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GAMMA-RAY BURSTS
INTRODUCTION



MAIN OBSERVATIONAL FACTS (1) PROMPT EMISSION

§ 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 spectrum: peak energy 100 keV → 1 MeV

§ Spectral evolution
§ Spectral diversity: classical GRBs, X-ray rich GRBs, X-ray Flashes, etc.
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MAIN OBSERVATIONAL FACTS (2) AFTERGLOW

§ 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…) 

§ Host galaxy
§ Clear difference between short & long bursts (long GRBs: only star-forming galaxies)
§ Different progenitors

Beppo-SAX/HETE2 era

SWIFT:
BAT → XRT



THEORY

Log( R ) [meters]

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

§ Variability + energetics: violent formation of  a stellar mass BH/magnetar 

      Progenitors: Long GRBs: collapse of  some massive stars / probable diversity
  Short GRBs: NS+NS(/BH  ?)merger



THEORY

Log( R ) [meters]

§ Variability + energetics + gamma-ray spectrum: relativistic ejection



THEORY

Log( R ) [meters]

§ Variability + energetics + gamma-ray spectrum: relativistic ejection

§ Prompt keV-MeV emission: internal origin in the ejecta
   (photosphere? Shocks? Reconnection ?) 



THEORY

Log( R ) [meters]

§ Variability + energetics + gamma-ray spectrum: relativistic ejection

§ Prompt keV-MeV emission: internal origin in the ejecta

§ Afterglow: deceleration by ambient medium



PROGENITORS - SN/KN

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

Red/Blue kilonova

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

Massive stars:
Core-Collapse

Mergers:



WHY IS IT INTERESTING TO STUDY GRBS?
§ Astrophysics: many open questions

- Understand the progenitors, their environments, the link to stellar evolution, the diversity of  the 
GRB population, etc.

- Understand the nature of  the central engine, the mechanism for the relativistic ejection, the 
properties of  the relativistic jet, etc.

- Understand the dissipation mechanisms in the jet, the particle acceleration mechanisms, the 
radiation processes, etc.

§  GRBs as a tool for cosmology: very bright sources in the distant Universe. 
- Study of  distant galaxies, chemical evolution, etc.

- Access to the reionization era? GRBs associated to the first generation of  stars?

§ GRBs a a tool to test fundamental physics
- Matter at ultra high density (central engine) ; extreme magnetic fields, etc.

- Distant sources with a short duration: tests related to the propagation (arrival time at different 
photon energies, or between photons and an other messenger).

§ GRBs are promising multi-messenger sources! 



SVOM, A CHINESE-FRENCH MISSION FOR THE 
MULTI-WAVELENGTH OBSERVATION OF 
GAMMA-RAY BURSTS

INTRODUCTION



SVOM GRB Detection and localization:
ECLAIRs (coded-mask telescope)
GRM (larger fov, no localization)
GRB Prompt emission:
ECLAIRs+GRM (4 keV-5 MeV)
Afterglow:
Space: MXT (X-rays) and VT (visible)
Ground: GWAC, C-GFT, Colibri (visible)
Real-time alerts + partners
+ other facilities:
redshift, host galaxy, etc.

Launched in June 2024
More than 200 GRBs already detected
ECLAIRs: ~50-60 GRBs/year, about ~50% well characterized (including redshift)



Ra: 241.42° Dec: -8.39° err: 7.43'



Ra: 241.42° Dec: -8.39° err: 7.43'

GRB 250219A



Ra: 241.42° Dec: -8.39° err: 7.43'



GAMMA-RAY BURSTS
AS MULTI-MESSENGER SOURCES

INTRODUCTION



PROGENITORS - SN/KN

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

Red/Blue kilonova

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

Massive stars:
Core-Collapse

Mergers:



AND/OR

BNS

NSBH

Mass? Metallicity?

Rotation? Binarity?

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

OR

OR

Massive stars:
Core-Collapse

Mergers:

Best case for GRB-GW associations (already 1 MMA event: 170817 = GW+SGRB+AG+KN)

GRBS & GW/NEUTRINO ASSOCIATIONS



AND/OR

BNS

NSBH

Mass? Metallicity?

Rotation? Binarity?

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

OR

OR

Massive stars:
Core-Collapse

Mergers:

Relativistic jet physics: potential HE neutrino emission
- Early propagation (successful/choked jet)
- Internal dissipation (prompt)
- Deceleration (afterglow)

GRBS & GW/NEUTRINO ASSOCIATIONS



WHY IS IT INTERESTING TO DETECT NON-ELECTROMAGNETIC 
EMISSION FROM GRBS?

§ Because physicts love difficult challenges!

§ Because the information that can be extracted from each messenger is highly 
complementary!

- GW: the nature of  the progenitor and initial event
In the future (post-merger signal): the nature of  the central engine

- Neutrinos: new constraints on the particle acceleration mechanisms, related to 
the jet physics

- Light: physics of  the jet at large distance, nature of  the environment, 
constraints on the jet geometry and energetics, etc.



GRBS AS NEUTRINO SOURCES
GAMMA-RAY BURSTS IN THE MULTI-MESSENGER ERA



OR

OR

Relativistic jet physics: potential HE neutrino emission
- Early propagation (successful/choked jet)
- Internal dissipation (prompt)
- Deceleration (afterglow)

GRBS: NEUTRINO EMISSION?

Proton acceleration?
- many possible sites
- no direct evidence from
  em emission

+ photo-hadronic interactions
-1014-15 eV neutrinos?
- does not require the production of  UHECRs.

(other processes?
neutron decay?
pp collisions in external medium?)



CONSTRAINTS ON PROTON ACCELERATION?

§ Emission from GRBs is usually assumed to be produced by non-thermal 
electrons.

§ Dissipation mechanism/radiation process still uncertain: electron acceleration 
poorly constrained.

§ Requires broad-band spectra including VHE gamma-rays.
§ Specific proton signatures at VHE?

Ž. Bošnjak and F. Daigne: Spectral evolution in GRBs: internal shock predictions

Fig. 16. High-energy emission: spectra. The time-integrated spectrum
(0–15 s) is plotted from the keV to the GeV range for the same cases as
in Fig. 18. Top left panel: reference Cases A and B. Bottom left panel:
Cases A and B with a varying accelerated electron fraction ζ. Top right
panel: Case B with a sharp initial distribution of the Lorentz factor (see
text) and a constant or a varying accelerated electron fraction ζ. Bottom
right panel: Case B with a constant ejected mass flux (see text) and a
constant or a varying accelerated electron fraction ζ.

efficiency of inverse Compton scatterings strongly depends on
εB/εe. The inverse Compton component is negligible in Case A,
whereas it creates a well defined additional component at high
energy in Case B. This additional component is stronger when
ζ is constant. As shown in Sect. 4.2, the peak energy of the
synchrotron component is decaying faster in this case, so that
Klein-Nishina corrections become more and more negligible in
the pulse decay. On the other hand, the assumption ζ ∝ ε∗ main-
tains a higher value of the peak energy during the decay, and then
a less efficient inverse Compton emission. It is interesting to note
that the additional component in the GeV range is very flat in the
νFν spectrum (see Fig. 16 bottom left panel) and would proba-
bly be fitted by a power law with a photon index close to −2, as
observed in several LAT bursts (Ackermann et al. 2013).

These examples cannot be directly compared to Fermi-LAT
bursts because they radiate ∼1052 erg, whereas LAT bursts are
much brighter (Ackermann et al. 2013). In addition, we did not
try to adjust the model parameters to improve the peak energy of
the additional component. In our examples, the additional com-
ponent typically appears above 1−10 GeV, whereas it is already
detected at lower energy in LAT bursts. The shape of the addi-
tional component and its peak energy are determined in a com-
plex manner by the relative efficiency of the synchrotron and
inverse Compton emission, the slope p of the shock-accelerated
electrons, and the γγ annihilation. This is illustrated in Fig. 17
where the spectrum in Cases A and B is plotted for two dif-
ferent values of p, which directly affects the photon index β of
the high-energy part of the dominant (synchrotron) component.
Increasing p and β allows the emergence of the additional com-
ponent at lower energy to be observed and affects its measured
slope.

