Madison, 2023/3/7.

(アウトリーチ)

[117] 鎌田耕平, “素粒子と重力の理論で迫る宇宙の始ま
り”, 宇宙の「はじまり」に迫る, 朝日カルチャーセン
ター横浜教室, 2022/7/2.

[118] 逢澤正嵩, 樫山和己, 直川史寛, 大澤亮, 酒向重行, “
広視野動画撮影でとらえた赤色矮星たちの短時間閃
光現象”, プレスリリース, 東京大学大学院理学系研究
科, 2022/8/9.

[119] 横山順一　「横山教授に聞く科学のふしぎ」　子ど
も新聞「風っ子」連載　第 85-108回　上毛新聞社。
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9 Kipp Cannon研
究室

9.1 研究活動報告
私たちの研究グループは、ブラックホール、中性

子星、エキゾチックな天体、そして宇宙そのものを
重力波観測、時には電波観測も用いて研究していま
す。重力波は、質量やエネルギーの動きによって生成
される時空曲率の波です。重力波が宇宙を探索する
の適している理由は沢山あります。重力波は電磁波
（電荷の動きによって生成される） を生成する過程
とは異なる物理的プロセスによって生成されるため、
電磁波とは異なる波源に関する情報を我々にもたら
します。また、重力波は物質と非常に弱く相互作用
するため、電波や光に対して不透明な物質であって
も透過します。例えば、超新星の中心部分やビッグ
バンの最も初期の瞬間でさえも重力波であれば、観
測することができると期待されています。地球も重
力波に対しては透明であるため、重力波望遠鏡は昼
夜を問わず、常に全天を継続的に観測することがで
きます。重力波は、ブラックホール連星の衝突のよ
うな、宇宙で最も激しいイベントで放射される唯一
の重要なエネルギーの形です。しかし、重力波に対
してはほぼ全てのものが透明であるため、それらを
検出できる装置を構築することは非常に困難であり、
重力波の検出は 2015年に初めて達成されました。
私たちの研究グループのメンバーは LIGOと KA-

GRA コラボレーションのメンバーであり、世界中
の重力波検出器、LIGO (アメリカ)、Virgo (イタリ
ア)、GEO600 (ドイツ)、KAGRA (日本)によって収
集されたデータを分析してします。それらのデータ
はほぼ解析し終え、多くの科学的成果が得られまし
た [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15]。現在は
2023年 5月から開始される、LIGO, Virgo, KAGRA
による第 4次観測「O4」へ向けて、データ解析の準
備を進めています。また、データから得られる科学
的成果を最大化するためには様々な理論研究が必要
ですが、私たちのグループのメンバーは、重力波を
用いた天文学や宇宙論、基礎物理の探索までほぼ全
ての分野で活動しています。

9.1.1 重力波データ解析
グローバルな相間磁場雑音を考慮した背景重力波探査
現在稼働中の LIGO・Virgo・KAGRAや Einstein

Telescope に代表される第 3世代の重力波検出器が

完成すると、多数のコンパクト連星合体からの重力
波が折り重なった天体起源の背景重力波の検出は十
分射程圏内となる。さらに、初期宇宙に起源を持つ
宇宙論的な背景重力波の検出の可能性も期待できる。
背景重力波の検出には複数台の検出器から得られた
データ同士で相関を取る手法が用いられるが、地球
規模で存在する擾乱が重力波検出器に影響を与える
場合、十分離れた 2台の検出器間でも重力波以外の
相関が現れ、背景重力波を誤検出する恐れがある。特
に、シューマン共鳴磁場と呼ばれる大域磁場は将来
的に重力波検出器に深刻な影響を及ぼしうる可能性
がある。我々は、シューマン共鳴磁場に由来する相関
雑音を考慮した背景重力波探査によるパラメーター
推定について研究を行った。KAGRA を入れた合計
4 台の第 2世代検出器を想定した場合で、シューマ
ン共鳴磁場の解析的モデルを用いてフィッシャー解析
を行い、シューマン共鳴磁場を適切にモデル化でき
れば相関雑音は背景重力波探査に影響を与えないと
いうことが分かった。しかし、モデル化が不十分な
場合にはパラメーター推定結果をバイアスさせてし
まうことも分かった。これらの研究成果は論文 [21]
として発表した。

前景重力波の分離による初期宇宙由来の背景重力波
の探索
前項のように、多数のコンパクト連星合体からの

重力波が折り重なった天体起源の背景重力波はイン
フレーションなどの初期宇宙において生成された原
始重力波を覆い隠してしまうと考えられている。し
たがって、原始重力波を検出するためには、天体起
源の重力波信号を適切なデータ解析により取り除く
必要がある。我々は、中性子連星及びブラックホール
連星由来の前景放射について、個々の連星からの重
力波信号を波形テンプレートを用いて除去する方法
を再検討した。また、現行の重力波検出器が背景重
力波の各異方性モードに対してどれくらいの感度を
もって測定できるかを判定するため、各検出器の球
面調和モードに対するオーバーラップ関数を計算す
るコードを作成し、Fisher 情報行列を計算するコー
ドの開発を行なった。

