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https://scimeter.org says.
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2016年2月，LIGOが重力波を初めて検出した， 
と発表    GW150914

2017年10月，ノーベル財団が，重力波検出 
に貢献した３名をノーベル物理学賞として顕彰

2017年10月，LIGO/Virgo 
中性子星連星合体観測を発表 
GW170817

四国新聞だけ 
ちがった．．．残念（笑）
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Figure	created	by	Norbert	Wex.  
EOSs	tabulated	in	La:mer	&	Prakash	(2001)	and	provided	by	the	authors.	
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Joseph Weber
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http://www.nobelprize.org/nobel_prizes/physics/laureates/1993/illpres/discovery.html
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Arecibo, Puerto Rico
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http://www.nobelprize.org/nobel_prizes/physics/laureates/1993/illpres/discovery.html
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ヨ Grav. Wave,  indirect proof

)��5=4MN��4>?W=a



����9O;GG4O�BNOT4GO� ¥À�¾�����(&(&�(�(&��2�)GSGM=INO�DTO>� 17

��:TYWUJ=IYOUT�YU�8WG>OYGYOUTG5�EG>K�ANA;OI;���

74>KWAM=a�WN�54VI=a�#M@?=WV�D?I=>�!(0.�"

BM=4WL�=ML@K?4WV�-a�TW>4VO�MVM=Oa�-a�:H���
Ì¯Āzè�_g|���jzêsmhfāwÔ
frgtyg

ヨ Grav. Wave,  indirect proof
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２つのブラックホールの合体と重力波放出 
　（90年代，NCSAグループ）
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NCSA-AEI group (1998)



We need more detectors for better localization !
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KAGRA（かぐら：大型低温重力波望遠鏡）

KAGRA



https://imgur.com/gallery/0VhrXPV

レーザー干渉計による重力波検出のしくみ



ª%ŜRĿŃŭŝRĿĺŢŗĺĺƷ�

Kokeyama!@!SSH,!Kamioka� ĩĩ�

ƜƶƨƈƠƯƏƌƶ!

Ʊƶƅƶ!

ƧƮƶ!

ƧƮƶ!

ƍƶžƥƶƓ!

苔山圭似子氏（東京大宇宙線研究所）のスライドから

重力波レーザー干渉計に対する工夫　 (１)

干渉計は，大きければ大きいほどよい．
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苔山圭似子氏（東京大宇宙線研究所）のスライドから

重力波レーザー干渉計に対する工夫　 (２)

さらに，信号を増幅させる

パワーリサイクリング

シグナルリサイクリング
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苔山圭似子氏（東京大宇宙線研究所）のスライドから

重力波レーザー干渉計に対する工夫　 (3)

さらに，さらに，雑音を減らす
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苔山圭似子氏（東京大宇宙線研究所）のスライドから
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地面振動 
(seismic noise) 熱雑音 

(thermal noise)

Science 256 (1992) 325

量子雑音 
(shot noise)
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baseline KAGRA 構成図
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Living Reviews in Relativity; 21:3; 2018

aLIGO, aVirgo & KAGRA :   Target Sensitivity
��7M?MK?W=>
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https://www.youtube.com/watch?v=aEPIwEJmZyE

重力波初検出を発表するDavid Reitze LIGO所長

“We had detected gravitational waves.　We did it. ”
“我々は，重力波を検出した.　やり遂げたのだ. ”

