

  galaxies-10-00067




galaxies-10-00067







Galaxies 2022, 10(3), 67; doi:10.3390/galaxies10030067




Review



The Detection of GRBs at VHE: A Challenge Lasting for More than Two Decades, What Is Next?



Alessio Berti 1,*,†[image: Orcid] and Alessandro Carosi 2,*,†[image: Orcid]





1



Max-Planck-Institut für Physik, D-80805 Munich, Germany






2



INAF-Osservatorio Astronomico di Roma, I-00136 Rome, Italy









*



Correspondence: aberti@mpp.mpg.de (A.B.); alessandro.carosi@inaf.it (A.C.)






†



These authors contributed equally to this work.









Academic Editors: Elena Moretti, Francesco Longo and Yi-Zhong Fan



Received: 10 March 2022 / Accepted: 18 April 2022 / Published: 10 May 2022



Abstract

:

Unveiling the mystery of gamma-ray bursts (GRBs) has been the target of many multi-waveband observational and theoretical efforts during the last decades. The results collected by current and past space-based instruments have provided important insights into the mechanisms at the origin of their prompt and afterglow phases. On the other hand, many questions, such as the the origin of the multi-GeV signal observed in a large number of events, remained unanswered. Within this framework, the first firm detections of a very-high-energy (VHE,   E ≳ 100    GeV) emission component by MAGIC and H.E.S.S. collaborations represented an important, long-awaited result for the VHE astrophysics community. However, while such discoveries opened a new era in the study of GRBs, they also provided an unexpected complexity due to the differences between the phenomenology of the observed events. This revealed that we still have an incomplete comprehension of GRB physics. In the nearby future, observations by the Cherenkov Telescope Array Observatory (CTAO), with unprecedented sensitivity in the VHE band, will have a key role in the study of these enigmatic objects and their interactions with the surrounding environment. In this review we will cover the recent GRB history, highlighting the efforts of follow-up campaigns by the VHE community that led to the first VHE GRB detection, and outlining what we can expect from future facilities in the next decades.
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1. Introduction


In 2019, the announcement of the first detection of VHE gamma-ray emission from GRB 180720B [1], GRB 190114C [2], and GRB 190829A [3] represented a long-awaited result for the astrophysical community and the end of a quest lasting for more than twenty years. The detection of a VHE counterpart of GRBs always posed a major challenge for imaging atmospheric Cherenkov telescopes (IACTs) from both the technical and the scientific point of view see, e.g., [4,5]. On the other hand, catching such a signal has a crucial impact on understanding the poorly-known physics of these objects during the different phases of their emission, motivating the continuous efforts in the VHE observational window. In fact, the observed radiation still has an uncertain origin in many aspects. According to the widely accepted relativistic shock model originally proposed in [6], GRB emission arises from the conversion of the kinetic energy of a relativistic outflow into electromagnetic emission. The details of this conversion remain poorly understood. However, the dissipation might happen in the form of collisionless shocks between the relativistic flow itself (internal shocks, responsible for the prompt phase) or with the circumburst medium (external shocks, responsible for the afterglow emission phase). Alternatively, other dissipation mechanisms have been considered in literature and, noticeably, the possibility of having magnetic reconnection events as the base for particle acceleration; see, e.g., [7,8]. The nature of the possible radiative processes at work is also not firmly established yet. Particles inside the outflow and accelerated towards relativistic regime can emit the observed high-energy photons via many possible non-thermal mechanisms, in particular during the early afterglow phase. In this regard, the prompt-to-early-afterglow phase still remains the least understood in GRB dynamics. Prompt emission spectra have been largely fitted through the so-called Band function [9], an empirical function composed by two smoothly connected power-law functions at a specific break energy. While historically the band function worked quite well in fitting prompt spectra in the 10 keV–1 MeV range for many GRBs, more recent works have showed that extra emission components in the form of an additional power-law and/or a photospheric blackbody component are needed to better fit the observed emission both at lower and at higher energies with respect to the GRB peak energy (see, e.g., [10,11] and references therein). Such components might account for a revision of the theoretical interpretation of the observed radiation as possible synchrotron emission from electrons accelerated within the relativistic outflow. Synchrotron emission has been shown to be in tension with experimental data in many events; see, e.g., [12,13]. Nevertheless, synchrotron is believed to play an essential role in GRB physics and it has been largely considered as the most natural process to explain the GRB sub-MeV emission both during the prompt and afterglow; see, e.g., [14,15,16]. Furthermore, it has also been suggested that the high-energy photons above ∼10 MeV observed by the Fermi-LAT (Large Area Telescope) [17], and extending after the end of the prompt emission, might be generated by synchrotron radiation produced in external shocks [18]. However, the observation of an emission component at VHE, as recently detected by current IACTs, challenges the synchrotron-alone emission models and, ultimately, the particle acceleration mechanisms at work in GRBs. In internal/external relativistic shock models, particles can be accelerated up to a maximum Lorentz factor achieved when the comoving acceleration time matches the typical radiative cooling time. The corresponding maximum photon’s energy emitted by a synchrotron is around ∼50 MeV in the comoving frame corresponding to an observed   E  max   ∼50   MeV × Γ / ( 1 + z )   (synchrotron burnoff limit), where  Γ  is the bulk Lorentz factor of the relativistic outflow and z is the redshift of the source. In the case of GRBs, arguments for the hypothesis of an emitting region moving towards the observer with a bulk Lorentz factor  Γ ∼  f e w × 100   are known and used to solve inconsistencies between the observed non-thermal emission above the pair production threshold (  γ γ →  e +   e −   ) and the time variability observed during the prompt phase; see, e.g., [19]. With the Fermi satellite, some firm estimations for  Γ  have been achieved using the maximum photon’s energy detected by Fermi-LAT in the GeV band. For some particularly bright GRBs, values exceeding ≈  10 3  , as in the case of  Γ ∼900 for GRB 080916C [20] and  Γ ∼1200 for GRB 090510 [21], have been measured. Although those values dramatically differ from any other relativistic motion observed in other astrophysical sources, they would still appear moderate if considering the signal caught by IACT in the hundreds of GeV or even TeV band. Furthermore, after the end of the prompt phase,  Γ  decreases with time [22], implying that the maximum energy achievable by synchrotron photons decreases as well. Thus, HE and VHE signals detected deeper in the afterglow phase, such as in the case of GRB 190829A, abundantly exceed the synchrotron burnoff limit, challenging the simple shock acceleration/synchrotron model. The complexity of scenarios provided by the latest IACT results shows a still unsatisfactory level of comprehension of GRB physics and the importance of continuing the observation of GRBs in the VHE band with next-generation IACTs. In the coming decades, the premier facility for VHE astrophysics will be the CTA observatory that will perform observations in the >10 GeV range with unprecedented photon statistics and sensitivity, allowing to investigate the parameter space of a wide range of VHE-transient emitters and their characteristics.



In this paper, we will revise the main experimental results that historically helped in shedding light into the GRB physics in the HE (high energy,   E ≳ 100    MeV) and VHE domains. The paper is organized as follows: in Section 2 we briefly introduce the theoretical emission models used to interpret GRB HE and VHE emission. In Section 3 and Section 4 we will summarize the main experimental steps that brought us to the detection of GRBs in the HE and VHE band. Section 5 investigates the open issues that still affect the characterization of GRBs at VHE and that will hopefully be solved by next-generation instruments finally described in Section 6.




