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Gamma Ray Bursts: an amazing half century
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in time owing to the self-similar properties of the decelerating shock 
wave3,4. The afterglow emission of previously observed GRBs, from 
radio frequencies to gigaelectronvolt energies, is generally interpreted 
as synchrotron radiation from energetic electrons that are accelerated 
within magnetized plasma at the external shock2. Clues to whether 
the newly observed teraelectronvolt emission is associated with the 
prompt or the afterglow phase are offered by the observed light curve 
(flux F(t) as a function of time t).

Figure 1 shows such a light curve for the EBL-corrected intrinsic flux in 
the energy range ε = 0.3–1 TeV (see also Extended Data Table 1). It is well 
fitted with a simple power-law function F(t) ∝ tβ with β = −1.60 ± 0.07. 
The flux evolves from F(t) ≈ 5 × 10−8 erg cm−2 s−1 at t ≈ T0 + 80 s to 
F(t) ≈ 6 × 10−10 erg cm−2 s−1 at t ≳ T0 + 103 s, after which it falls below the 
sensitivity level of the telescopes and is undetectable. There is no clear 
evidence for breaks or cutoffs in the light curve, nor irregular variability 
beyond the monotonic decay. The light curves in the kiloelectronvolt 
and gigaelectronvolt bands display behaviour similar to the teraelec-
tronvolt band, with a somewhat shallower decay slope for the gigae-
lectronvolt band (Fig. 1). These properties indicate that most of the 
observed emission is associated with the afterglow phase, rather than 
the prompt phase, which typically shows irregular variability. We note 
that although the measured T90 is as long as about 360 s, the kiloelec-
tronvolt–megaelectronvolt emission does not exhibit clear temporal or 
spectral evidence for a prompt component after about T0 + 25 s (ref. 26;  
Methods). Nevertheless, a sub-dominant contribution to the terae-
lectronvolt emission from a prompt component at later times cannot 
be excluded. The flux initially observed at t ≈ T0 + 80 s corresponds to 
an apparent isotropic-equivalent luminosity of Liso ≈ 3 × 1049 erg s−1 at 
ε = 0.3–1 TeV, making this the most luminous source known at these 
energies.

The power radiated in the teraelectronvolt band is comparable, 
within a factor of about 2, to that in the soft-X-ray and gigaelectron-
volt bands during the periods when simultaneous teraelectronvolt– 
kiloelectronvolt or teraelectronvolt–gigaelectronvolt data are avail-
able (Fig. 1). The isotropic-equivalent energy radiated at ε = 0.3–1 TeV, 
integrated over the time period between T0 + 62 s and T0 + 2,454 s, is  
E0.3–1TeV ≈ 4 × 1051 erg. This is a lower limit to the total teraelectronvolt-band 

output, as it does not account for data before T0 + 62 s or potential emis-
sion at ε > 1 TeV. From the megaelectronvolt–gigaelectronvolt data, the 
power-law decay phase is inferred to start at about T0 + 6 s (refs. 26,27). 
Assuming that the MAGIC light curve evolved as F(t) ∝ t−1.60 after that 
time, the teraelectronvolt-band energy integrated between T0 + 6 s 
and T0 + 2,454 s is E0.3–1TeV ≈ 2 × 1052 erg. This would be about 10% of the 
Eiso value measured by Fermi-GBM at ε = 1–104 keV.

Figure 1 also shows the time evolution of the intrinsic spectral photon 
index αint, determined by fitting the EBL-corrected, time-dependent  
differential photon spectrum with the power-law function F ε εd /d ∝ α int.  
Considering the statistical and systematic errors (Methods), there is 
no significant evidence for spectral variability. Throughout the obser-
vations, the data are consistent with αint ≈ −2, indicating that the radiated 
power is nearly equally distributed in ε over this band.

