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Short Gamma-ray Bursts

*Radiation energy : ~ 10°0 - 10°1 erg (isotropic)
*Duration: ~ 102 -2 sec

"Event rate : ~ 103 Gpc3 yrt

“Jet opening angle : ~16° +10° (rong+15)

*Duration distribution
2"d Fermi/GBM Catalog (50-300keV)
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Short GRB = NS Merger?

Short GRBs NS mergers
-

"|sotropic energy Maximum energy

~10°°-10"!erg ~ 10°3 erg
=Variability timescale - Radius

<1ms ~10°cm > ~0.1ms
*Event rate Merger rate

~ 103 Gpc3 yrt ~ 107 - 103 Gpc3 yrt
*No association with SNe Merger time
“Wide variety of the hosts ~0.1-10 Gyr

* Low-density environment
(e.g., Berger 14)

No smocking-gun evidence



Merger Ejecta

Pr rti f reer eiect Fujibayashi+ 18
operties or merger ejecia See also Fernandez+ 19
Type of Ejecta Mass (M) Vei/c Y Direction Duration
Dynamical ejecta 010 ~0.2 0.05-0.5 0 = 45° t = tmerge S 10 ms
Early viscosity-driven ejecta ~ 1072y /0.02) ~0.15 — 0.2 0.2-0.5 0 2 30° t— tmerge S 015
Late-time viscosity-driven ejecta (polar) ~107% (1,/5) ~0.15 0.4-0.5" 0 < 30° b bperge ~ 4y o 108
Late-time viscosity-driven ejecta (equatorial) >107* ~0.05 0.3-0.4" 0 = 30° t — Imerge ~ 1-10's
vej ~ 0.15¢
Casel * Y. =04-0.5
Long-lived MNS

B-field vej ~ 0.05¢
Merger amplification MNS+Torus Y, ~03-04
"l.l ' “ BH+Torus
vej ~ 0.05 ¢
Y. <0.3-04
Case 11
@- -8 Delayed collapse
Dynamical mass ejection
e
Early MHD/viscosity-driven mass ejection
®-
Long-term viscosity & Neutrino-driven mass ejection
® >
0 ~ 1 ms ~ 10 ms ~ 100 ms ~1s

Time after merger

Mayn ~ 1072 =107 My, Mace ~ Mying ~ 0.01

—0.1Mg



r-process nucleosynthesis

Neutron rich ejecta - rapid neutron capture process
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Macronova/Kilonova v&rsynsyss
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AB magnitude

GRB 130603B

Tanvir+ 13

Berger+ 13 Time since GRB 130603B (d) t ~ 7 day
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Expected picture
weeks  X/Radio -

loka & Nakamura 18

~months afterglow
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Frequency (Hz)

GW170817 Binary NS merger

Normalized amplitude

2 4 6 SNR: 32.4

500

Localization : 31 deg? (5 hr after)
SNR=18.8 Distance : ~ 40 Mpc

100

50 Viewing angle : <32°

500

Total mass : 2.749-04 ;. Msun
SNR=26.4 : NS mass: 1.17 — 1.60 Msun

NS radius : <13 km

Merger rate : 1540%32% .., Gpc3yr
{1 NS g\
ns N
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Abbott+ 17




Luminosity [ erg s ]

GRB 170817A

Macronova/
Kilonova

Afterglow

1 10 102 103 104 10°
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Macronova/Kilonova

1052
Thermal emission from heated
1059 ejecta by the radioactivity

r—

. s of unstable heavy elements.
v 10 Abbott+ 17, Andreoni+ 17, Arcavi+ 17, Coulter+ 17, Covino+ 17,
&0 Cowperthwaite+ 17, Diaz+ 17, Drout+ 17, Hu+ 17, Kasen+ 17,
Q 46 Kasliwal+ 17, Kilpatrick+ 17, Lipunov+ 17, McCully+ 17,
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SSS17a / AT2017gfo

