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Preface

The Nobel Prize for Physics 2017 was awarded to the researchers from the Laser Inter-
ferometer Gravitational-Wave Observatory (LIGO) Group for their decisive contributions
to the LIGO detector and the observation of gravitational waves. In August 2017, the
Advanced LIGO detector and Advanced Virgo gravitational-wave detectors first observed
a binary neutron star merger event. This merger event was observed not only with the
gravitational wave but also electromagnetically at frequencies from radio to gamma rays.
These events initiated the breaking dawn of the new era of gravitational wave physics in
multi-messenger astronomy. In such a memorable year, we had arranged the 27th Work-
shop on General Relativity and Gravitation in Japan (JGRG) at Higashi Hiroshima Arts
& Culture Hall Kurara in Saijo, Higashi-Hiroshima from November 27 to December 1,
hosted by the theoretical astrophysics group of Hiroshima University.

We invited outstanding lecturers, who are very active in the theoretical and observa-
tional research fields, such asVladimir Karas (Astronomical Institute, Czech Academy of
Sciences), Kenji Toma (Tohoku University, Japan), Diego Blas (CERN TH, Switzerland),
Patric Brady (University of Wisconsin-Milwaukee, USA), Takashi Nakamura(Kyoto Uni-
versity, Japan), Koji Kawabata (Hiroshima University, Japan), Nicola Bartolo (Padova
University, INFN, Italy), Hideyuki Tagoshi (ICRR, University of Tokyo, Japan), Yasu-
fumi Kojima (Hiroshima University, Japan), Robert R. Caldwell (Dartmouth University,
USA), Masaki Shigemori (Queen Mary London, YITP), and Carlos Herdeiro (Aveiro Uni-
versity, Portugal). In addition to the 12 invited speakers, 82 contribution talks were given
along with 40 poster presentations. The total number of participants was 184, including
22 participants from 11 overseas countries.

The workshop was supported by MEXT Grant-in-Aid for Scientific Research on Inno-
vative Areas "Gravitational wave physics and astronomy: Genesis” (PI: Takahiro Tanaka),
A02 “New developments of gravity theory research in gravitational wave physics” (PI:
Shinji Mukohyama), MEXT Grant-in-Aid for Scientific Research on Innovative Areas
"Cosmic Acceleration” (PI: Hitoshi Murayama), C01 ” Cosmic Acceleration from Ultimate
Theory” (PI: Hiroshi Ooguri), a subsidy for the promotion of science by Higashi-hiroshima
city, and Hiroshima University under the "Program for Promoting the Enhancement of
Research Universities.” We would like to thank all the participants for their generous
assistance during JGRG27.

Kazuhiro Yamamoto
(on behalf of JGRG27 LOC)
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Presentation Award

The JGRG presentation award program was established at the occasion of JGRG22 in
2012. This year, we are pleased to announce the following five winners of the Outstand-
ing Presentation Award for their excellent presentations at JGRG27. The winners were
selected by the selection committee consisting of the JGRG26 SOC based on ballots of
the participants.

Hayato Motohashi (YITP, Kyoto University)
"Healthy degenerate theories with arbitrary higher-order derivatives”(Oral)

Shun Arai (Nagoya University)

”Constraints on Horndeski theory with Gravitational Waves observations”(Oral)

Keisuke Inomata (ICRR, The University of Tokyo)
”0(10)Msolar primordial black holes and string axion dark matter”(Oral)

Emi Masaki (Kobe University)

”Can gravitons be converted into dark photons?”(Oral)

Kota Ogasawara (Rikkyo University)
"Collision of two shells with a high center-of-mass energy in the Banados-
Teitelboim-Zanelli spacetime”(Oral)

Eliska Polaskova (Charles University)

”Quasilocal horizons in inhomogenenous cosmological models”(Poster)

Yosuke Misonoh (Waseda University)

"Imitating equation of motion with deep learning”(Poster)



The 27th Workshop on General Relativity and Gravitation in Japan

TIME
9:30 -

9:45

27(Mon) November - 1(Fri) December 2017

Kurara Hall, Saijo Higashi-hiroshima

9:45 -

10:00

10:00 -

10:15

10:15 -

10:30

10:30 -

10:45

10:45 -

11:00

11:00 -

11:15

11:15 -

11:30

11:30 -

11:45

11:45 -

12:00

12:00 -

12:15

12:15 -

12:30

12:30 -

14:00

14:00 -

14:15

14:15 -

14:30

14:30 -

14:45

14:45 -

15:00

15:00 -

15:15

15:15 -

15:30

15:30 -

15:45

15:45 -

16:00

16:00 -

16:15

16:15 -

16:30

16:30 -

16:45

16:45 -

17:00

17:00 -

17:15

17:15 -

17:30

17:30 -

17:45

17:45 -

18:00

MON TUE WED THU
Registration Patric Brady Nicola Bartolo
(Univ. of (Padova Univ., INFN)
Wisconsin-Milwaukee) Robert R. Caldwell
Opening Short poster talks(2/3) Short poster talks(3/3) (Dartmouth Univ.)
Vladimir Karas Coffee break Coffee break
(Astronomical Institute, Coffee break
Czech Academy
of Sciences) Parallel Parallel Parallel Parallel Parallel Parallel
session 2a session 2b session 4a session 4b session 6a session 6b
Short poster talks(1/3)
Lunch & poster view Lunch & poster view Lunch & poster view Lunch & poster view
Parallel Parallel Parallel Parallel Parallel Parallel Parallel Parallel
session 1la session 1b session 3a session 3b session 5a session 5b session 7a  session 7b
Coffee break & Coffee break &
poster view poster view
Coffee break & Coffee break &
poster view poster view
Kenji Toma Hideyuki Tagoshi
(Tohoku Univ.) (ICRR, Univ. of Tokyo)
Takashi Nakamura
(Kyoto Univ.) Yasufumi Kojima Masaki Shigemori
Diego Blas Koji Kawabata (Hiroshima Univ.) (Queen Mary London,
(CERN TH) (Hiroshima Univ., HASC) YITP)
group photo SOC meeting

18:00 -

20:00

Banquet

FRI

Carlos Herdeiro
(Aveiro Univ.)

Coffee break

session 8a

Presentation awards
Closing



The 27th Workshop on General Relativity and Gravitation in Japan

27(Mon) November - 1(Fri) December 2017

Kurara Hall, Saijo Higashi-hiroshima

November 27 (MION)

9:30 - Registration
10:30 - 10:45 Opening
10:45 - 11:45 (Chair Yasusada Nambu)
Vladimir Karas (Astronomical Institute, Academy of Sciences, Prague)
Structure of relativistic fluid tori near black holes: effects of self-gravity and electric charge
11:45 - 12:30 Short poster talks (1/3)

12:30 - 14:00 Lunch & poster view (2F room 202-203)

14:00 - 15:00 Parallel session 1a & 1b
Parallel session 1a (Small Hall)
(Chair Hideyuki Tagoshi)

lal 14:00 - 14:15 Hajime Sotani (NAOJ) Gravitational waves from protoneutron stars and asteroseismology
la2 14:15 - 14:30 Nami Uchikata (ICRR U. of Tokyo) Black hole ringdown analysis of two-mode signal

1la3 14:30 - 14:45 Tak Yamamoto (Kyoto U.) Analysis of ringdown gravitational waveform by neural network
lad4 14:45 - 15:00 Remya Nair (Kyoto U.) Synergy between ground and space-based GW interferometers

Parallel session 1b (3F Salon Hall)
(Chair Ken-ichi Nakao)
1bl 14:00 - 14:15 Satsuki Matsuno (Osaka City U.) Black holes submmerged in AdS
1b2 14:15 - 14:30 Jasel Berra Montiel (Universidad The loop representation of Quantum Gravity as a Deformation Quantization
Autonoma de San Luis Potosi)
1b3 14:30 - 14:45 Hayato Motohashi (YITP Kyoto U.) Healthy degenerate theories with arbitrary higher-order derivatives
1b4 14:45 - 15:00 Aya lyonaga (Rikkyo U.) Degenerate higher-order multi-scalar-tensor theories

15:00 - 16:00 Coffee & poster view (2F room 202 -203)

(Chair Motoyuki Saijo)
16:00 - 17:00 Kenji Toma (Tohoku U.)

Theoretical and Observational Studies on Relativistic Jets Driven by Black Holes
17:00 - 18:00 Diego T. Blas (CERN TH)

Testing gravitation with gravitational waves

November 28 (TUE)

(Chair Shinji Tsujikawa)
9:30 - 10:30 Patric Brady (Univ. of Wisconsin-Milwaukee)
When neutron stars collide
10:30 - 10:45 Short poster talks (2/3)

10:45 - 11:00 Coffee

11:00 - 12:30 Parallel session 2a & 2b
Parallel session 2a (Small Hall)
(Chair Yasufumi Kojima)
2al 11:00 - 11:15 Kei Yamada (Kyoto U.) BH perturbations & gauge dof in the near-horizon limit



2a2 11:15 - 11:30 Toshiaki Ono (Hirosaki U.) Gravitomagnetic bending angle of light in stationary axisymmetric spacetimes 1:

Formulation
2a3 11:30 - 11:45 Asahi Ishihara (Hirosaki U.) Gravitomagnetic bending angle of light in stationary axisymmetric spacetimes 2:
Application
2a4 11:45 - 12:00 Anton Khirnov ( Charles U.) A new slicing condition for axisymmetric gravitational wave collapse
2a5 12:00 - 12:15 Motoyuki Saijo (Waseda U.) Dynamics of relativistic r-mode instability in rotating relativistic stars
2a6 12:15 - 12:30 Fabio Novaes (UFRN) Kerr-de Sitter Quasinormal Modes from Accessory Parameter Expansions
Parallel session 2b (3F Salon Hall)
(Chair Shinji Mukohyama)
2bl 11:00 - 11:15 Anzhong Wang (Baylor U.) Pre-inflationary universe in loop quantum cosmology
2b2 11:15 - 11:30 Kazufumi Takahashi (RESCEU U. of Extended mimetic gravity: Hamiltonian analysis and gradient instabilities
Tokyo)
2b3 11:30 - 11:45 Shingo Akama (Rikkyo U.) The effect of the spatial curvature in the early universe in the Horndeski theory and

beyond Horndeski theory
2b4 11:45 - 12:00 Rampei Kimura (Tokyo Institute of Are redshift-space distortions actually a probe of growth of structure?

Technology)
2b5 12:00 - 12:15 Shin'ichi Hirano (Rikkyo U.) Matter bispectrum in GLPV theory
2b6 12:15 - 12:30 Shun Arai (Nagoya U.) Constraints on Horndeski theory with Gravitational Waves observations

12:30 - 14:00 Lunch & poster view

14:00 - 15:45 Parallel session 3a & 3b
Parallel session 3a (Small Hall)
(Chair Hideki Asada)

3al 14:00 - 14:15 Tomohiro Harada (Rikkyo U.) Spins of primordial black holes formed in the matter-dominated era

3a2 14:15 - 14:30 Menglei Zhou (Fudan U.) Iron Ka line of Kerr black holes with Proca hair

3a3 14:30 - 14:45 Atsushi Nishizawa (Nagoya U.) Cross-correlating GW and galaxies to identify the host galaxies of binary black holes

3a4 14:45 - 15:00 Tatsuya Narikawa (ICRR U. of Constraining bimetric gravity by gravitational wave events from compact binary
Tokyo) coalescences

3a5 15:00 - 15:15 Naoki Tsukamoto (Huazhong U. of A simple strong deflection limit analysis in a general asymptotically flat, static,
Science and Technology) spherically symmetric spacetime

3a6 15:15 - 15:30 Chulmoon Yoo (Nagoya U.) PBH abundance from the random Gaussian curvature perturbation and a local density

threshold

3a7 15:30 - 15:45 Keisuke Inomata (ICRR U. of Tokyo) O(10)Msolar primordial black holes and string axion dark matter
Parallel session 3b (3F Salon Hall)
(Chair Hideo Kodama)
3bl 14:00 - 14:15 Yota Watanabe (Kavli IPMU, YITP) Stable cosmology in chameleonic bigravity
3b2 14:15 - 14:30 Michele Oliosi (YITP Kyoto U.) Horndeski extension of the minimal theory of quasidilaton massive gravity
3b3 14:30 - 14:45 Alberto Molgado (Universidadd MacDowell-Mansouri gravity model from a covariant polysymplectic perspective
Autonoma de San Luis Potosi)

3b4 14:45 - 15:00 Mai Yashiki (Yamaguchi U.) Observational test of the unified model in inflation and dark energy in f(R) gravity
3b5 15:00 - 15:15 Shuntaro Mizuno (YITP Kyoto U.)  Primordial perturbations from hyperinflation
3b6 15:15 - 15:30 Vincenzo Vitagliano (Keio U.) Covariantly Quantum Field Theory
3b7 15:30 - 15:45 Shintaro Nakamura (Tokyo U. of Cosmology in beyond-generalized Proca theories
Science)

15:45 - 16:45 Coffee & poster view

(Chair Kentaro Takami)
16:45 - 17:15 Takashi Nakamura (Kyoto Univ.)

New development in astrophysics through multimessenger observations of gravitational waves from 2012 to 2017
17:15 - 17:45 Koji Kawabata (Hiroshima Univ., HASC)

J-GEM Follow-up Observations for gravitational wave events and GW170817



November 29 (WED)

4al
4a2
4a3
4a4
4ab
4a6

4b2

4b3

4b4
4b5
4b6

5al
5a2
5a3
5a4

5ab

5b2

5b3
5b4
5b5

(Chair Masaaki Takahashi)

9:30 - 10:30 Nicola Bartolo (Padova Univ, INFN)
Inflation: current status and future prospects
10:30 - 10:45 Short poster talks (3/3)

10:45 - 11:00 Coffee

11:00 - 12:30 Parallel session 4a & 4b
Parallel session 4a (Small Hall)
(Chair Takeshi Chiba)

11:00
11:15
11:30
11:45
12:00
12:15

11:15 Yuki Sakakihara (Osaka City U.)
11:30 Ryuichi Fujita (YITP Kyoto U.)
11:45 Ippei Obata (Kyoto U.)

12:00 Tomohiro Fujita (Kyoto U.)
12:15 Daiske Yoshida (Kobe U.)

12:30 Takashi Hiramatsu (Rikkyo U.)

Parallel session 4b (3F Salon Hall)
(Chair Hideki Ishihara)
4b1 11:00 - 11:15 Kentaro Tomoda (Kobe U.)

11:15

11:30

11:45
12:00
12:15

12:30

14:00

11:30 Masashi Kimura (Instituto Superior
Tecnico, U.of Lisbon)

11:45 Yoshimune Tomikawa (Matsuyama
u.)

12:00 Makoto Nakamura (Yamagata U.)

12:15 Taishi Ikeda (Nagoya U.)

Dynamics in f(R) gravity with bounded curvature

Gravitational waves from a particle orbiting a Kerr black hole in Brans-Dicke theory
Primordial GWs sourced by gauge field

Statistically Anisotropic Primordial Gravitational Waves from Gauge Field

Exploring the string axiverse and parity violation in gravity with gravitational waves
Reconstruction of primordial tensor power spectrum from B-mode observations

Curvature obstructions to the existence of isometries
A simple test for stability of black hole by S-deformation

On uniqueness of static spacetimes with non-trivial conformal scalar field

On the Cauchy problem for semi-linear Klein-Gordon equations in de Sitter spacetime
Dyson bound of energy flux in gravitational collapse

12:30 Pedro Cunha (Aveiro U. & IST Lisbon) Light ring stability in ultra-compact objects

14:00 Lunch & poster view

15:15 Parallel session 5a & 5b

Parallel session 5a (Small Hall)
(Chair Takahiro Tanaka)

14:00
14:15
14:30
14:45

15:00

14:15 Ryo Kato (Kobe U.)

14:30 Emi Masaki (Kobe U.)

14:45 Arata Aoki (Kobe U.)

15:00 Soichiro Morisaki (RESCEU U.
Tokyo)

15:15 Osamu Seto (Hokkaido U.)

Parallel session 5b (3F Salon Hall)
(Chair Tomohiro Harada)
5b1l 14:00 - 14:15 Masato Minamitsuji (CENTRA, IST,

14:15

14:30

14:45
15:00

15:15

16:15

17:00

18:00

U. of Lishon)
14:30 Kota Ogasawara (Rikkyo U.)

14:45 Tatsuya Ogawa (Osaka City U.)
15:00 Takayuki Ohgami (Yamaguchi U.)
15:15 Tetu Makino (Yamaguchi U.)

16:15 Coffee & poster view

(Chair Takashi Nakamura)

Constraint on the axion dark matter using pulsar timing arrays

Can gravitons be converted into dark photons?

Structure formation with fuzzy dark matter

Search for non-minimally coupled scalar field dark matter with gravitational-wave
observations

Non-minimally coupled Coleman-Weinberg inflation

Boson stars in a generalized Proca theory

Collision of two shells with a high center-of-mass energy in the Banados-Teitelboim-
Zanelli spacetime

Charge screened non-topological solitons

Optical Images of Gravasta Surrounded by dust

Mathematical study of rotating gaseous stars

17:00 Hideyuki Tagoshi (ICRR Univ. of Tokyo)

Status and prospect of KAGRA
17:45 Yasufumi Kojima (Hiroshima Univ.)
Slow rotation in GR
group photo
20:00 Banquet (2F Restaurant)



November 30 (THU)

(Chair Misao Sasaki)
10:00 - 11:00 Robert R. Caldwell (Dartmouth Univ.)
A unique and observable prediction in a toy model of axion gauge field inflation

11:00 - 11:15 Coffee

11:15 - 12:30 Parallel session 6a & 6b
Parallel session 6a (Small Hall)
(Chair Kei-ichi Maeda)

6al 11:15 - 11:30 Junsei Tokuda (Kyoto U.) Theoretical consistency of stochastic approach
6a2 11:30 - 11:45 Seiga Sato (Waseda U.) Hybrid Higgs Inflation
6a3 11:45 - 12:00 Kazuhiro Kogai (Nagoya U.) Exploring primordial anisotropic non-Gaussianity from galaxy alighment
6a4 12:00 - 12:15 Sakine Nishi (Rikkyo U.) Anisotropic inflation in Horndeski theory
6a5 12:15 - 12:30 Hiroaki Tahara (RESCEU U. of Perturbations in the anisotropic attractor with Horndeski theory
Tokyo)

Parallel session 6b (3F Salon Hall)

(Chair Akihiro Ishibashi)
6b1 11:15 - 11:30 Naritaka Oshita (RESCEU U. Tokyo) Probing atoms of spacetime with ringdown gravitational waves from a perturbed black

hole
6b2 11:30 - 11:45 Antonino Flachi (Keio U.) Topological currents and black holes
6b3 11:45 - 12:00 Kunihito Uzawa (Kwansei Gakuin U. Supersymmetry breaking and singularity in dynamical brane backgrounds
6b4 12:00 - 12:15 Umpei Miyamoto (Akita Prefectural Nonlinear perturbation of black branes at large D
6b5 12:15 - 12:30 Gon_alo Quinta (Superior Vacuum polarization around a charged black hole in 5 dimensions
Technical Institute, U. of Lisbon)

12:30 - 14:00 Lunch & poster view

14:00 - 15:45 Parallel session 7a & 7b
Parallel session 7a (Small Hall)
(Chair Jiro Soda)

7al 14:00 - 14:15 Tomoya Kinugawa (ICRR U. of Gravitational waves from remnants of first stars
Tokyo)
7a2 14:15 - 14:30 Asuka lto (Kobe U.) Primordial gravitational waves and early universes

7a3 14:30 - 14:45 Yi-Peng Wu (RESCEU U. of Tokyo) Inflationary fluctuations with phase transitions
7a4 14:45 - 15:00 Minxi He (RESCEU U. of Tokyo) Higgs-R"2 Inflation
7a5 15:00 - 15:15 Kiyomi Hasegawa (Hirosaki U.) A possible solution to the Hubble (non-)constant problem
7a6 15:15 - 15:30 Atsuhisa Ota (Tokyo Institute of Spontaneous symmetry breaking in open systems: Toward application to EFT of
Technology) inflation
Parallel session 7b (3F Salon Hall)
(Chair Tetsuya Shiromizu)
7b1l 14:00 - 14:15 Alex Vano-Vinuales (Cardiff U.) Free hyperboloidal evolution in spherical symmetry

7b2 14:15 - 14:30 Takafumi Kokubu (KEK) Example of Null junction conditions: Energy emission from a naked singularity
7b3 14:30 - 14:45 Shinpei Kobayashi (Tokyo Gakugei Fuzzy spacetime in noncommutative gravity

u)
7b4 14:45 - 15:00 Ren Tsuda (Ibaraki U.) Expanding Polyhedral Universe in Regge Calculus

7b5 15:00 - 15:15 Leon Escobar Diaz (University of ~ Asymptotics of solutions of a hyperbolic formulation of the constraint equations
Tubingen, Germany)
7b6 15:15

15:30 Akira Matsumura (Nagoya U.) Large Scale Quantum Entanglement in de Sitter Spacetime
15:45 - 16:45 Coffee & poster view

(Chair Yuko Urakawa)
16:45 - 17:45 Masaki Shigemori (Queen Mary London, YITP)
The Black-Hole Microstate Program



December 1 (FRI)

8al
8a2
8a3

8a4

9:30 -

10:30 -

10:45 -

(Chair Tsutomu Kobayashi)
10:30 Carlos Herdeiro (Aveiro Univ.)

Kerr black holes with bosonic hair: theory and phenomenology

10:45 Coffee

11:45 Session 8a

Session 8a (Small Hall)
(Chair Hisaaki Shinkai)

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

11:30 -

11:45 -
12:00 -

11:00 Yuko Urakawa (Nagoya U.)
11:15 Hiromi Saida (Daido U.)
11:30 Kenji Tomita (YITP Kyoto U.)

11:45 Marcus Werner (YITP Kyoto U.)

12:00 Presentation Awards
Closing (Kei-ichi Maeda)

Cosmological imprints of string axions in plateau

Exploring GR effects of super-massive BH at our galactic center

Cosmological models with the energy density of random fluctuations and the Hubble-
constant problem

Constructing predictive gravity theories

P01
P02

P03
P04
P05
P06
P07

P08
P09
P10
P11
P12
P13
P14
P15
P16
P17

P18
P19
P20
P21
P22
P23
P24

P25
P26
P27
P28
P29

Poster Session

Kiyoshi Shiraishi (Yamaguchi U.)
Tomotaka Suzuki (Hokkaido U.)

Keitarou Nanri (Yamaguchi U.)
Keisuke Nakashi (Tokyogakugei U.)
Daisuke Nitta (Nagoya U.

Takuma Tsukamoto (Nagoya U.)
Shun Yamamoto (Osaka Institute of
Technology)

Yingli Zhang (Tokyo U. of Science)
Kouji Nakamura (NAO)J)

Yushi Kawamoto (Yamaguchi U.)
Masashi Kuniyasu (Yamaguchi U.)
Suro Kim (Kobe U.)

Tomohiro Nakamura (Nagoya U.)
Teerthal Patel (Nagoya U.)

Yuya Nakamura (Hirosaki U.)
Tsuyoshi Houri (Kyoto U.)
Adrian-Ciprian Sporea (West U. of
Timisoara)

Kazuho Hiraga (Ibaraki U.)

Eliska Polaskova (Charles U., Prague)
Yoshiyuki Morisawa (Osaka City U.)
Daisuke Yamauchi (Kanagawa U.)
Masataka Tsuchiya (Nagoya U.)
Tomoro Tokusumi (Nagoya U.)
Kosei Morimoto (Hirosaki U.)

Hirotaka Yoshino (Osaka City U.)
Yosuke Misonoh (Waseda U.)
Kazushige Ueda (Hiroshima U.)

Large Boson Stars

Study of the AdS_2 / CFT_1 correspondence with the contribution from the Weyl
anomaly

Microlensing effect and shadows of massless braneworld black holes
Geodesics and repulsive gravity in BHT massive gravity

Equivalence principle violation after reheating

Sequestering Mechanism in Scalar-Tensor Theory

Analysis of ringdown waveform using Auto-Regressive model

Oscillations of Power Spectrum from non-minimal coupling scalar fields of R"2 inflation
Double balanced homodyne detection

f(R) inflation

Boson stars in DBI type k-field theories

Toward dissipative and stochastic effects in the EFT of inflation

Chameleon mechanism in inhomogeneous density profile

Magnetogenesis in Axion Monodromy Inflation

Weakly self-gravitating objects in Chern-Simons modified gravity

Hidden symmetries of the Jacobi equation

Higher dimensional SdS black holes: fermionic Hawking radiation

Inflationary cosmology in M-theory

Quasilocal horizons in inhomogenenous cosmological models
Cohomogeneity-one-string integrability

Y-junction intercommutations of current carrying strings

Chaotic Motion of a Cohomogeneity-One String in Extremal Kerr Spacetime
Qubit Model of Hawking Radiation

An inhomogeneous cosmology with Lambda where Omega_m and Omega_{Lambda}
depend on each observed domain

Axion Bosenova and Gravitational Waves

Imitating equation of motion with deep learning

Entanglement of the Vacuum between Left, Right, Future, and Past

Masaaki Takahashi (Aichi U. of Education)Jet-Disk structure in a Black hole Magnetosphere

Hiroki Sakamoto (Hiroshima U.)

Attractor behavior of CMB fluctuations in gauged Nambu-Jona-Lasinio inflation



P30

P31
P32
P33

P34
P35
P36

P37
P38
P39

P40

Hisaaki Shinkai (Osaka Institute of
Technology)

Norihiro Tanahashi (Kyushu U.)
Masashi Yamazaki (Nagoya U.)
Shinya Tomizawa (Tokyo U. of
Technology)

Toshifumi Noumi (Kobe U.)

Ryo Saito (Yamaguchi U.)

Kentaro Takami (Kobe City College of
Technology)

Ulbossyn Ualikhanova (U. of Tartu)
Siyi Zhou

Marcello Rotondo (Nagoya U.)

Ryotaku Suzuki (Osaka City U.)

Event rates of gravitational waves in space-borne detectors based on a hierarchical
growth model of SMBHs

Robinson-Trautman solutions with a scalar field

Vainshtein mechanism in non-minimal dRGT massive gravity

Asymptotically Flat Rotating Black Lens in Five Dimensions

Weak Gravity Conjecture and Infrared Consistency
Effective theories for the partial breaking of the Vainshtein mechanism
Neutron-star Radius from a Population of Binary Neutron Star Mergers

Dynamical systems approach and generic properties of f(T) cosmology
Fluctuations through a Vibrating Bounce

Interferometry in superspace: decoherence of histories due to gravitational particle
creation

Large D Effective Theory of General Relativity

The poster contributors are assigned to one-minute short talk. Only those who will participate from the 2nd or 3rd day are assigned
on Tuesday or Wednesday. We expect that almost speakers give one-minute talk on the first day, however, if you cannot, please
tell us which day you like to give your talk. Please prepare a (hopefully) 1-page pdf file for your presentation, and send it by e-mail
to jgrg27-loc@ml.hiroshima-u.ac.jp, at least 24 hours in advance.



Monday 27th November
Registration 9:30-10:30

Opening 10:30-10:45

Kazuhiro Yamamoto (Hiroshima University)
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Invited lecture 10:45-11:45
[Chair: Yasusada Nambu]

Vladimir Karas (Astronomical Institute, Czech
Academy of Sciences),

“Structure of relativistic fluid tori near black holes:
effects of self-gravity and electric charge* (50410)

[JGRG27 (2017) 112701]
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Self-gravitating fluid tori with charge

V. Karas!

J. Kova¥?, P. Slany2, A.Trova3

I Astronomical Institute, Czech Academy of Sciences, Prague, Czech Republic
2Faculty of Philosophy and Science, Silesian University in Opava, Czech Republic

3ZARM - Centre of Applied Space Technology and Microgravity,
University of Bremen, Germany

The 27th Workshop on General Relativity and Gravitation, Saijo, Higashi-Hiroshima
27 Nov—1 Dec 2017
V. Karas J. Kové¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017

Self-gravitating fluid tori with charge

Motivation and the model
@ Components of active galactic nuclei
@ Self-gravity is important in AGN accretion disks
@ Role of large-scale magnetic fields
@ Newtonian vs. GR approach
@ Filaments as tracers of ordered magnetic fields near SMBH
© Electrically charged matter near BH
@ Electrically charged particles: off-equatorial trajectories
@ Shapes of tori in equilibrium
© A scheme to find analytical solutions
@ Conditions for the existence of solutions
@ Examples of solutions
@ Summary
@ The role of charge distribution within BH accretion tori

@ Discussion
V. Karas J. Kova¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017

Self-gravitating fluid tori with charge



Motivation and the model
[ le]
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Components of active galactic nuclei

Electrically charged matter near BH

A scheme to find analytical solutions
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Summary
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Motivation and the model
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Components of active galactic nuclei
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Self-gravitating fluid tori with charge
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A scheme to find analytical solutions

O
(o]e)

Summary
(0]e]
O

@ Nuclei of galaxies: dusty tori
and a central SMBH

(M ~ 10°-10°Mg).
@ At distance of a few ><1O3Rg
self-gravity starts operating

(Collin & Hure 2001; Karas et al. 2004).

JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017




Motivation and the model

V. Karas J. Kové¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017
Self-gravitating fluid tori with charge

Motivation and the model

Newtonian vs. GR approach

axis of compact object-magnetic field symmetry
(Compact object polar axis) FO rces

dipole magnetic field

5\

@ Gravity of the central mass

@ Internal pressure and electric
charge of the fluid

@ External magnetic and
induced electric field

)

Compact Object
|
|
|

fluid equatorial torus

v

Centrifugal force

Self-gravity of the torus

VT8 = T8 j3 — dh = dp/(p + €) — fluid surface: h = 0.

m ext

Kova¥, Kopatek, Karas, & Kojima, CQG (2013)

V. Karas J. Kova¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017

Self-gravitating fluid tori with charge



Motivation and the model Electrically charged matter near BH A scheme to find analytical solutions Summary
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Self-gravitating fluid tori with charge

Motivation and the model Electrically charged matter near BH A scheme to find analytical solutions Summary
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Electrically charged particles: off-equatorial trajectories

xsin(f)Xco

rxcos(B)xsin()

Howard et al. PRL (1999); KovafF et al., CQG (2010)
V. Karas J. Kova¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017

Self-gravitating fluid tori with charge




Electrically charged matter near BH
oe

Electrically charged particles: off-equatorial trajectories

e Symmetries: (i) axial, (ii) mid-plane, (iii) stationarity.

@ Equation of state: incompressible or polytropic fluid

@ The integrability condition of the Euler equation — two
unknown functions: the orbital velocity v = v4(R, Z), and the
specific charge profile g = q(R, Z).

@ The fluid is embedded in an external magnetic field

@ The torus is self-gravitating,

VP = —pn® — pnVV—p,,VVs, — p VM (1)

V. Karas J. Kové¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017
Self-gravitating fluid tori with charge

Electrically charged matter near BH

[ ]e}

Shapes of tori in equilibrium

Rotating magnetized torus —
with a central body, with charge density of the fluid

CHARGED TORI IN SPHERICAL GRAVITATIONAL AND DIPOLAR MAGNETIC FIELDS

P. SLant’, I. Koviit', Z. StucHLK', AND V. KARAS®
! Institute of Physics, Faculty of Philosophy and Science, Silesian University in Opava Bezrufovo ndm. 13,
CZ-746 01 Opava, Crech Republic; petrslany @ fpf. slucz
* Astronomical Institute, Academy of Sciences, Boéni 1, Prague CZ-141 31, Czech Republic
Received 200 2 November 21 accepted 2003 famary 12, published 2003 February 20

ABSTRACT

A Newtonian model of non-conductive, charged, perfect fluid tori orbiting in combined spherical gravitational
and dipolar magnetic fields is presented and stationary, axisymmetric toroidal structures are analyzed. Matter in
such tori exhibits a purely circulatory motion and the resulting convection carries charges into permanent rotation
around the symmetry axis. As a main result, we demonstrate the possible existence of off-equatorial charged tori
and equatorial tori with cusps that also enable outflows of matter from the torus in the Newtonian regime. These
phenomena qualitatively represent a new consequence of the interplay between gravity and electromagnetism.
From an astrophysical point of view, our investigation can provide insight into processes that determine the vertical
structure of dusty tori surrounding accretion disks,

Euler's equation

pm(ﬁtv,- + VjVjV,') =S —V,'P = pmV,-lIJ + ,Oe(E,' + E;J'ijBk), (2)

V. Karas J. Kova¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017
Self-gravitating fluid tori with charge




Electrically charged matter near BH

(o] J

Shapes of tori in equilibrium

Euler's equation

VP = —pmV® — puVV — pr VM (3)

Integrability conditions — constraints on the spatial distribution of
charge, and the corresponding angular momentum profile

@ Orbital velocity: a power law of the radius
@ Different distribution of the specific charge density

Equilibrium solution — maxima for the pressure function —
angular momentum distribution, strength of the magnetic field.

V. Karas J. Kové¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017
Self-gravitating fluid tori with charge

A scheme to find analytical solutions
[ ]

Conditions for the existence of solutions

Equilibrium equation

aH + diWsg + W + bd + eM = const, (4)

Contraints given by the integrability conditions

Solutions exist if H-function has a maximum — conditions on the
magnetic field (value of €) and rotation (value of b). We have to
choose a configuration:

@ constant angular momentum vs. rigid rotation
@ specific charge distribution within the torus

@ strength of self-gravity (value of d; = m/M)

V. Karas J. Kova¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017

Self-gravitating fluid tori with charge



A scheme to find analytical solutions

[ ]e}

Examples of solutions

Maps of enthalpy — H-function

Enthalpy Enthalpy

.625

.25

-0.125

-0.125

-0.5

4 .25 aH(1.0) 0.4 | i

-0.125

V. Karas J. Kové¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017
Self-gravitating fluid tori with charge

A scheme to find analytical solutions

(o] J

Examples of solutions

Enthalpy Enthalpy
1 1
.5 .5
> -1.38778e-16 > -1.38778e-16
-0.5 -0.5
-1 -1
X X
Enthalpy
T e / o

-1.38778e-16 aH(1,1)

02+

V. Karas J. Kova¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017
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Summary
[ le}

The role of charge distribution within BH accretion tori

Strong gravity near a black hole combines with electromagnetic effects
due to large-scale magnetic field; acts on electrically charged fluid. The
toroidal configuration represents and idealized system that can be
explored analytically. Our set-up has allowed us to study the mutual
interaction between effects that are expected to occur in astrophysically
realistic circumstances.

In active galactic nuclei, accretion of matter from the inner accretion
disk leads to intense emission of X-rays. The emerging energetic
radiation then irradiates the outer torus, where temperature drops below
the critical value for dust sublimation. Dust grains acquire electric charge
due to photoelectric effect and the complex plasma environment.

At the same time, the continued accretion events cause the black hole
to spin up on a long (cosmological) time-scales. Therefore, the effects of
fluid charging and rotation of the central black hole need to be taken into
account together. Note that the equilibrium electric charge on the black
hole itself is likely to converge to an very small value.

V. Karas J. Kové¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017
Self-gravitating fluid tori with charge

Summary
oce

The role of charge distribution within BH accretion tori

@ The condition of existence of the tori changes with the
strength of self-gravity.

@ We find the toroidal configuration, the closed isobars with
cusps, and the off-equatorial structures.

@ The maximum of pressure rises with self-gravity parameter.

@ The closed analytical form provides a way to set constraints
on the existence of different configurations.

References: Trova A. et al. (2016), ApJSS, 226, id. 12
KovaF et al. (2016), Phys. Rev D, 93, id. 124055

Thank you!

V. Karas J. Kova¥, P. Slany, A.Trova JGRG27, Higashi Hiroshima Arts and Culture Hall, Kurara, 2017
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Summary

Discussion
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Sessionla 14:00-15:00 [Chair:
Hideyuki Tagoshi]
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lal. Hajime Sotani (NAOJ),

“Gravitational waves from protoneutron stars and
asteroseismology* (10+5)

[JGRG27 (2017) 112702]
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Gravitational waves from protoneutron
stars and asteroseismology

Hajime SOTANI (NAOJ)

Dawn of GW astronomy era

e First detection of GWs from BH-BH merger (GW 1509 14)

Hanford, Washington (H1) Livingston, Louisiana (L1)
T T T T T T T T
- M\M —l-
]‘ H1 observed (shifted, inverted)
9 : : : ; - ; - -
< Lot l 15 |
5 05F the 3 o
S / |
g e "]
.1:0 Numerical relativity V ‘ 4 Numerical relativity i -
Reconstructed (wavelet) Reconstructed (wavelet)
[ Reconstructed (template) i | m— Reconstructed (template) 1 !
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Time (s) Time (s} Apbott et al. 16

— 36M,-29M_ binary BH merger (4 10Mpc)
e GW151226 (Abbott et al. 16) : 14M-7.5M BBH (4-4-OMpc)
e GW170104 (Abbott etal. 17): 31 M,-19M, BBH (880OMpc)

Nov. 27/2017 JGRG27@Hiroshima 1



Dawn of GW astronomy era

» First detection of GWs from NS-NS merger (GW 1708 17)

¢ st
et e

— first BNS + EM counter part 5 2 fLighucurve fom Formi/GBN (1050 k)
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— Supernovae

Nov. 27/2017 JGRG27@Hiroshima 2

GW from SN?