9.1.2 重力波天文学
電波望遠鏡 Canadian Hydrogen Intensity

Mapping Experiment（CHIME）によるショー
トガンマ線バーストからの残光探査
ショートガンマ線バースト（short gamma-ray

burst、sGRB）と呼ばれる爆発的突発現象の起源に迫
るために。本研究では、電波望遠鏡CHIMEで sGRB
からの電波残光を観測することを目指している。昨
年度はカナダのブリティッシュコロンビア大学に長期
滞在し、今後の解析において偽陽性の原因となりう
る『エイリアス』を除去するコードを開発した。エ
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イリアスとは、通称『折り返し雑音』とも呼ばれる。
サンプリング周波数よりも高周波な成分がデータに
含まれている際に生じる雑音で、CHIMEの取得する
全天マップ上では特定の天体と同じ明るさを持つ光
源として見られる。いわば、『同じ天体が複製されて
いる』ような状態である。エイリアスの特徴として、
周波数ごとに出現位置が異なるという点が挙げられ
る。人間の活動（携帯電話、テレビ、飛行機など）に
起因する雑音の影響が強いと特定の周波数データが
解析から除外されてしまう可能性があるため、ある
周波数帯でエイリアスが存在するピクセルの明るさ
が日によって変化し、残光探査において偽要因を誘
発しうる。実際の天体と異なり、エイリアスの位置
が周波数ごとに異なることを利用し、十分にエイリ
アスが動きうるような周波数帯に渡る複数のデータ
を用いて、線型回帰モデルに基づくフィルターを構
築し適用したところ、エイリアスの明るさを実際の
天体の数％未満にまで抑えることができた。

位置天文観測衛星Gaiaによるブラックホール連星
観測に関する理論予想
位置天文観測衛星 Gaiaでは、可視光で恒星を観

測することで、ブラックホールと恒星からなる連星
を検出しうると考えられていた。2022年 6月のデー
タ公開において初めて連星に関するデータが公開さ
れ、すでに二つのブラックホール－恒星の連星が確認
されている（El-Badry+2023a, Tanikawa+2022, El-
Badry+2023b）。今後もブラックホール連星の検出
は相次ぐと期待されることから、昨年度は X線連星
の観測で明らかになっている連星パラメータの相関
に注目し、『Gaiaで観測されるようなブラックホー
ル連星にも連星パラメータ間の相関が見られるのか』
を理論予想した。これまでGaiaで観測しうるブラッ
クホール連星に関する理論予想において、連星種族合
成コード BSEを用いて、連星進化を追っていた。今
回は、X線連星で見られている相関がブラックホール
質量や連星軌道周期といった連星パラメータと銀河
面からの高さという空間分布に関するパラメータに
関するものであることから、BSEで得られたブラッ
クホール連星が銀河内をどのように運動するかを数
値計算で追った。その結果、観測しうるブラックホー
ル連星には様々な相関が見られることが分かり、連
星進化パラメータによって相関の様子が異なること
も明らかになった。

9.1.3 重力波による基礎物理の探究
重力波偏極モードによる重力理論の検証
一般相対性理論を拡張した重力理論はこれまで多

数提案されており、一般相対性理論の正しさを様々
な側面からより高精度で検証することは我々の重力
に対する理解を深める上で重要である。重力波観測
を用いれば、重力波を放射する天体の近傍、つまり、
動的かつ非常に強い重力場における重力の性質を調

べることが可能である。そのような検証方法の 1つ
として、重力波の偏極モードがある。偏極モードの
数は各重力理論に特有であり、一般相対性理論では
２つのモードが存在するが、拡張重力理論では 3つ
以上の偏極モードが存在できる。つまり、偏極モード
の数を観測データから調べることで正しい重力理論
を絞り込むことができる。我々は一般相対性理論に
おける通常の偏極モードに加え、スカラー偏極モー
ドが存在する場合の重力波形をパラメータを導入す
る形で構築した。そして、その波形を用いて重力波
検出器の観測データを解析し、得られた重力波信号
が一般相対性理論の予言する偏極モードと矛盾する
ような兆候は無く、一般相対性理論の正しさを支持
する結果を得た [16]。

重力波による強重力場における一般相対論の検証
重力波による強重力場における一般相対論の検証

重力の標準理論である一般相対論は、これまでの観
測結果を良く説明するが低エネルギー有効理論に過
ぎず、強重力領域に迫ればどこかで必ず破綻してし
まう。具体的には、物理法則が破綻する特異点の予
見や量子論としてくりこみが不可能などの困難を抱
えている。これらを回避する重力理論の構築には、
理論研究はもとより、得られる重力波データを適切
に解析する手法を考案し実データを解析することで、
有意な情報を引き出すボトムアップ的なアプローチ
が不可欠である。そこで我々は,観測を通じて知るこ
とができる最も重力が強い領域である連星ブラック
ホール合体過程のマージ段階の定量的な解析法を考
案し、実際にデータ解析を行うことで、強重力場の
物理の理解に繋がる情報を引き出すことを目的とし
た研究を行っている。

一般相対性理論を超える一般時空幾何の観測的検証
一般相対性理論はこれまでに様々な実験的検証を

パスしているが、重力の量子化や特異点の存在の理
解には理論的課題が残っている。計量アフィン重力
理論は、重力をゲージ理論として理解し、量子重力
理論の構築に向けた取り組みとして近年注目されて
いる。一般相対性理論は計量から導かれるレヴィ・チ
ビタ接続によってのみ表現され、時空の幾何学は単
に計量のみによって表される。一方、計量アフィン
重力は一般的な接続（アフィン接続）により時空の
幾何学が記述される。その結果、時空は曲がり（計
量）だけでなく、捩率や非計量性も含むことになる。
計量アフィン重力理論の非計量性の側面はまだ研究
が進んでおらず、非計量性を取り入れた対称テレパ
ラレル重力と呼ばれるサブクラスは理論的に安定で
あり、今後観測的検証が期待されている。我々はこ
れらの理論を重力波の最新観測データを用いて検証
しようとしている。
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チェレンコフ放射状重力波の検出システムの開発と
その探査
超光速天体 (地球外生命体による人工的な超光速

