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òRadiation	energy :
òDuration :																	
òEvent	rate :												
òJet	opening	angle :

Norris	&	Bonnell 06

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

òDuration	distribution

Short Long

Γ ~	100-1000

òLight	curve



òIsotropic	energy
~	1050 – 1051 erg

òVariability	timescale	
<	1	ms

òEvent	rate
~	103 Gpc-3 yr-1

òNo	association	with	SNe
òWide	variety	of	the	hosts
òLow-density	environment
…

òMaximum	energy	
~	1053 erg

òRadius
~	106 cm		→	~	0.1	ms

òMerger	rate
~	102 - 103 Gpc-3 yr-1

òMerger	time
~	0.1	- 10	Gyr

(e.g.,	Berger	14)

Short	GRBs NS	mergers
Short GRB = NS Merger?

No	smocking-gun	evidence



Merger Ejecta
Fujibayashi+	18
See	also	Fernandez+	19Properties	of	merger	ejecta
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Neutron	rich	ejecta	→ rapid	neutron	capture	process
r-process nucleosynthesis

Radioactive	heating Opacity	κ

⌧ =

Z
⇢dr
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Optical	depth

Wanajo 18
Tanaka+	18



Macronova/Kilonova

SK,	Ioka &	Takami 15

Luminosity
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GRB 130603B
Tanvir+	13
Berger+	13

Opt.
NIR

t	~	7	day
LNIR ~		1041erg/s
T	<	4000	K

(mr-mj ≥	2.5)

Short	GRB	=	NS	merger?



Expected picture

òNS	or	BH	formation

òMass	ejection
(Macronova/Kilonova)

Ioka &	Nakamura	18

òRelativistic	jet
(Short	GRB)
òr-process	nucleosynthesis
(Macronova/Kilonova)



SNR	:	

Localization	:	

Distance	:	

Viewing	angle	:	

Total	mass	:	

NS	mass	:	

NS	radius	:	

Merger	rate	:	

32.4

31	deg2 (5	hr after)

~	40	Mpc

<	32¡

2.74+0.04-0.01 Msun

1.17	– 1.60	Msun

<	13	km	

1540+3200-1220 Gpc-3yr-1

SNR=18.8

SNR=26.4

SNR=2.0

Abbott+	17

GW170817 = Binary NS merger

NS

NS
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Arcavi 18

SK,	Ioka &	Takami 15

Thermal	emission	from	heated	
ejecta	by	the	radioactivity
of	unstable	heavy	elements.

Macronova/Kilonova

Abbott+	17,	Andreoni+	17,	Arcavi+	17,	Coulter+	17,	Covino+	17,	
Cowperthwaite+	17,	Díaz+	17,	Drout+	17,	Hu+	17,	Kasen+	17,	
Kasliwal+	17,	Kilpatrick+	17,	Lipunov+	17,	McCully+	17,	
Nicholl+	17,	Pian+	17,	Shappee+	17,	Siebert+	17,	Smartt+	17,	
Soares-Santos+	17,	Tanaka+	17,	Utsumi+	17,	Valenti+	17,	
Buckley+	18,	Tominaga+	18,	…



SSS17a / AT2017gfo

Ejecta	mass	and	rate	are	consistent	with	the	Galactic	
r-process	element	enrichment.

A	binary	NS	merger	is	accompanied	
with	macronova/kilonova →Mass	ejection

Kilpatrick+	17

Blue	Macronova
tpeak ~	1	day
T	~	104 K
L	~	1042 erg	s-1

Mej ~	0.025	Msun
v	~	0.25c
Xlan ~		10-6 - 10-4 (Ye	>	0.3)

Red	Macronova
tpeak ~	10	day
T	~	2000	K
L	~	1041 erg	s-1

Mej ~	0.035	Msun
v	~	0.15c
Xlan ~		10-2 (Ye	~	0.25)

Blue

Red



Macronova Diversity

Gompertz+	18
See	also	Rossi+	19

Dimmer	than
SSS17a

Macronova properties	have	diversity	
despite	the	similar	conditions	
expected	in	NS-NS	mergers.	

òFate	of	a	remnant?
(e.g.,	direct	collapse	to	BH)
òBH-NS	merger?
òDifferent	energy	
source?
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X-ray

Optical
Radio

The	synchrotron	emission	
arising	from	the	interaction	
of	an	outflow	with	
the	surrounding	ISM. Kasliwal+	17

Lamb+	19

Afterglow

Alexander+	17,	18,	Evans+	17,	Fraija+	17,	
Haggard+	17,	Hallinan+	17,	Kim+	17,	
Margutti+	17,	18,	Troja+	17,18,	D’Avanzo+	18,	
Dobie+	18,	Lyman+	18,	Mooley+	18a,	18b,	
Nynka+	18,	Pooley+	18,	Resmi+	18,	Ruan+	18,	
Ghirlanda+	19,	Lamb+	19



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

VLBI	position	(4.5GHz)

Mooley+	18a
Ghirlanda+	19

òUnresolved	source

òApparent	velocity	
βapp =	4.1¢0.5		→	Γ ~	4

òJet	opening	angle
θj ≤	5¡

òViewing	angle
θv ~	20¡

2.7¢0.3	mas



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

VLBI	position	(4.5GHz)

Mooley+	18a
Ghirlanda+	19

2.7¢0.3	mas

vΔt θ

vapp,�=s/Δtobs
Δtobs=Δt – x/c



Jet Break
Jet	break	time ��1
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GRB 170817A afterglow
Duan+	19

The	decaying	curve	is	consistent	
with	other	short	GRB	afterglows.

