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ABSTRACT

Context. Recent observational efforts using imaging atmospheric Cherenkov telescopes (IACTs) have led to firm detections of very-high-energy
(VHE) signals from bright gamma-ray bursts (GRBs), often at moderate redshifts.

Aims. This work presents 15 years of H.E.S.S. GRB observations and examines their implications through population comparisons and selected
modelling cases.

Methods. GRBs are a key science target of the High Energy Stereoscopic System (H.E.S.S.). With a low-energy threshold (5100 GeV) and rapid
repointing capabilities, H.E.S.S. can begin follow-up observations within tens of seconds after a GRB trigger, covering the late prompt or early
afterglow phases.

Results. We report GRB follow-up observations with H.E.S.S. from 2004 to 2019, which resulted in no significant VHE signals (aside from the
detections of GRB 180720B and GRB 190829A). The resulting upper limits comprise the largest set available for GRBs at VHE.

Conclusions. A subset of bursts with favourable conditions were selected for X-ray analysis and emission modelling. Population studies were
performed to compare detected and non-detected GRBs. The results indicate that VHE-detected GRBs are not a distinct population, but tend to
feature luminous X-ray emission and favourable redshift and observing conditions. This highlights the potential of next-generation IACTs such as
the Cherenkov Telescope Array Observatory (CTAO), whose lower energy threshold will enhance the detection of fainter and more distant GRBs.
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1. Introduction

Gamma-ray bursts (GRBs) are observed as brief and intense
pulses of sub-MeV y-rays, known as prompt emission, releas-
ing up to 10°'~10%* erg of isotropic equivalent energy. They are
typically followed by a longer lived, slowly evolving broadband
afterglow emission across the electromagnetic spectrum. The
duration of these transient events spans from milliseconds up
to hundreds of seconds and GRBs are currently detected at an
average rate of <1 perday.

Since their discovery in 1969 (Klebesadel et al. 1973), GRBs
have been the focus of numerous observational studies across all
wavelengths, as they are excellent laboratories for studying par-
ticle acceleration at relativistic shocks. For a long time, the very-
high-energy (VHE; E > 100 GeV) signal associated with GRBs
posed a significant challenge to imaging atmospheric Cherenkov
telescopes (IACTs) from both a technical and a scientific point of
view (see e.g. H.E.S.S. Collaboration 2009). The unpredictable
occurrence of GRBs makes it difficult for IACTs to both point
and start follow-up observations of these sources rapidly enough
to catch their early emission phase. Detecting a VHE gamma-ray
signal from GRBs has long been considered crucial for under-
standing the physics of these objects, particularly during the so-
called early afterglow phase when the co-existence of forward
and reverse shocks in the ejected outflow has the potential to
yield a large variety of emission scenarios (Zhang 2018). GRBs
at VHE are also essential to understand the production of ultra-
high energy cosmic rays (Baerwald et al. 2015), test the extra-
galactic background light (EBL) attenuation (Desai et al. 2017)
and physics beyond the standard model (Vardanyan et al. 2023),
and other topics of study.

According to the widely accepted relativistic shock
model (see e.g. Paczynski 1986; Piran 1999), GRB emission
arises from the conversion of the kinetic energy of a relativis-
tic outflow into electromagnetic emission. Although the details
of this conversion remain poorly understood, a widely accepted
scenario is that the observed photons are emitted by particles
accelerated at shocks internal to the relativistic outflow. Within
this framework, synchrotron emission has primarily been consid-
ered the most natural to explain the GRB sub-MeV emission (see
e.g. Sari & Esin 2001; Zhang & Mészaros 2001; Gupta & Zhang
2007).

Recent detections of significant VHE emission from
GRBs were reported by the High Energy Stereoscopic
System telescopes (H.E.S.S.), which observed the after-
glow of GRB 180720B (H.E.S.S. Collaboration 2019) and
GRB 190829A (H.E.S.S. Collaboration 2021), by the Major
Atmospheric Gamma Imaging Cherenkov (MAGIC) tele-
scopes detecting GRB 190114C (Mirzoyan et al. 2019) and
GRB 201216C (Abe et al. 2023a), as well as by the Large
High Altitude Air Shower Observatory (LHAASO) detecting
GRB 221009A (The LHAASO Collaboration 2023). These rep-
resent a significant, long-awaited result for the VHE astro-
physics community and an important step forward in the under-
standing of GRB physics. GRB 221009A was observable by
LHAASO at the burst’s onset, but VHE emission was only
detected 230s from the trigger time of the Gamma-ray Burst
Monitor (GBM) on board Fermi. In contrast, the other detections
were all achieved in the early-to-deep afterglow GRB phase.

In the recent detection of GRBs at VHE, similar temporal
profiles were found in the TeV, GeV, and X-ray components.
Consequently, one interpretation describes this VHE emission
through a synchrotron Self-Compton (SSC) mechanism. In this
scenario, the synchrotron photons observed in the X-ray band
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and generated by a population of electrons are Compton up-
scattered to MeV and GeV energies and subsequently Lorentz-
boosted to GeV to TeV energies (see e.g. Sari & Esin 2001;
Gupta & Zhang 2007). Another model that describes the VHE
emission in GRBs extends the synchrotron scenario up to the
highest energies. This scenario can naturally explain the sub-
MeV emission in GRBs, given the similar X-ray and gamma-
ray flux levels seen in the VHE-detected GRBs. Still, such an
extension to higher energies faces the synchrotron burn-off limit.
The synchrotron burn-off limit (Guilbert et al. 1983) is the max-
imum photon energy that electrons can radiate via synchrotron
emission before their cooling timescale becomes shorter than
their shortest possible acceleration timescale, preventing them
from reaching higher energies. This limit is Ey,,x = 100I' MeV
(given in the observer’s frame), where I' is the bulk Lorentz fac-
tor of the emission zone, which depends on its Doppler factor. In
the early afterglow phase, predictions for the bulk Lorentz fac-
tor I are typically of a few hundred. Therefore, explaining the
GeV photons detected at late times (e.g. 10 hours after the onset
of the burst in the case of GRB 180720B) poses a challenge
to pure synchrotron emission models. In this case, a Lorentz
factor of I' ~ O(1000) would be required, whereas values of
I' < 10 are expected at such late times (H.E.S.S. Collaboration
2019). This strict requirement on I' no longer holds if we
relax the one-zone assumption and allow for multiple emis-
sion regions or extended acceleration zones (Khangulyan et al.
2023). With this alternative in mind, it has become possi-
ble to model the striking similarities between the X-ray and
VHE emission seen in GRB 190829A with a pure synchrotron
model (H.E.S.S. Collaboration 2021).

The VHE detections of GRBs have opened a new spec-
tral window in GRB studies, motivating further investiga-
tions of and refinements to existing models. Several past
H.E.S.S. studies have reported upper limits on GRB emission at
VHE (H.E.S.S. Collaboration 2009; Hoischen et al. 2017), pro-
viding important constraints on emission models despite the
lack of significant detections. The observation of a large num-
ber of events, even with no detection, is thus crucial in explor-
ing the physical parameter space of the GRB sample to under-
stand whether all GRBs have a distinct VHE component. Obser-
vations can also help determine whether peculiar events like
GRB 190829A, which is the sole low-luminosity GRB in the
set of VHE-detected GRBs, belong to a distinct GRB popula-
tion or whether the parameter space of possible VHE GRBs
is much larger than assumed in the past. This paper presents
the results of GRB observations conducted from 2004 to 2019
by the H.E.S.S. telescopes. The synchrotron + SSC emission is
modelled for three selected GRBs given their bright X-ray emis-
sion and low redshift. Population studies were carried out on
the sample of GRBs followed up by H.E.S.S., the population
of VHE-detected GRBs and the whole sample of Swift/BAT and
Fermi/GBM GRBs.

The paper is organised as follows. First, a description of
the H.E.S.S. experiment and the GRB alert system is given in
Sect. 2. The selection method and properties of the observed
GRBs are presented in Sect. 3. Details on the data analysis are
described in Sect. 4. The results of the data analysis are pre-
sented in Sect. 5 and placed in context with the population of
Swift- and Fermi-detected GRBs, finding three GRBs in our sam-
ple with highly constraining VHE upper limits (ULs). A one-
zone SSC modelling is performed on these three GRBs using
the Swift/XRT data and H.E.S.S. ULs. An analysis of the X-ray
characteristics of these GRBs in context with the overall popu-
lation and VHE-detected GRBs is also presented in that section.
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The results of these studies are discussed in Sect. 6 and conclu-
sions are presented in Sect. 7

2. The H.E.S.S. telescopes and the GRB follow-up
programme

2.1. The H.E.S.S. experiment

H.E.S.S.! is an array of IACTs located in the Khomas High-
land of Namibia (23°16"18,4” S, 16°30’0.8” E, at 1800 m
altitude a.s.l). It comprises four 12-m diameter Cherenkov
telescopes (CT 1-4) placed in a square configuration of
120 m lateral length and a 28-m diameter telescope (CT 5)
located at the centre of the array. This configuration was
selected to maximise the sensitivity to perform observa-
tions of gamma-ray sources with energies >100GeV up to
10TeV (H.E.S.S. Collaboration 2017). The field of view of
CT 5 (~3.2°) and CT 14 (~5°), together with a fast slew-
ing speed of ~100°/min enables the telescopes to be redirected
to any part of the sky in less than 2 minutes (Bolmont et al.
2014). Above 100 GeV, H.E.S.S. can detect a point-like source
of flux 1.4x 107! erg cm~2s7! (3.5% of the Crab Nebula flux)
at a 50 level in 2 hours of observation (H.E.S.S. Collaboration
2006). All these characteristics make H.E.S.S. a powerful instru-
ment for observing GRBs at VHE. H.E.S.S. is currently the
only IACT array in the Southern Hemisphere with an active
GRB observation programme. Its success has been proven by
detecting GRB 180720B (H.E.S.S. Collaboration 2019) and
GRB 190829A (H.E.S.S. Collaboration 2021) and following up
on many other interesting transient alerts. In September 2019,
the camera of CT 5 was upgraded with FlashCam, one of
the prototype cameras foreseen for the Medium-Sized Tele-
scopes of the Cherenkov Telescope Array Observatory (CTAO,
Piihlhofer et al. 2019). The results presented in this work cor-
respond to GRBs observed before installing the FlashCam in
CTS5s.