Figure 2 presents both the observed and the EBL-corrected intrinsic 
spectra above 0.2 TeV, averaged over (T0 + 62 s, T0 + 2,454 s). The 
observed spectrum can be fitted in the energy range 0.2–1 TeV with a 
simple power law with photon index αobs = −5.43 ± 0.22 (statistical error 
only), one of the steepest spectra ever observed for a γ-ray source. It 
is remarkable that photons are observed at ε ≈ 1 TeV (Extended Data 
Table 2), despite the severe EBL attenuation expected at these energies 
(by a factor of about 300, according to plausible EBL models; see Meth-
ods). Assuming a particular EBL model25, the intrinsic spectrum is well 
described as a power law with α = − 2.22int −0.25

+0.23 (statistical error only), 
extending beyond 1 TeV at 95% confidence level with no evidence for 
a spectral break or cutoff (Methods). Adopting other EBL models leads 
to only small differences in αint, which are within the uncertainties 
(Methods). Consistency with αint ≈ −2 implies a roughly equal power 
radiated over 0.2–1 TeV and possibly beyond, strengthening the infer-
ence that there is substantial energy output at teraelectronvolt  
energies.

Much of the observed emission up to gigaelectronvolt energies for 
GRB 190114C is probably afterglow synchrotron emission from elec-
trons, similar to that of many previous GRBs2,28. The teraelectronvolt 
emission observed here is also plausibly associated with the afterglow. 
However, it cannot be a simple spectral extension of the electron syn-
chrotron emission. The maximum energy of the emitting electrons 
is determined by the balance between their energy losses, which are 

a XRT 1–10 keV
LAT 0.1–10 GeV
MAGIC 0.3–1 TeV
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Fig. 1 | Light curves in the kiloelectronvolt, gigaelectronvolt and 
teraelectronvolt bands, and spectral evolution in the teraelectronvolt band 
for GRB 190114C. a, Light curves in units of energy flux (left axis) and apparent 
luminosity (right axis), for MAGIC at 0.3–1 TeV (red symbols), the Fermi Large 
Area Telescope (LAT) at 0.1–10 GeV (purple band) and the Swift X-ray Telescope 
(XRT) at 1–10 keV (green band). For the MAGIC data, the intrinsic flux is shown, 
corrected for EBL attenuation25 from the observed flux. b, Temporal evolution 
of the power-law photon index, determined from time-resolved intrinsic 
spectra. The horizontal dashed line indicates the value −2. The errors shown in 
both panels are statistical only (one standard deviation).
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Fig. 2 | Spectrum above 0.2 TeV averaged over the period between T0 + 62 s 
and T0 + 2,454 s for GRB 190114C. Spectral-energy distributions for the 
spectrum observed by MAGIC (grey open circles) and the intrinsic spectrum 
corrected for EBL attenuation25 (blue filled circles). The errors on the flux 
correspond to one standard deviation. The upper limits at 95% confidence level 
are shown for the first non-significant bin at high energies. Also shown is the 
best-fit model for the intrinsic spectrum (black curve) when assuming a power-
law function. The grey solid curve for the observed spectrum is obtained by 
convolving this curve with the effect of EBL attenuation. The grey dashed curve 
is the forward-folding fit to the observed spectrum with a power-law function 
(Methods).
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Gamma Ray Bursts: how do we cook them

Kilnova

Supernova

G. Ghirlanda @ AstroColibri, Paris, 20-24 Nov 2023

1) Progenitor
2) Central Engine
3) Jet
4) Prompt dissipation/emission
5) Afterglow dissipation/emission



1.Spectroscopically 
identified SNe Ibc 
associated

2.SN bumps @ few weeks 

3.Star forming hosts

4.Tracing the SFR in hosts

1.GW/GRB 170817

2.Kilonova AT2017gfo

3.Host morphologies

4.Large offsets

SHORT GRBs

tff ∼ 680 ( M
20M⊙ )

−1/2

R3/2
11 sec

If central engine is an HA BH —> teng ∼ tff

tff ∼ 1
(Gρ)1/2tff ∼ 2 × 10−4 ( ρ̄

1014 g cm−3 )
−1/2

sec
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Progenitors



Progenitors: the short/long divide ?