2. Models for HE and VHE Emission in GRBs


Although not within the primary scope of this paper, it is important to briefly summarize the main interpretative models able to explain the emission at the highest energies. Many theoretical models were proposed in the last decades to explain the emission from GRBs, with predictions extending to the HE and VHE range. Usually, in these models, the origin of HE and VHE emission can take place in both internal or external shocks. In both cases, either leptonic or hadronic processes might be considered as possible explanation of the observed emission. As already mentioned in the previous section, synchrotron emission is one of the most discussed for the emissions in the keV-MeV band. At higher energy, synchrotron photons might interact through inverse Compton with ultra-relativistic electrons of the outflow. This amplifies the energy of the seed photons by a factor of   γ e 2  , where   γ e   is the electron’s Lorentz factor. Depending on the specific microphysical parameters of the emitting region, this synchrotron self-Compton (SSC) emission can arise and easily produce photons in the HE and VHE ranges. Detailed predictions for such a model are given in [23,24], where the suppression of inverse Compton due to the Klein–Nishina (KN) effect is also widely discussed. This effect can explain the delay observed between the keV and HE emission (see Section 3) if the KN regime is dominant at early times, but then at late times the inverse Compton enters the Thomson regime; see, e.g., [25,26,27]. Hadronic particles can be also shock-accelerated in the same way as leptons, influencing (potentially) the HE and VHE emission. Hadronic models comprise synchrotron emission from protons or cascade emission (synchrotron) from secondary pairs [28,29]. In the synchrotron scenario, the delay between low- and high-energy emission can be explained as the time required to accelerate protons to high enough energies. However, being a poor emitter compared to leptons, proton energy is mainly lost through p- γ  interactions rather than by synchrotron. In this case, the required energy budget to achieve comparable emission level with leptonic processes is normally well above the observed ones (≳  10 55   erg), although this requirement can be relaxed with a narrow jet opening angle (<1°). In the case of external shocks, one of the main models considered for HE and VHE emission is SSC at the (external) forward shock. In such a case, a separate component with a second peak at high energies is expected [14,15]. This model was largely used to explain the HE emission in some Fermi-LAT bursts (see, e.g., [30,31,32]), as we will describe further in the next sections. SSC is proposed to produce HE photons also in the reverse shock [33] and it was shown to explain the HE component of some GRBs [34]. Furthermore, in the external shock scenario, hadronic models are also a possible option in order to account for HE and VHE emission. However, as in the internal origin case, hadronic processes suffer the same issue on the required energetics, although a possible non-dominant contribution to the overall HE-VHE emission cannot be completely excluded [35]. We refer to [36] for a more detailed review on theoretical emission models.




3. Gamma-Ray Bursts Observations at High Energies


The first systematic and comprehensive study of GRBs population was carried out by the space-based telescope Compton Gamma-Ray Observatory (CGRO), which operated for about 9 years between April 1991 and June 2000. Thanks to its four onboard instruments and, in particular, the Burst And Transient Source Experiment (BATSE: 25 keV–2 MeV) and the Energetic Gamma-Ray Experiment Telescope (EGRET: 20 MeV–30 GeV), it was possible to have an energy coverage ranging from the soft X-rays to the HE gamma rays. This provided the first meaningful interpretation of the GRB phenomenon. Specifically, thanks to EGRET, it was possible to start studying the properties of the high-energy emission (≳10–20 MeV) of GRBs for the very first time. A notable event was detected by EGRET on 17 February 1994, GRB 940217 [37]. The burst had a duration of 180  s  as measured by BATSE. Ten HE photons were detected by EGRET with energy up to ∼3 GeV during the prompt emission. Eight other HE photons were detected in the following ∼600 s. After the occultation due to the Earth, EGRET registered another 10 photons more than 4700  s  after the burst trigger. The highest-energy photon detected in this observation phase had an energy of 18 GeV (see Figure 1), and for many years it represented the highest energy photon ever detected from a GRB. This delay in high-energy emission was observed in other GRBs detected by EGRET, although not as evident as for GRB 940217 (see [38]). Furthermore, the detection of HE photons pointed out to the possible presence of additional spectral components overlapped to the classical sub-MeV band emission. From a different perspective, the presence of a delayed emission was also considered as an opportunity for TeV detectors, such as IACTs, that needed to be repointed for start follow-up but also for extensive air shower (EAS) arrays.



A hint of a distinct emission component in the HE range was found in the case of GRB 941017 [39]. This event showed a ≳200 MeV signal rising between 14 and 47 s after the   T 0   and lasted for approximately 200 s in addition to the typical GRB emission which peaked at ≲few hundred keV. The HE component is well fitted by a power law with index close to   − 1   up to 200 MeV throughout all the burst duration, while the low-energy spectrum was well described by the classical band function. Data were inconsistent with a simple synchrotron model interpretation, and other theoretical emitting scenarios were considered, such as synchrotron self-Compton (SSC) from the reverse shock, created when the GRB ejecta are decelerated by the ambient medium. Additional interpretations were also considered, such as a possible hadronic origin of the HE component, as well as an HE emission taking place in external shocks [33]. Despite these earliest observations that helped significantly in determining some HE properties of GRB, the limited statistics and the large dead time typical of EGRET did not allow to measure precise spectra and study in detail the short timescale variability in the emission, especially during the prompt phase. Many questions were left unanswered after EGRET stopped operations in 2000, mostly related to the jet physics, particle acceleration, and to the nature of the high-energy emission. In this context, there were many expectations for the launch of AGILE (Astro-Rivelatore Gamma a Immagini Leggero) and Fermi Gamma-ray Space Telescope (Fermi in short). Using silicon trackers, the limitations of the old generation of gamma-ray imagers, such as the small FoV and the large dead time, were partially solved. AGILE, launched in 2007, was the first instrument with this kind of technology, followed by Fermi in 2008. These satellites opened a new era in the studies of GRBs in the HE band.



AGILE’s onboard instrumentation includes a gamma-ray imaging detector (GRID) sensitive in the 30 MeV–50 GeV band, a hard X-ray monitor (SuperAGILE: 18–60 keV), and a mini-calorimeter (MCAL) non-imaging gamma-ray scintillation detector sensitive in the 350 keV–100 MeV energy range [40]. With the detection of GRB 080514B [41], AGILE confirmed the presence of a delayed and relatively long-lasting high-energy emission, as seen in the EGRET events. The burst was detected by all the instruments onboard AGILE: GRID detected photons from 25 MeV up to 300 MeV, while in the hard X-ray band (SuperAGILE), the 17–50 keV light curve showed a multi-peaked structure with a total duration of 7  s . The high-energy emission did not show any correlation with these peaks, and only three photons above ∼  30    MeV were detected within 2  s  from   T 0  . All the other high-energy photons were recorded when the X-ray emission had already faded, up to ∼  30   s   after the burst onset.



GRB 100427B [42] is another notable GRB detected by AGILE. Both the MeV and GeV light curves show two bumps where the second peak is broader than the first, with no significant delay with respect to the lower-energy emission in the X-ray band. The second bump resulted harder then the first, and spectral evolution between the bumps and the inter-bump region in MCAL data were detected at the level of   4.0 σ  . A single power law was shown to be adequate to model the spectrum from 500 keV to   3.5   GeV, given that the spectral index of the MCAL + GRID data and GRID data only were compatible with each other. Even if the redshift was not measured for this GRB, given the highest energy photon of   3.5   GeV, the minimum Lorentz factor during the prompt emission was constrained to be between 50 and 900. For other GRBs observed by AGILE, not detected by GRID, upper limits were derived and found to be consistent with an extrapolation of the band spectrum up to GeV energies; see [43].



