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Gamma-ray bursts: discovery



- the US military VELA program

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

Gamma-ray bursts: historical remarks
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(3 pairs of satellites: 1963, 64 and 65)
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Gamma-ray bursts: historical remarks

- the US military VELA program 
(3 pairs of satellites: 1963, 64 and 65) 
- 1973: discovery paper (Klebesadel et al.) 
- 1970-1980: more studies with scientific satellites



Introduction: 
observational facts (1) prompt emission



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
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nucléaires. Ce traité a été signé le 5 août 1963 à Moscou par les Etats-Unis, l’Union Soviétique et la Grande-
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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�.
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des sources sont di�érentes selon que celles-ci sont placées dans le système solaire, dans notre Galaxie ou dans
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What is a gamma-ray burst?



Distribution of the duration:

Long & short gamma-ray bursts

(BATSE catalog)



Lightcurves: diversity and variability

(BATSE catalog)



Non-thermal spectrum

(BATSE catalog)

-α

-β

Ep



The optical prompt emission

Naked eye burst (Racusin et al. 2008): an extreme case 
 
Great diversity: optical emission can be above or below the extrapolation 
of the soft gamma-ray spectrum



Detection at high energy by Fermi

The GeV prompt emission
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Location, location, location!



Gamma-ray bursts: historical remarks

- the US military VELA program 
(3 pairs of satellites: 1963, 64 and 65) 
- 1973: discovery paper (Klebesadel et al.) 
- 1970-1980: more studies with scientific satellites 
- 1973-1997: distance scale ? Galactic models 
- 1994: the Great Debate

Main problem = poor localisation 
BATSE: ~ 10 degrees 
IPN: ~arcmin, but with a delay of several days



GRB sky map (CGRO/BATSE, 1994)

GRB distance scale?



Nearby stars (isotropy and proper motion)

GRB distance scale?



Planetary nebulae (Galactic disk)

GRB distance scale?



Globular clusters (~spherical halo, Sun is not at the center)

GRB distance scale?



Nearby galaxies (large structures)

GRB distance scale?



Radio-galaxies (isotropy)

GRB distance scale?



Gamma-ray bursts (final BATSE catalog)

GRB distance scale?



The discovery of afterglows: 
Gamma-ray bursts occur  
at cosmological distance!

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



Afterglows

The first X-ray afterglow (GRB 970228): 
Beppo-SAX

2-30 keV

40-700 keV

1997 Feb 28 1997 Mar 3

GRB970228



The first optical afterglow (GRB 970228)

Afterglows

van Paradijs et al. 1997



The first optical afterglow (GRB 970228): host galaxy

Afterglows



Optical spectrum of the afterglow of GRB 070508 and its host galaxy : z = 0.835

Afterglows

Metzger et al. 1997



First optical afterglow (GRB 970228)

Afterglows: lightcurves



Sorting out models…

Nemiroff 1993



Introduction: 
observational facts (2) afterglow



Complexity of the X-ray light curve (Swift)

Afterglows: lightcurves

[non-thermal spectrum: synchrotron?]



Spectrum: afterglow
Non-thermal spectrum 
Several components? see recent observation of 190114C above 100 GeV
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but usually occurs at earlier times. The relatively late time at which the 
break appears in GRB 190114C would then imply a very large value of νm, 
placing it in the X-ray band at about 102 s. The millimetre light curves 
(orange symbols) also show an initial fast decay in which the emission 
is dominated by the reverse shock, followed by emission at late times 
with nearly constant flux (Extended Data Fig. 3).

The spectral energy distributions (SEDs) of the radiation detected 
by MAGIC are shown in Fig. 2, where the whole duration of the emission 
detected by MAGIC is divided into five time intervals. For the first two 
time intervals, observations in the gigaelectronvolt and X-ray bands are 
also available. During the first time interval (68–110 s; blue data points 
and blue confidence regions), Swift-XRT, Swift-BAT and Fermi-GBM data 
show that the afterglow synchrotron component peaks in the X-ray 
band. At higher energies, up to 1 GeV, the SED is a decreasing function 
of energy, as supported by the Fermi-LAT flux between 0.1 and 0.4 GeV 
(Methods). On the other hand, at even higher energies, the MAGIC flux 
above 0.2 TeV implies a spectral hardening. This evidence is independ-
ent of the EBL model adopted to correct for the attenuation (Methods). 
This demonstrates that the newly discovered teraelectronvolt radiation 
is not a simple extension of the known afterglow synchrotron emission, 
but a separate spectral component.

