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Preface

I am pleased to deliver the annual report of Research Center for the Early Universe (RESCEU) for the
fiscal year of 2020 (from April 2020 to March 2021).

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 Prof. Jun’ichi Yokoyama), (2) Gravitational-wave astrophysics and experimental
gravity (led by Prof. Kipp Cannon), and (3) Formation and characterization of planetary systems (led by
myself). 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 outbreak of COVID-19, the activity in RESCEU has been seriously affected. We
were not able to organize any international meeting nor symposium this year. We had the summer school,
but it is entirely online without inviting foreign researchers. Since the official members of RESCEU are
mostly working on theoretical projects, however, weekly seminars and regular discussions have been carried
out via zoom fortunately.

Finally we are pleased to announce the awards for our RESCEU members. Prof. Jun’ichi Yokoyama
received the Commendation for Science and Technology by the Minister of Education, Culture, Sports,
Science and Technology in April 2020. Dr. Masamune Oguri received the PASJ Excellent Paper Award in
2020 as a coauthor of Hikage et al. PASJ 71(2019) id. 43, and Dr. Kazuhiro Kanagawa received the PASJ
Excellent Paper Award in 2020 as the first author of Kanagawa et al. PASJ 68(2016) id. 43, in March
2021.

We would like to congratulate all of them for their wonderful achievements.
May 2021

Director Yasushi Suto
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Reports on overall activities
at RESCEU in 2020



1 Members

’RESCEU members ‘
Yasushi Suto [ZHEEH]
Jun’ichi Yokoyama [##|LiJIE—]
Kipp Cannon
Toshikazu Shigeyama [5ILI{&H])]
Kenta Hotokezaka [{ARfE# K]
Masamune Oguri [KEEESR]
Kazumi Kashiyama [#LFIC)]
Kohei Kamada [ EH#F]
Atsushi Nishizawa [PA{EE&]
Yuu Niino [#iff&]
Kotaro Fujisawa [ AHR]
Haruki Nishino [PH%#F <50
Yuji Chinone [ZFAR 1A #]]
Koh Ueno [ 57 5]
Kazuhiro Kanagawa [$/[|F15A)]
Yusuke Yamada [ILH&T)
Tatsuya Matsumoto [FAARZEK]
Keisuke Inomata [$& X7
Heather Fong
Sayuri Nagano [ZKEFFHE]
Chiyo Ueda [ LHF1X]
Reiko Sugiyama [#21LU+LF]

Director

Professor

Professor

Professor

Associate Professor

Assistant Professor

Assistant Professor

Assistant Professor

Assistant Professor

Project Assistant Professor (RESCEU & JSPS Grant of Prof. Shigeyama)
Project Assistant Professor (RESCEU)

Project Assistant Professor (RESCEU & JSPS Grant of Prof. Kusaka)
Project Assistant Professor (RESCEU & JSPS Grant of Prof. Kusaka)
Postdoctoral Fellow (JSPS Grant of Prof. Cannon)

Postdoctoral Fellow (RESCEU) (- 2021/01/31)

Postdoctoral Fellow (JSPS Fellow)

Postdoctoral Fellow (JSPS Fellow)

Postdoctoral Fellow (JSPS Grant of Prof. Yokoyama) (— 2020,/08/31)
Research Fellow (JSPS Fellow)

Secretary

Secretary

Secretary



1 Members

RESCEU affiliates |

Naoki Yoshida [ FHEAC]
Tomonori Totani [F 4 A& Hll]
Kotaro Kohno [{AIEFZ£KHN]
Mamoru Doi [1:J&5F]
Motohide Tamura [FHATTFF]
Seiji Sugita [#ZHFEH]]

Eiichi Tajika [FHI%—]
Satoshi Yamamoto [[LIA<8]
Hideo Higuchi [B&I155 5]
Chikara Furusawa [ /7]
Aya Bamba [[535¥]

Akito Kusaka [H THBEA]
Kazuhiro Shimasaku [I§{E—K]
Masaki Ando [Z 8 [F 48]
Masahiro Tkoma [425f K]
Hajime Kawahara [{A]JFE]

Professor, Dept. of Physics

Professor, Dept. of Astronomy

Professor, Institute of Astronomy

Professor, Institute of Astronomy

Professor, Dept. of Astronomy

Professor, Dept. of Earth and Planetary Science

Professor, Dept. of Earth and Planetary Science

Professor, Dept. of Physics

Professor, Dept. of Physics

Professor, Universal Bioligy Institute

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

Assistant Professor, Dept.

of Physics

of Physics

of Astronomy

of Physics

of Earth and Planetary Science

of Earth and Planetary Science



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 blackholes

Aya Bamba

Chemical evolution of the universe with supernova remnant study

Kazuhiro Shimasaku

Galaxy Formation and Evolution

Akito Kusaka

Observational cosmology using cosmic microwave background

Masamune Oguri

Unveiling the nature of dark matter and dark energy

Kazumi Kashiyama

Evolution of compact objects and time domain astronomy

Kohei Kamada

Particle 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

Multi-messanger astrophysics of compact binary mergers

Mamoru Doi

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

tical observations

Masaki Ando

Gravitational-Wave Experiment and Astrophysics

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

Fiichi Tajika

Diversity and evolution of habitable planets

Masahiro Ikoma

Diversity and origins of exoplanetary atmospheres

Hajime Kawahara

Exploring instrumentation and methods for characterizing exoplanets

Hideo Higuchi

Universal model on motor proteins

Chikara Furusawa

Evolutionary dynamics of computational cell models




3 Symposia and Meetings

Planet’ / RESCEU Summer School

Place: Online

Time: 2020/8/17 (Mon) — 2020/8/19 (Wed)

Program

8/17 (Mon) morning

10:00-10:10
10:10-11:30
11:30-11:45
11:45-12:00

12:00-12:15

Yasushi Suto

(L) Nobunari Kashikawa

Yuta Tarumi

Kana Moriwaki

Hyunbae Park

8/17 (Mon) afternoon

13:15-14:35
14:35-14:50

14:50-15:05

15:05-15:20

(L) Hajime Kawahara
Ayano Komaki

Shijie Wang

Hiroto Mitani

8/18 (Tue) morning

10:00-10:40

10:40-10:55
10:55-11:10

11:10-11:25

11:25-11:40
11:40-11:55

(T) Seiji Sugita

Daichi Tsuna

Kojiro Kawana

Toshinori Hayashi

Tilman Hartwig

Kipp Cannon

Opening remark

High-z galaxies and their environment

s-process enrichment and the origin of barium in ultrafaint
dwarf galaxies

Component extraction from line intensity maps with condi-
tional GAN

Scatter in the reionization history by baryon-dark matter

streaming velocity

Frontier in Exoplanet Characterization

Photoevaporation from protoplanetary disk: dependence on
central star spectrum

Evolution of the multiplanetary systems deduced from six
ALMA disks

Effect of Stellar Wind on Atmospheric Escape

Topical talk: The Evolution of Ryugu and the Early Solar System
Revealed by Hayabusa2 Observations

