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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 2017 (from April 2017 to March 2018).

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

During November 28 to 30, 2017, we organized and hosted the 10th RESCEU international symposium
“Planet Formation around Snowline” at Koshiba Hall, the University of Tokyo. This was supported together
with the JSPS Core-to-Core program, International Network of Planetary Sciences.

The visiting professors of RESCEU include Prof. Alexei Starobinskii (Landau Institute for Theoretical
Physics, from December 6 to 26, 2017 and from February 27 to March 1, 2018) and Prof. Bernard Carr
(Queen Mary University of London, from February 10 to March 13, 2018). Also Dr. Othman Benomar in
New York University, Abu Dhabi stayed in my group as a visiting Fellow from November 3 to December
13, 2017 for collaboration on asteroseismology.

Dr. Katsumi Kashiyama and Dr. Toyokazu Sekiguchi joined RESCEU as an assistant professor starting
on April 1 and October 1, 2017, respectively. The former assistant professors, Dr. Yosuke Itoh and Dr.
Teruaki Suyama, were promoted to associate professors in Department of Physics, Osaka City University
in October 2017, and in Tokyo Institute of Technology in March 2018, respectively. We would like to thank
them for their wonderful contributions to RESCEU over years. We believe that they continue successful
scientific collaboration with RESCEU.

Finally we are pleased to announce the awards for our RESCEU members. One of our research affiliates,
Prof. Masahiro Ikoma, received the JpGU Nishida Prize for Promotion of Geo- and Planetary Science
in May 2017. A former graduate student in my group, Dr. Kento Masuda (currently a Sagan Fellow at
Princeton University), received the 34th Inoue Young Researcher prize in February 2018. We would like to

congratulate them for their wonderful achievement.
September 2018

Director Yasushi Suto
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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

Aya Bamba

Chemical evolution of the universe with supernova remnant study

Kazuhiro Shimasaku | Galaxy Formation and Evolution

Masamune Oguri

Unveiling the nature of dark matter and dark energy

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

Mamoru Doi

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

observations

Kotaro Kohno

Radio/submm follow up of candidate sources of gravitational waves

Masaki Ando

Gravitational-Wave Experiment and Astrophysics

Teruaki Suyama

Test of theories of gravity in the strong gravity regime by using the gravitational

waves

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

Masahiro Ikoma

Diversity and origins of exoplanetary atmospheres

Hajime Kawahara

Exploring instrumentation and methods for characterizing exoplanets




3 Symposia and Meetings

3.1 RESCEU Summer School

Place: Bochouen Yamaguchi city, Yamaguchi, Japan
Time: 2017/7/29 (Sat) —2017/8/1 (Tue)

Program

7/29 (Sat)
15:25-15:30  Yasushi Suto Opening remark
15:30-16:30 (L) Kunihito Toka High energy particles in the Universe: I
16:30-16:50 Kazumi Kashiyama Electromagnetic counterparts of binary neutron star formation
16:50-17:10 Kojiro Kawana A variety of tidal disruption events of a white dwarf by a black
hole

7/30 (Sun) morning
9:00-10:00 (L) Kunihito Ioka High energy particles in the Universe: 11
10:05-11:05 (L) Kunihito Toka High energy particles in the Universe: III
11:05-11:15 Break (10 min)

11:15-11:35 Yutaka Komiya R-process element cosmic rays from coalescing neutron star binaries

11:35-11:55 Daichi Tsuna X-ray Detectability of Accreting Isolated Black Holes in the Milky
Way

11:55-12:15  Ayako Ishii Free Neutron Ejection by Shock Breakout in Binary Neutron Star
Merger

7/30 (Sun) afternoon

13:20-14:20 (L) Keiichi Maeda Supernovae and the final Fates of Stars: 1

14:20-14:30  Break (10 min)

14:30-15:30 (L) Keiichi Maeda Supernovae and the final Fates of Stars: II

15:30-15:40 Break (10 min)

15:40-16:00 Conar Omand Radio Emission from Embryonic Super-Luminous Supernova
Remnants

16:00-16:20 Hiroaki Tahara Anisotropic Universe Based on Generalized G-Inflation

16:20-16:40 Naritaka Oshita Stochastic inflation and the second law of thermodynamics

16:40-17:00 Takahiro Hayashinaka A non-perturbative approach to de Sitter QED
17:00-17:10  Break (10 min)
17:10-18:10 (L) Keiichi Maeda Supernovae and the final Fates of Stars: 111

7/31 (Mon)
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9:00-10:00

10:05-11:05
11:05-11:15
11:15-11:35

11:35-11:55
11:55-12:15

12:15 -

(L) Aaron Zimmerman
(L) Aaron Zimmerman
Break (10 min)