宇宙船を含む) の存在と同天体が突発性重力波を発
すると仮定し、これを探索する検出システムの開発
を行なった。重力波が衝撃波のような形で発生する
と想定し、電磁気学によるチェレンコフ放射を元に
波形テンプレートを作成した。その波形テンプレー
トを用い、第 3期観測 (O3)の 1年間のデータに対し
て探索を行った。この探索で得られたランキング統
計量によって、超光速天体のパワー、速度、観測者
から天体の軌道までの距離などに制限を課した。ま
た、偶然にも、ここで紹介した特殊な波形モデルは、
「グリッチ」と呼ばれるある種の過渡的なノイズ事象
に非常によくマッチすることが判明した。

重力波を用いたハドロン-クォーク相転移の検証
重い中性子星の中心部に存在するような高密度物

質においては、クォークの自由度が顕在化し得ると
考えられる。しかし、ハドロン物質からクォーク物
質への遷移がどのように起こるのかは分かっていな
い。連星中性子星合体直後に形成される天体の最大
密度は通常の原子核密度の５倍程度にも及ぶと考え
られ、そこから放出される重力波はクォーク-ハドロ
ン転移周りの状態方程式に敏感である。しかし、そ
の周波数は 2 kHz以上であり、LIGO等の現行の検
出器の最も感度の良い周波数帯と比べてかなり高い。
本研究では、代表的な２つのクォーク-ハドロン転移
シナリオに対して計算された数値相対論波形を用い、
ベイズ統計に基づくモデル選択をシミュレーション
することで、将来の検出器を用いた正しいシナリオ
の判定可能性調べた。この際、原子核密度周りの比
較的低密度の状態方程式は、それまでの観測の蓄積
によりよく決まっているものと仮定した。この仮定
のもと、Advanced LIGO の設計感度での観測では
正しいシナリオの判断が困難であること、逆に第３
世代の検出器や合体後の信号の観測に特化した将来
の検出器では現実的な可能性があることが明らかに
なった。

重力波によるアクシオン暗黒物質の探査
我々の宇宙に存在するほとんどの物質は未知の暗

黒物質であり、その正体がどのような物であるかに
ついて様々な議論がなされてきた。そのような暗黒
物質の候補の１つとしてアクシオンが考えられてお
り、天の川ハローは複数のアクシオン雲が存在して
いると考えられている。重力波がアクシオン雲中を
伝播すると、アクシオンのグラビトンへの崩壊を誘
導することが知られており、重力波の振幅は増幅さ
れ、伝播速度の変化による時間遅延が生じることに
なる。つまり、これまで検出されてきた連星合体由来
重力波の周辺には特徴的な重力波が検出されるはず
である。我々はそのような特徴的な重力波を探すこ

とで、結合定数（素粒子論における基本的パラメー
ター） に対して先行研究より最大で約 10倍強い制
限を課した [19]。一方、理学系研究科物理学専攻の
安東研究室で行われているアクシオン探査のテーブ
ルトップ実験にも理論・データ解析の方面から参加
し、共同研究を行っている。

9.1.4 重力波検出器に関する研究
中性子干渉計を用いた変位雑音フリー重力波検出器
宇宙誕生時のインフレーションの直接証拠である

と考えられている原始重力波の観測は、重力波観測
における重要な目標の一つである。地上の検出器に
よって原始重力波の検出を試みた場合、地面振動や
鏡などの熱雑音によって検出器の感度が制限されて
しまう。その解決策として、変位雑音をキャンセル
できる変位雑音フリー干渉計のアイデアがある。変
位雑音フ リーレーザー干渉計では、適切に信号を組
み合わせることで重力波信号を残しつつ、感度の妨
げとなる変位雑音を完全に消すことができる。しか
し、観測対象である低周波数帯 (0.1–1Hz) に対して
は感度を持たないことが問題であった。そこで、我々
はレーザー光源ではなく速度を変えることのできる
中性子を用いることで、有効周波数が 1Hz 付近の変
位雑音フリー中性子干渉計を提案した [17]。この変
位雑音フリー中性子干渉計では Mach-Zehnder 干渉
計に両側から中性子を入射していたが、双方向の中
性子源の用意には様々な困難が伴う。そこで、その
実用的改良版として片方向からの異なる速度の中性
子を入射する場合の変位雑音フリー中性子干渉計を
考案した [18, 20]。現在、このセットアップを用いた
変位雑音フリー中性子干渉計の原理検証実験の検討
を進めている。
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rimoto, T. Ishikawa, B. Wu, I. Watan-
abe, Y. Kawasaki, R. Shimizu, H. Shimizu,
M. Kitaguchi, Y. Michimura, and S. Kawamura,
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D 105, 124017 (2022).

[18] S. Iwaguchi, A. Nishizawa, Y. Chen, Y. Kawasaki,
M. Kitaguchi, T. Morimoto, T. Ishikawa,
B. Wu, I. Watanabe, R. Shimizu, H. Shimizu,
Y. Michimura, and S. Kawamura, “Displacement-
noise-free neutron interferometer for gravitational
wave detection using a single Mach-Zehnder con-
figuration”, Physics Letters A 441, 128150 (2022).

[19] T. Tsutsui and A. Nishizawa, “Observational con-
straint on axion dark matter with gravitational
waves”, Physical Review D 106, L081301 (2022).