GRB 200826A

Short GRB (T<2s) Long GRB (T>2s)

Rossi et al. 2022

•Rest frame duration ~0.5 sec

•Soft spectrum (L) 

•SN signature (L) 

•Ep-Eiso correlation (L) 

•Host (L) 
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GRB 200826A GRB 211211A

•Rest frame duration ~60 sec

•KN signature [Rastinejad+2022] (S)

•Host offset (S)

•Hour-timescale GeV emission  
Rastinejad et al. 2022

GRB 211211A

Prolong a short GRB and 
quench a long GRB ?

See also 230307A -> Levan, et al. 2023



Central Engine: BH

BH
Requirements: 

1. Collimated jet with enough energy

2. Jet should reach large 

3.

4. Long lived (T~1e4 s)

Γ ∼ 100
teng ∼ tGRB

G. Ghirlanda @ AstroColibri, Paris, 20-24 Nov 2023

Lνν̄ | ·M, MBH, s

 LBZ ∝ B2a2
⋆M2

However plateau: 

•Structured jet ES (e.g. 
Beniamini+2020)

•Structured jet internal diss. 
(Oganesyan+2020, 
Ascenzi+2021)

However Flares 
•(early) Off axis core activity  

(Duque+2022)
•Fallback (Lazzati+2009)



Magnetar
Lsd(t) = Li

(1 + at)2
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Central Engine: Magnetar

Requirements: 

1. Collimated jet with enough energy

2. Jet should reach large 

3.

4. Long lived (T~1e4 s)

Γ ∼ 100
teng ∼ tGRB

Lacc(t) = B, Ω . . .

Soares+2022



The jet structure
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C
ollapsar

BN
S

1) development of a core  

2)

(E, Γ) ∼ const
∝ θ−3 for θ > θc

Gottlieb et al. 2022, 2023
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The jet structure (long)

Lu et al . 2018

Pescalli et al. 2015, 2016; Salafia 2015; Ghirlanda & Salvaterra 2022

 with  
Or Gaussian
θα α < − 4
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D’Avanzo 2019, Mooley et al. 2019, Ghirlanda & Salafia et al. 2019

GRB 170817:
E ∝ θ−5.5

Γ ∝ θ−3.5

The jet structure (short)

Salafia et al. 2023



Prompt emission
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1)  

2)  

3) Non-thermal spectrum

tvar ∼ 10 − 100 ms

L ∼ 1052 erg/s (BZ) B ∼ 104−6 G

Rdiss ∼ 1013 cm

Synchrotron + SSC
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“prompt emission should be 
synchrotron but it doesn’t 

look like”
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BUT
Ghisellini & Celotti 2000
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tdyn ≈ δt = R
2cΓ2 (1 + z)tcool(γ) = 6πmec2

σTcB′ 3/2 [ 2e
3πmecνsyn

peak

1 + z
Γ ]

1/2

<<



Inefficient cooling
“Back to the data” (Oganesyan+2017,2018; Ravasio, et al. 2018, 2019; Ronchi, et al. 2020, Toffano, et al. 2021)

Eureka! The prompt looks very much like synchrotron

A&A proofs: manuscript no. 32245_corr

Fig. 2. Comparison between the SBPL model (blue curve), SBPL+BB
(green solid curve), and 2SBPL (red curve). Normalizations are arbi-
trary.

These models are shown (assuming typical parameters for
the photon indices) in Fig. 2 (SBPL in blue and 2SBPL in red).
For comparison, we also show a SBPL+BB (green line). As is
evident, the overall e↵ect of adding a (non-dominant) BB is sim-
ilar to the e↵ect of considering a softer SBPL (i.e. more con-
sistent with synchrotron, ↵2 = �1.5) and adding a break at low
energies. The final functions have a similar shape (red and green
solid lines in Fig. 2).

3. Time-integrated analysis

We fit the 2SBPL function, defined in equation 1, to the time-
integrated spectrum of the main emission episode (time inter-
val 186.40–207.91 s). The result is shown in the bottom panel of
Fig. 3. The chi-square is �2

red = 701.9/462 = 1.52, correspond-
ing to an improvement at more than 8� compared to the SBPL
fit.

