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Latest LIGO-VIRGO Results

GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the
First Half of the Third Observing Run

_ https://arxiv.org/abs/2010.14527
- Latest observation

»03a April 1 — Oct 1st, 2019
(O3b Nov 1, 2019 — Mar 27, 2020)
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- Network duty factor:
triple 44.5%, double 37.4%, single 15.0% Down 3.1%



LIGO-Virgo O3a catalog

2019/4/1, 15:00 UTC — 2019/10/1, 15:00 UTC
39 candidates

GWTC-2: Compact Binary Coalescences Observed by LIGO and Virgo During the
First Half of the Third Observing Run

Event M M ma me Xeff D1, z My Xf AQ SNR
(M) (M) (M) (M) (Gpe) (M) (deg®)

GW190408_181802 42.9F73% 18.3F 15 24.5%51 18.3%32 —0.0372:15 1.5872:29 0.3070:95 41.0733 0.67500% 140 15.3%02

GW190412 38.4F73% 13.3F3% 30.0%37 83%LS5  0.25F0:9%7 0.7479:12 0.15F9 37.3%3:9 0.6779:03 21 18.979-2

0
GW190413.052954 56.911%" 24.0752 33.471%* 23.4%5%7 0.0175:33 4.107%:38 0.6619
GW190413.134308 76.17132 31.9753 45.475%° 30.973%> —0.0179:3% 5.1573:47 0.8017-49
GW190421_213856 71.8%71%° 30.7135 40.673%* 31.4%73 —0.05%0:322 3.1571:37 0.5319
GW190424_180648 70.7+3%* 30.3757 39.571%° 31.0%7% 0.157532 2.5571:55 0.45+9
GW 190425 3.4%33% 1.4475:92 2.0%95% 1.4%93  0.06%9:4L 0.16+9:97 0.03%9
GW190426.152155 7.2F32 2.41%9:08 5.7439  1.570% —0.03%0:35 0.3875:12 0.08+9
GW190503.185404 71.3%2:3 30.17%2 429722 28.5%75 —0.02+9:22 1.52*+5: 7L 0.29+9-}
GW190512.180714 35.6%39 14.5%13 23.0722 12,5732 0.03%913 1.497535 0.28F]
GW190513.205428 53.6755 21.5%3% 35.3%3¢ 181773 0.12+322 2.1679:2% 0.3919
GW190514_065416 64.2735° 27.475% 36.971%*% 27.57%2 —0.1673:35 4.9372:7¢ 0.770:3
GW190517_055101 61.973%° 26.0752 36.411%% 24.8%97 0.537035 2
GW190519.153544 104.2713°5 43.5785 64.57113 390.9714:9 0.3379:48 2.8572:92 0.49+92
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1
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54.3%12% 0.6970:13 1400 8.9%93%
72.8%715°2 0.6970:19 520 10.0%9:
68.61L L7 0.6870:19 1000 10.7*9
67.175%° 0.7575:05 26000 10.47F9
= = 9900 12.4793
1400 8.7+9%

68.2F37 0.677293 94 124732
34.2%5% 0.657007 230 12.2%§3
51.3%%L 0.6970:13 490 12,9733
61.675%° 0.6473: 15 2400 8.2773
57.8%91 0.8770:0% 460 10.710
7 98.771%5 0.80%8%5 770  15.6%9
531299 0.7210:23 150.3+33:30.7370:11 940 14.277
281522 0.2549:95 70.77%3 0.727592 500 25.8F9

