
HAL Id: hal-04055828
https://hal.science/hal-04055828

Submitted on 10 Jun 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

H.E.S.S. follow-up observations of GRB221009A
F Aharonian, F. Ait Benkhali, J Aschersleben, H Ashkar, M Backes, A
Baktash, V Barbosa Martins, R Batzofin, Y Becherini, D Berge, et al.

To cite this version:
F Aharonian, F. Ait Benkhali, J Aschersleben, H Ashkar, M Backes, et al.. H.E.S.S. follow-up
observations of GRB221009A. The Astrophysical journal letters, 2023, 946 (1), pp.L27. �10.3847/2041-
8213/acc405�. �hal-04055828�

https://hal.science/hal-04055828
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


H.E.S.S. Follow-up Observations of GRB 221009A

F. Aharonian1,2 , F. Ait Benkhali3, J. Aschersleben4, H. Ashkar5,40 , M. Backes6,7 , A. Baktash8, V. Barbosa Martins9 ,
R. Batzofin10 , Y. Becherini11,12 , D. Berge9,13 , K. Bernlöhr2 , B. Bi14, M. Böttcher7 , C. Boisson15 , J. Bolmont16 ,
M. de Bony de Lavergne17, J. Borowska13, M. Bouyahiaoui2, F. Bradascio18 , M. Breuhaus2 , R. Brose1 , F. Brun18 ,
B. Bruno19, T. Bulik20 , C. Burger-Scheidlin1, S. Caroff17 , S. Casanova21 , J. Celic19, M. Cerruti11 , T. Chand7 ,

S. Chandra7, A. Chen22 , J. Chibueze7 , O. Chibueze7, G. Cotter23 , S. Dai24, J. Damascene Mbarubucyeye9,40 , J. Devin25,
A. Djannati-Ataï11 , A. Dmytriiev7, V. Doroshenko14 , K. Egberts10, S. Einecke26, J.-P. Ernenwein27, S. Fegan5,

G. Fichet de Clairfontaine15 , M. Filipovic24 , G. Fontaine5 , M. Füßling9, S. Funk19 , S. Gabici11, S. Ghafourizadeh3,
G. Giavitto9 , D. Glawion19 , J. F. Glicenstein18 , P. Goswami7, G. Grolleron16, M.-H. Grondin28 , J. A. Hinton2,

T. L. Holch9 , M. Holler29, D. Horns8, Zhiqiu Huang2 , M. Jamrozy30 , F. Jankowsky3, V. Joshi19 , I. Jung-Richardt19,
E. Kasai6, K. Katarzyński31, R. Khatoon7, B. Khélifi11 , W. Kluźniak32, Nu. Komin22 , R. Konno9 , K. Kosack18 ,

D. Kostunin9 , R. G. Lang19, S. Le Stum27, F. Leitl19, A. Lemière11, M. Lemoine-Goumard28 , J.-P. Lenain16 ,
F. Leuschner14 , T. Lohse13, I. Lypova3, J. Mackey1 , D. Malyshev14 , D. Malyshev19 , V. Marandon2 ,

P. Marchegiani22 , A. Marcowith25, G. Martí-Devesa29 , R. Marx3 , M. Meyer8, A. Mitchell19 , L. Mohrmann2 ,
A. Montanari3 , E. Moulin18 , T. Murach9 , K. Nakashima19, M. de Naurois5, J. Niemiec21 , A. Priyana Noel30, P. O’Brien33,

S. Ohm9 , L. Olivera-Nieto2 , E. de Ona Wilhelmi9 , M. Ostrowski30 , S. Panny29 , M. Panter2, R. D. Parsons13 ,
G. Peron11 , D. A. Prokhorov34, H. Prokoph9, G. Pühlhofer14 , M. Punch11 , A. Quirrenbach3, P. Reichherzer18 ,
A. Reimer29 , O. Reimer29 , H. Ren2, M. Renaud25 , B. Reville2,40 , F. Rieger2, G. Rowell26 , B. Rudak32 ,

E. Ruiz-Velasco2 , V. Sahakian35 , H. Salzmann14, A. Santangelo14 , M. Sasaki19 , J. Schäfer19, F. Schüssler18,40 ,
H. M. Schutte7 , U. Schwanke13 , J. N. S. Shapopi6 , A. Specovius19 , S. Spencer19 , Ł. Stawarz30, R. Steenkamp6,
S. Steinmassl2 , C. Steppa10, I. Sushch7 , H. Suzuki36, T. Takahashi37, T. Tanaka36 , R. Terrier11 , N. Tsuji38 ,

