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Abstract: Emission from Gamma-ray bursts is thought to be powered mainly by synchrotron radi-
ation from energetic electrons. The same electrons might scatter these synchrotron seed photons
to higher (>10 GeV) energies, building a distinct spectral component (synchrotron self-Compton,
SSC). This process is expected to take place, but its relevance (e.g., the ratio between the SSC and
synchrotron emitted power) is difficult to predict on the basis of current knowledge of physical
conditions at GRB emission sites. Very high-energy radiation in GRBs can be produced also by
other mechanisms, such as synchrotron itself (if PeV electrons are produced at the source), inverse
Compton on external seed photons, and hadronic processes. Recently, after years of efforts, very
high-energy radiation has been finally detected from at least four confirmed long GRBs by the
Cherenkov telescopes H.E.S.S. and MAGIC. In all four cases, the emission has been recorded during
the afterglow phase, well after the end of the prompt emission. In this work, I give an overview,
accessible also to non-experts of the field, of the recent detections, theoretical implications, and
future challenges, with a special focus on why very high-energy observations are relevant for our
understanding of Gamma-ray bursts and which long-standing questions can be finally answered
with the help of these observations.

Keywords: Gamma-ray bursts; non-thermal emission; radiative processes; relativistic astrophysics;
very-high energy Gamma-rays

1. Introduction on GRBs

Gamma-ray bursts (GRBs) are transient sources of radiation associated to extragalactic
catastrophic events. Following the accretion of a massive disk onto a newly-born compact
object (most likely a black hole), material is ejected in the form of two opposite jets reaching
ultra-relativistic velocities with a typical bulk Lorentz factor Γ & 100. The initial emission
phase (called prompt emission) is caused by the conversion of a fraction of the jet energy
(which is either in kinetic or magnetic form) into radiation, and is though to occur at a
distance R∼1013–1015 cm from the central engine. The prompt emission is detected as
a bright, impulsive emission of soft Gamma-rays (∼10 keV–10 MeV), with variability of
the order of 0.01–1 s, total duration between ∼0.1 s and ∼103 s, and isotropic equivalent
luminosities typically in the range of Liso∼1050–1053 erg/s. Two different sub-classes of
GRBs have been clearly identified: those related to the merger of a binary system of two
neutrons stars or a neutron star and a black hole (producing GRBs with prompt emission
duration shorter than∼2 s) and those triggered by the core collapse of a massive star (in this
case, the prompt emission lasts typically more than 2 s). At a distance of R > 1015–1016 cm,
the interaction of the jet with the external medium becomes relevant and is responsible
for the gradual decrease in the bulk Lorentz factor and the production of the afterglow
radiation, a broadband (radio-to-GeV) emission that becomes fainter with time and that is
detectable for days or even weeks/months.

The year 2019 marked the beginning of a new epoch in the study of GRBs. The MAGIC
and H.E.S.S. collaborations reported for the first time the firm detection of very high-
energy (VHE, >100 GeV) radiation from two long GRBs, captured during their afterglow
phase [1,2]. These detections came after several years of efforts, where major upgrades in
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the telescope sensitivities, energy thresholds, and slewing speed did not initially yield to
the expected results (for more details on Cherenkov telescopes, their capabilities, and past
observations of GRBs, see Section 2). While the community was discussing the implications
of the lack of detections by the current generation of Cherenkov telescopes and placing
hope in the next generation [3], the bright VHE emission recorded from GRB 190114C
answered in one shot many questions, at least about the presence and phenomenology of
VHE emission in GRBs. This detection revealed that VHE radiation up to at least 1 TeV
can be efficiently produced (i.e., with a luminosity similar to the X-ray luminosity) in GRB
environments, for at least one hour after the end of the prompt (a timescale that places its
origin in the afterglow phase) and is detectable also at relatively large redshifts (z = 0.42).
At this redshift, the absorption of VHE photons via pair-production on photons from the
extragalactic background light (EBL) produces already a relevant flux attenuation (at least
two orders of magnitude at 1 TeV, according to current EBL models [4–6]—for a recent
review, see [7], this Special Issue).

Currently, firm detections of GRBs at VHE by imaging atmospheric Cherenkov tele-
scopes (IACTs) amount to four (see Section 3), and they all refer to long GRBs, on timescales
much longer than their prompt emission duration. TeV radiation in GRBs is expected
to be produced as a result of inverse Compton scattering. In particular, being compact
sources of synchrotron radiation, the same electrons producing synchrotron photons might
efficiently scatter them to higher (>10 GeV) energies, building a distinct spectral com-
ponent called synchrotron self-Compton (SSC). Although an SSC origin for the ∼TeV
radiation detected so far from GRBs is widely accepted, at this stage other possibilities
can not be discarded. In particular, the discussion is currently open on the possibility to
explain multi-wavelength observations with a single synchrotron component up to TeV
energies. This scenario requires a revision of the shock acceleration model adopted to
explain particle acceleration in these relativistic shocks: while synchrotron photons from
electrons accelerated be the Fermi mechanism reach a maximum of∼50 MeV (in the plasma
comoving frame), the detection of TeV photons (observer frame) at late times (hours) can
be explained in the synchrotron scenario only modifying the assumption that leads to a
maximum photon energy of ∼50 MeV, e.g., invoking a different mechanism or specific
conditions (such as a decaying magnetic field) able to exceed this limit by at least three
orders of magnitude.

Other open questions (besides what is the origin of this radiation and the energy of the
emitting particles, which is discussed in Section 6) concerns the conditions (e.g., jet energy,
magnetic field strength, size of the region, bulk Lorentz factor, and properties of the ambient
medium) leading to efficient production of VHE emission, how typical they are in GRB
environments, how well we can trust EBL models to infer the intrinsic properties of GRB
VHE spectra, whether short GRBs can also have a relevant VHE component, and whether
VHE photons can be produced also during the prompt phase, as the result of internal
dissipation processes (Section 7).

There have been several attempts to predict VHE radiation from GRBs from different
mechanisms [8–13]. In general, the poor knowledge of the conditions at the region where
afterglow radiation is produced prevents researchers from making clear predictions on the
luminosity of the associated VHE emission. Even more difficult is the prediction of VHE
radiation associated to the keV-MeV prompt radiation, since the origin of the latter one is
not understood yet.

In the absence of detections with Cherenkov telescopes, studies of GRBs at high
energies have relied on observations from the Large Area Telescope (LAT), a pair conversion
telescope covering the energy band from 20 MeV to 300 GeV onboard the Fermi satellite,
which was launched in 2008. The LAT detected only a fraction of the GRBs discovered
at lower energies by the other telescope onboard Fermi, the Gamma-ray Burst Monitor
(GBM, 8 keV–40 MeV). This percentage amounts to only about 12% (after taking into
account the different fields of view of the two instruments). The study of radiation in the
range 100 MeV–100 GeV (hereafter high-energy (HE)) detected by the LAT has improved
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our understanding of GRB radiation, especially of the afterglow phase, adding valuable
information in the high-energy part of the afterglow synchrotron spectrum [14–19] and
hinting to the presence of a distinct component at higher energies [20]. For the prompt
emission, instead, no clear conclusions can be drawn, although it seems fair to state that a
strong GeV component associated to the keV–MeV prompt emission has not been found
by the LAT [21]. A brief summary of (V)HE observations of GRBs is given in Section 2. For
a more complete review on HE emission from GRBs before the VHE era, see [22].

In this work, I first summarise the main properties of the GRBs detected at VHE
(Section 3) and the attempts to detect emission from short GRBs (Section 4) and emission
simultaneous to the prompt (Section 5). In the second part, I discuss the interpretation of
the origin of VHE radiation (Section 6) and then I focus the attention on the importance
of studying VHE emission from GRBs (Section 7). In particular, I propose a reflection on
the status of the comprehension of the GRB phenomenon at the dawn of the VHE GRB
era. I select a few controversial topics in GRB physics and outline how the study of VHE
radiation can produce a breakthrough in their comprehension.

2. The Hunt for GRBs at High and Very High Energies
2.1. Scientific Motivation

Both in prompt and afterglow studies, the reason to extend observations towards the
highest energies is manifold and is related on the one hand to a better characterisation of
the high-energy part of the prompt/afterglow spectra and on the other hand to the search
for an additional emission component in the GeV–TeV energy range.

Prompt emission has been detected from thousands of GRBs, and it is typically
observed in the energy range between ∼10 keV and a few MeV. At energies above the
spectral peak (∼0.1–0.3 MeV), the prompt emission spectrum is difficult to characterise, due
to the low signal-to-noise ratio typically available at these energies, except for very bright
GRBs. In these cases, the high-energy part of the spectrum is often well described by a single
power-law (dN/dE ∝ Eβ, [23–25]). The photon index β might enclose information about
the energy spectrum of the emitting particles. For power-law (PL) spectra of the accelerated
particles (dN/dγ ∝ γ−p) and synchrotron cooling, the high-energy end of the synchrotron
spectrum is expected to behave as a PL with index β = −p/2− 1. For typical photon
indices β∼−2.2, an injection particle spectrum with index p∼2.4 is inferred. Extension of
prompt spectral studies to higher energies is possible since 2008 for those GRBs observed
by the LAT. The inclusion of LAT data to the study of prompt emission spectra decreases
the median value of β from β∼−2.2 from the GBM-only fits to β∼−2.5 [25]. These softer
values might point to the presence of intrinsic spectral breaks and/or cutoffs and show
the importance of systematically extending the energy range of prompt emission spectral
studies. A spectral cutoff at the high-energy end of the prompt spectrum is expected to
occur, either caused by internal pair-production opacity or by the high-energy cutoff in the
energy spectrum of the emitting particles, which marks the maximum energy up to which
particles have been accelerated. Such cutoffs have been constrained only in a few cases,
mostly thanks to the inclusion of HE observations by LAT [26,27]. If interpreted as caused
by internal opacity, the position of the cutoff/break energy can be related to the size and
bulk Lorentz factor of the source, which is typically in the range 100–400.

