FENRRXFD
RIRETT KRR

LRI —INEIT RS
SR FIRFRRUZEAT AfEiESKER




Al S

HjJ

Sy

BHREBREDOEEXE

2 Doy iR—
N F 2

=R R

HE W

&



1. EETIVIR—IL



ENRREEGRTRYNT—0

:U=tokyo.ac.jp/wp-content/themes/Icgt/images/img_abt_lcgt.jpg

KAGRA (HL A - #1[E])

-

- /

Advanced LIGO
(77 A1) 73 -Hanford/Livingston)

https://www.advancedligo.mit.edu/graphics/summary01.jpg

| Advanced Virgo -
(== Q:ﬁ‘§f45")7Pisa--

http://virgopisa.df.unipi.it/sites/vnrgo_; -d-amiptit, virgopisa/files/banner/virgo.jpg
2018/3/4 GOl P2 Y i e




Hanford, Washington (H1)

GW150914

Livingston, Louisiana (L1)

LI T T T ‘ T . I'EE = T
1.0 ig;il& {sz - ;ZjﬂilJéél—zs""géjl- léi;(j:)1-_.755- ! —
0.5 F
0.0
0.5} -
: -1.0 — =1 = L1 ohserved =
rr |— H1 cbserued| H1 observed (shifted, inverted)
= i : : : i i : :
Z 1.0}mzes !
< iy
m 0.5 —
&n 0.0
-0.5F
-1.0 H — Numerical relativity — H — Mumerical relativity -
Reconstructed (wavelet) Reconstructed (wavelet)
I Reconstructed (template) | | I Reconstructed (template) | I
0.5F | | | 9 F | | | =
0.0 MMWW\MWMMW%
-0.5 [— Residual| 270 .0) | - |[[="resiaual | | L]
0.30 U 35 0.40 0.45 0.30 0.35 0.40 0.45

2018/3/4

LIGO&Vlrgo (2016) 35Hz-350Hz[Z 74 )L A3 —

RIE TS

TIFEE (s).

—4



— A% AE Xt SR T A E

EENIELE S [Ipost-NewtoniT LI TEEIT 5
5 KBH+EBWKALG ST 5w ok—)LiEEE
EH B THAEIT LB X 5

10

1032 R— | effective one bodyh®
o | PNaZfEl+BHIEEID
ol | (NREESZED)

o | HAERHTLS

100; Buonanno-Sathyaprakash (2014)

2018/3/4 m /m, AR .



BHRETHMNSE

c BEDITNZTNDE=NANS
- 400MpcZEIZH B 59 (KD JIER A (X 10kpc)
° Jh1thEfﬁﬁ7b\|E:]%/ﬂu7haé

Primary black hole mass 365M
Secondary black hole mass 29ij o
Final black hole mass 625 M
Final black hole spin 0.67 0
Luminosity distance 41058 Mpc
Source redshift z Qﬁﬁfﬁiﬁﬁﬁ &3@5@%1&5;&@ el 0-093()).'({)?

2018/3/4 8 — RS LIGO&Virgo (2016) 7



EEISVYIHR—ILOBE

SLVEE DTSy R—ILIFERE-<EAHBLLLY
HELTIEENWEDMNZZD (FRHZFE (Lo« M22)
Black Holes of Known Mass 1&%%@ nop |/||
BHinESE
yal=ad:ufi a0
pop I (FIK £ )
R TSV HR—

liml

n
[¢]
n
0
©
| .
2
o
%}

LIGO/VIRGO

https://3c1703fe8d.site.internapcdn.net/newman/gfx/news/hires/2017/3-ligoandvirgo.jpg



ll

=Rkt
EDVHEENRERIC 1IE')75\th\0’C FF

NSE(TIFHERITAZLN, JﬂZ \EI’JI %73")’)6

éﬁs L— |‘ 0) E*ﬁ% [') ‘j: 0.6 El\:nt Based
AEOREIEETS o

— 0.4 —
s
0.45 | ] | | ] | | | §
0.40 — S =3 A — 0.3 —
0.35 — ’:?wi”" L:-'-.O) N
s 0.25 — - 0.2 —
‘5: 0.20 — |
0.15 — [
010 [ 01 -
0.05 — [
O.OO I I 0.0 I I IIIIIII 1 I IIIIIII
—2 -1 0 1 2 3 4 5} 6 7 100 101 102
Q . _
LIGO&Virgo (2016) R (Gpe 2 yr™1)

