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Gamma-ray bursts (GRBs) are intense bursts of high-energy photons (prompt emissions) caused by 
relativistic jets. After the emissions, multi-wavelength afterglows, from radio to very-high-energy (VHE) 
gamma-ray, last for more than a few days. In the past three years, the VHE gamma-ray photons from 
four GRBs (GRBs 180720B, 190114C, 190829A and 201216C) were detected by ground-based Imaging 
Atmospheric Cherenkov Telescopes, such as the Major Atmospheric Gamma Imaging Cherenkov (MAGIC) 
telescopes and the High Energy Stereoscopic System (H.E.S.S.). One of them, GRB 190829A, had some 
peculiar features of showing achromatic peaks in X-ray and optical bands at 1.4 × 103 s and being 
classified as low-luminosity GRBs. Previously, we proposed a two-component jet model, which has 
‘narrow jet’ with a small initial opening half-angle θ0 = 0.015 rad and large bulk Lorentz factor �0 = 350, 
and ‘wide jet’ with θ0 = 0.1 rad and �0 = 20. The narrow jet explained the early X-ray and optical 
emissions and apparently small isotropic gamma-ray energy and peak energy in the off-axis viewing 
case. Furthermore, the late X-ray and radio (1.3 and 15.5 GHz) afterglows were emitted from the wide jet. 
Here, we calculate the VHE gamma-ray flux by the synchrotron self-Compton (SSC) emission. The multi-
wavelength afterglows of GRB 190829A including the VHE gamma-ray emission are well explained by 
our two-component jet model. The afterglow emissions from our two-component jet are also consistent 
with the observational results of GRBs 180720B, 190114C and 201216C, when the jets are viewed on-
axis. Furthermore, we discuss the detectability of off-axis orphan afterglows by the Cherenkov Telescope 
Array (CTA).

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Gamma-ray bursts (GRBs) are intense bursts of high-energy (be-
tween 10 keV and 10 MeV) photons (prompt emissions), and the 
duration of the emission ranges between 0.1 and 1000 seconds 
(Piran, 2004). After the prompt emission, multi-wavelength after-
glows, from radio to very-high-energy (VHE) gamma-rays, last for 
more than a few days (Mészáros and Rees, 1997). It is believed 
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that gamma-ray photons are emitted by relativistic jets toward us 
(fireball model) (Piran, 1999; Pe’er, 2015). The jet is slowed down 
by the interaction with the ambient interstellar matter (ISM), and 
subsequently the external shock is formed (Meszaros and Rees, 
1993). Currently, the details of the prompt radiation mechanisms 
and the central engine have not been well understood.

In the past three years, the VHE gamma-ray photons from four 
GRBs, GRB 180720B (Abdalla et al., 2019), GRB 190114C (MAGIC 
Collaboration, 2019a), GRB 190829A (H.E.S.S. Collaboration, 2021) 
and GRB 201216C (Blanch et al., 2020b), were detected by ground-
based Imaging Atmospheric Cherenkov Telescopes, such as the Ma-
jor Atmospheric Gamma Imaging Cherenkov (MAGIC) telescopes 
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and the High Energy Stereoscopic System (H.E.S.S.). Furthermore, 
MAGIC has reported the VHE gamma-ray photons with ∼ 3σ sig-
nificance from GRBs 160821B (Acciari et al., 2021) and 201015A 
(Blanch et al., 2020a).

The VHE gamma-ray flux from GRB 190829A was detected by 
H.E.S.S. with 0.2–4.0 TeV energy flux of ∼ 4.0 ×10−11 erg s−1 cm−2

at t ∼ 2 × 104 s after the burst onset (H.E.S.S. Collaboration, 
2021). This event had much smaller isotropic-equivalent luminos-
ity, Liso = 1049 erg s−1, than typical long GRBs, and was classified 
as low-luminosity GRBs (Chand et al., 2020). The prompt emis-
sion of GRB 190829A consists of two episodes (Chand et al., 2020). 
According to Chand et al. (2020), the first emission (Episode 1) 
had the isotropic gamma-ray energy E iso,γ = 3.2 × 1049 erg and 
the peak photon energy of the ν Fν spectrum Ep = 120.0 keV. 
At about 40 s after Episode 1, the second brighter emission 
with E iso,γ = 1.9 × 1050 erg and Ep = 10.9 keV was observed 
(Episode 2). The values of E iso,γ and Ep of both Episodes 1 and 
2 were smaller than typical long GRBs (Chand et al., 2020). GRB 
190829A was located at a low redshift z = 0.0785 (Valeev et al., 
2019). The very long baseline interferometry (VLBI) observations 
gave the upper limits on the source size in the radio bands (Salafia 
et al., 2022). Furthermore, the 3σ upper limit on the optical lin-
ear polarization of � 6% was also observed at t ∼ 3.0 × 103 s 
(Dichiara et al., 2022). It was associated with a type-Ic supernova 
SN 20190yw (Hu et al., 2021).

