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・Radiation	energy :
・Duration :																	
・Event	rate :												
・Jet	opening	angle :

Norris	&	Bonnell 06

1	sec

1	sec

~	1050 - 1051 erg	(isotropic)
~	10-2 - 2	sec
~	103 Gpc-3 yr-1	
~	16°±10° (Fong+	15)

100	sec

Short Gamma-ray Bursts

2nd Fermi/GBM	Catalog	(50-300keV)

2	sec

Duration

Short Long

Hardness



Lack of supernova association

Berger	14

Duration



Environments

Host	galaxy	(36	samples)

Offset	distribution

Fong+	13

Fong	2014
GMT	Meeting

Circumburst density

Berger	14



Isotropic	energy
~	1050 – 1051 erg

Variability	timescale	
<	1	ms

Event	rate
~	103 Gpc-3 yr-1

No	association	with	SNe
Wide	variety	of	the	hosts
Low-density	environment
…

Maximum	energy	
~	1053 erg

Radius
~	106 cm		→	~	0.1	ms

Merger	rate
~	102 - 103 Gpc-3 yr-1

Merger	time
~	0.1	- 10	Gyr

(e.g.,	Berger	14)

Short	GRBs NS	mergers
Short GRB = NS Merger?



Post-merger activities
・NS	or	BH	formation

・Relativistic	jet	launching

・Mass	ejection

・Fallback

・Accretion	and	wind

・Magnetic	field	amplification

・r-process	nucleosynthesis



BH or NS formation

M	<	Mmax :																			Stable	NS
Mmax <	M	<	kMmax :				HMNS	→	BH	(or	BH	+	disk)
M	>	kMmax :																	BH

Bartos+	13

1.4	<	k	<	1.7		 Hotokezaka+	11



Relativistic jet launching Ruiz+	18

Stable	NS HMNS → BH BH
Rest	mass	density

Velocity

B2/8πρ0

L	~	1051 erg	s-1



Hotokezaka+	13

Bounded	mass

Ejecta	mass

Ejecta	velocity
vej ⇠ 0.1� 0.3c

Mej . 10�1M�

NS-NS:

BH-NS:
Mej ⇠ 10�4 � 10�2M�

Md ⇠ 10�1M�

Kyutoku+	15

NS-NS	binary	merger

BH-NS	binary	merger

Mass ejection (dynamical ejecta)



・Free-fall	timescale

・Accretion	timescale

Rosswog 07
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Accretion and wind (viscous ejecta)
Fujibayashi+	18
See	also	Fernandez+	19Properties	of	ejecta

⇠ 0.01� 0.1M�
<latexit sha1_base64="cgKIKW0tFBOo4SRdoPY743rkC1g="></latexit>

Macc ⇠ Mwind
<latexit sha1_base64="0Z1LbOMA/+qRKzXOQXQX6w2D5bI="></latexit>



Kiuchi+	18
Magnetic field amplification

Density

B-field

B-field	amplification

Inverse	cascade	→ dipole?



Neutron	rich	ejecta	→ rapid	neutron	capture	process
(beta	decay	time	>>	neutron	capture	time)

r-process nucleosynthesis

Mass	fraction
Heating	rate

Opacity

⌧ =

Z
⇢dr
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Optical	depth

Wanajo 18

Wanajo 18

Tanaka+	18



Post-merger activities

Metzger	&	Berger	12Metzger	&	Berger	12

NS	or	BH

・NS	or	BH	formation

・Relativistic	jet	launching

・Mass	ejection

・Fallback

・Accretion	and	wind

・B-field	amplification

・r-process	nucleosynthesis



Abbott+	17

GW170817/GRB 170817A/SSS17a

Margutti+	18

Mluti-messenger
Astronomy



Summary : GW170817
17	Aug.	2017	12:41:04	UTC		GW	detection	(LIGO	× 2	+	Virgo)

S/N	:	

Localization	:	

Distance	:	

Viewing	angle	:	

Total	mass	:	

NS	mass	:	

NS	radius	:	

Merger	rate	:	

32.4

31	deg2 (5	hr after)

~40	Mpc

<	32° (depending	on	H0)

2.74+0.04-0.01 Msun

1.17	– 1.60	Msun (|χz|<0.04)

<	13	km	

1540+3200-1220 Gpc-3yr-1



Rapidly	evolving	transient,	clearly	different	from	SNe.
Siebert+	17

SSS17a (AT2017gfo)



Summary : SSS17a (AT2017gfo)

Timescale	:	~	0.5	- 10	day
Luminosity	:	~	1040 - 1042 erg	s-1
Temperature	:	T	~	2×103 - 104 K	

→ Ejecta	mass	:	~	0.05	Msun
Ejecta	velocity	:	v	~	0.1	- 0.3	c
Lanthanoid	fraction	:	~	0.01

・Multi-component	ejecta?	(blue	and	red)
・Ejecta	mass	and	rate	are	consistent	with	the	Galactic	
r-process	element	enrichment.
・The	massive	ejecta	mass	indicates	the	formation	of	
hypermassive NS	transiently.

Confirmed	that	binary	NS	mergers	
are	accompanied	with	kilonovae.	



Post-merger activities
・NS	or	BH	formation

・Relativistic	jet	launching

・Mass	ejection

・Fallback

・Accretion	and	wind

・Magnetic	field	amplification

・r-process	nucleosynthesis



GRB 170817A Abbott+	17
Goldstein+	17
Savchenko+	17

Duration	:	

Time	delay	:	

Radiation	energy	:	

Peak	energy	:	

Fermi/GBM	independently	reported	a	γ-ray	transient.
Binary	NS	merger	=	γ-ray	transient

~	2	s

~	1.7	s

~	5	× 1046 erg

~	185±62	keV



Real signal?
Fermi/GBM	data



Real signal?
South	Atlantic	Anomaly

Goldstein+	17



GRB 170817A = Short GRB?

Goldstein+	17

Duration Hardness

Typical	short	GRB?