Y. Uchiyama39, M. Vecchi4, C. Venter7 , J. Vink34, S. J. Wagner3 , R. White2, A. Wierzcholska21 , Yu Wun Wong19,
M. Zacharias3,7 , D. Zargaryan1 , A. A. Zdziarski32 , A. Zech15, S. J. Zhu9,40 , and N. Żywucka7

H.E.S.S. Collaboration
1 Dublin Institute for Advanced Studies, 31 Fitzwilliam Place, Dublin 2, Ireland

2 Max-Planck-Institut für Kernphysik, P.O. Box 103980, D-69029 Heidelberg, Germany; contact.hess@hess-experiment.eu
3 Landessternwarte, Universität Heidelberg, Königstuhl, D-69117 Heidelberg, Germany

4 Kapteyn Astronomical Institute, University of Groningen, Landleven 12, 9747 AD Groningen, The Netherlands
5 Laboratoire Leprince-Ringuet, École Polytechnique, CNRS, Institut Polytechnique de Paris, F-91128 Palaiseau, France; contact.hess@hess-experiment.eu

6 University of Namibia, Department of Physics, Private Bag 13301, Windhoek 10005, Namibia
7 Centre for Space Research, North-West University, Potchefstroom 2520, South Africa

8 Universität Hamburg, Institut für Experimentalphysik, Luruper Chaussee 149, D-22761 Hamburg, Germany
9 DESY, D-15738 Zeuthen, Germany; contact.hess@hess-experiment.eu

10 Institut für Physik und Astronomie, Universität Potsdam, Karl-Liebknecht-Strasse 24/25, D-14476 Potsdam, Germany
11 Université de Paris, CNRS, Astroparticule et Cosmologie, F-75013 Paris, France

12 Department of Physics and Electrical Engineering, Linnaeus University, SE-351 95 Växjö, Sweden
13 Institut für Physik, Humboldt-Universität zu Berlin, Newtonstr. 15, D-12489 Berlin, Germany

14 Institut für Astronomie und Astrophysik, Universität Tübingen, Sand 1, D-72076 Tübingen, Germany
15 Laboratoire Univers et Théories, Observatoire de Paris, Université PSL, CNRS, Université de Paris, F-92190 Meudon, France

16 Sorbonne Université, Université Paris Diderot, Sorbonne Paris Cité, CNRS/IN2P3, Laboratoire de Physique Nucléaire et de Hautes Energies, LPNHE, 4 Place
Jussieu, F-75252 Paris, France

17 Université Savoie Mont Blanc, CNRS, Laboratoire d’Annecy de Physique des Particules—IN2P3, F-74000 Annecy, France
18 IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France; contact.hess@hess-experiment.eu

19 Friedrich-Alexander-Universität Erlangen-Nürnberg, Erlangen Centre for Astroparticle Physics, Erwin-Rommel-Str. 1, D-91058 Erlangen, Germany
20 Astronomical Observatory, The University of Warsaw, Al. Ujazdowskie 4, 00-478 Warsaw, Poland
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Abstract

GRB 221009A is the brightest gamma-ray burst (GRB) ever detected. To probe the very-high-energy (VHE;
>100 GeV) emission, the High Energy Stereoscopic System (H.E.S.S.) began observations 53 hr after the
triggering event, when the brightness of the moonlight no longer precluded observations. We derive differential
and integral upper limits using H.E.S.S. data from the third, fourth, and ninth nights after the initial GRB detection,
after applying atmospheric corrections. The combined observations yield an integral energy flux upper limit of
F = ´ - - -9.7 10 erg cm sUL

95% 12 2 1 above Ethr= 650 GeV. The constraints derived from the H.E.S.S. observations
complement the available multiwavelength data. The radio to X-ray data are consistent with synchrotron emission
from a single electron population, with the peak in the spectral energy distribution occurring above the X-ray band.
Compared to the VHE-bright GRB 190829A, the upper limits for GRB 221009A imply a smaller gamma-ray to
X-ray flux ratio in the afterglow. Even in the absence of a detection, the H.E.S.S. upper limits thus contribute to the
multiwavelength picture of GRB 221009A, effectively ruling out an IC-dominated scenario.

