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Credit: EHT Collaboration
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Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg?; light green), the initial LIGO-Virgo localization (31 deg?; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.
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Multi-messenger Observation in GW170817
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Many follow-up observations have been done.
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Multi-messenger Observations of a Binary Neutron Star Merger
THE ASTROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp), 2017 October 20
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LIGO-VirgoE K= (2017FF T)
20159 A M520164F1 A (01), 20165F11 AMNBH201748H (02) HEH11{E

“mm

GW150914 35.6 306 -0.01 63.1
GW151012 BBH  23.3 13.6  0.04 35.7 1060
GW151226 BBH  13.7 7.7  0.18 20.5 440
GW170104 BBH 31.0 20.1 -0.04 49.1 960
GW170608 BBH  10.9 76  0.03 17.8 320
GW170729 BBH  50.6 343  0.36 80.3 2750
GW170809 BBH  35.2 23.8  0.07 56.4 990
GW170814 BBH  30.7 25.3  0.07 53.5 580
GW170817 BNS  1.46 1.27  0.00 =238 40
GW170818 BBH  35.5 26.8  -0.09 59.8 1020
GW170823 BBH  39.6 29.4  0.08 65.6 1850
XEEE XEEE HEXx KEE=E b N s 47
BBH: :EE T TV I7R—
BNS: :EBEFEFE Mpc(AH 78—t9) = 330 A H4FE

28




LIGO-Virgo 25 3 [B] &8 Al

2019/4/1 — 2020/3/27, 56{&E D {x4#H

BBHEZ T Zvo1H—IL) 54018
BNSOGEEZHEF2£) #971&
BH-NS?(T7Svoh—ILhiEFEEE) $95F
MassGap? $J41E

MassGap: EB6H, HAWIHADEEMN
3S5BERNGEEIZHDHGE

BRI RIKRIEZFE R SN TULVEL

29




. —tde. V] 2 \»
LIGO-Virgo O3a (O3RI)A A 0%
W3 https://arxiv.org/abs/2010.14527
fiZZ5 https://www.ligo.org/science/Publication-O3aCatalog/index.php

2019/4/1, 15:00 UTC — 2020/10/1, 15:00 UTC
VEDEFRA N MEHRE (26/@ILERFAH, 13MEITHTR)

BBH 361E
BH-NS 11E]
BNS 11E
BBH or BH-NS 1{&

BBHEZ T 5vo1H—IL)
BNSGEZ 4+ &)
BH-NS(F7 v O h—ILhEFE2EE)

