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Revealing X-ray and gamma ray temporal and spectral
similarities in the GRB 190829A afterglow
H.E.S.S. Collaboration*†

Gamma-Ray Bursts (GRBs), bright flashes of gamma rays from extragalactic
sources followed by fading afterglow emission, are associated with stellar core
collapse events. We report the detection of very-high-energy (VHE) gamma
rays from the afterglow of GRB 190829A, between 4 and 56 hrs after the
trigger, using the High Energy Stereoscopic System. The low luminosity and
redshift of GRB 190829A reduce both internal and external absorption, allowing determination of its intrinsic energy spectrum. Between energies of
0.18 and 3.3 teraelectronvolts, this spectrum is described by a power law with
photon index of 2.07 ± 0.09, similar to the X-ray spectrum. The X-ray and
VHE gamma-ray light curves also show similar decay profiles. These similar
characteristics in the X-ray and gamma-ray bands challenge GRB afterglow
emission scenarios.
The core collapse of a rapidly rotating massive star produces a supernova explosion, accompanied by a fast jet-like outflow propagating close to the speed of light. These outflows
produce long GRBs, observed as prompt gamma-ray emission episodes lasting for seconds.
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This is followed by an afterglow of slowly fading emission, caused by the interaction of the
relativistic ejecta with surrounding gas. The first radiative signature of GRB afterglows is nonthermal synchrotron emission from electrons accelerated at the forward shock of the relativistic
outflow (1). The same electrons up-scatter the synchrotron photons via the inverse Compton
mechanism, producing a synchrotron-self-Compton (SSC) emission component extending into
the VHE (> 100 GeV) regime. This emission has been proposed as a second radiative signature
of GRB afterglows (2,3). Two VHE GRB detections (4–6) have separately probed the early and
late-time afterglow phases.
We observed the afterglow of GRB 190829A using the High Energy Stereoscopic System
(H.E.S.S.) on three consecutive nights, from 4.3 to 55.9 hrs after the GRB began. GRB 190829A
was initially detected by the Fermi Gamma-ray Burst Monitor (GBM), on 2019 August 29 at
19:55:53 universal time (UT) (T0 ) (7). The Neil Gehrels Swift Burst Alert Telescope (BAT)
triggered on this burst 51 s later, and Swift X-Ray Telescope (XRT) observations began 97.3 s
after the BAT trigger (8).
The Swift Ultraviolet/Optical Telescope began observing the GRB afterglow at T0 +158 s.
The afterglow was also detected by ground-based telescopes in the optical, the near-infrared
(NIR) and the radio bands, starting 1318 s after the GBM trigger and continuing for several
days. The afterglow brightened in the optical-to-NIR bands starting approximately four days
after T0 due to the supernova associated with this GRB (9–13). A host galaxy redshift of z =
0.0785 ± 0.0005 was measured (14).
The first hour of the X-ray light curve has three flares/re-brightening events. The prompt
emission is composed of a short peak at 0 to 4 s after T0 and a second broader peak at 50 to 60 s
after T0 , both detected by the Swift-BAT. A third re-brightening at 1000 to 3000 s after T0 was
detected by Swift-XRT. Following this final re-brightening, the X-ray light curve followed a
smooth power-law decay, typical of the afterglow onset (15). Our H.E.S.S. observations were
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performed during this power-law decay afterglow phase, beginning at T0 +104 s.
The H.E.S.S. observations were on three consecutive nights: the first night starting at T0 +4.3 hrs
for a total of 3.6 hrs, the second night at T0 +27.2 hrs for 4.7 hrs, and the third night at T0 +51.2 hrs
for 4.7 hrs (16). Our analysis detected a VHE gamma-ray signal on each of the three nights,
spatially coincident with the GRB position (Fig. S1), with statistical significances of 21.7 σ,
5.5 σ and 2.4 σ (16).
We performed a spectral analysis of the first two nights; the signal on the third night was
too weak to determine the spectrum. We fitted a power-law model to the photon spectrum of
obs

the form dN/dE = N0 (E/E0 )−γVHE , where N0 is the spectrum normalisation at photon energy
obs
obs
= 2.59 ± 0.09 (stat.) ± 0.23 (syst.) (0.18 TeV
is the spectral index. We find γVHE
E0 , and γVHE

to 3.3 TeV) on the first night and 2.46 ± 0.22 (stat.) ± 0.14 (syst.) (0.18 TeV to 1.4 TeV) on the
second night (Fig. 1).
Gamma rays from distant astronomical sources are attenuated by photon interactions with
radiation fields both within the source (“internal” absorption), and with the extragalactic background light (EBL) (17). Whilst extragalactic absorption depends on redshift z, internal absorption depends on the source compactness (the ratio of the intrinsic source luminosity to its
radius). The modest luminosity of GRB 190829A (18) and late observation epochs reduce the
internal absorption, so that the attenuation on the EBL is expected to dominate in the H.E.S.S.
observation period (16). The gamma-ray attenuation by the EBL increases with source distance;
the Universe is optically thick to multi TeV gamma rays beyond a redshift of z ≈ 0.1 (17).
Nearby GRBs experience less attenuation, requiring a smaller correction due to EBL absorption and allowing the intrinsic spectrum to be determined. Fig. 2 shows the EBL absorption
level for GRB 190829A and for the other two GRBs detected at VHEs (4, 6).
To characterise the intrinsic GRB spectrum (corrected for EBL absorption), we fitted an
int

attenuated power-law model of the form dN / dE = N0 (E/E0 )−γVHE e−τ (E,z) to the data. The
3
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Figure 1: H.E.S.S. VHE spectra of GRB 190829A on the first and second nights. (A) the power-law (black) and
EBL attenuated power-law (red) models (lines) fitted to the observational data (red crosses) with shaded regions
indicating the 1 σ statistical and systematic uncertainty on the first night. (C) the same as panel A but for the
second night of observations. (B and D) show the fractional residuals between the data and the power-law (black)
and EBL attenuated power-law (red) models, defined as (data-model)/model. Error bars in all panels are 1 σ
statistical uncertainty, and upper limits are the 95% confidence level.

exponential term corresponds to the absorption of photons through their interaction with the
EBL, and τ is the energy-dependent optical depth for a source at redshift z (16).
int
For the first two observation nights, we determined VHE intrinsic photon indices of: γVHE
=

2.06 ± 0.10 (stat.) ±0.26 (syst.) (1st night), 1.86 ± 0.26 (stat.) ±0.17 (syst.) (2nd night). These
values indicate that, within the uncertainties, the spectral shape remains unchanged, so we performed a joint spectral analysis (16). Combining the three nights of observation data, the photon
int
index found is γVHE
=2.07 ± 0.09 (stat.) ±0.23 (syst.), in the energy range (0.18 - 3.3 TeV). These

per night VHE photon indices are consistent, within the statistical uncertainties, with the pho-
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Figure 2: Extragalactic background light absorption for three GRBs detected in the VHE band. Models
of EBL absorption in the energy range 0.1 to 3 TeV are shown for GRB 190829A (z = 0.0785, blue (14)), for
GRB 190114C (z = 0.4245 (4), green), and for GRB 180720B (z = 0.653 (6), orange). The solid lines indicate
the EBL absorption from our preferred model (17), the darker shaded areas indicate the spread when adopting
EBL models (19–22), and lighter shaded areas indicate the additional uncertainty from a shift of 10% in the energy
scale.

ton indices of the X-ray emission (γXRT ) we measured from the Swift-XRT data taken during the
same observational periods: γXRT = 2.03 ± 0.06 (1st night); γXRT = 2.04 ± 0.10 (2nd night) (16).

