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A very dynamic subject, with rapid progress:
A few examples of recent observations:

§ Three GRBs recently detected at VHE (afterglow): 180720B (HESS)
190114C (MAGIC)
190829A (HESS)
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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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Fig. 2 | Multi-band spectra in the time interval 68–2,400 s. Five time intervals 
are considered: 68–110 s (blue), 110–180 s (yellow), 180–360 s (red), 360–625 s 
(green) and 625–2,400 s (purple). MAGIC data points have been corrected for 
attenuation caused by the EBL. Data from other instruments (Swift-XRT, Swift-
BAT, Fermi-GBM and Fermi-LAT) are shown for the first two time intervals. For 
each time interval, LAT contour regions are shown, limiting the energy to the 
range in which photons are detected. MAGIC and LAT contour regions are 
drawn from the 1σ error of their best-fit power-law functions. For Swift data, the 
regions show the 90% confidence contours for the joint fit for XRT and BAT, 
obtained by fitting a smoothly broken power law to the data. Filled regions are 
used for the first time interval (68–110 s).
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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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A very dynamic subject, with rapid progress:
A few examples of recent observations:

§ Three GRBs recently detected at VHE (afterglow)

§ Late observations of 170817 @ 3.5 years
(KN afterglow?):

Figure 2 | X-ray and radio light-curves of GW170817 X-ray (upper panel) and radio (3 GHz, lower panel) evolution
of the emission from GW170817 as detected by the CXO and the VLA (light-blue circles). Open circle: peak pixel flux
value within one synthesized beam at the location of GW170817 from Balasubramanian et al.26 At �t > 900 days the
X-ray emission shows an excess compared to the off-axis jet afterglow model (solid blue line, §4 and §6) that indicates
the emergence of a new emission component. Red-to-orange dashed lines: synchrotron radiation from the kilonova
afterglow calculated using semi-analytical models32 where we parametrized the kilonova kinetic energy distribution
as Ek / (��)�↵ for � � 0.35 and we used a total kilonova kinetic energy of 1051 erg. These models require
p < 2.15 to avoid violating our radio upper limit. Here we use p = 2.05 and we emphasize with a solid thick line the
↵ = 5 model. Other kilonova afterglow parameters assumed: ✏B = 0.001, ✏e = 0.1, n = 0.001 cm�3. Grey shaded
area: synchrotron emission calculated from kilonova kinetic ejecta profiles derived from ab-initio numerical relativity
simulations using a neutron-star mass-ratio q = 1 and the LS220 equation of state (§7). These simulations emphasize
the contribution from the merger’s dynamical ejecta. The shaded area corresponds to values pKN = 2.05 � 2.15,
n = 6⇥ 10�3 cm�3, ✏e = 0.1 and ✏B = 0.01.
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A very dynamic subject, with rapid progress:
A few examples of recent observations:

§ Three GRBs recently detected at VHE (afterglow)

§ Late observations of 170817 @ 3.5 years (KN afterglow?)

§ Results of the LVK O3 run: 190425 BNS 
190814 NSBH? or BBH
200105 NSBH
200115 NSBH
(Ed Porter’s talk)

A second BNS, at least two NSBH, but no new em counterpart.
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A common physics:

Gravitational collapse
(core-collapse / merger)

Formation of a stellar mass 
compact object

Non/midly-relativistic ejection
(SN, KN)

Ultra-relativistic ejection
(internal dissipation: prompt,
interaction with ext. medium: afterglow)

Particle acceleration, 
non-thermal emission

Etc.
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Nature of the central engine?

OR

OR one and then the other…

Accreting BHAccreting hypermassive NS/magnetar
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Nature of the central engine?

OR

OR one and then the other…

Accreting BHAccreting hypermassive NS/magnetar

Many questions:
§ Extreme core-collapse: magnetar or BH? (Jérôme Guilet’s talk)

-Numerical modelling
-Neutrino/GW signal?

§ Mergers: post-merger evolution?
-Depends on several factors, including the E.O.S (Micaela Oertel’s talk)
-Indirect constraints from em (mainly KN: only one case):
new observations and more modeling are needed.
-Direct GW signal? Wait for ET? (Ed Porter’s talk)

7



Jet launching, acceleration & early propagation: 8



Jet launching, acceleration & early propagation:

Many questions:
§ Is a relativistic ejection possible either with a NS or a BH? Differences?
§ Initial magnetization? Efficiency of the acceleration? Final magnetization?
§ Effect of the interaction with the local medium? 

(collapsar: infalling enveloppe, merger: dynamical ejecta, neutrino wind)
Choked/successful jets? 

§ Jet geometry, orientation, structure, composition?
§ Etc.

§ Observations: indirect from prompt & afterglow (the beautiful case of 170817)
Needs models for the analysis.

§ Numerical modelling
§ Neutrino signal? (KM3net, IceCube) (Damien Dornic’s talk)

9



Prompt emission:

§ High variability, strong spectral evolution
§ Internal dissipation in the relativistic ejecta

§ Shock breakout, dissipative photophere, internal shocks, reconnection, …
§ Particle acceleration
§ Non-thermal emission

10



Prompt emission:

Many questions:
§ Structured jet: same mechanism in the core jet and in the lateral structure?
§ Role, signature of the shock breakout?
§ Signatures of the different mechanisms (shocks, reconnection, …)?
§ Microphysics? Acceleration of hadrons?

