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GRB Lightcurves: prompt to afterglow

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

+ GRB 190114C (MAGIC)
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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
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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

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 ? Importance of afterglow/host observations



Initial event & central engine

R (m)

Two main classes of progenitors:
- Core-collapse of massive star (collapsar model) – « long » GRB
- Merger of binary neutron star system (or NSBH ?) – « short » GRB



Initial event & central engine

R (m)

Two main classes of progenitors:
- Core-collapse of massive star (collapsar model) – « long » GRB
- Merger of binary neutron star system (or NSBH ?) – « short » GRB

No direct em signal: indirect evidence

- environment: afterglow modelling / host observations

- localization in the host

- properties of the host (st
ar formation ?)

- associated SN ? Associated KN ? …

- model-dependent: e.g. X-ray plateau <-> magnetar

See presentations by S. Vergani & J. Guilet



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

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.

Some constraints can be derived from observations:

- prompt: non-thermal + thermal components = composition of the ejecta

- prompt: high-spectrum (cutoff?) = Lorentz factor of the ejecta

- early afterglow: Lorentz fa
ctor of the ejecta (peak)

- etc.

Shock breakout? 



A few examples of such « simple » diagnostics
(not involving a heavy physical modeling)



Exemple 1: constraints on the Lorentz factor & emission radius
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§ Fermi-LAT burst GRB 090926A: 
first observed cutoff at high-energy

§ Analysis & interpretation: Yassine et al. [FD] 2017

- time evolution of  the cutoff
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Exemple 1: constraints on the Lorentz factor & emission radius
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§ GRB 090926A: Analysis & interpretation: Yassine et al. [FD] 2017

- time evolution of  the cutoff
- a natural explanation for the cutoff:

detailed calculation: Hascoët et al. [FD] 2012

result: strong constaint on the Lorentz factor and emission radius
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M. Yassine et al.: Time evolution of the spectral break in the high-energy extra component of GRB 090926A

Fig. 6. Left: Lorentz factor ��� for the time intervals c (red), d1 (blue), and d2 (green) as a function of the ratio of the emission radii of the GeV
and MeV photons, assuming that the high-energy spectral break comes from photon opacity to pair creation (Eq. (7)). The dashed lines represent
the lower limit of the Lorentz factor for transparency, �tr (Eq. (12)). The shaded strips indicate the typical uncertainty on these quantities, obtained
by propagating the errors on the measured values listed in Table 3. Right: MeV (full lines) and GeV (dashed lines) emission radii as a function of
the Lorentz factor. The dotted lines correspond to the photospheric radius Rph in the di↵erent time intervals. The deceleration radius is not plotted,
but we checked that it is always well above Rph, RMeV, and RGeV for normal densities in the external medium (assuming either a wind or a uniform
medium).

for time intervals c, d1, and d2, respectively. In the time inter-
val c, our value is very close to the result of Ackermann et al.
(2011), � ' 220, obtained from a similar analysis based on the
detailed analytical approach developed in Granot et al. (2008).
Table 3 also provides the resulting emission radius RMeV, which
is on the order of 1014 cm.

These values for the lowest Lorentz factor in the outflow �min
have to be compared with the lower limits on the Lorentz factor
for transparency to Thomson scattering on primary electrons and
pair-produced leptons, which corresponds to the assumed condi-
tion that the prompt emission is produced above the photosphere.
This condition reads RMeV � Rph, with the photospheric radius
given by (Beloborodov 2013)

Rph '
�T(1 + f±) Ė

8⇡c3mp�̄3(1 + �)
, (11)

where �̄ is the average Lorentz factor in the flow, which we ap-
proximate by �̄ = 1+

2 �min, where  is the contrast defined above;
�T is the Thomson cross section; f± the ratio of the number
of pairs to primary electrons; Ė the total power injected in the
flow; and � its magnetization at large radius, where the prompt
emission is produced, so that Ė/(1 +�) is the kinetic power. We
checked that for the values of the parameters in Table 3 the op-
tical depth for pair creation is less than unity at RMeV. Therefore
we adopt f± = 0 in Eqs. (11) and (12). We also assume � ⌧ 1,
which is expected for internal shocks. In magnetic reconnection
models, if � is large, Rph is lower and the transparency condi-
tion is more easily satisfied. The power Ė is estimated from the
gamma-ray luminosity L listed in Table 3 by Ė = L/✏rad as-
suming a prompt emission e�ciency ✏rad = 0.1. Table 3 pro-
vides the photospheric radius Rph using the measurement of the

Lorentz factor obtained from the �� constraint. It can be seen
that for RGeV ' RMeV (as suggested by the comparable variabil-
ity timescales in the LAT and the MeV range, see Sect. 3.3), the
transparency condition is satisfied in all time intervals c, d1, and
d2. We obtain an emission radius ⇠1014 cm and a photospheric
radius of a few 1013 cm in all time intervals. For RMeV given by
Eq. (6), the transparency condition RMeV � Rph yields

�̄ > �̄tr '
"
�T(1 + f±) Ė

8⇡c4mp (1 + �) tv

#1/5
· (12)

The resulting �tr is plotted in Fig. 6 (left panel, horizontal dashed
lines). It appears clearly that the transparency condition can be
fulfilled only if RGeV/RMeV  1.2�1.3. As already mentioned,
the comparable variability timescales at low and high energy in-
deed suggest that RGeV ' RMeV. When comparing RMeV and Rph,
the emission radius deduced from the variability timescale is the
typical radius where the emission starts. However, the emission
continues at larger radii as variations on larger timescales are
also observed in the light curves. We conclude from this analysis
that GRB 090926A seems fully compatible with the most stan-
dard model where the prompt emission is produced by shocks
(or reconnection) above the photosphere.

The right panel of Fig. 6, which shows the photospheric and
emission (MeV/GeV) radii as a function of the Lorentz factor,
basically contains the same information, presented in a di↵er-
ent way. Again, the figure clearly shows that observations in
the three time intervals are compatible with an emission above
the photosphere, as long as the emission radii of the MeV and
GeV photons are close to each other. This is consistent with
an internal origin for the high-energy component during the
prompt phase suggested by the observed variability. We stress
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Exemple 1: constraints on the Lorentz factor & emission radius
§ GRB 090926A: Analysis & interpretation: Yassine et al. [FD] 2017

- time evolution of  the cutoff
- a natural explanation for the cutoff:

detailed calculation: Hascoët et al. [FD] 2012

result: strong constaint on the Lorentz factor and emission radius
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M. Yassine et al.: Time evolution of the spectral break in the high-energy extra component of GRB 090926A

Fig. 6. Left: Lorentz factor ��� for the time intervals c (red), d1 (blue), and d2 (green) as a function of the ratio of the emission radii of the GeV
and MeV photons, assuming that the high-energy spectral break comes from photon opacity to pair creation (Eq. (7)). The dashed lines represent
the lower limit of the Lorentz factor for transparency, �tr (Eq. (12)). The shaded strips indicate the typical uncertainty on these quantities, obtained
by propagating the errors on the measured values listed in Table 3. Right: MeV (full lines) and GeV (dashed lines) emission radii as a function of
the Lorentz factor. The dotted lines correspond to the photospheric radius Rph in the di↵erent time intervals. The deceleration radius is not plotted,
but we checked that it is always well above Rph, RMeV, and RGeV for normal densities in the external medium (assuming either a wind or a uniform
medium).

for time intervals c, d1, and d2, respectively. In the time inter-
val c, our value is very close to the result of Ackermann et al.
(2011), � ' 220, obtained from a similar analysis based on the
detailed analytical approach developed in Granot et al. (2008).
Table 3 also provides the resulting emission radius RMeV, which
is on the order of 1014 cm.