Transients upon Black Holes Born From Erupting Massive Stars
A variety of emission from tidal disruption events of a white dwarf
by a black hole

A strategy to search for an inner binary black hole from the motion
of the tertiary companion: radial-velocity modulations of a star and
time-delay effects of a pulsar

Neural Networks can learn periodic data

Data Analysis in COVID Days



3 Symposia and Meetings

8/18 (Tue) afternoon

13:00-13:40 (T) Tomonori Totani Emergence of life in an inflationary universe

13:40-13:55  Yici Zhong

13:55-14:10 Naoto Kuriyama

14:10-14:25 Yuki Takei

14:25-14:40 Lin Haoxiang

14:40-14:55 Minori Shikauchi
8/19 (Wed) morning

10:00-11:20 (L) Masaki Ando
11:20-12:00 (T) Mamoru Doi

8/19 (Wed afternoon)
13:00-13:15 Leo Tsukada
13:15-13:30 Takuya Tsutsui

13:30-13:45 Keisuke Inomata
13:45-14:00 Fumio Uchida

14:00-14:15 Minxi He
14:15-14:25 break
14:25-14:40 Soichiro Hashiba

14:40-14:55 Jun’ya Kume

14:55-15:10 Koki Tokeshi
15:10-15:25 Takumi Hayashi

15:25-15:30  Jun’ichi Yokoyama

(L: Lecture, T: Topical talk)

How much supernova fall-back can invade newborn pulsar wind
and magnetosphere?

The features of multiple mass eruptions from progenitors of
Type IIn supernovae

A two-temperature radiative transfer simulation for interaction-
powered supernovae

Radio afterglow from Fast Radio Bursts produced by Neutron
Star Mergers

On the use of CHIME to Detect Long-Duration Radio Tran-

sients from Neutron Star Mergers

Observation of Gravitational-Wave in Space
The Tomo-e Gozen Camera the first wide-field CMOS imager

Stochastic background from ultralight vectors

Early warning of third generation gravitational wave detector for
precessed compact binary merger

Scalar perturbations induced by scalar perturbations

A Dbaryogenesis scenario from helical magnetic fields and con-
straints on it

Tachyonic preheating in the mixed Higgs-R? model

Particle production induced by vacuum decay in real time formal-
ism

Quantum correction in gravitational leptogenesis and its renor-
malization

PBH mass spectrum and window function dependence

Towards Coleman-de Luccia bubble nucleation in the Lorentzian
path integral

closing
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4 RESCEU colloquia

e RESCEU Colloquium No. 45
Gilles Ferrand (Astrophysical Big Bang Laboratory (ABBL), Cluster for Pioneering Research, and
Interdisciplinary Theoretical and Mathematical Sciences Program (iTHEMS), RIKEN)
“From the thermonuclear supernova to the supernova remnant”
November 26, 2020, 10:30-11:30

e RESCEU Colloquium No. 46
Akira Endo (Delft University of Technology, on behalf of the DESHIMA collaboration)
“DESHIMA: Integrated Superconducting Spectrometer for Wideband Submillimeter Astronomy”
December 10, 2020, 17:00-18:00

e RESCEU Colloquium No. 47
Takaaki Tanaka (Kyoto University)
“Recent X-ray Studies of Supernova Remnants and Beyond”
February 18, 2021, 14:00-15:00

e RESCEU Colloquium No. 48
Hiroki Akamatsu (SRON Netherlands Institute for Space Research)
“Energetics of galaxy clusters and cryogenic probes for future astronomical applications”
March 25, 2021, 16:00-17:00



4 RESCEU colloquia
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5 Project 1. Evolution of the universe and
cosmic structures

5.1 Activity Report

This project aims at clarifying the origin and evolution of both matters and structures of the Universe-
based on theoretical and observational studies. It covers physics of the early universe including but not
limited to inflation, cosmological phase transition, formation and evolution of density perturbation, as well
as formation and evolution of the hierarchical structure of the universe, namely, stars, galaxies, and clus-
ters of galaxies in terms of numerical simulations and optical and X-ray observations. Cosmic microwave
background radiation and gravitational waves are also important probe of the Universe and are actively
investigated in this project. These studies not only clarifies the evolution of our Universe but also provide
us with invaluable informations on the nature of dark matter and dark energy. Below are highlights of the
achievements in F'Y2020 listed in descending scales.

5.1.1 Inflationary cosmology

We studied the realization of the hot Big Bang Universe after inflation, namely, the reheating, in the
mixed Higgs-R? model. We identified the realization condition of the reported violent particle production
mechanism just after inflation, which may lead to quick connection to the hot Big Bang Universe in that
model. (Yokoyama, Kamada)

5.1.2 Quantum anomaly in the early Unvierse

There can be interesting phenomena in the early Unvierse induced by background magnetic fields as well
as gravitational waves through the chiral anomaly inherent in the quantum theories. It causes the Chern-
Simons coupling between the pseudo-scalar and gauge fields or gravitational fields. We studied the magnetic
field and gravitational wave production from the dynamics of pseudo-scalar fields through the Chern-Simons
coupling, that are identified as inflaton and also the phase of the flat direction in supersymmetric theories,
which can result in the generation of matter and antimatter asymmetry of the Universe. Especially we
clarified the subtleties in the renormalization of the gravitational wave production. We also studied the
baryon isocurvature perturbation generated by the primordial magnetic fields generated at the electroweak
symmetry breaking. We found that the intergalactic magnetic fields suggested by the blazar observation
cannot be explained by the primordial magnetic fields generated before the electroweak symmetry breaking
due to too large isocurvature perturbation. (Kamada)

5.1.3 Statistical Computational Cosmology

We applied a sparsity-based method called adaptive LASSO to reconstruct three-dimensional density
distribution in the Universe by gravitational lensing observations. We apply an adaptive LASSO algorithm
to perform reconstruction on the assumption that the underlying cosmic density field is represented by
a sum of Navarro-Frenk-White halos. We generate realistic mock galaxy shape catalogues by considering
the shear distortions from isolated halos for the configurations matched to Subaru Hyper Suprime-Cam
Survey with its photometric redshift estimates. Galaxy clusters with mass greater than 10* solar-masses
can be detected with 1.5-0 confidence, with an average false detection rate of 0.022 per square-degree. The
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standard deviation of the redshift estimation is less than 0.1. Our method enables direct three-dimensional
cluster detection with accurate redshift estimates. (Yoshida)

5.1.4 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. Our recent results from this project
include the first demonstration of so-called “de-lensing,” a rejection of contamination due to gravitational
lensing effect in reconstructing primordial B-mode power spectrum, using CMB polarization data only. We
also released several results influential to future CMB projects, including: 1) improved measurement of the
gravitational lensing power spectrum measurement, 2) constraint on the tensor-to-scalar ratio r, and 3) the
E-mode power spectrum and constraint on the cosmological parameters.