Fermi was launched in 2008, approximately one year after AGILE. Fermi uses the same detector technology as AGILE and it was designed to be a proficient gamma-ray satellite with improved capabilities with respect to previous-generation gamma-ray detectors. The spacecraft hosts two instruments on board. The gamma-ray burst monitor (GBM) is composed of 14 scintillators (twelve sodium iodide and two bismuth germanate) and covers the energy range from a few keV to ∼  30    MeV [44]. With a field of view of almost   4 π  , it is devoted to the detection of GRBs or other burst-like sources and to the quick distribution of GRB localizations. The second instrument is the pair-production telescope LAT [17], operating in the energy range 20 MeV–300 GeV. The adoption of the silicon strips detector technology for the Fermi-LAT led to substantial improvements in terms of angular resolution and timing capabilities. Thanks to a big calorimeter, the sensitive energy range of the Fermi-LAT extends up to few hundreds of GeV, also providing a good energy resolution. Owing to its efficient design, Fermi delivered and is still delivering more detailed results and the highest statistics for studying GRBs in the HE regime. At the same time, it is providing an invaluable overlap with ground-based VHE facilities.



GRB 080825C [45] was the first GRB detected by Fermi-LAT, a long burst with    T 90  = 27 s  . The highest-energy photon was a   572 ± 58   MeV photon detected at ∼   T 0  + 28 s  , just after the low-energy emission measured in Fermi-GBM faded almost completely. The spectrum of GRB 080825C in different time bins is well fitted by a band function with a hard-to-soft evolution of the   ν  F ν    spectrum peak energy (   E peak   ). In the last time bin, the spectrum is well described by a power law with a harder index −1.95 ± 0.05. This property and the low flux ratio between the first two peaks in the Fermi-LAT light curve may suggest a different region of origin for their emission: within the internal and external shock respectively [45].



GRB 080916C [20] is the second Fermi-LAT detected burst and one of the brightest in the Fermi-LAT GRB sample, with a measured redshift of   z =  4.35 ± 0.15    and a total isotropic energy release of   8.8 ×  10 54    erg. Compared to the signal measured in Fermi-GBM, this GRB showed a delayed onset of the LAT pulse and a longer-lived emission in the ≳100 MeV band. These features will be confirmed in other GRBs detected at HE. The comparison between the Fermi-GBM and the Fermi-LAT light curves (Figure 2) showed that the first Fermi-GBM peak has no corresponding peak in the Fermi-LAT light curve. The first Fermi-LAT pulse is instead temporally coincident with the second Fermi-GBM peak. A common origin for the two peaks but in spatially different regions is the most likely explanation, with different pairs of colliding shells within the internal shock scenario. The long-lasting emission above 100 MeV was detectable up to    T 0  + 1400 s  , well after the low energy emission faded. The time decay of the high energy flux is well fitted by a power law   t  − α    with   α =  − 1.2 ± 0.2   , a value that is typical for other Fermi-LAT-detected GRBs. The Fermi-GBM flux decays as   t  − 0.6    up to    T 0  + 55 s   with a steepening in the index ( α ∼  − 3.3  ) afterward. This might indicate a different nature of the high-energy emission, although no spectral hardening is seen in the Fermi-LAT late spectrum, as in the case of GRB 080825C. As in other HE detected burst, GRB 080916C data were used to set a lower limit to the Lorentz factor of the blast-wave,    Γ min  =  887 ± 21   . Even if most of the Fermi-LAT-detected GRBs belong to the long class, it helped to study the high-energy emission of short GRBs as well. Among them, some interesting cases are GRB 081024B [46] and GRB 090510 [21,47].



GRB 081024B is the first short GRB detected by Fermi-LAT, with a duration of   0.8    s . In addition for this GRB, the emission above 100 MeV is delayed and is long-lasting (   T 90  = 2.6 s   above 100 MeV).



GRB 090510 is a short GRB which was detected by both AGILE and Fermi. Both instruments confirmed the presence of a ∼   0.1   s-delayed HE emission component after the onset measured in Fermi-GBM. The detection of a   30.5   GeV photon during the prompt phase allowed an evaluation of the bulk Lorentz factor that resulted in a very high lower limit of    Γ  m i n   ≳ 1200  , assuming the estimated redshift   z = 0.903  . However, the most remarkable feature of GRB 090510 is that its time-integrated spectrum for the GBM+LAT prompt emission data cannot be fitted with a simple band function. An additional power law component with index −1.62 ± 0.03, dominant below 20 keV and above 100 MeV, is needed to describe the spectrum (see Figure 3) [21]. In the afterglow phase, a signal has been detected by Fermi-LAT up to   ∼  T 0  + 150 s  , which prompted several theoretical interpretations for both the prompt and afterglow phases. Some of them consider synchrotron radiation as theoretical interpretation of the low-energy (band) emission while the hard extra-component is generated by the synchrotron photons Compton upscattered by the same electrons accelerated in the shock (synchrotron self-Compton); see, e.g., [48]. This scenario is commonly used to model emission in other VHE sources, such as blazars, and the SSC component results are stronger for a large ratio of non-thermal electron to magnetic-field energy density and low values of  Γ . However, in the case of GRB 090510, such an interpretation has difficulties in explaining the delayed onset of the high-energy emission. For example, the SSC model predicts a too-short delay in the assumptions of weak magnetic field [21]. Hadronic scenarios were also proposed but the proton injection isotropic-equivalent energy required is more than two orders higher than the one actually measured for the burst [49]. These observations of short GRBs show that they can be as relativistic as long GRBs and that they seem to have a better efficiency in emitting gamma rays, given that the energy emitted in the high-energy (100 MeV–10 GeV) band is greater than the one at low energy (20 keV–2 MeV). However, the statistic is still limited to few bursts to draw a definitive conclusion.



As a final example, it is worth to report the Fermi-LAT detection of GRB 130427A, one of the most powerful GRBs observed at redshift   z = 0.34   [50]. The event showed the highest fluence (  4.2 ×  10  − 3     erg/cm   2   from 10 keV to 20 MeV), the highest energy photon (95 GeV at    T 0  + 244 s  ), and the longest-lasting HE emission extending up to 100  k  s  after the trigger. It had a total apparent isotropic gamma-ray energy release of ∼  1.4 ×  10  − 54      erg   . The event showed a delayed emission starting about 10  s  after the trigger when the Fermi-GBM brightest emission already ended. Therefore, the Fermi-LAT emission is temporally distinct from the one in Fermi-GBM (see, e.g., Figure 1 in [50]), and this suggests different regions or mechanisms for the two emissions. Having a 95 GeV photon in the early afterglow and a 32 GeV one at    T 0  + 34.4  k s   , it is difficult to accommodate them within the standard synchrotron emission from electrons accelerated in the external shock or in the SSC scenario, at least according to [50]. In [51], the combined X-ray, GeV, and optical data were used to fit the spectrum with a single synchrotron component while authors in [32] proposed an afterglow SSC emission to explain the long-lasting emission. These results show the puzzling interpretative scenarios of GRBs at HE and the lack of a clear physical explanation, both in the prompt and in the afterglow phases.



Summarizing, AGILE and Fermi showed that HE emission from GRBs share some common features:




	
The band model is not able to describe the joint low- and high-energy spectra. An additional component (e.g., extra power law) or a cutoff are needed, with no unique solution for all GRBs. Other GRBs may require an additional thermal blackbody component.



	
Fermi-LAT-detected GRBs are among the brightest detected by the Fermi-GBM. The energy released in high-energy gamma-rays (>  100    MeV) in the extended temporal phase is about 10% of the total energy radiated in the prompt phase.



	
The high-energy emission is delayed and longer-lasting with respect to the low-energy one. It might extend in time well after the low-energy emission has faded. The temporal decay is generally consistent with a power law behavior   t  −  α L     with   α L  ∼1.








These conclusions are the same as those resulting from the first Fermi-LAT GRB catalog, presented in [52], an in-depth systematic study of Fermi-LAT-detected GRBs in the first three years of the mission.




