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Abstract: Recent observations have confirmed that Gamma-Ray Burst (GRB) afterglows produce
Very High-Energy radiation (VHE, E > 100 GeV). This highly anticipated discovery opens new
scenarios in the interpretation of GRBs and in their role as probes of Extragalactic Background Light
(EBL) and Lorentz Invariance Violation (LIV). However, some fundamental questions about the
actual nature of VHE emission in GRBs and its evolution during the burst are still unsolved. These
questions will be difficult to address, even with future imaging Cherenkov telescopes, such as the
Cherenkov Telescope Array (CTA). Here we investigate the prospects of gamma-ray sky monitoring
with Extensive Air Showers arrays (EAS) to address these problems. We discuss the theoretical
aspects connected with VHE radiation emission and the implications that its temporal evolution
properties have on the interpretation of GRBs. By revisiting the high-energy properties of some
Fermi-LAT detected GRBs, we estimate the typical fluxes expected in the VHE band and compare
them with a range of foreseeable instrument performances, based on the Southern Wide Field-of-
view Gamma-ray Observatory concept (SWGO). We focus our analysis on how different instrument
capabilities affect the chances to explore the burst onset and early evolution in VHE, providing
invaluable complementary information with respect to Cherenkov telescope observations. We show
that under the assumption of conditions already observed in historical events, the next-generation
ground monitoring detectors can actually contribute to answer several key questions.

Keywords: instrumentation—detectors; gamma rays: general; gamma-ray bursts: general

1. Introduction

The recent observation of Gamma-Ray Bursts (GRB) in the Very High-Energy domain
(VHE, E > 100 GeV) [1,2] marked an extraordinary milestone in our understanding of
these outstandingly powerful transients. From the moment of their first identification as
cosmological sources [3–5], it was immediately clear that their luminosity ranged up to
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values as high as L ∼ 1052 erg s−1, making them the brightest sources of electromagnetic
radiation known in the Universe and requiring an extremely efficient energy production
mechanism. At present it is thought that GRBs arise as the consequence of ultra-relativistic
shocks in magnetized plasma jets, which are launched in the fast accretion process that
follows the collapse of very massive stars (M > 20 M�) or the merger of compact stellar
remnants, such as neutron stars (NS) and black holes (BH), to form a magnetar or a new
BH [6,7]. The conversion of the huge amount of gravitational binding energy and thermal
energy into kinetic and radiative power, within fractions of a second, triggers the emission
of intense radiation, through mechanisms that naturally lead to the production of high-
energy photons.

In general, a GRB is characterized by two emission regimes: an initial pulse of ra-
diation, named prompt emission, most frequently observed in the energy range between
100 keV and 1 MeV and characterized by fast and strong variability [8], followed by a
smoothly decaying afterglow phase, which can be detected from the radio and optical
frequencies all the way up to energetic γ rays. The prompt phase lasts only a few seconds
and it can be used to distinguish between a class of short GRBs, where the prompt emission
takes place for less than 2 s, and one of long GRBs, whose prompt radiation is emitted for
longer times [9–11]. These two classes can be fairly well interpreted by different types of
source, with the long GRBs being more likely associated with a massive star core-collapse
event [12,13], while the short ones can be better reproduced in the compact binary merger
scenario [7,14], as confirmed by the Multi-Messenger observation of GRB 170817A in
connection with GW170817 [15–17].

Apart from the generally well-understood picture, the nature of GRBs and of their
radiation mechanisms still poses many difficult questions. On one side, there are solid
theoretical arguments that predict energetic radiation from relativistic magnetized plasmas.
On the other hand, the explanation of the spectral and temporal properties is not totally
consistent with simple leptonic scenarios. It is very likely that synchrotron emission should
be the dominant radiation mechanism for GRBs, as argued, e.g., in [18–20]. However,
the variability that is observed down to millisecond timescales in the prompt stage [21]
implies compact emission regions, where the magnetic and radiative energy densities
are so high that the radiative cooling should consequently be very fast and produce soft
spectra [22]. This is inconsistent with the observational evidence [23,24]. Many different
possibilities, invoking thermal components, re-acceleration mechanisms or non-leptonic
scenarios e.g., [25–27], have been proposed to address this problem.