5
'g ' e Numerical simulations
= 0 tell us the GW spectra.
<<
-5
e difficult
1 %1‘ — to extract physics of
PNS and/or SN
! mechanism
05 g — to make a long-term
’ ! numerical calculations
:E‘ I1m
= 1% *+ We adopt the
k0.2 ; perturbation approach
™ to determine the frea.
& from PNS.
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Cold NS & EOS

MPA1 MS0
25 % AP3 ]
¢ PALA1
ENG
PF AP4 Ms2
2.0 ¥ i
SQM3 VST
J1903+0327 FSU
3 SQM1 — =
S 1.5})Jio00a74a  PALG GMS/LMN \ / |
2 GSt
= Nouible nelitran star gfystems

- HS+2014

197

Demorest+ 2010

9 10 11

Nov. 27/2017

JGRG27@Hiroshima

12 13 14 15

Radius (km)

Asteroseismology on Cold NSs

e via the observations of GW freguencies, one might be able to see
the properties of NSs

4.0

If-mlode |

3.6

140

130

©, =0.78+1.64
_ 14

o, :[@) 20.92-9.14
] R 1.4

M

%]

M

)

-

determination of (M, R)

SQM3 MS1
4190320327 Fsu

PAL6

B
3 "

o ]
1 K

100 + b

4 90 4

w,-mode
04;)3 0.2)4 0.;15 D.IDG 0.217 0.0¢ 800.15 0.‘18 0.’21 0.‘24 0.‘27 030 SQM1.
S 1.5} 1900574
average density compactness g

Andersson & Kokkotas (1998)

f-mode - M/R3; w,-mode > M/R

Nov. 27/2017

0.0

Demorest+ 2010

GM3; —¥,,,, \

7 8 9
JGRG27@Hiroshima

10 11

Radius (km)

12



Protoneutron stars (PNSs)

¢ Unlike cold neutron stars, to construct the PNS models, one has
to prepare the profiles of Y, and s.

— for example,
with L8220 and s =1.5 (kg/baryon), but ¥, =0.01, 0.1, 0.2, and 0.3

20 T |
J1614-2230
1.5}
2(D i
E 1.0}
0'5 I LTI, S
. 0.01 i . 0.1—
10 12 14 16 18 20
R (km)
Nov. 27/2017 JGRG27@Hiroshima 6

PNS models

e we adopt the results of 3D-GR simulations of core-collapse
supernovae (Kuroda et al. 2016)

— progenitor mass = 15M
— EOS:SFHx (2.13M,) & TM1 (2.21M))

05—

05—

48ms 48ms
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— Ry, is defined with p = 107 g/cm?3

— using the radial profiles as a background PNS model, the eigen-
frequencies are determined.

Nov. 27/2017 JGRG27@Hiroshima 7



Mass & Radius

* M,,s is increasing by mass accretion

* Rp,s is decreasing due to the cooling
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M-R evolution after core-bounce
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f(Hz)

evolution of w,-modes

freguencies depend on the EOS.

— increasing with time

— can be characterized well by M/R
as for cold NS, we can get the fitting formula, almost independent
from EOS

(PNS) N 3 Mpns Rpxs \ 7! Rpns ) 7!
*NS) ()~ {27.99 12.02< = M@) <10 km) } x (10 =

6 : : : 3 _ 27.0 A
N *, e SFHx
o ®e. o TMI
< 265F "oy,
S el .
jan) 2
) o 260} ... ]
— = 'o.‘.
g % "‘n‘
o SFHx | < 255¢ ~\. g
e & TM1 £ K
Il Il Il 1 \ 25 0 PR R S S S S S S S S S S T .~..'~
50 100 150 200 250 ’ 0.10 0.15 0.20 0.25
T, (ms -1
Nov. 27/2017 pb (ms) JGRG27@Hiroshima (MpNs/1.4M)(Rpns/10 km) 10

evolution of f-mode

freguencies can be expressed well by the average density
independent of the EOS (and progenitor mass)

we derive the fitting formula as a function of M/R3

M 12/ R -3/2
1) (Hz) ~ 14.48+4859< PNS ) (ﬂ)

1.4 M, 10 km
1]00 —T T T T T T T T T T T T T T T T T T 600 T T T T
F[e o SFHx o SFHx o ¢
s 500F ]
900F 4 o v * TMI o
3 L 4
700f 00f " ]
500F 00F L g ]
[ L 4
[ *
300f 2000 g ;
1002 : : 100
50 100 150 200 250 002 004 006 008 010 0.12

Tpp, (ms) (Mpns/1 4M o) *(Rpng/10 km) 3/

Nov. 27/2017 JGRG27@Hiroshima 11



determination of EOS

* with #~ & w,-modes GW observations, one can get two
independent properties at each time after core bounce,

which are combination of M, & R

¢ one can determine (MPNS, RPNS) at each time after core bounce
- determination of the EOS

e unlike cold NS cases, in principle one can determine the EOS even
with ONE GW event ! 1.50 ———

PNS

145
140}

135}

Mpns (M)

130} e ]
[ o TMI “»]

1207775060 7080 90 100

Rpng (km)

Nov. 27/2017 JGRG27@Hiroshima

detectability of w,-modes

« effective amplitude of w,-modes

y E, \!/2/4kHz\!/2[10k
hgffl) ~7.Tx 10_23 W z pe
1010 M, Fur D

Andersson & Kokkotas (1996, 1998)

E, T E ¢ : energy for each time step
E;wl) T, E_ (W : total radiation energy in w,-modes
—20
10 g ET(W1>
1021} 10 M,
< E
10-22 106 Mg
10-23 108 M,

S (Hz)

Nov. 27/2017 JGRG27@Hiroshima 13



conclusion

We examine the frequencies of gravitational waves radiating
from PNS after bounce.

-1 -1
(PNS) 1 11,) & 127.99 — 12.02 Mpys Rpns Rpns
Sy (kHz) { ' “\1am, )J\10km) | ™ \10 km
(PNS) . Mpxs \ /2 [ Rpns \ /2
[ff (Hz) ~ 14.48 + 4859 ( = M@) e

v

(Mppns Rpps) @t each time after core bounce

in principle, even with ONE GW event from supernova, one could
determine the EOS for high density region.

Nov. 27/2017 JGRG27@Hiroshima
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Black hole ringdown analysis of
two-mode signal

Nami Uchikata (ICRR, University of Tokyo),

Hideyuki Tagoshi (ICRR, University of Tokyo), \/
o/
Tatsuya Narikawa (ICRR, University of/Tokyo)

(= N

- \ — 4
\/ Black hole ringdown waveform

* Final part of the gravitational waveform of a binary black hole merger.

* It is dominated by the black hole quasinormal modes.

1.5x10%!

GW1 5691 4-numeri‘cal

1x107?
5x1022

0

-5x1022

-1x102" - 8

-1.5x10°2" ‘ . ‘ :
0 0.05 0.1 0.15 0.2

t[s]

https://losc.ligo.org/s/events/GW150914/P1509 14/#92—Mered—we/form—H. txt / ~
)\

N



- N/
= Black hole quasinormal modes (QNM)

e

-

* Characteristic oscillations (damping oscillations) of black holes.

(frequency f, quality factor Q)

* Determined by black hole mass M and spin a only.

* Analysis of QNM gives the spin and mass of the final black hole.
(f,Q) = (a,M)

* Based on general relativity, all multipolar modes (I, m) give the same
mass and spin. - test of general relativity

Ex) Ideal case.

(f22,Q22) = (a, M), (f33,0Q33) = (a, M), ...

SN W of

= Effect of higher multipolar modes

"

-

« Waveform is consisted of several multipolar modes. (Dominant mode
(,m) = (2,2))

« To test general relativity, we have to get the information of each mode.

* How to extract a single mode from several multipolar modes?



- N/

= Effect of higher multipolar modes

e

~ « Berti et al. (2007)

Matched filter the 2 modes damped sinusoidal signals by single mode
templates and evaluate the event loss without assuming noise. Signal to
noise ratio can be lost by more than 3%.

* Bayesian analysis (test of no hair theorem)
Gossan et al. (2012), Meidam et al. (2014)

Estimate parameters from 2 modes damped sinusoidal signals slightly
deviated from general relativity.

Constraints for non GR gravity.

SN W of

— ~—

= Outline of the analysis

"

~ + Use waveforms from the numerical simulation as a signal. We consider a
waveform includes two modes.

« Windowed the signal before the merger.

* Analyze the dominant mode by matched filtering.

« Cut off the frequency lower than the estimated dominant mode.

* Analyze the subdominant mode.

* Evaluate the accuracy of parameter estimations.

N



- N/
< Matched filtering

o

« Signal-to-noise ratio

p=(x,8)=4Re </Ooo%df), x(t) = s(t) +n(t)

Sn(f): noise power spectrum

(aLIGO zero detuned high power )

1/HZ'"?

s(t): signal (numerical waveform)

n(t): Gaussian noise

s¢(t): template, (s¢,5:) =1

L L L
10 100 1000

frequency [Hz]
~ & e\
\_/ N/
< Signal
=« waveform from numerical simulation
(Simulating eXtreme Spacetime) ( )

SXS0293
Initial conditions :mass ratio 3:1, initial spin 0.85

Estimated parameters : ratio of final mass to total mass 0.9362, final spin
0.9124

Combine (I,m) = (2,2) and (3,3) modes.



N’

- 4
\-/ ) 2 mode signal
iy

amplitude Initial Antenna im
E f/Q f phase pattern
J

il @ @ @
h(t) = 'Ar-- {e_’/”ﬂ[sin(wfzt + @y — 2¢)Y2+2F+

= —2Ylm(0’ 0) + (_l)l—zyl—m(er 0),
= _,Y,,(0,0) = (=1)_,Y,_,.(6,0).

o
o

=}
'S
TTT T

sin(@;™ Yn — ™ 226 %

o
N

_ %e-r/m[sin(w?t + @33 —3@)Y5F,

22

Angular functions
=} o
N o

r 33 nafxlE— (2.13) 04
-06F E
(Berti et al. PRD 76 104044 (2007)) T ‘1159' T TR
We assume the inclination angle is 90°, so that the relative amplitude of 33 mode \'/
becomes large. 9/ 9
—/ e\ /

\/ ) Template

, /
s (t) - 0 (t < to)
CUT Le AU Q cos {27 (t— to) — o} (t > to),
We change the starting time t,.
We look for (f, Q;) that gives the maximum SNR for each t,.
SNR is maximized against the initial phase ¢, (Nakano et al. 2004) for
each t.
=



~

1.5x10%°
1x102°
5x102!
0
5x102!

-1x10%°

15x102%°
5

3x102!

(I, m) = (2,2

Results
—/ Waveform SXS0293 : total mass 180Mg, z = 0.05

555 56 565 57

Combined at 6§ = 7/,
Window

210" 1
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./
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~

"’

Results

Tukey window is used.
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/.
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= N\

-/

\—r

~  Extraction of 22 mode. (Estimated values from SXS, f~126Hz, Q~5.3 or ~169M, %~0.91)

* In the presence of noise (140 times Gaussian noise)

SNR

120

100 -

80

60 |-

40

20 |-

T T T T
Gaussian noise —+—

Average value (t, = 5.52): f, = 125.293%25722

(5, ~0.90433:882,

135

130

125
120
115
110
105
100

5.49 5.5

to [s]

Q, = 5.2606*

M~174M3) et

1.5399
1.1832

T T T T
Gaussian noise ——+—

N
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\/ Results

o

/  Extraction of 33 mode. Lower cuttoff frequency is 130 Hz.

* In the presence of noise (140 times Gaussian noise) (Estimated f~196Hz, Q~8.5)

1 1 1
Gaussian noise ——+—

SNR 40 ; . T 200 — T —T ]
Gaussian noise ——+— Gaussian noise ——+—j
35 T 195

190

30

o5 185

180
20

175
170

165

160 L L L L L
5.49 55 5.51 5.562 5.53 5.49 5.5 5.51 5.52

to [s]
Average value (t, = 5.52): f, = 191.22257%8123 (, = 9.6531%33373

(= ~0.93613341, M~188M¢) . J
M . et
N o\

- N

\/ Summary

~

~ * Analyzed a numerical waveform composed of 2 modes by single mode
templates under Gaussian noise.

» Though the subdominant mode is less accurate, we can estimate 2
modes separately by matched filtering.

* Application to the constraints for QNM parameters of modified gravity
or exotic objects.



la4. Remya Nair (Kyoto U.),

“Synergy between ground and space-based GW
interferometers” (10+5)

[JGRG27 (2017) 112705]

44



Synergy between ground and
space based interferometers

Remya Nair
JSPS Post-Doctoral Fellow
Kyoto University

with Prof. Takahiro Tanaka

TAKE HOME

Combining measurements of binary inspiral
signals, obtained from ground and space
based GW interferometers, gives us better
estimates of the source parameters




Why?

Era of GW Astronomy

6 inspiral signals detection already
This includes an EM counterpart event

Success of LISA pathfinder

What we hope to learn from coalescence signals

2 Better estimates on binary coalescence parameters
Inspiral - Merger - Ringdown (Uchikata-san, Yamamoto-san)

2 Possible evidence for GR corrections

2 Formation mechanism




What we did

Studied 30 + 40 Solar mass BH-BH binary to get error
estimates on the parameters

Parameters:
2 No spin case: M, v, t., ¢, + 4 angles

2 Spin case (no precession): M, v, t., ¢., +spin correction

parameters + 4 angles

How we did it

GW waveform
Restricted post Newtonion (PN)

- 5 .
ha(fiic AT B ettll) {ZAa(t(f))} o~ (P (t(F)+ep E(f)))

e T

Overall amplitude Phase Polarization amplitude
M, D5 M, v, fote; 9e F*, FX% 4 angles

+

(67 0-7 77 67 C]




How we did it

Construct the Fisher matrices

The noise weighted inner product for two signals (or a signal
and a femplate waveform)

(b, o) :2/00 i (f)hal

\

P(S’H) X 6_(S_h(9)’s_h(9))/2

How we did it

For large SNR parameter estimates follow a
Gaussian distribution

O 1N
00;’ 00,

Fisher Matrix IRy — (

Covariance Matrix (O =11

V((A#7)?) = VC?% Root mean square error




GW interferometers: Noise curves

10—16 L
eLISA
—~ 10_18 [
10720} ET

aLIGO

10722 \\/

10—24 L
DECIGO

S, (62 (Hz 2

10—26

10°* 1073 1072 10! 10° 10' 10%> 10° 10*
f(Hz)

Focus on DECIGO + ET

Also consider pre-DECIGO missions S, (/) = 5, ()P0

Combined estimates 'Synergy’ : Non-spinning case
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AQcombmcd/AQ/

b
g
§

S

Spinning case
Five spin corrections

spin-spin correction 2 PN

spin-orbit correction 1.5 PN
spin-orbit correction 2.5 PN

spin-orbit correction 3 PN

spin-orbit correction 3.5 PN

spin-orbit corrections written in terms of two auxiliary
parameters — total parameters 11

Combined estimates 'Synergy’ : Spinning case
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Spinning case: Synergy

Sn (f)scaled £ 104571’( f)DECIGO

o

M !

v ~ 4

AQ  ~ 0(10%)

o ~ad

Complementarity between Space and ground
based GW detectors

10*
AN LS L. LN L SN
[ €(Q.-Mass (DPF) 1
103 F eg.-mass (adv. DPF) —— |]
- IMRI (adv. DPF) -+« :
102 | SNR thr. —=—~— _
S |
Z 10
10°
107 |
10-2'...|...|...|...|...|...|...

10° 10" 10® 10® 10* 10° 10° 10’
time to coalescence (sec)
K. Yagi (2011)



Summary

Reported a range of sensitivities for a DECIGO like mission where
joint measurements with ET give better error estimates

There is scientific gain in having a space based interferometer

observing in the low frequency region,
!

Ongoing work  Analyzing precessing systems

Thank you




Supplementary slides

Waveform

M
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The |oop representation of Quantum
Gravity as a Deformation
QRQuanttization

Jasel Berra
in collaroration with A. Molaado

Universidad Autd noma de San Luis Potosi (LASLP)

The 27Hh Workshop on General Relativity and
Gravitation in Japan

Saijo, Higashi-Hiroshima

21 Novemerer-| Decemrer 2.0I1

Deformation Quantization

Definition (Quantization)

Quantization of a classical system (M, {, }) is a one to one mapping
QO+ A — 2 from the set of classical observables C°°(M), to the set 2 of

quantum observables, the set of self adjoint operators on a Hilbert space H.
The map Qy, satisfies

lim %Q;l (On(R)Qn(R) + On(H)Qn(R)) = fif

lim 9n "t ({Qn(h), Qn(R)}) = {f, 2}

- There are different structures in Quantum mechanics and
classical mechanics, so that the correspondence f — Qx(f) is
NOt aN 1IsOMOrpPhism Retween Lie alaerras.




Groenewold-van -Hove theorem

Ht is the Moyal Bracket, instead of the Poisson eracket, which
maps invertisly to the Quantum commutator.

In the case of the simplest classical system with one dearee of
freedom, the Heisenrerg conmmutation relations

[Q,P] =ik, [@, Q] =[P,P] =0

Then, this implies that ||Q], |P|| cannot re BoOth finite.

Weyl map

- In order to solve this difficurty we introduce the unitary
operators

Uuw)=e P V@)=e ™9, U)V(@)=e""V)U(u)

Theorem (Von Neumann)

Every regular, irreducible unitary representation of the Weyl relations is unitarly
equivalent to the Schrédinger representation.

\ A/ I =
= V 174 [

L

- The intearal is understood in the weak sense, for every
Y1,02 €H

(W(F o iiz) = o / () (S, 0}, 42) dudy




Properties of the Weyl transform

For all f,f,f € L'(R?),
1. W(f) = W(f").
2. ker W =0.
3. Wh)W(h) = W(h * ), where

(f *n g2)(u,v) = L / e%h(“”/_ulv)ﬂ(u —u v — v )k, v)du'dv'.
R2

T or
- We have fi x; f € L'(R?) and defines a new associative product

on R<),
Ll( 2)
f;l *h (fé *h fi’)) — (ﬂ *h f2) *h f:?v

Weyl Quantization

Theorem
The mapping S(R?) > f — ®(f) is a quantization, i.e., it satisfies

H(O(A)D(F) + P(R)P(A)) = fifs




Polywer representation

Starting with the Hilgert space, L*(R, dug), where the measure
is aiven By (Corichi et al)

! e_:%d
dy/r ik
Let da(q) = V(a)po(q) = e 79 € L3(R, dpug), then

lim <¢a,¢/\>d — 5o¢>\

1/d—0

d,ud =

The Weyl transform of the polywer representation

Theorem
The Weyl transform in the polywer representation is the linear
Map

3 1 —iv N1 2 72
Wpoly(f)(b(q) == l/lbnlo % . f(q . q/,U)e 2% (q+q )e2d2 (q q )¢(q/)dq/dv

where the intearal is understood in the weak sense, ie., for all
¢1, P2 € Hpoly

(Whoty ()1, 92) o, = lim (Wy(F)1, d2), -

1/d—0




The Weyl transform of the polywer representation

Let us analize the position and momentumn operator

- Weony (9)0(q) is nOt well defined, then the operator V(v) is not
continuous.

- Weory (p)#(q) = —ih0q¢(q), then the operator U(u) is continuous.

Wianer function of the polywer representation

- The Wianer function in the polywer representation,
f(p,x) = W (9) (¢]), reads

1
\V2mh

J 2
—wzlp—ihJy) N (g — z/2 1 - (q_jz/z)
| Ha-+2/2)6" (4~ 2/2) e

f= 1 dz




Free particle

- Taking the d — 0 limit, we ortain (Fewster, Sahimann)
f(u,c) = /¢*(C — z/2)e” F¥ G(c + 2/2)dz,

where ¢(c) are the oylindrical functions of ¢ € Ry, and € Ry,

Uncertainty relation

Lenmma
(8" xg) = /dqdp (g"*xg)f >0

- For a,b,ce(C,ar\dg:a+bq+c%sin%,wehave

2 2

h 1
Aqhp > (1 + —uzApz) +0(1*)




Perspectives

Relations of the star product with noncommutativity.

Examples (Mechanical systems, IOOP Quantum cosmoloay,
inflation, unruh effect ...

Geometric operators, Bekenstein—Hawkina entropy.
Field theory (theories of connections).
Semiclassical limits.

- "Loop auantum information" (Rackaround invariant Quantum
information), EPR., aravity and Quantum entanalement of
VacuuM,.

Thank you £or your attention
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Healthy degenerate theories with
arbitrary higher-order derivatives

Hayato Motohashi
Center for Gravitational Physics
Yukawa Institute for Theoretical Physics
HM, Suyama, PRD 91 (2015) 8, 085009, [arXiv:1411.3721]
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JCAP 1607 (2016) 07, 033, [arXiv:1603.09355]
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Scalar-tensor theories
Ostrogradsky Ghost

Healthy theories with
arbitrary higher-order derivatives
Dark energy

Inflation Healthy theories with
2nd-order derivatives

DHOST / EST

Extended Galileon

GLPV
Horndeski theory

f($,X)R
DGP GV, ¢

Brans-Dicke  f(R)
K(¢,X)




Ostrogradsky theorem for L(¢%, $¢, p%)

e L =L(¢%¢% %) Woodard, 1506.02210
c p*=¢%(t)anda=1,--n

9L L :
c K,p = (kinetic matrix)

250>

v’ Ostrogradsky theorem
det K # 0 = H is unbounded

v’ Ostrogradsky theorem
det K # 0 = H is unbounded

« Hamiltonian analysis P
Leq = L(Q% Q% ¢%) + 2,(Q% — %) |
TR (Q% ¢% 44)
¢" P"
(Pg, 1g, p%)

%L
dpaopP

K,y =



v Ostrogradsky theorem
det K #+ 0 = H is unbounded

» Hamiltonian analysis P
Leg = L(Q%Q%9) +Aa(@* =) I
Canonical momenta (Q ? yAa)
—- oL 9P,
P, = 358 det (aQb) * 0 (Py, g, p%)
m T, = —/1a = Qa — Qa(Pr Qr ¢)
_|p* =0 |~ Primary constraints (C1)
_9%L
Kab — dpaa b

v’ Ostrogradsky theorem
det K # 0 = H is unbounded

+ Hamiltonian analysis . ¢®
Leq = L(Qai Qai d)a) + Aa(Qa o ¢a) I

a a
Canonical momenta Q% %, 1,)

oL 0P, !
P, = rr il det (aQb) * 0 (Py, 1y p%)

Mg = —A4 = Q% =Q%P,Q,9)

| p% = — Primary constraints (C1)

{mq + 24, pb} — 62

— Second class. No secondary constraints (C2)
= n healthy + n ghost DOFs

S

%L
dpaopP

K,y =



v Ostrogradsky theorem
det K #+ 0 = H is unbounded

- Hamiltonian analysis ok
Leq = L(Qa» Q4 ¢a) + 2,(Q% — q'ba) I

Canonical momenta (% (fa’ Aa)

[ Pa=gge — det($) # 0 (Pa, 00, %)

| T, =1, = Q% =Q*(P,Q,¢)

| p* =0 |~ Primary constraints (C1)

Hamiltonian
H = Hy(P,Q,¢) + m,Q%
m, shows up only linearly. H is unbounded.
K., = ..aZL..
ab dpraph

v’ Ostrogradsky theorem
det K # 0 = H is unbounded

? No-ghost condition
K,, =0 = H is bounded




v Ostrogradsky theorem
det K # 0 = H is unbounded

0
v'K,, =0 < H is bounded

I Different
? No-ghost condition
K,, =0 = H is bounded

... though it is a part of no-ghost conditions
“1st degeneracy condition” (DC1)

.o .
L(¢a' ¢a; ¢a) HM, Suyama, 1411.3721 gﬁ

H —_— HO + T Qa (Qa,¢a,/1a)

a
' !
I (Par s )
= Additional C1: ¥, =P, — F,(Q,¢) =0
v’ Fixed

Still 7, is not fixed.



. . -
L(d)a: ¢a; (,ba) HM, Suyama, 1411.3721 qﬁ

a a
H=HO+T[aQa (Q ,? '/10,)
« DCI1: Kab = (Pa’n.a,pa)
= Additional C1: ¥, =P, — F,(Q,¢) =0
v’ Fixed

« DC2: My ={¥,¥,} =0
= C2: Y, =m,—G,(Q,¢) =0

v Fixed
v We eliminated all the ghosts. H is bounded.

v The most general Lagrangian: L ~ G($%, ¢%)

v’ Ostrogradsky theorem
det K # 0 = H is unbounded

v"No-ghost condition (DC1 & DC2)
K,, =0&M,, = 0= H is bounded

_9%L
Kap = dphaagpb

_0%L 0°L
Mab —

9haapb  apbaga



v’ Ostrogradsky theorem updated
det K # 0 ordetM # 0 |= H is unbounded

v"No-ghost condition (DC1 & DC?2)
K,, =0&M,, = 0= H is bounded

0%L
dpaogpb
02L _ 02L
opaopb  ogpbogpa

Kab =

M,y =

v Ostrogradsky theorem updated
det K # 0 ordetM # 0 |= H is unbounded

v"No-ghost condition (DC1 & DC2)
K,, =0&M,, = 0= H is bounded

Highest Next-highest
v ELeq? '

Kopnd? + (Kab + Mab)qbb (terms up to ([)“)
= 2nd-order system



Arbitrary higher-order derivatives
HM, Suyama, 1411.3721
o | = L(Qba(d), ¢a(d—1)’ . ¢a)
c g4 =¢p%t)anda=1,-n
9%L 9%L 9%L

¢ ab = a¢a(d)a¢b(d)’ Mab = a¢a(d)a¢b(d—1) _ a¢b(d)a¢a(d—1)

v Ostrogradsky theorem updated
det K # 0 ordetM # 0 |= H is unbounded

Kap =0 — v 92D fromELeq  Highest
Mgp =0 — v 2221 from EL eq Next-highest

« Still remain ghosts from lower (> 2) derivatives.

Eliminating Ostrogradsky ghost

v L($, b, 0) = L(d. $)
v L(¢%, %, ¢ = L(¢%, %) HM, Suyama, 1411.3721

o L(¢a(d), ¢a(d—1), " (pa)



Eliminating Ostrogradsky ghost

Y L($$.9) = L($,$)
v L(§%, 0% d*) = L(p%, p?) HM, Suyama, 1411.3721
R L(¢a(d), ¢a(d—1), . ¢a)

HM, Noui, Suyama, Yamaguchi, Langlois, 1603.09355
* L(g, b, 0:4,9)
* L((ﬁ, (].5, ¢; éli: qi) ~ ¢+ Iuv
* L(¢%90%9%dq) ~ ¢+ g

HM, Noui, Suyama, Yamaguchi, Langlois, 1603.09355 qba
ra 4a Ha. 50 oL
L(¢® 0% 0% q".9")
« Hamiltonian analysis

Leq = L(Qa’ Qa’ (pa’ qi’ ql) + Aa(Qa _ ¢a) (Pa: na; pi! pa)
Canonical momenta

[
(Q*, ¢ q', 1)

g

Pa = LQa
B bi = Lqi
Tq = —Aq
p% = — Primary constraints (C1)

Hamﬂtonian
H = HO(PJ Q; (P'p' q) + T[aQa
m, Shows up only linearly. H is unbounded.



HM, Noui, Suyama, Yamaguchi, Langlois, 1603.09355 an

L(¢% % ¢% ¢t qh) I |
(@, ¢ 4", 1,)

H =H, + n.aQa detLqiqj + 0 I
° DCl LQ'aQ'b - quQaL;ilq]Lq]Qb = O (Pa; T[a; pl; pa)
= Additional C1: ¥, =7, — F,(Q,¢,p,q) =0

v’ Fixed
« DC2: M, ={¥, ¥} =0
= C2: Y, =71, — Ga(Q,$,p,9) =0

v’ Fixed
v We eliminated all the ghosts. H is bounded.

v  EL eqs = 2nd-order system

v Applies for a wide class of theories

Applications
_ _ _ Crisostomi, Klein, Roest, 1703.01623
v’ Field theory in flat spacetime

v SU(2) Allys, Peter, Rodriguez, 1609.05870

v Boson-Fermion Kimura, Sakakihara, Yamaguchi, 1704.02717

v' Scalar-tensor theories Langlois, Noui, 1510.06930, 1512.06820
Crisostomi, Koyama, Tasinato, 1602.03119

Achour, Langlois, Noui, 1602.08398

Achour, Crisostomi, Koyama, Langlois, Noui, Tasinato, 1608.08135

v Vector-tensor theories
Kimura, Naruko, Yoshida, 1608.07066

v" Tensor theories
Crisostomi, Noui, Charmousis, Langlois, 1710.04531



Eliminating Ostrogradsky ghost

Y L($$.9) = L($,$)
v L(¢% d% %) = L(¢%, p%) HM, Suyama, 1411.3721
R L(qba(d), ¢a(d—1), . ¢a)

HM, Noui, Suyama, Yamaguchi, Langlois, 1603.09355
v L($, b, ¢:9,9)
v L(QB: (br ¢; éli: qi) ~ ¢+ Iuv
v L(¢% 9% 0% 45q) ~ ¢+ g

Eliminating Ostrogradsky ghost

vV L($,$,¢) = L(, )
v L(p% 9% p*) = L(¢p%, %) HM, Suyama, 1411.3721
R L(qba(d), ¢a(d_1), " ¢a)

HM, Noui, Suyama, Yamaguchi, Langlois, 1603.09355
v L($, b, ¢:9,9)
VLD 459D ~ b+ g
v L(q.Sa: q'ba’ »%; qi: qi) ~ P+ Iuv

HM, Suyama, Yamaguchi, 1711.08125; in prep.

* L@, 4 q")
© L@ PP YT 6% 0% 0% 4 q)
. L(¢id(d+1)’ o ¢id—1(d)’ N qsio’ ¢i0)



HM, Suyama, Yamaguchi, 1711.08125 detA:: = 0
. . ...n i ij
Quadratic model with Y™, g detc,,. # 0

L= %an 5 b+ ST ey

2 AP + e + i 4O

1 T 1 . . o . .3
+5Ay0' +5Bya ) + Cyd'e) + a7

Equivalent form

Leg =L(Q,Q,RY,q,q) + & (Y™ — R™) + 1,(R™ — Q™)

?;b'nlpnlpn
Canonical momenta
i PQ" = aan:m + aniC.I_i + eanm
pi = ani Q" + A4’ + Cijq’
Ppn = Ay, Tyn = $n | _Primary
P, =0, pe, =0 constraints (C1)

HM, Suyama, Yamaguchi, 1711.08125 _ l])'n l/'J"
Quadratic model with ™, g* 1 1

H = Hy+ PpnQ" +mynR? (@R "’1"' @A én)

* DCL anm = @il @Gm =0 (p . P rym, piv o1, )

= Additional C1: ¥, =Pon—--=0
v’ Fixed
« DC2: %5, ¥} =—2lenm = 1=0
= C2. Y,, =Ppn—--=0
v’ Fixed
- DC3: {(Yn¥n}=—-bym—-=0
= C3: Ay =myn—--=0
v’ Fixed

We eliminated all the ghosts? NO!



HM, Suyama, Yamaguchi, 1711.08125 . gbn l/.)n
Quadratic model with ™, g* 1 1 .
H = Hy+ PpnQ" +mynR? (R "’1”' @A)
| All DCs and Cs

_ _ _ (Por, Prm, Tym, Pis a0 P, )
H: linear in Q" = Hidden ghosts appeared

HM, Suyama, Yamaguchi, 1711.08125 l])n l/')n

Quadratic model with ™, ¢* 11 1 |
H = Hy+ PgnQ™ + mynR®  (O"F "”1""1"'5")
| AllDCs and Cs

. . . (Por, Prr, Ty, iy 1,00 P,)
H: linear in 0" = Hidden ghosts appeared

« DC4: {Ap, ¥} =2fum— ) =0
= C4: Q, =c,Q0"—-=0
v’ Fixed
« Condition to complete Dirac procedure:
detZ,,, = det{Q,,, ¥,,} # 0

v We eliminated all the ghosts. H is bounded.



HM, Suyama, Yamaguchi, 1711.08125
Quadratic model with y", g*

* Dirac matrix C1l
I C4 C2 C3

1

|

D3 g U, Q,, YT, A,
o, 0 —1 = * * *
d,| 1 0 0 0 0 0
U, * 0 0 —Zmn 0 0

D=
n * 0 an b S * *
YT, = O 0 * 0 Limn
An * 0 0 * Znm *

detZ,,,, # 0

— det D # 0 ; All constraints are second class
= Healthy 2(N + I) DOFs

Eliminating Ostrogradsky ghost

vV L($,$,¢) = L(, )
v L(¢% %, %) = L(¢%, 99) HM, Suyama, 1411.3721
v L(qba(d), ¢a(d_1), " ¢a)

HM, Noui, Suyama, Yamaguchi, Langlois, 1603.09355
v L(p, b, b5 4,9)
VLD 459D ~ b+ g
v L(q.Sa: q'ba’ »%; qi: qi) ~ P+ Iuv

HM, Suyama, Yamaguchi, 1711.08125; in prep.

VL@, q' g
VLYY Y™ 6% 6% 0% 4 q)
v L(¢ptald+1) - pla—a(d) - - dhlo pio)



Summary

Ostrogradsky ghosts appear as
« L 3 2nd-order time derivatives = H: linear in P
which can be removed by degeneracy conditions.

The analysis of L(¢%, ¢%, ¢%; ', q") applies for a wide
class of model buildings.

We found that for quadratic model with ", g
« L 3 3rd-order time derivatives = H: linear in P,

We constructed the first ghost-free model with 3rd-
order time derivatives in L.

The analyses of general L and field theory are work
In progress.



1b4. Aya Iyonaga (Rikkyo U.),

“Degenerate higher-order multi-scalar-tensor
theories” (10+5)

[JGRG27 (2017) 112709]
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Degenerate Higher-Order
Multi-Scalar-Tensor
theories

Aya lyonaga (Rikkyo Univ.)

collaborator:
Tsutomu Kobayashi (Rikkyo Univ.)

Motivation
Ostrogradsky stable scalar-tensor theories
(EOMs are at most ¢) N6 (single field)

L= E(vuvu¢a vuqba d); apﬁagw/a 8p9;u/7 guu)
— generally, EOMs are higher derivatives

But some theories’ EOMs ~ ¢ : degenerate theory

classify degenerate theories into 2 types:

( “trivially degenerate” : EOMs~ VV¢

e.g.) Horndeski [Horndeski 1970]
< [Kobayashi, et al. 2011]

“nontrivially degenerate” : EOMs are higher, but at most ¢
e.g.) GLPV [Gleyzes, et al. 2014]

\ DHOST [Langlois, Noui 2015]

--*we have been talking about single-scalar theories.

Can we construct some degenerate
multi-scalar-tensor theories?




S e t u p /fields’ number

‘C - L’(VMV,,(bI, vu¢17 ¢I; 0p80'gy,1/7 apguup guy) (I — ]., ceey N)

we consider Lagrangians which contain
(VVH!)2, (VV! )2, ..

the most general Lagrangian(+ Einstein-Hilbert term) iS:
DR
L=+—g lT — Ak (@, XMV 6"V TV, VT
arbitrary function: Ak = Aunk
kinetic term: x// .= —%ngﬂqsfvyw

EOMs ~ VVV¢'
— restrict A, x and make EOMs degenerate

(find degeneracy conditions)
after that, we see how these conditions
are appeared in the EOMs

Degeneracy conditions

For single-scalar theories: det(kinetic matrix) = 0

For multi-scalar theories [Crisostomi, et al. 2017]

ﬁ .. . . . j
L(¢Ia (bla ¢17 qa, qa) = L(AI7 AI? lea qa) qa) + )‘I(qu - AI)

¢! can be removed(degenerate) <« Si;; =0
where Si1j:=09iLy 4140 +Vi'0ily o 4o + 0iLo,a148V)] + VE0iLo,guqoVy

+O.V} (LaiAIqB + Lirg,ge + QVIanwa,:qm)
H(Ljrar = Largo) + V1 (anAJ - L«m‘w)
+ (Lrgs = Large ) VI + Vi (Liogs = Lyois) Vi

oL .
(Bais = itV = i)

_J

in our case,

Sira = 2( Ay — Agng) A + ( oxMJ  gxMI
(Al & ¢! is arbitrary)

.
OAKL)I aA(KL)J)AKALAM =0

— degeneracy conditions:
8-/4 KL)I 8-/4 KL)J
At = Ak, 8)((1‘43 = 8)((1‘4;




EOMs

oL .
W contains---
e V=9V [2AGnK — Asroyr) VuVIVFOT — A0 VIV, V]
—> Ay (for Aunx = Aukr)
= V=9V’ Ay (V V7 = VoV,) VHEE
= V=9Ved" A1) 1 R,TV N

OAMNIL SAMNK Csoo
« V=9V, MV, N V507 WV VOvHel — WV‘;V vHK

8A(MN)I . 8A(MN)K \ aA(MN)I
If OXKJ — Hx1J OXKJ

degeneracy conditions — all VVV¢’ are removed
(EOMs ~ VV¢')
“trivially degenerate”
There are no “nontrivially degenerate” case

in linear order of VV¢'

R, 700G

Quadratic order?

As the next case, we focus on:
‘C = E(vuvl/¢[7 vu(bla ¢Ia apao‘gpua apg;u/; g;u/)

I I\2 I\3 A =A
VvV \(VVe' ) (VVe ), . (1)) (KL) (KL)(1J)
bt = Bsl 2ol

@R
L£=v-yg [7 + A e (67 XMN)ME#;JQSVM¢IV”1¢JVMV”2¢KV#3V”3¢L}

\ = N~ [2(:17' Kij + 2FVIK; + K9MEK Ky + 20,V — u]
ADM form . , : :
+ A0 - NAL - N'Dio!) AL~ ol V]~ AL
ikl %(,yik,yjl ikl

+ Aneny | (A AT — ALAT) { AR AL (794 = yi0a07) 4 ad AT+ A3 AT

+{ (24145 A A4 — AT A AR ALAM) + (i) o (kD) ]

t5 (ATAL A AL 4 o ) 4 5 (AF AT AL 4 G )

— (AL AFALAGA M + (5 6 j)) — 245 A A AL

ays i -1 .
degeneracy condition: S;; > (K7*) " - difficult to calculate
— we are now trying another approach



Quadratic order?

—> cosmological perturbation (work in progress)
in the same way to the quadratic DHOST,

L=—g [ FOR 4 C;L;PUVHV@IV,,VUM
where

1 1
CrrT = S0L1I (g"*g"7 + g"7g"") + a2, 159" 977 + SO81IKL (VIR VYol gP7 + VP oKVt g

1
+ ok (VIR VIOl g + Vo Vralghe + Vg 7ol e 4 v R vl grs

1
+(K < L)) + 65 IJKLMN (VEE VY pE VP oMo gN 4+ VHpE VY oM VP gty ol
I AR L AR (O ST SR LR A S
Mzv 4L Kyxyo /N
YOIV o= a(g!, X7¥)

scalar perturbations
spatially flat gauge: N =1+ 6N, N; = d;x, Vij = a°6i;

scalar fields: ¢'(t,z) = ¢’ (t) + Q' (¢, )

some restrictions
on ((-s?

