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Strain (1072%)

Frequency (Hz)

GW150914: Gravitational wave signal
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Gravitational-wave detectors: Advanced LI1IGO
LIGO: Hanford

Simultaneous Detection

Livingston
Observatory

Distance = 3000km

|
10 light milliseconds



Per 16-days
observation

Number of events

Noise vs signal
PRL 116, 2016, LIGO collaboration

Binary coalescence search
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Numerical relativity simulation for

binary black hole merger

Courtesy: Albert Einstein Institute/SXS:
Grateful to Roland Haas & Alessandra Buonanno
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Gravitational waveform by numerical relativity

0.0

0.5

1.0 -

— Numerical relativity

I Reconstructed (template)
I |

Mer;ger Ringldlown R
/ FAFIVZITEILT S

22 (51 2) 24 6D THL

Theory ﬁ—i Signal 2=

Good agreement ! = Conformation

.

Parameter extraction
M~36 M, M,~29M

Sun Sun



GW151226 14+7.5 solar mass

Hanford Livingston
I | 1 | 1 I

_ o
= oo fesmimi i - PRL 116,

241103

“'ﬁ !|'| ||r 1 :'Ei!‘ \“ | ""i' I ij:‘f I‘wlli.
I S - ] @
EER]! "

1l % UD{K}BHZH:O%V)EZJZD‘ﬁﬂiﬁﬁfif@%ﬁi?ﬁﬁﬁﬁi%
'_ADHHE “ﬁ)j(%i))’)fs. \R

?Z:) 2 DINRKN=—1U.D DININ=—/.Y =131
2 k
O Al i ] o o AP, v | OO TR | 1 1 8 YT

ONPBO

Normalized Energy

ONEOCI OO I = = =

| | | | | | | | | |
-1.0 -0.8 -0.6 -04 -0.2 00 -1.0 -0.8 -0.6 —-0.4 -0.2 0.0
Time (s) Time (s)



FDHDER

e HETSVIHR—NDSEBIHIEIND
o ZD20KEELL EDOT I FHR—)b

v HDNHONOFRM U R O, #EFEIZ
20KBE B EDOT 5y k—itisholz

'I'H

PRI Uz B <2




Mass of BH 1n X-ray binaries of Aug. 2014
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Predicted dependence of BH mass on metallicity
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Metallicity evolution in the universe:
Small metallicity > = 7 T8 /N R THEVBH
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Frequency (Hz)

Brief summary of GW170817

Normalized amplitude

0 2 4 6
s .
500 Key parameters:
LIGO-Hanford

* Chirp mass = 1.18800%4 M
(90%CL)

Chirp Mass=m *°m,*>(m+m,) >

100

50

TGO Livingston * Assuming reasonable spin of NSs,
LIGO-Livingston

. Mass ratio =0.7—1.0 (90% CL)

—> Total mass =2.73—2.78 M

-> Binary neutron stars

~100 sec observation

* Viewing angle < ~30°

8« Tidal deformability < 800
- NS radius < 13.5 km

-30 -20 -10 0

Time (seconds) PRL 119, 161101 (2017)



Chirp signal
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AplJ 848, 3000 authors 2017
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GW observation determines the sky location
within 30 square degree !

Swope +10.9 h




AplJ 848, 3000 authors 2017

EM counterparts of GW170817
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Kilonova & (off-axis) afterglow
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Courtesy: Kenta Hotokezaka
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Synchrotron emission from relativistic outflow

Flux density (u)y)
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Popular model

.- Observe from off axis

PERTSH
MPURW S S
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R ERS

', " n=10*-5x103cm?® | Interstellar matter density

E = 10% — 10 erg Jet injection energy

Relativistic jets with small
opening angle+ a structure
are likely launched

Mooley+KH,18




Superluminal motion of radio counterpart of
GW170817: an evidence for relativistic jet
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Optical-IR EM counterparts of GW170817
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;7Xi04llerg/s@lld Luminosity decreasesa | Kasliwal et al.
in a power law manner{ Science 2017
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Kilonova scenario
(Li-Paczyski 1998, Metzger et al. 2010)

