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O3b Results 

・ Latest observation 
ØO3a April 1 – Oct 1st, 2019 

O3b Nov 1, 2019 – Mar 27, 2020 
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・ Network duty factor:   triple 51.0%, double 85.3%, single 96.6% (Down 3.4%) 

https://arxiv.org/abs/2111.03606
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GWTC-3 (O3b) catalog
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Name Inst. cWB GstLAL MBTA PyCBC-broad PyCBC-BBH

FAR SNR pastro FAR SNR pastro FAR SNR pastro FAR SNR pastro FAR SNR pastro
(yr

�1
) (yr

�1
) (yr

�1
) (yr

�1
) (yr

�1
)

GW191103 012549 HL – – – – – – 27 9.0 0.13 4.8 9.3 0.77 0.46 9.3 0.94

GW191105 143521 HLV – – – 24 10.0 0.07 0.14 10.7 > 0.99 0.012 9.8 > 0.99 0.036 9.8 > 0.99

GW191109 010717 HL < 0.0011 15.6 > 0.99 0.0010 15.8 > 0.99 1.8 ⇥ 10
�4

15.2 > 0.99 0.096 13.2 > 0.99 0.047 14.4 > 0.99

GW191113 071753 HLV – – – – – – 26 9.2 0.68 1.1 ⇥ 104 8.3 < 0.01 1.2 ⇥ 103 8.5 < 0.01

GW191126 115259 HL – – – 80 8.7 0.02 59 8.5 0.30 22 8.5 0.39 3.2 8.5 0.70

GW191127 050227 HLV – – – 0.25 10.3 0.49 1.2 9.8 0.73 20 9.5 0.47 4.1 8.7 0.74

GW191129 134029 HL – – – < 1.0 ⇥ 10
�5

13.3 > 0.99 0.013 12.7 > 0.99 < 2.6 ⇥ 10
�5

12.9 > 0.99 < 2.4 ⇥ 10
�5

12.9 > 0.99

GW191204 110529 HL – – – 21 9.0 0.07 1.3 ⇥ 104 8.1 < 0.01 980 8.9 < 0.01 3.3 8.9 0.74

GW191204 171526 HL < 8.7 ⇥ 10
�4

17.1 > 0.99 < 1.0 ⇥ 10
�5

15.6 > 0.99 < 1.0 ⇥ 10
�5

17.1 > 0.99 < 1.4 ⇥ 10
�5

16.9 > 0.99 < 1.2 ⇥ 10
�5

16.9 > 0.99

GW191215 223052 HLV 0.12 9.8 0.95 < 1.0 ⇥ 10
�5

10.9 > 0.99 0.22 10.8 > 0.99 0.0016 10.3 > 0.99 0.28 10.2 > 0.99

GW191216 213338 HV – – – < 1.0 ⇥ 10
�5

18.6 > 0.99 9.3 ⇥ 10
�4

17.9 > 0.99 0.0019 18.3 > 0.99 7.6 ⇥ 10
�4

18.3 > 0.99

GW191219 163120 HLV – – – – – – – – – 4.0 8.9 0.82 – – –

GW191222 033537 HL < 8.9 ⇥ 10
�4

11.1 > 0.99 < 1.0 ⇥ 10
�5

12.0 > 0.99 0.0099 10.8 > 0.99 0.0021 11.5 > 0.99 9.8 ⇥ 10
�5

11.5 > 0.99

GW191230 180458 HLV 0.050 10.3 0.95 0.13 10.3 0.87 8.1 9.8 0.40 52 9.6 0.29 0.42 9.9 0.96

GW200112 155838 LV – – – < 1.0 ⇥ 10
�5†

17.6 > 0.99 – – – – – – – – –

GW200115 042309 HLV – – – < 1.0 ⇥ 10
�5

11.5 > 0.99 0.0055 11.2 > 0.99 < 1.2 ⇥ 10
�4

10.8 > 0.99 – – –

GW200128 022011 HL 1.3 8.8 0.63 0.022 10.1 0.97 3.3 9.4 0.98 0.63 9.8 0.95 0.0043 9.9 > 0.99

GW200129 065458 HLV – – – < 1.0 ⇥ 10
�5

26.5 > 0.99 – – – < 2.3 ⇥ 10
�5

16.3 > 0.99 < 1.7 ⇥ 10
�5

16.2 > 0.99

GW200202 154313 HLV – – – < 1.0 ⇥ 10
�5

11.3 > 0.99 – – – – – – 0.025 10.8 > 0.99

GW200208 130117 HLV – – – 0.0096 10.7 0.99 0.46 10.4 > 0.99 0.18 9.6 0.98 3.1 ⇥ 10
�4