These values for the lowest Lorentz factor in the outflow �min
have to be compared with the lower limits on the Lorentz factor
for transparency to Thomson scattering on primary electrons and
pair-produced leptons, which corresponds to the assumed condi-
tion that the prompt emission is produced above the photosphere.
This condition reads RMeV � Rph, with the photospheric radius
given by (Beloborodov 2013)

Rph '
�T(1 + f±) Ė

8⇡c3mp�̄3(1 + �)
, (11)

where �̄ is the average Lorentz factor in the flow, which we ap-
proximate by �̄ = 1+

2 �min, where  is the contrast defined above;
�T is the Thomson cross section; f± the ratio of the number
of pairs to primary electrons; Ė the total power injected in the
flow; and � its magnetization at large radius, where the prompt
emission is produced, so that Ė/(1 +�) is the kinetic power. We
checked that for the values of the parameters in Table 3 the op-
tical depth for pair creation is less than unity at RMeV. Therefore
we adopt f± = 0 in Eqs. (11) and (12). We also assume � ⌧ 1,
which is expected for internal shocks. In magnetic reconnection
models, if � is large, Rph is lower and the transparency condi-
tion is more easily satisfied. The power Ė is estimated from the
gamma-ray luminosity L listed in Table 3 by Ė = L/✏rad as-
suming a prompt emission e�ciency ✏rad = 0.1. Table 3 pro-
vides the photospheric radius Rph using the measurement of the

Lorentz factor obtained from the �� constraint. It can be seen
that for RGeV ' RMeV (as suggested by the comparable variabil-
ity timescales in the LAT and the MeV range, see Sect. 3.3), the
transparency condition is satisfied in all time intervals c, d1, and
d2. We obtain an emission radius ⇠1014 cm and a photospheric
radius of a few 1013 cm in all time intervals. For RMeV given by
Eq. (6), the transparency condition RMeV � Rph yields

�̄ > �̄tr '
"
�T(1 + f±) Ė

8⇡c4mp (1 + �) tv

#1/5
· (12)

The resulting �tr is plotted in Fig. 6 (left panel, horizontal dashed
lines). It appears clearly that the transparency condition can be
fulfilled only if RGeV/RMeV  1.2�1.3. As already mentioned,
the comparable variability timescales at low and high energy in-
deed suggest that RGeV ' RMeV. When comparing RMeV and Rph,
the emission radius deduced from the variability timescale is the
typical radius where the emission starts. However, the emission
continues at larger radii as variations on larger timescales are
also observed in the light curves. We conclude from this analysis
that GRB 090926A seems fully compatible with the most stan-
dard model where the prompt emission is produced by shocks
(or reconnection) above the photosphere.

The right panel of Fig. 6, which shows the photospheric and
emission (MeV/GeV) radii as a function of the Lorentz factor,
basically contains the same information, presented in a di↵er-
ent way. Again, the figure clearly shows that observations in
the three time intervals are compatible with an emission above
the photosphere, as long as the emission radii of the MeV and
GeV photons are close to each other. This is consistent with
an internal origin for the high-energy component during the
prompt phase suggested by the observed variability. We stress
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Lorentz factor ~ 230 to 100
Emission radius ~ 1014 cm
Photospheric radius ~5 1013 cm

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



Exemple 1: constraints on the Lorentz factor & emission radius
§ In cases without a detected HE cutoff (usual case):

A lower limit on the Lorentz factor of  the ejecta can be obtained.

What is needed: Sari & Lithwick 2001, Hascoet et al. [FD] 2012

- Variability timescale

- Spectral shape

- Redshift

γ γ constraints on GRBs from LAT observations 543

to minimum Lorentz factors which are a factor of !2–3 lower.
As an illustration, we present in Section 3.3 a synthetic burst that
reproduces well the observed features of time bins ‘a’ and ‘b’ of
GRB 080916C with a mean Lorentz factor of !340. This minimum
Lorentz factor is obtained assuming that there is only one component
in the emitted spectrum, responsible for both the MeV and the GeV
photons. This is not necessarily the case as several Fermi-LAT bursts
show evidence of an additional high-energy component. We show
in Section 4.2 that the minimum Lorentz factor can be reduced by
another factor of 2–8 if the GeV photons are emitted at larger radius
than the main component. This study clearly illustrates the need
for a detailed modelling to constrain the Lorentz factor in GRB
outflows. When it is not possible, a reasonably accurate estimate of
"min can be obtained from the following formula:

"min !
[
C121+2βI(β)

]1/2(1−β)

[
1
2

(
1 + RGeV

RMeV

) (
RGeV
RMeV

)]1/2 (1 + z)−(1+β)/(1−β)

×
{

σT

[
DL(z)
c%tvar

]2

EcF (Ec)

}1/2(1−β) [
EmaxEc

(mec2)2

](β+1)/2(β−1)

,

(59)

where C1 ! 4 × 10−2, z and DL(z) are the redshift and the lu-
minosity distance of the source, %tvar is the observed variability
time-scale, RGeV/RMeV is the ratio of the radii where the GeV and
MeV components are emitted, and where the high-energy spec-
trum (over a duration ∼%tvar) is assumed to follow a power law
with photon index β above an observed characteristic energy Ec:
F (E) = F (Ec)(E/Ec)β (photon cm−2 keV−1). Energy Emax is the
observed energy of the most energetic detected photons. The inte-
gral I(β) is defined by equation (22) in Section 2.2. As usual, the
spectrum is measured over a time interval %tspec which is larger
than the variability time-scale %tvar, the normalization F(Ec) enter-
ing in equation (59) (fluence at energy Ec in photon cm−2 keV−1)
must be corrected by a factor F (Ec) = F (Ec) ×

(
%tvar/%tspec

)
.

This equation can be directly applied to Fermi-LAT observations
and generalizes the usual formula given by Abdo et al. (2009b) by
introducing two corrections: (1) a more accurate normalization tak-
ing into account the anisotropy of the radiation field and including
a numerical factor C1 obtained from the comparison with numer-
ical simulations in Section 3.3 and (2) the possibility to take into
account two different emitting regions for MeV and GeV photons.
The standard limit is obtained with RGeV/RMeV = 1 (same region):
then the denominator in equation (59) equals 1. The radius RMeV is
estimated from the variability time-scale by RMeV ! "2c%tvar/(1 +
z), which is valid for most models of the prompt emission. The
radius RGeV is difficult to constrain without a detailed model of the
high-energy emission mechanism. If GeV photons have an internal
origin, an upper limit for RGeV is given by the deceleration radius. In
the future, a measurement of the variability time-scale in the GeV
light curve could provide a better estimate of this radius.

(iii) Delayed onset of the GeV emission. Due to the variable
nature of the GRB phenomenon, the γ γ opacity is expected to be
strongly time dependent. This can lead naturally to a delayed onset
of the high-energy component, if it is initially highly absorbed. For
instance, in internal shocks, the emission radius increases during
the propagation of a given shock wave, which favours such an
evolution. We show several examples of synthetic bursts where a
delayed onset of the GeV component is observed. In the case of
internal shocks, the delay before the onset is comparable with the
observed duration associated with the propagation of the shock wave
that produces the seed photons for γ γ annihilation. This duration

has to be distinguished from the shortest time-scale of variability.
In the synthetic burst which models time bins ‘a’ and ‘b’ of GRB
080916C, we obtain a GeV onset delayed by !5 s, comparable with
the observed value, while reproducing variability on shorter time-
scales (!0.5 s) in the MeV light curve. A time-evolving γ γ opacity
appears as a good candidate to explain the observed delayed onset
of the GeV emission. Note that this effect is obtained here assuming
a single component in the emitted spectrum. More complex spectral
evolution, such as a varying inverse-Compton component (Bošnjak
et al. 2009), may be an additional source of delay.