GRB 170817A = Short GRB?
Properties	of	the	host	galaxy	are	also	
consistent	with	those	of	other	short	GRBs.

Fong+	17

B-band	
Luminosity

Mass Age

Star
formation
rate

Offset
Fractional
flux



GRB 170817A = Short GRB?
Typical	peak	energy,	but	much	lower	radiation	energy.
Ep - Eiso relation Ep - Lp relation

Not	an	on-axis	jet	with	Γ ~	100?Detection	limit

Abbott+	17

Wang+	17



GRB 170817A afterglow
The	synchrotron	emission	arising	from	the	interaction	
of	a	jet	or	a	cocoon	with	the	surrounding	ISM.

Kasliwal+	17



Early afterglow (< 20 days)
Non-detection	of	the	early	afterglow	emission	(<	10	day).
→	Not	an	on-axis	jet	with	Γ ~	100	!!

X-ray Radio

Fong+	17



Afterglow timescale

Rise	time ��1
j ⇠ ✓v ��✓

<latexit sha1_base64="Uh7R+UFtqZOnJQVkZj7bvwaZuz0="></latexit><latexit sha1_base64="Uh7R+UFtqZOnJQVkZj7bvwaZuz0="></latexit><latexit sha1_base64="Uh7R+UFtqZOnJQVkZj7bvwaZuz0="></latexit>

�✓
<latexit sha1_base64="cRq9ua5eOArDHm+rRLD70mo818E="></latexit><latexit sha1_base64="cRq9ua5eOArDHm+rRLD70mo818E="></latexit><latexit sha1_base64="cRq9ua5eOArDHm+rRLD70mo818E="></latexit>

��1
j

<latexit sha1_base64="OYgXPYbh90H2q9z89gbhBs0ui2E="></latexit><latexit sha1_base64="OYgXPYbh90H2q9z89gbhBs0ui2E="></latexit><latexit sha1_base64="OYgXPYbh90H2q9z89gbhBs0ui2E="></latexit>

Jet	break	time ��1
j ⇠ �✓

<latexit sha1_base64="0utQR358YLl6ablwxMRV5Vj/mbs="></latexit><latexit sha1_base64="0utQR358YLl6ablwxMRV5Vj/mbs="></latexit><latexit sha1_base64="0utQR358YLl6ablwxMRV5Vj/mbs="></latexit>