For Simons Array experiment, observation using the first telescope and the deployment of the second
telescope were paused due to COVID-19 pandemic; we virtually lost our access to the telescope site in
Chile. We managed to gain access to the site toward the end of 2020, and resumed observation at the
beginning of 2021 using the first telescope. The deployment of the second telescope is underway toward
the first light soon. In parallel, development of the analysis pipeline is actively on-going.

The Simons Observatory experiment is scheduled for the first light in 2022 and 2023. We will deploy 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, and delivered
the cryogenic optics tube for the first telescope. We also made significant progress in fabricating and
commissioning the second and third cryogenic half-wave plate rotation mechanism.

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 achieved
significant improvement in computation time by taking advantage of GPUs. (Kusaka, Kiuchi, Chinone,
Nishino)

5.1.5 Probing Dark Matter with Gravitational Waves

We studied the possibility of using amplitude and phase fluctuations of gravitational waves due to gravi-
tational lensing as a probe of the small-scale matter power spectrum, which contains a wealth of information
about the particle nature of dark matter. We showed that the frequency dependence of amplitude and phase
fluctuations arise from the wave optics nature of the propagation of gravitational waves. It is predicted
that gravitational lensing dispersions of gravitational waves at frequencies of f ~ 0.1 — 1 Hz probes the
abundance of low-mass dark halos with mass 1h~'My < M < 10*h~1 Mg and hence serve as a new test of
the cold dark matter paradigm. We pointed out that primordial black holes (PBHs) with Mpgy = 0.1 Mg
can significantly enhance the signal mainly due to their shot noise. The abundance of PBHs can be effi-
ciently probed with gravitational waves at frequencies of f ~ 10 — 100 Hz where the enhancement of the
signals is large. (Oguri)

5.1.6 ALMA lensing cluster survey: uncovering and characterising highly mag-
nified dust-enshrouded galaxies behind lensing clusters
Recent ALMA observations have unveiled the presence of faint (i.e., sub-mJy at A ~1 mm, significantly

fainter than the “classical” bright submillimeter galaxies), dusty star-forming galaxies, which are often
invisible in the deepest near-infrared images taken with the HST and 8-m-class telescopes. They seem to
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represent the bulk population of massive galaxies at z > 3 — 4 and beyond, which have been completely
missed by the Lyman-break galaxy selection using HST/WFC3. Due to its faintness, however, detailed
physical characterization of the faint dusty star-forming population remains a challenge; even using ALMA,
spectroscopic follow-up studies of these faint galaxies can be very expensive. With these backgrounds, we
have conducted the ALMA lensing cluster survey (ACLS, PI: K. Kohno. co-PIs: M. Oguri et al.), a 96-hour
ALMA large program in cycle-6. It aims at obtaining high-resolution (~arcsec) 1.2-mm images of high-
magnification regions of 33 lensing clusters with a depth of ~70 uJy (10), covering ~110 arcmin? in total.
We have two frequency tuning setups, resulting in a total frequency coverage of 15 GHz, which allows us
to search for millimeter-wave line emitting galaxies. The sample is taken from the best-studied massive
clusters including CLASH, HFF, and RELICS. We have securely detected 129 continuum sources above
50, and it will become 113 independent continuum sources even after removing multiple images by cluster
lens. We find a significant number of near-infrared-dark, magnified (but intrinsically faint) dusty star-
forming galaxies, and follow-up studies of them are on-going. As one of the initial outcomes, we published
a discovery of a triple image “H-band-dropout” ALMA galaxy, which is associated with a galaxy group
at z = 4.32 — 4.33, lensed by the massive galaxy cluster ACT-CL J0102-4915 (aka El Gordo) at z = 0.87
(Caputi, K., Caminha, G., Fujimoto, S., Kohno, K., et al. 2021, ApJ, 908, 146). We also uncover a multiply
imaged sub-L* galaxy at z = 6.072 behind the massive cluster RXC J0600-2007 at z = 0.430 (Fujimoto,
S., Oguri, M., Brammer, G., Yoshimura, Y., Laporte, N., Kohno, K., Shimasaku, K., et al., ApJ, 911, 99;
Laporte, N., Zitrin, A., Ellis, R. S., Fujimoto, S., Oguri, M., Kohno, K., et al. 2021, MNRAS, in press). It
exhibits a surprisingly elevated [CII] 158 um emission (~25 mJy) because of its high magnification (u ~20
on average). In fact, after careful identification of multiple images and refinement of the mass models led by
M. Oguri and our collaborators, we find that this galaxy straddles the caustics at z = 6.07 so a part of this
galaxy reaches an extremely high magnification up to p ~160 (!). The reconstructed [CII] 158 pym line, rest-
frame far-infrared continuum (i.g., ALMA band-6 or 1.2 mm continuum), and rest-frame ultraviolet (i.e.,
HST/F160W or near-infrared H-band) images reveal the distributions of stars and interstellar medium at
100 - 300 pc scales. Given the uniqueness of the uncovered galaxy as an intrinsically faint (ergo ubiquitous),
sub-L* galaxy, an intensive follow-up campaign has been launched, including the approved JWST GO-1
program using NIRCam and NIRSpec IFU (PIL. Fujimoto, S.). (Kohno, Oguri, Shimasaku)

5.1.7 High redshift galaxies

We compare the spatial distribution of LAEs at ~ 2 with that of IGM HI gas, a faithful tracer of matter
distribution, finding that LAEs tend to be located on the near (to us) sides of HI dense regions because
those on the far sides suffer from heavier Ly« absorption. This result indicates that care is needed when
using LAEs to search for overdense regions of matter. We search for bright z = 7.3 LAEs using deep
HSC/NB1010 imaging data, finding no source. We use this result to obtain a lower limit to the HI neutral
fraction to be > 0.28. This indicates that cosmic reionization is still ongoing at z = 7.3. (Shimasaku)

5.1.8 Astrophysical transients: their origins and consequences
The following topics were studied in this project.

e Binary neutron star mergers in faint dwarf spheroidal galaxies (Shigeyama)

e Optical emission immediately after binary neutron star mergers (Shigeyama)
e Observations of the early light from type Ia supernovae (Shigeyama; Doi, M.)
e Influence of Pop III supernova explosions on the companion stars (Shigeyama)

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

e Emission of type IIn supernovae (Shigeyama, Tsuna, Kashiyama, Takei)
e Eruptive mass loss from a massive star a few years before the core collapse (Shigeyama, Kuriyama)

e Accretion of C+0O matter onto a neutron star igniting Carbon burning (Shigeyama, Nagarajan)
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e Influence of supernova fallback on newborn neutron star magnetospheres (Shigeyama, Kashiyama,
Zhong)

e Rotational equilibria on the 2D Lagrange coordinates (Fujisawa)

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

Here the names of researchers are listed in the parentheses.

