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In the past three years, ground-based Imaging Atmospheric Cherenkov Telescopes, such as the
Major Atmospheric Gamma Imaging Cherenkov (MAGIC) telescopes and the High Energy Stereo-
scopic System (H.E.S.S.), have reported the detection of the very-high-energy (VHE) gamma-ray
photons from four gamma-ray bursts. One of them, GRB 190829A, was detected by H.E.S.S.
with ∼ 20 sigma significance. This event had more peculiar features. First, the prompt emission
had much smaller isotropic equivalent gamma-ray energy than typical long gamma-ray bursts.
Second, the early X-ray and optical light curves had achromatic peaks at 1.4 × 103 s. We propose
an off-axis jet model to explain those unusual observed properties. In this model, the relativistic
beaming effect causes the apparently small isotropic gamma-ray energy and spectral peak energy.
We find that a narrow fast jet with the initial Lorentz factor of 350 and the initial jet opening
half-angle of 0.015 rad, viewed off-axis, can describe the observed achromatic peaks in the X-ray
and optical light curves. Another slow-wide jet explains the late X-ray and radio fluxes. Our
model parameters determined by X-ray, optical and radio afterglows may explain observed VHE
gamma-ray flux by synchrotron self-Compton (SSC).
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1. Introduction

The ground-based Imaging Atmospheric Cherenkov Telescopes, such as the Major Atmo-
spheric Gamma Imaging Cherenkov (MAGIC) telescopes and the High Energy Stereoscopic Sys-
tem (H.E.S.S.) reported the detection of the very-high-energy (VHE) gamma-ray photons from the
GRBs 180720B [1], 190114C [2], 190829A [3] and 201216C [4]. GRB 190829A was classified as
a low-luminosity GRBs [5]. The prompt emission of GRB 190829A had two episodes (Episode 1
and 2) [5]. The values of the isotropic gamma-ray energy 𝐸iso,𝛾 and the peak photon energy of
the 𝜈𝐹𝜈 spectrum, 𝐸𝑝, of both Episodes 1 (𝐸iso,𝛾 = 3.2 × 1049 erg and 𝐸𝑝 = 120.0 keV) and 2
(𝐸iso,𝛾 = 1.9 × 1050 erg and 𝐸𝑝 = 10.9 keV) were smaller than in typical long GRBs [5]. The
multi-wavelength afterglows, in the VHE gamma-ray [3], X-ray, optical/infrared (IR) [5] and radio
bands [8–10], of GRB 190829A were obtained. The X-ray and optical light curves had achromatic
peaks at 1.4 × 103 s [5]. Several models were considered for the achromatic peaks, the X-ray flare
model [5, 11], baryon loaded outflow model [12], 𝑒+𝑒−dust shell model [13] and reverse-shock
emission model [9, 10]. The VHE gamma-ray afterglow emission from GRB 190829A was de-
tected by H.E.S.S. in the 0.2–4.0 TeV band at 𝑡 ∼ 2 × 104 s after the burst onset [3]. For GRB
190829A, Salafia et al. [9] supposed the SSC emission viewed on-axis (𝜃𝑣 ∼ 0), while Zhang et al.
[11] proposed the external inverse-Compton emission.

In this proceeding, we consider an off-axis jet model in order to explain those unusual properties
of GRB 190829A. In this model, if we see the jet in the off-axis (𝜃𝑣 < 𝜃 𝑗) viewing, the prompt
emission is dimmer and softer than on-axis (𝜃𝑣 ∼ 0) viewing case due to the relativistic beaming
effects [14, 15]. The bulk Lorentz factor is initially high, so that the afterglow emission is very
dim because of the relativistic effect. When the jet decelerates, the beaming effect becomes weak.
Then, a rising part emerges in afterglow light curves. For more details, see our papers (Sato et al.
[16, 17]).

2. Model

Following Huang et al. [18], we calculate the dynamics of a relativistic jet [see 16, for details].
The jet has an isotropic-equivalent kinetic energy 𝐸iso,K, initial jet Lorentz factor Γ0 and initial
jet opening half-angle 𝜃0. It decelerates via the ambient interstellar matter (ISM) 𝑛0 and forms a
thin shell. We calculate the synchrotron radiation output assuming a power-law electron energy
distribution with an index 𝑝 and constant microphysics parameters 𝜖𝑒, 𝜖𝐵 and 𝑓𝑒, which are the
energy fractions of the internal energy going into power-law electrons and magnetic field, and the
number fraction of accelerated electrons, respectively.