Unified Astronomy Thesaurus concepts: Gamma-rays (637); Gamma-ray bursts (629); Non-thermal radiation
sources (1119); High-energy cosmic radiation (731)

1. Introduction

In the last few years, several gamma-ray bursts (GRBs) have
been detected in very-high-energy (VHE; >100 GeV) gamma
rays (Abdalla et al. 2019; MAGIC Collaboration et al. 2019;
Abdalla et al. 2021). These explosive phenomena originate
from the deaths of massive stars or the mergers of compact
objects (e.g., Mészáros 2002). GRBs are observed as bright
flashes of gamma rays, referred to as the prompt emission,
followed by long-lived and slowly evolving multiwavelength
afterglow emission (see Noda & Parsons 2022 for a recent
review of VHE observations of GRBs). The prompt emission is
thought to come from interactions within the ultrarelativistic
jet produced by the catastrophic progenitor event, though
the development of accurate theoretical models of the physical
mechanisms underlying the emission are challenging (Iyyani
2022). In contrast, the afterglow is produced by the jet’s
subsequent interactions with the surrounding environment, and
during this time the jet is well described as a conical section of
a decelerating spherical blast wave (see Dai et al. 2017, for a
recent review of GRB theory). The GRB afterglow therefore
provides a well-defined laboratory for studying particle
acceleration under extreme conditions.

The primary emission mechanism of photons with energies
=GeV in the afterglow is well established as synchrotron
emission by a population of accelerated charged particles.
Assuming a homogeneous magnetic field, synchrotron photons
can in principle extend up to a maximum energy ≈100Γ MeV,
where Γ is the bulk Lorentz factor of the emission zone (de
Jager et al. 1996; Abdalla et al. 2021). A second spectral
component associated with inverse Compton (IC) scattering of
either ambient or the synchrotron photons is expected at higher
energies, though tension between observations and single-zone
synchrotron self-Compton (SSC) models have been found in
the VHE domain (Abdalla et al. 2021). The properties of any
detected VHE emission therefore has important ramifications
for GRB studies; the unambiguous detection of an SSC

component would set constraints on the physical properties of
the emission zone, while strong deviations from the expected
SSC spectrum could indicate the need for a more complex set
of assumptions. The two VHE-bright GRBs with the most
complete data sets so far have not provided a firm conclusion
on this issue (MAGIC Collaboration et al. 2019; Abdalla et al.
2021).
The recent GRB 221009A is the GRB with the brightest

detected prompt emission, and its redshift of z= 0.151—
corresponding to a luminosity distance of around 750Mpc—
implies an isotropic equivalent energy release in the prompt
emission Eiso of the order of 10

54 erg (de Ugarte Postigo et al.
2022), marking it as an extremely energetic GRB. The large
Eiso and close proximity resulted in the potential detection for
the first time of a GRB at energies above 10 TeV and likely the
very first detection of VHE photons during the prompt phase, by
the Large High Altitude Air Shower Observatory (LHAASO;
Huang et al. 2022a). To further extend this picture and characterize
the VHE emission in the afterglow, the High Energy Stereoscopic
System (H.E.S.S.) observed GRB 221009A on the third night, as
soon as it became possible following a period of bright moonlight.
H.E.S.S. is sensitive to photons at energies above tens of GeV, and
has so far detected VHE emission from two GRBs (Abdalla et al.
2019, 2021), including a detection more than 50 hr after the initial
detection for GRB 190829A.
In this paper, we present the H.E.S.S. observations of

GRB 221009A starting on the third night after the GRB
detection. We discuss the observations themselves in Section 2,
and the analysis of both H.E.S.S. data and multiwavelength
data in Section 3. We find no significant emission from a
source at the GRB position, and derive upper limits assuming
an intrinsic E−2 spectrum. In order to place these into context,
we discuss the multiwavelength modeling in Section 4, and
conclude in Section 5. Throughout the paper we assume a flat
ΛCDM cosmology with H0= 67.4 km s−1 Mpc−1 and
Ωm= 0.315 (Planck Collaboration et al. 2020).

2. Observations

2.1. Initial Detection

The detection of the prompt emission of GRB 221009A was
first reported by the Fermi Gamma-Ray Burst Monitor (GBM),
which triggered on the GRB on 2022 October 9 at 13:16:59 UTC
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(Veres et al. 2022); we refer to the GBM trigger time as T0. GeV
emission was also reported by the Fermi Large Area Telescope
(LAT; Bissaldi et al. 2022). The GRB also triggered the Neil
Gehrels Swift Observatory once it became visible to the Swift Burst
Alert Telescope 1 hr later. This caused the satellite to automatically
slew to the source, allowing for follow-up observations by the other
instruments on Swift such as the X-Ray Telescope (XRT), which
reported a localization of R.A.= 19h13m03s, decl.=+19° 48′ 09″
(J2000) with a positional uncertainty of 5 6 (Dichiara et al. 2022).

