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§ What are GRBs?
§ Recent advances:

- GRBs at TeV
- GW170817 / GRB170817A

§ What did we learn?
§ Perspectives for GRB studies in the MM era

Application to stellar physics (binaries) & cosmology
§ SVOM
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Core-collapseGW
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Prompt GRB

Afterglow
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§ High variability : ms → 100 ms
§ Short duration: a few ms to a few min
§ Two classes: short & long GRBs

§ Great diversity of lightcurves ; Pulses: 100 ms → 10 s
§ Non-thermal spect. = cosmic accelerators: Epeak ~ 100 keV → 1 MeV
§ Spectral evolution
§ Spectral diversity: classical GRBs, low luminosity-GRBs,

X-ray rich GRBs, X-ray Flashes, etc.

GRBS: PROMPT EMISSION
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§ Lightcurves:
power-law decay, 
breaks, variability
(flares, plateaus)

§ Spectral evolution:
X-rays to radio

§ Redshift
§ Mean redshift above 2 for long GRBs
§ Maximum : GRB 090423 at z = 8.2

GRB 090429B at z = 9.3
§ Eiso ~ 1051 to 1054 erg 

(some under-luminous ; some monsters…)

GRBS: AFTERGLOW

8

Beppo-SAX/HETE2 era

SWIFT:
BAT → XRT



GRBS: PROGENITORS

9

Long GRBs: direct evidence for the collapsar scenario
§ Star forming host galaxies / association of nearby LGRBs with SNae
§ Progenitors = a low fraction of massive stars

(conditions to produce a GRB? Mass? Metallicity? Rotation? Binarity?) 
§ Using LGRBs to trace the cosmic star formation rate at large z?

(see e.g. Palmerio, Vergani et al. 2019 ; Palmerio & Daigne, 2022)

§ Using the sample of LGRB host galaxies to study « normal » 
galaxies at large z  (« normal » = not necessarily very bright).

Absorption spectro. (afterglow)
neutral medium, metallicity, 
kinematics, etc. : host galaxy + 
absorbers along the line-of-sight

Emission spectro. (host)
ionized medium

(see the recent example of GRB 210905A @ 
z=6.3 by Saccardi, Vergani et al. 2023)



GRBS: PROGENITORS
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Short GRBs: indirect evidence for the merger scenario
§ Host galaxies

of any type
(not necessarilystar-forming)

§ Possible large offsets
⟹ delay/kicks
merger scenario
(BNS ; some NSBH ?)

§ A quasi-direct evidence:
association GW 170817 (BNS) / GRB 170817A (short)
(some caveats: nature of the GRB emission)

Ba
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05

GRB 050724 (short) : VLT obs. of the host galaxy



GRBS: THEORY
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Log( R ) [meters]

§ Cosmological distance: huge radiated energy (Eiso,γ ~ 1050-1055 erg)

§ Variability + energetics: violent formation of a stellar mass BH (magnetar ?)

Central engine:
no direct em observation

GW?
Collapsar: currently out of reach / Merger: post-merger signal?



GRBS: THEORY

12

Log( R ) [meters]

§ Variability + energetics + gamma-ray spectrum: relativistic ejection
(only way to avoid a strong pair production)

Relativistic ejection:
no direct em observation

neutrinos? (early propagation)



GRBS: THEORY

13

Log( R ) [meters]

§ Prompt keV-MeV emission: internal origin in the ejecta
(only way to explain the fast variability)

Photosphere? (Thermal)

Dissipative Photosphere?
Shocks?                                     (Particle accel. / Non-thermal rad.)
Magnetic Reconnection? (CR/Neutrinos?)



GRBS: THEORY

14

Log( R ) [meters]

§ Afterglow: deceleration by the ambient medium

Ultra-relativistic forward shock in the external medium
Reverse shock in the ejecta?
⟹ particle acceleration / non-thermal radiation

(CR/neutrinos?)



GAMMA-RAY BURSTS AT TEV ENERGIES
Why is it interesting?

GRBs = cosmic accelerators

TeV to better understand:
- the distribution of accelerated particles

- the magnetic field
- the radiative processes (syn, SSC, other?)