5.1.9 Probing the origin of compact objects in the universe by theoretical

modeling and multi-wavelength observations

We studied radio afterglows from binary neutron star (BNS) mergers, and especially its implications
for fast radio bursts (FRBs). If some of FRBs are produced by BNS mergers, radio afterglows may be
detected by follow-up radio observations of FRB locations. We made quantitative predictions using a latest
afterglow model of BNS mergers. Totani also studied on the origin of the Fermi bubble, which is a giant
gamma-ray bubble structure towards the Galactic Center. Structures found in the X-ray and radio diffuse
emission in this region were compared in detail, and their origin were discussed. (Totani)

5.1.10 X- and v-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, so we observe such high energy photons using balloons and
satellites.

This year we examined carefully how and when accelerated particles on the shocks of supernova remnants
escape to the space and become galactic cosmic rays. With systematic study of a few tens supernova
remnants in X-ray and gamma-ray band, it is found that accelerated particles escape from the acceleration
sites (shocks of supernova remnants) within ~10 kyrs. This is the first observational measurement of
particle escape from the acceleration sites. The acceleration efficiency has diversity within the order of 3,
which means that only a few supernova remnants contribute the Galactic cosmic rays.

Torus of active galactic nucleus (AGNs) feed supermassive blackholes and important to understand the
co-evolution of galaxy and the blackholes. This year we have made systematic analysis of AGNs hidden by
their torus with the X-ray emission model we developed (”XClumpy”), and found that around half of AGNs
are hidden type. It is found that the covering fraction by their torus is larger than previously expected.
Our result implies that there are more undiscovered AGNs hidden by their torus.

We also study on the detector development for the near future missions. For the XRISM, to be launched
on the Japanese fiscal year 2022, we fixed the performance verification targets. For Cipher mission, the
first imaging polarimetory cubesat in the hard X-ray band, we tested the X-ray use of infrared CMOS
sensor and found that it totally satisfies our requests with good efficiency. We also started GRAMS mission
development in this year. (Bamba)
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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 sometimes also electromagnetic observations as well. Gravitational waves
are waves of spacetime curvature generated by the movement of mass and momentum. There are many
reasons why gravitational waves are an interesting way to explore the sky. Because gravitational waves are
generated by physical processes different from those that produce light or radio waves (which are generated
by the movement of electric charges and currents), gravitational waves carry different information about
their sources than is carried by electromagnetic waves. Gravitational waves interact weakly with matter
allowing them to pass through material that would be opaque to radio waves and light. For example we
expect that gravitational waves can escape the dense deep cores of supernovee, and show us the earliest
moments of the Big Bang. The Earth, too, is transparent to gravitational waves, so gravitational-wave
telescopes can see the sky below them through the Earth as easily as they can see the sky above, allowing
gravitational-wave telescopes to monitor the whole sky continuously, day and night. Gravitational waves
are the only significant form of energy expected to be radiated by some of the most exotic events in the
universe like the collisions of black holes. However, because everything is nearly transparent to gravitational
waves, it is very difficult to build a device that can detect them, and the first detection of this form of
evergy was only achieved in 2015.

Our research group’s members are members of the LIGO Scientific Collaboration (LSC) and KAGRA
Collaboration, 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 conducting their third observational data-taking
run, “O3”, through the 2019/2020 academic year, and were expected to continue through most of the
2020/2021 academic year, however, due to the pandemic, observations were stopped in late March 2020,
and so unfortunately the 2020/2021 academic year saw no new data from the LIGO/Virgo detector network.
Members of our group are active in all aspects of observational gravitational-wave astronomy, the following
are some highlights from FY2020.

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 saw many new discoveries of black hole and neutron star collisions. Two of
these are especially noteworthy. The gravitational wave signal GW190814 (doi:10.3847/2041-8213/ab960f)
was the collision of a 23 solar-mass black hole and an object with the unusual mass of about 2.6 solar
masses. It’s not clear if the lighter object is a neutron star or black hole, and both options are unusual.
If a neutron star, it would be the heaviest neutron star known and above the maximum mass allowed by
a number of neutron star equation of state models; if a black hole, it might be the smallest known black
hole. The signal was discovered by the GstLAL detection system developed by members of RESCEU. A
second remarkable discovery was GW190521, a collision of two black holes with a total mass of 150 solar
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masses. Both of the black holes involved in the collision, and certainly the heavier of the two, have masses
above the so-called pair production bound. This refers to a process triggering the collapse of a star when
its core reaches a certain mass, and because of this process it’s believed that black holes above that mass
cannot form during supernovae. These black holes were larger than that limit. They might be the result
of earlier collisions of smaller black holes, but in any case their life stories are more complicated than the
other black holes we’ve observed.

Other on-going projects within our group include the development of techniques for removing signals
from detector data for the purpose of constructing clean noise models, the development of an ultra high-
speed sky mapping system suitable for use in early-warning detection systems, and the development of a
system to estimate the sensitivity of a search for gravitational waves mathematically, replacing the current
computationally costly technique of hiding fake signals in the data and searching for them with the detection
software. Group members have contributed to the search for gravitational-wave echoes from gravitational
lenses — waves from compact object collisions that arrive at Earth from multiple directions at different
times from having followed more than one path through spacetime. Studies of compact object collisions
are in some ways limited by the available computer resources, so the more efficiently we can use them the
more knowledge we can obtain, and improving analysis efficiency is a theme in our group. One on-going
project in this regard is the development of techniques to reduce the enormous data volume of the detection
systems to allow intermediate retained and reused for multiple analyses.

Transients from Newborn Black Holes

The origin of the binary black holes detected by the Advanced LIGO and Virgo detectors is one of the
biggest problems in gravitational wave astrophysics. One unique pathway to probe this is to directly observe
the formation of black holes. With members of other labs in RESCEU, we are conducting theoretical
research on transients following black hole formation. When a black hole forms from a massive star, a
fraction of the outer envelope is ejected because gravity from the collapsing core decreases due to emission
of neutrinos. We calculated months-long electromagnetic emission from this mass ejection, and found that
this can explain the enigmatic intermediate luminosity red transients found by recent transient surveys
[5]. We have also researched the possibility of observing black hole formation through gravitational waves.
A recent re-analysis of the neutron star merger event GW170817 resulted in a tentative detection of a
gravitational-wave signal at 1 second post-merger. We have shown that a phenomenon called gravitational
wave echoes, inspired by models of quantum gravity, can explain the amplitude and frequency of this
signal. We have also shown that these echo signals, if real, can also be caught by future gravitational-wave
detectors when massive stars in nearby galaxies collapse to black holes [I8, 7).