[20] S. Iwaguchi, A. Nishizawa, Y. Chen, Y. Kawasaki,
T. Ishikawa, M. Kitaguchi, Y. Yamagata, B. Wu,
R. Shimizu, K. Umemura, K. Tsuji, H. Shimizu,
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(学位論文)
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＜学術講演＞
(国際会議)

一般講演
[25] A. Nishizawa, “Statistically separating the mod-

ified effects of GW generation and propagation”,
GR23, Beijing, China (hybrid), 2022/7/4-8.

[26] (ポスター) A. Nishizawa, “Distinguishing the mod-
ified generation and propagation of gravitational
waves”, Symposium on Gravitational wave physics
and astronomy: Genesis, Kyoto Univ., Japan,
2022/4/25-29.

[27] (ポスター) A. Nishizawa, “Impact of correlated
noise on the parameter estimation of stochastic
gravitational waves”, The 9th KAGRA Interna-
tional Workshop, online, 2022/6/6-8.

[28] (ポスター) M. Shikauchi, K. Cannon, H. Lin,
T. Totani, R. J. Shaw, “Prospect for blind
sGRB afterglow search with CHIME”, Gravita-
tional Wave Physics and Astronomy Workshop
(GWPAW), the Sofitel Melbourne on Collins, Mel-
bourne, Australia (hybrid), 2022/12/5-9.

[29] (ポスター) R. Harada, “Examination of the
Testability of the Hadron-Quark Phase Transi-
tion using Gravitational Waves”, KAGRA Face-
to-Face Meeting, the University of Tokyo (hybrid),
2022/8/1-3.

[30] (ポスター) R. Harada, “Examination of the Testa-
bility of the Hadron-Quark Phase Transition using
Gravitational Waves”, LIGO-Virgo-KAGRA Col-
laboration Meeting, Cardiff University, 2022/9/12-
16.

[31] (ポスター) R. Harada, “Examination of the Testa-
bility of the Quark-Hadron Phase Transition Us-
ing Gravitational Waves”, KAGRA Face-to-Face
Meeting, ICRR, The University of Tokyo (hybrid),
2022/11/30-12/1.

[32] (ポスター) R. Harada, “On the Testability of the
Quark-Hadron Phase Transition Using Gravita-
tional Waves”, LIGO-Virgo-KAGRA Collabora-
tion Meeting, Northwestern University, 2023/3/13-
17.

[33] (ポスター) D. Watarai, “Physically consistent
waveform for capturing beyond-GR effects in the
merger phase”, KAGRA Face-to-Face Meeting,
The University of Tokyo (hybrid), 2022/8/1-3.

[34] (ポスター) D. Watarai, “Physically consistent
waveform for capturing beyond-GR effects in the
merger phase”, LIGO-Virgo-KAGRA Collabora-
tion Meeting, Cardiff University, UK, 2022/9/12-
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waveform for capturing beyond-GR effects in
the merger phase”, KAGRA Face-to-Face Meet-
ing, ICRR, The University of Tokyo (hybrid),
2022/11/30-12/1.

[36] (ポスター) D. Watarai, “Physically consistent
waveform for capturing beyond-GR effects in
the merger phase”, LIGO-Virgo-KAGRA Collab-
oration Meeting, Northwestern University, USA,
2023/3/13-16.

招待講演
[37] A. Nishizawa, “Observational tests of gravity with

gravitational waves”, The 9th Korea-Japan Work-
shop on Dark Energy, Yonsei University, Seoul (hy-
brid), 2022/11/14-18.

(国内会議)

一般講演
[38] 西澤篤志, “重力波の生成と伝播における修正重力効

果の統計的識別”, 日本物理学会秋季大会, 岡山理科大
学 岡山キャンパス, 2022/9/6-8.

[39] 西澤篤志, “コンパクト連星合体からの重力波の重ね合
わせが作る円偏極した前景放射”, 日本物理学会 2023
年春季大会, オンライン開催, 2023/3/22-25.

[40] 西澤篤志, “連星系からの重力波と非線形性”, 研究会
「生物から宇宙までの非線形現象 2」, 京都大学 人間・
環境学研究科, 2023/3/26-28.

[41] 鹿内みのり, “Gaia で観測可能な恒星質量ブラック
ホール連星の空間分布に関する理論予想”, 日本天
文学会 2023 年春季年会, 立教大学 池袋キャンパス,
2023/3/13-16.

[42] 原田玲子, “重力波を用いたクォーク-ハドロンクロス
オーバーの検証可能性”, 日本物理学会 2023年春季大
会, オンライン開催, 2023/3/22-25.

[43] 度會大貴, “コンパクト連星の合体段階における一般相
対論を超える物理に基づく理論重力波形”,日本物理学
会 2023年春季大会, オンライン開催, 2023/3/21-24.

[44] P. Karmakar, “Exploring the geometry of the
space-time of the universe”, 日本物理学会 2023 年
春季大会, オンライン開催, 2023/3/21-24.

招待講演
[45] 西澤篤志, “重力波観測で探る極限環境での重力”, 第

35回理論懇シンポジウム,コラッセ福島, 2022/12/21-
23.

(セミナー)

[46] M. Shikauchi, “Theoretical Perspectives on Prob-
ing BH Population with Astrometric Satellite
Gaia”, 大阪大学宇宙進化グループ, 2022/6/29.

