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What is a Gamma-Ray Burst? 
Brief, sudden, intense flash of gamma-ray radiation 

Duration: ms up to minutes

Fluence: ~10-7 - 10-3 erg cm-2

Flux: ~10-8 - 10-4 erg cm-2 s-1

Energy range: ~ keV up to ~ GeV

Gamma-ray bursts (GRBs)

PROMPT EMISSION

The most powerful electromagnetic sources in the Universe

2

Duration: hours to days

Flux: smoothly decaying

Energy range: from GeV to X-rays, UV, optical, IR, radio

AFTERGLOW



Swift 
• Short GRBs afterglow and 

redshift (and progenitors)

• Early X-ray emission 

(plateaus and flares)

• UV kilonova

Fermi 
• Prompt emission at 

high-energy

• Short GRBs and GW19
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BIRTH OF THE MULTI-MESSENGER 
ASTRONOMY WITH GWs

1970 1980 1990 2000 2010 2020 years

170817

3

INTEGRAL 
• Short GRBs and GW

CGRO/BATSE 
• Extragalactic origin

• Short and long

• Prompt emission 

spectrum

BeppoSAX 
• Long GRBs 

afterglow 
and redshift


• Long GRBs 
and SNe

Announcement of 
the discovery by 
the Vela satellites

HETE II 
• XRR/XRF

• Short GRB 

afterglow

Agile

Discovery of the GRBs 
VHE counterpart: MAGIC, 

H.E.S.S., LAAHSO

Gamma-ray bursts (GRBs)
A bit of history



Two flavors: SGRBs and LGRBs

Long/soft

Short/hard

Prompt emission duration

Duration vs. Hardness
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Prompt emission duration

•Two types of GRBs when classified on the basis of their 
prompt emission duration: SGRBs (T90<2 s) and LGRBs 
(T90>2 s)

•SGRBs are spectrally harder than LGRBs
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Figure 3. Epeak − Eiso (left panels) and Epeak − Liso (right panels) correlations valid for LGRBs (dots; data taken from Nava et al.
2012). The power-law best fit is shown as a solid dark line. The shaded region represents the 3σ scatter of the distribution. SGRBs of
our complete sample are marked as empty squares. In the lower panels the consistency of the two correlations of SGRBs with unknown
redshift is shown. The test is performed by varying the redshift from 0.01 to 10. Different colours refers to different ranges of redshift
(see legend). Two possible LGRBs belonging to our complete sample (GRB 090426 and GRB100816A) and a possible outlier of the
Epeak − Liso correlation (GRB080905A) are also marked.

GRBs we tested their consistency with the Amati and Yo-
netoku correlations by varying the redshift from 0.01 to 10
(Fig. 3, bottom panel). Independently of the chosen redshift,
they are inconsistent with the Amati correlation (only GRB
061201 can by marginally consistent if its redshift is larger
than ∼ 2). For a fiducial redshift lower limit z > 0.1 they are
all consistent with the Yonetoku relation. For GRB080123
the redshift has been measured, but only a lower limit on
Epeak and, consequently on Eiso can be estimated from
the spectral analysis (arrows in Fig. 3, bottom panel). For
GRB080503 it was not possible to test its consistency with

the correlations since the spectrum is well described by a
power law function and the redshift is unknown.

All the events of our complete sample are consistent
with the SGRB region of the three parameter Eiso−Epeak−

EX,iso correlation (Bernardini et al. 2012 and Margutti et
al. 2013), with the two debated SGRBs 090426 and 100816A
lying close to the region defined by LGRBs (Fig. 4).

4.2.3 Prompt-afterglow correlations

In Fig. 5 we show the X-ray light curves of the SGRBs of
the complete sample with redshift normalized to their Eiso.

c© 2014 RAS, MNRAS 000, 1–17
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•Two types of GRBs when classified on the basis of their 
prompt emission duration: SGRBs (T90<2 s) and LGRBs 
(T90>2 s)

•SGRBs are spectrally harder than LGRBs

•SGRBs ~100 times less energetic than LGRBs but have 
similar luminosities



Two flavors: SGRBs and LGRBs

•Two types of GRBs when classified on the basis of their 
prompt emission duration: SGRBs (T90<2 s) and LGRBs 
(T90>2 s)

•SGRBs are spectrally harder than LGRBs

•SGRBs ~100 times less energetic than LGRBs but have 
similar luminosities

•SGRBs have fainter X-ray afterglow

•SGRBs and LGRBs are similar when we rescale for the 
total energy
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Duration vs. Hardness