Exotica

Cosmic strings are theoretical topological defect structures left over from the cooling process of the early
Universe. Although none have been discovered, a broad spectrum of theories of fundamental physics predict
their existence. Even if they exist, they might be so rare that none are present in the part of the Universe
visible to us. Either way, searching for them and either confirming their existence or putting limits on their
number will teach us a great deal about fundamental physics. Members of our group led the development
of the LSC and Virgo Collaboration’s cosmic string detection pipeline and are currently analyzing the data
collected during the O3 observing run, searching for evidence of these signals using a new analysis system
developed by RESCEU members. The new system is more computationally efficient than the previous
system, and makes use of more sophisticated statistical analyses allowing it to make a confident detection
claim should a signal ever be found in the future. The results of this work were published this past year in
June 2021 at Physical Review Letters.

Recently we have begun developing a search for Cherenkov radiation-like bursts of gravitational waves.
When an electric charge moves through a medium above the speed of light in that medium it generates
an optical shock wave — a flash of light known as Cherenkov radiation. This same phenomenon occurs in
accoustic systems as a sonic boom, and as the wake behind boats moving through water above the speed
of surface waves. It stands to reason that a gravitational charge (a mass) moving at superluminal speeds
would generate a gravitational wave flash in a similar way. There is some interest in this phenomenon at
the microscopic scale as a symptom of non-Lorenze invariance, but at the macroscopic level there is no
known source mechanism. Nevertheless, as an educational exercise for students, developing a search for
such signals will be a very productive and entertaining activity.
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Test of gravity with gravitational-wave polarizations

Many gravity theories that extend the general theory of relativity have been proposed so far, and it
is important to verify the correctness of the theory from various aspects with higher accuracy in order to
deepen our understanding of gravity. Since the first detection of gravitational waves, it has become possible
to investigate the nature of gravity in the vicinity of celestial bodies that emit gravitational waves, that
is, in a dynamical and extremely strong gravitational field. One of the ways for verifying gravity in such a
situation is the polarization modes of gravitational waves. The number of polarization modes is unique to
each gravity theory. There are two tensor modes in general relativity, while three or more polarization modes
in extended theories of gravity. In other words, the true gravity theory can be identified by examining the
number of polarization modes from the observation data. We analyzed the actual observation data of the
gravitational wave detectors and found no signs of polarizations inconsistent with the prediction of general
relativity [26]. Therefore, we obtained a new result that supports the correctness of general relativity. In
addition, in order to test the theories of gravity, we study cosmological models in the concrete modified
gravity theories and classify them based on the observational properties about gravitational waves [21].

Future Observatories

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 may overlap each other, which may 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.

Study on sensitivity improvement for the future gravitational-wave detectors

Currently operating gravitational wave detectors on the ground are LIGO, Virgo, KAGRA and GEO600,
which will be upgraded and more sensitive within the next five years. Since the best way of the upgrade
depends on technologies available today and their difficulties to realize, the detailed examination is required.
We joined the working group on an upgrade of the Japanese detector KAGRA to KAGRA+ and considered
the update plan and the sensitivity optimization [20]. Meanwhile, a space gravitational wave detector is
also planned for his future in the 2030s. In particular, the DECIGO project, which is being promoted
mainly by Japan, aims to detect primordial gravitational waves originating from inflation, and sensitivity
improvement and optimization for that purpose are also being studied [22].

People and Things

One of our Master’s students, Mr. Chi-Wai Chan, defended his thesis and continued in our group as
a doctoral student, and one of our doctoral students, Dr. Leo Tsukada, successfully defended his thesis
and has secured a research position at Pennsylvania State University, where he will continue his work on
searches for stochastic gravitational wave backgrounds and for compact object collisions.
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6.1.2 Kenta Hotokezaka group

Kilonova, r-process, radio counterpart

Kilonovae are optical-near IR transients associated with binary neutron star mergers and black hole
neutron star mergers. In the LIGO/Virgo O3 observing run, the compact binary merger candidates were
actively observed in the optical band to find a kilonova. However, no kilonova candidates were found.
We highlighted the follow-up campaigns for two neutron star black hole candidates, two binary black hole
candidates, and a Mass-Gap binary candidate [0]. We concluded that the follow-up observations are too
shallow to catch the canonical kilonova signature.

We studied the turbulent mixing of r-process elements in the interstellar medium [@]. We found that
the inhomogeneity of r-process elements inferred from the various measurements such as the chemical
abundances of metal poor stars, the geological measurements of short-lived r-process elements supports the
neutron star merger scenario of the origin of r-process elements.

We participated in a radio follow-up observations for GW170817 with LOFAR [?]. Unfortunately, no
signal was found partly due to the fact that the sky location of GW170817 is not optimal for LOFAR. We
also studied the potential that future radio observations can constrain the size of the emission region of the
radio counterparts of neutron star mergers [d].

We found that both VLBI measurements and scintillation methods will be powerful to constrain the size
and superluminal motion of the merger outflows for events with distance out to ~ 100 Mpc.

Shock Acceleration of neutrinos in core collapse supernovae

In core collapse supernovae (CCSNe), a huge amount of energy is carried away by neutrinos. Indeed,
this picture was confirmed by the direct neutrino observations of SN 1987A. If the next Galactic supernova
happens, it is expected that the deep inside of core collapse explosion can be studied in great detail with
103 to 10* neutrinos, c.f., Kamiokande II detected only a dozen of neutrinos.

We studied the neutrino shock acceleration taking place in core-collapse supernova [6]. The leading
players here are heavy leptonic neutrinos, v, and v,; the former and latter potentially gain the energy up
to 100 and 200 MeV, respectively, through the shock acceleration because they interact with material mainly
through scatterings with nucleons and nuclei. By using a Monte Carlo neutrino transport simulation, we
showed that the neutrino shock acceleration commonly occurs in the early post-bounce phase (<50 ms
after bounce) for all massive stellar collapse experiencing nuclear bounce and would reoccur in the late
phase (>100 ms) for failed CCSNe. This produces a distinctive high energy tail around 100 MeV. We
estimated the expected event counts for Hyper(Super)-Kamiokande, DUNE, and JUNO. We found that
the event counts with the energy of >80 MeV are a few orders of magnitude higher than that of the thermal
neutrinos regardless of the detectors, and muon production may also happen in these detectors by v, with
the energy of >100 MeV. Such neutrino signals will provide a precious information on deciphering the inner
dynamics of CCSN and placing a constraint on the physics of neutrino oscillation; indeed, the detection
of the high energy neutrinos through charged current reaction channels will be a smoking gun evidence of
neutrino flavour conversion.