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

- = Red kilonova, M=0.035 M, v=0.15¢
*==+ Blue kilonova, M=0.025 Mg, v=0.25¢c
—— Combined models

* Ddla Kilpatrick+ 17

1042

10 15

0 5
Rest-frame days from merger

Blue Macronova

peak ~1 day Mej ~ 0.025 Msun
T~ 10%K v~ 0.25c

L~10*ergs! X,,~ 10°-10* (Ye>0.3)

Red Macronova

toeak ~ 10day Mg ™ 0.035 Msun
T~ 2000 K v~ 0.15c
L~10* ergs?! X_,~ 10Z (Ye~ 0.25)

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



Absolute magnitude

—— despite the similar conditions

-12 4

e Macronova Diversity

-20 1

; Macronova properties have diversity

expected in NS-NS mergers. Gompertz+ 18

I See also Rossi+ 19

l
BEE Upper limits |
B Afterglows
@ Kilonovae
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Rest frame time (days)

l
Dimmer than |

$SS17a

* Fate of a remnant?
(e.g., direct collapse to BH)

*BH-NS merger?
*Different energy
source?

Number of GRBs (binned)
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J -1 -2 -3
Magnitudes rblative to AT2017gfo model




Luminosity [ erg s ]

GRB 170817A

10 102
Observer time [ s ]

Kilonova/ Afterglow
Macronova

\Z

*Mass ejection
(~0.01-0.1 Msun)

"r-process
nucleosynthesis
"Diversity?
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Flux density (m]y)

Afte

A Afterglow
s é (X-ray/Radio)
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Declination offset (mas)

Relativistic jet in GW170817

Superluminal motion = relativistic collimated jet
Jet opening angle < viewing angle - off-axis event
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VLBI position (4.5GHz)
8_
sty Day 75
4 & T 4
TN
e, ,_\\\\\
l1l; 7
Rt N N
l[’///
Hilgty
o llu’::{|\+
lll\\\\_/ Tddibiee Tl seem.,
\
‘\\\\\\\\_//
LRSS
\ \\\"/
"4_ \\\:/
Day 230 ™~
-8 —
2703 mas ..
-12 | | | | | | |
8 6 4 2 0 2 -4 -5

Right ascension offset (mas)

-8

* Unresolved source

 Apparent velocity
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-Jet opening angle
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Declination offset (mas)

12

Relativistic jet in GW170817

Superluminal motion = relativistic collimated jet
Jet opening angle < viewing angle - off-axis event

VLBI position (4.5GHz)

Day 75

Day 230 g W

2.7*x0.3 mas

Right ascension offset (mas)

-8

Mooley+ 18a
Ghirlanda+ 19



Jet Break TALE—

Consistent T

Jet break time Fj—l ~ Af

Af 578 FEiso o ism —1/3
tbreak ~ 230 day ( ) ( /67 ) ( - 3)

20° 3 x 10°2erg 10~ 4cm—
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] — ] keV
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Flux [erg cm~2 s~ keV~1]

GRB 170817A afterglow

The decaying curve is consistent
W|th other short GRB afterglows

Duan+ 19
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Relativistic jet in GW170817

Jet with a specific structure
can reproduce the light curve.

—  Light curve “Light curve

e Fy 0198 (£ < tyyeq
%10' — 7 FV o t—2.2 (t < tbreak)
*Break time

i: tbreak ~ 160 day
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Luminosity [ erg s ]

GRB 170817A

10 102
Observer time [ s ]

Kilonova/ Afterglow
Macronova J

J *Relativistic jet
*Mass ejection (I > 5-10)

(~0.01-0.1 Msun)=Structure?
"r-process

nucleosynthesis
"Diversity?

