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GW170817 & GRB 170817A
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X—ray Afterglow
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Various Possibilities

Scenario i: Uniform Top-hat Jet

Rotation Axis

Scenario ii: Structured Jet Scenario iii: Uniform Jet + Cocoon

a low luminosity sGRB
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Lumlnosu:y Function

i GWI708I7

Low-luminosity
sGRB population
is continuous!

Swift sGRBs
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Merger Ejecta
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Jet Breakout

() 0 Nagakura+ 14
° ./ Murguia-Berthier + 14
NS-NS merger [10% em]
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Weak jet ~10% erg/s cannot break out
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Magnetar Giant Flare?
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Off-Axis Top-hat Jet
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Off"AXiS EiSO
6, < A0,
Af < 0, S 2A0,

Fiso(0,) o< const. for
Eiso(6,) o 6(6,) for
Eiso(6y) o 6(6,)° for
. 1

o) = ['[1 — Bcos(f, — AB)]’
6(0,) = :

— I’'(1 — Bcosb,)

AO: jet opening angle, 0 : viewing angle
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Bound on On-Axis E.
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Bound on On-Axis E.
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Time Scales

Time delay At cAtymnsttoott ),

-2
Ry < 6x10120m(m)(A8)

1s/\0.1
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: observer
Duration engine “cAt
duration

Granot+ |7

T90 ~ max [t dur 3 [ p ] Kl & Nakamura 17
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(Amatl) Relation
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Spectrum
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Should be Careful?
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Compactness Problem

10°

_Hobs'ej < 01' Toffaxis > 7:onaxis

Abramowicz+ 91

| This fig. is for
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= [>200
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I If EP<I85I<eV,
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10° 10% 10° 108 weaker
Kasliwal+ 17 E/E"
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Afterglow Time Scales

Granot+ 02
Rise time f Z 9 AH. Zhang & MacFadyen+ 09
0y, — AO\? [ Eio(0) /e, \/? n ~1/3
Frise ~ 1d day ( 7° > (‘3 x 1072 elg> (10_4 0111_3)
: |
Jet break time _ - Af
I

230 day [ 27 3 Bisol0) /e, 1/3( n )—1/3
Fjet W 200 3 % 1052 erg 104 cm—3
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X-ray Afterglow is Faint

T 1 llllll'l T 11
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10* | 71 3000x dimmer
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1041 B B} < 1
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ol 1 = Lown
s vl il sl 0l &/Or IOW &
10" 107 1072 10" 10° 10’ °
Fong+ 17 Rest-frame Time after Burst (days)
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Synchrotron Shock Model

Typical frequency and Max. flux are 97
vm = 25x107Hz ey ge2 Eb tiedl?,  v.<v_<v<v,
Fymae = 7.2%10° uly e Eson/f DI
Expected flux
F, = (v/vm) P"V2F, pa
~ 8 x10% puly e%?_Gei;Q_lE%'égnl_/ 42 DZOQI\,IPCI/C:EI‘ZGES%Q,
vF, = 2x10Mergs ! em™? e%?_(;eé;%l ,%'23711_/42DZOQI\,,IPCI/I({);{/Q%Q.

X/Radio < p=2.2 of accelerated electrons
Faint afterglows = Low density & low ¢;
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Latest Radio Afterglow

T
‘| ¢ Observations
e 8=10° 5 n=25x 10% om® ; E_ =6 x 10% erg

|= -6=20° ;n=10° cm® ;E_=1.6 x 10°" erg

_--0j=15° n=10%cm™ ; Eiso=3 x 10°° erg (From Margutti et al. 2017)
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Off-axis Jet is Ruled Out?

102 |
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101}
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T T
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J iSO

| ¢ Observations
;N=2.5x 104 cm ™3

-3 ; E
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;=1 0% cm

E_ =6 x 10°° erg
1SO
=15 x 10°" erg

=3 x 10°° erg (From Margutti et al. 2017)
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Mooley+ 17
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Extended emission
Plateau emission

E_~10°'erg

ISO

I'~100

E_>10°'erg

ISO

I'<IO

Refleshed
shock

Rees & Meszaros 98



7 Dec.2017 Kunihito IOKA 32

Off-axis Jet is Ruled Out?