The extended duration and the smooth, power-law temporal decay 
of the radiation detected by MAGIC (see green data points in Fig. 1) 
suggest an intimate connection between the teraelectronvolt emission 
and the broadband afterglow emission. The most natural candidate 
is synchrotron self-Compton (SSC) radiation in the external forward 
shock: the same population of relativistic electrons responsible for the 
afterglow synchrotron emission Compton up-scatters the synchrotron 
photons, leading to a second spectral component that peaks at higher 
energies. Teraelectronvolt afterglow emission can also be produced by 
hadronic processes, such as synchrotron radiation by protons acceler-
ated to ultrahigh energies in the forward shock17–19. However, owing 

to their typically low radiation efficiency6, reproducing the luminous 
teraelectronvolt emission observed here by such processes would imply 
unrealistically large power of accelerated protons10. Teraelectronvolt 
photons can also be produced via the SSC mechanism in internal shock 
synchrotron models of the prompt emission. However, numerical mod-
elling (Methods) shows that prompt SSC radiation can account at most 
for a limited fraction ("20%) of the observed teraelectronvolt flux, and 
only at early times (t " 100 s). Henceforth, we focus on the SSC process 
in the afterglow.

SSC emission has been predicted for GRB afterglows9,12,18,20–27. How-
ever, its quantitative significance has been uncertain because the SSC 
luminosity and spectral properties depend strongly on the poorly 
constrained physical conditions in the emission region (for example, 
the magnetic field strength). The detection of the teraelectronvolt 
component in GRB 190114C and the availability of multi-band obser-
vations offer the opportunity to investigate the relevant physics at a 
deeper level. SSC radiation may have been already detected in very 
bright GRBs, such as GRB 130427A, in which photons with energies 
of 10–100 GeV are challenging to explain by synchrotron processes, 
suggesting a different origin28–30.

We model the full dataset (from the radio band to teraelectronvolt 
energies, for the first week after the explosion) as synchrotron plus SSC 
radiation, within the framework of the theory of afterglow emission 
from external forward shocks. The detailed modelling of the broad-
band emission and its evolution with time is presented in Methods. 
We discuss here the implications for the emission at t < 2,400 s and 
energies above >1 keV.

The soft spectra in the 0.2–1-TeV energy range (photon index ΓTeV < −2; 
see Extended Data Table 1) constrain the peak of the SSC component 
to below this energy range. The relatively small ratio between the spec-
tral peak energies of the SSC (E "200 GeVp

SSC ) and synchrotron 
(E ≈ 10 keVp

syn ) components implies a relatively low value for the elec-
tron Lorentz factor (γ ≈ 2 × 103). This value is hard to reconcile with the 
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Fig. 1 | Multi-wavelength light curves of GRB 190114C. Energy flux at different 
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T0 = 20:57:03.19 universal time (UT) on 14 January 2019. The light curve for the 
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contribution from the host galaxy has been subtracted.
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placing it in the X-ray band at about 102 s. The millimetre light curves 
(orange symbols) also show an initial fast decay in which the emission 
is dominated by the reverse shock, followed by emission at late times 
with nearly constant flux (Extended Data Fig. 3).
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photons, leading to a second spectral component that peaks at higher 
energies. Teraelectronvolt afterglow emission can also be produced by 
hadronic processes, such as synchrotron radiation by protons acceler-
ated to ultrahigh energies in the forward shock17–19. However, owing 

to their typically low radiation efficiency6, reproducing the luminous 
teraelectronvolt emission observed here by such processes would imply 
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synchrotron models of the prompt emission. However, numerical mod-
elling (Methods) shows that prompt SSC radiation can account at most 
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energies, for the first week after the explosion) as synchrotron plus SSC 
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from external forward shocks. The detailed modelling of the broad-
band emission and its evolution with time is presented in Methods. 
We discuss here the implications for the emission at t < 2,400 s and 
energies above >1 keV.