The multi-wavelength afterglows of GRB 190829A, were ob-
tained in the VHE gamma-ray (H.E.S.S. Collaboration, 2021), X-ray, 
optical/infrared (IR) (Chand et al., 2020) and radio bands (Rhodes 
et al., 2020; Salafia et al., 2022; Dichiara et al., 2022). The X-ray 
and optical light curves had achromatic peaks at 1.4 ×103 s (Chand 
et al., 2020). It is difficult for the standard afterglow model to ex-
plain such achromatic peaks (Sari et al., 1998), so that the X-ray 
flare model (Chand et al., 2020; Zhang et al., 2021b), the baryon 
loaded outflow model (Fraija et al., 2021), the e+e− dust shell 
model (Zhang et al., 2021a) and the reverse-shock emission model 
(Salafia et al., 2022; Dichiara et al., 2022) have been proposed. We 
proposed an off-axis two-component jet model in order to explain 
small values of E iso,γ and Ep , and simultaneous afterglow peaks in 
X-ray and optical bands (Sato et al., 2021).

The VHE gamma-ray afterglows from bright GRBs 180720B 
and 190114C could be explained by the synchrotron self-Compton 
(SSC) mechanism (e.g. Derishev and Piran, 2019; Fraija et al., 
2019a,b,c; MAGIC Collaboration, 2019b; Asano et al., 2020; Huang 
et al., 2021; Derishev and Piran, 2021; Yamasaki and Piran, 2022) 
and/or the photohadronic model (Sahu and Fortín, 2020). For GRB 
190829A, the external inverse-Compton (Zhang et al., 2021b) and 
photohadronic (Sahu et al., 2022) models have been proposed in 
addition to the SSC emission model.

It was shown in Sato et al. (2021) that the observational re-
sults of GRB 190829A were consistent with the off-axis two-
component jet model which consists of two uniform jets (‘narrow’ 
and ‘wide’ jets). The early X-ray and optical light curves of GRB 
190829A could be off-axis emissions from the narrow jet with 
initial opening half-angle θ0 = 0.015 rad and initial bulk Lorentz 
factor �0 = 350. The wide jet, which has θ0 = 0.1 rad and �0 = 20, 
explained the late X-ray and radio (1.3 and 15.5 GHz) afterglows. 
The hydrodynamic simulation showed that GRB jets are structured 
with an angular dependent energy distribution (e.g. Zhang and 
MacFadyen, 2009; Gottlieb et al., 2020; Urrutia et al., 2022). The 
two-component jet may be the most simple approximation of ‘the 
structured-jets’ with envelopes. Sato et al. (2021) did not calcu-
late the VHE gamma-ray afterglows of GRB 190829A. In this paper, 
we discuss our off-axis two-component jet model to explain multi-
wavelength afterglows including the VHE gamma-ray flux for GRB 
190829A. In the present study, we calculate the SSC flux, using the 
jet parameters similar to those determined by Sato et al. (2021). 
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The radio emissions in 5.5 and 99.8 GHz are also computed to ex-
plain the observed ones.

Furthermore, we discuss whether our two-component jet model 
could explain the observational results of the other VHE gamma-
ray events (GRBs 180720B, 190114C and 201216C). GRB 190829A 
had the achromatic peaks t ∼ 1.4 × 103 s and the small value 
of E iso,γ and Ep (Chand et al., 2020), while GRBs 180720B, 
190114C and 201216C showed monotonically decaying X-ray light 
curve (Fraija et al., 2019b; Yamazaki et al., 2020) and had typi-
cal isotropic equivalent gamma-ray energy and peak energy (GRB 
180720B: E iso,γ = 6.0 × 1053 erg (Abdalla et al., 2019) and Ep =
631 keV (Duan and Wang, 2019), GRB 190114C: E iso,γ = 2.5 ×
1053 erg (MAGIC Collaboration, 2019b) and Ep = 998.6 keV (Rava-
sio et al., 2019) and GRB 201216C: E iso,γ = 4.7 × 1053 erg (Blanch 
et al., 2020a) and Ep = 326 keV (Huang, 2022)). We explained 
the observational results of GRB 190829A by our off-axis two-
component jet model (thick red solid arrow in Fig. 1) (Sato et al., 
2021). The other three VHE gamma-ray events have been consid-
ered that the jets are explained as on-axis emissions (e.g. Wang et 
al., 2019; MAGIC Collaboration, 2019a; Asano et al., 2020; Huang, 
2022; Rhodes et al., 2022). In this paper, we calculate the after-
glow emissions for GRBs 180720B, 190114C and 201216C in the 
on-axis viewing case following previous works (thin blue solid ar-
row in Fig. 1).