4. GRB Observation at VHE: The Story So Far


The field of VHE transient astronomy has been rapidly evolving for the last 30 years, mainly (but not only) due to the development of the imaging atmospheric Cherenkov technique. Towards the end of the last century, the first IACT experiments were built and started operation, proving the robustness and reliability of this detection technique through the first detection of the standard candle VHE emitter, the Crab Nebula [53]. In parallel with the confirmation of the IACT technique, GRBs science was entering for the first time in a phase of systematic population studies thanks to the BATSE and EGRET instruments on board the CGRO (see Section 3) but also to the BeppoSax satellites, launched in 1996 [54]. The latter, thanks to the contemporary presence on the same platform of both wide- and narrow-field instruments, was able to provide, for the first time, arcminute localizations of GRB positions although with ∼ hours delay timescale. As reported in the previous section, the discovery of a delayed and persistent HE emission component in some of the EGRET-detected events (see, e.g., [37]) definitively pushed the search for a component also at VHE. Real-time triggers provided through the BATSE Coordinates Distribution Network (BACODINE) and the third Interplanetary Network IPN- [55], although with relative large uncertainties in the localization (≳few degrees), allowed, for the first time, the rapid follow-up by ground-based telescopes including the earliest VHE facilities, such as the first IACTs and EAS arrays. Although not presenting imaging capabilities, EAS arrays were able to cover a wide portion of sky, allowing for offline search of a coincidence signal in the ultra-high-energy (UHE) gamma-ray band (≳100 TeV). Such a search for emission of TeV/PeV gamma rays associated with GRBs has been extensively reported in literature by many different EAS collaborations, such as CYGNUS-I [56], HEGRA-AIROBICC [57], CASA-MIA [58], and EAS-TOP [59]. None of these revealed any convincing evidence for emission in the >100 TeV band. It is important to remark that at the time of these observations, a firm determination of GRB distance was still missing and the detection of ≳100 TeV photons represented a concrete possibility and an important insight into the origin (cosmological or local) of these events. A largely discussed, although not conclusive, hint for an emission in the ∼TeV band came from the Milagrito experiment [60]. Milagrito was a TeV EAS array based on the water Cherenkov detection technique, a prototype of the larger Milagro detector. The array operated between February 1997 and May 1998 in the 500 GeV–20 TeV energy range, observing 54 BATSE GRBs localized in its field of view. A possible ∼  3.5 σ   evidence of TeV emission was found in the case of GRB 970417A, likely caused by photons of ≳650 GeV [61]. This measurement could indicate the first detection of a GRB in VHE regime; however, the weakness of the signal did not allow any spectral analysis of the event. Moreover, no other similar detection was observed by the later Milagro experiment in the same energy range, making the reliability of this observation less constraining.



The first follow-ups by an IACT at lower energies compared to EAS arrays (above ∼250 GeV), took place at the beginning of the 1990s, thanks to the Whipple 10 m reflector. These observations represented the first use of the IACT technique in exploring the GRB phenomenon complementing, although not yet overlapping, the band coverage guaranteed by the contemporaneous space-based instrumentation. Whipple reported no significant emission in the VHE band from a sample of nine GRBs observed between May 1994 and December 1995. The obtained upper limits are of the order of that expected for prompt emission if the burst emission extends to TeV energies with a band-like extrapolation without breaks or cutoff [62]. This confirmed the effectiveness of the IACT technique in proving GRB physics while pointing out some of the main difficulties of these follow-ups. Differently from EAS array, being (relatively) narrow field instruments, IACTs need to be repointed to GRB coordinates in order to start the follow-up. This introduced a delay that, for these earliest observations, ranged from 2 to 56 min. Furthermore, due to the large uncertainty in the BATSE localization of the events, the majority of the observations were performed with the source located off-axis (or in some case outside the telescope’s field of view), significantly decreasing the sensitivity of the instrument and requiring multiple pointings to scan the burst region (Figure 4). The necessity of having rapid repointing and follow-up observations was the core issue in 2004 of the launch of the Swift satellite [63]. Swift operates as a multi-band satellite incorporating three different instruments: a large FoV soft-gamma detector for GRBs trigger (BAT, burst alert telescope: 15–150 keV) and two telescopes in the X-ray (XRT, X-ray telescope: 0.3–10 keV) and UV band (UVOT, UV optical telescope) for the low-energy follow-up. These instruments were mounted on an autonomously slewing spacecraft that, using the same driven-logic of BeppoSax, made possible the observation and the precise localization of GRBs within tens of seconds from the event onset. These key features significantly improved the understanding of the early afterglow phase and its connection with the prompt emission [64]. Almost in parallel to the launch of Swift, the new generation of IACTs MAGIC (https://magic.mpp.mpg.de/), H.E.S.S. (https://www.mpi-hd.mpg.de/hfm/HESS/), and VERITAS (https://veritas.sao.arizona.edu/) (all websites accessed on 10 April 2022) started operations opening a new phase in GRB study at VHE. Some of these telescopes were explicitly designed to optimize the follow-up observation of GRBs, with the aim to reach the few tens of GeV energy threshold, bridging the observational energy gap between the space-based instrumentation and enlarging the available gamma-ray horizon, one of the critical aspects for high redshift sources such as GRBs. Extensive follow-up campaigns on GRBs were performed by all IACTs collaborations along approximately 15 years of observations and they also progressively bridged the energy coverage gap with AGILE and Fermi. However, these extended observations did not report any conclusive evidence of VHE emission from the observed events. We briefly summarize the main outcomes of this first decade of observation.



	
MAGIC (Major Atmospheric Gamma Imaging Cherenkov) is a system of two 17 m IACTs, with a ∼  3 .  5 ∘    field of view located on the Canary Island of La Palma. Observations started in 2004 with a single standalone telescope until a second one was added in 2009, improving angular resolution and sensitivity. Extensive follow-up campaigns on GRBs were performed since the beginning of the operations, taking advantage of the instruments low-energy threshold (≲50 GeV) combined with a very fast respositioning speed (∼  7 ∘  /s). Despite the continuous improvement in instrument’s reaction to external GRB triggers and in data analysis along the years, no significance evidence of VHE emission was reported during the first ∼15 years of observations. However, remarkable results were achieved in terms of performance, such as the first follow-up of GRBs during the prompt emission phase for a bunch of events such as GRB 050713A (Figure 5, left panel), GRB 131030A, GRB 141026A, and GRB 150428B [4,65,66,67]. Furthermore, within the framework of relativistic shock-wave models, possible emission in the VHE band by synchrotron-self-Compton mechanism in afterglow has been modeled and discussed by the MAGIC collaboration in relation to the obtained upper limits on a few interesting events such as GRB 0804030 [68] and GRB 090102 (Figure 5, right panel), one of the first GRBs with simultaneous data taken with Fermi-LAT [5]. Although not particularly constraining, these results showed that IACT performances were mature enough to play an important role in GRB studies.



	
The High-Energy Stereoscopic System (H.E.S.S.) is an array of IACTs operating in Namibia since 2004. The so-called phase-I included four 12 m diameter telescopes, with an energy threshold of ∼100 GeV at zenith, and a   5 ∘   field of view. In 2012, a large 28 m diameter telescope was added to the array. This telescope is characterized by a faster repointing and large collection area (∼600 m   2  ) that guarantee an energy threshold of 50 GeV. Thus, it is a transient-oriented instrument. The introduction of the new telescope marked the beginning of the H.E.S.S. phase-II operations. Despite these improvements, also for H.E.S.S., the first 15 years of observations did not reveal any significant emission for the observed events. Collection of follow -ups and possible interpretation of the obtained upper limits are summarized in different collaboration works, such as in [69,70,71,72].