In the afterglow phase, a high-energy cutoff in the synchrotron spectrum is expected
to occur as a result the maximum energy of the accelerated particles. In the basic model
for relativistic shock acceleration, the energy gain by particles proceeds at a maximum
rate given by Bohm diffusion and is limited by synchrotron cooling. In this scenario,
the maximum synchrotron photon energy in the observer frame is estimated to be located
at Esyn

max ' 10 GeV Γ2/(1 + z) [28] (where Γ2 ≡ Γ/102), and it can then reach several tens
of GeV in the early phases (seconds) of the afterglow; it decreases towards hundreds MeV
at later times (days/weeks), when the beaming decreases as a result of jet deceleration.
Any deviation from this prediction carries information either on a smaller efficiency of the
relativistic shocks [29] or on the need for a more efficient mechanism and/or deviation from
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standard assumptions [28,30,31]. Therefore, constraints on the location of the high-energy
cutoff in prompt and/or afterglow spectra carry a wealth of information, e.g., about the
bulk Lorentz factor, particle acceleration efficiency, and size of the emitting region.

Besides constraining the high-energy part of the prompt and afterglow synchrotron
spectra, (V)HE observations can also reveal the presence of a distinct spectral component.
The detection of such a component is of great importance for understanding the conditions
in the region where the radiation is produced, allowing to discriminate among different
models and providing additional constraints to model parameters. Moreover, in case GRBs
are GeV–TeV emitters, they could be used as powerful tools (complementary to other
sources) for Lorentz invariance violation (LIV) studies [32,33] and for EBL studies [34].

Since the emission from GRBs is characterised by two well-distinguished phases with
different origins, physical properties, region sizes, and locations, observational challenges
and open questions differ between prompt and afterglow emission and should be treated
separately. Observations at (V)HE can be of paramount importance to answer some of
the most important questions in both fields. In particular, the identification of prompt
emission with synchrotron radiation is still highly debated, and the discussion would
benefit from observations at TeV energies. Regarding the afterglow, the origin is more
certain, but the physical conditions of the emitting source (which are strictly related
to the environment, the jet properties, and to particle acceleration and magnetic field
amplification) are largely unknown.

In the next sections, I give a brief overview of past searches of GeV and TeV radiation
in prompt and afterglow phases of GRBs by space telescopes, such as EGRET and LAT,
and by ground-based telescopes, such as extensive air shower (EAS) detectors and IACTs.
For a more complete review, see [22].

2.2. EGRET Detections of GRBs

The first major advances in the study of GRBs have been possible thanks to the
Compton Gamma-ray Observatory (CGRO, in orbit from 1991 to 2000), and in particular
to the instruments Burst and Transient Source Explorer (BATSE, 30 keV–2 MeV) and the
Energetic Gamma Ray Experiment Telescope (EGRET, 20 MeV–30 GeV). While BATSE
detected prompt emission from almost three thousand GRBs, EGRET detected only five
of them with its spark chambers. The GRB photon with the highest energy ever recorded
by EGRET is an 18 GeV photon detected from GRB 940217 more than an hour after the
burst onset, well after the end of the prompt emission. Combining simultaneous BATSE
and EGRET data, one burst, GRB 941017, resulted of particular interest in the search for a
high-energy component. The joint spectral analysis revealed the presence of a rising high-
energy component in the spectrum, extending up to 200 MeV (Figure 1). This high-energy
component appeared ∼10–20 s after the beginning of the burst and displayed a roughly
constant flux and a hard spectral slope (Fν ∝ ν0) up to 200 s. At these late times, the high-
energy (10–200 MeV) tail contained at least 3 times more energy than the 30 keV–2 MeV
prompt γ-rays component [35].

Even though EGRET detected only a few events, it was already evident that high-
energy emission from GRBs shows a diversity of behaviours in both its temporal and
spectral properties: photons have been detected simultaneously to the prompt emission
but also on much longer time scales, and they are sometimes consistent with being the
high-energy part of the prompt spectrum, while at least in one case there is evidence for a
separated spectral component. This suggests that high-energy radiation can be produced
both as a result of internal and external dissipation, explaining the different timescales of
GeV detections. Moreover, both in prompt and afterglow radiation, the emission can be
the extension of the emission that is commonly detected at lower energies, or it can have a
distinct origin. All these different cases produce a wealth of different temporal/spectral
behaviours at GeV energies, as later confirmed by observations from the LAT.
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Figure 1. Gamma-ray spectra of GRB 941017. Five time intervals are shown in five separated panels,
from the beginning of the prompt phase to more than 200 s (panel a: 18–14 s; b: 14–47 s; c: 47–80 s;
d: 80–113 s; e: 113–211 s). Crosses and filled circles show BATSE and EGRET data, respectively.
The model fit (solid curve) is composed by a superposition of a smoothly broken PL (Band model)
and a PL function. Two distinct spectral component are clearly present, except in the first time
interval. From [35].

2.3. LAT Observations

The Swift satellite launched in 2004 carries onboard the burst alert telescope (BAT,
15 keV–150 keV), the X-ray telescope (XRT, 0.3 keV–10 keV) and the ultraviolet–optical
telescope (UVOT). Although it marked undoubtedly a giant leap for the study of GRBs, its
instruments are sensitive to frequencies up to hard X-rays, and we had to wait until 2008 to
progress the study of GRBs at higher energies. The launch of the Fermi satellite, carrying
onboard the LAT telescope, allowed for the first time the systematic study of GRBs between
40 MeV and 100 GeV. Counting only GRBs with emission above 100 MeV, about 16 GRBs
per year are detected both by the GBM and the LAT1. LAT photons usually are detected
during the prompt emission but starting with a small delay (of the order of seconds) [21].
In about 60% of the cases, emission in the LAT energy range continues also after the end
of the prompt. Although it is reasonable to assume that such a long-lasting HE radiation
is connected with afterglow emission (e.g., produced as a result of the jet expansion into
the external medium), a contribution from internal dissipation at early times cannot be
excluded and is even necessary in some cases to explain variability detected in the LAT
energy range [36].

The main results concerning the prompt phase can be summarised as follows. The LAT
did not systematically identify the position of the high-energy cutoff in the prompt spec-
trum. The contamination from HE afterglow radiation already during the prompt makes it



Universe 2021, 7, 503 6 of 31

difficult to identify this feature. There are two clear cases showing an evident high-energy
cutoff, which are located at energies of ∼20–60 MeV and ∼80–150 MeV, providing an esti-
mate of bulk Lorentz factors in the Γ∼100–400 range [27]. Not surprisingly, in both cases
the afterglow emission starts after the prompt phase is ended, giving the opportunity in
these two bursts to study the prompt spectrum at high energies with no contamination
from the HE afterglow component. A more indirect evidence for the presence of a high-
energy cutoff in prompt spectra comes from the analysis of LAT non-detections, i.e., GRBs
observed by the LAT but for which only upper limits could be placed [26].

If, on the one hand, the high-energy data do not show in general a lack of flux during
the prompt emission (indicative of a cutoff ), on the other hand also a strong excess over the
extrapolation of the Band function fit is in most cases excluded. In few cases, a clear extra-
component has been identified, sometimes extending also at the lower end of the GBM
energy range. However, this component rises with a delay as compared to the keV–MeV
prompt emission and might be justified with contamination from the afterglow emission.
Summarizing, the LAT data have not provided clear evidence about the existence of an
SSC component (or any other component) of internal origin dominating the GeV energy
range in the prompt emission phase of GRBs.

GeV radiation detected on timescales much longer than the prompt phase is com-
monly interpreted as synchrotron emission from electrons accelerated by the external
forward shock, i.e., in this interpretation, GeV data would lie on the high-energy part of
the synchrotron spectrum [19]. Synchrotron photons are expected to be produced below
a maximum energy corresponding to the maximum energy of the accelerated electrons.
The latter can be estimated by equating the acceleration and cooling timescales. Assuming
a Bohm acceleration rate and synchrotron cooling, the maximum electron energy implies
a limit for the energy of the observed synchrotron photons of Esyn

max ' 10 GeV Γ2/(1 + z).
This limit is time-dependent, as the bulk Lorentz factor decreases in time. Photons with
energies in excess of 1–10 GeV at times larger than 102–103 s can be hardly explained as
synchrotron radiation. The LAT has observed several photons from different GRBs that
are in excess of this limit (e.g., [37]). The highest photon energy recorded by the LAT
associated with GRBs is ∼100 GeV in the rest frame [37]. As of 2019, the LAT detected
more than 160 GRBs, which exhibit photons above 100 MeV and ∼29 with VHE (&10 GeV)
photons [21]. This is probably the most important evidence for the presence of an additional
spectral component dominating the afterglow emission at energies >10–100 GeV, even
though it is not a final proof. Alternative models for particle acceleration might explain
how electrons can attain larger energies and then emit synchrotron photons above the
standard limit [30], explaining >10 GeV LAT photons. Unambiguous spectral evidence for
the presence of an SSC component associated to the GRB afterglow has never been found,
although a strong hint for the need of an extra-PL component in the LAT energy range is
present in the spectrum of GRB 130427A (Figure 2) and has been successfully interpreted
as SSC emission [20,38]. If an additional emitting component is indeed there, its presence
should be revealed by observations at higher (TeV) energies.

2.4. Early Attempts of TeV Detections with Ground-Based Telescopes

The final proof for the presence of an additional emission component at high energies
is expected to come from Cherenkov telescopes, sensitive in the GeV–TeV energy range.
The main advantages of Cherenkov instruments are (i) their large effective area (several
orders of magnitude above space-based instruments such as LAT) which compensates for
the smaller photon flux at VHE and (ii) the extension to higher energies.