The afterglows which are not associated with the prompt emis-
sion are called ‘orphan afterglows’ (Piran, 2004). The gravitational 
lensing effect model (Gao et al., 2022), the dirty fireball model 
(Ho et al., 2022) and the off-axis afterglow model (e.g. Nakar et 
al., 2002; Totani and Panaitescu, 2002; Urata et al., 2015) have 
been proposed for the origin of orphan afterglows. Orphan after-
glows have not yet been definitively detected (e.g. Zhang, 2018; 
Ho et al., 2020, 2022; Huang et al., 2020). In this paper, we dis-
cuss prospects of detecting of off-axis orphan afterglows by the 
Large-Sized Telescope (LST) of the Cherenkov Telescope Array (CTA) 
(thin green dashed arrow in Fig. 1). Owing to a large field of view 
of CTA/LST (Cherenkov Telescope Array Consortium et al., 2019), 
it may have high detectability of orphan afterglows. The detec-
tion of orphan afterglow by CTA/LST may indicate the existence of 
the wide jet with the low Lorentz factor introduced in our model. 
We also discuss the detectability of multi-wavelength orphan af-
terglows by the extended Roentgen Survey with an Imaging Tele-
scope Array (eROSITA), the Vera C. Rubin Legacy Survey of Space 
and Time (Rubin LSST), the Zwicky Transient Facility (ZTF), the 
Atacama Large Millimeter/sub-millimeter Array (ALMA), the next 
generation Very Large Array (ngVLA) and the Square Kilometre Ar-
ray (SKA).

In § 2, our numerical method is explained. In Sato et al. (2021), 
the number fraction of accelerated electrons fe was fixed to unity, 
and only the Thomson limit was considered in calculating the cool-
ing frequency and SSC flux. In this paper, we calculate the SSC 
emission taking into account the Klein-Nishina effect, and chang-
ing the number fraction of accelerated electrons fe . In § 3.1, we 
show our results of the multi-wavelength afterglow emissions for 
GRB 190829A. In § 3.2, we use our two-component jet model de-
termined in § 3.1 to explain the multi-wavelength light curves of 
GRBs 180720B, 190114C and 201216C. If our model with the nar-
row jet with large �0 and the wide jet with small �0 is suitable 
for VHE gamma-ray events, orphan afterglow emissions from the 
wide jet viewed off-axis may be observed. In § 3.3, we show the 
detectability of off-axis orphan afterglow emissions from the wide 
jet. Section 4 is devoted to a discussion. In this paper, we adopt 
cosmological parameters H0 = 71 kms−1 Mpc−1, �M = 0.27 and 
�� = 0.23 following Chand et al. (2020).
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Fig. 1. Schematic view of our two-component jet model for very-high-energy GRBs. The afterglows of GRB 190829A are off-axis (θv = 0.031 rad, thick red solid arrow) 
emissions. GRBs 180720B, 190114C and 201216C are observed in the case of on-axis viewing (θv = 0.0 rad, thin blue solid arrow). Orphan afterglows are detected by viewed 
off-axis (θv ≥ 0.2 rad, thin green dashed arrow).
2. Numerical methods

We calculate the dynamics of a relativistic jet, which has an in-
finitely thin shell, following Huang et al. (2000) (see Sato et al., 
2021, for details). The jet propagates into the ISM with a con-
stant number density n0, and it has an isotropic-equivalent kinetic 
energy E iso,K, initial bulk Lorentz factor �0 and initial opening half-
angle θ0. A thin shell is formed as the jet expands. The synchrotron 
radiation is computed by using a power-law electron energy dis-
tribution with an index p and constant microphysics parameters 
εe , εB and fe , which are the energy fractions of the internal en-
ergy going into power-law electrons and magnetic field, and the 
number fraction of accelerated electrons, respectively. In Sato et al. 
(2021), the number fraction of accelerated electrons fe was fixed 
to be unity. In this paper, we consider the case of fe �= 1.0 to bet-
ter explain the observed radio emissions.

In the calculation of the VHE gamma-ray radiation, the SSC 
emission is assumed (Sari and Esin, 2001). The SSC flux is affected 
by the Klein-Nishina effect (e.g. Blumenthal and Gould, 1970; 
Nakar et al., 2009; Murase et al., 2010, 2011; Wang et al., 2010; 
Zhang et al., 2021b; Jacovich et al., 2021). In Sato et al. (2021), 
the SSC radiation is estimated in the Thomson limit, while, in this 
paper, we take into account the Klein-Nishina effect using the nu-
merical method given by Zhang et al. (2021b) (see Appendix of 
Zhang et al., 2021b, for details). We compare our numerical code 
with another in Zhang et al. (2021b). Our SSC and synchrotron 
cooling time is consistent with Zhang et al. (2021b) within ∼ 2%. 
Here we adopt Huang et al. (2000) in calculating the dynamics, 
while Zhang et al. (2021b) uses the dynamical evolution model by 
Nava et al. (2013), however, the behavior of our light curve is only 
slightly different from Zhang et al. (2021b). The extragalactic back-
ground light (EBL) absorption is considered in the calculation of 
the VHE gamma-ray flux. We adopt the model in Franceschini et 
al. (2008) and use ‘EBL table’.1

Sato et al. (2021) proposed a two-component jet model, which 
consists of the narrow-fast (θ0 = 0.015 rad and �0 = 350) and 
wide-slow (θ0 = 0.1 rad and �0 = 20) jets. We assume that both 
jets are uniform, and on co-axis, and they are emitted from the 
central engine at the same time. The emissions are integrated 

1 https://pypi .org /project /ebltable/.
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along the equal arrival time surfaces (EATS) in calculation of the 
flux density Fν (see Granot et al., 1999, for details).