2018/3/4 > I ] P2 = 11 S e



BHERFEETSVIR—ILIRL

NEEENEWVNELELTIVIR—ILIZESENS
ia C9 DBV (EREICVIKRET D)

Ugliano+ (2012)

N
-]

_ I~ I&EFEL
- 2 BEELGLD

O

Remnant Mass [Mg]

©
O

10 15 20 25 30 35 40

ZAMS Mass [Mg] = initial stellar mass in solar unit
2018/3/4 BT P LR 10



B NRICKSEERERIE

FAISNDE NI L RHEEIZIX

5/3 £2/3

h(t) =F(0,¢9,1,9) 5

cos|D(t)]

d(t) = 2n(ft + ft2/2+ )
f — (96/5)7T8/3M5/3f11/3

» (HHZERALE=LTERDYIE

1

==RAMY SYANZS

« RIEZFTETEANDT., BEEDMNRFES
FELAA-EEZEDRIEEMEET S F

I'I1




G2 : R AR EDHER

HRARBzOLDIESIES /(1 + 2)ITBUVS

— AR R SR (R —ILAVELND T
t->t(1l+2z), M >M(A+2),D—-D(1+2)

EEBMT NITIRE-FIAHEEAREIZHEHO>TLED
BECTEVVEE =K TEIVERE

« NERBEIFRAMD_ENTES

o FRARBIZREMIZHMNSAL

- 1L EFEZEOEE TIEEREZHEESS

2018/3/4 > I ] P2 = 11 S e



BERAIMNLDFRHIRIZRE

I AR ERKER B TE

ERAIMOIREH T

ESXRH>THEERAIZ LB TAHNM DI RE [Schutz 1986]

» BHENERBZR THEZRS

BEEBEETIVIHR—

L (=]

» BENHRBATUNEREREZLE
FHRHSRZEEINZYISAEM LN

TEFEZRD ﬁE?&bSGRB’@ﬂF 0/ )7h\H5
TOEEIE..

19



(M/L3)I/2 [km]]

1/2
R "=

iml

— &+ %

8 N IL EN Y7355 E

=N

A

DT AK
= NI5HIEST

MINSD(EFEHN)

AN

11—

%7 2 42
M3 F 1%
. G=c=1
10 I T I I I I I 10’2 | I [ I I I I I I I I I [ [ ]
02k _ . \“«'151226
v’ Yunes+ (2016) awisng /1 10T N Yunes+ (2016)
4 10 ' GW150914
10~ GWI50914™| — 5| _
10’5 - Double Binary Pulsar - = 10
(Shapiro Delay) = -6 —
6 1 = 10
10 o -7
| 0-7 | | :,—\ 10~ 7
10-8 Do‘('glebpi';“ll)'y P“;Sﬂr m'_] 10‘3 - Double Binary Pulsar LAGEOS |
— LAGEOS rbital Decay I — L]
10°F . * 1 2 10°F ¢ |
Cassini ” -10
10’10 L 4 < 10 . 7
107“ _Luna; Laser Ranging Pulsar Timing Arrays o 10_“ | Pulsar Timing Arrays Lunar Las:r Ranging |
-2 - ° . — 12 Perihelion.Precession —
10 Perihelion Precession of Mercury 10
13 10_13 of Mercury
10 [~ — — _
10—14 | ] | | ] ] ] | | | ] 1401 ] | ] ] | | | | | | | | |
-12 - - -9 - - -6 - - - -2 - - 6 4 2 32 36 4 \
10 10" 10" 107 10 107(1)101\/1/1410S 10" 107 107 10" 10 10% 10° 10* 10% 10" 10" 10™ 10 10™ 10™ 10 10" 10* 10