2016年2月11日

���7M?MK?4WV>

https://www.youtube.com/watch?v=aEPIwEJmZyE




著者1010人 
PRL 16ページ



13億光年先（440 Mpc） 

Blackhole merger of  
36 Msun + 29 Msun 
              ̶> 62 Msun． 

Lost 3 Msun
E = mc2

GW150914



https://mediaassets.caltech.edu/gwave

重力波波形を音にすると．．．

始め2回は実周波数，後の2回は聞えやすいように+400Hz

https://mediaassets.caltech.edu/gwave


Animation of the inspiral and collision of two black holes consistent with the masses and spins of GW170104. The top part of the movie shows the black hole horizons (surfaces of "no return"). The initial two 
black holes orbit each other, until they merge and form one larger remnant black hole. The shown black holes are spinning, and angular momentum is exchanged among the two black holes and with the orbit. This results 
in a quite dramatic change in the orientation of the orbital plane, clearly visible in the movie. Furthermore, the spin-axes of the black holes change, as visible through the colored patch on each black hole horizon, which 
indicates the north pole. 
The lower part of the movie shows the two distinct gravitational waves (called 'polarizations') that the merger is emitting into the direction of the camera. The modulations of the polarizations depend sensitively on the 
orientation of the orbital plane, and thus encode information about the orientation of the orbital plane and its change during the inspiral. Presently, LIGO can only measure one of the polarizations and therefore obtains 
only limited information about the orientation of the binary. This disadvantage will be remedied with the advent of additional gravitational wave detectors in Italy, Japan and India. 
Finally, the slowed-down replay of the merger at the end of the movie makes it possible to observe the distortion of the newly formed remnant black hole, which decays quickly. Furthermore, the remnant black hole is 
"kicked" by the emitted gravitational waves, and moves upward. (Credit: A. Babul/H. Pfeiffer/CITA/SXS.) - See more at: http://ligo.org/detections/GW170104.php#sthash.NZPaW2LT.dpuf

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

https://www.black-holes.org/
http://ligo.org/detections/GW170104.php#sthash.NZPaW2LT.dpuf
http://ligo.org/detections/GW170104.php


arXiv:1606.01262



2016年2月，LIGOが重力波を初めて検出した，と発表した

毎日新聞　2016/2/13

東京新聞　2016/2/12

「窮理」　2016/８
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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
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Fermi detected GRB 
1.7 sec later the merger.

INTEGRAL detected GRB 
1.7 sec later the merger.
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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 4500Å 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.
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今回もブラックホール連星合体の波形と考え
られる．太陽質量の35倍と，25倍のブラック
ホールが合体して，53.2倍のブラックホール
が形成された．距離は，18億光年先． 
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核反応　原子核の組み替えによって莫大なエネルギーが放出

核融合 
(nuclear fusion)

核分裂 
(nuclear fission)

合体した方が安定 
（エネルギー放出）

分裂した方が安定 
（エネルギー放出）
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鉄(Fe56)が 
一番安定な元素
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KAGRA（かぐら：大型低温重力波望遠鏡）

KAGRA
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Super-Kamiokande http://www-sk.icrr.u-tokyo.ac.jp/sk/

岐阜県・神岡の鉱山跡の空洞に巨大な水槽をつくり， 
宇宙から飛来するニュートリノを観測する．

直径40m 

高さ40m

梶田隆章（2015年）
小柴昌俊（2002年）

ノーベル物理学賞を受賞

スーパー・カミオカンデ（ニュートリノ観測装置）
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Kieran Craig
Martynov Denis

Seiji KawamuraHisaaki Shinkai

KAGRA（かぐら：大型低温重力波望遠鏡）
2015年8月
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KAGRA（かぐら：大型低温重力波望遠鏡）
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2016年4月

2018年8月
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From Phase 1 to Phase 2 
Nine-day operation with wild weather & earthquakes 

  KAGRA now has the world's tallest vibration isolation systems (13.5 m) 
which help to reduce seismic noise at low frequencies. The volume of the 
vacuum system is third largest in the world.  Two 23-kg sapphire mirrors 
have been installed at each end, and one of them was kept for 30 days at 
cryogenic temperature (18K). 
  A leakage of the vacuum system was found in April 2018, therefore the 
Phase-1 experimental activity was delayed for 5 days. Despite the 
difficulties,  the phase-1 operation was a success: it lasted from April 28 
to May 6, 2018, and during this period many injection tests were 
performed.  
  The interferometer duty cycle during the Phase-1 
operation reached 88.6% between April 28 and May 2, 
while it dropped to 26.8% on May 3 and 4. Finally it 
slightly improved to 59.8% over the final days (May 5 & 6). 
The longest lock was over 10 hours. The low duty cycle on 
May 3 and on the following days was mainly attributed to 
the high micro-seismic noise caused by a heavy storm, local 
earthquakes, volcano eruptions in Hawaii, and visits of 
theorists.  
  The achieved sensitivity during Phase 1 was still worse 
than the final sensitivities of TAMA and CLIO, except at the 
lower frequencies (40 Hz), where KAGRA's sensitivity was 
better than that of TAMA. KAGRA started Phase 2 from May 
7: the final installation work before the real observation 
run.  