In calculating the VHE gamma-ray radiation, we assume the synchrotron self-Compton (SSC)
emissions [19]. The Klein-Nishina effect affects the SSC flux [e.g. 11, 20–22], and it is consid-
ered. For the calculation of the extragalactic background light (EBL) absorption, Franceschini,
Rodighiero, & Vaccari [23] is adopted and ‘EBL table’1 is used. We get the flux density by
integrating the emissivity over the equal arrival time surfaces (EATS) [see 24, for details].

1https://pypi.org/project/ebltable/

2



P
o
S
(
G
a
m
m
a
2
0
2
2
)
1
8
1

An Off-axis Jet Model for Multi-wavelength Afterglow Emission of GRB 190829A detected by H.E.S.S. Yuri
Sato

3. Results

In this section, we show our numerical results of afterglow light curves in the VHE gamma-ray
(0.1 TeV), X-ray (5 keV), optical (V-band) and radio (1.3, 5.5, 15.5 and 99.8 GHz) bands, and
compare them with the observation data of GRB 190829A. The VHE gamma-ray data are extracted
from H.E.S.S. Collaboration et al. [3]. The X-ray data are downloaded from the Swift team website2
[25, 26]. The optical data are taken from Chand et al. [5]. The V-band extinction is adopted as
𝐴V = 1.5 mag [5]. The radio flux at 1.3 and 15.5 GHz and at 5.5 and 99.8 GHz bands are obtained
from Rhodes et al. [8] and Dichiara et al. [10], respectively.

A single jet viewed off-axis is considered in order to explain the observed X-ray and optical
achromatic peaks around 𝑇 ∼ 1.4 × 102 s. We find the parameters, 𝜃𝑣 = 0.031 rad, 𝜃0 = 0.015 rad,
𝐸iso,K = 4.0× 1053 erg, Γ0 = 350, 𝑛0 = 0.01 cm−3, 𝑝 = 2.44, 𝜖𝐵 = 6.0× 10−5, 𝜖𝑒 = 3.5× 10−2 and 𝑓𝑒
= 0.2 to fit the data. In the following, we label this parameter space configuration as ’narrow-jet’.
The observational results of the early X-ray and optical afterglows from about 8 × 102 to 2 × 104 s
are well explained by our off-axis afterglow model. The off-axis afterglow started with a rising part
because of the relativistic beaming effect, which causes fewer photons emitted in the direction of
an observer [27]. When the jet decelerates, the observed flux increases. If we assume the adiabatic
evolution (Γ ∝ 𝑡−3/8), the observer time of the flux maximum is given by [16],

𝑇peak ∼ (1 + 𝑧)
(

3𝐸iso,K

4𝜋𝑛0𝑚𝑝𝑐5

) 1
3

(𝜃𝑣 − 𝜃0)
8
3 . (1)

For our narrow jet parameters, 𝑇peak ∼ 2 × 103 s is obtained. It is consistent with our numerical
results within a factor of two. However, our numerical results of the late X-ray and radio bands are
dimmer than observed. Therefore, we assume that another wide jet component is arising at late
times, following the model explained in Sato et al. [16, 17].

We introduce a ‘wide jet’ in addition to the narrow jet. The parameters of the wide jet are
𝜃𝑣 = 0.031 rad, 𝜃0 = 0.1 rad, 𝐸iso,K = 1.0 × 1053 erg, Γ0 = 20, 𝑛0 = 0.01 cm−3, 𝑝 = 2.2, 𝜖𝐵 =
1.0 × 10−5, 𝜖𝑒 = 0.29 and 𝑓𝑒 = 0.35. It is assumed that both jets are uniform, and on co-axis,
and they are emitted from the central engine at the same time. We compare the superposition of
each jet emission with the observed light curve. One can find that our off-axis narrow jet emission
explains the early achromatic peaks in the X-ray and optical bands (dashed lines in Fig. 1), and that
the wide jet emission can explain the late X-ray and radio afterglows (dotted lines in Fig. 1). Our
two-component jet model well explains the VHE gamma-ray flux.

