
GAMMA-RAY BURSTS
Frédéric Daigne

(Institut d’Astrophysique de Paris; Sorbonne University)

The Transient Universe 2023 - Cargèse - June 5, 2023

Introduction A brief history
Observational Facts
Basic Constraints on any GRB model: 
compact source + relativistic ejecta

Theory: Basic Elements Progenitor / Central Engine / Relativistic Ejection
Prompt GRB Emission: internal dissipation in a relativistic ejecta
Afterglow: interaction Ejecta / External Medium (deceleration) 

+ a selection of Modern Topics



GAMMA-RAY BURSTS
Frédéric Daigne

(Institut d’Astrophysique de Paris; Sorbonne University)

The Transient Universe 2023 - Cargèse - June 5, 2023

Ka
nd

in
ks

y
–C

om
po

sit
io

n 
8-

19
23

G
ug

ge
nh

ei
m

 M
us

eu
m

, N
ew

-Y
or

k

Ka
nd

in
ks

y
–C

ur
ve

sa
nd

 sh
ar

p
an

gl
es

 -
19

23
G

ug
ge

nh
ei

m
 M

us
eu

m
, N

ew
-Y

or
k



Ka
nd

in
ks

y
–C

om
po

sit
io

n 
8-

19
23

G
ug

ge
nh

ei
m

 M
us

eu
m

, N
ew

-Y
or

k

Ka
nd

in
ks

y
–C

ur
ve

sa
nd

 sh
ar

p
an

gl
es

 -
19

23
G

ug
ge

nh
ei

m
 M

us
eu

m
, N

ew
-Y

or
k

Merger

Core-collapseGW

GAMMA-RAY BURSTS
Frédéric Daigne

(Institut d’Astrophysique de Paris; Sorbonne University)

The Transient Universe 2023 - Cargèse - June 5, 2023

Relativistic jet



Ka
nd

in
ks

y
–C

om
po

sit
io

n 
8-

19
23

G
ug

ge
nh

ei
m

 M
us

eu
m

, N
ew

-Y
or

k

Ka
nd

in
ks

y
–C

ur
ve

sa
nd

 sh
ar

p
an

gl
es

 -
19

23
G

ug
ge

nh
ei

m
 M

us
eu

m
, N

ew
-Y

or
k

Relat.
Ejecta

&
Emission

g
CR,n?

GAMMA-RAY BURSTS
Frédéric Daigne

(Institut d’Astrophysique de Paris; Sorbonne University)

The Transient Universe 2023 - Cargèse - June 5, 2023



Ka
nd

in
ks

y
–C

om
po

sit
io

n 
8-

19
23

G
ug

ge
nh

ei
m

 M
us

eu
m

, N
ew

-Y
or

k

Ka
nd

in
ks

y
–C

ur
ve

sa
nd

 sh
ar

p
an

gl
es

 -
19

23
G

ug
ge

nh
ei

m
 M

us
eu

m
, N

ew
-Y

or
k

Prompt
GRB

Afterglow

GAMMA-RAY BURSTS
Frédéric Daigne

(Institut d’Astrophysique de Paris; Sorbonne University)

The Transient Universe 2023 - Cargèse - June 5, 2023



Ka
nd

in
ks

y
–C

om
po

sit
io

n 
8-

19
23

G
ug

ge
nh

ei
m

 M
us

eu
m

, N
ew

-Y
or

k

Ka
nd

in
ks

y
–C

ur
ve

sa
nd

 sh
ar

p
an

gl
es

 -
19

23
G

ug
ge

nh
ei

m
 M

us
eu

m
, N

ew
-Y

or
k

GAMMA-RAY BURSTS
Frédéric Daigne

(Institut d’Astrophysique de Paris; Sorbonne University)

The Transient Universe 2023 - Cargèse - June 5, 2023



GAMMA-RAY BURSTS
Frédéric Daigne

(Institut d’Astrophysique de Paris; Sorbonne University)

The Transient Universe 2023 - Cargèse - June 5, 2023

Ka
nd

in
ks

y
–C

om
po

sit
io

n 
8-

19
23

G
ug

ge
nh

ei
m

 M
us

eu
m

, N
ew

-Y
or

k

Ka
nd

in
ks

y
–C

ur
ve

sa
nd

 sh
ar

p
an

gl
es

 -
19

23
G

ug
ge

nh
ei

m
 M

us
eu

m
, N

ew
-Y

or
k



GAMMA-RAY BURSTS
Frédéric Daigne

(Institut d’Astrophysique de Paris; Sorbonne University)

The Transient Universe 2023 - Cargèse - June 5, 2023

Introduction A brief history
Observational Facts
Basic Constraints on any GRB model: 
compact source + relativistic ejecta

GRB Physics Progenitor / Central Engine / Relativistic Ejection
Prompt GRB Emission: internal dissipation in a relativistic ejecta
Afterglow: interaction Ejecta / External Medium (deceleration) 

+ a selection of Modern Topics



Introduction

What is a Gamma-Ray Burst?