Ekin ~	Eiso/εγ ↑ tbreak ↑

Ioka &	Nakamura	18

t
rise

⇠ 14 day

✓
✓v ��✓

7�

◆
8/3 ✓ E

iso

/✏�
3⇥ 1052erg

◆
1/3 ⇣ n

ism

10�4cm�3

⌘�1/3

<latexit sha1_base64="wZjH2yxXjh1kAV3IP3aThrkkaKU=">AAADRXichZHLbhMxFIbPDJeWcGmADRKbiKioLNJ6mqBWrCpxEcteSFupbiLHdRKr9szI40QKI/MAvAALViAhhHgMFvACLLpjixCrVrBBgjMzQaWtAI9mfM7v8/0+HndiJRNLyJ7nnzp95uzE5LnS+QsXL02VL19ZT6KB4aLJIxWZzQ5LhJKhaFppldiMjWC6o8RGZ/dutr4xFCaRUfjIjmKxrVkvlF3JmUWpXf5k2yk1umJkIh xNpA4aT3Jhh40cVaJrZ2jXMJ5S2xeWtYc1ek8oy4rUpQstyqXhjhrZ69tbrXRxrn6Eu1/4yyRyc1TEiVS4bUp7TGvmXFqnVmqRBKSV3p53eakwPXfoFxzzC3/7aaQzrNYoMK4dJvU/0FrGtstVMkvyUTkZBOOgCuOxHJVfA4UdiIDDADQICMFirIBBgs8WBEAgRm0bUtQMRjJfF+CghOwAqwRWMFR38dvDbGushphnnklOc9xF4WuQrMA0+UjekH3ygbwln8mPv3qluUfWywjnTsGKuD319Nra9/9SGmcL/UPqnz1b6MJi3qvE3uNcyU7BC374+Nn+2p3V6fQmeUm+YP8vyB55hycIhwf81YpYfQ4lvIDg+O8+GazPzwZkNlhpVJca46uYhOtwA2bwfy/AEjyEZWgC9x54yht4Q/+9/9U/8L8Vpb43Zq7CkeH//AXAbOJi</latexit><latexit sha1_base64="wZjH2yxXjh1kAV3IP3aThrkkaKU=">AAADRXichZHLbhMxFIbPDJeWcGmADRKbiKioLNJ6mqBWrCpxEcteSFupbiLHdRKr9szI40QKI/MAvAALViAhhHgMFvACLLpjixCrVrBBgjMzQaWtAI9mfM7v8/0+HndiJRNLyJ7nnzp95uzE5LnS+QsXL02VL19ZT6KB4aLJIxWZzQ5LhJKhaFppldiMjWC6o8RGZ/dutr4xFCaRUfjIjmKxrVkvlF3JmUWpXf5k2yk1umJkIh xNpA4aT3Jhh40cVaJrZ2jXMJ5S2xeWtYc1ek8oy4rUpQstyqXhjhrZ69tbrXRxrn6Eu1/4yyRyc1TEiVS4bUp7TGvmXFqnVmqRBKSV3p53eakwPXfoFxzzC3/7aaQzrNYoMK4dJvU/0FrGtstVMkvyUTkZBOOgCuOxHJVfA4UdiIDDADQICMFirIBBgs8WBEAgRm0bUtQMRjJfF+CghOwAqwRWMFR38dvDbGushphnnklOc9xF4WuQrMA0+UjekH3ygbwln8mPv3qluUfWywjnTsGKuD319Nra9/9SGmcL/UPqnz1b6MJi3qvE3uNcyU7BC374+Nn+2p3V6fQmeUm+YP8vyB55hycIhwf81YpYfQ4lvIDg+O8+GazPzwZkNlhpVJca46uYhOtwA2bwfy/AEjyEZWgC9x54yht4Q/+9/9U/8L8Vpb43Zq7CkeH//AXAbOJi</latexit><latexit sha1_base64="wZjH2yxXjh1kAV3IP3aThrkkaKU=">AAADRXichZHLbhMxFIbPDJeWcGmADRKbiKioLNJ6mqBWrCpxEcteSFupbiLHdRKr9szI40QKI/MAvAALViAhhHgMFvACLLpjixCrVrBBgjMzQaWtAI9mfM7v8/0+HndiJRNLyJ7nnzp95uzE5LnS+QsXL02VL19ZT6KB4aLJIxWZzQ5LhJKhaFppldiMjWC6o8RGZ/dutr4xFCaRUfjIjmKxrVkvlF3JmUWpXf5k2yk1umJkIh xNpA4aT3Jhh40cVaJrZ2jXMJ5S2xeWtYc1ek8oy4rUpQstyqXhjhrZ69tbrXRxrn6Eu1/4yyRyc1TEiVS4bUp7TGvmXFqnVmqRBKSV3p53eakwPXfoFxzzC3/7aaQzrNYoMK4dJvU/0FrGtstVMkvyUTkZBOOgCuOxHJVfA4UdiIDDADQICMFirIBBgs8WBEAgRm0bUtQMRjJfF+CghOwAqwRWMFR38dvDbGushphnnklOc9xF4WuQrMA0+UjekH3ygbwln8mPv3qluUfWywjnTsGKuD319Nra9/9SGmcL/UPqnz1b6MJi3qvE3uNcyU7BC374+Nn+2p3V6fQmeUm+YP8vyB55hycIhwf81YpYfQ4lvIDg+O8+GazPzwZkNlhpVJca46uYhOtwA2bwfy/AEjyEZWgC9x54yht4Q/+9/9U/8L8Vpb43Zq7CkeH//AXAbOJi</latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk=">AAACVXichVG7SgNBFD1ZX3F9JMFGsAmGiFW4a6NYCTaWeZgHxBB2N6Mu2ewuu5tADP5AWgsLKwUR8TNs/AGL9DZiGcHGwrubgKiod5iZM2fm3DlzR3NMw/OJBhFpYnJqeiY6K8/NywuLsfh8ybPbri6Kum3abkVTPWEalij6hm+KiuMKtaWZoqw1d4P9cke4nmFb+37XEbWWemQZh4au+kxl6/EUZSiM5E+gjEEK47DjNzhAAz Z0tNGCgAWfsQkVHrcqFBAc5mroMecyMsJ9gVPIrG3zKcEnVGabPB7xqjpmLV4HOb1QrfMtJneXlUmk6ZFuaUgPdEfP9P5rrl6YI/DS5VkbaYVTj/WXC2//qlo8+zj+VP3p2cchtkKvBnt3QiZ4hT7Sd07Oh4XtfLq3Rlf0wv4vaUD3/AKr86pf50T+AjLXX/le7Z+gtJFRKKPkCFGsYBXrXOZN7GAPWRT5ugb6OIs8SbKUGP2TFBl/WAJfQlr6AAYJh7c=</latexit><latexit sha1_base64="IwGuCUPI08jG7aGZj+HLhbv4U60=">AAADOnichZHLbhMxFIbPDJeWUGhghcQmoioqi6SepqgVKyQuYtkLaSvVTeS4zsTqeGZkO5HCyDwAL8CCFUgIIR6DBbwAi+7YIsSqFWxYcGYmqLQV4NHY5/z29/vY7qaRNJaQfc8/c/bc+YnJC5WLU5cuT1evTG2YZKC5aPEkSvRWlxkRyVi0rLSR2Eq1YKobic3u3r18fnMotJFJ/NiOUrGjWBjLnuTMotSpfradjGpV09IIR4 