(iv) Smoothing the variability in the GeV light curve. In highly
variable outflows, the short time-scale variability in the GRB light
curve is expected to be associated with emission regions at low ra-
dius. Therefore, the associated high-energy emission may be highly
absorbed by γ γ annihilation due to a denser photon field. This pre-
dicts a smoothing of the light curve in the GeV range. We illustrate
this effect in the framework of the internal shock model in Sec-
tion 3.6. For this reason, the variability of the GeV light curve is
an indicator to use carefully if one wants to distinguish between an
internal and an external origin for the GeV emission.

Our results loosen the constraints on models of GRB central en-
gines as Lorentz factors of 103 do not seem to be required, even in
the most extreme bursts observed by Fermi-LAT. In addition, they
solve another contradiction. For Lorentz factors of 103, the decel-
eration by the external medium occurs very early. Then, it becomes
difficult to interpret Fermi-LAT GRBs such as GRB 080916C if
the prompt emission is radiated well above the photosphere (see
also Zhang & Pe’er 2009). On the other hand, the early steep decay
observed in X-ray afterglows by Swift-X-Ray Telescope is a strong
evidence that the prompt emission phase ends at a large radius
(Lazzati & Begelman 2006; Lyutikov 2006; Kumar et al. 2007;
Genet & Granot 2009). With lower limits on the Lorentz factor
as obtained in the present paper, bright Fermi-LAT GRBs such
as GRB 080916C are consistent with models, including internal
shocks, where the prompt emission is produced between the photo-
spheric and the deceleration radii.
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R. Hascoët et al.: Prompt thermal emission in gamma-ray bursts

Equations (7) and (8) correspond to the usual scaling of the fire-
ball scenario (Mészáros & Rees 2000; Mészáros et al. 2002;
Daigne & Mochkovitch 2002) with, however, a modified nor-
malisation that takes into account both the geometry and the
mixed energy content of the outflow. Conversely, including sub-
photospheric dissipation as in Giannios (2012) would change the
scaling.

To estimate the photospheric radius we assume that most of
the acceleration is completed at Rph

1. This is, for example, the
case in the simulations made by Tchekhovskoy et al. (2010),
where the Lorentz factor sharply increases beyond the stellar
radius, when the flow suddenly becomes unconfined. Then, in
a first approximation, the photospheric radius of a given shell
writes (e.g. Piran 1999; Mészáros & Rees 2000; Daigne &
Mochkovitch 2002)

Rph !
κ Ṁ

8π c Γ2 ! 2.9 × 1013 κ0.2 Ėiso,53

(1 + σ) Γ3
2

cm, (9)

where κ (κ0.2 in units of 0.2 cm2 g−1) is the material opacity and Γ
(Γ2 in units of 100) the Lorentz factor of the shell. The flow keeps
a magnetisation σ at the end of acceleration so that Ė/(1 + σ) is
the injected kinetic power ĖK. In the case of a passive magnetic
field that is carried by the outflow without contributing to its
acceleration (Spruit et al. 2001), the magnetisation σ equals

σpassive = (1 − εth)/εth, (10)

corresponding to a pure and complete thermal acceleration.
Efficient magnetic acceleration leads to σ < σpassive, whereas
σ > σpassive corresponds to an inefficient magnetic acceleration,
for instance with no conversion of magnetic into kinetic energy
and some conversion of thermal into magnetic energy.

When the shell reaches the photospheric radius, it releases
its thermal energy content while a fraction of the remaining en-
ergy (kinetic or magnetic) can be dissipated farther away at a
radius Rdiss by internal shocks for σ <∼ 0.1−1, or reconnec-
tion for higher magnetisation, contributing to the non-thermal
emission of the burst. It is therefore expected, on theoretical
grounds, that thermal and non-thermal components both con-
tribute to the observed emission (Mészáros et al. 2002; Daigne &
Mochkovitch 2002). As mentioned in the introduction, this was
already supported by BATSE results, with new evidence now
coming from Fermi (Guiriec et al. 2011; Zhang et al. 2011). In
Sect. 3 we present synthetic bursts showing both contributions.
We explain below our method to compute the thermal and non-
thermal emission.

2.2. Thermal emission

The thermal emission can be computed from Eqs. (1), (2), (7),
(8), and (9), for a given set of central engine parameters εth, σ, %,
θ, Ėiso, and a distribution of the Lorentz factor in the flow. Both
the thermal luminosity and observed temperature are related to
the injected power and temperature at the origin of the flow via
the same factor

Φ =
(
θ−2/3R−2/3

ph %
2/3 Γ2/3

ph

)
∝ Ė−2/3

iso Γ8/3
ph . (11)

If a constant Ėiso is assumed, the luminosity and temperature
directly trace the distribution of the Lorentz factor Γ(s), where
the Lagrangian coordinate s is the distance to the front of the
flow at the end of the acceleration stage (s/c is the ejection

1 See Appendix A for a short discussion of the case where Rsat > Rph.

time of the shell). The expanding flow becomes progressively
transparent (starting from the front) and the contribution of a
shell located at s is approximately received at an observer time
tobs = (1+ z)s/c (Daigne & Mochkovitch 2002). However, since
the different parts of the flow do not become transparent at the
same radius (because Rph ∝ Γ−3), additional differences in ar-
rival time of the order of

∆tobs = (1 + z)
Rph

2 c Γ2 ! 49 (1 + z)
κ0.2 Ėiso,53

(1 + σ) Γ5
2

ms (12)

should be included. They are, however, negligible as long as
∆tobs < tvar, the typical variability time scale of the Lorentz
factor.

The value of ∆tobs also gives the time scale of the luminosity
decline after the last shell of the flow (emitted by the source
at a time τ) has reached the transparency radius (high-latitude
emission). Unless the Lorentz factor of this shell is small or the
burst has a very short duration, the drop in luminosity for tobs >
(1+z)τ is very steep, having initially a temporal decay index (see
e.g. Sect. 6 in Beloborodov 2011)

α =
d Log Lth

d Log tobs
! 2

(1 + z)τ
∆tobs

& 1. (13)

This shows that in models where the prompt emission comes
from a Comptonised photosphere, the early decay of index α ∼
3−5 observed in X-rays cannot be explained by the high latitude
emission and should instead be related to an effective decline of
the central engine (Hascoët et al. 2012).

The expected count rate in a given spectral range and the
resulting spectrum are obtained from the luminosity and tem-
perature evolution (Eqs. (7) and (8)). However, we do not use
a true Planck function for the elementary spectrum correspond-
ing to a given temperature. As discussed in Goodman (1986)
and Beloborodov (2010), geometrical effects at the photosphere
lead to a low-energy spectral index close to α = +0.4 instead of
α = +1 for a Raleigh-Jeans spectrum (see also Pe’er 2008). We
therefore adopt a “modified Planck function” having the modi-
fied spectral slope at low energy, an exponential cutoff at high
energy, peaking at ! 3.9 × kT as a Planck function in νFν, and
carrying the same total energy.