Shortaro Yamasaki

Eisuke Sonomoto
Takashi Hiramatsu

Free discussion

8/1 (Tue) morning

9:00-10:00
10:05-10:25

10:25-10:45
10:45-11:05
11:05-11:25

11:25-11:45
11:45-12:05

12:05—

(L) Aaron Zimmerman
Ye-Peng Wu

Kenta Ando
Keisuke Inomata

Kazufumi Takahashi

Souichiro Morisaki
Leo Tsukada

Jun’ichi Yokoyama

Black hole perturbation theory and gravitational waves: 1

Black hole perturbation theory and gravitational waves: 1T

Probing the Origin of Fast Radio Bursts by Simulation of Bi-
nary Neutron Star Mergers

Domain wall problem in supersymmetric axion model
Reconstruction of primordial tensor power spectrum from B-

mode observations

Black hole perturbation theory and gravitational waves: 1
Loop corrections to cosmological correlators from inflationary
phase transitions

PBH formation from an axion-like curvaton model

30 solar mass primordial black holes and axion dark matter
Relation between field transformations and physical DOF's in
scalar-tensor theories

Neutron Stars in a Scalar-Tensor Theory

Application of a Zero-latency Whitening Filter to Compact
Binary Coalescence GW Searches

Closing remark
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3.2 The 10th RESCEU/Planet? Symposium Planet Formation
around Snowline

Place: Koshiba Hall, University of Tokyo (Hongo Campus)
Time: 2017/11/28 (Tue) — 2017/11/30 (Thu)

Program

11/28 (Tue) morning
9:30—- 9:40  Yasushi Suto (Univ. Tokyo) Opening Address
9:40-10:10  Andrew Howard (Caltech) [I] Precise Demographics of the Kepler Planets
10:10-10:30  Kento Masuda (Princeton Univ.) [I] Eccentric companions to two Kepler planets:

Clues to the formation of warm Jupiters

10:30-10:50 Lauren Weiss (Univ. Montreal) [I] Multiplanet Systems as Laboratories for
Planet Formation

10:50-11:20 Takahiro Sumi (Osaka Univ.) [I] Planet distribution outside Snowline by Mi-
crolensing

11:20-11:50  Giovanna Tinetti (UCL) [I] A chemical survey of exoplanets

11:50-12:05 Stevanus Nugroho (Tohoku Univ.) [C] High-Resolution Spectroscopic Detection of
TiO and Stratosphere in the Day-side of
WASP-33b

11/28 (Tue) afternoon
13:45-14:25  Steve Desch (Arizona State Univ.) [I] The distribution of refractory elements and in-

clusions in the solar nebula

14:25-14:55 Tsuyoshi lizuka (Univ. Tokyo) [I] U-Pb chronology of the early solar system
14:55-15:15  Yann Alibert (Univ. Bern) [I] On the formation timescale of Jupiter
15:15-15:30  Sho Shibata (Univ. Tokyo) [C] Capture of Solids in the Late Stage of Gas Gi-

ant Formation

15:30-15:50  coffee break

15:50-16:20 Mitsuhiko Honda (Kurume Univ.) [I] Toward solid observations of snow line

16:20-16:40 Hideko Nomura (TokyoTech) [I] ALMA Observations of S-bearing Molecules
in Protoplanetary Disks: a Possible Tracer of
Evaporation of Icy Planetesimals

16:40-16:55 Shota Notsu (Kyoto Univ) [C] Possibility to locate the position of the H20
snowline in protoplanetary disks through spec-
troscopic observations

16:55-17:15  Aya Higuchi (RIKEN) [I] Detection of Submillimeter-wave [CI] Emission
in Gaseous Debris Disks of 49 Ceti and B Pic

17:15-17:45 Misato Fukagawa (Nagoya Univ.) [I]  What do structures in protoplanetary disks tell

us about planet formation?

11/29 (Wen) morning
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9:00- 9:30  Satoshi Okuzumi (TokyoTech) [I] Accretion and dust evolution in the HL Tau
disk

9:30- 9:45  Hidekazu Tanaka (Tohoku Univ.) [C] Size Distribution of Ice-mantled Grains and
Its Effect on Dust Growth

9:45-10:15  Takeru Suzuki (Univ. Tokyo) [I] Magnetic disk wind and disk dispersal

10:15-10:30 Masanobu Kunitomo (Univ. Tokyo) [C] Evaluating the imprints of planet formation
on the compositions of stars

10:30-11:00  coffee break

11:00-11:30  Anders Johansen (Lund Obs.) [I] The growth of pebbles and protoplanets near
ice lines

11:30-12:00  Chris Ormel (Univ. Amsterdam) [I] Pebble accretion near the snowline

12:00-12:20  Sebastiaan Krijt (Univ. Chicago) [C] Impact of pebble formation and migration on

observable gas-phase volatiles on both sides
of the snowline

12:20-12:40  Shigeru Ida (ELSI) [I] Volatile delivery to planets in habitable zones
during planet formation

12:40-13:00 Hiroshi Kobayashi (Nagoya Univ.) [I] From planetesimals to planets in a turbulent

disk
11/29 (Wen) afternoon
14:20-14:50  Julia Venturini (Univ. Zurich) [I] The formation of gas-rich planets
14:50-15:05 Masahiro Ikoma (Univ. Tokyo) [I] Accretion limit of snowy planetary envelope
15:05-15:35 James Owen (I. C. London) [I] Formation clues for close-in exoplanets
15:35-15:50  Yuhito Shibaike (TokyoTech) [C] Satellitesimal formation with collisional growth

and radial drift of dust particles in steady cir-
cumplanetary disks

15:50-16:20 Motohide Tamura (UTokyo/ABC) [I] Direct Imaging Observations of Exoplanets and
Disks