2.2. Alert system and GRB follow-up

GRB alerts are sent by space and ground-based facilities through
the General Coordinates Network (GCN)?. The GCN Sys-
tem distributes machine-readable alerts (GCN Notices) directly
to subscribed experiments such as H.E.S.S., while also mak-
ing detailed human-readable circulars available online to sup-
port rapid follow-up observations of transients. Within the
GRB observation programme of H.E.S.S., the transients follow-
up system (Hoischen et al. 2022) performs filtering on alerts
by GRB-detecting satellites such as the Neil Gehrels Swift
Observatory (Gehrels et al. 2005) and the Fermi Gamma-ray
Space Telescope (Atwood et al. 2009). H.E.S.S. also followed
up on alerts from the High Energy Transient Explorer Mis-
sion (HETE-2) until 2008, when the mission ended opera-
tions. The observational follow-up of GRBs with H.E.S.S. is
fully automated in case alerts are received during regular tele-
scope operations or observable within tens of minutes of delay
and manually scheduled later when the burst is not imme-
diately observable. For all cases, one of the GRB advocates
within the H.E.S.S. collaboration serves every observing period,
which covers the time between two successive full moons.
The function of the burst advocate is to monitor the com-
munication channels (GCN circulars, Astronomer’s telegrams,

' https://hess-experiment.eu/
2 https://gcn.nasa.gov/

etc.) to identify additional alerts to follow up, and consider
new information that might affect planned GRB observations
such as updated localisations or redshift determination. The
burst advocate works with the crew on site, requesting obser-
vations to ensure that each GRB alert is appropriately followed
up, communicating updated GRB coordinates to the shifters
and deciding whether to extend or interrupt the follow-up
observations.

For burst alerts that are immediately observable during the
night, selection criteria are applied to prioritise the most promis-
ing events, balancing the limited available observation time
against constraints such as dark time and competing science
programmes. The criteria for GRB observations have evolved
over the lifetime of H.E.S.S. The automatic repointing criterion
generally requires a GRB to be observable immediately, at a
zenith angle less than 60° (i.e. elevation greater than 30°), and
for at least 10 minutes. Observations are generally conducted
with four runs (~28 min each), or until the target exceeds a
zenith angle of 60°. In mid-2016, a real-time analysis (RTA)
system was deployed at H.E.S.S., which achieves comparable
sensitivities to the off-site analysis (Hoischen et al. 2022) within
25% uncertainties. The GRB advocate may decide to extend
the standard observation duration if the RTA system shows a
significant signal in the sky maps or if information reported
in GCN circulars indicates observational features that justify
extended follow-up, such as a measured redshift, high-energy
(HE; 100 MeV-100 GeV) emission detection, or a bright X-ray
afterglow.

In the case of follow-ups triggered later by the burst advocate
on-call, the bursts must be visible at a zenith angle less than 45°.
A time-delay-dependent redshift cut is made for these observa-
tions, accounting for the absorption of VHE gamma rays due to
their interaction with the EBL. Observations of GRBs at z < 0.1
may be performed up to 24 hours after the onset of the burst, with
a delay of up to 12 or 6 hours for a burst at z < 0.3 and z < 1.0,
respectively. In the case of an unknown redshift, the maximum
delay is 4 hours. This set of criteria applies to the observations
presented in this paper and after the detection of GRB 180720B,
detected at Ty+10 h, this criterion was relaxed for well-localised
GRBs (Swift and Fermi/LLAT detections), allowing for follow-up
observations with only 24 hours of delay. The GRB advocate can
override these criteria if multi-wavelength observations justify
such a decision.

Standard GRB follow-ups are performed for a maximum of
2 hours of duration. For triggers issued by the Fermi/GBM, a
cut is applied, selecting only those bursts with a significance
greater than 100" and a localisation uncertainty below 2° (statis-
tical only), based on the Ground or Final Notices. These criteria
are designed to reduce the number of Fermi/GBM follow-ups
while retaining alerts with a higher probability of VHE detec-
tion. Over the years, these selection criteria have been refined
and sometimes becoming more restrictive. Although automatic
repointing is also done for Fermi/GBM alerts, which have signif-
icant localisation uncertainties, the GRB advocate on-call pays
special attention to GCN notices, providing more accurate coor-
dinates and instructing the shifters to point the telescopes to an
updated position.

Under the latest selection criteria explained above, an aver-
age of only 1 or 2 GRB follow-up observations were performed
by H.E.S.S. per month. The observations in this paper were con-
ducted with all telescopes available at the time of observation
and carried out in wobble mode (Fomin et al. 1994) with an off-
set of 0.5° in right ascension and/or declination from the GRB
location.
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3. The observed GRBs
3.1. The sample of H.E.S.S. GRB follow-ups

To extend the analysis sample beyond the observations that fell
under the dedicated GRB programme described in Sect. 2.2,
the list of all H.E.S.S. observations conducted between 2004
and 2019 was correlated spatially and temporally with exist-
ing GRB catalogues searching for potential observations by
chance. We used the following catalogues: 1) public Swift
GRB table’, 2) Fermi/GBM online burst catalogue*, 3) INTE-
GRAL catalogueS, 4) MAXI catalogue6, and 5) the HETE-2
catalog’. A sky separation of 2° and up to 48 hours of obser-
vation delay were used for the correlation. For matching the
Fermi/GBM catalogue, the strategy was slightly different due
to the large localisation uncertainty. The maximum observa-
tion delay was set to 24 hours, and required to cover at least
10% of the localisation uncertainty region with a minimum of
0.5% per observation run. In this sample, GRB 180720B and
GRB 190829A, both detected by H.E.S.S., have not been consid-
ered here as they were previously discussed in dedicated publi-
cations (H.E.S.S. Collaboration 2019, 2021). With this method,
two more Fermi/GBM GRBs were added to our sample com-
pared to the bookkeeping of GRB observations as the sky
region around the location was observed by coincidence dur-
ing a different science campaign of H.E.S.S.: GRB 120218276
(removed from the analysis after data quality checks, see
Sect. 3.2) and GRB 160113A. It is worth noting that the sky
region of GRB 170730B and GRB 170826B (referred to as
GRB 170826819 in Table A.2) overlap with the field covered
during observations of PKS 2155-304. This correlation method
resulted in 107 GRBs observed in the 15 years considered.

Several GRB follow-ups from this set of observations were
removed from the data analysis presented in this paper. Either
they were no longer classified as a GRB after the H.E.S.S.
observation took place (for example, GRB 120625 observed
with H.E.S.S. was later identified as a Galactic transient,
Barthelmy et al. 2012), or the provided alert position was later
updated and the source was no longer in the H.E.S.S. field of
view.

In total, 89 GRBs were considered in the analysis and classi-
fied into two categories: The well-localised GRBs (loc), usually
Swift/BAT alerts, where the uncertainty on the position is typi-
cally 1-3 arcminutes, and thus smaller than the H.E.S.S. point-
spread function (PSF, ~0.2° for CT 5). The poorly localised
GRBs (un-loc), mostly Fermi/GBM alerts, comprise GRBs
whose position uncertainty exceeds the PSF of H.E.S.S. This
splits the sample into 66 loc and 23 un-loc GRBs. Fig. 1 shows
the distribution of these observations over time. A noticeable
spike in GRB observations by H.E.S.S. around 2006-2007 can
be attributed to the sharp increase in well-localised GRB alerts
following the launch of Swift in late 2004, combined with an
internal shift within the H.E.S.S. collaboration around 2007
toward more permissive follow-up criteria, which allowed obser-
vations with up to 24 hours of delay. Another increase in follow-
ups can be seen around 2013 after the commissioning of CT 5
began and again at around 2016, corresponding to when the
H.E.S.S. transients follow-up system was fully commissioned,

3 https://swift.gsfc.nasa.gov/archive/grb_table/

4 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/
fermigbrst.html

5 https://www.isdc.unige.ch/integral/science/grb#ISGRI
% http://maxi.riken.jp/grbs/

7 https://space.mit.edu/HETE/Bursts/
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Fig. 1. Distribution of GRB follow-ups performed with H.E.S.S.
between 2004 and 2019. A total of 89 GRBs are considered in the
analysis, classified as either well-localised (loc, typically Swift/BAT
alerts with position uncertainty <3’) or poorly localised (un-loc, mostly
Fermi/GBM alerts with uncertainty >0.2°) as detailed in Sect. 3.1.

and probably a change in trigger criteria. Table A.1 summarises
the GRB population in this work at each analysis step.

3.2. Data quality checks

To minimise the number of trials introduced during the analy-
sis, a detailed low-level data quality check was performed for
the observation of each GRB in the sample. This allows for
issues to be identified before performing the data analysis and
prevents rerunning the analysis of a GRB with different analysis
configurations. The low-level checks include inspecting trigger
rates, per-camera-pixel pedestals, night-sky background levels,
and centre-of-gravity maps of the reconstructed shower images.
Based on these data quality checks, we identified runs where the
telescope cameras malfunctioned due to various hardware issues
or miscalibrations. In addition, these checks verified the pres-
ence of bright stars near the GRB position. Bright stars can bias
the reconstruction of shower images and create spurious signals
in the analysis. The location of bright stars is therefore masked
during the background estimation. In addition to these checks,
observations carried out during the presence of clouds in the field
of view were removed from the analysis, as clouds increase the
energy threshold and decrease the reliability of the spectral anal-
yses.

For the loc sample, nine GRBs were rejected due to cali-
bration or data-taking issues and nine due to bad weather condi-
tions. For the un-loc GRBs, eight were rejected due to calibration
issues or due to bad weather conditions (see Table A.1).

The main properties of the remaining GRBs in the sample
are summarised in Table A.3. Multi-wavelength information was
retrieved from the GCN Circulars repository® and is also listed
in this table. Redshift measurements and follow-ups from radio
telescopes are sparse in the GRB sample of this study. This
is especially the case for alerts triggered by the Fermi/GBM,
which are not often followed-up on by optical and radio facil-
ities as their fields of view is generally much smaller than the
Fermi/GBM localisation uncertainties.