T T T T T T T T T T T

| & Observations = » | Extended emission
L [wnuns 0j=10 ;n=25x 10 "cm * ; Eiso=6 x 107" erg | . .
|- -6=20° ;n=10°cm® ;E_ =15 x 10°" erg | Plateau emission
—--0=15°; n=10"*em™ ; E_ =3 x 10° erg (From Margutti et al. 2017)
102] ]
i .- 1 ~ |05
- P ! E.~10°"erg
_ R f o r'~100
3 ,/_«--~~._.3 :
n" )
51
> 10°'erg
I'<IO
10"
: :'; Jet +
/ Outer jet
_ ,"A , i ‘ o Meszaros+ 98
10! 102 Rossi+ 02

Mooley+ |7 Time (day) Janka+ 06,Aloy+ 05 Zhang & Meszaros 02



7 Dec.2017

Kunihito IOKA

33

Off-axis Jet is Ruled Out?

T

¢ Observations

|- -01':200 ‘n=10"% cm"

3

e 8=10° 5 n=25x 10% om® ; E_ =6 x 10% erg

E_ =15 x 10°" erg
1ISO

_--0j=15° n=10%cm™ ; Eiso=3 x 10°° erg (From Margutti et al. 2017)

Jet + Inner jet!
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Structured Jet

Extended lateral
To observer  structure of jet (the “sheath”)

/ -\

L uminous
core

z/Tg

.|

0 0
—400-200 0 200 4()()]0g(,:_’) —400-200 0 200 400 T
x/r, z/ry

Jet pre-breakout . .
Dynamical ejecta

If on-axis wing is weak

= Breakout problem
° _~ (o) _I

Post-merger compact object Wlde = F 4 (6“5 )
Kathirgamaraju+ 17, Jin+ 17 = ComPaCtneSS PrOb.
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Weak Afterglow
> (X ray/Radlo)

Afterglow
.. (X-ray/Radio)

Weak y-rays
Macronova
i % (UVOIR)

Macronova
(uvom)

C Cocoon with Choked Jet D On-axis Cocoon with Off-Axis Jet

A Afterglow A Afterglow
§ (X-ray/Radio) i § (X-ray/Radio)

Weak y-rays 5 Weak y-rays

\% Macronova [ff .. y Macronova
% (UVOIR (UVOIR)

Kasliwal+ |7
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Cocoon Emission
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. 2

',-"‘shocked stellar
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Shock Breakout Emission

Radiation-mediated shock out of thermal equilibrium
For p.>0.5, e* pairs determines the opacity

I Katz+ 10
k,T ~50 keV I' ~150 keV(—) Budnik+ 10
3 Nakar & Sari 12

R
2cI?

!

-2 .
leec( R )(F) Large size

5x10"cm /\ 3 is necessary
1+3

E ~—mcv.I ~5x10"er —
o~ ¢ o 2 5x10"em ) \3

Satisfy a closure relation AR
0 '
Kp

Cooling emission ~ Soft tail s

~4x10°M,,
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Fast Ejecta Tail

10
3.5 s after merger 5x10'% cm

—-13 i i i i i i i
8.4 8.6 8.8 9.0 9.2 9.4 9.6

log1o(x/[cm])

Cocoon is initially non-rela

r=1.1 2 345 10
it Shocl lerati ['~3
— ——— ock acceleration to I ~
Energy density, T (erg cm™3) Log four-velocity, log(I"B)

Kasliwal+ 17, Gottlieb+ 17, Bromberg+ 17
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Merger Shock Breakout

‘Shockbreakout

Kyutoku, KI & Shibata 14 4 >
Bauswein, Goriely & Janka |3 .
Hotokezaka+ 13 Shock acceleration @surface

Sakurai 60, Johnson & McKee 7|
Beloborodov+ |7

up to ~10~> Mg but uncertain



7 Dec.2017 Kunihito IOKA

41

Cocoon/Ejecta Afterglow

| ¢ Observations
- -B__ =08 E(>yB8)=5 x 10°° (78/0.4)° ; n=0.03 cm™ ; ¢.,=0.003
—n__ =85 E(>y8)=2 x 10°" (y8)° ; n=8 x 10° cm™® ; ¢,=0.01