Introduction

Gamma-Ray Bursts:
The discovery



Treaty Banning Nuclear Weapon Tests in the Atmosphere, in Outer Space and under Water
Signed by the Original Parties, the Union of Soviet Socialist Republics, the United Kingdom of Great Britain and

Northern Ireland and the United States of America at Moscow : 5 August 1963

The Governments of the United States of America, the United Kingdom of Great Britain and Northern Ireland, and
the Union of Soviet Socialist Republics, hereinafter referred to as the « Original Parties, »

Proclaiming as their principal aim the speediest possible achievement of an agreement on general and complete disarmament under
strict international control in accordance with the objectives of the United Nations which would put an end to the armaments race

and eliminate the incentive to the production and testing of all kinds of weapons, including nuclear weapons,

Seeking to achieve the discontinuance of all test explosions of nuclear weapons for all time, determined to continue negotiations to
this end, and desiring to put an end to the contamination of man’s environment by radioactive substances,

Have agreed as follows :

Article I

1. Each of the Parties to this Treaty undertakes to prohibit, to prevent, and not to carry out any nuclear weapon test explosion,
or any other nuclear explosion, at any place under its jurisdiction or control :

(a) in the atmosphere ; beyond its limits, including outer space ; or under water, including territorial waters or high seas ; or

(b) in any other environment if such explosion causes radioactive debris to be present outside the territorial limits of the State
under whose jurisdiction or control such explosion is conducted. It is understood in this connection that the provisions of
this subparagraph are without prejudice to the conclusion of a Treaty resulting in the permanent banning of all nuclear test
explosions, including all such explosions underground, the conclusion of which, as the Parties have stated in the Preamble
to this Treaty, they seek to achieve.

2. Each of the Parties to this Treaty undertakes furthermore to refrain from causing, encouraging, or in any way participating
in, the carrying out of any nuclear weapon test explosion, or any other nuclear explosion, anywhere which would take place in
any of the environments described, or have the e�ect referred to, in paragraph 1 of this Article.

Figure 51 – Préambule et article 1 du traité de Moscou de 1963 d’interdiction partielle des essais
nucléaires. Ce traité a été signé le 5 août 1963 à Moscou par les Etats-Unis, l’Union Soviétique et la Grande-
Bretagne. La France n’est pas signataire puisqu’elle pratique encore des essais au Sahara à cette époque.

Les courbes de lumière sont donc très complexes (figure 57). Le spectre des sursauts montre une moins grande
diversité : il est « non-thermique », bien reproduit par une loi de puissance brisée avec un maximum de l’émission
dans le domaine du keV au MeV (figure 58). Un spectre « non thermique » rend bien sûr beaucoup plus di⇥cile
la détermination du processus physique responsable de l’émission des photons gamma détectés.

Les modèles galactiques. Face à un phénomène astrophysique nouveau, la première question que l’on doit se
poser est celle de la distance, qui fixe également la puissance intrinsèque de la source. Le tableau ci-dessous donne
la puissance attendue pour les sources des sursauts gamma, pour di�érentes échelles de distance. Cette puissance
est calculée en supposant que la source émet de manière isotrope. Nous verrons plus loin dans ce chapitre que
l’émission est en fait vraisemblablement focalisée dans un angle solide �. Dans ce cas, les estimations ci-dessous
doivent être réduites d’un facteur �/4�.

Echelle de distance Puissance intrinsèque de la source
Système solaire (100 UA) 1020 W
Disque de la Voie Lactée (10 kpc) 1034 W
Galaxie lointaine (1 Gpc) 1044 W

Il semble impossible d’identifier la nature des sursauts gamma sans en connaître la distance, tant les propriétés
des sources sont di�érentes selon que celles-ci sont placées dans le système solaire, dans notre Galaxie ou dans
des galaxies lointaines. Cette question fondamentale de la distance n’a pourtant été résolue qu’en 1997, trente
ans après la découverte du premier sursaut gamma. La di⇥culté est liée à la méthode de détection qui ne per-
met pas facilement une localisation précise des sursauts. Ce n’est que l’amélioration progressive de la stratégie
instrumentale qui a apporté la solution.

144

Cuban Missile Crisis (October-November 1962)
Partial Nuclear Test Ban Treaty (5 August 1963)



US military VELA program
(3 pairs of satellites: 1963, 64 and 65)

Gamma-Ray Burst are discovered in 1967.

Discovery paper: Klebesadel et al. 1973



Introduction

Observational Facts (1)
The GRB Prompt Emission



GRB Durations: Two Classes

(CGRO/BATSE Catalog)



GRB Lightcurves: Diversity & Variability

(CGRO/BATSE Catalog)



GRB Spectra: Non-Thermal!
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The peak energy typicaly ranges from 10 keV to 10 MeV
The low energy photon index is typically ~ -1 but ranges from -1.5 to -0.5



Optical Prompt Emission (rare observations)

The Naked Eye Burst: an extreme case (Racusin et al. 2008)

Great diversity: optical emission can be above or below the extrapolation
of the soft gamma-ray spectrum



The High-Energy Gamma-Ray Emission (Fermi/LAT)

GRB 080916C (Abdo et al. 2009)



Introduction

Location ! Location ! Location !

Gamma-Rays are difficult to localize: it looks 30 years to measure the
distance of gamma-ray bursts.