1UweLTQthlI0cj0bNztKcZz6jtC8s6wzq9LyLLytRlS23KpeaOahn27a12tjzfPMY9KP2lSdw8FamREW6b0ZApxZzLmtRKJUxA2tntBVcsFTp0R37BCb/4t59COsfqiyXGlcOk+Qdaz9lOdYY0SNFqp4NgHMzAuK0k1TdAYRcS4DAABQJisBhHwMDgtw0BEEhR24EMNY2RLOYFOKggO8BVAlcwVPewDzHbHqsx5rmnKWiOu0T4ayRrMEs+kbfkgHwk78gX8vOvXlnhkdcywrFbsiLtTD+7tv7jv5TC0UL/iPpnzRZ6sFzUKrH2tFDyU/CSHz55frB+Z202u0leka9Y/0uyT97jCeLhIX+9KtZeQAUfIDh53aeDjYVGQBrBKoFJuA43YA6veQnuwiNYgRZw76EXeQNv6H/wv/mH5VP53vjNrsKx5n//Bf094L8=</latexit><latexit sha1_base64="IwGuCUPI08jG7aGZj+HLhbv4U60=">AAADOnichZHLbhMxFIbPDJeWUGhghcQmoioqi6SepqgVKyQuYtkLaSvVTeS4zsTqeGZkO5HCyDwAL8CCFUgIIR6DBbwAi+7YIsSqFWxYcGYmqLQV4NHY5/z29/vY7qaRNJaQfc8/c/bc+YnJC5WLU5cuT1evTG2YZKC5aPEkSvRWlxkRyVi0rLSR2Eq1YKobic3u3r18fnMotJFJ/NiOUrGjWBjLnuTMotSpfradjGpV09IIR4 1UweLTQthlI0cj0bNztKcZz6jtC8s6wzq9LyLLytRlS23KpeaOahn27a12tjzfPMY9KP2lSdw8FamREW6b0ZApxZzLmtRKJUxA2tntBVcsFTp0R37BCb/4t59COsfqiyXGlcOk+Qdaz9lOdYY0SNFqp4NgHMzAuK0k1TdAYRcS4DAABQJisBhHwMDgtw0BEEhR24EMNY2RLOYFOKggO8BVAlcwVPewDzHbHqsx5rmnKWiOu0T4ayRrMEs+kbfkgHwk78gX8vOvXlnhkdcywrFbsiLtTD+7tv7jv5TC0UL/iPpnzRZ6sFzUKrH2tFDyU/CSHz55frB+Z202u0leka9Y/0uyT97jCeLhIX+9KtZeQAUfIDh53aeDjYVGQBrBKoFJuA43YA6veQnuwiNYgRZw76EXeQNv6H/wv/mH5VP53vjNrsKx5n//Bf094L8=</latexit><latexit sha1_base64="8oWJxxqIbIaxlQF7O5Xywqlmi28=">AAADRXichZHLbhMxFIbPDJeWcGmADRKbiKioLNJ6mqBWrCpxEcteSFupbiLHdRKr9szI40QKI/MAvAALViAhhHgMFvACLLpjixCrVrBBgjMzQaWtAI9mfM7v8/0+HndiJRNLyJ7nnzp95uzE5LnS+QsXL02VL19ZT6KB4aLJIxWZzQ5LhJKhaFppldiMjWC6o8RGZ/dutr4xFCaRUfjIjmKxrVkvlF3JmUWpXf5k2yk1umJkIh xNpA4aT3Jhh40cVaJrZ2jXMJ5S2xeWtYc1ek8oy4rUpQstyqXhjhrZ69tbrXRxrn6Eu1/4yyRyc1TEiVS4bUp7TGvmXFqnVmqRBKSV3p53eakwPXfoFxzzC3/7aaQzrNYoMK4dJvU/0FrGtstVMkvyUTkZBOOgCuOxHJVfA4UdiIDDADQICMFirIBBgs8WBEAgRm0bUtQMRjJfF+CghOwAqwRWMFR38dvDbGushphnnklOc9xF4WuQrMA0+UjekH3ygbwln8mPv3qluUfWywjnTsGKuD319Nra9/9SGmcL/UPqnz1b6MJi3qvE3uNcyU7BC374+Nn+2p3V6fQmeUm+YP8vyB55hycIhwf81YpYfQ4lvIDg+O8+GazPzwZkNlgh1aXG+Com4TrcgBn83wuwBA9hGZrAvQee8gbe0H/vf/UP/G9Fqe+NmatwZPg/fwG/LOJe</latexit><latexit sha1_base64="wZjH2yxXjh1kAV3IP3aThrkkaKU=">AAADRXichZHLbhMxFIbPDJeWcGmADRKbiKioLNJ6mqBWrCpxEcteSFupbiLHdRKr9szI40QKI/MAvAALViAhhHgMFvACLLpjixCrVrBBgjMzQaWtAI9mfM7v8/0+HndiJRNLyJ7nnzp95uzE5LnS+QsXL02VL19ZT6KB4aLJIxWZzQ5LhJKhaFppldiMjWC6o8RGZ/dutr4xFCaRUfjIjmKxrVkvlF3JmUWpXf5k2yk1umJkIh xNpA4aT3Jhh40cVaJrZ2jXMJ5S2xeWtYc1ek8oy4rUpQstyqXhjhrZ69tbrXRxrn6Eu1/4yyRyc1TEiVS4bUp7TGvmXFqnVmqRBKSV3p53eakwPXfoFxzzC3/7aaQzrNYoMK4dJvU/0FrGtstVMkvyUTkZBOOgCuOxHJVfA4UdiIDDADQICMFirIBBgs8WBEAgRm0bUtQMRjJfF+CghOwAqwRWMFR38dvDbGushphnnklOc9xF4WuQrMA0+UjekH3ygbwln8mPv3qluUfWywjnTsGKuD319Nra9/9SGmcL/UPqnz1b6MJi3qvE3uNcyU7BC374+Nn+2p3V6fQmeUm+YP8vyB55hycIhwf81YpYfQ4lvIDg+O8+GazPzwZkNlhpVJca46uYhOtwA2bwfy/AEjyEZWgC9x54yht4Q/+9/9U/8L8Vpb43Zq7CkeH//AXAbOJi</latexit><latexit sha1_base64="wZjH2yxXjh1kAV3IP3aThrkkaKU=">AAADRXichZHLbhMxFIbPDJeWcGmADRKbiKioLNJ6mqBWrCpxEcteSFupbiLHdRKr9szI40QKI/MAvAALViAhhHgMFvACLLpjixCrVrBBgjMzQaWtAI9mfM7v8/0+HndiJRNLyJ7nnzp95uzE5LnS+QsXL02VL19ZT6KB4aLJIxWZzQ5LhJKhaFppldiMjWC6o8RGZ/dutr4xFCaRUfjIjmKxrVkvlF3JmUWpXf5k2yk1umJkIh