2.2. H.E.S.S. Observations

H.E.S.S. is a system of five Imaging Atmospheric Tele-
scopes located in the Khomas Highland of Namibia
(  ¢ 23 16 18 ,  ¢ 16 30 00 ) at 1800 m above sea level. Four 12 m
telescopes (CT1-4; Aharonian et al. 2006), each with a mirror
area of 108 m2, are placed in a square formation with 120 m
side. A fifth, 28 m telescope (CT5) with a mirror area of 612 m2

is placed in the center of the array (Holler et al. 2015).
On October 9 and 10, H.E.S.S. could not observe the GRB

as the night-sky background was too high due to the full Moon.
On October 11, H.E.S.S. started observations with its 12 m
telescopes as soon as observing conditions allowed. During that
night, an extended 32 minutes observation run was taken in
nominal conditions during dark time (when the Moon was still
below the horizon) followed by a second run using settings
optimized for observations under high levels of optical
background light such as moonlight (Tomankova et al.
2022). H.E.S.S. continued observing GRB 221009A in the
following nights. The observations were conducted under poor
atmospheric conditions due to clouds and a higher aerosol
content in the atmosphere due to the regular biomass-burning
season (Formenti et al. 2019). The quality of the atmospheric
conditions is quantified by the atmospheric transparency
coefficient (Hahn et al. 2014) with lower values corresponding
to lower transmission of Cherenkov light through the
atmosphere (Table 1). Nominally accepted values of the
atmospheric transparency coefficient are above 0.8. As the
transparency coefficients were lower than this during the H.E.S.
S. observations of this GRB, a correction procedure has been
applied (discussed in the next section). Additional data sets,
including ones taken on other nights, are excluded from the
analysis due to further degradation of the atmospheric
conditions by the presence of clouds. Unfortunately, CT5 data
are not available for this study. The data taken with CT1-4 are
used. Table 1 summarizes the H.E.S.S. observations used in
this analysis.

3. Analysis and Results

3.1. H.E.S.S. Analysis

The H.E.S.S. data acquired during the follow-up period are
analyzed using the ImPACT reconstruction procedure (Parsons &
Hinton 2014), which uses an image-template–based maximum
likelihood fit. The hadronic background events produced by
cosmic rays are rejected with a multivariate analysis scheme
(Ohm et al. 2009). The results are independently cross-checked
with a separate analysis chain based on the model analysis (de
Naurois & Rolland 2009), which performs a log-likelihood
comparison between the recorded shower images and semiana-
lytically generated templates. Moreover, in order to correct for
atmospheric disturbances, we apply a scheme developed to assess
the impact of the enhanced aerosol levels in the atmosphere on
the instrument response functions derived from Monte Carlo
simulations. The scheme calculates a correction factor to the
expected Cherenkov light by comparing the actual transmission
profile with the ideal one used in the simulations. The correction
is then applied by modifying a posteriori the instrument response
functions and reconstructed event energies (Holch et al. 2022).
These corrections are cross-checked by an analysis that uses
dedicated runwise simulations taking into consideration the actual
observation conditions and telescope configuration during the
GRB 221009A H.E.S.S. observations following the method
outlined in Holler et al. (2020). We use loose cuts (Aharonian
et al. 2006) for the selection of gamma-ray showers. In the high-
level analysis, we converted our data into GADF format41 (Deil
et al. 2022), and use the open source analysis package
GAMMAPY (Deil et al. 2017; Acero et al. 2022; v1.0).
In order to search for a possible signal, and avoid

accidentally including emission from other sources, we
generate maps of excess gamma-ray counts and significances
within a range of +/−2°.0 from the expected emission position.
These maps are generated using the ring background technique
(Berge et al. 2007) with circular ON regions of 0°.122 centered
at each point on the map, and corresponding annular OFF-
source regions centered on the same positions with radii
0°.5–0°.8 to measure pure background. We exclude a circular
region of 0°.3 around the expected emission region from the
OFF-source regions. When computing the exposure ratio
between the ON- and OFF-source region at each test position,
a radially symmetric model for the background acceptance
within the field of view of each observation was integrated
spatially over the regions. For all three nights combined, we

Table 1
H.E.S.S. Observations of GRB 221009A

Calendar Date Interval TStart − T0 (s) TEnd − T0 (s) Average Zenith Angle (deg) ATC