H
ar

dn
es

s 
ra

tio

LongShort

2 sec

Distribution of prompt emission duration from 
BATSE catalog

Prompt emission duration
D’Avanzo+14

Epk-Eiso and Epk-Liso correlations

Short

10 P. D’Avanzo et al.

Figure 3. Epeak − Eiso (left panels) and Epeak − Liso (right panels) correlations valid for LGRBs (dots; data taken from Nava et al.
2012). The power-law best fit is shown as a solid dark line. The shaded region represents the 3σ scatter of the distribution. SGRBs of
our complete sample are marked as empty squares. In the lower panels the consistency of the two correlations of SGRBs with unknown
redshift is shown. The test is performed by varying the redshift from 0.01 to 10. Different colours refers to different ranges of redshift
(see legend). Two possible LGRBs belonging to our complete sample (GRB 090426 and GRB100816A) and a possible outlier of the
Epeak − Liso correlation (GRB080905A) are also marked.

GRBs we tested their consistency with the Amati and Yo-
netoku correlations by varying the redshift from 0.01 to 10
(Fig. 3, bottom panel). Independently of the chosen redshift,
they are inconsistent with the Amati correlation (only GRB
061201 can by marginally consistent if its redshift is larger
than ∼ 2). For a fiducial redshift lower limit z > 0.1 they are
all consistent with the Yonetoku relation. For GRB080123
the redshift has been measured, but only a lower limit on
Epeak and, consequently on Eiso can be estimated from
the spectral analysis (arrows in Fig. 3, bottom panel). For
GRB080503 it was not possible to test its consistency with

the correlations since the spectrum is well described by a
power law function and the redshift is unknown.

All the events of our complete sample are consistent
with the SGRB region of the three parameter Eiso−Epeak−

EX,iso correlation (Bernardini et al. 2012 and Margutti et
al. 2013), with the two debated SGRBs 090426 and 100816A
lying close to the region defined by LGRBs (Fig. 4).

4.2.3 Prompt-afterglow correlations

In Fig. 5 we show the X-ray light curves of the SGRBs of
the complete sample with redshift normalized to their Eiso.

c© 2014 RAS, MNRAS 000, 1–17

Long

Short

Long
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Berger+14

Redshift distribution

Credits: M.Ferro

L and SGRBs sSFR compared to 
the COSMOS galaxies

LONG

SHORT

SGRBs and LGRBs: a tale of two progenitors

• Redshift distributions significantly different

• LGRBs follow the SFR (with some caveats), while SGRBs a delayed SFR

• LGRB hosts are young, less massive and with high sSFR, while SGRBs 

explode in all type of galaxies

• LGRBs track the UV light of their host, while SGRBs explode with significant 

offset w.r.t. their host

➡ LGRBs associated to young stellar population, while 
SGRBs to old stellar population whose explosion site 
is not representative of the progenitor birth site



• Redshift distributions significantly different

• LGRBs follow the SFR (with some caveats), while SGRBs a delayed SFR

• LGRB hosts are young, less massive and with high sSFR, while SGRBs 

explode in all type of galaxies

• LGRBs track the UV light of their host, while SGRBs explode with significant 

offset w.r.t. their host

➡ LGRBs associated to young stellar population, while 
SGRBs to old stellar population whose explosion site 
is not representative of the progenitor birth site 

•SNe associated to LGRBs <- spectroscopically confirmed

•KNe associated to SGRBs <- chromatic excesses in SGRB 
afterglows

Berger+14

Redshift distribution
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Figure 2
Limits on supernovae (SNe) associated with short GRBs ( filled triangles) relative to the peak absolute
magnitude of the canonical long GRB-SN 1998bw. Also shown are the distribution of SN peak magnitudes
for long GRBs ( filled circles; hatched region marks the median and standard deviation for the population;
Hjorth & Bloom 2012), local Type Ib/c SNe (histogram; Drout et al. 2011), and two unusual long GRBs that
lacked associated SNe (open triangles; 060505 and 060614; Della Valle et al. 2006, Fynbo et al. 2006,
Gal-Yam et al. 2006, Gehrels et al. 2006). The latter may represent a long duration or extended emission tail
of the short GRB population. With the exception of GRB 050509B, all short bursts with limits on associated
SNe occurred in star-forming galaxies, indicating that despite the overall star-formation activity, the short
GRB progenitors were not massive stars. The inset shows the overall duration distribution of the short
GRBs considered in this review (histogram); the durations of the 7 short GRBs with SN limits are marked by
arrows. The dotted vertical line marks the claimed duration separating Swift noncollapsar and collapsar
progenitors according to the analysis by Bromberg et al. (2013), and yet three of the short GRBs lacking SN
associations have longer durations.