18:00-20:00 conference banquet

11/30 (Thu) morning
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9:00- 9:30
9:30-10:00

10:00-10:20

10:20-10:40

10:40-11:10

11:10-11:40

11:40-12:00

12:00-12:20

12:20-12:50
12:50-13:00

Joshua Winn (Princeton Univ.) [I]
Othman Benomar (New York Univ.) [I]

Makiko Nagasawa (Kurume Univ.) [I]

Yuhiko Aoyama (Univ. Tokyo) [C]
coffee break

Takayuki Kotani (NAOJ) [I]
Elizabeth Tasker (ISAS/JAXA) [C]

Masataka Aizawa (Univ. Tokyo)[C]

Hajime Kawahara (Univ. Tokyo) [I]
Masahiro Ikoma (Univ.Tokyo)

Obliquities of planet-hosting stars: new clues
Spin-orbit of exoplanets constrained with as-
teroseismology

Planetesimal migration and evaporation
caused by Jovian resonances near the snow-
line

Theoretical estimate of intensity of hydrogen

line emission from accreting gas giants

Infrared Doppler for the Subaru telescope
Finding Patterns in Planets: A neural net-
work approach to the exoplanet dataset
Search for ringed planets using the Kepler
data

Finding transiting objects around snowline

Concluding Remark

10



4 RESCEU colloquia

Kent Yagi(Princeton University)
“Probing Extreme Gravity with Gravitational Waves”
April 20, 2017, 13:00-14:00

Misao Sasaki (Kyoto University)
“Inflationary massive gravity”
June 19, 2017, 16:15-17:15

Kipp Cannon (RESCEU) and Masaomi Tanaka (NAOJ)

“GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral”
“Electromagnetic Wave Observations of GW170817”

November 20, 2017, 16:30-18:30

George Hobbs (CSIRO)
“Pulsar and transients observations at Parkes and towards the SKA”
January 10, 2018, 16:30-17:30

Mark Hindmarsh (University of Sussex)
“Gravitational waves from phase transitions in the early Universe”

January 18, 2018, 16:00-17:00

Aurelien Crida (Univ. Cote d’Azur/Obs. Cote d’Azur)
“Satellite formation from rings”

March 23, 2018, 16:00-17:00

11
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5 Project 1. Evolution of the universe and
cosmic structures

5.1 Activity Report

This project aims at clarifying the creation and evolution of the universe and its large scale structures
from both 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 clusters
of galaxies in terms of numerical simulations and optical and X-ray observations. 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 some highlights of the FY2017.

5.1.1 Inflationary cosmology

The original Higgs inflation model and Starobinsky model of R? inflation are two inflation models whose
predictions of the spectral index and the tensor-to-scalar ratio occupy the central region of the observed
likelihood contours. We have analyzed the model both mechanisms are present and found a simple relation
between the Higgs nonmiminal coupling parameter and the scalaron mass.

The generalized G-inflation is the most general single-field inflation model with second-order field equa-
tions. We have found that this model can naturally accommodate anisotropic inflationary solution even if
the matter content is fully isotropic. (Yokoyama)

5.1.2 Quantum effects in the early universe

Stochastic inflation allow the Hubble parameter during inflation may occasionally increase by quantum
effects. We have shown that even in this case, the total entropy does not decrease due to the entropy
production associated with quantum decoherence.

We have proposed a new renormalization scheme appropriate in the electromagnetism in de Sitter space
where we subtract all the perturbative contributions and studied its consequences. (Yokoyama)

5.1.3 Cosmic microwave background

We studied modulation of the angular power spectrum of CMB anisotropy using the Planck 2015 data
and confirmed the existence of oscillatory modulation around the multipole ¢ ~ 120 observed in WMAP
data.

We studied the observability of three point function of B-mode polarization of CMB predicted in the
generalized G-inflation models and found that while the general relativistic contribution is not observable,
the new term associated with G5x may be observed in future. (Yokoyama)

5.1.4 Statistical Computational Astrophysics

We have been developing a machine-learned classifier of supernovae (Kimura et al. 2017). The classifier
has been successfully installed and applied to real data analysis of HSC transient survey started in November
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2017. A number of distant Type Ia supernovae with redshifts greater than 1 were identified, several of which
have been sent for follow up observations using Hubble Space Telescope. (Yoshida)

