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First Detection (2015 Sep 14)

Feb 2016, LIGO announced the first detection  
of GW (GW150914).  The source was Binary BHs.

Oct 2017，Royal Swedish academy of science 
announced the physics prize goes to GW  
project. 

Oct 2017，LIGO/Virgo announced  
the first GW detection from Binary NSs (GW170817).

1. Gravitational Waves

2017 Nobel Prize



Gravitational Wave 
from binary BH-BH, NS-NS, BH-NS

typical amplitude 10-22
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http://gwcenter.icrr.u-tokyo.ac.jp

Sources of Gravitational Waves

hard to predict too small 
amplitude

too small 
amplitude

The Target

supernovae pulsars black hole
binary neutron stars 
binary black holes

1. Gravitational Waves

signal =  noise  + gw  
[dimensionless] standard way is to use matched filtering technique 

necessary for GW templates in hand 

GW151226
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合体後の質量・角運動量

質量・スピン・軌道パラメータ・距離・潮汐力・偏光

原子核状態方程式

重力理論の検証

連星形成シナリオ

統計 宇宙論パラメータ 銀河形成シナリオ
究極理論の構築

What we can learn from GW (from a binary merger) ?

test of GR

unified theory

statistics

merger phase

1. Gravitational Waves

http://ligo.org/detections/GW170104.php

amplitude

inspiral phase
ringdown  
phase

mass, spin, orbital parameters, tidal, distance, polarization

mass, spin       

nuclear matter EOS 
binary formation scenario
galaxy formation scenario
cosmological parameters

<latexit sha1_base64="Mh04teE7hG94yDnvEuA6v6XDv3E="></latexit>

(m1,m2, s1, s2, ◆,n, tc,'c, , r)

http://ligo.org/detections/GW170104.php
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Sensitivity requirements for the detectors
1. Gravitational Waves

(seismic noise) (thermal noise)

Science 256 (1992) 325

(shot noise)

thermal control

high-power  
laser control

vibration control

po
w
er
 s
pe

ct
ra
l d

en
si
ty
 

initial LIGO 
(̶2010)

advanced LIGO 
(2015‒-)
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1. Gravitational Waves

Science 256 (1992) 325

signal =  noise  + gw  
[dimensionless]

spectral density [sec]

characteristic strain  
[dimensionless]

power spectral density  
[1/√Hz]

GW151226

Sensitivity requirements for the detectors
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1. Gravitational Waves

Science 256 (1992) 325

Sensitivity requirements for the detectors

http://gwplotter.com
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What kind of technology we need?
1. Gravitational Waves

Science 256 (1992) 325

http://gwplotter.com
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We need more detectors for better localization !

7
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4 km

4 km

3 km

600 m
3 km

GW International Network
Gravitational Wave Projects
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KAGRA

Virgo

LIGO-HanfordKAGRA

Virgo

LIGO-Livingston

LIGO, Virgo and KAGRA

more precise GW source localization 
more certain GW source parameters 
more chances to hunt GW events 
more information of GW polarization 
more ideas for GW researches 
more man power 

Gravitational Wave Projects

KAGRA

VirgoLIGO-Livingstone

LIGO-Hanford

KAGRAVirgoLLOLHO
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Science 256 (1992) 325

Sensitivity Curve
Gravitational Wave Projects

[1304.0670ver2020Jan] 

LVK collaboration, Living Rev Relativ (2020) 23:3  
https://link.springer.com/article/10.1007/s41114-020-00026-9

Binary NS range
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<latexit sha1_base64="Nqkk9BXaevHaLwHVW6nLBLByEfk="></latexit>

h(t) / 1

r
1/ distance

if we improve one-order of magnitude of the sensitivity,  
then the observational volume of the Universe  
become 103 times larger. 

Observation Period
Gravitational Wave Projects

amplitude of GW
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Six years ago, GW physics was a “future story”.   We did not know the existence of BBH, BH over 10 solar mass (except SMBH).  
Now LIGO/Virgo announced 50 events in October 2020 as GWTC-2 up to their O3a.

➡ 3BHBH

➡ +4BHBH
➡ +1NSNS

➡ +39BHBH
➡ +1NSNS
➡ +2BH+?

In 5 years, …

2015 Sep 14

Editor was suspicious  
to put GW in the title.