In the BATSE era, attempts to perform GRB follow up at different wavelengths were
limited by slew times and large uncertainties in the GRB source position. To overcome
these difficulties, extended air shower (EAS) detectors such as Milagro and ARGO appear
to be well suited to perform a search for TeV GRBs, since they can benefit from a large field
of view and a high duty cycle.
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Figure 2. GRB 130427A: fit of the LAT spectrum at two different times. A modelling with a syn-
chrotron component (dashed line) and an SSC component (dot-dashed line) was proposed to explain
the spectral hardening at E > 5 GeV. From [38].

Milagro began operation in 1999. A prototype detector, Milagrito, operated from
February 1997 to May 1998, during which it observed 54 GRBs detected by BATSE. The
analysis of Milagrito observations during the prompt emission of each burst showed for
one of them, GRB 970417a, an excess above background at a statistical significance of
3σ [39], which was not high enough to be conclusive. The VHE γ-ray fluence inferred
from this result is at least an order of magnitude greater than the sub-MeV fluence. If
true, this detection would imply that at least for some GRB we might have missed most
of the emitted energy, since this has been radiated in the VHE range. Observations at
these energies might then be crucial for a correct estimate of the energetics involved in the
GRB phenomenon. Unfortunately, no similar TeV signals were found from observations of
bursts with the more sensitive Milagro.

2.5. VERITAS, MAGIC and H.E.S.S. Observations

The cosmological nature of GRBs implies that VHE emission from these sources suffers
from strong EBL attenuation. At a typical GRB redshift z∼2, the attenuation is about one
order of magnitude already at E & 100 GeV. To limit the impact of EBL attenuation on
the capability of ground-based instruments to detect GRBs, the low-energy instrument
threshold should be extended as much as possible below 100 GeV. Moreover, the short
live time of the prompt emission (<103 s, typically 20–30 s) and the fast fading nature
of the afterglow demands for fast repointing times. All these requirements have been
achieved and continuously enhanced by IACTs over the last 10–15 years. As a downside,
IACTs have relatively narrow fields of view (a few degrees), can operate only during the
night, and reach good performances on dark clear nights, resulting in a low duty cycle.
Observations of GRBs with IACTs have led for many years to upper limits, on time scales
ranging from a few tens of seconds to days.

Currently, GRB follow-up observations are regularly carried out with the latest gener-
ation of IACTs including the Major Atmospheric Imaging Cherenkov Telescope (MAGIC),
the High Energy Stereoscopic System (H.E.S.S.), and the Very Energetic Radiation Imaging
Telescope Array System (VERITAS).

As of 2018, VERITAS (E > 100 GeV, [40]) has observed more than 150 GRB loca-
tions [41]. No evidence for emission was reported. Stringent upper limits could be put in
two cases: GRB 150323A [41], for which constraints on the density of the external medium
could be placed from the lack of an SSC component, and GRB130427A [42], for which
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VERITAS observations (started 20 h after the burst) could place constraints on the presence
of the cutoff of the SSC component (e.g., caused by Klein–Nishina, see Figure 3).

Figure 3. Joint LAT-VERITAS SED of GRB 130427A. The VERITAS upper limits at the observing
time 71 ks to 75 ks were calculated assuming an SSC model with breaks at 100, 140, and 180 GeV
(solid, dot-dashed, and dashed lines, respectively). The gray shaded region shows the 1 σ range of PL
models compatible with the LAT data after temporal extrapolation from 10 ks to 70 ks. From [42].

H.E.S.S. has followed-up 49 GRBs between 2008 and 2018 (this number already ignores
19 follow-ups performed in bad weather conditions or with issues in the data taking).
Derived upper limits are approximately of the order of 10−11–10−12 cm−2 s−1 TeV−1 [43].

MAGIC followed-up more than 130 GRBs starting from 2005 [44,45]. After the second
telescope was added in 2009, GRB observations have been carried out in stereoscopic mode.
Excluding cases when proper data could not be taken due to hardware problems or weather
conditions, 105 GRBs were observed from July 2004 to February 2019. Of these, 40 have a
measured redshift, but only 8 and 3 had z < 1 and z < 0.5, respectively [1]. Observations
started less than 30 min after the burst for 66 events and less than 60 s for 14 events.

In light of the recent detections (see Section 3), which show the presence of VHE
emission both in energetic and sub-energetic GRBs, the paucity of detections and the
difficulty faced by IACTs up to some years ago must be ascribed to the combination of
several factors, such as the relatively high-energy threshold (∼100–200 GeV) before recent
upgrades, a low duty cycle (∼10%), as well as the combination of the IACT narrow field of
view (a few degrees) with the poor localization capabilities of the most productive space
detectors (e.g., the BATSE and the GBM) and with the time needed to repoint and start
follow-up observations.

3. Long GRBs: Detections of TeV Afterglow Radiation

In January 2019, the MAGIC collaboration circulated through the GCN [46] and
ATel [47] channels the news of the firm detection (significance above 20 σ) of photons
with energies in excess of 300 GeV, from GRB 190114C. A few months later, the H.E.S.S.
collaboration released the analysis of a GRB observed in 2018, displaying a VHE excess
with significance of ∼5σ. These detections, published by the Nature journal at the end of
2019 [1,2], marked the beginning of the VHE era in GRBs. Since then, two additional GRBs
have been firmly (>5σ) detected by IACTs.

In this section, I describe the properties of these four GRBs and their VHE emission,
also including in the list an additional GRB with a detection at ∼3.5σ. All these detections
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refer to long GRBs, detected at VHE during their afterglow phases. Their main properties
are summarized in Table 1.

A hint (∼3σ) of VHE excess recorded by MAGIC from the short GRB 160821B is
presented in Section 4. Observations performed during the prompt phase will be discussed
in Section 5. A discussion and interpretation of the VHE emission is the topic of Section 6.

Table 1. List of the GRBs detected by IACTs. The columns refer to the GRB name, redshift, duration
(T90) and isotropic-equivalent emitted energy Eγ,iso of the prompt emission, XRT luminosity (LX,11h)
integrated between 2–10 keV (rest frame) at 11 h after T0, the energy range of detected TeV photons,
the initial and final time of VHE detection, and the name of the IACT that detected VHE radiation.
For all GRBs the time of the VHE detection refers to BAT trigger, except for 190829A, for which
the GBM trigger was adopted. For GRBs listed in the first four rows, the significance of the VHE
detection was >5σ, while for the last GRB in the table, the significance was 3.5σ. a 10–1000 keV;
b 50–300 keV; c 1–104 keV.

Name z T90 Eγ,iso LX,11h Energy Time IACT
s erg erg s−1 TeV s

180720B 0.653 49 b 6× 1053 3× 1046 0.1–0.44 (3.6–4.3) ×104 H.E.S.S.
190114C 0.424 25 c 2.5× 1053 1046 0.2–1 62–2454 MAGIC
190829A 0.078 b 63 a 2× 1050 4× 1044 0.18–3.3 (1.5–20) ×104 H.E.S.S.
201216C 1.1 b 30 a 5× 1053 1046 0.1 56–8× 103 MAGIC

201015A 0.42 10 1050 2× 1044 0.14 33–1.4× 104 MAGIC

3.1. GRB 180720B

Detected by H.E.S.S., this GRB is located at redshift z = 0.653 and triggered both the
BAT and the GBM. The prompt duration measured by the GBM is T90 = 48.9± 0.4 s, but,
from the BAT and XRT lightcurves, it is evident that the bursting phase continues up to
at least 130 s (Figure 4). The energy emitted during the prompt phase in the energy band
50–300 keV is Eγ,iso = (6.0± 0.1)× 1053 erg, larger than the average value for long GRBs
with measured redshift (∼1053 erg). LAT observations are available from the time of the
initial trigger to 700 s after. LAT-detected photons extend in energy above 1 GeV, with a
5 GeV photon that arrived 142 s after the GBM trigger. The XRT lightcurve shows an initial
variability, possibly related to the prompt component, a plateau phase extending up to
∼300 s, and then a PL decay. In soft X-rays, during the afterglow emission, this is one of
the brightest GRB ever detected.

H.E.S.S. observed the GRB for two hours, starting 10.1 h after the trigger (Figure 4)
and detected an excess in the sub-TeV range (0.1–0.44 TeV) with a significance of 5.3σ [2].
Given the low signal of the source, the H.E.S.S. spectrum could not be properly constrained,
and a fit with an EBL-attenuated PL model returns a value of the photon index γVHE
with large uncertainties: γVHE = 1.6± 1.2(stat.)± 0.4(syst.). No temporal analysis could
be performed to check for flux variation in time. The lack of simultaneous XRT or LAT
observations at the time of the H.E.S.S. observations prevents us from building the spectral
energy distribution (SED). The interpolation of the XRT flux at the time of the H.E.S.S.
detection reveals that the energy flux emitted in the 0.1–0.44 TeV range was only ∼2 times
smaller than the energy flux in the 0.3–10 keV range (Figure 4).

From this detection we learn that VHE radiation can be efficiently produced several
hours after the end of the prompt, with a luminosity that at the time of the H.E.S.S. detection
is similar to the luminosity in X-rays.
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Figure 4. Temporal evolution of the emission from GRB 180720B. Upper panel: light curve detected
by GBM (green), LAT (blue), and XRT (grey). The early 0.3–10 keV lightcurve is derived extrapolating
the BAT spectra (15 keV–150 keV) to the XRT band (0.3–10 keV). The optical (r-band) lightcurve is
also shown (purple). The 0.1–0.44 TeV flux inferred from H.E.S.S. observations is shown with a red
circle. Observations at 18 days did not show any evidence for a VHE excess from the source (red
arrow, upper limit at 95% confidence level). Bottom panel: photon index of the LAT and Swift and
H.E.S.S. spectra (error bars at 1 σ). From [2].