BES

HRFENKEV(HHER)

2018/3/4

IRE T

Yaran
7 N

=

£

=

N

L

TIHE,/ B[]

HRY

nPANE
~

FRRY

14



T A DG

RARZa2—FU(PN)FHIEZETE T 5
(4
dt at quadrupole
BETIEUTOENIDNER/NTA—RIZHS

v\* [(GrmfM 2/3
* 7 (Z) _( c3 )
LeadinglZxfL T v2" H ALK 23 DIEHL KD
/\xl‘—:L F/Iﬁtu?lj:hé

[1 + azvz + a3v3 + ]

(it




IRARZ2—F B~ DFIR

GW 150914, 151226, 1701045—’-\1’)@“:%%%

- ETORIMEI—ARIE TR

Il\l\ 274

B

- —:1&%4’\/I~75\i ANIEKYFIRAEELLESD

0.3 . 2.0

20

i | 4t 1 | 4l
0.2 |13 15
1.0t 10+
2t ] 21
01t | | sl A S e
S 00 AN 1 00 T | Of = == BT 5 2 | Y P | A &
0.1} W 170 1, ¥ BRI N |
0.2} [ o BSAE D DIEE I_(i
' ~1.5 |- 15} _
o3l gl o | | | ] | RUBRERERTIRETLD
"7O0PN " 0.5PN IPN 15PN 2PN 2 5PN® 3PN 3PN® 3.5PN 8, B:s oy as o

Di

E: OPNEH=MEBRH T RBETNOEZE /NI —THo2EELFIRSN TS




BIEENIEFIRTSLHDN

= 1R D -

?

gt

o E

B LR

Uk C (3l BR (F 58 <7 0

1D —R=-O-EEHZLTND)

EE TSV IR—
2 J1Z D E

)1/0)/-\12F0)n+§i7b\’c-‘é’ca*abﬁ'
5 jj/&'b\ﬁﬁ LGEW & KREGE

3 Example Theory Constraints
Theoretical Mechanism [ GR Pillar| PN 18] Xampie LHeoty LOnStralnts
GW150914| GW151226 | Repr. Parameters | GW150914 GW151226| Current Bounds
Vagacs| [k — — 107 , 2 [57-
Scalar Field Activation SEP —1 1.6x107% | 44x10°° ‘”.E iGp| [km] [ ](.\ { }
3] [1/sec] — — 105 [60]
Scalar Field Activation| SEP, PI +2 1.3 x 10* 4.1 v |acs| [km)] — — 108 [61, 62]
Ch,C 0.9 2.1 0.8,1.1 0.03, 0.003 ,
Vector Field Activation| SEP, LI 0 72x10"3(34x10"3 (et e-) ( ) ( ) ( ) 165,01
(Bra, Aka) (0.42, —) (0.40, —) (0.005,0.1) [63, 64]
Extra Dimensions 4D -4 [9.1x107° (9.1 x10" € [pm)] 5.4 x 10° 2.0 x 10* 10-10% [65-69]
Time-Varying G SEP —4 19.1x107° [9.1 x 10| |G| [107 "2 /y1] 5.4 x 10'® 1.7 x 10'7 0.1-1 [70-74]
Yunes+ (2016)
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LIGO&Virgo (2017)

Low-spin priors (|y| <0.05)

High-spin priors (|y| < 0.89)

Primary mass m;

Secondary mass m1,

Chirp mass M

Mass ratio m, /m;