------ Cocoon model from Gottlieb et al. 2017
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~
ﬁ *
2 ! A
x T
CD ooooooo
.......... 1 /3
13d v ST
~ 15 day -
il 1049 erg 2
107 |
w4 1 ! . P R B | J
20 40 60 80 100
Mooley+ |7 Time (day)

Cocoon or
Ejecta tail
interact w/ ISM

Rise time~

| Deceleration time

3E

| . 1/3
4T%¢ (47m'mp 22 )

_8/3 ( n )—1/‘3
103 cm—3
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Future Radio Prediction

10 10° 10
Gottlieb+ 17 time [day] Also X- ray
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VLBI

107 ¢ . , ——

10

Angular diameter [p arcsec]

10 10°
Time since merger [days] Hallinan+ |7

10
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Weak Afterglow
D> (X-ray/Radio).

— Afterglow
.. (X-ray/Radio)

9 :

& Weakyrays
Macronova .. Macronova
(UVOIR) ‘ %(uvom)

C Cocoon with Choked Jet D On-axis Cocoon with Off-Axis Jet

A Afterglow A Afterglow
é.: (X-ray/Radio) . § (X-ray/Radio)
ﬁi@' / Weak y-rays R EWeakv s | Off-axis jet
i ‘% %Macronova Macronova o
wvoiR) |} " emission
is highly
de-beamed

Kasliwal+ |7
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. 52
Thompson scattering by cocoon e
Copy spectrum w/ ~MeV cutoff 7 *| 7 omw 7
20 rom emission
10 |2 ; B (0, < A0)
rs C< I O = I O Cm i LT.? 48 Scattering
)\’;)) -+ On-axis e 46 _
5 Prompt Emission Bl st
% a4 (AG < 0, < AO+T7Y)
% :
1 2 3 4
rsc Cocoon log,q hv [keV]
Gravitational ™. 2
/Emission ! durse
| Radius .
Wide angle
i | | Jet opening 1
Merger angle A 9 ~
ejecta sc ~ .
Newly born F
Kisaka+ 17 central engine C
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Afterglow Origin?

T —

| § Observations
- -B__ =08 E(>yB8)=5 x 10°° (78/0.4)° ; n=0.03 cm™ ; ¢.,=0.003
—n__ =85 E(>y8)=2 x 10°" (y8)° ; n=8 x 10° cm™® ; ¢,=0.01

102 L= Gocoon model from Gottlieb et al. 2017 H

r~6: Jet break

P 8/3
t ~100 day(lsfo)

| B ‘l‘.‘lu‘l: E 1/3 n -1/3
X 152 4 3

40 60 80 100 |10erg) \10™*cm

Mooley+ 17 Time (day)
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Afterglow Origin?

T —

| ¢ Observations
- -B__ =08 E(>yB8)=5 x 10°° (78/0.4)° ; n=0.03 cm™ ; ¢.,=0.003
—n__ =85 E(>y8)=2 x 10°" (y8)° ; n=8 x 10° cm™® ; ¢,=0.01

102 L= Gocoon model from Gottlieb et al. 2017 H

r~6: Jet break

P 8/3
t ~100 day(lsfo)

1

X 52 4 3
20 40 60 80 100 10 erg 1077 cm
Mooley+ |7 Time (day)
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Kl & Nakamura |7 .
weeks ~ X/Radio

~months afterglow

| ! s >
Jet-ISM shock | /' ~sec 4 years
< | . Off-axis X/Radio
\ " SGRB flare
\ !
Ejecta-ISM \ p
shock Jet ~ I day opt.
r'~100 ! macronova

Cocoon

v~0.2-0.4c - Oday R
macronova
Merger
ejecta
v~0.03-0.2c
(dynamical/

shock/wind)
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Blue Macronova/Kilonova

