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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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ToC: the last half decade

2017 2023

Multi Messenger

Multi Wavelength (up to HE, VHE).   A. 
Berti, G. D’Amico, O. Salafia,  M. Giroletti, D. Horan, C. 
Pittori, M. Zha, M. De Nouris, M. Errando … +CTA 

Dying or merging? 

Radiation process

Exceptional events
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10.5 hours1.7 sec 9 days 16 days Figure 7

Jetted outflows with di↵erent angular structures �(✓) and dE(✓)/d⌦ (right panels) successfully reproduce the broad-band
afterglow observations of GW170817 at radio (orange and pink), optical (purple) and X-ray (blue) wavelengths. Some
models are motivated by the physics of BNS mergers (Gottlieb et al. 2018b, Kathirgamaraju et al. 2019b, Hajela et al.
2019, Lazzati et al. 2018) and others are analytical abstractions (e.g., gaussian jets, Ghirlanda et al. 2019). These models
share the presence of a highly collimated core of ultra-relativistic ejecta at ✓ < ✓jet viewed o↵-axis (✓obs > ✓jet) and
surrounded by mildly relativistic wings of material. Due to relativistic beaming, the pre-peak emission is dominated by
radiation from the wider-angle mildly relativistic outflow (e.g., a cocoon). The jet core dominated the detected emission at
t & tpk. Observational data originally presented by: Alexander et al. (2017, 2018), Haggard et al. (2017), Hallinan et al.
(2017), Margutti et al. (2017, 2018), Kim et al. (2017), Troja et al. (2017, 2018a, 2019b, 2020), Dobie et al. (2018), Lyman
et al. (2018), D’Avanzo et al. (2018), Mooley et al. (2018b,a), Nynka et al. (2018), Resmi et al. (2018), Ruan et al. (2018),
Fong et al. (2019), Hajela et al. (2019), Lamb et al. (2019a), Piro et al. (2019), Makhathini et al. (2020).

and of the density of matter surrounding the binary at the time of merger (§5.1), which is

ultimately responsible for the deceleration of the mass outflows.

Following the SGRB literature, we refer to this non-thermal emission as an afterglow.

The synchrotron emission depends on the outflow kinetic energy Ek, the environment den-

sity n, the fraction of post-shock energy into tangled magnetic fields ✏B and accelerated

electrons ✏e, as well as on the details of the distribution of non-thermal relativistic electrons

N(�e) / �
�p
e (e.g., Sari et al. 1998). In the case of collimated relativistic outflows, the

observed emission carries further dependencies on ✓jet and ✓obs (Figure 1). As of ⇠ 3 yrs

after the merger, the non-thermal emission from GW170817 has been dominated by the

afterglow of a structured jet seen o↵-axis (§5.1, Figure 7). Future observations of this very

nearby system might identify the first kilonova afterglow (§8.1).

5.1. Structure and Geometry of a Jetted Relativistic Outflow

Broadband afterglow observations of GW170817 provide the first direct evidence that BNS

mergers are able to launch highly collimated relativistic jets that can survive the interaction

with the local merger ejecta, as first theorized by Paczynski (1986), Eichler et al. (1989),

24 Margutti & Chornock

2.7 years

 MultiMessenger: GW/GRB/KN 170817, a Rosetta Stone
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Figure 7

Jetted outflows with di↵erent angular structures �(✓) and dE(✓)/d⌦ (right panels) successfully reproduce the broad-band
afterglow observations of GW170817 at radio (orange and pink), optical (purple) and X-ray (blue) wavelengths. Some
models are motivated by the physics of BNS mergers (Gottlieb et al. 2018b, Kathirgamaraju et al. 2019b, Hajela et al.
2019, Lazzati et al. 2018) and others are analytical abstractions (e.g., gaussian jets, Ghirlanda et al. 2019). These models
share the presence of a highly collimated core of ultra-relativistic ejecta at ✓ < ✓jet viewed o↵-axis (✓obs > ✓jet) and
surrounded by mildly relativistic wings of material. Due to relativistic beaming, the pre-peak emission is dominated by
radiation from the wider-angle mildly relativistic outflow (e.g., a cocoon). The jet core dominated the detected emission at
t & tpk. Observational data originally presented by: Alexander et al. (2017, 2018), Haggard et al. (2017), Hallinan et al.
(2017), Margutti et al. (2017, 2018), Kim et al. (2017), Troja et al. (2017, 2018a, 2019b, 2020), Dobie et al. (2018), Lyman
et al. (2018), D’Avanzo et al. (2018), Mooley et al. (2018b,a), Nynka et al. (2018), Resmi et al. (2018), Ruan et al. (2018),
Fong et al. (2019), Hajela et al. (2019), Lamb et al. (2019a), Piro et al. (2019), Makhathini et al. (2020).