Owing to the high peak energies of the inverse Compton
component in our reference cases, the light curves above 1 GeV

Fig. 17. High-energy emission: effect of the electron slope p. The time-
integrated spectrum (0–15 s) is plotted from the keV to the GeV range
for reference Cases A (left panels) and B (right panels), either assum-
ing a constant (top panels) or a varying (bottom panels) fraction ζ of
accelerated electrons, with p = 2.5 (black) or 2.7 (blue).

are mainly governed by the synchrotron radiation and peak ap-
proximatively at the same time as the soft gamma-ray compo-
nent, with only a very short delay (see Fig. 18), unlike the ob-
served delayed onset of the GeV emission (Ackermann et al.
2013). To increase this delay, one should either increase the γγ
annihilation in the early phase by decreasing Γ̄ as illustrated in
Hascoët et al. (2012), or adjust the parameters so that the in-
verse Compton emission peaks at lower energy (see e.g. Asano
& Mészáros 2012), or both. Nevertheless, in Case B with a con-
stant ζ, where the inverse-Compton emission is the most effi-
cient, the additional component starts to be visible in the light
curve during the pulse decay (see Fig. 18, right, top panel). One
also sees a small high-energy precursor that appears because
the shock is initially weak, with a low peak energy and a high
inverse-Compton efficiency (Bošnjak et al. 2009). This precur-
sor, never observed in LAT GRBs, can be suppressed by chang-
ing either the assumptions for the microphysics or the dynamics
(Fig. 18).

6.2. Impact of the assumptions on the dynamics

The assumptions for the dynamics have a strong impact on the
high-energy emission. In the case Ṁ = cst (rather than Ė = cst),
the inverse-Compton emission is more efficient during the pulse
decay (but not during the rise, as in reference Case B). This is
due to a more rapid decrease in the peak energy during the decay
(see Fig. 12) and therefore a more rapid decrease of the Klein
Nishina corrections. This improves the light curves (Fig. 18
bottom panels), which show a more intense tail due to inverse
Compton emission, and a longer delay between the peaks of
the LAT and GBM light curves, however still too small to ex-
plain the observed delayed onset. The additional component in
the spectrum is already detected between 1 GeV and 10 GeV
(Fig. 16).

The case where the initial distribution of the Lorentz factor
has a sharp transition from Γmin to Γmax has the strongest impact.

A45, page 15 of 20

10 GeV100 MeVExample: predictions for the internal shock model, purely leptonic (Bosnjak & Daigne 2014)



RECENT DETECTIONS OF GRB AFTERGLOWS AT VHE, SOME DIVERSITY

§ CTA: better sensitivity, lower low-energy threshold: more detections?
rapid reaction (~30 s): prompt VHE emission?

Article

Extended Data Fig. 7 | Modelling of broadband light curves. Modelling 
results of forward shock emission are compared to observations at different 
frequencies (see key). The model shown with solid and dashed lines is 
optimized to describe the high-energy radiation (teraelectronvolt, 
gigaelectronvolt and X-ray) and has been obtained with the following 
parameters: s = 0, εe = 0.07, εB = 8 × 10−5, p = 2.6, n0 = 0.5 and Ek = 8 × 1053 erg. Solid 
lines show the total flux (synchrotron and SSC) and the dashed line refers to the 

SSC contribution only. Dotted curves correspond to a better modelling of 
observations at lower frequencies, but fail to explain the behaviour of the 
teraelectronvolt light curve; they are obtained with the following model 
parameters: s = 2, εe = 0.6, εB = 10−4, p = 2.4, A. = 0.1 and Ek = 4 × 1053 erg. Vertical 
bars on the data points show the 1σ errors on the flux, and horizontal bars 
represent the duration of the observation.

Nature | Vol 575 | 21 November 2019 | 461

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.
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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.

GRB 190114C (MAGIC)  @ z=0.14 (MAGIC collab. 2019a,b)

GRB 190829A (HESS) @z = 0.0785 (360 Mpc)
(HESS collab. 2021)

Local low-luminosity GRB!



GRB 221009A, THE BRIGHTEST OF ALL TIMES (THE « BOAT »)
§ GRB221009A at z = 0.15: Eg,iso ~1055 erg!

§ Early TeV detection by LHASSO, highest energy photon ~13 TeV

§ Complex prompt lightcurve, Fermi/GBM saturated during the main episod

§ Emission line at ~10 MeV!

§ Complex afterglow: structured jet?
   (excellent follow-up: radio → TeV)

Springer Nature 2021 LATEX template

6 A bright MeV line in GRB 221009A

Fig. 2 Top: Count rate light curve of GRB 221009A (blue solid line), as detected by
Fermi/GBM in the energy band 8-900 keV, along with the 13 time intervals analysed in this
work (dashed black vertical lines) and the time interval excluded from the analysis (i.e. BTI,
represented by the grey area, see text for details). The first eight time intervals analysed
have been color-coded to match the corresponding colored spectra shown in the bottom
panels. Bottom Left: medians (solid lines) and 90% credible intervals (shaded areas) of the
posterior distributions of ⌫F⌫ at each fixed frequency ⌫, for the first 4 time intervals (spectra
1, 2, 3 and 4, color-coded as shown in the top panel), characterized by the typical GRB
continuum prompt spectral shape (either 2SBPL or SBPL models, see text and Extended
Data Table 1). Bottom Right: same as the left-hand panel, but for the 4 time intervals
after the BTI (i.e. spectra 5, 6, 7 and 8), showing the evolution of the Gaussian model of
the narrow feature.

we know, among the plethora of currently operational �-ray satellites that
detected GRB 221009A, none has collected usable data during the relevant
period and within the relevant spectral band (see Supplementary Information).
This unfortunately precludes an independent check of this exciting discovery.

Lines in emission and absorption over the typical continuum GRB spec-
tral shape have been reported over the years, but none was ever confirmed as
a statistically significant detection (> 5�). During the prompt GRB phase,
absorption lines at 30-70 keV and emission lines at 400-460 keV were revealed
by the Konus experiment onboard the Venera 11 and 12 missions [17] and inde-
pendently by the Ginga satellite [18]. The search for lines, mostly in absorption
and < 100 keV [19] in the first three year sample of GRBs detected by the
Burst Alert & Transient Source Experiment (BATSE) onboard the Compton
Gamma-Ray Observatory (CGRO) satellite, led to no convincing evidence of
any spectral line [20]. BeppoSAX revealed a possible transient Fe absorption
feature during the prompt emission of GRB 990705 [21] and GRB 021211
(reaching the 2.8–3.1� significance level - [22]). Line searches extending to the
afterglow emission phase revealed possible features in the soft X–ray data of
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LHAASO Collab 2023

Rise of  the TeV
afterglow detected 

by LHASSO



GRB 221009A, THE BRIGHTEST OF ALL TIMES (THE « BOAT »)
§ No neutrino detection
despite (a) a huge Eiso ; (b) a short distance ; (c) a VHE gamma-ray emission…

§ However=

- the highest energy photons detected by LHASSO main hint for CR 
acceleration.

- Neutrino emission may peak above 1016 eV. 

See e.g. model by Alves Batista 2022 
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FIG. 1. This figure illustrates the flux of cosmogenic photons (left) and all flavours of neutrinos (right column) assuming
protons (upper panels) and nitrogen primaries (lower panels). The conservative scenario assumes strong magnetic deflections,
and hence only UHECRs with R & 30 EV are considered, whereas the optimistic scenario corresponds to weaker fields, thus
R & 1 EV. The spectral index is assumed to be ↵ = 2.0 for the maximal rigidities (Rmax) indicated in the legend, assuming
that 0.5% of the total luminosity is converted into CRs. The vertical dashed lines indicate the maximum energy of the photons
detected by LHAASO [6] and Carpet-2 [7]. The green band represents the expected flux of primary gamma rays reaching
Earth obtained from eq. 2 and including EBL uncertainties, according to the model by Domı́nguez et al. [57]. Measurements
by Fermi-LAT [58] are also shown, as well as limits by IceCube [15].

nearly 2000 GRBs. They found no significant correla-
tions [63]. This places constraints on the total fluxes of
neutrinos, both from the source and cosmogenic, and on
UHECR production in GRBs. The latter component,
however, requires a broader time window for the analysis
to accommodate time delays.