- the possible contribution to proton acceleration
(U)HECRs? Neutrinos? 

15



GRBS AT TEV ENERGIES

16

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

460 | Nature | Vol 575 | 21 November 2019
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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).

GRB 190114C (MAGIC)  @ z=0.14
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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.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-019-1754-6.

1. Mészáros, P. Theories of gamma-ray bursts. Annu. Rev. Astron. Astrophys. 40, 137–169 
(2002).

2. Piran, T. The physics of gamma-ray bursts. Rev. Mod. Phys. 76, 1143–1210 (2005).
3. van Paradijs, J., Kouveliotou, C. & Wijers, R. A. M. J. Gamma-ray burst afterglows. Annu. 

Rev. Astron. Astrophys. 38, 379–425 (2000).
4. Gehrels, N., Ramirez-Ruiz, E. & Fox, D. B. Gamma-ray bursts in the Swift era. Annu. Rev. 

Astron. Astrophys. 47, 567–617 (2009).
5. Gehrels, N. & Mészáros, P. Gamma-ray bursts. Science 337, 932–936 (2012).
6. Kumar, P. & Zhang, B. The physics of gamma-ray bursts & relativistic jets. Phys. Rep. 561, 

1–109 (2015).
7. Sari, R., Piran, T. & Narayan, R. Spectra and light curves of gamma-ray burst afterglows. 

Astrophys. J. Lett. 497, 17–20 (1998).
8. Granot, J. & Sari, R. The shape of spectral breaks in gamma-ray burst afterglows. 

Astrophys. J. 568, 820–829 (2002).
9. Mészáros, P. & Rees, M. J. Delayed GeV emission from cosmological gamma-ray bursts – 

impact of a relativistic wind on external matter. Mon. Not. R. Astron. Soc. 269, L41–L43 
(1994).

10. MAGIC Collaboration. Teraelectronvolt emission from the γ-ray burst GRB 190114C. 
Nature https://doi.org/10.1038/s41586-019-1750-x (2019).

11. Mirzoyan, R. et al. MAGIC detects the GRB 190114C in the TeV energy domain. GCN 
Circulars 23701 https//gcn.gsfc.nasa.gov/gcn3/23701.gcn3 (2019).

12. Nava, L. High-energy emission from gamma-ray bursts. Int. J. Mod. Phys. D 27, 1842003 
(2018).

13. Mirzoyan, R. et al. MAGIC detects the GRB 190114C. The Astronomer’s Telegram 12390 
http://www.astronomerstelegram.org/?read=12390 (2019).

14. Ajello, M. et al. Fermi and Swift observations of GRB 190114C: tracing the evolution of 
high-energy emission from prompt to afterglow. Preprint at https://arxiv.org/
abs/1909.10605 (2019).

15. Ravasio, M. E. et al. GRB 190114C: from prompt to afterglow? Astron. Astrophys. 626, A12 
(2019).

16. Laskar, T. et al. ALMA detection of a linearly polarized reverse shock in GRB 190114C. 
Astrophys. J. Lett. 878, 26 (2019).

17. Vietri, M. GeV photons from ultrahigh energy cosmic rays accelerated in gamma ray 
bursts. Phys. Rev. Lett. 78, 4328–4331 (1997).

18. Zhang, B. & Mészáros, P. High-energy spectral components in gamma-ray burst 
afterglows. Astrophys. J. 559, 110–122 (2001).

19. Razzaque, S. A leptonic–hadronic model for the afterglow of gamma-ray burst 090510. 
Astrophys. J. Lett. 724, 109–112 (2010).

20. Sari, R. & Esin, A. A. On the synchrotron self-Compton emission from relativistic  
shocks and its implications for gamma-ray burst afterglows. Astrophys. J. 548, 787–799 
(2001).