Summary

Can we construct some degenerate
multi-scalar-tensor theories?

(VV¢h)! | the most general degenerate Lagrangian is

@R
L=+-yg l— — Ak (9", XMV 0"V o7V, VEGE

2

OAmNy  OAnN K
OXKJ o ox1J

with Aanrk = Aur)

(EOMs ~ VV¢!)
There are no “nontrivially degenerate” case
in linear order of VV¢'

(VVe')?| difficult to calculate Sir.) =0
— cosmological perturbation
(work in progress)




Invited lecture 16:00—-18:00
[Chair: Motoyuki Saijo]

Kenji Toma (Tohoku U.),

“Theoretical and Observational Studies on
Relativistic Jets Driven by Black Holes* (50+10)

[JGRG27 (2017) 112710]
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& Frontier Research Institute for Interdisciplinary Sciences

Tohoku University

Theoretical and Observational Studies
on Relativistic Jets Driven by Black Holes

Kenji TOMA
(Tohoku U, Japan)

The 27t Workshop on General Relativity and Gravitation in Japan
@ Kurara Hall, Higashi-Hiroshima; Nov 27 - Dec 1, 2017

Outline

1. Introduction on relativistic jets & Blandford-
Znajek (BZ) process

2. Essential points of BZ process
3. Observational tests
4. Summary



Relativistic Jets

Active Galactic Nucleus (AGN) jets Gamma-ray bursts (GRBs)

& Cygnus A ©NRAO

Artist view
7 9
Mpu ~ 10" =10 Mg Mgy = 3 Mg
~ 46 —1
L; S Lgaq >~ 107 Mg ergs L; > Lgaq
1
1— (v/c)? v > 100
Radio loud AGNs = Elliptical galaxies Long GRBs = Peculiar supernovae
Radio quiet AGNs = Spiral galaxies Short GRBs = NS-NS or NS-BH mergers (?)

Black Hole - Accretion Flow

<

20

z c2/(GM)

—-20

—40 '
0 10 20 30 40 O 10 20 30 40

R c2/(GM) R c2/(GM) (McKinney & Gammie 2004)

* MHD simulations show that jets can be driven electromagnetically



Jet from black hole

 MHD simulations in fixed Kerr space-time (e.g. Komissarov 01; Koide+ 02;
McKinney & Gammie 04; Barkov & Komissarov 08; Tchekhovskoy+ 11)

Poynting flux Lj:'yMjCQ
Ext |
T i gt

Jet

Black Hole

Electromagnetically-dominated energy flux (jet) in the polar low-density region,
which is collimated by the dense disk wind

Blandford & Znajek (1977)

Slowly rotating Kerr BH
J

— <1
Mrgc

a

Steady, axisymmetric
Split-monopole B field
Force-free
approximation
(Electromagnetically
dominated)

dE
— ~ azB%r%I

dt

Flat-space solution [H, = —27Qp B"/ysin
=1

H, = 2m(Qp — Qu)B" /v sin f Regularity at horizon

This can be enough for observed jets



Issue on BZ process [1]

Resistive force-free simulation (Komissarov 2004) a=0.1

[72% x10-4
F |92 F 047

BE

)
0=mn-1

20 02t *F,uz/F'uV ?é 0

20

(=}

0.0

-0.21
4 Breakdown of

force-free/ideal
MHD condition

0.0 7 00

(=}

2.0 4.0
r

Small deviation from
force-free/ideal MHD in
a=0.9 monopole solution

20F 201

(=]

~

! !
0.0 1.0 2.0 0.0 1.0 2.0
© ©

Analytical studies with more general plasma physics may check
assumptions of numerical studies

Issue on BZ process [2]

Crab Nebula
in X-rays

* Membrane paradigm (Thorne et al. 1986)
» BZ process = unipolar induction

e
B A V- S=-E-J<0

ng@
v Sl|J V-S=0
/ E
— _ .
_ __i_)j V:-S=-E-J>0

_|_

—_ But horizon is causally disconnected,
E=-VXxB and there is no matter-dominant

(Faraday 1832; Goldreich & Julian 1969) region



Flat-space solution |[H, = —27QpB"/ysin
- =1

H, = 21(Qp — Qu)B" /7 sin f Regularity at horizon

* Force-free or ideal MHD condition is valid?

* How is the electric current driven?

* Isthe ergosphere important? . _ ,

. . (Punsly & Coroniti 89; Takahashi+ 90; Beskin &

o Negatlve energy InﬂOW? Kusnetsova 00; Okamoto 06; Komissarov 09;
Lasota+ 14; Koide & Baba 14; Kojima 15)
at Workshop [4~2%Bz77/], 8/28-30/2017

Consensus achieved

- Yoshida ~ Nambu

S et B

- 2 ,'1 R o £ et o i e
o T e

http://www.phyas.aichi-edu.ac.jp/~takahasi/BZ77_WS2017/



Kerr space-time

ds* = g, dx"dx” = —a’dt* + y;;(B'dt + dx")(B7dr + dx),

Boyer-Lindquist coordinates : . ”
a=0.
2 25| £ = O‘/m
02 A , 2ar
a=y/L2 | =2 =0
» ) )
2 T
= = sin” @ -2 0o = 02, ~ 15 T e
’YLP‘P 92 * ) 77)7’ A ) ’7 [
2 _ 2, 2 2 2 | 2 gl Event \E & phe\f\e\.\\
oo =r"4+a"cos"0, A=r"+a —2r . horizon \\ \ \
) \ ‘\
Y= (r’+a”)® —a’Asin®#, \
0 A
0O 05 1 15 2 25 3

r—oo:a—1,0—0 @

r—rg:a— 0(A —0)
Coordinate singularity

Fiducial Observers (FIDOs)

ds? = g, dxtdx’ = —a?de? + y;;(Bdr + dx')(B7dr + dx),

FIDOs: Time-like Killing vector:
Normal to t=const. surface dxi =0
. M
n“ — (l, _ﬁl) ’ n y
(07 (07
ny = guon’ = (—a,0,0,0). _— i
n,nt = —1 adt -

BL FIDOs rotate with
Q =-f%in coordinate

basis t = const.



3+1 Electrodynamics

EH =~FYE, &%, HF = —~4H*"F,,£% Fields in the coordinate basis

D = F*Yn,, Bt = —*FHn,, Fields as measured by FIDOs
V-B=0, 0,B+VxE=0, E=aD+ B x B,
V-D=4np, —-0,D+V x H =4nJ], H=oaB -8 xD,

Energy equation ~

Dui ~ i
1 1 ~ = i(l)@ + éijk;’UjBk)

0; —(E-D—i—B-H)]—i—V-(—ExH):—E-J, dt m
87 47
Energy density Poynting flux Particle EOM in FIDO’s

orthonormal basis

(Landau & Lifshitz 1975; Komissarov 2004)

General conditions of magnetosphere

B e Kerr spacetime with fixed
p arbitrary spin a

* Axisymmetric

* Poloidal B field threading
the ergosphere (with
arbitrary shape)

* Plasma with sufficient
number density

Ergosphere D . B — O
(E-B =0)

This includes force-free/ideal
MHD condition

<UD

Event horizon



Steady axisymmetric field

V xE=0,

EB_o = W W m A

m = 0,

Anqgular momentum equation

~H .o (—H
V- ( 4W¢Bp> :B@-( 47;") = —(J, x Bp) - m,

Energy equation

_HSO _ Dty _HSD _
v-(st o Bp)_Baz(QF o )_ E-J,.

Poynting flux

Origin of electric potential

E=aD+ 8 x B,

If E=0, H =aB =0 (No ang. mom. or Poynting flux) along a field line,

1
D=-—f3xB, > D?> B? for o* < 5?

(in the ergosphere)

Then the force-free is violated, and the strong D field drives J,
across B, (H, # 0), weakening D (E # 0).

The origin of the electric potential is ascribed to the ergosphere.

(KT & Takahara 2014; see also Komissarov 2004; 2009)



Steady state for field lines threading
equatorial plane

<D [/\ * From the symmetry
H,=0
« D?> B?is possible

e This moves particles
across field lines

V-L,=—-J,xB,) - m

=0 vV-S,=-E-J,

Similar to unipolar induction

(KT & Takahara 2014)

Particles near equatorial plane

(KT & Takahara 2016)

_9 A
B
D
e
A 3 r
@ @ 0.1 i 110 100 1000
_¢ 1?/7'gy
NP o~
b = UMXM:’Ysocp(USO_Q)ut v ~ 1
i , ol <0, e, <O
€p — —’U,Mfu = [Oz —|—")/SQ4PQ(’USD — Q)]u . / h . /
— (a4 VA)d, Similar to mechanical Penrose

process



Steady state for field lines threading
event horizon

From the regularity at horizon
H,#0, D?< B?

No current crossing
Force-free or ideal MHD
condition can be valid

(KT & Takahara 16)

Solutions (2, & H¢) are
determined by inner & outer
light surfaces; Event horizon is
not important

(Takahashi+90; Beskin & Kusnetsova 00;
Contpoulos+13; Kinoshita & Igata 17)

Time dependent state (vacuum - ff plasma)

I

Steady particle
injection

......
~

Force-free plasma —i(‘)rH(p = 9,D% + 47 J?
Vacuum V-Sp:—é’te—E-Jp

Electromagnetic source works in time dependent
(KT & Takahara 16) state, but does not in steady state



Junction condition at inner boundary
(BL coordinates)

1 —Dr
—OyD" + —0pH, = 4rwJ", —> n = —X¢ V,
VoA AT |p=o
0,0° — 20,1, = drJ? v L Hp +4n vl
— Ot - —=0plly = ) = 9 9
ﬁ ﬁ D Dvac R=0
8,B% + 1(8E BE,)=0, > V L By — By
t e 0 — vo =Y, =
Vo ' val B R=0
Ifn®=0,it

ds® = —a2dt® + *yrrdTQ

would be null
477\/777 0 Current crosses
\/ : 1> 00 feidtines

Same conclusion in KS coordinates

=

Negative energy inflow?
Conserved energy flux (in force-free approximation)
S" = —aTy = —aTy¢l, = (B x Hy)'
=eV" (6 < 0)?

(ExH,)" =a*(Dx B)" +Q(-H,)B"

Poynting flux measured Torque due to outward
by FIDOs (inward near  angular momentum flux
horizon)

dM = 8£dA + QudJ (McDonald & Thorne 84;
T

Okamoto 06)




Declination offset from 43-GHz c:

(Hada et al. 2011)

3 102 10" 1 10!
T T T T T

10°
T

Short summary

Force-free or ideal MHD condition is valid?
— Can be valid for field lines threading horizon
— They can break for very low density case

(cf. two-fluid analysis in Kojima 2017)

How is the electric current driven?
— Current can be regulated at time-dependent state

Is the ergosphere important?

— Origin of electric potential

— Steady solutions not determined by horizon
Negative energy inflow?

— Essential is the outward angular momentum flux

10
T

Era of observational tests

10?
T

NGC6251

10
T

Sphere of influence

. . . . i
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Jet axial distance (de-projected): z (pc)
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Jet axial distance (de-projected): z (1)

(M. Nakamura, Asada, Hada et al. in prep.)

M87: second largest BH size in the sky

Str

ong B field  (kino et al. 2015)



Very Long Baseline Interferometer (VLBI)

o Event Horizon Telescope
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Comparison to force-free &
MHD solutions

R(r)

(M. Nakamura, Asada, Hada et al. in prep.;
Narayan+07; McKinney & Gammie 04)

What can be seen with Event
Horizon Telescope?

=\

\

|
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V.

257177y ,.
A 0 ‘\\\\;\\
VAN s ||\\A\\\\\\\
15 20 0 10 15 20
12000 a=09 t/t,= 12000 a=0.99

—

——

T
] ’// |

* Approaching counter-jet emission

* Constraint on spin parameter

* But non-thermal electron
distribution is quite uncertain

(Moscibrodzka+16)

(M. Nakamura, Asada, Hada et al. in prep.)



Relative Declination (mas)

Edge-brightening image of M87

1 10 100 [m)y/beam]
!

500 ~

=500 -
] |-:<_TZ
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: IRerla':]ive]Ri(_?hl:lAslcenlsio'n (rlna?) S . x (/IJOS)
MO 3D GR MHD simulation &
1 . radiative transfer

(Moscibrodzka+16)

] Steady axisymmetric

6 | force-free model
- (Broderick & Loeb 09)

Magnetic flux function (approx.) Kazuya Takahashi
U = Ar”(1 F cos6)

EM fields :

B, — ~VU x ¢, B 208
= — X , —
RS) -
E= ——quf =-——¢xB
Particle veI00|ty fields :
E x B
vV = c,
B? Paraboloidal jet with

(Takahashi, KT, Kino, Nakamura & Hada in prep. ) helical fields



BP type: B fields threading disk BZ type: B fields threading BH

Nonfthermal
eleftron distribut\on
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Summary

 MHD simulations show jets are
electromagnetically driven by rotating BHs
(via Blandford-Znajek process)

* BZ process is ascribed to the ergosphere

* VLBI observations have been much improved
— Jet from BH? -> Existence of ergosphere
— Constraint on spin parameter
— Edge-brightening structure



Diego T. Blas (CERN TH),

“Testing gravitation with gravitational waves*
(504-10)

[JGRG27 (2017) 112711]
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Testing gravity
~With gravitational waves

w/ Cornish, Nardini, Barausse, Yagi, Yunes

Gravitation in 2017

G = 8rG1T,,

Massless, spin-2, 4D standard model fields
unitary, Lorentz Invariant

beautiful and well tested, but can not accommodate

e quantum gravity
e dark matter
e dark energy

e strong CP and hierarchy problem, m,,

...and there are phenomena that may still hide surprises
e strong gravity, propagating gravity,



Curvature, & (cm?)

Tests of gravity

Baker et al ‘14

Barausse talks I7

100 T T T = o 2 ghozf ao
-14 E E 0.100 *ﬁtrong e ‘2
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. = Gales™ )j)c'ustefs = 1=BH-BH systems with aLIGO/aVirgo/KAGRA
10 ELambda E
10 F I o 2=NS-NS systemns with aLIGO/aVirgo/KAGRA,
1028 1 0o = 3 BH-BH with eLISA
_ ] _ ) } _ =BH-BH with e ,
10" 10" 10° 10° 10* 10° 10°
Potential, & 4=BH- BH with PTAs
Beyond GR roadmaps
Bertietal 15
Higher dimensions I WEP violations I
light o o
Extra'tields Diff-invar. violations

AN

/

Dynamical fields I

Nondynamical fields I (SEP violations)

Massive gravity I

Lorentz-violations

Palatini f(R) dRGT theory Einstein-Aether
Eddington-Born-Infeld Massive bimetric Horava-Lifshitz
gravity n-DBI

Scalar-tensor, Metric f(R) Einstein-Aether
Horndeski, galileons Horava-Lifshitz
Quadratic gravity, n-DBI

TeVeS
Bimetric gravity

(not exclusive arrows)



Horava 09

Beyond GR roadmaps

Horndeski, Clifton et al 11
Brans-Dicke, Massw? gravity Eddington-inspired Born-Infeld
SN ) Y Bigravity,
Galileons, . Einstein- fR) Horava-
KGB Aether / / Lifshitz
\ e 1 ey Auxilary fiEIdS'_, Noncritical

/ Scalar _Vector Tensor -

R e ’ gravity
£ B
K ‘..'
. i “‘

l Extra d.o.f Higher derivatives

Scalar-Gauss- .,

“*Non-locality Extra dimensions

/ Bonnet / ’

f (D_IR) models Generalisations ‘Compact Extended
of Sen | |
Kaluza-Klein, DGP,
Lovelock Gauss-

gravity Bonnet  String compactifications Randall-Sundrum

see also Yagi, Yunes Pretorius 16

Yunes Siemens |3
Gair etal 12

Theoretical input

Keep unitarity, stability of Minkowski and falsiability/predictivity (1)

learning something fundamental about gravity/Nature
e.g. the symmetries of the Lagrangian, # of dimensions. ..

Improve the short distance properties of GR (QG, BH)
Connection to dark energy/dark matter
Connection to BSM, e.g. strong CP problem or other axions,..

Interesting (testable) phenomenology

some (biased) examples:
Wilczek, 78

Horava gravity: Ultra-light scalars: CS Gravity

abandoning Lorentz Invariance can fix the sCP
may provide UV complete gravity may be ubiquotous in strings



h(t)

new light degrees of freedom or

Building new theories

gravity and X sector

£(g/u/7X>

rigid strucutures

matter sector

L(SM, g, X)

e.g. a preferred frame (k‘f)

dynamical:

rigid: at = 0}

j Lo
u”, uuu =1

strong equivalence principle

generically violated

implies

L(SM,Xg,.)

(at least locally)

(model independent para'metrizations are also useful)

Different tests

emission

A NN
/’—

Post-Newtonian
techniques

>

T vﬂvﬂvnuuuva"n ‘
r

T
relativity methods

PN orbits
modified quadrupolar
dipolar radiation
scalar hair
no-hair Kerr/I-L-Q
ECOs

propagation

mass of GWs

speed of GWs
polarizations (W/PTAs)

Shapiro delay

detection

speed of GWs
polarizations

weak-equivalence principle



SEP violation at emission

In strongly gravitating bodies, gravitational binding energy gives large
contribution to total mass, but binding energy coupled to extra fields!

e.g. Einstein-aether theory
L=MR+ c1(VFu,)® + ... + AMutu, — 1)

O*uuhh

ut = o

\/\/\/WV\ gravitons fggsan extra field!

NS NS2

SEP violation at emission

In strongly gravitating bodies, gravitational binding energy gives large
contribution to total mass, but binding energy depends on exira fields!

treated from ‘far away’ two ‘charged point particles! (even if L., (¥, gW) )

Orbital change . Extra emission

........... . e - ‘ [\\\
N j\j\ j\ N

N

“®  Orbital change

=X farmeny | TV ~00
n — Og My, -~
Sn = BV, f(Gm,/R)

No longer geodesic motion!



SEP violation at emission

No longer geodesic motion!

P = Z m,v!  nolonger conserved!
(there is momentum exchanged with u*)

G P . o
h~—— dipolar radition ~ s1 — S9
c3r

By =—Low — Laip

Law ~ (%)10 Laip ~ (2)8

C

dipolar radiation forces to inspiral faster and GWs to chirp faster

SEP violation at emission

sensitivities are hard to compute (simulation of NS)

L |>*><APR
SLy
-5 Shen
10°F |G©LS220
[ | — APR Weak-Field

Yagi, DB, Barausse and Yunes |4

el Co =10 =Cq |

-1
~GM/R "

they may also be (non-perturbatively) enhanced: scalarization

\/__g Damour, Esposito-Farese 95
5= [ @032 [R=20,0" 61+ S (b, A*(2)0u)

0.6

s a0
05 | f=—450
a=0InA/0p [ =0a/dp I
D‘P ~aR+ BSOR £ 03t L -
Solar System constrain 02 | T !
SS < 10—3 0.1 F ,
aO 0 1 | . Jﬂ |

1.6 1.7 1.8 1.9 2 2.1 2.2



From binary pulsars

for Einstein-aether Yagi, DB, Barausse and Yunes |4

Cumulative shift of periastron time (s)
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BH binaries

No scalarization and sensitivities harder to compute (+ no hair)

One can always test the PN physics from the waveforms

PN in corrections

v

O(t) = v(t) ™" Y (dn + ol log(v(t)))0" () +0n

n=0

Abbott et al 16

v £ £t %]
102 L
o't v i
2 o o :
10° 4

s B 8 g ]
L= -

107" E
[T GW150914

102 ¥ VWY 10737-3039 |

OPN 05PN 1IPN 15PN 2PN 25PN 3PN 3.5PN
PN order

PN is also constraint in SS



Prospects Dipolar emission

. . v\ —2
Ecw = Egr [1 + B (E> ]

B~ (51 —52) <107? (from pulsars)

Barausse,Yunes, Chamberlain 16
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also Croon et al 17, Hooke, Huang!7

Merger and ringdown

Merger requires NR: hard to explore
still, some results are known

e.qg. earlier plunge of some scalar tensor theories

Barausse, et al 14

separation [km]

6 8
time [ms]

see also Okounkova et al 17, Cayuso et al 17

Ringdown allows to test the NSs properties (ILQ) and BHs no-hair!

Abbott et al 16 Berti, Cardoso, Starinets 09

:
. __GR
, Wim = Wi (M, J)(1 + Swim)
) Q§ l"l’(:" “““‘
g S0 not there yet! (more SNR needed)
%4 '::'-'”3?0::15--Q
Y I P 5.0 ms Berti,et al 16

QNM frequency (Hz)



Light scalar fields

light fields are ubiquitous in BSM (moduli, dilatons, QCD axion)

Isolated spinning BH + light massive fields (m;1~ rs)
are unstable under superradiance

¢

/
§ ows
carries away J
Arvanitaki et al 10
10 ‘ il " Tspin-0
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e

Brito, Cardoso, Pani 16

emits monochromatic GWs

1075}
107%

Brito etal 17
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LISA, 4 years
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0% 102 102 100 10° 10'
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Do we observe BHSs!?

what if we are observing objects more compact than NSs but not BHs?

Black hole limit

, gravastar, wormbhole,
— 2 hole, collapsed polymer,

ClePhO

star /b

10~

Planck scale

10*

clean photosphere
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Cardoso, Pani |7
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echoes of the signal
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Abedi, Dykaar, Afshordi 16 (3 O claim!)



Effects in propagation * up to Shapiro

Once the GW is emitted it propagates freely*

2_m +CGW]€2+ZA2TL 2n
y

e
massive gravity could help in DE higher order corrections (e.g. QG)
theories with anisotropic stress (e.g. a four-vector)

dispersive contributions: no need of counterpart

2 2 2
w” = + cowk” +
O S— \ LVC 17
vj\m\ll\vl‘v
&
W 1019} v
—23 & 7
—— m < 7.7 x 10 eV = v &
% -
(does this totally rule out m? see Bellazzini et al 17) = vV @ Y
1020} O A>0
@ V A<0

0j0 015 110 1.5 210 25 30 35 40

«

Effects in propagation

non-dispersive contribution

before GW170817 ..
Cornish, DB, Nardini 17

GW front GW front

X%\ Couw < d/AL
\ '#lﬁ c<cgw§1420

(@)
no grawtahonal Cerenkov

after GW170817: light and GWs from 40 Mpc! el

—3x107Pc < ey —c <7 x 107 %

suddenly some gravitational parameters constrained at unprecedented level

(recall PPN 10~7)
(also Shapiro)



Consequence for modified gravity

Ezequiaga, Zumalacarregui 17
alternatives to cosmological constant are possible in
generalized scalar-tensor theories (Horndeski)

0.24 \\ ‘

B Galileon 5 + v
_— EER Galileon 4 + v
Bl Galileon 3 + v

o161 \ ’ GWs faster than light

cosmological tests
without A
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General Relativity quartic/quintic Galileons
quintessence/k-essence Fab Four
Brans-Dicke/ f(R) de Sitter Horndeski

homeopathic e - .
Kinetic Gravity Braiding Purely Kinetic Coupled Gravity

Horndeski...

Kinetic Conformal GR quartic/quintic GLPV
Disformal Tuning (EST with A; = 0) EST with A; #0

Finally, polarizations

we already saw that extra light d.o.f.s affect the emission
the space metric allows 6- polar|zat|ons (2in GR)
{ (0] I —_— — —
@ h qb @ (b Hh

T, (s=0), @) (s=0) W) (s=:1), ¥,@) (s=t2)

a network of detectors can detect them

GEO600 (HF)

Y i .
2 ey s :
y
) “ i {
Advanced LIGO . /%" kel e 4
lvanced LI g = {
- % 5
Livingston X ol C_dvanced J v
ke 2‘! LIGO-India
) Y
7 ‘

GW170814: LIGO/VIRGO: evidence of spin-2 vs spin-0 or spin-1 only



PTAs and polarizations
Jansen et al (SKA) 15
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Conclusions

4 GR IS
» Both casdb oy e consequences for GWs (also probe new regime)

+ MGR/B

+ Emission:

fisal sE/P, modification of orbits, ey decay channels
o)l n, merger: we need more SNR.

nall masses already constrained!

4

waiting for LISA...

many aspects not covered (ULDM, Rls, Kerr tests,...)



big jay mcneely

Prospects on propagation

Samajdar,Arun 17
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Scalarization

scalar field develops instability inside dense media

Esposito-Farese 04




Tuesday 28th
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Invited lecture 9:30-10:30
[Chair: Shinji Tsujikawa)]

Patric Brady (Univ. of Wisconsin-Milwaukee),

“When neutron stars collide* (50410)
[JGRG27 (2017) 112801]

Session2a 11:00-12:30

[Chair: Yasufumi Kojima]
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2a4. Anton Khirnov ( Charles U.),

“A new slicing condition for axisymmetric
gravitational wave collapse” (10+5)

[JGRG27 (2017) 112805]
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A new slicing condition for axisymmetric
gravitational wave collapse

Anton Khirnov  Tomas Ledvinka

Institute of Theoretical Physics, Charles University in Prague

JGRG27

Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Critical collapse in general relativity

- critical behaviour discovered by Choptuik in 1993 for scalar field in
spherical symmetry

- analogous results by Abrahams and Evans in 1993 for gravitational waves
in axial symmetry (“Teukolsky waves”)

- several attempts to find critical behaviour for “Brill waves”, so far no
reproducible success

Quasi-maximal slicing Anton Khirnov



Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Evolution method

« 3+1 splitting a la ADM — spacetime foliated by a sequence of spacelike
surfaces labelled by the time parameter ¢

« evolved variables — spatial 3-metric y;; and extrinsic curvature K;;

- Einstein equations split into a set of evolution equations and a set of
constraints

- solve the constraints to construct initial data

. evolve {yij, KU} forward in time using the evolution equations (free
evolution)

- coordinate choice — determined by the lapse a and shift f

Quasi-maximal slicing Anton Khirnov

Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Initial data

« Brill waves — a family of axially symmetric vacuum initial data at the
moment of time symmetry

- parametrized by an “amplitude parameter” A
- A = 0is flat space
* |A| = Ajyg is a black hole

- critical point — smallest value of A when a black hole is formed, for our
initial data A* ~ 4.69

Quasi-maximal slicing Anton Khirnov



Numerical collapse of axisymmetric gravitational waves

Slicing Simulation results

Coordinate choice

- time coordinate encoded in the lapse a(t, x*)

- spatial coordinates determined by the shift vector f(t, x’)

. {a, p i} freely specifiable functions

- typically chosen dynamically as solutions to hyperbolic or elliptic

equations

« common slicings

- maximal: K/

« 1+log: @ = —2aK

Quasi-maximal slicing

Numerical collapse of axisymmetric gravitational waves

K=0= D¢ —K;K'a=0

Anton Khirnov

Slicing Simulation results

1+log slicing for near-critical (A = 5) Brill waves

1.0 —
0.5
b
~
(]
Q.
2
Q
0.0
—0.5
0.5

Quasi-maximal slicing

0.3

0.1
—0.1
—-0.3
—0.5

0.84 0.85 0.86 0.87

0.7 0.8 0.9 1.0

Anton Khirnov



Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

1+log slicing vs maximal slicing for A = 5

B 1 1.00 —

E 1 075k

0.50 F

0.25

0.00

Quasi-maximal slicing Anton Khirnov

Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Quasi-maximal slicing I

- 1+log slicing is simple and fast, but breaks down
- maximal slicing is well-behaved, but slow and hard to implement
« try to combine them to get the best of both world

- extract just the “core / lowest-order” information from maximal slicing
and plug it into 1+log

Quasi-maximal slicing Anton Khirnov



Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Quasi-maximal slicing II

take the time derivative of the maximal slicing condition

0= (9, — &) [D*a — K;K'q

define a new function W = (9, — Zp)a
- get an elliptic equation for W

. . . k ]
+a <2Kij1<lf + 4aK/K, Kk>

compute a low-order solution for W and add it as an extra term in 1+log

slicing
(0 — ZLpa = —2aK + W
Quasi-maximal slicing Anton Khirnov
Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Invariants

« Kretschmann scalar # = RﬂvaﬂR""“ﬂ
- axial symmetry — angular Killing vector »#
. circumferential radius p? = n,n"

2

=/2

- dimensionless quantity y = p_—z
p

« for Schwarzschild y =1 — % sin® @

Quasi-maximal slicing Anton Khirnov



Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Conformal diagrams for A = {4,4.65,4.8,5}

Quasi-maximal slicing Anton Khirnov

Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Event horizon evolution for A =5

Quasi-maximal slicing Anton Khirnov



Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Summary

- 1+log slicing is pathological for near-critical Brill waves

- we have extended it by adding a source function derived from the
maximal slicing

- this “quasi-maximal” slicing allows us to get closer to the critical point

- for supercritical initial data we are able to follow the collapse as an
apparent horizon forms and the geometry settles down to a Schwarzschild

black hole

- we discover non-regular shape of the event horizon for weakly
supercritical data

Quasi-maximal slicing Anton Khirnov

Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Evolution of y for A =4.6 and A =5.5

Quasi-maximal slicing Anton Khirnov



Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Conformal diagram for A = 4

Quasi-maximal slicing Anton Khirnov

Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Conformal diagram for A = 4.65

Quasi-maximal slicing Anton Khirnov



Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Conformal diagram for A = 4.8

Quasi-maximal slicing Anton Khirnov

Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Conformal diagram for A =5

Quasi-maximal slicing Anton Khirnov



Numerical collapse of axisymmetric gravitational waves Slicing Simulation results

Mass estimates for A = 5.5

1.0 : : : : : 1.50 ,

. 1.25 - .

= 1.00 - A_
0.75 ?M] 1 I N

0.50 ( ! !
40 60 80 100 120 10 20 30 40 50 60

Quasi-maximal slicing Anton Khirnov
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Dynawtics of relativistic r-mode instability

in rotating relativistic stars

Wotoyutsc Sacje (Waseda U.)
CONTENTS

1. Introduction

2. Relativistic hydrodynamics with radiation reaction
3. Newtonian r-mode instability

4. Relativistic r-mode instability

5. Summary and issues

The 27th Workshop on General Relativity and Gravitation in Japan

No. 1 28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan

1. Introduction

Gravitational wave driven (CFS) instability

Eigenmode (Chandrasekhar 70, Friedman & Schutz 78)

Master equation in nonaxisymmetric perturbation
J a2 ¢i Ja ¢t Jet . QJ
e f-mode(fundermental mode : corresponds to stellar radius)
Unstablise when the
background is almost Keplarian

pressure gradient as restoring force)
® g-mode(gravity mode : buoyancy )

® p-mode(pressure mode

_ o Unstablise even in small
e r-mode(rosby mode : Coriolis force) otation in inviscid fluid

The 27th Workshop on General Relativity and Gravitation in Japan
No. 2 28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan



Dynamics of -mode instability in Newtonian gravity

] (Lindblom et al. 00)

0 1IO 2IO 3IO
YP
e Saturation amplitude of o(1)

® Imposing large amplitude of radiation reaction potential in
the system to control secular timescale with dynamics

The 27th Workshop on General Relativity and Gravitation in Japan
No. 3 28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan

Relativistic gravitation

® Neutron stars contain large compactness
(M/R~0.15: relativistic star)

® Newtonian picture may change in relativistic case
(e.g. perturbative approach requires both parities)
(Lockitch et al. 00)

® No dynamical approach for this instability has been
studied in relativistic gravitation
(c.f. mass multipole radiation reaction in binary
neutron star merger)

The 27th Workshop on General Relativity and Gravitation in Japan
No. 4 28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan



Separate two different timescales

® Separate relativistic hydrodynamics (dynamical timescale)

and gravitational radiation (secular timescale) to control
two timescales

® Control amplification factor in gravitational radiation

Purpose

® Formulate relativistic hydrodynamics with gravitational
radiation reaction force

® Reproduce characteristic frequency and growth rate of
relativistic r-mode instability through dynamics
® Explore dynamical picture of relativistic r-mode instability

The 27th Workshop on General Relativity an dG vitation in Japan
No. 5 28 November 2017 @Higashi Hiroshima Arts dC Iture Hall Kurara, Hiroshima, Japan

2. Relativistic hydrodynamics with

radiation reaction force

Radiation reaction force in post-Newtonian gravity

mass quadrupole mass-current

tern) adrupole term
Ck=1—|— ¢-|- 440&—|— 66&“ 88a‘|‘
c

B= o+ 54& ' b +@ m—9

ass-octupole

term

: — ; hij =0
Only consider muss-current oo =0 5" = 4563;3:1:]:1:15“ 7
multipole term (3.5pN)
: " = | d°T enxiyTRPU
to focus on r-mode instability Sij k(i) Lk PUI

J

(Blanchet 97)




Extension to conformally flat gravitation
Conformally flat spacetime * Extension from pN gravity
ds? = (—a? + B B*)dt? + 2Brdx®dt + %6, ;dx’da’

Qv lapse B : shift 1) : conformal factor

11 1 1 1 1
o :‘1—|— —2¢-|- 644Ck-|— 604-|— 7a+ —3 8« -|--|- (0_10)
Bi_ 35 545 + 665Z 775i+i+(0_9)
2 | 1 _3
Yij =§0ij 1_0_2 4hzg+ 5h13+ 6hzg‘|“+(0 )

Replace them by conformally flat gravitataion
The 27th Workshop o ral Relativity an dG vitation in Japan
No. 7 28 November 2017 @Higashi Hiroshima Arts a dCIt e Hall Kurara, Hiro. hma Japan

Basic equations for relativistic hydrodynamics
with radiation reaction force

Continuity equation
p*

ot a 5 (pe0”) =0

Relativistic Euler’s equation [RSECICCINIEES — -
w4ut

~

_ 6y _; Jov 3@ 20 Up s, O
D G s +p*“~?a T

: Modifying shift is sufficient for introducing
SR ELIST M o avitational radiation reaction force in
o ) relativistic hydrodynamics!
5y (Pxhw — pY7) + = (P hwv” T PPy | |
. . .0 J = 37 J
= 04¢6pK + Z_Uzuj@ — Py a:‘ p BCF + 8/

e 27th Workshop on General Relativity and Gravitation in Japan
No. 8 28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan




Some approximations for numerics

Amplification .16

1
factor 8P = 5 CCiakTiTLOj)

Mass-current 3
S.. = [ d°xer;;x; x
multipole moment + RLGTT) @

® Adjust timescales
® Eliminate time derivative as

(5)

Vector spherical
harmonics expansion

possible
ETTR e Coincide in Newtonian limit
Characteristic » o gz
h p—
frequency T o
: T 0
S = e
e'g' SZ(j) - ChrS(l) Sz(jG) = ChI‘Sl(;))
Sii(M is computed from the relativistic Euler’s equation
- (excluding radiatiQn, reaCtior: k@rppya wu m s

3. Newtonian r-mode instability

Initial condition e | TAW

Constructing rotating slow | 0.97 | 0.008
equilibrium stars rapid | 0.55 | 0.103

e Uniformly rotating neutron star
(n=1, polytropic EOS)

Perturb velocity in the -mode eigenfunction

6v' = af)R (%)l YZEB)

The 27th Workshop on General Relativity and Gravitation in Japan
No. 10 28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan
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S T T O A
107 2 4 6 8

t/ Pc Kokkotas & Schwenzer 16

According to perturbation theory, 1/3 of the rotational energy
loss due to r-mode is pumped into the mode

1. r-mode grows exponentially Hielolief) Gl B2
2. breaking waves develop strong shocks
3. energy conversion from kinetic to thermal

e 27th Workshop on General Relativity and Gravitation in Japan
28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan

3. Relativistic r-mode instability

Initial condition e | MR | T/W
Constructing rotating | 10.55(0.106]0.099
equilibrium stars I | 0.55 |0.066]|0.100

e Uniformly rapidly rotating l_10.55 10.016]0.102
neutron star (n=1, polytropic L1 0.55 |0.002]0.103

EOS)

Perturb 3-velocity in the -mode eigenfunction

r\! B
du; = vyi;u'aQQR (E) Ylg )
Successfully reproduced characteristic frequency and

growth rate of the instability

No. 2

The 27th Workshop on General Relativity and Gravitation in Japan
28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan
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Kokkotas & Schwenzer 16
According to perturbation theory, about 1/3 of the rotational
energy loss due to r-mode is pumped into the mode

In contrast to the Newtonian case, r-mode seems to
saturate in the early stage and remain its amplitude

The 27th Workshop on General Relativity and Gravitation in Japan
No. |3 28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan

Discussion

Comparison between mass quadrupole, mass octupole, and
mass-current quadrupole moments on gravitational waves

Z~mode _ 2207 81T
( dt )J 225 @ 122!
dEmode L 87T 6 2
(T)Q 5
22
dEmode . 8T 8 2
( dt >Q = “Gors” 1@
32
5 Q22| bw? |Qs2]?
P - Tl S 0T 2352 2 O

should hold to assume radiation reaction force composed
of only mass-current quadrupole moment

27th Workshop on General Relativity and Gravitation in Japan
No. 14 28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan



Newtonlan Case Relativistic case

TT T T T T T T [T T T T [T T T T TTT] WOET T T T 7T T T T T T T T T T[T 1T

wl g

10°
S 10" '
5‘10-2 N

10° R

10" y T "{"
1050\\\\\\\\\\HH\HH\HH —5\\\Y\l\tvi\/\\\z\\_L-4——:\)’—-+—+—-\\4

2 8 10 1070
t/P t/P
C C

o N Breaks the condition around the
Satisfies the condition o

throughout the evolution * Parity interaction may
take place

e Different saturation mechanism in relativistic gravitation
e May require mass quadrupole radiation reaction force

The 27th Workshop on General Relativity and Gravitation in Japan
No. |5 28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan

4. Summary and Issues

We study relativistic r-mode instability by means of 3D
relativistic hydrodynamics with radiation reaction force
composed of mass-current quadrupole moment

® We have succeeded in formulating relativistic
hydrodynamics with mass-current radiation reaction force

® Successfully recover characteristic frequency and growth
rate of relativistic r-mode instability in relativistic
hydrodynamics

e Saturation of relativistic r-mode instability may have a
different mechanism. Requires at least radiation reaction
force of mass quadrupole and mass-current quadrupole
moment for full understanding