3. Results of afterglow emission

In this section, we show our numerical results of afterglow 
emissions. In § 3.1, the observed light curves of GRB 190829A 
are compared with our results. In § 3.2, our multi-wavelength af-
terglow emissions for GRBs 180720B, 190114C and 201216C are 
exhibited, and we show that the VHE gamma-ray events are well 
explained by our two-component jet with similar parameters as 
those for GRB 190829A. In § 3.3, we discuss the detectability of 
off-axis orphan afterglows by changing the viewing angle in order 
to indicate the existence of our wide jet.

3.1. GRB 190829A

In this sub-section, we show our numerical results of after-
glow emissions 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 together with the observed data of GRB 190829A. The VHE 
gamma-ray data are taken from H.E.S.S. Collaboration (2021). We 
convert the observed energy flux in 0.2–4.0 TeV to the flux den-
sity at 0.1 TeV assuming that the photon index is 2.2 at any time 
(H.E.S.S. Collaboration, 2021). The X-ray data are downloaded from 
the Swift team website2 (Evans et al., 2007, 2009). The observed 
energy flux in 0.3–10 keV is converted to the flux density in 5 keV. 
We assume that the photon index is 2.2 at any time, and it is coin-
cident with the observed data. The optical data are extracted from 
Chand et al. (2020). We adopt the V-band extinction AV = 1.5 mag 
(Chand et al., 2020). The radio flux at 5.5 and 99.8 GHz bands and 
at 1.3 and 15.5 GHz bands are measured by Dichiara et al. (2022)
and Rhodes et al. (2020), respectively.

In this paper, we consider the Klein-Nishina effect in calcu-
lating the SSC process, and we do not fix fe to be unity. The 
parameters determined by Sato et al. (2021) are somewhat mod-
ified. Early X-ray and optical afterglow emissions are well ex-
plained by the narrow jet with θv = 0.031 rad, θ0 = 0.015 rad, 
E iso,K = 4.0 × 1053 erg, �0 = 350, n0 = 0.01 cm−3, p = 2.44, εB =
6.0 × 10−5, εe = 3.5 × 10−2 and fe = 0.2. A two-component jet 

2 https://www.swift .ac .uk /xrt _curves /00922968/.
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model is considered in this work, in which another ‘wide jet’ is 
introduced. The parameters of the wide jet are θv = 0.031 rad, 
θ0 = 0.1 rad, E iso,K = 1.0 × 1053 erg, �0 = 20, n0 = 0.01 cm−3, 
p = 2.2, εB = 1.0 × 10−5, εe = 0.29 and fe = 0.35. The superpo-
sition of each jet emission is compared with the observed light 
curve.

The numerical results of Sato et al. (2021) with fe = 1.0 in 1.3 
and 15.5 GHz bands exceeded the observed data within about a 
factor of three. We modify the value of fe from 1.0 (Sato et al., 
2021) to 0.2 and 0.35 for the narrow and wide jets, respectively. 
The value of the typical frequency νm in the case of fe �= 1.0 is 
larger than that in the case of fe = 1.0. After t ∼ 105 s, the typ-
ical and absorption frequencies, νm and νa , respectively, satisfy 
νa < 1.3 GHz and 15.5 GHz < νm . Then, the fluxes in 1.3 and 15.5 
GHz bands depend on fe (Fν ∝ fe

5/3). The radio fluxes are dim 
in the case of fe < 1.0. As a result, our numerical light curves 
better match with the observed ones (orange and green lines in 
Fig. 2). Moreover, the late (t ∼ 106−7 s) X-ray emission calculated 
in Sato et al. (2021) was about a factor of two smaller than the 
observed flux. The numerically calculated X-ray light curve is also 
improved by taking care of the Klein-Nishina effect (red lines in 
Fig. 2). When the Klein-Nishina effect is taken into account, the 
cooling frequency νc becomes larger because of less cooling com-
pared with the Thomson limit. Since the X-ray band exceeds νc , 
the X-ray flux becomes brighter.

