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Abstract: Combining information from the first gravitationa wave detected gamma-ray burst, GRB 170817 with observations of cosmological
GRBs holds important lessons for understanding the structure of GRB jets and the required conditions at the emitting region. It aso re-frames our
understanding of more commonly observed phenomena in GRBs, such as X-ray plateaus, and sets our expectations for future observations. | will
present different lines of argument suggesting that efficient gamma-ray emission in GRBs has to be restricted to material with Lorentz factor & gt;
50 and is most likely confined to a narrow region around the core. GRB jets viewed slightly beyond their jet cores, result in X-ray plateaus that are
consistent with observed light-curves and naturally reproduce correlations between plateau and prompt emission properties. For jets viewed further
off-axis (that are expected to be detected as future GW triggered events) we provide new analytical modelling that reveals two different types of
light-curves that could be observed (single or double peaked) and outlines how the underlying physical properties can be recovered from such
observations.
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Gamma ray bursts

most extreme explosions in nature (huge luminosities released
during seconds)
Formed by collapse of massive stars or NS-NS (NS-BH) merger

“prompt” - extremely 3URSTING OU
. w . FORMATION OF A GAMMA-RAY BURST could begin
varia ble emission g either with the merger of two neutron stars or

with the collapse of a massive star. Both these
events create a black hole with a disk of material

1 ~ NEUTROlN STA!E'GS around it. The hole-disk system, in turn, pumps
peaking at ~0.1MeV and T p

© out a jet of material at close to the speed of light.
\ Shock waves within this material give off radiation. | JET COLLIDES WITH

typically lasting tens of " St
seconds (et ootk _ RASS
: SLOWER wave) | [

BLACKHOLE W pisk FASTER., BLOR

Followed by a longer and  cenm

ENGINE =

smoother “afterglow”, a
gradually decreasing in PREBURST
frequency with time and |
GAMMA-RAY EMISSION ,
observed up to years e AFTERGLOW

\d
—

after the burst AN

HYPERNOVA SCENARIO
JUAN VELASCO
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1. What is the progenitor?

Introduction

Main open questions:

Black hole

Rapidly rotating magnetar
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Introduction

Main open questions:
What is the composition of the jet?

Baryonic Poynting flux (magnetic fields)

Jet-like
magnetic field
emerges

Simulation: Woosley Simulation: Koppitz & Rezzolla
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Introduction

* Main open questions:
1. What is the dissipation mechanism?

Internal shocks Reconnection Other?

S .
- ' Neutron — Proton collisions

Forward shock

.4—'—-——-__- - -
R P Nuclear collisions

 —
ot shoeked jet matto,
e

Elc

External shocks

| Reverse shock

YAS>n
MOpU| PWSD]d

Ultra-
Inner  relativistic
jet
Internal shocks
YA~ A
MONO DWSD4

engine

»
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Introduction

* Main open questions:
1. What is the radiation process?

Synchrotron

Simulation: Lazzati
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GRB afterglows

wave driving into external density (Blandford & Mckee 76)
* Radiation: Synchrotron from electrons accelerated in the
forward shock (Sari, Piran & Narayan 98)

f-f~fyfi'Y§=Y2

unshocked : unshocked
jet Yz y CBM
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Regular on-axis GRB afterglows

* |sotropic equivalent energy constant (up to jet break)

L X t almost constant
(slightly decreasing)

"l
ay
"ue
.

t5:10%-10°s
U

~-1.2

110-10° s 110°-104 s Mg
s b v

‘Canonical’ X-ray light-curve; from Zhang et al. 06
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Regular on-axis GRB afterglows

* |sotropic equivalent energy constant (up to jet break)

L X t almost constant
(slightly decreasing)

t5:10%-10°s
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‘Canonical’ X-ray light-curve; from Zhang et al. 06
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Regular on-axis GRB afterglows

* |sotropic equivalent energy constant (up to jet break)