The 27th Workshop on General Relativity and Gravitation in Japan
No. 16 28 November 2017 @Higashi Hiroshima Arts and Culture Hall Kurara, Hiroshima, Japan
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Kerr-de Sitter Quasinormal Modes from Accessory
Parameter Expansions

Fabio Novaes

International Institute of Physics
Federal University of Rio Grande do Norte
Natal, Brazil

November 28, 2017

Fibio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 1/12

Linear Perturbation of Gravitational Systems

@ Linear perturbation of equations of motion

1

5= TorC

/ de\/ —9g (R - 2A)7 Gab — gﬁG + hab
M

@ D = 4 Petrov Type D solutions:
Teukolsky master equations for spin s =0, 5,1, 5,2
@ The master equations are separable for A-vacuum Type D solutions

@ For higher-dimensions and spherical topology, separable for
Kerr-NUT-(A)dS black holes (Frolov and Kubzniak '07)

Fabio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 2 /12



Kerr-de Sitter Black Hole

Ar(r) Ap(p)
2 _ 2 7 \2 p 2 7 \2
ds® = ~ 3 pQ(dt+p dp) + - +p2(dt—r dyp)
2 4 2 2 | .2
+p° Lo TTHDPT o
+ dr® + dp
Ap(r) Ap(p)

3 3
A Aa?
A(r)= — —r*+(1—-==)r*—2Mr+a?
3 3
Horizons: (rg,ry,r—,—r_ — 14 —10) P
Fibio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 3/12

Scalar Field Perturbation

e Conformally coupled massless scalar field ¢(x)

(V2 + LR)o(x) =0, V2¢= %__gaaw—ggababqs)

Separable solutions: ¢(t, 7,0, @) = e “te™?S ;. (0) Rypm (1)

@ Radial and Angular equations

ar(Ar<r>aer€m) - W(T>Rwﬁm =0
09(Ag(0)00Swem) — Vo(0)Swem =0

@ Angular eigenvalues from angular equation

° Internasional
Tnstisute of
Physics

Fabio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 4 /12



Heun Equation in the Conformally Coupled Case

@ Perturbation equations reduce to Heun equations

1-920 1-—20; 1-—20
y”+( 04 Ly ‘”)y’+

z z—1 Z—x

+<1+eoo 2(x — 1)K, ) .,

2(z—1) z(z—1)(z —x)

@ Monodromy and Accessory parameter for Kerr-dS

1 [ w—Qm
k 9 < Tk; ) ) y Ly Ly OO,
0o + 6, 01+ 06, 1 )\gmL2
K, = 1
2x 2@ —1)  zeo—x (rc —ry)(re —ro)
Fibio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 5/ 12
Scattering Amplitudes and Connection Matrix
@ Local Frobenius solutions: yzi(z) ~ (2= 2)T0 (1 + 02 — %))
e Path-multiplicative solutions: yij S Y ez Cn 2"
@ Ingoing and Outgoing solutions:
1 R 2 2
@ Transmission amplitude in terms of monodromies
T2 = sin 270y sin 270,
~ cos27m(0y — 0,) + cos 2mo,

(Castro et al 1304.3781, Carneiro da Cunha and FN 1404.5188)

Fabio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 6 /12



Quasinormal Modes of Rotating Nariai Limit

@ Quasinormal mode = Pole of Transmission Amplitude
Jongo—gm—l-N—l—%, N e Z

@ Rotating Nariai limit r¢ ~ ry (small ) and w = mQy + fwz

(£)

20 1 - 1
M:—i(NwL—) —mk:i:\/Agm+m2k2——
n 2 4

with Ag,, being the normalized angular eigenvalue and
n = (ro —r4)/rc the extremality parameter (Anninos and Anous '10)

L 20//’% 5= re(rc —r—)(3rc +r_)
B +ad)’ T (L4 a?)(rE + a?)
Fibio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 7/ 12

Isomonodromic System and Apparent Singularity

@ Deformed Heun equation with one apparent singularity (Jimbo, Miwa
and Ueno '81)

1-20p 1-20, 1-20 1
a§y+( >+ -+ t - A)@y

z z—1 z—1 z —

kK tt-1DK AA=1)p _
+<z(z—1) z(z—l)(z—t)+z(z—1)(z—)\)>y 0

@ z = A is an apparent singularity if

K s t5{0k}) = t(t 1— 1)

12000 — 1) + (20, — DA — D} + w(A — 1)]

A= DO =) = {200(X = 1)(A - 1)

International
Tnstisute of
Physics

Fabio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 8 /12



Isomonodromic System and Painlevé VI

@ Hamiltonian System

AN _OK dp 0K
dt  Op’ dt O\

generates isomonodromic flow (A(%), u(t))
@ Second-order equation for A\(t) = Painlevé VI (PVI)

@ Set the initial conditions

MNx) ==, 9,5:058—%,
_ _ Tz — 1
,u(a:) = 29t, 1900 000 + 29

to recover Heun equation (Carneiro da Cunha and FN '14)

International

Institute of
Physics

Fibio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 9 /12

Painlevé VI 7-function via AGT Correspondence

Painlevé VI 7-function expansion (Gamayun, lorgov and Lisovyi '12)

Tvi (t) =
Z CVI (607 (gt, 917 9007 o+ n) 831 t(a+n)2_08_938\/1 (007 0t7 617 9007 o+ n; t)

nez

The initial conditions become

d
Ky = 1oglt™ 0% (1= )71 %7 (£ 00, 01, 01, Voc, 0, 5)] |
t=x

r = \z)

Fabio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 10 / 12



@ We obtain an expansion of QNMs around the Nariai limit (order z°)
(Casals, Lencsés and FN, to appear)

1 L L L 1 L L L 1 L L L 1 L L L L
0.02 0.04 0.06 0.08 0.10

AM2

Fibio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 11 / 12

Conclusions

@ Isomonodromic 7-function determines the accessory parameter of
Heun equation

@ Allows to calculate black hole quasinormal modes as an expansion
around extremality

@ Spin 2 quasinormal modes and flat space limit with Painlevé V

@ Higher-dimensions can be tackled using generalization of 7-function

Fabio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 12 / 12



Conclusions

@ Isomonodromic 7-function determines the accessory parameter of
Heun equation

@ Allows to calculate black hole quasinormal modes as an expansion
around extremality

@ Spin 2 quasinormal modes and flat space limit with Painlevé V

@ Higher-dimensions can be tackled using generalization of 7-function

Thank you!

Fibio Novaes (IIP-UFRN) Seminar - JGRG27 November 28, 2017 12 / 12
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A Brief Introduction to LQC

1. A Brief Introduction to LQC

m Loop quantum gravity (LQG):
A background independent, nonperturbative quantization
of GR by using the Ashtekar variables !.

m Loop quantum cosmology (LQC):
Symmetry reduced quantization of cosmology by
mimicking the constructions used in LQG 2.

m LQC has not yet been rigorously derived from LQG, but an
attempt to use LQG-like methods in cosmology.

IC. Rovelli and F. Vidotto, Covariant Loop Quantum Gravity: An
Elementary Introduction to Quantum Gravity and Spinfoam Theory
(Cambridge Monographs on Mathematical Physics, Cambridge, 2015).

2M. Bojowald, Rep. Prog. Phys. 78 (2015) 023901;
I. Agullo and P. Singh, arXiv:1612.01236.



1. A Brief Introduction to LQC

m One can naturally define self-adjoint operators
representing geometric observables. In particular, there is
a smallest nonzero eigenvalue A of the area operator,
which represents the fundamental area gap and sets an
energy scale,

18
PB = A—;Tm?)la (A — 4\/57-‘-7) )

~: Barbero-Immirzi parameter.

m Using black hole thermodynamics, one finds v ~ 0.2375 3,
for which we obtain

PB = 0.41pp1 .

3K.A. Meissner, CQG21 (2004) 5245.

1. A Brief Introduction to LQC (Cont.)

m In GR, the Friedmann equation

8G
=5

always leads to a singularity *.
m In LQC, the matter density is bounded above °

p = PB

m In every physical state W, the expectation value of p
achieves a maximum value py.x < pp.

*A. Borde and A. Vilenkin, PRL72 (1994) 3305: A. Borde, A. H.
Guth, and A. Vilenkin, PRL90 (2003) 151301.

°A. Ashtekar, T. Pawlowski and P. Singh, PRL96 (2006) 141301.



1. A Brief Introduction to LQC (Cont.)

m States U, are sharply peaked on trajectories for p,.x ~ ps,
and the effective Friedmann and Klein-Gordon equations

are modified to,

— A quantum bounce
naturally happens at

p = p.

v

[V o< a®. Ashtekar & Barrau,
CQG32 (2015) 234001]

1. A Brief Introduction to LQC (Cont.)

m It was found that: the probability for the desired — i.e. in
agreement with CMB measurements — slow roll inflation
not to occur in an LQC solution is less than about one part

in a million ©,

<1.2x107°

— Slow-roll inflation is an attractor in LQC!

6p,

NN e

PRD74 (2006) 043510:

Singh, K. Vandersloot and G. V. Vereshchagin,

Zhang and Y. Ling, JCAP0O8 (2007) 012;
Ashtekar A and D. Sloan, GRG43 (2011) 3619;
Corichi and A. Karami PRD83 (2011) 104006;
Linsefors and A. Barrau, PRD87 (2013) 123509;
Chen and J.-Y. Zhu, PRD92 (2015) 084063.

1e+10  1e+20 1e+30 1e+40 1e+50 1e+60 1e+70 1e+80 1e+90 1e+100

(1)
(2)



1. A Brief Introduction to LQC (Cont.)

m By now, a large number of cosmological models have been
studied in detail in LQC 7, including

m {(R) universe

m the closed FLRW model

m FLRW models with A with any sings

m the Bianchi models

m the Gowdy model, which incorporates the simplest types of
inhomogeneities in full GR

m In ALL cases, the singularity is resolved!

TA. Ashtekar and P. Singh, CQG 28 (2011) 213001:
I. Agullo and A. Corichi, arXiv:1302.3833.

Table of Contents
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2. Background Evolution

m In the framework of LQC, the background evolution can be
divided into two classes:

m Initially the evolution is dominated by the kinetic energy of
the inflaton:

1.
§¢2(t3) > V(o(ts))
m Initially it is dominated by the potential energy:

S92 (t) < V(p(1))

m However, a potential dominated bounce is either not able
to produce the desired slow-roll inflation or leads to a large
amount of e-folds of expansion 8.

8A. Ashtekar and A. Barrau, CQG32 (2015) 234001

2. Background Evolution (Cont.)

m In the kinetic-energy-initailly dominated case, the evolution
of the background can be generically divided into three
different phases *:

(a) Bouncing, (b) transition, (c) slow-roll inflation

. +1, bouncing
w(p) = ¢_—W =4 — <w(¢) < +1, transition
¢? + 2V(9) ]
—1, slow-roll inflation

m The transition phase is short,
during which the kinetic energy i
decreases dramatically: § ol §

--- Power-law n=1/3, $5=25 |} 1\
r [EE
...... Starobinsky,$p=5

/22 py 1070y < V() R E

Utpy

97hu, AW, Cleaver, Kirsten, Sheng, PLB773 (2017) 196; PRD96 (2017)
083520; Shahalam, Sharma, Wu, AW, arXiv:1710.09845.



. Background Evolution (Cont.)

2. Background Evolution (Cont.)

The three-phase division is universal:

¢ Quadratic Potential V(¢) = \g¢?:
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. Background Evolution (Co

e Starobinsky Potential

V(6) = P x (1= e
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2. Background Evolution (Cont.)

t/tpy

e During the bouncing phase, the evolution of a(t) is

independent of :
(a) the initial conditions (¢5, ¢5)

(b) the inflationary potentials
(c) given analytically by

a(t) = ag (1 + 8
VB = 247Tp5/m§|2 a s
dimensionless
constant.
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2. Background Evolution (Cont.)

« Evolution of a(t) for different potentials:
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2. Background Evolution (Cont.)
« Evolution of a(t) for the Starobinsky Potential:

]
........ 100 F memmtmet ¢p=3.3 mp) i
10 ¢p==138 mp| { f
28 et e ¢p=4.0 mp)
————— dp=—12 mp f
i ''''' ¢p= 25 mp| 4
''''' =25 my 4L
104 - %8 & f \§ 10 Analytical '/
& Analytical /l S /I
= =
/ 100 |
100 |-
17 L L L
g 100 - 106 107
l C L L L p
g 100 1ot 106 07 tip)



2. Background Evolution (Cont.)

m The main reason is that
1. 1.
SV = 58> V(9)

holds in the whole bouncing phase, once it holds at the
bounce t = tg.

m Notice the
10 | — ======== Potential energy V(¢) |
Ve rtlcal Scales. \\‘~\\ == === Kinetic energy ¢2/2
10-9F \\‘\\'—\' === Energy density p(t)
~_
........................................ TN ————
10719 F \
\
\
)
\
10729 ’
10 10* 107

ttp)

2. Background Evolution (Cont.)

m The evolution during the transition phase is given by,

d(t) = P + tcéc In ti, a(t) = ac (1 + t.H. 1In %) s (4)

C C

He,a., ¢.: integration constants

m During the slow-roll inflation, we have

a(t) = ajellmt ¢~ ¢ (5)
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Universality of the Linear Perturbations

3. Universality of Perturbations

m The scalar and tensor perturbations are given by '°,

a”
qu{/ -+ (k2 — g + U(ﬁ)) Mk = 0 (6)

0n) = {a2 (F2V(6) + 21V 5(6) +V so(0)), scalar

0, tensor
f = v247Go/\/p.

m Both of the scalar and tensor perturbations are universal
and independent of the slow-roll inflationary models during
the bouncing phase

9A. Ashtekar and A. Barrau, CQG32 (2015) 234001



3. Universality of Perturbations (Cont.)

m This is because the potential U(7) is very small in
comparing with a” /a, so we have

during the whole bouncing phase.

m Since a(t) is universal during this phase, clearly the mode

functions /.. *",

(s,1)" 2, (st) _
H + Qi =0 ‘-_'::\/{K
are also universal. I A Quacratic —
; ()l == Power-law with n=1/2
2 TR S N Starobinsky
100 :'-'-'-"-'-'f'."'_'f'_','_'"-_-‘--_r.-_.".,_',v"_;f--»-'. ---------------
10 5 6 5 10

3. Universality of Perturbations (Cont.)

m More interestingly, the term a” /a can be replaced by a
Poschl-Teller (PT) potential,




3. Universality of Perturbations (Cont.)

m Then, the mode function has the analytical solution,

(PT)

e (m) ayx 1/ (20) (1 — x) 1K/ (22)

X 2F1(a1 —a3+1,a2—a3—|—1,2—a3,x)
+bi[x(1 — x)] 7Y 5F) (ay, a9, a3, x).

ay, by: integration constants, to be determined by initial
conditions. 5F;(a,b, c, x): the hypergeometric function

= 1 <1 I 1 ) ik
2 V3 V6 kg’
2 V3) V6ks
- ik 0267"""" Numerical s
az = 1-— \/6 kB .

Solution with PT potential

olution

3. Universality of Perturbations (Cont.)

nnnnnnnnnnnnnnnnnn

m In the transition phase, the mode functions are given by,

1
fc(n) = \/ﬁ

au, Bi: integration constants

(&ke—ikn + Bkeikn)

m In the slow-roll inflation phase, the mode functions are

given by the standard forms,
s \/—T
i () = Y (D) (—kn) + BH)

oy, Bi: integration constants.

(=kn)|,




3. Universality of Perturbations (Cont.)

m Matching them together, we find that the Bogoliubov
coefficients, oy, [y, are given by

V2k

[ak

+ by

F(2 T ag)F(a1 + a9 — a3)

F(a1 — asg —+ 1)F(a2 — asg + 1)

F(ag)F(al + ag — 83)

elknB’

I'(az)I'(as —a; — a
b (ag)l'(ag —a; — az)

['(ag — a)['(ag — a2)

I'(ap)(as)
. ['(2—a3)l'(ag —a; —az)
T —a)[(1 —ay)

] e'lk’r)B .

m Since a; = a;(k/kg), so «ay, [k are in general

scale-dependent.

3. Universality of Perturbations (Cont.)

m In general |3.|> # 0, so particles are generically created at

the onset of inflation.

m In GR, we normally impose the BD vacuum at the onset of

the inflation,

o

=1, g*=0



3. Universality of Perturbations (Cont.)

m Then, the scalar and tensor power spectra are given by,

Pr(k) = |ax + B> PR (k),
Pu(k) = ou + Bil? PER (),

with

ag
ke 1 —kn\ 1T
PR = 00 (52

3. Universality of Perturbations (Cont.)

m Note that, as mentioned above, oy, g, are usually
k-dependent, so the quantities P (k) and P (k) now also
become k-dependent.

m This provides an excellent opportunity to test LQC.

m Clearly, such dependence cannot be strong. Otherwise, it
will not be consistent with current observations, which
show that the power spectra are almost scale-invariant !'.

m To fix («, Bx) or (ay, by), one needs to impose the initial
conditions.

p. Collaboration et al., Planck 2015. XX. Constraints on
inflation, arXiv:1502.02114.
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4. Conclusions

m We study pre-inflationary dynamics in the framework of
LQC, and for initially kinetic energy dominated models we
find:

e The evolution of the universe is always divided into three
different phases:

(1) Bouncing  (2) transition (3) slow-roll inflation

N
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4. Conclusions (Cont.)

e The evolution of the expansion factor is universal during the
bouncing phase:

1/6
a(t) = ag <1 + 75—) ) (7)

U1 SENNETTECEEE Power-law n=2, ¢g=1.2 i
1.
_____ Power—law n=1/3, ¢g=25
1000 £ i
..... - Starobinsky ¢z=5
Anaytical

I I I I
ig 1 100 104 108

titp)

4. Conclusions (Cont.)

e During the pre-inflationary phase, the evolutions of the scalar
and tensor perturbations are all universal and independent of
the slow-roll inflationary models.

e In this phase the potentials of the scalar and tensor
perturbations can be well approximated by an effective PT
potential, for which analytic solutions of the mode functions are
known.

e The Bogoliubov coefficients at the onset of the slow-roll
inflation are generically non-zero,

Bk#oa

in contrast to GR where the initial conditions are normally
taken as the BD vacuum,

B =0,



Thank You!
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Extended mimetic gravity:
Hamiltonian analysis and
gradient instabilities

Kazufumi Takahashi (Jsps fellow)
RESCEU, The University of Tokyo

Based on

* KT, H. Motohashi, T. Suyama, and T. Kobayashi
Phys. Rev. D 95, 084053 (2017), “General invertible transformation and physical degrees of freedom”

* KT and T. Kobayashi
JCAP 1711, 038 (2017), “Extended mimetic gravity: Hamiltonian analysis and gradient instabilities”

M Scalar-tensor theories (inflation, late-time acceleration, ...)
®Higher derivatives -+ Ostrogradsky ghost
“Any nondegenerate higher derivative theory contains extra ghost-like DOFs”

92L
Gtagl

e.g. det( ) = 0 for L(q%, 4% ') =) Need degeneracy!

M Degenerate scalar-tensor theories w/ 3 DOFs
® Horndeski/generalized Galileons
® GLPV theories
® quadratic/cubic DHOST theories [known broadest class]

mmm) Specify all the degenerate theories up to cubic order in V.

Degenerate Higher-Order Scalar-Tensor

Fy + F,O Id
constructed from ¢ and ¢, ffrtheﬁbfiﬁfﬁded
Sq/c = fd4xv -9 [{Z:R + auV/laqbuv(p)lg +\f3g#v¢uv + buvzaaﬁqblwd))wd)aé]
quadratic cubic R: 4D Ricci scalar

G- 4D Einstein tensor

Chosen so that the Lagrangian is degenerate ,
X=g"budy

2017/11/28 JGRG27 2/16



nondegenerate (Ostrogradsky ghost)

e

degenerate (< 3 DOFs)

quadratic/cubic DHOST

higher—o?}jer EL egs.

' |
' |
' |
' |
| |

|
i ~ Horndeski | :
| 2nd-order EL eqgs. |
P77 * |
l [ [ [] * :
i (VVp)*? GR (2 DOFs) disformal transformation i
VTR * Guv = A(D. X) gy + B($,X)0,00,¢ | |
| J |
' |
' |
| |
| P |
i é < 0 — gradient instabilities! (Langlois+ 2017) i

(except for those w/ nondynamical tensor modes)

2017/11/28 JGRG27 3/16

nondegenerate (Ostrogradsky ghost)

e ____________________

degenerate (< 3 DOFs)

ﬁ quadratic/cubic DHOST \
r

h|gher—oﬂ§ger EL egs.

Horndeski

Vv
2nd-order EL egs.

2?7 *

*
(V7 p)*? GR (2 DOFs) disformal transformation
VVVe? * Guv = A, X) gy + B($, X0, 0,9
. J
*
& upto (VV¢)3 *

2017/11/28 JGRG27 4/16



B How can we go outside the quadratic/cubic DHOST class?

mmm) | ct’s start from nondegenerate theories!

invertible: g, © g,y one-to-one

B If the transformation is invertible, the resultant theory is also nondegenerate
(+ DOFs are invariant under invertible trnsf.) KT, Motohashi, Suyama, Kobayashi, 2017
mmm) | ct’s consider noninvertible transformations!
X = Q72X under g, = Q%g,,
B Noninvertible conformal transformation

Juw = —XGuv
X =g"o,¢o,¢

= gy invariant

B Mimetic gravity
S[G, @] — S[g.,¢] conformalsym.
“seed” ST theory “mimetic theory”

® mimetic = “Copying the behaviour or appearance of sb/sth else”

Mimetic gravity can mimic dark matter (Chamseddine, Mukhanov, 2013)

2017/11/28 JGRG27 5/16

nondegenerate (Ostrogradsky ghost)

e ____________________

degenerate (< 3 DOFs)

ﬁ quadratic/cubic DHOST \
r

h|gher—oﬂ§ger EL egs.

* “extended mimetic gravity” KT, Kobayashi, 2017

| |
| |
| |
| |
| |
i Horndeski | i
| 2nd-order EL egs. |
277 o i
| |
i GR (2 DOFs) disformal transformation i
: * guv = A(¢, X)gyv + B(¢»X)au¢av¢ :
| \. [ J |
| o * |
: * original mimetic gravity * :
: guv = _ngv :
| |
| |
| |

2017/11/28 JGRG27 6/16



B Start from a “seed” action

Sseeal G $] = f Ay =G (b, IR + (6, X)G T Tob + F (s b, Vuch, 7.7)]

arbitrary functions

B Known healthy theories amount to specific f5, f3, F:
® Horndeski: Vf,, f3 functions of (¢, X)

1
F =2 [©@) = (R%$) | + 3 fox [ ©9)° - 300(7,09)” + 2(7u7t) |

However, for generic choices of f,, f3, and F, the theory has 4 DOFs.

B Hamiltonian analysis === 1+3 decomposition
®First write the seed action in the ADM language and then move to the mimetic theory

2017/11/28 JGRG27 7/16

BADM variables
ds? = —N?dt? +y;;(dx" + Nidt)(dx’ + N/ dt)

BFor ¢, we define

. . B ¢ — N'D;¢p
canonical variable A, = n“|7u¢ = —
A, — D*¢$D,N — N¥D, A,
velocity of A, V, =n#n"V,,¢ = $Dx k n, = —N&2
N huv =9 + n,ny,

1
Kij = 75 (7ij = 2DaNy)

Derivatives of ¢ are decomposed as D 3D Covariant derivative

V. = hLDid) —n,A,

V”Vv(,b = héuh{/)(DlD](p - A*KU) - ZhE#nv)(DlA* - Kl]Djd)) + Tl“TlVV*

= (g, ¢, V,¢,V,%,¢) contains y;j, ¢, A., K;j, Vi, and D;

2017/11/28 JGRG27 8/16



M Terms with the curvature tensors:
[atxv=glr + g 770]
= f dtd3xNﬁ{f2(R + K7 — K?) — 2Kf,, — 2D;D'f, —%(R — K5+ K*)A.f3,
~[Ry ~ 5 (R + K&~ K2y | D' s + DD, (046D ) ~ DD (D907 )

+(KyY — KY)(2K/Dy¢Djfs + f3.D;Dj¢p + A.D;D;fs) + A(NA, + N'D;p — )}

with
fL=nHU,f = fpA. — 2fx(K;jD'¢D' ¢ + AV, — D'¢D;A,)

B Combined with the term F(gw, b, V.9, V”chp), we obtain

Sseed[guw ¢] = fdtd3x[N\/7L0(yij' Rij! ¢1A*; Kij; V*; Di) + A(NA* + NiDi(nb _ ¢)]
5 _ Fixes A, ~ ¢
mmm) Perform gy = Guv = —XGuv vij A

velocities
Kij ~vij,  Vi~A,

2017/11/28 JGRG27 9/16

BUnder gy = —X9uv,

— . . B ~ 1
N=v=xN, N'=N,  7j==Xyj A=7=4
~ 1 1 ; 1 .
Rij = R;; +_4X2 D;XD;X —ﬁDiDjX + vij kaXD X —ﬁDkD X,
while the velocities are transformed as
_ D*k¢D'¢ DX¢D, A,
Kij = ‘/__X[<5ik§]'l ——x Yy )Vet——x V|
1 .. Kij ~vij
V.= _ﬁqubDjfp(A*Vij — D;D;¢), Only in the combination of | V.~ & (~ 4.)
V. conformal sym.
Vij = Kij +A_*Vij /

“extended mimetic gravity”

— S iml[Gu ] = f dtd3x[NyyLm(vij, Rij, ¢, A Vijs D;) + A(NA, + N'D;¢p — ¢)]

A, ~ ¢
M Degenerate kinetic matrix — additional primary constraint

B The additional constraint should be of first class

2017/11/28 JGRG27 10/16



S[G P] = fdtd3x[NﬁLM(yij,Rij, ¢,A.; Bij; D;) + A(NA, + N'Dyp — ¢) + NAY(B;; — V)]
auxiliary field B;j = Vi

M Canonical variables --- 50-dim. phase space
N N' vy; ¢ A, By A AY
<7TN m, ) py p. pY P Pij>
M Primary constraints
my = 0, m; = 0, pY =0, P =0, Pij =0
ﬁijEnij+%/1ijz0, Pp =Py +A=0

and

y 1 A,
C’EA*p*—Zyijn” ~ (0 Vij=ﬁ<]/ij+2A—]/ij>+'“
generates conformal transformation of A,, v :
B Redefine C for a technical reason:
C=cC+229p;
2017/11/28 JGRG27 11/16

M Total Hamiltonian Primary constraints

with iy P .
H = —WLM()/U, Rij! d),A*; Bij; Dl) + 27TUBL']' + p¢A* - \/7Dl (\/VDld))
_ j (T jk p’¥
j{i = —ZWD W + pd,Dl(,l) + p*DlA* +p DiBjk — 2\/7D] WBik

generate spatial diffeo. of y;j, ¢, A, B

B Secondary constraints

nty~=0 - H=0
ﬁizO - }[le
3~ ij = aLM_ ij ~
p’=0 - ¢ _\/768 21 0

. L %L
B No tertiary constraint if det( A ) =0
6BijaBkl

2017/11/28 JGRG27 12/16



M First-class constraints -++ 9 in total
Ty, T;, H, H; C <«— peculiarto
— — mimetic gravity!
4D diffeo. EM conservation conformal

B Second-class constraints -++ 26 in total

B The number of physical DOFs

1
5(50 —9 X 2—26) =3 Noextra DOF!

]

phase-space dim.  # of first-class  # of second-class

B If there are tertiary constraints, the number of DOFs can become even smaller.

2017/11/9 THURSDAY SEMINAR 13/16

nondegenerate (Ostrogradsky ghost)

e ____________________

degenerate (< 3 DOFs)

ﬁ quadratic/cubic DHOST \
f

h|gher—oﬂ§9er EL egs.

| |
| [
| |
| |
I I
: Horndeski | :
| 2nd-order EL egs. |
277 o i
| |
i GR (2 DOFs) disformal transformation i
: * guv = A(¢, X)gyv + B(¢»X)au¢av¢ :
| J |
i x i
| up to (V7h)? * |
| |
| |
| [
| |

cosmological perturbations?

extended mimetic gravity

2017/11/28 JGRG27 14/16



BGauge fixing:p =tand X =—-1(->N=1) K, =K
1, o .
Senim = j dtd3x\y Kfz — E]@,)R + F(t, K, Ky, K3, ---,7@)], K, = Kl.‘le;; ---K;f

M Metric ansatz (flat FLRW background + perturbations)

1
N = 1, Ni = ai)(, ]/l] = az(t)ezz 611 + hl] +Ehl’khkj>

Y

scalar pert. TT tensor pert.

B Tensor quadratic action

3 2
2 . a . (akhu)
Sy = fdtd3xI[TBhi2j—£T
Scalar quadratic action =) gradient
3A+2B . (0,0)2 instabilities!
(2) _ 3..,3 2 k
Sg —Zfdtd xa 128 S—az
Here,
SBN (n—1) 1
n(n —
A = Z ZmnHm+n_2?mn: B:Z 2 Hn_zTn: g—fz_EfS
m=1n=1 7 = 0°F n=2 o 0F
mn = 9% 9K, "= 3K,

2017/11/28 JGRG27 15/16

M How can we go beyond quadratic/cubic DHOST theories via disformal transformation?
mmm) Consider noninvertible transformation of nondegenerate theories!

(~ Invertible transformations cannot change the DOFs) KT, Motohashi,
Suyama, Kobayashi, 2017

M “Extended mimetic gravity” KT, Kobayashi, 2017
Perform §,, = —Xguy on theories with 4 DOFs:

Sseed[Guvr $] = f d*x\[—g[foR + £:G* V¢ + F (G, &, 7,0, V0 0) ]

functions of (qb,)?) X =g o,do,e

mmm) The resultant theory S[g,,, ¢] has only 3 DOFs due to conformal sym.
M Cosmological perturbations suffer from gradient instabilities

W Similar extension? Phenomenology?

2017/11/28 JGRG27 16/16
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ARE REDSHIFT-SPACE DISTORTIONS
ACTUALLY A PROBE OF
GROWTH OF STRUCTURE

RAMPEI KIMURA
TOKYO INSTITUTE OF TECHNOLOGY

JGRG27 AT HIROSHIMA 11/28/2017

BASED ON ARXIV : 1709.09371
COLLABORATORS : TERUAKI SUYAMA, MASAHIDE YAMAGUCHI,
DAISUKE YAMAUCHI, SHUICHIRO YOKOYAMA

STANDARD COSMOLOGY I

Kaiser effect

__.-»-:’-h, -

overdensity

SIS Jo dur

Trei -

N..:b .

real space redshift space :

Mapping to redshift space

galaxy density contrast in real space
i e
= R ik . ine of sight component of
> Og,s = Og Vilg,z < galaxy peculiar velocity

galaxy density contrast
in redshift space

Galaxy vs. matter distribution
(5g = bg(5m (linear bias)




STANDARD COSMOLOGY Il

* Newtonian gauge ds? = —[1 + 2®(t, z)]dt* + a®(t)[1 — 2¥ (¢, x)]dz?

® Basic equations (sub-horizon approximation)

o2 k>

;\I; = E(I) = —4A7Gpm0m (Poisson equation)
. L2
e Om + —5Um =0 Um — P =0 (continuity & Euler equation)
a
[5m + 2H5m —A7rGpmom = 0] (Evolution of 0m)
* Growth factor D, Om(t, k) = D (t) 0p(k) b0 : Initial density contrast
dln D
o th rate fm A= m
inear growth rate f; falt) R

N
> (Um S _a?fm(smj

STANDARD COSMOLOGY IlII

Kaiser formula
the cosine of the angle between the

/ line of sight & Fourier momentum
2
Py o(k;t) = b2 (14 B(t) p?) " Pu(k; t)
24 Va B

Power spectrum in redshift space matter power spectrum

0‘|Eh

6dFGRS +—@—
2dFGRS
SDSS Main —&—
SDSS LRG +—=—
WiggleZ —a—
BOSS LOWZ +—&—
BOSS CMASS

06 |

05 |

—
L\; VVDS
I} o VIPERS
o P FastSound —@—
= gt
M52 o ACDM ———
o f(R) - - -
F = Cov. Galileon - - - -
ce. Tt~ 7] Ext. Galileon oo
03[ g DGP —-—-
el 1G/Gl=
I I I L L L ST 3.5x10"1yr
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Okumura et al. Publ. Astron. Soc. Japan (2015) 00(0), 1-23

Growth rate can directly measured by RSD

(bias can be fixed by cross-correlation of LSS & weak lensing)



NON-MINIMALLY COUPLED DM

M2
* GR + scalar field (Dark energy) S = /d4x\/—g [THR[Q] + Ly[g, o]| + Sb THaE
* Matter = (standard) baryon + non-minimally coupled cold dark matter
Sp = / d*z/=gLu[guws 1)

Sec = /d437\/__g/:'c [glﬂf’ wc] Tl = A(¢, X)guy + B(¢, X)0,¢00,¢

(conformal & disformal coupling)

Baryon : sensitive to solar-system experiments — minimal coupling
CDM : insensitive to solar system experiments — non-minimal coupling

* Energy-momentum conservation

veTh) =0 [V“ (Tg) o Tﬁj) = 0]

Energy transfer between dark energy and CDM

BASIC EQUATIONS

EM tensor for the total rﬁatter }

K . . 1
Basic equations /"’_— | T T® 4 7 |

1
=N, — M_F%l ( Tlsrlfl) + T/Si))) (Einstein equation)

(Conservation equation for baryon)

VAT = —Q 0, ¢

04— Vs = Q

(Conservation equation for DM & DE)

(scalar field equation)

* (Qroughly represents the magnitude of the coupling between DM & DE

L (5( V 7(][:()
N 0p

1 AxX(Ay — 2B X) BxX(Ay — 2B4X) pE
A P ; Ty + 3 Bs ; b ST 0,40,
24 H A X 9B, X2 [ O T\ T e o i
1
24

Q= -

= VW - Z

A=2BINE

Wik = £ Ax Tt BT dedind ol
A— AxX +2BxX? x (AxTie) + BxT(g) 0a$0p$) 0

{23 T/ 0,




MODIFIED KAISER FORMULA

(sub-horizon + quasi-static approximation)

* Einstein equations and baryon’s equations are the same

¢ Continuity for CDM are modified !!
= k> : v. depends on time-derivative of
dc + —5ve = Ro ( 0c — 0 p
a density contrast and density contrast

e —® =T v, +T56,.+ T30
Ry, Qo,T'; : depends on DM-DE coupling parameters
* Evolution of density contrast of CDM
0c + 2H ot 6 — AT Gt Pmbm = 0

Growth rate also deviates from the standard cosmology

¢ Total matter = baryon + CDM (T;Egl) = T(b + TM )

O W0 -+ wiop Um = Wl + WU Wi =P

* Velocity of the total matter is modified due to modification of CDM equation

2
a‘H , g
Um(t, k) = ~ 7z m (1)0m(t, k)
ff
ren = fm+Afm
//" e

Actual linear growth rate - DM-DE codpliligiet ittt
_dlnDy o D, T, Qo Qo$ Do — Dy
fm(t): dlna Afmiichmlle (fcw)wprmT

Modified Kaiser formula
eff
2 m
Py s(k;t) = b2 (1+ Besr(t) 1) P (k;32) o=




Modified Kaiser formula

Py o(k;t) = b2 (14 Besr(t) 4?)° P (ks )

eff
fif = fatAfm et = 2
g

Minimally coupled CDM (standard scenario)

Ea—rD. — D,

frc}lff: m

Kaiser formula

Non-minimally coupled CDM

eff

* RSD measures the effective growth rate f,

e Measured f ﬁlﬁ is not the actual growth rate fm and it contains information of
DM-DE coupling

e Single-redshift RSD observations can not determine the actual growth rate
and DM-DE coupling

® Multiple-redshift RSD observations can separate the actual growth rate and
DM-DE coupling

SUMMARY

Growth rate obtained from RSD

= actual growth rate + DM-DE coupling effect

e DM-DE interaction modifies continuity and Euler equations in a

cosmological setup.

e Even in DM-DE direct coupling (not though conformal or disformal metric)

we reach the same conclusion

e Multiple-redshift RSD measurements provide us information of both the

actual growth rate and DM-DE coupling



MODIFICATION OF GRAVITY

* (Cravitational equations are modified as

k2
extra contribution due to modification of gravity anisotropic stress

* Continuity and Euler equations remain the same

: k2
om+ —Um=0| m—®=0
a

* Evolution of matter density contrast follows

[5}11 + 2H b1 — AT Gogt pmOm = ]

The growth rate is different from the standard cosmology,
but the growth rate can directly obtained by RSDs

(because Kaiser formula remain the same)



2b6. Shun Arai (Nagoya U.),

“Constraints on Horndeski theory with Gravitational
Waves observations” (1045)

[JGRG27 (2017) 112813]

184



(2. JGRG27 @ Saijo, Hiroshima presentation No.
= 12:15 - 12:30,28th. No, 2017 2b6

Constraints on Horndeski theory with

Gravitational VWaves observations

Shun Arai (Cosmology group in Nagoya University)
SA and Atsushi Nishizawa. arXiv:1711.03776

Outline in this talk

* Gravitational Waves (GW) observations for testing gravity :

cosmological effects on GW during propagation

* Model classification of Horndeski theory in a

numerical way; set-up and its procedure

* Constraints on Horndeski theory from GW170817&GRB170817A

- Summary



GW observations for testing gravity : E

cosmological effects on GW during propagation

Modification of GWV propagation

|. D. Saltas et.al PRL 2014
A.Nishizawa arXiv:1710.04825

h;’] + (2 + V)’Hh;j + (c72k® + a® )iy = a*T;;

time variation of the
1% time dependent gravitational coupling

effective Planck mass

C7 propagation speed of GW Lorentz symmetry/Equivalence principle
:LL graviton mass massive gravity (Shinji-Mukohyama’s talk)
I' additional sources of GW Non-minimal coupling with other fields

GW observations for testing gravity : e

cosmological effects on GW during propagation
Solution of modified GW propagation
at cosmological scale

A.Nishizawa arXiv:1710.04825

Source-less system — "=

solutions that alters in cosmological time scale:

h = CMGhGR CMG = e—De—ik:AT
1 T
amplitude D= B / dr'vH luminosity distance

a2y

-
phase AT = / dr’ {(1 —cr) — 572 } arrival time difference
e.g. GW associating with

7 : conformal time EM wave emission



Model classification of Horndeski theory in a 3

; simulation set-up and its procedure

Horndeski theory

G. Horndeski, 1974
T. Kobayashi, M.Yamaguchi, and J. Yokoyama 201 |

5
SHorn — /d4£l7v —g Z Lz
Ly = Ga(9, X), =2
£3 = _G3(¢, X)D¢a = _gb;'uqb;/l/z
Ly = Ga(¢, X)R+ Cuax(9, X) [(@9)* - dud™] ,

. 1 .
Ls = G5(o, X)Gp.ud”’w - EGSX (¢, X) [(D¢)3 + 2¢;pu¢;ua¢;a# - 3¢;pu¢’”yu¢]
* The most generic theory containing only up to

2nd order spacetime derivatives.
* Phenomenologically it can explains cosmic

accelerating expansion.