3.10+%-83

ISR

RS OB
GW 190521 157.9737-366.974%° 91.4+32:2 66.84237 0.06+93:31
GW190521_074359 74.4%5%5 31.9F73% 42.1+59 32.71%32% 0.0979:1%
GW190527-092055 58.57353 24.271%° 36.275%" 22.871%7 0.1370:22 0
GW190602_175927 114.1718:3 48.3+50 67.2+152 47.4+] 0
GW190620.030421 90.1%1%3 37.5F72 55.4F155 35.001 (N2 i 5= TR3 o)
GW190630-185205 58.871'% 24.8%21 35.07¢2 23.6727 0.10591%2 0.93F73:35 0.19%3:02 56.173:3 0.7079:9 1300 15.6%9
GW190701_203306 94.113%° 40.2F52 53.671%7 40.8+53, —0.0610:23 2.1475.79 0.3849:12 90.0F1%® 0.6773:95 45 11.3%9
GW190706_222641 101.671752 42.0753 64.0712:3 38.5712:%F 0.3270:35 5.07732:37 0.7970:3% 96.37157 0.8070:9% 610 12.6%0:
1.9 0
o
o
o
o
o

R Wb wb ok

85 0.53%0:%% 55.9736:1 0.7370:13 3800 8.179%

o6 0.10%9:28 2.99%392 0.51F0:377 108.8717:20.71191% 720 12.8733
1.6 +1.67
14 167,

5 0.545837 85,4717 0.80788% 6700 12179

5
GW190707_093326 20.0115 85705 11.57%2 8.4F13d —0.0550:¢42 0.8075:537 0.1619:07 19.271:3 0.6670:03 1300 13.3%9
GW190708.232457 30.8%%3 13.170:% 17.5737 13.1%292 0.0275:02 0.9075:33 0.18799S 29.47%2 0.6975:9;7 14000 13.1+9
GW190719-215514 55.8+18:3 22.7+52 35 2+169 509 2+81 (.35%9:28 4617252
GW190720.000836 21.3%33 89755 13.3% 7.8%22  0.18%215 0.81%9:
GW190727-060333 65.871%° 28.1+59 37.2%23 28.8%%5 0.12%93% 3.60"}
GW190728.064510 20.5715 8.6%05 12.2771 81717 0.1279:02 0.89F5 %
GW190731.140936 67.1+113:3 28.4+58 39.3+1L8 28.0+59 0.08%9:21 3.9772:35 0.6573:32 63.975%4* 0.71+319 3000 8.6732
GW190803.022701 62.7715% 26.7752 36.171%2 26.7774F —0.0173:33 3.6977:23 0.6170:2% 59.9715% 0.697917 1500 8.67032
GW190814 25.8%3:9 6.0913:9¢ 23.2+1:1 2.59193:98 (.00+3:38 0.2413:32 0.0513:392 25.613:3 0.2813:92 19 24.9%31
GW190828_063405 57.5%75 E 31.8%3:8 25.9%11 0.19+5:15 2.22%9-5% 0.40+992 54.5%59 0.76+9:9S 520 16.2+9:2
GW190828_065509 34.1+52 13.3F43 23.8772 10.2%3%7 0.087518 1
GW190909.114149 71.2452-3 20,5175 43.2759-7 27.6113:9 —0.03%9:35 4.7773:52 0.7579:32 68.3¥5%:2 0.6873:18 4200 8.1%92
GW190910-112807 78.7%93 33.9733 435775 35.1%%3 0.0275:12 1.5775:97 0.29%9:17 75.075:7 0.7073:9% 10000 14.1+92
GW190915_235702 59.5%75 251730 349725 24.4%%3 0.03751% 1.7078:7) 0.3249-11 56.8FIL 0.7175:97 380 13.6%03
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731138 52.915%° 0.8015:13 2300  8.3%9:F
167982 20.3%35 0.72%99¢ 510 11.0133
.607Q:35 62.617%% 0.7375:15 860  11.975:3