Oct 11 2022 Night 3 1.901 × 105 1.920 × 105 49.3 0.46
Oct 11 2022a Night 3 1.922 × 105 1.929 × 105 52.7 0.44
Oct 12 2022 Night 4 2.765 × 105 2.782 × 105 49.6 0.49
Oct 12 2022 Night 4 2.783 × 105 2.800 × 105 52.6 0.45
Oct 12 2022 Night 4 2.800 × 105 2.818 × 105 57.0 0.41
Oct 17 2022 Night 9 7.087 × 105 7.104 × 105 51.7 0.47
Oct 17 2022 Night 9 7.105 × 105 7.122 × 105 56.9 0.65

Notes. Column (2) denotes the number of nights after T0. Columns (3) and (4) represent the run start and end time since T0, in seconds, respectively. Column (5)
shows the average zenith angle under which the observations were conducted and column (6) shows the atmospheric transparency coefficient (ATC).
a Taken under moderate moonlight.

41 https://gamma-astro-data-formats.readthedocs.io/en/latest/index.html
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obtain on the position of the source NON= 39 events and
NOFF= 686 events, with a ratio of on-source exposure to off-
source exposure of 0.0638. Using the statistical formulation
described in Li & Ma (1983) we calculate the excess counts to
be −4.8 and we find NON events to be in agreement with the
expected background at −0.7σ level. The excess and
significance maps are derived and shown in Figure 1.

Following this analysis, we detect no significant emission of
VHE gamma rays at the GRB location in the combined data set
nor for each night separately. We thus compute upper limits to
constrain the VHE gamma-ray emission from the GRB at the
time of H.E.S.S. observations using the reflected background
method described in Berge et al. (2007) with same-size circular
ON and OFF regions. The energy threshold Ethr sets the lower
limit of the spectral analysis and is defined as the lowest energy
at which the bias between reconstructed and simulated energies
is below 10%. We find a value of Ethr= 650 GeV for the data
set combining all observations. We assume a generic intrinsic
E−2 dN/dE spectrum, and use the redshift of the source
z= 0.151 and the model of the extragalactic background light
described in Domínguez et al. (2011), and compute 95%
confidence level (C.L.) flux upper limits using a Poisson
likelihood method described in Rolke et al. (2005). The
differential upper limits are shown in Figure 2. Detailed results
are available on a dedicated webpage.42

We compute integral flux upper limits between Ethr and
10 TeV for each night, where the upper bound is chosen to be

the energy above which NOFF< 10. The upper limits of the
integral energy flux are shown in Figure 3. The combined data
set yields an integral energy flux upper limit of
F = ´ - - -9.7 10 erg cm sUL

95% 12 2 1, and per-night integral
energy flux upper limits are given in Table 2. Systematic effects
include uncertainties of the atmospheric corrections, the assumed
intrinsic energy spectrum, differences in extragalactic back-
ground light (EBL) absorption models and general uncertainties
in the flux and energy scale. The systematic uncertainties are
conservatively estimated to be about a factor of 2, with expected
worsening of systematics with energy, for both the differential
and integral upper limits on the gamma-ray flux.

3.2. Swift-XRT Analysis

Swift-XRT is an X-ray imaging spectrometer with an
energy range of 0.3–10 keV (Burrows et al. 2005). The XRT

Figure 1. Left: excess count map computed from the H.E.S.S. observational data taken on GRB 221009A presented in Table 1 with a 0°. 1 oversampling radius (yellow
circle). Middle: significance map computed from the H.E.S.S. excess count map of GRB 221009A. Right: significance distribution of the H.E.S.S. significance map
entries in black and a Gaussian distribution fit in red.

Figure 2. 95% C.L. differential flux upper limits on an intrinsic (EBL-
corrected) E−2 GRB spectrum, derived from the H.E.S.S. observational data
taken on GRB 221009A in all nights combined (left) and Night 3 only (right).

Figure 3. The H.E.S.S. integral energy flux upper limits (red circles; 95% C.L.)
are derived assuming an intrinsic E−2 spectrum. The automated XRT data
(gray) are obtained from the Burst Analyser43 (Evans et al. 2010); multiple
XRT observations around the H.E.S.S. observations are then combined and
refit (blue, 1σ uncertainty). Note that the Burst Analyser assumes a larger value
of intrinsic absorption than we find in our analysis and therefore returns a larger
unabsorbed energy flux. The extension of the H.E.S.S. error bars in the x-
direction, depicting the duration of the H.E.S.S. observations, is smaller than
the size of the markers.

