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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



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)



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

Questions:
§ How to limit the baryonic pollution?

Detailed calculation complicated (heating term includes neutrino heating)

Preferred region: along the rotation axis.

§ Origin of the collimation? (hydro: difficult, no natural nuzzle: stellar envelope? 
MHD: more natural)

§ Impact of the early propagation on the jet structure? (see the example of 
170817 later) [recent developments: Bromberg et al.]

§ Blandford-Znajek or another process?
§ What happens if the central object is a neutron star/magnetar?
§ Etc.
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Relativistic ejection

Reference model: relativistic fireball (unrealistic)

Thermal → kinetic

4⇡r2⇢�c ' Ṁ = cst
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Fireball equations: Valid as along as
spreading is negligible:
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shell width ~ c . ejection duration



Relativistic ejection

Reference model: relativistic fireball (unrealistic)

Thermal → kinetic

Acceleration (saturation) radius:
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Relativistic ejection: other difficult questions

§ Realistic ejection models: acceleration radius?
§ Final Lorentz factor/Geometry/Magnetization?

= again an active topic of research

= Initial conditions for the emission phases (prompt, afterglow)



Relativistic ejection

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

R (m)



Prompt emission

Observed short timescale/non-evolving variability in GRB lightcurves imply an 
internal dissipation in the ejecta (Sari & Piran 1997a,b).

R (m)

Internal dissipation / radiation processes:
- (Dissipative) Photosphere? (thermal + comptonization)
- Internal shocks? (synchrotron + IC)
- Reconnection? (synchrotron + IC)



Photosphere

At the photospheric radius, the ejecta becomes transparent to its own radiation.

Relativistic photosphere: angle dependent…
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Photosphere

At the photospheric radius, the ejecta becomes transparent to its own radiation.

R (m)

Rph

Optically thick Optically thin

Photospheric emission:
- non-dissipative photosphere: thermal (Paczynski, Peer, Beloborodov, …)
- dissipative photosphere: non-thermal (Rees & Meszaros, Beloborodov, …)

dissipation? shocks (radiation mediated shocks, see e.g. Samuelsson),
reconnection (see e.g. Giannios), other?



Example: GRB 100724B (Fermi/GBM observations)

Weak thermal components?

Guiriec et al. [FD] 2011



Dissipation in the optically thin regime
Reference model: internal shocks (electron acceleration in mildly relativistic
collisionless shocks?) [low magnetization at large distance]
Alternative: reconnection (electron acceleration ?) [low magnetization at large 
distance]

R (m)

Rph

Optically thick Optically thin

Radiation: synchrotron + Inverse Compton Scatterings in both cases



Dissipation in the optically thin regime
Reference model: internal shocks (electron acceleration in mildly relativistic
collisionless shocks?) [low magnetization at large distance]
Alternative: reconnection (electron acceleration ?) [low magnetization at large 
distance]
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Radius of internal shocks
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Dissipation in the optically thin regime
Reference model: internal shocks (electron acceleration in mildly relativistic
collisionless shocks?) [low magnetization at large distance]
Alternative: reconnection (electron acceleration ?) [low magnetization at large 
distance]

R (m)

Rph

Optically thick Optically thin

Radius of internal shocks
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Ris � Rph except for the earliest collisions (shortest variability timescale)?

Want to kn
ow m

ore on th
e internal sh

ock dynamics?

se
e talk by Sk. M

inhajur Rahaman this afte
rnoon!



Internal shocks
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Rees & Meszaros 94, Kobayashi+ 97, Daigne & Mochkovitch 98, etc.



Internal shocks

Bosnjak, Daigne, Dubus 09

Example of a single pulse full simulation (dynamics+radiation)



Internal shocks

Bosnjak, Daigne, Dubus 09

Example of a single pulse full simulation (dynamics+radiation)

First Fermi GBM+LAT gamma-ray burst
GRB 080916C



Internal shocks

Bosnjak & Daigne 14 ; see also Asano & Meszaros

Rees & Meszaros 94, Kobayashi+ 97, Daigne & Mochkovitch 98, etc.