The observation of VHE photons has a crucial role in the identification of the radiation
mechanisms at work. These photons can be produced as a consequence of shocks between
relativistic blobs in the jet (internal shocks, probably dominant during the prompt stage),
as well as between the jet and the external environment (external shocks, expected to occur
in the afterglow). In addition, they require compact sources in relativistic motion, to escape
the production site. VHE radiation can be observed at the ground, using either Imaging
Atmospheric Cherenkov Telescopes (IACT), such as MAGIC [28] and H.E.S.S. [29], or
Extensive Air Shower (EAS) particle detector arrays, such as HAWC [30] and LHAASO [31].
At present, IACTs have been able to firmly detect VHE emission in the afterglow of some
powerful GRBs. It is very likely that the next-generation Cherenkov Telescope Array
(CTA) [32] will further improve our ability to investigate the VHE signal of GRBs. However,
due to their small field of view (FoV) and to the consequent requirement to be alerted and
pointed towards the source, these instruments can only track GRBs with a certain delay
after their actual onset.

Here we describe the scientific opportunities that can be explored by means of EAS
arrays. Thanks to their large FoV, which grants a continuous sky coverage of more than
1 sr, these instruments have a higher chance to probe the early phases of GRB emission,
without the necessity of an external trigger. We discuss the issue taking into account
the characteristics of an array concept based on Water Cherenkov Detectors (WCD) and
investigated by the Southern Wide-field-of-view Gamma-ray Observatory collaboration
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(SWGO) [33]. Our work is structured as follows: in §2 we present the theoretical framework
of GRB emission; in §3 we describe the known and the expected VHE properties of GRBs;
in §4 we discuss the detection opportunities of an instrument such as SWGO; finally, in §5
we summarize our conclusions.

2. Theoretical Framework

Despite several decades of investigation, we do not yet have a complete theory for
GRBs. What we know for sure is that the presence of high-energy γ rays with a non-
thermal spectrum implies emission from a highly relativistic source. This result stems from
the well-known compactness problem [34,35]. A relatively simple argument can be used to
illustrate the concept. A bright GRB has a time integrated energy flux, or fluence, of the
order of F ∼ 10−7 erg cm−2, which is approximately related to the total emitted energy
E by:

E = 4πD2
LF ≈ 1050erg

(
DL

3000 Mpc

)2( F
10−7 erg cm−2

)
, (1)

where DL is the luminosity distance. The typical variability timescale is δT ≈ 10−2 s,
implying an emitting region size limit R 6 cδT ≈ 3000 km. As a result, the source would
be characterized by an extremely high radiation density. High-energy photons can produce
electron-positron pairs whenever the condition

√
E1E2 > 2mec2 is met. Introducing a

probability factor fp that accounts for the likelihood of the pair production mechanism, we
obtain a pair production opacity of:

τγγ =
fpσT FD2

L
R2mec2(1 + z)

≈
1013 fp

1 + z

(
F

10−7 erg cm−2

)(
DL

3000 Mpc

)2( δT
10−2 s

)−2
, (2)

where σT denotes the Thomson scattering cross-section. For typical GRB characteristics,
the opacity predicted in Equation (2) is very large and should result in a thermal spectrum,
in clear contradiction with observational evidence. If we allow the source to be a blob of
plasma, approaching in a relativistic motion with bulk Lorentz factor Γ, at small angles with
respect to the line of sight, and characterized by a power-law energy spectrum N(γ) ∝ γ−α,
the energy and the rate of arrival of the observed photons are both a factor Γ higher than
the corresponding values in the emission frame. Due to the Doppler effect on frequency,
this implies that the photons that we observe at a given frequency are a factor of Γ2α denser
than what would be seen in the emitting frame. The size of the emitting region is also
affected by relativistic contraction, implying that Rem 6 Γ2cδT. Thus, Equation (2) should
be corrected to:

τγγ ≈
1013 fp

(1 + z)Γ(4+2α)

(
F

10−7 erg cm−2

)(
DL

3000 Mpc

)2( δT
10−2 s

)−2
, (3)

that since 1 < α < 3 and fp < 1, predicts an optically thin regime when the condition
Γ > 1013/(4+2α) ≈ 102 is satisfied.