Total mass m,,,

Radiated energy E, 4

Luminosity distance Dy

Viewing angle ©

Using NGC 4993 location B
Combined dimensionless tidal deformability A
Dimensionless tidal deformability A(1.4M )

1.36-1.60 M,
1.17-1.36 M
1188 5502 Mo
0.7-1.0
274501 M
> 0.025M  ¢?
40°%, Mpc
< 55°
<28°
< 800
< 800

1.36-2.26 M,
0.86-1.36 M,
L188% 0 Mo
0.4-1.0
2.82%500M
> 0.025M  c?
40"%, Mpc
< 56°
< 28°
<700
< 1400
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Light r-process
t=2.5d

12 Heavy r-process

t=45d

o Kasen+ (2017)
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Kasen+ (2017) Shibata+KK+ (2017)

Massive neutron star

Squeezed dynamical
v = 0.2c-0.3c

Tidal dynamical

kvt v = 0.2¢-0.3c

v <0.1c

Neutron star + neutron star
Remnant promptly collapses to black hole

Viscosity-driven
ejecta

Torus

- e . Dynamical ejecta
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{ © Radio data (3 GHz)
] mm

| — 6;=15° n=10"* cm™3, Eiso = 3 x 10°° erg (from Margutti et al. 2017)

8;=10° n=2.5x10"" cm~3, E, = 6 x 10°0 erg
== 6,=20° n=10"°cm3, E,=1.5x 10°! erg

Mooley+ (2017)

' \ ' 60 g0 100

2018/3/4

BT

B. Off-axis Jet
SGRB and afterglow

A. On-axis Jet
SGRB and afterglow
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C. Choked Jet

Cocoon y-rays and afterglow
(Most likely)
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o Radio data (3 GHz)
mmn Brnax=0.8, E(>By)=5 x 105° (By/0.4)73, n=0.03 cm~3, £5=0.003
m— Vnax=3.5, E(>By)=2 x 10°1 (By)>, n=8 x 107 cm~3, £=0.01
m m Cocoon model from Gottlieb et al. 2017

Kasliwal+ (2017)
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UV/optical/IR

R(10°R.)

Mooley+ (2017)
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X-ray Fo3_gkev [€rg s~ cm™2]

| —— cocoon outflow model from Mooley et al. (2017)

10—15 -

cocoon outflow model from Gottlieb et al. (2017)
ejecta outflow model from Mooley et al. (2017)

structured jet model from Lazzati et al. (2017)

Ruan+ (2017)
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Structured jet?
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Lazzat|+ (2017)

= 3GHz (x1.5)
6GHz ]

=== R filter (x300)

= ] keV (x3000)

10" 102 103
Time since GW detection (days)
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Horndeski
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Cqg = C

Cqg # C

Kinetic Gravity Braiding [46]

General Relativity

quintessence /k-essence [42]

Brans-Dicke/ f(R) [43, 44]

quartic/quintic Galileons [13, 14]
Fab Four [15, 16]

de Sitter Horndeski [45]
Guvd"¢” [47], Gauss-Bonnet

Derivative Conformal (20) [18§]

beyond H.

Disformal Tuning (22)
DHOST with A1 =0

quartic/quintic GLPV [19]
DHOST [20, 48] with A; # 0
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Viable after GW170817

5Bl T

Non-viable after GW170817
Ezquiaga-Zumalacarregui 1710.05901
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FERAIMSIREE AN (X (3D localized [ X fits)
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Network

No EM information

Direction known

3D localized

LHV
LHVK
LHVKI

9.3 (41.5)
7.1 (24)
5.8 (15.5)

3.3 (34.4)
6.5 (21.0)
5.5 (14.3)

3.3 (8.6)
2.7 (6.4)
2.2 (5.1)

Arun+ (2014)

L: LIGO Livingston, H: LIGO Hanford, V: Virgo
K: KAGRA, I: LIGO India

BH-NS (NS-NS)@200Mpc