The VHE gamma-ray and X-ray fluxes are affected by the Klein-
Nishina effect. The observed light curves in VHE gamma-ray and 
X-ray bands are well explained (magenta and red lines in Fig. 2). 
We consider the 99.8 and 5.5 GHz fluxes, which had not yet been 
reported in Sato et al. (2021). The narrow jet becomes trans-
relativistic (� < 10) at t ∼ 105 s, and the relation among the ab-
sorption frequency νa , the typical frequency νm and the cooling 
frequency νc satisfy νa < νm < νc . The typical frequency νm de-
pends on time t , and it crosses 99.8 GHz around 1.5 × 105 s. Then, 
the 99.8 GHz light curve has a peak. After that, νm is lower than 
99.8 GHz band and the flux obeys the scaling Fν ∝ t−p = t−2.44

(Gao et al., 2013). The observed data in 99.8 GHz decays slower 
than our numerical result. It is hard for the narrow jet to explain 
the observed data (brown dashed line in Fig. 2). The wide jet be-
comes trans-relativistic around t ∼ 105 s and enters the Newtonian 
phase at t ∼ 2.0 ×106. From 105 to 107 s, the break frequencies νa , 
νm and νc satisfy the relation νa < νm < νc . The value of νm crosses 
99.8 GHz band around 2.5 × 105 s, at which the flux takes max-
imum and after that it follows as Fν ∝ t−3(5p−7)/10 = t−1.2 (Gao 
et al., 2013) (brown dotted line in Fig. 2). The sum of the nar-
row and wide jet emissions is coincident with the observed 99.8 
GHz afterglow (brown solid line in Fig. 2). Subsequently, νm for the 
narrow and wide jet emissions crosses 5.5 GHz at 8.0 × 105 s and 
5.5 × 106 s, respectively, and then their light curves have maxima, 
after which they decay in the same way as 99.8 GHz band (vio-
let dashed and dotted lines in Fig. 2). The observed 5.5 GHz light 
curve is explained by the sum of both components (violet solid 
line in Fig. 2).

3.2. GRB 180720B, GRB 190114C and GRB 201216C

In § 3.1, the observational results of GRB 190829A are explained 
by our two-component jet model. We use our model described in 
§ 3.1 to show that the VHE gamma-ray (0.1 TeV), high-energy (HE) 
gamma-ray (0.5 GeV), X-ray (5 keV and 500 keV), optical (r-band) 
and radio (9 and 10 GHz) afterglows of GRB 180720B, 190114C and 
201216C are also well explained by similar parameters. In partic-
ular, we fix the opening angles and initial Lorentz factors of both 
jets as in the previous sub-section.

The X-ray (5 keV) data of the three events are obtained from 
the Swift team website. The VHE gamma-ray (0.1–0.44 TeV), HE 
54
Fig. 2. Observed data of GRB 190829A (VHE gamma-ray (0.1 TeV: magenta points), 
X-ray (5 keV: red points), optical (V-band: blue triangles), radio bands (1.3 GHz: 
green squares, 5.5 GHz: violet diamonds, 15.5 GHz: orange filled-circles, 99.8 GHz: 
brown pentagons)), together with multi-wavelength afterglow modeling (VHE 
gamma-ray (0.1 TeV: magenta), X-ray (5 keV: red), optical (V-band: blue), radio 
bands (1.3 GHz: green, 5.5 GHz: violet, 5.5 GHz: orange, 99.8 GHz: brown)). Af-
terglow 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, 
E iso,K = 4.0 × 1053 erg, �0 = 350, n0 = 0.01 cm−3, p = 2.44, εB = 6.0 × 10−5, 
εe = 3.5 × 10−2, and fe = 0.2) and wide jet (dotted lines: θv = 0.031 rad, θ0 =
0.1 rad, E iso,K = 1.0 × 1053 erg, �0 = 20, n0 = 0.01 cm−3, p = 2.2, εB = 1.0 × 10−5, 
εe = 0.29, and fe = 0.35).

gamma-ray (0.1–10 GeV) and optical (r-band) data of GRB 180720B 
are extracted from Abdalla et al. (2019). The observational data of 
GRB 190114C in the VHE gamma-ray (0.2–1 TeV), HE gamma-ray 
(0.1–1 GeV), hard X-ray (10–1000 keV), optical (r-band) and ra-
dio (9 GHz) bands are taken from MAGIC Collaboration (2019a). 
The optical (r-band) and radio (10 GHz) data of GRB 201216C are 
derived from Rhodes et al. (2022). We assume the r-band extinc-
tion Ar = 0.8 mag for GRBs 180720B and 190114C, and Ar = 1.8
mag for GRB 201216C. Redshifts are z = 0.653, 0.4245, and 1.1
for GRBs 180720B (Abdalla et al., 2019), 190114C (MAGIC Collab-
oration, 2019a) and 201216C (Blanch et al., 2020b), respectively. 
Adopted parameters, as well as those by previous works, are sum-
marized in Tables 1, 2 and 3.