“GW will be detected  
 within a couple of years. ”         ▲Today 

２. LV & LVK Observational Results
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observed by LIGO L1, H1
       source type          black hole (BH) binary

date 14 Sept 2015
time 09:50:45 UTC

likely distance  0.75 to 1.9 Gly  
230 to 570 Mpc

redshift 0.054 to 0.136

signal-to-noise ratio 24

false alarm prob. < 1 in 5 million

false alarm rate < 1 in 200,000 yr
 Source Masses            M⊙

total mass 60 to 70
primary BH 32 to 41

secondary BH 25 to 33
remnant BH 58 to 67

mass ratio 0.6 to 1
primary  BH spin < 0.7

secondary BH spin < 0.9

remnant BH spin 0.57 to 0.72
signal arrival time 

delay
arrived in L1 7 ms 

before H1
likely sky position      Southern Hemisphere

likely orientation face-on/off
resolved to ~600 sq. deg.

  duration from 30 Hz ~ 200 ms
  # cycles from 30 Hz ~10

peak GW strain 1 x 10-21

peak displacement of 
interferometers arms

±0.002 fm

frequency/wavelength 
at peak GW strain

150 Hz, 2000 km

peak speed of BHs ~ 0.6 c
peak GW luminosity 3.6 x 1056  erg s-1

radiated GW energy 2.5-3.5 M⊙

remnant ringdown freq.      ~ 250 Hz          .

    remnant damping time         ~ 4 ms          .

 remnant size, area 180 km, 3.5 x 105 km2

consistent with 
general relativity?

passes all tests 
performed

graviton mass bound < 1.2 x 10-22 eV

coalescence rate of 
binary black holes

2 to 400 Gpc-3 yr-1

  online trigger latency ~ 3 min
 # offline analysis pipelines             5

CPU hours consumed ~ 50 million (=20,000 
PCs run for 100 days) 

papers on Feb 11, 2016                13

# researchers ~1000, 80 institutions 
in 15 countries

B A C K G R O U N D  I M A G E S :  T I M E - F R E Q U E N C Y  T R A C E  ( T O P )  A N D  T I M E - S E R I E S  
( B O T T O M )  I N  T H E  T W O  L I G O  D E T E C T O R S ;  S I M U L A T I O N  O F  B L A C K  H O L E  

H O R I Z O N S  ( M I D D L E - T O P ) ,  B E S T  F I T  W A V E F O R M  ( M I D D L E - B O T T O M )

G W 1 5 0 9 1 4 : F A C T S H E E T

first direct detection of  gravitational waves (GW) and first direct observation 
of a black hole binary

Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds.  
Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 1012 km; Mpc=mega 
parsec=3.2 million lightyear, Gpc=103 Mpc, fm=femtometer=10-15 m, M⊙=1 solar mass=2 x 1030 kg

GW150914    The First Detection of GW　36M+29M=62M　

＊The First Detection of GW 

＊Existence of Binary BH 

＊Existence of BH at 30M 

２. LV & LVK Observational Results
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Localization and broadband follow-up of the 
gravitational-wave transient GW150914
This article is under preparation by the LIGO Scientific Collaboration, the Virgo collaboration, 
and partner observing facilities. The full version will be posted on or after February 15, 2016. It 
will describe the rapid detection and position reconstruction of the gravitational-wave signal and 
the broadband follow-up campaign by 21 teams of observers, spanning radio, optical, near-
infrared, X-ray, and gamma-ray wavelengths with ground- and space-based facilities.

 600 squared degree

LALInference sky map (GCN 18858) Mollweide projection plot

★ Distance was determined（400±170 Mpc，z=0.054̶0.136） 
     but not a particular direction 

arXiv:1606.01262

★Comparing with various simulations,  
binary parameters were determined. 

GW150914    The First Detection of GW　36M+29M=62M　
２. LV & LVK Observational Results
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GW170817    First Binary Neutron Stars &  Follow-up Observations

observed by H, L, V 
source type binary neutron star (NS) 
date 17 August 2017 
time of merger 12:41:04 UTC 
signal-to-noise ratio 32.4 
false alarm rate < 1 in 80 000 years 

distance 85 to 160 million  
light-years 

total mass  2.73 to 3.29 M⦿ 
primary NS mass 1.36 to 2.26 M⦿ 
secondary NS mass 0.86 to 1.36 M⦿ 
mass ratio 0.4 to 1.0 
radiated GW energy > 0.025 M⦿c2  
radii of NSs  likely ≲ 15 km 

effective spin 
parameter -0.01 to 0.17 

effective precession 
spin parameter unconstrained 

GW speed deviation 
from speed of light < few parts in 1015  

inferred duration from 30 
Hz to 2048 Hz** ~ 60 s 

inferred # of GW cycles 
from 30 Hz to 2048 Hz** ~ 3000 

initial astronomer alert 
latency* 27 min 

HLV sky map alert latency* 5 hrs 14 min 

HLV sky area† 28 deg2 
# of EM observatories that 
followed the trigger ~ 70 

also observed in 
gamma-ray, X-ray, 
ultraviolet, optical, 

infrared, radio 

host galaxy NGC 4993 
source RA, Dec 13h09m48s, -23°22’53" 

sky location in Hydra constellation 
viewing angle  
(without and with host 
galaxy identification) 

≤ 56° and ≤ 28° 

Hubble constant inferred 
from host galaxy 
identification 

62 to 107 km s-1 Mpc-1 

GW170817 FACTSHEET 

Images: time frequency traces (top), GW sky map  
(left, HL = light blue, HLV = dark blue,  

improved HLV = green,  
optical source location = cross-hair) 

 
GW=gravitational wave, EM = electromagnetic, 

M⊙=1 solar mass=2x1030 kg,  
H/L=LIGO Hanford/Livingston, V=Virgo 

 
Parameter ranges are 90% credible intervals.  