Realistically, at least part of the UHECR flux from
the GRB would not reach Earth within an anthropic
time window of a few decades, so it serves no purpose
to address this condition at the moment. Nonetheless,
it is reasonable to suppose that past events analogous to
GRB 221009A can contribute to the UHECR flux mea-
sured today.

The exact location of GRB 221009A in the universe
is arguably the most relevant parameter to support the
hypothesis being put forth here. Ref. [36] stated that
the explosion very likely happened in a void. While this
could be true, it lacks supporting evidence. The prob-
ability that GRB 221009A exploded somewhere within
denser region is overwhelmingly higher, as discussed in
section IV. Any reliable interpretation of the observa-

tions necessarily requires considerations about particle
propagation in clusters and filaments. This justifies the
inclusion of a lower-energy rigidity-dependent cut-o↵ and
the analysis of both a conservative and an optimistic sce-
narios (see fig. 1).

Future facilities capable of detecting UHE photons and
UHE neutrinos could help test the hypothesis [64]. For
instance, the next-generation IceCube detector, IceCube-
Gen2 [65], the Probe of Extreme Multi-Messenger As-
trophysics (POEMMA) [66], and the Giant Radio Array
for Neutrino Detection (GRAND) [67] will have enough
sensitivity at E & 100 PeV to fully investigate the plau-
sibility of this scenario. The non-detection of neutrinos
in this energy band would exclude the an UHECR origin
for the highest-energy gamma-ray events observed.

It is important to bear in mind that other explana-
tions for the energetic events observed by Carpet-2 and
LHAASO in coincidence with GRB 221009A are also pos-
sible. The location of the event – near the Galactic plane
– begs for a careful statistical analysis to determine the
likelihood of putative Galactic sources to emit gamma
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FIG. 1. This figure illustrates the flux of cosmogenic photons (left) and all flavours of neutrinos (right column) assuming
protons (upper panels) and nitrogen primaries (lower panels). The conservative scenario assumes strong magnetic deflections,
and hence only UHECRs with R & 30 EV are considered, whereas the optimistic scenario corresponds to weaker fields, thus
R & 1 EV. The spectral index is assumed to be ↵ = 2.0 for the maximal rigidities (Rmax) indicated in the legend, assuming
that 0.5% of the total luminosity is converted into CRs. The vertical dashed lines indicate the maximum energy of the photons
detected by LHAASO [6] and Carpet-2 [7]. The green band represents the expected flux of primary gamma rays reaching
Earth obtained from eq. 2 and including EBL uncertainties, according to the model by Domı́nguez et al. [57]. Measurements
by Fermi-LAT [58] are also shown, as well as limits by IceCube [15].

nearly 2000 GRBs. They found no significant correla-
tions [63]. This places constraints on the total fluxes of
neutrinos, both from the source and cosmogenic, and on
UHECR production in GRBs. The latter component,
however, requires a broader time window for the analysis
to accommodate time delays.

Realistically, at least part of the UHECR flux from
the GRB would not reach Earth within an anthropic
time window of a few decades, so it serves no purpose
to address this condition at the moment. Nonetheless,
it is reasonable to suppose that past events analogous to
GRB 221009A can contribute to the UHECR flux mea-
sured today.

The exact location of GRB 221009A in the universe
is arguably the most relevant parameter to support the
hypothesis being put forth here. Ref. [36] stated that
the explosion very likely happened in a void. While this
could be true, it lacks supporting evidence. The prob-
ability that GRB 221009A exploded somewhere within
denser region is overwhelmingly higher, as discussed in
section IV. Any reliable interpretation of the observa-

tions necessarily requires considerations about particle
propagation in clusters and filaments. This justifies the
inclusion of a lower-energy rigidity-dependent cut-o↵ and
the analysis of both a conservative and an optimistic sce-
narios (see fig. 1).

Future facilities capable of detecting UHE photons and
UHE neutrinos could help test the hypothesis [64]. For
instance, the next-generation IceCube detector, IceCube-
Gen2 [65], the Probe of Extreme Multi-Messenger As-
trophysics (POEMMA) [66], and the Giant Radio Array
for Neutrino Detection (GRAND) [67] will have enough
sensitivity at E & 100 PeV to fully investigate the plau-
sibility of this scenario. The non-detection of neutrinos
in this energy band would exclude the an UHECR origin
for the highest-energy gamma-ray events observed.

It is important to bear in mind that other explana-
tions for the energetic events observed by Carpet-2 and
LHAASO in coincidence with GRB 221009A are also pos-
sible. The location of the event – near the Galactic plane
– begs for a careful statistical analysis to determine the
likelihood of putative Galactic sources to emit gamma
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Fig. 4: Prompt emission properties of XRF 241001A compared to the GRB sample in Minaev & Pozanenko (2020). The red circles
represent the short GRBs and blue circles long GRBs. XRF 241001A is shown as a green square. Left panel: Isotropic energy (Eiso)
from 1 to 10 000 keV as a function of the redshift. Right panel: Amati plot, Ep,i against Eiso. The best-fit model of the Amati relation
is visible in red for short GRBs and in blue for long GRBs with the 1� error as a shaded area.

3.2. Prompt emission analysis

Figure 1 shows the prompt emission of XRF 241001A detected
by SVOM/ECLAIRs in three di↵erent energy bands (4–20, 20–
50 and 50–120 keV). It indicates that the emission is predom-
inantly observed below 20 keV, with no significant emission
above this energy, placing the event in the XRF regime. We
also examine the data obtained with the Gamma Ray Moni-
tor (GRM; Dong et al. 2010) onboard SVOM, but no signif-
icant signal is detected during the ECLAIRs trigger. In the
4–20 keV band, we measure a duration of T90 = 3.14 ± 0.18 s
using the battblock function (v1.18). The time-averaged spec-
trum over the T90 interval was extracted in the 4–20 keV en-
ergy range. The prompt emission spectrum can be fitted by
both non-thermal and thermal models (Fig. 2). Non-thermal
models, such as the cuto↵ power-law and broken power-law
models, provide a good fit of the spectrum, but their param-
eters are not constrained due to the faintness of the signal.
The cuto↵ power-law model (�2/d.o.f. = 3.43/4) returns a
Epeak = 6.27+0.87

�1.07 keV and a flux 1.96+0.07
�0.08 ⇥ 10�8 erg cm�2 s�1

in 4–20 keV. A power-law model gives a poor fit to the
data (�2/d.o.f. = 8.45/5). Alternatively, a thermal blackbody
model can fit the data well (�2/d.o.f. = 3.72/5) with a tem-
perature of kT = 1.72+0.16

�0.15 keV, corresponding to Epeak =

6.73+0.61
�0.57 keV (using the relation Epeak = 3.92 kT ) and a flux of

1.89+0.11
�0.40 ⇥ 10�8 erg cm�2 s�1 in 4–20 keV. The time-integrated

spectral results for the tested models are reported in Table A.1
and the 1 s peak analysis is summarized in Table A.2.