Model classification of Horndeski theory in a 5/13

numerical way; simulation set-up and its procedure

(X-parameterization
E.Bellini and l.Sawicky JCAP 2014
D.Langlois et.al. 2017

- >
5(2) = /dtdazaaMT [61{,']'6}(” - 6K2

ovh
+(1+ar) (Ra—{ + JgR) N.B.Taking the unitary gauge

R :3d Ricci scalar

+agH?*6N? + 4agHSK6N + (1 + q.()R&N] ,

1 dMm?
M M= HM? dt
K Kinetic term of a scalar
ap “Braiding” between scalar and tensor

(074 phase velocity of tensor



Model classification of Horndeski theory in a

. . . 6/13
; simulation set-up and its procedure

V & ct in Horndeski theory
E.Bellini & I.Sawicky JCAP 2014

M2(t) = 2(G4 — 2XGyx + X G54 — pHX G5x)

dt = adTt
dlIn M? (t) . dA
V= ——=0)N - dt
dlna H = H/a

= ]2\?2 (2G4X — 2Gs5g — (¢ - (/BH)G5X>

* GW properties are only involved with G4 and Gs
- Degeneracies of these parameters should be considered

cr? —1=ap(t)

» Searching the whole parameter space independent

with specific models
~ Numerical simulation

Model classification of Horndeski theory in a

: : : : 7/13
numerical way; simulation set-up and its procedure

Procedure of the model classification
SA and A.Nishizawa. arXiv:1711.03776




Model classification of Horndeski theory in a

8/13

numerical way; simulation set-up and its procedure

Numerical parameterization
SA and A.Nishizawa. arXiv:1711.03776

- time-dependence of ¢(?) at low redshifts

a
o(t) = /My Hy {ao + a1 Hotrg + ;(HOtLB)Q}
apg = 0
dz’'

e = /0 Hycpm(2') - (1 +27) 1/2
HACDM(Z) = HO {Qmo(l + 2)3 +1— Qmo}

Planck 2015 best-fit : Hy = 67.8 km - s *Mpc~! Q,,0 = 0.3080
PAde. Planck2015

- approximation of the Horndeski G functions
G D 6, X,6X, 6%, X°(i = 2,3,4,5)
Gip, gz’pa(pa 0 — ¢ or X)
* Jordan-frame with minimally-coupled dust

Model classification of Horndeski theory in a

9/13

numerical way; simulation set-up and its procedure
Criteria for model classification

SA and A.Nishizawa. arXiv:1711.03776
|. Consistency

|]- - H/HAC’DMl < AI_Iobs/j_—robs

AH 16 N.B. Currently without any experimental
— =20% prior (e.g. Planck 2015) but still reasonable
Hobs

c.f. Simon et al. (2005) Moresco et al. (2012)
Zhang et al. (2012)

2. Stability
Avoiding ghost and gradient instabilities.i.e. Q, > 0,c2 > 0

for a quadratic action as

§(2) — /dtd?’g; Z {Qa&2 — 03(80)2}

o=scalar,tensor

Simulation size : 1,000,000 distanctive models are provided



Model classification of Horndeski theory in a

10/13

numerical way; simulation set-up and its procedure

Model classification
SA and A.Nishizawa. arXiv:1711.03776

Subclass of Horndeski theory Parameters of G. """ Models

(I) G4+ Gs G2,G3=0 self acceleration

(II) G4 + G5 + G2 g2,92X, G200 # 0 quintessence/nonlinear kinetic theory
f(R) thories

(III) G4 + G5 + G3 Gy #0 cubic galileons

(IV) Cov.Gal 92X,93X,94X X, 95X X # 0 covariant Galileons

G4+G5 G4+G5+G2 G4+G5+G3 Cov.Gal

_4 : 1 I I 1 | | 1 | |

8642 8642 8642 8642
|a-|-|

Larger OM and 0T are favored L.Lombriser and A Taylor JCAP 03 031 2016

Constraints on Horndeski theory

from GWI170817&GRBI170817A

Observables in GV propagation at low redshifts
SA and A.Nishizawa. arXiv:1711.03776

1 T T
Dzi/ dr'vH ATE/ dr' (1 — crp)

Og
v~vy—viHotLp g ~ 040 —dg1Hotrn
QM L0 OzTo a7
Vo =m0 1 = — 040 = — 0g1 =
Hy, ° g 2H,

Do {z/oln(1—|—z) 21(H0tLB)2}

1
2

1 dg
AT ~ FO {590H0tLB — %(HOtLB)Q}



Constraints on Horndeski theory

from GW170817&GRBI170817A

Observational bounds from GWI170817&GRBI170817A

V1 X ].0_2

SA and A.Nishizawa. arXiv:1711.03776

40|
20f
l—‘(g
X Of
<" 0 o
-40¢ 4-20 2 4
2100 -50 0 50 100 ~20  -10 0 10 20
Vo 590 X 1015
~75.3 <1y <784 —4.7x 10719 < 5,0 <2.2x 1071

- Application for another GW detection is easy on these panel

Summary

Summary of my talk

* We can test gravity with GWV propagation since waveform of a GW

is significantly deviate from that of GR at cosmological scale.

* We initiated a concrete study how &-parameters correlate each

other in a model-independent point of view ; Monte Carlo simulation.
c.f. E. Linder JCAP 1605 053 2016

* Applying our method for model classification in the Horndeski

theory, we obtain the distributions of the models in &t-0m plane.

* Considering the current observation of GW 170817 and

GRBI170817A, the models with G4 and G5 functions hardly account
for cosmic accelerating universe and GW observation at the same
time. c.f.J.M.Ezquiaga and M.Zumalacarregui 2017

* Multiple GW observations are necessary to make the current

constraints much stronger enough to verify GR at cosmological scale.



Back Up

Different expansion histories
SA and A.Nishizawa. arXiv:1711.03776

O I 1 1
-1 -
-2 -
=
g 3
4} .
5t o i
EdS (Z=0.1) L . .
N ACDM (z=0.1) . | |
210 -8 -6 -4 -2 0



Observational constraints on cosmic expansion histories

O.Farooq et al. Astrophys.].835 (2017)

HuBBLE pAth:r’l;:Jr\\l}\'l;aEsvl.'s REDSHIFT DATA

*  (km i"”g?gc -1 (km ff'.{(gc -1y  Reforence® z fI(z) 1 i’" 1
som & 19 5 (km s * Mpc %) (km s~ * Mpc %)
0.120 68.6 26.2 5
01m ) 8 1 0.070 69 19.6
0.199 L 5 3 0.090 69 12
070 2 it i 0.120 68.6 26.2
Y K o 5 3
=% 0 o 73 5
821 s i3 5 0.200 72.9 29.6
e %4 ) o 0.270 77 14
0.4783 80.9 9 9
0310 204 1% o .
059 104 i3 3 Simon et al. (2005)
0610 or3 b 10
0,680 52 s 3 Moresco et al. (2012)
0.730 97.3 7 4
ans iz i 3 Zhang et al. (2012)
e 2 .
. kA : AHgps
1.430 177 18 1 Y 17W
1.530 140 14 1 —_— O
1.750 202 40 1
234 £y o ? H obs
2.360 226 8 6

@z ~ 0.1

GW observations : current situations

* Observables : amplitude/phase

standard siren D. E.Holz and S.A.Hughes, PRL 2005

arrival time difference  C.Will Living Rev.2006

* Event rate of GW O(100 - 1000) yr-!

possibly reaching to 1000 yr-! with HLVK network
HLVK : Hanford/Livingston/VIRGO/KAGRA

* Direct measurement of gravity sector

GW is a powerful way to explore MG



Self Acceleration

M2 2
St [ty OO

2
Q(t) v L dM,
MZH di

in the language of the EFT
G.Gubitosi et al. 2013 J.Gleyzes et al. 2013

N.B |.We here use the notation as same as EFT of DE.
N.B 2.This way of acceleration is ONLY seen in the Jordan frame.

RN
HOQ®t) |~

L.Lombriser & A.Taylor JCAP 2016

L.Lombriser and A.Taylor JCAP 03 031 2016

log ol |




Session3a 14:00—15:45
[Chair: Hideki Asada]

195



3al. Tomohiro Harada (Rikkyo U.),

“Spins of primordial black holes formed in the
matter-dominated era” (1045)

[JGRG27 (2017) 112814]

196



Spins of primordial black holes formed in the
matter-dominated era

Tomohiro Harada (Rikkyo U)

28/11/2017, JGRG27 @ Higashihiroshima

This talk is based on
@ Harada, Yoo (Nagoya U), Kohri (KEK), Nakao (OCU) & Jhingan (YGU), 1609.01588

@ Harada, Yoo, Kohri, & Nakao, 1707.03595

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27 1/12

Primordial black hole (PBH)

@ PBH = Black hole formed in the early Universe

e Probe into the early Universe, high-energy physics, and quantum gravity through
Hawking radiation, dark matter, and gravitational waves (Carr et al. (2010), Carr
et al. (2016))

e LIGO BBH events may be sourced by PBHs. (Sasaki et al. (2016), Bird et al.
(2016), Clesse & Garcia-Bellido (2017))

e The observation of spins of BHs attracts great attention. (Abbott et al. (2017),
Pani & Loeb (2013), McClintock (2011))

1000

0.100

L L L s s
-7 L L L L 1 -4 -4 1
107 e pres pree 1.x10 5.x10 0.001 0005 0.010 0050 0.100
f

(a) Carr etgl. (2016) (b) Sasaki et al. (2016)
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PBH formation in the matter-dominated (MD) era

@ Pioneered by Khlopov & Polnarev (1980). Recently motivated by early MD
phase scenarios such as inflaton oscillations, phase transitions, and
superheavy metastable particles.

@ If pressure is negligible, nonspherical effects play crucial roles.

e The triaxial collapse of dust leads to a “pancake” singularity. (Lin, Mestel & Shu
1965, Zeldovich 1969)

o o« -

e The effect of angular momentum may halt gravitational collapse or spin the
formed PBHs.

T “

x §

o We here rely on the Newtonian approximation to deal with nonspherical
dynamics analytically.

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27 3/12

PBH formation in the matter-dominated era Anisotropic effect

Zeldovich approximation

@ Zeldovich approximation (ZA) (1969)
Extrapolate the Lagrangian perturbation theory in the linear order in
Newtonian gravity to the nonlinear regime.

ri = a(t)q; + b(t)pi(q;),

where b(t) « a*(t) denotes a linear growing mode.
@ We can take the coordinates in which

Di :
— = dlag(_a’, _B’ _7)’
qu
where we can assume oo > a 2> 8§ =y > —oo.
@ We assume that @, B and y are constant over the smoothing scale.

@ We normalise b so that (b/a)(t;) = 1 at horizon entry ¢ = ¢;.

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27 4/12



Anisotropi effct
Application of the hoop conjecture to the pancake collapse

Black hole
Pancake

( : C ) -

N
o

Violent relaxation Virialised

@ Hoop conjecture (Thorne 1972): The collapse results in a BH if and only if
C < 4nGM/c?, where C is the circumference of the pancake singularity.

@ Then, we obtain a BH criterion:

_ _ 2
ha@By) = ——— = 222 \/1 - (Q) <1,

dnGm/c? T o? -y

where E(e) is the complete elliptic integral of the second kind.
@ If h 2 17 : It does not immediately collapse to a BH.

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27 5/12

PBH formation in the matter-dominated era Spins of PBHs

Spin angular momentum within the region to collapse

@ Region V: to collapse in the future

@ Angular momentum within V with respect to the COM in the Eulerian
coordinates

1
L=p0a4(fxxud3x+fxé><ud3x——fx6d3xxfud3x),
1% 1% VJv %

where x :=r/a,u := aDx/Dt, § := (p — po)/po, and ¥ := ¥ — ¥,.
@ Linearly growing mode of perturbation

0, = g Sl,k(t)eik-x, Yy = g $l,k(t)eik'x, u = ; ﬁl,k(t)eik'x,

2
A n 24, k 2
— 2/3 - _= A -7 = 1/3
where 61,1( = Akt ) lpl,k = 3% Ak, Uik = 1Qy 2 3Akt .

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27 6/12



PBH formation in the matter-dominated era Spins of PBHs

1st-order effect

1
L=p0a4(fXXud3x+fx6xud3x——fx6d3xxfud3x)
1% 1% Vv v

@ If 9V is not a sphere, the 1st term

@ If we assume V is a triaxial ellipsoid with

contribution grows as < a - u « t.

'é’V

axes (Aq, A,, A3), we find

2
(L2 HMW/? ~ 2 qMR (612,

@® 5 ‘/E t
where ry := (A1A2A43)3, R := a(t)ry and 1
q:= Jﬂ’z is a nondimensional :
3(§ M,ﬁ) Figure: The 1st-order effect can
reduced quadrupole moment of V. (Cf. grow if 9V is not a sphere.
Catelan & Theuns 1996)
T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27  7/12

PBH formation in the matter-dominated era Spins of PBHs

2nd-order effect

1
L=p0a4(fx><ud3x+fx<5><ud3x——fxddsxxfud3x)
14 1% VJv 14

(i

(m
i

_______
..
~

-~

)

@ Even if 9V is a sphere, the remaining
contribution grows as 1st order x 1st order = ‘
oca-d-uc >3, E\kk\%\\\\\g\\\\\\\\&\\\§\%

where ¢ hereafter is the density perturbation A

averaged over V. R := a(t)ry. We assume -
7 = 0(1). (Cf. Peebles 1969) L

)

Figure: The 2nd-order effect can
grow due to the mode coupling.
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Spins of PBHs
The application of the Kerr bound to the PBH formation

@ Time evolution of V and angular momentum
e Horizonentry (¢t = ty): arg = cH™', 6y := 6(ty), oy = (62)1/2
e Maximum expansion (¢ = t,,): 6(¢t,) = 1, typically ¢, = tHO':/Z

@ a,:=L/(GM?/c)att =t,

2 /3 2
2 12 _ 2 [0 -1/2 42 \1/2 _ 2 -1/2 ~ 2 2
@ )" =2 \/;qO-H A W = 0P e = max (@] ), ()

e Fort > t,, the evolution of V decouples from the cosmological expansion and
hence a, is kept almost constant.

@ Consequences

e Supercritical angular momentum: typically (a?)!/*> > 1if oy < 0.1

@ Most of the PBHs have a, ~ 1. This contrasts with small spins (a, < 0.4) of
PBHs formed in the RD era. (Chiba & Yokoyama (2017))

e Suppression: The Kerr bound implies that a, is typically too large for direct
collapse to a BH.

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27 9/12

PBH formation in the matter-dominated era Spins of PBHs

Spin distribution

@ Spin distribution of PBHs formed in the MD era

1 — 1
0.1 ——
0.05 - - - - ]
0.8 | 0.01 -----o- A 0.8 |
~ 06| ~ 06}
= h
= 5
£ 04t £ 04
0.2 | = 0.2 -
0 0

01 02 03 04 05 06 07 08 09 1 0.1 02 03 04 05 06 0.7 08 09 1

(a) 1st-order effect (b) 2nd-order effect

Figure: The distribution function normalised by the peak value. We assume a
Gaussian distribution for the density perturbation. Each curve is labelled with the
value of og.

@ The region with smaller 6y has larger a,. This implies that there appears a
threshold éq, below which the angular momentum halts the collapse to a
black hole due to the Kerr bound.

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27 10/12



Spins of PBHs
Numerical calculation of PBH production rate

@ Triple integral for By (8(x) is a step function.)

00 2 ﬂ
Bo = f da f dp f dy0l6u(@, By y) — Sul6ll — h(a, B, y)w(@, B, 7),
0 —00 —00

where we use w(a, B, y) given by Doroshkevich (1970).
30*5 10 103 102 107! 1O
HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T TTTTIT]

(2nd order) (1st ordFr
LIl ‘ \\HHH‘ Ll \\\HH‘

30 ! L
107 10* 107% 10°% 10! 1
02

Ll 30y

H

Figure: The red lines are due to both angular momentum and anisotropy. The
1st-order effect depends on ¢. The black solid line is solely due to anisotropy.

@ We have also derived semianalytic formulae for 8.

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27
Summary

11/12

@ PBHs may form in the RD era as well as in the (early) MD era by primordial

cosmological fluctuations.

@ In the MD era, the effect of anisotropy gives By = 0.055560'2 , While the effect
of angular momentum gives further suppression for the smaller values of og.

@ PBHs formed in the MD era mostly have large spins (a. =~ 1) in contrast to

~

the small spins (a. < 0.4) of PBHs formed in the RD era.

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27

12/12



.
Anisotropic collapse in the ZA

@ The triaxial ellipsoid of a Lagrangian ball (assumption)

@ Evolution of the collapsing region:
e Horizonentry (¢t = t;): a(t;))qg = cH™'(t;) = rgy := 2Gm/c>.
e Maximum expansion (¢ = ty): Fi(ty) = 0 giving ry := ri(ty) = rg/(4a).
e Pancake singularity (¢ = ¢.): ri(¢;) = 0 giving a(t.)g = 4ry = r,/a.

fl‘ Physical scale

Hubble horizon Unperturbed
I poeemmmmmmmmm
1 I == ! Perturbed
)
h
.
)
)
L]
L]
\ t
f
o ti t tc
T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27 13/12

-
Application of the Kerr bound to the rotating collapse

@ Technical assumption

2 MR? 2 _MR?
|Lpl = q S, Lo = —T ——(8*)'26.
5 «/E t 15 t

@ The above assumption implies

2

3 ap 2 -3/2
A1) = g \/;qéH/ y Ay2) = EIO'H‘SH/ y Ax = Max(a.ay, Ax2))-

@ The Kerr bound a, <1 gives a threshold 6y, for 6y, where

3.22
53

2/3
Ot = Max(dtna), Otn2))s Otha) := 7, Ome) = (gf o H) .

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27 14/12



Discussion of PBH production

@ Semianalytic estimate (black dashed line and blue dashed line)

Bo

4/3
2x 1076 fa(go) T 60-1{1 exp I—O.ISITB‘ (2nd-order effect)
g

3x107*— exp |-0.0046 — (1st-order effect)
Ty o
0.0555602 (anisotropic effect)

where f,(q.): the ratio of regions with ¢ < g, = 0(0-2{3).
@ o interms of Py:

5\2
o7, = (g) P (kpm).

T. Harada (Rikkyo U) Spins of PBHs in the MD era JGRG27
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lron Ka line of Kerr BHs
with Proca hair

Presented by: Menglei Zhou
Co-workers: C. Bambi, C. Herdeiro & E. Radu

Fudan University
Shanghai, China

0.1. A brief introduction of
Iron Line Method

N7

Hot Corona Component

*

ﬂ B S Disk
ack Hole



0.2. A brief introduction of
Iron Line Method

* 11

0.8}

0.6f @

Photon Flux

0.4 f

0.2} W

Outline

* Brief Introduction of Kerr BHs with Proca hair
(KBHsPH)

* The computation of X-ray reflection spectrum
* Simulations with XIS/Suzaku and LAD/eXTP

* Conclusions



1. Introduction of Kerr BHs with Proca hair
* Kerr solution is a vacuum solution.

* We want a solution in the presence of matter.

* KBHsPH have a matter field synchronously rotating,

matching the angular velocity of the horizon. These
series of solution will not violate the energy condition
and provide us the stationary BHs’ description.

1. Introduction of Kerr BHs with Proca hair
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2. The computation of
X-ray reflection spectru

0j+1

Mostly used approximation: =

g,uv(r' 0) =~ guv(ri' 9]') +

guv(ri+1' Hj) - guv(ri' 9]) (r—r)+ gﬂv(ri' 9]""1) — gl“’(ri’ gj) (9 _ 9]-)
Tiv1 — 1 Oj+1—0;
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2.1. Intensity Profiles
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2.2.lron Line Profiles of KBHsPH
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3. Simulation

* Data: powerlaw + iron line

Normalized Photon Flux

* Model: powerlaw + RELLINE

*
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3.1. Simulations with XIS/Suzaku

Energy (keV)

EW* gw_
18 F 0
08 ! !
Configuration Profile xfn-m.md (L q1 g2 Tbr Pout
11 PL 1.06 0.91(1) 45(1) 7(1) 2.4(4) 4.3(5) 156(66)
v PL 1.04 > 099 57(2) 8.4(4)
Vv PL 1.09 0.974(2) 21(1) 9.6(2)
I11 LP 1.04 0.96(15) 45.5(5) 2.1
1AY LP 0.98 0.96(1) 46.7(8) 3.7(1)
V LP 1.04 > 099 46(1) 3.7(3)




3.2. Simulations with LAD/eXTP

data and folded model

data and folded model
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i Energy (keV) ® Energy (keV) ®
Configuration Profile X onin red . i TN q2 Tbr Tout

11 PL 115 0.931(2) 44.83(6) 3.98(9) 3.28(5) 4.2(3) 104(23)
v PL 31 >0.00 50.1(3) 7.82(6) 4 ~3.24(7)
v PL 257 >0.09 31.5(2) 10 3.98(3) 3.02(2) 20.7(6)
111 LP 343 0.923(4) 45.30(4) 10 2.12(2) 2.7(1) 58.4(9)
v LP 301 0.895(2) 45.59(9) 3.78(2) 3.7(4) - -
v LP £02  0.080(4) 45.67(8) 8  3.67(3) - 27(4)




4. Conclusions

* We presented the iron Ka line profiles for the
configurations of lll, IV ,V of KBHsPH;

* We cannot distinguish KBHsPH from Kerr BHs by
current X-ray mission (XIS/Suzaku);

 Future X-ray mission (LAD/eXTP) can detect the
presence of Proca hair.
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* About iron line method (%):
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* About X-Ray Missions:
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* About model RELLINE:

http://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/

15

16



Thanks!



3a3. Atsushi Nishizawa (Nagoya U.),

“Cross-correlating GW and galaxies to identify the
host galaxies of binary black holes” (10+45)

[JGRG27 (2017) 112816]

215



Cross-correlating GW and
galaxies to identify the host
galaxies of binary black holes

Atsushi Nishizawa (KMI, Nagoya U)
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Sachiko Kuroyanagi (IAR, Nagoya U)
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@ Kurara Hall, Saijo, Higashi-Hiroshima

Gravitational Waves

GWs from 5 BBH and 1 BNS have been detected.

1 O‘ LIGO Hanford Data (shifted)

o \
o.si
0.0 [

g s LA AR LIGO Scientific
S s me—— ' Collaboration 2016 - 2017

0.30 0.35 0.40 0.45
Time (sec)

BBH merger rate (from the first three events)
12 — 213 Gpe Pyr !

aLIGO & aVIRGO are expected to detect more events
~ 100 — 1000 yr~! outto z ~ 1
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isolated field binaries

Astrophysical origin of BBH

e dense stellar cluster
(globular cluster,

(pop Il, pop lll, homogeneous
chemical evolution etc.)

96.2M,,

92.2M,

Zero-age main sequence
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MS
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star 34.2Mg

Belczynski
et al. 2016

galactic nuclei etc.)

BH Formation

Dynamics

Ejection

Rodriguez
et al. 2016

Scattering Ejection
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Discriminating the formation channels

e BBH location and its galaxy association
clustering properties of BBH & galaxies

e distance (redshift) distribution of BBH

shape of distribution, maximum redshift
Nakamura et al. 2016

e binary parameter distribution

mass, spin, orbital eccentricity

Chatterjee et al. 2016; Rodriguez et al. 2016;
Breivik et al. 2016, AN et al. 2016

Namikawa, AN, Taruya, 2016a, 2016b; Raccanelli et al. 2016



Discriminating the formation channels

e distance (redshift) distribution of BBH

shape of distribution, maximum redshift
Nakamura et al. 2016

e binary parameter distribution
mass, spin, orbital eccentricity

Chatterjee et al. 2016; Rodriguez et al. 2016;
Breivik et al. 2016, AN et al. 2016

e BBH location and its galaxy association
clustering properties of BBH & galaxies
Namikawa, AN, Taruya, 2016a, 2016b; Raccanelli et al. 2016

galaxy properties (color, SFR, age, morphology, etc.)

Naive expectation

the case of isolated field binaries

at the time of BBH formation

young, star-forming, less massive,
~several Gyr less clustered, blue

galaxy evolution
at the time of BBH merger

old, less star-forming, massive,
more clustered, red

GW sources seem to be associated with red galaxies.



70

60

50

40

30

20

cross-correlating sky maps

No need to identify an electromagnetic counterpart for each BBH
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GW151226
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. GW150914
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LIGO/Caltech/MIT/Leo Singer

galaxy survey
(2MASS redshift survey)

GW events

e How strongly are GW events correlated with galaxies?

e What properties of galaxies are associated with BBH?

galaxy catalog
SDSS DR7 photo-z sample

e Each galaxy is classified based on the best-fit SED into
subgroups of galaxy colors (red/blue).

e They are classified further by other galaxy properties
such as star formation rate, AGN activity, etc.




GW source mock catalog

e Salpiter-type mass function ( o< m_2'35 ) with
SMy <myp,mg <100Mz and M < 100 Mg

e constant merger rate

e sky position: associated with a real galaxy,
weighted by its luminosity in red or blue

e orbital inclination: uniformly random
e phenomenological IMR GW waveform  [Khan et al. 2016 ]

e detector network: aLIGOx2 + aVIRGO

e ~15000 nonspinning binaries with S/N > 8 out to z=0.3
for each galaxy population (red/blue/random)

e Observational errors (distance, angular resolution, etc.) are
estimated with a Fisher information matrix

angular cross-correlation
w**(0) = (daw (00)dgar (6o + O))
x ;/qb Zexp [—%((b —0;)Cov; ' (¢ — 6;) | d%

—0;|=6

/ GW source density field

summed over
all galaxies

assumption:

GW error region
has 30 Gaussian
profile.




effects of errors on
the correlation function

Assume that GW sources are associated with red galaxies.
Use 1000 GW sources observed by 3 GW detectors.

¢ .err.
suppressed o pos. err
by positional well-measured
error of GW /] l
: ﬂ sample
D ¢ 1 1144 variance
= 87894 > Var
o2 ] t | h | |Tf*?M bl '] limited
] | ” | W T
” 1
1073 E ’
10-2 10! 10° 10t 102
Oldeg.]
small scale < > large scale

A x?

Number of GW events
to distinguish galaxy colors

significance of detecting the clustering

Xoull = Z (ww;)i_ 0)2
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1 S
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///

102

103 104
number of GW detected

To reject the null
hypothesis of the
clustering, we need

a few 100 sources
for red galaxies

1000 sources
for blue galaxies

€= no clustering of GW



Summary

GWs from BBHs have been detected and are expected much
more in the future observation.

However, the origin of BBH is not yet understood well.

By cross-correlating BBH and galaxies, we can obtain info
about how strongly BBH trace the matter distribution.

Given BBHs are associated with some particular types of
galaxies, GWs and galaxies may be correlated differently.

With GW mock data and SDSS galaxy catalog, we estimated
that red/blue galaxy associations can be detected with
a few 100/1000 BBHs.
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Constraining bimetric gravity
by GW events from CBCs

Tatsuya Narikawa

| graduated
from

Hiroshima U.

H. Tagoshi, T. Tanaka, T. Nakamura,

J. Veitch, W. Del Pozzo, A. Vecchio

3a4 JGRG27@Hiroshima, 2017/11/27-12/1

1

GW events have put a constraint on the deviation from GR.

Recently, the cosmological viable models of bimetric gravity
as an alternative to dark energy, motivated by discovery of
the cosmic acceleration, have been proposed.

In bimetric gravity, two kinds of graviton can oscillate like
neutrino oscillations during propagation of gravitational
waves. <-- called "graviton oscillations”

It is difficult to cover graviton oscillations by simple
parameterization, such as parameterized post Einsteinian
(ppE) or gIMR frameworks.

We constrain the bimetric gravity by GW events.




"Detected" GW waveforms
— T ——— SNR Detectors

23.7 HL
9.7 HL

3 HL

GW170104 T
13 HL

GW170814
18 HLV

1 sec. 2 sec.
time observable by LIGO-Virgo Brady's talk.

3

Parametrized tests of General Relativity with LIGO events

The detection of GWs opened new window of testing gravity in the
strong field, dynamical regime.
Post-Newtonian constraints for 8¢ show no evidence for

violations of GR.
simple

GW150914 - -

! GW151226 O'I parameterization of
GW151226+GW150914 . .

® ' deviations from GR

0p; =0 <= GR

Perturb the GW
phase around GR

(PpPE, gIMR)

OPN 0.5PN 1PN 1.5PN 2PN 2.5PN 3PN 3.5PN RabSSHOZANOARSHVLoNNs)!
PN order Blas and Brady's talk.




Gravitational wave waveform in bimetric gravity

h(f) = A(f)eicb(f) |:Bl€i5q)1(f) _|_Bzei5c1>2(f)}

hor

e.g., effective precession Summation of two modes
(IMRPhenomPv2) describes graviton oscillations

It is difficult to cover graviton oscillations' waveform by
simple parameterization, such as ppE or gIMR.

De Felice, Nakamura, Tanaka (DFNT), PTEP 2014.
TN et al., PRD 91, 062007 (2015).

5

Key features & parameters of graviton oscillations

h(f) = A(f)ei®D) |:Bl€’i(5q)l(f) +326z'5c1>2(f)}

[Prase corrections: [T NERIEGI0S)

Dr+ec—1 1 — k&2
5@1,2:—'u LVCE (1—|—xIF\/1—I—:132—|—2x KgC)

2/ 2x

Amplitude corrections: AN SS) pgal)j
BIEClEEERIBUbINle] B, — cosd,(cosd, + v/kE.sinb,)

By =sinf,(sinf, — vk, cosb,)

1+ k&2

Key parameters
- effective graviton mass: u
- modification to gravitational constants: k&2

6




Bimetric gravity's GW waveforms

i | T T T | ]
Key features I ]
- Phase corrections T (14M,,,. 1.4M,,.) ]
> L i
- Amplitude corrections &+ [ “tpe ]
o 2 u=10"%[em2], k2=10Q
(@) - ]
?ﬁ L (a) GR — i
) i (b) pu=10%%, i
Key par:_:lmeters_ ! ﬂ (0) pu=10%, —- ]
- effective graviton S 'AM" (d) p,=10%%p, — == |
—r ! .
mass: U = A|:|||||||f|1 N
‘ i ]
- modification to > I a ,nﬂ,l"lll"""”" “ ;
L ~ | R i
gravitational o F .ﬂ,"|| | |||||,|||‘ a ":,'",'". N i
] 5 - l h | ﬁm fﬂ!dl|hl:| . i
constants: ké&c i i t b i
B ~d SRIRN \\‘l’ ‘\\ No _ _ ]
O _I Al | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |_
50 100 150 200 250

- - frequenc Hz

foeak & P2Pgar V2(1+KE2) 12 q y [Hz]

7

Prediction: detectability of graviton oscillations

We have predicted " “Advanced GW interferometer can detect
graviton oscillations by using CBC observations." before
detections by LIGO-VIRGO.

modification
1o -
gravitational
constant

&
<

:_(1_4, 1.4)

[ 200Mpc

TN et al, PRD 9], g Pga=10"2[g/cm?]
062007 (2015). S B R

O 1
-35 -34 -33 -32 -31
effective graviton mass log(p?) [em?]




Bayesian parameter estimation of GWs

Why Bayesian statistics and stochastic sampling
- A lot of parameters

- Parameter estimation (PE)

- Model selection L(d|6) x exp _2/
; 0
Bayes' theorem

s )
Prior —

y (0| H)p({d} |0, 1) '
p(O|{d}, H) = T _PU{dVH)

‘Evidence for the model H LA IzN Rl AR

H: hypothesis (signal embedded in data), {d}: data set, 6: parameters

_Postetion SN

We calculate posterior and evidence with Markov chain Monte Carlo method,
Nested sampling, or MultiNest/BAMBI
(LSC Algorithm Library (LAL), LALInference)

9

Bayesian model selection
Which model better describes the data?
The Bayes factor can be used for model selection.
ZMG
Bue,gr = .
GR
The Bayes factor is the ratio of evidences of hypotheses.

A larger Bayes factor indicates a stronger preference for the
model. Or a smaller BF indicates a stronger disfavor for model.

“‘confidence” levels of Bxy

2logByy Evidence for model X

<0 Negative (supports model Y)

Oto?2 Not worth more than a bare mention
2to5

51010
>10

Positive
Strong_
Very Strong




"Dte, eet-GWW-waveform ,
=g TOday's focu
Ml Loudest I '

GW1707
- 13

1 sec.
time observable by LIGO-Virgo

11

Constraints on Bimetric gravity

@SNR Detectors
' 3.7 HL

/ / | 9.7

HL

HL

HL

log Bayes-factor between Bimetric gravity and GR for GW150914

|Og BFBimetric, GR

Loudes1£:3 | \ | -_

modification -

to I
gravitational 6 i -

constant 5

log KE? 4
3
2

1

plot by using -34 -33 -32 -31 -30 -29
actual values log Y2 (cm™?) effective grav
12

0
}interest

-120
-150
-180
-210

-240
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> GW150914 prefers GR to the bimetric gravity whole
lo parameter region.

Loudest
8

|0g BFBimetric, GR

modification 7
to
gravitational
constant 5

log KE? 4
3

2

1

zoom-in by | | |
-34  -33 -32 -31 -30 -29

regarding 10 X , _ _
log p* (cm™) effective graviton mass
or more as 10. 13

> 3 GW events prefer GR to the bimetric gravity whole

" parameter region.

4

¥ Loudest 3 detectors
il .
.

6

5

4

3

2

:1

-33 -32 29 234 -33 : 2 -28

GW150914 log k2 (cm?) G\~ /170814
zoom-in by regarding 10 or more as 10.

Stronger constraints on amplitude corrections as louder.

Stronger constraints on phase corrections as longer
duration signals with higher SNR.

14



Summary and Conclusion

> GW events have put a constraint on the deviation from GR.

> |t is difficult to cover graviton oscillations by simple
parameterizations, such as ppE or gIMR frameworks.

> We have predicted " “Advanced GW interferometer can
detect graviton oscillations by using CBC observations."
before detections by LIGO-VIRGO in 2015.

> \We constrained the bimetric gravity by GW events.

> 3 GW events prefer GR to the bimetric gravity whole
parameter region.

> Future loud GW events must be completely ruled out the
graviton oscillations. ==> feedback to cosmology

15
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A simple strong deflection limit analysis in a general
asymptotically flat, static, spherically symmetric
spacetime

Naoki Tsukamoto
Huazhong University of Science and Technology

27th November - 1st December 2017, JGRG27 © Saijyo,
Higashi-hiroshima

N. T., Phys. Rev. D 95, 064035 (2017).
N. T. and Yungui Gong, Phys. Rev. D 95, 064034 (2017).

Photon sphere.

Circular orbit of a light called photon sphere in a Schwarzschild space-
time was pointed out by Hilbert in 1917.
Strong deflection limit (SDL) is a

limit that a light passes infinity
near the photons sphere.

Exact

1
1.0

1 1 1 1 1 i
—-2.0 —1.5 —1.0 —0.5 1] 0.5 1.5 2.0

(b) D=D.=3y3.M, M=ﬁ

Chandrasekhar 1983

2n

3n/2

()

n/2

WDL
SDL

2

Bozza 2010

T

Deflection angle o of a light with a impact parameter b is given by

a(b) = — log (: - 1) F109[216(7 — 4v/3)] — 7 4+ O((b — be) 10g (b — be)).

C



Deflection angle in SDL was obtained by Charles G. Darwin.

The gravity field of a particle He was a grandson of C. R. Darwin.

By Sir CHARLES Darwixn, F.R.S.

(Received 13 August 1958)

Einstein’s equations for the orbits round an attracting point mass, here called the sun, are
examined S0 as to sce whether there are orbits which end in the sun, as there are in the
c case of electrical attraction when relativity is allowed for.

Wnth the measure of the radius as usually taken, it is shown that no hyperbolic orbit can
have penhclmn inside 7 = 3m, and an elliptic orbit cannot have perihelion inside r = 4m.
Particles going inside these distances will be captured.

Circular orbits are possible for any greater radius. If 3m <r<4m the orbit is unstable;
with one disturbance it falls into the sun, with the opposite it escapes in a spiral to infinity.
I 4m < r < 6im, it is also unstable, either falling into the sun, or moving out to some aphelion
at a greater radius before returning to its circle. Only if #> 6m is the orbit stable.

A gtudy is made of the travel of light rays. No light ray from infinity can escape capture
unless its initial asymptotic distance is greater than 3,3 m.

A field of stars surrounds the sun, and is viewed in a telescope pointed at the sun from
a distance. If the field as seen is mapped as though in a plane through the sun, each star, in
addition to its direct image, will show a series of faint ‘ghosts’ on both sides of the sun. The
ghosts all lie just outside the distance 3,/3 m.

A fow technical details are given about the orbits of the captured particles.

Proc.R.Soc.,A249,180 (1959) was
submitted when he was 70.
Images near a photon sphere were also considered by Hagihara (1931), Luminet (1979),
Ohanian (1987), Nemiroff (1993), Frittelli (2000), Virbhadra and Ellis (2000),
Bozza et al. (2001), Bozza (2002), Eiroa et al. (2002), Bozza and Mancini
(2004),,,,.

Gravitational Lensing by a photon sphere.