3.2. GRB 190114C

Located at redshift z = 0.424, this long GRB triggered both BAT and GBM, as well
as AGILE [48] (both with Super-AGILE and AGILE-MCAL), KONUS-Wind [49], INTE-
GRAL [50], and Insight-HXMT [51]. The prompt duration was about 116 s as measured
by the GBM and about 360 s as measured by the BAT. However, both from GBM and BAT
lightcurves, it is evident that the bursting phase ends at ∼25 s. The X-ray emission after
this time fades following a PL function (Figure 5, left). The energy emitted during the
prompt phase was Eγ,iso = (2.5± 0.1)× 1053 erg [52]. The LAT observations are available
up to 180 s, when the burst left the LAT FoV. The burst reentered the LAT FoV at 8600 s,
and significant emission was still observed by the LAT (Figure 5, left plot, red circles).
Photons with energies in excess of 1 GeV have been detected, with a 21 GeV photon that
arrived 21 s after the GBM trigger. The XRT lightcurve is well described by a PL with decay
index −1.36± 0.02, from 68 s to ∼106 s. Similarly to GRB 180720B, the X-ray afterglow of
GRB 190114C is one of the brightest ever detected.

MAGIC observed the GRB field starting ∼60 s after the BAT trigger and detected a
signal up to 2400 s, in the energy range 0.2–1 TeV, with significance of detection of >50σ [1].
The large signal of the source allowed to perform time-resolved analysis by dividing the
whole time-interval into six bins and to study the temporal behaviour of the VHE flux.
The lightcurve in the 0.2–1 TeV range decays in time as a PL with index −1.51 ± 0.04.
The spectrum, after correcting for EBL absorption, has a photon index <−2, possibly
evolving in time to softer values (from γVHE = −2.17+0.34

−0.36 at 62–90 s to γVHE = −2.80+0.48
−0.54

at 635–2400 s). Simultaneous XRT and LAT observations are available from 68 s to 180 s and
allowed to build two SEDs from 0.1 keV to 1 TeV (blue and yellow data points in Figure 5).
The XRT flux (integrated between 1–10 keV) at the time of the MAGIC observations is a
factor ∼2 larger than the 0.3–1 TeV flux, which is in turn very similar to the 0.1–1 GeV flux.

These observations revealed for the first time the temporal behaviour of the TeV
emission in GRB afterglows and allowed to build the first GRB SEDs extending up to 1 TeV.
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Figure 5. Observations of GRB 190114C, detected at VHE by the MAGIC telescopes. Left: lightcurves
at different wavelengths, from radio to γ-rays, versus time since the BAT trigger time. The MAGIC
light curve (in the energy range 0.3–1 TeV, green circles) is compared with light curves at lower
frequencies. The vertical dashed line marks approximately the end of the prompt emission phase,
identified with the end of the last flaring episode. For the data points, vertical bars show the 1σ

errors on the flux. Right: multi-band spectra in the time interval 68–2400 s. Five time intervals were
considered: 68–110 s (blue), 110–180 s (yellow), 180–360 s (red), 360–625 s (green), and 625–2400 s
(purple). MAGIC data points have been corrected for attenuation caused by the EBL. Data from
other instruments are shown when available (i.e., for the first two time-intervals): XRT, BAT, GBM,
and LAT. For each time interval, the LAT contour regions are shown limiting the energy range to the
range where photons are detected. MAGIC and LAT contour regions were drawn from the 1σ error
of their best-fit power law functions. For Swift data, the regions show the 90% confidence contours
for the joint fit XRT-BAT obtained, fitting to the data a smoothly broken power law. Filled regions
were used for the first time interval (68–110 s, blue color). Both figures are from [53].

3.3. GRB 190829A

This very nearby (z = 0.078) GRB detected by the H.E.S.S. provides a unique possibility
to probe the VHE emission with minor effects from EBL attenuation. The prompt duration
was T90∼63 s (50–300 keV) and the energy emitted in the 10–1000 keV energy range was
Eγ,iso∼2× 1050 erg, falling in the low-energy tail of the distribution for long GRBs. The
GRB also triggered BAT with a delay of 51 s as compared to the GBM. At the time of the
GBM trigger, the GRB was in the LAT FoV and remained visible until∼1100 s. No emission
has been detected by LAT, and only upper limits on the 0.1–1 GeV flux could be estimated.
XRT observations began 158 s after the GBM trigger and showed a flare/peak between
1000 and 3000 s. After this time, the XRT light curve followed a PL decay and was observed
up to ∼106 s.

The H.E.S.S. observed and detected emission on three consecutive nights, from 4.3 to
55.9 h after the GRB in the TeV range (0.1–3.3 TeV) with a significance of detection of 21.7σ
in the first night [31]. The H.E.S.S. lightcurve, extracted in the 0.2–4 TeV energy range, is
well described by a PL model with index −1.09± 0.05 (Figure 6). The intrinsic spectrum
could be studied during the first two nights. A fit with an EBL-attenuated PL returns
intrinsic PL indices −2.06± 0.10(stat.)± 0.26(syst.) and −1.86± 0.26(stat.)± 0.17(syst.),
respectively. Simultaneous observations by XRT were available during the first two nights
and allowed to build an XRT-H.E.S.S. SED. LAT upper limits were also available during
the first night but did not help in constraining the SED shape. The comparison with the
XRT flux at the time of the H.E.S.S. detections reveals that the luminosity emitted in the
0.2–4 TeV energy range was about three to four times smaller than the luminosity in the
0.3–10 keV range.

The detection of this GRB by the H.E.S.S. revealed for the first time that GRBs can
produce VHE radiation on long timescales (days) and up to large energies (&3 TeV). Addi-
tionally, in contrast with previous detections, the isotropic energy of the prompt emission
(Eγ,iso∼2× 1050 erg) was quite low and suggests that moderately low-luminosity GRBs can
efficiently produce VHE radiation.
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Figure 6. GRB 190829A detected by the H.E.S.S. Panel (A): X-ray (XRT, blue closed squares) and VHE
gamma rays (the H.E.S.S., red circles) energy flux light curves. Upper limits on MeV γ-rays by LAT
are also shown (grey arrows). The dashed blue line is the PL fit to the XRT temporal decay obtained by
considering only the XRT data that were simultaneous with the H.E.S.S. observations (open squares).
Panel (B): the corresponding intrinsic photon indices are shown. The H.E.S.S. intrinsic spectral index
(red line) is the mean value of 2.07± 0.09 determined over all three nights of observation. Panel
(C) shows the energy flux evolution of the prompt emission observed by the BAT. All error bars
correspond to 1σ uncertainty, and the LAT upper limits are at the 95% confidence level.

3.4. GRB 201015A

An excess at VHE was reported by MAGIC, with a significance of >3σ [54]. This GRB,
located at redshift z = 0.42, was detected and localized by BAT and had a duration of
T90∼10 s. There was no onboard trigger by the GBM, but the GRB was identified by the
GBM targeted search. The isotropic-equivalent prompt energy inferred from analysis of
GBM data was Eγ,iso∼1050 erg. XRT started observations only 3214 s after the BAT trigger,
due to observing constraints. Observations extend to almost one day and show that the
X-ray lightcurve follows a PL decay with index −1.49 (Figure 7). Late observations by
Chandra and XRT (between 8 and 21 days) show that the XRT flux was higher (a factor of
20–100) than the extrapolation of the PL behaviour followed at earlier times.

MAGIC observations started 33 s after the BAT trigger and lasted about 4 h. Prelim-
inary analysis of MAGIC data [55] show evidence for emission above 140 GeV with a
significance of ∼3.5σ.

In terms of intrinsic properties, this GRB was comparable to GRB 190829A, having
similar Eγ,iso and similar X-ray luminosity of the afterglow phase (Table 1 and Figure 7,
bottom panel). Being located at a larger distance, the overall flux was much reduced
(Figure 7, top panel) and the EBL attenuation in the VHE range more severe. MAGIC
observations were performed under good observational conditions, resulting also in a
low energy threshold (∼140 GeV), which is crucial to increase the possibility of detection.
A proper comparison with GRB 190829A will be possible after MAGIC final data analysis
is published.
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Figure 7. X-ray lightcurves of the long GRBs detected at VHE by MAGIC or H.E.S.S.. Different
colours were used for different GRBs (see legend). For each GRB, the darker colour refers to the XRT,
and the lighter colour was used for the BAT. Top: flux as a function of observer frame time since the
trigger time (XRT: 0.3–10 keV observer-frame, unabsorbed; BAT: 15–50 keV). Bottom: luminosity as a
function of the rest frame time (XRT: 2–10 keV rest frame, unubsorbed; BAT: 15–50 keV).

3.5. GRB 201216C

This long GRB, which triggered both the GBM and BAT, has been detected by MAGIC
even though it is located at large redshift z = 1.1. The prompt duration was about 30 s
in the range of 50–300 keV, and about 48 s in the range of 15–350 keV. The energy emitted
during the prompt phase was Eγ,iso∼5× 1053 erg (10–1000 keV). The LAT observations
were available from 3500 s to 5500 s after the trigger. No significant emission was detected
by the LAT in this time interval. Due to observing constraints, XRT began observations
about 3000 s after the trigger (Figure 7).

MAGIC observed the GRB for about 2.2 h, starting 56 s after the BAT trigger. An excess
of counts, dominated by events at∼100 GeV in the first 20 min of observations was detected
with a significance of about &6σ [56].
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GRB 201216C has a prompt energy and an afterglow X-ray luminosity very similar to
those observed from GRB 180720B and GRB 190114C (Figure 7, bottom panel). The higher
redshift resulted in a more severe attenuation of the TeV flux by EBL absorption. In spite
of this, the detection is quite clear and is probably favoured by the very good observing
conditions and low energy threshold (∼100 GeV).