coincident hosts (GRBs 050724A and 100117A; Berger et al. 2005b, Fong et al. 2011), two addi-
tional cases with subarcsecond afterglow positions and likely elliptical hosts with large projected
offsets (GRBs 070809 and 090515; Berger 2010), and four additional likely cases (probabilities of
about 1–5%) based on Swift/XRT positions alone (GRBs 050509B, 060502B, 070729, 100625A)
(Gehrels et al. 2005; Bloom et al. 2006, 2007; Fong et al. 2013). Overall, about 20% of short
GRBs are associated with early-type host galaxies (Fong et al. 2013). In nearly all cases, the iden-
tification of the hosts as early-type galaxies is based on spectroscopic observations that reveal no
star-formation activity (to !0.1 M! year−1), optical/near-IR spectral energy distributions that are
matched by a single stellar population with an age of "1 Gyr, and/or morphological information
based on HST observations. I explore the host-galaxy demographics distribution, and its impli-
cations for the progenitor population, in the next section, but it is clear from the occurrence of at
least some short GRBs in elliptical galaxies that the progenitors belong to an old stellar population.

6. SHORT GAMMA-RAY BURST GALAXY-SCALE ENVIRONMENTS
Having established that the progenitors of short GRBs are generally distinct from those of long
GRBs on the basis of the lack of SN associations and their occurrence in elliptical galaxies, I now
turn to the question of what the progenitors are and what we can infer about their nature from the
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Berger14

Limits of the SN mag in SGRBs  
compared to typical LGRB SNe 3
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FIG. 2.—Absolute magnitude versus rest-frame time based on our ground-based observations fromMagellan (§2), on Gemini data (Cucchiara et al. 2013b), and
on ourHST photometry (§2; blue: F606W; red: F160W). Also shown is an afterglow model with a single power law decline of Fν ∝ t−2.6, required by the ground-
based observations. This model underpredicts the WFC3/F160W detection by about 3.5 mag. The thick solid and dashed lines are kilonova model light curves
generated from the data in Barnes & Kasen (2013) and convolved with the response functions of the ACS/F606W and WFC3/F160W filters (solid: Mej = 0.1
M!; dashed: Mej = 0.01 M!). Finally, we also plot the light curves of GRB-SN 2006aj in the same filters (thin dashed; Ferrero et al. 2006; Kocevski et al. 2007),
demonstrating the much fainter emission in GRB130603B, and ruling out the presence of a Type Ic supernova (§3).

PSF to add fake sources of varying magnitudes at the after-
glow position with the IRAF addstar routine, followed by
subtraction with ISIS, leading to a 3σ limit of mF606W ! 27.7
mag. Finally, to obtain a limit on the brightness of the source
in the second epoch of WFC/F160W imaging we add fake
sources of varying magnitudes at the source position and per-
form aperture photometry in a 0.15′′ radius aperture and a
background annulus immediately surrounding the position of
the source to account for the raised background level from
the host galaxy. We find a 3σ limit of mF160W ! 26.4 mag.
We note that our detection of the near-IR source was subse-
quently confirmed by an independent analysis of theHST data
(Tanvir et al. 2013). At the redshift of GRB 130603B, the re-
sulting absolute magnitudes at 9.4 days areMH ≈ −15.2 mag
andMV ! −13.3 mag.

3. AN R-PROCESS KILONOVA
In principle, the simplest explanation for the near-IR emis-

sion detected in theHST data is the fading afterglow. To assess
this possibility we note that our Magellan optical data at 8.2
and 32.2 hr require a minimum afterglow decline rate of α "
−2.2 (Fν ∝ tα); r-band data from Gemini (Cucchiara et al.
2013b) require an even steeper decline of α " −2.6. Simi-
larly, the Gemini gri-band photometry at 8.4 hr indicates a
spectral index of β ≈ −1.5 (Cucchiara et al. 2013b), leading
to inferred magnitudes in the HST filters of mF606W ≈ 21.6

mag and mF160W ≈ 20.0 mag (see Figure 2). Extrapolat-
ing these magnitudes with the observed decline rate to the
time of the first HST observation we find expected values of
mF606W ! 30.9 mag and mF160W ! 29.3 mag. While the in-
ferred afterglow brightness in F606W is consistent with the
observed upper limit, the expected F160W brightness is at
least 3.5 mag fainter than observed. Moreover, the afterglow
color at 8.4 hr ismF606W−mF160W ≈ 1.6 mag, while at 9.4 days
it is somewhat redder,mF606W −mF160W ! 1.9 mag, suggestive
of a distinct emission component.
The excess near-IR flux at 9.4 days, with a redder color