42 https://www.mpi-hd.mpg.de/hfm/HESS/pages/publications/auxiliary/
2023_GRB_221009A

43 https://www.swift.ac.uk/burst_analyser/01126853/
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data are obtained using the time-sliced spectra tool44 (Evans
et al. 2009). The time intervals are chosen to overlap with the
H.E.S.S. observations. There are no simultaneous XRT
observations on two of the three H.E.S.S. nights, so we instead
define the time ranges in such a way that they encompass one
set of contiguous XRT observations immediately before and
after the H.E.S.S. observations. However, using this rule for the
first night of H.E.S.S. observations resulted in a too-low XRT
exposure time. Hence, for this night we extend the time range
to include two sets of contiguous XRT observations on either
side. (Note that, as we are using larger time bins for the XRT
observations, we are underestimating what the true uncertain-
ties would be for strictly contemporaneous observations.) In
our analyses, we only include photon counting (PC) data. By
using the data products from the time-sliced spectra tool and
selecting only the PC mode data, we avoid contamination from
the dust rings (P. A. Evans 2022, private communication;
Tiengo et al. 2022).

The XRT data are fit using XSPEC v12.13.0 c with a power
law of the form ( )= a-dN dE k E E0 (E0= 1 keV) and two
absorption components (Evans et al. 2009). More specifically,
we fit the data with the model TBabs * zTBabs * powerlaw
with the Galactic column density NH,gal= 5.38× 1021 cm−2

(Willingale et al. 2013). We simultaneously fit the three nights
with the column density at the source NH,int tied across all
spectra but free to vary, under the assumption that the intrinsic
absorption does not vary on these timescales. We keep k and α
free in each time interval. We define the fitting statistic to be
the C-statistic,45 suitable for XRT data. Assuming a
constant NH,int, we obtain NH,int= (1.32± 0.18)× 1022 cm−2.
The results are presented in Table 2 and plotted in Figure 3, and
are compatible with those presented in Williams et al. (2023),
which similarly reports a softening in the X-ray spectrum on
these timescales.

The assumption of constant column density on these
timescales has been challenged in other GRBs, recently by
Campana et al. (2021) for GRB 190114C. For GRB 221009A,
indications of a higher degree of absorption at earlier times
have indeed been noted in the optical data (Fulton et al. 2023).
Because there is some degeneracy between the effects of NH,int

and α (e.g., a larger value of NH,int can be somewhat
compensated by a softer value of α) this also has an effect
on the returned best-fit photon spectrum. If NH,int is indeed
higher around Night 3 (≈2 days after T0) than the later nights,
then the true value of α for Night 3 should be softer than the

returned 1.7 and therefore more similar to the value of 1.9 that
we find for the other two H.E.S.S. nights (although we note that
the indices are consistent within 2σ). A thorough study of this
effect is beyond the scope of this paper, so for the purposes of
the discussion in Section 4, we do not require that our modeling
explain the XRT data on Night 3 very strictly.

3.3. Fermi-LAT Analysis

The Fermi-LAT is a pair conversion telescope that detects
gamma rays between tens of MeV and hundreds of GeV
(Atwood et al. 2009). We perform an unbinned likelihood
analysis of Fermi-LAT data over time ranges spanning each set
of H.E.S.S. observations (Table 1) using gtBurstv. 03-00-
00p5 (Vianello 2016). We use the P8R3_SOURCEevent class,
recommended for analyses on these timescales, and the
corresponding instrument response functions.46 We select
events in the energy range 100MeV and 10 GeV within 12°
of the burst position and a zenith angle cut of 100°. We use the
PowerLaw2model47 for the GRB spectrum, and the latest
Galactic (fixed normalization) and isotropic templates for the
background,48 and include all catalog sources (Abdollahi et al.
2020) within 20° of the GRB position. No significant emission
from the GRB (Test Statistics <1) is observed in the Fermi-
LAT data during the H.E.S.S. observations, so 95% C.L. upper
limits are computed assuming an E−2 spectrum. We find
differential energy flux upper limits (between 100MeV and
10 GeV) of 7.1× 10−10 and 2.6× 10−10 erg cm−2 s−1 during
Night 3 and Night 4, respectively; the upper limit for Night 3 is
shown in Figure 4.

