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The purpose of this study is to construct various methods in order to
verify Einstein”s general relativity by using gravitational waves from binary black holes.
Specifically, we prepare methods to be able to answer questions, whether a black hole is predicted
by general relativity, and whether general relativity (nonlinearity of Einstein®s equations) in a
strong gravitational field is correct.

For this purpose, we checked and improved the accuracy of "inspiral gravitational waves™ that are
emitted when the orbital separation of binaries shrinks gradually while radiating gravitational
waves, and studied on data analysis methods of "ringdown gravitational waves™ that are emitted after

merger. Furthermore, we proposed verification methods for general relativity by using the above two

gravitational waves, and so on.



100

KAGRA baseline
KAGRA 2018 LIGO advanced LIGO 2015 9
18 VIRGO
()
()
Kerr
T T T T T T
| | 3
Inspiral Merger
Ringdown
I I 1 I 1 ﬂo
0 500 1000 1500

/M



29 2
A)
B)

A)

Gravitational Waveform Database http://www.black-holes.org/waveforms/

2016 2 11
LIGO 01
KAGRA
2016 11 30 2

03 2020 3
Advanced VIRGO, bKAGRA 100Hz

LISA

LISA B-DECIGO

International

02

0.01Hz
GW150914

GW150914

28

SXS
201

Affiliate Researcher

Advanced

Advanced LIGO,

LISA, B-DECIGO
B-DECIGO
GW190521

1Hz



36 36 22 15

Uchikata Nami Nakano Hiroyuki Narikawa Tatsuya Sago Norichika Tagoshi Hideyuki Tanaka 100

Takahiro

Searching for black hole echoes from the LIGO-Virgo catalog GWTC-1 2019

Physical Review D 62006
DOl

10.1103/PhysRevD.100.062006

Ireland Brennan Birnholtz Ofek Nakano Hiroyuki West Eric Campanelli Manuela 100

Eccentric binary black holes with spin via the direct integration of the post-Newtonian 2019

equations of motion

Physical Review D 24015
DOl

10.1103/PhysRevD.100.024015

Nakano Hiroyuki Narikawa Tatsuya Oohara Ken-ichi Sakai Kazuki Shinkai Hisa-aki Takahashi 99

Hirotaka Tanaka Takahiro Uchikata Nami Yamamoto Shun Yamamoto Takahiro S.

Comparison of various methods to extract ringdown frequency from gravitational wave data 2019

Physical Review D 124032
DOl

10.1103/PhysRevD.99.124032

Isoyama Soichiro Nakano Hiroyuki Nakamura Takashi 2018

Multiband gravitational-wave astronomy: Observing binary inspirals with a decihertz detector, 2018

B-DECIGO

Progress of Theoretical and Experimental Physics 730

DOl
10.1093/ptep/pty078




Soichiro Isoyama Ryuichi Fujita Hiroyuki Nakano Norichika Sago Takahiro Tanaka 2018

“ Flux-balance formulae” for extreme mass-ratio inspirals 2018

Progress of Theoretical and Experimental Physics 130
DOl

10.1093/ptep/pty136

Fujita Ryuichi Isoyama Soichiro Le Tiec Alexandre Nakano Hiroyuki Sago Norichika Tanaka 34

Takahiro

Hamiltonian formulation of the conservative self-force dynamics in the Kerr geometry 2017

Classical and Quantum Gravity 134001
DOl

10.1088/1361-6382/aa7342

Healy James Lousto Carlos O Nakano Hiroyuki Zlochower Yosef 34

Post-Newtonian quasicircular initial orbits for numerical relativity 2017

Classical and Quantum Gravity 145011
DOl

10.1088/1361-6382/aa7929

Nakano Hiroyuki Sago Norichika Tagoshi Hideyuki Tanaka Takahiro 2017

Black hole ringdown echoes and howls 2017

Progress of Theoretical and Experimental Physics "071E01"

DOl
10.1093/ptep/ptx093




Sakai Kazuki Oohara Ken-ichi Nakano Hiroyuki Kaneyama Masato Takahashi Hirotaka 96