The soft spectra in the 0.2–1-TeV energy range (photon index ΓTeV < −2; 
see Extended Data Table 1) constrain the peak of the SSC component 
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Fig. 1 | Multi-wavelength light curves of GRB 190114C. Energy flux at different 
wavelengths, from radio to γ-rays, versus time after the BAT trigger, at 
T0 = 20:57:03.19 universal time (UT) on 14 January 2019. The light curve for the 
energy range 0.3–1 TeV (green circles) is compared with light curves at lower 
frequencies. Those for VLA (yellow square), ATCA (yellow stars), ALMA (orange 
circles), GMRT (purple filled triangle) and MeerKAT (purple open triangles) 
have been multiplied by 109 for clarity. The vertical dashed line marks 
approximately the end of the prompt-emission phase, identified as the end of 
the last flaring episode. For the data points, vertical bars show the 1σ errors on 
the flux, and horizontal bars represent the duration of the observation. The 
fluxes in the V, r and K filters (pink, purple and grey filled squares, respectively) 
have been corrected for extinction in the host and in our Galaxy; the 
contribution from the host galaxy has been subtracted.
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Fig. 2 | Multi-band spectra in the time interval 68–2,400 s. Five time intervals 
are considered: 68–110 s (blue), 110–180 s (yellow), 180–360 s (red), 360–625 s 
(green) and 625–2,400 s (purple). MAGIC data points have been corrected for 
attenuation caused by the EBL. Data from other instruments (Swift-XRT, Swift-
BAT, Fermi-GBM and Fermi-LAT) are shown for the first two time intervals. For 
each time interval, LAT contour regions are shown, limiting the energy to the 
range in which photons are detected. MAGIC and LAT contour regions are 
drawn from the 1σ error of their best-fit power-law functions. For Swift data, the 
regions show the 90% confidence contours for the joint fit for XRT and BAT, 
obtained by fitting a smoothly broken power law to the data. Filled regions are 
used for the first time interval (68–110 s).

MAGIC collaboration, 2019 

Lightcurve Spectrum



Distance: redshift distribution

090423: z=8.2 (spectro-z) ; 090429B: z=9.4 (photo-z)
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Gamma-ray bursts and cosmology



Introduction: 
observational facts  

(3) prompt+afterglow summary



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

+ GRB 190114C (MAGIC)

Lo
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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%

Lightcurve: prompt to afterglow



Spectrum: prompt
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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

Spectrum: afterglow
-non-thermal 
-multi-component? probably (see GRB190114C, MAGIC)



Introduction: 
Basic Constraints on any GRB Model



GRB Physics: basic constraints
■Cosmological distance: huge gamma-ray isotropic energy/luminosity 

Maximum?  
Atteia+ 2017 

■ 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 erg

E�,iso ' 1050 � 1054 erg





GRB Physics: basic constraints
■Cosmological distance: huge gamma-ray isotropic energy/luminosity 

Maximum?  
Atteia+ 2017 

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

■ Short timescale variability: compact source (NS, BH)
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GRB Physics: basic constraints
■ Huge radiated energy + short timescale variability: cataclysmic event leading to the 

formation of a compact source (NS, BH)
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GRB Physics: basic constraints
■ Huge radiated energy + short timescale variability: cataclysmic event leading to the 

formation of a compact source (NS, BH) 

■  Non-thermal gamma-ray spectrum: relativistic ejection 
(prompt emission is produced at large distance from the source)
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GRB Physics: basic constraints
■ Huge radiated energy + short timescale variability: cataclysmic event leading to the 

formation of a compact source (NS, BH) 

■  Non-thermal gamma-ray spectrum: relativistic ejection 
(prompt emission is produced at large distance from the source)
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150 keV
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1MeV

◆1.3

gamma-ray photons cannot escape from the source!



GRB Physics: basic constraints
■ Huge radiated energy + short timescale variability: cataclysmic event leading to the 

formation of a compact source (NS, BH) 

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



GRB Physics: basic constraints
■ Huge radiated energy + short timescale variability: cataclysmic event leading to the 

formation of a compact source (NS, BH) 

■  Non-thermal gamma-ray spectrum: relativistic ejection 
(prompt emission is produced at large distance from the source)
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Relativistic case: comoving frame
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gamma-ray photons can escape if they are produced at large distance 
in a relativistic ejecta



Relativistic motion: direct evidence

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)



Relativistic motion: direct evidence
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

Taylor et al. 2004

After 25 days: 
65 μas (5.7 1017 cm) 

Proper motion: 
0.1 mas in 80 days

A recent spectacular application: 170817’s afterglow (see lecture #3)



GRB Physics: standard scenario 
& characteristic radii



GRB Physics: initial event & central engine

Log(R) [m]

■ 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)



Log(R) [m]

Long GRB: collapse of a massive star  
(« collapsar » model)

Short GRB: mergers 
(GW170817/GRB170817A)

GRB Physics: 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)