For GRBs that occurred between 2004 and 2007 and were
observed by H.E.S.S., the population presented in the first

8 https://gcn.nasa.gov/circulars
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H.E.S.S. GRB catalogue (H.E.S.S. Collaboration 2009) differs
from that discussed in this paper. In this work, four GRBs
were removed and three newly added. Two of the four excluded
GRBs fall into the period of H.E.S.S. construction, when
not all four telescopes were commissioned yet (GRB 030329
and GRB 030821), while the other two (GRB 060403 and
GRB 070429A) were excluded due to camera problems that
were likely not identifiable with the calibration algorithms avail-
able at the time. The three GRBs now included due to dif-
ferent selection criteria are GRB 050607, GRB 060728, and
GRB 070920B.

4. Data analysis

The observation runs for each GRB are separated into different
clusters to perform the analysis. If the observations started less
than 10 minutes after the burst, the first run forms one cluster and
is analysed separately. Observations are separated into two clus-
ters if there are more than 4 hours between runs. This method
prevents the integration of background events from late observa-
tions that might occult any potential VHE signal during the early
afterglow phase. For un-loc GRBs for which the H.E.S.S. point-
ing was updated during observations, the disconnected fields of
view were divided into different clusters.

The analysis of each GRB was performed using two inde-
pendent analysis chains available within the H.E.S.S. collabora-
tion to cross-check the results. In this paper, the results from
the Model++ analysis method with the ParisAnalysis cali-
bration chain (de Naurois & Rolland 2009) are presented, while
the cross-check was obtained using the ImPACT analysis method
with the HAP calibration chain (Parsons & Hinton 2014). These
analysis methods were not available during the preparation of
the first H.E.S.S. GRB catalogue, therefore, they represent an
improvement in sensitivity compared to the methods used in that
earlier work.

Several event-reconstruction modes are available within the
H.E.S.S. analysis software: stereo, when performing stereo-
scopic reconstruction with CT 1-4 only (H.E.S.S. Collaboration
2006), hybrid when performing stereo reconstruction with all
five telescopes, and mono when performing a reconstruction with
CT 5 only (Holler et al. 2015). All three configurations were
used in this analysis. For a given cluster, the choice of the recon-
struction mode was determined using the following rules: For
the loc GRBs or GRBs with a localisation better than 1 degree,
the mono analysis configuration was the preferred choice as it
provides the lowest energy threshold. For the un-loc GRBs, the
hybrid analysis was chosen for the better off-axis performance
than mono while lowering the energy threshold compared to the
analysis with the stereo configuration. Finally, for all GRB
observations conducted without the use of CT 5, whether taken
prior to its construction, excluded for technical reasons, or omit-
ted from the analysis due to data quality concerns, the stereo
reconstruction method was applied. The profile used for each
analysis is described in Table A.4. For the gamma-ray events
selection, a set of 1oose cuts (H.E.S.S. Collaboration 2006) was
chosen for all analyses to lower the energy threshold at the
expense of losing some energy resolution.

The analysis procedure strongly depends on whether the
GRB is well-localised. In both cases, significance maps were
produced using the so-called ring background method. In con-
trast, for the production of integral flux ULs of a loc GRB,
the reflected background method was employed (Berge et al.
2007). The significance of the gamma-ray emission was com-
puted with the standard Li & Ma method (Li & Ma 1983). ULs
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Fig. 2. Significance distribution of the gamma-ray emission for the loc
follow-ups. The distribution is shown in orange, and the fitted Gaussian
is shown in blue. Each entry of the histogram corresponds to one GRB
or cluster (see text for details).

were obtained at a 95% confidence level (CL) using the Rolke
method (Rolke et al. 2005). Integral flux upper-limits maps were
produced for non-detected GRBs of the un-loc sample using a
95% CL and assuming a power-law spectrum with photon index
of @ = —2.5. ULs for the loc sample were also computed with a
power-law spectrum assumption with « = 2.5 and @ = -5.0.
at 95% CL. All ULs were obtained without applying corrections
for the EBL absorption. The integral flux upper-limits were inte-
grated from Eg, to infinity. We note that the choice of spectral
index or whether to include a term accounting for EBL absorp-
tion does not affect the results of the differential flux upper limits
used specifically in Sect. 5.1, which are independently corrected
for EBL attenuation.

5. Results

The search for significant VHE emission in the GRB sample did
not yield any new GRB detections. The results of this analysis
are summarised in Table A.4 for the loc sample. For the un-loc
sample, the delay of observation and type of analysis configu-
ration are summarised in Table A.2, the UL maps (figures and
FITS files) are provided in the data repository accompanying this
publication’.

Figure 2 shows the distribution of the statistical significance
of the VHE emission for the loc GRB sample. As no significant
detections are provided, the distribution is consistent with a nor-
mal distribution centred at u = —0.003 + 0.126 with a standard
deviation of o~ = 0.97 + 0.09.

A stacked search for VHE emission was performed using
GRBs with well-localised positions. For this, the #? distributions
(squared angular distance between the reconstructed event direc-
tion and the GRB position) from individual GRB analyses were
combined. Specifically, the ON and OFF event 6 arrays from
each GRB were summed, and a classical Li & Ma significance
was computed using a 6 cut of 0.12° (Berge et al. 2007). This
procedure effectively corresponds to stacking the total counts
in a single reflected background region per observation, rather
than combining multiple reflected background regions across the
dataset.

° https://hess-experiment.eu/publications/
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Fig. 3. Stacked analysis of the GRB sample. The 6 plots of stacked H.E.S.S. ON and OFF events are shown in green and shaded blue, respectively,
for the stereo (left panel) and mono (right panel) observations. The orange vertical line corresponds to the 6> cut as explained in Sect. 5.

The stacked analysis was carried out separately for obser-
vations performed with CT 5 only (mono) and for those using
the CT 1-4 array (stereo). The mono dataset comprises 12 GRB
clusters, with a total livetime of 11.1hours, while the stereo
dataset includes 47 GRB clusters, corresponding to a livetime of
60.2 hours. In both cases, no additional cut on observation delay
was applied beyond the initial selection of well-localised GRBs.
The resulting 6> distributions are shown in Fig. 3, yielding statis-
tical significance values of 0.63 and 0.27 for the stereo and mono
datasets, respectively.

5.1. Specific GRBs

This section presents our emission modelling for a subset of
GRBs selected based on how constraining the H.E.S.S. upper
limits are expected to be in the context of the SSC scenario.
These GRBs have good observation conditions (low zenith
angle, short follow-up delay), high X-ray flux, and low red-
shift. Several criteria were set to select them. The first restricts
the selection to only GRBs with known redshift. The second
criterion considers only GRBs with H.E.S.S. data within the
first 1000 s after Ty. Additionally, only GRBs whose Swift/XRT
fluence within this 1000s is above 10~ ergcm™ are selected.
Defining #4¢ (in units of seconds) as the delay since the GRB
trigger, all GRBs for which the X-ray flux exceeds a level
of 3.2 x 1071 )2 ergem™ s™! were also considered. This flux
threshold corresponds to the lowest flux measured by Swift/XRT
on GRB 201216C, the faintest VHE GRB, while the power-
law temporal decay index is the standard index for GRB
afterglows (Nousek et al. 2006). Only five GRBs observed by
H.E.S.S fulfilled these criteria. To ensure that EBL absorp-
tion does not suppress any possible VHE emission, only GRBs
for which the EBL absorption, evaluated at the energy thresh-
old of the H.E.S.S. analysis, was lower than 90% were kept.
The EBL model from Franceschini & Rodighiero (2018) was
used to apply this selection. This final criterion yields three
GRBs selected for the modelling investigations: GRB 100621A,
GRB 131030A, and GRB 161001A.

Among other interesting GRBs followed up by H.E.S.S.
is the long GRB 160310A (Tyg = 18.2s, where Ty is the
duration over which 90% of the prompt gamma-ray fluence is
detected) that was detected by both Fermi/GBM and Fermi/L AT,
with the latter detecting a 30 GeV photon at Ty +5800s. No
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multi-wavelength information is available for this GRB at these
times.

For the three selected GRBs, the Swift/XRT data of the
time intervals matching the H.E.S.S. observation windows were
retrieved with the Time Slicing tool in the XRT data reposi-
tory (Evans et al. 2009). A Swift/XRT spectrum was extracted
using the python interface of XSPEC-v12.14.0: PyXpec. The
spectrum of each GRB in the energy band of 0.3-10keV was
fitted with the model TBabs * zTBabs * powerlaw using the
Cash statistics (cstat). The component TBabs given by the
model in Wilms et al. (2000) estimates the line-of-sight Galactic
absorption, having as a parameter the Galactic hydrogen column
density Ny g1, which is calculated from Willingale et al. (2013).
The component zTBabs accounts for the intrinsic absorption
from the GRB’s local environment and its host Galaxy and
depends on the redshift z. The fitted parameters are the intrinsic
column density Ny inr, power-law normalisation ¢xgr at the ref-
erence energy Ey = 1keV, and index axgrr. The H.E.S.S. ULs are
computed above the energy threshold indicated in Table A.4 and
EBL-corrected with the model from Franceschini & Rodighiero
(2018).

For the modelling, a standard single-zone synchrotron self-
Compton model was adopted (Sarietal. 1998; Sari & Esin
2001), in which a relativistic shock propagating into the exter-
nal medium accelerates electrons that emit photons. The mod-
elling consisted of fitting the analytical expressions of the SSC
and synchrotron components of the SED, looking at explaining
the XRT data with the synchrotron component. The obtained set
of reference parameters were not necessarily the best-fit values,
but instead chosen to represent a plausible scenario to explain
the X-ray emission with the H.E.S.S. ULs. The evolution of the
relativistic shock was computed following Blandford & McKee
(1976), then the electron spectrum was obtained, and, finally, the
corresponding synchrotron and SSC emissions were calculated
analytically (detailed calculations can be found in (e.g. Sari et al.
1998; Sari & Esin 2001; Huang et al. 2022). It is worth noting
that Klein-Nishina effects were included in the calculation of
the SSC component, but the feedback of Klein-Nishina suppres-
sion on the electron cooling was not accounted for; thus, possible
modifications to the synchrotron spectral shape are not consid-
ered. In practice, however, the SSC contribution is found to be
subdominant for the three GRBs analysed in this paper, there-
fore, synchrotron is the dominant cooling mechanism.
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Table 1. Modelling parameters definition and results for the three selected GRBs.