2.3. Non-thermal emission

We first estimate the non-thermal emission assuming that it
comes from internal shocks (Rees & Meszaros 1994). For
a given distribution of the Lorentz factor, we obtain light
curves and spectra using the simplified model of Daigne &
Mochkovitch (1998), where the outflow is represented by a large
number of shells that interact by direct collisions only (see also
Kobayashi et al. 1997). The elementary spectrum for each col-
lision is a broken power law with the break at the synchrotron
energy. The adopted values for the two spectral indices at low
and high energy respectively are α = −1 and β = −2.25. The ex-
pected value for α in the fast cooling regime should normally be
−1.5 (see e.g. Sari et al. 1998; Ghisellini et al. 2000), but detailed
radiative models including inverse Compton scattering in Klein-
Nishina regime tend to produce harder α slopes (Derishev et al.
2001; Bošnjak et al. 2009; Nakar et al. 2009; Daigne et al. 2011),
close to the typical observed value α ! −1 (Preece et al. 2000;
Kaneko et al. 2006; Nava et al. 2011; Goldstein et al. 2012). The
global efficiency of internal shocks is given by the product

fIS = εe × fdiss, (14)
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§ A diagnostic can be applied in cases where the soft gamma-ray spectrum shows
evidence for two components: a non-thermal component and a quasi-thermal one.

§ Required measurements:

- flux and temperature of  the quasi-thermal component
- flux ratio non-thermal/thermal

§ Fireball model: leads to a measurement of  the Lorentz factor and initial radius
Sari & Lithwick 2007 = strongly model-dependent.

§ General assumptions: Hascoët, Daigne & Mochkovitch 2012

- When the ejecta is launched: energy = fraction       thermal
fraction             magnetic

- Large distance: magnetization
Passive field:                                 efficient magnetic acc.

- Non-thermal emission has an efficiency

§ Analysis allows to derive a constraint on some of  these parameters.

Exemple 2: constraints on the ejecta composition
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Fig. 5. Constraints on the thermal and non-thermal emission in GRB 090902B and GRB 100724B. Top: for a given thermal fraction εth = 10−2,
10−1.5, 10−1, 10−0.5, and 1, the radius R0 = "/θ at the base of the flow is plotted as a function of the non-thermal efficiency fNth. The corresponding
thermal efficiency fth is also shown (top x-axis). Bottom: for a given magnetisation σ = 10−1, 10−0.5, 1, 100.5, 101, 101.5, and 102 at the end of
acceleration phase, the Lorentz factor of the flow is plotted as a function of fNth (the unmagnetised case σ = 0 cannot be distinguished from the
case σ = 0.1). Sets of parameters representative of the different classes of scenarios discussed in the paper are indicated: F (εth = 1, σ = 0)
(standard fireball), M,is1 (log εth = −0.5, σ = 0,) and M,is2 (log εth = −1.5, σ = 0) (efficient magnetic acceleration: magnetisation is low above the
photosphere and the dominant non-thermal mechanism is internal shocks), M,rec1 (log εth = −0.5, σ = 10), and M,rec2 (log εth = −1.5, σ = 10)
(magnetised flow at large distance, the dominant non-thermal mechanism is magnetic reconnection). The initial radius is fixed to R0 = 300 km, a
typical value for long GRBs. The observational data (thermal flux, temperature, ratio of the thermal over the total flux) used for the calculation
(see text) are taken from Abdo et al. (2009); Pe’er et al. (2012) for GRB 090902B (left column), and from Guiriec et al. (2011) for GRB 100724B
(right column).

magnetisation at large distance is still large. A potential issue
for the internal shock scenario is the moderate variation of the
temperature (within a factor of 2) found in the time-resolved ana-
lysis. To be efficient, internal shocks require large fluctuations of
the Lorentz factors that are even amplified in the observed tem-
perature (Tobs ∝ Γ8/3, see Fig. 2). This may suggest that the
non-thermal emission in GRB 100724B comes from magnetic
reconnection. This is unfortunately difficult to test in absence of
theoretical predictions for the spectral evolution in this case. It
should however be noted that when the temperature drops, the
luminosity also drops so that, in practice, the temperature can
be determined only when it is high enough. Depending on the
time scale for the Lorentz factor fluctuations and the temporal
resolution of the analysis, this may artificially reduce the ampli-
tude of the measured variations of temperature. This is illustrated
in Fig. 2 where dotted and dashed lines show the temperature
(and peak energy of the non-thermal spectrum) averaged over
intervals of 2 and 4 s, respectively. It remains to be tested if this

smoothing effect can account for GRB 100724B evolution in the
photospheric + internal shocks scenario.

5. Conclusion

We have explored in detail GRB scenarios with two episodes of
emission: thermal emission from the photosphere without sub-
photospheric dissipation, and non-thermal emission from inter-
nal dissipation above the photosphere. Our results can be used to
interpret the data and obtain constraints on the burst parameters
or acceleration mechanism. But one faces the difficulty arising
from the diversity of the proposed evidence for the presence of
a thermal component in GRB spectra. In some cases this ther-
mal component represents a major contribution to the global
spectrum (with additional non-thermal contributions) while in
others it is always sub-dominant, most of the emission hav-
ing a non-thermal origin. These different situations seem to im-
ply quite different magnetic over thermal energy ratios at the
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GRB 090902B: a rare case where
the quasi-thermal component 
could be dominant.

GRB100724B: a bright GRB where
the presence of a  quasi-thermal
component can be constrained.

Here: constraints obtained for 
- a given non-thermal efficiency (x-axis),
- and a given initial thermal fraction
and large-scale magnetization (lines).

F = fireball
M,is = internal shocks (low sigma)
M,rec = reconnection (high sigma)
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§ Model dependent: standard afterglow model (forward external shock)
with some assumptions (efficiency of  the prompt emission, ambient density, …)

peak = deceleration time                            (OK if                : NR RS) 

§ Early afterglow with a detection of  the peak:
blast wave Lorentz factor

see e.g. Molinari, Vergani et al. 2007, Ghirlanda et al. 2012

§ Upper limit on the peak time:
lower limit on the Lorentz factor

§ With a rich data set star ting early, a full AG
modelling is possible: constraints on Lorentz
factor, density, prompt efficiency
= a good science case for SVOM

Exemple 3: Lorentz factor from the peak of  the optical afterglow
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Table 2
Bursts with Upper Limits on Tp

GRB z Eγ ,52 T obs
p T90 References

021211 1.004 1.02 ± 0.1 <130 3.5 ± 0.5 1, 2, 3
040924 0.858 1.5 ± 0.5 <870 2.39 ± 0.24 4
050319 3.24 3.7 ± 1 <164 149.6 ± 0.7 5, 6
050401 2.9 26 ± 1 <36 33 ± 2 7, 8, 9
050525A 0.606 2.3 ± 1 <70 8.8 ± 0.5 10
050824 0.828 0.19 ± 0.05 <700 25 ± 1 11
050908 3.35 1.36 ± 0.1 <300 20 ± 2 12, 13, 14
050922C 2.17 3.7 ± 1 <116 5 ± 1 15, 16, 17
051109A 2.346 3 ± 1 <35 37 ± 5 18, 19
051111 1.55 7 ± 1 <27 47 ± 1 20, 21
060512A 0.4428 0.02 ± 0.005 <94 8.6 ± 2 22, 23, 24
060908 1.884 6.2 ± 0.7 <61 19.3 ± 0.3 25
060912 0.937 0.85 ± 0.15 <99 7 ± 1 26
071003 1.60435 34 ± 4 <42 148 ± 1 27
071112C 0.823 0.53 ± 0.1 <100 15 ± 12 28
080319B 0.937 130 ± 10 <70 55 ± 5 29
080413B 1.1 1.8 ± 0.5 <77 8.0 ± 1 30
080430 0.767 0.3 ± 0.1 <60 16.2 ± 2.4 31, 32, 33, 34, 35
080721 2.591 130 ± 10 <164 16.2 ± 4.5 36
081007 0.5295 0.1 ± 0.02 <140 10.0 ± 4.5 37, 38, 39
090102 1.547 57.5 ± 5 <44 27 ± 2.2 40
090618 0.54 25. ± 1 <100 113 ± 1 41
091018 0.971 0.37 ± 0.1 <147 4.4 ± 0.6 42
091208B 1.063 1 ± 0.2 <80 14.9 ± 3.7 43