Discussions in the 80s about the distance scale:
- Galactic GRBs: the most discussed scenario
- Extragalactic GRBs: an extreme scenario proposed by Paczynski (1986)



The Great Debate (1995): The Distance Scale to GRBs

B. Paczynski
(Extragalactic)

D. Lamb
(Galactic)

M. Rees
(Moderator)

GRB Localization accuracy at that time:
- BATSE: ~ 10 degrees
- IPN: ~arcmin, but with a delay of several days



The Great Debate (1995): The Distance Scale to GRBs
Figures taken from B. Paczynski‘s presentation at the Great Debate

GRB sky map
(CGRO/BATSE, 1994)
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The Distance Scale to GRBs?

BATSE Final GRB Catalog (isotropy)



Introduction

The Discovery of Afterglows:
GRBs occur at cosmological

distance (Gpc) !

(Beppo-SAX, van Paradijs et al., 1997)



The First Afterglow: 970228

X-ray afterglow

Localization
within 6 arcmin

after 8 hours

Beppo-SAX: g-rays + X-rays
= better localization in case of

a double detection

2-30 keV

40-700 keV

GRB970228: prompt GRB

28 Feb. 1997 3 Mars 1997



The First Afterglow: 970228

The optical afterglow of GRB970228 (van Paradijs et al. 97)

The accuracy of the localization of the X-ray afterglow allows an efficient 
follow-up with visible telescopes.
If the visible afterglow is detected: sub-arcsec localization.



The First Afterglow: 970228

Lightcurve of the visible afterglow of GRB970228
Fast decay (flux ~t-1)



The First Host Galaxy: GRB970228

Fruchter et al. 1997



The First Redshift: GRB970508 

Metzger et al. 1997

Afterglow:
absorption lines at z = 0.835

Host galaxy:
emission lines at z = 0.835

Gamma-ray Bursts occur at cosmological distance (Gpc)!
They are intrinsically extremely bright (Eiso,g ~ 1051-54 erg)



1994ComAp..17..189N

1994ComAp..17..189N

1994ComAp..17..189N

Sorting out models…

(Nemiroff 1994)

1994ComAp..17..189N



1994ComAp..17..189N

1994ComAp..17..189N

1994ComAp..17..189N

Sorting out models…

(Nemiroff 1994)

1994ComAp..17..189N

Paczynski 1986

End of 1991: firstt BATSE results



Introduction

Observational Facts (2)
The Afterglow Emission



Neils Gehrels Swift Observatory

The mask of BATThree instruments to observe gamma-ray bursts:

(1) Prompt Emission:
- BAT: coded mask telescope (15-150 keV), large field of view

= trigger + on-board localization (~arcmin) in real time 

(2) Afterglow (after a satellite slew within ~1 min)
- XRT: X-ray Telescope
- UVOT: Visible Telescope



Complexity of Afterglow Lightcurves

Swift XRT
Plateaus, flares, bumps, etc.

Non-thermal spectrum



Redshift distribution

Jakobsson et al. 2006

Maximum redshift:
090423: z=8.2 (spectro-z) ; 090429B: z=9.4 (photo-z)



Observational Strategy: many challenges

To study GRBs (and possibly use them for someting else: cosmology, …), 
you want ideally:

§ To characterize properly the prompt GRB emission (lightcurve+spectrum)
g-rays: Fermi-GBM+LAT (8 keV-10 GeV) ; Swift-BAT (15-150 keV)
optical: robotic telescopes ; radio ? ; VHE g-rays: CTA ?

§ To localize accurately and in near real time the prompt GRB (~a few arcmin)
Best current method: coded-mask telescope = Swift-BAT

§ To make a very rapid multi-wavelength follow-up 
X-rays: slewing satelite Swift-XRT
Optical: slewing satelite Swift-UVOT / robotic telescopes
Other wavelengths: rapid/robotic mode or very large fov

§ To make the long-term photometric follow-up of the afterglow
= large instruments

§ To obtain the UV-optical-IR spectrum of the afterglow
= (very) large instruments at early times, e.g. VLT/XSHOOTER

§ To identify and characterize the host galaxy
= (very) large instruments

§ To measure the redshift: photo-z (afterglow) or spectro-z (afterglow/host)
§ Etc. 



ECLAIRs
42-80 GRBs/yr

GRB trigger

ECLAIRs+GRM
Prompt GRB emission
over 3 decades
(4 keV-5.5 MeV)

GWAC
prompt visible emission
in ~16% of cases

Prompt emission

Afterglow & distance
slew request: 36-72 GRB/yr

MXT
X-ray afterglow
(>90% of GRBs after a slew)

VT
GWAC+C-GFT/F-GFT (Colibri)

Visible/NIR afterglow
Photometric redshift

Follow-Up by other instruments (including very large telescopes)
Redshift for 2/3 of the sample

SVOM (to be launched next year)



SVOM (to be launched next year)

Tuesday’s lectures:
§ S. Schanne: observation of the prompt emission
§ S. Vergani & D. Götz: follow-up and observation of the afterglow and host