	
VERITAS (Very Energetic Radiation Imaging Telescope Array System) is an array of four 12 m IACTs located in Arizona operating in the ≳100 GeV band. The system is the successor of Whipple and has activated a GRB observing program since the beginning of the operations in 2007. VERITAS did not report any detectable VHE emission from the sample of the observed GRBs; however, in 2013, VERITAS was the only IACT able to follow up GRB 130427A, the first GRB observed at VHE (see Section 3). Unfortunately, VERITAS was only able to perform observations on GRB 130427A approximately 20 h after the event’s onset. Although at that time Fermi-LAT was still able to detect activity in the HE band, VERITAS did not report a significant emission in the VHE range.The achieved upper limits at ∼100 GeV were able to significantly constrain the proposed emission model, pointing out tensions within the Klein–Nishina and Thomson emission regimes [73] (Figure 6).






In parallel to these IACT observations, new EAS facilities, such as ARGO-YBJ, also started taking data in 2004 in the GeV band. No significant VHE emission was reported from any of the events located in the instrument field of view (see, e.g., [74]).



The VHE landscape on GRB study changed dramatically between 2018 and 2019 when the first detections were finally reported by the MAGIC and H.E.S.S. collaborations. These events are described in the following sections and their main parameters are summarized in Table 1.



4.1. GRB 190114C


On 14 January 2019, MAGIC detected a very significant (at   50 σ   level) emission between 300 GeV and 1 TeV from the long GRB 190114C [2]. The event, initially detected by Swift-BAT and Fermi-GBM, was a bright (   E iso   ∼  3 ×  10  53      erg    in the 1–  10 4   keV energy range), a long (   T 90  = 362   s   as measured by Swift-BAT) and quite nearby (  z = 0.4245  ) GRB.



Figure 7 shows the timescale of MAGIC follow-up observation: MAGIC received the alert from Swift-BAT 22 s after the GRB onset and started observations about 1 min after the GRB trigger under moderate moon conditions and at a relatively high zenith (58   ∘  ). The GRB was detected with the MAGIC’s real-time analysis with a significance of   20 σ   in the first 20 min of observations above an approximate threshold of 300 GeV. Later, the signal was confirmed up to   50 σ  -level in the dedicated offline analyses. The detection was reported as quickly as possible to the astrophysical community to strongly encourage the follow-up of this event at other wavelengths. Due to the timescale of early detection, one of the first questions to be answered was if the emission detected by MAGIC was related to the prompt or to the afterglow phase. While the value of   T 90   may indicate that such emission belongs to the prompt, detailed spectral and temporal studies of the keV–MeV data show that at ∼   T 0  + 25 s   the properties of such low-energy emission are more in agreement with the ones of the afterglow phase. This is additionally confirmed by the similar temporal decay index between the X-ray (from Swift-XRT between 0.1 and 1 keV) and the VHE (between 300 GeV and 1 TeV) energy light curves (Figure 8). The intrinsic spectrum of the GRB is compatible with a power law with spectral index of    α int  = − 2   between 0.2 and 1 TeV, with no indication of any break or cutoff beyond those energies at the 95% confidence level. Such a flat spectrum shows that the energy output in the VHE range might be considered relevant, turning out to be comparable to the energy release measured at lower energies. Given the high absorption of the VHE flux by the EBL at the redshift of the GRB, the observed spectrum by MAGIC is rather softer and best described by a power law with index    α obs  = −  5.43 ± 0.22   . This was tested against different EBL models, resulting in similar spectral indexes compatible within the statistical uncertainties.



The origin of the emission detected by MAGIC is one of the most critical issues. The similarity of the temporal decay in X-ray and VHE energy light curves suggests that the emission processes might be linked and have the same origin. While the simplest hypothesis is that the processes producing the X-ray and VHE photons are the same, namely, synchrotron emission from relativistic electrons accelerated at the external shock in the afterglow of the GRB, this explanation is ruled out if one takes into account that the detected photons largely exceed the synchrotron burn-off limit (see Section 1). Even assuming a Lorentz factor of ∼1000, which is not typical for GRBs, the maximum energy of the photons produced by synchrotron is at most around 100 GeV, even considering different density profiles of the interstellar medium density. Therefore, it is reasonable to assume that the VHE emission is due to a different process. In addition, extrapolating the low-energy synchrotron spectrum (from Fermi-GBM, Swift-XRT, and Fermi-LAT data) to VHE range would underestimate the MAGIC flux by approximately one order of magnitude, strengthening the conclusion that the VHE photons are actually produced by a different mechanism. However, the existence of a synchrotron burn-off limit intimately assumes that the radiation came from one single emission region. Having more emission regions might allow synchrotron photons to reach higher energies. In the assumption that the VHE emission is not due to synchrotron, the most simple alternative is the SSC.



The SSC scenario, as commonly observed in other sources such as blazars, foresees a spectral energy distribution (SED) characterized by two distinct emission peaks, one at low energies (X-ray band) due to synchrotron emission, and a second one at higher energies, often in the VHE energy range. The modeling of the GRB 190114C multi-wavelength data with a synchrotron plus SSC emission within the external shock scenario in the afterglow shows exactly these two-peaks features, confirming the presence of an emission component at VHE never observed before (Figure 9). Another remarkable result is the fact that the parameters describing the broadband emission of GRB 190114C have values similar to the ones found in previous studies of GRB afterglows when data only up to the GeV energies were considered. This may hint to the possibility that VHE emission from SSC may be present in all GRBs and that it could be detected by IACTs if favorable conditions apply, i.e., a low enough redshift and good observing conditions. This hypothesis can be confirmed only with the detection of more GRBs in the VHE band.




4.2. GRB 201216C


GRB 201216C was detected by MAGIC [77] after receiving a trigger from Swift-BAT [78]. This GRB belongs to the long class as well, and similar to GRB 180720B and GRB 190114C, was very bright, having    E iso   ∼  4.7 ×  10  − 53      erg    in the 10 keV to 1 MeV energy range. GRB 201216C was detected also in optical, where large extinction is present, and its redshift has been estimated to be   z = 1.1   [79]. MAGIC started the observation of the burst about one minute after the Swift trigger, for a total of 2.2 h of exposure. The source was detected with a significance of   5.9 σ   (post trial) using the first 20 min of data, which makes this the farthest source ever detected. The spectrum in the same time interval can be well described by a power law extending from 50 to 200 GeV, while the energy flux light curve decays monotonically with time [80].