10
6

10
8

10
10 210−10

10−9

10−8

10−7

Fl
ux

 (e
rg

 c
m

–2
 s

–1
)

68–110 s

XRT BAT
GBM

LAT MAGIC

103 106 109 1012

Energy (eV)

10−10

10−9

10−8

10−7

Fl
ux

 (e
rg

 c
m

–2
 s

–1
)

110–180 s

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 221009A
§ The BOAT (the Brightest Of All Times) – Eiso,g ~1055 erg

(Saturation of gamma-ray detectors: Swift, Fermi, INTEGRAL, …)

§ Follow-up by many instruments and collaboration
z = 0.151 (de Ugarte Postigo et al. 2022, Castro-Tirado et al. 2022, Izzo et al. 2022, Malesani et al. 2023)

§ Standard afterglow model does not work well: puzzling event
(Laskar et al. 2023, O’ Connor et al. 2023, Kann et al. [FD] 2023, …)

X-rays Visible/NIR

Here: data obtained by HXMT + GRANDMA (Kann et al. [FD] 2023)
GRANDMA = network of > 30 professionnal and amateur telescopes

17



GRB 221009A
§ Detection by Fermi-LAT up to ~400 GeV (Xia et al. 2022a,b)

§ GCN #32677 (Huang et al. 2022):
detection by LHASSO, >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

We should wait for the LHASSO publication with the full analysis:
energy calibration? 

§ No detection by IceCube or KM3NET

18



GRBS AT TEV ENERGIES
§ Confirmed detections : Afterglow (including the very early afterglow for 190114C)

= probe the deceleration phase

§ Standard afterglow model with emission of shock-accelerated
electrons (syn + SSC) works

§ New constraints on electron acceleration, magnetic field, etc.
(most afterglows: synchrotron only, many parameter degeneracies)

§ No need for an hadronic component at this stage?

§ Prompt emission?
Needs a large f.o.v (HAWK/LHASSO) or a fast response (CTA?)

19



GAMMA-RAY BURSTS
ENTERING THE MULTI-MESSENGER ERA:

GW170817/GRB170817A

20



THE 170817 MM EVENT

Gravitational waves

Observer

Afterglow: radio to X-rays + VLBI

Short gamma-ray burst: 
physical origin?

Kilonova: red
& blue components

21



LATERAL STRUCTURE OF THE JET

§ 170817: a unique multi-wavelength data set – peak flux @ > 100 days

§ Standard afterglow model (synchrotron from e- accelerated at the FS)
+ lateral structure in the jet: good fits (late evolution: lateral expansion?) 

Pellouin & Daigne in preparation

Radio (3 GHz)

core

sheath

22



SIGNATURES OF THE LATERAL STRUCTURE IN GRBS?

§ The lateral structure may be inherited from the early propagation
of the ejecta and may be a common features in GRBs.

- SGRB: interaction with the kilonova ejecta

- LGRB: interaction with the collapsing envelope

- Can we find signatures of this lateral structure in cosmic GRBs?
Main difference: large distance/on-axis  vs small distance/off-axis

- Note 1 : for SGRBs, this interaction can also explain the origin of 
GRB170817A (shock breakout) and the GW-GRB delay: see e.g. Bromberg 
et al. 2018).

- Note 2 : especially in LGRBs, this interaction is also discussed as a possible 
phase of neutrino emission.

23



SIGNATURES OF THE LATERAL STRUCTURE IN GRBS?

§ The lateral structure may be inherited from the early propagation
of the ejecta and may be a common features in GRBs.

§ Can we find signatures of this lateral structure in cosmic GRBs?
Part of the PhD project of R. Duque @ IAP

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

24
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SIGNATURES OF THE LATERAL STRUCTURE IN GRBS?

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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§ The lateral structure may be inherited from the early propagation
of the ejecta and may be a common features in GRBs.

§ Can we find signatures of this lateral structure in cosmic GRBs?
Part of the PhD project of R. Duque @ IAP



LATERAL STRUCTURE OF THE JET

§ 170817: a unique multi-wavelength data set – peak flux @ > 100 days

§ Standard afterglow model (synchrotron from e- accelerated at the FS)
+ lateral structure in the jet: good fits (late evolution: lateral expansion?) 