xNpA4aT3Jhh40cVaJrZ2jXMJ5S2xeWtYc1ek8oy4rUpQstyqXhjhrZ69tbrXRxrn6Eu1/4yyRyc1TEiVS4bUp7TGvmXFqnVmqRBKSV3p53eakwPXfoFxzzC3/7aaQzrNYoMK4dJvU/0FrGtstVMkvyUTkZBOOgCuOxHJVfA4UdiIDDADQICMFirIBBgs8WBEAgRm0bUtQMRjJfF+CghOwAqwRWMFR38dvDbGushphnnklOc9xF4WuQrMA0+UjekH3ygbwln8mPv3qluUfWywjnTsGKuD319Nra9/9SGmcL/UPqnz1b6MJi3qvE3uNcyU7BC374+Nn+2p3V6fQmeUm+YP8vyB55hycIhwf81YpYfQ4lvIDg+O8+GazPzwZkNlhpVJca46uYhOtwA2bwfy/AEjyEZWgC9x54yht4Q/+9/9U/8L8Vpb43Zq7CkeH//AXAbOJi</latexit><latexit sha1_base64="wZjH2yxXjh1kAV3IP3aThrkkaKU=">AAADRXichZHLbhMxFIbPDJeWcGmADRKbiKioLNJ6mqBWrCpxEcteSFupbiLHdRKr9szI40QKI/MAvAALViAhhHgMFvACLLpjixCrVrBBgjMzQaWtAI9mfM7v8/0+HndiJRNLyJ7nnzp95uzE5LnS+QsXL02VL19ZT6KB4aLJIxWZzQ5LhJKhaFppldiMjWC6o8RGZ/dutr4xFCaRUfjIjmKxrVkvlF3JmUWpXf5k2yk1umJkIh xNpA4aT3Jhh40cVaJrZ2jXMJ5S2xeWtYc1ek8oy4rUpQstyqXhjhrZ69tbrXRxrn6Eu1/4yyRyc1TEiVS4bUp7TGvmXFqnVmqRBKSV3p53eakwPXfoFxzzC3/7aaQzrNYoMK4dJvU/0FrGtstVMkvyUTkZBOOgCuOxHJVfA4UdiIDDADQICMFirIBBgs8WBEAgRm0bUtQMRjJfF+CghOwAqwRWMFR38dvDbGushphnnklOc9xF4WuQrMA0+UjekH3ygbwln8mPv3qluUfWywjnTsGKuD319Nra9/9SGmcL/UPqnz1b6MJi3qvE3uNcyU7BC374+Nn+2p3V6fQmeUm+YP8vyB55hycIhwf81YpYfQ4lvIDg+O8+GazPzwZkNlhpVJca46uYhOtwA2bwfy/AEjyEZWgC9x54yht4Q/+9/9U/8L8Vpb43Zq7CkeH//AXAbOJi</latexit><latexit sha1_base64="wZjH2yxXjh1kAV3IP3aThrkkaKU=">AAADRXichZHLbhMxFIbPDJeWcGmADRKbiKioLNJ6mqBWrCpxEcteSFupbiLHdRKr9szI40QKI/MAvAALViAhhHgMFvACLLpjixCrVrBBgjMzQaWtAI9mfM7v8/0+HndiJRNLyJ7nnzp95uzE5LnS+QsXL02VL19ZT6KB4aLJIxWZzQ5LhJKhaFppldiMjWC6o8RGZ/dutr4xFCaRUfjIjmKxrVkvlF3JmUWpXf5k2yk1umJkIh xNpA4aT3Jhh40cVaJrZ2jXMJ5S2xeWtYc1ek8oy4rUpQstyqXhjhrZ69tbrXRxrn6Eu1/4yyRyc1TEiVS4bUp7TGvmXFqnVmqRBKSV3p53eakwPXfoFxzzC3/7aaQzrNYoMK4dJvU/0FrGtstVMkvyUTkZBOOgCuOxHJVfA4UdiIDDADQICMFirIBBgs8WBEAgRm0bUtQMRjJfF+CghOwAqwRWMFR38dvDbGushphnnklOc9xF4WuQrMA0+UjekH3ygbwln8mPv3qluUfWywjnTsGKuD319Nra9/9SGmcL/UPqnz1b6MJi3qvE3uNcyU7BC374+Nn+2p3V6fQmeUm+YP8vyB55hycIhwf81YpYfQ4lvIDg+O8+GazPzwZkNlhpVJca46uYhOtwA2bwfy/AEjyEZWgC9x54yht4Q/+9/9U/8L8Vpb43Zq7CkeH//AXAbOJi</latexit><latexit sha1_base64="wZjH2yxXjh1kAV3IP3aThrkkaKU=">AAADRXichZHLbhMxFIbPDJeWcGmADRKbiKioLNJ6mqBWrCpxEcteSFupbiLHdRKr9szI40QKI/MAvAALViAhhHgMFvACLLpjixCrVrBBgjMzQaWtAI9mfM7v8/0+HndiJRNLyJ7nnzp95uzE5LnS+QsXL02VL19ZT6KB4aLJIxWZzQ5LhJKhaFppldiMjWC6o8RGZ/dutr4xFCaRUfjIjmKxrVkvlF3JmUWpXf5k2yk1umJkIh xNpA4aT3Jhh40cVaJrZ2jXMJ5S2xeWtYc1ek8oy4rUpQstyqXhjhrZ69tbrXRxrn6Eu1/4yyRyc1TEiVS4bUp7TGvmXFqnVmqRBKSV3p53eakwPXfoFxzzC3/7aaQzrNYoMK4dJvU/0FrGtstVMkvyUTkZBOOgCuOxHJVfA4UdiIDDADQICMFirIBBgs8WBEAgRm0bUtQMRjJfF+CghOwAqwRWMFR38dvDbGushphnnklOc9xF4WuQrMA0+UjekH3ygbwln8mPv3qluUfWywjnTsGKuD319Nra9/9SGmcL/UPqnz1b6MJi3qvE3uNcyU7BC374+Nn+2p3V6fQmeUm+YP8vyB55hycIhwf81YpYfQ4lvIDg+O8+GazPzwZkNlhpVJca46uYhOtwA2bwfy/AEjyEZWgC9x54yht4Q/+9/9U/8L8Vpb43Zq7CkeH//AXAbOJi</latexit><latexit sha1_base64="wZjH2yxXjh1kAV3IP3aThrkkaKU=">AAADRXichZHLbhMxFIbPDJeWcGmADRKbiKioLNJ6mqBWrCpxEcteSFupbiLHdRKr9szI40QKI/MAvAALViAhhHgMFvACLLpjixCrVrBBgjMzQaWtAI9mfM7v8/0+HndiJRNLyJ7nnzp95uzE5LnS+QsXL02VL19ZT6KB4aLJIxWZzQ5LhJKhaFppldiMjWC6o8RGZ/dutr4xFCaRUfjIjmKxrVkvlF3JmUWpXf5k2yk1umJkIh xNpA4aT3Jhh40cVaJrZ2jXMJ5S2xeWtYc1ek8oy4rUpQstyqXhjhrZ69tbrXRxrn6Eu1/4yyRyc1TEiVS4bUp7TGvmXFqnVmqRBKSV3p53eakwPXfoFxzzC3/7aaQzrNYoMK4dJvU/0FrGtstVMkvyUTkZBOOgCuOxHJVfA4UdiIDDADQICMFirIBBgs8WBEAgRm0bUtQMRjJfF+CghOwAqwRWMFR38dvDbGushphnnklOc9xF4WuQrMA0+UjekH3ygbwln8mPv3qluUfWywjnTsGKuD319Nra9/9SGmcL/UPqnz1b6MJi3qvE3uNcyU7BC374+Nn+2p3V6fQmeUm+YP8vyB55hycIhwf81YpYfQ4lvIDg+O8+GazPzwZkNlhpVJca46uYhOtwA2bwfy/AEjyEZWgC9x54yht4Q/+9/9U/8L8Vpb43Zq7CkeH//AXAbOJi</latexit>