Parameter GRB100621A GRB 131030A GRB161001A
Observation delay t (s)* 1500 1070 375
Injected electron-spectrum index p 2.84 2.54 2.5
Explosion shock energy Eg, (erg) 3x 103 3x 103 2% 10°
ISM case
Magnetic partition fraction eg 3x107* 1.5x 1073 5x1073
Electron partition fraction €, 0.025 0.04 0.045
Number density of ambient medium 7o (cm™3) 0.01 1x1073 1x1073
Wind case
Magnetic partition fraction eg 0.01 0.02 0.035
Electron partition fraction ¢, 0.016 0.045 0.05
A (cm™) 3x10% 1 x10% 3 x 103

Notes. These definitions follow the convention of Sari et al. (1998), Sari & Esin (2001), Huang et al. (2022). In all cases, the injection fraction mp;
is 100.0%. Parameters followed by a * are set fixed during the analytical fitting.

In this modelling, two scenarios were considered for the sur-
rounding medium of the GRB: a constant interstellar medium
(ISM) and a wind-like profile. The ISM environment assumes a
constant-density medium. A wind-like medium follows a den-
sity profile (n = A/r?), where A is a normalisation factor and
r is the radius, characteristic of a massive star’s stellar wind,
leading to different afterglow evolutions. The fitted parameters
are the magnetic partition ratio ep (ratio of the energy density
of the magnetic field generated in the GRB shock to the total
kinetic energy density of the shock), the electron partition ratio,
€. (ratio of the kinetic energy density of electrons to the total
energy density of the shock), and the power-law index p of the
non-thermal electron distribution. The total kinetic energy of
the shock, Eg,, is restricted to a parameter range which implies
that the prompt emission energy corresponds to 1-10% of this
energy (see e.g. Zhang et al. 2007; Beniamini et al. 2015). This
assumption links the afterglow modelling to the prompt-phase
energetics and ensures that the inferred values of Eg, remain
within physically plausible ranges. Specifically, the modelling
adopts an efficiency of 1% for GRB 100621A, and 10% for GRB
131030A and GRB 161001A. The magnetic (ez) and electron
(€.) partition ratio parameters are not assumed to sum to unity,
as a significant fraction of the kinetic energy is typically carried
by non-radiating particles such as protons or remains in the bulk
motion of the shocked material (e.g. Sari & Esin 2001).

For simplicity, and following standard practices in GRB
afterglow modelling, the injection fraction is assumed to be
Ninj = 100%, i.e, all the electrons swept by the shock contribute
to the radiation spectra (Eichler & Waxman 2005; Sari et al.
1998). This assumption removes an otherwise poorly con-
strained parameter and avoids additional degeneracies in the
modelling parameters. The resulting reference parameters of the
three selected GRBs are listed in Table 1. This modelling consid-
ers acceleration at the Bohm limit, which is required to impose
the synchrotron burn-off limit.

5.1.1. GRB 100621A

GRB 100621A is a remarkable burst, featuring an extremely
bright X-ray afterglow, which was, at the time, the brightest
X-ray transient ever detected by the Swift/XRT. The Swift/BAT
detected this source on June 21, 2010, at 03:03:32UTC
(Typ) (Evansetal. 2010). The Tyy is (63.6+1.7)s and E;,
is 2.8 x 10°%2erg (20keV—2MeV) (Golenetskii et al. 2010).

GRB 100621A
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Fig. 4. SED of GRB 100621A. The Swift/XRT spectrum is shown with
the blue butterfly. The H.E.S.S. ULs obtained in this work are shown
in black. The H.E.S.S. UL published in H.E.S.S. Collaboration (2014)
is shown in orange for comparison. For the modelled emission compo-
nents, the synchrotron is shown with a pink solid line (ISM case) and
yellow dashed-dotted line (wind case), and the SSC with a pink dashed
line (ISM case) and yellow dotted line (wind case).

Using the Very Large Telescope (VLT) equipped with the X-
shooter spectrograph, the redshift was determined to be z =
0.542 (Milvang-Jensen et al. 2010). The gamma-ray spectrom-
eter satellite Konus-Wind (Aptekar et al. 1995) measured a flu-
ence up to Tp+26.9s of (3.6 + 0.4) x107> ergcm ™2 in the energy
range of 20keV-2MeV (Golenetskii et al. 2010). The Fermi
spacecraft could not observe the burst due to occultation by
the Earth. The H.E.S.S. observations began at 03:14:55UTC,
683 seconds after Ty. Due to the moonrise, only two observa-
tion runs were taken. For the XRT spectral fit, an Npga value
of 3.2 x 109 cm™2 was used; the fitted intrinsic column den-
sity results in a value of Ny = (2.69 £ 0.25) X 102 cm™2.
The parameters of the power-law fit are axgr = 1.92 + 0.135,
Dxrr = (3.58+0.587)x102keV~! cm~2s~!. The emission mod-
elling results are listed in Table 1. In Fig. 4, we show the SED
of this GRB with the H.E.S.S. upper limits and the Swift/XRT
spectrum. Previous upper limits on the energy output reported
by H.E.S.S. Collaboration (2014) are also shown for compari-
son.
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Fig. 5. SED of GRB 131030A. The Swift/XRT spectrum is shown with
the blue butterfly. The H.E.S.S. ULs are shown in black. In the plotted
emission components, the synchrotron contribution appears as a pink
solid curve for the ISM scenario and a yellow dashed-dotted curve for
the wind scenario, while the SSC component is represented by a pink
dashed curve (ISM) and a yellow dotted curve (wind).

5.1.2. GRB 131030A

The Swift/BAT initially identified GRB 131030A on Octo-
ber 30, 2013, at 20:56:18 UTC (Ty) (Trojaetal. 2013).
The Konus-Wind instrument detected this GRB up to
an energy of 10MeV. The light curve from Ty-3s to
To+25s showed a multi-peaked pulse, with a fluence of
(6.6+0.4)x 107 ergcm™ (20keV-10MeV). The estimated
Ei is 3 x 1073 erg (Golenetskii et al. 2013). The Nordic Opti-
cal Telescope (NOT, Djupvik & Andersen 2010) equipped with
the Alhambra Faint Object Spectrograph and Camera (AIFOSC)
instrument provided a redshift of z = 1.293.

Due to the significant absorption that photons undergo dur-
ing propagation, particularly within the host galaxy, optical data
not corrected for extinction can only serve as a lower limit on the
emission level. In the modelling of the SED of GRB 131030A,
optical data were therefore excluded to avoid the considerable
uncertainties associated with absorption corrections. Unlike X-
rays, where line-of-sight column density provides a relatively
robust handle, extinction in the optical band depends strongly on
the dust-to-gas ratio and the local environment in the GRB host,
both of which are often poorly constrained. Additionally, the
presence of a possible thermal component in the optical could
further complicate interpretation within the synchrotron+SSC
framework, potentially biasing the fit.

The H.E.S.S. observations were grouped into two clusters
starting at Tp+492s for a total of 1440s and T(+2244 s for a
total of 2880 s. In this section, only the upper limits from the
first cluster are considered, as they correspond to earlier times
in the GRB afterglow and will provide better constraints on the
afterglow emission. For the fit of the Swift/XRT spectrum, con-
temporary to the first H.E.S.S. observation cluster, a Galactic
column density of Nygaq = 5.62 X 10%° cm=2 was used. The
spectral fit provides an intrinsic column density of Nygj, =
(1.5 + 0.455) x 10*' cm™2, and power-law parameters, @y xgr =
(6.33+0.211) x 102 keV~'em 2 s7! and axgr = 1.76 + 0.04.

In Fig. 5, we show the Swift/XRT spectrum and H.E.S.S.
upper limits together with the synchrotron and synchrotron self-
Compton modelling. The resulting model parameters are pro-
vided in Table 1.
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Fig. 6. SED of GRB 161001A. The Swift/XRT spectrum is shown with
the blue butterfly. The H.E.S.S. ULs are shown in black. For the mod-
elled emission, synchrotron is depicted by a pink solid line in the ISM
case and a yellow dashed-dotted line in the wind case. The SSC com-
ponent is shown as a pink dashed line for ISM and a yellow dotted line
for wind.

5.1.3. GRB 161001A

Swift/BAT initially detected GRB 161001 A on October 1, 2016,
at 01:05:26 UTC (Ty). Swift/XRT began observing this GRB 65 s
later, while Swift/UVOT found no significant optical counterpart
at similar timescales. The GRB prompt emission phase was also
detected by Fermi/GBM, measuring a Tqg of 2.2 s (50-300 ke V).
The redshift of this GRB determined by the X-shooter spectro-
graph, is z = 0.891 (Kruehler et al. 2016; Selsing et al. 2019).
The burst has a fluence of (8 + 3.5) x 107 erg/cm? detected by
the Konus-Wind instrument (20keV-10MeV) (Frederiks et al.
2016). The corresponding Eig, is 2 X 10°% erg.

The H.E.S.S. analysis was performed by grouping the obser-
vations into two clusters (see Sect. 4). The first cluster of obser-
vations began 144 s after T and lasted 432 s. The second cluster
started at 3312 s after Ty and covered 3960s of exposure. As
for GRB 131030A, only the first cluster was considered here.
The spectral fit of the Swift/XRT data contemporaneous to the
H.E.S.S. upper limits of the first cluster results in an intrinsic
column density of Ny = (1.91 + 0.44) x 10%?, and power-
law parameters ®pxgr = (3.29 + 0.667) X 102keV~'em™2s7!
and axrr = 1.75 + 0.17. For this fit, a Galactic column den-
sity of Nigga = 1.11 x 10%° was used. The resulting parameters
of the single-zone SSC model can be found in Table 1, and the
corresponding spectral energy distribution (SED), including the
Swift/XRT spectrum, H.E.S.S. upper limits, and modelled emis-
sion components, is shown in Fig. 6. Although contemporane-
ous Fermif/LAT observations exist, they are not considered, as
the energy range covered coincides with the transition between
the synchrotron and SSC components and thus no meaningful
constraints on the modelling can be provided.

5.2. Comparing the properties of GRBs observed at VHEs

This section compares the properties of the GRBs detected
at VHE with the GRBs without detections presented in this
work and those of the overall population detected by Swift/BAT,
Swift/XRT and Fermi/GBM, to look for potential observa-
tional biases. GRBs co-detected by Swift/BAT and Fermi/GBM
(hereby defined as CDg’;{/I) were also considered as an additional
population for comparing the distributions.
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Table 2. p value from the KS test of the Swift/BAT parameters.