 1

KSC Newsletter 
Second Issue

KAGRA SCIENTIFIC CONGRESS: COLLABORATORS’ INFORMATION EXCHANGE 2018/08/01

Contents of this issue 
p-2 Directions  
 Steps to the Observation 2019 
p-3 Kamioka local 
 Subgroup orientation 
 Kagra River / Science Cafe  
p-5 Meetings 
 F2F at Osaka City U.  
 KIW5 at Seoul 
 Poster Award Winners 
 Group LOGO 
 Next F2F at Toyama 
p-8 Virgo Visit 
p-9 We hear that …
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Phase-1 operation starts on April 23 
First cryogenic interferometer test will start soon.  

After two years from the iKAGRA run, we will start phase-1 operation on April 23 
to May 6.  Due to the tight schedule for our upcoming real observation, system 
engineering office (SEO) decided to operate phase-1 with one cryogenic mirror (Y-
arm), and the other at normal temperature. We do not know what will be the 
outcomes. So it might become a sort of fun. A detail list of tests planned during 
the run is at page-3.  
The above photo, taken in a clean room in the University of Toyama, is our 23kg-
Sapphire mirror for X-end, which is now under installation. The installation of the 
cryo-payload at X-end is almost done and the main beam is coming back to the 
center now ! . 

 1

KSC NewsLetter 
The premiere issue

KAGRA SCIENTIFIC CONGRESS: COLLABORATORS’ INFORMATION EXCHANGE 2018/04/01

What is this 
NewsLetter? 
Nobody knows if this 
is the first issue of a 
series of information 
letters, or just a April 
fool’s day joke.  

O3=Ozone.  
We are in a rush for 
O3 this year. Let’s 
finish looking for O2. 

We call for 
volunteers 
We welcome your 
editorial participation 
to this journal.  It will 
give you a career 
update definitely.

  GW 
 

Find GW.  
Here GW is not 

“Gravitational Wave”, 
but “Golden Week”. 

1 CRYOGENIC 
 

Buy refrigerator, set 
freezing chamber,  

feel chilly, but try not to  
catch a cold.

2      
   O3 

Not an oxygen-
allotrope. Not a 

pathogenic Vibrio 
Parahaemolyticus.

3
�DLAA�4-L#M�S-O�MD-OG#�I-N�+(MM�(I�-OL�"-IPALM N(-I��

http://gwwiki.icrr.u-tokyo.ac.jp/JGWwiki/KAGRA
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KSC board 

Data Analysis
Committee (DAC)

EO

SEO

PI

sharing information & idea

Compact 
Binary 

Coalescence

Continuous 
Wave Burst Wave

* Hideyuki Tagoshi
+ WGs chairs/vice chairs
+ Hisaaki Shinkai (board)

* Hideyuki Tagoshi
   Kipp Cannon
   Hyung-Won Lee
   Tjonnie Li

* Yousuke Itoh

Stochastic 
Wave

Computing 
& Software

* Kazuhiro Hayama * Guo-Chin Liu
   Sachiko Kuroyanagi

* Ken-ichi Oohara
      Hirotaka Takahashi
      Kazuki Sakai

* Hisaaki Shinkai 
* Shinji Miyoki
* Chunglee Kim
Hideyuki Tagoshi
Tomotada Akutsu

Zhoujian Cao
Hyung-Won Lee
Ray-Kuang Lee 
Hirotaka Yuzurihara
Tomohiro Yamada

KAGRA Scientific Congress (KSC) 
organization chart          2019/August 24

DetcharCalibration

* Yuki Inoue * Keiko Kokeyama

68

Organization of KSC（KAGRA Scientific Congress）
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Yousuke Itoh
Shinji Miyoki

Joint Run Planning 
Committee

Joint Detection
Committee

Joint Meeting
Committee

Joint Editorial 
board

* TBD* TBD* TBD

LVC-KAGRA
taskforce

Yoshio Saito (leader, project manager)
Hideyuki Tagoshi (Data analysis)
Takahiro Yamamoto (Calibration) 
Osamu Miyakawa (commissioning)
Hisaaki Shinkai (MoU)
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KAGRA joined International GW Network  
Signed up LIGO-Virgo-KAGRA MoA for joint observation 

On October 4, 2019, KAGRA held a ceremony to mark the completion of the detector. The ceremony was in the 
site, and after the play of the music of kagura (the traditional Shinto-style ritual music) by local children’s 
musical group, Takaaki Kajita, our PI, pushed a button with U Tokyo Executive Vice President Kohei Miyazono 
to demonstrate the detector in motion.  In the evening of the day, the signing ceremony of a memorandum of 
agreement (MoA) on a research collaboration between KAGRA, LIGO and Virgo were held.  