6.2 Activity report of Affiliates

6.2.1 Ando Masaki

The Ando group is working on experimental research for gravitational-wave observations, in particular
for large projects such as KAGRA and B-DECIGO. KAGRA is a gravitational-wave antenna at Kamioka,
Gifu prefecture in Japan. We have been playing a key role since the conceptual study phase before the
start of the project in 2010. The installation of the main components was completed in FY2018, and
we are in the commissioning phase; shakedown and tuning for full operation of the interferometer. In
FY2020, the KAGRA interferometer started an observation run, named O3GK. Our group members led
the commissioning and operation of the interferometer. We are also working on B-DECIGO, which will be
a space-borne gravitational wave antenna with observation band around 0.1 Hz. We conducted theoretical
studies of science cases for this mission as well as experimental development of critical subsystems, such
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as laser interferometer, stabilized laser source, drag-free system, and low-noise thruster. In FY2020, we
continued a system design study with a company so as to show the feasibility of the full mission. This
activity wad financially supported by RESCEU. In addition to these experimental activities, we are also
working on theoretical and data-analysis research. The motivation is to test the theory of gravity using
polarization information of the observed gravitational-wave signal. We made estimations of test precisions
using current and future gravitational-wave antennae.

6.2.2 Doi Mamoru

Two optical instruments are being developed by Doi, Shigeyama and other colleagues, with the goal of
studying Kilonovae and other transients.

The first instrument is the Tomo-e Gozen camera (Tomo-e), which is a wide-field optical camera with
84 2k x 1k CMOS sensors on the prime focus of the 1.05 m Kiso Schmidt telescope. The CMOS array
enables us to take consecutive images with a rate of 2 frames per second covering an instantaneous field-of
view (FoV) of 20 square degrees. Tomo-e can do very wide (~one thousand square degree) searches for
the optical counterpart of a GW source in one hour. Tomo-e can also search for kilonova by itself with
wide surveys. In FY2020 we have carried out a mixed wide survey with a single scan of the 7000 deg® sky
and a frequent survey of a 2000 deg? sky area more than 10 times every night with intervals shorter than 1
hour. In FY2020, about 2 PByte 2 fps data were taken, and 100 TByte data were reserved after stacking
images by 6 seconds — 9 seconds. The data have been processed with dedicated pipeline software which
searches for transients/moving objects using machine learning techniques. More than 20 newly discovered
near-Earth objects were found, and many supernovae have been observed so far. There was no Kilonova
candidate found, though we are still improving data analysis, and making better reference images taken by
Tomo-e itself.

The second instrument is TriCCS, a three band (g,r,i or z) simultaneous imaging spectrograph for a
Nasmyth focus of the Seimei 3.8 m telescope. TriCCS is being developed by Doi, Sako, Niino (UTokyo),
Maeda, Matsubayashi, Ohta, Kawabata (Kyoto University), and graduate students. TriCCS adopts high
sensitivity CMOS sensors by Canon Co., which can take 100 frames per second. The field of view of
TriCCS is about 10’ x 5°, which is not very wide, but color or spectral information can be obtained, taking
advantage of the 3.8 m telescope aperture. Hence TriCCS is suitable for deep follow-up observations of
kilonova and other transients. Commissioning observations were carried out five times in FY2020, and
the basic performance for imaging mode was verified, which will be open to the community in 2021B.
Preparation of low-resolution spectroscopy mode was also done.

Simultaneous observations of Fast Radio Bursts were also carried out with Tomo-e and CHIME experi-
ment twice in March 2021. Unfortunately there was no FRB during the observation periods.
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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 Radial-velocity variation of a tertiary star orbiting a binary black hole

in a triple system

A number of ongoing surveys are likely to discover star-black hole binaries in our Galaxy in the near
future. A fraction of them may be triple systems comprising an inner binary, instead of a single black hole,
which might be progenitors of binary black holes (BBHs) routinely discovered now from the gravitational
wave. We extend our previous proposal to locate inner BBHs from the short-term radial-velocity (RV)
variation of a tertiary star in coplanar triples, and we consider noncoplanar triples and their long-term
RV variations as well. Specifically, we assume coplanar and noncoplanar triples with an inner BBH of
the total mass 20 M, whose outer and inner orbital periods are 80 days and 10 days, respectively. We
perform a series of N-body simulations and compare the results with analytic approximate solutions based
on quadrupole perturbation theory. For coplanar triples, the pericenter shift of the outer star can be
used to detect the hidden inner BBH. For noncoplanar triples, the total RV semi-amplitude of the outer
star is modulated periodically on the order of 100km/s due to its precession over roughly the Kozai-Lidov
oscillation timescale. Such long-term modulations would be detectable within a decade, independent of the
short-term RV variations on the order of of 100 m/s at roughly twice the orbital frequency of the inner
binary.

7.1.2 Search for Alignment of Disk Orientations in Nearby Star-Forming Re-
gions

Spatial correlations among proto-planetary disk orientations carry unique information on physics of
multiple star formation processes. We select five nearby star-forming regions that comprise a number
of proto-planetary disks with spatially-resolved images with ALMA and HST, and search for the mutual
alignment of the disk axes. Specifically, we apply the Kuiper test to examine the statistical uniformity of
the position angle (PA: the angle of the major axis of the projected disk ellipse measured counter-clockwise
from the north) distribution. The disks located in the star-forming regions, except the Lupus clouds, do
not show any signature of the alignment, supporting the random orientation.

Rotational axes of 16 disks with spectroscopic measurement of PA in the Lupus III cloud, a sub-region
of the Lupus field, however, exhibit a weak and possible departure from the random distribution at a 2o
level, and the inclination angles of the 16 disks are not uniform as well. Furthermore, the mean direction of
the disk PAs in the Lupus III cloud is parallel to the direction of its filament structure, and approximately
perpendicular to the magnetic field direction. We also confirm the robustness of the estimated PAs in
the Lupus clouds by comparing the different observations and estimators based on three different methods
including sparse modeling. The absence of the significant alignment of the disk orientation is consistent
with the turbulent origin of the disk angular momentum.
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7.1.3 Obliquity of an Earth-like planet from frequency modulation of its direct
imaged lightcurve

Direct-imaging techniques of exoplanets have made significant progress recently, and will eventually
enable to monitor photometric and spectroscopic signals of earth-like habitable planets in the future. The
presence of clouds, however, would remain as one of the most uncertain components in deciphering such
direct-imaged signals of planets. We attempt to examine how the planetary obliquity produce different
cloud patterns by performing a series of GCM (General Circulation Model) simulation runs using a set of
parameters relevant for our Earth. Then we use the simulated photometric lightcurves to compute their
frequency modulation due to the planetary spin-orbit coupling over an entire orbital period, and attempt
to see to what extent one can estimate the obliquity of an Earth-twin. We find that it is possible to
estimate the obliquity of an Earth-twin within the uncertainty of several degrees with a dedicated 4 m
space telescope at 10 pc away from the system if the stellar flux is completely blocked.

7.1.4 Photo-evaporation and atmospheric properties of hot rocky exoplanets

The space telescope Kepler, by transit observations, detected a significant number of small-size exoplan-
ets, which are twice as large or small in size than the Earth. Those are thought to include many rocky
exoplanets. Because of the observational bias in favor of planets close to their central star, many of those
rocky exoplanets have hot enough surfaces to be molten and are theoretically expected to have atmospheres
composed of silicate, sodium, potassium and so on. Such exoplanets are sometimes called lava planets or
magma planets and their atmospheres are called the mineral atmospheres.