[47] M. Shikauchi, “A Blind Search for Short Gamma-
ray Burst Afterglows with CHIME”, MIT Kavli
Institute, Massachusetts Institute of Technology,
2023/1/30.
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10 茂山俊和研究室

10.1 研究活動報告
私たちの研究室では、突発的に明るくなる天体現

象の理論モデルを構築することで、その天体の宇宙
史における役割を理解する研究をしています。具体
的には超新星爆発や様々な星の合体現象を研究対象
にしています。以下では、2022年度に論文などで成
果発表を行なった研究について説明します。

10.1.1 白色矮星合体によって生じた超新
星の残骸の理論モデル

白色矮星合体の結果
酸素とネオンからなる白色矮星と炭素と酸素から

なる少し軽い白色矮星が合体した結果できたと思わ
れる天体から強い星風が吹いていることが発見され、
その観測を説明するモデルを樫山和巳、藤澤幸太郎、
両氏と 2019年に構築した。最近、その天体の星風を
取り巻くような広い領域と中心の点状の領域から X
線が観測された。また、吾妻鏡に記録が残っている
1181年に爆発した超新星とこの天体が結び付けられ
るという指摘がなされた。私たちは、広い領域から
のX線はこの超新星が星間物質と衝突して生じた衝
撃波によって放射され、点状の X線は星風が超新星
に内側からぶつかって生じた衝撃波からの放射と解
釈して、モデルを構築している。X線の解析は馬場
研の方々が行ない、その結果を再現する定量的なモ
デルを作ることが当面の目標。[12, 13, 30, 51]

10.1.2 大質量星からの突発的な質量放出
重力崩壊型超新星を起こす大質量星の中には、そ

の数年前に突発的に増光し、外層を大量に放出する
ものがあると考えられている。私たちは、その現象
論的なモデルを構築し、超新星爆発直前に観測され
た増光現象と比較することでどの程度の質量が放出
されたのかを推測するとともに、放出された物質の
密度構造や星の構造の変化を調べてきた。今年度は
この現象の物理的原因を追求するために、球殻状の
薄い領域で起きる核燃焼の安定性について調べてい
る。[11, 36, 38, 45]

10.1.3 星周物質と爆発物質の衝突で光る
天体

IIn型超新星光度曲線モデル
星周物質が超新星爆発の数年前に突発的に放出さ

れ、超新星爆発で放出された物質と衝突することで
光る一連の過程を計算するコードを構築し CHIPS
と名づけて公開した。計算コードの詳細を記述した
論文を The Astophysical Journal に発表した。この
コードを用いて、赤色超巨星の水素外層に注入する
エネルギーと注入時間がどのような関係を満たすと
星周物質が形成されるかを調べ、The Astrophysical
Journalに発表した。[5]

超新星の前兆現象と近傍宇宙での検出可能性
近年の高頻度探索観測によって、超新星の爆発前に

濃い星周物質が放出されていることがわかっている。
これらが突発的な質量放出によるものである場合、
爆発前にどのような放射が期待されるかを CHIPS
コードを用いて計算した。最も頻繁に起こると考え
られている赤色超巨星による (II型)超新星の場合、
放射は主に赤外で明るくなり、地球から 10 Mpc 以
内の近傍で起こる超新星については次世代可視光・
赤外望遠鏡の Rubin Observatory で超新星爆発の
数ヶ月前からでも超新星を予言できることを示した。
[1, 5, 37]

星周物質の輻射による加速
濃い星周物質が存在する超新星では星周物質起源

の狭い水素などの輝線が観測されるが、その輝線幅
によって得られる速度は超新星の放射による星周物
質の加速によって影響されうる。そこで星周物質を
持った赤色超巨星の爆発の輻射流体シミュレーショ
ンと解析的モデルの構築を行い、星周物質の広がり
や質量によってその加速がどの程度起こるかを調べ
た。質量の大きく広がりの小さい、すなわち高密度
の星周物質の場合、秒速 1000km程度まで加速でき
ることを示した。そしてこれらの結果を II型超新星
と比較することにより、赤色超巨星での質量放出だ
けでは説明できなかった観測されている幅広い星周
物質の速度を包括的に再現できることを示した [20]。

多次元輻射流体力学シミュレーションコードの開発
と応用
星周物質との衝突によって輝く突発天体の力学的

進化や熱的放射のメカニズムを解明する目的で、多
次元輻射流体力学シミュレーションコードの開発お
よび整備を行っている。このような突発天体では爆
発物質の持つ力学的エネルギーが星周物質との衝突
によって衝撃波を介して熱エネルギーへと変換され、
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光学的に厚い領域において熱放射のエネルギーとなっ
たものが光学的に薄い領域へと解放されることにな
る。従って、この過程を無矛盾に取り扱うためには
輻射流体力学シミュレーションが極めて強力な手段
となる。IIn型超新星をはじめとする、星周物質との
衝突をエネルギー源とする突発天体の起源解明を目
的として、多次元流体力学と放射輸送を取り入れた
シミュレーションコードを開発し、大規模並列シミュ
レーションを実施することで、様々な突発天体の光
度曲線モデリングを進めている [23, 24, 28]。

ガンマ線バーストジェットと星周物質の相互作用
ガンマ線バースト (GRB) は、天球面上において

ガンマ線点源が短時間現れる現象で、継続時間が比
較的長いGRB(long GRB)は大質量星の重力崩壊に
伴って発生することが知られている。この際に、中
心エンジンによって駆動され、ローレンツ因子にし
て 100を超える超相対論的ジェットが星を貫き、即
時ガンマ線放射を行うとともに、星周物質との衝突
によるエネルギー散逸によって幅広い波長域での残
光放射で輝く。近年の超新星可視光観測から示唆さ
れているように、GRB親星においても重力崩壊直前
に放出された物質が濃い星周物質として親星周囲に
存在している可能性を考え、GRBジェットが星周物
質に衝突し伝搬が妨げられる過程の 3次元特殊相対
論的流体力学シミュレーションを行うことで、どの
程度のエネルギーが散逸し、どのような電磁波放射
が予想されるのかを調べている [31, 40, 48]。