4.3. GRB 180720B and GRB 190829A


GRB 190829A was detected by the Fermi-GBM on 29 August 2019 at 19:55:53 UTC [81] with a second detection by Swift that occurred 51 s later [82]. The measured redshift of   z = 0.0785   [83] implies a total isotropic energy release of ≈  10 50   erg during the prompt phase in both the Fermi-GBM and the Swift energy bands. This relatively low value placed GRB 190829A on the lower edge of the GRB energy distribution. Nonetheless, the very close-by distance made it a relatively bright GRB in the Swift-XRT band. H.E.S.S. observations were performed, starting at    T 0  + 4.3   h, once afterglow phase emission had already taken over. Follow-up was performed with the use of the four smaller telescopes of the H.E.S.S. array and at a starting zenith angle of ∼  40 ∘  , corresponding to an energy threshold of ∼170 GeV. The analysis reported a clear detection of a VHE gamma-ray signal during the first night with statistical significance of   21.7 σ   in 3.6 h of observation. Surprisingly, the GRB was also detected for the two forthcoming nights at    T 0  + 27.2   h and    T 0  + 51.2   h, with statistical significance of   5.5 σ   and   2.4 σ  , respectively. Figure 10 (left panel) shows the fading VHE signal measured during the three nights of observations. As for GRB 190114C, the X-ray and VHE gamma-ray light curves also show similar decay profiles with a time evolution characterized by a power law of index    α VHE  = 1.09 ± 0.05   and    α XRT  = 1.07 ± 0.09   in the H.E.S.S. and Swift-XRT bands, respectively. Despite these similarities, the interpretation of the VHE light curve and spectrum of GRB 190829A within the framework of the standard GRB afterglow emission model (such as for GRB 190114C) showed some tensions. The H.E.S.S. data were collected deep in the afterglow phase in a moment in which the bulk Lorentz factor of the outflow was evaluated to be  Γ ∼  4.7   and  Γ ∼  2.6   for the first and second nights of observation, respectively [22,83]. Thus, radiation of few TeV, such as the one measured by H.E.S.S., besides largely exceeding the synchrotron burn-off limit at these specific times, also results in tension with the synchrotron+SSC scenario. With these values of  Γ , the electrons producing the VHE emission likely lie in the Klein–Nishina regime. The corresponding reduction in the inverse Compton cross section would introduce a cut-off and a steepening of the flux at VHE. As it appears from H.E.S.S. results (Figure 11), this expected steepening makes it challenging for SSC models to simultaneously reproduce the observed X-ray and VHE spectra [3]. An intriguing possibility is to introduce a leptonic scenario with no limitation placed on the electron maximum energy (and, correspondingly, no synchrotron burn-off limit) that would allow synchrotron emission to produce VHE photons. Although this scenario reproduces the H.E.S.S. data (Figure 11) considerably better, it would require a significant re-evaluation of the relativistic shock-accelerated models. On the other hand, although alternative interpretations have been presented (see, e.g., [84,85]), attempts to model GRB 190829A afterglow using a leptonic synchrotron + SSC emission model have been reported with convincing results and with an obtained set of the shock’s microphysical parameters that are similar to those found for GRB 190114C [86].



GRB 180720B was detected by Fermi-GBM at 14:21:39.65 UTC [87], and 5 s later by Swift-BAT [88]. The event was also detected by the Fermi-LAT between   T 0   and    T 0  + 700   s with a maximum photon energy of 5 GeV at    T 0  + 142.4   s [89]. With a redshift of   z = 0.653   and an equivalent isotropic energy release of ∼  6 ×  10 53    erg in the 50–300 keV band, this event is one of the brightest GRBs ever detected by Fermi-LAT. The light curves show quite a conventional power-law behavior in both the X and the optical band with a temporal flux decay of index    α XRT  = 1.29 ± 0.01   and    α optical  = 1.24 ± 0.02  . In the HE band, the flux followed a slightly steeper trend with    α LAT  = 0.99 ± 0.04  , about   1 σ   from the mean value of the distribution of the decay indices of long GRBs detected by Fermi-LAT [1]. Observation by H.E.S.S. started at    T 0  + 10   h, and the source was detected at ∼  5 σ   level. The detection of a VHE emission at such late times into the afterglow phase implied the presence of very energetic particles accelerated (likely) at the forward shock. Similar to in the case of GRB 190114C, in [1] an SSC-emitting scenario was found to be reasonably in agreement with the observational data, although the marginal level of the significance did not allow more detailed investigation with high statistic and time-resolved spectra and light curve.




4.4. GRB 201015A


GRB 201015A was detected by Swift-BAT and followed-up by MAGIC, which reported an excess at the level of >  3 σ   in [75,90]. MAGIC observation started from   33   s   after   T 0  , lasting for about   4   h   under good weather conditions. The evidence of emission is found above an energy threshold of ∼  140    GeV. This GRB has some properties similar to GRB 190829A, in particular, the isotropic energy release    E iso   ∼   10 50    erg; however, it is located at a much farther distance   z = 0.423  , resulting in a stronger flux attenuation due to the EBL. With the publication of MAGIC data on this GRB, a more detailed comparison with GRB 190829A will be possible, giving more insights into VHE GRBs with rather low luminosity.



The observations performed by MAGIC and H.E.S.S. established the presence of a VHE emission component in both the early and late afterglow phase. For the former, the fast repositioning and reaction of the MAGIC telescopes played a fundamental role. For the latter, the merit is the well-thought strategy based on observational results from other bands. In both cases, these results have proved to be complementary, providing insights into the nature of GRBs and their VHE detectability at different times, constituting an important lesson for the future observation strategies of next-generation VHE facilities.





5. Advances in GRBs Studies and Open Issues at VHE


The detection of a VHE signal from GRB by MAGIC and H.E.S.S. (particularly GRB 190829A) provided a puzzling and unexpected complexity of scenarios, mainly due to the differences between the phenomenology of the observed events. GRB 190114C and GRB 190829A are events that stand on the opposite edges of the GRB energy distribution being on the ∼  30 %   sub-sample of more energetic burst for GRB 190114C (  E iso   =   3 ×  10 53    erg) and more than three orders of magnitude lower for GRB 190829A (  E iso   =   2 ×  10 50    erg). The two events also significantly differ in their temporal profile at VHE, with an extremely bright VHE emission lasting ∼15 min for GRB 190114C and a dimmer but much longer-lasting emission for GRB 190829A (up to few days after GRB onset). On the other hand, GRB 180720B, which is more similar to GRB 190114C, was detected several hours after the event’s onset. In order to exemplify these differences, we reported in Figure 12 (left panel) the value of the bulk Lorentz factor (  Γ 0  ) at the beginning of the afterglow phase, evaluated for a large sample of GRBs [91] once known their isotropic equivalent energy. The positions of the VHE-detected GRBs are overplotted, from which a different nature of GRB 190829A might be pointed out, although both events lie on the so-called Amati relation (Figure 12 right panel). This is an indication that the observed differences in luminosity and energy are not related to a different geometry of the emission (i.e., GRB 190829A is not an off-axis event). On the other hand, gamma rays of such high energies largely exceed the synchrotron burn-off limit, implying the coexistence of an extra emission component in the VHE band. However, the attempt of broadband modeling of the two events led to a different physical interpretation of the VHE emission. While GRB 190114C has been satisfyingly modeled within a synchrotron + SSC emission scenario, the H.E.S.S.S. collaboration reported an alternative hypothesis for GRB 190829A. In particular, in [3], it was proposed the possibility to interpret the VHE radiation as a synchrotron extending well above the burn-off limit at the time of H.E.S.S. observations. Although intriguing, such an interpretation has been challenged by other works, where, again, a synchrotron+SSC approach seems favorable in modeling the broadband spectrum without requiring peculiar and unconventional choices of the GRB microphysical parameters [86]. Whether an SSC component is at work in all GRBs and which is the maximum energy achievable by different emission mechanisms are still some of the open points that can be addressed with more observations of GRBs at VHE. The tension on the modeling side is also the result of the limited number of VHE GRBs detected up to now, and of the available multi-wavelength (MWL) data collected simultaneously. In particular, Fermi-LAT can be of great importance since it covers the energy range where the transition from the synchrotron radiation to the possible SSC component is expected, as exemplified by the case of GRB 190114C. However, such availability of MWL data might not be common, especially if GRBs are detected in the VHE range at late times, when the flux can be below the sensitivity of, e.g., Fermi-LAT. Such lack of MWL data can introduce difficulties in the modeling, or lead to degeneracy of the modeling parameters. From this perspective, early VHE follow-up seems to have an advantage, with a higher probability of having more simultaneous MWL data available for later modeling (e.g., the GRB is still bright enough to be detected by instruments such as Fermi-LAT). Furthermore, the prompt-to-early-afterglow phase, with the coexistence of forward and reverse shocks in the emitted outflow, could also lead to a large variety of different and interesting emitting scenarios in the VHE band. In this regard, while a deeper understanding of the afterglow phase at VHE is due, one of the next challenges is the detection of VHE emission in the prompt phase. The debate on the physical process at the origin of the prompt emission is still open, with different possibilities missing a clear observational proof. A detection of the prompt emission in the VHE range could resolve such a long-lasting issue, giving a new perspective on this poorly known phase of GRBs. The challenge for IACTs is the short duration of the prompt phase, compared to the delivery times of the alerts from triggering instruments and the time for their reaction. In particular,   T 90   alone is not a good indicator of the duration of the prompt phase and of the nature of a GRB, as already debated within the GRB community (see, e.g., [92,93]). Therefore, long-duration GRBs with   T 90   of the order of hundreds of seconds (e.g., GRB 190114C) can also have prompt phases with a much shorter duration, as shown by the spectral and temporal analysis of the GRB light curves. For this reason, ground-based instruments such as HAWC https://www.hawc-observatory.org/ (that already reported results on GRB observations [94]), LHAASO (http://english.ihep.cas.cn/lhaaso/), and the future SWGO (https://www.swgo.org/SWGOWiki/doku.php) (all websites accessed on 10 April 2022) could be more suited, given their high-duty cycle and sky coverage, with the downside of a higher energy threshold.