*referenced to the time of merger 
**maximum likelihood estimate 

†90% credible region 
 
 
 

 

 

＊First detection from binary NSs 

LIGO Hanford＋Livingston + Virgo 
Inspiral period 60 sec，150 cycles． 
localization 30 sq. deg 

27 min:  Alert for astronomers 
5h14m:  location information sent out 

1.74 sec: GRB was detected. 

Multi-Messenger Astronomy was established 
Opt, IR, X-ray, gamma-ray, …. 

Announced October 2017.  
62 papers and preprints appeared on the 
day of press release.  

PRL  119 (2017) 161101

Fermi & INTEGRAL detected GRB 
1.7 sec later the merger.

２. LV & LVK Observational Results
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＊First detection from binary NSs 

LIGO Hanford＋Livingston + Virgo 
Inspiral period 60 sec，150 cycles． 
localization 30 sq. deg 

27 min:  Alert for astronomers 
5h14m:  location information sent out 

1.74 sec: GRB was detected. 

Multi-Messenger Astronomy was established 
Opt, IR, X-ray, gamma-ray, …. 

Announced October 2017.  
62 papers and preprints appeared on the 
day of press release.  

GW170817    First Binary Neutron Stars &  Follow-up Observations
２. LV & LVK Observational Results



 

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

21

★ Sky localization < 30 sq. degree; amplitude and Mc predict distance 40+8-14 Mpc 
★ Follow-up obs identified the source．Lens Galaxy NGC4993 at 40 Mpc

GW170817    First Binary Neutron Stars &  Follow-up Observations
２. LV & LVK Observational Results
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The Universe started from light elements. 
Hydrogen was first produced.  Star formed. 
Star makes nuclear fusion, but it ends at Iron.  

Why the periodic table has elements heavier than Fe? 

by Supernovae！
  by NSNS mergers！

Kawaguchi-Shibata-Tanaka, ApJ 865 (2018) L21

★light curves by numerical simulation (lines) and  
observations (dots) fit well.

　　　NSNS merger explodes a lot of matters　 
▶ heavy nuclear matters via r-process　 
▶ heat up by β-decay & nuclear fission, photons are trapped 
▶ expanded and cooled，a lot of photons are emitted (Kilonova）

★ bright in visible band（blue kilonova）▶ few Lanthanoids 
　 strong in IR later（red kilonova）▶ much Lanthanoids 
★ heavy elements 0.03 Msun were emitted at 10-20% of the light speed

Model Observation

２. LV & LVK Observational Results

GW170817    First Binary Neutron Stars &  Follow-up Observations
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GW170817   constraints to EOS
LIGO/Virgo, PRL 119 (2017) 161101

LIGO/Virgo, PRL 121 (2018) 161101 Capono+, Nat. Astro. 4 (2020) 625 (arXiv: 1908.10352)

２. LV & LVK Observational Results

Tidal deformability Λ, quadrupole moment Qij. tidal field Eij

Initial result preferred soft EOS, but now changed



https://media.ligo.northwestern.edu/gallery/mass-plot

O1 (2015/9/12 - 2016/1/19)       

GW150914: the first ever detection of gravitational waves from the merger of two black holes more than a billion light years away

3 BHBH 

https://www.ligo.org/detections/GW150914.php


https://media.ligo.northwestern.edu/gallery/mass-plot

O2 (2016/11/30 - 2017/8/25)           After O2：GWTC1 (2018/12/3 released)

• GW170814: the first GW signal measured by the three-detector network, also from a binary black hole (BBH) merger; 
• GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first event observed in light, 

by dozens of telescopes across the entire electromagnetic spectrum.

10 BHBH 
1 NSNS

https://www.ligo.org/detections/GW170814.php
https://www.ligo.org/detections/GW170817.php


O3a (2019/4/1 - 2019/9/30)           After O3a：GWTC2 (2020/10/28 released)

• GW190412: the first BBH with definitively asymmetric component masses, which also shows evidence for higher harmonics 
• GW190425: the second gravitational-wave event consistent with a BNS, following GW170817 
• GW190426_152155: a low-mass event consistent with either an NSBH or BBH 
• GW190514_065416: a BBH with the smallest effective aligned spin of all O3a events 
• GW190517_055101: a BBH with the largest effective aligned spin of all O3a events 
• GW190521: a BBH with total mass over 150 times the mass of the Sun 
• GW190814: a highly asymmetric system of ambiguous nature, corresponding to the merger of a 23 solar mass black hole with a 2.6 solar mass 

compact object, making the latter either the lightest black hole or heaviest neutron star observed in a compact binary 
• GW190924_021846: likely the lowest-mass BBH, with both black holes exceeding 3 solar masses