L X t almost constant
(slightly decreasing)

"l
ay
"ue
-

~-0.5 10105 s
‘ U Y%

-1.2 o
n ¥

t,,10%-10° s t,,10°-10¢ s |v~ 2 ’

‘Canonical’ X-ray light-curve; from Zharig et al. 06
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* Trigger by GW —de

Nl

o

-

tection and follow-up of very faint GRB

SN
GRB170817 - First confirmed off-axis GR/ ¢
\ i h

.
=
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Superluminal motion

| PN

B | A2 A3

0

mas

Mooley et al 18

Flux density [udy]

Image from Troja et al 20; See also:
Pooley et al. 18, Troja et al. 18, Ghirlanda et al. 18
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4
* Afterglow dominated by angular profile of E and I’
* Initial view off-axis. With time inner material with more

energy becomes visible.

—T.o=100, b=25 -

0Z II!D B 10uLID ‘g4

Jet not yet decelerated,)\
=== flux rising quickly
- i P AAA;II'-‘ i P Y -.;t.”.

Light-curve increases as more
energetic material contributes
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Lessons from the afterglow -

o
Successful narrow jet viewed off-axis |
* Afterglow dominated by angular profile of E and I’
* Initial view off-axis. With time inner material with more
energy becomes visible.

—T.o=100, b=25 -

0Z II'9 g J0ueID ‘g

10 10 10r

Light-curve increases as more
energetic material contributes

Pirsa: 21030026 Page 15/46



Lessons from the afterglow -

Successful narrow jet viewed off-ams |
* Afterglow dominated by angular profile of E and I’
* Initial view off-axis. With time inner material with more
energy becomes visible.

0Z II'9 g J0UeID ‘g

1 10r

Light-curve increases as more
energetic material contributes
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Lessons from the afterglow -
Successful narrow jet viewed off-axis |_&
* Afterglow dominated by angular profile of E and I’
* Initial view off-axis. With time inner material with more
energy becomes visible.

0Z 1I!9 B 10uLIDH ‘gd

10 1 1r

Light-curve increases as more
energetic material contributes
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Lessons from the afterglow - W

i
- >

Successful narrow jet viewed off-axis | ="
* Afterglow dominated by angular profile of E and I’
* Initial view off-axis. With time inner material with more
energy becomes visible.

0Z II'9 g J0ueID ‘g

10F

Light-curve increases as more
energetic material contributes
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Open question: Prompt emission

dominated by angular jet or cocoon? ' _~

Cocoon — large energy content
beyond the core but inefficient
y-ray production

1000

Gottlieb et al 18

Steep angular profile —

l

dominates energy radiated

in y-rays

1

R
(1] -
10
]
100200 0 200 40010¢(2) 00-200 0 200 400 1
.

Kathirgcamaraju et al 18
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Simulations

Domain

Observer

lg.=0.15
| F

~—

|
!

Lorentz factor

(€

Isotropic equivalent kinetic energy
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Angle from the jet axis (degrees)

1000
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Xie et al 18

Kathirgamaraju et al 18
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Redshift complete sample All Swift GRBs

L_\’__[;‘, =11 1_',11,_,‘,-_3 Olog(Lx /E+) = 0.51 at 1 hour

= 0.59

O-{“g( Fy ,peak tx ,peak/ P,
Image from PB, Nava, Piran 16;

data from D’Avanzo et al. 12 Image from PB & Nakar 19

Pirsa: 21030026 Page 21/46



produced by high Lorentz factor materia

1. Energy in X-ray afterglow roughly correlated with prompt y—rays' |
Very limiting for energy and Lorentz factor structures:
* Prompt —typically dominated by E(0), E, « E(6)

* Early Afterglow — Dominated by I'(9), L, « ( )a oc 20
tdec

I'y = il)() by = (J 1 rad

1O-Ih -

o (Gaussian) :
(Gaussian) | §
obs (@=3, 3=3) | 4
. (0=3,5=3) |1
e (top hat)
= om (1OP hat)

I
.
1
.
1
1

1
l
I
\J’
I
I

[

0.01
PB & Nakar 19

100.