3.6. Comparison between Eγ,iso, z and X-ray Lightcurves of VHE GRBs

Figures 7 and 8 propose a comparison between the X-ray lightcurves, the emitted
prompt energy Eγ,iso, and redshifts of the five long GRBs detected by IACTs. In particular,
X-ray (prompt and afterglow) lightcurves (fluxes and luminosities) are shown in Figure 7,
while their distribution in the planes Eγ,iso-z and LX,11h-Eγ,iso are shown in Figure 8. In this
last figure, VHE GRBs are shown, for comparison, together with a sample of Swift long
GRBs with a high level of redshift completeness [57,58]. Given its low detection significance
in preliminary analysis (∼3.5σ), GRB 201015A is marked in all plots with a gray colour.
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Figure 8. GRBs detected at VHE compared to GRBs from the complete sample BAT6. Top: isotropic
equivalent energy Eγ,iso emitted in the prompt phase versus redshift. Bottom: X-ray afterglow
luminosity (2–10 keV, rest frame) at 11 h (rest frame) versus Eγ,iso.
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Three GRBs (180720B, 190114C, and 201216C) are very similar in terms of intrin-
sic properties, such as Eγ,iso and luminosity of the X-ray lightcurves. The higher red-
shift of GRB 201216C explains its slightly lower flux (Figure 7, top panel, purple colour)
and the faintness of the VHE detection, caused by the larger distance and more severe
EBL attenuation (here we are assuming that X-ray luminosity is a proxy for VHE lumi-
nosity). Their X-ray lightcurves (0.3–10 keV, observer frame) have similar behaviours
and almost overlap, with typical fluxes around 5× 10−11 erg cm−2 s−1 and luminosities
around 1–4 ×1046 erg s−1 (both numbers are estimated at 11 h, observer/rest frame for
fluxes/luminosities).

GRB 190829A has a much smaller Eγ,iso compared to the three GRBs previously men-
tioned (about 103 times smaller) and a fainter X-ray luminosity (more than two orders
of magnitude). The redshift is also very different (z = 0.078), resulting in a X-ray flux
that is very similar to those of brighter but more-distant GRBs (Figure 7, top panel, blue
colour). The X-ray flux might then act as a proxy for the detection probabilities of VHE
emission from IACTs. However, an exception is represented by GRB 201015A. Having
a small Eγ,iso and intrinsic X-ray luminosity but a redshift very similar to GRB 190114C,
the X-ray flux was also very low as compared to all the other GRBs. This might explain the
faintness of the VHE excess detected by MAGIC, which, if truly connected with the source,
can be explained thanks to the very good observing conditions, low energy threshold,
and short delay.

In general, we learned that the intrinsic properties of GRBs able to produce detectable
VHE emission span at least two orders of magnitude in X-ray afterglow luminosity and
three in Eγ,iso. Redshifts are in the interval 0.078–1.1 and imply a variation over three
orders of magnitude in the observed X-ray flux.

4. Short GRBs: Observations and Follow Up of GW Events

Short GRBs are thought to be originated by the coalescence of compact binary systems
(either a NS-BH or NS-NS), as supported by several indirect pieces of evidence (see [59]
and references therein). The detection of a GW signal from the merger of an NS-NS system
(GW 170817 [60]) in association with the detection of a short GRB marked the first direct
proof. Programs for the follow up of GW alerts and short GRBs at VHE are in place
at all major facilities (for a review on the state-of-the-art of observations of electromag-
netic counterparts to GWs and also high-energy neutrinos, see [61], in this Special Issue).
In this section, I summarise the results of observations at VHE of GW/GRB 170817A and
GRB 160821B.

4.1. Follow-Up Observations of GRB 170817A by H.E.S.S., MAGIC, and HAWC

The detection of GW 170817 triggered an extensive observational campaign aimed at
covering a very wide range of frequencies (from radio up to VHE γ-rays). The proximity
of the event, located at z = 0.0097, implies very limited attenuation by EBL (about 10%
at 1 TeV and 30% at 10 TeV)), which favours VHE observations of this event and, more
generally, of GW alerts. However, in this specific case, the MWL flux from the associated
jet received at Earth was quite reduced by the relatively large viewing angle (the X-ray flux
at the peak of the emission reached about 2× 10−14 erg cm−2 s−1).

The H.E.S.S. observations [62] of the region of NGC 4993 were performed about 5.3 h
after the GW event, before the identification of the optical transient SSS17a (interpreted as
emission from the kilonova) as part of the scanning of the GW localization uncertainty re-
gion, covering an area of 31 deg2. After the identification of the optical transient, the H.E.S.S.
observations focused on the region of SSS17a and continued in the following nights, cov-
ering the range 0.22–5.23 days after the GW event. Around the peak of the X-ray, optical,
and radio emissions (about 160 days), the H.E.S.S. performed additional observations [63].
The obtained upper limits around the peak of the emission at lower frequency were at a
flux level 10 times higher than the observed X-ray flux (Figure 9, top panel).
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Figure 9. VHE observations of GRB 170817A. Top: the H.E.S.S. 1–10 TeV energy flux upper limits
(green arrows) are compared with VLA radio data at 3 GHz (blue stars) and 6 GHz (orange circles)
and with X-ray data from Chandra (red crosses). Bottom: multi-wavelength SED (radio, optical and
X-ray) as computed between 123 and 195 d post-merger. The fit with a synchrotron model and the
predicted SSC at 155 days post-merger are shown in red. The MAGIC upper limit is shown by a
yellow circle. From [64].

MAGIC observed the counterpart from January to June 2018, when visibility con-
straints allowed it, for a total amount of ∼9.5 h in 10 different nights. The time of the
MAGIC observations corresponds to the time when the radio and X-ray flux were at their
maximum. Assuming a spectrum with photon index α = 2, the resulting UL calculated at
E > 400 GeV is 3.6× 10−12 erg cm−2 s−1. The MAGIC UL lies well above the predicted SSC
component associated to the synchrotron emission detected at lower frequencies (Figure 9).

GRB 170817A entered the FoV of HAWC ∼8 h after the GRB/GW event. For the first
transit, an upper limit of 1.7× 10−10 erg cm−2 s−1 for an energy range of 4–100 TeV was
derived [65]. Observations continued also at later times, extending to 120 days after the
trigger. In the time period of 10–110 days after the merger time, the flux upper limit found
was 3.37× 10−12 erg cm−2 s−1 in the energy range of 7–170 TeV [66].
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The upper limits derived by the different telescopes on the VHE emission from
GRB 170817A are not particularly constraining for the models, even though some informa-
tion on the strength of the magnetic field could be inferred. Theoretical implications will
be discussed in Section 6.

4.2. Follow-up Observations of GRB 160821B by MAGIC

GRB 160821B is a short GRB detected by the BAT (T90∼0.5 s) and GBM (T90∼1 s) . At
a redshift z = 0.162, this is one of the nearest short GRBs known. The prompt energy
emitted is Eγ,iso∼1.2× 1049 erg. Analyses of the multiwavelength observational data of
its afterglow emission revealed an optical–infrared component consistent with kilonova
emission [67,68]. So far, it is the best sampled kilonova without a GW detection. No
emission was detected by LAT.

Follow-up observations with the MAGIC telescopes automatically started 24 s after
the burst trigger. The first ∼1.7 h of the data were strongly affected by clouds, while the
remaining ∼2.2 h were taken under better weather conditions. Evidence of a γ-ray excess
above 500 GeV was found at a significance of ∼3σ. The flux implied by these observations,
in case the excess was interpreted as a real signal from the source, was about a factor of
10 higher than the simultaneous X-ray flux, once the VHE flux was de-absorbed by EBL.
Such a large (compared to X-ray emission) VHE flux is surprising for a short GRB and has
proved to be challenging to explain [69,70].

Further observations of short GRBs are necessary to understand if such a bright
emission component at VHE in short GRBs is present and eventually what is its origin.

5. Prompt Emission: Observations by EAS Arrays

The search for a VHE counterpart to the keV–MeV prompt emission requires that the
total time needed to point the GRB location (which is the sum of the delay in receiving
the alert and the telescope slewing time) is shorter than the prompt duration. For short
GRBs, which have a duration <2 s, only serendipitous detections (which are very unlikely
with IACTs) are possible. For long GRBs, the typical duration (∼20–30 s) is comparable
with the shortest time delays of past IACTs observations. A combination of short time
delay and particularly long GRB is then needed in order to start observations with IACTs
while the prompt emission is still ongoing. Since 2013, MAGIC started observations within
100 s about 30 times, but unfortunately in almost all these cases the short delay was longer
than the prompt duration. In a few cases, the GRB was observed with a delay similar or
shorter than the prompt duration, but the large redshift and/or non-optimal observing
conditions prevented the derivation of useful constraints on the presence of a prompt VHE
component. These numbers in any case show that these observations are feasible, and it
might be only matter of time for IACTs to detect VHE emission during the prompt (or at
least place strong constraints on its presence).

Another possibility to observe the prompt with IACTs is represented by those GRBs
that are triggered on a precursor event: if the delay time of the telescope is comparable to
the delay between the main event and the precursor, it is even possible to observe GRBs
with IACTs during the brightest part of the prompt emission.

The observation of X-ray flares (present in a good fraction of GRBs) is a task well
within reach with IACTs. X-ray flares are detected over much longer timescales, 102–104 s,
making simultaneous observations of X-ray flares in the GeV–TeV band highly feasible.
In GRB 180720B, high-energy (LAT) observations are available during the flaring activity.
This GRB was also detected at VHE (but at much later times, ∼10 h). The spectral analysis
of GBM and LAT data around 100–200 s [71] shows the evidence for a distinct spectral com-
ponent rising above 100 MeV. The full characterization of this component and its relation
with the X-ray flare can be performed only with the help of VHE observations. In the last
two GRBs detected at VHE, GRB 201015A, and GRB 201216C, MAGIC started observations
with a delay <60 s, but unfortunately in both cases XRT could not start observations until
thousands of seconds after the trigger time, due to observational constraints.