10.1.4 中性子星に降着する物質からの炭
素爆燃波

Ia型に分類される超新星の中には非常に明るく光
るものも見られる。放射性元素 56Niの質量がChan-
drasekhar limit 1.4 M⊙ を超えているものもあり、
爆発物質の質量は 2 M⊙ くらいとこちらも Chan-
drasekhar limitを超えている。爆発した星として回
転している白色矮星を考える場合が多いが、観測の
特徴を再現するのは難しい。私たちは、これらの超
新星が星形成を続けている銀河で起きていることに
着目し、大質量星を起源とするシナリオを考えた。中
性子星との近接連星系をなす大質量星は進化すると
その外層をほとんど失い CO 中心核のみが残る。重
力波を放射しつつ軌道がさらに縮み、ついにはそこ
に中性子星が飲み込まれ、中性子星に COが降着す
る。このときに C+Cの核融合反応に点火して爆轟
波が発生して星全体を吹き飛ばす可能性を調べるこ
とにした。[10]

定常流による解析
中性子星に降着する球対称な定常遷音速流を計算

し、C+C→Mgなどの核融合反応によるエネルギー

供給の影響を調べている。この流れは、周囲のガス
の化学組成と比エンタルピーと降着率で規定される。
CとOが質量比で半々の蘇生の時に与えられた比エ
ンタルピーに対して降着率がある値より大きい時に
降着流が中性子星表面に到達しなくなる現象を見出
した。系統的な計算を行い、臨界降着率が中性子星
質量と周囲の物質の比エンタルピーにどのように依
存するか調べた。[10]

10.1.5 高速回転や磁場を伴った天体の構
造と重力波

ブラックホールや白色矮星、中性子星など、恒星
がその一生を終えた後に形成されるコンパクト天体
は様々な高エネルギー天体現象を起こす。これらは
極限的環境における物理過程を探る実験室である。
コンパクト天体の多くは非常に高速な回転や強力

な磁場を伴っており、様々な高エネルギー現象と密
接に関わっている。そこで、このような高速回転す
るコンパクト天体を考えるために、ラグランジュ座
標に基づく新しい回転星の定式化と計算をニュート
ン重力と一般相対論でそれぞれ行いその構造を計算
した。また、そのために必要な数値計算手法の開発
も行った [16, 17, 18]。
また、中性子星は非常にコンパクトであるため、

回転軸に対して非軸対称的に歪み高速回転している
と重力波を放出すると考えられている、有力な重力
波候補天体である。そこで、磁場による中性子星の
歪みの新しい解を計算し、理論的に求めた [14, 15]。

10.1.6 極金属欠乏銀河の化学進化
近年の銀河サーベイで発見されはじめた極金属欠

乏銀河 (Extremely Metal-Poor Galaxies; EMPGs)
は、金属量が太陽組成の数%程度の近傍銀河であり、
より始原的な環境での銀河形成を理解する上で重要
な天体だと考えられている。EMPGsの中にはガス相
の鉄の酸素に対する存在比が太陽組成に比べて高い
など、特異な元素組成を示すものも報告されており、
その化学進化がどのようなものであったのかは興味深
い問題である。すばる望遠鏡を用いてこれらEMPGs
を重点的に観測する intensive program “EMPRESS
3D” (PI: 大内正己)に参加し、種々の超新星による
特異な化学組成の説明を試みている [33, 41]。また、
同プログラムの一環で、より始原的な環境に近いと
いう EMPGsの性質を利用して、すばる望遠鏡での
近赤外分光観測からヘリウムの始原的な質量比 YPを
推定する研究なども行なっている [22]。

10.2 業績リスト
＜報文＞
(原著論文)



10.2. 業績リスト 60

[1] Tsuna, Daichi; Takei, Yuki; Shigeyama, Toshikazu
2023, ”Precursors of Supernovae from Mass Erup-
tion: Prospects for Early Warning of Nearby Core-
collapse Supernovae”, Astrophys. J. , 945, 104,
doi:10.3847/1538-4357/acbbc6

[2] Suda, Takuma ; Saitoh, Takayuki R. ; Mori-
tani, Yuki ; Matsuno, Tadafumi ; Shigeyama,
Toshikazu 2021, ”First star survivors as metal-rich
halo stars that experienced supernova explosions
in binary systems”, Publ. Astron. Soc. Japan, 73,
609, doi:10.1093/pasj/psab024

[3] Zhong, Yici ; Kashiyama, Kazumi ; Shigeyama,
Toshikazu ; Takasao, Shinsuke 2021, ”A Necessary
Condition for Supernova Fallback Invading New-
born Neutron-star Magnetosphere”, Astrophys.
J. , 917, 71, doi: 10.3847/1538-4357/ac0a74

[4] Maeda, Keiichi search by orcid ; Jiang, Ji-an search
by orcid ; Doi, Mamoru ; Kawabata, Miho search
by orcid ; Shigeyama, Toshikazu, ”Initial flash and
spectral formation of Type Ia supernovae with an
envelope: applications to overluminous SNe Ia”,
Mon. Not. R. Astron. Soc., 521, Issue 2, pp.1897,
doi:10.1093/mnras/stad618