103 10% 10°



GRB 170817A

NS merger = y-ray transient Tgur 725
i Theray s~ 1.7s

E, ..,:~5 X 10%erg

Yy, iso'*

E, :~185%62keV

2500 77
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1000 4 Akl
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Lightcurve from INTEGRAL/SPI-ACS
120000 4 (> 100 keV)

2 117500 A

2 115000 1
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GRB 170817A

Luminosity [ erg s ]

1052
Short GRB
1050 prompt emission
.a_Short GRB?
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GW170817/GRB 170817A/SSS17a

NS merger :

*Mass ejection
(Mg; ~0.01-0.1 M, v; ~ 0.1-0.3 ¢)

“r-process nucleosynthesis
(<X,,.>~ 0.01)

" Relativistic jet
(B, ~ 5°, T >5 - 10, E;, ~ 10%! - 10% erg)

= Off-axis y-ray emission
(Eiso,y ~ 107 - 10" erg, E, ~ 200 keV, Ty, ™ Tyelay ~ 2 S€C)

iso, y

Open questions :
* Diversity of macronovae?

* Origin of off-axis y-ray emission?
-Jet structure?



GW170817/GRB 170817A/SSS17a

NS merger :

*Mass ejection

(Mej ~ 0.01 - 0.1 Msun, VeJ ~ 0.1 - 0-3 C)

“r-process nucleosynthesis
(<X,,,>~ 0.01)
" Relativistic jet

(8, ~ 5°, T >5-10, E,, ~ 1051 - 1053 erg)

= Off-axis y-ray emission
(Eiso,y ~ 107 - 10" erg, E, ~ 200 keV, Ty, ™ Tyelay ~ 2 S€C)

Open questions : = Jet-ejecta interaction
* Diversity of macronovae?

* Origin of off-axis y-ray emission?
-Jet structure?

%10

Gottlieb+ 18
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25 -2 <15 -1 -05 0 05 1 15 2 25

ricmj % 10*°



GRB 170817A y-ray emission model

Energy density Four-velocity

*Cocoon shock breakout

Kasliwal+ 17, Gottlieb+ 17, Bromberg+ 17

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

54 et

o — S
ze ~oncoey 1 *Short GRB off-axis emission
) 6.,=0.059=3.4°
LN 1 loka & Nakamura 01, 18, 19, Murguia-Berthier+ 17b,
”é:gm 1- Abbott+ 17, Kim+17, Lamb & Kobayashi 17, Granot+ 17
8.0% % E, o5 170817A 3
(o] Y ,iso |

46 )
1245 “- \ 1
1044 1 A3 1 1 1 1 1 ]

0 5 10 15 20 25 30 35 40 45 50 55 60
Viewing angle 8,, of the jet

*Scattered short GRB

o PSR SK, loka, Kashiyama & Nakamura 18

Eichler & Levinson 99



Engine-powered macronova
Relativistic jet could

: A || 2
—_ 10°" heat the ejecta due to s g
" 10%} the jet-ejecta interaction. [ = ﬁjg;g,{m;fﬂ“ ,
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Engine-powered macronova

Matsumoto, loka, SK & Nakar 18
Engine-powered model can reproduce the light curve.
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Engine-powered macronova

Matsumoto, loka, SK & Nakar 18
HiZ-GUNDAM 22mag (2.0-2.5um) (104 s)
-17 ' T ' T ' | ' T ' ' I
| Cooling emission | gg69 73 /AT2017gfo
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Summary

NS merger :

 Off-axis y-ray emission
(Bps ~ 20° ~ 48, E, , ~ 10% - 10%7 erg, E, ~ 200 keV, Ty, ™~ Tyepay ~ 2 S€C)

*Mass ejection
(Mg;~0.01-0.1 Mg, v,;~0.1-0.3¢)

"r-process nucleosynthesis
(<X,,.>~ 0.01)

" Relativistic jet
(fr>5-10,E,, ~10°1- 10> erg)

Open questions : - Jet-ejecta interaction
* Origin of off-axis y-ray emission?
-Jet structure?
“Diversity of macronovae?

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

obs