The existence of hot rocky exoplanets is not trivial: Given intense X-ray and UV (XUV) irradiation
from their central star, those planets may be subject to substantial mass loss via the escape (or photo-
evaporation) of the mineral atmospheres. To investigate the stability of hot rocky exoplanet atmospheres, we
have developed a computation code for simulating the hydrodynamic escape of the highly XUV-irradiated
mineral atmosphere, including the detailed non-LTE radiative transfer and photochemistry [61]. Our
simulations demonstrate that alkali and alkaline-earth elements such as sodium play a crucial role in
efficient radiative cooling and thereby slow the atmospheric escape substantially. The heating efficiency of
the mineral atmosphere of hot rocky super-Earths is estimated to be smaller by a few orders of magnitude
than other types of atmospheres such as hydrogen-rich ones. We conclude that hot rocky super-Earths
survive photo-evaporation for billion years.

Detection and characterization of such tenuous atmospheres are challenging, however, with often-used
transmission spectroscopic observations during planetary transits. Instead, we have explored the possibility
of detection via emission spectroscopic observations via secondary eclipses [62]. We have modeled the
chemical structure and emission spectrum of the mineral atmospheres and found that such atmospheres
are bright at 4 pm and 10 pgm. Such emission features are prominent enough to be detected with the
next-generation space telescope for infra-red spectroscopic observations of exoplanets, Ariel [B3].

7.1.5 Formation of aqua-planets

An increasing number of low-mass exoplanets have been discovered around low-temperature dwarfs such
as M dwarfs [64]. Some include planets with Earth-like insolation, which attract growing interest in how
common Earth-like aqua planets are beyond the Solar system. While terrestrial planets are often assumed to
capture icy or water-rich planetesimals, a primordial atmosphere of nebular origin itself can produce water
through oxidation of the atmospheric hydrogen with oxidizing minerals from incoming planetesimals or
the magma ocean. Thermodynamically, normal oxygen buffers produce water comparable in mole number
equal to or more than hydrogen. Thus, the primordial atmosphere would likely be highly enriched with
water vapor; however, the primordial atmospheres have been always assumed to have the solar abundances.

We integrate the 1D structure of such an enriched atmosphere of sub-Earths embedded in a protoplane-
tary disc around an M dwarf and investigate the effects of water enrichment on the atmospheric properties
with focus on water amount [65]. We find that the well-mixed highly enriched atmosphere is more massive
by a few orders of magnitude than the solar-abundance atmosphere, and that even a Mars-mass planet
can obtain water comparable to the present Earth s oceans. Although close-in Mars-mass planets likely
lose the captured water via disc dispersal and photoevaporation, these results suggest that there are more
sub-Earths with Earth-like water contents than previously predicted.
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7.1.6 Mapping of Directly Imaged Planets

One of the key issues in astrobiology is how to characterize terrestrial planets in the future when direct
imaging from space becomes possible. We have previously proposed Spin-Orbit Tomography, which can
estimate the two-dimensional distribution of planetary surfaces by applying an inverse problem to luminosity
variations. In this year’s project, we have succeeded in extending the application of machine learning
technology to Spin-Orbit Tomography. In particular, we introduced three new methods (non-negative
matrix factorization, sparse modeling, and Gaussian process) from the field of information science to the
mapping method of planetary surfaces, and greatly extended the method ([6Y, 72, [73]).

7.1.7 Discovery of the runaway dipper

We developed a pipeline to process the full frame data of the first year of TESS, and analyzed 7 million
objects. In particular, we searched for dippers that produce irregular dimming due to debris-like material
orbiting stars by learning using neural nets. As a result, we found 38 new dippers, including a runaway
dipper that seems to have escaped from a molecular cloud, which is in the field and has a velocity of over
70 km/s ([68]). In addition, we found a dipper candidate with a large line-of-sight velocity variation, which
may be orbiting a binary star. This is currently under follow-up observation (Kasagi et al. in prep).

7.1.8 New capability for exoplanet characterizaion on Subaru

High-dispersion coronagraphic instrument, REACH science operation started We are developing an in-
strument at Subaru Telescope to realize HDC, which we proposed in 2014, combining coronagraph with
high-dispersion spectroscopy. We have started the scientific operation of this instrument, REACH. In
addition, we have detected couple of new molecules in hot jupiters ([67, 70, 74])

7.1.9 First Detection of OH Emission from an Exoplanet Atmosphere: High-
dispersion Characterization of WASP-33b Using Subaru/IRD

We have detected a new chemical signature in the atmosphere of an extrasolar planet using the IR
Doppler instrument Subaru/IRD. The hydroxyl radical (OH) was found in the dayside of the exoplanet
WASP-33b. The planet is a hot-Jupiter, a gas-giant planet orbiting its host star closer than Mercury orbits
the Sun and therefore reaching atmospheric temperatures of more than 2000K. Although OH has been
detected in the atmosphere of Solar System planets including Earth, Venus, and Mars, this is the first time
it has been found in the atmosphere of a planet beyond the Solar System. Our results show not only that
we can detect such a molecule in exoplanet atmospheres, but also that we can understand the detailed
chemistry of this planetary population.

7.1.10 SCExAQO/CHARIS Direct Imaging Discovery of a Close Low-Mass
Companion to an Accelerating Sun-like Star

We present the direct imaging discovery of a substellar companion to the nearby Sun-like star, HD 33632
Aa, at a projected separation of ~ 20 au, obtained with SCExAO/CHARIS integral field spectroscopy,
complemented by Keck/NIRC2 thermal infrared imaging. The companion, HD 33632 Ab, induces an
astrometric acceleration on the star as detected with the Gaia and Hipparcos satellites. Its spectra are
best matched by a field L/T transition object and an older, higher-gravity, and less dusty counterpart to
HR 8799 cde. We have also measured a dynamical mass based on the astrometry, which turns out to be
consistent with that estimated from photo-spectroscopy.
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7.1.11 Discovery of exogenic materials on asteroid Ryugu and Bennu

JAXA ’ s Hayabsua2 and NASA ’ s OSIRIS-REx missions observed small rubble-pile asteroids Ryugu
and Bennu with similar spectroscopic and morphological properties, respectively. These asteroids belong to
C-type asteroids, which may have played important role in delivering both water and organics to terrestrial
planets, including Earth. Thus, the origin and evolution of Ryugu and Bennu have important implications
for the origin of life.

Our recent joint data analysis between Hayabusa2 and OSIRIS-REx teams found that both asteroids
have fragments of exogenic materials from other asteroids; Ryugu has S-type bright boulders, which are
likely from one of the most common spectral type of asteroids in the inner main belt, and Bennu has
V-type bright boulders, which are likely from one of the rarest spectral type of asteroids, such as Vesta
(Tatsumi et al., 2021). This finding show that these similar asteroids are from different parent bodies and
experienced different collisional histories. Furthermore, detailed morphological and spectral analyses of
Ryugu surface revealed that Ryugu is covered with thin (j 1m) reddish surface layer on the top of blueish
substrate. Because he top reddish layer is distributed over equatorial and mid-latitude regions, where solar
radiation is strong, the reddening is likely due to either solar wind irradiation or solar heating.