5.1.5 Gravitational lensing from HSC data

We have published various scientific results from the first year data of the Subaru Hyper Suprime-
Cam (HSC) survey. For instance, we have constructed a weak lensing shear catalog from the first-year
data, and conducted careful validation tests to make sure that its quality is sufficiently high for first year
science. With the weak lensing shear catalog, we have constructed large mass maps and constructed a
large sample of mass selected clusters. The comparison of the mass selected cluster sample with X-ray
clusters revealed possible selection effects inherent to the X-ray cluster sample. Taking advantage of the
photometric redshift information, we have also constructed three-dimensional mass maps, which represent
the largest three-dimensional mass maps ever created. From the five band photometry of the HSC survey,
we constructed an optically selected cluster catalog that extends out to the redshift of z = 1.1. (Oguri)

5.1.6 Highly magnified gravitational lensing event in MACS J1149+2223

From observations of the massive cluster MACS J1149+42223 with Hubble Space Telescope, we have
discovered fast transient events near the critical curve of the cluster. Our careful analysis of the lightcurve as
well as the spectral energy distribution of the transients indicates that these are highly magnified individual
stars at redshift z = 1.5. For the most prominent event, which are dubbed as Icarus, we estimate that it is
magnified by more than a factor of 2000 at the peak. This discovery opens up the possibility of using such
highly magnified stars to study distant galaxies as well as the nature of dark matter. (Oguri)

5.1.7 High redshift galaxies from HSC data

We used data taken in the Subaru HSC Strategic Survey Program to study various properties of high-
redshift galaxies. For example, we obtained the most accurate luminosity functions of bright UV-selected
galaxies and bright Lyman « emitters. We also obtained the most accurate stellar-to-halo mass relations
for bright UV-selected galaxies. Those studies were published in the PASJ HSC Special Issue in January,
2018. We also used wide-field Suprime-Cam data for z ~ 2 Lyman « emitters to derive their reliable dark
halo masses for the first time and discussed their star-formation activity. We also used gravitationally
lensed images of z ~ 6 — 9 galaxies taken in the Hubble Frontier Fields project to measure their sizes and
luminosities, thus constraining the intrinsic size-luminosity relations and luminosity functions. We also
studied the evolution of the angular momentum of disk galaxies over z ~ 2-4. (Shimasaku)

5.1.8 Origin of r-process elements in metal-poor stars

Faint dwarf spheroidal galaxies

Faint dwarf spheroidal galaxies can be a useful probe to identify the origin of r-process elements, because
some of such galaxies have hosted a single neutron star merger (NSM) in their whole histories. If r-process
elements are supplied from NSMs, stars formed before the NSM do not have these elements and can be
easily distinguished from younger stars formed from gas polluted by the ejecta of the NSM. Since we
have identified such a signature in some faint dwarf spheroidal galaxies from already existing observational
data, we have been trying to observe as many stars in such galaxies as possible with the Subaru telescope
to strengthen the argument in collaboration with researchers working at NAOJ and IPMU. From such
observations for Draco spheroidal galaxy, we obtained a sign of distinct multiple events to enrich the galaxy
with r-process elements and published the results in the Astrophysical Journal Letters. (Shigeyama)
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R-process elements in cosmic rays

We discuss the difference in the content of r-process elements in cosmic rays if these elements are supplied
by supernovae or binary neutron star mergers. We have assumed some different energy distributions
for accelerated r-process elements and calculated the transfer of these elements inside our galaxy. We
investigate the possibility to distinguish these origins of r-process elements using some meteorites that have
long exposures of the order of Myr and satellite with short exposures. The results are published in the
Astrophysical Journal. (Shigeyama)

5.1.9 Early emission from binary neutron star mergers

Gravitational waves from a binary neutron star merger were detected for the first time and the optical
counter part was also detected about 11 hours from the gravitational wave detection. Follow up observations
with electromagnetic waves have revealed that a short gamma-ray burst originates from a binary neutron
star merger and heavy elements as much as 1% of the solar mass were ejected. As future transient surveys
such as Tomo-e will be able to detect earlier emission, we are investigating what kind of information the
early emission carries. To this end, we calculated the shock breakout from the merging object and found
that this results in ejection of matter composed of free-neutrons with a mass of about ~ 107% My and
discussed the emission from this matter. (Shigeyama)

5.1.10 Tomo-e Gozen

To search for electro-magnetic counter parts of gravitational wave sources, we are constructing a wide-
field optical camera equipped with 84 CMOS sensors, which will be mounted on 1.0-m Schmidt Telescope
in Kiso Observatory at the University of Tokyo. Experimental observations by its prototype composed
of 21 CMOS sensors were carried out in the spring of 2017. Optical emission from the Crab pulsar was
detected and the spin rate and the pulsar profile could be derived. This Tomo-e Gozen can detect any
types of transient sources ranging from comets in the solar system to afterglows of gamma-ray bursts in
the distant universe. (Shigeyama)