The three events are considered in the case of on-axis view-
ing (θv = 0.0 rad). Unless otherwise stated, the narrow and wide 
jet parameters (θ0, E iso,K and �0) are the same as those given in 
Section 3.1, while n0, p, εB , εe and fe are changed. As seen in 
Figs. 3(a), (b) and (c), our two-component jet model roughly ex-
plains the observed afterglow emissions in all wavelengths in GRBs 
180720B, 190114C and 201216C.

For GRB 180720B, we adopt the narrow jet with n0 = 10.0 cm−3, 
p = 2.4, εB = 5.0 × 10−4, εe = 5.0 × 10−3 and fe = 0.2. The wide 
jet is introduced with the parameters, p = 2.2, εB = 9.0 × 10−4, 
εe = 9.0 × 10−2 and fe = 0.4. These values of p, E iso,K and εB of 
Wang et al. (2019) are almost close to ours, while our n0 is larger 
than Wang et al. (2019).

For GRB 190114C, the parameters of n0 = 3.0 cm−3, p = 2.8, 
εB = 6.0 × 10−5, εe = 9.0 × 10−3 and fe = 0.1 are adopted for 
the narrow jet. The wide jet with p = 2.6, εB = 9.0 × 10−4, εe =
8.0 × 10−2 and fe = 0.2 are used. Parameters adopted by MAGIC 
Collaboration (2019a), Wang et al. (2019) and Asano et al. (2020)
are roughly similar to our parameters, n0, p, E iso,K, εB and εe . In 
MAGIC Collaboration (2019a) and Wang et al. (2019), the number 
fraction of accelerated electrons was adopted as fe = 1.0, while in 
Asano et al. (2020) and this paper, it is calculated with fe �= 1.0. 
When the values of E iso,K/ fe , feεB , feεe and n0/ fe are same, the 
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Table 1
Parameters for modeling of GRB 180720B.

n0 [cm−3] p E iso,K [erg] εB εe fe

Present work
(narrow jet) 
(wide jet) 10.0

2.4 4.0× 1053 5.0× 10−4 5.0× 10−3 0.2
2.2 1.0× 1053 9.0× 10−4 9.0× 10−2 0.4

Wang et al. (2019) 0.1 2.4 1.0× 1054 1.0× 10−4 0.1 1.0
behaviors of afterglow light curves are similar (Eichler and Wax-
man, 2005). The SSC flux with small εB is brighter than that with 
large εB , so that VHE gamma-ray events may have small εB (Miceli 
and Nava, 2022). In particular, we compare the value of feεB in 
the case of fe �= 1.0. For our narrow and wide jet parameters, we 
get feεB ∼ 6.0 × 10−6 and ∼ 1.8 × 10−4, respectively. In Asano 
et al. (2020), feεB ∼ 2.7 × 10−4 was obtained. The value of feεB

for our narrow jet is small like that of Asano et al. (2020), while 
that of our wide jet and Asano et al. (2020) is similar. Previous 
works (MAGIC Collaboration, 2019a; Wang et al., 2019; Asano et 
al., 2020) supposed a single component. In MAGIC Collaboration 
(2019a), the theoretically calculated radio emissions are about an 
order of magnitude brighter than the observed ones. Wang et al. 
(2019) and Asano et al. (2020) did not discuss the radio emission. 
In the present work, it is found that the two-component jet model 
well explains the observational radio flux.

For GRB 201216C, we use n0 = 1.0 cm−3, p = 2.3, εB = 6.0 ×
10−5, εe = 3.5 × 10−2 and fe = 0.4 in the narrow jet. The pa-
rameters of the wide jet are p = 2.8, εB = 5.0 × 10−5, εe = 0.1
and fe = 0.2. Huang (2022) obtained parameters considering EATS 
effect, and the values of n0, p, E iso,K and εB are almost consis-
tent with ours. In Rhodes et al. (2022), the jet-cocoon model was 
adopted. In particular, the narrow-core component (�0 > 100) ex-
plained the observed afterglow in the X-ray and optical, while the 
wider low-energy component (�0 < 10) was consistent with the 
radio emission. The value of E iso,K of our wide jet is larger than 
that of the cocoon component of Rhodes et al. (2022). The stel-
lar wind environment was considered in Rhodes et al. (2022), and 
then, the density in front of the shell is ∼ 103−5 cm−3 at 10 days. 
Then, for both Rhodes et al. (2022) and our wide jet parameter, 
the absorption frequency νa is larger than 10 GHz, and the flux 
depends on E iso,K and n0 (Fν ∝ E5/6

iso,K n01/2). The flux with large 
E iso,K and small n0 is consistent with the flux in the case of small 
E iso,K and large n0, so that the observed radio flux of GRB 201216C 
is also explained by our wide jet with different values of E iso,K and 
n0 from Rhodes et al. (2022).