Introduction

Observational Facts (3)
Prompt + Afterglow Summary



GRB Lightcurves: prompt to afterglow

Also: optical, radio afterglow 
long-lasting Fermi/LAT emission

+ GRB 190114C (MAGIC)

Lo
g

 F
lu

x

Log Time

Afterglow
(X-rays)

initial steep decay : a = 3 - 5

Plateau
shallow decay : 

a = 0 – 0.5
“normal” decay : a = 1 - 1.5

steeper decay: a = 2 - 3

Prompt GRB
(soft g-rays)

flares

Also: prompt
optical, GeV

Swift XRT:
Early steep decay: >90%
Plateau: ~60%
Flares: ~30%

VHE gamma-rays in a few cases (MAGIC, HESS, LHASSO)



GRB Spectrum: Prompt
Lo

g
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2
N

(E
)

Log E

Band (100 keV-MeV) Additional component (100 MeV-GeV)

BB ?

X-ray
excess ?

Fermi/GBM:
BB looked for in bright cases
& found in many cases  
Fermi/LAT: 1st catalog
extra-component in 4/28

GRB Spectrum: Afterglow = non-thermal, probably 2 components

& possibly found in some cases



GRB diversity: XRR, XRFs, Low-L GRBs, etc.
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- Short GRBs tend to be harder, with some exceptions

- Long GRBs show a lot of diversity, with soft or very soft events, 
usually also weaker:
X-ray Rich Bursts, X-Ray Flashes, Low-Luminosity Bursts, etc.
Same physics/progenitors ?



GRB diversity: XRR, XRFs, Low-L GRBs, etc.
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- Short GRBs tend to be harder, with some exceptions

- Long GRBs show a lot of diversity, with soft or very soft events, 
usually also weaker:
X-ray Rich Bursts, X-Ray Flashes, Low-Luminosity Bursts, etc.
Same physics/progenitors ?
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Lightcurves, Spectra, what about polarization?

Not discussed in this course.

Polarization offers interesting complementary diagnostics on
§ The geometry of the source
§ The structure of the magnetic field in the emitting region
§ The nature of the radiation mechanisms

Prompt emission: polarization in the gamma-ray range remains difficult
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§ The structure of the magnetic field in the emitting region
§ The nature of the radiation mechanisms

Prompt emission: polarization in the gamma-ray range remains difficult

Intereste
d to kn

ow m
ore on prompt G

RB polariza
tio

n measurements?

Ask
Diego G

ötz!

Intereste
d to le

arn
more on th

e possib
ility

to perfo
rm

more accurate

measurements usin
g a C

ubeSa
t missi

on? 

See talk by Nathan Fra
nel this afte

rnoon!



Lightcurves, Spectra, what about polarization?

Not discussed in this course.

Polarization offers interesting complementary diagnostics on
§ The geometry of the source
§ The structure of the magnetic field in the emitting region
§ The nature of the radiation mechanisms

Prompt emission: polarization in the gamma-ray range remains difficult

Afterglow: some measurements in optical or radio

Example: afterglow of 170817



Lightcurves, Spectra, what about polarization?

Not discussed in this course.

Polarization offers interesting complementary diagnostics on
§ The geometry of the source
§ The structure of the magnetic field in the emitting region
§ The nature of the radiation mechanisms

Prompt emission: polarization in the gamma-ray range remains difficult

Afterglow: some measurements in optical or radio

Example: afterglow of 170817
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Introduction

Basic Constraints
on any GRB Model



GRB Theory: Basic Constraints (1)

Cosmological distance: huge gamma-ray isotropic energy/luminosity

Maximum? 
Atteia+ 2017

GRB 221009A (the BOAT): Eg,iso ≳ 1055 erg

M�c
2 ' 2 1054 ergE�,iso ' 1050 � 1054 erg



GRB 221009A: The Brightest burst Of All Times (the BOAT)

GRB 221009A (the BOAT): Eg,iso≳ 1055 erg (x10 the second brightest GRB)
+ z = 0.15
= very very bright!

Impressive follow-up, from radio to TeV (LHASSO ?)

Fermi detectors are over-saturated…

Impact on Earth’s atmosphere
(as a solar flare would, except that the
event occured at 2.3 Gly…

VHE detection by LHASSO
No HE n detection by IceCube

Fermi GBM lightcurve (Lesage +23)

GRB221009A 7

Figure 1. The top plot shows the uncorrected lightcurve of GRB 221009A in the 20 keV to 40MeV energy range as seen by the
three Fermi-GBM detectors with the lowest continuous viewing angles. The uncorrected lightcurve is divided into eight time
intervals (I-VIII) di↵erentiated by vertical dashed lines. Intervals IV, V, and VI are further subdivided into three sub-intervals
shown in the bottom three panels in the same energy range (20 keV to 40MeV). The NaIs, BGOs, and LLE plots show the
uncorrected lightcurve of GRB 221009A in di↵erent energy bands. The two gray vertical shaded regions in the Fermi-GBM
plots denote the BTIs of Fermi-GBM (t0+219.0-t0+277.0 s & t0+508.0-t0+514.0 s). The red vertical shaded region in the LLE
plot denotes the revised BTI of Fermi-LAT (t0+217 to t0+280 s).
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GRB Theory: Basic Constraints (1)