Main component: synchrotron

HE: inverse Compton



Spectral evolution



Spectral evolution: internal shocks

Light curve in BATSE range :
channels 1 (blue) to 4 (red)

A simulated single pulse (dynamics+full radiative calc.):

Bosnjak & Daigne 14



Spectral evolution: internal shocks

Bosnjak & Daigne 14

A simulated single pulse (dynamics+full radiative calc.):

Time evolving spectrum

Pulse width / time lags



First pulse of GRB 130427A (« Fermi monster »)

Preece +14

Pulse width

Time lag



First pulse of GRB 130427A (« Fermi monster »)

Preece +14

Peak energy



Synchrotron Spectrum

§ Evolution an electron:

§ Synchrotron power:

§ Adiabatic cooling:

§ Critical Lorentz factor: 
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Synchrotron Spectrum

§ Evolution an electron:

§ Synchrotron power:

§ Adiabatic cooling:

§ Critical Lorentz factor:

§ Evolution of a power-law distribution over the dynamical timescale: 
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Synchrotron Spectrum

§ Evolution an electron:

§ Synchrotron power:

§ Adiabatic cooling:

§ Critical Lorentz factor:

§ Evolution of a power-law distribution over the dynamical timescale: 
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Synchrotron Spectrum

§ Synchrotron spectral power of a power-law distribution:
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Synchrotron Spectrum

§ Synchrotron spectral power of a power-law distribution:

§ Synchrotron slow cooling spectrum:
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Synchrotron Spectrum

§ Synchrotron spectral power of a power-law distribution:

§ Synchrotron fast cooling spectrum:
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Prompt emission: many difficult open questions…

§ Spectral shape: observational point of view: unclear
- fit by phenomenological models: shape is forced: see recent work by 

Burgess, Yassine & Piron, Ravasio et al., Toffano et al., etc.)
- How steep is the low-energy photon-index? (Synchrotron: –a < -2/3)

§ Theoretical point of view: optically thin regime (synchrotron)
- Fast cooling: a = 3/2 (Sari, Piran, Narayan 98)
- Inverse Compton in KN regime: a→ 1 (Derishev, Daigne & Bosnjak)
- Marginally fast-cooling: a→ 2/3 (Daigne +11 ; Beniamini & Piran 13)
- (decaying magnetic field ? Daigne & Bosnjak in preparation)

§ Theoretical point of view: optically thick regime (dissipative photosphere)
- Nature of the dissipation process?
- Too steep low-energy photon-index ?
- Spectral evolution?
- Lightcurves? Prompt-to-afterglow transition?
- Etc.

tplasma ⌧ trad(�m) ⌧ tdyn

Structure of the magnetic field seen by cooling electrons? 



Synchrotron radiation

Daigne & Bosnjak in prep.



Prompt emission

Observed short timescale/non-evolving variability in GRB lightcurves imply an 
internal dissipation in the ejecta (Sari & Piran 1997a,b).

R (m)

Internal dissipation / radiation processes:
- (Dissipative) Photosphere? (thermal + comptonization)
- Internal shocks? (synchrotron + IC)
- Reconnection? (synchrotron + IC)



Afterglow

The afterglow is associated to the deceleration of the relativistic ejecta by the 
external medium. (Rees & Meszaros, Piran & Sari, …)

R (m)

- Ultra-relativistic forward shock in the external medium (electron
acceleration in UR collisionless shocks?)

- Low magnetization: reverse shock in the ejecta (NR / UR)
- Synchrotron + Inverse Compton scatterings



Afterglow

The afterglow is associated to the deceleration of the relativistic ejecta by the 
external medium. (Rees & Meszaros, Piran & Sari, …)
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Deceleration radius and transition to the non-relativistic regime:
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Afterglow

Deceleration radius and transition to the non-relativistic regime:
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Afterglow
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Afterglow: jet break

Jet break: an achromatic break in the lightcurve which allows to estimate the 
opening angle of the jet (Rhoads).
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GRB 990510
(Harrison et al. 1999)



Afterglow: jet break

Jet break: an achromatic break in the lightcurve which allows to estimate the 
opening angle of the jet (Rhoads).
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Afterglow

Late evolution: lateral spreading?     (                 in the ultra-relativistic phase)
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Afterglow emission

Synchrotron emission from shock-accelerated electrons
Magnetic field?