Internal dissipation
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Prompt emission:

Many questions:
§ Needed observations: synergy SVOM-Fermi-CTA

- needs a good spectral coverage in gamma-rays + distance
- prompt optical emission? (Bertrand Cordier’s talk)
- VHE prompt emission? (Luigi Tibaldo’s talk)
- neutrinos? (KM3NET, IceCube) (Damien Dornic’s talk)

§ Needed numerical simulations/models: 
- Microphysics (Benoît Cerutti’s, Arno Vanthieghem’s talks)
- Dynamics
- Time-dependent Radiative codes
- Etc.

§ Needed new tools to the data/model comparison
(see e.g. Yassine, Piron, Daigne, Mochkovitch et al. 2020)

Internal dissipation
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Afterglow:

Shocked
external medium

§ Long lived
§ Multi-wavelength
§ Less variable
§ Reverse shock, Forward shock
§ Again: particle acceleration, non-thermal radiation

13



Afterglow:

Shocked
external medium

Many questions:
§ Signature of the reverse shock? (always present?)
§ Consequences of the lateral structure? (see e.g. Beniamini, Duque, Daigne & Mochkovitch 2020)

§ Late evolution: lateral expansion, non-relativistic transition) (late 170817 obs.)
§ Constraints on external medium?
§ Microphysics, radiative processes

§ Observations:
- Multi-wavelength + distance (SVOM) (Bertrand Cordier’s talk)
- More VHE observations (CTA) (Luigi Tibaldo’s talk)
- More radio observations (SKA/precursors) (Stéphane Corbel’s talk)
- More GW+EM observations of mergers under different viewing angles

(see e.g. Duque, Daigne & Mochkovitch 2019) (Ed Porter’s, talk)
§ Models/ numerical simulations

(see e.g. Lamberts & Daigne 2018 ; Ayache, van Eerten & Daigne 2020)

14



Afterglow:

Beniamini, Duque, Daigne & Mochkovitch 2020 ; Duque, Beniamini, Daigne & Mochkovitch in preparation

15

§ Slightly misaligned line of sight to structured
jets allows a geometrical interpretation of 
plateaus. 

§ Observed correlations arise naturally.

§ Flares can be produced
in the same scenario.



Massive stars:
Core-Collapse

Mergers:

Supernova/Kilonova: Supernova

Red/Blue KN
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Supernova/Kilonova: Supernova

Massive stars:
Core-Collapse

Red/Blue KN (only one case!)

Mergers:

Many questions:
§ Physics of SNae associated to GRBs? (Jérôme Guilet’s talk)
§ Better understand the SN/GRB connection, the diversity, … 

Many questions:
§ Nuclear uncertainties (r process) (Jérôme Margueron’s talk)
§ Atomic uncertainties (opacity, lines of highly ionized heavy elements)
§ Geometry of each component, ν wind always present?
§ Robustness of the ejected mass measurement
§ Interpretation of spectra, etc.

§ Needs more observations + models/numerical simulations…
(see e.g. Mochkovitch, Daigne, Duque & Zitouni 2021)

Dynamical ejecta + ν wind

17



Progenitors?

AND/OR

Supernova

Long GRB (with or w/o SN?)

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

BNS

NSBH

Mass? Metallicity?

Rotation? Binarity?

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

OR

OR

OR?

Red/Blue KN

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

Massive stars:
Core-Collapse

Mergers:
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Progenitors?

§ Need more observations of individual events to explore the diversity
SVOM (Bertrand Cordier’s talk)
GW+EM BNS/NSBH (Ed Porter’s talk)
LSST (Anais Möller’s talk)

§ Host galaxies

§ Population models
(Long GRBs: see e.g. Palmerio & Daigne 2021 ; BNS: see e.g. Duque, Beniamini, Daigne & Mochkovitch 2020)

§ Indirect constraints (e.g. chemical evolution, bkgs, …) (I. Dvorkin’s talk)
(see e.g. Dvorkin, Daigne, Goriely, Vangioni&  Silk 2021)

§ Important not only for understanding the physics of these phenomena, 
but also for other applications
(e.g. constraining the cosmic star formation rate, 
constraing the stellar evolution in binaries, etc.)
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A common challenge: rapid follow-up on alert

§ GRB/merger studies need the best multi-λ/multi-messenger coverage
§ Many important signatures are short duration and happen very early.

§ Many challenges:
- Initial alert: localization
- Accurate initial localisation: rapid follow-up at all wavelength

(especially challenging for the late prompt/early afterglow emission)
- Large error boxes: very challenging

detection of candidates, classification, identification, …
Needs photometric + spectroscopic follow-up.

- Etc.

§ How prepared is the French community for this challenge?
See talks by 
Bertrand Cordier (SVOM), 
Pierre Duverne (FINK, GRANDMA), 
Sarah Antier (TS2020+, SNO « alertes » ?),
Chiara Caprini (GDR GW) ,
and probably the discussion led by Susanna Vergani on MMA…
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Thanks!

Comments? Questions?