References. (1) Crew et al. 2003; (2) Li et al. 2003; (3) Pandey et al. 2003; (4) Wiersema et al. 2008; (5) Cusumano et al. 2006;
(6) Quimby et al. 2006; (7) Sakamoto et al. 2005; (8) Fynbo et al. 2005; (9) Rykoff et al. 2005; (10) Blustin et al. 2006; (11) Sollerman
et al. 2007; (12) Sato et al. 2005; (13) Fugazza et al. 2005; (14) Zaninoni et al. 2013; (15) Hunsberger et al. 2005; (16) Crew et al.
2005; (17) Krimm et al. 2005b; (18) Rykoff et al. 2009; (19) Golenetskii et al. 2005; (20) Butler et al. 2006; (21) Krimm et al. 2005a;
(22) Cummings et al. 2006; (23) Bloom et al. 2006; (24) de Pasquale & Cummings 2006; (25) Covino et al. 2010; (26) Deng et al. 2009;
(27) Perley et al. 2008; (28) Huang et al. 2012; (29) Racusin et al. 2008; (30) Filgas et al. 2011; (31) Jelinek et al. 2008; (32) Landsman
& Guidorzi 2008; (33) Oksanen & Hentunen 2008; (34) Cucchiara & Fox 2008; (35) Guidorzi et al. 2008; (36) Starling et al. 2009;
(37) Markwardt et al. 2008; (38) Wren et al. 2008; (39) Berger et al. 2008; (40) Gendre et al. 2010; (41) Page et al. 2011; (42) Wiersema
et al. 2012; (43) Uehara et al. 2012.

Note also that the limits tend to be less constraining for
weak (low Eγ ) bursts. It is easier to obtain strong limits for
bright bursts for a few reasons: they are easily localized by
γ -ray telescopes; they have brighter afterglows (Gehrels et al.
2008); and they have higher redshifts that move Tp to a later
T obs

p = (1 + z)Tp.
While it is easy to miss an early optical peak, Tp < 100 s,

we are not aware of any selection effects that could lead to
preferential non-detection of late peaks Tp ∼ 102–103 s. In
this range, the data should represent the true distribution of Tp.
The data presented in Figure 1 may be summarized as follows:
there is no intrinsic correlation between Tp and Lγ (or Eγ ).
Instead, we observe a lack of bright bursts with late afterglow
peaks. For a given Lγ , there appears to exist a maximum peak
time Tp,max(Lγ ), which corresponds to the blue boundary in
Figure 1. A crude approximation to this boundary is given by
Tp,max(Lγ ) ∼ 200 L

−3/5
γ ,52 s.

3. ESTIMATES FOR Γ

The GRB afterglow is likely emitted by the blast wave
resulting from the interaction of the relativistic ejecta with
the ambient medium. The blast wave involves two shocks: the
forward shock sweeping the external medium and the reverse
shock propagating back into the relativistic ejecta. As discussed
in Section 1, it is reasonable to assume that the afterglow peaks
at the deceleration time Tdec when most of the ejecta energy has

been transmitted to the blast wave through the reverse shock.
This happens at the “deceleration radius,”

Rdec =
(

3 − s

4πc2

Eej

Γ2
bwρdec

) 1
3

, (3)

where Eej is the energy of the ejecta and Γbw is the Lorentz
factor of the blast wave at Rdec; ρdec is the external density at
Rdec, and s describes the slope of the external density profile,
s = d ln ρ/d ln R. A uniform medium is described by s = 0 and
a wind medium by s = 2. We assume that the afterglow peaks
at the deceleration time,

Tp # Tdec # Rdec

2Γ2
bwc

. (4)

Then the measured Tp provides an estimate for the blast wave
Lorentz factor,

Γbw =
[

3 − s

32πc5

1 − η

η

Eγ

ρdecT 3
p

] 1
8

, (5)

where η is the fraction of the initial energy of the GRB ejecta
that is converted into prompt radiation.

Two aspects of Equation (5) should be noted: (1) the
estimate depends on the poorly known ambient density as

3
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Figure 2. Estimated Lorentz factor of the GRB blast wave, Γbw, at the
deceleration radius. The product Γbw ρdec

1/8 is estimated using Equation (5)
(with η = 0.5) and shown vs. the burst luminosity Lγ (Equation (2)). The
ambient density at the deceleration radius, ρdec, is normalized to ρ0/mp =
1 cm−3. Bursts with Tp < Tγ are highlighted in red; for these bursts the ejecta
Lorentz factor Γ can be substantially higher than Γbw (see text).
(A color version of this figure is available in the online journal.)

[ρdec/(3 − s)]−1/8 and the prompt efficiency as [η/(η − 1)]−1/8.
(2) The estimate gives the Lorentz factor of the blast wave, Γbw,
not the ejecta Lorentz factor Γ.

We expect Γ " Γbw if Tp # Tγ . Indeed, Tp is associated
with the time it takes the ejecta to transfer most of its energy to
the blast wave, i.e., the time it takes the reverse shock to cross the
main, most energetic part of the ejecta of thickness ∆ " cTγ . The
crossing time ∆/vrs is long and gives Tp ∼ (c/vrs)Tγ # Tγ if
the reverse shock is non-relativistic, vrs % c, which is equivalent
to Γ " Γbw. In this case Equation (5) effectively gives an
estimate of the mean Lorentz factor Γ of the ejecta. In contrast,
if Tp ! Tγ , the reverse shock may be highly relativistic. Then
Γbw is significantly smaller than Γ and Equation (5) significantly
underestimates Γ. GRBs with Tp ! Tγ are highlighted in red in
Figure 1.

Note that Tγ , which we use as a measure of the GRB duration,
may overestimate the duration of the main part of the GRB if the
burst has a temporally extended tail of relatively weak emission.
For such bursts Tdec < Tγ is possible. A better estimate for Tγ

would give Tdec " Tγ , so that Tp is not smaller than Tγ . In
agreement with theoretical expectations, we found no burst in
our sample where the optical afterglow peaks before the main
part of the GRB emission has been received.

Equation (5) assumes a static external medium and neglects
the fact that the prompt GRB radiation exerts pressure and
accelerates the medium ahead of the blast wave (Thompson
& Madau 2000; Beloborodov 2002). This pre-acceleration is
strong (relativistic) up to the radius

Racc = 2 × 1015(Eγ ,52)1/2 cm. (6)

If Racc exceeds Rdec given by Equation (5), the true deceleration
radius is increased, and the dissipation rate peaks at

Tp = Racc

2Γ2
bwc

" 4(Eγ ,52)1/2
(

Γbw

100

)−2

s. (7)

Figure 3. Effects of the Tp → Γ transformation. This schematic figure illustrates
how the GRB population presented in Figure 1 (Tp − Lγ plane) transforms into
the Γ−Lγ plane. The hatched and colored areas are indicated to better visualize
how different regions on the Tp − Lγ plane transform to the Γ − Lγ plane. The
red (horizontally hatched) region is where strong selection effects are expected
to suppress the observed population. Combined with the real lack of bursts in
the blue (vertically hatched) region, this leads to a spurious correlation between
Tp and Lγ . The corresponding spurious Γ − Lγ correlation is enhanced by the
deformation of the population in the Γ − Lγ coordinates—the black rectangle
in the upper panel is transformed into a “parallelogram” in the lower panel.
(A color version of this figure is available in the online journal.)