Similar order of magnitude considerations could be drawn to estimate the predicted
spectrum. When reproducing GRB spectra starting from theoretical considerations, it is
common use to introduce a set of free parameters containing some assumptions due to
unknown properties of the detailed structure of the jet, the ongoing acceleration process
and the shock micro-physics. In particular, an unknown fraction of the energy dissipated
through the shock will go to the particle distribution and to the magnetic field. To account
for this effect, two normalization parameters εe and εB, expressing, respectively, the frac-
tions of total energy carried by the particles and the magnetic field, are then introduced.
When particles are accelerated in shock waves through the Fermi mechanism, we expect a
resulting power-law energy distribution in the form of N(γ) ∝ γ−p and magnetic fields
that can be as large as B ≈ 104 G [36]. If the radiating species are electrons and positrons,
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the energy is quickly converted into radiation, through the emission of fast pulses of syn-
chrotron and Compton scattered photons, with a spectral form similar to the one illustrated
in Figure 1 [37,38]. As a result, we expect that GRBs should in principle be powerful
sources of transient VHE emission, although the most energetic part of the spectrum is
prone to pair production opacity on the Extragalactic Background Light (EBL) photons,
which implies suppression of the most energetic radiation from sources located at large
cosmological distances [39–41].

Figure 1. Spectral energy distribution expected for a relativistic blob of plasma, with bulk Lorentz
factor Γ = 300, moving with an inclination of ϑ = 1o from the line of sight and carrying a magnetic
field B = 104 G. The radiating particles are assumed to be electron-positron pairs in a power-law
distribution N(γ) ∝ γ−2.5, with 10 6 γ 6 106. The red line represents synchrotron emission,
while the blue line shows the inverse Compton scattering contribution. The resulting spectrum is
represented as a continuous black line. The dashed curves illustrate the effects of γγ-opacity on the
Universe background radiation for redshifts 0.25 6 z 6 1, in steps of 0.25.

Although the scenario depicted above can in principle justify the energies and the
spectra that we see in GRBs, it is nonetheless prone to many important problems. The pulse-
like appearance of the prompt stage light curve is consistent with the presence of particle
acceleration processes, followed by a rapid cooling. The typical burst duration, however,
requires many acceleration events or an effective supply of energetic particles, to match the
data. A critical aspect is the onset and the duration of the production of the most energetic
photons [42]. If they are emitted as a continuation of the synchrotron spectrum, they
should be highly correlated with the low energy radiation. On the contrary, the interaction
of several emitting regions, or the presence of non-leptonic contributions, can lead to
the prediction of delayed high-energy emission [43]. Although the currently available
observations tend to favor a delayed detection of energetic photons, the existence of earlier
VHE contributions is not ruled out and it represents a critical factor to discriminate between
different possible scenarios. More accurate spectral models would need to take into account
the evolution of the system and the probably important effects of non-homogeneity and
orientation. We also must consider the possibility that the existence of very energetic
photons (up to the TeV scale) in a presumably dense environment can lead to important
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photo-hadronic interactions and, therefore, to potentially much more elaborated spectral
forms. This type of processes is actually expected to occur when the jet plasma collides with
the external environment, therefore taking a major role in the afterglow emission. The true
nature of GRBs in their initial stages, however, will only be clarified when precise spectral
and temporal information on their most energetic emission at early times are obtained.

3. VHE Properties of GRBs

So far, the direct detection of VHE radiation from GRBs has only been possible for a
limited number of cases, thanks to ground-based follow-up observations. The monitoring
campaign carried out by the Fermi Large Area Telescope (Fermi-LAT) [44] led to the identi-
fication of a high-energy spectral component, coming in the form of power-law emission,
which appears to be a common feature of bright GRBs and may even arise very early in
the event [45]. Identifying the origin of this component and its relationship with the low
energy portion of the spectrum has important implications on the interpretation of GRBs.
If it arises as a high-energy extension of the synchrotron spectrum, we would expect a
strong degree of correlation between different spectral bands, with direct implications on
the energy of the radiating particles. If, on the contrary, it represents an independent contri-
bution, its distribution among GRBs and its spectral characteristics may prove fundamental
to understand its origin. The data collected so far, however, do not yet allow the drawing
of a conclusive picture.