All models (non-thermal or thermal) provide Epeak < 10 keV,
well below the ⇠30 keV threshold typically used to classify
XRF and support its identification as an XRF. The classifi-
cation method, such as the one proposed by Sakamoto et al.
(2008) for the Swift/BAT energy range based on the fluence ra-
tio S (25–50 keV)/S (50–100 keV), cannot be reliably applied
to XRF 241001A due to the absence of significant emissions
detected above 20 keV. A classification method adapted to the
SVOM/ECLAIRs energy bands will be investigated in a future
work with a larger sample of events. Using spectroscopic ob-
servations of the afterglow emission, the redshift of the burst
was determined to be z = 0.5728 (Sect. 3.1). Using this value

and the best-fit models, we derive an isotropic peak luminos-
ity of Liso = 4.48+1.05

�0.88 ⇥ 1049erg s�1 and an isotropic energy of
Eiso = 8.95+2.10

�1.76⇥1049 erg for the cuto↵ power-law model and we
find consistent values for the blackbody model (see Table A.1).
Both models establish it as a sub-luminous burst given its red-
shift and place it among the least energetic GRBs detected at
comparable distances (left panel of Fig. 4). In the Amati dia-
gram, XRF 241001A is located in a poorly sampled region of
low Eiso and low Epeak, extending the correlation of the long
GRB population toward fainter and softer events, similar to other
XRFs such as XRFs 060218 and 020903 (right panel of Fig. 4).

3.3. X-ray afterglow analysis

Given the low number of counts and the binning of one count
per energy bin in the Swift/XRT and EP/FXT spectra, the
data are treated as Poisson-distributed rather than Gaus-
sian, and we use the C-statistic (Cash 1979) to perform the
spectral fitting. We first check that there is no significant spec-
tral evolution between the Swift and EP epochs by fitting the 0.3–
10 keV spectra individually with a simple absorbed power law
model Tbabs ⇥ zTbabs ⇥ pow using the abundance table for the
X-ray interstellar absorption described in Wilms et al. (2000).
Tbabs is fixed at the Galactic value NGal

H,X = 1.28 ⇥ 1020 cm�2

(HI4PI Collaboration et al. 2016). For the Swift/XRT spectrum,
we measure Nhost

H,X = 0.57+0.54
�0.36 ⇥ 1022 cm�2 and � = 1.70+0.45

�0.37.
On the other hand, for the EP/FXT spectrum, which has a low
SNR, we only let Nhost

H,X vary within the 1� error bar of the Nhost
H,X

value found from the Swift/XRT spectral analysis. We found
Nhost

H,X = 0.61+0.32
�0.28 ⇥ 1022 cm�2 and � = 2.30+0.65

�0.60. Compared to
the Swift/XRT spectrum, the EP/FXT spectrum does not show
a significant spectral evolution, with photon indices compati-
ble within their 1� errors. Assuming the absence of spectral
evolution, we also performed a joint spectral fit to better con-
strain the parameters. From the joint fit, we measure Nhost

H,X =

0.52+0.41
�0.30 ⇥ 1022 cm�2 and � = 1.80+0.37

�0.30. The results of our spec-
tral analysis and the estimated 0.3–10 keV fluxes are summa-
rized in Table A.3.
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Fig. 4: Prompt emission properties of XRF 241001A compared to the GRB sample in Minaev & Pozanenko (2020). The red circles
represent the short GRBs and blue circles long GRBs. XRF 241001A is shown as a green square. Left panel: Isotropic energy (Eiso)
from 1 to 10 000 keV as a function of the redshift. Right panel: Amati plot, Ep,i against Eiso. The best-fit model of the Amati relation
is visible in red for short GRBs and in blue for long GRBs with the 1� error as a shaded area.

3.2. Prompt emission analysis

Figure 1 shows the prompt emission of XRF 241001A detected
by SVOM/ECLAIRs in three di↵erent energy bands (4–20, 20–
50 and 50–120 keV). It indicates that the emission is predom-
inantly observed below 20 keV, with no significant emission
above this energy, placing the event in the XRF regime. We
also examine the data obtained with the Gamma Ray Moni-
tor (GRM; Dong et al. 2010) onboard SVOM, but no signif-
icant signal is detected during the ECLAIRs trigger. In the
4–20 keV band, we measure a duration of T90 = 3.14 ± 0.18 s
using the battblock function (v1.18). The time-averaged spec-
trum over the T90 interval was extracted in the 4–20 keV en-
ergy range. The prompt emission spectrum can be fitted by
both non-thermal and thermal models (Fig. 2). Non-thermal
models, such as the cuto↵ power-law and broken power-law
models, provide a good fit of the spectrum, but their param-
eters are not constrained due to the faintness of the signal.
The cuto↵ power-law model (�2/d.o.f. = 3.43/4) returns a
Epeak = 6.27+0.87

�1.07 keV and a flux 1.96+0.07
�0.08 ⇥ 10�8 erg cm�2 s�1

in 4–20 keV. A power-law model gives a poor fit to the
data (�2/d.o.f. = 8.45/5). Alternatively, a thermal blackbody
model can fit the data well (�2/d.o.f. = 3.72/5) with a tem-
perature of kT = 1.72+0.16

�0.15 keV, corresponding to Epeak =

6.73+0.61
�0.57 keV (using the relation Epeak = 3.92 kT ) and a flux of

1.89+0.11
�0.40 ⇥ 10�8 erg cm�2 s�1 in 4–20 keV. The time-integrated

spectral results for the tested models are reported in Table A.1
and the 1 s peak analysis is summarized in Table A.2.

All models (non-thermal or thermal) provide Epeak < 10 keV,
well below the ⇠30 keV threshold typically used to classify
XRF and support its identification as an XRF. The classifi-
cation method, such as the one proposed by Sakamoto et al.
(2008) for the Swift/BAT energy range based on the fluence ra-
tio S (25–50 keV)/S (50–100 keV), cannot be reliably applied
to XRF 241001A due to the absence of significant emissions
detected above 20 keV. A classification method adapted to the
SVOM/ECLAIRs energy bands will be investigated in a future
work with a larger sample of events. Using spectroscopic ob-
servations of the afterglow emission, the redshift of the burst
was determined to be z = 0.5728 (Sect. 3.1). Using this value

and the best-fit models, we derive an isotropic peak luminos-
ity of Liso = 4.48+1.05

�0.88 ⇥ 1049erg s�1 and an isotropic energy of
Eiso = 8.95+2.10

�1.76⇥1049 erg for the cuto↵ power-law model and we
find consistent values for the blackbody model (see Table A.1).
Both models establish it as a sub-luminous burst given its red-
shift and place it among the least energetic GRBs detected at
comparable distances (left panel of Fig. 4). In the Amati dia-
gram, XRF 241001A is located in a poorly sampled region of
low Eiso and low Epeak, extending the correlation of the long
GRB population toward fainter and softer events, similar to other
XRFs such as XRFs 060218 and 020903 (right panel of Fig. 4).

3.3. X-ray afterglow analysis

Given the low number of counts and the binning of one count
per energy bin in the Swift/XRT and EP/FXT spectra, the
data are treated as Poisson-distributed rather than Gaus-
sian, and we use the C-statistic (Cash 1979) to perform the
spectral fitting. We first check that there is no significant spec-
tral evolution between the Swift and EP epochs by fitting the 0.3–
10 keV spectra individually with a simple absorbed power law
model Tbabs ⇥ zTbabs ⇥ pow using the abundance table for the
X-ray interstellar absorption described in Wilms et al. (2000).
Tbabs is fixed at the Galactic value NGal

H,X = 1.28 ⇥ 1020 cm�2

(HI4PI Collaboration et al. 2016). For the Swift/XRT spectrum,
we measure Nhost

H,X = 0.57+0.54
�0.36 ⇥ 1022 cm�2 and � = 1.70+0.45

�0.37.
On the other hand, for the EP/FXT spectrum, which has a low
SNR, we only let Nhost

H,X vary within the 1� error bar of the Nhost
H,X

value found from the Swift/XRT spectral analysis. We found
Nhost

H,X = 0.61+0.32
�0.28 ⇥ 1022 cm�2 and � = 2.30+0.65

�0.60. Compared to
the Swift/XRT spectrum, the EP/FXT spectrum does not show
a significant spectral evolution, with photon indices compati-
ble within their 1� errors. Assuming the absence of spectral
evolution, we also performed a joint spectral fit to better con-
strain the parameters. From the joint fit, we measure Nhost

H,X =

0.52+0.41
�0.30 ⇥ 1022 cm�2 and � = 1.80+0.37

�0.30. The results of our spec-
tral analysis and the estimated 0.3–10 keV fluxes are summa-
rized in Table A.3.
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Fig. 4: Prompt emission properties of XRF 241001A compared to the GRB sample in Minaev & Pozanenko (2020). The red circles
represent the short GRBs and blue circles long GRBs. XRF 241001A is shown as a green square. Left panel: Isotropic energy (Eiso)
from 1 to 10 000 keV as a function of the redshift. Right panel: Amati plot, Ep,i against Eiso. The best-fit model of the Amati relation
is visible in red for short GRBs and in blue for long GRBs with the 1� error as a shaded area.