[5] Takei, Yuki ; Tsuna, Daichi ; Kuriyama,
Naoto ; Ko, Takatoshi ; Shigeyama, Toshikazu
2021, ”CHIPS: Complete History of Interaction-
powered Supernovae”, Astrophys. J. , 929, 177,
doi:10.3847/1538-4357/ac60fe

[6] Aizawa, Masataka; Kawana, Kojiro; Kashiyama,
Kazumi; Ohsawa, Ryou; Kawahara, Hajime;
Naokawa, Fumihiro; Tajiri, Tomoyuki; Arima, No-
riaki; Jiang, Hanchun; Hartwig, Tilman; Fuji-
sawa, Kotaro; Shigeyama, Toshikazu; Arimatsu,
Ko; Doi, Mamoru; Kasuga, Toshihiro; Kobayashi,
Naoto; Kondo, Sohei; Mori, Yuki; Okumura,
Shin-ichiro; Takita, Satoshi; Sako, Shigeyuki,
”Fast optical flares from M dwarfs detected by a
one-second-cadence survey with Tomo-e Gozen”,
Publ. Astron. Soc. Japan, 74, Issue 5, pp.1069,
doi:10.1093/pasj/psac056

[7] Yoshii, Yuzuru; Sameshima, Hiroaki; Tsujimoto,
Takuji; Shigeyama, Toshikazu; Beers, Timothy C.;
Peterson, Bruce A., ”Potential Signature of Popu-
lation III Pair-instability Supernova Ejecta in the
BLR Gas of the Most Distant Quasar at z =
7.54”, Astrophys. J. , 937, Issue 2, id.61, 12 pp.,
doi:10.3847/1538-4357/ac8163

[8] Jiang, Ji-an; Yasuda, Naoki; Maeda, Keiichi; Tom-
inaga, Nozomu; Doi, Mamoru; Ivezić, Željko;
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11 仏坂健太研究室

11.1 研究活動報告
当研究室は、白色矮星、中性子星、ブラックホー

ルなどのコンパクト天体に関する宇宙物理学を理論
的に研究しています。特にコンパクト連星からの重
力波やそれらに付随する電磁波放射に関する研究を
観測グループと連携して行っています。

11.1.1 連星中性子星の電磁波対応天体
キロノバの研究
キロノバは連星中性子星合体に付随する電磁波対

応天体の一つであり、合体時に放出された中性子過
剰物質の放射性崩壊によって輝く現象である。この
現象は特に重元素の起源に関連するという重要性が
ある。我々はキロノバに関する観測・理論の両目か
ら研究を行った。[1, 2, 4, 5]。
キロノバ の研究の中でも特に中性子星合体エジェ

クタが光学的に薄くなった星雲期の放射は自由電子
によって励起された重元素からの放射脱励起の光を
直接観測することができるため、中性子星合体に伴っ
て生成され元素を特定するために極めて有用である
と考えられている。しかし、キロノバ星雲期は観測
的にも理論的も、その性質はほとんどわかっていな
い。その理由は、星雲期の放射の計算に必要な原子
データが欠落しているためである。そこで我々は星
雲期の計算に必要な原子データ、特に原子の禁制線
に関するデータ（輝線リスト）揃えた。作成した原
子データを用いて、GW170817における Spitzer衛
星によるキロノバ 星雲期の観測データの解釈を行っ
た [2]。我々の理論に基づくと、キロノバ星雲期に観
測された 4.5 ミクロンの強い放射はセレン (原子番
号 34) もしくはタングステン (原子番号 74) の微細
構造線で説明できることがわかった。今回の観測は、
Spitzer衛星による測光観測にとどまっているが、今
後、キロノバが観測されればジェームズウェッブ宇
宙望遠鏡を使ってより詳細な分光観測が可能であり、
これからの発展が期待できる。
中性子星合体は合体後にブラックホールが形成さ

れる場合と大質量中性子星が形成される場合がある。
大質量中性子星が形成される場合、合体後の中性子
星が持つ膨大な回転エネルギーが磁場を介して、解
放され合体エジェクタの運動エネルギーに変換され
ることが予想される。我々は数値流体シミュレーショ
ンを用いて、このエネルギーの変換機構やエネルギー
が注入されたエジェクタの時間発展およびそのよう

なエジェクタが生成する電磁波対応天体について調
べた [1]。膨張速度とエジェクタ質量の増加によりキ
ロノバ信号が増幅されることや、エジェクタと星間
物質の間に形成される衝撃波からのシンクロトロン
放射が数桁強くなることを示した。これにより将来
の中性子星合体の電磁波対応天体の観測から合体後
に形成される天体の性質に迫ることができることを
示した。

電波対応天体の研究
中性子星合体は非相対論的なキロノバエジェクタ

だけなく、相対論的なジェットも駆動する。このジェッ
トと星間物質の間に形成された衝撃波によって加速
された非熱的な電子によって放射されるシンクロト
ロン光が電波からX線まで幅広い波長で観測される。
我々はこのシンクロトロン放射に関する研究を行っ
た [1, 3]

GW170817の残光は基本的には構造を持った相対
論的ジェットで説明できるが、合体後の 3年後に X
線超過があるという示唆があった。論文 [3] では合
体後 4.5年での電波放射をVery Large Arrayによる
観測によって調べた。その結果、電波放射は超過を
示さずジェット残光でよく説明できることを示した。
このことは X線超過がもし本当ならばフォールバッ
ク円盤などX線特有の残光とは異なる放射の存在を
示唆している。