than the early afterglow, can be explained by emission from
an r-process powered kilonova, subject to the large rest-frame
optical opacities of r-process elements (Figure 2). In the mod-
els of Barnes & Kasen (2013), the expected rest-frame B − J
color at a rest-frame time of 7 days (corresponding to the ob-
served F606W−F160W color at 9.4 days) is exceedingly red,
B − J ≈ 12 mag, in agreement with the observed color. As
shown in Figure 2, kilonova models with a fiducial velocity
of vej = 0.2c and ejecta masses ofMej = 0.01−0.1M" bracket
the observed near-IR brightness, and agree with the optical
non-detection.
In Figure 3 we compare the observed F160W absolute mag-

nitude to a grid of models from Barnes & Kasen (2013), cal-
culated in terms of Mej and vej. The grid is interpolated
from the fiducial set of models in Barnes & Kasen (2013),

Berger+13

KN excess in the afterglow of 
GRB 130603B

Credits: M.Ferro

L and SGRBs sSFR compared to 
the COSMOS galaxies

LONG

SHORT

Melandri+14

Spectra of SNe associated to LGRBs
SGRBs and LGRBs: a tale of two progenitors



GW 170817/GRB 170817A/AT2017gfo: the smoking gun of SGRB progenitors

Abbott+17; Goldstein+17; Savchenko+17
9

Optical/NIR Spectra

Pian, D’Avanzo et al. (2017)
 Smartt et al. (2017)


inconsistent with any SN type


A key signature of an NS–NS/NS–BH binary merger is the production of a so-called 
“kilonova” (aka “macronova”) due to the decay of heavy radioactive species produced 
by the r-process and ejected during the merger that is expected to provide a source of 

heating and radiation (Li and Paczynski 1998; Rosswog, 2005; Metzger et al., 2010). 


First direct observation of a SGRB (GRB170817A) 
associated to a GW event originated by a BNS 

merger (GW 170817) and to the first 
spectroscopically identified KN (AT2017gfo)

BIRTH OF THE MULTI-MESSENGER 
ASTRONOMY WITH GWs

Pian, D’Avanzo+2017

AT2017gfo spectral sequence and light curve



Short: 
merging of 
compact 
objects 
with a NS

Long: core 
collapse 
of massive 
stars

Central 
engine  

➡ +  
ultra 

relativistic 
outflow 

“jet"

Gamma-ray bursts: the current paradigm
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Gamma-ray bursts: the current paradigm
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Log(t)

Log(Lum)

1050 
erg/s

0.1-100 s ~ 1 day

PROMPT EMISSION

➡dissipation within 
the outflow 
(internal shocks)



Gamma-ray bursts: the current paradigm
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AFTERGLOW

Log(t)

Log(Lum)

1050 
erg/s

0.1-100 s ~ 1 day

➡Interaction with 
ambient medium 
(external shocks)



Gamma-ray bursts: the current paradigm
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Afterglow

Flares

Pr
om

pt

Log(Lum)

1050

erg/s

Log(t)0.1-100 s ~ 1 day~ 1 hour

plateau

Magnetars are competing with BHs as source of GRB power

Usov 1992, Duncan & Thompson 1992, Dai & Lu 1998, Zhang 
& Meszaros 2001, Metzger et al. 2011, ….

X-ray emission of GRBs

See C. Plasse’s talk



Gamma-ray bursts: the current paradigm
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ultra 
relativistic 

outflow 
“jet”: 

Composition
and structure

See C. Pellouin’s talk
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real image simulated struct. jet

simulated chocked  
jet Θ=45o

simulated chocked  
jet Θ=30o

Ghirlanda, Salafia+19

Structured jet: relativistic 
core with  θjet < 5 deg and 

θview ~ 20 deg

• X-ray and radio emission non detected until 9 days and peaking at ~100 days Alexander+17,18; D’Avanzo+18; 

Dobie+18; Fong+19; Haggard+17; Hallinan+17; Hajela+19; Margutti+17,18; Mooley+18a,b; Reasmi+18; Ruan+18; Troja+18a,b,19,20; Piro+19 and many many others  


➡First GRB seen off-axis 

• Evidence of proper motion and measure of the source size with VLBI Ghirlanda+19, Mooley+18