Cosmological distance: huge gamma-ray isotropic energy/luminosity

Maximum? 
Atteia+ 2017

GRB 221009 (the BOAT): Eg,iso ≳ 1055 erg

Huge radiated energy on a short timescale: 
gravitational collapse & formation of a compact object (NS, BH)

Short timescale variability:
compact source (NS, BH)

M�c
2 ' 2 1054 ergE�,iso ' 1050 � 1054 erg



GRB Theory: Basic Constraints (1)

Cosmological distance: huge gamma-ray isotropic energy/luminosity

Maximum? 
Atteia+ 2017

GRB 221009 (the BOAT): Eg,iso ≳ 1055 erg

Huge radiated energy on a short timescale: 
gravitational collapse & formation of a compact object (NS, BH)

Short timescale variability:
compact source (NS, BH)

M�c
2 ' 2 1054 ergE�,iso ' 1050 � 1054 erg

�Ecollapse ' ↵
GM2

E
' 2↵ 1053 erg

✓
GM/Rc2

0.1

◆✓
M

M�

◆

R . ctvar ' 3000 km

✓
tvar
10ms

◆
(causality)



GRB Theory: Basic Constraints (2)

(1) Huge radiated energy + short timescale variability: cataclysmic event
leading to the formation of a compact source (NS, BH)

(2) Non-thermal gamma-ray spectrum: relativistic ejection
(prompt emission is produced at large distance from the source)

Pair production
�� ! e+e�

Threshold:

Cross section:

✓
ELE

mec2

◆✓
EHE

mec2

◆
� 2

1� cos ✓

��� (ELE ;EHE, ✓) ' �T �

✓
1� ELE

2Eth(EHE, ✓)

◆

Observed g-ray spectrum:
(ph/keV)

dN

dEobs

' (� � 2)
E�,iso,HE

E2

p,obs

✓
Eobs

Ep,obs

◆��

with � ' 2.3 Ep,obs ' 150 keV

Emax,obs & 1MeV

Assume there is a frame where the radiation field is isotropic:

d2n

dEd⌦
=

1

4⇡

1

V
⇥ (� � 2)

Eiso,HE

Ep,obsEp

✓
E

Ep

◆��
Photon density:
(ph/keV/sr)

Mean free path of the most energetic gamma-ray photons?
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GRB Theory: Basic Constraints (2)

(1) Huge radiated energy + short timescale variability: cataclysmic event
leading to the formation of a compact source (NS, BH)

(2) Non-thermal gamma-ray spectrum: relativistic ejection
(prompt emission is produced at large distance from the source)

Mean free path of the most energetic gamma-ray photons?
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GRB Theory: Basic Constraints (2)

(1) Huge radiated energy + short timescale variability: cataclysmic event
leading to the formation of a compact source (NS, BH)

(2) Non-thermal gamma-ray spectrum: relativistic ejection
(prompt emission is produced at large distance from the source)

Mean free path of the most energetic gamma-ray photons?

Static source:

Gamma-ray photons cannot escape from the source!
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GRB Theory: Basic Constraints (2)

(1) Huge radiated energy + short timescale variability: cataclysmic event
leading to the formation of a compact source (NS, BH)

(2) Non-thermal gamma-ray spectrum: relativistic ejection
(prompt emission is produced at large distance from the source)

Mean free path of the most energetic gamma-ray photons?

Relativistic source:
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GRB Theory: Basic Constraints (2)

(1) Huge radiated energy + short timescale variability: cataclysmic event
leading to the formation of a compact source (NS, BH)

(2) Non-thermal gamma-ray spectrum: relativistic ejection
(prompt emission is produced at large distance from the source)

Mean free path of the most energetic gamma-ray photons?

Relativistic source:

Gamma-rays can escape the source if they are produced at large distance
in an ultra-relativistic ejecta (Lorentz factor > 100).
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Relativistic motion: direct evidence
= apparent superluminic motion (rare)

Method 1
Radio scintillation quenches as the source increases
Transition diffractive / refractive : estimate of the size

From the size, the apparent velocity is deduced :
superluminic apparent motion: relativistic motion

5 μas (2 1017 cm)

GRB030329 (HETE-2)



Relativistic motion: direct evidence
= apparent superluminic motion (rare)

Method 2
VLBI allows to resolve the late afterglow for nearby
bursts

From the size, the apparent velocity is deduced :
superluminic apparent motion: relativistic motion

After 25 days:
65 μas (5.7 1017 cm)

Proper motion:
0.1 mas in 80 days

Taylor et al. 2004



Relativistic motion: direct evidence
= apparent superluminic motion (rare)

A recent spectacular case: 170817
(Saturday’s Lecture by Marica Branchesi)

Direct evidence for relativistic motion + 
constraints on jet geometry/viewing angle

VLBI
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Relativistic motion: direct evidence
= apparent superluminic motion (rare)

A recent spectacular case: 170817
(Saturday’s Lecture by Marica Branchesi)

Direct evidence for relativistic motion + 
constraints on jet geometry/viewing angle

VLBI
VLBI
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GRB 090926A (Fermi-LAT): first observed cutoff at high-energy
(Ackermann et al. 2011)

New analysis and interpretation:

Path 8: 447 → 1088 evts in LAT (× 2.4)

cutoff is better detected, in several time bins

gg cutoff in the HE spectrum?