An additional challenge for IACTs is the detection of short GRBs. While they are located (on average) at smaller redshift with respect to long GRBs, they are also less luminous, making a detection with IACTs difficult. Currently, the strongest evidence for a VHE emission component from short GRBs was reported by MAGIC for GRB 160821B [96]. The telescope’s fast response played a major role, despite the adverse observational conditions (reduced atmospheric conditions, relatively high zenith of the observation, and increased night sky background due to the presence of the Moon). A signal at the level of 3 σ  (post-trial) was found with a flux upper limit of   1.1 ×  10  − 11     cm    − 2      s  − 1    in the first half hour, giving the possibility to perform interesting studies on the expected energy flux at VHE in an MWL context [96]. The SSC model was found to be in tension with the data, nonetheless a firm detection and a higher statistics is needed to rule out this possibility. Such a discovery would be of utmost importance to understand if there are similarities at VHE between long and short GRBs. Moreover, short GRBs are intimately connected with searches of gravitational waves (GWs) from their progenitors. A coincident detection of a short GRB and GWs would allow a comprehensive picture of the system leading to the GRB itself, and of its following evolution.



Finally, the detection of other GRBs at VHE can open up the possibility of interesting studies on more fundamental topics. VHE signal from these events might be extremely valuable for probing external   γ − γ   absorption due to the EBL out to larger redshifts than the ones that can be typically reached with other extragalactic sources, such as blazars. Another possibility could involve the searches for Lorentz invariance violation (LIV), where distant GRBs with high-energy photons can considerably improve the sensitivity of the resulting lower limit (see, e.g., [97] for a LIV study using GRB 190114C data). VHE GRB data can also be used for the search of axion-like particles (ALPs), where we expect spectral signatures and a reduction of the optical depth, leading to a lower absorption with respect to the expectation from the EBL (see, e.g., [98]). The GRBs detected so far at VHE confirmed that a low–moderate redshift is still a necessary condition for the detection for current IACTs, especially if the luminosity is towards the low end of the distribution. GRB 201216C, detected at   z = 1.1  , stands as an outsider and can represent an interesting case study for possible EBL or LIV studies. This is indeed a promising result for the next generation of Cherenkov telescopes that, thanks to improved sensitivity and energy threshold, might further extend the gamma-ray horizon of these observations.




6. The Next Decades


The Cherenkov Telescope Array Observatory (CTAO) represents the next-generation ground-based observatory for the study of VHE gamma rays. It will consist of two arrays, one for each hemisphere, made up of IACTs of different size and characteristics. The CTA array will routinely perform follow-up observations of GRB triggers and other transients objects also coming from other cosmic signal, such as neutrino and gravitational waves [99]. The estimation of the detection prospects for such observations are necessarily still preliminary and are dependent on the final array layout and performance. Nonetheless, even starting with simplified assumptions about the GRB emission, the CTA Consortium already reported the possibility of detecting ∼hundreds (or more) of photons from moderate to bright GRB, allowing for a significant improvement in the photon statistics and for the possibility to have good-quality time-resolved spectra [100]. The preliminary results reported in such a study show the possibility of detecting up to few GRB per year (considering both arrays) and allowing to move rapidly from the single-case GRB study, such as for current IACT, to a full GRB population study at VHE. In order to confirm these early results and achieve a step forward in the determination of CTA’s prospects for GRB follow-ups, the CTA Consortium is currently working on a new study where the potential detection rate is estimated using a theoretical-based approach. Such an approach is based on the POpulation Synthesis Theory Integrated code for Very high energy Emission (POSyTIVE) model for GRBs [101]. The aim is to build a GRB population based on few intrinsic properties and assumptions such as E   peak   and redshift distribution, E   peak  -E   iso   correlation (Amati relation) [102], and the bulk Lorentz factor distribution obtained by measured the time of the afterglow onset (providing the bulk Lorentz factor of the event’s coasting phase). The population obtained (for both long and short GRBs) is calibrated against a wide dataset of multi-wavelength observations. In order to derive the final expected spectrum, both the prompt and the afterglow emission are simulated according to a standard leptonic synchrotron+SSC emission model [14]. The GRB spectra obtained are then used to simulate the detailed CTA response through the use of dedicated analysis pipelines based on gammapy (https://gammapy.org/) and ctools (http://cta.irap.omp.eu/ctools/) (accessed on 27 April 2022) and making use of the most recent instrument response functions (IRFs). The results of this study are expected by the end of 2022.



In the framework of the CTA, the earliest science operations have recently started thanks to the large-sized telescope prototype (LST-1). LSTs are the largest telescopes designed for CTA, having a 23 m diameter reflector. The first prototype, LST-1 (Figure 13 left panel), is located at the Roque de los Muchachos observatory (  28 .  8 ∘    N,   17 .  8 ∘    W, 2200 m a.s.l.), on the Canary Island of La Palma [103], the designed site for the CTA north array. Thanks to the reflective surface of about 400 m   2  , the LST-1 will be able to achieve an energy threshold of ≈20 GeV, a value particularly suitable for transients and high-redshift source observations. Furthermore, LSTs are built with a light carbon-fiber structure in order to reduce the total weight of the telescope to about 103 tons and to make possible the fast repositioning (∼30 s for   180 ∘   azimuth displacement) to catch early emission phases of transient objects. LST-1 was inaugurated in October 2018 and is currently finalizing its commissioning phase. Starting from the first months of 2021, the time allocated for technical observations has been gradually reduced, allowing the first observations of targets of astrophysical interest. Transients follow-up, including GRBs, have the highest priority among LST-1 observed targets. Although a fully automatic procedure that will allow the telescope to react automatically to incoming alerts is still under development, the first observations of GRBs have been performed [95]. Preliminary analysis did not reveal VHE emission associated with any of the observed alerts; however, the continuous effort in improving the telescope’s performance and robustness will soon place LST-1 in a key position for VHE observations of those peculiar events, making it a noticeable testbench for the forthcoming full-configured CTA array.