Due to its limited collecting area, the LAT cannot place strong constraints on the
spectral features of short transients at E > 100 GeV. In the assumption of a composite
synchrotron and inverse Compton spectrum, the upper limits placed above ∼30 GeV
for the VHE detected GRB 190114C represented an invaluable reference to estimate the
transition between the two regimes, though the possibility of alternative interpretations
and the limited temporal information still leave room for open questions. In any case, the
results of Fermi-LAT observations can be used as a starting point to estimate the possible
extension of the GRB properties to the VHE domain and therefore evaluate their detection
possibility with other instruments.

Assuming, for the sake of simplicity, that the temporal evolution of the spectrum
is only limited to a scaling factor, without relevant spectral changes, we can express the
high-energy spectrum of a GRB as a function of energy in the form of:

dN(t)
dE

= N0(t)
(

E
E0

)−α

exp[−τ(E, z)] [photons cm−2 s−1 GeV−1], (4)

where N0(t) is the flux of photons per unit energy observed at time t and pivot energy E0,
α is the spectral index, which is often within the range 1.5 6 α 6 3, with an average value
close to 2, and τ(E, z) is the opacity due to pair production on EBL, given as a function of
energy and redshift. The temporal evolution of the flux is typically well represented by a
power-law, or a broken power-law, which can be written as:

N0(t) =


Npeak

(
t− T0

Tpeak − T0

)
for T0 6 t < Tpeak

Npeak

(
t

Tpeak

)−γ

for t > Tpeak,

(5)

where we denoted with T0 the trigger time, with Tpeak the time taken to achieve peak
emission, with Npeak the maximum flux, and γ the temporal evolution index, which is often
found to be 1 6 γ 6 2.

Using the second catalog of Fermi-LAT detected GRBs (2FLGC) [45], which provides
measurements of the observed photon fluxes in the energy range between 100 MeV and
10 GeV, together with information on the spectral index and on the light-curve shape, for
a sample of GRBs observed during 10 years of regular monitoring operations, we are
able to apply Equation (4), with the inclusion of Equation (5), to estimate the expected
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high-energy fluxes as a function of time, as illustrated for instance in Figure 2. In principle,
we can extend this type of spectra to the VHE domain and, thus, obtain an estimate for
the expected fluxes. In practice, this operation is not directly possible, due to the lack of
a redshift measurement for most of the LAT detected GRBs, which implies an unknown
EBL opacity in Equation (4). Although the effects of EBL are generally negligible for the
observed LAT band, they become quickly very important at higher energies, with a typical
EBL opacity horizon set by τ = 1 for z ≈ 1 already at E = 100 GeV [41]. For this reason,
we combined the spectral and temporal fits, which we obtained from the LAT data, with a
set of simulations, aiming at estimating the effects of EBL opacity on the VHE extension of
the GRBs that resulted in the observed LAT fluxes.

Figure 2. Comparison between the Fermi-LAT light curve of GRB 130427A and the model based on
Equations (4) and (5). The vertical blue dashed lines mark the temporal window of the LAT signal,
the red horizontal line is the average energy flux collected during the emission, the green continuous
line is the 2FLGC broken power-law fit to the data, while the blue continuous line is a model using
the light curve of Equation (5).

The approach that we adopted in our simulations was to extract the fluences of all the
LAT detected GRBs, reported in 2FLGC, and to assign a set of 1000 random redshift values
to each GRB without an available redshift measurement. The result of this process is the
production of 1000 random GRB redshift distributions, corresponding to an equal number
of random luminosity distributions, all of which yield the observed 2FLGC population. As
shown in Figure 3, the simulation set provides a distribution of GRB luminosities which is
in good agreement with the one followed by the 2FLGC GRBs with a measured redshift.
The combination of all the different simulations, therefore, can be used to estimate the
likelihood that a GRB with measured spectral and temporal characteristics is associated
with a specific redshift range (see [46] for more details on the simulation process).
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Figure 3. Comparison between the luminosity estimated in the LAT band 0.1 GeV 6 E 6 10 GeV
for the 2FLGC GRBs with a redshift measurement (large red dots) and the luminosity of the 2FLGC
GRBs with 1000 randomly distributed redshifts (small blue points).