A light curve of the H.E.S.S. observations was extracted in the 0.2 to 4.0 TeV energy range
for the entire temporal coverage up to T0 +56 hrs. We split the first observation night into three
sub-intervals (Fig. 3). The gamma-ray energy flux, FVHE , depends on how much time t has
passed after T0 , and the time evolution is characterised by a power-law model FVHE (t) ∝ t−αVHE ,
with αVHE = 1.09 ± 0.05 (16). This VHE gamma-ray flux behaviour is similar to the X-ray light
curve derived for the same time period. The flux measured by Swift-XRT can also be described
as a power law, with index αXRT ; using the Swift-XRT data in the energy interval 0.3–10 keV,
we find that αXRT = 1.07 ± 0.09.
The photon index of the GRB 190829A afterglow in the X-ray band is typical for GRB
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afterglows, which have a mean value of γ̄XRT ≈ 2 (23). However, the afterglow decayed more
slowly than is typical over this time interval. The average decay index for all GRB afterglows
measured by Swift-XRT up to 56 hrs post T0 time period (observer frame) is ᾱXRT ∼ 1.4,
based on the best-fitting broken power-law light curve models, with less than 30% of the XRTdetected GRBs having smaller temporal decay indices than GRB 190829A, during the same
time period (16).
Fig. 3 shows the X-ray and gamma-ray afterglow temporal evolutions between 20 s and
11 days after T0 . The afterglow phase, t ≥ 103 s, shows the H.E.S.S. and Swift-XRT detected
fluxes and upper limits on the gamma-ray flux at 0.1 to 1 GeV, derived from the Fermi-LAT
observations (24). During this afterglow period, the temporal profiles in the X-ray band show
no short-timescale variability. The VHE light curve closely matches the X-ray light curve (16).
During the prompt phase (t < 100 s), the total isotropic energy in the GBM energy band
iso
≈ 2 × 1050 erg with an uncertainty at the 1% level (18), and in the
(10 – 1000 keV) was EGBM
iso
≈ 1 × 1050 erg with an uncertainty at the
Swift-BAT energy range (15 – 150 keV) was EBAT

10% level (t < 60 s). With the energy flux in the afterglow decaying at approximately t−1 , the
energy output per logarithmic time interval is approximately constant. Consequently, no single
logarithmic temporal bin dominates the total fluence of the outburst (Fig. S2). The isotropic
iso
energy output measured by Swift-XRT during the afterglow phase was EXRT
≈ 5 × 1050 erg

(t < 106 s) with an uncertainty at the 10% level (16). This is larger than during the prompt
phase, a feature that has rarely been observed (25).
We investigated whether the VHE light curve and spectrum of GRB 190829A are compatible with the standard GRB afterglow emission model. This model assumes particle acceleration
at the forward shock (16), where the outflow propagates outwards through the circumburst material (27). As a result, a non-negligible fraction of the shock energy is transferred into magnetic
field enhancement and particle acceleration, leading to the production of broadband non-thermal
6
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Figure 3: Logarithmic X-ray and gamma-ray multi-wavelength energy flux light curves of the GRB 190829A
afterglow. (A) the temporal evolution of the energy flux detected in X-rays by Swift-XRT (blue closed squares),
upper limits on MeV gamma rays by Fermi-LAT (grey arrows) and VHE gamma rays by H.E.S.S. (red circles). The
XRT temporal decay index (αXRT ) was obtained by fitting a model to only the XRT data that were simultaneous with
the H.E.S.S. observations (open squares). (B) the corresponding intrinsic photon indices. The H.E.S.S. intrinsic
spectral index, indicated by the continuous red line, is assumed to be constant at the mean value of 2.07 ± 0.09
determined from nights 1 to 3. (C) the energy flux evolution of the prompt emission observed by Swift-BAT,
obtained from the Swift Burst Analyser (26). All error bars correspond to 1 σ uncertainty, and the Fermi-LAT
upper limits are at the 95% confidence level.

emission.
Although both hadrons and leptons are accelerated, typical values of the circumburst density at the forward shock suggest that the time for hadrons to cool is substantially longer than
the dynamical shock time, resulting in rather low radiative efficiencies. Unlike hadrons, VHE
electrons promptly lose their energy through synchrotron and inverse Compton radiation.
The observed energy flux decays as approximately t−1 in both X-ray and gamma-ray bands.
Decay of this form suggests that the shocked plasma magnetisation level, the fraction of energy
7

transferred to non-thermal electrons, and radiative efficiency of the forward shock effectively
remain constant during the afterglow (16).
We performed multi-wavelength modelling of the Swift-XRT, Fermi-LAT and H.E.S.S. data.
We averaged these spectral results on a per night basis since this is comparable to the evolution
time scale of the outflow Lorentz factor, dictated by GRB kinematics (27). We find that the
emission region has a Lorentz factor of Γ = 4.7 and Γ = 2.6 for the first and second nights,
respectively.
For Lorentz factors < 10, expected during the H.E.S.S. observation window (16), the accelerated electrons producing the VHE emission experience recoil when up-scattering the synchrotron photons, referred to as the onset of the Klein-Nishina regime (16), resulting in steepening of the inverse Compton spectrum. This steepening makes it challenging for SSC models
to reproduce simultaneously the observed X-ray and VHE spectra. We therefore introduced an
alternative leptonic scenario with no limitation placed on the electron maximum energy (which
would otherwise be set by energy losses). This assumption implies that the synchrotron spectrum can extend up into the VHE regime.
To further investigate the emission origin, we searched for a theoretical instantaneous electron distribution such that the corresponding synchrotron and SSC emission can explain consistently both the X-ray and gamma-ray spectra. We performed a Markov Chain Monte Carlo
exploration of the five-dimensional (the magnetic field strength, and four parameters describing the broken power-law electron distribution) parameter space (16), with the results shown
in Fig. 4. Additionally, we investigated whether including the optical data (14) affects these
results, finding that they remain unchanged (16).
The standard model in which the electron maximum energy is set by the energy loss limit
predicts a soft spectral index for the VHE emission. This is due to the combination of the
accelerated electrons having a steep distribution (power-law index β2 ≈ 3) and the fact that in
8

the VHE range the photons are produced via inverse Compton scattering in the Klein-Nishina
regime. Internal photon-photon absorption within the source makes the spectrum steeper. Such
a spectrum is inconsistent with our observations.
For the alternative model with no limit placed on the maximum electron energy, the theoretical spectrum is dominated by a single synchrotron component covering a broad energy range
from X-rays to VHE gamma-rays (Fig. 4). The SSC component in this case is 3 orders of
magnitude weaker than the synchrotron component. In the VHE range covered by the H.E.S.S.
observations, internal photon-photon absorption is non-negligible. A single synchrotron component provides a significantly better (> 5 σ) fit to the multiwavelength data.
However, if particle acceleration and emission occurs in a region where ideal magnetohydrodynamic conditions are satisfied, the synchrotron component should not extend beyond
Emax ≈ 200D MeV (here the Doppler factor is D ≈ 2Γ for Γ  1. Fig. 4 shows that the
synchrotron component would need to extend more than three orders of magnitude beyond the
synchrotron limiting energy. This would require an unknown high-efficiency process to accelerate multi PeV electrons in the magnetic fields (expected to be a few Gauss in strength) or a
conventional acceleration mechanism in a medium with a large difference in the magnetic field
strengths of the acceleration and radiation zones (28).
The spectral steepening predicted in the VHE range means we cannot reproduce the observations with a simple one-zone SSC models (Fig. 4). We discuss two ways to improve the
agreement between data and the models: (i) higher bulk Lorentz factor; and (ii) non-powerlaw
distributions of emitting particles.
The discrepancy between models and data could be removed if the Doppler factor at 4 hrs
after T0 is increased to ∼ 102 . This assumption reduces the level of electron recoil in the
inverse Compton scattering process, bringing the intrinsic VHE photon index closer to that
measured in X-rays; and the internal photon-photon absorption of the VHE emission is reduced.
9

However, the required value of the bulk Lorentz factor is inconsistent with predictions of the
standard hydrodynamic model. The weak dependence of the Lorentz factor on the explosion
energy and surrounding gas density make ∼ 102 values difficult to physically produce (16). If
GRB 190829A was an off-axis explosion, with a large line-of-sight angle relative to the jetted
outflow direction, the bulk Lorentz factor could have been underestimated. However, even
in this case the bulk Lorentz factor on the second night would have been smaller, which is
inconsistent with the unchanged observed spectrum (16).
If the accelerated electrons were to have an additional hard energy distribution at high energies, then the synchrotron and inverse Compton components can potentially explain the X-ray
and gamma-ray spectra recorded from GRB 190829A. However, this would require extreme
assumptions regarding the properties of the circumburst medium. If inverse Compton losses are
dominant, the electrons which are cooled by inverse Compton losses follow an energy distribution that is harder than the injected distribution (16). However, this requires that the spectral
energy distribution is strongly dominated by the inverse Compton component, which is inconsistent with the observed TeV flux and Fermi-LAT upper limit (Fig. 4).
int
≈ 2, over more than an order
In summary, we measured a hard intrinsic spectral index, γVHE