46 BHBH 
2 NSNS 
2 BH+?

https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190425/
https://www.ligo.org/science/Publication-GW170817BNS/
https://www.ligo.org/science/Publication-GW190521/
https://www.ligo.org/science/Publication-GW190814/
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GWTC-2 
Gravitational Wave Transient Catalog 2

• GW190412: the first BBH with definitively asymmetric component masses, which also 
shows evidence for higher harmonics 

• GW190425: the second gravitational-wave event consistent with a BNS, following 
GW170817 

• GW190426_152155: a low-mass event consistent with either an NSBH or BBH 
• GW190514_065416: a BBH with the smallest effective aligned spin of all O3a events 
• GW190517_055101: a BBH with the largest effective aligned spin of all O3a events 
• GW190521: a BBH with total mass over 150 times the mass of the Sun 
• GW190814: a highly asymmetric system of ambiguous nature, corresponding to the 

merger of a 23 solar mass black hole with a 2.6 solar mass compact object, making 
the latter either the lightest black hole or heaviest neutron star observed in a compact 
binary 

• GW190924_021846: likely the lowest-mass BBH, with both black holes exceeding 3 
solar masses

39 events in O3a 
36BHBH, 1 NSNS, 2 BH+unknown 
 GWyymmdd_hhmmss for new events 
False-Alarm Rate < 2/1yr 

arXiv:2010.14529

arXiv:2010.14533 

Test of GR 
Population properties

arXiv:2010.14527 

２. LV & LVK Observational Results

https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190425/
https://www.ligo.org/science/Publication-GW170817BNS/
https://www.ligo.org/science/Publication-GW190521/
https://www.ligo.org/science/Publication-GW190814/
https://arxiv.org/abs/2010.14529
https://arxiv.org/abs/2010.14533
https://arxiv.org/abs/2010.14527


Hisaaki Shinkai (Osaka Institute of Technology) “GW physics, Status of KAGRA”  Cosmology From Home 2021 

 

28

from GWTC-2, we knew … arXiv:2010.14533 

★ BH mass distribution 
　　power law with 2.00 ~ 2.73 
　　＋Normal Dist. with a peak at 40 Msun

Evidence of dynamical formation of binary?

LIGO/Virgo

★ minimum mass of BH  6 Msun  or 2.6 Msun 

      GW190814（23 Msun + 2.6 Msun）BHBH or BHNS 
★ maximum mass of BH 150 Msun    
　　GW190521（85 Msun + 66 Msun） 

★ Large mass ratio of BBH　 
　　GW190412（30 Msun + 8.3 Msun）&　GW190814 

★ Non-zero Effective Spin Binaries 

2.6 Msun object is a BH or NS？

★ Event Rates of Binaries

Origin of a peak?

２. LV & LVK Observational Results

https://arxiv.org/abs/2010.14533
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GW190521    Discovery of IMBH（１）

PRL  125 (2020) 101102

Mass　      85 +21-14 Msun + 66 +17-18 Msun -> 142 +28-16 Msun 

Distance　5.3 +2.4-2.6 Gpc,  z= 0.82 +0.28-0.34 

Msun100　　                           105

Stellar-mass BH Super-massive BH Intermediate-massBH 

Existence of BH over 100 Msun！

No formation scenario for BH over 
65 Msun in the standard model. M87   by EHT 

mass　6.5 109Msun 

distance　 
           55 Mly 
　　　16.9 Mpc

PRL  125 (2020) 101102
LIGO/Virgo２. LV & LVK Observational Results
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PRL  125 (2020) 101102

Mass　     85 +21-14 Msun + 66 +17-18 Msun -> 142 +28-16 Msun 

Distance　5.3 +2.4-2.6 Gpc,  z= 0.82 +0.28-0.34 

Msun100　　                           105

Stellar-mass BH Super-massive BH Intermediate-massBH 

Second generation of mergers

LIGO/Virgo

GW190521    Discovery of IMBH（2）

Existence of BH over 100 Msun！

No formation scenario for BH over 
65 Msun in the standard model. M87   by EHT 

mass　6.5 109Msun 

distance　 
           55 Mly 
　　　16.9 Mpc

２. LV & LVK Observational Results
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O3a (2019/4/1 - 2019/9/30)           GWTC2       (PRX 11, 021053 (2021) )

Existence of IMBH over 150 Msun！

Compact objects  
in 2‒5 Msun mass gap ? 

A peak at 40 Msun in BH mass distribution？

Less BNS than expected？

BH＋NS

２. LV Observational Results
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O3a (2019/4/1 - 2019/9/30)           GWTC2       (PRX 11, 021053 (2021) )

Existence of IMBH over 150 Msun！

Compact objects  
in 2‒5 Msun mass gap ? 

A peak at 40 Msun in BH mass distribution？

Less BNS than expected？

Hyper-massive NS ?  Ultra-light BH?   Exotic Object?

Max Mass of NS? EOS of NS?

Origin of BNS?