Pellouin & Daigne in preparation

Radio (3 GHz)

core

sheath
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TEV AFTERGLOW OF A BNS MERGER?
§ 170817: a unique multi-wavelength data set

§ Standard afterglow model (synchrotron from e- accelerated at the FS)
+ lateral structure in the jet: good fits (late evolution: lateral expansion?) 

Pellouin & Daigne in preparation

Radio (3 GHz)

core

sheath

HESS limit at the peak
(HESS Collab 2020)
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TEV AFTERGLOW OF A BNS MERGER?
§ Full calculation of the afterglow of a structured jet including SSC

in Klein-Nishina regime
Part of the PhD work of Clément Pellouin @ IAP

Pellouin & Daigne in preparation
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TEV AFTERGLOW OF A BNS MERGER?
§ Full calculation including SSC in Klein-Nishina regime

§ TeV lightcurve peaks ~2 orders of magnitude below the HESS limit

Lightcurve @ 1TeV Spectrum@VHE peak (99 days)

Pellouin & Daigne in preparation

HESS

29



TEV AFTERGLOW OF A BNS MERGER?
§ Same afterglow seen less off-axis (~10°) becomes detectable by HESS

§ and could be detectable by CTAO at > 100 Mpc

Lightcurve @ 1TeV Spectrum@VHE peak (5 days)

Pellouin & Daigne in preparation

HESS
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TEV AFTERGLOW OF A BNS MERGER?
§ Same afterglow (same viewing angle) with a higher external density can

become detectable

Lightcurve @ 1TeV – 3 10-3 cm-3 Spectrum@VHE peak (99 days)

Pellouin & Daigne in preparation

HESS
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TEV AFTERGLOW OF A BNS MERGER?
§ Same afterglow (same viewing angle) with a higher external density can

become detectable

Lightcurve @ 1TeV – 10-2 cm-3 Spectrum@VHE peak (67 days)

Pellouin & Daigne in preparation

HESS
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TEV AFTERGLOW OF A BNS MERGER?
§ Same afterglow (same viewing angle) with a higher external density can

become detectable

Lightcurve @ 1TeV – 10-1 cm-3 Spectrum@VHE peak (34 days)

Pellouin & Daigne in preparation

HESS
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TEV AFTERGLOW OF A BNS MERGER?
§ Same afterglow (same viewing angle) with a higher external density can

become detectable

Lightcurve @ 1TeV – 1 cm-3 Spectrum@VHE peak (15 days)

Pellouin & Daigne in preparation

HESS
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TEV AFTERGLOW OF A BNS MERGER?
§ Same afterglow (same viewing angle) with a higher external density can

become detectable

Lightcurve @ 1TeV – 10 cm-3 Spectrum@VHE peak (7 days)

Pellouin & Daigne in preparation

HESS
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TEV AFTERGLOW OF A BNS MERGER?
§ Same afterglow (same viewing angle) with a higher external density can

become detectable

§ If a formation channel leading to fast mergers exists,
these systems should be over-represented in the GW-AG sample,
due to brighter afterglows (Duque et al. [FD] 2020)

§ These systems may be the only ones detected at VHE:
direct signature of high density environment

§ Many arguments in favor of such systems: some SGRB afterglow fits, 
some SGRB low offset in host galaxy, early r-process enrichment, etc.

§ A possible new constraint on the stellar physics in binaries

Pellouin & Daigne in preparation
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NEW MULTI-MESSENGER DETECTIONS?
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170817 & COSMOLOGY: H0

§ GW: degeneracy distance-inclination

§ AG VLBI: constraint on inclination – improves the measurement of H0

§ See discussion in Mastrogiovanni et al. [FD] 2021: building a sample with
such multiple observations will be slow, but each new event has an impact.
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NEW MM ASSOCIATIONS?
§ LVK: run O4 is starting
§ What do population models including EM counterparts say?
§ Best candidate: KN (quasi-isotropic emission in V-IR)
§ If KN is detected: accurate position, multi-wavelength search
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NEW MM ASSOCIATIONS?