5.1.11 Observations of the early light from type Ia supernovae

Type Ia supernova is thought to be the explosion of a white dwarf in a binary system. There are two
scenarios leading to type Ia supernova. One is the double-degenerate scenario in which the companion
is also a white dwarf and eventually coalesces to explode without leaving no compact remnants. The
other is the single-degenerate scenario in which the white dwarf accretes matter from a red-giant or main-
sequence companion star. In this scenario, there remains the companion after the supernova explosion
and the existence of the companion should affect the dynamics of the ejecta of the explosion. We have
been investigating effects of the companion on the dynamics and the radiation by 2D numerical simulations
taking into account the finite timescale of thermalization between gas and radiation and pointed out the
possibility of the enhancement of blue radiation in the early phase. Our collaborators recently observed such
signatures in the early emission of some supernovae. One particular supernova exhibited an enhancement
in the light curve with very red color, which cannot be reconciled with the companion interactions. We
found that this enhancement is due to He detonation on the surface of a massive white dwarf. We also
found that this He detonation explains the observed spectral features due to absorption by Titanium ions.
The results were published in Nature. This observation project is a collaboration with M. Doi, J. Jiang, at
ToA, and K. Maeda at Kyoto University. (Shigeyama)

5.1.12 Influence of supernova explosions on the companion stars

Massive stars are usually formed in multiple stellar systems. Thus a supernova explosion can affect the
surface layers of nearby stars. We are focusing on the change of the abundance of Li in solar type stars after
the explosion of a nearby star because Li is known to exist only in the surface layer where the temperature
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is lower than 2.6 million K. This effect may account for the diversity of Li abundances observed in metal-
poor dwarf stars. From the theoretical point of view, we are investigating the effects of a supernova on the
surface layer of low mass stars by numerical simulations. This part is a collaboration with a researcher at
Tokyo Institute of Technology. At the same time, we are searching binary systems composed of a massive
star and a low mass star by performing spectroscopy observations for known massive stars in our galaxy
using 1-m class telescopes. To investigate the population of this kind of binary systems in the current
universe, we can infer the population of metal-poor counter parts in the ancient universe. (Shigeyama)

5.1.13 Emission of type IIn supernovae

Type IIn supernovae are very bright and could be a useful probe to investigate the activity of star
formation in the early universe because this type of supernovae are thought to originate from massive
stars. Though the emission of this supernova is believed to come from collisions between ejecta and thick
circumstellar matter, there have been no quantitative models to account for spectra and their temporal
evolution. This is due to the difficulty to numerically resolve the structure of the shocked matter. We are
trying to resolve the structure by assuming the shocked ejecta and the shocked circumstellar matter are
in stationary states in the rest frames of the shock waves and separated by a contact surface. We have
succeeded in obtaining series of such solutions for about a month from the explosion and constructing light
curves of some optical bands. We will compare these solutions with previous solutions based on the thin
shell approximation and with some existing observational data to test our model. (Shigeyama)

5.1.14 Fast radio bursts etc

Totani and his collaborators continued to investigate the origin of mysterious fast radio bursts (FRBs).
Yamasaki et al. (2018) showed that, using a numerical simulation of binary neutron star (BNS) mergers,
ejecta formation is a few msec delayed compared with the merged star starts to rapidly rotate, and hence
there is a time window for radio signal to escape and become a non-repeating FRB. They also proposed
that a repeating FRB is produced by the massive long-lived neutron star left after the BNS merger. They
also performed a follow-up observation by Subaru for a FRB, which is reported in Bhandari et al. (2018).
Tsuna et al. (2018) predicted the distribution of isolated black holes emitting X-rays by accretion from
interstellar medium in the Galaxy and made some predictions for future surveys. Sudoh et al. (2018)
investigated the hypothesis that the IceCube neutrinos are generated in star forming galaxies using a state-
of-art galaxy formation model, and showed that this population is unlikely to be the main origin of the
IceCube neutrinos. (Totani)

5.1.15 X-ray and v-ray astrophysics

The universe looks quiet and cold world at a glance, but actually it is a quite hot and energetic world.
The targets of our group are such high energy phenomena in the universe. Understandings of the origin of
heavy elements and cosmic rays is one of our main goals.

This year, we have made several achievements on the study of heavy element distribution in young
supernova remnants, high energy particle escape from the shocks of supernova remnants, high energy
phenomena on compact stars such as white dwarfs, neutron stars, and black holes. Here, we focus on the
study of the expansion structure of the supernova remnant of SN1604 (Kepler remnant). The origin of
type Ia SNe is one of the biggest problem, single degenerate (SD) or double degenerate (DD). In the SD
case, dense CSM makes the expansion. With excellent spatial resolution and moderate energy resolution
of Chandra X-ray observatory, we succeeded to make the Doppler-shift map of Fe-K lines in the Kepler.
It shows highly asymmetric structure, suggesting the expansion is highly non-uniform. The central region
represents largely red-shifted Fe-K lines with the moving velocity of a few thousand kilometers. Our
developed method will be applied several Ia SNRs in the next year, and we will be able to judge the ratio
of SD and DD in our galaxy.