3.2. Prompt emission analysis

Figure 1 shows the prompt emission of XRF 241001A detected
by SVOM/ECLAIRs in three di↵erent energy bands (4–20, 20–
50 and 50–120 keV). It indicates that the emission is predom-
inantly observed below 20 keV, with no significant emission
above this energy, placing the event in the XRF regime. We
also examine the data obtained with the Gamma Ray Moni-
tor (GRM; Dong et al. 2010) onboard SVOM, but no signif-
icant signal is detected during the ECLAIRs trigger. In the
4–20 keV band, we measure a duration of T90 = 3.14 ± 0.18 s
using the battblock function (v1.18). The time-averaged spec-
trum over the T90 interval was extracted in the 4–20 keV en-
ergy range. The prompt emission spectrum can be fitted by
both non-thermal and thermal models (Fig. 2). Non-thermal
models, such as the cuto↵ power-law and broken power-law
models, provide a good fit of the spectrum, but their param-
eters are not constrained due to the faintness of the signal.
The cuto↵ power-law model (�2/d.o.f. = 3.43/4) returns a
Epeak = 6.27+0.87

�1.07 keV and a flux 1.96+0.07
�0.08 ⇥ 10�8 erg cm�2 s�1

in 4–20 keV. A power-law model gives a poor fit to the
data (�2/d.o.f. = 8.45/5). Alternatively, a thermal blackbody
model can fit the data well (�2/d.o.f. = 3.72/5) with a tem-
perature of kT = 1.72+0.16

�0.15 keV, corresponding to Epeak =

6.73+0.61
�0.57 keV (using the relation Epeak = 3.92 kT ) and a flux of

1.89+0.11
�0.40 ⇥ 10�8 erg cm�2 s�1 in 4–20 keV. The time-integrated

spectral results for the tested models are reported in Table A.1
and the 1 s peak analysis is summarized in Table A.2.

All models (non-thermal or thermal) provide Epeak < 10 keV,
well below the ⇠30 keV threshold typically used to classify
XRF and support its identification as an XRF. The classifi-
cation method, such as the one proposed by Sakamoto et al.
(2008) for the Swift/BAT energy range based on the fluence ra-
tio S (25–50 keV)/S (50–100 keV), cannot be reliably applied
to XRF 241001A due to the absence of significant emissions
detected above 20 keV. A classification method adapted to the
SVOM/ECLAIRs energy bands will be investigated in a future
work with a larger sample of events. Using spectroscopic ob-
servations of the afterglow emission, the redshift of the burst
was determined to be z = 0.5728 (Sect. 3.1). Using this value

and the best-fit models, we derive an isotropic peak luminos-
ity of Liso = 4.48+1.05

�0.88 ⇥ 1049erg s�1 and an isotropic energy of
Eiso = 8.95+2.10

�1.76⇥1049 erg for the cuto↵ power-law model and we
find consistent values for the blackbody model (see Table A.1).
Both models establish it as a sub-luminous burst given its red-
shift and place it among the least energetic GRBs detected at
comparable distances (left panel of Fig. 4). In the Amati dia-
gram, XRF 241001A is located in a poorly sampled region of
low Eiso and low Epeak, extending the correlation of the long
GRB population toward fainter and softer events, similar to other
XRFs such as XRFs 060218 and 020903 (right panel of Fig. 4).

3.3. X-ray afterglow analysis

Given the low number of counts and the binning of one count
per energy bin in the Swift/XRT and EP/FXT spectra, the
data are treated as Poisson-distributed rather than Gaus-
sian, and we use the C-statistic (Cash 1979) to perform the
spectral fitting. We first check that there is no significant spec-
tral evolution between the Swift and EP epochs by fitting the 0.3–
10 keV spectra individually with a simple absorbed power law
model Tbabs ⇥ zTbabs ⇥ pow using the abundance table for the
X-ray interstellar absorption described in Wilms et al. (2000).
Tbabs is fixed at the Galactic value NGal

H,X = 1.28 ⇥ 1020 cm�2

(HI4PI Collaboration et al. 2016). For the Swift/XRT spectrum,
we measure Nhost

H,X = 0.57+0.54
�0.36 ⇥ 1022 cm�2 and � = 1.70+0.45

�0.37.
On the other hand, for the EP/FXT spectrum, which has a low
SNR, we only let Nhost

H,X vary within the 1� error bar of the Nhost
H,X

value found from the Swift/XRT spectral analysis. We found
Nhost

H,X = 0.61+0.32
�0.28 ⇥ 1022 cm�2 and � = 2.30+0.65

�0.60. Compared to
the Swift/XRT spectrum, the EP/FXT spectrum does not show
a significant spectral evolution, with photon indices compati-
ble within their 1� errors. Assuming the absence of spectral
evolution, we also performed a joint spectral fit to better con-
strain the parameters. From the joint fit, we measure Nhost

H,X =

0.52+0.41
�0.30 ⇥ 1022 cm�2 and � = 1.80+0.37

�0.30. The results of our spec-
tral analysis and the estimated 0.3–10 keV fluxes are summa-
rized in Table A.3.
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Fig. 4: Prompt emission properties of XRF 241001A compared to the GRB sample in Minaev & Pozanenko (2020). The red circles
represent the short GRBs and blue circles long GRBs. XRF 241001A is shown as a green square. Left panel: Isotropic energy (Eiso)
from 1 to 10 000 keV as a function of the redshift. Right panel: Amati plot, Ep,i against Eiso. The best-fit model of the Amati relation
is visible in red for short GRBs and in blue for long GRBs with the 1� error as a shaded area.

3.2. Prompt emission analysis

Figure 1 shows the prompt emission of XRF 241001A detected
by SVOM/ECLAIRs in three di↵erent energy bands (4–20, 20–
50 and 50–120 keV). It indicates that the emission is predom-
inantly observed below 20 keV, with no significant emission
above this energy, placing the event in the XRF regime. We
also examine the data obtained with the Gamma Ray Moni-
tor (GRM; Dong et al. 2010) onboard SVOM, but no signif-
icant signal is detected during the ECLAIRs trigger. In the
4–20 keV band, we measure a duration of T90 = 3.14 ± 0.18 s
using the battblock function (v1.18). The time-averaged spec-
trum over the T90 interval was extracted in the 4–20 keV en-
ergy range. The prompt emission spectrum can be fitted by
both non-thermal and thermal models (Fig. 2). Non-thermal
models, such as the cuto↵ power-law and broken power-law
models, provide a good fit of the spectrum, but their param-
eters are not constrained due to the faintness of the signal.
The cuto↵ power-law model (�2/d.o.f. = 3.43/4) returns a
Epeak = 6.27+0.87

�1.07 keV and a flux 1.96+0.07
�0.08 ⇥ 10�8 erg cm�2 s�1

in 4–20 keV. A power-law model gives a poor fit to the
data (�2/d.o.f. = 8.45/5). Alternatively, a thermal blackbody
model can fit the data well (�2/d.o.f. = 3.72/5) with a tem-
perature of kT = 1.72+0.16

�0.15 keV, corresponding to Epeak =

6.73+0.61
�0.57 keV (using the relation Epeak = 3.92 kT ) and a flux of

1.89+0.11
�0.40 ⇥ 10�8 erg cm�2 s�1 in 4–20 keV. The time-integrated

spectral results for the tested models are reported in Table A.1
and the 1 s peak analysis is summarized in Table A.2.