Mass ejection Neutron rich ejecta

€3

rn—capture < T/)’ —decay
—> r-process nucleosynthesis

(Lattimer-Schramm, ’74)

v

Decay of unstable nuclei
-> Heating

In the early phase, optically thick
& adiabatic expansion, not shine



Kilonova/Macronova model
(Li-Paczynski 1998, Metzger et al. 2010)

errz @1-10 days
T <T

photon diffusion ejecta expansion

-

Optical/infrared
— 191
A Emission

\7,
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Peak luminosity & time of Kilonova/macronova

(L1-Paczyski 1998, Metzger et al. 2010)
10% at ~ 1 day:

Depends on time

~~/

photon diffusion TeJecta expansion

—1/2
L. ~2x10" ergs/s M ( o
0. OlM 0 2c 1>< 10_6
M 1 2 —1/2 1/2
at t~1days
0. OlM O 20

Agree broadly with GW170817 for typical
mass, velocity and opacity of merger ejecra

Uncertainty of opacity: ~ 2 orders of magnitude
which is determined by lanthanide fraction



Courtesy M. Tanaka he
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Two components model for GW170817
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Q} Merger
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m<Mmaxs in
i M N
m, zy%‘i m,

BH+disk
4
m,/m, =1
disk mass 1s largzr \ disk mass 1s large>r /
Minority but Typical Cases: m=2.5—2.8M .

could occur M, >~2.8M (e.g., GWI170817)

Sun

Depends on EOS




Mass ejection from neutron-star merger
Animation=Soft EOS (SFHo, R~12 km) & 1.30-1.40 M,
Rest-mass density

0.007 [ms]
. ‘Orbital plane g jz I " Neufrino luminosity
S 00 el Neutrino wind -
o > B |
yQA@!@! t@rqu% I
£ 1o} i
B 20 60 80 100
Density [g/cm?] Time [ms]
1?4 l(l)5 l(l)6 1(I)7 108 10° 1010 1011
e ]
0_ LN ] — | | |
x-Z plane
Shock heating
-500}- / \ 4 F .
| | |
-1000 -5100 i) 5100 1000 -500 0 500 1000

Sekiguchi et al. 2016 .



Viscous-rad hydrodynamics for post-merger MNS
(S. Fujibayashi et al. ApJ 2018)

M ~ 0.05 solar mass, v~ 0.05 ¢
AR RIZSHICREIE BIH - NP EE

Electron fraction Density
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Point mass + Tidally deformed phase Dynamical & GR phase
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Gravitational waves will tell us radius !!

Gravitational waveforms depend on the
radius of neutron stars
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NS Radius measurement from GW170817 event

Jim’s nice talk for more details

arXiv: 1805.11581
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Future higher SNR events will improve the measurement



“Kilonova” of GW170817/AT2017gfo
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Mass ejection from GW170817 ‘
(scenario based on numerical

relativity) e
\\ .

g

Viscous etffect

N v

Massive neutron star
+ torus

Ejecta from remnant ~ 0.03 | |
(mildly neutrobyitdmical ] ecta ~0; Dynamical ejecta

—light r elerﬂ@ﬁfy)nemmn -rich ~0.01M,,
light—heavy r elements)



Radiation transfer simulation. good agreement

(K. Kawaguchi, M. Tanaka, MS, ApJL 2018)
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Many other phenomenological
interpretations are possible.

Test by more events is obviously
necessary !



Prediction for next events

Dynamical ejection

Post-merger ejection

1. Low-mass NS-NS
- long-lived MNS

M ~10-3-102>M__
Y.~ 0.05—0.5
Red, luminous

M~102-10'M_
Y.~0.3—0.5
Blue, very luminous

2. NS-NS->HMNS
(e.g., GW170817)

M ~10-3-102M_
Y.~ 0.05—0.5
Late Red, luminous

M>102M_

Y.~02—0.5
Early Blue, luminous

3. NS-NS - BH
(assume not very
asymmetric)

M <~10° M,
Y. <~0.1
Faint Red

M <103 M,
Y.<~0.1
Faint Red

4. BH-NS with tidal
disruption and/or
asymmetric NS-NS

M~ 103 -101>M,,
Y. <~0.1

Late Red,

Could be luminous

n

M~ 103—10">M_
Y.~ 0.1—0.25

Late Red,

Could be luminous
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