✓v
<latexit sha1_base64="v1EOle8DzrBiQzHlz4pW+EdB71o="></latexit><latexit sha1_base64="v1EOle8DzrBiQzHlz4pW+EdB71o="></latexit><latexit sha1_base64="v1EOle8DzrBiQzHlz4pW+EdB71o="></latexit>

�✓
<latexit sha1_base64="cRq9ua5eOArDHm+rRLD70mo818E="></latexit><latexit sha1_base64="cRq9ua5eOArDHm+rRLD70mo818E="></latexit><latexit sha1_base64="cRq9ua5eOArDHm+rRLD70mo818E="></latexit>

��1
j

<latexit sha1_base64="OYgXPYbh90H2q9z89gbhBs0ui2E="></latexit><latexit sha1_base64="OYgXPYbh90H2q9z89gbhBs0ui2E="></latexit><latexit sha1_base64="OYgXPYbh90H2q9z89gbhBs0ui2E="></latexit>

✓v
<latexit sha1_base64="v1EOle8DzrBiQzHlz4pW+EdB71o="></latexit><latexit sha1_base64="v1EOle8DzrBiQzHlz4pW+EdB71o="></latexit><latexit sha1_base64="v1EOle8DzrBiQzHlz4pW+EdB71o="></latexit>

�✓
<latexit sha1_base64="cRq9ua5eOArDHm+rRLD70mo818E="></latexit><latexit sha1_base64="cRq9ua5eOArDHm+rRLD70mo818E="></latexit><latexit sha1_base64="cRq9ua5eOArDHm+rRLD70mo818E="></latexit>

��1
j

<latexit sha1_base64="OYgXPYbh90H2q9z89gbhBs0ui2E="></latexit><latexit sha1_base64="OYgXPYbh90H2q9z89gbhBs0ui2E="></latexit><latexit sha1_base64="OYgXPYbh90H2q9z89gbhBs0ui2E="></latexit>

✓v
<latexit sha1_base64="v1EOle8DzrBiQzHlz4pW+EdB71o="></latexit><latexit sha1_base64="v1EOle8DzrBiQzHlz4pW+EdB71o="></latexit><latexit sha1_base64="v1EOle8DzrBiQzHlz4pW+EdB71o="></latexit>

t < trise
<latexit sha1_base64="yGQO/H5l+Dzjioe0vdOS7AlRBi0="></latexit><latexit sha1_base64="yGQO/H5l+Dzjioe0vdOS7AlRBi0="></latexit><latexit sha1_base64="yGQO/H5l+Dzjioe0vdOS7AlRBi0="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="HZotjJvSVSYg0jWERz8z/9jZNQA="></latexit><latexit sha1_base64="HZotjJvSVSYg0jWERz8z/9jZNQA="></latexit><latexit sha1_base64="31N2AEhrXij4d5c6ADXEJY2NKW0="></latexit><latexit sha1_base64="yGQO/H5l+Dzjioe0vdOS7AlRBi0="></latexit><latexit sha1_base64="yGQO/H5l+Dzjioe0vdOS7AlRBi0="></latexit><latexit sha1_base64="yGQO/H5l+Dzjioe0vdOS7AlRBi0="></latexit><latexit sha1_base64="yGQO/H5l+Dzjioe0vdOS7AlRBi0="></latexit><latexit sha1_base64="yGQO/H5l+Dzjioe0vdOS7AlRBi0="></latexit><latexit sha1_base64="yGQO/H5l+Dzjioe0vdOS7AlRBi0="></latexit>

t = trise
<latexit sha1_base64="Mfq/UEPhnMYGLRbnJQ8KZ2ViBnY="></latexit><latexit sha1_base64="Mfq/UEPhnMYGLRbnJQ8KZ2ViBnY="></latexit><latexit sha1_base64="Mfq/UEPhnMYGLRbnJQ8KZ2ViBnY="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="QP3SAvt3Jzy/Q2Yg3Wc3c20tibE="></latexit><latexit sha1_base64="QP3SAvt3Jzy/Q2Yg3Wc3c20tibE="></latexit><latexit sha1_base64="I9k0VO2nOeYuBZ/7VpHZhd7WqAU="></latexit><latexit sha1_base64="Mfq/UEPhnMYGLRbnJQ8KZ2ViBnY="></latexit><latexit sha1_base64="Mfq/UEPhnMYGLRbnJQ8KZ2ViBnY="></latexit><latexit sha1_base64="Mfq/UEPhnMYGLRbnJQ8KZ2ViBnY="></latexit><latexit sha1_base64="Mfq/UEPhnMYGLRbnJQ8KZ2ViBnY="></latexit><latexit sha1_base64="Mfq/UEPhnMYGLRbnJQ8KZ2ViBnY="></latexit><latexit sha1_base64="Mfq/UEPhnMYGLRbnJQ8KZ2ViBnY="></latexit>