All models (non-thermal or thermal) provide Epeak < 10 keV,
well below the ⇠30 keV threshold typically used to classify
XRF and support its identification as an XRF. The classifi-
cation method, such as the one proposed by Sakamoto et al.
(2008) for the Swift/BAT energy range based on the fluence ra-
tio S (25–50 keV)/S (50–100 keV), cannot be reliably applied
to XRF 241001A due to the absence of significant emissions
detected above 20 keV. A classification method adapted to the
SVOM/ECLAIRs energy bands will be investigated in a future
work with a larger sample of events. Using spectroscopic ob-
servations of the afterglow emission, the redshift of the burst
was determined to be z = 0.5728 (Sect. 3.1). Using this value

and the best-fit models, we derive an isotropic peak luminos-
ity of Liso = 4.48+1.05

�0.88 ⇥ 1049erg s�1 and an isotropic energy of
Eiso = 8.95+2.10

�1.76⇥1049 erg for the cuto↵ power-law model and we
find consistent values for the blackbody model (see Table A.1).
Both models establish it as a sub-luminous burst given its red-
shift and place it among the least energetic GRBs detected at
comparable distances (left panel of Fig. 4). In the Amati dia-
gram, XRF 241001A is located in a poorly sampled region of
low Eiso and low Epeak, extending the correlation of the long
GRB population toward fainter and softer events, similar to other
XRFs such as XRFs 060218 and 020903 (right panel of Fig. 4).

3.3. X-ray afterglow analysis

Given the low number of counts and the binning of one count
per energy bin in the Swift/XRT and EP/FXT spectra, the
data are treated as Poisson-distributed rather than Gaus-
sian, and we use the C-statistic (Cash 1979) to perform the
spectral fitting. We first check that there is no significant spec-
tral evolution between the Swift and EP epochs by fitting the 0.3–
10 keV spectra individually with a simple absorbed power law
model Tbabs ⇥ zTbabs ⇥ pow using the abundance table for the
X-ray interstellar absorption described in Wilms et al. (2000).
Tbabs is fixed at the Galactic value NGal

H,X = 1.28 ⇥ 1020 cm�2

(HI4PI Collaboration et al. 2016). For the Swift/XRT spectrum,
we measure Nhost

H,X = 0.57+0.54
�0.36 ⇥ 1022 cm�2 and � = 1.70+0.45

�0.37.
On the other hand, for the EP/FXT spectrum, which has a low
SNR, we only let Nhost

H,X vary within the 1� error bar of the Nhost
H,X

value found from the Swift/XRT spectral analysis. We found
Nhost

H,X = 0.61+0.32
�0.28 ⇥ 1022 cm�2 and � = 2.30+0.65

�0.60. Compared to
the Swift/XRT spectrum, the EP/FXT spectrum does not show
a significant spectral evolution, with photon indices compati-
ble within their 1� errors. Assuming the absence of spectral
evolution, we also performed a joint spectral fit to better con-
strain the parameters. From the joint fit, we measure Nhost

H,X =

0.52+0.41
�0.30 ⇥ 1022 cm�2 and � = 1.80+0.37

�0.30. The results of our spec-
tral analysis and the estimated 0.3–10 keV fluxes are summa-
rized in Table A.3.

Article number, page 6 of 24

Pe
ak

 E
ne

rg
y 

in
 S

ou
rc

e 
Fr

am
e

= 
Sp

ec
tra

l P
ro

pe
rti

es
of

 th
e 

Pr
om

pt
 E

m
iss

io
n

Isotropic equivalent energy
released in gamma-rays

Type II GRBs with a 
collapsar origin
(usually long)



DIVERSITY IN THE GRB POPULATION
A&A proofs: manuscript no. output

Fig. 4: Prompt emission properties of XRF 241001A compared to the GRB sample in Minaev & Pozanenko (2020). The red circles
represent the short GRBs and blue circles long GRBs. XRF 241001A is shown as a green square. Left panel: Isotropic energy (Eiso)
from 1 to 10 000 keV as a function of the redshift. Right panel: Amati plot, Ep,i against Eiso. The best-fit model of the Amati relation
is visible in red for short GRBs and in blue for long GRBs with the 1� error as a shaded area.

3.2. Prompt emission analysis

Figure 1 shows the prompt emission of XRF 241001A detected
by SVOM/ECLAIRs in three di↵erent energy bands (4–20, 20–
50 and 50–120 keV). It indicates that the emission is predom-
inantly observed below 20 keV, with no significant emission
above this energy, placing the event in the XRF regime. We
also examine the data obtained with the Gamma Ray Moni-
tor (GRM; Dong et al. 2010) onboard SVOM, but no signif-
icant signal is detected during the ECLAIRs trigger. In the
4–20 keV band, we measure a duration of T90 = 3.14 ± 0.18 s
using the battblock function (v1.18). The time-averaged spec-
trum over the T90 interval was extracted in the 4–20 keV en-
ergy range. The prompt emission spectrum can be fitted by
both non-thermal and thermal models (Fig. 2). Non-thermal
models, such as the cuto↵ power-law and broken power-law
models, provide a good fit of the spectrum, but their param-
eters are not constrained due to the faintness of the signal.
The cuto↵ power-law model (�2/d.o.f. = 3.43/4) returns a
Epeak = 6.27+0.87

�1.07 keV and a flux 1.96+0.07
�0.08 ⇥ 10�8 erg cm�2 s�1

in 4–20 keV. A power-law model gives a poor fit to the
data (�2/d.o.f. = 8.45/5). Alternatively, a thermal blackbody
model can fit the data well (�2/d.o.f. = 3.72/5) with a tem-
perature of kT = 1.72+0.16

�0.15 keV, corresponding to Epeak =

6.73+0.61
�0.57 keV (using the relation Epeak = 3.92 kT ) and a flux of

1.89+0.11
�0.40 ⇥ 10�8 erg cm�2 s�1 in 4–20 keV. The time-integrated

spectral results for the tested models are reported in Table A.1
and the 1 s peak analysis is summarized in Table A.2.

All models (non-thermal or thermal) provide Epeak < 10 keV,
well below the ⇠30 keV threshold typically used to classify
XRF and support its identification as an XRF. The classifi-
cation method, such as the one proposed by Sakamoto et al.
(2008) for the Swift/BAT energy range based on the fluence ra-
tio S (25–50 keV)/S (50–100 keV), cannot be reliably applied
to XRF 241001A due to the absence of significant emissions
detected above 20 keV. A classification method adapted to the
SVOM/ECLAIRs energy bands will be investigated in a future
work with a larger sample of events. Using spectroscopic ob-
servations of the afterglow emission, the redshift of the burst
was determined to be z = 0.5728 (Sect. 3.1). Using this value

and the best-fit models, we derive an isotropic peak luminos-
ity of Liso = 4.48+1.05

�0.88 ⇥ 1049erg s�1 and an isotropic energy of
Eiso = 8.95+2.10

�1.76⇥1049 erg for the cuto↵ power-law model and we
find consistent values for the blackbody model (see Table A.1).
Both models establish it as a sub-luminous burst given its red-
shift and place it among the least energetic GRBs detected at
comparable distances (left panel of Fig. 4). In the Amati dia-
gram, XRF 241001A is located in a poorly sampled region of
low Eiso and low Epeak, extending the correlation of the long
GRB population toward fainter and softer events, similar to other
XRFs such as XRFs 060218 and 020903 (right panel of Fig. 4).