4. Discussion

The H.E.S.S. upper limits, when combined with multi-
wavelength observations, can be used to constrain possible
emission scenarios of GRB 221009A several days after the
prompt event. Figure 4 shows the spectral energy distribution
(SED) including the results of the H.E.S.S., XRT, and LAT
analyses. Also included are the optical i-band flux during the
time of the H.E.S.S. observations (extracted from Figure 2 of
Fulton et al. 2023) and a publicly available radio observation
(Rhodes et al. 2022) that most closely matches the time
window of the first night of H.E.S.S. observations.
The SEDs on all nights during which H.E.S.S. measurements

took place are consistent with synchrotron emission from a

Table 2
Results of Analyses of XRT and H.E.S.S. Data

Interval Time Since T0 α k × 10−2 XRT en. Flux ×10−11 H.E.S.S. en. Flux UL ×10−11

(s) (ph keV−1 cm−2 s−1) (erg cm−2 s−1) (erg cm−2 s−1)

Night 3 (1.68–2.22) × 105 1.69 ± 0.10 2.14 ± 0.30 14.9 ± 2.3 4.06
Night 4 (2.61-2.90) × 105 1.90 ± 0.12 1.31 ± 0.20 7.80 ± 1.33 1.77
Night 9 (6.85–7.25) × 105 1.85 ± 0.25 0.23 ± 0.09 1.42 ± 0.62 2.85

Note. The entries in the first column correspond to the second column of Table 1. The second through fourth columns show the results of fitting XRT data in time
intervals bracketing the nights during which H.E.S.S. observed the GRB, with 1σ uncertainties (statistical only). The last column lists the H.E.S.S. energy flux upper
limits for the time interval defined by the third and fourth columns of Table 1. The XRT energy flux is calculated in the 0.3–10 keV range and the H.E.S.S. energy flux
in the 0.65–10 TeV range.

44 https://www.swift.ac.uk/xrt_spectra/addspec.php?
targ=01126853&origin=GRB
45 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
XSappendixStatistics.html

46 https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
Cicerone_LAT_IRFs/IRF_overview.html
47 https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_
models.html
48 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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single electron population. In such a model, the synchrotron
spectrum peaks above the energy range covered by the XRT,
implying Klein Nishina (KN) suppression of any IC comp-
onent. For IC-dominated cooling, KN suppression could
account for the hard cooled spectrum of electrons emitting in
the XRT range (e.g., Agaronyan & Ambartsumyan 1985;
Nakar et al. 2009; Breuhaus et al. 2021). However, this is
difficult to reconcile with the H.E.S.S. upper limits in the VHE
range, as electrons producing X-ray photons via synchrotron
emission should produce a comparable or greater gamma-ray
flux via their IC emission. The energy density of optical
photons was insufficient for internal absorption of TeV
photons, while the LHAASO detection suggests that absorption
on a local external field was unlikely. Ruling out IC-dominated
cooling, we consider instead models in which synchrotron
dominated cooling can account for the multiwavelength
observations. We adopt a single-zone thin shell model (see
Huang et al. 2022b), assuming self-similar expansion of a
relativistic shock following an impulsive point-like explosion
(Blandford & McKee 1976).

Within this model, we assume the radio to X-ray emission is
produced by single population of continuously injected
electrons. The photon index of the XRT emission (see
Table 2) was consistent with α≈ 1.8 on all nights (see also
Williams et al. 2023). Data from the Nuclear Spectroscopic
Telescope Array (NuSTAR) indicate this spectrum continued
unbroken above the XRT range (Laskar et al. 2023). These
measurements imply either an uncooled electron population

¯ ¯g gµ -dN de e e
2.6, or the cooled spectrum assuming continuous

injection: ¯ ¯g gµ -dN dinj e e
1.6. Here ḡe is the electron Lorentz

factor in the fluid frame. For the cooling break to remain above
the NuSTAR range (3–79 keV), specific conditions are required
(see for example Huang et al. 2022b, Equation (14)). This
scenario was considered by Laskar et al. (2023), who modeled
the synchrotron component assuming a wind profile. To match
the measured flux, more than half of the downstream internal
energy needs to be converted to nonthermal electrons and
magnetic field energy, with these two components being in near
equipartition. The SSC flux is negligible in such a scenario. To

maintain the cooling break above the X-ray range requires a
low mass-loss rate, and though low mass-loss rates are
expected from the polar regions of low-metallicity stars
(Muijres et al. 2012), it is unclear if such a wind profile can
be sustained over a large distance from the progenitor.
We consider the alternative possibility of a cooled hard

injection spectrum, comparing against the first night of H.E.S.
S. observations. To match the flux levels, we introduce a
parameter ηinj� 1, the ratio of nonthermal particle density flux,
to the particle density flux downstream. The injection energy is
left as a free parameter, and since the total integrated energy for
an injection spectrum with index <2 is determined by the
maximum electron energy, the minimum electron energy is
fixed by the energy efficiency. The model parameters provided
in Table 3 were chosen to match the selected measurements,
while just reaching the H.E.S.S. upper limits. The cooling
break in the synchrotron component occurs between the radio
and optical data points, at a flux level comparable to the H.E.S.
S. upper limit. As synchrotron cooling dominates for the
chosen parameters, the corresponding IC flux remains below
the upper limits.