For the future missions, we work on the development of the X-ray recovery mission of Hitomi (XARM),
which will be launched on the Japanese fiscal year 2020. This year XARM moved to the pre-project phase
and we keeps the schedule. (Bamba)
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5.1.16 Observational cosmology

We used data taken in the Subaru/HSC (Hyper Suprime-Cam) Strategic Survey Program to study various
properties of high-redshift galaxies. For example, we obtained the most accurate luminosity functions of
bright UV-selected galaxies and bright Lyman a emitters. We also obtained the most accurate stellar-
to-halo mass relations for bright UV-selected galaxies. Those studies were published in the PASJ HSC
Special Issue in January, 2018. We also used wide-field Suprime-Cam data for z ~ 2 Lyman a emitters
to derive their reliable dark halo masses for the first time and discussed their star-formation activity. We
also used gravitationally lensed images of z ~ 6 — 9 galaxies taken in the Hubble Frontier Fields project to
measure their sizes and luminosities, thus constraining the intrinsic size-luminosity relations and luminosity
functions. We also studied the evolution of the angular momentum of disk galaxies over z ~ 2—4.
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6 Project 2. Gravitational-wave
astrophysics and experimental gravity

6.1 Activity Report

Our research group studies black holes, exotic compact objects, and the Universe using gravitational
waves. 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 fundamentally different information about their sources than is carried by electromagnetic waves.
Gravitational waves interact weakly with matter allowing them to propagate through material that would
be opaque to electromagnetic energy. For example we believe gravitational waves can escape the dense deep
cores of supernovae, and show us the earliest moments of the Big Bang. The Earth, too, is transparent to
gravitational waves, so gravitational-wave telescopes can look straight down through the Earth as easily as
they look up, 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.

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 (in the future) the KAGRA
antenna being built in Japan. During this past academic year the Advanced LIGO antennas completed their
second observing, “O2”. In the final months of O2, LIGO was joined by the Advanced Virgo detector, which
became operational for the first time. In the coming years we hope to see KAGRA join the international
network of gravitational-wave telescopes. Members of our group are active in all aspects of observational
gravitational-wave astronomy, the following are some highlights from FY2017.

6.1.1 Compact Objects

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, our group made significant contributions to several major discoveries of the
LIGO Scientific Collaboration and Virgo Collaboration. Our signal detection system discovered the black
hole collision GW170814 using the Advanced Virgo detector, the first gravitational-wave signal observed by
the new detector. Shortly after the same system discovered GW170817, the gravitational waves from what
is believed to have been a pair of neutron stars. Unlike black holes, neutron stars are composed of matter,
and so their collisions were expected to be significant sources of electromagnetic radiation because material
is available to generate it. Indeed, the gravitational waves from GW170817 were followed less than 2 seconds
later by gamma rays, and as the Earth rotate and night fell over South America, the Swope telescope of
the Las Campanas Observatory in Chile discovered light coming from the location of the explosion. The
arrival of the gamma rays nearly simultaneously with the gravitational waves shows that gravity travels at
the speed of light to very high precision, and this has been a major step forward in our understanding of
the nature of spacetime.

Following these detections, our group contributed to the interpretation of the signals, performing the
“parameter estimation” for GW170814, GW170817 and other significant discoveries in O2.
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Since the end of the O2 observing run, we have been preparing the detection system for the comping O3
observing run, and look forward to making more exciting discoveries.

6.1.2 Other Exotica

Cosmic strings are theoretical topological defect structures left over from the cooling process of the early
Universe. Although none have ever been discovered, a broad spectrum of theories of fundamental physics
predict their existence. Although they might exist, they might also 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 we
recently completed the search for gravitational-wave bursts from cosmic strings in the O2 data, and will be
publishing the results shortly.

6.1.3 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. While spacetime fluctuations in the very early Universe are expected to contribute to a cos-
mological gravitational-wave background, that is expected to be very weak and 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 conjectural; their
discovery would be a tremendous breakthrough. This past year our group has begun contributing to the
effort to find such gravitational waves, specifically with a search for gravitational waves generated by clouds
of bosonic particles condensed around spinning black holes, extracting rotational energy from the hole via
the superradiant instability. This work is on-going and is expected to lead to a published result in the
coming academic year.

6.1.4 Infrastructure for Future Observations

As gravitational wave detectors are becoming more sensitive, the rate of detections is increasing, and we
are quickly reaching the point at which it is no longer possible for people to manually study gravitational-
wave candidates one at a time. It is critical to the progress of the field to automate the statistical analysis
of signals to understand their properties, and our group is working to ensure we are ready for the “0O3”
and future observing runs of the Advanced LIGO, Advanced Virgo, and KAGRA detectors.

6.1.5 The Tomo-e Gozen Camera

We are developing an optical wide-field camera, called the Tomo-e Gozen (Tomo-e) on the 1.05-m Kiso
Schmidt telescope. Tomo-e will use 84 CMOS sensors within the focal plane of 9 degree in diameter, and
will cover 20 square degrees with decent spatial sampling on the sky (1.27 arcsec/pixel). Newly developed
CMOS sensors by CANON are used which have a large pixel size, very low dark current and low readout
noise. Compared with wide-field CCD cameras, Tomo-e can take images much faster (2 frames per second),
which enables very wide and fast transient searches (fastest among all astronomy telescopes over the world
at V. 17 — 19 magnitude). The major funding source is a grant-in-aid for scientific research S titled
“Study of binary neutron star merger by high cadence optical observations ” (PI Toshikazu Shigeyama).
In February 2018, Tomo-e Q1 (21 sensors) was installed on the prime focus of the Kiso Schmidt telescope,
and was commissioned successfully. The first light of full Tomo-e (84 sensors) is scheduled in December
2018.
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6.1.6 People and Things

