(S,3—Pb)
Hor2 g IN—Ab

AR 45 K (KEK)
F [ F{Z




Contents

1.Introduction
2.Macronova
3.Long-Timescale Activity
4.Black Hole Scenario

5.Summary



Contents

1.Introduction
2.Macronova
3.Long-Timescale Activity
4.Black Hole Scenario

5.Summary



Hardness

Short Gamma-Ray Bursts

Total energy : ~10°! — 10°3 erg (isotropic)
Duration : ~¥102% — 2 sec

Rate : ~10 Gpc3 yr! (observed; Nakar+ 06)

- Jet-like outflow (opening angle ~5-10°; Fong+14)
- Afterglow = Jet-ISM interaction

Number of bursts

Lynd Earmi /G ' ' ] ST IR A AT
2" Fermi/GBM Catalog ] BURSTING OUT
150 - ————,_,,,_,,_—_—,
- (50-300 keV) 1 FORMATION OF A GAMMA-RAY BURST could begin
I 1 either with the merger of two neutron stars or
r 1 T & with the collapse of a massive star. Both these
I 1 ! events create a black hole with a disk of material
100~ T NEUTRON STARS around it. The hole-disk system, in turn, pumps
[ € 1 ® out a jet of material at close to the speed of light.
[ ] \ Shock waves within this material give off radiation. | JET COLLIDES WITH
| | T AMBIENT MEDIUM
501 | [external shock wave)
I ) BLOBS COLLIDE GAMMA
L i (internal shock  RAYS
L J . SLOWER wave) | .,
[ | ) ) ] FASTER_ BLOB '
100-8 5 ! . . _ | ' ¢ BLACK HOLE DISK BLOB | - .
i . ] CENTRAL ' .
L J ENGINE =
10.0F : R ) E * ,
i TR P ] PREBURST
it
Lol ‘l'. ‘e .
1.0 * ",.‘ . s — !
F . R 3 GAMMA-RAY EMISSION '
MASSIVE
STAR Nl AFTERGLOW
. S —
0.1 L L . 1 s L ” 1 ~
0.01 0.10 1.00 10.00 100.00 1000.00
T90[s] HYPERNOVA SCENARIO

JUAN VELASCO
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Lack of supernova assoc
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Environments
Circumburst density Offset dlstrlbutlon

1 -
1 71T

osf DENSITY ool
- .
=08 sk
% 0.7
Qo § 07
O o6 B
o Fong 2014 8 osf
o 05f .o -
= GMT Meeting 2 05F
T 0.4 "
S 03 O
g |ong GRBs g o03fF —— Short GRBs |
O 0.2 —— Long GRBs

0.1 0.2 — — Core-collapse SNe

. 0.1 == Type la SNe _
107 10° 10~ 10™ 10~ 10 10_310 10" 10* 10° 10° 0]Ml’l.|.|.|.|.|.|‘|.|.|.|.|.|.|.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Host-normalized offset 6R/r,

Host galaxy (36 samples) Fong & Berger 13

Host-less
17%

Late type
47%

Inconclusive
19%

Early type
17%

Fong+ 13



Compact binary merger
(NS-NS, NS-BH)

"Energy ~10°3 erg (Rotational and/or gravtational energies)

*Compact system ( < 107 cm)

-Rate ~ 30 - 3000 Gpc3yrt & ~ 10 Gpc3yr! (observed)

*Lifetime ~ 0.1 — 10 Gyr

*Kick velocity = large offset

*No supernovae o

 Macronovae *
:

Fong & Berger 13

—_

05

| === Short GRBs
— Long GRBs

I~ ——_— NS-NS merger models

— laSNe

i
]

Core-collapse SNe

107

100 10 102

Projected physical offset dR (kpc)
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NS-NS merger ejecta

Bound
Hotokezaka+ 2013

s soems o N Disk mass :

e qM—A—————— T 7

SYEE SRS S o B My ~ 10_2 — 10_1M@
Q| @
o @) | Unbound

y (km)

z (km)
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1200 v v T - . . . - 4 - 2
g L Sy | Ejectavelocity:
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Nearly isotropic distribution



Macronova Candidate

Tanvir+ 13
Berger+ 13 +..c since GRB 1306038 (@)
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R-process model

Nuclear heating rate Opacity
—1.3
t ~ 1 2 —1
] —1 — cm
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Alternative models

Nuclear heating
= Engine activity ?