I'y = 300,60, = 0.1 rad

—Gaussian (24 hrs)
Gaussian (1 hr)

—n=3, =3 (24 hrs)
a=3, 7=3 (1 hr)

=—Top hat (24 hrs)
Top hat (1 hr)

2

10™"
t/
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Typical GRBs observed closed to core ar 2 A
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Typical GRBs observed closed to core ar'}. |

produced by high Lorentz factor materia.

1. Energy in X-ray afterglow roughly correlated with prompt y-rays| |
Very limiting for energy and Lorentz factor structures:
* Prompt —typically dominated by E(0), E, « E(6)

* Early Afterglow — Dominated by I'(9), L, « ( )a oc 20
tdec

I's =300, 8, =0.1 rad 'y = 300,68, = 0.1 rad

I

7052 L

705(} L

.
. (Gaussian)
WO‘M 1 (Gaussian) | 1
abe (=3, 7=3)|:s
(=3, 3=3) |

——Gaussian (24 hrs)
Gaussian (1 hr)
—n=3, =3 (24 hrs)
a=3, #=3 (1 hr)
46 L|=E c0s (toP hat) |5 ' | =Top hat (24 hrs)
10 E_, . (top hat) : : Top hat (1 hr)

0.01 , Y 107!
PB & Nakar 19 0
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Evidence from long GRBs ,
1. Energy in X-ray afterglow roughly correlated with prompt y-rzy Sy
Monte Carlo simulations limit allowed models '

dS2
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Typical GRBs observed closed to core ar”

produced by high Lorentz factor materia

2. Mustn't overproduce GRBs below y-ray luminosity function pea :

_— . 0 < 6
a=3,8=1L (0 =0) =10?rg s o) = 9E _ '
. . . : ' | aQ 0> 0,

50

” < H;l

40} __ ; g) 00

bservations 1 _
derman & Piran 10) Even if all bursts

I | have L, at core,

lower L bursts are
overproduced due
to bursts detectable
. = off-axis

50 51 52 53
PB & Nakar 19 log,o(L[erg s'])

0
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Evidence from long GRBs
Combining both constraints:

-~
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(]
e
=
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—
Q
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Q
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Q
—
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—

L 'Too many
bursts witl
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'l

Allowed region

s
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7

«v (Energy PL profile index)

Steep structure
with rather
constant Lorentz
factor required
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Typical GRBs observed closed to core aris‘

I
produced by high Lorentz factor materia
3. Even with constant I nght-curve evolution extremely peculiar

PL jet(c "
.‘ i v} PL i ] :(iiﬂu.ll

Even with constant I,
bursts observable in
y-rays exhibit
extended shallow
decays / plateaus
lasting tens of days

—_— , =0

—f _, =0.3 rad

PB & Nakar 19

Unlike any known
GRB (barring
GRB170817) to
date, which decay

at least as fast as
P

0 010 Racusin et al. 16
Time (s)/(142)
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Evidence from long GRBs
Combining all constraints:

What is the
solution?

3
(]
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@]
—
Q
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Q
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N
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ot
v
—
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—

“Allowed region”
But afterglows unlike
5F l'oo many any observed
bursts witl
L <L,

5 6 7
v (Energy PL profile index)
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Typical GRBs observed closed to core ar = &
produced by high Lorentz factor materia 4

An alternative possibility: Restrictive y-ray region
E, x0(6, —0)
Fu 300, (},, 0.1, tx

pad Prm————— ' =1l |f V-ray efficiency drops
0.7 Bl strongly beyond core,
06} l results consistent with
osl e . observations —
Shock breakout from a
cocoon?