X-ray



Jet	with	a	specific	structure	
can	reproduce	the	light	curve.

Lazzati+	18

òLight	curve
Fν� t0.8 (t	<	tbreak)
Fν� t-2.2 (t	<	tbreak)

òBreak	time
tbreak ~	160	day

òIsotropic	kinetic	energy
~	1051 - 1053 erg

òBulk	Lorentz	factor
>	5-10

òAmbient	density
~	10-2 - 10-4 cm-3

Relativistic jet in GW170817

Light	curve

Eiso,	Γ
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(~	0.01	- 0.1	Msun)
òr-process	
nucleosynthesis
òDiversity?

Afterglow
↓
òRelativistic	jet

(Γ >	5-10)
òStructure?	
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Tdur
Tdelay
Eγ,	iso
Ep

:	~	2	s
:	~	1.7	s

:	~	5	£ 1046 erg
:	~	185¢62	keV

NS	merger	=	γ-ray	transient
GRB 170817A
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Short	GRB
prompt	emission

Abbott+	17

Short	GRB?

GRB 170817A



GW170817/GRB 170817A/SSS17a
NS	merger	:
òMass	ejection
(Mej ~	0.01	- 0.1	Msun,	vej ~	0.1	- 0.3	c)

òr-process	nucleosynthesis
(<Xlan>	~	0.01)

òRelativistic	jet
(θjet ~	5�,	Γ >	5	- 10,	Eiso ~	1051 - 1053 erg)
òOff-axis	γ-ray	emission
(Eiso,	γ ~	1046 - 1047 erg,	Ep ~	200	keV,	Tdur ~	Tdelay ~	2	sec)

òDiversity	of	macronovae?
òOrigin	of	off-axis	γ-ray	emission?
òJet	structure?

Open	questions	:



GW170817/GRB 170817A/SSS17a

Gottlieb+	18

→ Jet-ejecta	interaction

NS	merger	:
òMass	ejection
(Mej ~	0.01	- 0.1	Msun,	vej ~	0.1	- 0.3	c)

òr-process	nucleosynthesis
(<Xlan>	~	0.01)

òRelativistic	jet
(θjet ~	5�,	Γ >	5	- 10,	Eiso ~	1051 - 1053 erg)
òOff-axis	γ-ray	emission
(Eiso,	γ ~	1046 - 1047 erg,	Ep ~	200	keV,	Tdur ~	Tdelay ~	2	sec)

òDiversity	of	macronovae?
òOrigin	of	off-axis	γ-ray	emission?
òJet	structure?

Open	questions	:



GRB 170817A γ-ray emission model

òCocoon	shock	breakout

òShort	GRB	off-axis	emission

òScattered	short	GRB

Ioka &	Nakamura	01,	18,	19,	Murguia-Berthier+	17b,	
Abbott+	17,	Kim+17,	Lamb	&	Kobayashi	17,	Granot+	17

Kasliwal+	17,	Gottlieb+	17,	Bromberg+	17

SK,	Ioka,	Kashiyama	&	Nakamura	18

Energy	density Four-velocity

http://www.astro.tau.ac.il/~ore/nakar-jets.html

Eichler &	Levinson	99
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Engine-powered macronova
Relativistic	jet	could	
heat	the	ejecta	due	to	
the	jet-ejecta	interaction.

→Diversity?
SK,	Ioka &	Takami 15
SK,	Ioka &	Nakamura	15
SK,	Ioka &	Nakar 16



Matsumoto,	Ioka,	SK	&	Nakar 18

Engine-powered	model	can	reproduce	the	light	curve.

SSS17a/AT2017gfo

Engine-powered macronova



Matsumoto,	Ioka,	SK	&	Nakar 18

HiZ-GUNDAM		22mag	(2.0-2.5μm)	(104 s)
Engine-powered macronova

SSS17a/AT2017gfo



NS	merger	:
òOff-axis	γ-ray	emission
(θobs ~	20� ~	4θjet,	Eiso,	γ ~	1046 - 1047 erg,	Ep ~	200	keV,	Tdur ~	Tdelay ~	2	sec)
òMass	ejection
(Mej ~	0.01	- 0.1	Msun,	vej ~	0.1	- 0.3	c)

òr-process	nucleosynthesis
(<Xlan>	~	0.01)

òRelativistic	jet
(Γ >	5	- 10,	Eiso ~	1051 - 1053 erg)

òOrigin	of	off-axis	γ-ray	emission?
òJet	structure?
òDiversity	of	macronovae?

Open	questions	:

Summary

→ Jet-ejecta	interaction

Because	of	large	uncertainties	and	varieties	of	the	central	
engine	activities,	the	energy	deposition	rate	and	opacity	
are	required	to	distinguish	the	energy	sources.