This MoA makes KAGRA an equal partner of LIGO and Virgo, and once KAGRA satisfied the criteria for joining 
observation then all the scientific achievements will be presented as LIGO-Virgo-KAGRA collaboration.  KAGRA 
is definitely close to the production phase after the ten-year construction and installation period. !  

(Above) Pose for photos after signing a MoA. (from left) EGO vice 
president Christian Olivetto, Virgo spokesperson Jo van den Brand, 
KAGRA principal investigator Takaaki Kajita, LIGO Executive Director 
David Reitze, KSC board chair Hisaaki Shinkai, and KAGRA vice PI 
Masatake Ohashi. At ANA Crowne Plaza hotel Toyama, October 4, 
2019. [Photo courtesy of Hida City] 

(Right above) The ceremony at the site.  Playing kagura music by local 
shrine musicians. (Right below) Takaaki Kajita and U Tokyo Vice 
President Kohei Miyazono switched on the green button, and it locked. 
[Photos courtesy of H. Oobayashi.] 

 1

KSC Newsletter 
Issue 6

KAGRA SCIENTIFIC CONGRESS: COLLABORATORS’ INFORMATION EXCHANGE 2019/12/01

2019/10 
LVK MoA signed 
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Current O3 Schedule (LIGO-G1901531)
23-August-2019

~70% observing mode

Engineering Runs (ERs), 
possible GW alerts with human vetting Observing

Commissioning

2019
Mar Apr May Jun Jul Aug AprOct

2020
Nov Dec Jan Feb MarSep May Jun Jul

LIGO ER14 O3a O3b

Downtime (no Data)

Virgo ER14 O3a O3b

KAGRA O3b

Commissioning break
Oct. 1 1500 UTC to Nov 1 1500 UTC 

ER15
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2020/2/13
http://klog.icrr.u-tokyo.ac.jp/osl/?r=12961
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重力波宇宙干渉計LISA（リサ）  ESA予算承認　 
Laser Interferometer Space Antenna 

2017/6/20

2034年に打ち上げ予定 
250万kmの腕の長さ 
地球の公転軌道のL4 
低周波数帯（mHzからHz帯）



重力波宇宙干渉計DECIGO（ディサイゴ）     
Deci-hertz Interferometer Gravitational wave Observatory 

1000kmの腕の長さ 
低周波数帯（deciHzからHz帯）
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周波数[Hz]

重力波の検出感度

eLISA

bKAGRAB-DECIGO

10M+10M

10^3M+10^3M

10^5M+10^5M
宇宙全体スケールで 
巨大ブラックホール連星合体の 
重力波が検出できる

銀河中心の超巨大ブラックホール 
形成過程がわかる
宇宙の膨張速度がわかる



宇宙空間光格子時計ネットワーク INO   
Interplanetary Network of Optical Lattice Clocks 

宇宙全体スケールで 
巨大ブラックホール連星合体の 
重力波が検出できる

銀河中心の超巨大ブラックホール 
形成過程がわかる

伊能忠敬 
江戸時代，日本中で 
精密な測量をして地図を作成
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https://arxiv.org/abs/1809.10317


★BH連星合体が繰り返されて，SMBHが形成されると考える 
★1つの銀河にいくつBH連星合体があるかを数える 
★宇宙にいくつ銀河があるかを数える 
★LIGOやKAGRAの検出器感度で，1年にいくつ観測できるのか予想する

                    BH連星合体から銀河中心SMBHの形成シナリオを決める                           



                    BH連星合体から銀河中心SMBHの形成シナリオを決める                           

★BH連星合体が繰り返されて，SMBHが形成されると考える 
★1つの銀河にいくつBH連星合体があるかを数える 
★宇宙にいくつ銀河があるかを数える 
★LIGOやKAGRAの検出器感度で，1年にいくつ観測できるのか予想する
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Event Rates at bKAGRA/aLIGO
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LIGO group　PRX6(2016)041015 

Inoue+ MNRAS461(2016)4329

6-400 /Gpc^3/yr

Kinugawa+ MNRAS456(2015)1093

70-140 /yr
81

Shinkai+ ApJ 835(2017)276



可視光
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