Careful crater counting further shows that crater color distribution has a clear bimodal distribution,
indicating that surface reddening event terminated rather abruptly. These observations suggest that Ryugu
surface may have been reddened by intense solar irradiation during Ryugu s orbital excursion toward the
Sun and that the event terminated by a sudden orbital change due to close encounter with a large planet.
Because of the success of the first artificial impact experiment on an asteroid, now we have a calibration
data point for cratering age on Ryugu (Arakawa et al., 2020). Based on this calibration, we estimate the
surface age of the termination of reddening event is between 0.3 - 8.1 Myrs, and Ryugu ~ s topography age
is 8.5 Myrs older than the above age.

7.1.12 High-throughput laboratory evolution reveals evolutionary constraints

in Escherichia coli

Understanding the constraints that shape the evolutionary dynamics is critical for predicting and con-
trolling evolution. Despite its importance, however, a systematic investigation of evolutionary constraints
is lacking. To understand the evolutionary constraint, we perform a high-throughput laboratory evolu-
tion of Escherichia coli under the addition of 95 antibacterial chemicals and quantified the transcriptome,
resistance, and genomic profiles for the evolved strains [I79]. Utilizing machine learning techniques, we
analyze the phenotype-genotype data and identified low dimensional phenotypic states among the evolved
strains. Further analysis reveals the underlying biological processes responsible for these distinct states,
leading to the identification of trade-off relationships associated with drug resistance. These findings bridge
the genotypic, gene expression, and drug resistance gap, while contributing to a better understanding of
evolutionary constraints. This understanding of the nature of evolutionary constraints will contribute to
research exploring extraterrestrial living systems.

7.1.13 Dynamical systems approach to evolution—development congruence

It is acknowledged that embryonic development has a tendency to proceed from common toward specific.
Ernst Haeckel raised the question of why that tendency prevailed through evolution, and the question
remains unsolved. Here, we revisit Haeckel’s recapitulation theory, that is, the parallelism between evolu-
tion and development through numerical evolution and dynamical systems theory. By using intracellular
gene expression dynamics with cell-to-cell interaction over spatially aligned cells to represent the develop-
mental process, gene regulation networks (GRN) that govern these dynamics evolve under the selection
pressure to achieve a prescribed spatial gene expression pattern. For most numerical evolutionary exper-
iments, the evolutionary pattern changes over generations, as well as the developmental pattern changes
governed by the evolved GRN exhibit remarkable similarity. Changes in both patterns consisted of sev-
eral epochs where stripes are formed in a short time, whereas for other temporal regimes, the pattern
hardly changes. In evolution, these quasi-stationary generations are needed to achieve relevant mutations,
whereas, in development, they are due to some gene expressions that vary slowly and control the pattern
change. These successive epochal changes in development and evolution are represented as common bifur-
cations in dynamical systems theory, regulating working network structure from feedforward subnetwork
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to those containing feedback loops. The congruence is the correspondence between successive acquisitions
of subnetworks through evolution and changes in working subnetworks in development. Consistency of the
theory with the segmentation gene-expression dynamics is discussed. Novel outlook on recapitulation and
heterochrony are provided, testable experimentally by the transcriptome and network analysis [80].

7.1.14 Thermodynamic trade-off relations and information processing in bio-
chemical system

Chemical reactions are responsible for information processing in living cells, and thermodynamic trade-
off relations can explain their accuracy and speed. Based on differential geometric theory of information
namely information geometry, we derived several thermodynamic trade-off relations such as thermodynamic
speed limits and thermodynamic uncertainty relations in biological systems [8%] and chemical systems [G1].
We also clarify an information-geometric interpretation of the entropy production based on the projection
theorem [89]. By applying the thermodynamic trade-off relation, we proposed a machine-learning method
to estimate the entropy production from time series data [87]. We also numerically shows the behavior of
information flow near critically in the Ising system [@1]. These results would explain information processing
and its thermodynamic cost in living systems universally, e.g., astrobiological living systems.

7.1.15 Mechanism of Contraction Rhythm Homeostasis of heart muscle

The heart rhythm is maintained by oscillatory changes in [C32+]. However, it has been suggested that
the rapid drop in blood pressure that occurs with a slow decrease in [Ca2+] preceding early diastolic
filling is related to the mechanism of rapid sarcomere lengthening associated with spontaneous tension
oscillation at constant intermediate [Ca**]. Here, we analyzed a new type of oscillation called hyperthermal
sarcomeric oscillation. Sarcomeres in rat neonatal cardiomyocytes that were warmed at 38-42 degree
Celicius oscillated at both slow, Ca2+-dependent frequencies and fast, Ca-independent frequencies. Our
high-precision experimental observations revealed that the fast sarcomeric oscillation had high and low
peak-to-peak amplitude at low and high [Caer], respectively; nevertheless, the oscillation period remained
constant. Our numerical simulations suggest that this regular rhythm is maintained by the unchanged
cooperative binding behavior of myosin molecules during slow oscillatory changes in [Ca®"] [2].

7.1.16 Development of new imaging technology by combination of optics and
AT technologies

We are developing imaging technologies to answer the very basic question “What is life”. These tech-
nologies are implemented with microscopes for the observation of cells and molecules in the laboratory, but
the same technologies can be applied for telescopes as well.

Nearly half year from April, the laboratory works were forced to stop due to the lab closure by COVID-
19 in FY2020. “Wet experiments” using protein or living cells were seriously delayed. We, therefore,
rather focused on the development of the image processing algorithms using machine learning or deep
learning technologies. For example, Kowashi applied deep learning based image processing algotirhms
for the processing of the images of interferometric scattering microscope. Two papers were published by
former international intern students from Lomonosov Moscow State University through STEPS (Students
and Researchers Exchange Program in Sciences with Russian Universities) program. Yakov has devel-
oped an image henhancement algorithm for super-resolution microscopy [?], and Alex has developed a cell
segmentation and tracking algorithm [IT0]. We also tried to develop “explainable AI” for the cell image
classification. Microscope images were first classified by deep learning AI. Then, we extracted the features
that AI has used for the classification by using Grad-CAM analysis. As a proof of this concept, we have
classified the microscopic cell images for the cell cycle, and the Grad-CAM analysis indicated that Al has
classified the cell images by focusing on nucleus and Golgi. We cell biologists expected nucleus would be
most informative for the cell cycle classification, but this analysis unexpectedly identified Golgi as another
marker for the cell cycle. In fact, we confirmed that Golgi changes its shape and size according to the cell
cycle. This would be a primitive but first example that cell biologists learned from AT [47].
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