We found Racc < Rdec for all bursts in our GRB sample as
long as ρdec/mp ! 103 cm−3. For most bursts in our sample,
ρdec/mp " 103 cm−3 would imply low values for Γ, which
would contradict the constraint from the prompt emission
(see discussion in Section 5.2). Therefore, we will assume
ρdec/mp ! 103 cm−3 and neglect the pre-acceleration effect.

Using Equation (5), we estimated Γ for each burst in the
sample (Figure 2). We fixed η = 0.5 and s = 2 in our numerical
estimates; the uncertainty in their exact values weakly affects the
results. If only the peak “detections” are considered, Figure 2
would suggest that there is a correlation between Γ and Lγ .
However, the numerous lower limits show that the upper part of
the diagram must be broadly populated by GRBs. Also note that
four detections of Tp correspond to the relativistic reverse-shock
regime and give only lower limits on Γ. We conclude that there
is no evidence for a correlation between Lγ and Γ. However, the
lack of bright bursts with low Γ appears to be a robust feature.

Figure 3 illustrates how the GRB sample is transformed
from Lγ − Tp plane to Lγ − Γbw plane, following the relation
between Γbw and Tp, Γbw ∝ E

1/8
γ T

−3/8
p (Equation (5)). This

transformation compresses the sample along the Γbw axis and
induces a dependence of Γbw on Lγ with a positive slope of 1/8.
In combination with the selection effect that suppresses short-
Tp and low-Lγ bursts in the sample, this enhances the spurious
correlation between Lγ and Γ.

As mentioned in Section 1, the key assumption that the optical
afterglow peaks at the deceleration radius may not be reliable.
Therefore, it is useful to consider a more general model where
the afterglow peaks at a radius Rp related to Γ and Lγ by

Rp ∝ ΓαLβ
γ . (8)

The simplest model with ρdec = const corresponds to α = −2/3
and β = 1/3 (see Equation (3)). For other values of α, β, the
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Figure 2. Estimated Lorentz factor of the GRB blast wave, Γbw, at the
deceleration radius. The product Γbw ρdec

1/8 is estimated using Equation (5)
(with η = 0.5) and shown vs. the burst luminosity Lγ (Equation (2)). The
ambient density at the deceleration radius, ρdec, is normalized to ρ0/mp =
1 cm−3. Bursts with Tp < Tγ are highlighted in red; for these bursts the ejecta
Lorentz factor Γ can be substantially higher than Γbw (see text).
(A color version of this figure is available in the online journal.)
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(2) The estimate gives the Lorentz factor of the blast wave, Γbw,
not the ejecta Lorentz factor Γ.

We expect Γ " Γbw if Tp # Tγ . Indeed, Tp is associated
with the time it takes the ejecta to transfer most of its energy to
the blast wave, i.e., the time it takes the reverse shock to cross the
main, most energetic part of the ejecta of thickness ∆ " cTγ . The
crossing time ∆/vrs is long and gives Tp ∼ (c/vrs)Tγ # Tγ if
the reverse shock is non-relativistic, vrs % c, which is equivalent
to Γ " Γbw. In this case Equation (5) effectively gives an
estimate of the mean Lorentz factor Γ of the ejecta. In contrast,
if Tp ! Tγ , the reverse shock may be highly relativistic. Then
Γbw is significantly smaller than Γ and Equation (5) significantly
underestimates Γ. GRBs with Tp ! Tγ are highlighted in red in
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Note that Tγ , which we use as a measure of the GRB duration,
may overestimate the duration of the main part of the GRB if the
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how the GRB population presented in Figure 1 (Tp − Lγ plane) transforms into
the Γ−Lγ plane. The hatched and colored areas are indicated to better visualize
how different regions on the Tp − Lγ plane transform to the Γ − Lγ plane. The
red (horizontally hatched) region is where strong selection effects are expected
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Tp and Lγ . The corresponding spurious Γ − Lγ correlation is enhanced by the
deformation of the population in the Γ − Lγ coordinates—the black rectangle
in the upper panel is transformed into a “parallelogram” in the lower panel.
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We found Racc < Rdec for all bursts in our GRB sample as
long as ρdec/mp ! 103 cm−3. For most bursts in our sample,
ρdec/mp " 103 cm−3 would imply low values for Γ, which
would contradict the constraint from the prompt emission
(see discussion in Section 5.2). Therefore, we will assume
ρdec/mp ! 103 cm−3 and neglect the pre-acceleration effect.

Using Equation (5), we estimated Γ for each burst in the
sample (Figure 2). We fixed η = 0.5 and s = 2 in our numerical
estimates; the uncertainty in their exact values weakly affects the
results. If only the peak “detections” are considered, Figure 2
would suggest that there is a correlation between Γ and Lγ .
However, the numerous lower limits show that the upper part of
the diagram must be broadly populated by GRBs. Also note that
four detections of Tp correspond to the relativistic reverse-shock
regime and give only lower limits on Γ. We conclude that there
is no evidence for a correlation between Lγ and Γ. However, the
lack of bright bursts with low Γ appears to be a robust feature.

Figure 3 illustrates how the GRB sample is transformed
from Lγ − Tp plane to Lγ − Γbw plane, following the relation
between Γbw and Tp, Γbw ∝ E

1/8
γ T

−3/8
p (Equation (5)). This

transformation compresses the sample along the Γbw axis and
induces a dependence of Γbw on Lγ with a positive slope of 1/8.
In combination with the selection effect that suppresses short-
Tp and low-Lγ bursts in the sample, this enhances the spurious
correlation between Lγ and Γ.

As mentioned in Section 1, the key assumption that the optical
afterglow peaks at the deceleration radius may not be reliable.
Therefore, it is useful to consider a more general model where
the afterglow peaks at a radius Rp related to Γ and Lγ by

Rp ∝ ΓαLβ
γ . (8)

The simplest model with ρdec = const corresponds to α = −2/3
and β = 1/3 (see Equation (3)). For other values of α, β, the
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A word of  caution:
§ These diagnostics are never 100% model-independent

§ Lower limit on the Lorentz factor from gamma gamma: robust

§ Measurement of the Lorentz factor from the HE cutoff: less robust
(e.g. the cutoff could be some curvature due to the natural shape of  the HE component)

§ Constrain on the initial thermal content of  the ejecta: par tially model dependent
(valid only in scenarios with a non-dissipative photosphere)

§ Measurement of the Lorentz factor from the peak of the early visible afterglow
(standard afterglow model + some assumptions on the prompt efficiency,
the external density)



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)



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)

No standard model ! Many open questions…

In most cases, a numerical model is needed.

A strong focus on the low-energy photon index of the soft gamma-ray spectrum

= new constraints expected from SVOM



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?



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?

Non-dissipative photosphere: as discussed above, sim
ple tools are available

to model the emission (spectral fit: q
uasi-thermal component)

Dissipative photosphere: much more complex (spectra fit: n
on-thermal)

(currently postdoc@IAP: F. Samuelsson,

expert on radiation mediated shocks below the GRB photosphere



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]

R (m)

Rph

Optically thick Optically thin

Radiation: synchrotron + Inverse Compton Scatterings in both cases

Spectral fit: n
on-thermal – Interesting tests a

re also related to the temporal evolution.

Internal shocks: models available @IAP, difficult to directly apply to fit d
ata

Intermediate stage: ISSM function (see Fred Piron’s talk)

Reconnection: I’m not aware of a modeling work in this scenario on the « French » side.

Experts on the Chinese side, starting with Bing Zhang.