Origin of BH？

BH＋NS

２. LV Observational Results

Origin of BBH？
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GWTC-2: Test of General Relativity by LIGO-Virgo arXiv:2010.14529

1. Residuals test 

2. Inspiral‒merger‒ringdown consistency test

3. Hierarchical analysis

4. Parametrized test

5. Spin-induced quadrupole moment

6. Ringdown

7. Echoes

8. Dispersion

9. Polarizations

All p-values consistent with residual SNR produced by noise  

Subtract the best fit template for the event from the strain data and 
compute the 90% upper limit on residual SNR.  

Check whether the residual SNR is consistent with SNR from noise: 
measure SNR from noise-only times around the event times, 
yielding a p-value

No statistically significant deviations from GR

２. LV & LVK Observational Results
PRD 103 (2021) 122002
LIGO/Virgo

https://arxiv.org/abs/2010.14529
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GWTC-2: Test of General Relativity by LIGO-Virgo 

1. Residuals test 

2. Inspiral‒merger‒ringdown consistency test

3. Hierarchical analysis

4. Parametrized test

5. Spin-induced quadrupole moment

6. Ringdown

7. Echoes

8. Dispersion

9. Polarizations

Waveform models 
IMRPhenom - phenomenological PN-based models, calibrated to NR 
SEOB - aligned-spin effective-one-body models, calibrated to NR 
　　(note: only includes quadrupole) 

◀  IMRPhenom waveform test 

GW190814
GW170823

GW190408 181802 GW190814

GW170823
GW190408 181802 

◀ 23M+2.6M, large mass ratio ever

mostly consistent, but …

◀ 24.5M+18.3M, with multimodal posterior
◀ 39.5M+29.5M, SNR@ inspiral < 8

No statistically significant deviations from GR

２. LV & LVK Observational Results

arXiv:2010.14529
PRD 103 (2021) 122002
LIGO/Virgo

https://arxiv.org/abs/2010.14529
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GWTC-2: Test of General Relativity by LIGO-Virgo 

1. Residuals test 

2. IMR consistency test

3. Hierarchical analysis

4. Parametrized test

5. Spin-induced quadrupole moment

6. Ringdown

7. Echoes

8. Dispersion

9. Polarizations

No statistically significant deviations from GR

２. LV & LVK Observational Results

arXiv:2010.14529
PRD 103 (2021) 122002
LIGO/Virgo

https://arxiv.org/abs/2010.14529
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GWTC-2: Test of General Relativity by LIGO-Virgo 

1. Residuals test 

2. IMR consistency test

3. Hierarchical analysis

4. Parametrized test

5. Spin-induced quadrupole moment

6. Ringdown

7. Echoes

8. Dispersion

9. Polarizations

No significant evidence for higher-mode in ringdown part 

２. LV & LVK Observational Results

arXiv:2010.14529
PRD 103 (2021) 122002
LIGO/Virgo

https://arxiv.org/abs/2010.14529
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No Mountains in 5 milli-sec pulsars ApJL 902 (2020) L21  
( arXiv:2007.14251 )

O1+O2+O3a data，GW search from 5 pulsars 

LIGO/Virgo

重力波未検出 
　If we model NS with a mountain on eq. plane,  peak < 10-8. 
　GW from J0711-6830 is less than spin-down ratio.

PSR J0437-4715 がか座 510光年 5.75 ms 最も精度よく位置が判明している天体

PSR J0711-6830　 3400光年 5.5  ms

PSR J0737-3039A とも座 1600光年 22.7 ms NS+NS, ダブル・パルサーのA，8500万年後に合体

PSR J0534+2200 Crab pulsar (かに星雲)  6300光年 33 ms NS，SN1054

PSR J0835-4510 Vela pulsar (ほ座) 800光年 89.3 ms NS，３番目に明るい天体

no detection of GW

２. LV & LVK Observational Results
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No Lensed GWs in O3a ( arXiv:2105.06384  )

LIGO/Virgo

No magnification, multiple-image, nor microlensing signatures 
on O3a data 

no detection of lensed signature

２. LV & LVK Observational Results

Detections of lensed events will improve 
compact objects merger rate

Similar pairs in M, χ 

Ra
nk

in
g

Consistency

Freq-dep. beating pattern

https://arxiv.org/abs/2105.06384
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Discovery of NS-BH binaries ApJL (2021) 
( arXiv:2106.xxxxx  )

LIGO/Virgo/KAGRA２. LV & LVK Observational Results

Detections of lensed events will improve 
compact objects merger rate

https://www.ligo.org/science/outreach.php
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Nature Astronomy 3, 35 (2019) 
https://www.nature.com/articles/s41550-018-0658-y



    Status of KAGRA 

Hisaaki Shinkai (Osaka Institute of Technology) “GW physics, Status of KAGRA”  Cosmology From Home 2021 41

KAGRA (Kamioka Gravitational-Wave Observatory)

1000m under the 
summit of the Mt.

358m above the  
sea level.