187992 19.5%1S 0.715597 410 13.0°9%

6610:6F 0.3110-10 32.9757 0.6570:92 640 10.079:2

GW190924.021846 13.9754 58702 88F70 5.0°1:3 0.03F039 0.5773:22 0.1272:97 13.3772 0.675002 380
GW190929.012149 90.6734'7 34.375¢ 64.77723 25.755%* 0.0379:27 3.68F77:9% 0.61F0:5% 87.5730° 7 0.6479:17 1800 9.8%03
GW190930.133541 20.3732 85702 12.3v1%° 7.8F 784037 0.1615:97 19.3+9:2 0.72490:97 1800 9.5192

0.14+5:52

https://arxiv.org/abs/2010.14527
https://www.ligo.org/science/Publication-O3aCatalog/index.php



After O3a : GWTC2 (2020/10/28 released)

Masses in the Stellar Graveyard

in Solarviasses

EM Neutron Stars

46 BHBH
2 NSNS
GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern 2 BH+?

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

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

G\W190425; the second aravitational-wave event consistent with a BNS. following GW170817_| (30solar mass + 8.3 solar mass)

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



BBH merger rate

Before O1
Class. Quantum Grav. 27 (2010) 173001

O1
PHYSICAL REVIEW X 6, 041015 (2016)

01&02
PHYSICAL REVIEW X 9, 031040 (2019)

01 & 02 & 03a
arXiv: 2010.14533

01 & 02 & 03a & 03b & 04

0.1-300 /Gpc3/yr

.

9 — 240 /Gpc3/yr

9.7 — /Gpc3/yr

-

15.3 —38.8 /Gpc3/yr

-



Overview of O3GK 13} e

- Initial plan: »

» Join the O3 observation coordinated by LIGO £
and Virgo, once KAGRA sensitivity reached X
the goal sensitivity decided on MoA.

March 26 12:06 UTC
KAGRA finally went over 1Mpc

- Actual situation:
» We reached the goal sensitivity at the end
of March, 2020.

» However, LIGO and Virgo stopped their operation due to COVID-19
infection.

» Under such a situation, GEO600, Germany, and KAGRA carried out a
joint observation run in April, 2020.

» This was first joint observation for KAGRA
» This observation run was named ‘O3GK’

LIGO-Virgo-KAGRADAE ICETNTITHhN = IE X 3 &7 ALEEx

Time [second] since Mar 26 2020 11:51:16 UTC




O3GK

Feb. 20™ - Feb. 25!, 2020] Engineering Run

Feb. 25t - Mar. 10, 2020] KAGRA solo observation run

Mar. 10t - Mar. 31st, 2020] Commissioning break

Mar. 318t - Apr. 7, 2020] Engineering run

Apr. 7t utc s:00- Apr. 215t utc 00:00, 2020] Observing run (O3GK)

Apr. 71, 2020] Weekly maintenance & calib. measurement

Apr. 15t 2020] GRB200415A !!

Apr. 161, 2020] Weekly maintenance & calib. Measurement
[Apr. 218t - Apr. 239, 2020] CAL measurement days
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51.5%
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Time [days] from 2020-04-07 01:00:00 UTC (1270256418.0)

KAGRA:

Duty Cycle: 53.2 % (Science run mode) / 58.8 % (Locked)
Typical binary range: ~600 kpc



O3GK analysis

GEO data (James Lough)
Data transfer (Oohara, Kanda, James Clark)

Calibration (Sawada, Yamamoto, Inoue )
Data quality (Kozakai, Washimi, Borja Sorazu)
All sky cWB (Man Leong Chan, Hayama, Marek, Sergey, Marco Drago)

All sky GstLAL (Ueno)

GRB triggered search
pyGRB (Andrew Williamson)
X-pipeline (Michael Norman, Patrick Sutton)

LVKOD# 4 CAETIIIREEITH



KAGRA data : Transfer, Storage, Sharing

low latency h(t)

hydra (CBC

cluster
@ICRR,
Kashiwa

web00 (burst
cluster)

@ICRR,
Kashiwa

bellatrix

@0saka C.U.