-17 - —

| M = 0.03 Msun (Ye = 0.25) gy e | ~ | day opt.
A6 b zl -
. T~7000K
H d
$ sl Ko L~7e41 ergl/s
= .
2 [ = v~0.3c
g /Iine of sight
8 Post-merger ejecta high Ye
g -13 B mediL?m\?(Jeeca
z2r Dynamical ejecta
low Ye
. PR WP LU N L PP
"o 5 10 15 If r-process,

Days after GW170817
J-GEM 17, Tanaka+ 17, Utsumi+ |7, Tominaga+ |7,Arcavi+ |7, Drout+ |7, M~00 OZM ®

Cowperthwaitet+ 17, Villar+ 17, Kasliwal+ 17, Kasen+ 17, Smartt+ 17, 2
Kilpatrick+ 17, Pian+ 17, Chornock+ 17, Coulter+ 17, Evans+ 17, ... K~003 cm /g
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Massive Ejection?

S L L S S B L B L L B
Numerical e = -
= L @j=0.01 =——
% 2| @000 ——
[ ] [} :;é 1-
Relativity | 7
6
& -
% 4
-';-_’ 3
Lga 2
High Ye (1)_
0.3

Shibata+ 17
Fujibayashi+ 17
Fernandez & Metzger |3 T T |

Just+ 15, Siegel & Metzger 17 i i £
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Fast & Quasi-spherical

Long GRB: Short GRB:
Static envelope Expanding ejecta
B, ~ arbitrary @Breakout p, ~2p, @Breakout

1
Gottlieb+ 17, , l
i Kasliwal+dZeg |

Aloy+ 00 | - ol 5
MacFadyen+ Ol 105
Morsony+ 07 n 14‘ 1

Mizuta & Kl 3 |‘

B, <<p,/2
Mc oC 8]2 Analytically shown in Mc o H] [))c ~ O4C

Kl & Nakamura 17



7 Dec.2017 Kunihito IOKA 52

Jet-powered Macronova

Af Be/(1 —203,)? M,
Einj ~ 2Lty ~ 1 10°1 ' '
j br 7 2 M CIE (o 3) ( 0.2/0.62 0.01 M,

Tbr
Ejet ~ — Einj
Toh

—1 2 2 )
16 tMN e\ (A0 Be/(1 —23.) M.,
L4 x 10 erg (lda.y) (25) (0.3 0.2/0.62 0.01M,

—0.3
t / | A[e
E, ~ enértvnM, ~ 1.7 x 10%6 erg ( MR > ( )

0.01 Mg

Even the prompt jet may power the blue macronova
The extended & plateau emissions can add energy
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~
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C | 1 Lol L]

Time since trigger (days)

10

93

Cooling emission
from the cocoon

s=—dnFE/dlnv 3

L o t_4/(8+2).
Teff o tl/(.s+3)—1/(.9+2)—1/2’

o oc HTD/(543)

Piro & Kollmeier |7
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Single Component?

10% | |
——Blue component (1074) Stru Ctu red
'T ——Red component (10712) |
20 — — Composite e ] ecta
i) — Single component (1073)
g 104 ——GW170817 : Me N 005M®
S :
O 1 —
5 _ V(m) o 00
p 1(0.1<v/c<0.3)
£ | o
: : K
; —— 0.3(_)
= cm g day

W
©

—_
o

‘ ' ' ' < <
L1 0.8<T/day<6
Time since explosion [days]

Waxman+ 17 2 comp. requires fine tuning?

o
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Luminosity Ly, [erz’z;

Temperature T ¢ [K]

7 Dec.2017

1077 ¢ i Ay 7
1042 :_.. -]
R-process (all) - - - - N
1041 a R-process (TTTTTT : =

o Engine I g
(E=1.6, Bino 51tinj 2=13) | 1
i
i
|
10 Kisaka+ 15 | __
| :
!
|
i
|
!
: i
|
3
10 L1l 111 L1l
10* 10° 10°
Time t [s]

Kunihito IOKA

' Et
| r-process: T, ~ pe

Early Macronova

a KO
T ™
4 L
— 10 a3 \'\b i’c
- $ S
g’ [T T T T T T T T T T S
= L y=200 N &S
— - 1o = 1X10"cm L &
B e 1%\ ------ Ly amm—
e y=100 ., 2
. o 3 1o = IX10“cm <
x 10 X 1 A
= . “Ig = 3X10"cm
8 :.'___ —— s ]
L, y=100 |
a DA = 1X10"cm
2 2 L VT
< 10 P Pl ,
O Counter:jets!
| VA S SR