t = tbreak
<latexit sha1_base64="I5srV0uNDYcEYqMBtmAhUHE7+mM="></latexit><latexit sha1_base64="I5srV0uNDYcEYqMBtmAhUHE7+mM="></latexit><latexit sha1_base64="I5srV0uNDYcEYqMBtmAhUHE7+mM="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="O5sJQoJ/luxTwlOkaU2yD7NX0qM="></latexit><latexit sha1_base64="O5sJQoJ/luxTwlOkaU2yD7NX0qM="></latexit><latexit sha1_base64="vACe24ZWhjgTWpuF6Tj/I9bif5A="></latexit><latexit sha1_base64="I5srV0uNDYcEYqMBtmAhUHE7+mM="></latexit><latexit sha1_base64="I5srV0uNDYcEYqMBtmAhUHE7+mM="></latexit><latexit sha1_base64="I5srV0uNDYcEYqMBtmAhUHE7+mM="></latexit><latexit sha1_base64="I5srV0uNDYcEYqMBtmAhUHE7+mM="></latexit><latexit sha1_base64="I5srV0uNDYcEYqMBtmAhUHE7+mM="></latexit><latexit sha1_base64="I5srV0uNDYcEYqMBtmAhUHE7+mM="></latexit>

t
break

⇠ 230 day

✓
�✓

20�

◆
8/3 ✓ E

iso

/✏�
3⇥ 1052erg

◆
1/3 ⇣ n

ism

10�4cm�3

⌘�1/3

<latexit sha1_base64="duRLnEDhwJLLmC3BlXMbCvarBF8=">AAADP3ichZHdahNBFMfPrh+t8aNRbwRvgqFSL5rOJhGLVwEVvOyHaQudJsxOJ5shO7vL7CQQl/EBfAEvvFIQEZ9CvPEFvKgvICKIUEEELzy7idS2qLPszJn/nN9/zsz4SShTQ8ie4544eer0zOyZ0tlz5y/MlS9e2kjjoeaizeMw1ls+S0UoI9E20oRiK9GCKT8Um/7gTr6+ORI6lXH0wIwTsaNYEMme5Myg1C1/MN2MalXxER pYmkpVb5BHhbTLxpaGomcWaE8zntG7IjSMmr4wzGZ10qFcam6plkHf3Ohky0uNQ/n3Js4yje0SFUkqQ9wwowFTilmbNaiRSqQe6WQ367ZIFTqwB37eEb/ot59COscWmxOMK4uTxh/oYs52y1VSI0WrHA+8aVCFaVuJyy+Bwi7EwGEICgREYDAOgUGK3zZ4QCBBbQcy1DRGslgXYKGE7BCzBGYwVAfYBzjbnqoRznPPtKA57hLir5GswDx5T16RffKOvCafyM+/emWFR17LGEd/woqkO/f4yvr3/1IKRwP9A+qfNRvowXJRq8Tak0LJT8En/Ojhk/3122vz2XXynHzG+p+RPfIWTxCNvvEXq2LtKZTwAbyj13082KjXPFLzVpvVVnP6FLNwFa7BAt73LWjBfViBNnCn5fSc2EncN+5H94v7dZLqOlPmMhxq7o9f8fLfXw==</latexit><latexit sha1_base64="duRLnEDhwJLLmC3BlXMbCvarBF8=">AAADP3ichZHdahNBFMfPrh+t8aNRbwRvgqFSL5rOJhGLVwEVvOyHaQudJsxOJ5shO7vL7CQQl/EBfAEvvFIQEZ9CvPEFvKgvICKIUEEELzy7idS2qLPszJn/nN9/zsz4SShTQ8ie4544eer0zOyZ0tlz5y/MlS9e2kjjoeaizeMw1ls+S0UoI9E20oRiK9GCKT8Um/7gTr6+ORI6lXH0wIwTsaNYEMme5Myg1C1/MN2MalXxER pYmkpVb5BHhbTLxpaGomcWaE8zntG7IjSMmr4wzGZ10qFcam6plkHf3Ohky0uNQ/n3Js4yje0SFUkqQ9wwowFTilmbNaiRSqQe6WQ367ZIFTqwB37eEb/ot59COscWmxOMK4uTxh/oYs52y1VSI0WrHA+8aVCFaVuJyy+Bwi7EwGEICgREYDAOgUGK3zZ4QCBBbQcy1DRGslgXYKGE7BCzBGYwVAfYBzjbnqoRznPPtKA57hLir5GswDx5T16RffKOvCafyM+/emWFR17LGEd/woqkO/f4yvr3/1IKRwP9A+qfNRvowXJRq8Tak0LJT8En/Ojhk/3122vz2XXynHzG+p+RPfIWTxCNvvEXq2LtKZTwAbyj13082KjXPFLzVpvVVnP6FLNwFa7BAt73LWjBfViBNnCn5fSc2EncN+5H94v7dZLqOlPmMhxq7o9f8fLfXw==</latexit><latexit sha1_base64="duRLnEDhwJLLmC3BlXMbCvarBF8=">AAADP3ichZHdahNBFMfPrh+t8aNRbwRvgqFSL5rOJhGLVwEVvOyHaQudJsxOJ5shO7vL7CQQl/EBfAEvvFIQEZ9CvPEFvKgvICKIUEEELzy7idS2qLPszJn/nN9/zsz4SShTQ8ie4544eer0zOyZ0tlz5y/MlS9e2kjjoeaizeMw1ls+S0UoI9E20oRiK9GCKT8Um/7gTr6+ORI6lXH0wIwTsaNYEMme5Myg1C1/MN2MalXxER pYmkpVb5BHhbTLxpaGomcWaE8zntG7IjSMmr4wzGZ10qFcam6plkHf3Ohky0uNQ/n3Js4yje0SFUkqQ9wwowFTilmbNaiRSqQe6WQ367ZIFTqwB37eEb/ot59COscWmxOMK4uTxh/oYs52y1VSI0WrHA+8aVCFaVuJyy+Bwi7EwGEICgREYDAOgUGK3zZ4QCBBbQcy1DRGslgXYKGE7BCzBGYwVAfYBzjbnqoRznPPtKA57hLir5GswDx5T16RffKOvCafyM+/emWFR17LGEd/woqkO/f4yvr3/1IKRwP9A+qfNRvowXJRq8Tak0LJT8En/Ojhk/3122vz2XXynHzG+p+RPfIWTxCNvvEXq2LtKZTwAbyj13082KjXPFLzVpvVVnP6FLNwFa7BAt73LWjBfViBNnCn5fSc2EncN+5H94v7dZLqOlPmMhxq7o9f8fLfXw==</latexit><latexit sha1_base64="duRLnEDhwJLLmC3BlXMbCvarBF8=">AAADP3ichZHdahNBFMfPrh+t8aNRbwRvgqFSL5rOJhGLVwEVvOyHaQudJsxOJ5shO7vL7CQQl/EBfAEvvFIQEZ9CvPEFvKgvICKIUEEELzy7idS2qLPszJn/nN9/zsz4SShTQ8ie4544eer0zOyZ0tlz5y/MlS9e2kjjoeaizeMw1ls+S0UoI9E20oRiK9GCKT8Um/7gTr6+ORI6lXH0wIwTsaNYEMme5Myg1C1/MN2MalXxER pYmkpVb5BHhbTLxpaGomcWaE8zntG7IjSMmr4wzGZ10qFcam6plkHf3Ohky0uNQ/n3Js4yje0SFUkqQ9wwowFTilmbNaiRSqQe6WQ367ZIFTqwB37eEb/ot59COscWmxOMK4uTxh/oYs52y1VSI0WrHA+8aVCFaVuJyy+Bwi7EwGEICgREYDAOgUGK3zZ4QCBBbQcy1DRGslgXYKGE7BCzBGYwVAfYBzjbnqoRznPPtKA57hLir5GswDx5T16RffKOvCafyM+/emWFR17LGEd/woqkO/f4yvr3/1IKRwP9A+qfNRvowXJRq8Tak0LJT8En/Ojhk/3122vz2XXynHzG+p+RPfIWTxCNvvEXq2LtKZTwAbyj13082KjXPFLzVpvVVnP6FLNwFa7BAt73LWjBfViBNnCn5fSc2EncN+5H94v7dZLqOlPmMhxq7o9f8fLfXw==</latexit>