5. Summary and Conclusion

H.E.S.S. began observing GRB 221009A approximately 53 hr
after the initial Fermi-GBM detection. The observations were
taken under less-than-optimal atmospheric conditions caused by
clouds and aerosols. No significant VHE signal is detected on the
third, fourth, and ninth nights after the detection, nor in the
combined data set of all three nights. When combining the data
from all three nights, we find a 95% upper limit on the
0.65–10 TeV energy flux of F = ´ - - -9.7 10 erg cm sUL

95% 12 2 1.
The H.E.S.S. upper limits help constrain possible emission

scenarios when compared with the multiwavelength observa-
tions. The X-ray spectra on the three H.E.S.S. nights were
found to remain hard, with photon indices ranging from 1.7 to
1.9. Taken together with the approximately contemporaneous
optical and radio data, these measurements suggest synchrotron
emission from a single electron population, with continuous
injection of either an uncooled soft spectrum, or a cooled hard
spectrum. The photon energy spectrum peaks above the XRT
range (and also that of the NuSTAR; Laskar et al. 2023), and
KN suppression of any inverse Compton emission is unavoid-
able. An IC-dominated loss scenario appears to be ruled out by
the H.E.S.S. upper limits. In contrast, the multiwavelength SED
of the nearby low-luminosity GRB 190829A, which was
detected at TeV energies three nights after the prompt emission,
was better described by a single component from X-rays to
VHE gamma rays. Those data were consistent with photon
indices ≈2 for both the XRT and H.E.S.S. energy ranges on all
nights (Abdalla et al. 2021). The results from GRB 221009A,

Figure 4. The H.E.S.S. 95% upper limits on Night 3 (red) are plotted along
with the XRT (blue, 1σ) best-fit spectrum and LAT (purple, 95% C.L.) upper
limit, as well as publicly available radio data from the Submillimeter Array
(black open circle; Rhodes et al. 2022) and an optical flux (green square;
extracted from Figure 2 of Fulton et al. 2023) in a multiwavelength SED. An
example set of synchrotron and SSC emission components—arising from a
single, partially cooled electron population described in Table 3—are also
shown to illustrate a possible explanation of the multiwavelength observations.

Table 3
Parameters Used for Single-zone Model Fit, Adopting the Constant External-

density Solution of Blandford & McKee (1976)

Explosion energy E 1054 erg
External density next 1.7 cm−3

Injection fraction ηinj 0.1%
Electron equipartition fraction òe 9 × 10−4

Magnetic equipartition fraction òB 8 × 10−4 (0.07G)

Note. We choose ḡ = m m0.66min p e where mp/me the proton to electron mass
ratio.
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potentially the brightest ever detected GRB, highlight the
distinct character of these two bursts, both in terms of their
nonthermal particle acceleration and emission properties. As
discussed in Abdalla et al. (2021; see also Huang et al. 2022b;
Salafia et al. 2022), an accurate reproduction of themultiwa-
velengthobservations of GRB 190829A is challenging within a
single-zone SSC framework. Other theoretical models put
forward to account for the multiwavelength measurements of
GRB 190829A, including external Compton (Zhang et al.
2021) or two-zone (Khangulyan et al. 2023) models serve to
highlight the necessity for high-quality spectral and temporal
data of GRBs and their afterglows at all available wavelengths
to understand the underlying physical mechanisms at play.

With upper limits in the VHE band, we consider only a
single-zone model for the first night of H.E.S.S. observations,
assuming an electron population whose cooled spectrum is
consistent with the inferred XRT spectrum. An alternative
uncooled electron scenario was considered in Laskar et al.
(2023; see also Sato et al. 2022). The hard injection scenario
requires a spectral index deviating substantially from that
predicted from shock acceleration theory (e.g., Achterberg et al.
2001). Harder spectra have been predicted from other
acceleration schemes such as relativistic shear acceleration
(Rieger & Duffy 2005) or converter mechanisms (Derishev
et al. 2003; Stern 2003; Derishev & Piran 2019). A detailed
consideration of the underlying acceleration process is,
however, beyond the scope of the current paper, though the
emerging multiwavelength data set for GRB 221009A will
provide a valuable data set for future theoretical studies. Our
results highlight the role imaging atmospheric Cherenkov
telescopes have in improving our understanding of these
powerful transient events.
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