10.8 > 0.99

GW200208 222617 HLV – – – 160 8.2 < 0.01 420 8.9 0.02 – – – 4.8 7.9 0.70

GW200209 085452 HLV – – – 0.046 10.0 0.95 12 9.7 0.97 550 9.2 0.04 1.2 9.2 0.89

GW200210 092254 HLV – – – 1.2 9.5 0.42 – – – 17 8.9 0.53 7.7 8.9 0.54

GW200216 220804 HLV – – – 0.35 9.4 0.77 2.4 ⇥ 103 8.8 0.02 970 9.0 < 0.01 7.8 8.7 0.54

GW200219 094415 HLV 0.77 9.7 0.85 9.9 ⇥ 10
�4

10.7 > 0.99 0.18 10.6 > 0.99 1.7 9.9 0.89 0.016 10.0 > 0.99

GW200220 061928 HLV – – – – – – – – – – – – 6.8 7.5 0.62

GW200220 124850 HL – – – 150 8.2 < 0.01 1.8 ⇥ 10
3

8.2 0.83 – – – 30 7.8 0.20

GW200224 222234 HLV < 8.8 ⇥ 10
�4

18.8 > 0.99 < 1.0 ⇥ 10
�5

18.9 > 0.99 < 1.0 ⇥ 10
�5

19.0 > 0.99 < 8.2 ⇥ 10
�5

19.2 > 0.99 < 7.7 ⇥ 10
�5

18.6 > 0.99

GW200225 060421 HL < 8.8 ⇥ 10
�4

13.1 > 0.99 0.079 12.9 0.93 0.0049 12.5 > 0.99 < 1.1 ⇥ 10
�5

12.3 > 0.99 4.1 ⇥ 10
�5

12.3 > 0.99

GW200302 015811 HV – – – 0.11† 10.6 0.91 – – – – – – – – –

GW200306 093714 HL – – – – – – 410 8.5 0.81 3.4 ⇥ 103 7.8 < 0.01 24 8.0 0.24

GW200308 173609 HLV – – – 680 8.1 < 0.01 6.9 ⇥ 104 8.3 0.24 770 7.9 < 0.01 2.4 8.0 0.86

GW200311 115853 HLV < 8.2 ⇥ 10
�4

16.2 > 0.99 < 1.0 ⇥ 10
�5

17.7 > 0.99 < 1.0 ⇥ 10
�5

16.5 > 0.99 < 6.9 ⇥ 10
�5

17.0 > 0.99 < 7.7 ⇥ 10
�5

17.4 > 0.99

GW200316 215756 HLV – – – < 1.0 ⇥ 10
�5

10.1 > 0.99 12 9.5 0.30 0.20 9.3 0.98 0.58 9.3 0.98

GW200322 091133 HLV – – – – – – 450 9.0 0.62 1.4 ⇥ 103 8.0 < 0.01 140 7.7 0.08

Table I. Candidate GW signals. The time (UTC) of the signal is encoded in the name, as GWYYMMDD hhmmss (e.g.,
GW200112 155838 occurred on 2020-01-12 at 15:58:38). The names of candidates not previously reported are given in bold.
The detectors observing at the merger time of the event are indicated using single-letter identifiers (e.g., H for LIGO Hanford);
these are not necessarily the same detectors that contributed triggers associated with the candidate. Where a candidate was
found above the pastro of 0.5 threshold by at least one analysis but below threshold by others, we include in italics the results
from the other analyses, where available. A dash indicates that a candidate was not found by an analysis. The 2 candidates
labeled with a dagger (†) were only found above threshold in a single detector with the GstLAL analysis, and the FAR estimates
were made using significant extrapolation of the background data, meaning that single-detector events have higher uncertainty
than coincident events. A conservative estimate of the FAR for these single-detector events is one per live time of the analysis;
this is ⇠ 3.16 yr�1 for both LIGO Hanford and LIGO Livingston.