Just an example: modelling the synchrotron
spectrum in the optically thin regime

= the dominant process expected above the photosphere
(standard prediction in fast cooling regime: alpha = -3/2)



§ Fermi/GBM spectral catalog: (10 years: Poolakkil et al. 2021)

- 2297 GRBs
- Time-integrated spectra / Spectrum at peak flux

- Low-energy photon index:

§ Robustness of  the spectral analysis: see Fred Piron’s presentation…
« GOOD » sample: « BEST » sample

-3/2 -2/3

Band function



Effects of  SSC and of  a B decay on syn+SSC radiation
A&A proofs: manuscript no. output

for �0 � �c,0 (fast cooling electron) and ⇠ �0 otherwise (slow
cooling electron).

In presence of a decaying magnetic field with t
0
B ⌧ t

0
dyn, it

appears clearly from Eq. (8) that �(t0dyn) ⇠ �c,0 for �0 � �c,0
t
0
dyn

t
0
B

.
Therefore, electrons radiate e�ciently only above an e↵ective
critical Lorentz factor

�c,e↵ '
t
0
dyn

t
0
B
�c,0 , (9)

which leads to an increase of the cooling break frequency by a
factor

⇣
t
0
dyn/t

0
B

⌘2
, as described above. We note that for an extreme

decay, i.e. t
0
B/t
0
dyn ⌧

�c,0
�m

, we expect a slow cooling spectrum
even for �m > �c,0, in agreement with Eq. (3).

From the solution given by Eq. (8) the electron distribution
n(�, t0) = n(�0, 0) d�0

d� can be computed at any time t
0, and the

final radiated energy by the synchrotron process can be deduced
by integrating the synchrotron power over t

0
dyn, i.e.

usyn =

Z
t
0
dyn

0
dt
0
Z

d� n
�
�, t0
� mec

2

�c,0

�2

t
0
dyn

e
�2 t

0
t
0
B . (10)

The corresponding spectrum u⌫0 can also be computed by inte-
grating the synchrotron power at frequency ⌫0:

u⌫0 =

Z
t
0
dyn

0
dt
0
Z

d� n
�
�, t0
�

Psyn,⌫0
�
�; B

0(t0)
�
. (11)

This is done in a first step using a simplified shape for the syn-
chrotron spectrum of a single electron with Lorentz factor �: a
power-law 1/3 up to ⌫syn(�) and 0 above. The result is plotted
in blue in Fig. 1 for �m/�c,0 = 300, either with a constant mag-
netic field (dotted line) or with a decaying magnetic field with
t
0
B/t
0
syn = 10�2 (solid line), which fulfills the condition given

by Eq. (3). For the constant magnetic field, we obtain the stan-
dard fast cooling synchrotron specrum described by Sari et al.
(1998), with a photon index ↵ = �3/2 below the peak at ⌫0m,
and a photon index �2/3 below the cooling break ⌫0c ' 10�5 ⌫0m.
For the decaying magnetic field, the e↵ective cooling break is
at ⌫0c = ⌫0c,0

⇣
t
0
dyn/t

0
B

⌘2 ⇠ 104 ⌫0c,0, so that the intermediate spec-
tral branch with index �3/2 disappears and the photon index
↵ = �2/3 is measured immediately below the peak, which is
still at ⌫0m.

2.4. Additional effects: the role of IC scatterings

In a more realistic approach, other radiative processes cannot be
neglected. This is especially true for inverse Compton scatter-
ings which can strongly a↵ect the cooling of electrons. In fast
cooling regime, Bošnjak et al. (2009) and Daigne et al. (2011)
have shown that the e↵ect on the synchrotron spectral compo-
nent is governed by two parameters (see also Nakar et al. 2009):

YTh =
4
3
�2

m

⇣
�T n

acc
e ct

0
syn (�m)

⌘
=

p � 2
p � 1

ue

uB,0
, (12)

which governs the e�ciency of scatterings, and

wm = �m
h⌫0m
mec2 , (13)

Fig. 1. E↵ect of a decaying magnetic field on the synchrotron spec-
trum. The normalized spectrum ⌫0u⌫0/ue is plotted as a function of the
normalized frequency ⌫0/⌫0m for a constant magnetic field (dotted line)
or a decaying magnetic field on a timescale t

0
B = 10�2

t
0
dyn (solid line).

The calculation is done with the numerical radiative code described in
§2.4, either including only the synchrotron process (black) or both the
synchrotron radiation and the inverse Compton scatterings (red). The
following parameters are adopted: �c,0 = �m/300, YTh = 10, wm = 102,
p = 2.5. In the synchrotron only case, the result of the approximate
calculation discussed in §2.3 is plotted in blue for comparison.

which measures how important Klein-Nishina corrections are
(Thomson regime corresponds to wm ⌧ 1). In particular, Der-
ishev et al. (2001); Nakar et al. (2009); Daigne et al. (2011) have
identified that for YTh � 1 and wm � 1, a photon index ↵ . �1
is obtained below ⌫0m in the synchrotron component.

Using the radiative code discribed in Bošnjak et al. (2009)
where a decaying magnetic field following Eq. (4) has been im-
plemented, we can solve the evolution of the distribution of elec-
trons, and the corresponding emitted spectrum, in the more re-
alistic case where inverse Compton scatterings are taken into
account. This is done for the same example in Fig. 1, using
YTh = 10 and wm = 100 (red curves). For comparison, the syn-
chrotron only case is also plotted with the same radiative code
(black line) and agrees well with the simple calculation pre-
sented in § 2.3. When inverse Compton scatterings are included,
a steeper photon index ↵ ⇠ �1.2 is found in the case of a constant
magnetic field, due to the e↵ect of scatterings in Klein-Nishina
regime, in agreement with Daigne et al. (2011). However, a even
steeper index ↵ = �2/3 is obtained when the decay of the mag-
netic field is included. We note that the inverse Compton scatter-
ings is also modified and we will discuss later the implications
for the high-energy prompt emission from gamma-ray bursts. In
the following, all results are produced with this same numerical
radiative code.

Article number, page 4 of 14

§ Low-energy photon index
of  the synchrotron spectrum:

- SSC in Klein-Nishina regime:
a = -3/2 to -1

- B decay on an intermediate scale
between the electron radiative 
timescale and the dynamical
timescale: a = -3/2 to -2/3

FD &  Bosnjak, to be submitted



Full modelling: coupling the radiative model
to the dynamics of  the ejecta

Much more complex: not shown here. Advantage: spectral and temporal properties.

§ IAP: tools available for internal shocks, can not be used to directly fit data (too heavy)
= intermediate step = ISSM, see Fred Piron’s presentation

§ IAP: towards a hybrid model, with internal shocks starting below the photosphere
(radiation mediated shocks) and still propagating above it (standard internal shocks):
long term project with Filip Samuelsson.

§ Reconnection models: Bing Zhang et al.
§ Shock breakouts? (may be useful to study low-L/soft GRBs)
§ Other models?



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, …)

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

« Standard » model: synchrotron radiation from shock-accelerated electrons

at the forward external shock.

- Simple analytical implementation are available (« closure relations »).

- Public codes are available, e.g. afterglowpy (useable for data fittin
g)

- Clement Pellouin’s PhD work at IAP:

numerical model with syn+SSC (useable for data fittin
g)

Still many open issues, especially related to the modeling of the early afterglow

(chromatic breaks, plateaus, fla
res, etc.).

Many scenarios are discussed, some can have simple analytical implementation

(e.g. late energy injection for plateaus), so
me need a complex modeling.

Some groups in the French side have developed models for some scenarios.



Data fitting with the forward external shock model



An exemple of  an afterglow fit: GW170817

Pellouin & Daigne, submitted

Code still under development:
- synchrotron self-absorption
- reverse shock
- etc.