1. Obtain a deflection angle o in SDL

a(b) = —alog (bﬁ - 1) + 54 O — bo).

C
2. Insert « into a lens equation

~v=a(b) —0—0.
3. Obtain the solutions as
b b—
0= (1 —+ exp 7)
DOL a
4. Get the separations and magnifica-
tions of images.

T

1 2

Bozza and Mancini (2004)



Deflection angle in SDL. Bozza (2002)
ds® = —A(r)dt® + B(r)dr? 4+ C(r)dQ?.

a(rg) = I(rg) —m, 7o is the closest distance.

I(rg) =2 /TZO \l (AOCBl)Cdr = Ip(ro) + Ir(r0),

AC, —
1 1 4 V V
Ip(ro) 52/ dz = log ( fot BO+KO> :
o Vit v Vs
A(r) — Ag 1—-Ag, v /
_ Alr)— 4o = = 2000k Ag — CoA
P Ay Bo CoA’o(OO 040);
(1 — A )2 / " / "
KO = fge, [200061402 + (CoCy — 2C¢") Ag A — CoCpApA 0} ’
202 AL

where 85 — 0 in SDL and X denotes X(rg).
If we can integrate Ir, we get « in SDL analytically.

Motivation of modification of SDL analysis

1. Bozza's method has been applied for dozens spacetimes. How-
ever, b can be obtained analytically only in the Schwarzschild
spacetime.

b _
a@):—ﬁbga)—1>+b+{X®—bemb—%D.

C
a=1, b=109[216(7 — 4/3)] —=. Darwin (1959), Bozza (2002)
—5v/3/162(b — b.) log(b — b.). Iyer and Petters (2007).
2. The order of the error term O(b — b.) contradicts with Iyer and
Petters’ result in the Schwarzschild spacetime.

3. Bozza’'s formalism does not work in ultrastatic spacetimes with a
time translational Killing vector which has a constant norm such
as an Ellis wormhole spacetime.



The variable z makes integral Iy difficult.

e Bozza defined z as
A(r) — Ap
1-Ap

= 1-— o for the Schwarzschild spacetime
'S

ré(2Mr — Q?)
7‘2(2M7‘0 — QQ)
= indeterminated for the Ellis wormhole spacetime.

z =

=1 for the Reissner — Nordstrom spacetime

o ds? = —dt + dr? 4+ (r2 4 a2)dQ?2 for the Ellis spacetime.

o If 2 is defined as z =1 —rg/r, we can calculate I,
a, and b analogically in the three cases.

Deflection angle in the strong deflection limit b — b,
or rg(closest distance) — rp,(radius of the photon sphere)

ds® = —A(r)dt? + B(r)dr? 4 C(r)d22,

a(b) = —alog <: - 1> + b4 O((b—be) log(b — be))

C

B 2BmAm
Vol Am — Cn AL

el

+ IR(Tm) -,

I obtained @ and b of RN BH.



Comparing our result with Bozza (2002).

rm 3M 4+ /9M? — 8Q2
Tm — .

V3Mry, — 4Q2 2
23 (3Mry, — 4Q2)3 <2\/Mrm ~ Q% \/3Mrm - 4Q2>

2l
Il

b = 2alo -,
@ g MT‘m(M'I"m — QQ) T
0.1 02 o 03 0.4 o5 3
0.5 x
Bozza (2002). ¢ = Q/(2M)
Q/M 0 0.2 0.4 0.6 0.8
b —0.4002 —-0.39935 -—-0.3972 -—-0.3965 —-0.4136

bBosza —0.4002 —0.3993 —0.3972 —0.3965 —0.4136

Comparing our result with Eiroa et al. (2002)
Eiroa et al. numerically obtained the deflection angle in SDL rg — rm.

. Q(To - Tm) _
Q/M 0 0.1 0.25 0.5 0.75 1

F 2.00000 2.00224 2.01444 2.06586 2.19737 2.82843

Friron 2.00000 2.00224 2.01444 2.06586 2.19737 2.82843

g 0.207336 0.207977 0.211467 0.225996 0.262083 0.426777

OFEiroa 0.207338 0.207979 0.21147 0.225997 0.262085 0.426782

We analytically derive F and G as

F =2a

g=M [ 2 (bt
=\ M — 2 2a )

We have confirmed our results.

10



Ellis wormhole (often called the Morris-Thorne wormhole).

ds? = —dt? + dr? + [(r — p)2 + a?]d22.
We cannot define the variable z suggested in Bozza (2002) as
ZBozza = (gut(1) — g1t(10)) /(1 — gue(r0))-
The same problem occurs any ultrastatic spacetime.

We can calculate deflection angle in SDL directly

a = 2K<a>—7r,
b

— _log (; _ 1) 431092 — 7 4+ O((b — be) 10g(b — be)). (1)

C

where K (k) is the complete elliptic integral of the first kind.

By using z =1 — rg/r, we obtain the same « as Eq. (1).

11

Conclusion

Observables of gravitational lensing reflected by a photon sphere
is characterizes by a and b in SDL.

We have investigated a simpler SDL calculation than Bozza (2002)
and obtained @ and b analytically in some spacetimes.

It can be apply ultrastatic spacetime like an Ellis wormhole space-
time.

Our analytical result confirms a numerical method in Eiroa et al.
(2002).

The choice of the variable z is as important as the choice of the
coordinates.

If you choose a proper variable z by yourself for a given
spacetime, you may obtain a and b analytically.

12
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PBH abundance from the random
Gaussian curvature perturbation and
a local density threshold

Yoo, Chulmoon(Nagoya U.)

with Tomohiro Harada
Jaume Garriga
Kazunori Kohri

Primordial BHs

©Remnant of primordial non-linear inhomogeneity

OTrace the inhomogeneity in the early universe
O©OMay provide a fraction of dark matter and BH binaries

OSeveral aspects

-Inflationary models which provide a large number of PBHs

-Threshold of PBH formation

-Observational constraints on PBH abundance

-Spin distribution of PBHs

JGRG27@Hiroshima Chulmoon Yoo




Estimation of Abundance

©Simplest conventional estimation
- Assumption 1:threshold is given by the amplitude of {
- Assumption 2:Gaussian distribution of { at each peak of {

- Production probability £,

1/2 .o 2
BO = 2(211'0’2) f|(th| exp [_ 2(7] dl(l = erfc (%)

©Questions
- Is giving the appropriate?
- Is Gaussian distribution of { at each peak of { valid?

JGRG27@Hiroshima Chulmoon Yoo

Threshold of Formation

©ODensity perturbation § VS Curvature perturbation {

OStatistics of { is often well known

©Ambiguity from super-horizon modes

=over estimate by many orders of magnitude

OThreshold for / seems better

JGRG27@Hiroshima Chulmoon Yoo




Newtonian Analogy
©7{ ~ ¢:Newton potential, 5§ ~ p: density

©Case 1: homogeneous sphere with radius a, mass M

(,b(r):—ﬂ forr>a
r 3GM
T r~ forr<a A
a a

OCase 2: sphere + shell with radius 2a, mass m

M,?2 o) =21 for r > 2a \

2GM

=>¢0)=——

different

__26M _ GM _,
¢(r)=-=—+ 31" forr<a

©The potential(¢ ~ ()

JGRG27@Hiroshima Chulmoon Yoo

6y, and Statistics of (

©Threshold should be set by §

OStatistical properties are well known for ¢
OWhat we have to do
- Statistics of { = probability of 6 = PBH formation prob.
- and w/ linear approx. as a first step

ORelation between { and 5§ w/ long-wavelength approx.

40+ w) 1

3w s 22 ¢ hed/

comoving slicing, p = wp

JGRG27@Hiroshima Chulmoon Yoo




Relation at an Extremum

OSpatial metric
di? = a’e %y ;dx'dx
OTaylor expansion of ¢
{=Go+{1xi+ %(;jxixj + 0(x%)
©Density perturbation at an extremum({} = 0)

i 2(1+w) 1 2
6ext T 3w+5 a2H?2 e (0(2 Whel'e (2 = (%1 + (%2 + (%3

©Linear relation

2(1+w) 1
Oext = 3w+5 a?H? $2

JGRG27@Hiroshima Chulmoon Yoo

Horizon Entry

©Scale of the perturbation:

g 1 _fAA
¢ =30 +8ixi + 58 xix; + 0(x°)
- cf. single Fourier mode {,cos(k.x) =~ {, — %kfxz

- cf. Gaussian (Oexp(—%kfxz) ~{o— %k%xz

©Horizon entry condition
k. = qaH with q = 0(1): uncertainty of horizon entry

ODensity perturbation at horizon entry

5. = 2w 1

_21+wpu
ext = 345 a2H2

= u=50 with pi=—g

©Condition for PBH formation: 6y < 8y, > Uy, = —z?z‘f:j) qO

JGRG27@Hiroshima Chulmoon Yoo




Gaussian Dist. of (

©Probability distribution of linear combinations of {(x')

PV = (2m) /2| detM | 2exp [~ v, (1) )| v

correlation matrix: M, = | %% SAGIAGE
v, (ﬁ) = [ d3xV,(X)eik*
©Non-zero correlations in pairs of {,, {}, (;j
o5 = [ P) =< {ogo >
o2 = [ZK?P(K) = —3 < {o0f >=3 < qig} >

03 = [ K*P(k) =5 < (gl > =15 < {ig) > with i # j

JGRG27@Hiroshima Chulmoon Yoo

Variable Transformations

PV = (2m) /2| detM |V 2exp [~ 2V, (1) )| v

©AIl 10 variables:V, = (3o,¢1,¢%,¢3, 43", ¢5%, ¢3°, ¢3%,¢3°. &3

©Changing variables and integrating w.r.t. some of them
=7variables

©lIlmposing the horizon entry condition
=conditional pdf for 6 variables

SN\ = 5/247/2
P (&) dgdij = S 16112(83 - 3)
exp -3 (& + 1583 + 58} + 3[7jl?) | ddzj

ONote: 1; ~ {,(1st derivative), ¢; ~ {,(2nd derivative)

JGRG27@Hiroshima Chulmoon Yoo




Peak Number Density

©Number density distribution of extrema in (%, §)

Next (ic’ ?) AXAZ :=number of extrema in AXAZ

= eyt (%) dXdE = 3, 5(%-%,) dxdg
where x,: extremum position

§,ithe value of { at the extremum

OExtremum {\ =0=>9,=0>
with 4,2,5 = - ((§1 + §5)2 — 983) 61 — 283)03
cf.?(ipfz;fs,m;ﬂz;ﬂs)d?dﬁ
OAveraged peak number density n,;(¢)
Mok (8) 4% =< nex@(43) > dZ
= o7 || d&,dii (P (.3,) 122231668 (£ - ,) 0(4) )|

JGRG27@Hiroshima Chulmoon Yoo

PBH Number Density

O©Peak number density(3 variables)

Npk (?) d? =< Nyt O(43) > d?

=07 [f d?pdﬁ( (71.%,) 11122 4518G)6 (§ - €, @(,13))] dg
55/231/2 o, .
= 2(2n)? < > 1£1182(85 — &5)[(61 + £3)% — 985] (81 — 2&3)

exp |5 (82 + 153 + 5¢3)| (81 — 38, + &;)dE
O©PBH number density

Nen = J npi (?) O(&; — Kppw)dE

gz 1
= 3@ (01> f i (uw)uexp [— Euz] du

fw) = Lu(u? 3)[erf< )+erf<f >}+j57[(8+31u)exp(_guz)+(_g+;uz)exp(_;uz)1

JGRG27@Hiroshima Chulmoon Yoo




PBH Fraction

O©PBH number density
332 (g, 3w 1 5
Nt = 3577 (2) S @00 [~ 0]
33/2
~ 2(2m)3/2

OPBH fraction

3
(—) K3 exp(— % k2u’) for large k = kZ/

NpuM 4
Bo = =23 = Npy; ma(aH)™

pa3
with a = 0(1):uncertainty of Mgy

JGRG27@Hiroshima Chulmoon Yoo

Moments

OFIlat spectrum
P(k) = 6% = const.

©Window functions

P(k) - P(k)(W(k/k.))" with Wco(kR) = ©(1 — kR)
W¢(kR) = exp (— : kZRZ)
©OMoments

oo 2 2
a1 = J, dkk(W(kR)) 6% = —

., 2
o} = ;" dkk*(W(kR)) 0% = 2

OR = 1/k,

JGRG27@Hiroshima Chulmoon Yoo




PBH Fraction

©PBH fraction

Bo = %aq3 ‘3f f(u)uexp (——u) du

- (2) e - o
3w+5

where py, = qlin = 955 O

2

k?
k—a—z—s/a

©Threshold value

6th _ 3(1+w) sin (Tl’\/—

5+3w 1+3

) 0.4135 forw =1/3

= fiy, = 0.9305

JGRG27@Hiroshima

~conv

— Bo

Chulmoon Yoo

— o, e=/ 2 (Gaussian)

— PBo, =2

0.5

1

P;(k) = o* = const.

JGRG27@Hiroshima

Chulmoon Yoo




Discussion

©Caveat: linear approximation cannot be justified

©Ambiguity-1: Horizon entry()

© Ambiguity-2: Window function(:)

1 5,5
Bo ~ exp 5528 1 Hin

OPossible(?) extension: Non-Gaussian

JGRG27@Hiroshima Chulmoon Yoo

Significance of the Factor

OHow one may get an “optimistically” large abundance

O©Optimistic order of estimate 1:05 ~ 0 = /P({) = U, = 6

©Optimistic order of estimate 2:5,, = 1/3

JGRG27@Hiroshima Chulmoon Yoo




Discussion

©Caveat: linear approximation cannot be justified
©Ambiguity-1: Horizon entry(q)

©Ambiguity-2: Window function(s)

OPossible(?) extension: Non-Gaussian

JGRG27@Hiroshima Chulmoon Yoo

Thank you
for your attention!

JGRG27@Hiroshima Chulmoon Yoo
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O(10) solar mass PBHs
and string axion DM

Institute for Cosmic Ray Resy éi
University of Tokyo A

Keisuke In&lata Y -
Collaborated with™

"

M.Kawasaki, K-Mulafdla, Y.Tada, T.T.Yanagida

7
7 7
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Contents
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* DM candidates in the presence of PBHs

* O(10) solar mass PBHs and string axion DM
* Summary
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BHs detected by LIGO

Solar Masses

LIGO/VIRGO

In usual metallicity (Z~Zg), stellar BHs may not be as heavy as 30Mg because of
the mass loss by the'stelar-wind. (Belczynski et al. 2010, Spera et al. 2015)

PBH is one of the candidates of 30Mg BHs.

Keisuke Inomata O(10) solar mass PBHs and string axion DM

BHs detected by LIGO

Solar Masses

LIGO/VIRGO

In usual metallicity (Z~Z), stellar BHs'may not be as heavy as 30Mg, because of
the mass loss by the'stellar-wind. (Belczynski et al. 2010, Spera et al. 2015)

PBH is one of the candidates of 30Mg BHs.

O(10) solar mass PBHs and string axion DM

Keisuke Inomata




What is PBH

Primordial Black Hole(PBH)

Black hole formed by gravitational collapse in very
early universe ‘

Perturbations of energy density cf. Black hole formed
through supernova

_p—p

5, ~ Threshpld of PBH (Carr 1975) - =
formation cf. 6= OO0 ) (k< 1Mpc )

EI

Density Perturbations self-gravitational collapse
mfhtlon origin)

Keisuke Inomata O(10) solar mass PBHs and string axion DM

The timing of PBH formation

PBHs form when over-dense regions enter the horizon.
(MpeH = YMulk=an)

PBH mass
Size of Horizon(1/aH) = Horizon mass at that time

[ Image in comoving ]

Density Perturbation Atdhlis momesl

1
|
|
/ | i
—_— I —
|
|

At first, the size of perturbation Then, the size of perturbations PBH forms |

is larger than Horizon become equal to Horizon. s
> Time

T —2
The size of perturbation corresponds ~ Mrau(k) = Mg (176Me\/>
to PBH mass one by one.

k -2
(y=0.2 Carr 1975) = <3,1 X 105Mpc_1>

Keisuke Inomata O(10) solar mass PBHs and string axion DM

k=aH




Contents

PBHs for LIGO events
DM candidates in the presence of PBHs
O(10) solar mass PBHs and string axion DM

Summary

O(10) solar mass PBHs and string axion DM

EROS/MACHO/OGLE

(Subaru Hyper Supreme Cam)

There are a constraints on the
abundance of 30M, BHs.

30Mg BHs are not likely to be DM.

Aside from 30Mg BHs,
we must consider other DM candidate.

Keisuke Inomata O(10) solar mass PBHs and string axion DM




Is WIMP DM ¢

Bringmann, Scott, Akrami, Phys.Rev. D85 (2012) 125027

1072
1073 reticqiecopling ] PBH
o Allowed region
10— | With the assumption that Allowed regions
C DM iS WIMP = Ultracompact minihalos (gamma rays, Fermi-LAT)

10

Ultracompact minihalos (reionisation, WMAP5 7.)

1077
10-8 Ultra Compact
L CMB & LSS Mini Halo

107 (UCMH)
10710

\“_,.'.’. \0,,.".’, \“_,.\ 1 \0 \\\'L \“‘5 \“x \\\:'\ \“\\ \“1 \“7« \0\\ \ 0

== Primordial black holes

— CMB, Lyman-«, LSS and other cosmological probes

10 15

10" 107 10 10" 10
large scale k (Mpe™!) small scale

> v'\(\\“’ \B\T _\B\S '\0\“

If DM is WIMP, the perturbations corresponding to 30Mg PBHSs
are severely constrained by UCMH. ‘ NO 30Mg PBHs

Keisuke Inomata O(10) solar mass PBHs and string axion DM

30Mg PBHs and DM

What DM is consistent with 30Mg PBHSs?

30Mgy PBHs 3¢

WIMP ) 4

10'13[\/\@ PBHs @ (nomata et al. arXiv:1711.06129)
aXiOl’] o (What this talk is about)

In the following,

we show the concrete inflation model in which 30Mg
PBHs and axion DM can coexist.

Keisuke Inomata O(10) solar mass PBHs and string axion DM
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PBHs for LIGO events

DM candidates in the presence of PBHs
O(10) solar mass PBHs and string axion DM
Summary '

O(10) solar mass PBHs and string axion DM

String axion

In general, axion can solve the strong CP problem and explain DM by its
coherent behavior.

However ‘v ECD = \<I>|em/f1
a . axion V((I))

U(1)pq symmetry can be explicitly broken
by the Planck suppressed operators aside
from QCD anomaly.

‘ We need to control Planck-scale physics.

(Barr and Seckel 1992, Kamionkowski and March-Russell
1992, Holman et al. 1992)

In string theory, after string compactification, -

axions with f,~O(10'GeV) appear. /Z'_ _—

(Conlon 2006, Svrcek and Witten 2006, Choi and Jeong2006) f

String axion may provide the platform to @ phase direction = axion

discuss the quality of U(1)pq symmetry in the t
low energy theory. (Choi et al. 2011, Honecker et al. 2014) flat due to ua )PQ symmetry

Keisuke Inomata O(10) solar mass PBHs and string axion DM




Constraints from axion

If DM is string axion, its perturbations produced by inflation become
isocurvature perturbations, which are severely constrained by the CMB

observations.
P photon ¢ f,

V(a) (after QCD phase transition) 4 /\/\/\ curvature
axion DM

" ‘ perturbations

A /\/\/\%x

photon (
p ISOcCurvature
axion DM

/\/\/\ perturbations

> T

Hinf P’R,
— o iso = 5=~ <0.038 :
70 fo b D P (Planck 2015)

0.41
- Hing < 9.6 x 108GeV (1—> ‘ c.f. Hye ~ 10 GeV (chaotic) ‘

Keisuke Inomata O(10) solar mass PBHs and string axion DM

S

String axion and Inflation model

Hubble-induced | Duri -inf
If string axion is DM, the inflation energy ml;ss © m\ uee ; uring pre-in

\
scale must be low. /

' \\.//
Hilltop inflation is appropriate.

- However

Hilltop inflation has initial condition problem.

® After pre-inf
One solution is stabilizing the inflaton at N

origin by the dynamics of the pre-inflation.
(e.g. Hubble-induced mass terms ~H,, .®?)

The universe could possibly experience multiple inflationary phases.
We assume that our observable universe is related to last two inflations.

» We adopt double inflation scenario (hilltop + hilltop).

Keisuke Inomata O(10) solar mass PBHs and string axion DM
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DOUbIE Inflation MOdEI (Kawasaki et al 1998)

Inflaton: X, @

Lagrangian:

1
Coa

Potential:

(1-

V(x, @) = Vain,1(x) + Va2 (@) + Vaen (X @)

4
v,

Vi, (3)

‘/;tb(X7 ¢) ~

Ckin
2M2,

Pi

©?

Pl

o

‘/new,l(X> 2

_|_

a7

L=

(Mp) = 1)

)00 X~ 50,60"6 — V (x,9)

1= X,p2 = ¢

3
Pi
3
Somin,i

This term stabilizes ¢ at origin

Cpot T¢ /" during first new inflation

produce PBHs

First hilltop inflation sl Second hilltop inflation

X large scale perturbations

Keisuke Inomata

@ small scale perturbations

O(10) solar mass PBHs and string axion DM
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The results for appropriate parameters

%

10_2 EROS/MACHO
=
s
% 1073
g
G

1078

PBH mass spectrum
1616 10‘21 1626 1031 1636
Mpgnlg]
1072} p—distortion
BBN
-------- future observation

& 1073

108 8L

Curvature perturbations

0.1 1000.0 107 101

k[Mpc™]

Keisuke Inomata

o8

107

We have checked that the spectrums

—

. avoid the isocurvature constraints

(H, =10°GeV)

. predict the sizable amount of PBHs

(Qpp/Lpv=0(1073) (Sasaki et al. 2016))

. avoid the constraints from mu-

distortion and pulsar timing array (PTA)
be consistent with CMB observation on
large scale (A ,n,,r)

1075 L
1077 L
EPTA
% 1090 PPTA
z
é’ NANOGrav
]0—]1 L 4
-------- SKA
10—]3 L v 4
GWs from curvature perturbations \
1 —15 T T T T L
- 10710 107 1078 1077 1076 1075
f[Hz]

O(10) solar mass PBHs and string axion DM
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The results for appropriate parameters

We have checked that the spectrums

1. avoid the isocurvature constraints
(H.,.=10°GeV)

2. predict the sizable amount of PBHs
(Qpp/RLp=0(1073) (Sasaki et al. 2016))

3. avoid the constraints from mu-

107 PBH mass spectrum 1 distortion and pulsar timing array (PTA)

4. be consistent with CMB observation on

EROS/MACHO

2.

,_.
<
N

QppH/QpM
S

1616 I21 I26 31 l36
10 10 10 10 large scale (A,,n,,r)
Mpgulg]
10-51
1072} 3 p—distortion
j 1077} 3.
; BBN / EPTA
PLSNL e future observation & 0oL 4 PPTA
1075 i 1 2
Y i S NANOGrav
y H 11 |
B L N — SKA
4.% [
1078t 107134 \
~—/ | Curvature perturbations . | GWs from curvature perturbations
. T ; ; ; . 10~ : . . . -
01 10000 107 10 105 1P ot 107 10 10 107 10 107
k[Mpc f[Hz]

Keisuke Inomata O(10) solar mass PBHs and string axion DM

18/19

Contents

PBHs for LIGO events
DM candidates in the presence of PBHs
O(10) solar mass PBHs and string axion DM___

Summary

\ ; :
=

=

Sistuke=lnonala O(10) solar mass PBHs and string axion DM



19/19

Summary

What we did

We have discussed DM in the presence of O(10)Mg PBHs.
In particular, we have focused on string axion DM.

Conclusion

In the double inflation model, O(10)Mg PBHs and string
axion DM can coexist.

We have also checked that the result is consistent with
observational constraints, which come from CMB
anisotropy, mu-distortion-and pulsar timing array.

Keisuke Inomata O(10) solar mass PBHs and string axion DM
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Stable cosmology in
chameleonic bigravity

Yota Watanabe (Kavli IPMU, YITP)
JGRG27, Hiroshima, 28 Nov 2017

Based on 1711.04655 Contents
with A. DeFelice, 1. Bigravity
S. Mukohyama, 2. Chameleon extension
M. Oliosi 3. Stability conditions

4. Numerical realization

Introduction: GW era has come!

» Direct detection of Gravitational Wave (GW)
: New test of gravitational theories
o in the strong-field regime
o propagated on cosmological scale

» Important to study theoretical consistency of a
model which predicts different phenomena from GR

» A theory of massive spin-2 field is interesting

o Theory construction is nontrivial fier Pauli(1939)
van Dam, Veltman (1970), Zakharov (1970)

o Different GW waveform Vainshtein (1972), Boulware, Deser (1972)
could be detected de Rham, Gabadadze, Tolley (2010)  2/12



B I g raVIty Hassan, Rosen 1109.3515

Ghost-free theory of massive spin-2 field with FLRW sol.

S[g/,w'fuv] = SEH,g + SEH,f + Sint + Smat

1
M? Uy =1, Up =Ty, Uy, ==(T? = T,),
Seing =~ J d*xy=gRIg] 2=z 0T

KM?2

1
: Us = A (TE — 3TZ + 2T3),
SEn,f = Tf d*x/—fR[f]

1
U, = ﬁ(Tf — 6T2T, + 3T# + 8T T5 — 6T,),

Sint = Mjmzf d*x\/=gZi=oB:U; T, =Tr[s"], s=+g71f
Pi: constant
o One massless tensor, one massive tensor

— “graviton oscillation” analogous to v oscillation
DeFelice, Nakamura, Tanaka 1304.3920

Narikawa, Ueno, Tagoshi, Tanaka, Kanda, Nakamura 1412.8074
o Cosmological constant is included in Sj,¢ 312

Chameleon bigravity

DeFelice, Mukohyama, Uzan 1702.04490

» Original bigravity is valid
1) for (Energy scale) < (Mgm2)1/3

: m must be large, but then phenomena are almost
the same as GR, not interesting

2) for H? S m#,,5or - Cannot be applied to early universe

3) with fine-tuning to pass solar-system tests (Vainshtein screening)

keeping m small DeFelice, Nakamura, Tanaka 1304.3920
»Chameleon extension Potential minimum of ¢
i) Introduce scalar ¢ depends on matter density p
i) Bi = Bi(P)
iii) Couple matter to §,, = A? 2
) P g“v (d))guv mTensor(,Bi) X Pf 4pn2

Khoury, Weltman 0309300, 0309411



Outline of our work

» Stability condition of chameleon bigravity was
studied only around de Sitter  Derelice, Mukohyama, Uzan 1702.04490

> Our work: DeFelice, Mukohyama, Oliosi, YW 1711.04655

= derive stability conditions
1) of rad/ mat era under homogeneous perturbations
2) of inhomogeneous perturbations around FLRW

= 3) numerical realization of stable cosmology
(not compared with obs. data)

5 /12

(1/3) Stability of rad/mat era

»Rad/mat era must last long enough.
Scaling solution of each era
: every term in background EoM has the same
time dependence for a(t)~t3/™ "= {4 (rad)

~ |3 (mat
fln h=Inhy— gNe + e h@ ds; = —dt* + a*dx? (mat)

dsf = &2(—c*dt* + a*dx?)

h=Him — ¢=¢/M,
N, =Ina, " =d/dN,

! o= %Ne(l +e M)
§=5(1+ed™)

L c=cOU+ec®)

O(€): perturbations

&,¢c(®: constants

EoM iz 2 ! . .
o oM 4 (1 + N_> oD + A, M =0 (rad) Stability conditions

e

" 3 2 !
oD + {24+ =)W + A,,0® =0 (mat)
2 N,

A, >0,Ap >0

6 /12



(2/3) Stability of inhomo. pert.

»Flat FLRW + inhomogeneous perturbation

dsz = —N2dt? + y;;(Vide + dxP) (VI dt + dx)) N =N(1+®)
ds? = —W2de? + 7, (Wide + dx') (W dt + dx) N = Néc(1+ @)
= qg + 8¢ wrad/mat- = l/jrad/mat + 5¢rad/mat Yij = a26ij T 6yij

Vij = §%a?6;; + 87y
> Tensor sector

8yij = hij, 6Vi; = hy;: Transverse traceless

M2Na3 |hYh;; k2 . 1e? (Rihy, K2 . i
2 _ "9 ) ij ij
LT = 3 NZ _?huhij-l_T > —Czﬁhuhij —mZF(h—h) (h_h)ij

M= —[Bi€ + (1 +)BoE2 + chsé’]

2
C;g m2T

No-ghost condition for ﬁij = [c>0

mé =

7 /12

(2/3) Stability of inhomo. pert.

> \Vector sector
Ni=Bi, 8y = %(51'51 + 0;E;),
: Transverse modes

Ni=Bi 7= %(aiﬁj +9,E;),

Integrate out non-dynamical modes B;, B;

MING® [El& [ K | e —E _F
(2) — g l_ 2_ 2 ic i i i
A (o i)er] 570
_ m?k§?Jk? , (c+1r
~ (c+ Drék2/a? + 2m2(c + ké2)] v = 28]
= — 2
No-ghost condition —» | />0 J = —[B1 + 22§ + B3§?]

No-gradient-instability condition—» | ' >0

8 /12



(2/3) Stability of inhomo. pert.

> Scalar sector
®, N =0B, &yy=29s;+(0:0—306,)E,

g N'=0B, o7, =296;+(00—-306)FE

7

Integrate out non-dynamical modes @, ®,B,B,P
GaugeW=FE =0

T T
(@ N[y xy+—:Fy yT?y

S 2 N N N ’UTMZJ] Y= (E 8P Yraq 1:bmat)T

o No-ghost condition: Eigenvalues of K >0 in high k limit

— Null-Energy Condition for fluids & one nontrivial condition

o No-grad-instability condition:
2

k
det[cs—?C+]V[ =0 c2>0
high k

9/12

(3/3) Numerical realization

»Simple couplings
Bi(p) = _Cie—lfp, A(p) = eBo ¢;, A, B: constants

Approximate scaling solution for mat. dom.— 8 = 0

> Example parameters (The other parameters are determined by EoM)
Cni =1.01, =1, ce—cf=1 ¢ t2+c=1,
- — 105 3 1
Qpini = 10730, Lmini = 107 Quiinini = 555 Qgravporini = 200’

ﬁ = 10_2, A= 40/3, 10-6F

> Constraints Cy, C, UWWW’MWWMMW
1- 3,0, o

0 5 10 15 20 25

Ci = 0o
TN )
. . <So-10f
:Normalized Friedmann eq for g,,,,

0 5 10 15 20 25 10/12

S|m||ar|y deflne 62 fOI’ f,u,V number of e-folds N,




(3/3) Numerical realization

density parameters ();

o

S

—
T

0.00

3000

oNE

2500

2000

. . .re "
Higuchi condition -}

1500

1000

4 |
B S
2 |
— | 0 | |
........................... . 0 10 20 0 10 20
Q
L ! ! v k 1072 =
5 10 15 20 25
number of e-folds N, _ \—_
\_N ol —
ol oo
o ”
102 R eI |
0 5 10 15 20 25
102
—
‘ -
o
(1] = | | | |
0 5 10 15 20 25
‘ ‘ | | ‘ ‘ 11/12
0 5 10 15 20 25

» Bigravity: nontrivial theory of a massive spin-2 field
But not valid at early universe/solar system
keeping mass small w/o fine-tuning

»Chameleon bigravity: introduce ¢,
its potential minimum depends on environment

— Graviton mass depends on environment

» Derived stability conditions
1) of rad/mat era under homogeneous perturbation
2) of inhomogeneous perturbation around FLRW

»Numerically realize stable cosmology

12 /12
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Mintmal theory of
quagidltatow MASSLVE
gravity

JGRG 27, 17.11.28
M. Oliosi (YITP)

Based on

Minimal theory of quasidilaton
massive gravity

arXiv 1701.01581

Horndeski extension of the minimal
theory of quasidilaton massive gravity

arXiv 1709.03108




Minimal quasidilaton

» A theory of massive gravity + scalar field
» Free of Boulware-Deser ghost

» Breaks Lorentz invariance (LI) to propagate
2 tensor and 1 scalar modes, instead of 6
d.o.f.

» Has the quasidilatation global symmetry

» Modifies gravity at cosmological scales

Construction

i. Start from dRGT massive gravity
i. Break LI and add the quasidilaton.

i. Switch fo Hamiltonian and analyse “a la
Dirac”

iv. Add constraints so that the final number of
degrees of freedom is 3 “a la MTMG".

v. This defines the minimal theory.




dRGT theory (amxiv:1011.1232) 516

de Rham, ] .
Gabadadze, Contract the physical metric

- with a new fiducial metric f,,,
]@upl@)y A8 f”pgpy, ;Cupﬁpy il 5/;

Thanks to the special form of the potential, no
Boulware-Deser ghost.

Propagates 5 d.o.f.

LI breaking form

With ADM decomposition  fu. — M, M;, vij
M132> i[ﬁ g,ul/%Na Ni7 Yij

— = co\/_M

= —m Cl\/_ N — M@aU/MP,C),

1 .-
Lo = —m262\/§ [N,C p iMeaa/MP (K2 — KK |

L3 = —m263ﬁ<Nﬁ+ Meo‘a/MP) ;
Vi — —m264ﬁN.
...as in MTMG (De Felice & Mukohyama, arXiv 1506.01594)




Quasidilaton (arxiv 1206.4253) 716

The StUckelberg fields ¢¢ can be introduced to recover

covariance .
f,w/ : nabau¢aav¢

The StUckelberg sector is shift- and SO(3) symmetric.

Add an additional global symmetry in the action. It
acts on the StUckelberg fields as

o — o+ 00 , ¢'L p bt ¢ie—0'0/Mp : ¢0 L ¢0€—(1+o¢)0'0/Mp

quasidilaton scalar! LI breaking

Precursor action

Defining a precursor
action is the first step in
constructing the
minimal theory.

We can include
: a cubic
2 Horndeski
Lo = —mPcgel M,
P g V7 structure |

i = —m261630/MP \/'Ty(N e Mea"/MPIC) :

[:2 . _m20262a'/]\lp ﬁ [NK+§M6&0/MP(K2 _Iczjicji) ’

F(X,S) = P(X) — G(X)S
[:3 — _mZCgea/J\/fpﬁ(Nﬁ_'_ Z\Jeom/Mp)7

Ly = —m204ﬁN

1
=— Eg’“’auaava




Degrees of freedom in the precursor theory

3 1 iy M3
2T = /d% l—NRo — N'R; + TPmQMH1 + &x Px + &Py + &sPs

+/7 ()\XSX + XSy + AsSs + )\TT> + A7C. }

11 d.o.f.
Yij O 6 x X S
(22 phase space d.o.f.)

I I

1 first-class and 12 second-class
constraints

(8 phase space d.o.f.)
4 d.of.

Minimal theory: new constraints

We replace 2
precursor constraints
by 4 new constraints

(8 phase space d.o.f.)
4 d.o.f.

]
2 second-class
constraints

6 phase space d.o.f.
3 d.o.f

[In practice, 2 tensor modes and the quasidilaton o |




Minimal theory, action

c N\/_{ P [®R+ Ky;K7 - K2}+P+G,xg““8uxf9u0}

A7 M1 3
+ A\ N\/_|: (aj_ +W>—2N2—§(2X+g 8#08,,0')
y A 2 M2 OH 1 - .
+ ﬁG7X ATO i (840 == WT> Y 5 L {7{1 + NHo + 8_1 O /\1 + §ﬂ@jk7km)\%;.’l}

mAMEN2, /4 g m2M2\ Ar\ OH
—_— TRV LOU _ ©2) _ B EATIRNCTT i
+ —— (205 A { (8¢U+ N) o+ V7K © }

/\)\Tm
4N

A . )
-+ <8LO' -+ %) (GVX)(X’ZU;Z' -+ QGVXo"Z;i — P,X) — GJ(@_LX

\/_GX(XG—G—@”UU )—F)\T\/_{GxKUO'O' — Ko,0" —2X K)

1/\T

X G%(20.0" + 3X
JVIPN G°x (200" +3 )}

There are still some Lagrange multipliers A, A

Luckily there is a unique mini-superspace solution: A = /1T =

Mini-superspace solutions 12/16

de Sitter attractor

The equation from A is rewritten in a nice form.
eU/Mp
d 4+a ylia A=
— [a X J(X)] =i a

dt
J = coX3 C . 30X + C3

where a is the scale factor. This implies that there exists a de Sitter

attractor where either
X isconstant (a =—-4) or J(X) =0 (a+# —4).

Stability of de Sitter

Study the quadratic action for linear perturbations, and obtain the no-ghost
conditions.

It is nice and stable | ©




Gravitational modes in the 1sne¢
minimal quasidilaton

) —15 GW 150914
myg < 1.2 eV, !1 s Cg/C’ S 10 GW170817/GRB170817A

The minimal theory of quasidilaton massive
gravity successfully passes the tests of both
GW and multimessenger detection:s.

- The sound speed of the tensor modes in the
subhorizon limit coincides with the speed of
light.

- Small graviton mass of order Hy,~10733 eV

Why the minimal quasidilatone

Advantages of the minimal quasidilaton

From the point of view of quasidilaton theories, there is a
smaller number of degrees of freedom, and thus is more
tractable.

In contrast to the MTMG, the minimal quasidilaton theory
allows to use a Minkowski fiducial metric

Disadvantages of the minimal quasidilaton

More parameters than dRGT or even MTMG, not to be said than
the simple cosmological constant.

LI violation

. No solution of the “old cosmological constant problem” (no
degravitation).




Future prospects

Cosmology with

matter and general

FLRW.
Small scale behaviour.
Vainshtein screening?

Minimal... other
theories

Technical naturalness

...keep in tfouch! ©

Thank you for
your attention !

all rights to BRILE™
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MacDowell-Mansouri gravity model from a
covariant polysymplectic perspective

Alberto Molgado

(in collaboration with J. Berra-Montiel)

UASLP

Universidad Auténoma
de San Luis Potosi

Facultad de Ciencias

JGRG27

Saijo, Higashi-Hiroshima
27 November—1 December, 2017

Alberto Molgado (FC-UASLP)

Polysymplectic formalism

Motivation

Our main goal is to study Field theories from the
multisymplectic perspective at both, classical and quantum

levels!