11.1.2 ガンマ線バーストジェットにおけ
る粒子加速の研究

ガンマ線バースト残光は、連星中性子星合体に伴
う電磁波対応天体の１つであり、ジェットの衝撃波に
よって加速された電子のシンクロトロン放射が電波
からＸ線までの広い波長帯域で観測される現象であ
る。衝撃波における粒子加速メカニズムの解明は高
エネルギー天体物理学の重要なテーマであるが、詳
細は未解明である。特に、衝撃波速度が相対論・非
相対論的な場合で粒子加速効率が変わることが理論
的に示唆されているが、直接観測による検証はでき
ていない。ガンマ線バースト残光はジェットが相対
論的速度から非相対論的速度に遷移する過程で形成
されるため、粒子加速の衝撃波速度依存性を観測的
に検証できる可能性があるユニークな天体現象であ
る。我々は、LIGO-Virg-Kagra O4の連星中性子星
合体の検出範囲 200 Mpc の星周物質が比較的濃い
環境において、GRB 170817A と同様の構造を持つ
off-axis ジェットが形成された場合、ガンマ線バース
ト残光のスペクトルのベキ指数の時間発展を観測す
ることで粒子加速の衝撃波速度依存性が観測的に検
証できることを理論モデルを用いて示した [8] 。
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11.1.3 超大質量星および活動銀河核
活動銀河核の金属の化学進化に関する研究を行った

[6]。この研究では、活動銀河核広輝線領域の [Fe/Mg]
組成比を化学進化モデルを使って議論した。結果と
して銀河中心核における 50太陽質量を超える大質量
星の存在比などに制限を与えた。また初代星形成に
関する研究も行っている [7]。具体的には初代星形成
の輻射流体シミュレーションを実施した。輻射フィー
ドバックの効果について調べ、星形成環境と誕生す
る星質量の相関関係を導いた。

11.1.4 恒星・ブラックホール連星の探査
恒星とブラックホールからなる連星は、これまで

主に質量交換をする X線連星として発見されおり、
現在数１０天体が報告されている。しかし、質量交
換は特定の条件が揃った場合のみ生じる現象であり、
広い連星パラメータの中でも限られた領域のものに
限定される。そこで我々は、系外惑星探査衛星TESS
の測光観測サーベイデータから伴星にブラックホー
ルを持つ天体に特徴的な変光を検出することで質量
交換を伴わない恒星・ブラックホール連星を発見す
ることを目指してデータ解析を行っている [10]。
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(学位論文)

[10] 白石裕太 “ブラックホール-恒星連星系の測光サーベ
イ観測による探査” (修士論文)

(著書)

＜学術講演＞
(国際会議)

一般講演
[11] K. Takahashi, et al., “Probing particle acceleration

at trans-relativistic shocks with off-axis gamma-
ray burst afterglows”, Symposium on gravita-
tional wave physics and astronomy:Genesis, Kyoto
Japan, 2022/4/25-29.

[12] D. Toyouchi, “Radiative feedback on supermassive
star formation”, Star formation in different envi-
ronments 2022, Kyoto Japan, Quy Nhon, Vietnam,
2022/8/21-27.

[13] D. Toyouchi, “Radiative feedback on supermas-
sive star formation”, EANAM9, Okinawa Japan,
2022/9/26-30.

招待講演
[14] K. Hotokezaka, “Progress and challenge in kilonova

theory”, Symposium on gravitational wave physics
and astronomy:Genesis, Kyoto Japan, 2022/4/25-
29.

[15] K. Hotokezaka, “Element identification in kilo-
nova”, ,GW-EM Workshop, Wiezmann Institute
of Science, Rehovot Israel, 2022/6/19-7/1

[16] K. Hotokezaka, “Unsolved issues in EM counter-
parts of NS mergers”, TCAN22 on binary neutron
stars workshop, online, 2022/6/20-24

[17] K. Hotokezaka, “Non-LTE in Kilonova”, NBIA
workshop on Radiation Transfer in Astrophysics,
Niels Bohr Institute, Copenhagen Denmark,
2022/6/6-10.
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(国内会議)

一般講演
[18] 豊内大輔, “活動銀河核広輝線領域の [Fe/Mg]組成比

から迫る銀河中心核領域の初期質量関数”, 天文年会
秋季年会, 新潟, 2022/9/13-15

[19] 豊内大輔, ”原始銀河中の種ブラックホール形成およ
び急速成長” 2022/2/17, 初代星研究会, 東京

招待講演
[20] 仏坂健太, “2040 年代のマルチメッセンジャー天文

学”, 2040年代のスペース天文学研究会, 名古屋大学,
2022/11/14-15.

[21] 豊内大輔, “原始銀河中の種BH形成および急速成長”,
初代星・初代銀河研究会, 徳島, 2022/11/10-12.

[22] 豊内大輔, “Formation and mass growth of seed BHs
in protogalaxies”, 国立天文台CfCAユーザーズミー
ティング, 東京, 2023/1/26-27.

(セミナー)

[23] 仏坂健太, “Astrophysics of compact binary merg-
ers”, KMIコロキウム, 名古屋大学, 2022/7/13.

[24] K. Hotokezaka, “Kilonova modeling: Photospheric
to Nebular phase”, Seminer, Albert Einstein Insti-
tute, Golm Germany, 2022/11/23.

[25] K. Hotokezaka, “Kilonova modeling: Photospheric
to Nebular phase”, Physics Colloquium, Technis-
che Universitat Darmstadt, Darmstadt Germany,
2022/11/25.
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