3.3. X-ray afterglow analysis

Given the low number of counts and the binning of one count
per energy bin in the Swift/XRT and EP/FXT spectra, the
data are treated as Poisson-distributed rather than Gaus-
sian, and we use the C-statistic (Cash 1979) to perform the
spectral fitting. We first check that there is no significant spec-
tral evolution between the Swift and EP epochs by fitting the 0.3–
10 keV spectra individually with a simple absorbed power law
model Tbabs ⇥ zTbabs ⇥ pow using the abundance table for the
X-ray interstellar absorption described in Wilms et al. (2000).
Tbabs is fixed at the Galactic value NGal

H,X = 1.28 ⇥ 1020 cm�2

(HI4PI Collaboration et al. 2016). For the Swift/XRT spectrum,
we measure Nhost

H,X = 0.57+0.54
�0.36 ⇥ 1022 cm�2 and � = 1.70+0.45

�0.37.
On the other hand, for the EP/FXT spectrum, which has a low
SNR, we only let Nhost

H,X vary within the 1� error bar of the Nhost
H,X

value found from the Swift/XRT spectral analysis. We found
Nhost

H,X = 0.61+0.32
�0.28 ⇥ 1022 cm�2 and � = 2.30+0.65

�0.60. Compared to
the Swift/XRT spectrum, the EP/FXT spectrum does not show
a significant spectral evolution, with photon indices compati-
ble within their 1� errors. Assuming the absence of spectral
evolution, we also performed a joint spectral fit to better con-
strain the parameters. From the joint fit, we measure Nhost

H,X =

0.52+0.41
�0.30 ⇥ 1022 cm�2 and � = 1.80+0.37

�0.30. The results of our spec-
tral analysis and the estimated 0.3–10 keV fluxes are summa-
rized in Table A.3.
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Fig. 4: Prompt emission properties of XRF 241001A compared to the GRB sample in Minaev & Pozanenko (2020). The red circles
represent the short GRBs and blue circles long GRBs. XRF 241001A is shown as a green square. Left panel: Isotropic energy (Eiso)
from 1 to 10 000 keV as a function of the redshift. Right panel: Amati plot, Ep,i against Eiso. The best-fit model of the Amati relation
is visible in red for short GRBs and in blue for long GRBs with the 1� error as a shaded area.

3.2. Prompt emission analysis

Figure 1 shows the prompt emission of XRF 241001A detected
by SVOM/ECLAIRs in three di↵erent energy bands (4–20, 20–
50 and 50–120 keV). It indicates that the emission is predom-
inantly observed below 20 keV, with no significant emission
above this energy, placing the event in the XRF regime. We
also examine the data obtained with the Gamma Ray Moni-
tor (GRM; Dong et al. 2010) onboard SVOM, but no signif-
icant signal is detected during the ECLAIRs trigger. In the
4–20 keV band, we measure a duration of T90 = 3.14 ± 0.18 s
using the battblock function (v1.18). The time-averaged spec-
trum over the T90 interval was extracted in the 4–20 keV en-
ergy range. The prompt emission spectrum can be fitted by
both non-thermal and thermal models (Fig. 2). Non-thermal
models, such as the cuto↵ power-law and broken power-law
models, provide a good fit of the spectrum, but their param-
eters are not constrained due to the faintness of the signal.
The cuto↵ power-law model (�2/d.o.f. = 3.43/4) returns a
Epeak = 6.27+0.87

�1.07 keV and a flux 1.96+0.07
�0.08 ⇥ 10�8 erg cm�2 s�1

in 4–20 keV. A power-law model gives a poor fit to the
data (�2/d.o.f. = 8.45/5). Alternatively, a thermal blackbody
model can fit the data well (�2/d.o.f. = 3.72/5) with a tem-
perature of kT = 1.72+0.16

�0.15 keV, corresponding to Epeak =

6.73+0.61
�0.57 keV (using the relation Epeak = 3.92 kT ) and a flux of

1.89+0.11
�0.40 ⇥ 10�8 erg cm�2 s�1 in 4–20 keV. The time-integrated

spectral results for the tested models are reported in Table A.1
and the 1 s peak analysis is summarized in Table A.2.

All models (non-thermal or thermal) provide Epeak < 10 keV,
well below the ⇠30 keV threshold typically used to classify
XRF and support its identification as an XRF. The classifi-
cation method, such as the one proposed by Sakamoto et al.
(2008) for the Swift/BAT energy range based on the fluence ra-
tio S (25–50 keV)/S (50–100 keV), cannot be reliably applied
to XRF 241001A due to the absence of significant emissions
detected above 20 keV. A classification method adapted to the
SVOM/ECLAIRs energy bands will be investigated in a future
work with a larger sample of events. Using spectroscopic ob-
servations of the afterglow emission, the redshift of the burst
was determined to be z = 0.5728 (Sect. 3.1). Using this value

and the best-fit models, we derive an isotropic peak luminos-
ity of Liso = 4.48+1.05

�0.88 ⇥ 1049erg s�1 and an isotropic energy of
Eiso = 8.95+2.10

�1.76⇥1049 erg for the cuto↵ power-law model and we
find consistent values for the blackbody model (see Table A.1).
Both models establish it as a sub-luminous burst given its red-
shift and place it among the least energetic GRBs detected at
comparable distances (left panel of Fig. 4). In the Amati dia-
gram, XRF 241001A is located in a poorly sampled region of
low Eiso and low Epeak, extending the correlation of the long
GRB population toward fainter and softer events, similar to other
XRFs such as XRFs 060218 and 020903 (right panel of Fig. 4).

3.3. X-ray afterglow analysis

Given the low number of counts and the binning of one count
per energy bin in the Swift/XRT and EP/FXT spectra, the
data are treated as Poisson-distributed rather than Gaus-
sian, and we use the C-statistic (Cash 1979) to perform the
spectral fitting. We first check that there is no significant spec-
tral evolution between the Swift and EP epochs by fitting the 0.3–
10 keV spectra individually with a simple absorbed power law
model Tbabs ⇥ zTbabs ⇥ pow using the abundance table for the
X-ray interstellar absorption described in Wilms et al. (2000).
Tbabs is fixed at the Galactic value NGal

H,X = 1.28 ⇥ 1020 cm�2

(HI4PI Collaboration et al. 2016). For the Swift/XRT spectrum,
we measure Nhost

H,X = 0.57+0.54
�0.36 ⇥ 1022 cm�2 and � = 1.70+0.45

�0.37.
On the other hand, for the EP/FXT spectrum, which has a low
SNR, we only let Nhost

H,X vary within the 1� error bar of the Nhost
H,X

value found from the Swift/XRT spectral analysis. We found
Nhost

H,X = 0.61+0.32
�0.28 ⇥ 1022 cm�2 and � = 2.30+0.65

�0.60. Compared to
the Swift/XRT spectrum, the EP/FXT spectrum does not show
a significant spectral evolution, with photon indices compati-
ble within their 1� errors. Assuming the absence of spectral
evolution, we also performed a joint spectral fit to better con-
strain the parameters. From the joint fit, we measure Nhost

H,X =

0.52+0.41
�0.30 ⇥ 1022 cm�2 and � = 1.80+0.37

�0.30. The results of our spec-
tral analysis and the estimated 0.3–10 keV fluxes are summa-
rized in Table A.3.
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Some of the events are discussed
as promising sources of HE neutrinos
(choked jets,
less relativistic/energetic jets, etc.)



EXPLORING THE POPULATION OF THE SOFTEST « GRBS »
WITH EINSTEIN PROBE AND SVOM

Isotropic equivalent energy
released in gamma-rays
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§ Low-luminosity XRFs
are detected and well
characterized by SVOM,
e.g. XRF241001A,
Schneider+ 2026 (submitted)

§ Einstein Probe & SVOM
reveal a new population
of energetic XRFs!

§ SVOM can well characterize
them (already three papers
in preparation on such
events detected in 2025)

§ More to come, long GRB
population model will be
updated!

Lin+ 2026 in preparation



EXPLORING THE POPULATION OF THE SOFTEST « GRBS »
WITH EINSTEIN PROBE AND SVOM

Isotropic equivalent energy
released in gamma-rays
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§ Einstein Probe & SVOM
reveal a new population
of energetic XRFs!