➡Final proof of the structured jet scenario

Credit: M. Dinatolo

GRB 170817A: the first direct observation of the jet structure

See S. Giarratana’s talk



Key-points in GRB observations

From precise Swift/XRT localization to sensitive follow-up: the example of GRB 230307A; from 2025 
Swift Senior Review, Levan et al. (2024)

• Triggering facilities to discover and localize GRBs + rapid public dissemination of the alerts 
➡ Need to pinpoint GRB locations to spot counterparts at other wavelengths and also the associated SNe-KNe 
➡ Need to catch the afterglow when it is still bright for spectroscopic measurement of the redshift 
➡ Need to monitor GRBs at all wavelengths (from GeV to radio) with different facilities 

• Publicly accessible data and GRB information

ALL LESSONS LEARNED FROM 20 
YEARS OF SWIFT

https://www.swift.ac.uk/



Key-points in GRB observations
• Large samples (~1700 GRBs from Swift) enable statistical studies of GRB properties 

➡ Need for redshift measurements to study the physical properties

➡ Need to build samples that are representative of the population of GRBs that we want to study

Complete (flux-limited) samples of 
events, with favorable observing 

conditions for ground-based 
observations (redshift determination) 

➡luminosity function and redshift distribution

➡prompt/afterglow emission rest-frame properties

➡GRB environments

➡host galaxy properties

➡simulations and predictions for high-z and GW (rates) 10−3 0.01 0.1 1 10
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Figure 4: Predicted X-ray flux of an afterglow to GW 170817. A: The distribution of short GRB light curves
(14), scaled to 40 Mpc. The solid line shows the median behavior; the two dashed lines represent the 25 and 75
percentiles. The blue line with the triangle corresponds to the time range covered by the large-scale tiling with
Swift-XRT and shows the typical sensitivity achieved per tile. The red arrows represent the XRT upper limits on
emission from EM 170817 obtained by summing all the data up to the time of the arrow. The grey diamonds show
the NuSTAR limits on emission from EM 170817. B: The X-ray flux predicted for an on-axis jet for a range of
isotropic afterglow energies and circumburst densities. The black line indicates the flux upper limit of the first
NuSTAR observation; red squares are known short GRBs with EAG and n0 (19). Our observations rule out an
energetic, ultra-relativistic outflow with EAG >⇠ 10

50 erg for on-axis geometries.

6

Evans+17

X-rays SGRB 
light curves 

@40 Mpc 

Comparison bw 
XRT limits on 

GRB170817A with 
the SBAT4 sample



Swift Fermi

BIRTH OF THE MULTI-MESSENGER

ASTRONOMY WITH GWs

GRB observations: present and future status

18

years2010 2020

170817

2030 20402024

Einstein Probe 
• CAS with ESA and MPE

• 2 X-ray telescopes on board


• Large FoV lobster-eye optics 
(WXT)


• Sensitive X-ray telescope (FXT)

➡Monitor the X-ray sky and 

discover cosmic variable objects 
and transient phenomena shining 
in X-rays 

SVOM 
• CAS and CNES

• 4 instruments on-board


• Large FoV: hard X-rays coded mask (ECLAIRs) + 
gamma-ray monitor (GRM)


• Narrow FoV: lobster-eye X-ray telescope (MXT) + 
optical telescope (VT)


• Ground segment of 2 dedicated robotic telescopes 
and 1 optical monitor


➡Discovery and multi-wavelength follow-up of GRBs 
and other transients, high fraction of redshift 
expected

THESEUS



Simulation of the multi-component 
spectrum of GRB 100724B

Bernardini+17

• ECLAIRs+GRM measure the prompt spectrum over 3 decades in energy


• GWAC will add a constraint on the associated prompt optical emission in a good 
fraction of cases (16%).

GRM (3 GRDs): 
• 15 keV - 5 MeV 
• Fov ~ 5.6 sr

• Loc. ~5-10 deg (3 GRDs)

• ~90 GRBs/yr	

• ECLAIRs sensitive to all classes of 
long GRBs 

• Sensitivity to short GRBs improved 
by combining ECLAIRs+GRM

ECLAIRs: 
• 4-120 keV 
• Fov ~ 2 sr

• Loc. < 12’ 
• 42-80 GRBs/yr, including 3-4 GRBs/yr at z>5 

      +

GWAC: 
• 2x5400 deg2 (half of ECLAIRs fov)

• 500-800 nm

• mlim ~ 16-17 (10s exposure)

SVOM observations: prompt emission



Simulation of GRB 091020

Wei, Cordier et al., arXiv:1610.06892

• MXT can detect and localize the X-ray afterglow in >90% of GRBs after a slew


• VT + ground segment will detect, localize and characterize the visible-NIR 
afterglow