Mozumi 
control office. 
(15 min) 

Toyama City 
(60 min)

http://gwcenter.icrr.u-tokyo.ac.jp/en/

former name LCGT = large cryogenic gravitational telescope

named by public naming contest, 神楽（かぐら）dance music in front of Gods

（大型低温重力波望遠鏡）
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KAGRA (Kamioka Gravitational-Wave Observatory)
TAMA 300 m (NAOJ, Tokyo area, 2008)

CLIO 20 m (Kamioka, 2010)
https://doi.org/10.1093/ptep/ptaa125

arXiv: 2005.05574

https://doi.org/10.1093/ptep/ptaa125
https://arxiv.org/abs/2005.05574
https://arxiv.org/abs/2008.02921
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calendar 
year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Brief History of KAGRA

Project  
Start

Tunnel Excavation

installation

iKAGRA
bKAGRA 
phase-1

operation

O3

adv vibration isolation, optics, cryo.… 

[arXiv:1901.03569][arXiv:1712.00148]

iKAGRA   = initial KAGRA 
bKAGRA = baseline KAGRA bKAGRA 

phase-2

today
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Basic Idea of the Interferometer

Laser Source

Photon Detector
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Beam Splitter Mirror

Mirror

“Michelson” interferometer

L

L

Longer arm-length makes better sensitivity 
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Basic Idea of the Interferometer

Se
ns

iti
vi

ty
 (L

ow
er

 th
e 

be
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r)

Frequency

Laser Source

Photon Detector

“Michelson” interferometer Longer arm-length makes better sensitivity 

Best sensitivity for 100 Hz  is L= 750 km 

Longer arm-length makes better sensitivity 
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Basic Idea of the Interferometer

Se
ns

iti
vi

ty
 (L

ow
er

 th
e 

be
tte

r)

Frequency

Laser Source

Photon Detector

“Fabry-Pérot Michelson” interferometer

input mirrors end mirror

end mirror

Longer arm-length makes better sensitivity 

Best sensitivity for 100 Hz  is L= 750 km 

Not so good for high freq. 
due to GW cancellation. 
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Basic Idea of the Interferometer

Se
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ty
 (L
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er

 th
e 

be
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r)

Frequency

Laser Source

Photon Detector

“Fabry-Pérot Michelson” interferometer

input mirrors end mirror

end mirror

resonance

Finesse F ~ 1000 
(effective reflections F/π)  

re
so
na
nc
e

Longer arm-length makes better sensitivity 

Best sensitivity for 100 Hz  is L= 750 km 

Not so good for high freq. 
due to GW cancellation. 

High finesse introduces  
optical losses at mirrors
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Photon Detector
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Basic Idea of the Interferometer

Se
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ty
 (L
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 th
e 
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r)

Frequency

“Power-Recycled” Fabry-Pérot Michelson interferometer

Power-Recycling 
mirror

(TAMA300, initial LIGO, Virgo)

get more effective laser power    

Reduce shot-noise  
of laserresonance
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Basic Idea of the Interferometer

Se
ns

iti
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ty
 (L
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er

 th
e 

be
tte

r)

Frequency

Signal-Recycling 
mirror

“Signal-Recycled” Fabry-Pérot Michelson interferometer (GEO600)

get more effective GW signals

resonance

get more effective GW signals  
resonance (N+1/2) wavelength between SR & IM 

get more finesse 
with SR mirror
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Basic Idea of the Interferometer

Se
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Frequency

Laser Source

Photon Detector

Signal-Recycling 
mirror

“Dual-Recycled” Michelson interferometer

Power-Recycling 
mirror

get more effective GW signals  
resonance (N+1/2) wavelength between SR & IM 

input mirrors

get more finesse 
with SR mirror
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Basic Idea of the Interferometer
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Frequency

“Resonant Side-band Extraction” interferometer (KAGRA, Advanced LIGO, Advanced Virgo)

Signal-Extraction 
mirror

Laser Source

Photon Detectorget more effective GW signals  
resonance N wavelength 

keep at relative low finesse 
with SE mirror

for optical losses 
for GW cancellation



    Status of KAGRA 

Hisaaki Shinkai (Osaka Institute of Technology) “GW physics, Status of KAGRA”  Cosmology From Home 2021 52

Basic Idea of the Interferometer
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 (L

ow
er

 th
e 

be
tte

r)

Frequency

Laser Source

Photon Detector

“Resonant Side-band Extraction” interferometer (KAGRA, Advanced LIGO, Advanced Virgo)

more laser power

400mW Nd:YAG laser 
amplified to 40W 

finesse 540

finesse 800-1530
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Basic Idea of the Interferometer

Laser Source

Photon Detector

“Resonant Side-band Extraction” interferometer

400mW Nd:YAG laser 
amplified to 40W 

finesse 540

finesse 800-1530
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Basic Idea of Suspension System

R
el

at
iv

e 
M

ov
em

en
t

Frequency [Hz]