Universe 2021, 7, 503 18 of 31

EAS arrays, such as LHAASO [72] and HAWC [73], might have better chances of
observing GRBs during the prompt emission, given their much larger FoV∼2 sr and duty
cycle >90%. Observations by LHAASO of GRB 190829A, detected by H.E.S.S. up to 3 TeV,
were available both during the prompt and afterglow phase. The analysis shows no
indication of emission, but the upper limits on VHE radiation during the prompt show
the potential for interesting studies of prompt emission with EAS arrays. GRB 190829A
occurred on the edge of the FoV of LHAASO, when a quarter of the WCDA (one of the
major parts of LHAASO) was operational. Data from T0 − 0.5 h to T0 + 2 h are available.
Limits were converted to energy flux upper limits adopting a PL intrinsic spectrum E−1.5

and considering EBL absorption. Two distinct upper limits were derived in two different
energy ranges: at >100 GeV and in the TeV domain and compared with a phenomenological
model for the VHE emission. This is assumed to be a PL extending up to at least 10 TeV.
In the TeV domain, the LHAASO upper limit places strong constraints on the brightness
of this putative component. Even though several caveats are in place, these observations,
performed with a limited array and non-optimal observing conditions, compared to a
simple phenomenological model show the potential of LHAASO, and EAS arrays in
general, in producing strong constraints on (or even detect) VHE emission from GRBs in
their prompt phase.

6. Interpretation: What We Have Learned

The recent detections of GRBs with IACTs show that, similarly to other extreme
sources (such as blazars and pulsar wind nebulae), GRBs can develop physical conditions
suitable for the production of VHE radiation. How this radiation is produced is matter of
debate: detections are very recent and limited in number, with half of them reaching barely
the telescope detection threshold. Current observations leave open a few possibilities,
which the community is currently discussing.

The two most likely scenarios are SSC and synchrotron from ultrarelativistic elec-
trons. Although SSC seems the most natural explanation and has not been discarded by
observations, the similarity between X-ray and TeV fluxes, spectral indices, and temporal
behaviour is pushing the community to take into consideration also a synchrotron origin,
although this requires electron energies well in excess of the maximum energy assumed to
be achievable in the basic version of acceleration at the external shock.

6.1. Double Bump or Single Component?

A first question, to discriminate among different models, is whether or not there
is evidence for a distinct spectral component, producing a double bump in the multi-
wavelength SED.

Soft X-ray (∼1 keV) afterglow emission is interpreted as synchrotron radiation from
electrons accelerated at the forward shock, driven by the relativistic jet into the external
medium. Although the origin of flares and of the plateau phase are still under debate,
the PL decay phase is consistent with model predictions. The photon index of XRT spectra
measured in different GRBs ranges between −1.5 and −2.5, with an average value of
−2 [74]. This suggests that the peak of the synchrotron spectrum can lie both below and
above the X-ray band, depending on the GRB conditions and the observing time. In the
latter case, brighter LAT emission is expected and indeed observed [74]. LAT photons (at
least those with energy below a few GeV, which represent the bulk of the LAT-detected
photons) are also consistent with synchrotron forward shock emission [14–16,18]. Modeling
of MWL afterglow observations, including LAT, have successfully explained observations
within this model [18,19].

Current observations of VHE emission by IACTs open the question whether this
additional emission is also consistent with being the high-energy part of the synchrotron
spectrum or whether it is produced by a different mechanism. From a purely observational
point of view, the smoking gun to discriminate among the two possibilities comes from
the study of the SED shape: while a synchrotron origin would imply one single broad
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component, a double bump in the X-ray to TeV SED would reveal the need for an additional
emission component.

Simultaneous X-ray/GeV/TeV SEDs are available only for GRB 190114C and GRB 190829A,
in both cases for two epochs. A double bump is visible in the first SED (between 68 and
110 s after the trigger time) of GRB 190114C. Evidence comes from the comparison between
the TeV and X-ray flux (a single component would require a flat PL spectrum from X-rays to
TeV) and especially from the LAT spectral point, which shows that the flux must decrease
between the X-ray and GeV band and then rise at higher energies, in order to explain the
TeV flux (see Figure 5, blue points). One can wonder whether the uncertainty on the EBL
absorption (which at z = 0.42 can be quite relevant) affects the results on the consistency
of MAGIC data with the extension of the spectral component. MAGIC unabsorbed data
(Figure 5) have been inferred adopting the EBL model developed by [5]. At 300 GeV an
attenuation five times less severe (which basically means no attenuation) is required to
make MAGIC observations consistent with the extrapolation of the fit to X-ray and LAT
data. Although the presence of a double bump in GRB 190114C is fairly convincing, the
observation of a double bump in one GRB does not necessarily imply that in all TeV GRBs
another emission mechanism (other than synchrotron) is at work.

In GRB 190829A, the TeV and X-ray lightcurves decay in time at similar rates and their
spectra have a consistent photon index (within the errors), once they are both modelled
with PL functions. The extrapolation of the X-ray spectrum to the energy range of the
H.E.S.S. detection predicts a flux that is consistent with observations. Unfortunately, in this
case, LAT observations do not help in constraining the shape of the SED, as they provide
an upper limit that lies well above the extrapolation of the X-ray spectrum (Figure 10).

Figure 10. Cont.
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Figure 10. SEDs and MWL modelling of GRB 190829A at two different epochs (first and second night
of H.E.S.S. observations). Top: XRT (black regions), LAT (green arrow, available only for the first
night), and H.E.S.S. intrinsic spectrum with its uncertainty (statistical only, red regions). The shaded
areas represent the 68% confidence intervals for the SSC model (light blue) and for the synchrotron
model (orange). Dashed lines indicate the synchrotron component, while the dash-dotted lines
show the inverse Compton components, neglecting internal γ-γ absorption. Bottom: modelling
from radio to TeV proposed by [75]. The predicted SEDs at the times of the H.E.S.S. detections are
shown with blue and red solid lines at 5 and 30 h, respectively, and are based on a synchrotron and
SSC interpretation. A reverse shock component (dotted curve) dominates the radio observations.
Confidence bands with 90% and 50% confidence levels are marked in lighter shades.

Concerning GRB 180720B, one single epoch of the H.E.S.S. observations is available,
and simultaneous XRT and LAT data are missing. An SED cannot be built, but the inter-
polation of X-ray lightcurve at the time of H.E.S.S. detection and the extrapolation of the
XRT spectrum to 400 GeV shows a rough consistency with the H.E.S.S. flux. The H.E.S.S.
spectrum has a photon index > 2, suggesting a rising component, inconsistent with
the synchrotron interpretation, but uncertainties are quite large (−1.6 ± 0.4). Finally,
for GRB 201216C, data are not publicly available yet, and the comparison between simulta-
neous XRT and TeV flux cannot be performed at the time of writing.

Finally, for the short GRB 160821B, the MAGIC flux lies well above the extrapolation
of the synchrotron spectrum. If the γ-ray excess is real and associated to the GRB, then
an additional spectral component must be invoked to explain the SED shape. Both SSC
and external Compton (EC) models have been considered for this GRB, but the large flux
compared to the synchrotron flux is quite challenging to reach in both scenarios [69,70].

In the next session, synchrotron and SSC processes as sources of VHE radiation are
discussed, with a particular emphasis on their implications on the physics of GRBs.

6.1.1. Synchrotron Radiation

TeV photons can be produced by the synchrotron mechanism if the energy of the elec-
trons is large enough. To estimate the energy of electrons that would radiate synchrotron
photons at VHE, we must first estimate the bulk Lorentz factor and the magnetic field.
Considering that the H.E.S.S. detected photons up to 1 TeV during the first two nights of
observations and that the energy of the four detected GRBs is in the range 1050–1053 erg, I
consider as reference values Ek = 1052 erg and t = 1 d. In the following equations, time
and energy are in the rest frame, while the magnetic field is in the plasma comoving frame.
For a homogeneous medium (H) with number density n = n0 :

Γ = 6 E1/8
k,52 n−1/8

0 t−3/8
d (H), (1)
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where the assumption R ∼ c t Γ2 was adopted.

B′ = 0.07 G ε1/2
B,−3 n3/8

0 E1/8
k,52 t−3/8

d (H), (2)

where εB is the fraction of shock-dissipated energy that goes into the magnetic field. The
Lorentz factor of electrons emitting synchrotron photons with energy Eph = 1 TeV is:

γe = 1010 E1/2
ph,1TeV ε−1/4

B,−3 n−1/8
0 E−1/8

k,52 t3/8
d (H), (3)

corresponding (for the adopted reference values) to an electron energy of ∼5 PeV. Electrons
should then be accelerated beyond PeV energies.

A similar energy is required also in case of expansion in a wind-like medium (W).
For number density n = 3× 1035 A? R−2:

Γ = 5 E1/4
k,52 n−1/4

0 t−1/4
d (W), (4)

B′ = 0.6 G ε1/2
B,−3 A?

3/4 E−1/4
k,52 t−3/4

d (W), (5)

γe = 5× 109 E1/2
ph,1TeV ε−1/4

B,−3 A−1/4
? t1/2

d (W), (6)

corresponding to an electron energy of ∼3 PeV for the adopted reference values.
This energy exceeds the maximum electron energy inferred assuming a Bohm acceler-

ation rate and synchrotron cooling: Following [28]:

γmax
e =

√
9 m2

e c4

8 q3 B′
(7)

corresponding to 108 ε−3/8
B,−3 n0

−3/8 E−1/8
k,52 t3/8

d for the homogeneous medium case and to

3× 107 ε−1/2
B,−3 A?

−3/4 E1/4
k,52 t3/4

d in the wind-like case. In both cases, an electron energy two
orders of magnitude higher is necessary to explain TeV photons as synchrotron radiation.