4. Monitoring GRBs with SWGO

Both theoretical and observational arguments suggest that VHE emission is an im-
portant property of GRBs. This is a well verified feature in the afterglow of some bright
events. Evidence for the existence of energetic photons in the prompt phase is much harder
to obtain, although there are some Fermi-LAT detected bursts that hint in this direction.
Solving questions such as the occurrence rate of energetic spectral components in GRB af-
terglows, the existence of fast VHE pulses associated with the prompt stage, and assess the
delay in the onset of VHE components is a problem that requires an extensive monitoring
campaign, possibly covering a large sample of GRBs with an instrument characterized by a
large collecting area. At present, several experiments are available or are being constructed
to provide VHE spectral coverage with different sensitivities and resolution.

The SWGO collaboration is currently investigating the design of a new WCD array-
based EAS observatory, to be constructed in the Southern Hemisphere [47]. The target
performance domain is summarized in Figure 4, together with the sensitivities achieved
by other instruments and with a comparison of the expected limiting fluxes with the ones
emitted by GRBs that were detected in the HE and VHE domains. The role of such a new
instrument will be to provide constant scanning of a wide FoV in the Southern sky, thus
complementing the FoV covered by Northern facilities such as HAWC and LHAASO and
providing a triggering and alert system for CTA. Adopting a compact array concept with
a collecting area of 80,000 m2, located in a high-altitude site (>4400 m a.s.l.), this type of
instrument has the possibility to probe the flux range that we expect to be characteristic of
GRB emission, with a transient localization accuracy α68 6 1o below 1 TeV, although the
possibility to detect different types of events depends critically on the overall instrument
performance and on its ability to probe the lower part of the spectral range, where the effects
of EBL opacity are less severe and a larger volume of the Universe is potentially accessible.



Galaxies 2021, 9, 98 8 of 13

Figure 4. (Left panel) Differential sensitivity to the flux of a point-like source located at zenith
distance ϑ = 20o for SWGO, HAWC and LHAASO (computed for 1 year of data taking) and for
MAGIC, H.E.S.S. and CTA (computed for 50 h of exposure time). Different fractions of the Crab
Nebula flux are also shown for comparison. (Right panel) Expected detection times for a GRB with
the temporal and spectral characteristics of GRB 130427A, located at redshift z = 0.34, for different
fractions of the optimal SWGO performance, taken integrating the spectrum above thresholds of
E = 125 GeV, 250 GeV and 500 GeV. For each case, the blue crosses mark the time required to
accumulate an integrated flux above the corresponding detection threshold. The black points with
error bars denote the temporal evolution of the VHE flux detected by MAGIC for E > 300 GeV from
GRB 190114C [1].