.
—~—

04r
0.3

0.2r EKIE

consistent

0-1 l . | . _

1 2 3
(Lorentz factor PL profile index)
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How can we test this? - Future prospect

=
! |
!‘ b
/
o~

Monte Carlo simulations of different structure models
* Most GW detected events up to 220Mpc undetectable in y-rays
* Between 1 (breakout) and 10 (steep angular structure) joint
detections in next decade
* The distributions of L, and 0, can distinguish between models

Steep angular structure breakouts

9=4.5, 6,=0.1 0,=0.1,7,=10"°

GRB 170817 ! GRB 170817 :

107"

PB, Petropoulou, Barniol Duran, Giannios 19
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X-ray plateaus - Evidence for (mildly) ofi .~ %

axis structured GRB jets?

For A8 = 0,,; — 0, K 0. shallow phase lasts until F(Bj) ~ AG~?

(1+2¢)/¢
oy e R I 2 e |G (ﬂ)

sec:
0.02

40> 10°°

Jo 16> 10* {6°
t[s]
PB, Duque, Daigne, Mochkovitch 20
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).3-10 keV) (/s)
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x
=1
X
[

Swift’XRT data of GRB 081028

~| |
H"'rh ﬂl ; ”hm”

Time since BAT trigger (s)

Swift’XRT dala of GRB 1702024

1 10*
Time since BAT trigger (s)
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%

Count Rate (0.3-10 keV) (/s)

Swift/XRT data of GRB 090205

10 _1_

+

+
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++”ﬁ|!-r’r+

Tima since BAT trigger (s)

SwiftXRT data of GRB 1611104

oA,

Time since BAT trigger (s

Count Rate (0.3-10 keV) (/s)

t Rate (0.3-10 keV) (/s)

SwilUXRT dala of GRB 1009014

Time since BAT trigger (s)

Swift/XRT data of GRB 110213A

: +;--“*M":J“.‘,ﬁ'lﬁw

W
\,
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t
t

Time since BAT trigger {s)

L7
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A \g p
X-ray plateaus - Evidence for (mildly) ofi P

axis structured GRB jets?

PB, Duque, Daigne, Mochkovitch 20

* Observed correlations naturally reproduced:

To first order L, x E,, t‘l as observed (contrary to energy injection!)
2

62
* Fraction of bursts with plateaus naturally reproduced % ~0.5
max

* No spectral break between plateau and post-plateau light-curve
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-
Evidence for (mildly) off-axis structured
GRB jets?

* Same interpretation for plateaus explains X-ray flares as de- boosted
off-axis prompt emission spikes

Duque, PB, Daigne, Mochkovitch in prep. Qiang et al. 17

I'. =300,6p = 0.1,{pp6e =30 — 31 s

081008

Flux (erg cm™ s™)

* Kill two birds with one stone?
Constraints on structure around the core from cosmological GRBs

Page 34/46
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Nigine (norm. to O3+VLA)

T i

250 L
H /Mpc H /Mpe
Fig. 2. Left: Detectable fraction of radio afterglows among gravitational wave events as a function of the horizon distance H = 1.58H. Right:

Expected number of joint detections normalized to the case of the O3+ VLA configuration. In both panels the full (resp. dashed. resp. dotted) lines
correspond to the VLA (resp. SKAL, resp. SKA2/ngVLA) being the limiting radio facility.

Duque et al. 19
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Future prospects - Afterglows

Energy decreases with @, but material at 0 «< 0,,; strongly debeam:
Angle dominating emission is ~ 0,,;, where Iy (0.1in) (0obs —Omin)=1

logiot=2.7

PB, Granot & Gill 20
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Future prospects - Afterglows

Energy decreases with @, but material at 0 < 0, strongly debeamf‘//

o

Angle dominating emission is ~ 0,,;,, where Iy (0,1in) (0obs —Omin)=1 F

* Analytic treatment
matches numerics
0.,in< 0,ps initially

constant. Eventually 90])5-
declines as 0,,,;,,
t—3/a ; 0 xt

min
a = PL index of energy angular profile o= - 0 . (numerical)
b min

100

[ |—==0_.., (@nalytical)