4. Discussion

We have investigated an off-axis jet model to explain the observed data of GRB 190829A.
According to our model, the early X-ray and optical light curves were off-axis emissions from
the narrow jet, and the late X-ray and radio fluxes came from the wide jet emission. We found
that the observed VHE gamma-ray emission of GRB 190829A could be explained by our off-axis
two-component jet model.

2https://www.swift.ac.uk/xrt_curves/00922968/
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Figure 1: Afterglow light curves calculated by our two-component jet model – solid lines are the sum of the
narrow jet (dashed lines: 𝜃𝑣 = 0.031 rad, 𝜃0 = 0.015 rad, 𝐸iso,K = 4.0 × 1053 erg, Γ0 = 350, 𝑛0 = 0.01 cm−3,
𝑝 = 2.44, 𝜖𝐵 = 6.0 × 10−5, 𝜖𝑒 = 3.5 × 10−2, and 𝑓𝑒 = 0.2) and the wide jet (dotted lines: 𝜃𝑣 = 0.031 rad, 𝜃0
= 0.1 rad, 𝐸iso,K = 1.0 × 1053 erg, Γ0 = 20, 𝑛0 = 0.01 cm−3, 𝑝 = 2.2, 𝜖𝐵 = 1.0 × 10−5, 𝜖𝑒 = 0.29, and 𝑓𝑒 =
0.35) in 0.1 TeV (magenta), X-ray (red), V-band (blue), 1.3 GHz (green), 5.5 GHz (violet), 5.5 GHz (orange)
and 99.8 GHz (brown), which is compared with observed data of GRB 190829A (0.1 TeV (magenta points),
X-ray (red points), V-band (blue triangles), 1.3 GHz (green squares), 5.5 GHz (violet diamonds), 15.5 GHz
(orange filled-circles) and 99.8 GHz (brown pentagons).

The prompt emission of GRB 190829A had smaller values of the peak energy 𝐸p and the
isotropic-equivalent gamma-ray energy 𝐸iso,𝛾 than typical long GRBs. Here, we discuss whether
𝐸p and 𝐸iso,𝛾 from our narrow jet were typical or not in the case of on-axis viewing (𝜃𝑣 ≈ 0).
A simple emission model is considered [14, 15, 28, 29]. We assume an instantaneous emission
of an infinitesimally thin shell moving with the Lorentz factor Γ0. If Episode 1 of observed
prompt emission was emitted from the narrow jet, that is, 𝐸𝑝 (𝜃𝑣 = 0.031) = 120 keV and
𝐸iso,𝛾 (𝜃𝑣 = 0.031) = 3.2 × 1049 erg [5], then we obtain on-axis quantities, 𝐸𝑝 (0) = 3.7 MeV and
𝐸iso,𝛾 (0) = 2.7×1053 erg (for details, see Sato et al. [16]). We calculate the efficiency of the prompt
emission as 𝜂𝛾 = 𝐸iso,𝛾 (0)/(𝐸iso,𝛾 (0) + 𝐸iso,K) ≈ 0.4. On the other hand, if the narrow jet emitted
Episode 2 𝐸iso,𝛾 (𝜃𝑣 = 0.031) = 1.9 × 1050 erg), 𝐸𝑝 (0) = 340 keV and 𝐸iso,𝛾 (0) = 1.6 × 1054 erg
are obtained. These values are similar to typical long GRBs. Then, the efficiency is 𝜂𝛾 ≈ 0.8. If
the narrow jet produces Episode 1, the estimated prompt emission efficiency 𝜂𝛾 is almost typical,
however on-axis 𝐸p(0) is located at the highest end of the distribution for long GRBs. On the other
hand, if the narrow jet emitted Episode 2, on-axis 𝐸p(0) is smaller though 𝜂𝛾 is somewhat higher.
Episode 1 and 2 may be emitted from narrow and wide jets, respectively.

The prompt emission of GRB 190829A has lower 𝐸iso,𝛾 than the other VHE events. Hence,
the outflow energy is expected to be too small for the SSC radiation to explain the VHE gamma-ray
flux of GRB 190829A [3]. However, if GRB 190829A is viewed on-axis, then 𝐸iso,𝛾 (𝜃𝑣 = 0) and
𝐸𝑝 (𝜃𝑣 = 0) have typical values. Hence, the SSC emission from our large energy jet can explain the
observed VHE gamma-ray flux (magenta solid line in Fig. 1).
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