Yassine, Piron, Mochkovitch & Daigne 2017



Strong constraint on Lorentz factor and emission radius

§ Lorentz factor ~ 230 to 100

§ Emission radius ~ 1014 cm

§ Photospheric radius ~5 1013 cm

gg cutoff in the HE spectrum?

Yassine, Piron, Mochkovitch & Daigne 2017

photosphere

GeV

photosphere

MeV

pair production

Compatible with « standard scenario »
(shocks/reconnection above photosphere)



GRB Physics

« Standard » Scenario
& Characteristic Radii

With a long list of open questions…



Initial event & central engine

Huge radiated energy (Eiso,γ~1050-1055 erg) + short time scale variability (<100 ms):
cataclysmic event leading to the formation of a stellar-mass compact object
(accreting BH ?, magnetar ?)

R (m)

Progenitors:
- Long GRBs: core-collapse of massive star (collapsar model)

Some supernova associations
- Short GRBs: merger of binary neutron star system (or NSBH)

Some kilonova associations – one GW/GRB association (170817)



Initial event & central engine

Huge radiated energy (Eiso,γ~1050-1055 erg) + short time scale variability (<100 ms):
cataclysmic event leading to the formation of a stellar-mass compact object
(accreting BH ?, magnetar ?)

R (m)

Progenitors:
- Long GRBs: core-collapse of massive star (collapsar model)
- Short GRBs: merger of binary neutron star system (or NSBH)

Other observational evidences: see Susanna Vergani’s lecture tomorrow.



AND/OR

Supernova

Long GRB (with or w/o SN?)

Continuum of  events?
Low-L GRBs, XRFs, XRRs, etc.

BNS

NSBH

Mass? Metallicity?

Rotation? Binarity?

Or nothing for a large mass ratio… (« just GW »)

OR

OR

Red/Blue kilonova

Red(/Blue?) KN + Jet? (GRB, AG)

Massive stars:
Core-Collapse

Mergers:

Progenitors

NS (BH ?)



Central engine: a long list of difficult questions

No direct information:
§ The central region is very opaque: no electromagnetic signal

§ Gravitational waves:
Short GRBs: the post-merger GW signal contains a direct information on the 
nature of the final central object but cannot be detected with current
detectors.

§ Neutrinos? 
Collapse: MeV neutrinos, cannot be detected at extragalactic distance
HE neutrinos: rather expected in the next phase (early jet propagation)

Long GRBs: GW signal of a core-collapse
can be detected only at short distance
(Milky Way+satellites).

GW signal & diagnostics: see Irina Dvorkin
& Marica Branchesi’s Lectures.



Central engine: a long list of difficult questions

Questions:
§ Nature of the central object? (BH, magnetar, magnetar → BH ?)
§ Lifetime? (different episods of accretion: direct / fallback ?)
§ Energy reservoirs? (BH/NS rotational energy, magnetic energy ?)
§ Etc.

The most standard scenario in the collapsar model: a 
stellar-mass black hole + a thick accretion disk (torus)

Ejection = Blandford-Znajek
(energy reservoir: rotational energy of the BH)
Lifetime = lifetime of the torus

Pioneering work by Woosley & McFadyen, still a very
active topic of research.



Central engine: a long list of difficult questions

Questions:
§ Nature of the central object? (BH, magnetar, magnetar → BH ?)
§ Lifetime? (different episods of accretion: direct / fallback ?)
§ Energy reservoirs? (BH/NS rotational energy, magnetic energy ?)
§ Etc.

The most standard scenario in the merger model: again BH + torus, but:

- BH mass is smaller (BH spin is higher?)
- torus mass is much smaller: lifetime is much shorter
- fallback accretion is expected (tidal arms)
- depending on the NS equation of state: an intermediate hypermassive NS 
stage is possible (lifetime ?): see discussion later on the GW-GRB delay in 170817
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Central engine: a long list of difficult questions

Questions:
§ Nature of the central object? (BH, magnetar, magnetar → BH ?)
§ Lifetime? (different episods of accretion: direct / fallback ?)
§ Energy reservoirs? (BH/NS rotational energy, magnetic energy ?)
§ Etc.

Observational constraints?
- In most prompt emission models:  GRB duration ≥ lifetime of the central engine
- Interpretation of the plateaus in the early X-ray afterglow?

Late energy injection? (strong constraint on the central engine)
Magnetar activity?

- Interpretation of X-ray flares?
Late ejection? (strong constraint on the central engin)

- Interpretation of the soft X-ray extended emission found in some short GRBs?
Late fallback of ejected material during the merger?

Etc.



Central engine: a long list of difficult questions

Observational constraints?
- In most prompt emission models:  GRB duration ≥ lifetime of the central engine
- Interpretation of the plateaus in the early X-ray afterglow?

Late energy injection? (strong constraint on the central engine)
Magnetar activity?