(normalization: assumes 10 GW-detected BNS per year in O4)

A&A 651, A83 (2021)

(a) (b)

Fig. 2. Distribution of peak kilonova magnitudes and kilonova detection rate as a function of threshold. Left: distribution of the peak AB magnitude
in the g, r, i, and z bands predicted for kilonovae associated with GW triggers during O4. Right: rate of kilonovae brighter than a given r magnitude
associated with GW detections during O3, O4, and O5, assuming a GW neutron star coalescence detection rate of ⌧BNS,GW = 10 yr�1 for O4
(Abbott et al. 2020b). The bright end of the distribution (r < 19) is well fit by Eq. (6).

Table 2. Percentage fraction of kilonovae associated with GW triggers in the three magnitude intervals m < 18, 18 < m < 20, and m > 20.

AB Mag. range <18 18�20 >20

Band O3 O4 O5 O3 O4 O5 O3 O4 O5

g 2.5 0.81 <0.1 24 11 1.4 74 88 99
r 4.1 1.3 0.15 39 19 2.3 57 80 98
i 5.6 1.8 0.21 48 25 3.1 46 73 97
z 8.9 2.9 0.33 65 38 4.9 26 59 95

Notes. Figures correspond to observing runs O3, O4, and O5.

where M�,0 is the peak absolute magnitude for a polar viewer
and �M� is the amplitude of the polar e↵ect. The �M�
represents the intrinsic (i.e., non-viewing-angle-related) variabil-
ity in kilonova magnitudes linked to the abovementioned ejecta
properties and, in turn, to the progenitor component masses
and spins. For ✓0 = 60 deg, we find that the linear-in-cos ✓v
form of Eq. (4) reproduces the trends of sophisticated kilonova
modeling work (e.g., Wollaeger et al. 2018; Kawaguchi et al.
2020, and the “asymmetric model” of Villar et al. 2017). We
chose �M� to be uniformly distributed in [�1, 1], reproducing
the expected variability in kilonova magnitude stemming from
variability in ejecta mass, velocity, and opacity (Wollaeger et al.
2018, Eq. (33)). The di↵erence in magnitude between equato-
rial and polar views is moderate in the infrared but increases
rapidly in the visible, already reaching about 4 mag in the r band.
This is mainly due to the stronger anisotropy of the blue compo-
nent. To calibrate this expression, we used AT 2017gfo, assum-
ing ✓v = 15 deg, as mentioned in the introduction. Corresponding
values can be found in Table 1.

Calibrating Eq. (4) with AT 2017gfo supposes that this tran-
sient was representative of the kilonova population. This is the
minimal hypothesis one can make while waiting for the num-
ber of kilonovae with robust angle measurements to increase in
the future. We note that AT 2017gfo could have been brighter
or dimmer than the average of the population our model seeks
to encapsulate. We briefly indicate below how our results might
change if this is indeed the case.

The polar ejecta may not be produced in all mergers, depend-
ing for instance on the post-merger formation of a massive
neutron star before its collapse into a black hole (see, e.g.,
Metzger 2019). As such, we also consider below the possibil-
ity that a fraction of the kilonova population lacks the blue
component, which would a↵ect kilonova brightnesses in the
bluer bands (see a preliminary luminosity function in Ascenzi
et al. 2019 and related discussions in Gompertz et al. 2018 and
Kasliwal et al. 2020).

4. Resulting kilonova population

4.1. Apparent magnitude

From the known distance and viewing angle distributions and
our adopted parametrization for the magnitude (Eq. (4)), we
can readily obtain the distribution of apparent AB magnitudes
for kilonovae associated with GW detections. It is shown in
Fig. 2a for the g, r, i, and z bands for the O4 observing run.
If AT 2017gfo was in fact brighter than the average population,
all the curves will have to be shifted by the corresponding di↵er-
ence, �mag = hmi � m170817. Changing the GW horizon implies
an interplay between the maximum detection distance for the
kilonova and the GW and thus does not result in a simple shift-
ing of the magnitude distribution. However, we found that, to
a good approximation, changing from O4 to O5, the magnitude
distribution is shifted by about 5 Log(DH,O5/DH,O4) = 1.6 mag.