Microphysics usually parametrized in a very simple way: constant fraction of 
accelerated electrons, constant fraction of energy injected in accelerated
electrons, etc…

Radio to X-rays: good fits but high degeneracy among parameters

Recent TeV detections: reasonnable fits with synchrotron + IC, better determined
parameters

tplasma ⌧ tdyn ⌧ trad(�m) (slow cooling)



GRB 190114C (MAGIC)

Observations from 1 min to 12 days
radio, NIR, X-rays, Soft γ-rays, HE γ-rays, VHE γ-rays)



GRB 190114C (MAGIC)

Nava+ 19



134

Already at least four GRBs detected at VHE (afterglow):
180720B (HESS) ; 190114C (MAGIC) ; 190829A (HESS) ; 201216C (MAGIC)

+ GRB 201009A (the BOAT) / LHASSO
+ some other candidates
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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 
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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observation of the synchrotron peak at energies higher than kiloelec-
tronvolt. To explain the soft spectrum detected by MAGIC, it is neces-
sary to invoke scattering in the Klein–Nishina regime for the electrons 
radiating at the spectral peak, as well as internal γ–γ absorption31. 
Although both of these effects tend to become less important with 
time, the spectral index in the 0.2–1-TeV band remains constant in time 
(or possibly evolves to softer values; Extended Data Table 1). This 
implies that the SSC peak energy moves to lower energies and crosses 
the MAGIC energy band. The energy at which attenuation by internal 
pair production becomes important indicates that the bulk Lorentz 
factor is about 140–160 at 100 s.

An example of the theoretical modelling in this scenario is shown 
in Fig. 3 (blue solid curve; see Methods for details). The dashed line 
shows the SSC spectrum when internal absorption is neglected. The 
thin solid line shows the model spectrum including EBL attenuation, 
in comparison to the MAGIC observations (empty circles).

We find that acceptable models of the broadband SED can be obtained 
if the conditions at the source are the following. The initial kinetic 
energy of the blast wave is Ek ≳ 3 × 1053 erg (isotropic-equivalent). The 
electrons swept up from the external medium are efficiently injected 
into the acceleration process and carry a fraction εe ≈ 0.05–0.15 of the 
energy dissipated at the shock. The acceleration mechanism produces 
an electron population characterized by a non-thermal energy distri-
bution, described by a power law with index p ≈ 2.4–2.6, an injection 
Lorentz factor of γm = (0.8–2) × 104 and a maximum Lorentz factor of 
γmax ≈ 108 (at about 100 s). The magnetic field behind the shock conveys 
a fraction εB ≈ (0.05–1) × 10−3 of the dissipated energy. At t ≈ 100 s, cor-
responding to a distance from the central engine of R ≈ (8–20) × 1016 cm, 
the density of the external medium is n ≈ 0.5–5 cm−3 and the magnetic 
field strength is B ≈ 0.5–5 G. The latter implies that the magnetic field 
was efficiently amplified from values of a few microgauss, which are 
typical of the unshocked ambient medium, owing to plasma instabilities 
or other mechanisms6. Not surprisingly, we find that εe ≫ εB, which is a 
necessary condition for the efficient production of SSC radiation18,20.

The blast-wave energy inferred from the modelling is comparable 
to the amount of energy released in the form of radiation during the 
prompt phase. The prompt-emission mechanism must then have dis-
sipated and radiated no more than half of the initial jet energy, leaving 
the rest for the afterglow phase. The modelling of the multi-band data 
also allows us to infer how the total energy is shared between the syn-
chrotron and SSC components. The resultant powers of the two compo-
nents are comparable. We estimate that the energy in the synchrotron 
and SSC component are about 1.5 × 1052 erg and around 6.0 × 1051 erg, 
respectively, in the time interval 68–110 s, and about 1.3 × 1052 erg and 
around 5.4 × 1051 erg, respectively, in the time interval 110–180 s. Thus, 
previous studies of GRBs may have been missing a substantial fraction 
of the energy emitted during the afterglow phase that is essential to 
its understanding.

Finally, we note that the values of the afterglow parameters inferred 
from the modelling fall within the range of values typically inferred from 
broadband (radio to gigaelectronvolt) studies of GRB afterglow emis-
sion. This points to the possibility that SSC emission in GRBs may be a 
relatively common process that does not require special conditions to 
be produced, and its power is similar to that of synchrotron radiation.