GWAC
GFTs

VT

Optical Light curves of long GRBs            

Wang+13

VT:

• 400-1000 nm

• Loc. <1”


+ 
GWAC: 
• 2x5400 deg2

• 500-800 nm

F-GFT (Colibrì):

• 1.3 m

• 400-1700 nm

C-GFT:

• 1.2 m

• 400-950 nm

MXT: 
• 0.2-10 keV

• 64x64 arcmin2

• Loc. <13” within 5 min after the 

trigger for 50% of GRBs 
• slew request: ~72 GRB/yr

SVOM observations: prompt emission



Swift Fermi SVOM

Prompt Poor Excellent

8 keV -100 GeV

Very Good 
4 keV - 5 MeV

Afterglow Excellent > 100 MeV for LAT GRBs Excellent

Redshift ~1/3 Low fraction ~2/3

Physical mechanisms at work in GRBs

•Nature of GRB progenitors and central engines

•Acceleration & composition of the relativistic ejecta


 Diversity of GRBs: event continuum following the collapse of a 
massive star

•Low-luminosity GRBs / X-ray rich GRBs / X-ray Flashes and their 

afterglow

•GRB/SN connection


Short GRBs and the merger model

•GW association


GRBs as cosmological probes of the early Universe

A unique sample of 30-40 GRB/yr with: 
	 - prompt emission over 3 decades 
	 - X-ray and V/NIR afterglow 
	 - redshift

The SVOM GRB sample



The current SVOM GRB sample

Credit: B. Cordier

18 GRBs with 
redshift (ECL 10)!!!!



Open questions in GRB science: progenitors, central engine and jet structure
• Long/short dichotomy recently challenged by observations of long GRBs 

from BNS mergers (e.g. GRB 230307A - long with KN discovered by JWST, 
Levan+23)


• Poorly explored families of GRB, as XRR, XRF, low-luminosity, ultra-long -> 
GRBs in a more general scenario of explosive events, possible clues on 
secret ingredients needed to produce a GRB


• Long-lasting post-merger signals are the best direct detection to distinguish 
between the formation of a magnetar or a BH (e.g. Giacomazzo & Perna 2012, 2013; 
Dall’Osso et al., 2015). Hard to get it any time soon, but good prospects with 3rd 
generation of detectors, as the ET 

• Our current understanding of the jet structure is essentially based on one 
event (GRB170817A): need for improvement in our capability to recognize 
orphan afterglows in optical (from ZTF to Rubin) and radio (SKA) 
surveys to get direct look to the jet structure and consequently of true rates 
for both short and long GRBs


Pescalli+15

Luminosity function of LGRBs 

Maggiore+20

Post-merger signal compared to. 2 and 3 
gen. Interferometers sensitivity

years2020 2030 2040

Swift, Fermi, SVOM, EP THESEUS

See M. Masson’s talk

See M. Bugli’s talk





Swift/XRT f.o.v

SVOM/MXT f.o.v

MXT vs. XRT tiling

Ideal scenario: detection of the sGRB 
➡ ECLAIRs/GRM: large fov, independent trigger or offline search


Likely scenario: external alert received 
➡ MXT/VT: slew after the alert ToO-MM 
➡ Galaxy tiling strategy if the error box is larger than 1 deg2

Ducoin et al., 2020, 2023

Multi-messenger astronomy with SVOM



The GRB emission


The kilonova emission 

associated to SGRBs
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Figure 2 | Models of kilonovae demonstrating the observable signatures of r-process 

abundances. All models have an ejecta mass M = 0.05M
!

 and velocity vk = 0.2c, but 

different mass fractions of lanthanides Xlan. a, Model bolometric light curves. If the ejecta 

is composed primarily of heavier r-process material (Xlan $ 10"2) the opacity is higher, 

resulting in a longer diffusion times and longer duration bolometric light curves. b, 

Model spectra as observed 4.5 d after the mergers. The higher lanthanide opacities of the 

heavy r-process materials obscure the optical bands and shift the emission primarily to 

the infrared. 
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Observational imprints of the magnetar
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The GRB emission:

•X-ray plateau

•Extended emission in SGRBs

•Pre- and post-cursors in the prompt emission


The kilonova emission associated to SGRBs60

Fig. 16 Kilonova light curves, boosted by spin-down energy from an indefinitely stable
magnetar (tcollapse = 1), and taking an opacity  = 20 cm2 g�1 appropriate to lanthanide-
rich matter. We assume an ejecta mass M = 0.1M� (Metzger and Fernández 2014), initial
magnetar spin period P0 = 0.7 ms, thermalization e�ciency ✏th = 1 and magnetic dipole
field strength of 1015 G (left panel) or 1016 G (right panel). Dashed lines show for comparison
the purely r-process powered case.

actually be thermalized by the ejecta, and hence available to power kilonova
emission, may be much smaller.