Parameter p value Observed p value Detected at VHE  p value Detected at VHE (except GRB 190829A)
vs. Whole population vs. Whole population vs. Whole population

Ty 0.16 (1.40) 0.13 (1.50) 0.25 (1.20)

Fluence 0.44 (0.80) 4.3 %107 (2.90) 2.5x 107 (4.70)

1s Peak Flux 0.10 (1.60) 6.2 x 107 (4.50) 1.0 x 10~ (3.90)

Spectral Index 0.24 (1.20) 0.58 (0.60) 0.24 (1.20)

Notes. The test is performed to compare the distribution of the parameters measured by Swift/BAT between the overall GRB sample, those GRBs

observed by H.E.S.S and those detected at VHE.

The criteria for GRB follow-up observations in H.E.S.S.
have undergone significant evolution over the years. Addition-
ally, the burst advocate can make observational decisions. There-
fore, it is crucial to evaluate potential biases that may be present
in our sample. For this, a first comparison between the GRBs
observed by H.E.S.S. and the overall GRB sample of the Fermi
and Swift catalogues was performed to ensure no significant
biases in our selections of observed GRBs. GRB 180720B and
GRB 190829A were included in the H.E.S.S. sample as they
were detected during the period covered in this work. For the
overall sample, the selection was not restricted to the same time
interval as this study (i.e. it comprises all GRBs detected by
satellite missions throughout the years). After this first check,
the distributions of GRBs detected at VHE were compared to
the overall GRB catalogue sample used in this study to search
for properties specific to VHE-detected GRBs. The distribu-
tion comparisons were performed using a Kolmogorov—Smirnov
test (KS test, Massey 1951). As GRB 190829A is the only can-
didate for the low-luminosity GRB class among all the GRBs
detected at VHE (Chand et al. 2020), the comparison of GRBs
detected at VHE was performed twice: including and excluding
GRB 190829A.

The KS test checks whether the subset of GRBs observed by
H.E.S.S. (and those detected at VHE) is statistically representa-
tive of the larger GRB population, thereby identifying any selec-
tion biases in our follow-up strategy. To do so, we compared, for
each instrument (Swift/BAT, Fermi/GBM, and Swift/XRT) and
for redshift, the distributions of key prompt- and afterglow-phase
parameters among (1) all catalogued GRBs; (2) those observed
by H.E.S.S. (including GRB 180720B and GRB 190829A);
and (3) the VHE detections (with and without GRB 190829A).
Although every VHE detection occurred during the after-
glow, comparing prompt-phase properties (from Swift/BAT and
Fermi/GBM) could reveal shared characteristics. Prompt-phase
values were taken from the Swift/BATlo (Lien et al. 2016) and
Fermi/GBM!'! (von Kienlin et al. 2020) catalogues, focusing on
Swift/BAT-detected GRBs due to their precise localisations. In
the subsections below, we report KS-test p values for each com-
parison and highlight any significant deviations.

5.2.1. Prompt phase: Swift/BAT

Table 2 summarises the results of all the KS tests performed
on the parameters related to the prompt phase observed by
Swift/BAT. No significant bias was identified between the
observed sample by H.E.S.S. and the overall Swift/BAT sam-

10 https://swift.gsfc.nasa.gov/results/batgrbcat/
I https://heasarc.gsfc.nasa.gov/w3browse/fermi/
fermigbrst.html

ple!>. Among the parameters investigated, the one-second peak
flux (the highest flux measured in a one-second interval of the
burst) with a significance of 1.60 is the most substantial differ-
ence. Therefore, it was concluded that there were no biases in the
selected observation sample. Fig. 7 shows a comparison between
four main parameters measured by Swift/BAT in the 15-150 keV
energy band: the Tqg value, the photon index, the fluence, and
the one-second peak photon flux. For most studied parameters,
no significant deviation was found between the observed and the
parameter distributions of the detected samples. Only the fluence
exhibits a considerable deviation, with a p value-equivalent sig-
nificance of 4.70-, down to 2.90 if GRB 190829A is included.
The one-second peak flux shows a strong hint of deviation at
3.90, up to 4.50 if GRB 190829A is included.

5.2.2. Prompt phase: Fermi/GBM

In this section, Fermi/GBM GRBs observed by H.E.S.S. are
considered, but the selection is restricted to those also detected
by Swift/BAT. This allows us to identify more precisely the
GRB localisation, therefore ensuring that our observations are
covering the true position of the GRB. Similarly to the com-
parison discussed in the previous section, no significant bias
was identified in this set. The correlation study was performed
on four parameters measured by Fermi/GBM (10-1000keV):
the Tog value, the fluence, and the peak flux on 64ms and
1024 ms timescales. No spectral properties were studied, as the
values were not available in the online catalogue for most of
the GRBs considered. Table 3 summarises the results of all
the KS tests performed for this sample. The results are simi-
lar to those obtained for the comparison to the Swift/BAT sam-
ple, with no significant deviation on Tgy, but with a strong
hint of deviation (>40°) on the fluence or the peak flux when
excluding GRB 190829A. This is similar to what was observed
with Swift/BAT, therefore indicating that VHE instruments are
likely able to detect only very bright bursts. The compari-
son of the distributions for the Tg9y and fluence is shown in
Fig. 8.

5.2.3. Afterglow phase: Swift/XRT

A study of correlations in observables from the afterglow
phase with Swift/XRT is motivated by two key factors. First,
all the detections of VHE emission from GRBs have been
associated with afterglow emission. Second, some observa-
tions reveal similarities between X-ray and VHE emission
(H.E.S.S. Collaboration 2019, 2021). The measurements avail-

12 GRB 221009A is not part of this sample because Swift/BAT did not
detect its prompt phase, as the source was outside the instrument’s field
of view at the time of the event.
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Table 3. p value from the KS test comparing the distribution of the measured parameters from Fermi/GBM.

Parameter p value Observed p value Detected at VHE  p value Detected at VHE (except GRB 190829A)
vs. Population CDEAL vs. Population CDERL, vs. Population CDEAT

Too 0.79 (0.30) 2.7x 1072 (2.20) 6.0 x 1072 (1.907)

Fluence 0.62 (0.50) 3.8 x 107* (3.607) 1.1 x 107 (4.90)

64 ms Peak Flux 0.36 (0.90) 1.6 x 107 (4.307) 1.4x 1075 (4.30)

1024 ms Peak Flux 0.78 (0.30) 4.4 x 1076 (4.60) 8.2x 1070 (4.40)

Notes. The test is done between GRBs detected by both Swift/BAT and Fermi/GBM, those observed by H.E.S.S., and those detected at VHE.
While Ty, shows no significant deviation, the fluence and both 64 ms and 1024 ms peak fluxes for VHE-detected GRBs differ from the overall
population, indicating these bursts tend to be brighter in the prompt phase.

able in the Swift/XRT live catalogue were used (Evans et al.
2007, 2009, 2023), and especially the information on the light
curve shape, the flux measured by XRT and the spectral prop-
erties measured during each phase of the light curve. The XRT
catalogue provides information on the number of breaks in the
light curve by fitting power law segments. With this informa-
tion, the 0.2-10keV flux and spectral index at 200s, 1h, 11h
and 24 h were computed (and extrapolated if needed). For the
observed and VHE-detected GRBs, the 0.2—-10keV fluence dur-
ing the H.E.S.S. observations window was also computed. GRB
221009A was not included for this last parameter, as the VHE
detection happened during the rise of the afterglow, while the
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first measurement performed by Swift/XRT was performed in a
later phase of the afterglow, making it difficult to rely on the
extrapolation of the values. The distribution of a few of those
parameters can be seen in Fig. 9. No significant deviations exist
in the tested distributions between the GRBs observed and the
overall sample. While the comparison between spectral indices
does not show any significant deviation between those detected
at VHEs and the overall sample, it is possible to see a hint
of deviation for the flux and fluence parameters with deviation
above 30 for the tested distributions and above 40 for most of
them. These results go in a similar direction as those from the
prompt phase, the main difference between the ones detected at
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VHE is their brightness. The results from each KS test are sum-
marised in Table 4.

5.2.4. Redshift

Another critical parameter in detecting GRBs at VHESs is the red-
shift. Due to the absorption by interaction with the EBL, a sig-
nificant portion of the gamma-ray emission at VHE is absorbed
before reaching the observer. The redshift distribution of the
Swift/BAT sample was compared to that of the GRBs observed
by H.E.S.S. and to that of the GRBs detected at VHEs. The dis-
tributions are shown in Fig. 10. Both comparisons show a 20
deviation.

6. Discussion

The sample of H.E.S.S. GRBs analysed in this work is broadly
consistent with the overall population of Swift and Fermi GRBs
in terms of redshift and duration. However, the GRBs detected at
VHE:s exhibit significantly brighter prompt and afterglow emis-
sion compared to the general Swift GRB distribution. This sug-
gests that current IACTs, including H.E.S.S., are primarily sen-
sitive to the most luminous GRBs, and likely miss the majority
of events due to limited sensitivity. Also, due to the EBL absorp-
tion, the detection horizon is limited. To summarise both of those
points, Fig. 11 shows the Swift/XRT flux at 11 hours after T, as
a function of redshift for the entire population of Swift/detected
GRBs and the H.E.S.S. sample of this work. The VHE-detected
GRBs are shown with specific colours and represent the clos-
est and brightest compared to the whole Swift/XRT population,
except for GRB 201216C. GRB 130427A is also included in
the figure, although not formally detected at VHE, as it featured
an exceptionally bright afterglow and a Fermi/LAT photon with
energy close to 100 GeV (Ackermann et al. 2014). The detection
of GRB 201216C could still be explained by the smaller zenith
angle and small delay of the observations performed by MAGIC
combined with the very bright early afterglow (Fig. 9). The fact
that most of the GRBs observed by H.E.S.S. presented in this
work are rather “ordinary”, combined with the H.E.S.S. obser-
vation delays and conditions (e.g. a high zenith angle increases

the energy threshold), can explain the non-detection results in
this paper.