The SSC component may then be detectable at teraelectronvolt 
energies in other relatively energetic GRBs, as long as the redshift is 
low enough to avoid severe attenuation by the EBL. This also provides 
support to earlier indications for SSC emission at gigaelectronvolt 
energies28–30.
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Fig. 3 | Modelling of the broadband spectra in the time intervals 68–110 s and 
110–180 s. Thick blue curve, modelling of the multi-band data in the 
synchrotron and SSC afterglow scenario. Thin solid lines, synchrotron and SSC 
(observed spectrum) components. Dashed lines, SSC when internal γ–γ 
opacity is neglected. The adopted parameters are: s = 0, εe = 0.07, εB = 8 × 10−5, 
p = 2.6, n0 = 0.5 and Ek = 8 × 1053 erg; see Methods. Empty circles show the 
observed MAGIC spectrum, that is, uncorrected for attenuation caused by the 
EBL. Contour regions and data points are as in Fig. 2.
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GRB afterglows in the TeV range: several detections



§ Fermi LAT: up to 400 GeV (Xia et al. 2022a,b)
§ LHASSO, GCN #32677 (Huang et al. 2022): >5000 VHE photons (>500 GeV)

- LHASSO detection during the first 2000 s:
Prompt or early afterglow (prompt in soft g-rays ~600 s)

- LHASSO detects VHE photons up to Emax ~18 TeV: 
Strong tension with EBL

§ Production of UHCRs+interaction during propagation? (interaction with CMB/CRB)

A 18 TeV photon associated with GRB221009A (the BOAT)? 

Alves Batista 2022

Photons Neutrinos

Light UHECRs (p)

Heavier UHECRs

Different models:
intergalactic B
(must be weak)
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GRB Physics

Complements on Emission



GRB Emission

In addition of already mentioned open questions (spectral shape of the prompt 
emission, nature of the internal dissipative process, etc.), there are mainy other
active topics of research.

§ Early afterglow: origin of flares, plateaus, spectral breaks, etc.
§ Prompt-to-afterglow transition?
§ Contribution of the Reverse Shock?
§ Polarization?
§ Following the 170817 event: signatures of the lateral structure, role of shock

breakout, etc.
§ Etc.

§ A very fundamental question: connecting the different scales (plasma, 
electron cooling, dynamics)

§ An interesting question: CR acceleration? 
High-energy neutrino emission?
(photo-hadron interactions)



Early steep-decay (X-rays) = high-latitude emission?

works if          (OK for internal shocks/reconnection)

Photosphere: universal behaviour of
the end of the relativistic ejection by
the central engine?

Prompt-to-afterglow transition: high latitude emission

Page +07

Rprompt,end ' �2 c tburst

Hascoët, Daigne & Mochkovitch 2012 See however Ronchini et al. 2021

See e.g. Genet & Granot 2009



The early afterglow is difficult to model (plateaus, flares)

Early afterglow: some issues with the standard model

Puzzling features in the early X-ray afterglow (Swift/XRT)

Plateau Flare

Swift/XRT Catalog



The early afterglow is difficult to model (plateaus, flares)

§ Most discussed interpretation: late activity of the central engine

- Plateaus: late energy injection?
= deceleration is delayed
Problems: lifetime of the central engine? Energy crisis for the prompt?

- X-ray flares: late internal dissipation?
= same mechanism than for the prompt GRB + late ejection
Problems: (a) some flares at very late times (103 s, 104 s) ;

(b) flares show Dt/t~cst = evolving variability?

§ Alternatives: many ideas

- Long-lived Reverse Shock? 

- Signature of the lateral structure?