As in the Crab Nebula, pulsar winds inject a relativistic wind of elec-
tron/positron pairs. This wind is generally assumed to undergo shock dissipa-
tion or magnetic reconnection near or outside a termination shock, inflating
a nebula of relativistic particles (Kennel and Coroniti 1984). Given the high
energy densities of the post-NS-NS merger environment, these heated pairs
cool extremely rapidly via synchrotron and inverse Compton emission inside
the nebula (Metzger et al 2014; Siegel and Ciolfi 2016a,b), producing broad-
band radiation from the radio to gamma-rays (again similar to conventional
pulsar wind nebulae; e.g., Gaensler and Slane 2006). A fraction of this non-
thermal radiation, in particular that at UV and soft X-ray frequencies, will
be absorbed by the neutral ejecta walls and reprocessed to lower, optical/IR
frequencies (Metzger et al 2014), where the lower opacity allows the energy to
escape, powering luminous kilonova-like emission.

On the other hand, this non-thermal nebular radiation may also escape
directly from the ejecta without being thermalized, e.g. through spectral win-
dows in the opacity. This can occur for hard X-ray energies above the bound-
free opacity or (within days or less) for high energy � MeV gamma-rays be-
tween the decreasing Klein–Nishina cross section and the rising photo-nuclear
and � � � opacities (Fig. 8). Furthermore, if the engine is very luminous and
the ejecta mass su�ciently low, the engine can photo-ionize the ejecta shell, al-
lowing radiation to freely escape even from the far UV and softer X-ray bands
(where bound-free opacity normally dominates). While such leakage from the
nebula provides a potential isotropic high energy counterpart to the merger at
X-ray wavelengths (Metzger and Piro 2014; Siegel and Ciolfi 2016a,b; Wang
et al 2016), it also reduces the fraction of the magnetar spin-down luminosity
which is thermalized and available to power optical-band radiation.

Metzger 2019



Direct detection of GWs from the magnetar
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• Long-lasting post-merger 
signals are the best direct 
detection to distinguish 
between the formation of a 
magnetar or a BH (e.g. Giacomazzo & 
Perna 2012, 2013; Dall’Osso et al., 2015)


• Searches in the LIGO/Virgo 
data for short and intermediate 
duration signals in GW 170817/
GRB 170817A not conclusive 
(Abbott et al. 2017, 2019; Van Putten & Della Valle 
2018)


• Hard to get it any time soon, but 
good prospects with 3rd 
generation of detectors, as 
the ET (Maggiore et al. 2020)

Maggiore et al. 2020

MAGNETAR FORMATION FROM BNS MERGERS 5

Figure 3. The gravitational mass of an NS as a function of the central value
of its rest-mass density ⇢c. The solid and dashed lines represent equilibrium
solutions for uniformly rotating NSs. The bottom black solid line refers to
stable non-rotating NSs (i.e, TOVs), while the bottom red dashed line to grav-
itationally unstable non-rotating NSs (note that they have masses below the
maximum mass). The top black-solid and red-dashed lines refer respectively
to stable and unstable NSs rotating at the mass shedding limit. Uniformly ro-
tating NSs located in the region between the two red dashed lines are unstable
and will collapse to BH. The filled blue circle shows the position of the NSs
composing our binary, while the filled blue square indicates the NS formed
at the end of the simulation of model B0. The horizontal green dotted line
shows the maximum mass for a non-rotating NS. As one can easily see, the
NS formed after the merger has a mass lower than the maximum mass for a
non-rotating NS and it is located in the stable region.