The shortest observation delay in this sample is 66s and
occurred for GRB 180906B. This delay exceeds its prompt emis-
sion duration of 18s. This is, however, not the fastest follow-
up by H.E.S.S. in the years since the time period discussed in
this study. The quickest response from the alert system and tele-
scopes was achieved for GRB 191004B at 28 s, which occurred
during moderate moonlight and has not been considered for anal-
ysis in this work. The GRB in this sample with the longest
Tog, GRB 160825A (Tgp = 6.0 min), was observed by H.E.S.S.
262 min after its onset. This highlights the difficulty for IACTs
in capturing the prompt phase of GRBs due to the intrinsic delay
in satellite alerts (the median delay value for Fermi/GBM and
Swift alerts is roughly 30's and 42 s respectively, Hoischen et al.
2017) that is longer than the typical prompt emission dura-
tion, in addition to observational constraints (moonlight pres-
ence, telescope slewing time, duty cycle). Serendipitous obser-
vations, as in the case of GRB 060602B, are the best chance for
IACTs to study the prompt phase of GRBs. The recent detection
of GRB 221009A by LHAASO (The LHAASO Collaboration
2023), whose location was immediately observable at the
LHAASO site, demonstrates the importance of the complemen-
tarity of Wide Field of View instruments with IACTs.

Recently, Ashkar et al. (2024) presented a study that deter-
mined potentially detectable GRBs by current IACT obser-
vatories by examining observability characteristics and X-ray
flux and redshift of archival Swift and Fermi/LAT alerts. In
the case of H.E.S.S., seven GRBs were identified by the
study: GRB 190829A and GRB 180720B, which are not pre-
sented here because of dedicated publications, GRB 100621A
and GRB 131030A, which are discussed in Sect. 5.1, and
GRB 060904B, GRB 130925A and GRB 161219B, for which
H.E.S.S. did not perform any follow-ups due to bad weather
conditions. This indicates that all GRBs identified as potentially
detectable by H.E.S.S. were either observed or missed for rea-
sons outside of human control, such as unfavourable weather.

A modelling of three selected GRBs has been presented in
this work. This modelling approach does not account for the
modification of the KN suppression into the electron-cooling,
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Table 4. p value from the KS test of the Swift/XRT light-curve parameters.

p value observed
vs. whole population

Parameter

p value detected at VHE  p value detected at VHE (except GRB 190829A)
vs. whole population

vs. whole population

Fluence during observations N/A 6.5 % 107 (4.00) 4.6 %107 (4.10)
excluding GRB 221009A

Flux at 200 s 0.91 (0.10) 1.9x 1073 3.10) 1.0x 107 (4.40)
Flux at 1 h 0.89 (0.10) 1.3x 107° (4.00) 6.6 x 107° (4.50)
Flux at 11h 0.92 (0.10) 9.7 x 107 (4.80) 1.1 x 107* (3.80)
Flux at 24 h 0.91 (0.10) 3.7x 107 (4.10) 3.2x107* (3.60)
Spectral index at 200's 0.97 (0.0407) 0.60 (0.507) 0.26 (1.107)
Spectral index at 1 h 0.48 (0.70) 0.68 (0.40) 0.31 (1.00)
Spectral index at 11h 0.73 (0.30) 0.77 (0.30°) 0.82 (0.207)
Spectral index at 24 H 0.74 (0.307) 0.75 (0.30) 0.35 (0.90)

Notes. The KS test is performed to compare the distribution of the parameters computed from the light curve measured by Swift/XRT between the
overall sample, the ones observed by H.E.S.S and those detected at VHE. Significant deviations (p < 0.01) are seen for fluence during observations
and for flux at various epochs in VHE-detected GRBs, suggesting these brightness parameters differ from the overall population, while spectral

indices remain statistically consistent.

and therefore does not include the corresponding modifications
to the synchrotron spectral shape. However, as seen in the
results of these three GRBs, the SSC peak lies well below the
synchrotron peak, hence the Klein—Nishina suppression does
not significantly affect the electron cooling, and modifications
to the synchrotron spectrum are therefore not required. The
most constraining upper limits are obtained for GRB 131030A.
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The SSC scenario discussed in this work can fully explain the
non-detections by H.E.S.S. Hard Swift/XRT spectra from these
selected GRBs imply that the emitting electrons are in the slow
cooling regime. We note that our modelling results just provide
one set of feasible parameters for each selected GRBs under
the assumption that 7;,; = 100% and Eg,/Ej, = 10 or 100.
Since degeneracies exist between the parameters, the specific
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Fig. 10. Distribution of the redshift measured for GRBs detected by
Swift/BAT. The green colour represents the whole Swift/BAT population
with redshift measurements. The redshift distribution of GRBs observed
by H.E.S.S. is shown in blue. The black lines represent the individ-
ual measurements for all GRBs detected at VHE. The redshift value of
GRB 190829A is represented with the orange arrow.

values should not be over-interpreted. For the GRBs modelled
here, the SSC component predicted from our afterglow fits lies
well below the H.E.S.S. upper limits once Klein—Nishina effects
and EBL attenuation are included. The resulting non-detections
are therefore expected and indicate no tension with a standard
forward-shock scenario. The required sensitivity to challenge
our SSC models is still low, suggesting that earlier observa-
tions or lower thresholds would be decisive for future studies.
In addition to this modelling approach, it was found that a sce-
nario that pushes the SSC flux to reach the H.E.S.S. ULs would
require values of Eg, at 0(10%) erg, far above cannonical values,
and compared only to extreme illustrative cases (Acciari et al.
2019). This consideration reinforces that VHE detections are, in
practice, largely unfeasible under present energy thresholds and
instrument response times.

Providing more information on the emission above 100 GeV
is an important issue in GRB modelling. As shown in the pre-
vious section, the lack of multi-wavelength information makes
broadband emission modelling difficult for the handful of events
whose upper limits at VHE set constraints. The lack of redshift
estimation is equally essential: only approximately 30% of the
GRBs detected in the last decade have a redshift measurement.
This is usually due to a lack of follow-ups from optical instru-
ments. In November 2022, the H.E.S.S. collaboration set up a
public web page to announce the follow-up of GRBs in real
time'? as an effort to motivate deeper and more simultaneous
follow-ups at different energies with other instruments.

The lack of detection at VHEs highlights the severe difficulty
of overcoming the limitations when observing distant sources
due to the EBL absorption. The observations with CT 5 pre-
sented here have a lower energy threshold than those carried out
with CT 1-4 only (see Table A.4). CT 5 also increased the detec-
tion prospects of H.E.S.S. by improving the repointing speed of
H.E.S.S.

7. Conclusions and outlook

This paper presents the H.E.S.S. observations of GRBs over
nearly 15 years, including a re-analysis of GRBs observed

13 https://grbhess.github.io/
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Fig. 11. Swift/BAT 11-hour flux as a function of the redshift. Light-grey
points correspond to all Swift/GRBs with measured redshift. Dark-grey
points correspond to the H.E.S.S. GRBs presented in this work that have
a redshift and Swift/XRT afterglow measurement. The GRBs detected
at VHE and GRB 130427A are highlighted in colour.

between 2003 and 2007 using improved calibration and recon-
struction algorithms. The GRB selection was performed by
searching for coincidences between the H.E.S.S. observations
and the publicly available listings of X-ray-detected GRBs. With
this method, two additional GRBs could be added to the study,
as they occurred within the field of view of another VHE source
being observed with H.E.S.S.

The data analysis of the GRBs presented in this paper did
not yield any detections. Spectral-flux upper limits were pro-
vided for GRBs whose localisation uncertainties were smaller
than the field of view of H.E.S.S. A stacked analysis was per-
formed on this sample to determine a possible detection in the
overall sample, but it did not result in a detection either. Upper-
limit maps were obtained for GRBs with larger uncertainties in
their localisations. This catalogue of GRB ULs at VHE is the
largest released to date. A discussion on three specific GRBs
was presented with dedicated modelling based on the Swift/XRT
spectrum contemporaneous with H.E.S.S. observations. These
GRBs were selected due to their favourable observation con-
ditions, low redshift, and high X-ray flux. In all three cases,
the H.E.S.S. upper limits are consistent with the SSC emission
expected from our X-ray afterglow fits and only earlier observa-
tions or lower thresholds will allow such models to be critically
tested.

The lack of redshift measurements for GRBs poses a chal-
lenge to efforts meant to constrain GRB emission models and
enable population studies. With the recent launch of SVOM'*
and specifically thanks to the satellite’s anti-Solar pointing and
dedicated ground-based optical telescopes, it is expected that the
availability of redshift estimates will become much more com-
mon.

While current-generation IACTs are limited in sensitiv-
ity and energy threshold, future facilities, such as CTAO, are
expected to improve these aspects significantly. The lower

4 https://www.svom.eu/en/the-svom-mission/
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Fig. 12. Energy threshold and redshift for the H.E.S.S. sample anal-
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threshold and faster repositioning capabilities of instruments
such as the Large-Sized Telescopes (LSTs) could help address
some of the observational challenges highlighted in this study,
including delayed follow-up or reduced sensitivity to distant
GRBs (Cortina 2019).

Considering the distribution of Swift/XRT GRBs in Fig. 11,
the improved sensitivity (by one order of magnitude) of CTAO
compared to H.E.S.S. (excluding differences in the energy
threshold) is expected to be able to detect the VHE emission
of Swift/XRT GRBs with an afterglow flux level as low as
1072 ergecm™2s7! and with redshifts of z = 1. The LSTs will
achieve energy thresholds of ~30GeV under optimal observ-
ing conditions (Abe et al. 2023b). The EBL absorption shown
in Fig. 12 illustrates the impact of low energy thresholds on the
ability to observe distant sources. Considering a scenario where
90% of the photons are absorbed (i.e. transmission e™* = 0.1),
an energy threshold of 100 GeV only allows for detections up
to z ~ 0.3. An energy threshold of 30 GeV extends the range to
z ~ 0.8. For distant sources, gamma rays absorbed by the EBL
trigger cascades that produce lower-energy secondary photons.
Cascades shift energy into the GeV domain but do not replenish
the lost TeV photons for high-redshift sources.

The synergies that will be possible thanks to the presence
of the Southern Wide-field Gamma-ray Observatory (SWGO,
Conceicdo 2023) in the southern hemisphere, as well as
LHAASO and the High-altitude Water Cherenkov Observatory
(HAWC, Abeysekara et al. 2019) in the northern hemisphere are
also highly anticipated. Given their high-duty cycle and survey-
mode observation, these wide-field instruments have the capac-
ity to detect GRBs without an external trigger, potentially serv-
ing as an alert system for deep observations of a VHE-emitting
GRB with IACTs.