BHLES SRARIEFE RSN TUVEL

Event M M my ma Dy Xt AQ SNR
Me) (M) (Mg) (M) (Gpe) (deg?)
GW190408_181802 42.9%55 18.3715 24.575) 183757 —0.0310 13 1.5870:20 0301095 41.073% 0.6710:05 140 15.3703
GW190412 384753 13.310% 30.0737 8375 0.25700% 0.747012 0157005 37.3%35 0.677002 21 18.970%
GW190413.052954 56.911%" 24.075:4 334713 234557 0.014325 4.10723) 0.6615:30 54.3F1%% 0.697012 1400 8.9704
GW190413.134308 76.17150 31.9773 45.4F1%° 30.971%2 —0.011028 5157233 0.807039 72.87152 0.697015 520 10.070:2
GW190421213856 71.811%° 30.7755 40.675%" 31.4175 —0.05%0 32 3.157 137 0.53103% 68.61157 0.687010 1000 10.703
GW190424_180648 70.7+1%% 30.3737 39.571%° 31,0174 0154922 2557135 0.4570:22 67.1+1%° 0.759:95 26000 10.479:2
GW190425 34703 1447092 20805 14753 o0.06105 0.1610:07 0.03100y - - 9900 12.410%
GW190426_152155 7.253% 2417005 57759 15508 —0.0375:3% 0.38701% 0.0870:04 1400 8.779:%
GW190503-185404 71.3153 30.1%42 42.9792 285175 —0.024328 1.52F57 0297511 68.2757 0671595 94 12.4%52
GW190512.180714 35.673% 145713 23.0%51 125433 0.03%913 1497023 0.287099 34.2739 0657097 230 122702
GW190513.205428 53.6155 21.57%5 35375 18.1173 0.121023 2.1675:35 0397515 51.378% 0.697515 490 12.9%53
GW190514.065416 64.2735%° 27.4755 36.971%* 275752 —0.1610%5 4.93727% 0771033 61.6755%° 0.64701) 2400 8.270:3
GW190517_055101 61.975%° 26.07%:2 36.4F1%% 24.87%9 0531020 2.11+179 0.3815:2¢ 57.875:4 0.8713:35 460 10.743:4
GW190519_153544 104.27115 435785 64.5%143 39.97180 0.3370:33 2.85%3 93 0.4970:37 98.74135 0.80709] 770
GW190521 157.9730466.975%° 91.4739% 66.87307 0.0670:3; 4.53739% 0.7270:38 150.315550.7370 11 940
GW190521.074359 74.475% 31.9%73% 421755 327755 0.09701% 1.2870:3% 0257098 70.7753 0.727002 500 25.870%
GW190527-092055 58.5727:9 24.2F1L°0 36.273%" 22.811%7 0.13402% 3.107135 0.5373:52 55.943%4 0.7375:12 3800 8.17%3
GW190602-175927 114.17152 48,3755 6727150 47.47138 0107022 2.997252 0517027 108.871720.717015 720 12.8792
GW190620-030421 90.11173 37.577% 5547135 35.0011S 0.34492 3167157 0.5475:22 85.4+159 0.807%9% 6700 121703
GW190630-185205 58.8747 24.872% 350759 23.672% 0.107012 0.9379:3 0.1970:02 561713 0.7079:9% 1300 15.670:2
GW190701-203306 94.115L0 40.275:2 53.671%7 40.8753, —0.06%322 2.147575 0.381512 90.0+1%° 0.677593 45 11.3752
GW190706 222641 10167172 42,0753 64.071232 38.5712% 0327025 5.077237 0797038 96.37157 0.80799% 610 12,6792
GW190707-093326 20.0%1%5 85155 11.5733 8.4tld —0.05102% 0.8075:37 0161507 19.2715 0.6615:53 1300 13.3%5:2
GW190708 232457 30.87%3 131792 17.5747 131729 0.02752% 0.9075:33 0187008 29.4725 0.6919:54 14000 13.179:2
GW190719-215514 55.87153 22.755:5 35.2%16° 20.2451 0.35102 4.61725% 0.73153% 52.9%1%5 0.80%5:1% 2300 8.3%9:3
GW190720.000836 21.3733 89705 13.3%$5 7.8%22  0.18%01% 0.81707 0.167042 203735 0727998 510 110703
GW190727-060333 65.873%° 28.1%%9 37.2724 28.8785 0.12702% 3.6071:2¢ 0.607029 62.671%2 0.735515 860 11.9%5:2
GW190728 064510 20.5715 8.6705 122471 8137 0121087 0.8970:37 0.1870:07 195715 0715001 410
GW190731.140936 67.1110% 28.475% 39.3711° 28.0737 0.08%031 3.977308 0.651055 63.975%" 0.7170:15 3000
GW190803.022701 62.7754% 26.7752 36.175%% 26.771% —0.01102 3.697%05 0.617025 59.971%2 0.69701 1500
GW190814 25.8759 6.0970:08 23.271:% 2.591098 0.0010:05 0.2419:02 0.0515:9%% 25.615:5 0281092 19  24.9%0)
GW190828.063405 57.577% 24.8735 31.875% 259708 0.19%01% 2.227053 0407097 54.5757 0761005 520 16.270:2
GW190828 065509 34.175% 13.375:2 23.8%72 10.2433 0.08491% 1.6670:52 0.3171 32,9757 0657093 640 10.070:2
GW190909-114149 71.27583 2957475 43.2539-7 27,6713 —0.03+0%8 4.777570 0757042 68.3+5%2 0.687015 4200 8.1752
GW190910-112807 78.733 33.9743 435475 351453 0.02431% 1577597 0.291517 75.0757 0.703:9% 10000 14.175:2
GW190915.235702 59.5755 25.1%%% 34.9795 244735 003703 1.7075:7) 0327011 56,8708 071590 380 13.670:2
GW190924 021846 13.9%5% 58702 88* 70 5.0%1%  0.03133% 0577522 0.1245:54 133732 067092 380 115703
GW190929 012149 90.67242 34.37%5 6477224 2577044 0.037020 3.68729% 0.61703% 87.5+297 0.6470:47 1800 9.870:%
GW190930-133541 20.3%9% 8.5%5% 12.3%1%° 7.8%17 0.14103% 0.78%5:37 0161507 19.3133 0.7255:07 1800 9.515:3
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LIGO-Virgo Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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ApJ, 896, L44 (2020)
https://arxiv.org/abs/2006.12611