Estimation of starting times of quasinormal modes in ringdown gravitational waves with the 2017

Hilbert-Huang transform

Physical Review D 44047
DOl

10.1103/PhysRevD.96.044047

Isoyama Soichiro Nakano Hiroyuki 35

Post-Newtonian templates for binary black-hole inspirals: the effect of the horizon fluxes and 2017

the secular change in the black-hole masses and spins

Classical and Quantum Gravity 24001
DOl

10.1088/1361-6382/aa96c5

Fujita Ryuichi Sago Norichika Nakano Hiroyuki 35

Note on accuracy of the post-Newtonian approximation for extreme-mass ratio inspirals: 2017

retrograde orbits

Classical and Quantum Gravity 27001
DOl

10.1088/1361-6382/aa9ad5

Kawaguchi Kyohei Kyutoku Koutarou Nakano Hiroyuki Shibata Masaru 97

Extracting the orbital axis from gravitational waves of precessing binary systems 2018

Physical Review D 24017

DOl
10.1103/PhysRevD.97.024017




Sadiq Jam Zlochower Yosef Nakano Hiroyuki 97

Comparing an analytical spacetime metric for a merging binary to a fully nonlinear numerical 2018

evolution using curvature scalars

Physical Review D 84007
DOl

10.1103/PhysRevD.97.084007

Takashi Nakamura, Hiroyuki Nakano 2016

How close can we approach the event horizon of the Kerr black hole from the detection of 2016

gravitational quasinormal modes?

Prog. Theor. Exp. Phys. 410
DOl

10.1093/ptep/ptw026

Norichika Sago, Ryuichi Fujita, Hiroyuki Nakano 93

Accuracy of the post-Newtonian approximation for extreme mass ratio inspirals from a black-hole 2016

perturbation approach

Phys. Rev. D 104023
DOl

10.1103/PhysRevD.93.104023

Brennan Ireland, Bruno C. Mundim, Hiroyuki Nakano, Manuela Campanelli 93

Inspiralling, nonprecessing, spinning black hole binary spacetimevia asymptotic matching 2016

Phys. Rev. D 104057
DOl

10.1103/PhysRevD.93.104057




Yosef Zlochower, Hiroyuki Nakano, Bruno C. Mundim, Manuela Campanelli, Scott Noble, Miguel 93

Zilhao

Inspiraling black-hole binary spacetimes: Challenges in transitioning from analytical to 2016

numerical techniques

Phys. Rev. D 124072
DOl

10.1103/PhysRevD.93.124072

Hiroyuki Nakano, Norichika Sago, Takahiro Tanaka, Takashi Nakamura 2016

Estimate of the radius responsible for quasinormal modes in the extreme Kerr limit and 2016

asymptotic behavior of the Sasaki-Nakamura transformation

Prog. Theor. Exp. Phys. 830
DOl

10.1093/ptep/ptw098

Takashi Nakamura, Masaki Ando, Tomoya Kinugawa, Hiroyuki Nakano, Kazunari Eda, Shuichi Sato, 2016

Mitsuru Musha, Tomotada Akutsu, Takahiro Tanaka, Naoki Seto, Nobuyuki Kanda, Yousuke Itoh

Pre-DECIGO can get the smoking gun to decide the astrophysical or cosmological origin of 2016

GW150914-like binary black holes

Prog. Theor. Exp. Phys. 930
DOl

10.1093/ptep/ptwl27

Tomoya Kinugawa, Hiroyuki Nakano, Takashi Nakamura 2016

Gravitational wave quasinormal mode from Population 111 massive black hole binaries in various 2016

models of population synthesis

Prog. Theor. Exp. Phys. 1030

DOl
10.1093/ptep/ptwl43




Hiroyuki Nakano, Brennan Ireland, Manuela Campanelli, Eric J. West 33

Spinning, Precessing, Black Hole Binary Spacetime via Asymptotic Matching 2016

Class. Quant. Grav. 247001
DOl

10.1088/0264-9381/33/24/247001

Tomoya Kinugawa, Takashi Nakamura, Hiroyuki Nakano 2017

The possible existence of Pop 111 NS-BH binary and its detectability 2017

Prog. Theor. Exp. Phys. 210
DOl

10.1093/ptep/ptx003

Nakano Hiroyuki Fujita Ryuichi Isoyama Soichiro Sago Norichika 7

Scope Out Multiband Gravitational-Wave Observations of GW190521-Like Binary Black Holes with 2021