Early afterglow: some issues with the standard model



§ Long lived reverse shock: constraint on the initial Lorentz factor in the ejecta
(Rees & Meszaros 98 ; Sari & Meszaros 00 ; Genet [FD] & Mochkovitch 07 ; 
Uhm & Beloborodov 07)

§ Dominant RS emission: constraint on microphysics RS vs FS (ee, eB)
(Genet [FD] et al. 07 ; Uhm & Beloborodov 07 ; Uhm [FD] et al. 11)

Long-lived Reverse Shocks?

tail
(afterglow)

head
(prompt)

Initial Lorentz factor distribution

A* = 0.3

A* = 0.01

X-ray light-curves

Ekin,iso = 2.1054 ergs ; z = 1
wind density profile r(r) = A* A0 r -2 with A0 = 5 10-11 g cm-1

Genet [FD] et al. 2007



§ Long lived reverse shock: constraint on the initial Lorentz factor in the ejecta
(Rees & Meszaros 98 ; Sari & Meszaros 00 ; Genet [FD] & Mochkovitch 07 ; 
Uhm & Beloborodov 07)

§ Dominant RS emission: constraint on microphysics RS vs FS (ee, eB)
(Genet [FD] et al. 07 ; Uhm & Beloborodov 07 ; Uhm [FD] et al. 11)

§ No need for late energy injection

§ Large diversity of possible lightcurves (Uhm [FD] et al. 2012)

§ Observed correlations between prompt and plateau properties are
reproduced (Hascoët [FD] et al. 2013)

§ Flares can be due to overdensities in the low-Lorentz factor tail
(early internal shocks?) (Hascoët, Daigne, Beloborodov & Mochkovitch
2017)

§ Hydrodynamical simulations: Lambert & Daigne 2017, Ayache, van Eerten & 
Daigne 2020)

Long-lived Reverse Shocks?



Long-lived Reverse Shocks: diversity of lightcurves

Uhm [FD] et al. 2011

Top: FS (very low sensitivity to the internal structure of  the ejecta)

Bottom: RS External medium: uniform 1 cm-3

Relativistic ejecta: constant 1053 erg/s for 10 s – Source at z = 1
FS: ee= 10-2 ; eB = 10-4 ; p = 2.3 ; RS: ee= 10-1 ; eB = 10-2 ; p = 2.3

Each case corresponds to a different initial distribution of  the Lorentz factor



Long-lived Reverse Shocks: Flares

§ Propagation of the RS in a radially structured ejecta

§ Overdensities: signatures of internal shocks?

An exemple of  the distribution of
Lorentz factor in the ejecta:
(relativistic hydro simulation)

Initial
During IS phase
End of  IS phase (before deceleration)

Hascoët, Beloborodov, Daigne & Mochkovitch, 2017

Lorentz factor



Long-lived Reverse Shocks: Flares

§ Propagation of the RS in a radially structured ejecta

§ Overdensities: signatures of internal shocks?

Hascoët, Beloborodov, Daigne & Mochkovitch, 2017

Dense shells with
~uniform Lorentz factor

Lorentz factor

Initial
During IS phase
End of  IS phase (before deceleration)



Long-lived Reverse Shocks: Flares

§ Propagation of the RS in a radially structured ejecta

§ Overdensities: signatures of internal shocks?

Hascoët, Beloborodov, Daigne & Mochkovitch, 2017

Lorentz factor Bolometric light-curve
Long-lived RS



Long-lived Reverse Shocks: Flares

§ Propagation of the RS in a radially structured ejecta

§ Overdensities: signatures of internal shocks?

Hascoët, Beloborodov, Daigne & Mochkovitch, 2017

Lorentz factor

“normal” 
decay

Early steep decay

Flares

Flares are produced when the RS crosses a dense shell formed in the IS phase



Long-lived Reverse Shocks: Flares

§ Propagation of the RS in a radially structured ejecta

§ Overdensities: signatures of internal shocks?

Hascoët, Beloborodov, Daigne & Mochkovitch, 2017

Curves: different circumburst medium

Wind 1011 g/cm (Lbol)
Uniform 1 cm-3 (Lbol divided par 103)
Naked burst (Lbol divided by 105)

Bolometric light-curve
Long-lived RS

Anisotropic synchrotron emission
in the comoving frame (Beloborodov [FD] et al. 2011)

Isotropic emission

Flares: Fast rise/Steep decay with Dt/t ~0.1-0.3

Validation by relativistic hydro simulations:
Lambert & Daigne 2017 ; Ayache et al. [FD] 2020



Kilonova: ejecta during the merger
Nucleosynthesis of heavy elements

Gravitational Waves
Inspiral phase of a BNS

Bright short GRB
for on-axis observer?