Normalized energy

3MERKBEEND TS vIFR—ILE 00 25 50 75 100 125 150
26 BEARNGEEDENDEIK

26BREEEDE

59— ILERHEFEDHRESE
ELLIEDH, RERGEIAZLN.
BT — 3 Do LA k73 L

Frequency (Hz)

—10 —8 —6 —4 -2 0
Time (seconds) from 2019-08-14 21:10:39 UTC

33




KAGRA

34




RRERET
BEETH / L

XMASSX“ Kamland

¥ Super
7% Kamiokande

KAGRA

RAMERE: RRKRFFHRVIER
S [FITRX A, KEK, ERN DL H D
- ZTHERS(~40048, ~80HLRS)

ISz B2 12 7R B vy eb [t BT e ] 5 1L
3kmbL—H—FFEt

T

KB

!\,,V’_
\\’/ I i//

N




KAGRA® FE 51

o o FREIE m—

o RIVIBEITE

iKAG RAV\ )
//( EEE |

3km BB L——TF 55t

bKAGRA

| FH&iER

A3y I= VI B S VR

FHHBEL
-

36




R ILSERK(20145E7 )

(HEEI#R T 1X2014%F58)

2014/7/30

bR ILSERK BE = (2014/7/4)

37




2010-2014

KRA R
(AT

HZE/X(T (6km) D
SE. Tk A

TR )L [




39




REE ML =EERE SR AR TR

MBI AL S EERE IR ARITIR

40







[ R+ (7] €578 D 175 72 = (Z FRIEl]

2019410H4H

EREAKBR Y FT—I~PEAY




KAGRAM YK ;5

2018F4 A5 RIZHID K REE CHOREREEL T E R

LIGO-Virgo 03H1(2020F4 A RET)DEAIEERZ B 5L TIE=X

2020 3A27H #FHEIO

A4 ILARIZEYLIGO-Virgo%R 8l Fh i

OAFOH, 202048 7B M54 H21HE T, LIGO-Virgo-
KAGRAD¥HAH T, RAVIZHHGEO600& EH[EHERERAZZERHL

1=.

BT — A DR

]

RELSER

A ]

2022 B E?H 5, LIGO,

RS PELRER L/EX

Virgo& £ [ZRHEERA1(04)E e & 1A &




™
L 4

KAGRAD Bk : EIZKEARDRTE

GW150914

2B DEHERTIE
IR AR DYFEIH R

SUHZ UEL

SEULDRHIZTAHRM
mNnT<b i
KAGRAIZ&Y, 3& TELUA e e
HROEEMNEZD

LIGO2&, Virgo, KAGRA GW170817

DiEt4ETIE, FHI0FAFE
BEETRED o ~

7 . N
Fermi/ | 54
GBm | 0 E
16h 1?h 8h
DLT40-20.5d
IPN Fermi /

INTEGRAL

https://www.ligo.caltech.edu/i

mage/ligo20160211b




The Nobel Prize in Physics
2002

Raymond Davis Jr. Masatoshi Koshiba Riccardo Giacconi
Prize share: 1/4 Prize share: 1/4 Prize share: 1/2