- Interpretation of X-ray flares?
Late ejection? (strong constraint on the central engin)

- Interpretation of the soft X-ray extended emission found in some short GRBs?
Late fallback of ejected material during the merger?

Etc.

X-ray afterglow of GRB090618 
(Swift XRT)

Red curve: best-fit for energy
injection from a ms magnetar
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Central engine: a long list of difficult questions

Observational constraints?
- In most prompt emission models:  GRB duration ≥ lifetime of the central engine
- Interpretation of the plateaus in the early X-ray afterglow?

Late energy injection? (strong constraint on the central engine)
Magnetar activity?

- Interpretation of X-ray flares?
Late ejection? (strong constraint on the central engin)

- Interpretation of the soft X-ray extended emission found in some short GRBs?
Late fallback of ejected material during the merger?

Etc.

X-ray afterglow of GRB090618 
(Swift XRT)

Red curve: best-fit for energy
injection from a ms magnetar
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Central engine: a long list of difficult questions

Observational constraints?
- In most prompt emission models:  GRB duration ≥ lifetime of the central engine
- Interpretation of the plateaus in the early X-ray afterglow?

Late energy injection? (strong constraint on the central engine)
Magnetar activity?

- Interpretation of X-ray flares?
Late ejection? (strong constraint on the central engin)

- Interpretation of the soft X-ray extended emission found in some short GRBs?
Late fallback of ejected material during the merger?

Etc.

X-ray flares in the early afterglowFlare



Central engine: a long list of difficult questions

Observational constraints?
- In most prompt emission models:  GRB duration ≥ lifetime of the central engine
- Interpretation of the plateaus in the early X-ray afterglow?

Late energy injection? (strong constraint on the central engine)
Magnetar activity?

- Interpretation of X-ray flares?
Late ejection? (strong constraint on the central engin)

- Interpretation of the soft X-ray extended emission found in some short GRBs?
Late fallback of ejected material during the merger?

Etc.

Swift lightcurves of short GRBs

~15-20% of Swift short GRBs show a 
soft tail
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The puzzling case of GRB211211A: long GRB + kilonova?
Several evidence for a merger progenitor…
-Offset
-No association with a star forming region
-Associated kilonova?

Afterglow spectrum

KN?

Host galaxy ?

offset

D ~350 Mpc

Afterglow lightcurve

KN?
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The puzzling case of GRB211211A: long GRB + kilonova?

… but a long duration

GRB lightcurve:

100-350 keV

15-25 keV
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Several evidence for a merger progenitor… 
-Offset
-No association with a star forming region
-Associated kilonova?



The puzzling case of GRB211211A: long GRB + kilonova?

… but a long duration

GRB lightcurve:

100-350 keV

15-25 keV
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Several evidence for a merger progenitor… 
-Offset
-No association with a star forming region
-Associated kilonova?
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Relativistic ejection

The GRB prompt emission has to be produced at large distance in a relativistic
ejecta.

R (m)



« Relativistic flying pancakes » (Piran)

As the ejection is short-lived, most of the energy is contained in a thin layer 
(width << radius). This is significantly different from AGN jets.

Relativistic jet in M87 (VLA)

Central engine:
accreting SMBH

maximum likelihood (RML; e.g., Narayan & Nityananda 1986;
Wiaux et al. 2009; Thiébaut 2013). RML is a forward-modeling
approach that searches for an image that is not only consistent with
the observed data but also favors specified image properties (e.g.,
smoothness or compactness). As with CLEAN, RML methods
typically iterate between imaging and self-calibration, although
they can also be used to image directly on robust closure quantities
immune to station-based calibration errors. RMLmethods have been
extensively developed for the EHT (e.g., Honma et al. 2014;
Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018b; see
also Paper IV).

Every imaging algorithm has a variety of free parameters
that can significantly affect the final image. We adopted a two-
stage imaging approach to control and evaluate biases in the
reconstructions from our choices of these parameters. In
the first stage, four teams worked independently to reconstruct
the first EHT images of M87* using an early engineering data
release. The teams worked without interaction to minimize
shared bias, yet each produced an image with a similar
prominent feature: a ring of diameter ∼38–44 μas with
enhanced brightness to the south (see Figure 4 in Paper IV).

In the second imaging stage, we developed three imaging
pipelines, each using a different software package and
associated methodology. Each pipeline surveyed a range of
imaging parameters, producing between ∼103 and 104 images
from different parameter combinations. We determined a “Top-
Set” of parameter combinations that both produced images of
M87* that were consistent with the observed data and that
reconstructed accurate images from synthetic data sets
corresponding to four known geometric models (ring, crescent,
filled disk, and asymmetric double source). For all pipelines,
the Top-Set images showed an asymmetric ring with a diameter
of ∼40 μas, with differences arising primarily in the effective
angular resolutions achieved by different methods.