Observer

Afterglow: deceleration
of a structred relativistic jet

Short GRB: relativistic jet
Shock breakout?

170817



§ Photometry: slow rise for more than 100 days, then decay
§ VLBI measurements at peak: 

- superluminal apparent motion
- compact size

§ LC: lateral structure (due to jet-KN ejecta interaction?)

Relativistic jet
confirmed !

VLBI
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§ Best fit:
§ High kinetic energy of the core jet (bright SGRB for an on-axis observer)
§ Good constraint on viewing angle

VLBI

Pellouin & Daigne in preparation

Radio (3 GHz)

core

sheath

170817: the afterglow



§ TeV emission?
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Lateral structure: consequences for the early afterglow

§ The lateral structure may be inherited from the early propagation
of the ejecta and may be a common features in GRBs.
(interaction of the jet with the stellar envelope (collapsar) or the KN ejecta (merger))

§ Can we find signatures of this lateral structure in cosmic GRBs?
(Difference compared to 170817: on-axis/slightly off-axis observation)

§General discussion of the possible lightcurves with a structured jet:
Beniamini, Granot & Gill 20202



Lateral structure: consequences for the early afterglow

§ The lateral structure may be inherited from the early propagation
of the ejecta and may be a common features in GRBs.
(interaction of the jet with the stellar envelope (collapsar) or the KN ejecta (merger))

§ Can we find signatures of this lateral structure in cosmic GRBs?
(Difference compared to 170817: on-axis/slightly off-axis observation)

Puzzling features in the early X-ray afterglow (Swift/XRT)

Plateau Flare

Swift/XRT Catalog



118 CHAPTER 10. A NEW MODEL FOR FLARES IN GAMMA-RAY BURST AFTERGLOWS

post-merger pulsar (Dai et al. 2006). However, in these late-
engine-activity models, the emission in the X-ray rather than
the gamma-ray bands requires an explanation. Furthermore,
producing small aspect ratios often requires to tune the sec-
ond activity’s duration to the time of quiescence between the
two episodes in an unnatural way. Other pictures for flares in-
clude emission from the reverse shock propagating in a stratified
ejecta (Hascoët et al. 2017; Lamberts & Daigne 2018; Ayache
et al. 2020) or Compton up-scattering of photons from the re-
verse shock when crossing the forward shock (Kobayashi et al.
2007). For a compact review of possible origins of afterglow
variability, see Ioka et al. (2005).

In Chap. 9, we presented a successful model for plateaus
in GRB afterglows. While we know of no quantitative assess-
ment of this fact, scrolling the Swift/XRT repository reveals
that plateau activity seems to be correlated with flaring activ-
ity. We thus set out to interpret flares in GRB afterglows within
the same physical setup: slightly misaligned lines of sight to a
structured jet. Motivated by the aforementioned similarities
between X-ray flares and GRB prompt pulses, we also posit a
common origin for the two. However, as for the plateau, we
will explain the delayed occurrence of the flares not by their
delayed emission, but rather by the light travel time between
the flare production site within the core and the misaligned ob-
server: We suggest that flares in GRB X-ray afterglows are the
manifestation of prompt dissipation in the core of the jet, as
seen from slightly o↵-axis lines of sight. Because of relativistic
e↵ects, this radiation appears delayed, dimmer and downshifted
in energy. In other words, X-ray flares are deboosted versions of
gamma-ray pulses from prompt energy dissipation in the core.

We present our unified picture for plateaus and flares in
Fig. 10.1: For an aligned viewer (A), the prompt emission
comes from the core jet shining in gamma-rays (green), and
the afterglow phase contains the early steep decay and radiation
from the decelerating forward shock; All other jet regions are
too weak and not enough boosted to contribute to the aligned
observer’s signal. For a misaligned observer (B), the prompt
emission and early steep decay come from the material down
their line of sight (red), as we showed is most often the case
in Chap. 8. Progressively the structured jet decelerates, giving
rise to the plateau phase; In the mean time, prompt photons
from the core (green) travel to the observer, and reach them as
X-ray flares, i.e., deboosted and dimmer than they would have
reached the aligned observer.