The 2017 through 2018 academic year saw our group’s membership change significantly. We have been
joined by 1 new master’s student and 1 new postdoctoral fellow, and our assistant professor was promoted
to an associate professor position at Osaka City University. Our current members are Dr. Kipp Cannon,
Mr. Soichiro Morisaki, Mr. Hiroaki Ohta, Mr. Leo Tsukada, Mr. Daichi Tsuna, Mr. Takuya Tsutsui, and
Dr. Koh Ueno.

Our group enjoyed substantial international conference participation in the 2017-2018 academic year.
Group members gave talks in Korea, the United States, Canada, and of course many meetings around Japan.
Thanks to succesfully obtaining external funding, Mr. Leo Tsukada spent several months visiting Dr. Vuk
Mandic’s research group at the University of Minnesota-Twin Cities, where he developed the techniques
for searching for stochastic gravitational-wave signals described above. All members of the group travelled
to Pennsylvania State University to visit the research group of Dr. Chad Hanna. The discovery of the
neutron star collision GW170817 generated significant interest from the mass media, and members of our
group were invited to write columns for magazines and participate in television documentaries about the
discovery.
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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 Systematic Search for Rings around Kepler Planets

We perform a systematic search for rings around 168 Kepler planets with sufficient signal-to-noise ratios
that are selected from all the archived data of the short-cadence. We fit ringed and ringless models to
their lightcurves, and compare the fitting results to search for the signatures of planetary rings. First,
we identify 29 tentative systems, for which the ringed models exhibit statistically improvement over the
ringless models. The lightcurves of those systems are individually examined, but we are not able to identify
any candidate that indicates evidence for rings. In turn, we find out several mechanisms of false-positives
that would reproduce ring-like signals, and the null detection enables us to place upper limits on the size
of rings. Furthermore, assuming the tidal alignment between axes of the planetary rings and orbits, we
conclude that the probability of planets with an outer ring twice larger than the planetary radius is less than
15 percent. Even though the majority of our targets are short-period planets, our null detection provides
statistical and quantitative constraints on largely uncertain theoretical models of origin, formation, and
evolution of planetary rings.

7.1.2 Application of asteroseismology to spin-orbit angle distribution of tran-
siting exoplanetary systems

Advances in asteroseismology of solar-like stars, now provide a unique method to estimate the stellar in-
clination. This enables to evaluate the spin-orbit angle of transiting planetary systems, in a complementary
fashion to the Rossiter-McLaughlin effect, a well-established method to estimate the projected spin-orbit
angle A\. Although the asteroseismic method has been broadly applied to the Kepler data, its reliability
has yet to be assessed intensively. We evaluate the accuracy of i, from asteroseismology of solar-like stars
using 3000 simulated power spectra. We derive analytical criteria for the reliable asteroseismic estimate,
which indicates that reliable measurements are possible in the range of 20° < i, < 80° only for stars with
high signal-to-noise ratio. We also analyse and measure the stellar inclination of 94 Kepler main-sequence
solar-like stars, among which 33 are planetary hosts.

7.1.3 Exoplanet Observations and Instrumentations

Direct imaging of exoplanets and their forming regions such as circumstellar disks is technically challeng-
ing but an important step from detection to characterization of exoplanets and disks. The SEEDS project
using the HICIAO camera on the 8.2m Subaru telescope has been successful to study young stars in very
high-contrast since 2009. After its main survey phase, we are engaged in extending this study using new
direct imaging instruments, SCExAO and CHARIS. The former is an extreme adaptive optics system and
the latter is a near-infrared integral field unit (IFU) spectrometer dedicated for high contrast imaging and
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spectroscopy. In this year, we have published several SCExAQO science papers, SEEDS papers using the
main survey data and their follow-up data, and the instrument papers. Notable are the CHARIS reduction
pipeline paper (Brandt et al. 2017), and the vector vortex coronagraph paper (Kuhn et al. 2018).

In order to explore the small planets such as exo-Earths, we are also developing several other instruments
for exoplanet observations: (a) an Earth-like planet hunting radial velocity instrument working at near-
infrared and combined with a laser-frequency comb (IRD) for the Subaru telescope, which will be very
powerful to detect habitable planets around nearby M stars, (b) a TESS-follow-up optical transit camera,
MuSCAT?2 for the TCS 1.52m telescope at Teide Observatory in the Canary Islands, Spain, (c¢) a coron-
agraph for earth-like planet imaging on the 30m telescope TMT, SEIT, and (d) a coronagraph for NASA
WFIRST 2.4m space telescope mission. Both IRD and MuSCAT?2 have successfully completed in FY2017.
We also jointly operate the 1.4m IRSF telescope, the SIRIUS camera, and its polarimeter SIRPOL in
South Africa with the Nagoya and other universities, and conducting a near-infrared polarization survey of
various targets. This is the most extensive near-infrared polarization study ever made and providing useful
astronomical data for astrobiology such as life homochirarity.