D’ A
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utreray | gp o
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SK, loka & Takami 15
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R-process elements
= Dust ?

Macronova .
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Alternative models

Nuclear heating

R-process elements

= Engine activity ? = Dust ?
' 10' e | —
I i
- ) 1 | f E
10 1 -_ g _1 | con :
- ~ 10 E
L Engine model 2 |
RS i © 107% | a 5
< 'g | ave ?
E R-process model 1 g 10°p | _—" 4
{E /| o100
|
10—5 . Ll Ll Ll 3
k =3 — 30cm?g ™! 1073 0.01 0.1 1
P M (47/AQ) (M)
10 > p
10 10 Takami, Nozawa & loka 14
Mej / Mo

SK, loka & Takami 15

Ejectamass: M, ~ 1072Mg
Ejecta velocity : vej ~ 0.1 —0.3¢
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108

Extended emission
Extended emission : L~ 10%-10*° erg/s, T~ 10% s

Too rapid decline.
- Activity of

central engine ?

cf. Prompt emission
L~ 10°°- 10~ erg/s
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0, 3 XRT
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3 . . + ~
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Barthelmy+ 05 Time since trigger (s) (Fong+ 13)



10+ 103 0.01 01 1

Luminosity (1-10000 keV) (10%° erg s71)
10-5

-6

10

Extended & plateau emissions

Extended emission : L ~ 10*%-10%° erg/s, T ~ 10% s
Plateau emission :L~ 10%-10% erg/s, T~ 103—10%s

061006

llllﬂll T

cf. Prompt emission
L~ 10°°- 10~ erg/s
T~0.1-1s

Total energy is comparable
~10°°- 10"t erg

Activity of central

engine ~ 10%s?
1 10 100 1000 104 10°
Restframe time since BAT trigger (s)
Gompertz+ 13



Luminosity (10° erg s)

Extended & plateau emissions

Extended emission

Plateau emission

: L~ 10%-10% erg/s,
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Neutron star model , _,

Long-lived NS (> 103 — 10% sec) with surface dipole
magnetic field B, ~ 10'°G and rotation period P, ~ 1 ms

Lgq = —Q2\112
0 6c
A ~ 10" erg s7' B2 s P
b ), > 2
Zil 1/2)I€):
I\ T, ~ (1/2)I€;
Lsd

3 ~2 P2
~10% s B 15553

Metzger & Piro 14 Lifetime of a HMINS also
determines the timescale
of activity.



Field Strength (G)

Neutron star model 0, = 21/ P

Long-lived NS (> 103 — 10% sec) with surface dipole
magnetic field B, ~ 10'°G and rotation period P, ~ 1 ms

Lea ~ 10% erg s™'BZ ;P 7,
Toa ~10° s By 5 P7_s
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Luminosity (10° erg s™)

Neutron star model

111121A
102 - I ' ' ' '
i, . ‘ . Accretion
10° . T /‘ phase
(r,<r.)
105 1 Alfven
| radius (r.,) %
10| - ,"/ ) g
_ | * Propeller
. | | | - . = phase
10 2 ¢ 10° 4
Time (s) /“‘ ',' ( o > Feo )
Corotation ", — ¢
radius (r ) "
Two-phase model Ejector
Propeller = Ejector (pulsar wind) ‘ phase
Gompertz+ 14 ( Mm 2 RlC )

See also Piro & Ott 11
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Lifetime of HMINS  icuokezsies 13

4 .
|7_Wind7 Tmris 7Tcool <K 10 Sl Alfven velocity

B
Angular momentum transport A T

*Magnetic winding effect
Effective viscous parameter

R 5 1 2
Twind ~ — ~ 10778 ,015315 RG U~ —
VA 0
- Magnetorotational instability (MRI) cs ~ 0.1c
R2 - — — HI35 /5135 Sekl ‘ I+
Tonri ~ — ~ 10775 Oz_%cs 31R3Q4 20 T Aot ]
vV ’ 1.0F W

05F
0.0

erg/s]