and of the density of matter surrounding the binary at the time of merger (§5.1), which is

ultimately responsible for the deceleration of the mass outflows.

Following the SGRB literature, we refer to this non-thermal emission as an afterglow.

The synchrotron emission depends on the outflow kinetic energy Ek, the environment den-

sity n, the fraction of post-shock energy into tangled magnetic fields ✏B and accelerated

electrons ✏e, as well as on the details of the distribution of non-thermal relativistic electrons

N(�e) / �
�p
e (e.g., Sari et al. 1998). In the case of collimated relativistic outflows, the

observed emission carries further dependencies on ✓jet and ✓obs (Figure 1). As of ⇠ 3 yrs

after the merger, the non-thermal emission from GW170817 has been dominated by the

afterglow of a structured jet seen o↵-axis (§5.1, Figure 7). Future observations of this very

nearby system might identify the first kilonova afterglow (§8.1).

5.1. Structure and Geometry of a Jetted Relativistic Outflow

Broadband afterglow observations of GW170817 provide the first direct evidence that BNS

mergers are able to launch highly collimated relativistic jets that can survive the interaction

with the local merger ejecta, as first theorized by Paczynski (1986), Eichler et al. (1989),

24 Margutti & Chornock

Jet properties
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Margutti & Chornock 2021

t+0.8

Ghirlanda, Salafia et al. 2019 Mooley et al. 2018

[see Salafia & Ghirlanda 2022 for a review]

•A jet emerged 
•Obs from ~20 deg
•Angular structure
•Can be quasi-universal (     O.Salafia talk)

1



Afterglow physics

Kilnova

Supernova

1

2

3

1) Jet energy 

2) Dissipation mechanism 

3) Ambient medium 

Ek ≈ Eprompt /η

n

p γmin γmax ξeϵe ϵBΓ(t)

θ

Intrinsic + extrinsic 

Parameter degeneracies

2
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Multiwavelength: e.g. 190829A
O. S. Salafia, et al, 2022
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  n~0.21 cm^-3



GRB 190829A
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 γe ∼ νSSC /2νsyn
 LSSC /Lsyn ∼ Ur /UB

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



Merging rather than dying: GRB200806A
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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) 



Dying rather than merging: GRB211211A
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GRB 200826A

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

Mei et al. 2022

•Rest frame duration ~60 sec

•KN signature [Rastinejad+2022] (S)

•Host offset (S)

•Hour-timescale GeV emission  

GRB 211211A



Radiation process 4
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Inefficient cooling 4

“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 =

Article number, page 4 of 11
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R ∼ 1017 cm

B ∼ 10 G
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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+2019) but see 
Petropoulou+2020 
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Exceptional Events 5

GRB 221009A
Fluence = 0.2 erg/cm2 z=0.151 —> Eiso~1e55 erg ;  Liso~1e54 erg/s

Saturated several instruments 
( talk by Horan & Pittori) 

~ 18 TeV photons LHAASO talks by M. 
Zha, M. Errando

~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) 

G. Ghirlanda @ MAGIC 2023, La Palma (ES), 4-6 Oct

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

~first JWST spec (Levan 2023)

Afterglow model challenges 



Exceptional Events 5
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GRB 230307A
Fluence = 3e-3 erg/cm2

35 sec

28 days

Levan, Gompertz et al. 2023



Conclusions
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• Start of MM era: 170817 direct proof of the origin of short GRBs from binary mergers.

• 170817 a structure jet can emerge from the dense ejecta produced by the merger

• Afterglow modeling needs MW (+imaging when possible) 

• Impostors show the possible variety of physical scenarios 

• Prompt emission nature still a puzzle to be solved 

• Exceptional events: test cases for model but often complicated by instrumental effects