In particular, we want to test the polysymplectic formalism for
the MacDowell-Mansouri gravity model J

It is relevant to notice the way in which this formalism confronts
the symmetry breaking

(Based in J. Berra-Montiel, AM and D. Serrano-Blanco, CQG 34 (2017) 235002,
arxXiv:1703.09755 [gr—gc]l)

Alberto Molgado (FC-UASLP) Polysymplectic formalism



Polysymplectic formalism De Donder-Weyl Theory
Graded Poisson brackets

Consider a field theory given by’

5/L(ya,8,-ya,x")\z/ =0,

@ {y?},1 < a< m:= Field variables
@ {x'},1 < i< n:= Spacetime variables
@ vol := dx' A ... A dx™ := Volume form on the spacetime

manifold.
oL oL
o (—aa,-ya) - (a—ya) =0

det(g) = 1

Alberto Molgado (FC-UASLP) Polysymplectic formalism

Polysymplectic formalism De Donder-Weyl Theory
Graded Poisson brackets

Introduce a new set of variables:
oL

Polymomenta

Pa ‘= d(0;ya)

and
How (¥?, Ph, x') := phoiy? — L
which are defined in a completely space-time symmetric
manner.
@ Hpy is the De Donder-Weyl Hamiltonian
@ Canonical form of field equations within the DW theory:

OH . OH

iy = “oya’ Oy = 8_p’
a

Alberto Molgado (FC-UASLP) Polysymplectic formalism



Polysymplectic formalism De Donder-Weyl Theory
Graded Poisson brackets

De Donder-

@ Extended polymomentum phase space (1st order jet
bundle):
Finite dimensional analogue of phase space

M= (y2 pl,x"), 1<M<m+mn+n
@ Poincaré-Cartan form
Opw = ,O; Ady?Ao;i_| \//\5/ — HDw\//\C;/

@ Canonical (n+ 1)-form (obtained by taking the exterior
differential of ©pyy) is

Qpw = dpl, A dy? A 8;_vol — dHpw A vol

Alberto Molgado (FC-UASLP) Polysymplectic formalism

Polysymplectic formalism De Donder-Weyl Theory
Graded Poisson brackets

Graded Poi:

@ A generalized Lie derivative of any form & with respect to

p
the vertical multivector field X of degree p is given by
p p
Lo =X dve — (—=1)PdV(X_ o)

@ Given the polysymplectic (n+ 1)-form Q, we define the set

P
of locally Hamiltonian multivector fields X, 1 < p < n,
which satisfy the condition

,CpQ:O
X

Alberto Molgado (FC-UASLP) Polysymplectic formalism



Polysymplectic formalism De Donder-Weyl Theory
Graded Poisson brackets

Graded Poiss

@ The polysymplectic form Qp associates horizontal
p n—p
p-forms F with (n — p)-multivectors X , by the relation:

n—p yP
X 1Qpw =d"F

@ Then we may induce a Gerstenhaber bracket of horizontal
forms representing the dynamical variables

P q ___n=p n=g
{F1,F2l} = (=1)"P X 11 X2_1Qpw

@ This bracket results a Poisson bracket

Alberto Molgado (FC-UASLP) Polysymplectic formalism

Polysymplectic formalism De Donder-Weyl Theory
Graded Poisson brackets

@ The Poisson-Gerstenhaber bracket of a p-form with a
g-form results a form of degree (p+qg—n+1)

@ Thus, the subspace of (n — 1)-forms constitutes a Lie
subalgebra in the Gerstenhaber algebra of Hamiltonian
(vertical)-forms.

@ Canonical brackets are taken as (w, := 9, _| vol)

{[pgwua ybwl/]} = 52‘*’1/

Alberto Molgado (FC-UASLP) Polysymplectic formalism



Polysymplectic formalism De Donder-Weyl Theory
Graded Poisson brackets

@ In particular, (n — 1)-forms may be associated to the notion
of observables (Zapata, Forger)

@ By integrating (n — 1)-forms over (n — 1)-hypesurfaces we
may obtain a relation of the Poisson-Gerstenhaber bracket
with Peierls bracket

1F 1. Flal = {A(x), b(x)} = G(x. x')

@ One may try to quantize this bracket under Schwinger
quantization scheme

Alberto Molgado (FC-UASLP) Polysymplectic formalism

YM theory
MacDowell-Mansouri gravity MM model

Yang-Mills th

(Further details in J. Berra-Montiel, E. Del Rio and AM, IJMPA 32 2017 1750101,
arxXiv:1702.03076v2 [hep-th])

1 v
Lym = —7 FA,F4

@ The components of the field strength F2, are

Fa, = 0,A% —0,A% + gff;;CAgAg

o Af stands for the gauge field
@ g is the coupling constant
@ fc are the structure constants associated to the gauge

symmetry

Alberto Molgado (FC-UASLP) Polysymplectic formalism



YM theory
MacDowell-Mansouri gravity MM model

YM theory

@ Polymomenta

pr 8LYM I_—,w/
~ 9(0,A8) '@

@ De Donder-Weyl Hamiltonian

HY%\V/I(A7 T, X) — [MV] 8[,u v] LYM
1 4 [MV] gf bcAMA

4w 6w

@ Canonical pair of (n— 1) forms

myo 1%
ALY = Alw
v
7 'g = T 'g Wy
Alberto Molgado (FC-UASLP) Polysymplectic formalism

YM theory
MacDowell-Mansouri gravity MM model

YM theory

@ De Donder-Weyl equations

dVAZV = —{ DWaAW]}
14 g v v
— _EW‘[QM]_EfabCAZAC—I_)\g

d'ng = —{{H3W. 74 ]

_ gfabc [MV]ACU

These equations contain all the information of the model
e Lagrangian field equation

D,F" =0

e Gauge content of the theory

Alberto Molgado (FC-UASLP) Polysymplectic formalism



YM theory
MacDowell-Mansouri gravity MM model

MM gravity

(Further details in J. Berra-Montiel, AM and D. Serrano-Blanco, CQG 34 (2017)
235002, arxiv:1703.09755 [gr—qgc])

@ Yang-Mills-type gauge theory with gauge group SO(4,1).
@ The relevance of the MM model relies in the fact that after
the symmetry breaking

SO(4,1) — SO(3,1)

the action describing the gauge theory turns out to be
classically equivalent to the standard Palatini action of
General Relativity.

Alberto Molgado (FC-UASLP) Polysymplectic formalism

YM theory
MacDowell-Mansouri gravity MM model

MM gravity

@ The equivalence is made possible by the fact that the
internal Lie algebra admits the orthogonal splitting

50(4,1) ~ s0(3,1) ® R®!

@ This decomposition splits the gauge field A into an
SO(3, 1)-connection w and a coframe field e, such that

1
. w 76
A‘(—%e o)’

where [ is a constant chosen with units of length

Alberto Molgado (FC-UASLP) Polysymplectic formalism



YM theory
MacDowell-Mansouri gravity MM model

MM gravity

@ The associated gauge curvature
R=djA=dA+AANA

also splits into an so(3, 1)-valued 2-form
= 1
S dww — /_26 N\ e

and the R3'-valued 2-form

d,e

F dye
H_(—dwe 0)

Alberto Molgado (FC-UASLP) Polysymplectic formalism

such that

YM theory
MacDowell-Mansouri gravity MM model

MM gravity

@ The general MacDowell-Mansouri action with local gauge
group SO(4, 1) reads

S[A] = /tr(Fn’/\*F?)
C
@ The MacDowell-Mansouri model of gravity is obtained by

considering the projection of the curvature R into the
subalgebra s0(3, 1), resulting in the action

SMM[w, e] = /Ctl‘(F/\*F)

@ By taking the projection of R, we have broken the SO(4, 1)
symmetry down to SO(3, 1).

Alberto Molgado (FC-UASLP) Polysymplectic formalism



YM theory
MacDowell-Mansouri gravity MM model

MM gravity

@ De Donder-Weyl equations reduce to the Lagrangian field
equations
daR=0

@ Considering the decomposition of the SO(4, 1) symmetry
(without breaking it) we find the field equations

’
d,F&® = 767 A (d,e)’,
d,(d.e)® = —e’AF?,
@ The SO(4,1)-symmetry breaking in this formalism is
achieved by requiring that p;,” = 0, thus

ab __
d,F** = 0,
Alberto Molgado (FC-UASLP) Polysymplectic formalism

YM theory
MacDowell-Mansouri gravity MM model

MM gravity

@ At the Lagrangian level the variational process does not
commute with the symmetry breaking SO(4,1) — SO(3,1),
resulting in two inequivalent sets of field equations

@ Within the polysymplectic approach we noticed that the
symmetry breaking process leaves invariant the emerging
De Donder-Weyl equations that follow from the
Poisson-Gerstenhaber bracket

@ The symmetry breaking at the polysymplectic level
includes variations with respect to all the polymomenta,
and these polymomenta precisely include spacetime
derivatives of the fields in each of the sectors in which the
gauge algebra so(4, 1) is decomposed

Alberto Molgado (FC-UASLP) Polysymplectic formalism



YM theory
MacDowell-Mansouri gravity MM model

Work in prog

@ Higher order systems

@ Momentum maps

@ Canonical transformations

@ Quantum aspects (deformation? Schwinger?)
@ Application of the formalism to physical models

Alberto Molgado (FC-UASLP) Polysymplectic formalism

YM theory
MacDowell-Mansouri gravity MM model

Thank you!

Alberto Molgado (FC-UASLP) Polysymplectic formalism
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Cosmological evolution of
the unified model in
inflation and dark energy

IN £(R) gravity

Mai Yashiki, Nobuyuki Sakai
Yamaguchi Univ.

The 27th workshop on JGRG @ Higashi-hiroshima, 2017. 11. 28

Purpose

f(R) =R + aR™ — BR?*™

Unified model in inflation and dark energy :
Artimowski & Lalak (2014

= = They used the BICEP2 data (not be reliable)

* They did not check the existence of radiation-dominated era

and matter-dominated era
This work

[ Reevaluate the condition for n by using Planck data ]

* Whether radiation-dominated era & matter-dominated era exist

[ Check the cosmological evolution in this model J




Outline

® Introduction: the model we use

® The condition for inflation
® Can f(R) model exist each dominated era?
® Cosmological evolution

® Conclusion & Future work

Intro: the model we use

® f(R) gravity: S = %f d*x=gf(R) (f(R)=non-linear function of R)

® Starobinsky model: f(R) =R + aR? (a > 0)
‘ Starobinsky (1980), Tomita & Nariai (1971)

[f(R) =R+ aR™ — ﬁRZ'”]modeI (1<n<2a»1,0<pfKlaf «1)
Artimowski & Lalak (2014)

The second term (aR™) - inflation

The third term (BR?>™™) - the late-time acceleration




The condition for inflation

df(R)
dR

FR—f

® Friedmanneq. : 3FH? = — 3HF , where F =

® During inflation, R is sufficiently large

[ f(R) =R+ ocR"] (aR™ > BR?*™™forn > 1)

® From F ~ anR™ ! and Friedmann eq.,

the slow-roll parameter : € = o 2 n
P " T H?2 T (n-1)(2n-1)

The conditione <1 = n> %(1 +/3)

The condition for inflation

® The tensor-to-scalar ratio r and the spectral index ng are

Artimowski & Lalak : 1.805 < n < 1.845

N T N
) 0,040
0.30- \ A ] :\. \ A <
] 0.035f
0. ] =) : \"\
h \‘2 L \ v
0 BICEP2 (2014) ] g 0.030F—
3 I \
S ] — 0.02 I \
8 ORE 1z AL /
0.10 ] <& 0,020 Planck (2016) /
) < v ] l s v
0.05} | 1) | This research : n > 1.985 (N = 50)
0.00 “_ U.UIUF -J
B B - U ) B X A 180 185 1980 195 20
n n

Fig.1 : r and ng foreachnin f(R) = R + aR™ model (Artymowski & Lalak (2014))



MY, Phys. Rev. D 96, 103518 (2017)

Does each dominated era exist?

® The effective equation of state

| =

radiation-dominated era: weg = 3

Wetf = —1 — — matter-dominated era:  Weg =0

the late-time acceleration: weg ~ —1

® The viability conditions were derived by Amendola et al. (2007)

I-b whether each dominated era exists or not

= All eras exist in this model under the condition for n
(n > 1.985)

Cosmological evolution

® Check the evolutions of Qp, raqpg and Wegr

® Friedmanneq. : 3FH? = —3HF +%(FR — )+ k2(pm + Prag)

- F f R K*Prad | K*Pm
& 1=-———
HF 6FH? 6H?2 3FH? 3FH?
X1 X2 X3 X4

O =1—x; —x3 —x3—x4, Qpg =x1 +x +x3, Qrag = X4

1
" Wer = —35(2x3 — 1)




Cosmological evolution

® Evolution of Equation:

dx
d—;=—1+x12—x1x3—3x2—x3 + x4

ﬁ = x;f3 — x2(2x3 —4 — xl)

dN

s — 2% _ oy (3 — 2)

anN m 3\3

dx

d—}: = —2X3X4 + X1 X4 ,where N =Ina
RFR dF

m=—,Fp =—

F 'R~ ar

® Use 4th order Runge-Kutta method

The density parameters

1F
AN
AN
\\
L \
0.8 QDE
06 |
a
0.4 |
=0
02 |
0| __
-2 0 2 4 6 8 10

10g10|1 +Z|




The effective equation of state

0.4 T T T T T T

02 Weff

-1 I I 1 1 1

10g10|1 +Z|

Conclusion & Future work

In f(R) = R + aR™ — BR?>™™ (Artimowski & Lalak) model,

® We get the lower limit of n n > 1.985 by using Planck data
® We show the existence of each dominated era

® This model can reproduce the standard cosmological evolution

Future work

» Analyze this result more detailed
* Dependence of the initial conditions in this model
* Compare with the observational data ...
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Primordial perturbations

from hyperinflation

Shuntaro Mizuno (YITP, Kyoto)
with Shinji Mukohyama (YITP, Kyoto)

[ |
""YuTP aXiv: 1707.05125 [hep-th]
|| . .
a"mm YUKAWA INSTITUTE FOR (PhyS|Ca| ReVIeW D 96, 103533)

| THEORETICAL PHYSICS

"
Inflation

* Phenomenological success
- Solving problems of big-bang cosmology

(Flatness problem, Horizon problem, Unwanted relics,... )
- Providing origin of the structures in the Universe
almost scale invariant, adiabatic and Gaussian perturbations
supported by current observations (CMB, LSS)

» Theoretical challenge

Still nontrivial to embed the single-field slow-roll inflation into
more fundamental theory (Review, Baumann & McAllister, "14)

- Difficult to obtain a flat potential

- Scalar fields are ubiquitous in fundamental theories



"
.

Multi-field inflation with a non-trivial field-space

» Formulation to analyze perturbations
Sasaki & Stewart, 96, Gong & Tanaka, 11, Elliston et al, "12

« Examples (without significant effect on perturbation)

- Inflation with large extra-dimension Kaloper et al, 00

- Alpha-attractor scenario  Kallosh, Linde, Roest, "13

« Examples (with significant effect on perturbation)

- Geometrical destabilization  Renaux-Petel & Turzynski, 15

- Hyperinflation Brown, arXiv:1705.03023 [hep-th]

"
Model

* Action hyperbolic

M?2 1
S = /d4x\/—g [%R — §G1 ZVMQOIVMQOJ - V(o)

Brown "17

o' = (¢,Xx) ¢:radial direction X . angular direction

Ggp = 1,G = L?sinh? % ~ 27 (for ¢>1L )

» Potential

cf. ““spinflation”
Easson etal, 07

|:|'> X = Aa_?’e_Q%

e A integration constant




"
Background dynamics of scalar-fields

 Basic equations

g2 1 (N E\L_%Z . 3 _99
= e (I PEEE V) ity — Aot

X\nt 3Ho — %2%58 + Vg =0 \ for " “slow-roll”

* Inflationary attractors

standard inflation hyperinflation

Ve o
gb__SH i ¢=—3LH with | 2= L(I)Q—9
| i Lo o LH
x=0 o=l parametrizing
(V, < OLH?) Vo _ 3L (v, < orH?) angular velocity
Vo M2
" A
Power-law hyperinflation SM, Mukohyama 17
* Potential
¢ _ Mp,
V(o) =Voexp [)LM—] L A>0 ) h= SAT —9 (constant)
Pl

(often appears in higher-dimensional theory)
* Slow-roll parameter

 H 1/ LY\ o 3. L 3L [V,
EZ—m—§<M—m> (9+h)_§/\M—pl_7(7)

» Condition for hyperinflaion

91> _ _ : .
€>53>  EE)  Mp > L isrequired for inflation
Pl

Under this condition, inflation from steeper potentials than usual!!

cf. 0< A < +/2 forstandard power-law inflation
Lucchin & Matarrese, "85, Kitada & Maeda, 93



Basic equations for linear perturbations
Brown 17

« Perturbation ( spatially-flat gauge, #;; = a(t)*8; )
p=0¢+0p, x=X+0x,

» Canonical variables
L? b
Up = a0, Uy = a\/Gy0Xx, with Gxx= je%

: : : 1
« Equations of motion  ( conformal time 7~ —— )

aH
2h 4h 2(h*+1) 5
2h 2 2h
e = k2 -0
Uy Tuq, Tzu% u¢—|— Uy

Coupling depending on h

"
Behavior of perturbations in asymptotic regions

- Asymptotic solutions on subhorizon scales (|kt|> 1)
Uy = Cwikrﬂhlog\kr] + Czeikr—ihlog]kr] + C3e—ikr+ihlog]kfl + C4e—ikr—ihlog]kf| 7

uy = ijikrMhlog]kr] . iczeikr—ihlog]kfl + iC3e—ikf+ihlog]kf\ . iC4e—ikT—ihlog\kr\

Bunch-Davies vacuum mm=) ¢ =¢=0, Cy=Ci= ——

9

« Asymptotic solutions on superhorizon scales (k7| < 1)

b = el eI e (ol Ve,
VO _8K2 — /o _gi2
Uy = _%(EIT)"' 0 f: 363(_T)%+%\/9—8h2_ 9 f: +3C4(_T)%—5\/9—8112

(Adiabatic mode, constant shiftin X , two heavy modes)
For the concrete value of €1 , we need numerical calculations !!



Time evolution of (amplitude of) perturbations

10_ \\\\\\\\\\\\\\\\\\\\ ]

of h=10,8,6,4,2,0
= from top to bottom
Sl = |
B
N——

—i(‘)OO‘ o ‘—1|500‘ o I—1é)00l o -500 o h0r|28n
100kT :
crossing
Instability starts at u
stability starts a : | >(<0) - opah
k= hl7| [ux”|

with p=0.395, ¢=0.924

at late-time

|
Curvature perturbation SM, Mukohyama “17
- Curvature perturbation
hij = a®(1 = 2¢)di; TOZ- = 0iq 7= \/¢2 T Cak®
H
f— — —(5 = — o — —6
== R=y-_—dg= Q 599
- Super-Hubble evolution of R in multl-field inflation
1 X SXp— .3 Perturbation Gordon, Wands, Bassett, Maartens "01
entropic].-~ /:
Ws_ -~ . H
Qo
adiabatic For hyperinflation
\Background trajectory Up = _;U’X
l

L@




|
Observational constraints
-Power spectrum Exponential enhancemet in h !!
H? 1 1 HYh*+9,
— — p+2qh
Pr = > o2 0 = 2m22MZ, ¢ | h2 ©
- Spectrum index with  p=0.395, ¢=0.924
dl :
ng —1= nPR:—2e—|—(qh—1)n n= ¢

dlnk He

cf. Planck constraint  n; = 0.9655+0.0062 (68% C.L.)

mm) Deviation from exponential potential is severely constrained !!

» Tensor-to-scalar ratio

c@T h2 —2p—
=1 _16 p—24qh
r %, Sh +9e

mm=) GW detection will reject hyperinflation with large h !

Summary

* We have confirmed and extended the analysis of hyperinflation

= [T [ 502 - jr2am? 290" Vo) Brown, 1705.03023

» We have quantified the deviation from de Sitter spacetime

H 3L (Vg _ € Ve Vo
‘= H2_2<V>’ ”_E?’L(?_W)

Inflation from potentials steeper than usual for Mpi > L 1l

« We have calculated the power spectrum of %
1 1 H*h*+49 2vs2n p=0395, ¢=0924
(2m)2 2Mg, € h? ne— 1= 2+ (gh— 1)

Potentials deviating from exponential are strongly constrained !!

H



Thank you very much !!



3b6. Vincenzo Vitagliano (Keio U.),

“Covariantly Quantum Field Theory” (1045)
[JGRG27 (2017) 112826]
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R
Covariantly Quantum Field Theory

— the case of Galileons —

[N WS ™, \

Vincenzo Vitagliano

Keio University

based on
Saltas & VV PRD17
Saltas & VV JCAP17

5

8 RECorNS

1858
1aD10¥

) BASAHTRES

Japan Society for the Promotion of Science

A gauge independent effective action

Two main problems in the quantization of gauge theories:
gauge vs gauge condition invariance

Modification of the background field method to ensure at start gauge
independence: Vilkovisky-DeWitt effective action }

...VDW at work...

Some recent examples:
Quantum corrections to scalar and vector fields, [DsToms (2008, 2010)]
nggs inflation [P Burda, R Gregory, | Moss (2015)]

Vincenzo Vitagliano Covariantly Quantum Field Theory



Galileon thories in a nutshell

4d Mink [Nicolis et al (2009)) = 5 galilean-invariant Lagrangians

LGalileon ~ €10+ X +c3X - B+ caX - [B* — (9,0, 9)?] +
+esX-[B2—3B-(0,0,¢)* +2(0,0,9)°]

X = Kin term, and B =0¢

i jnvariance under Galilean transformations ¢(x) — ¢(x)+ b,x* + ¢
i 2nd order field EOM
i Screening mechanism

Curved spacetime [Deffayet et al (2000)] = Extra-couplings for 2nd order
Acceleration after radiation and matter domination.[pe Felice & Tsujikawa (2010)]

Vincenzo Vitagliano Covariantly Quantum Field Theory

Understanding the quantum corrections

(Non-) Renormalisation theorems
[de Rham (2014), de Rham & Ribeiro (2014), Goon et al (2016)]

Quantum corrections including graviton loops?
[Saltas and VV PRD2017, JCAP2017]

Our choice: the Cubic Galileon theory

K2

2 B 4N\

Vincenzo Vitagliano Covariantly Quantum Field Theory



Geometrlcal ConSideratlonS Parker and Toms (2009)

Action S[®" = {g,.,,,¢}] with local symmetries

S[e'] = S[e],

6 = ol — o' = K/ [®/]6e”

Vincenzo Vitagliano

=
Field space metric

Ay

Define a metric in the field space ds? = g,-jdd>"d<bj, then

S gauge-invariant = gU,kK§+2K§ (19)k = 0

Two further ingredients: ultralocal4-diagonal [pewitt (1987)]

1
Og,0 (gpo () = 13

Ve (

ghlp gl | nggpo
Io(x)s(x') = V &(X)0(x,x")

> )5(x,x’)

Is the choice really unique? [Fradkin and Tseytlin (1984), Odintsov (1991)]
] = = = \PXNE4




The Gospel according to De Witt...

Covariant Vilkovisky-De Witt effective action (viko (1984); Dewitt (1987)]

r—_ /[dn] Exp[_- lim 017 (ViV;S + 55 K Kjs )
Zelh

gauge-fixing

Sary 055 + 0as08y — 7230ap0ys
Gany5(p) ( 2_2>\)

2(p?—2X)(p?—2ak?\)

1

G(p) = 5
(p) Tl

with A=A+~A (4”_—_24n> and mizy.%

Vincenzo Vitagliano Covariantly Quantum Field Theory

1-loop effective action

DO e e O
Sl e el

Vincenzo Vitagliano Covariantly Quantum Field Theory



1-loop effective action

DO e e e
R T

= a—0 1 5m2
I—l loop a— a -/d4x{ . TG ¢D(4)¢ + —8/\/]% ¢D(3)¢_’_

Vincenzo Vitagliano Covariantly Quantum Field Theory

What to pack and bring home

The Vilkovisky-DeWitt method ensures background- and gauge- independence
and unveils potentially hidden quantum corrections J

Galileon case: new interactions at 1-loop )

Extra purely quantum-gravitational contributions J

The new operators correspond to higher-derivative interactions for the Galileon }

A N2

Vincenzo Vitagliano Covariantly Quantum Field Theory



PN e

Example: gen coord transf.

xt — xH = xP + det(x)
g

) — / d"x' K&, (x, X')5M ()

5¢coor(X) _ /an,K(ﬁ(X))\(X,X,)(SEA(XI)
symmetry generators

KgIJ«V(X)A(X,X,)

—gu A (x)0(x,x") — 2gx(v(x)0 )5(X,x’)
KP\(x,x") = —0ad(x)d(x,x)

O = = = PN G
Vincenzo Vitagliano




Field displacements

5" =8P+, 0" = K de" +5, ¢’

A gauge-fixing condition, x*[®'] = 0, introduces in the fields space a

gauge surface S and a set of gauge orbits parametrised by {x[®]4,£[®]A)

O e E E AP N &4
Vincenzo Vitagliano

Background field expansion &'

&)i_|_ni

guu(x) = g,uv + th,um ¢(X) = Q_&"i_@b

Pick up a gauge: e.g. Landau-DeWitt (aka background-field)

X" = K[gln' =0

m] = = = PN G
Vincenzo Vitagliano




(e.g. ret)

ViV;S = 8;0;S — YT [0kS
_1
S g (x'") ~ 4

g (x)o(x, x")a(x", "))

O = = E PN E4
Vincenzo Vitagliano

M~ — In/[dn]e_so (1-6S+305%) ~ (Sa(x,x))

1
2

(S10)31(x))

m] = = = PN G
Vincenzo Vitagliano




Invited lecture 16:45-17:45
[Chair: Kentaro Takami]
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Takashi Nakamura (Kyoto Univ.),

“ New development in astrophysics through
multimessenger observations of gravitational waves
from 2012 to 2017” (25+5)

[JGRG27 (2017) 122828]
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Second application (first one was rejected
because KAGRA was included)

New Development in Astrophysics

through multi messenger observation
of gravitational waves

Principal Investigator
Dept. Physics Kyoto University
Takashi Nakamura
JGRG has been partly supported by this
innovative area etc

What is gravitational wave ?

According to general relativity the matter
distorts the space-time around it

If the matter is accelerated, distortion
of the space-time propagates with the
light velocity as wave.

|]:> This is gravitational wave

It has not been detected directory ! !
Why ? Gravity is the weakest force (two
protons gravity/electric force=10-36)

=both generation and detection are difficult.

However Gravitational wave will be directly

detected around 2016 Image _of
almost definitely > gravitational wave



CKRED Ll

C L T

KAGRA ;.'l'

Joa :‘.-x‘ 3

18

Around 2016 10 times increase
of the sensitivity is
expected !

1. Number of events increases in
proportion to the third power
of sensitivity

sensitivityoc detectable distance

number of event oc detectable

volume ocdistance3 oc

sensitivity3

) . . ) ' 2 fooe @ ~ A. )
2. Characteristic of gravitational wave | "Event number. oc distance3
Gravitational interaction is the weakest [ ; —
so that gravitational wave passes through¥ s

any matter and reach long way. .10 time increase of
“H--.csensitivity yields 1000
weak point changes best point [ R #1181 11 80)| events_!

\ ok N
S WS L A



BURCRE - P S (RIRA - W GR) GRG0 - #E)
VEEESEE [REDSOENRRHTE MBSO IO T
(FEEROTR)

ABRGERIRF. B B OIS BB & FUT L7 BUOBMAHIE LCGT 2 & 2 BB DISIANI & TRAE: |
P=a—bY 2Bk NU—s BURAERICEOERTRE U RET, Y.

L UTEEEH 5, EHEHRORAD Y —F —BENEECERIRY ¥ Lo T EReEM, b
S OTTEE Y Shh CHIFHEELAT 5 120 «» UL, FHERRES 100
M a2 5, ﬂ%%ﬁ%&ﬁ%ﬁf%éfk&ﬁﬁﬁ RSB

N THY ., EFTILDYH
Bdid Y %ﬁﬁﬁﬁﬂ%@@a LF@ 2} L’C,Saé ib U/ ‘ﬁﬁﬁﬁﬁ’(%é b=$’<’?§ﬁa’iﬁ=ﬁ6° %%@’ﬁﬁk’?’

MRERRIEOFTEIZ DN TUL b - E B TRBHD L TN EDERBH T,

e oER
S |]:> L (KAGRACIBFFLCGTICHB 1)
TRV = 1 DI 28R X, QF - FHR- B
- VHIBRROMEGR T @=1—M)/BADH EHE3DIHIL
BRAOHEME1D D e
EHRARNEROHERE D

DEARXEDEER - —1—M)/HIGEROHATROHIEK /2R
@KAGRAFHEILIZ I TENRORBRIIFFTICbR BOMRE LI R -T— 284N
DFRREDHHSLEBRFTIRE 5

Purpose and necessity of this innovative area

2016 will be the start year of detections of gravitational wave
||:> However only from gravitational waves the location can be restricted only

about 20 degree square error region
(inside this error region. about 105 stars and 102 galaxies exist)

Using other methods. we need to identify which star or galaxy is the source of
gravitational wave

strong gravity=>large acceleration=high density=>high temperature=>neutrino*EM will be emitted

purpose of this ar%?\ll is detection of |]E> direction & distance to the sources
v

KAGRA-LIGO-Virgo ||]E> Information of central region of GW sources

Both activity are needed to confirm general relativity
in the strong field region and to develop fundamental physics

oth activity are needed to open a new window in astronomy

This area and KAGRA are complementary ||:> budget and organization are independent from KAGRA

6
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A. R ﬁ?ﬁgﬂ*

B. \—R &

C. R _4ﬂ N

D. HRENE \ SXR. TR, AR, FAR

EXADBA BE. Za—hU ..
FHEfFFA02

5’&’33‘ ¥x - fﬂﬂﬁﬁ%m%ﬁ BIRER

A01

ﬁf ’)7— (

EH LI BRI DB
SHREROERE

sHEFA04
A04
ENROT— 5 @I | EnikEn

FHERFZRA05
AO05

- e TmTmme g ememe e

) BEXGEHA

i{w’ﬁ.‘v N

KACRAY A4 5”’“ s
W BAOENERLE e e

' / S aLlGO, aVirgo

. ’. b E DRFRANEESE

............................

BH, scalar tensor theo
High dimensional theo

Cosmology
Distance calibrator -
Y Expected results Origin of Big Bang
1. Confirmation of GR

* generation and propagation of GW
* higher dimensional gravity

theory
Astrophysics 2. Sources of GW

~~ astronomy
Supernova - neutron . X-ray star - radio pulsa
Star - black hole etc . ;Lcl_;%egnovae Gamma ray burst et

+ coalescence of compact stars

3. Fundamental physics
- EOS of high density matter

* neutrino physics J
Nuclear theory

EOS of high density majter
CD etc

Particle physics
Neutrino - topological
efect etc




Example 1

(MDHow our project treats

coalescence of binary neutron stars
Step 1 AO4 allerts the position of GW with several degree.

T

Step 2 AO1 observes GW position with 0.1° accuracy by X-ray

T

Step 3 A02 perform optical observation to determine the position
with arc sec accuracy @
AO3 will check v emission

Step 4 AO2 identify host galaxy to determine the distance and
compare that from GW If two are the same GR is OK.

@ If not, biggest discovery.

Step 5 A0O1 and AO2 with radio obs. check property of GRB.

T

Step 6 All group including theory group AO5 check if the °'°“Cibs~.1"
prediction by Einstein 100 years ago is correct or not ? o

B[00 JOLIH:
OXS-313H

$002 '[2 33 x04

9

Example 2
@When supernova occurs three thousand light year from the earth.

Step 1 From detected v AO3 allert position with several degree accuracy

T

Step 2 AO4 check if GW is emitted
yes = SN was non spherical explosion
no = counter example against standard theory

T

Step 3 AO1&A02 perform X-ray and optical observations
— Check property of Super Nova

Step 4 AO3&A04 Analysis of correlation of vand GW

Iy i

Step 5 All group including theory group AO5 AOT&AQ2 XiR - % - %%

Check how all the atom in earth and mankind formed > 1;

10



Schedule of each group and correlation EREt RS
— » @A~ DSHE

iKAGRA
HEHA  mman

| mEomAE.

F%E - Bl

2012 2013 2014 2015 2016 2017

AO1 WF-MAXI: i 1E B 5 WF-MAXI: &8 5B 5
; S B AR TAO—
BNEREDLDXER VIR | MAXI, <. SWit EOREEALT, 7v7
BET DR GRB. FHEFEE. I5voh—LOHE | BREE-VI+ITT7. BREHEICRBR
A02 FLFNHIASEE  GRBIAA—7v7 | hEIZLGHEFEE
nve Ak SRFLOEME, | 5. BAREATAO— | EHREETAO—
REBNBROKEZPRIMR | KGoa30r2E | TAEHKEEN | KQL1IvreEH | FyTORRER | 7y Bk
HLBRRDRR G % ASAURR—IL
AO03 200t R&D F—4U% o
BHER/RIED=a—) ERTVITL—F. | BRHREE fth DERE & D ERE Ef\ﬁ%ﬁil:ourtwEL\E@*%#,'J
/E%&Eggff%d)ffﬁﬁé gﬁfﬁ;}%—@“)/ REMBA~ORRE | LIRS = DFL T HEORGHH B
R
A04 N A A A e IRATSAUBIFD
s BRI RT LD A - | BAT—sEgmR, |
SHAMMERTSEN GRDEWROME REVIMITITR | ghmmn ne
RIERT — SR ORR = e e
A05 BEVERHROBEORI, BEGF | &3m0z 0h0T0—T I8 sRBRRICAH-E42E
ERERAKD SR ﬁ§ﬂ%&—o’>’§gmﬁ“"m§'ﬂ”t ROTROREL. BENERHEO
MIBROTE | e, 8 ek P HORE. sl
= = RS ERE~
KAGRAETE B iKAGRA bKAGRA
HEH D E SRR R
advanced LIGO AV R—)L HERE #AIEAE

advanced Virgo

What each group recommends:

1. This area use GW. v. gamma ray. X ray. optical - infra red.
radio. Full Multi Messenger Astrophysics by a single group

2. AO1 world wide activity on research of GRBs
3. A02 world wide Japanese telescopes
4. A03 the first neutrino detectors in the world using Gd to
identify anti-neutrino in the detection of supernova
nutrino

5. A0O4 data analysis power fromTAMA300 over 10 years.

6. AO5 Various world wide results on post-newtonian GW
form, numerical relativity, supernova and so on.

12



LFAZC (FRZoA

How to bring up students
and outreach general people in Ja

Gravitational wave is the field in science with big development in this
century so that it is the very important field

D We will bring up necessary young students
-Take place the seminars for wide field young students
*Hire active young researchers

@ How to teach scientific results to general people in Japan
*Home Page
-Write articles in general scientific magazines
Public lectures to high school and university
students as well as citizens.
*Consider the possibility that citizens join to data
analysis.

13

Conclusion

New window by gravitational wave will be opened in 2016

Simultaneous observations by gamma, X ray, optical-infrared,
radio and neutrino are indispensable

Construct the follow-up system using full power of Japan as
soon as possible.

We will answer to questions like

Prediction by Einstein 100y ago is correct or not?

How the atom like gold and platinum was formed ? etc

We promote development of cosmology, particle physics, nuclear
physics and so on.

Open the new window to the universe !
See the new world of sciencell 14



Results after five years

New Development in Astrophysics through

multi messenger observation of
gravitational waves

Principal Investigator
Dept. Physics Kyoto University
Takashi Nakamura

15

Organization of this innovative area

Princi||?lal Investigator
Takashi Nakamura (Kyoto Univ.) Total budget 1.24x107yen~11M$

Strategic research
e AO1 [Search for X & gamma ray from GW sources |
PI : Nobuyuki Kawai (Tokyo Inst. Tech.)

e A02 [Search for optical & infrared radiation from GW sources|
PI : Michitoshi Yoshida (Hiroshima Univ.)

e A03 [Research of correlation of GW and neutrino signal from SN |
PI : Mark Vagins (Tokyo Univ. IPMU)

* A04 [Data analysis of GW signal related to various observations |
PI : Nobuyuki Kanda (Osaka City Unv.)

e AO5 [Theoretical research for various observations of GW sources]
PI : Takahiro Tanaka (Kyoto Univ)

Headquarter

e X00 [New development in Astrophysics through multi messenger
observation of gravitational waves|

PI : Takashi Nakamura (Kyoto-Univ.)

16
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Operating status of GW detectors

1) aLIGO
O1 (Observingrun 1) 2015/9-2016/1
e Sensitivity : ~1/3 of the final one
e Results : two Binary BH events
e AO1 and A02 performed follow-up observation based on MOU

2) aLIGO& aVirgo
02 2016/12-2017/8
e Sensitivity : ~1/6-1/2 of the final one
e Results: 2017.1.4 30—20Msun BBH. There is announce of

detections without details. AO1 and A02 é)erformed follow-up
observations based on MOU up to 2017.

¢ Rumors suggest the big discovery

3) KAGRA performed room temperature observations from
2016.3 to 2016.4
e A04 succeeded to transfer the data and performed the data
analysis

18



We predicted
GW150914 in 2014

TRERGAIC K BFEH

=ERN TN D%

served GW event

1%

30-30 solar mass binary BH from the first stars in the universe
e PI and Kinugawa + 3 graduate students predicted in 2014
e In the summary of GWPAW2015 held June 2015, “30Msun BBH will be

III

detected in September!!

e In the LIGO paper, “30Msun BBH predicted by Kinugawa et al. (2014
astonishingly agree with GW150914 "

BH ‘
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REOEH

-0.5

Chirp signal
1o P 519 Merger

-riﬁﬁ%a(seac)ES S&G;r‘ai 045 [#]

0.25

Interesting target for three
reasons:

—_———
—————

provides good test
Fi[rst st?r_in the universe
If population Il stars (formed at
redshifts 5-10) exist, these

might be a substantial fraction.

Perhaps we will detect several
of them in the first aLIGO data
run O1, this September!