Data availability

The data for all the tables of this manuscript are available at
the CDS via https://cdsarc.cds.unistra.fr/viz-bin/
cat/J/A+A/707/A382
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Appendix A: Additional tables

Table A.1. GRB population after different selection and analysis stages.

Stage loc GRBs un-loc GRBs Total
Follow-up observations - - 107
Selected for analysis 66 23 89
Retained after quality selection 48 15 63
Flux ULs determined 48 1 49

Notes. GRBs are classified as well-localised (loc, typically Swift/BAT
alerts with position uncertainty <3’) or poorly localised (un-loc, mostly
Fermi/GBM alerts with uncertainty >0.2°).

Table A.2. H.E.S.S. Follow-up observations triggered by Fermi/GBM.

Name To delay (min) Analysis configuration
GRB 150127589 2015-01-27 14:08:26 588.5 stereo loose
GRB 150422703 2015-04-22 16:52:33 188.7 hybrid loose
GRB 160113398 2016-01-13 09:32:30 997.2 stereo loose
GRB 160822672 2016-08-22 16:07:40 144.1 hybrid loose
GRB 160825799 2016-08-25 19:10:49 94.5 mono loose
GRB 160825799 205.4 mono loose
GRB 170402961 2017-04-02 23:03:25 262.5 stereo loose
GRB 170730133 2017-07-30 03:11:44 1206.9 hybrid loose
GRB 170826819 2017-08-26 19:38:56 92.4 hybrid loose
GRB 171112868 2017-11-12 20:50:17 22.4 hybrid loose
GRB 180522607 2018-05-22 14:34:38 737.4 hybrid loose
GRB 180906759 2018-09-06 18:12:25 1.1 hybrid loose
GRB 190306943 2019-03-06 22:37:43 84.5 stereo loose
GRB 190306943 237.3 stereo loose
GRB 190507970 2019-05-07 23:16:29 29.0 hybrid loose
GRB 190727668 2019-07-27 16:01:52 107.4 hybrid loose

Notes. The Fermi/GBM name identifier is used here for uniformity as
many of these GRBs do not have an official GCN name. The second
column corresponds to the time of the onset of the burst (Ty), the third
column indicates the delay of the H.E.S.S. observation in minutes and
the fourth column indicates the analysis configuration (see Sect. 4).
Columns without T, values correspond to subsequent H.E.S.S. obser-
vations of the GRB in the previous column with provided Tj. In Sect. 4,
the results of UL maps for these GRBs are detailed.
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Table A.3. Multi-wavelength information from the GCN Circulars for our GRB sample (loc and un-loc).

Name Instrument RA (J2000)¢ Dec (J2000) error TIQ’O R¢ [0 HE* z
(arcmin) (s)
GRB 041006 HETE-2 00h54m53s  +01d12m04s 5.00 ~20.0 v v X 0.716'
GRB 041211B” HETE-2 06h43m12s  +20d23m42s 1.33 >100.0 X X -
GRB 050209 HETE-2 08h26m09s  +19d41m02s 14.00 46.0 . X . -
GRB 050509C HETE-2 12h52m54s -44d50m04s 0.02 25.0 v v -
GRB 050607 Swift/BAT 20h00m43s  +09d08m20s 0.13 26.4 . v -
GRB 050726 Swift/BAT 13h20m06s -32d03m50s 0.10 499 . v -
GRB 050801 Swift/BAT 13h36m35s -21d55m48s 0.02 19.4 X v 1.56%
GRB 060505 Swift/BAT 22h07m05s -27d48m54s 0.08 4.0 . v 0.089°
GRB 060526 Swift/BAT 15h31m20s  +00d17m17s 0.11 298.2 v 3214
GRB 060728 Swift/BAT 01h06m35s -41d23m24s 3.00 60.0 X -
GRB 061110A Swift/BAT 22h25m08s -02d15m07s 0.06 40.7 v 0.758°
GRB 070209 Swift/BAT 03h04m51s -47d22m34s 2.80 0.1 X 0.314°
GRB 070419B Swift/BAT 21h02m50s -31d15m58s 3.94 236.4 v -
GRB 070612B Swift/BAT 17h26m52s -08d44m49s 0.08 13.5 X -
GRB 070621 Swift/BAT 21h35m13s -24d48m32s 0.03 333 X -
GRB 070721A Swift/BAT 00h12m35s -28d31m48s 0.04 3.4 . v -
GRB 070721B Swift/BAT 02h12m31s -02d11m53s 0.01 340.0 X v 3.637
GRB 070724A Swift/BAT 01h51m18s -18d36m36s 0.04 0.4 X X 0.4578
GRB 070808 Swift/BAT 00h27m03s  +01d10m48s 0.03 32.0 . v -
GRB 070920B Swift/BAT 00h00m30s -34d50m38s 0.13 20.2 . X -
GRB 071003 Swift/BAT¢ 20h07m26s  +10d57ml4s 0.10 150.0 v v 1.604°
GRB 080413A Swift/BAT 19h09m12s -27d40m37s 0.01 46.0 X v 243310
GRB 080804 Swift/BAT 21h54m42s -53d11m20s 3.00 34.0 X v 2.2045"
GRB 081221 Swift/BAT 01h03m12s -24d32m31s 0.02 34.0 v v -
GRB 081230 Swift/BAT 02h29m19s -25d08m42s 0.03 60.7 . v 1.28 12
GRB 090201 Swift/BAT 06h08m12s -46d36m14s 0.06 83.0 X v 211
GRB 091018 Swift/BAT 02h08m46s -57d32md46s 0.06 4.4 . v 0.971 11
GRB 100418A Swift/BAT 17h05m26s  +11d27m25s 0.03 7.0 v v 0.6239 1
GRB 100621A Swift/BAT 21h01m14s -51d06m07s 0.03 63.6 . v . 0.542 11
GRB 110625A Swift/BAT 19h07m00s ~ +06d45m18s 0.04 44.5 v v -
GRB 120328A Swift/BAT 16h06m26s -39d19m19s 0.03 24.2 X . -
GRB 130502A Swift/BAT 09h14m19s -00d08m02s 0.03 3.0 v X -
GRB 131030A Swift/BAT 23h00m18s -05d22m48s 0.08 41.1 v . 1.293 13
GRB 131202A Swift/BAT 22h56m01s -21d39m00s 2.60 30.4 v -
GRB 140818B Swift/BAT 18h04m40s -01d21m14s 2.10 18.1 v -
GRB 141004A Swift/BAT¢ 05h06m53s  +12d49m41s 1.00 3.9 . v . 0.571'
GRB 150127B* Fermi/GBM ~ 09h29m38s -03d08m24s 60.00 60.9 . . . -
GRB 150301A Swift/BAT 16h17m07s -48d43m55s 1.90 0.5 . . . -
GRB 150422A% Fermi/GBM  14h20m24s -20d51m36s 64.20 36.9 . . . -
GRB 150711A Swift/BAT 14h46m30s -35d27m50s 1.00 64.2 . X . -
GRB 160113A* Fermi/GBM ~ 12h29m02s  +11d31m48s 72.00 24.6 . . . -
GRB 160310A Fermi/LAT 06h35m17s -07d12m54s 6.00 18.2 . v v -
GRB 160712A Swift/BAT 20h16m40s -26d57m54s 1.30 ~25.0 . X . -
GRB 160822A% Fermi/GBM ~ 18h08m31s  +03d35m02s 32.40 0.0 . . . -
GRB 160825A*  Fermi/GBM  21h58ml0s  +08d09m36s 360.00 6.1 . . . -
GRB 161001A Swift/BAT 04h47m42s -57d15m40s 1.00 2.6 . v . 0.891'3
GRB 170402B**  Fermi/GBM  20h31md4ls -45d55m48s 333.00 22.5 . . -
GRB 170531B Swift/BAT 19h07m36s -16d24m50s 1.50 164.1 . v . 2.366'¢
GRB 170730B**  Fermi/GBM  21h35m38s -29d45m00s 253.80 6.7 . . . -
GRB 170826B* Fermi/GBM  21h50m48s -31d48m00s 60.00 11.0 . . . -
GRB 171020A Swift/BAT 02h37m02s +15d11m56s 1.80 41.9 . v . 1.87"7
GRB 171112A* Fermi/GBM ~ 01h21m52s -59d40m41s 10.20 302.8 . . . -
GRB 180510A Swift/BAT 18h25m20s -31d55m01s 1.00 40.4 . v . -
GRB 180512A Swift/BAT 13h27m46s  +21d24ml4s 1.90 24.0 . . . -
GRB 180522A**  Fermi/GBM  20h00m24s -16d31m48s 306.00 6.9 . . . -
GRB 180613A Swift/BAT 14h06m11s -43d04m55s 1.80 50.8 . v . -
GRB 180906B**  Fermi/GBM 18h00m28s -67d40m12s 197.40 13.3 . . . -
GRB 190306A**  Fermi/GBM  15h24ml17s -00d22m48s 153.00 180.5 . . . -
GRB 190507B* Fermi/GBM ~ 19h11m17s -22d49m12s 71.40 36.4 . X . -
GRB 190627A Swift/BAT 16h19m22s -05d18m07s 2.70 1.6 v 1.942'8
GRB 190727A% Fermi/GBM 14h57m58s  +19d26m24s 60.00 474 . -
GRB 190821A Swift/BAT 16h40m17s -34d01m37s 1.30 57.1 v -
GRB 191004B Swift/BAT 03h16m48s -39d38m13s 1.00 37.7 M 3.503"

Notes. The GRB coordinates reported by the corresponding instrument are listed with the localisation uncertainty, the burst duration (T, measured
as the time in which 90% of the emission is detected), the detection at other energies, and the redshift.  For GRBs detected by Swift-BAT, the
coordinates are obtained from https://swift.gsfc.nasa.gov/archive/grb_table/. For those detected by Fermi-GBM, the coordinates
are taken from von Kienlin et al. (2020). For GRBs detected by HETE-2, the coordinates are retrieved from the GCN Circulars. ? For sources
detected by HETE-2, Ty, values are taken from H.E.S.S. Collaboration (2009). ¢ R, O, and HE represent radio, optical, and high-energy (100 MeV
to 100 GeV) gamma-ray observations. A v indicates a counterpart detection, X indicates no detection, and - means no information is available
via GCN. ? This burst is referred to with the suffix “B”, contrary to the name given by the GCN Circulars, to distinguish it from GRB 041211A,
which occurred earlier on the same day (Pélangeon, private communication). ¥ GRBs detected by Fermi/GBM are not included in Table A.4. GRBs
with an * after the name indicate that the GRB does not appear with a GCN-style name in the literature, adopting the auto-generated name of
GCNweb: https://user-web.icecube.wisc.edu/~grbweb_public/index.html.