of magnitude in energy in the VHE band in the late time afterglow, T0 +4 hrs to 56 hrs. The
gamma-ray energy flux and index appears consistent with an extrapolation of the synchrotron
spectrum observed in the X-ray band. This simple spectral behaviour proves difficult to describe
with simple one zone emission models.
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Figure 4: Theoretical multi-wavelength models of the first and second night data. The black region shows
the spectrum and uncertainty of the Swift-XRT data, the green arrow upper limit is from Fermi-LAT (available
only for the first night (24)), and the red region is the H.E.S.S. intrinsic spectrum and its uncertainty (statistical
only). The shaded areas represent the 68% confidence intervals determined from the posterior probability distribution of the MCMC parameter fitting for the standard SSC model (light blue) and for the synchrotron-dominated
model (orange); the latter model does not impose a synchrotron cut-off energy (shown by Emax ). The synchrotron
components of the two SSC models are indicated by dashed lines, while the dash-dotted lines show the inverse
Compton components. These lines show the emission level when neglecting the internal gamma-gamma absorption. The upper curves are for the first night and the lower curves the second night. The best-fitting parameters are
listed in Tables S5-S6 (16).
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5. Aix Marseille Université, Centre national de la recherche scientifique (CNRS)/Institut National de Physique Nucléaire et Physique des Particules (IN2P3), Centre de Physique des Particules de Marseille (CPPM), Marseille, France
6. Centre for Space Research, North-West University, Potchefstroom 2520, South Africa
7. Laboratoire d’Annecy de Physique des Particules (LAPP), Univ. Grenoble Alpes, Univ.
Savoie Mont Blanc, CNRS, 74000 Annecy, France
8. University of Oxford, Department of Physics, Denys Wilkinson Building, Oxford OX1 3RH,
UK
9. Institute for Research on the Fundamental Laws of the Universe (IRFU), Commissariat à
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Materials and methods
H.E.S.S. observations and data analysis
H.E.S.S. is an array of five Imaging Atmospheric Cherenkov Telescopes located in the Khomas
Highland of Namibia, designed to detect gamma-ray sources in the tens of GeV to tens of
TeV energy range (29, 30). H.E.S.S. observations of GRBs are triggered by external alerts and
follow-up is performed based on specific trigger criteria, on a case-by-case basis accounting for
the redshift, X-ray flux, and delay of the GRB follow-up (31). GRB 190829A was observed
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with the H.E.S.S. array for a total of 12.98 hrs distributed over three nights, starting at T0 +4.3 hrs
and finishing at T0 +55.9 hrs. The observations were performed using stereoscopic observations
with CT1-4 (the four medium-size telescopes of H.E.S.S.); due to a maintenance campaign,
the large telescope (CT5) was only functioning intermittently. The observations were taken in
”wobble mode” with an offset of 0.5 degrees from the position of the GRB (right ascension
02h 58min 10.6s , declination −08◦ 570 29.800 (J2000 equinox)) (32). The reflected-region method
was used for the determination of the background regions and extraction of spectral results
and ring-region for the extraction of skymaps shown in Fig.S1. (33). The reconstruction of
the shower properties was done using the I M PACT (34) maximum likelihood-based technique
and background events were rejected with a multivariate analysis scheme (35). The spectral
fitting procedure was performed with a likelihood model fitting, using the GAMMAPY software
package (36–38) version 0.17. The results were cross-checked with an independent calibration
and analysis chain (39).
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Figure S1: Significance skymap of the H.E.S.S. observations. Skymaps in equatorial coordinates of the H.E.S.S.
observations in the GRB region for night 1, 2 and 3 in panel A, B and C respectively. The red cross shows the fitted
point-source position corresponding to right ascension 02h 58min 11.1s and declination −08◦ 580 4.800 (J2000).
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Source position
The gamma-ray excess position detected by H.E.S.S. was fit with a point-like source model
convolved with the point-spread function of the analysis (0.07◦ , (34)) in the significance skymap
obtained from the three observations night together. The fit results in a source position centred
at right ascension 02h 58min 11.1s and declination −08◦ 580 4.800 (J2000 equinox) (Fig.S1) with a
statistical uncertainty of 11.400 , which is 35.900 away from the GRB position measured in the
optical band (32). H.E.S.S has a systematic pointing uncertainty of about 2000 per axis (40), so
these positions are consistent within the systematic uncertainty.
Spectral model fitting and systematic uncertainties
The spectral model fitting and flux estimation was performed using the forward-folding method
which accounts for the energy dispersion and acceptance of the instrument (41). The spectrum
was fitted with a simple power-law to characterise the measured spectrum and a power-law
function with EBL attenuation to characterise the intrinsic spectrum. Systematic studies were
carried out to investigate a presence of curvature in the intrinsic spectra by considering the data
from the first night and from night 1 to 3. Within the systematic uncertainties of the analysis and
EBL models (see below), no preference for curvature was found over the attenuated power-law
model considered.
Instrument-related systematic uncertainties in the spectra were determined by introducing a
10% shift up and down in the reconstructed energy of the events and re-fitting. This accounts for
inaccuracies in the energy estimation of the reconstructed events seen between the two analysis
chains. A 20% uncertainty in the flux normalisation and 0.09 in photon index were added in
quadrature to account for other systematic uncertainties (atmospheric shower interaction models, atmospheric effects, broken pixels in the telescope cameras, etc.) (29). The choice of model
for the EBL absorption was considered a possible source of systematic uncertainty, computed
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Power-law model
Interval

Time after T0 [s]

obs
γVHE

N0 × 10−12 (TeV−1 cm−2 s−1 )

E0

Night 1
Night 2
Night 1-3

1.56×104 – 2.85×104
9.79×104 – 1.15×105
1.56×104 – 2.01×105

2.59 ± 0.09 (stat.) ±0.23(syst.)
2.46 ± 0.22 (stat.) ±0.14(syst.)
2.59 ± 0.08 (stat.) ±0.20(syst.)

13.95 ± 1.05 (stat.) ±2.92(syst.)
1.22 ± 0.27 (stat.) ±0.27(syst.)
5.01 ± 0.38 (stat.) ±1.04(syst.)

0.556
0.741
0.583

Power-law with EBL attenuation model
Interval
Night 1
Night 2
Night 1-3

Time after T0 [s]
1.56×104

2.85×104

–
9.79×104 – 1.15×105
1.56×104 – 2.01×105

int
γVHE

N0 × 10−12 (TeV−1 cm−2 s−1 )

E0

2.06 ± 0.10 (stat.) ±0.26(syst.)
1.86 ± 0.26 (stat.) ±0.17(syst.)
2.07 ± 0.09 (stat.) ±0.23(syst.)

22.67 ± 1.71 (stat.) ±4.84(syst.)
2.31 ± 0.52 (stat.) ±0.53(syst.)
8.34 ± 0.62 (stat.) ±1.78(syst.)

0.556
0.741
0.583

Table S1: Results of the spectral model fitting of the H.E.S.S. observations. Uncertainties in photon index γ and
flux normalisation N0 are statistical and systematic in that order (all uncertainties are 1 sigma).

using three different EBL models (17,20,21) and added in quadrature to the other uncertainties.
Overall, the systematic uncertainties are not dominated by the choice of EBL model. Specifically, for the spectrum of the combined three nights of GRB observations by H.E.S.S., the
int
instrument-related systematic uncertainties leads to a factor of 2 larger uncertainty on γVHE
(and

∼20% on N0 ) compared to the corresponding EBL systematic uncertainty. For the VHE photon
energies, the corresponding EBL wavelength dominating absorption is around a micron, where
the corresponding uncertainty of the EBL is more than a factor of 3 (42). The spectral fit results
for the observations are summarised in Table S1.
VHE temporal decay
The temporal evolution of the energy flux detected using H.E.S.S. was fitted with a powerlaw model of the form F (E, t) = (t/t0 )−α F (E), where F (E) is the energy flux of the intrinsic spectrum integrated in the energy range between Emin and Emax , F (Emin , Emax ) =
R Emax
int
E dN/dE dE. For this analysis, a constant photon index of γVHE
=2.07±0.09 (stat.) ±0.23 (syst.)
Emin
was adopted, in agreement with the spectral fit of the whole H.E.S.S. observation window
(Tab. S1). The observations performed during the first night were split into three clusters to
obtain three data points in the light curve, five data points when including the second and third
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Interval
Night 1, cluster 1
Night 1, cluster 2
Night 1, cluster 3
Night 1
Night 2
Night 3

Energy Flux ×10−11 (erg cm−2 s−1 )

Time after T0 [s]
1.56×104
1.92×104
2.44×104
1.56×104
9.79×104
1.84×105

– 1.92×104
– 2.44×104
– 2.85×104
– 2.85×104
– 1.15×105
– 2.01×105

4.06 ± 0.65(stat.)
3.57 ± 0.42(stat.)
2.66 ± 0.39(stat.)
3.34 ± 0.28(stat.)
0.64 ± 0.14(stat.)
0.27 ± 0.13(stat.)

± 0.90(syst.)
± 0.77(syst.)
± 0.60(syst.)
± 0.72(syst.)
± 0.14(syst.)
± 0.07(syst.)

Table S2: Energy flux evolution of the intrinsic VHE emission during the three consecutive nights used to determine
αVHE . The photon index values are assumed to be constant with a value of 2.07 ± 0.09 as determined from the joint
fitting of nights 1 to 3. The energy flux level of the full Night 1 time interval is not included in the determination
of αVHE and is listed for comparison only.

night of observations. Results are summarised in Table S2. Model fitting of the temporal evolution was performed using the least-squares method and results in a temporal decay index
αVHE = 1.09 ± 0.05 (Pearson’s χ2 = 0.31, dof = 3, for the power-law to fit the data). A search
for shorter-time variability was performed in the data of the first night of observations. For this,
a binning of 900 s was used which provides on average a mean significance of 5.6σ per data
point. No variability was found and the temporal decay index α = 1.33 ± 0.41 is consistent
with the value obtained when considering the whole set of observations from night one to three.