§ SVOM can well characterize
them (already three papers
in preparation on such
events detected in 2025)

Two examples

Lin+ 2026 in preparation



ENERGETIC XRFS! TWO EXAMPLES

Ep,obs < 2.4 keV

25XXXX: ECLAIRs+EP/WXT

Ep,obs = (1.87+0.92-1.12) keV

Spectrum of the prompt emission of these two X-Ray Flashes
EP211113a: WXT

Dai+ 2026 (submitted)
Trigger EP only
z = 1.53 (Keck)

Lin+ 2026 (in preparation)
Trigger EP+SVOM
z = 1.765 (VLT/XSHOOTER, Stargate)



ENERGETIC XRFS! TWO EXAMPLES
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25XXXX: SVOM/ECLAIRS & MXT, 
EP/WXT & FXT

EP211113a: EP/WXT & EP/FXT 

Dai+ 2026 (submitted)
Trigger EP only
z = 1.53 (Keck)

Lin+ 2026 (in preparation)
Trigger EP+SVOM
z = 1.765 (VLT/XSHOOTER, Stargate)

Very detailed afterglow ligtcurve,
can constrain the jet properties (low Γ?)
and the external medium density.



GRBS AS GW SOURCES
GAMMA-RAY BURSTS IN THE MULTI-MESSENGER ERA



§ One multi-messenger detections (170817)!
Kilonova: ejecta during the merger
Nucleosynthesis of heavy elements

Gravitational Waves
Inspiral phase of a BNS

Bright short GRB
for on-axis observer?

Observer

Afterglow: deceleration
of a structred relativistic jet

Short GRB: relativistic jet
Shock breakout?

GRBS AND GRAVITATIONAL WAVES

Superluminal motion:
Relativistic jet!



§ One multi-messenger detections (170817)!

§ But only one multi-messenger detection…

§ GW: more than 200 sources but 2-3 BNS, 170817 the only one well localized
                                                  5-6 NSBH, probably only direct plunges

§ Limitation: sensitivity + localization 

§ Current: low BNS detection rate and large error boxes: very difficult!
Shor t GW horizon: probe local events, less favorable for GRB detection 
(offaxis events) – best candidate = kilonova

§ Future: sensitivity will improve with O5, third generation (Einstein 
Telescope, Cosmic Explorer)

§ More detectors (Kagra,Ligo-India) will improve the localization.

§ GW signal only probes the inspiral phase. Post-merger signal would be 
extremely valuable = signature of  the formation of  the GRB central engine.

GRBS AND GRAVITATIONAL WAVES



§ In-between, without multi-messenger detections, the different channels can be 
probed independtly.

§ Kilonova: in association with GRBs + future orphan KN detections? (Vera Rubin)

§ Shor t GRBs: more difficult to localize, less characterized population

GRBS AND GRAVITATIONAL WAVES



GRBS AND BNS MERGERS

7

Fig. 5 GRB240821A, a fully characterised short GRB
with extended emission: lightcurve. Top: ECLAIRs and
GRM background-subtracted lightcurves over the whole
duration of the GRB, using a time binning of 2 s. Middle
and bottom: ECLAIRs and GRM lightcurves, focusing on
the first phase of the GRB, with a time binning of 0.1 s. In
all panels, the time intervals used for the spectral analysis
of the spike and the extended emission in Figure 6 are in-
dicated. Figures adapted from Daigne et al. (in prep.).

tial short hard GRB (Wei et al. 2016). This is illustrated
by the detection of GRB240821A. As seen in Figure 5, the
lightcurve shows a first bright and variable episode last-
ing less than 2 s, well detected by ECLAIRs and GRM.
This initial spike is followed by a softer emission for at
least 50 seconds, still with possible variability. As shown
in Figure 6, this weaker emission is softer but remains non-
thermal. Thanks to an efficient follow-up, this GRB was
fully characterised (see Table 2). Both the weakness of the
afterglow and the properties of the host galaxy strongly fa-
vor a merger origin. GRB 240821A is then an ideal case to
probe the post-merger physics by stuyding the properties
of the extended emission (Daigne et al. (in prep.)).

4.2 SVOM Early Exploration of the Softer GRBs

Thanks to the low-energy threshold at 4 keV of ECLAIRs,
it is expected that SVOM will characterise the population
of soft GRBs revealed by Beppo-SAX (Heise et al. 2001)
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Fig. 6 GRB240821A, a fully characterised short GRB
with extended emission: joint ECLAIRs+GRM spec-
tral analysis. Top: spectral analysis of the initial spike.
The best fit model is a Band function with photon indices
↵1 = �0.68+0.07

�0.07 and ↵2 = �1.76+0.07
�0.08, and a break en-

ergy Eb = 109+15
�19 keV. As the high-energy photon index

is ↵2 > �2, the peak energy cannot be measured but is
at higher energy than the detected break. Bottom: spectral
analysis of the extended emission. The best fit model is
a power-law with an exponential cutoff with a photon in-
dex ↵ = �1.67+0.09

�0.09 and a peak energy Ep = 25+12
�9 keV.

Figures adapted from Daigne et al. (in prep.). In both time
intervals, the spectral analysis is carried with ECPI for
ECLAIRs data using a chi-2 statistics (black) and eclgrm-
xband for the three GRDs of GRM using pgstat (GRD1:
red, GRD2: green, and GRD3: blue) (see Godet et al. 2026;
Goldwurm, A. et al. 2026; Piron, F. et al. 2026). The analy-
sis is carried out from 5 keV to 1 MeV for the initial spike,
and to 300 keV for the extended emission.

and HETE-2 (Sakamoto et al. 2005) and currently also ex-
plored by EP (see e.g. Gao et al. 2025). Depending on
their spectral properties, these events are often classified
as X-ray Rich GRBs (XRRs) and X-ray Flashes (XRFs)
(Barraud et al. 2003; Sakamoto et al. 2008). This charac-
terisation is an important goal for SVOM, as this population
shows some diversity and their origin and precise connec-
tion to GRBs are highly debated. In particular, it is unclear
whether the origin of the unusual properties of these GRBs
is due to external (high redshift, off-axis view) or intrin-
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An example of a short GRB + extended emission
fully characterized by SVOM: GRB240821A

§ No slew at that time
§ X-ray afterglow

(Swift/XRT+EP/FXT)

§ Visible afterglow
(detection Gemini N.,
VT late upper limit)

§ Redshift z = 0.238, 
host galaxy
(VLT/XSHOOTER, GTC)

 AG+host galaxy:
 merger scenario



GRBS AND BNS MERGERS
An example of a short GRB + extended emission

fully characterized by SVOM: GRB240821A
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§ ECLAIRs+GRM:
good spectral coverage of
the initial short GRB and 
the extended emission.

§ Origin of the extended
emission?
(post-merger physics)



GRBS AND BNS MERGERS

Levan et al. 2023

Fermi GBM lightcurve

A surprise: GRB 230307A @ z=0.065 (very bright!)
A very bright long GRB associated to a kilonova! (JWST spectrum!)



CONCLUSION
GAMMA-RAY BURSTS IN THE MULTI-MESSENGER ERA



CONCLUSION

§ Gamma-Ray Bursts are promising multi-messenger sources. However there is 
only one multi-messenger detection to date (170817: GW+em). 

§ Gravitational waves: current limitation = sensitivity + localization.
Future: O5, more detectors (Kagra, LIGO-India), 3rd gen (Einstein Telescope)

§ Neutrinos: current limitation = sensitivity + possibly the energy range.
Future: KM3Net, IceCube-Gen2, future VHE detectors (e.g. GRAND).

§ In the meantime, our physical understanding of  GRBs and their diversity 
continues to improve (SVOM, Einstein Probe, VHE instruments, CTA to come).

§ GRB detectors when the new generation of  VHE/GW/neutrino instruments will be 
operational? (THESEUS not selected by ESA)
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