References (1) Stanek et al. (2005) (2) de Pasquale et al. (2007) (3) GCN: Ofek et al. (2006) (4) Thone et al. (2010) (5) GCN: Fynbo et al. (2007)
(6) GCN: Berger & Fox (2007) (7) Xiao & Schaefer (2011) (8) GCN: Cucchiara et al. (2007) (9) Perley et al. (2008) (10) GCN: Thoene et al.
(2008) (11) Kriihler et al. (2015) (12) Kriihler et al. (2011) (13) GCN: Xu et al. (2013) (14) GCN: de Ugarte Postigo et al. (2014) (15) Selsing et al.
(2019) (16) GCN: de Ugarte Postigo et al. (2017) (17) GCN: Malesani et al. (2017) (18) GCN: Japelj et al. (2019) (19) GCN: D’Elia et al. (2019)
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Table A.4. GRB analysis results.

Name Ty delay Exposure  Analysis configuration  Noy  Norr exp Significance Ey Flux ULs Flux ULs
a=-25 a=-50
(min) (h) (o) (GeV) (10 2em™2s7!) (107 2em™2s71)

GRB 041006 2004-10-06 12:18:08  626.6 1.2 stereo loose 48 467 8.79 -0.67 232 2.3 3.6
GRB 041211B  2004-12-11 11:31:46  567.8 1.7 stereo loose 65 806 14.73 1.3 463 2.8 4.1
GRB 050209 2005-02-09 01:31:41  1209.3 2.5 stereo loose 91 778 9.06 0.52 511 2.1 2.9
GRB 050509C  2005-05-09 22:45:54  1257.4 0.8 stereo loose 30 265 8.63 -0.11 257 3.6 52
GRB 050607 2005-06-07 09:11:23  1023.6 0.8 stereo loose 29 453 14.22 -0.49 283 2.0 3.1
GRB 050726 2005-07-26 05:00:18  773.6 1.7 stereo loose 56 488 9.02 0.24 283 6.3 11.2
GRB 050801 2005-08-01 18:28:02 16.1 0.4 stereo loose 10 112 8.99 -0.68 622 6.6 3.0
GRB 060505 2006-05-05 06:36:01  1163.9 1.6 stereo loose 33 368 11.23 0.04 312 6.5 10.1
GRB 060526 2006-05-26 16:28:30  285.1 1.7 stereo loose 97 805 8.9 0.64 232 1.7 2.4
GRB 060728 2006-07-28 22:24:31 249.9 0.4 stereo loose 11 148 9.99 -0.99 260 2.1 3.4
GRB 061110A  2006-11-10 11:47:21  408.6 1.6 stereo loose 56 447 8.11 0.11 232 3.4 4.6
GRB 070209 2007-02-09 03:33:42  926.8 0.8 stereo loose 29 234 9.1 0.6 380 4.7 8.0
GRB 070419B  2007-04-19 10:44:06  907.2 0.8 stereo loose 21 154 9.18 0.94 463 6.3 5.3
GRB 070612B  2007-06-12 06:21:18  900.9 1.7 stereo loose 91 802 9.07 0.26 211 3.8 6.1
GRB 070621 2007-06-21 23:17:39 6.7 3.6 stereo loose 169 1410 8.71 0.53 211 2.9 4.5
GRB 070621 37.2 0.4 stereo loose 6 109 9.08 -1.83 463 6.7 2.5
GRB 070721A  2007-07-21 10:01:08  833.4 1.7 stereo loose 56 822 14.22 -0.22 257 5.6 8.5
GRB 070721B  2007-07-21 10:33:48  925.8 1.3 stereo loose 40 522 13.85 0.36 345 4.8 6.1
GRB 070724A  2007-07-24 10:53:50  893.6 1.7 stereo loose 72 617 8.99 0.38 211 5.7 9.0
GRB 070808 2007-08-08 18:28:00  306.3 1.7 stereo loose 51 501 9.04 -0.57 283 1.9 1.9
GRB 070920B  2007-09-20 21:04:32  221.1 1.3 stereo loose 14 248 9.28 -2.59 380 2.7 1.1
GRB 071003 2007-10-03 07:40:55  631.5 1.5 stereo loose 39 376 8.37 -0.85 345 1.9 2.5
GRB 080413A  2008-04-13 02:54:19 353 0.3 stereo loose 17 104 9.05 143 232 11.2 1.6
GRB 080804 2008-08-04 23:20:14 6.0 0.4 stereo loose 12 102 9.06 0.21 312 6.3 9.9
GRB 080804 36.2 1.3 stereo loose 31 287 8.94 -0.18 312 2.0 3.5
GRB 081221 2008-12-21 16:21:11 167.7 0.8 stereo loose 34 309 9.25 0.1 283 2.8 3.1
GRB 081230 2008-12-30 20:36:12 70.0 0.8 stereo loose 17 214 9.09 -1.35 686 32 1.4
GRB 090201 2009-02-01 17:47:02  214.3 0.8 stereo loose 15 185 8.93 -1.25 380 2.4 2.6
GRB 091018 2009-10-18 20:48:19 77.4 1.7 stereo loose 23 253 9.09 -0.89 380 1.1 1.7
GRB 100418A  2010-04-18 21:10:08 133.0 0.8 stereo loose 13 134 8.87 -0.52 563 4.9 29
GRB 100621A  2010-06-21 03:03:32 11.5 0.4 stereo loose 12 104 8.73 0.02 345 52 5.7
GRB 100621A 42.0 0.4 stereo loose 21 125 9.97 2.05 345 5.7 9.9
GRB 110625A  2011-06-25 21:08:28 21.2 1.1 stereo loose 63 279 5.46 1.47 283 59 11.7
GRB 120328A  2012-03-28 03:06:19 6.2 0.4 stereo loose 13 145 9.03 -0.75 232 3.6 33
GRB 130502A  2013-05-02 17:50:30 64.9 1.7 stereo loose 47 421 9.22 0.19 312 1.8 1.8
GRB 131030A  2013-10-30 20:56:18 8.2 0.4 mono loose 66 373 7.4 1.96 117 11.0 17.1
GRB 131030A 37.4 0.8 mono loose 56 403 8.32 1.0 157 48.8 86.3
GRB 131202A  2013-12-02 15:12:09 2349 0.8 stereo loose 23 189 8.89 0.35 312 6.0 6.7
GRB 140818B  2014-08-18 18:44:16 1.9 0.4 mono loose 27 238 8.38 -0.24 117 29.5 27.6
GRB 140818B 60.3 0.9 mono loose 46 340 8.51 0.88 161 17.1 20.1
GRB 141004A  2014-10-04 23:20:54  160.1 1.0 stereo loose 15 211 9.41 -1.59 380 1.1 1.7
GRB 150301A  2015-03-01 01:04:28 25.5 1.7 mono loose 73 480 8.35 1.85 142 20.7 37.9
GRB 150711A  2015-07-11 18:23:03 23.8 1.3 mono loose 44 692 14.33 -0.6 177 6.7 6.3
GRB 160310A  2016-03-10 00:22:58  1088,1 1.3 stereo loose 44 360 9.23 0.74 257 43 52
GRB 160712A  2016-07-12 19:53:36  229.6 1.9 mono loose 235 2120 8.32 -1.17 161 9.2 10.1
GRB 161001A  2016-10-01 01:05:16 2.4 0.1 mono loose 7 66 9.17 -0.06 257 61.3 414
GRB 161001A 55.2 1.1 mono loose 78 653 8.54 0.17 173 5.8 10.9
GRB 170531B  2017-05-31 22:02:09 24.6 0.4 stereo loose 12 98 8.95 0.29 312 5.7 34
GRB 170531B 89.0 1.3 mono loose 62 556 8.68 -0.24 161 14.4 10.5
GRB 171020A  2017-10-20 23:07:10 2.4 0.4 stereo loose 10 151 9.08 -1.67 380 1.2 1.6
GRB 171020A 323 2.6 stereo loose 85 681 9.23 1.21 283 33 5.2
GRB 180510A  2018-05-10 19:24:34  196.4 1.6 stereo loose 45 363 8.94 0.64 232 5.6 5.5
GRB 180512A  2018-05-12 22:01:47 3.0 0.4 mono loose 21 149 8.82 0.9 257 12.0 17.0
GRB 180512A 31.8 0.2 mono loose 2 47 8.0 -1.77 288 4.4 54
GRB 180613A  2018-06-13 15:36:18 121.3 2.0 stereo loose 103 956 9.0 -0.29 191 3.0 4.8
GRB 190627A  2019-06-27 11:18:31 390.8 0.4 stereo loose 14 91 8.84 1.03 419 7.7 5.6
GRB 190821A  2019-08-21 17:10:03 46.8 1.7 stereo loose 46 450 9.28 -0.34 191 3.7 4.1
GRB 191004B  2019-10-04 21:33:41 30.1 0.4 stereo loose 5 55 9.99 -0.2 419 52 2.3
GRB 191004B 58.9 3.5 stereo loose 108 1069 9.42 -0.48 191 2.0 2.6

Notes. This table sumarises the results from H.E.S.S. observations of the loc sample, mostly triggered by Swift/BAT and Fermi/LAT. The first
column is the name of the GRB following the GCN convention. The second column, Ty, corresponds to the burst’s onset time in UTC. The third
and fourth columns provide the observation delay and acceptance-corrected exposure time, respectively. The fifth column provides the analysis
configuration (see Sec. 4 for details). The number of events detected in the ON and OFF regions, the acceptance-weighted exposure .y, and the
statistical significances are given in the sixth to ninth columns. The energy threshold of the analysis is given in the tenth column, and the integral
flux upper limits with @ = —2.5 and @ = —5 above the given energy threshold are provided in the last two columns.
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