• 35 CBC 
candidates in 
O3b

• These include 17 
new events that 
were not found in 
low latency 
analysis
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K. W. Chung,53 G. Ciani,76, 77 P. Ciecielag,80 M. Cieślar,80 M. Cifaldi,118, 119 A. A. Ciobanu,82 R. Ciolfi,138, 77

F. Cipriano,94 A. Cirone,112, 84 F. Clara,66 E. N. Clark,139 J. A. Clark,1, 42 L. Clarke,140 P. Clearwater,141

S. Clesse,142 F. Cleva,94 E. Coccia,30, 100 E. Codazzo,30 P.-F. Cohadon,101 D. E. Cohen,40 L. Cohen,2 M. Colleoni,143

C. G. Collette,144 A. Colombo,63 M. Colpi,63, 64 C. M. Compton,66 M. Constancio Jr.,16 L. Conti,77 S. J. Cooper,14

P. Corban,6 T. R. Corbitt,2 I. Cordero-Carrión,145 S. Corezzi,75, 74 K. R. Corley,45 N. Cornish,78 D. Corre,40

A. Corsi,146 S. Cortese,41 C. A. Costa,16 R. Cotesta,104 M. W. Coughlin,62 J.-P. Coulon,94 S. T. Countryman,45

B. Cousins,147 P. Couvares,1 D. M. Coward,85 M. J. Cowart,6 D. C. Coyne,1 R. Coyne,148 J. D. E. Creighton,7

T. D. Creighton,149 A. W. Criswell,62 M. Croquette,101 S. G. Crowder,150 J. R. Cudell,61 T. J. Cullen,2

A. Cumming,68 R. Cummings,68 L. Cunningham,68 E. Cuoco,41, 151, 18 M. Cury lo,102 P. Dabadie,25 T. Dal Canton,40
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ar
X

iv
:2

11
1.

03
60

6v
2 

 [g
r-

qc
]  

17
 N

ov
 2

02
1



2022/1/25 東大宇宙線研共同利用研究成果発表会 6

Hisaaki Shinkai (Osaka Institute of Technology)  JGRG30 (online)   December 8, 2021 

 

13

2015 2016 2017 2018 2019 2020 2021

O1 O2 O3a O3bLIGO
Sep12               Jan19                      Nov30           Aug25                                                         Apr1̶Sep 30    Nov1̶ Mar27

Observation Period
Gravitational Wave Projects

60-80 Mpc                              60-100 Mpc                                                                    120 - 130  Mpc

O2 O3a O3bVirgo
 Aug 1-25                                                          Apr1̶Sep 30    Nov1̶ Mar27

KAGRA
Apr7-21  

30 Mpc                                                                    50  Mpc

➡ 3BHBH ➡ +4BHBH
➡ +1NSNS 2018/12/3

GWTC-1 GWTC-2
2020/10/28

GWTC-3
2021/11/5

1 Mpc

GWTC-2.1
2021/8/2

➡ 50 events in total

➡ 55 total

➡ 90 total

joined Oct 2019

LVK analysis papers started  
from O3b scientific results. 

COVID-19 terminated O3b

➡ 11 events in total

⭐GW150914 ⭐GW170817 ⭐GW190521 ⭐GW200115

Slide from H. Shinkai
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O3b (2020/11/1 - 2021/3/27)           After O3b：GWTC-3 (2021/11/7 released)

GW transient catalog

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

O1 O2 O3a O3b

BHs

NSs

unknowns 
(2.5-5M)



Overview of O3GK
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LIGO-Virgo-KAGRAの協定に基づいて行われた正式な観測運転

• Initial plan:
Ø Join the O3 observation coordinated by LIGO 

and Virgo, once KAGRA sensitivity reached 
the goal sensitivity decided on MoA.

• Actual situation:
Ø We reached the goal sensitivity at the end 

of March, 2020.
Ø However, LIGO and Virgo stopped their operation due to COVID-19

infection.
Ø Under such a situation, GEO600, Germany, and KAGRA carried out a joint 

observation run in April, 2020.
Ø This was first joint observation for KAGRA
Ø This observation run was named “O3GK”



O3GK
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Official start and end time
Start :April 7   8:00 2020 UTC, GPS Time : 1270281618 
End : April 21 0:00 2020 UTC, GPS Time : 1271462418 

KAGRA Duty Cycle : Locked 69%, Observing 58% 
Longest lock 8h05m 

Coincident time with GEO600 : 6.4 days
Sensitivity : 500-700 kpc 

    Status of KAGRA 
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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

GRB200415A 
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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