Osaka 20.6.2015

Cosmologcal

Ap.J.Letters, 818:L.22(2016)

RS, 818:122 (15pp), 2016 February 20
s rseved

ASTROPHYSICAL IMPLICATIONS OF THE BINARY BLACK HOLE MERGER GW150914

10

d0i110.3847/2041-8205 /818/2/1.22

CrosMark

B. P. Asort', R. ABBOTT', T. D. ABBOTT?, M. R. ABERNATHY', F. ACERNESE™, K. ACKLEY’, C. ApAMS®, T. ADAMS’,

P. AppEsso’, R. X. Abuikart', V. B. Apva®, C. AFreLDT®, M. AcaThos’, K. AaTsuma’, N. AcGarwar'’, 0. D. Acuiar'!,

30 + 30 solar mass BHs

Detectable

e ———

0.01

0.001

down GW
LCGT de 5n range (VRSE-D) -4 5
£ for CBC for BH ONM [ (O @
[} — SNR=3 --- SNR=3 8 @
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=
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T T T

On the extreme low-metallicity end, it has been proposed
that BBH formation is also possible in the case of stellar
binaries at zero metallicity (Population III [PopllI] stars; see
Belczynski et al. 2004; Ki . The predictions
from these studies are even more uncertain, since we have no
observational constraints on the properties of first-generation
stellar binaries (e.g., mass function, mass ratios, orbital
separations). However, if one assumes that the properties of
PoplIl massive binaries are not very different from binary
populations in the local universe (admittedly a considerable

extrapolation). then recently predicted BBH total masses acree
astonishinely well with GW 150014 and can_have sufficiently
l?ng merger times to occur in the nea;rby universe (Kmugawa

6 30 im mantraot £ tha meadictad mmnoo meamartion

30+30 solar mass is best to
detect both chirp and ring

a

10° 10

10°
Mass of BH with solar mass unit

10° 10

This is one of the slides in the
summary talk by Bruce Allen at

GWPAW2015 held 20t June 2015

18]
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BERI551E 2

2015F6R(C30XBEEDT S v I/R—ILEEDSHROEREENA0S(C KD
BfCAZ, CN&ERITT. A0L-AD4ICHEWTCTENRFER (CHILDTTHT/R
MRZRRITDHE(EHOTONHRAUTLEEEEL.

[O1Z

1) GW150914D & 57230-30KBEEEDT S Y IR—ILEESH T, SF
Al. SR, SE&EO 3 DOENDROFINEETH DI, SEHEDRRIR
BEFEHDEGENECSTONEDBHRZI/TOTERSIDT, PA1>>145
A IRDIERZRET D EMEFINTULE. A04T (HRRIREIDAFITIED
#5172 T, Hilbert-HuangZiZAWLWTC. SHPESHEDEFNZT D
HEZREUL. €DRER. aLIGODFEMLDIFEDRWWERZHED LS
(2D fce U U 714222194 CBROIEEBZ &R OITBDICE
GW150914&LD. EDESNDRKEVWAARY MBBRETH D ENDH D,

2) EiERE—1— M JBHKET Sy IR—ILEATIHIFETHSD. B
RIIARZBULTWSIHEEEH DT, A01,A02, AO3TI(.
GW150914FD 4 DDEET SV IR—ILEFEDEHRNERMELIZ, A0S
SHRICEMWMENT SV IR—IVISET UTXEXEDI0005E< 50L\D
BBV NS AERIEGHERHULTVLED. ChiERNDEEZ LIFZ.
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AO01 Search for X & gamma ray from GW sources

Target 1: Design & trial manufacture of WF-MAXI [ 'l

e Soft X-ray Large solid angle Camera (SLC) j
development of CCD and estimate

of ability > done

development of camera and circuit

for signal > Thermal design for ISS and
rapid read out are done

e Hard X-ray Monitor(HXM)
detector(GAGG scinti+APD )
Data analysis using ASIC

- Done with two revisions

e Apply to small scale mission of
ISAS(Japanese counter part of NASA )

2014: 4SLC+HXM (cost~40M$)

Not adopted. ISAS comment was

“The probability of detecting GW is not high.

Estimate of cost performance is needed”

->This is completely wrong.

2015: 1SLC (~10M$)

Not adopted (ISAS)
because [ASTROSAT (launched 2015 )
can do the observations by WF-MAXI

22
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MAXI and WF-MAXI

Direction
of Motion

e

[
l -

MAXI JEM EF

WF(Wide Field)-MAXI covers 20% of sky in X-ray band while MAXI does
1%.
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AO01 Search for X & gamma ray from GW sources

Obs. of GW150914 by MAXI . ypper limit by MAXI(V) &
e Sky map after 92min and 1 day Expected sGRB X-ray
and the direction to GW by a LIGO intensity in aLIGO error

circle (@)

4 GRB050709_

1 scan (< 92 min)

scjaled toLlO() Mpc

1070}~ R A O e

Flux (erg/s/cm”2)

T
A R R

1071 i i i i i i i
1077 10" 40 140" 107 107 qef 1eF aef

Time since Trigger (sec)
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Einstein Probe ®{F@
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o STERFL T & (C K D EMEIRIERRN
%E&z RIBORF - 5UF - HlZ EhE
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- H. BASvIILOER. FiiOHER
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AQO2 Search for optical & infrared radiation from GW sources

Construction of J-GEM and folow-up obserbation

e J-GEM(Japanese collaboration for Gravitational-wave Electro-
Magnetic follow-up)

bright O'bser'va'tion b\'/ N:SN_S 50 M::c o—
. GW151226 J 1 ] e ERRE
BH-NS 200 Mpc sessses
Subau-HSC performed - Sy R
The deepest observation 2}
> 60~100degree? i L —
and proved ability of  £.,| \
detection of possible e g — 8 X pecam
darkest signals in the | telescope
world HSC ™
dark * =

Observation time in day

J-GEM's observation of GW151226
Subaru HSC performed the deepest follow-up observation.
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J G E M (Japanese collaboration for Gravitational-wave Electro-Magnetic follow-up)

Extension of AO2 project of the innovative area g ST

“Multi-messenger Observations of GW sources” 05\*‘1‘7.. .i

Malin faat |. T T T "y = —11?- B ] A0 J"g

B deg2/Bug imaging w/-4m f'& - 1m Kiso Schmidt telescope
g o : 6 deg? camera 9 36 deg?

1 deg? NIR imaging w/ 1m
opt-NIR spectroscopy w/ 1-8m 1.5m Kanata telescope
2m Nayuta telescope

opt-NIR polarimetry

50cm MITSuME
91cm OAO-WFC of NAOJ
Yamaguchi 32m radio telescope

50cm telescope
(Hiroshima Univ.

3.8m telescope
(Kyoto Univ. 2017)

TAO 6.5m
(Tokyo Univ.
2018)

miniTAO (Tokyo Univ.)
ASTE (NAOJ) @ Chile

- @“ IRSF (Nagoya Univ.) i-—ll 7\

@ South Africa
MOA-II, B&C (Nagoya
Univ.) @ New Zeeland

_ e —

2

e
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A03: Research of correlation of GW and neutrino signal

from SN
(0]
200t water cherenkov detector near Ve o (N o
Super Kamiokande under 1000m e | B
- | EMev)

~20seC

« Possible to identify anti-
neutrino from neutrino

« Possible to detect arrival
direction

- 8000 events from SN of
Betelegeuse due to increase

‘L; fpEice |1 Z . ' . » - -
15tont§lollnldr/n_§é. o i 7 - - by new circuit
Pres 5" '

"

Performed continuous observation for two
years !
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Super-Kamiokande decided introduction of Gd

check transparency of water using of EGAD

90
Blue band: SK-III and SK-IV water transparency values
80 Z Z 7

Cherenkov Light Left (%) at 15 m

EGADS Gd ,(S0O,); + x - H,0 concentration [ppm ]

s0 Black dashed line: final Gd sulfate concentration %
< = 0
o Sampling position: £ 5
vy o
40 + Z - Q. o - —+-Bottom —& = 1500
o £ o1 » °©
= o o z £ ~o-Centre 4 ©
o = < z s 2 g 2
30} & O 220 = s g -+-Top ] S
< 2 o ;L £ £ 2 £ .E 1000
) ~ < ~ 5 < =} & v B
20] 9 3 9; 3 = 2. E b=} v & P
o7 - = E = T o
S o Nt = oo < =
a’ X ~ 7 R = & 7] E 3 d
8 <7 = a @ 2 £ © Zlsoo
s o o s S 2 = s 2 N=i
10 + - Sosaty SRt et ) §=N = N
X =3 o = = =
& = —
° 7] = £ g2 © B0
S RS 3 b
S = ;@ = -]

o
11/Oct 10/Dec 08/Feb 09/Apr 08/Jun 07/Aug 06/Oct 05/Dec 03/Feb 03/Apr 02/Jun 01/Aug 30/Sep 29/Nov 28/Jan 29/Mar 28/May
2014 2015 2016 2017

« Similar to pure water transparency
* From this success Super-K team decided to add Gd
* Neutrino from far SN can be detected in future
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A04 Data analysis of GW signal related to various
observations

Success of real time transfer of GW data of KAGRA to Osaka city univ.
e KAGRA at Kamoka mine — Cluster computers at Osaka city univ
Average delay time was 3 second !!
We ourselves made software of data transfer
Safe operation more than one and half year
VPN(Virtual Private Network) is safely operated
Mile stone for low delay time data transfer

was achieved ! )
Data transfer time KAGRA—Osaka

12

Delay time in second red:all data
v wr Blue, green :subset
: KE fanta '
ICRR (kashiwa) FE of of da
gy
24 \
M 6 | |
Internet 8% Wi i i il ]
nterne 20 o Bhabti AR AR L
+VPN 2 HRRA P "‘l.g:lTu.'J.aIJ -1‘«*‘{.1“1‘“?(-{& @,»:’4';'(}.,',,#(,‘!%
BT 1 Gt A
©1CAR, unvershy of Toryo AL LM[W,.\._ 5| KU ) - A.L ,~l ul e
L " 1 a L " 1 " 1 " 1 i

KAGRA site
(underground tunnel)
Gife Pref. kamioka mine

04/13 04/13 04/13 04/13 04/13 04/13
13:00 14:00 15:00 16:00 17:00 18:00

Day and time

Osaka city Uni%(2



Analysis of real data was done
Data analysis of test operation of KAGRA
data in 2016 was performed

e Search for compact binary merger

e Burst wave from supernova

. 1000 ——— ;
e Continuous wave from 18-4pours continuous
pulsar § =
- . (o))

e Analysis of noise from KAGRA £ 1 m \

1 mﬂ'ﬂ'\ EEDEEI I I a D
. 0 10000 20000 30000 40000 50000 60000 70000
AnalySIS of GW150914 locked duration [s]
e Use open data of aLIGO Histogram of lock time of operation

of KAGRA 2016 Apri |
Construction of data analysis group in

Japan including young researcher was
done by PI of AO5 and team members.
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sources

Density perturbation in the early universe can make 30 solar
mass binary BH at its high amplitude region. This can be the

origin of dark matter.
e Primordial black hole scenario for the gravitational wave event
GW150914 (M. Sasaki, T. Suyama, T. Tanaka, S. Yokoyama)

e Phys. Rev. Lett. Editors’ Suggestion Third body’s tidal
force can make

® Based on the natural scenario of
primordial BH formation, we computed
the formation rate of 30 solar mass
binary and found that it is compatible
with that of GW150914 as well as
observation of the deviation of CMB.

The nearer two BHs
make binary by the
third body and merges

34 at the age of Universe



We developed many young researchers  gGmmmmmi
1. We use English in every meetings and AR
symposium. We made special sessions A“y*‘@ W

A

N
for young researchers at the \\\445‘“\\\
symposium Q

2. 22 young researchers got research
posts. Others got another post doctoral
jobs and are continuing the research.

3. We host 13 international conference in

A
MRS

I

N il

Japan and 3 in the abroad.

Many graduate students and posdocs
made oral and poster presentations in
English.

4, ThS total number of refereed papers is
472.

5. 16 awards and 3 promotion to professor

or associated professor. GWPAW (Gravitational Wave

Physics and Astrophysics
workshop) 2015, in Osaka
35

TC?V?I first direct detection of
e LIGO's press conference
2016 Feb. 11

Answer to questions from
Reporters of news papers
and TV.

e Many Public lectures.

e Many Public writings

Public lectures for high school students
and citizens e o)
e Public lectures for 100 anniversary of g P g
general theory of relativity were held at 4 ,
15 places in Japan with 2500 participants

e Free electric book for high school
students at HP of this innovative area

Written by Nakamura(PI) “The last one
second” (I75pages)

2868 down loads (at 2017/9/4)

Mainichi
news paper
web site

» §lExplain
Y2211 160" s
e |press
release by
member of

Poster of
Public
lectures 100
anniversary
of general
theory of
relativity



Conclusion

AO1

¢ Brought one year advance of X-ray follow-up of GW events detected by aLIGO using MAXI and CALET for three
years expecting fine results in 02.

e For WF-MAXI which covers 20% of the sky, we succeeded in preliminary design and construction of the apparatus.

A02

¢ Brought one year advance of optical - infrared follow-up observation of GW events detected by aLIGO for three
years. Organized J-GEM (Japanese collaboration for Gravitational-wave Electro-Magnetic follow-up) which has high evaluation
in the world.

e In aLIGO 02, A02 might have big results.

AO3
e Operated 200t water Cerenkov detector which can distinguish anti-neutrino first in the world for two and half years,
e From this good result, SK decided to include Gd next year

A04

e Succeeded in fast and stable transfer of GW data from KAGRA and analysis of the data. A02 is now ready for
operation of KAGRA detector.

e Found new data analysis methods using open data of aLIGO.

AO5
e Predicted 30Msun BH binary from the first star in the universe which is detected by aLIGO.
e Also predicted 30Msun BH binary from the density perturbation in the early universe.
e To identify which is the case, it is needed to construct 0.1Hz band cosmic detector called DECIGO.

This innovative area performed many themes appropriate at the
time of the first direct detection of the gravitational wave.
These results are fine for the development of new world of

gravitational wave and relatgd physics and astronomy.
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B-DECIGO(DECi hertz laser Interferometer Gravitational
wave Observatory)

Einstein Pre-DECIGO eLISA -
Telescope ! /\

Detectable Luminosity Distance [Gpc]

Mass of Star [M__,_]
sofar

PTEP

Pre-DECIGO can get the smoking gun to decide
the astrophysical or cosmological origin of
GW150914-like binary black holes

Takashi Nakamura', Masaki Ando®**, Tomoya Kinugawa, Hiroyuki Nakano*,
Kazunari

i Eda®, Shuichi Sato?, Mitsuru Musha’, Tomotada Akutsu®, Takahiro Tanaka'*,
Naoki Seto’, Nobuyuki Kanda® and Yousuke ltoh*

Prog. Theor, Exp. Phys. 2016, 093EDI (16 pages)
DOI: 10.1093/peepipnw12?

1e+06 T

1018

1e+05 s
10000 -7~

— Pop Il BBH

. Pop I and I OLD

- - PBBH E

1000

02 -

Strain Sensitivity [1/Hz"?]

107
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Einstein
Telescope
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[e18]
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Announce of GW170817/SGRB170817A was Oct.16th

Therefore we could not argue this important
event at the final hearing although follow-up
observations by AO1 and A0O2 had been done.

Next speaker Kawabata will talk on the activity
by J-GEM and MAXI in details.

Moreover AO5 wrote papers on GW170817
such as

1)Ioka, K. Nakamura,T. Can an Off-axis Gamma-Ray Burst Jet in GW170817 Explain All the
Electromagnetic Counterparts? arXiv:1710.05905

2)Kisaka, S., Ioka, K.,Kashiyama, K., Nakamura,T. Scattered Short Gamma-Ray Bursts as
Electromagnetic Counterparts to Gravitational Waves and Implications of GW170817 arXiv:1711.00243

3) Yamazaki, R. Ioka, K. Nakamura, T. Prompt emission from the counter jet of a short gamma-ray burst

arXiv:17011.06856
4)Shibata, M., Fujibayashi, S., Hotokezaka, K., Kiuchi, K., Kyutoku, K., Sekiguchi, Y., Tanaka, M.,

GW170817: Modeling based on numerical relativity and its implications arXiv:1710.07579
39
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A0l EEJIRRIKMSDXHER - VEIRIETDERZR
SLC (RX#RARIZIFANDAS)

® HFH = ~25kg (w/o compressor)

o AIEMEHIE TRIK.
HAZ+ AR AR

® HAIETRY: BREMLEES
Sal—iay N\A—H1E

® CCOEIEILER R D EITHER

® EAELET 24CTTRAKIZ KD HEN—%
E##%—CCD -100 C (TBD))

® MERZEFEDIIL
WE A EBRES
® ELFCCD (ASTRO-H SXIF i fk &)

mechanical cooler
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A0l EEJIRRIKMSDXER - VEARIIETDERZR

BiR2: EHR X EDE

e MAXI - LIGO/VirgoF — /x & MOUS#E

GW150914, GW151226 & /1KRL A 4ESS B M
7 X #RoBig CHE—E e, _ERERIE
FROPIEFESHE NI U TOIflfEZSEEE

FEIDEEIRR
LIGO-02 (2016/11~2017/8)ICfFE#FHETSN

o MAXI(C KBEIIRKEEEERIARDETH|
GRB B KU ERFEIXER NS> 21> hOEH
IS5V IOR—ILOER
FF1EIC—EDEESTHER
SRAIRDT S W I IR—ILDEDHETEN
XEREED 770 ~N—X ;. IKREBBOEA
hEFEDT S v IR—ILADIEEIBIEDAE
hiEFEDEEEDZE(L>BE & EFEADFHIR
J'SvOR—IVOBEHETE
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o NEIRIMPBEIMETHIRY MDD —2TDIEE
4DDEBHFEDIERE : 80%
AESBLRFHASTomoe 80%
FIULGREBRAMEDAS OAO-WFC 90%
RA3.SMAEDHIAFTLA 100%
BES0mEBiEIE 70%

o ERIFRY NDJ—TOZFAVEEKIRDBIEDA
LIGO/VirgoE Bt R DERER T o+ 00— 77w T 1>
V=T ACENMNDI-GEMIZE BT (158468 - 1085=
BHEIN)

J-GEM(C & D LIGOH & U = /7R R OB Al (B
D> HAEHE EDRRE ZEME : 100%E Lk

GW150914 24FAEH—A~A + SRAER

GW151226 1000FAEYH—A~1 + iRinIERiAl

€T (EBRERBHSCIC KD IR —DFEE

(245R) TIENMRAICRIN

43

ik
Y
o

P

J-GEMODY—A fald
A8, K:FIEBHSC. E:MOA

FIZLIGODE KRR THTE S HEIKRA M,
FORNESAIFETREMAKEL,

A02 RAEFIRDIEFETRIMETICIRROIERR

EIRAZTALR
o LIGO(C & BEHKRRDIEHEA
GW150914 : AEHIDENREZRH

Abbott, et al. ApJL, 826, L13 (2016); Abbot, et al. 2016,
ApJS, 225, 8 (2016); Morokuma, et al. PAS], 68, 9 (2016)

GW151226 : ZHEBHODEKIRIL

Yoshida, et al. PAS], 69, 9 (2017); Utsumi, et al. PAS]

submitted (2017)
o ERIFIBEIMD b DEVAIEFRFE

BILREF O ASTomoed T O NI+ T5ER% - sREREDAIRKIN (2015)
[LAREFRIF D A SOAO-WFCTERK - TEEEAMIE (2015)

EDS AT LT - EFEERRMIE (2015)
HES0mE=FRE ek - FARY hxiE (2016)

o ENIRROIFEMICKIAICEET DIEmeY - BUHIBIIAZT

P FEEIKC K DBRERETOERAVIAZTE (Tanaka, et al. 20144th)
WRBHEESBFEDIVI I ORKOFER (Takaki et al. 2013)
BFv > RSth—)EE=DIaB8SBHERR (Yamanaka, et al. 2016)
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FEFAY b - 50nERIRDIRN E S

e IRTE (2017/8) DI
+ 20168F9A9H ([CTFA W NRM(CEiRIE - SUAIRE—RZPERE R—LADH
([RERE L. sBREVAIZEMm U,
- SHEREUAIODIER. EiRiE + BUAIREDNFMHRENREFTHED THD 2 é:’a':EEE?S
o Eleo FRY MIA b —1 > OMBAEEY > TWD T &R,
BBEREENDE T, S0mBRIBEDOERERNEARAEARNDIME ﬁﬁkﬁé?é
L_&b\ﬁb\jjk__o ﬂ%EE/EU(IET '13_'3((/\7&(/\
- 20165 10ALE. R—AGKRE EERIRODAIERE - EaeHMinZBIELT
FARY MR ZRATVDH. HEDFAINESIN TR,

s SEODREL ETIR
- 20174F9F#E~10ACFARY NABHIHAIENZREBL > WIBMOR
HETR—L - DEFREETS.

- HE - BRINKIENSETEBFENLEXRZ(TETED., ARO—EELT
ARS50mEBizEE (CRAT BHFEBITO TL\D. SEEHARADTARY MABHEE
R ENFEETNDIN. ABZELE (BRILXXEME) NIFER(CEERIRHA
B.EHOBPLER>TTOZS T hEMGEL T CEESTBELTULS,
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o SOMBREBEDOFARY |~ - [IEH A hAEE (2016/9)

FARY bk - MEYA R BEBERRELER—A BRBRBEOHT

SEIhEEE HEREA DR T HEREATE SN EDEMREK
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Koji Kawabata (Hiroshima Univ., HASC),

“J-GEM Follow-up Observations for gravitational
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27t JGRG in Hiroshima (2017)
J-GEM Follow-up Observations for
gravitational wave events and GW170817

Koji S. Kawabata (Hiroshima Univ.)
on behalf of J-GEM team
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Rainer Weiss Kip S Thorne
LIGONIRGO Collaboration UGONIRGO Collaboration LIGDN /IO Collaboral uu
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J-GEM

Japanese collaboration of Gravitational wave Electro-

Magnetic follow-up observations
Founded for KAKENHI Grant-in-Aid for Scientific Research on Innovative Areas,
2012-2016,

“New development in astrophysics through multimessenger observations of
gravitational wave sources” (PI: T. Nakamura@Kyoto Univ.)

A02 “Searching for Optical and Infrared Counterpart Source of Astronomical

Gravitational Wave” (Pl: M. Yoshida@Hiroshima Univ. — 2017.4 Subaru, NAQJ)|

Members

Hiroshima Univ: K. S. Kawabata, M. Uemura, H. Nagashima
Stanford Univ: Y Utsumi (2017.11 HU — SU i
M. Tanaka, K. Yanagisawa, D. Kuroda H. nagai, W. Aoki
Univ of Tokyo: K. Motohara, T. Morokuma, M. Doi, S. Sako, R. Ohsawa, M. Yamaguchi, N. Yasuda, T.
Shigeyama, H. Tagoshi

TITECH: N. Kawai, Y. Saito, Y. Yatsu, R. Itoh, K. Murata

Nagoya Univ: F. Abe, Y. Tamura, H. Kaneda, (the late) Y. Asakura

Kyoto Univ: K. Ohta, K. Matsubayashi, T. Nakamura, T. Tanaka, N. Seto, K. loka

Konan Univ: N. Tominaga . .
Kagoshima Univ: T. Nagayama Group of specialists on opt/NIR observations

Toho Univ: Y. Sekiguchi and transient objects (theoretically &
Osaka City Univ: N. Kanda observationally) , cooperated with a few GW
University of Hyogo: Y. Itoh, T. Saito, B. Stefan, S. Hq people.

Yamaguchi Univ: K. Fujisawa



Observmg Facility in J-GEM

Principal Specification
36 deg? opt. imaging w/ 1m
2 deg? opt. imaging w/ 8m «

Deepest & widest
surveyor so far

opt-NIR spectroscopy w/ 1-8m Very Wide Field C_am ') 36 deg®
opt-NIR polarimetry w/ 1(&8)m * 1.5m Kanata Tel (Hiroshima U)

*  2m Nayuta Tel (U Hyogo)

* 50cm MITSuME Tel (NAOJ/TITECH)
* 0.91m NIR Wide Field Cam (NAOJ)

* 32m Radio Telescope (Yamaguchi U)

0.5m Tel@Tibet/China

\ 3.8m Kyoto_
(Hiroshima U) < el Okayama Tel \ 8.2m Subaru Tel
iroshima

2
(Kyoto U) HSC =» 2 deg
J7%-| 6.5m TAO Tel
| @Chile (U Tokyo)

1m mini—-TAO@Chile
1.8m MOA-II & 0.61m B&C Atakama (U Tokyo)

Tel@New Zealand (Nagoya U)

1 1.4m IRSF@South Africa
JK Y SAAO (Nagoya U)

Hiroshima U / Tibet 0.5m Telescope @ 5100m a.s.l.
construction was completed on 2017 Oct 6 !




Start of J-GEM Activity: MoU with LIGO/VIRGO

LIGO-M1400069, VIR-0127-14 1

Memorandum of Understanding between
J-GEM and LIGO and VIRGO

regarding follow-up observations of
gravitational wave event candidates

April 5, 2014

This Memorandum of Understanding (MOU) establishes a collaborative effort among the Laser Inter-
ferometer Gravitational-Wave Observatory (LIGO) and LIGO Scientific Collaboration (LSC), the Euro-
pean Gravitational Observatory and Virgo Collaboration (EGO/Virgo), and Japanese Collaboration for
Gravitational-Wave Electro-Magnetic Follow-up (J-GEM) in order to participate in a program to perform
follow-up observations of gravitational wave (GW) candidate events with the sharing of proprietary infor-
mation (see LIGO-M1300550 and VIR-04944-13 for an overview).

The purpose of this MOU is to reference the parties involved and their relevant policies; define the
appropriate data and information that is to be shared under this arrangement, and its permitted use; and
establish how any publications and presentations coming out of this work will be handled. By signing
this MOU, the parties agree that they understand the nature of the collaborative work, consider it to be
scientifically worthwhile, and will do their best to bring it to successful completion.

Sharing proprietary GW information under the MoU.
>70 teams have signed an MoU with LIGO/VIRGO.

Kilonova/Macronova model and obs. strategy

If NS-NS or BH-NS merger occurs at 100Mpc,
1m-class telescope can detect within 1-2 days
and 8m Subaru/HSC can follow through ~10 days

with only 1min exposure.

En [ = _2F i

j'lm 10min.
Merger of \% - I

Oos

NS+BH S Tidal "r:m‘&l;uiwm
NS+NS™~ 1 HsC 1min.
s C> (o) Q — i . PR U, N —— <:|
L SN la(z=0.1) —— 1
SN la (z=0.2)

ved 7

&

Immediate galaxy-targeted obs. with 1m-class
tel. & blank survey with wide-field cameras of

Subaru/HSC and Kiso WFC (or Tomo-e Gozen)
(Only Subaru/HSC can perform blank survey with 8-10m tel’s.)




O1 observing run:
2015 Sep 12 (18) — 2016 Jan 12

GW150914: The First detected GW event

LIGO Hanford Data (shifted)

Public on 2016 Feb 1

" | LIGO Livingston Data

0.30 0.35 0.40 0.45

Time (sec)

SIN=24 .



GW150914: The First detected GW event

>25 teams performed
follow-up observations.
But, no possible

candidate was found.
(e.g., Abbott+ 2016)

optical/IR [
X-ray [
ray (all-sky)

Abbott+ 2016

0 3e-06 © 8e-05

GW151226: Second GW event

:
— H1 whitened ht)
151 — Template(t)
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GW151226: Second GW eventY i

Pointing map for GW151226

A

yid
e

J-GEM performed wide- ' . S e

) . . 60 ==l d . Oée,"‘ 1'

field survey (including o Sl “‘,’\‘;i%

Subaru/HSC) and ST U O

galaxy-targeted obs. £ o \hx-’,béﬁo ,e“
HSC Pointing map for Gw1s1226 ./ w30 '

o 20 HSC covered 63.5deg? (7%
localization probability) at

2 three epochs (+12, +18, +42
BN days), and no kilo-nova like
candidate brighter than i~23
(50) was found among

so detected 1744 variable objects.

a [deg] . _ _
. Utsumi+ 2017 (Utsumi+ 2017; Yoshida+ 2017)

In O1 run, 2+1 events are all likely BH+BH
mergers.

No team successfully (or convincingly)
detected EM counterpart of the GW events.

Most GW events are likely optically
dark. It is risky to follow up all GW
events with Subaru/HSC because of
limited number of allocated nights,
although Nakamura-san pointed that
BH merger might be bright by
unknown mechanism...




O2 observing run:
2016 Nov 30 — 2017 Aug 25

Updates:

* New parameters “ProbHasNs” and “ProbHasRemnant” are
filled out in CBC GW detection Alerts, ensuring
electromagnetically bright (or not).

e Probability sky map becomes 3D (including distance) in
CBC alerts.

o After 2017 August 1 VIRGO GW detector joins.

13

Prediction of detection rate of binary neutron star

merger event in realistic cases
Singer et al. 2014, ApJ, 795, 105

2015 2016

Detectors HL HLV
LIGO (HL) BNS range 54 Mpc 108 Mpc
Run duration 3 months 6 months
No. detections 0.091 1.5
Rapid Full PE Rapid Full PE

Fr

[

LIGO+VIRGO 6 month observation may detect

roughly 1 or 2 NS-NS merger events.
_Area of 90% localization probability may be still
S _ - ;
- F:on5|derably Iarge,‘ 200 c!gg |
5 ssc o o
Smaller :{Hldcg: 64% 70% 62% 81%

500 deg- 87% 890G 83% 03
Mecl - _Itis likely to miss the EM counterpart

'f‘ iIn O2 run even with Subaru/HSC...



List of J-GEM follow-up observations

3. GW170104 ProbHasNs=0% and
ProbHasRemnant=0%. — No counterpart.

4. GW170814  Again, ProbHasNs=0% and
ProbHasRemnant=0%, although the localization
probability is considerably narrowed because of
joining with VIRGO. — No counterpart.

16



Masses of compact binaries
detected by GW events so far

Black Holes of Known V

BH merget

MassISun=1)

@ =
X-Ray Studies

LIGO/VIRGO

17
LIGO/Caltech/Sonoma State (Aurore Simonnet)

Localization probability map

GW170104

LVT151012

GW151226

GW170817

" GW150914

GVV17081:\\

LIGO/Virgo/NASA/Leo Singer
(Milky Way image: Axel Mellinger)

After Virgo joined, the area is well restricted. 18




J-GEM on 2017 Aug 17

« We were performing optical/NIR follow-up
observations of GW170814 event with Subaru/HSC,
Kiso WFC, Akeno 0.5m, etc.

| (probably) had little or no hope to detect the
counterpart for GW170814, but just expecting to
anchor a more reliable upper-limit because of larger
coverage of localization probability area.

| began to think that no more GW event would Mg
appear in O2 run finishing on Aug 25. ff

Alert of GW170817 !l

Very small False Alarm Rate
— Convincing event

Probability of having NS --- 100%!
Probability of ejecta/remnant 100%!
Very close to us (~40Mpc)!

Immediately stimulated observing J-GEM members...

22:33JST =13:33UT
‘g 22:33JST =13:33UT g
VIoro al

20



GW170817: Slow rising chirp’ frequency

Normalized amplitude
0 2 4 6

[
500

LIGO-Hanford

Taking ~2 order longer
time than GW150914

—

NS+NS merger!

100

Frequency (Hz)

© LIGO-Virgo Consortium

-30 -20 -10 0
Time (seconds)

21

EM obs. of GW170817

8/17 12:41:04 GW detected
8/17 12:41.06 Fermi GBM detected gamma-ray
0.5days SWOPE tel. (Chile) optically identified the

candidate counterpart. (Coulter+ GCN 21529)
Unfortunately, the position is in southern hemisphere and
close to the sun, and it was hard to be observed in northern
hemisphere.

0.7days Subaru 8.2m/HSC optical obs. began
1.2days Nagoya U/SAAO IRSF 1.4m NIR obs. began
1.8days Nagoya U/NZ MOA 1.8m/B&C 0.61m obs.
(2.9days Hiroshima U/Kanata 1.5m NIR obs.)
14.3days Suraru/MOIRCS NIR obs. began

...soon became too close to the sun and obs. finistlzed.
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2D localization probability map
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J-GEM obs. of the
counterpart:
SSS17a

Decayed and
reddened quickly

Utsumi et al. 2017;
Tanaka et al. 2017;

Tominaga et al. 2017,
Subaru HSC 10.9um. IRSF1.2um, 2.2um composite color image

Nakaoka et al. 2017;
Utsumi et al. 2017 26

Severe to photometry from Japan



Other candidate exist?

HSC Pointing map for GW170817
2017-08-18 2017-08-19
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Tominaga+ 2017

205 200 195 190 185 205 200 195 190 185
Right Ascension [deg] Right Ascension [deg]

_ Tominaga+ 2017,
« Subaru 8.2m/HSC: 24 arcdeg? (covering 67% credible region)

for z < 20.6mag, and detected 60 extragalactic variables.
—All (except for SSS17a) are excluded by distance, luminosity,

color and their variations
Soares-Santos+ 2017

« DECam (4m in Chile): 70 arcdeg? (covering 93%) survey for
z < 21.3mag (1500 variables) gives similar result. 27

84 papers appeared just after the embargo (Oct 16)

Estimating the Contribution of Dynamical Ejecta in the Kilonova Associated with GW170817
GW170817: Implications for the Stochastic Gravitational-Wave Background from Compact £
On the Progenitor of Binary Neutron Star Merger GW170817

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

INTEGRAL Gravitational Waves and Gamma-Rays from a Binary Neutron Star Merger: GW170817 and
Multi-messenger Observations of a Binary Neutron Star Merger

A gravitational-wave standard siren measurement of the Hubble constant

-
J-GEMEE &
J-GEM observations of an electromagnetic counterpart to the neutron star merger GW1708°

Kilonova from post-merger ejecta as an optical and near-infrared counterpart of GW170817

Subaru Hyper Suprime-Cam Survey for An Oplical Counterpart of GW170817

Can an Off-axis Gamma-Ray Burst Jet in GW170817 Explain All the Eleciromagnetic Coun

Maria Drout, Stefano Valenti, and lair Arcavi
(https://Ico.global/~iarcavi/kilonovae.html) o8
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Multi-messenger Observations of a Binary Neutron Star Merger
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Kilonova model
(0.01M,, ejecta)
well explains the
decay rate, but
~1mag fainter.

Utsumi+ 2017



Absolute magnitude

Probing the properties of ejecta..

Electron fraction Ye (number of proton per nucleon)
and product in r-process

-17

-16

-15

-14

-13

-12

-11

Mass fraction

r opacity)
pas 5 PRI, | PR

Comp. w/ kilonova model: Opt/NIR LCs

Tanaka et al. 201

60

70

Atomic number

Tanaka et al. 2017; Wanajo et al. 2014
31

— —
M = 0.03 Msun (Ye = 0.10-0.40)
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Days after GW170817

Absolute magnitude
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Days after GW170817

Medium electron fraction (Ye=0.25) model well
reproduces LCs after 3 days, requiring
somewhat larger ejecta (~0.03M,,)
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Tanaka et al. 2017

el | éw | SED after 3 days is also
| i consistent with medium
-7 L h-:J: " _
l # H i Ye=0.25 model
1078 £ -
= Y WMQ} g
LU0 iy MW £
= ' I AP A L | S
‘o L 52-54d @ 2
S0tk E Tanakat+ 2017 ) line of sight
E -*K;memﬁ ] >3days c?
I W":}M i W"'W*" Post—m%rger ejecta high ve
‘°_17§' 'Y medium Ye
10716 — Ye = 0.30 -
E ve=025 " ]
[ Ye=0.10-0.40 kb aga i Dynamical ejecta
i L M}rzw\&w W’m WM’H'ANH low Ye
: 0 ]f
J 53
0 5000 10000 15000 20000 25000

Wavelength (A)

MAXI/GSC and CALET obs

(Sugita+ 2017)
At the LIGO detection, the high-volt. Of

MAXI/GSC was off, unfortunately.
At ~170 sec, it turned on, but, again gg;:‘;jﬁ::_imsn?'j‘
unfortunately, the Fermi/GBM localization s
was near the pole of ISS orbital rotation
and MAXI/GSC could not point the field.
MAXI/GSC (2-10 keV) finally gives upper-
limits of < 1.65 x 10%°, < 1.47 x 10%%,8.0 X
10** and 5.4 x 10** erg/s at 0.19, 0.26,
0.50 and 0.57 days, respectively. (Nakahira+ 2017)

At the LIGO detection, CALET GBM was operated, but no on-board
trigger occurred.

CGBM/SGM (40keV-28MeV) was 71 deg off-axis from SSS17A and
covered 99% GW localization probability in its FoV and gives 70 upper-
limit of 5.5 x 10~7erg/cm?/sec (10-1000 keV, 1sec exp.), being
consistent with the peak flux observed by Fermi/GBM.

l_%E_x'lf.ernal platform-"
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On the prompt short GRB
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Much fainter than other GRBs intrinsically
— Viewed from inclined direction from rotation/jet axis?

35
Abbott+ 2017

Faint sGRB and following EW emissions can

be explained by a model of
E;o~10°1 — 10°2erg
Jet opening angle ~20°
Viewing angle ~30°

weeks  X/Radio

~months afterglow

(loka & Nakamura 2017)

/4 Y. >
Jet-ISM shock /[ ~sec years
Off-axis X/Radio
flare

\ sGRB
Ejecta-ISM \ Vi
shock Jet ~|day opt.

/ macronova

~|0day IR
macronova

Cocoon
v~0.2-0.4c

Merger
ejecta
v~0.03-0.2c

(dynamical/
shock/wind)
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Summary

e Japanese GW EM counterpart observation team, J-
GEM, gave contributions to optical/NIR follow-up
observations of past GW events, even for GW170817
which appeared at the location where the ground-
based telescopes in main-land of Japan could not
see in the night sky.

e Collaboration with other teams in Japan (X-ray,
gamma-ray, neutrino, etc.; theoretical groups) seems
effectively working under the KAKENHI Grant-in-Aid
for Scientific Research on Innovative Areas, 2012-
2016 (PI: Nakamura) and 2017-2021 (PI: Tanaka).
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