SGRBs (Meier et al. 2001). This possibility is especially in-
teresting in light of the recent observations of extended emis-
sion following SGRBs (Metzger et al. 2008). An analysis of
Swift-detected SGRBs by Rowlinson et al. (2013) has showed
that all SGRBs with one or more breaks in their X-ray light
curves display a plateau phase, which can be interpreted as the
luminosity of a relativistic magnetar wind (Zhang & Mészáros
2001; Fan & Xu 2006; Metzger et al. 2011). Under the as-
sumption of energy loss by pure dipole radiation, and neglect-
ing, to first approximation, the enhanced angular momentum
losses due to neutrino-driven mass loss, the duration of the
plateau and its luminosity can be used to infer the magnetic
field of the magnetar and its birth period. The observed range
of values (plateau durations ⇠ 102�104 s, and [1�104 keV]
luminosities ⇠ 1046�1049 erg s�1) yielded typical periods on
the order of a few milliseconds, and magnetic field strengths
in the range B ⇠ 1015 � 1016 G. Following the initial rapidly
spinning magnetar phase, two outcomes are possible, depend-
ing on how steep the post-plateau decay phase is. If the mag-
netar is unstable and decays to a BH, then the post plateau
emission, only due to curvature radiation, fades away very
quickly. On the other hand, the ⇠ t�2 decay of the stable
magnetar emission gives a more prolonged energy injection,
and hence brighter fluxes at later times. The detailed analy-
sis by Rowlinson et al. (2013) identified a handful of SGRBs
whose late X-ray emission is consistent with that of a stable
magnetar. Moreover, X-ray and optical afterglow emitted by
a magnetar (Dall’Osso et al. 2011; Zhang 2013) may not be
collimated, and hence they may be observed even without a
SGRB detection (Gao et al. 2013).

Other numerical simulations of magnetized HMNSs have
further demonstrated the possibility of producing outflows

Figure 4. The l = 2,m = 2 mode of the GW signal for model B0 (red
dashed line) and B12 (black solid line).

with energy of ⇠ 1051erg for magnetic fields of ⇠ 1015G (Ki-
uchi et al. 2012). As already discussed before, such magnetic
fields can be naturally formed in our scenario via KH and MRI
instabilities. According to Kiuchi et al. (2012), a magnetic
field of ⇠ 1015G could give rise to an electromagnetic emis-
sion observable in the radio band and hence provide an inter-
esting electromagnetic counterpart to the GW signal even if a
SGRB is not observed.

5. SUMMARY

We have presented the first general relativistic magnetohy-
drodynamic simulations that show the possible formation of a
stable magnetar. The NS formed after the merger is found to
be differentially rotating and ultraspinning. Since our compu-
tational resources are not enough to fully resolve the MRI, the
magnetic field is amplified by about two orders of magnitude,
but further amplification is possible and indeed observed in
two and three-dimensional simulations of differentially rotat-
ing NSs (Duez et al. 2006; Siegel et al. 2013). Moreover, long
term evolution of such models has shown that the magnetic
field can impact the angular velocity profile of the NS leading
to the formation of an uniformly rotating NS surrounded by
an accretion disk and with a collimated magnetic field (Duez
et al. 2006). While it will be difficult to differentiate the GW
signal between the magnetized and the unmagnetized scenar-
ios, strong electromagnetic counterparts that would be sup-
pressed in collapsing NSs could be easily produced and ob-
served in radio (Kiuchi et al. 2012), optical (Dall’Osso et al.
2011; Zhang 2013; Gao et al. 2013), X-rays (Rowlinson et al.
2013), and gamma-rays (Gompertz et al. 2013).

While our simulations focused on equal-mass systems, the
same scenario may be produced after the merger of unequal-
mass BNSs. In this case, matter ejected during the inspiral
due to the tidal disruption of the less massive components,
may later fall back on the magnetar and trigger its collapse to
BH (Giacomazzo & Perna 2012). More detailed observations
of the early afterglow phase, as expected with the planned
future mission LOFT (Amati et al. 2013), will be especially
useful in discriminating among various formation scenarios.
Last, simultaneous detections of GWs and SGRBs will fully
unveil the mechanism behind the central engine and help con-
strain its properties (Giacomazzo et al. 2013).

Giacomazzo & Perna 2013



The future after Swift
• What happens after Swift, SVOM and EP? Possibly THESEUS (see L. Amati’s talk), but we risk to have a 

long gap. Cubesats might be an easy and “light" way to provide triggers (see e.g. HERMES)

• With the third generation interferometers (ET, CE), in 20 years were might have one GW signal for each 

short GRB. But who will observe those short GRBs?


How to cover the long gap? How to maintain the field alive? 

Need to rethink how we do science in the field 
• Take advantage of the big facilities and on the large number of transients that will be discovered. But how 

to classify transients (SOXS, see S. Campana’s talk)? 

• For a panchromatic view of transients, need to combine different facilities

• Need for public data and alerts (both lesson learnt from Swift)

• Need to develop need approaches to treat data (machine learning?)

years2020 2030 2040

Swift, Fermi, SVOM, EP THESEUS?