Yamazaki+ 17

100

95

22 mag
23 mag
24 mag
25 mag

26 mag

1000 [sec]
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2 1 0 -1 -2 -3
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Macronova Variety

Bl Upper limits
I Afterglows

mam Kilonovae M |ght
suggest
jet power

Gompertz+ |7

-+
Magnitudes relative to AT2017gfo model Fong+ 17



Engine-Powered Macronova?

Kisaka, K| & Takami 14
Kisaka, KI & Nakamura |5

‘ z ; Kisaka, KI & Na:S 5

s ““N e Lo

Central

engine

Torus Nuclear
(or Disk) decay ‘rr‘ %

N Lo
® - 7%’ ®

* Not magnetar

Yu+ |3
Woang & Dai |3
Metzger & Piro 14

Injection

R-process model Engine model
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X—ray Powered?

-

39

RN - RN

o o o
N N N
EEN w N
|

vF, [erg s cm™]

RN

o
N
(€)]
|

N
—
-
e . -
"
—

-
.
-
AN
SN

GRB I30603B

. xray { Macronova @IR
e r-band 4 ~ W_
s s 1= Xeray exc.es.s

| Same origin?

1 X-ray
1 = Ejecta

? 1 = Thermalized

¢ 1| = Infrared

Fong+ 14

10°

“10° as reprocessed

Kisaka, KI & Nakar 15 Time after Burst [sec]
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10" ——— T - T 1 10°

; _Ibol - ]
SSS17a or AT2017gfo ]
0.3 Ly iso

—_

o
AN
N

Jet-powered cocoon

Bolometric Luminosity [erg 3'1]
o
»
|
1 |
l‘/
I
f /
/
/
|
o
N
Temperature [K]

—h
o
LN
o
I
o
4
=
¢
—a—
-]

Merger ejecta

1039 Lol : Lo : 6
10 10° 10

Matsumoto, Kl, Kisaka & Nakar Time since GW170817 [s]
in preparation
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X-raying sGRB Englne

10" 12

1018 |

—

-]
-
o+

—

<
-b
(&)

—

On
—
(o))

—

<
—
~J

-0.3¢, modest K) ——— |

V= 02c high K) — ——

=0.3c, modes’[ K) .............. l
V=0. 2¢, high K) -.--- -

d=40Mpc

| disk em|SS|on basellne (M= 002M ,
disk em|SS|on baseline (M=0. 02M
disk emission, optlmlstlc (M=0.02M

disk emission, optimistic (M=0. 02M.

V=
sv,

sun?

—

ol
—
(0 0)

—
O - T
w . .

E [eV]

Murase+ |7
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Kunihito IOKA

A. On-axis Jet yrays  / B. Off-axis Jet
SGRB and afterglow Radio 'é? SGRB and afterglow

Y~2'3",'"‘:

y-rays \4 C. Choked Jet y-rays? ‘4’
Radio / Cocoon y-rays and afterglow Radio
: (Most likely) ’%ﬁ‘
g~0.8
D. Successful hidden Jet E. Choked Jet
Cocoon y-rays and afterglow Fast ejecta afterglow

(less likely) (less likely)

61
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Weak Afterglow A Afterglow
> (Xray/Radio) ;. o berayiRadio

Weak y-rays

% Macronova Macronova
Magnetar % (VVoR £ won Spectrum?
before Low density!?
merger! Afterglow!?

C Cocoon with Choked Jet D On-axis Cocoon with Off-Axis Jet
‘g Afterglow g Afterglow
. .= (X-ray/Radio) .. ..=. (X-ray/Radio) )
. . e o telen e ltelel . r d .
Ejecta tail? o . ic;:ttel e 7
O . , ergiow!
\Q-s»{" -:1: / Weak y-rays - Weak y-rays g

2 Macronova SGRBé Macronova
% UVOIR) % UVOIR)

Radio & X
Radio size

Early MN

Kasliwal+ |7