The firm detection of a signal extending up to the multi-TeV band for GRB 190829A has opened new interesting possibilities for observations also with IACTs not specifically designed for transients follow-up, such as the small-sized telescopes (SST) foreseen for the CTA. An interesting example is the case of the ASTRI mini-array, composed of nine imaging atmospheric dual-mirror Cherenkov telescopes at the Teide Observatory site on the Canary Island of La Palma [104]. The telescopes will have a relatively small primary mirror of ∼4 m diameter, allowing to detect gamma rays in the 0.5–200 TeV range. Despite the corresponding limited gamma-ray horizon accessible, the authors in [105] proved the feasibility of the ASTRI mini-array to detect bright and nearby GRBs. This would guarantee to cover, with high sensitivity, the extreme edge of the VHE band, complementing the data collected at lower energies with instruments such as the LSTs.




7. Conclusions


VHE observations provide a new channel to study the physics of GRBs in an energy range particularly important for the discrimination of different emitting scenarios and for the constraint of the GRBs’ physical parameters in space. The detection of GRBs at VHE represents one of the major breakthroughs for transient astrophysics in the last years. This result was finally achieved thanks to the relentless efforts and the continuous improvements on both the technical and the observational strategy side by current IACTs collaborations. The small sample of detected events shows a large variety of phenomenology that leaves some questions unanswered, creating difficulties in finding a possible common interpretative scenarios. In all detected events, VHE emission has been observed on timescales much longer than the corresponding prompt phase, confirming the results already observed in the GeV band. However, besides the detection of bright and powerful events, that for a long time were assumed to be the best candidates for VHE emission, relatively low-luminosity events also showed long-lasting emission up to the TeV band. This suggests that the detection of these GRBs is likely not unique and the VHE component might be a relatively common feature of many GRBs, although observable only under favorable conditions by IACTs. Whether all GRBs have a VHE emission component and whether the parameter space of a possible VHE-emitter GRB is larger than what was previously thought, this will be one of the key issues for the next generation of IACTs, namely, the CTAO. Short timescale transients (including GRBs) have been one of the key motivations when designing the different elements of the CTA, and in particular the LSTs, whose first prototype recently started its operation in the Canary Island of La Palma. Once fully configured, a detection rate of the order of a few bursts per year might be expected, allowing us to build and characterize the GRB population at VHE. Furthermore, the achievable photon statistics would allow CTA to study the spectral and temporal properties of GRBs, shedding light into unresolved issues such as determining the jet formation dynamics and the mechanisms of particle acceleration.
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Figure 1. EGRET light curve for the GRB 940217 with the detection of an ∼18 GeV photon that occurred about 90 min after the GRB onset. From https://fermi.gsfc.nasa.gov/science/resources/docs/vwp/. Available online: (accessed on 10 April 2022). 






Figure 1. EGRET light curve for the GRB 940217 with the detection of an ∼18 GeV photon that occurred about 90 min after the GRB onset. From https://fermi.gsfc.nasa.gov/science/resources/docs/vwp/. Available online: (accessed on 10 April 2022).



[image: Galaxies 10 00067 g001]







[image: Galaxies 10 00067 g002 550] 





Figure 2. Fermi-GBM and Fermi-LAT combined light curve for GRB 080916C. Reprinted with permission from Ref. [20]. 
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Figure 3. Time−integrated spectrum (upper panel) and model spectra (with   ± 1 σ   error contours) used to fit the emission of GRB 090510 in different time bins. Reprinted with permission from Ref. [21]. 
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Figure 4. Excess sky map for two pointing positions during the follow-up of two GRBs by Whipple telescope in 1995. The refined position of the event is marked as B* in the plot while the IPN confidence areas are derived from BATSE and Ulysses data. Reprinted with permission from Ref. [62]. 
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Figure 5. (Left) MAGIC excess event rate above the energy threshold of 175 GeV compared with the Swift-BAT light curve for GRB 050713A, the first prompt emission followed by an IACT. The vertical line shows the beginning of observations with the MAGIC telescope. Reprinted with permission from Ref. [65]. (Right) MAGIC and Fermi-LAT overlapping upper limits for GRB 090102. These results are compared to a leptonic synchrotron+SSC afterglow model. From model and data analysis described in [5]. 
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Figure 6. Combined Fermi-LAT spectrum including 1 σ  confidence interval and VERITAS upper limits for the late afterglow of GRB 130427A. Reprinted with permission from Ref. [73]. 
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Figure 7. Light curves for MAGIC and Swift-BAT. Vertical solid lines show the times of events related to the MAGIC automatic procedure. Extracted from Ref. [2]. 
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Figure 8. Radio to gamma-ray multi-wavelength light curves of GRB 190114C. The dashed vertical line marks the end of the prompt emission phase. Reprinted with permission from Ref. [76]. 
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Figure 9. Synchrotron and SSC modeling of the broadband spectra of GRB 190114C in the two time intervals 68–110 s and 110–180 s. Dashed lines represent the SSC emission in the hypothesis of negligible internal   γ − γ   opacity. MAGIC points in the VHE band are reported with (empty circles) and without (filled circles) correction for the EBL absorption. From [76]. 
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Figure 10. The H.E.S.S. sky map centered at the coordinates of GRB 190829A. The VHE signal was clearly detected for three consecutive nights up to    T 0  + 51   h. Reprinted with permission from Ref. [3]. 
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Figure 11. Multi-wavelength models of the first two nights of GRB 190829A H.E.S.S. The black region represents the spectrum and uncertainty of the Swift-XRT observations, while the red region is the H.E.S.S. intrinsic spectrum and its uncertainty. The green arrow is the upper limit set by observation during the first night by Fermi-LAT. The used model is a standard SSC model with 68% confidence intervals determined from the posterior probability distribution of the model’s parameter fitting for the synchrotron component (orange) and the SSC one (blue). No synchrotron cut-off energy (burn-off limit) is considered. Reprinted with permission from Ref. [3]. 
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Figure 12. Left panel: Correlation between the bulk Lorentz factor at the beginning of the afterglow phase (  Γ 0  ) and the isotropic equivalent energy E   iso   for the sample of GRB reported in [91]. Right panel: the empirical correlation (Amati relation) between the isotropic equivalent energy E   iso   and the peak energy of the GRB spectrum for the same sample in [91] and for the events detected in the VHE band. In both panels, GRBs followed-up by IACTs are denoted by green and red symbols, indicating those with and without detection, respectively. Reprinted with permission from Ref. [95]. 
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Figure 13. (Left) The LST prototype during night operation in La Palma. Picture credit: Tomohiro Inada. (Right) GRB detection rate for one of the CTA arrays as a function of the expected LST energy threshold. The curves represent two possible empirical assumptions for GRB spectrum at very high energy; one considering a simple extrapolation of the band emission up to VHE (solid black), the other considering an additional emission component (dashed blue). Reprinted with permission from Ref. [100]. 
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Table 1. Summary of the main properties of the GRBs detected in the VHE range. GRB 201015A is included due to the strong evidence reported in [75] and is described in Section 4.4. The isotropic energy    E iso    is calculated in the 50–300 keV range for GRB 180720B, 1–   10  4     keV for GRB 190114C, and 10–   10  3     keV for GRB 190829A and GRB 201216C. The spectral index    α obs    is reported for the observed time-integrated spectrum (after absorption due to the EBL) over the whole observation window assuming a power-law model.
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	Name
	   T 90    [s]
	Redshift
	   E iso    [erg]
	IACT
	    α obs    
	    E max    





	180720B
	48.9
	0.653
	6 × 10−53
	H.E.S.S.
	   3.7 ± 1.0   
	440 GeV



	190114C
	362
	0.4245
	3 × 10−53
	MAGIC
	   5.43 ± 0.22   
	1 TeV



	190829A
	58.2
	0.0785
	2 × 10−50
	H.E.S.S.
	   2.59 ± 0.08   
	  3.3   TeV



	201216C
	48
	1.1
	5 × 10−53
	MAGIC
	-
	-



	201015A
	9.8
	0.423
	10−50
	MAGIC
	-
	-
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