A83, page 4 of 9

GW-detected BNS (O4): KN rate above a given limit mag. 
KN Magnitude @ peak (g,r,i,z) (rlim)
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Deeper search: rlim=20-21
Significant increase of the rate with improved GW sensitivity

O4: several detectable KN per year
O5: > 10 detectable KN per year

Detectable→ Detected:  strategy? (ZTF+LSST/Vera Rubin+follow-up telescopes…)

NEW MM ASSOCIATIONS?

(normalization: assumes 10 GW-detected BNS per year in O4)

A&A 651, A83 (2021)

(a) (b)

Fig. 2. Distribution of peak kilonova magnitudes and kilonova detection rate as a function of threshold. Left: distribution of the peak AB magnitude
in the g, r, i, and z bands predicted for kilonovae associated with GW triggers during O4. Right: rate of kilonovae brighter than a given r magnitude
associated with GW detections during O3, O4, and O5, assuming a GW neutron star coalescence detection rate of ⌧BNS,GW = 10 yr�1 for O4
(Abbott et al. 2020b). The bright end of the distribution (r < 19) is well fit by Eq. (6).

Table 2. Percentage fraction of kilonovae associated with GW triggers in the three magnitude intervals m < 18, 18 < m < 20, and m > 20.

AB Mag. range <18 18�20 >20

Band O3 O4 O5 O3 O4 O5 O3 O4 O5

g 2.5 0.81 <0.1 24 11 1.4 74 88 99
r 4.1 1.3 0.15 39 19 2.3 57 80 98
i 5.6 1.8 0.21 48 25 3.1 46 73 97
z 8.9 2.9 0.33 65 38 4.9 26 59 95

Notes. Figures correspond to observing runs O3, O4, and O5.

where M�,0 is the peak absolute magnitude for a polar viewer
and �M� is the amplitude of the polar e↵ect. The �M�
represents the intrinsic (i.e., non-viewing-angle-related) variabil-
ity in kilonova magnitudes linked to the abovementioned ejecta
properties and, in turn, to the progenitor component masses
and spins. For ✓0 = 60 deg, we find that the linear-in-cos ✓v
form of Eq. (4) reproduces the trends of sophisticated kilonova
modeling work (e.g., Wollaeger et al. 2018; Kawaguchi et al.
2020, and the “asymmetric model” of Villar et al. 2017). We
chose �M� to be uniformly distributed in [�1, 1], reproducing
the expected variability in kilonova magnitude stemming from
variability in ejecta mass, velocity, and opacity (Wollaeger et al.
2018, Eq. (33)). The di↵erence in magnitude between equato-
rial and polar views is moderate in the infrared but increases
rapidly in the visible, already reaching about 4 mag in the r band.
This is mainly due to the stronger anisotropy of the blue compo-
nent. To calibrate this expression, we used AT 2017gfo, assum-
ing ✓v = 15 deg, as mentioned in the introduction. Corresponding
values can be found in Table 1.

Calibrating Eq. (4) with AT 2017gfo supposes that this tran-
sient was representative of the kilonova population. This is the
minimal hypothesis one can make while waiting for the num-
ber of kilonovae with robust angle measurements to increase in
the future. We note that AT 2017gfo could have been brighter
or dimmer than the average of the population our model seeks
to encapsulate. We briefly indicate below how our results might
change if this is indeed the case.

The polar ejecta may not be produced in all mergers, depend-
ing for instance on the post-merger formation of a massive
neutron star before its collapse into a black hole (see, e.g.,
Metzger 2019). As such, we also consider below the possibil-
ity that a fraction of the kilonova population lacks the blue
component, which would a↵ect kilonova brightnesses in the
bluer bands (see a preliminary luminosity function in Ascenzi
et al. 2019 and related discussions in Gompertz et al. 2018 and
Kasliwal et al. 2020).