3.0

Neutrino cooling

MNS 62
Tcool L—
%

2.0

L, 110

~1—10s L}, T

1.0}
0.0

Survival time of a HMNS increases in a RMHD.O

Dionysopoulou+ 15




Lifetime of HMINS  icuokezsies 13

4 .
|7_Wind7 Tmris 7Tcool <K 10 Sl Alfven velocity

B
Angular momentum transport A T

*Magnetic winding effect
Effective viscous parameter

R —2 —1 c?
Twind ~ — ~ 1077°s p15B15 R Vo~
VA Q)
- Magnetorotational instability (MRI) cs ~ 0.1c
R2 - - - H135 /5135 Seklg I+
Tei ~ — ~ 1077s oz_%cs 31R§Q4 . o
1% )

05F
0.0

3.0

Neutrino cooling

MNS C2
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~1—10s L i, are

3.0
201

1.0}

0.0

Can only NS model explain the long activity ? ™"
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BH Scenario

HMNS Collapse to BH
Inspiral formation Mass ejection
NS
HMNS N /"
(\ Torus
_J BH
NS V4 Ny

Ejecta

Fall back

K\.
-/

JZ
\



BH Scenario

Accretion onto BH Fall back

Inspiral Wind from torus
BH < ”
. Torus. ~ \ /
J B °
- AN /A M



Energy sources

* Rotation:

M
~ 1053< BH) erg  (a/Mpn = 0.5)

3Mo

*Torus gravitational energy:

Mgy
~ 10°3 ( ) erg
10~ Mg

" Ejecta kinetic energy:

M. Dos N 2
~ 1051 €) <i>
<1O2M@) 03¢/ %

 Radioactivity:

M.
~ 10 (L) ( = ) erg
10-3/) \ 10-2M_,

*Magnetic field:

B 2
48
~ 10 (1015G) erg




Energy sources

*Rotation:
M

~ 10°3 (%) erg (a/MBH = 05) \ }
"Torus gravitational energy: Torus

~ Ma r BH

10°3 (10—1M@) erg ‘/ \
" Ejecta kinetic energy: wind
M., Vei \ 2

~ 10°1 <102]‘{4®> <O—?;]c> erg

 Radioactivity: K

€ Me;
~ 104 (m) (10—2M@> erg
*Magnetic field:

B 2
~ 10% ( ) erg "4




Timescale in BH case

Free fall time

1 _
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Blandford-Znajek process
JetOIRILF—IF = BHORIEETRILF—

(Blandford & Znajek 77)
|

Poynting Flux

P N—Q\Iﬂﬂ—
Bz ~ f ()

kK= (6m)? for split monopole.

WA—ETHNIL,
B=[FERITIRELEL

RIA X THHRE WMRI5 J7Z

Qn = ac/2m, U = — //wa gdfde
a=Jc/GM ThZTg(1+\/1—a2> re = 2GM/c?

=1+ 1-38(Qh7“g/0)2 — 9-2(Qh7“g/0)4 Tchekhovskoy+ 10



Blandford-Znajek process
et ITRILF—R = BHOEIEETRILF—

(Blandford & Znajek 77)
- =

Poynting Flux
K
PBZ ~ —Q}Ql\lfzf(ﬂh) )

41

kK= (6m)? for split monopole. | _

WBITER

| HHED®E (KO(4 L)
2. BIZDRT—IL (>> 1))
3. HE TSV RN




MR IV ADE

HAEGE TBHEREKHR ISV I R = HEFF

Narayan+ 03

P e < oo TSRS HIEDS > MR TTVI R TS

g

= BEEDQELENIRILT—RIBERZRDS,



BH Scenario

HMNS

. _ Mass ejection Fall back
Inspiral formation

AL
e

B\s~10'°G B-amplification B-expansion B-reconnection

1L.HI5MES (RAA4 5 L)
25D A —)L (>> r)
BRI TVIADME




BH Scenario

Tidal

. ) . Mass ejection Fall back
Inspiral disruption
(\‘ TorusV

BH
ﬁ Ejecta

B\s~10'°G B-amplification B-expansion B-reconnection

1L.HI5MES (RAA4 5 L)
25D A —)L (>> r)
BRI TVIADME




[I] Inspiral (GW) [V] Extended emission (X-ray)