The Nobel Prize in Physics 2002 was divided, one half jointly to
Raymond Davis Jr. and Masatoshi Koshiba “for pioneering

contributions to astrophysics, in particular for the detection of
cosmic neutrinos” and the other half to Riccardo Giacconi "for
pioneering contributions to astrophysics, which have led to the
discovery of cosmic X-ray sources".

Photos: Copyright he Nobel Foundatior
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The Nobel Prize in Physics
2015

A. Mahmoud Photo: A. Mahmoud
Takaakl Kajita Arthur B. McDonald

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki Kajita
and Arthur B. McDonald "for the discovery of neutrino oscillations,
which shows that neutrinos have mass"

Photos: Copyright © The Nobel Foundation
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a next generation gravitational wave detector
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LIGO-Virgo & 3[a]%

i

GW190425

2HBEDEZEREFESIK
BHURMICRARIIER NG o T1=.

A #5851

ApJ 892, L3 (2020)
https://arxiv.org/abs/2001.01761

hEFEODEEN, AIRIKLYDLEL.

« 2DONEEDM KEN34EEE

Table 1
Source Properties for GW 190425

Low-spin Prior High-spin Prior

(x < 0.05) (x < 0.89)
Primary mass m; 1.60-1.87 M, 1.61-2.52 M,
Secondary mass m, 1.46-1.69 M, 1.12-1.68 M,

Chirp mass M

Detector-frame chirp mass

Mass ratio m, /my
Total mass

Effective inspiral spin

parameter X ¢

Luminosity distance Dy
Combined dimensionless
tidal deformability A

1441003 M.,
1.4868 750903 M.,

1447003 M.,
1.48730: 5008 M.,

08- 1.0 04- 1.0
337501 Mg 3.4709M,
0.012+3!1 0.058*0:04
159783 Mpc 159787 Mpc
<600 <1100

HE SNT=EIEAMR

Abbott et al.

Figure 2. Sky map for GW190425. The shaded patch is the sky map obtained
from the Bayesian parameter estimation code LALINFERENCE (Veitch et al. 2015)
(see Section 4) with the 90% confidence region bounded by the thin dotted
contour. The thick solid contour shows the 90% confidence region from the low-
latency sky localization algorithm BAYESTAR (Singer & Price 2016).
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NV T )L=)LA—R)LDEE|
FHOEEREEL
(HHBADESMNBES) = (\wT LEL) x SRAETOER)

* 1)

RIEEREFEICED DA DERX
R D 73 S ER A FROHAEDE
ERLREA

BB ERFEDE 73.24+1.74 km/s/Mpc
FHISMVOEEERFDTIUO0FEIZKSEH  67.74+0.46 km/s/Mpc
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FE O R AR s B
(HAEEA DRI MNSES) = (/YT ILTEE) x (FRAIFETDIEEE)

* 1)

RKAEREKRICKD BHIRICKAEA
ERIA] D 43 Je &R A

E A€ iR

LA EFHZERFEDE R 73.24+1.74 km/s/Mpc

FEHIMVOEEERNOTIUOFEICLSER  67.74+0.46 km/s/Mpc

B NIKBAIGW170817) H, = 70-0J—rala.260km s~ Mpc~!
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FELRIFT D E 1R DB R RE

HEEdMFE The Nobel Prize in Physics
1993

f5]: PSR 1913+16 (Hulse-Taylor binary)
19745 %R, 1993F /—XN LY EZE

BEDZEIE

Russell A. Hulse Joseph H. Taylor Jr.
t — ﬁx *E -L‘-_I- 0) % ﬁlj t ﬁ Prize share: 1/2 Prize share: 1/2
The Nobel Prize in Physics 1993 was awarded jointly to Russell A.