7.1.4 Solar System Explorations

We are engaged in missions for both small and large bodies in the solar system. In FY2017, however,
we were very much focused on small-body mission activities because the arrival of Hayabuas2 to target
asteroid Ryugu in the beginning of FY2018 and its main mission phase would continue throughout the rest
of the year.

We conducted a series of calibration observations/analyses for multi-band camera on Hayabusa2 in 2017,
using Jupiter, Saturn, and stars throughout the calendar year of 2017 as a part of pre-arrival preparation.
These observation results indicate that the camera system on Hayabusa2 is in a good condition without
any noticeable damage or major deterioration since the pre-flight calibrations. We also conducted the first
observation of Ryugu with our camera at distance about 10% km in Feb. 2018. Although the signal-to-noise
ratio of the obtained data of Ryugu in this "first light” observation was not very high, they were good
enough to validate our light flux estimates and overall spectral shape of Ryugu.

We also conducted a couple of series of studies based on asteroid Itokawa data. One was on principal-
component analysis of its surface multi-band visible spectra. The results indicate that compositionally very
homogeneous Itokawa surface exhibits wide range of space weathering and that its spectral trend due to
space weathering can account for the difference between Q-type asteroids and S-type asteroids. Such direct
connection between these two types of asteroids has not been demonstrated with actual asteroid spectra.
Such demonstration strongly suggests that this method is also useful for Hayabusa2 data analysis of C-type
asteroid. The other is on impact experiments in the laboratory, investigating cratering efficiency on granular
targets, whose constituent grains are comparable to that of projectiles. Such geometric cofiguration has
not been studies before because it would not occur on large planetary bodies. However, this is a universal
problem on small bodies. In particular, asteroid mission data from Hayabusa, Hayabusa2, NASA’s OSIRIS-
REx and DART, will have this problem. Our result show that crater size scaling on granular target is greatly
modified from the classic gravity scaling law when the projectile/targe grain size ratio is close to unity or
smaller. However, the ratio is more than three, the resulting scaling law is not very different from gravity
scaling law. This is very different from our conventional wisdom that crater size under such condition
should be ruled by a strength-scaling law. This result will have major implications for crater chronology
on small bodies.

7.1.5 Theoretical prediction for transmission spectra of hydrogen-rich atmo-
spheres of transiting exoplanets

The space telescope Kepler discovered a great number of super-Earth-sized exoplanets with short orbital
periods. Those planets must have formed afar and migrated to their present location. Their bulk and
atmospheric compositions provide a clue to planet formation. Follow-up observations have determined the
masses of some of the Kepler planets. Their mass-vs-radius relationships indicate that close-in super-Earths
have diverse atmospheres. Recently, properties of exoplanet atmospheres have been constrained via multi-
wavelength transit observation, which measures an apparent decrease in stellar brightness during planetary
transit. Sets of transit depths so far measured at different wavelengths (called transmission spectra) are
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somewhat diverse: some show distinct molecular-absorption features, some show Rayleigh slope features
in the visible, some contain featureless spectra in the near-infrared [3]. Those facts imply the existence of
photochemically-produced haze in the atmospheres, especially of warm super-Earths. We have developed a
new computation code for modeling the atmospheric chemistry, deriving the spatial and size distributions
of haze particles via direct simulation of the creation, growth, and settling of hydrocarbon haze particles,
and then generating transmission spectra of UV-irradiated, solar-abundance atmospheres of close-in warm
(~ 500K) exoplanets. We have found that the haze is distributed in the atmosphere much more broadly
than previously assumed, and consists of particles of various sizes. We have also demonstrated that the
observed diversity of transmission spectra can be explained by the difference in the production rate of haze
monomers, which is related to the UV irradiation intensity from host stars.

7.1.6 Direct Detection of Titanium Oxide in an ultra hot Jupiter

We detected Titanium Oxide (TiO) in an ultra hot Jupiter, WASP-33b, using a high-dispersion spectro-
graph (HDS) on Subaru telescope [4]. TiO is one of the essential molecules which determines the thermal
structure of the planetary atmosphere. TiO works as a stellar light absorber in the high-altitude atmo-
sphere and potentially induces the temperature inversion layer, like Ozone in our Earth. Our detection
opens a new aspect of the atmospheric chemistry in ultra hot Jupiters.

7.1.7 Discovery of self-lensing binaries

We discovered four new self-lensing binaries in the Kepler dataset [5]. We confirmed those binaries by
radial velocity follow-up observations, which revealed that those systems are a white dwarf (WD)-star
binary with a long period orbit (a yr scale). Three of those are on the theoretical period-WD mass plane
of the stable mass transfer by Rappaport, suggesting that those systems are a field blue straggler. The rest
is a mysterious extremely low mass WD. This success proved that the method that found those systems
work well and can be applied to a near-future survey of long-period transiting planets in the TESS era.
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