For each pipeline, we determined the single combination of
fiducial imaging parameters out of the Top-Set that performed
best across all the synthetic data sets and for each associated
imaging methodology (see Figure 11 in Paper IV). Because the
angular resolutions of the reconstructed images vary among the
pipelines, we blurred each image with a circular Gaussian to a
common, conservative angular resolution of 20 μas. The top part
of Figure 3 shows an image of M87* on April11 obtained by
averaging the three pipelines’ blurred fiducial images. The image
is dominated by a ring with an asymmetric azimuthal profile that
is oriented at a position angle ∼170° east of north. Although the
measured position angle increases by ∼20° between the first two
days and the last two days, the image features are broadly
consistent across the different imaging methods and across all
four observing days. This is shown in the bottom part of Figure 3,
which reports the images on different days (see also Figure 15 in
Paper IV). These results are also consistent with those obtained
from visibility-domain fitting of geometric and general-relativistic
magnetohydrodynamics (GRMHD) models (Paper VI).

6. Theoretical Modeling

The appearance of M87* has been modeled successfully using
GRMHD simulations, which describe a turbulent, hot, magnetized
disk orbiting a Kerr black hole. They naturally produce a powerful
jet and can explain the broadband spectral energy distribution
observed in LLAGNs. At a wavelength of 1.3 mm, and as
observed here, the simulations also predict a shadow and an
asymmetric emission ring. The latter does not necessarily coincide

with the innermost stable circular orbit, or ISCO, and is instead
related to the lensed photon ring. To explore this scenario in great
detail, we have built a library of synthetic images (Image Library)
describing magnetized accretion flows onto black holes in GR145

(Paper V). The images themselves are produced from a library
of simulations (Simulation Library) collecting the results of
four codes solving the equations of GRMHD (Gammie et al.
2003; Saḑowski et al. 2014; Porth et al. 2017; Liska et al.
2018). The elements of the Simulation Library have been
coupled to three different general-relativistic ray-tracing and
radiative-transfer codes (GRRT, Bronzwaer et al. 2018;
Mościbrodzka & Gammie 2018; Z. Younsi et al. 2019, in
preparation). We limit ourselves to providing here a brief
description of the initial setups and the physical scenarios
explored in the simulations; see Paper V for details on both the
GRMHD and GRRT codes, which have been cross-validated

Figure 3. Top: EHT image of M87* from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 μas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T S k2b

2
Bl= W, where S is the flux density,

λ is the observing wavelength, kB is the Boltzmann constant, and Ω is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

145 More exotic spacetimes, such as dilaton black holes, boson stars, and
gravastars, have also been considered (Paper V).
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EHT image of M87*

A non-relativistic, gravitationally
bound, flying pancake.



Relativistic ejection

The GRB prompt emission has to be produced at large distance in a relativistic
ejecta.

R (m)

Relativistic ejection:
- Mechanism?
- Properties of the ejecta: Lorentz factor, geometry, magnetization, etc.



Relativistic ejection: again a long list of difficult questions

No direct information?
§ The jet is opaque to its own radiation during the acceleration/early

propagation phase.
§ Early high-energy neutrinos may be produced during the early propagation

Early propagation: the jet has to propagate through
§ Collapsar: the collapsing progenitor envelope
§ Mergers: the expanding kilonova ejecta (especially if their is a polar ejection: 

cf. blue kilonova in 170817, see M. Branchesi’s lecture)

Consequences:
§ Possibility of choked jets: fraction of successful jets in collapsars/mergers?
§ GRB duration (~width of the ejecta/c)

~lifetime of the relativistic ejection – time needed for the early ejecta to drill a 
way through the stellar envelope/kilonova ejecta
(Bromberg et al. 2012)

§ Successful jets: shock-breakout emission
- Some Weak/low-luminosity bursts?
- The case of GRB170817A



GW170817/GRB170817A

Bromberg et al. 2017
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§ GRB: Ep > 100 keV but very weak
§ Pair production argument: observed GRB is probably not produced in an 

ultra-relativistic core jet like in cosmic GRBs (Matsumoto et al. 2019a,b)



GW170817/GRB170817A

Choked jet

Log(energy density) Log(4-velocity)

Gottlieb et al. 2017r

z

§ GRB: Ep > 100 keV but very weak
§ Pair production argument: observed GRB is probably not produced in an 

ultra-relativistic core jet like in cosmic GRBs (Matsumoto et al. 2019a,b)
§ Shock breakout? (interaction relativistic jet + KN ejecta)

Shock breakout:
lightcurve & spectrum @ 0.7 rad

<2.5s>2.5s



GW170817/GRB170817A

Successful
jet

Relativistic
ejection

~0.8s after
the KN 

ejection,
during ~1s

Log(energy density) Log(4-velocity)

Gottlieb et al. 2017r

z Shock breakout:
lightcurve & spectrum @ 0.7 rad

§ GRB: Ep > 100 keV but very weak
§ Pair production argument: observed GRB is probably not produced in an 

ultra-relativistic core jet like in cosmic GRBs (Matsumoto et al. 2019a,b)
§ Shock breakout? (interaction relativistic jet + KN ejecta)

<2.3s
>2.3s



GW170817/GRB170817A
§ GRB: Ep > 100 keV but very weak
§ Pair production argument: observed GRB is probably not produced in an 

ultra-relativistic core jet like in cosmic GRBs (Matsumoto et al. 2019a,b)
§ Shock breakout? (interaction relativistic jet + KN ejecta)

Gottlieb et al. 2017, see also Bromberg et al. 2017 (magnetized jet) 
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