The maximum electron energy in Equation (7) was inferred assuming that the magnetic
field strength is the same in the acceleration and emission regions. If the shock-amplified
magnetic field decays downstream of the shock front on a length-scale smaller than the dis-
tance travelled by the electron before loosing a sizable fraction of its energy, higher Lorentz
factors can be reached [18,28]. In a modified model where Bacc > Bem, the maximum
attainable electron energy is given by Equation (7) times the factor Bacc/Bem (e.g., [28]).

A synchrotron origin was suggested so far to explain the emission detected by the
H.E.S.S. from GRB 190829A [31]. In this study, the two possible origins were both investi-
gated, and the synchrotron one was found to better account for the data, while the SSC was
strongly disfavoured (see Figure 10, top panel). A different interpretation, proposing a SSC
scenario, has been put forward by [75] (see Figure 10, bottom panel), which concluded that
an SSC interpretation is a viable explanation for the H.E.S.S. detection. The reason why
different conclusions are reached in the two different investigations should be probably
ascribed to the different regions of parameter space investigated.

6.1.2. Synchrotron Self Compton

Astrophysical sources powered by synchrotron radiation are expected to have an
inverse Compton scattering component. The same electrons that produce synchrotron pho-
tons may efficiently scatter these synchrotron seed photons to higher energies, depending
on the source conditions, and in particular on the energy density of the radiation and of
the magnetic field.

If the scattering proceeds in the Thomson regime, the electron energy can be esti-
mated as:

γe ∼
√

νSSC

2 νsyn (8)
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where νSSC is the frequency of the upscattered photon, and νsyn is the synchrotron target
photon. Different electrons contribute to the production of SSC photons with a given energy.
For photon energy Eph = 1 TeV, the energy of the electrons that mostly contribute to their
production depends on which part of the spectrum we are looking at 1 TeV. Considering
again as a reference the H.E.S.S. GRB 190829A, the flat spectrum detected both in X-ray
and in TeV suggest that the peak of the synchrotron and SSC spectra are around 1 keV
and 1 TeV, respectively. The electron Lorentz factor is then 2× 104, corresponding to an
energy of about 10 GeV. The ratio between the height of the two bumps depends on the
ratio between energy density of the radiation and of the magnetic field. For the Thomson
regime, it is independent from γe and can be approximated as:

Y =
Urad

UB
(9)

The similarity between X-ray and TeV fluxes implies a Compton parameter Y∼1,
where Y is the ratio between the power emitted in SSC and synchrotron.

At 1 d, with the reference values assumed in the previous section, the scattering
between 1 keV photons and electrons with γe∼2× 104 is (barely) in the Thomson regime. It
is then worth estimating the required electron energy in case TeV photons are by scattering
in the Klein–Nishina regime, Eph = Γ mec2 γe. From the bulk Lorentz factor inferred in the
previous section, for typical parameters this implies an electron energy γe mec2∼200 GeV.
The SSC theory has been applied to the detected GRBs for which VHE data have been
published (GRB 190114C, 180720B, and 190829A) and was found to be consistent with
the data.

The multi-wavelength emission from GRB 190114C has been successfully explained,
except for optical and radio late-time data, which are overproduced by the model. X-ray,
GeV, and MAGIC data are instead well modelled, both in their temporal and spectral
behaviour. Interestingly, according to the modelling, the emission detected by LAT at 104 s,
after the GRB re-entered the FoV, is dominated by SSC radiation. It is very likely that in
other cases LAT photons detected at late times (difficult to reconcile in the synchrotron
scenario) have an SSC origin. From the shape of the full LAT lightcurve and spectral
evolution, the presence of two components cannot be guessed, and only the inclusion of
VHE observations are able to disentangle the contribution of the two components to the
LAT energy range. Previous speculations on the presence in the GeV range of a distinct
spectral component were based on the difficulty in producing synchrotron photons in
the GeV range at late times. All the investigations focused on inferring the afterglow
parameters from the modelling of multi-wavelength observations of GRB 190114C within
the SSC scenario [53,76,77] have inferred similar values for the parameters, which lie in
the following ranges: εe = 0.07–0.1, εB = (4–8) ×10−5, density n = 0.3–2 cm−3, p = 2.5–2.6,
and Ek = (3–8)×1053 erg, with the exception of εB, which in [77] was found to have a larger
value εB = (2–6) ×10−3.

For GRB 190829A, an SSC interpretation has been put forward by [75] (see the SED
modeling in Figure 10, bottom). They found that in order to obtain a good fit to the data,
the fraction of electrons accelerated into the supra-thermal PL tail should be ζe < 0.13.
The other parameters were similar to those inferred from GRB 190114C (except for a harder
value of p): εe = 0.03, εB = 5× 10−5, density n = 0.2 cm−3, p = 2.15, and Ek = 2× 1053 erg.

GRB 180720B has been modelled as SSC radiation by [76], which again found similar
values to those adopted in the modelling of the other GRBs: εe = 0.1, εB = 10−4, density
n = 0.1 cm−3, p = 2.4, and Ek = 1054 erg.

These applications of the SSC model to the few GRBs detected so far reveals already
some interesting features. The range of εB values is still quite large, but values of 0.1–0.01
(considered typical in the treatment of external shocks) were excluded. Moreover, the need
to introduce the parameter ζe suggests that finally, with a larger range of observables
available, the degeneracy between the different parameters can be partially solved, and the
fraction of accelerated electrons can be constrained. Numerical simulations suggest a frac-
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tion between 0.01 and 0.1 (see, e.g., [29]), but given the paucity of constraints, in afterglow
modelling, this parameter is usually fixed to the value ζe = 1. In all the investigations,
a good modelling of the VHE GRBs has been found both in the case of a homogeneous
medium and in the case of a wind-like density profile. All fits are consistent with a homo-
geneous medium with a density typical of the ISM density (n = 0.2–1 cm−3), even though
long GRBs are expected to explode in chaotic media with a radial profile n ∝ R−2. The
uncertainty on the radial profile of the density of the environment surrounding long GRBs
is then still an open question.

7. Open Questions for Future Facilities

The study of TeV emission in GRBs is still at an early stage, and the first, most pressing
question on which investigations are focusing is the physical origin of the emission. VHE
can also be used, especially once its origin has been understood, to shed light on some
of those challenging questions that remain unanswered in the physics of GRBs and in
particular on the origin of prompt emission, the properties of the environment where
GRB explodes, and the nature and properties of particle acceleration and magnetic field
amplification. In this section, the potential of VHE radiation in shedding light on these
fundamental questions is discussed.

7.1. Prompt Emission

The mechanisms responsible for the production of prompt radiation have not been
identified yet. The lack of a satisfying explanation touches many aspects of the prompt
emission, such as the nature of the dissipation process, the location of the emitting region
(i.e., its distance from the central engine), the role of thermal processes, and the nature of
the non-thermal mechanism (what the emitting particles are, how they are accelerated,
and what the radiative mechanism is).

The primary candidate for the radiative mechanism is synchrotron radiation from
non-thermal electrons. The common understanding of the conditions at the emitting
region (i.e., large magnetic field strength B′∼104 − 105 G and electron Lorentz factors
γe∼102–103) imply that electrons are in an extremely fast cooling regime [78] and produce
a photon spectrum with low-energy index α = −1.5. The low-energy part of the observed
spectrum, however, is harder than the predicted value, having 〈α〉∼−1. A major ease to
this situation came with the discovery that many GRB spectra have a spectral break in the
low-energy part [79,80]: in this case, the spectral regime α = −0.67 is visible inside the
energy rage of the soft/hard X-ray instruments, and the spectral break (identified between
1–100 keV [79–84]) connects the segment α1 = −0.67 with the segment α2 = −1.5. In this
configuration (sometimes named marginally fast cooling [85]), the break is identified with
the cooling break frequency, and the radiation efficiency is still large and does not affect the
estimates on the jet energetics. The identification of the cooling break frequency has major
consequences on the inference of the conditions at the emitting region [81,84]. To account for
the large cooling frequencies, the required magnetic field must be much smaller than what
is usually assumed (B′∼1–10 G, [81,84]). Such a low value of the magnetic field immediately
implies a strong SSC component. HE observations of prompt emission by LAT did not
clearly identify the presence of such a component. This information, coming from the study
of HE radiation, implies that in order to avoid a huge SSC component, the emission region
should be placed at large radii (R & 1016 cm) barely consistent with variability timescales
and close or even larger than the radius where afterglow emission becomes important. In
order to face these difficulties, different models have been invoked, such as the mini-jet
scenario [86] and synchrotron radiation from protons ([87], see however [88]).

We must notice that the identification of the spectral regime α = −0.67 and then the
consistency of the overall spectrum with the predicted shape of synchrotron radiation
represents a major improvement, but it faces the difficulty in explaining the hardest GRBs
(which cross the line-of-death, having a spectrum harder than α = −0.67) and the possible
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inconsistency between the relatively large width of theoretical synchrotron spectra and the
narrowness of GRB spectra [89–91].

From this discussion it is evident how the identification of the radiative mechanism
producing the prompt radiation would have strong implications on the physics of the
emitting region, revealing size, distance from the central engine, magnetic field strength,
and the bulk Lorentz factor, with enormous impact on our knowledge of the outflow and
finally on the progenitors and jet-launching mechanisms. The presence (or lack) of an
inverse Compton component, or more generally of a GeV–TeV component, would represent
an additional and unique probe of the physical conditions at the region producing prompt
radiation. After decades of studies of GRB spectra and with no immediate improvement in
the capabilities of keV–MeV instruments, the window at GeV–TeV energies, explored with
current and under-construction facilities seems the most appropriate tool to advance in the
next decade our knowledge of the processes related to the production of prompt emission.

7.2. Short GRBs

Together with the detection of VHE radiation associated to the prompt emission,
the detection of VHE emission from short GRBs represent the other main challenge for the
present and future generation of Cherenkov telescopes.