As seen in Fig. 3(a), the narrow jet explains the early time 
(t � 2.0 × 103 s) observational results of GRB 180720B in the HE 
gamma-ray and X-ray bands, while the VHE gamma-ray, X-ray and 
optical emissions from the wide jet are consistent with the ob-
served data at the late (t � 5.0 × 103 s) epoch. For GRB 190114C, 
the early (t � 6.0 × 103 s) observed VHE gamma-ray, X-ray (5 keV) 
and optical fluxes are consistent with the narrow jet emissions, 
and at the late time (t � 6.0 × 103 s) the wide jet described the 
observed light curves in the X-ray (5 keV) and optical bands (see 
Fig. 3(b)). The early (t � 3.0 × 104 s) and late (t � 105 s) observa-
tional results in the radio band are well matched by the narrow 
and wide jets, respectively. Our narrow jet also fits with the ob-
served data in the hard X-ray (500 keV) band (t > 10 s). As seen 
in Fig. 3(c), the early (t � 2.0 × 104 s) X-ray and optical afterglows 
of GRB 201216C are explained by the narrow jet, while the late 
(t � 106 s) radio data is consistent with the wide jet emission. 
Therefore, the observational results of the three VHE gamma-ray 
events are consistent with our two-component jet model. For all 
VHE gamma-ray events, the wide jet is necessary.
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3.3. Orphan afterglows

In § 3.1 and 3.2, it is shown that our two-component jet 
model well explains the observational results of the previous 
VHE gamma-ray events (GRBs 180720B, 190114C, 190829A and 
201216C). The existence of the wide jet is common. If VHE 
gamma-ray events are accountable by our two-component jet, or-
phan afterglow emissions may be observed in the case of large off-
axis viewing angle. In this sub-section, we study the detectability 
of off-axis orphan afterglow emissions from our two-component 
jet in the VHE gamma-ray, X-ray, optical and radio bands by 
CTA/LST, eROSITA, Rubin LSST, ZTF, ALMA, ngVLA and SKA, re-
spectively. Throughout this sub-section, the g-band extinction is 
assumed as a typical value Ag = 2.8 mag.

The viewing angle θv should be larger than 0.1 rad, which cor-
responds to the value of the initial jet opening half-angle of the 
wide jet. This is necessary because the prompt emissions from the 
narrow and wide jets are not detected. Since the narrow jet has a 
small θ0 = 0.015 rad, the afterglow emissions from the narrow jet 
are dimmer than those from the wide jet. In this sub-section, the 
afterglow fluxes from the wide jet are considered.

When we change the viewing angle, E iso,γ (θv ) and Ep(θv) are 
estimated using the method given by Donaghy (2006), Graziani 
et al. (2006) and Ioka and Nakamura (2001) (see also Yamazaki 
et al., 2002, 2003a,b, 2004; Sato et al., 2021). Here we assume 
that the narrow and wide jets have the values of E iso,γ (θv =
0.0 rad) and Ep(θv = 0.0 rad) based on our model for Episode 1 
and 2 of GRB 190829A (Sato et al., 2021), that is E iso,γ (θv =
0.0 rad) = 2.7 × 1053 erg and Ep(θv = 0.0 rad) = 3.7 MeV for 
the narrow jet, and E iso,γ = 1.9 × 1050 erg and Ep = 10.9 keV 
for the wide jet. Then, we obtain off-axis (θv = 0.2 rad) quan-
tities are obtained as E iso,γ (θv = 0.2 rad) = 1.3 × 1048 erg and 
Ep(θv = 0.2 rad) = 1.5 keV for the narrow jet, and E iso,γ (θv =
0.2 rad) = 9.2 × 1047 erg and Ep(θv = 0.2 rad) = 1.9 keV for the 
wide jet. In the case of θv ≥ 0.2 rad, such low-energy prompt emis-
sion may be difficult to be detected unless the distance to the 
source is very nearby. In this sub-section, we use the wide jet pa-
rameters (θ0 = 0.1 rad, E iso,K = 1.0 × 1053 erg, �0 = 20, p = 2.2, 
εB = 1.0 × 10−5, εe = 0.29, and fe = 0.35), and change the view-
ing angle θv = 0.0, 0.2 and 0.3 rad, the ISM density n0 = 0.01 and 
1.0 cm−3 and the redshift z = 0.05 and 0.5.