GRB 170817A afterglow
The	synchrotron	emission	arising	from	the	interaction	
of	a	jet	or	a	cocoon	with	the	surrounding	ISM.

Kasliwal+	17Ruan+	18,	Lyman+	18,	
Margutti+	18,	D’Avanzo+	18,	
Troja+	18

Some	structured	jet	models	could	
reproduce	the	observations.



GRB 170817A afterglow
The	synchrotron	emission	arising	from	the	interaction	
of	a	jet	or	a	cocoon	with	the	surrounding	ISM.

Kasliwal+	17

Duan+	19

The	decaying	curve	is	consistent	
with	other	short	GRB	afterglows.



GRB 170817A afterglow
The	synchrotron	emission	arising	from	the	interaction	
of	a	jet	or	a	cocoon	with	the	surrounding	ISM.

top-hat	jet	model

・A	steady	rise	in	the	light	curve
of		S	∝ t0.8
→	Rule	out	top-hat	jet	model

Kasliwal+	17



GRB 170817A afterglow
The	synchrotron	emission	arising	from	the	interaction	
of	a	jet	or	a	cocoon	with	the	surrounding	ISM.

・Turnover	in	Radio,	optical,	and	
X-ray	light	curves	at	~	160	days

・No	evidence	of	synchrotron	
cooling	break
→	Rule	out	some	cocoon	and	

dynamical	ejecta models

Gottlieb+	18

Energy Velocity



Relativistic jet in GW170817
Superluminal	motion	=	relativistic	collimated	jet
Jet	opening	angle	<	viewing	angle	→	off-axis	event

VLBI	position	(4.5GHz)

Mooley+	18a

・Unresolved	source

・Apparent	velocity	
βapp =	4.1±0.5

・Jet	opening	angle
θj ≤	5°

・Viewing	angle
θv ~	20°

2.7±0.3	mas



Summary : GRB 170817A
・γ-ray	detection	

(Eiso ~	1047 erg,	Tdur ~	2	s,	Tdelay ~	1.7	s)
→	Binary	NS	merger	=	γ-ray	transient

Note	:	the	detection	significance	is	not	so	high.

・Afterglow	light	curve
(Ekin,iso ~	1051 - 1053 erg,	n	~	10-4 - 10-2 cm-3,	p	~	2.2)	
[S	∝ t0.8 (t	<	tbreak),	S	∝ t-2.2 (t	<	tbreak),	tbreak ~	160	day]
Superluminal	motion	
(βapp ~	4,	θj <	5°,	θv ~	20°)

→ Relativistic	jet	(Γ >	5-10)	with	some	energy	distribution.

No	direct	evidence	of	the	occurrence	of	short	GRB.



Post-merger activities
・NS	or	BH	formation

・Relativistic	jet	launching

・Mass	ejection

・Fallback

・Accretion	and	wind

・Magnetic	field	amplification

・r-process	nucleosynthesis



GRB 170817A γ-ray emission model
・Short	GRB	off-axis	emission

・Scattered	short	GRB

・Low-luminosity	short	GRB

・Cocoon	shock	breakout

Ioka &	Nakamura	01,	17,	Murguia-Berthier+	17b,	
Abbott+	17,	Kim+17,	Lamb	&	Kobayashi	17,	Granot+	17

Murguia-Berthier+	17b,	Zhang+	17

Kasliwal+	17,	Gottlieb+	17,	Bromberg+	17

SK+	18

Typical	short	GRB
for	an	on-axis	observer.

New	phenomena.

Magnetar	giant	flare?
Salafia+	18,	Tong+	18



Summary

Short	GRB	=	NS	Merger?

NS	merger	:	Mass	ejection
r-process	nucleosynthesis
Relativistic	outflow
γ-ray	transient?

Prospects	:	Prompt	emission	properties	(Ep – Eiso plot)
Macronova energy	sources
Long-lasting	components	