Extragalactic Background Light absorption
The effect of the Extragalactic Background Light (EBL) on the VHE emission of the GRBs is
visualised in Fig. 2. Here, in the same energy range, we compare the level of absorption due to
the EBL (e−τ ) according to the redshift of the diffenent sources: z = 0.0785 for GRB 190829A
(14); z = 0.4245 for GRB190114C (4); z = 0.653 for GRB180720B (6). The model dependent
values of τ are computed through interpolation of the tabulated values in the original source
for the models in (17, 19, 21) or from tabulation extracted from their implementation in the
GAMMAPY

package for the models in (20, 22).
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Swift Observations and Data Analysis
Swift-XRT observations of GRBs are automatically processed by the UK Swift Science Data
Centre (UKSSDC) to produce light curves and time-averaged spectra (43, 44), as well as flux
light curves in which spectral evolution is accounted for by means of the hardness ratio (26).
Because the hardness ratio has larger bins than the light curve, the flux bins in the burst analyser
are not truly independent. Therefore, we produced larger time bins using the data taken with the
Photon Counting data mode and produced independent spectra for each of these bins using the
’Create time-sliced spectra’ online tool,then fitted these spectra to determine the photon index
and flux in each time bin. The spectra were fitted simultaneously so that the column density
at the source NH,int was tied across all spectra but was free to vary; the spectra were otherwise
independent. This approach gives lower time resolution than available from the burst analyser,
but gives more precise flux measurements during the H.E.S.S. observations.
We identified 16 time bins for which these spectra were generated. In the first instance, we
generated 11 bins which were chosen to be as short as possible while still containing enough
photon counts per interval to constrain the one-sided uncertainty in the photon index to be
less than 0.2, or around 10% (Fig. 3). The other 5 bins (which overlap the 11 bins just mentioned) were chosen for their coincidence with H.E.S.S. observations. Two intervals were chosen to coincide with the first two nights of H.E.S.S. observations (there were no XRT observations coincident with the third night), and were used in the multiwavelength spectral modeling
(Fig. 4); the first night was additionally split into three clusters to test for short-term evolution
(Fig. 3). The 16 spectra were fitted simultaneously in

XSPEC

12.10.1 (45) with an absorbed

power-law model, using standard abundances (46) and cross-sections (47). We included two
absorbers: a Milky Way foreground (using the

TBABS

model) was fixed at the Galactic value

of NH = 5.60 × 1020 cm−2 (48), and a host galaxy (ZTBABS) component fixed to the redshift of the GRB, with NH,int free to vary but tied to be the same for all 16 spectra, and found
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Interval

Time after T0 [s]

log10 (FXRT ) (erg cm−2 s−1 )

γXRT

Night 1
Night 2a

1.56×104 – 2.85×104
9.79×104 – 1.15×105

−10.03 ± 0.02
−10.74 ± 0.03

2.03 ± 0.06
2.04 ± 0.10

Night 1, cluster 1a
Night 1, cluster 2a
Night 1, cluster 3a

1.56×104 – 1.92×104
1.92×104 – 2.44×104
2.44×104 – 2.85×104

−9.85 ± 0.02
−10.07 ± 0.03
−10.14 ± 0.04

1.93 ± 0.08
2.14 ± 0.10
2.12 ± 0.14

Table S3: XRT data coincident with the first two nights of H.E.S.S. observations (first two rows) are used in the
multiwavelength spectral analyses; no XRT data were available coincident with the third night. XRT data coincident with the first night were additionally divided into three shorter time intervals to probe the X-ray evolution
(last three rows).
a

These time intervals were used for calculating the temporal decay index of the X-ray emission.
Time after T0 [s]
2.86×102
4.42×102
7.25×102
4.90×103
6.17×103
1.08×104
2.28×104
3.62×104
2.58×105
3.28×105
5.28×105

4.42×102

–
– 7.25×102
– 1.17×103
– 6.17×103
– 7.49×103
– 1.90×104
– 3.62×104
– 1.79×105
– 3.28×105
– 5.28×105
– 1.56×106

log10 (FXRT ) (erg cm−2 s−1 )

γXRT

−9.25 ± 0.03
−9.34 ± 0.03
−9.16 ± 0.02
−9.06 ± 0.02
−9.19 ± 0.02
−9.67 ± 0.01
−10.20 ± 0.02
−10.67 ± 0.02
−11.10 ± 0.03
−11.32 ± 0.03
−11.69 ± 0.03

1.96 ± 0.15
2.19 ± 0.12
1.92 ± 0.08
1.85 ± 0.07
1.91 ± 0.07
2.00 ± 0.05
2.08 ± 0.07
2.18 ± 0.05
2.27 ± 0.09
2.37 ± 0.11
2.59 ± 0.10

Table S4: The 11 time intervals used to study the long-term (t < 106 s) behavior of the X-ray afterglow observed
by XRT. The XRT unabsorbed energy flux FXRT and the index γXRT were determined by fitting a power-law
model to the data in each time bin. These data are plotted in Fig. 3.

NH,int = (1.16 ± 0.04) × 1022 cm−2 . Uncertainties were determined (at the 1-σ level) using
the

ERROR

command in

XSPEC .

Table S3 lists the results of the fitting to the XRT time inter-

vals used in the spectral and temporal analyses, and Table S4 those used to constrain the X-ray
photon index.
Temporal behavior
Using the Swift-XRT energy flux values over the three nights of H.E.S.S. observations and
binned in the way described above, we derived a time decay index of αXRT = 1.07 ± 0.09
(Pearson’s χ2 = 2.63, ndof = 2), in agreement with the decay index of the VHE data. Fitting
the data in the original time binning provided by Swift-XRT yielded a decay index of αXRT =
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1.03 ± 0.02, consistent with the fit to the binned data. We investigated also the presence of
a break in the power-law model, and found it with a p-value of 0.998 (∼3σ). However the
resulting break time-scale was not well constrained: (1 ± 2) × 105 s. Automated Swift-BAT
data are also provided by the UKSSDC, and the BAT data points plotted in Fig. 3 were obtained
from the Burst Analyser.
We also examined the temporal behaviour of the Swift-XRT data for GRB 180720B and
GRB 190114C. To simplify comparisons with GRB 190829A, we considered only the data
between 1.56 × 104 and 2.01 × 105 s for each GRB and fitted the 0.3–10 keV energy flux data
— obtained from the automated XRT lightcurve repository at the UKSSDC — in their original
binning using both power-law and broken power-law models. We find that GRB 180720B is
well described by a power-law with an index of αXRT = 1.29 ± 0.02; for GRB 190114C, we
find a preference for a broken power-law, with significance above 5 σ, finding a break time at
2.7 × 104 ± 1.5 × 103 s, with pre- and post-break indices of αXRT 1 = 2.4 ± 0.2 and αXRT 2 =
1.13 ± 0.05. Compared to the temporal decay index for GRB 190829A, these values are slightly
more representative of the average decay index during this time, but in general, there is no
single characteristic temporal decay index during this time for the three GRBs. We note that we
considered only the data within this limited time interval, and the resultant fits would therefore
not be expected to reproduce the best-fit lightcurves reported by the automated fitting procedure
in the online XRT catalogue.
In order to place the temporal decay of GRB 190829A in context, we also considered the
best-fit broken power-law lightcurves for the entire population of GRB afterglows detected by
XRT, provided by the online XRT catalogue. For each GRB, we considered the behavior of the
best-fit lightcurve within this same time range (1.56 × 104 to 2.01 × 105 s) and calculated the
time-averaged decay index. We found that the average decay index of XRT lightcurves during
this time is around 1.4; the minimum value is around 0 and the maximum around 4, and the
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bulk of the population falls between 0.5 and 2.
Fluence and energy calculations
We consider the fluence contained within the XRT afterglow light curve, obtained by integrating
the energy flux within the instrument energy band over time, from tmin to tmax , fluence =
R ln tmax
tF (t)d ln t. By doing this we determine the timescale which dominates the fluence
ln tmin
integral. The integrand function is shown in Fig. S2, namely tF (t). This indicates that for
GRB 190829A, no specific time interval dominates the fluence. Instead, the fluence is found to
increase approximately with the logarithm of the temporal integration range.
To further study the energy release in the XRT band, we calculated the isotropic energy
release, Eiso , in the XRT band and compared it to the values of Eiso as reported by the BAT
and GBM. We considered the XRT emission in three time intervals: a) T0 to T0 + 87.5 s, b)
T0 + 87.5 s to T0 + 1600 s, and T0 + 1600 s to T0 + 106 s. For time interval (a), we extrapolated
the time-integrated spectrum reported by the GBM (18) — which has better constraints than
the BAT given that the GBM’s energy range extends to lower energies — into the XRT energy
range. For time interval (b), during which there is good XRT coverage, we calculated the
fluence in each time bin by multiplying the bin width by the energy flux, and summed up the
binned fluences. For time interval (c), at these times there are gaps in the XRT coverage but the
lightcurve decays smoothly, so we fit the energy flux lightcurve with a power-law and integrated
the power-law fit to obtain the fluence. (We also tried power-laws with one or two breaks but
were unable to obtain a better fit result; note that the automated best-fit lightcurve provided by
the UKSSDC excludes the data between T0 + 939 s and 1.15 × 104 s as being a flare and so
does not account for all of the fluence.) We found that the fluences in these three time intervals
are approximately (a) 5 × 10−6 erg cm−2 , (b) 2 × 10−6 erg cm−2 , and (c) 2 × 10−5 erg cm−2 ,
for a total energy fluence of around 3 × 10−5 erg cm−2 . The uncertainty in time interval (c)
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dominates and is around the 10% level.