NGC 235 (Sculptor galaxy) 
3.5 Mpc, one of the brightest galaxies 

https://gcn.gsfc.nasa.gov/fermi_grbs.html

GRB200415A 



O3GK analysis
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O3GK team
Christoph Affeldt, Tomotada Akutsu, Kipp Cannon, Zhoujian Cao, Tessa Carver, Man 
Leong Chan, Wenbiao Han, Kazuhiro Hayama, Yuki Inoue, Yousuke Itoh, Nobuyuki 
Kanda, Keiko Kokeyama, Albert Kong, Chihiro Kozakai, Tjonnie Li, Lupin Chun-Che Lin, 
En-Tzu Lin, Chun-Yu Lin, Guo Chin Liu, James Lough, Cody Messick, Osamu Miyakawa, 
Soichiro Morisaki, Nikhil Mukund, Masayuki Nakano, Tatsuya Narikawa, Michael Norman 
Lan Quynh Nguyen, Ken-ichi Oohara, Shoichi Oshino, Francesco Pannarale, Takahiro 
Sawada, Hisaaki Shinkai, Borja Sorazu, JishnuSuresh, Patrick Sutton, Marek 
Szczepanczyk, Hideyuki Tagoshi, HirotakaTakahashi, Leo Tsukada, Darkhan 
Tuyenbayev, Nami Uchikata, Koh Ueno, Maurice H.P.M. van Putten, Gang Wang, Tatsuki 
Washimi, Andrew Williamson, Shichao Wu, Takahiro Yamamoto, Shucheng Yang, 
Takaaki Yokozawa, HirotakaYuzurihara, Rico Ka Lok Lo, Harald Luck
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O3GK analysis
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LVKの枠組みで解析は進行

Contributors
Analysis team
Takahiro Sawada, Takahiro Yamamoto, Yuki Inoue, Chihiro Kozakai, Shoichi Oshino, Takahiro Yamamoto, Man Leong 
Chan, Kazuhiro Hayama, Marek Szczepanczyk, Koh Ueno, Andrew Williamson, Michael Norman, Patrick Sutton, 
Kihyun Jung, Nami Uchikata, Tatsuya Narikawa
PWT/Editorial Team+Witers
James Lough, Chihiro Kozakai, Nami Uchikata, Tatsuya Narikawa,  Man Leong Chan, Marek Szczepanczyk, Koh 
Ueno, Andrew Williamson, Michael Norman, Patrick Sutton(co-chair), Hideyuki Tagoshi(co-chair)
Reviewers
Michele Zanolin, Peter Shawhan,  Siong Heng  (cWB)
Tito Dal Canton, Marco Drago, Om Sharan Salafia  (GRBs)
Francesco Pannarale  (PyGRB) 
Philippe Nguyen  (X-Pipeline)
Graham Woan, Jolien Creighton (GstLAL)

Internal referees: Nicolas Arnaud, Giovanni Prodi, Young-Min Kim, Christopher Berry

Data products: Nami Uchikata, Koh Ueno, Man Leong Chan, Micheal Norman, Andrew Williamson, Tatsuya 
Narikawa (reviewer), Lan Quynh Nguyen (reviewer)

Science Summary: James Lough, Tatsuya Narikawa
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Data amount
• The cumulative amount will exceed 2PB in 2022.
• The typical size of a data file is ~400MB (for 32sec), 

# of channels >105, now.
• We need a new (additional) data server for O4.
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New data server for O4-O5 era
• A new system of KAGRA Main Data System: The 

bidding was completed, and the supplier was decided; 
assembling has begun.

• It will be installed in the end of May 2022; 
the operation will begin in June.

• OS: Rocky Linux 8 (compatible with RHEL8)
• 4 PB (+ the current system = 6.5 PB in total.)
• Computation server: 512 cores

(848 cores in total)

• A part of the data transfer system (from Kamioka to 
Kashiwa; iKAGRA system) will be replaced by new 
servers.
• For redundancy, we keep one of current data path from 

KAGRA tunnel to Kashiwa via Data Analysis Building 
(a.k.a Hokubu-kaikan).
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Data flow, sharing LVK

• Main data flow is already 
constructed.