5 Binary NSs

BH Scenario

Fallback
BZ jet with B~10136

[II] Merger + Ringdown (6W) [VI] Extended emission decay (X-ray) BN S~10126

K b
HMNSO O B-amplification CY Fallback B'a m p I |ﬁ Cd t| on
/‘ '\ B-reconnection
K N

[IIT] Prompt emission (y-ray) [VII] Plateau emission (X-ray) B_expa nsion

Jet t ﬂ
I M iecti )
| Brexpancion vy B-reconnection
HMNS - BH+Torus Fallback
‘ BZ jet with B~1016¢ [ || ) BZ jet with Byc~101%6
M
Ejecta ‘ 1 BHNlolzG

[IV] Prompt emission decay (y-ray) [VIII] Plateau emission decay (X-ray)

Torus accretion Py Jet quench F IS | d re p u | SiIon
B-reconnection



Prompt emission

Jet

Matter ejection

' B-expansion Torus accretion
HMNS - BH+Torus B-reconnection
! BZ jet with B~1046
Ejecta ‘
Ay = JC/GM2 ~ 0.7 (Shibata & Taniguchi 06)
Radiative efficiency 7~ 0-1
BZ Power Covering factor (AQ) ~ 1073

L~ 2.0 x 10°" erg s_ln_l(AQ—s) Q 0 7Bh 14



Extended emission

K A

/
/AP

*Fallback < ¥ Fallback
BZ jet with B~10136 B-reconnection

Ay = JC/GM2 ~ 0.7 (Shibata & Taniguchi 06)

Radiative efficiency 7~ 0-1
BZ Power Covering factor (AQ) ~ 1072

L ~2.0x10% erg 8_177_1(AQ—3) a 0 7Bh 13



Plateau emission

2
s o

.)
.)
Fallback
1\ BZ jet with Bys~101%G Jet quench

Ay = JC/GM2 ~ 0.7 (Shibata & Taniguchi 06)

Radiative efficiency 7~ 0-1
BZ Power Covering factor (AQ) ~ 1072

LBZ ~ 2.0 X 1044 erg S_1 30 7Bh 19

L ~ 2.0 x 10%° erg 8_177_1(AQ—3) a 0 7Bh 12



Plateau emission

Pressure balance y_ M
GMY 2TTrevg
Pgas = r2 UfE ™~ Giw W
B2
Prmag = — e ~ 0.01 \ || {
ST (Tchekhovskoy+ 11) r x

Fallback
BZ jet with By ~10!%6

Confinement timescale



Plateau emission

Pressure balance y_ M
. GMY 2”275 o
S
B2
Prmag = — e ~ 0.01 \ || {
ST (Tchekhovskoy+ 11) r x
Accretion rate 1
o~ 2y | NS M
2 My [t T G
M = — - Fallback
3 to \to ~ 33X 107 B7Z jet with Byo~10126

Confinement timescale



Plateau emission

Pressure balance y_ M
. GMY 2“2312 o
pgas _ ’]”2 Ve~ . *%
BQ
Prmag = — e ~0.01 \ || {
8T (Tchekhovskoy+ 11) r x
Accretion rate
- 4
My [t YT G
M = — 4 Fallback
3 o \lo ~ 33X 10778 BZ jet with Bys~10126

Confinement timescale (r = r, = 2GM/c?)

T = 167 3/10752/5 (T_g)3/5 Mac® \*"?
9 0 C EBI%[Tg

~ 1.4 x 10*s 6:2/5M§,/_51M0_.56/5B£,61/25




Plateau emission decay

RIAXDHRIZEALIASD
SNELE->TLBDEIL

Magnetic field .
B ) REARISEE LS
h X Ty Wimld—%E9 5,

o
Pressure «

D
—5/2,—5/3 i
Pgas X Ty /2t = B xt20/9
) Jet quench
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Luminosity evolution
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nght curve

(Preliminary)

I
BH_1><1O G@ GRB 111121A
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nght curve (Preliminary)

BH_1><1O G@ GRB 111121A
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Heated ejecta  (rreliminary)
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Heated ejecta  (rreliminary)
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