t × Energy flux (erg cm−2)

Swift-BAT (15 keV - 50 keV)
Swift-XRT (0.3 keV - 10 keV)
10−5

10−6

10−7
102

104

103

105

106

Time since T0 trigger (s)

Figure S2: Temporal analys of the X-ray light curve of GRB 190829A. The prompt emission detected by the
Swift-BAT is shown in purple and the afterglow detected by Swift-XRT is shown in blue. Error bars show 1σ
uncertainty.

Afterglow phase of GRB
The dynamics of the forward shock are determined by two factors: the released energy and
the density of the circum-burst medium. In the framework of the one-dimensional dynamical
model (27), the conservation of energy yields the following dependence of the forward-shock
Lorentz factor on its radius (R):
r
Γ≈

E iso
,
M c2

(S1)

where E iso is equivalent isotropic energy, which can be estimated from the prompt burst radiated
energy; c is the speed of light; and M is the total mass swept-up by the shock. To obtain the
total mass, a specific model for the circum-burst environment must be adopted. Two different
approximations are typically considered: a homogeneous interstellar medium (ISM) of density
ρ0 , i.e., M ∝ ρ0 R3 (“ISM” case); and a constant velocity stellar wind, i.e., M = ṁ∗ R/v∞
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(“wind” case), where ṁ∗ and v∞ are mass-loss rate of the star and terminal velocity of the
wind. In the relativistic regime, the forward shock radius, R ' ct, depends only on the time
elapsed since the explosion in the progenitor reference frame.
The forward shock propagates towards the observer almost at the light speed, resulting in
a strong time compression of the emission detected by a distant observer. The forward shock
lags behind the initial burst only by a distance of c dt/(2Γ2 ), where dt is a time interval in the
progenitor reference frame. Thus, the time delay ∆t = T − T0 between the initial burst trigger
time, T0 , and the observation time, T , determines the corresponding forward shock radius, R,
as

ZR
∆t ≈

dR̃

2 .
2c Γ(R̃)


0

Thus, the forward shock radius can be estimated as

8 for ISM
2
R ' Γ (R)c∆t
4 for wind ,

(S2)

(S3)

where R is the forward shock radius at the moment of emission. According to Eqs. (S1) and (S3)
(49), the forward shock bulk Lorentz factor depends weakly on the burst energy and density

5.6 (κGBM n0 t34h )−1/8 for ISM

1/4
Γ≈
(S4)
v0
2.2
for
wind
.
κGBM ṁ0 t4h
Here and below we normalise the physical parameters as n0 = ρ0 /(mp cm−3 ) (mp is mass of
proton), ṁ0 = ṁ∗ /(10−5 M yr−1 ) (M is solar masses), v0 = v∞ /(103 km s−1 ), and t4h =
∆t/(4 hrs). The total explosion energy is obtained from the energy radiated in the GBM band
with efficiency coefficient κGBM = (2 × 1050 erg)/Eiso .
At the moment of the production of the gamma-ray emission detected with H.E.S.S. from
GRB 190829A, the forward shock had reached light-month distances from the progenitor star:
 
1/4

 10 t4h
for ISM
κ
n
R ≈ 1016 cm
(S5)
 GBM 0 1/2

0.8 v0 t4h
for wind .
κGBM ṁ0
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In the case of the forward shock propagating through the stellar wind, the above solution is
valid on scales of stellar wind bubbles. Given that the stellar bubbles can exceed 10 pc, the
above solution is likely valid even during the third night (t4h ' 10).
Here and below we consider two reference frames, the emission production frame associated with the forward shock, and the observer frame. The quantities in the forward shock frame
are indicated with primed symbol, e.g., ε0 , and in the observer frame are plain, e.g., ε. Thermodynamic parameters, like density or internal energy, are always taken in the plasma co-moving
frame, but we nevertheless prime them for clarity. The framework where one considers only
two reference frames, is a simplification. For example, we do not distinguish the observer and
the progenitor frames, because of the small redshift for this GRB, z  1. We also assume that
the production region moves toward the observer with the forward shock bulk Lorentz factor.
This assumption has two consequences. First, that the forward shock is spherical and therefore different regions of the shock have different velocity directions. Second, that the shocked
circum-burst medium moves relativistically away from the observer in the reference frame of
the forward shock. For a weakly magnetised shock, the bulk Lorentz factors of the forward
√
shock and shocked medium differ by a factor of 2 in the observer frame.
In the reference frame of the forward shock, the flow speeds in the upstream, vus , and down√
stream, vds , satisfy the following condition vds vus = vs2 (see, e.g., (50)). Here vs = c/ 3 is
sound speed in relativistic gas. In the limit of high Lorentz factor of the upstream flow, vus → c,
one obtains vds = c/3. By considering the matter fluxes through the shock, vds Γds ρds = cΓρus ,
the density of the shocked plasma, ρds , can be obtained
ρ0ds '

√

where we have accounted for the fact that Γds

8Γρus ,

(S6)

q
√
= 1/ 1 − (vds /c)2 = 3/ 8. The upstream

density for the forward shock, ρus , is the density of the circum-burst medium. As the density
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in shocked plasma should be nearly constant, the thickness of the shocked plasma layer can be
estimated as
M
R
∆R ≈
≈
0
2
4πR ρds
Γ

(

0

1
√
3 8
√1
8

for ISM
for wind .

(S7)

The energy flux through the shock allows the determination of the internal energy of the shocked
plasma. In a relativistic fluid, the energy flux is (w+p)Γ2 v (here w and p are internal energy and
gas pressure, see, e.g., (50)). While in the downstream region the relativistic equation of state,
pds = wds /3, holds, the upstream is dominated by the rest energy density, pus  wus ≈ ρus c2 .
Thus, one obtains
3
Γ2 c
0
wds
≈ ρus c2 2
≈ 2Γ2 ρus c2 .
4
Γds vds

(S8)

This defines the strength of the magnetic field in the production region, B 0 , by its contribution
to the downstream internal energy:
B 02
0
= ηB wds
,
8π

wB0 =

(S9)

where ηB is the downstream magnetisation. For the considered models of the circum-burst
environment, one obtains:
B0 ≈



1.5 G

 43 G




4
n30 ηB
κGBM t34h

1/8

2κ
ṁ30 ηB
GBM
3
v0 t34h

1/4

for ISM

(S10)

for wind .

The medium magnetisation is constrained by a strict limit ηB < 1 on the high end, but a broad
range of weaker magnetic fields is allowed.
The characteristic energy flux of the ejecta can be estimated as Γ2 ρus c3 . If a fraction, η, of
this power is radiated, then the source luminosity, Liso , can be estimated as
Liso = 4πR2 ηΓ4 ρus c3 .

(S11)

0
The energy density, wph
, corresponding to this emission in the forward shock frame is
0
wph
=

Liso
= ηΓ2 ρus c2 .
4πR2 cΓ2
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(S12)

The ratio of the synchrotron and Thomson emission components (Lsyn and LTh , respectively)
is determined by the ratio of the magnetic to photon target densities, i.e.,
Lsyn
ηB
=
.
LTh
η

(S13)

Substituting the bulk Lorentz factor and density to Eq. (S11) one obtains that
iso

L

η
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≈ 10

κGBM t4h

erg s

−1


6 for ISM
4 for wind .