(structured jet,
FS: syn+SSC)

Posterior distribution on model parameters not shown here:
should always be checked (for instance when using afterglowpy).
One can find a good fit with strange parameters: says probably something
(note the case here!).

3 GHz 1 TeV

Lightcurve:

Spectrum at the peak:



One word on population models

- Expertise available: Jesse Palmerio’s PhD work (Palmerio & Daigne 2021)

- Population is described in terms of rate(z), luminosity function, etc.
- Main difficulties: correcting for selection effects.

= building a large & complete sample (e.g. flux-limited) to apply the model

- Including the afterglow in the model is complex.

- Present status:
Long GRBs: OK ; Short GRBs : more uncertain ; other kind of events ?



The example of  the population of  classical long GRBs
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Fig. 5. Best fits to the observational constraints from models with intrinsic Ep�L correlations and a luminosity function that does not evolve with
redshift (kevol = 0). The red curve corresponds to the case where the LGRB rate follows the shape of CSFRD and the blue curve corresponds to the
case where the LGRB e�ciency is free to evolve with redshift. The black curves and grey histograms are the observational constraints described
in Fig. 2. This figure is discussed in Sect. 4.

Table 3. Best fit parameter values in the case of a log-normal Ep scenario.

Name ṅ0
GRB Luminosity function Peak energy distribution Redshift distribution

[yr�1 Gpc�3] log L⇤ p kevol log Ep0 �Ep zm a b

ṅGRB / CSFRD 1.00+0.01
�0.01 52.4+0.1

�0.1 1.45+0.02
�0.02 1.6+0.1

�0.1 2.86+0.02
�0.02 0.47+0.02

�0.02 1.9 1.1 �0.57
No evolution 1.08+0.10

�0.10 53.0+0.1
�0.1 1.36+0.04

�0.06 0.0 2.84+0.02
�0.02 0.45 2.2+0.1

�0.1 1.2+0.1
�0.1 �0.17+0.13

�0.06
(†)

Mild evolution 1.11+0.05
�0.06 52.7+0.1

�0.1 1.34+0.03
�0.03 0.5 2.84+0.02

�0.02 0.45 2.1+0.1
�0.1 1.0+0.1

�0.1 �0.19+0.03
�0.05

Evolution 1.30+0.06
�0.05 52.6+0.1

�0.1 1.41+0.02
�0.02 1.0 2.84+0.02

�0.02 0.45 2.2+0.1
�0.1 0.9+0.1

�0.1 �0.52+0.16
�0.06

(†)

Strong evolution 1.48+0.05
�0.07 52.2+0.1

�0.1 1.50+0.02
�0.02 2.0 2.84+0.02

�0.02 0.45 2.1+0.1
�0.1 0.7+0.1

�0.1 �0.62+0.05
�0.08

Notes. Parameter without errors were fixed during the exploration. (†)The parameter b in these two cases has a multi-peaked marginalised posterior
distribution; the median and 1� errors reported here are not necessarily representative of the best fitting value but are quoted for simplicity.

Table 4. Same as Table 3 but for the intrinsic Ep�L correlation scenario.

Name ṅ0
GRB Luminosity function Peak energy distribution Redshift distribution

[yr�1 Gpc�3] log L⇤ p kevol log Ep0 �Ep ↵A zm a b

ṅGRB / CSFRD 0.69+0.01
�0.01 52.5+0.1

�0.1 1.53+0.03
�0.03 2.1+0.1

�0.1 2.80+0.03
�0.03 0.44+0.02

�0.02 0.25+0.05
�0.05 1.9 1.1 �0.57

No evolution 0.77+0.05
�0.05 53.3+0.1

�0.2 1.44+0.03
�0.06 0.0 2.79+0.03

�0.03 0.43+0.02
�0.02 0.30+0.05

�0.05 2.2+0.1
�0.1 1.35+0.1

�0.1 �0.18+0.02
�0.02

Mild evolution 0.73+0.21
�0.06 53.0+0.2

�0.2 1.42+0.07
�0.07 0.5 2.81+0.05

�0.06 0.44+0.03
�0.06 0.25+0.15

�0.15 2.1+0.1
�0.1 1.25+0.15

�0.15 �0.20+0.04
�0.06

Evolution 0.72+0.05
�0.05 52.9+0.2

�0.2 1.47+0.05
�0.05 1.0 2.78+0.03

�0.05 0.42+0.03
�0.03 0.35+0.1

�0.1 2.1+0.1
�0.1 1.2+0.1

�0.1 �0.27+0.06
�0.04

Strong evolution 0.79+0.06
�0.06 52.5+0.1

�0.1 1.52+0.03
�0.03 2.0 2.80+0.04

�0.04 0.44+0.03
�0.03 0.25+0.1

�0.1 2.1+0.1
�0.1 0.9+0.1

�0.1 �0.60+0.07
�0.06

scenario solely using the constraints presented in Sect. 3; we
discuss this in more detail in Sect. 5.1 using additional cross-
checks. Nonetheless, many results do not depend on the Ep sce-
nario and can be robustly discussed equivalently; this is the
case in particular regarding the redshift evolution of the lumi-
nosity function and/or of the LGRB e�ciency. Using only the
intensity, spectral and redshift constraints we cannot distinguish
between luminosity-evolving and e�ciency-evolving scenarios.
This degeneracy has been an issue in LGRB population models
based on smaller, complete samples of bright LGRBs from Swift
(see e.g., Salvaterra et al. 2012; Pescalli et al. 2016). Despite
using fainter and larger samples, we find that lifting this degen-
eracy remains di�cult; we discuss this in more detail using addi-
tional crosschecks in Sect. 5.3.

5. Discussion

5.1. A possible intrinsic spectral–energetic correlation

The observed Ep�L plane of the extended BAT6 sample is
a powerful tool to compare the predictions of the intrin-
sic Ep�L correlation and the independent log-normal Ep
scenarios. There has been significant debate concerning the
causes of this observed correlation, whether due to obser-
vational selection e↵ects or not (e.g., Nakar & Piran 2005;
Band & Preece 2005; Butler & Kocevski 2007; Ghirlanda et al.
2008; Nava et al. 2008; Heussa↵ et al. 2013). Two caveats
should be noted while comparing our population to the obser-
vations. The first is that the observed Swift/eBAT6 sample is
missing about ⇠17% of measurements in the Ep�L plane; the
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Long GRB Population Model

Palm
erio

& Daigne 2021

Here we use flux-limited samples to avoid the detailed modeling of the detection efficiency.

Red: model without evolution

Blue: model with evolution (here: comoving rate)

Peak Flux (BATSE) Peak Energy (Fermi/GBM) Redshift (Swift eBAT6)Constraints:

Results: an evolution is needed (comoving rate and/or luminosity function)
= a constraint on progenitor models

See also Ghirlanda & Salvaterra 2022



Long GRB Population Model

Would need a sample allowing to build the luminosity distribution in a different redshift bins…

Distinguising between rate and luminosity evolution?
Luminosity distribution in four redshift bins

Intrinsic

Sim. Obs: 
deep

Sim. Obs: 
present
(eBAT6)

Solid: L evolution
Dashed: Rate evolution

Palm
erio

& Daigne 2021



Long GRB Population Model

Prediction for high-z GRBs? Interest of  low-energy threshold

Palm
erio

& Daigne 2021

Pop. model: all-sky rate above z=6 as a function of the peak flux limit

(4-120 keV)

Effect of the energy
channel on the detected

rate:
Color: energy band

From 50-300 keV
(violet)

to 2-30 keV (blue)



Questions, discussion?