4. Resulting kilonova population

4.1. Apparent magnitude

From the known distance and viewing angle distributions and
our adopted parametrization for the magnitude (Eq. (4)), we
can readily obtain the distribution of apparent AB magnitudes
for kilonovae associated with GW detections. It is shown in
Fig. 2a for the g, r, i, and z bands for the O4 observing run.
If AT 2017gfo was in fact brighter than the average population,
all the curves will have to be shifted by the corresponding di↵er-
ence, �mag = hmi � m170817. Changing the GW horizon implies
an interplay between the maximum detection distance for the
kilonova and the GW and thus does not result in a simple shift-
ing of the magnitude distribution. However, we found that, to
a good approximation, changing from O4 to O5, the magnitude
distribution is shifted by about 5 Log(DH,O5/DH,O4) = 1.6 mag.
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GW-detected BNS (O4): KN rate above a given limit mag. 
KN Magnitude @ peak (g,r,i,z) (rlim)
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NEW MM ASSOCIATIONS?
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GW trigger+detectable KN
orphan KN = detectable KN

w/o a GW trigger
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=on-axis bright SGRB

No orphan KN
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GW-detected BNS (O4): viewing angle vs distance
for a given limit magnitude

NEW MM ASSOCIATIONS?
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GW trigger without a detectable KN
GW trigger+detectable KN
orphan KN = detectable KN

w/o a GW trigger

=on-axis bright SGRB

No orphan KN
KN+GW= still rare
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GW-detected BNS (O4): viewing angle vs distance
for a given limit magnitude

NEW MM ASSOCIATIONS?
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rlim = 21

ZTF: 23 months, rlim=20.5: no orphan KN (Andreoni et al. 20)
Model (assuming ~50% sky coverage): 0.4-2.6 orphan KNae

Orphan KN
Most GW-triggers
have a detectable KN

GW trigger without a detectable KN
GW trigger+detectable KN
orphan KN = detectable KN

w/o a GW trigger

=on-axis bright SGRB

44



GW-detected BNS (O4): viewing angle vs distance
for a given limit magnitude

NEW MM ASSOCIATIONS?
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GW-detected BNS (O4): viewing angle vs distance
for a given limit magnitude

NEW MM ASSOCIATIONS?
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O4: GW+bright SGRB
are very rare! (1 every 5-20 years in whole sky) – O5? ET?

=on-axis bright SGRB
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NEW MM ASSOCIATIONS?
§ A major challenge: from « detectable » to « detected » events.
§ A key quantity: localization accuracy

§ Associations during O4 should remain rare, best candidate = kilonova
§ Other channels can be explored to study the post-merger physics:

§ GRB+KN
§ Orphan KN
§ Orphan AG

§ In the future: large field-of-view/deep limit magnitude instruments should
play a major role in this quest (observation cadence for LSST-Rubin?)
§ Association GW – bright short GRB (i.e. on-axis): small probability in O4,

better in O5 and much better with Einstein Telescope
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SVOM
• Sino-French mission, to be launched at the end of 2023

(P.I. J. Wei (China) & B. Cordier (France))

• A satellite with four instruments (gamma-rays, X-rays, visible)
(Large fov /Narrow fov / Slew / Anti-Solar pointing)

• Complementary ground-based instruments (visible, near-infrared)

• Core program: gamma-ray bursts
• MM program multi-wavelength follow-up of GW, n alerts
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ECLAIRs
42-80 GRBs/yr

GRB trigger

SVOM GRBS Compared to Swift / Fermi: a smaller sample,
but with well-characterized GRBs (prompt, 
afterglow, redshift).
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ECLAIRs
42-80 GRBs/yr

GRB trigger

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

GWAC
prompt visible emission
in ~16% of cases

Prompt emission

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

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

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

Visible/NIR afterglow
Photometric redshift

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

SVOM GRBS Compared to Swift / Fermi: a smaller sample,
but with well-characterized GRBs (prompt, 
afterglow, redshift).
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§ GRBs are extreme phenomena emblematic of high-energy/multi-
messenger astrophysics, with potential applications in cosmology.
§ 25 years after the discovery of the first afterglow (GRB 970228, BeppoSAX), 
new windows have open recently: TeV, GW
§ A new generation of instruments is coming: more detections expected.

Among them: SVOM to be launched at the end of 2023. 

THANKS!

SUMMARY