<latexit sha1_base64="0q2r0nZH242eTp0Bf9v9gSkCLf4="></latexit>x0

<latexit sha1_base64="sn15ZQE08dd7qSQV4xcUZ3Fc5es="></latexit>x

<latexit sha1_base64="j4L7qP1Ylz8giwBeM5fCMDQzNsA="></latexit>

`

f-2



    Status of KAGRA 

Hisaaki Shinkai (Osaka Institute of Technology) “GW physics, Status of KAGRA”  Cosmology From Home 2021 55

R
el

at
iv

e 
M

ov
em

en
t

Frequency [Hz]

Basic Idea of Suspension System

f-2

f-4



    Status of KAGRA 

Hisaaki Shinkai (Osaka Institute of Technology) “GW physics, Status of KAGRA”  Cosmology From Home 2021 56

R
el

at
iv

e 
M

ov
em

en
t

Frequency [Hz]

Basic Idea of Suspension System

f-2

f-4
f-6



    Status of KAGRA 

Hisaaki Shinkai (Osaka Institute of Technology) “GW physics, Status of KAGRA”  Cosmology From Home 2021 57

R
el

at
iv

e 
M

ov
em

en
t

Frequency [Hz]

Basic Idea of Suspension System



    Status of KAGRA 

Hisaaki Shinkai (Osaka Institute of Technology) “GW physics, Status of KAGRA”  Cosmology From Home 2021 58

Basic Idea of Suspension System

Class. Quantum Grav. 36 (2019) 165008

IO

MC

Type-A system

- Cryogenic test mass
Sapphire, 23kg, 20K

- Tall seismic isolator
IP + GASF + Payload

Type-C system
- Mode cleaner

Silica, 0.5kg, 290K
- Stack + Payload

ETM

ITM

Y-
ar
m

X-arm

ITM ETM

BS

SRM

Type-B system
- Core optics (BS, SRM,…)

Silica, 10kg, 290K
- IP + GASF + Payload
- Stack for aux. optics

Type-Bp payload
- Test mass and Core optics (BS, FM,..)

Silica, 10kg, 290K
- Seismic isolator

Table + GASF + Type-B Payload

BRT

BRT

OMC
OMMT

PR3 PR2PRM

bKAGRA configuration
- Cryogenic test masses
- 3 km arm cavities
- RSE with power recycling

Type-A

as the configuration of April 2020 (O3GK)
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Cryogenic System

Class. Quantum Grav. 36 (2019) 165008

<latexit sha1_base64="QLLJPypWxpFYAZ8BuEgH0hqQLN8="></latexit>

Thermal Noise /

s
4kBT

m!2
0!Q

low temperature 
 large mass

sapphire mirror 

22.8 kg 
diameter 22cm 
thickness 15cm

20 K 
in 4 weeks
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KAGRA (Kamioka Gravitational-Wave Observatory)
2018年8月
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KAGRA (Kamioka Gravitational-Wave Observatory)

90cm snow in one night, Dec 17 2020
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Joint Research MoA signed LIGO-Virgo-KAGRA

Letter of Intent (3 pages)
KAGRA’s Join to O3 

October 4, 2019 @ Ceremony of MoA signing

main part (10 pages) Appendix A (17 pages)
Concept, Definitions,  

Purposes
Organizations, Procedures 

＊ 1 Mpc (BNS) is required to join the observation. 

Aug 24, 2019

Dec 19, 2019

March 26, 2020

＊ Finally, over 1 Mpc in the end of March 26, 2020. 
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12 1 2 3 4 5 6 7 8 9
2019 | 2020

O3b (LV)

ER Obs. Obs.
Dec 17-25 Feb25-Mar10 Apr 7-21

O3b (planned)

KAGRA

O3GK

GEO600 Astrowatch ~ 1.2 Mpc 

O3b,     O3GK,     and after that

* O3GK observation paper plan 
(LVK paper)
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O3GK  (April 7-21, 2020)
Official  start  and  end time 
Start : April 7  8:0 0 2020 UTC,  GPS  Time  :  1270281618 
End :  April 21  0:00  2020 UTC,  GPS  Time  127 1462418
KAGRA Duty Cycle : Locked 69%, Observing 58% 
                                   Longest lock 8h05m 
Sensitivity  : 500-700 kpc

Jim Lough, LIGO-G2001554

Takahiro Yamamoto, JGW-P2011980

bad weather 
ocean tide

6.4 days

7.3 daysNGC 235 (Sculptor galaxy)  
   3.5 Mpc, one of the brightest galaxies 
https://gcn.gsfc.nasa.gov/fermi_grbs.html