Note that we consider a single central engine activity
episode, and the delay in flare occurrence is a geometrical ef-
fect. We anticipate Sec. 10.2 in mentioning that the arrival
time for flares in such a picture is bounded to . 1000 s after
prompt trigger. We are therefore dealing with early flares. Re-
markably, these early flares seems to constitute a distinct (and
largely statistically dominant) class of flares, as shown by their
distinctive temporal behavior and flare-to-continuum contrasts
(�F/F ) with respect to late flares (& 1000 s, Margutti et al.
2011; Bernardini et al. 2011). A di↵erent origin for these two
classes, and our model’s natural restriction to the early class is
a further motivation to explore this picture.

X-rays X-rays�� s �� s

Front shock

Core

Structure

A

A (aligned) B (misaligned)

B

prompt
promptESD

ESD

plateau regular
decay

regular
decay

flares

Figure 10.1: Schematic description of our picture for
flares. The colors of the elements of the light curves correspond
with the colors of the emitting regions in the jet: core (green) or
lateral structure (red). Each component of the prompt and af-
terglow phases of aligned (A) and misaligned (B) viewers comes
from a di↵erent region, according to our picture. For the mis-
aligned observer, the emission from the core matter appears as
flares in the X-ray band, atop the ESD and the plateau phase.

10.2 Model outline and first proper-
ties

We consider a shell of ultra-relativistic matter with Lorentz fac-
tor � ejected at a time tej from the central engine, within the
core of the jet. At an emission time te, this shell reaches a dis-
sipation radius Re = � (te � tej) and radiates energy which, for
an aligned observer appears as gamma rays. For this aligned
observer, this radiation is observed at time:

ton = tej +
1 � �

�

Re

c
(10.1)

where � ⇠ 1 is the shell’s velocity.
We now consider a misaligned observer, lying at a viewing

angle ✓v from the jet’s core, with ✓v > ✓j , and ✓j is the core’s
half-opening angle. For this observer, the first photons from
this shell’s radiation arrives at time to↵ = tej+

1�� cos(✓v�✓j)
�

Re
c .

This is:
to↵ = Ston � (S � 1)tej (10.2)

where we have denoted:

S ⌘ 1 � � cos (✓v � ✓j)

1 � �
, (10.3)

referred to as the stretch factor. This factor is the ratio of the
Doppler boosts between the aligned and misaligned observers.

Duque et al. [FD] 2022

112 CHAPTER 9. A REFRESHED MODEL FOR X-RAY AFTERGLOW PLATEAUS

Figure 9.1: Plateaus arising from structured jets with slightly misaligned observers: X-ray light-curves for a struc-
tured jet with a = 8, b = 10 and di↵erent observation angles; from top to bottom: �✓ = 0 � 0.03 in steps of 0.005. The X-rays
are initially dominated by high-latitude emission, and at later times by the forward shock afterglow. Results are shown for an
uniform medium (left) with n = 1 cm�3 and a wind medium (right) with A⇤ = 0.1. We have also taken here: 4⇡✏j = 1054 erg,
✓j = 0.1, �j = 400, ⌘� = 0.1, ✏e = 0.1, ✏B = 0.01, p = 2.2. [Beniamini et al. 2020a]

Figure 9.2: Correlations between plateau properties expected from the structured-jet model: Lp/E�,iso–tp (left)
and Lp–E� (right) as deduced from Eqs. 9.2, 9.3, 9.8 for uniform (red) and wind environments (blue). Results are shown for
a = 8, b � 1, ✓j = 0.1, ⌘� = 0.05 � 0.2, p = 2.2, 4⇡✏j = 1053�54 erg, �j = 400, ✏e = 0.1, ✏B = 0.01 as well as n = 0.1 � 1 cm�3

for uniform and A⇤ = 0.1 � 1 for wind. The solid lines depict the median choice of parameters in both cases, varying only
the viewing angle and leaving all other parameters fixed. Circles mark observed GRB data, adapted from (Tang et al. 2019).
[Beniamini et al. 2020a]

Slightly off-axis jets:
X-ray plateaus and flares?
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Lateral structure: consequences for the early afterglow

§ Can we find signatures of this lateral structure in cosmic GRBs?
Plateaus & Flares?

See also Organesian et al. 2020
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GRB Physics: Summary

Questions?