A spectral break is found at Ebreak = (107.8 ± 1.9) keV.
The peak energy increases (compared to previous tested mod-
els) to Epeak = 673.5 ± 10.8 keV. The photon indices below
and above Ebreak have best fit values ↵1 = �0.62 ± 0.01 and
↵2 = �1.50 ± 0.01, respectively. These values are very close to
those expected from synchrotron emission from a cooled popu-
lation of electrons.

We recall that the same spectrum, when modelled with a
SBPL+BB (section 2.3) gives �2

red = 909.7/462 = 1.97. Since
the SBPL+BB and 2SBPL are not nested models, but have the
same number of degrees of freedom, they can be compared in
terms of �2 and associated probability. This comparison favours
the 2SBPL model. However, we note that both fits have a large
reduced chi-square. The main contribution comes from the in-
consistency between the two NaI, especially at low energies (i.e.
in some energy ranges, one is systematically above/below the
other).

Since in the time interval we are considering for the time-
integrated analysis, LAT observations are also available, it is
worth investigating their consistency with the GBM data. We
find the LLE data do not lie on the extrapolation of the BGO
data: they instead reveal the presence of a softening at high en-
ergies. In order to model this softening, we modify the 2SBPL

Fig. 3. Time-integrated spectrum of the main event (186.40–207.91 s).
Three di↵erent models are tested: SBPL, SBPL+BB, and 2SBPL (from
top to bottom). Di↵erent colours refer to di↵erent instruments, as ex-
plained in the legend. In each panel, the bottom stripe shows the model
residuals.

by adding an exponential cut-o↵ at high energy. The fit shown
in Fig. 4 with the solid black line. The LLE data are shown
with purple symbols. The best fit value of the cut-o↵ energy (de-
fined as the energy at which the flux is suppressed by a factor
⇠ 1/e as compared to the simple PL extrapolation) is Ecut =
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GBM LAT

R ∼ 1017 cm

B ∼ 10 G

(B)
✘

R ∼ 1013 cm

B ∼ 10 G
GBM LAT

(A) ✘

Ravasio, et al. 2018

(C) •B↓ downstream
•Acceleration clumps (reconn) ✔

(D)
✔

Protons cool at a lower peace owing to 
their larger mass (Ghisellini, Ghirlanda 
+2019)
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Afterglow physics

Kilnova

Supernova1) Jet energy 

2) Dissipation mechanism 

3) Ambient medium 

Ek ≈ Eprompt /η

n

p γmin γmax ξeϵe ϵBΓ(t)

θ
Intrinsic + extrinsic 

Parameter degeneracies
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AG pc-scale

Ultra relativistic shocks in 
weakly B e-p plasma

BUT
c

ωp,e
≪

“bridge the gap: parametrize 
shock microphysics and 

compare parameter 
posteriors with theory”



GRB 190829A

 γe ∼ νSSC /2νsyn
 LSSC /Lsyn ∼ Ur /UB

Notable:  
• Low prompt efficiency 
•  7% acc. Electrons  
• Jet orientation <2 deg off  
• ϵB ∼ 10−5

G. Ghirlanda @ AstroColibri, Paris, 20-24 Nov 2023

Salafia et al. 2022



The BOAT
GRB 221009A

Fluence = 0.2 erg/cm2 z=0.151 —> Eiso~1e55 erg ;  Liso~1e54 erg/s

Saturated several instruments 

~ 18 TeV photons LHAASO .—> 12 TeV 

~Once per -thousand years (Malesani et 
al. 2022; Burns 2023)

First ever significant emission line in a GRB 
at MeV energies (Ravasio, Salafia et al. 2023) 

[55 Refereed articled + 180 non ref  @ 21/09/2023]

~first JWST spec (Levan 2023)

Afterglow model challenges 
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Second ever measurement of size expansion 
(Giarratana et al. 2023) + support FS+RS 
modelling



Thank you
(Honoured to take questions)
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