In general, the detection of VHE γ-rays (and in particular of SSC radiation) from short
GRBs is more challenging, because they are less energetic than long GRBs and in general
explode in less-dense regions. This implies that detections or tight upper limits on γ-ray
emission would provide constraints on the environment surrounding the progenitor [92]
and hence on the nature and evolution of the progenitor itself. The importance of observing
GW counterparts at VHE relies also on the fact that observations of particularly nearby
GRBs are only moderately affected by EBL absorption. This simplifies the study of the
spectral shape, allowing the identification of spectral features (such as cutoffs and spectral
breaks) directly related to the physics of processes at work in the source. It is evident how
the study of GW-GRB-associated signals can shed light on a number of aspects relevant
to the study of emission from GRBs, and in particular on γ-ray radiation, but also on the
study of the progenitors.

Chances of detection of VHE emission from short GRBs might increase if additional
mechanisms able to produce bright VHE emission are at work. A good fraction of short
GRBs have late-time activity, such as extended hard X-ray emission that continues for
∼100–300 s and X-ray flares observed even ∼104–105 s after the prompt emission and
the plateau emission (extending for ∼104 s). These temporally extended components are
commonly interpreted assuming that the central engine activity lasts much longer than the
prompt emission, which could be explained by a magnetar or black hole accretion. The pro-
longued emission is attributed to internal dissipation. Several studies have investigated
whether enhanced (V)HE Gamma-ray emission can be produced from prolonged engine
activities in SGRBs.

Late photons that are related to the extended and/or plateau emission can be upscat-
tered to the VHE band by high-energy electrons accelerated at the external forward shock
via external inverse Compton (EIC) emission [93]. In this scenario, γ-ray emission can be
useful to reveal the compact remnants such as a BH with a remnant disk or a long-lived
pulsar. Whether the merger remnant is in general a BH or NS is an open question. This
model found an application in GRB 160821B, a short GRB at z = 0.16 with an associated
kilonova emission [67,68], for which a signal at ∼TeV energies with 3σ significance has
been found by MAGIC [69].

An additional source of seed photons that can be upscattered to higher energies,
producing γ-ray emission, might be provided by cocoon photons [94]. If the prolonged jet
dissipates kinetic energy inside the cocoon radius, non-thermal electrons will be present in
the dissipation region. The jet–ejecta interaction also produces copious thermal photons,
leading to high-energy Gamma-ray counterparts to GWs, which can be used to probe the
prolonged jets and the long-lasting activity of the central engine.
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7.3. Circumburst Medium

The detection of VHE emissions associated with the forward external shock can be funda-
mental in revealing the properties of the external medium surrounding the GRB progenitor.

In a typical case, available afterglow observations (covering the X-ray band and,
with a sparser coverage, the optical band, and only in a small fraction also the radio
band) are not sufficient to constrain the properties of the environment. Short GRBs are
expected to explode in tenuous and homogeneous clean media, typical of the outskirts
of the galaxies. Long GRBs are instead expected to explode preferentially in very chaotic
media, with density profiles shaped by the wind of the stellar progenitor in the last phases
of its life. This diversity should be reflected in a diversity on the afterglow radiation.
The properties of the external medium (and in particular its radial profile, homogeneity
and density, and magnetic field) shape the properties of the radiative output, since they
affect the fireball dynamics (i.e., the deceleration time tdec ∝ n−1/(3−s)

0 and the Lorentz

factor Γ(t) ∝ n−1/(8−2s)
0 ) but also the amount of emitting particles and the magnetic field

(B′ ∝ n(R)1/2). Efforts to model the observations of the afterglow of long GRBs, which are
usually more complete and sampled than the ones of short GRBs, often result in a impos-
sibility in discriminating among a constant or wind-shaped medium, as both scenarios
can account for the observations. The degeneracy among the many unknown parameters
of the afterglow model can be sensitively reduced with the inclusion of complementary
information obtained at VHE. Studies of the progenitors, conditions giving rise to the birth
of a GRB explosion, environments, and stellar evolution might largely benefit from a study
of the circumburst environment by means of its broadband afterglow emission.

7.4. Particle Acceleration at Ultra-Relativistic Shocks

The outcome of particle acceleration at the external shock is described adopting several
free parameters, such as the fraction ξe of electrons accelerated in the supra-thermal tail,
the fractions εe and εB of dissipated energy converted into non-thermal energy of the
electrons and into magnetic energy, respectively, and the maximum Lorentz factor γe,max.
Modelling of afterglow observations and theoretical/numerical predictions both suggest a
typical value of εe∼0.1. The fraction ξe is still highly uncertain and usually fixed to 1 in the
modelling, while simulations point to a fraction between 0.01 and 0.1 [29]. The parameter
εB inferred from observations spans a wide range of values, from 10−7 to 0.1. Finally, γmax
has never been inferred from observations and (if needed) is introduced in the modelling
assuming Equation (7).

The inclusion of HE data from LAT has provided constraints on εB, suggesting a value
much smaller than the one close to equipartition usually assumed (εB∼0.01–0.1). On the
other hand, they did not help in identifying the location of the synchrotron cutoff, due
to the limited signal in the high-energy part of the LAT instrument (a simple power-law
model is usually a good fit to the LAT spectra) and to the possible presence of a VHE
component already dominating at energies >1–10 GeV. The extension of the energy range
thanks to VHE instruments can allow to model the VHE component and its contribution to
the LAT energy range while disentangling the two spectral components, possibly inferring
the cutoff of the synchrotron one. If, on the other hand, VHE data are consistent with
being the continuation of the synchrotron emission, the maximum energy of the particles
exceeds the limit currently assumed and gives information on the need for a more efficient
mechanism able to accelerate electrons up to multi-PeV energies. VHE detections can
complete the picture and allow a better interpretation of the SED.

8. Concluding Remarks and Future Prospects

At the dawn of the VHE era in GRBs, the few detections currently available are proving
the enormous potential of this energy band in shedding light on several aspects of GRB
physics and are giving a major boost to the field.

For a full exploitation of TeV data, first a comprehension of the origin of this emission
needs to be achieved. The sources of uncertainty come from the difficulty in having simul-
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taneous X-ray, GeV, and TeV observations to build a proper SED and also on the relatively
large redshift of the detected GRBs: for three out of four detected GRBs the redshift is
between 0.42 and 1.1, where EBL attenuation is severe and increases the uncertainties on
the intrinsic spectrum at VHE. The detection of nearby events (z < 0.1) is then fundamental,
but their rate is much smaller as compared to the bulk of the population.

Even though the current generation of IACTs has allowed the discovery of VHE
radiation from GRBs, the understanding and the full exploitation of observations in this
energy band are expected to come with the next generation of Cherenkov telescopes. The
Cherenkov Telescope Array (CTA) will represent an improvement in several technical
aspects which are fundamental to increase the possibilities of a GRB detection. CTA will
have an appreciably lower energy threshold (.30 GeV), and cover the entire sky, featuring
a sensitivity considerably better than existing instruments and rapid slewing capabilities
(180 degrees azimuthal rotation in 20 s, comparable to MAGIC). Moreover, CTA will be able
to measure the spectra and variability of GRBs at multi-GeV energies with unprecedented
photon statistics. Preliminary estimates of the expected GRB detection rate amount to a
few events per year, depending mostly on the energy threshold and on the delay time [95].

The detection of GRB 190829A up to ∼3.3 TeV opens the interesting possibility to
detect GRBs also with small-sized telescopes (SSTs). The planned ASTRI Mini-Array,
composed of nine imaging atmospheric dual-mirror Cherenkov telescopes at the Teide
Observatory site, will play a crucial role in the study of the new TeV component, by further
extending the explored range to energies greater than few TeV. The target sources are those
GRBs at a particularly low redshift: their detection (even though it will not constitute the
bulk of the population) would be very important for studying the properties of GRBs at the
highest energies, with minor attenuation by the EBL (and then smaller uncertainties related
to our limited knowledge of EBL at higher redshifts). Figure 11 shows preliminary results
on the detectability of GRBs with the ASTRI-Mini-Array. In particular, GRB 190114C was
taken as a template, used at its original redshift (z = 0.42), and moved to closer redshifts
(z = 0.25 and z = 0.078, with the latter one being the redshift of the H.E.S.S.-detected
GRB 190829A). The lightcurves at 1 TeV in the three different cases are compared to the
ASTRI Mini-Array sensitivity in the left-hand panel, and the spectra accumulated from
200 s to 800 s are shown in the right-hand panel.

For a full exploitation of current and future GRB observations at VHE, the role of other
facilities is fundamental. IACTs require external alerts and localization with error < 1◦,
which currently are assured by BAT and, in minor part, by GBM triggers, but, in the
near future, no additional space telescopes will be available. The role and importance of
synergies with other facilities is not limited to providing external alerts. The nature of VHE
emission can be unveiled only by means of multi-wavelength observations. In particular,
GeV observations simultaneous to the VHE detections have been of paramount importance
in GRB 190114C to show the presence of a deep in the SED and then to support the existence
of two distinct components.

At present, it is still unclear whether VHE emission can be accommodated within
the standard scenario and whether its physics can be satisfactorily captured by a simple
one-zone SSC model. Future observations by current facilities, and in a few years by the
CTA, will be able to tell us if a modification (or even a radical change) in our description
of afterglow radiation is needed, e.g., in terms of the nature of the radiating particles,
the physics of the particle acceleration process, or even the need for developing more
accurate two-zone models.
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Figure 11. Left: lightcurve of GRB 190114C at 1 TeV (dotted purple curve) also moved to redshift
z = 0.25 (dashed yellow) and z = 0.078 (dot-dashed green). The sensitivity of the ASTRI Mini-
Array at 1 TeV is shown with a black solid line. Right: simulation of the spectrum of GRB 190114C
integrated between 200 and 800 s as detected by the ASTRI Mini-Array (purple). Simulations of the
same spectrum moved at closer redshift are also shown. From [96].
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