— \
EE jj 5&‘: J:é | *}l/#—ﬁ& Ilj:ll Hulse and Joseph H. Taylor Jr. "for the discovery of a new type of

pulsar, a discovery that has opened up new possibilities for the study

of gravitation"

Photos: Copyright © The Nobel Foundation
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Distance and Hubble Constant

Event AQ/deg®  d,/Mpc Zevent
GW150914 182 440*1300.09+003
GWI51012 1523 10803  0.21+09%
GWI151226 1033 450*180 0.09*004
GW170104 921 990*440  0.20*9%8
GW170608 392 3204120 0.07+0%2
GW170729 1041 284071400 (.49+0.19
GW170809 308 10307320 0.20709
GW170814 87 6007350  0.1270%
GW170817 16 4077 0017500
GW170818 39 10607320 0.21*907
GWI170823 1666 1940731  0.35015

0.06 T —T
’ i — Joint BBH-+GW170817 Caunterpart | » HUlE@ constant (Ho):

1 === Joint BBH

] —— GWI170817 Counterpart Expansion rate of the
Prior (Uniform . .
phnci : Universe to distance

— S:HOES ratio. V=Hod

| » Using GW170817 with
10 BBH observations,
Ho has been evaluated.

» INY TIVEE (Ho): FEHDEE

SRR & BEREZ BRI B E
80 100 120 o Bo
Hy (km s™' Mpc™") » GW170817&1007 5

Hy = 68*1* km s~ Mpc™ YK=L EEAGOBEESR
68.3 % probability range zZzRAWTEHE N,
GW observations provided new method to measure the Hubble constant.
BEHRBAICEID Ny TIVEBZAETZIHLWAELG b S Shi,
arXiv:1908.06060v2 [astro-ph.CO] 21 Aug 2019

48 A gravitational-wave measurement of the Hubble constant following the second observing run of Advanced LIGO and Virgo
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Equation of State of Neutron Stars

Neutron stars are good for
studying the high-density matter 2> P »

| P RRERE THRRTERNE

which can not be realize in our N g | BERBOMENRTS S,

laboratory. 2.0F {o RESERZEH EBEOBREESD

Equation of state defines g r - 2 4 TW3, ~HYEFEDEELFEDHE

relationship between pressure ,, 15 ; GS‘—-\\T‘S | RICDEH B,

and density. ->NS massand £ Y e BESKOERETILHRIESH TV

radius T o5 %, PHEFEQHR L LEOUEHNE
L \"5?", o $

Many theoretical models have 0.5 9@9‘; 3\1j-«:2é;60¢\ - - E

been presented. Measurements R . PEFEEDEHT M XATRIESh

of mass and radius are critical. g gflf . ‘ PENROBRIPEFEDOEEEZSE

Investigation of GWs emitted in 8 10 12 14 16 STEHICTEE,

merger phase of BNS ) _ Radius (km)
.. Mass-Radius trajectories fro typical EOSs
coalescence is important to

U A R BE T A2 =2 3R
derive the radius of NSs. RENGRETEAD L 2HE-+EONS

arXiv:astro-ph/0612440v1 15 Dec 2006
Neutron Star Observations:
Prognosis for Equation of State Constraints

49

61




Mass & Radius Observed in GW170817

. Mass & Radius have
been evaluated.

« Left: evaluation based
on GW observation.

« Right: evaluation
including lower limit of
maximum mass of NSs
of 1.97 Msolar that was
obtained by EM
observations at that
time.

m (M)

- BECHFEODTR

o ER: ENRBADHSKD
Shics3#mE.

. A PEFEORKEE
o)-FBEﬂEb‘.l .97 Msolar T&
% & WD R4 I Z TFH
LITCﬁ:FEo 1.97 Msolar
(. HFOERRBATES
S5hTWfE,

arXiv:1805.11581v2 [gr-qc] 15 Oct 2018
GW170817: Measurements of Neutron Star Radii and Equation of State
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