GRB200415A

GRB200415A
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Overview of KAGRA: reviews in PTEP 2020-2021
 

published PTEP 2020 
KAGRA history 

 
published PTEP 2020 

KAGRA Science 

https://doi.org/10.1093/ptep/ptaa120

https://doi.org/10.1093/ptep/ptaa125

in preparation 
* Overview of KAGRA : Noise Budget 
* Overview of KAGRA : Data transfer and management 
* Overview of KAGRA : Data analysis methods

arXiv: 2008.02921

arXiv: 2005.05574

  
published PTEP 2021 

KAGRA Calibration, Detector characerization,  
physical environment monitors 
https://doi.org/10.1093/ptep/ptab018

arXiv: 2009.09305

Class. Quant. Grav. 38 (2020) 065011

https://iopscience.iop.org/article/10.1088/1361-6382/abd922

https://doi.org/10.1093/ptep/ptaa120
https://doi.org/10.1093/ptep/ptaa125
https://arxiv.org/abs/2008.02921
https://arxiv.org/abs/2005.05574
https://arxiv.org/abs/2008.02921
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=11664
https://doi.org/10.1093/ptep/ptab018
https://arxiv.org/abs/2009.09305
https://iopscience.iop.org/article/10.1088/1361-6382/abd922
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http://gwwiki.icrr.u-tokyo.ac.jp/JGWwiki/KAGRA

KAGRA collaboration
114 groups, 14 countries/regions 
460+ active members 

Organize International Workshop 
KIW8  July 7-9  2021 @ Daejeon, Korea 
   200+ participants 
KIW9  May  2022 @ Beijing China

Default-author list 2019+2020  
has 200 names. 
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Toward O4

less than 100K 
dual recycling 

lock trials by the end of September 2020 
suspension noise control for low freq. 

one-order reduced in July 
de-frosting mirrors 
de-frosting windows for oplev light

* Target Sensitivity 25 - 130 Mpc

x20 sensitivity at mid-freq.

* Recent estimate: less than 25 Mpc
due to heat absorption of sapphire mirrors

Summer 2021

Summer 2022 
O4 starts

 Cryo-Payload repairing 
 ETMY tower repairing  
 install laser beam baffles 
 Cryocoolers replacement (CRY) 
 Intensity noise reduction system (IOO)

repair & installation

DGS/AEL upgrade (DGS/AEL) 
 Stray light around IOO (AOS) 
 Suspension frame modification (AOS, VIS) 
 Temperature monitors (VIS) 
      and more

2015        2016        2017        2018        2019        2020        2021        2022

LIGO

Virgo

KAGRA

O1 O2

60-80Mpc 60-100Mpc 120-130 Mpc 160-190 Mpc

iKAGRA bKAGRA
phase1

O2
30

Mpc

50 Mpc

1Mpc 25-70Mpc

90-120Mpc

2015        2016        2017        2018        2019        2020        2021        2022

today

O3bKAGRA
phase2

O4

O4

O4

O3a   O3b

O3a   O3b

by reducing laser noise, low-f noise, 

commissioning
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Gravitational Wave Physics & Astronomy :  Outlook (1)

Last 5 years

★ The first detection of GW was 5 years ago. Since then we detected over 50 events.  
 Most of them are binary BHs, and 2 binary NSs, and two unknown ones.   
 Recent GW studies cover the constraints to the lensed events, stochastic backgrounds, spinning NSs,  
 and also to cosmic string’s model, dark matter candidates.

https://antimatterwebcomics.com/comic/gw170817/
https://antimatterwebcomics.com/comic/physics-nobel-prize-2017/
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★ A+, AdV+, and KAGRA projects involve significant upgrades in O5.  The sensitivity of LIGO-Virgo-KAGRA 
network should improve 2-3 times over O3; one binary merger per day.  

★ Alert system will also be improved.   
 In O3, the alerts were made within minutes of data acquisition for compact binary mergers.   
 Improved alerts for BNS will be seconds to minutes before its merger.  

Next 5 years

 
25-130 

Mpc

O2
100 
Mpc

O3 O4 O5O1
110-130 

Mpc

Virgo

2015 2016 2017 2018 2019 2020

KAGRA

 
80 

Mpc

 
30 

Mpc

 
50 

Mpc

 
1

Mpc

LIGO

2021 2022 2023 2024 2025 2026

90-120 
Mpc

LIGO-India

160-190 
Mpc

Target
330 Mpc

Target
330 Mpc

150-260 
Mpc

130+
 Mpc

LIGO-G2002127-v4

Gravitational Wave Physics & Astronomy :  Outlook (2)

R Magee et al 2021 ApJL 910 L21 [arXiv:2102.04555]
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Next 10 years

★ The 3rd generation GW detectors, Cosmic Explorer (US) and  
 Einstein Telescope (Europe), will observe the entire Universe. 

Einstein TelescopeCosmic Explorer
40km L-shape 10km Triangle

Evan	Hall,	MIT

EM	counterparts		
(certain)	

1

NS+NS 
1.4+1.4M

BH+BH 
30+30M

★ Space mission, LISA and with other proposed missions 
 projects (DECIGO, BBO, ALIA, TianQin, …) will 
 explore new GW phenomena in low frequency. 

Gravitational Wave Physics & Astronomy :  Outlook (3)