Jet core

f:dﬁc‘ (()min.())
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Future prospects - Afterglows
A typical case is that b > 1 where I[,(8) « 872 for 8 > 8,

Beaming important

Beaming unimportant

6 . 0
[,(8)0 declines with 8 and deceleration progresses from inwards out*
* Unless energy profile is extremely steep
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Future prospects - Afterglows
A typical case is that b > 1 where I[,(8) « 872 for 8 > 8,

Beaming important

Beaming unimportant

gdec(t;)‘ -’
0. o

[,(8)0 declines with 8 and deceleration progresses from inwards out*
* Unless energy profile is extremely steep

.
>
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Future prospects - Afterglows
A typical case is that b > 1 where I[,(8) « 872 for 8 > 8,

Beaming important

Beaming unimportant

. ”~
e (t;) <

7

[,(8)0 declines with 8 and deceleration progresses from inwards out*
* Unless energy profile is extremely steep
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Future prospects - Afterglows
A critical angle 6, is defined such that I},(6,)6,=1

Currently
decelerating
Material material
becomes
debeamed

PB, Granot & Gill 20

)8,,.>1 Relativistic beaming important from t=0

| Inltlally domlnant materlal decelerates and dominates flux

before lower latitudes become exposed and take over

>0, - I,(0,,:)0,,:<1 Initially dominant angle is significantly

smaller than QObS and gradually decreases with time
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Future prospects - Afterglows
Case A 0,,s < 0, —Double peaked light-curve

" |
Lcase 1A O, < 6,

Case B 0,ps > 0. —Single peaked light-curve

PB, Granot & Gill 20

Laec(Or,0 = Blops)
. ad

102 10" 10° 10" 102 10% 10* 10° 10°
!',ffl'tl(‘r.(

case 1B tfl)(,l,h >, '

Numerical calculation

Analytic light-curve =
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Future prospects - Afterglows

* Analytic treatment reproduces numerlcal simulations and prowdi\
easy to use and intuitive tools

* Analytics reproduce Temporal slopes, critical times and critical fluxes

n,E, &, &g
= (T,0,)? robustly constrained from analyti\tl:s/

31-p)

'H—ul'i:—pl( TPL );\—ui_i—p
I1pk

2(b—1)k—3)
Tpk " 8-a-2k _ a(l-b) A(b-1)4-k)
1 S—a-2k q 8—a-2k

‘Ffi'“;':"/)
If 2 \

Page 43/46




170817 as a test case

* Single peaked light-curve + shallow rise & &, > 7tgec(Omino) ‘\f
constrains b, I';, and I'(6,,;, 0) = T of initially dominant materia?” 2

I-\'U (Hmin,[))

.5
600 800 100 200 300 400 500 600 700 800 900 1000

].—",_»_[} Fco
Analytics Numerical simulation
b= Suie g =G

. F(Qmm,o) ~ 5 — 7 constrained by 3 independent approaches:
Afterglow light-curve analysis
Superluminal motion — Flux centroid velocity
Compactness constraint from prompt emission
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Conclusions (2
In IGRBs, if energy drops continuously with latitude, xL

efficient y-ray production restricted to material with I' > 50, 0,5 < 1. 5\

At 0. < O, < 20, plateaus are
naturally produced by debeamed
emission from core and reproduce
observed light-curves, correlations
with prompt properties

sGRBs: Structured jet vs cocoon e
102 101 100 10" 102 103 10* 10% 10°

distinguished by L,, and 6, of joint t/tdee

prom pt + GW eve ntS case 183 fb,,m > 0, )
[

Analytical tools robustly constrain
parameters of far off axis afterglows §

Two qualitative types of afterglows
predicted
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