(S14)

This suggests that any light curve deviation from t−1 dependence implies a change of the radiation efficiency, η. The radiation efficiency can be estimated as the ratio of the radiation cooling
time, t0rad to the forward shock dynamic time:
0
Ee,max

R
η
'
ηe

0
Ee,min

q(Ẽ)Ẽ min(t0d /t0rad , 1) dẼ
,

0
Ee,max

R

(S15)

q(Ẽ)Ẽ dẼ

0
Ee,min

0
where q is the injection spectrum; Ee,max/min
is the energy range in which non-thermal parti-

cles are injected in the co-moving frame; ηe is fraction of energy transferred to non-thermal
electrons; t0d = R/Γc is the dynamic time. If inverse Compton (IC) scattering proceeds
in the Thomson regime, then the radiative cooling time can be expressed as t0rad = t0syn /κ,
0−2 0−1
where t0syn ' 400BG
ETeV s is synchrotron cooling time and the dimensionless parameter
0
κ = 1 + wph
/wB0 accounts for additional IC cooling. Equation (S15) depends on the injection

spectrum and does not allow any simple analytical reduction. Adopting a simple power-law
0−βinj

injection spectrum, q ∝ Ee

(here βinj is the power-law index), the minimum energy of

injected non-thermal particles (51) can be estimated as

0.9ηe GeV (κGBM t34h n0 )−1/8 for ISM ,
(βinj − 2)
0
2

1/4
Ee,min '
Γmp c ηe =
v0
 0.3ηe GeV
(βinj − 1)
for wind .
κGBM t4h ṁ0
34

(S16)

(Here and below for the sake of brevity we show analytic expression only for the case when
βinj 6= 1, 2, or 3; for numerical estimates we adopt βinj = 2.2) Then one obtains that
η
=
ηe

(

1
3−βinj

 E0

e,min
0
Ee,br

βinj −2

−

0
βinj −2 Ee,min
0
3−βinj Ee,br

1

if

0
0
Ee,br
> Ee,min
,

if

0
0
,
≤ Ee,min
Ee,br

(S17)

0
where Ee,br
is cooling break energy, which is determined by the adopted model for the circum-

burst medium
0
Ee,br



1/8

 0.2 GeV κ3GBM 5t4h
for ISM ,
ηB κ
3n
≈
 3 05 1/4

 1 MeV t4h v0 5
for wind .
ηB κ
κGBM ṁ

(S18)

0

For the expected properties of GRB 190829A (in particular βinj ∼ 2) and epoch of H.E.S.S.,
t > 4 hrs, it is expected that the radiation efficiency should saturate close to ηe . We therefore conclude that the X- and gamma-ray light curves suggest that ηe , ηB , and η all remained
approximately constant during the HESS observation time interval 4 hrs < ∆t < 56 hrs.

Multiwavelength Modelling
Adopting the afterglow theory outline above, we developed a numerical modelling tool to interpret the observational data. We utilised the python software

NAIMA

(52) to model the mul-

tiwavelength (MWL) observational data, as well as the full differential cross-sections for the
interaction processes.
Assuming the relations in equations S1-S3 to define the physical environment of the GRB,
we adopted the solutions for the ISM scenario and assumed E iso = 2 × 1050 erg, n0 = 1 cm−3 .
The modelling made use of the data coming only from Swift-XRT, Fermi-LAT and H.E.S.S..
Studies at optical and radio wavelengths (53, 54) motivate the choice of using the ISM scenario
for the modelling; investigations of the optical emission have been performed for other GRBs
(14, 55), but we preferred to focus only on the X- and gamma-ray datasets. The model does not
have any time dependent implementation and we assumed that the parent electron distribution
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is a broken power-law with a high energy exponential cutoff described by:
E0
f (E ) = exp − 0
Ee,cut
0





0
: E 0 < Ee,br
A(E 0 /Es0 )−β1
0
0
0
0 −β2
0 β2 −β1
0
: E > Ee,br
(E /Es )
A(Ee,br /Es )

(S19)

0
where A is the normalisation parameter in units of 1/eV, Es0 is the scale energy, Ee,cut
is the
0
cutoff energy, Ee,br
the break energy and β1 and β2 the indices for the power-law below and

above the break energy. The minimum energy of the electron distribution and the normalisation
parameter were derived as a combination of the other parameters of the function and ηe that
0
in the model is defined as the ratio between wds
(equation S8) and the total energy density

of the non-thermal electrons close to the forward shock. The expression for the minimum
injection energy is a generalisation of Equation S16. Once the minimum injection and the
general shape of the electron distribution were defined, the normalisation A was derived from
the ratio between the total energy contained in the electron spectrum with unitary normalisation
and the total energy injected given by ηe .
The model fitting was carried out using two approaches. In the first approach, the low energy component (up to ∼MeV energies) is described by synchrotron emission, with the electron
spectral index inferred from the photon index of the Swift-XRT data. In a data-driven methodology, a general constraint was obtained on the magnetic field B 0 , utilising the estimated cooling
time in the downstream region. Assuming that the break in the electron distribution is a cooling break, the corresponding break in the synchrotron spectrum located below the energy range
tracked by Swift-XRT, the cooling time of the electrons at the energy of the spectral break corresponds roughly to the age of the system. We therefore determined that the magnetic field was
within an order of magnitude of 1 Gauss during the first night of observation by H.E.S.S.
To construct an SSC model in

NAIMA ,

a computation of the number density was required.

The assumed geometry is that of an expanding thin shell. The number density of photons in the
emission region has been approximated as ( dn0 / dE 0 dt0 )/(4πcR2 ), where dn0 / dE 0 dt0 is the
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synchrotron spectrum in the co-moving reference frame. This same distribution of synchrotron
photons was then used also to compute the contribution of the photon-photon absorption.
The multiwavelength data for night 1 and night 2 were fitted separately using the Markovchain Monte Carlo (MCMC) approach implemented in

NAIMA ,

leaving as free parameters ηe ,

0
0
Ee,br
, β2 , Ee,cut
and the intensity of the magnetic field B 0 . All parameters were varied on a

logarithmic scale (except β2 ) for a more efficient exploration of the parameter space. We used
128 parallel walkers with a burn in phase of 100 steps and a following phase to compute the
distribution of another 200 steps. The priors on the parameters for the Bayesian fitting were
chosen with a uniform distribution with sufficiently broad boundaries so as not to affect the
fitting. The chain starting parameter vector was derived from a maximum likelihood fit. The
only exception is for the parameter β2 for which the prior has a Gaussian distribution centred
on the value that can be computed from the Swift-XRT datapoints and a width extracted from
the uncertainty of the Swift-XRT photon index.
Through the consideration of physical arguments, we implement additional constraints on
the model parameters: because we assume synchrotron cooling, we expect that β2 − β1 = 1; the
position of the cooling break is roughly in the position where the cooling time for electrons of
that energy is equivalent to the age of the system (after correcting for Lorentz time-delay); the
cut-off energy has an upper boundary so as not to violate the maximum synchrotron energy limit
(56). The implementation of these constraints was done in the construction of the probability
prior function. For the break energy parameter, this was allowed to vary freely between the
minimum injection energy of the electrons and the energy required to have the synchrotron
characteristic energy equal to a third of the lowest energy Swift-XRT spectral point. This setup
ensured that the break energy in the photon spectrum occurs just below the energy of the SwiftXRT points.
For the magnetic field, a uniform prior between 10−3 and 101 G (in logarithmic space)
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was adopted. The constraint linking the break energy and the age of the system was obtained
through a Gaussian prior on the cooling time at the break with the Lorentz transformed age
of the system as a mean and half of this value as width. Because the H.E.S.S. and Swift-XRT
spectral analyses were performed via forward-folding techniques, the fitting was performed
using data directly derived from the functional power-law spectra adopted. The results of the
fits with this configuration are shown in Fig. 4 and final values of the parameters are reported in
Table S5. This model requires a high value for the energy in non-thermal electrons, with large
values for ηe . The range of magnetic field values found, correspond to ηB = 0.077 in the first
night and ηB = 0.059 in the second night.
Parameter

Night 1

Night 2

log10 (ηe )

−0.04 ± 0.02

−0.04+0.03
−0.04

0
log10 (Ee,br
/TeV)

−1.513+0.007
−0.015

−1.31+0.09
−0.16

3.15 ± 0.03

3.06+0.03
−0.04

0
log10 (Ee,cut
/TeV)

1.7 ± 0.2

1.6+0.4
−0.5

(B 0 /G)

−0.448+0.008
−0.004

−0.77+0.08
−0.04

2.781 ± 0.006

2.6 ± 0.1

1.88 × 10−11 erg/cm2 /s

3.07 × 10−11 erg/cm2 /s

β2
log10

Photon index
in H.E.S.S. energy range
Energy flux
in H.E.S.S. energy range

Table S5: SSC results with a synchrotron maximum energy constraint imposed. Final parameters values for night
1 and night 2 as in Fig. 4. The parameter names are as in equation S19. The best fitting values were computed
as the median of the posterior probability distribution, while the associated uncertainties are the 16th and 84th
percentiles. The last row reports the photon index of a power-law function fitted to the model in the H.E.S.S.
energy range and the integrated energy flux.