To test the potential role of SWGO as a monitoring and alert system, we took the
sample of GRBs with simulated redshifts, discussed in §3, and we calculated the expected
VHE fluxes, integrating Equation (4), with the inclusion of Equation (5), in time and in
energy, using the spectral and the temporal characteristics extracted from 2FLGC and
applying the γγ absorption effects predicted by an EBL opacity model [39]. The results
of these calculations are summarized in Figure 5 for different possible performances of
the experiment. The plots shown in Figure 5 represent the number of simulated redshift
distributions that result in the GRB detections reported on the x-axes out of a total of
1000 simulations. Although we observe that all the explored configurations have some
degree of detection chances, we can easily verify that an instrument performing at the
optimal sensitivity, down to a low energy threshold of Elow = 125 GeV, has a predicted
ability to detect significantly more than 10 GRBs in 10 years in approximately 75% of the
simulated scenarios, provided that they occur within a zenith distance of ϑ 6 20o. Adopting
lower performance solutions, or using a spectral window with a higher limiting threshold,
such as 250 GeV or 500 GeV, leads to lower detection chances, due to the loss of many
relatively low-flux events and to a more severe effect of EBL opacity, which limits the visible
horizon to a smaller volume of the Universe. Incidentally, these calculations approximately
correspond to what we would expect at larger zenith distances and, therefore, within
increasing fractions of the available FoV, from an optimally performing solution. As a
result, even if the FoV covered by a ground-based instrument below 1 TeV is smaller than
the one that was available in the case of the Fermi-LAT observations, by taking into account
the estimated distribution of expected GRB fluxes, we can conclude that the possibility to
detect more than 1 event per year is a reasonable expectation. Due to the characteristic
shapes of the tested light-curves, which are generally dominated by the peak flux, a fraction
of approximately (78± 16)% of these detections is estimated to occur within the first 10 s
of the event, resulting in promisingly good chances to investigate the elusive properties of
the prompt emission.
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Figure 5. From upper left to lower right: histograms of the number of expected detections of
GRBs extracted from 2FLGC and associated with 1000 random redshift values, computed for flux
integrations above a low energy threshold of Elow = 125 GeV (red histograms), 250 GeV (blue
histograms) and 500 GeV (green histograms), with an overall performance reaching up to 100%, 75%,
50% and 25% of the optimal SWGO sensitivity and zenith distance up to ϑ = 20o. The optimal SWGO
design is expected to be able to detect more than 10 GRBs in an observing period of 10 years in more
than 750 simulations out of 1000. Reductions of performance or higher energy thresholds reflect in
gradually lower expected detection chances.

5. Conclusions

Investigating the VHE properties of GRB will have fundamental implications in
our understanding of these extremely powerful events. The existence of VHE radiation
components, particularly if associated with the prompt stage, represents a fundamental
piece of information to model the physics of the radiating environment, thanks to the
strong implications that VHE spectral and temporal properties have on the radiating
species. The degree of correlation, or the occurrence of delays of the energetic components
with respect to lower energy emission, depend on the particle energy distribution and on
the interactions within the emitting regions, or between these regions and the environment.
Testing the distribution of these properties among long and short GRBs will reduce the
ambiguity implied by the partial overlap of these classes and further characterize the jets
produced in the two cases. In addition, the possibility to verify whether the early VHE
emission is dominated by smooth temporal evolution or irregular variability will improve
our understanding of the transition between the prompt stage and the afterglow emission,
providing invaluable information on the close GRB environment.

In our investigation, we used the HE data from GRBs detected during the first 10 years
of Fermi-LAT observations, to infer the expected properties of GRBs in the VHE domain.
Using the spectral and timing information of the LAT detected events, to estimate the
expected fluxes, with the aid of ancillary simulations to derive fiducial redshift distributions
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for most of the sources with unknown z, we extrapolated the predicted spectra up to the
TeV scale, taking into account the effects of EBL opacity. We then calculated the detection
prospects of the resulting GRB distributions for different performances of the experiment,
based on estimates of the SWGO potential. We found that a new monitoring facility, with
the characteristics investigated by the SWGO collaboration, could effectively monitor VHE
emission from GRBs, providing localization information at the level of a few square degrees
and reaching timescales of less than 10 s for the brightest events. This is a time domain that
is very hard to explore with IACT facilities, despite being critical to distinguish whether
the high-energy component is a spectral extension, characteristic of powerful bursts, or the
result of an additional process, dominated by some external contribution. With the ability
to trigger on VHE transient signals, the localization regions of Multi-Messenger source
candidates will further improve and the efficiency in the execution of follow-up campaigns
will subsequently increase.
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Abbreviation
The following abbreviations are used in this manuscript:

2FLGC 2nd Fermi-LAT Gamma-ray burst Catalogue
BH Black Hole
CTA Cherenkov Telescope Array
GRB Gamma-Ray Burst
GW Gravitational Wave
EAS Extensive Air Shower
FoV Field of View
H.E.S.S. High-Energy Stereoscopic System
HE High Energy
HAWC High-Altitude Water Cherenkov
IACT Imaging Atmospheric Cherenkov Telescope
LHAASO Large High-Altitude Air Shower Observatory
MAGIC Major Atmospheric Gamma-ray Imaging Cherenkov
NS Neutron Star
SWGO Southern Wide-field-of-view Gamma-ray Observatory
VHE Very High Energy
WCD Water Cherenkov Detector
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