kambai

2.5 PiB storage

@RESCEU

> 01

Data transfer and storage system is working
steady. 3
©
Data from KAGRA site (Kamioka) is transferredto &
and stored at Tier-0 main server at Kashiwa "g
(0]
2
- Tier-1: Full mirroring at Academia Sinica (Taiwan), Partial o
mirroring at KISTI (Korea) ©
- Tier-0.5 (Bulk + low latency h(t)) : Osaka City U. o\
- Low latency h(t) distributions to some pipeline clusters S e T e
Low latency h(t) data is sharing with LIGO and ,
Virgo 2 N
with ‘framelink’ £x
e
- . . . e C -
High latency h(t) data is also sharing with LV (and s § )
GEO for O3GK run) 58 U
with ‘Rucio’ g

KAGRA DMG (Data Management)
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capacity limit (~2.5PiB) by mid of 2022.
S0 we are starting a procurement of next server. s

| | /_j
Data and main server KACRA
95 — 2k Ghns bk dta + sharing data (LIGO, VIRGO) + calibrated data| 25
Current data rate : ~19 MB/s
. . = bulk full' data ;
Cumulative amount data : ~1.2 PiB 20 S RIL60 W) s e 9oMBs 0o
— all data 5
— bulk full' data %
Next main server (system-B1) Sl ) B
Current main server (system-A1) : 128 :
at Kashiwa is expected to reach its storage §10 18

ol
(3]

System-B1 requirements : 20r60101
- more capacity (several PiB)
- integrated user account management with

2017/01/01  2018/01/01  2019/01/01  2020/01/01 ~ 2021/01/01  2022/01/01

m 01 == 02 m 03 == 04 == 05

80 100 110-130 160-190 Target
system-AT LIGO Mic ﬁ ﬁ % %
- more CPUs as possible | IR T~ S
- including the transfer system from Kamioka to virgo ..
Kashiwa s w0

KAGRA i

Note: Systems -A# and -B# are scheduled to be

installed/updated at staggered times to enable _ St b1
continuous operation. LIGO-India

System Al Syste_m A2

t t T u + u t u t t t t
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

KAGRA DMG (Data Management)
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» - FEFEFZAVWTHEICE UL SBEDERAEZFE (Variational Autoencoder, VAE)

s ERINESEEZAVWTHRENG LS5 %Z1TS (Invariant Information Clustering, 1IC)

_. e T
Gravity Spy(LIGO O1 OZEH MM BT - ERAVETAMNETH  8828=2-3L%y k-7, oW

Overview of system

+ We develop a system to classify glitches based on totally Unsupervised Learning.

. 048 . + We tested the system by applying to Gravity Spy Dataset [1].
el 3024
‘ 5 ‘ s Classification strategy
: ; " ; e . Generate features from glitch set using Variational Autoencoder (VAE) [2]
28 -4 18 =
" 0 E g . / ' onder s ey - . Roughly classify features into arbitrary number of classes (K, W) by multiple weal
£ & Classifiers are trained by IIC classifiers ( X M) using Invariant Information Clustering (IIC) [3]
18 l‘ ‘ ‘;“;“;’ w ” /Weak ‘“‘m’;r‘s o « Labeled Set : Using K classes, M patterns
0.25 0.12% 0.0 0.12% 025 02s

0.12%

v

Frequency (Hz)
Frequency (Hz)

0.2% 0.12% 0.0
Time (s) Time (s)

s nto K A clo :/ \“:m.mu M classes (optional
W K

‘ﬂz m < W . Ensemble (Consensus) multiple clustering results (preliminary)
/ \ + Golden Set : Reliable glitches with reliable labels

m + Abnormal Set : Unreliable glitches

Architecture of our system

« Over-labeled Set (optional) : Using W ( > K) classes, M patterns

EHVEME () L ENRIES () DR - R R

Vol.34, 064003 (2017).
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t-SNE 2D plot of latent code at epoch 100
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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 happen

KAGRA is planning to 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.