In this scenario, removing the constraint on the break energy dictated by the age of the
system allows the production of a harder electron spectrum. However, the effect improves only
very weakly the agreement with the H.E.S.S. data.
The model fitting performed without imposing a maximum energy of the synchrotron radiation spectrum instead assumed only uniform priors (increasing the upper bound of the magnetic
field value up to 103 G), without accounting for extra limitations on the values of the parameters, with the exception of the break energy that which was still constrained to produce a break
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Parameter

Night 1

Night 2

log10 (ηe )

−1.6+0.6
−1.3

−1.1+0.6
−1.3

0
log10 (Ee,br
/TeV)

−2.3+0.3
−0.7

β2
0
log10 (Ee,cut
/TeV)
log10 (B 0 /G)

3.074 ± 0.006
> 3.8
> 0.09

−2.3+0.6
−1.2
3.083 ± 0.018
> 3.5
> −0.4

2.151 ± 0.008

2.2 ± 0.1

3.07 × 10−11 erg/cm2 /s

4.68 × 10−12 erg/cm2 /s

Photon index
in H.E.S.S. energy range
Energy flux
in H.E.S.S. energy range

Table S6: SSC results without a synchrotron maximum energy constraint imposed. Final parameters values for
night 1 and night 2 as for the orange envelope in Fig. 4. The parameter names are as in equation S19. Cut-off
energies and magnetic field intensities are given as 2σ limits based on the posterior probability distributions. The
last row reports the photon index of a power-law function fitted to the model in the H.E.S.S. energy range and the
integrated energy flux.

below the Swift-XRT energy range. This setup was chosen so as to allow further exploration
of the parameter space. In this case, except for their lower limits, the cutoff energy and the
magnetic field intensity were not constrained, with the required magnetic field exceeding the
Gauss level. The results from this exploration are shown in Fig. 4 and the parameters are reported in Table S6. Due to the loose constraints on some of the parameters, a 2σ lower limit was
determined. For this model, the value of the maximum loglikelihood is of the order > 105 times
smaller than that obtained when imposing the maximum energy constraint on the synchrotron
spectrum, pointing towards a statistical preference of this model well above 5 standard deviations. The fit obtained with the synchrotron dominant component found the Inverse Compton
component to be highly subdominant. This is reflected in the best-fitting values of the model
parameters. For both nights, the value of ηe is lower than 10−1 , and the corresponding magnetic
field strength is at the level of 10 G, implying ηB ≈ 1.
The effect of photon-photon absorption on the high-energy GRB emission was also taken
into account assuming a size of the region given by R/(9Γ). With the same region both emitting
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Figure S3: Comparison between internal and EBL absorption. The shaded areas and solid line represent the
amount of EBL absorption for GRB 190829A using the same notation used in Fig. 2. The dotted line represents
the contribute of the internal absorption derived from the best fit SSC model of the first night. The labels on the
y-axes highlight the difference in the calculation of the absorption factor.

and absorbing radiation, the effect of absorption on the observed flux is thus
1
F obs = F int (1 − e−τ ).
τ

(S20)

We assume here that emitting electrons are homogeneously distributed in the shell. This approximation may overestimate the attenuation if the emitting particles are localised close to the
FS, or underestimate it if they are accumulated deeper in the shell.
The level of internal absorption can be compared to that due to the EBL. This is presented in
Fig. S3 where the effect of the EBL is shown together with that of the internal absorption derived
from the best-fit SSC model for the first night of observation. While for energies up to 200 GeV
the two values are comparable, the contribution of the internal absorption remains subdominant
for higher energies, becoming more than a factor of 2 smaller than the EBL absorption at 1 TeV.
The model spectral emission result was calculated in the frame of the GRB. The curves of
the resultant spectral energy distribution produced were transformed into the observer frame by
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multiplying the emission by a factor Γ2 (under the assumption that the Doppler factor D ∼ Γ)
after transforming the energy axis by a factor Γ/(1 + z).
In simple SSC models the onset of the Klein-Nishina effect in spectral energy distributions
is often attributed to the energy of electrons which up-scatter in the Klein-Nishina regime the
emission produced by electrons at the cooling break (2, 54). Combining equations (S10) and
(S18) shows that this corresponds to an electron energy of

7/8 1/8
14 ηB3/2 κ2 κ−5/8
2 4
for ISM ,
GBM n0 t4h TeV
me c
0


Ee,KN ≈ (hc)
≈
7 1/4
κ
ṁ
3/2
02
0
/(2m3e c6 )Ee,br
eB 0  1 ηB κ2 tGBM
TeV for wind .
3 v7

(S21)

4h 0

Under this simplified assumption, the Klein-Nishina effect may seem to be unimportant for
the H.E.S.S. energy band when even a moderate Doppler boosting is accounted for. However,
this approach is justified only in the case of a steep spectrum target photon spectrum above the
break. In the case of a hard target field, (eg. with photon index γ ∼ 2), as for GRB 190829A, the
Klein-Nishina effect appears at lower energies, as shown in Fig. 4 (see also (49, 57)). The same
problem concerns the simplified discussion of internal absorption (54). Given the measurement
of GRB 190829A spectra with H.E.S.S., modelling of this emission requires the treatment of
both the Klein-Nishina effect and internal absorption, in particular the convolution of the IC and
pair production cross sections over the spectrum of target photons.
An additional model fitting was also performed in which the Doppler boosting factor is left
free to vary instead of being fixed to Γ. In this case, the prior for the Doppler factor (treated
as a logarithmic quantity, as the other parameters) was chosen to be a wide uniform one from a
minimum value of Γ, up to 105 . To obtain the final fit in this case, the prior on the age of the
system was removed. The results are shown as a spectral energy distribution (SED) (Fig. S4A)
and posterior probability distribution of the log10 of the Doppler factor (Fig. S4B).
As a robustness test, we extracted the optical data (14) for the time interval corresponding to
the H.E.S.S. observation of the first night using the interpolation given by those authors. Given
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Figure S4: Synchrotron-Self Compton model with additional Doppler boosting. Panel A shows the SSC model
fitted to the data of the first night of the H.E.S.S. observation with the Doppler boosting factor D left as a free
parameter. The model lines are obtained for a value D = 955. Panel B shows the posterior probability distribution
of log10 (D). The colour scheme is the same as in Fig. 4.

that these are synthetic points, extrapolated between observations and ignore the uncertainty on
the dust distribution function, we have also assumed an uncertainty equivalent to 20% of the
quoted flux. These additional constraining data were also factored into the MCMC routine. The
result of the additional fits are shown in Fig. S5 and Tab. S7. By comparing these results with
those shown in Fig. 4, it is apparent that the general shape of the model remains unchanged by
the additional consideration of this dataset, and consequently that the discrepancy between the
TeV data and the one-zone SSC model remains. The result for the synchrotron-dominated fit
model also remain unchanged. A similar analysis for the second night, cannot be performed, due
to the presence of features in the optical spectrum which appear related to a thermal component
(14), not taken into account by our pure non-thermal emission model. The radio observations
are more difficult to treat given the need to disentangle the forward and the reverse shock (FS
and RS respectively). However, the estimate of the FS contribution (53), also appears to match
the level predicted by our best-fitting model.
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Figure S5: Synchrotron-Self Compton and Synchrotron dominated fits with the optical data also included. The
colour scheme is the same as in Fig. 4. The purple points indicate the optical data (14).

Parameter

Night 1
SSC

Night 2
SSC no limit

log10 (ηe )

−1.0+0.01
−0.02

−2.0+0.9
−1.5

−1.508+0.004
−0.009
3.065+0.014
−0.020
1.750.14
0.20
−0.4500.004
0.002

−2.2+0.3
−0.6

0
log10 (Ee,br
/TeV)

β2
0
log10 (Ee,cut
/TeV)
log10 (B 0 /G)

3.073+0.005
−0.007
> 3.34
> 0.10

Table S7: SSC results for night 1 including optical data. Final parameters values for night 1 for the models in
Fig. S5. The parameter names are as in equation S19. Cut-off energy and magnetic field intensity for the bestfit model without maximum energy for the synchrotron emission are given as 2σ limits based on the posterior
probability distributions