• Toward O4:
Ø data services for end users
Ø update for LVK framework
Ø "Kafka" is method of new low 

latency data sharing.
Ø We are now testing and 

connected between CIT-
Kashiwa-Osaka.
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KAGRA main servers

pegasus-01

2.5 PiB storage

CIT
L1, H1, V1 

h(t)

pegasus-01
shared memory

1sec frames
low latency h(t)

hydra (CBC 
cluster) 
@ICRR, 
Kashiwa

web00 (burst 
cluster) 
@ICRR, 
Kashiwa

bellatrix
@Osaka C.U.

kambai
@RESCEU

cal-gst
KAGAR h(t)

grid-ftp
+

Rucio

high latency h(t)
longer frame
(e.g.4096sec)

KAGAR DGS
bulk data

iKAGRA data system

hyades-0, -1
@ KAGRA 

tunnel

aldebaran
@Hokubu-

kaikan
andromeda-01

KAGRA
bulk data
(raw data) KAGRA main servers

m31-01

m31-02

calc.nodescalc.nodescalc.nodes

User PC

User PC

User PC

low latency h(t)

low latency h(t)

high latency 
h(t)

high latency 
h(t)

bulk 
data
(raw 
data)

Kafka will
replace these paths



機械学習・深層学習を用いたノイズの特徴
の分析と干渉計診断への応用
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突発性雑音（glitch）が問題になることがしばしば
arXiv:2111.10053 

Data of GW170817 [1]
[1] B. P. Abbott et al.,  PRL 119, 161101 (2017)



The rate of single-interferometer glitches
2022/1/25 東大宇宙線研共同利用研究成果発表会 16

https://arxiv.org/abs/2111.03606
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突発性雑音が問題になることがしばしば

Gravity Spy（LIGO O1の突発性雑音データ）を用いたテスト

・人手によるラベル付けを回避するために，教師なし学習に基づいて突発性雑音を分類するための新しい手段
・ 畳み込みニューラルネットワークモデルおよびその学習方法を提案

・ 深層学習を用いて分類に適した特徴量の生成方法を学習 (Variational Autoencoder, VAE) 
・ 生成された特徴量を用いて教師なし分類を行う (Invariant Information Clustering, IIC) 

研究背景

重力波望遠鏡において環境由来を主とする突発性雑音がしばしば問題となる

原因は多種多様に存在する（地面振動，雷，機器の振動，etc.）

• 重力波望遠鏡の安定化された状態に深刻な影響を与える

• 重力波信号を模倣・隠蔽する可能性がある

数多く考えられる原因を特定するためには，原因に関連付けされる特徴を抽出・分類することが重要

先行研究

• 突発性雑音の時間-周波数マップを教師ありCNN* に基づいて分類

• 真の原因数は未知であることが教師あり学習に必要なラベル付け問題を困難に（ラベル付けが人手によって行われるため）

客観的な分類ができているとは言えない

2

突発性雑音(左)と重力波信号(右)の時間-周波数特性

突発性雑音の原因を特定し，観測データや重力波望遠鏡から分離することが重要

時間-周波数特性 = 画像データ

* 畳み込みニューラルネットワーク

研究背景

重力波望遠鏡において環境由来を主とする突発性雑音がしばしば問題となる

原因は多種多様に存在する（地面振動，雷，機器の振動，etc.）

• 重力波望遠鏡の安定化された状態に深刻な影響を与える

• 重力波信号を模倣・隠蔽する可能性がある

数多く考えられる原因を特定するためには，原因に関連付けされる特徴を抽出・分類することが重要

先行研究

• 突発性雑音の時間-周波数マップを教師ありCNN* に基づいて分類
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2
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突発性雑音（上）と重力波信号（下）
の時間-周波数特性

機械学習・深層学習を用いたノイズの特徴
の分析と干渉計診断への応用

arXiv:2111.10053 



突発的雑音の分類結果の例 (1)
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Representative image in all unsupervised classes.



We use Gravity Spy labels
on a confusion matrix to 
investigate the 
correspondence between
the results of supervised and 
unsupervised learning.

Then this confusion matrix 
show us that how original 
dataset is classified.

Confusion matrix
Supervised label

The number of classified data

The number of classified data Unsupervised label

突発的雑音の分類結果の例 (2)

Future works:
Ø Extend our architecture to self-supervised learning to enhance the accuracy of classification.
Ø Based on proposed architecture, we will build a classification system of transient noise.



Summary 
• Many analysis of O3 data are ongoing within LVK 

• LVK O4 will be done with improved detector sensitivity 
• More BBH/BNS detections are expected in O4 and beyond 
• Detections of new sources might be happen

• KAGRA will participate O4 from the beginning 
• We want to observe signals with KAGRA as soon as possible 
• If detections with 4 detectors are realized, there are great 

scientific merits.  
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