Space Gravitational Wave Antenna B-DECIGO

Universe 53 53
DOl

10.3390/universe7030053

Kinugawa Tomoya Nakamura Takashi Nakano Hiroyuki 2021

Formation of mass gap compact object and black hole binary from Population 111 stars 2020

Progress of Theoretical and Experimental Physics 210

DOl
10.1093/ptep/ptaal76




Kinugawa Tomoya Nakamura Takashi Nakano Hiroyuki 501

Formation of binary black holes similar to GW190521 with a total mass of ?150 M? from 2020

Population?l11 binary star evolution

Monthly Notices of the Royal Astronomical Society: Letters L49 L53
DOl

10.1093/mnrasl/slaal9l

Kinugawa Tomoya Nakamura Takashi Nakano Hiroyuki 498

Chirp mass and spin of binary black holes from first star remnants 2020

Monthly Notices of the Royal Astronomical Society 3946 3963
DOl

10.1093/mnras/staa2511

Uchikata Nami Narikawa Tatsuya Sakal Kazuki Takahashi Hirotaka Nakano Hiroyuki 102

Black hole spectroscopy for KAGRA future prospect in 05 2020

Physical Review D 24007

DOl
10.1103/PhysRevD.102.024007

22 3 2

Analytical adiabatic waveform of extreme mass-ratio inspirals

2019

2019




, Brennan Ireland, Ofek Birnholtz, Eric West, Manuela Campanelli

2018

2018

Multiband gravitational-wave astronomy: Observing binary inspirals

17 DECIGO

2018

A0l f2f

2017

Hiroyuki Nakano

Gravitational-wave absorption effects on inspiral waveforms

Symposium on “New development in astrophysics through multi-messenger observations of gravitational wave sources"

2017




Hiroyuki Nakano

Contribution to KAGRA from Ryukoku University

17th KAGRA face-to-face meeting

2017

Effects of gravitational-wave absorption in binary black-hole inspirals

2017

2017

DECIGO 2017

2017

30

2017




Hiroyuki Nakano, Soichiro Isoyama, Takashi Nakamura

Multi-band gravitational-wave astronomy for binary®s spin parameters

YK1S2018a Symposium "General Relativity - The Next Generation -

2018

DECIGO

DECIGO 91 DECIGO

73

2018

Hiroyuki Nakano

On ringdown gravitational waves of coalescing binary black holes

Multi-Messenger Bi-Monthly Meeting

2016

Hiroyuki Nakano, Takashi Nakamura, Takahiro Tanaka

Confirmation of the Existence of the Ergoregion by Ringdown Gravitational Waves

GWPAW 2016

2016




2016

2016

Testing GR with Binary Black Hole Mergers

2016

Hiroyuki Nakano

Precessing, Spinning Black Hole Binary Spacetime

The 26th Workshop on General Relativity and Gravitation in Japan (JGRG26)

2016

Hiroyuki Nakano

DECIGO 2016

2016




Hiroyuki Nakano

Post-Newtonian Quasicircular Initial Orbits for Numerical Relativity

Symposium on “New development in astrophysics through multimessenger observations of gravitational wave sources", 5th annual
symposium of the innovative area

2016

Hiroyuki Nakano

2017

Hiroyuki Nakano

2017

, DECIGO

DECIGO (79) DECIGO

2017




GWTC-2

The 4th workshop on "Mathematics and Physics in General Relativity"

2021

2020

432

5 5.6 GPS 5.9

16K05347
https://sites.google.com/site/denden919/home/research/16k05347

Black Hole Perturbation Club (B.H.P.C.)
https://sites.google.com/view/bhpcl1996/home




NASA