43

Spectrum with hardening
For a bulk Lorentz factor expected for the later afterglow phase, the spectral modeling of
GRB190829A with one-zone SSC models fails to reproduce the hard TeV spectrum. These
difficulties may be resolved if the part of the electron spectrum (around Ee0 ∼ Ee0 VHE ), which is
responsible for the VHE has a power-law slope β ∼ 2.5. In the co-moving frame the hardening
occurs approximately between 10 GeV and 1 TeV. On the other hand the emission registered
in the X-ray band has a usual photon index of γ ∼ 2, thus it is produced by electrons with
Ee0 ∼ Ee0 XRT following a power-law spectrum with index of β ∼ 3. There are two possibilities,
the X-ray emission can be produced either by electrons below the hard spectrum range, e.g.,
by electrons with E 0 ∼ 3 GeV or above, E 0 ∼ 3 TeV. The X-ray emission appears in the comoving frame at ∼ 100 eV, this scenario would require magnetic fields of either B 0 ∼ 100 G or
B 0 ∼ 10−4 G, respectively. Using Eq. (S10), we obtain that for ISM circumburst medium
 16
n30 ηB4
10
for Ee XRT < Ee VHE ,
∼
(S22)
−32
10
for
Ee XRT > Ee VHE .
κGBM
On the other hand from Eqs. (S13) and (S14) we see that η ∼ ηB and η ∼ κGBM . Thus, the
above equation approximately reduces to
 5
n0 ηB
10
for Ee XRT < Ee VHE ,
∼
−11
10
for
Ee XRT > Ee VHE .
κGBM

(S23)

Given the requirement that ηB < 1, the strong magnetic field case would imply a very dense
circumburst medium of n0 ∼ 105 . In contrast, the weak magnetic field case implies a very
diluted medium, n0 ∼ 10−5 , if we adopt ηB ∼ 10−5 (which in turn implies that E iso ∼ 1055 erg).
Both of these extreme regimes go beyond the typical parameter space.
Klein-Nishina losses feedback
In the fast cooling regime the feedback of the dominant loss mechanism on the particle distribution needs to be taken into account. For high-energy particles, only the synchrotron or IC
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cooling might be important. While the Thomson and synchrotron losses’ depend on electron
energy as Ė ∝ E 2 , the Klein-Nishina losses have a different dependence on electron energy,
Ė ∝ ln E (for E  m2e c4 /ε, where ε is target photon energy, see, e.g., (58, 59)). Therefore, for
the same injected particle distribution, the electron spectrum formed in environments in which
cooling is dominated by photon scattering, should depend on the scattering regime. For example, if we assume that the injected distribution obeys a pure power-law dependence, ∝ E −βinj ,
the particle spectrum formed under the dominant Thomson losses is ∝ E −(βinj +1) . The synchrotron and Thomson spectra have the photon index of (βinj + 1)/2. For a typical injection
spectrum of βinj ≈ 2, these spectra are “flat” (photon index of ≈ 2). Under the dominant KleinNishina losses, the situation is very different. Ignoring the logarithmic factors, Klein-Nishina
losses hardens the injected distribution, ∝ E −(βinj −1) . Such a hard electron distribution produces a gamma-ray spectrum with the photon index of ≈ βinj . The Klein-Nishina cooling effect
has a much stronger impact on the synchrotron spectrum (e.g., (60)). The synchrotron spectrum produced by electrons cooled via Klein-Nishina losses is very hard, with photon index of
βinj /2. For example, if the injection spectrum is close to the conventional value, βinj ≈ 2, then
the gamma-ray slope is ≈ 2. The synchrotron spectrum, in this case, appears to have a “steplike” shape: at low energies, where the IC scattering proceeds in the Thomson regime, the slope
is usual, ≈ 2, at higher energies, where the Klein-Nishina effect is important, the synchrotron
spectrum hardens approaching the limiting photon index of ≈ 1. At highest energies, where
the Klein-Nishina losses drop below the synchrotron losses, the spectrum recovers to the usual
slope of ≈ 2.
To illustrate these effects we consider a simple radiative model that accounts for the KleinNishina effect both for the energy losses and emission spectra. We consider the energy range,
where the electron distribution is formed in the fast cooling regime, i.e., one can use stationary
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equation to describe the electron distribution
∂ Ėn
= q(E) .
∂E

(S24)

Here q ∝ E −βinj is the injection distribution. For simulations we adopted βinj = 2 and the
injected power of 6 × 1044 erg s−1 . The energy losses account for the synchrotron and IC channels:
Ė = Ėsyn + Ėic ,

(S25)

where IC scattering proceeds on the synchrotron photons:
Z
Ėic =

dε

dNsyn
Ė0,ic (E, ε) .
dε dV

(S26)

Here dNsyn / dε dV is the number density of the synchrotron photons, and Ė0,ic is energy losses
of a electron with energy E up-scattering a target photon with energy ε. Despite its simplicity
this radiation model is non-linear and does not allow an analytical treatment.
The density of the synchrotron photons depends on the size of the production region R,
magnetic field strength B, and the total energy injected to the system per unit of time is L0 . The
Compton dominance can be estimated as (see, e.g., (2))
q
0
−1 + 1 + B18L
2 R2 c
Y =
.
2

(S27)

Here we have adopted a spherical geometry for the source, and have accounted for enhancement of the density of synchrotron photon in spherical homogeneous sources (61). Two particle
spectra were obtained, for R = 9 × 1017 cm and R = 2.9 × 1016 cm. In the former case the synchrotron losses dominate for the assumed B = 1 G. In the case of smaller production region,
Compton cooling dominates (see in Fig. S6).
If the Compton dominance Y is small, R 

p
18L0 /(B 2 c), then the losses are domi-

nated by the synchrotron and the Klein-Nishina effects results in a steepening of the gamma-ray
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spectrum (see in Fig. S8). In the case of high Y , the both the dominant losses and gammaray production mechanism are affected by the Klein-Nishina effect, resulting in a considerable
transformation of the particle spectrum (see in Fig. S7). The particle spectrum transformation
is imprinted in the synchrotron and IC spectra. In Fig. S8 we show the corresponding SED, in
which we assumed a bulk Lorentz factor of the production region of Γ = 10.
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Figure S6: Synchrotron (dashed line) and IC energy losses (solid lines) for two sizes of the production regions,
R = 2.9 × 1016 cm (dominant Compton cooling, shown with solid purple line) and R = 9 × 1017 cm (dominant
synchrotron cooling, shown with solid green line).
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Figure S7: Electron spectrum distributions formed under the dominant synchrotron (shown with solid green line)
and IC losses (shown with solid purple line).

For the considered model parameters, the spectrum is formed by losses in the transition
range, between the Thomson and Klein-Nishina regimes, which resulted in a smaller spectral
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Figure S8: Spectral energy distribution computed for a model that accounts the feedback of Klein-Nishina losses on
the particle spectrum. Synchrotron (dashed lines) and IC (solid lines) spectra obtained for two different sized of the
production regions, R = 2.9×1016 cm (dominant Compton cooling, shown with purple lines) and R = 9×1017 cm
(dominant synchrotron cooling, shown with green lines); magnetic field was fixed, B = 1 G. Red markers indicate
the X-ray and TeV spectra measured during the first night of GRB 190829A and relevant Fermi-LAT upper limits.

transformation than predicted by the simple analytic estimates above. However, if particles
cool via the Klein-Nishina losses then (i) the SED is dominated by the IC component, (ii) the
synchrotron spectrum is hard. We also show in Fig.S8 the spectra obtained from GRB 190829A
in the X-ray and TeV bands during the first night of observations together with Fermi-LAT upper
limits. We also compute the SED distribution for the case of a weak magnetic field B = 10−3 G
(shown in Fig. S9). It can be seen that the overall SED is not changed considerably.
Off-axis explosion
If the observer is located outside the beaming cone of the GRB jet then the consideration of
the process changes significantly. As a detailed study of this possibility is beyond the scope of
this paper, we only outline here some important features. We assume that the dynamics of the
forward shock is well described by the one-dimensional model for a spherical blast wave (27),
and that the jet opening angle is small compared to the angle, θ, between the jet axis and the
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Figure S9: The same as in Fig. S8 for B = 1 mG (sizes of the production region change to keep the same ratio of
the energy densities of target fields).

line-of-sight. In this case, the delay between the trigger and the emission detection is
Zt
∆t ≈


dt̃ 1 − β(t̃) cos θ ,

(S28)

0

where t is the time elapsed after explosion in the progenitor frame and β =

√
1 − Γ−2 . Com-

parison of Eqs. (S2) and (S28) shows that the jet-observer angle, θ, can have a strong influence
on the estimate of the bulk Lorentz factor. In Figure S10 we show calculations corresponding
to our baseline model (E iso = 2 × 1050 erg, ISM medium with constant density ρ0 = mp cm−3 )
for two orientations of the jet, θ = 0 (“on-axis”) and θ = 0.2 rad (“off-axis”). During the fist
nigh ∆t = 4.3, the bulk Lorentz factor depends strongly on the angle θ, for the second and third
nights (∆t = 27.2 hrs and ∆t = 51.2 hrs, respectively), the difference between the “off-axis”
and “on-axis” cases is small.
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Figure S10: Forward shock Lorentz factors as a function of the detection time for “off-axis” and “on-axis” cases.
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