We consider the case of the observation with four CTA/LSTs 
(CTA/4 LSTs). Although CTA/4 LSTs are most sensitive around 
2 TeV,3 such high-energy photons are heavily absorbed by EBL. 
Here we draw the VHE gamma-ray light curves at hν = 0.3 TeV, 
since it is less affected by the EBL attenuation and it can be 
still observed with good sensitivity of CTA/4 LSTs. Fig. 4 shows 
the results. In the case of z = 0.05 (Fig. 4(a)), one can find that 
CTA/4 LSTs have the capability to detect off-axis (θv = 0.2–0.3 rad) 
orphan afterglows if the ambient density is n0 = 1.0 cm−3 (thick 
red dashed and dotted lines). Furthermore, the events from rar-
efied medium, n0 = 0.01 cm−3, viewed off-axis (θv = 0.2 rad) can 
be also observed by CTA/4 LSTs (thin blue dashed line in Fig. 4(a)). 
For the source redshift z = 0.5, CTA/4 LSTs will detect the VHE 
gamma-rays from events with n0 = 1.0 cm−3 and θv = 0.2 rad 
(thick red dashed line in Fig. 4(b)). Due to the EBL attenuation, 
the 0.3 TeV flux from the source at z = 0.5 becomes about an 
order of magnitude smaller than the unabsorbed one. Orphan af-
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Fig. 3. Observed data (VHE gamma-ray (0.1 TeV: magenta points), HE gamma-ray (0.5 GeV: yellow filled-circles), X-ray (5 keV: red points and 500 keV: black pentagons), 
optical (r-band: blue triangles) and radio bands (9 GHz: green squares and 10 GHz: violet diamonds)) of GRB 180720B (panel (a)), 190114C (panel (b)) and 201216C (panel 
(c)), together with afterglow light curves calculated by our two-component jet model – solid lines are the sum of the narrow (dashed lines) and wide (dotted lines) jets 
in the VHE gamma-ray (0.1 TeV: magenta), HE gamma-ray (0.5 GeV yellow), X-ray (5 keV: red and 500 keV: black), optical (r-band: blue) and radio bands (1.3 GHz: green 
and 10 GHz: purple). The panel (a) (GRB 180720B) shows the result of our narrow (θv = 0.0 rad, θ0 = 0.015 rad, E iso,K = 4.0 × 1053 erg, �0 = 350, n0 = 10 cm−3, p = 2.4, 
εB = 5.0 × 10−4, εe = 5.0 × 10−3, and fe = 0.2) and wide (θv = 0.0 rad, θ0 = 0.1 rad, E iso,K = 1.0 × 1053 erg, �0 = 20, n0 = 10 cm−3, p = 2.2, εB = 9.0 × 10−4, εe = 0.09, 
and fe = 0.4) jets. In panel (b) (GRB 190114C), we show our result of the narrow (θv = 0.0 rad, θ0 = 0.015 rad, E iso,K = 4.0 × 1053 erg, �0 = 350, n0 = 3 cm−3, p = 2.8, 
εB = 6.0 ×10−5, εe = 9.0 ×10−3, and fe = 0.1) and wide (θv = 0.0 rad, θ0 = 0.1 rad, E iso,K = 1.0 ×1053 erg, �0 = 20, n0 = 3 cm−3, p = 2.6, εB = 9.0 ×10−4, εe = 8.0 ×10−2, 
and fe = 0.2) jets. In panel (c) (GRB 201216C), the sum of the narrow (θv = 0.0 rad, θ0 = 0.015 rad, E iso,K = 4.0 ×1053 erg, �0 = 350, n0 = 1 cm−3, p = 2.3, εB = 6.0 ×10−5, 
εe = 3.5 × 10−2, and fe = 0.4) and wide (θv = 0.0 rad, θ0 = 0.1 rad, E iso,K = 1.0 × 1053 erg, �0 = 20, n0 = 1 cm−3, p = 2.8, εB = 5.0 × 10−5, εe = 0.1, and fe = 0.2) jets are 
shown.

Table 2
Parameters for modeling of GRB 190114C.

n0 [cm−3] p E iso,K [erg] εB εe fe

Present work
(narrow jet) 
(wide jet) 3.0

2.8 4.0× 1053 6.0× 10−5 9.0 × 10−3 0.1
2.6 1.0× 1053 9.0× 10−4 8.0 × 10−2 0.2

MAGIC Collaboration (2019a) 0.5–5 2.4–2.6 � 3.0× 1053 (0.05–1.0) × 10−3 0.05–0.15 1.0
Wang et al. (2019) 0.3 2.5 6.0× 1053 4.0× 10−5 7.0 × 10−2 1.0
Asano et al. (2020) 1.0 2.3 1.0× 1054 9.0× 10−4 6.0 × 10−2 0.3

Table 3
Parameters for modeling of GRB 201216C.

n0 [cm−3] p E iso,K [erg] εB εe fe

Present work
(narrow jet) 
(wide jet) 1.0

2.3 4.0× 1053 6.0× 10−5 3.5× 10−2 0.4
2.8 1.0× 1053 5.0× 10−5 0.1 0.2

Huang (2022) (EATS) 0.5 2.1 6.0× 1053 8.0× 10−5 0.6 1.0
Rhodes et al. (2022)
(narrow-core component)

(wind) 2.0–2.4 (0.6− 10) × 1052 (0.05–4.0) × 10−3 0.04–0.1 1.0

Rhodes et al. (2022)
(cocoon component)

(wind) 2.0 (0.02–50) × 1048 1.0× 10−2 0.1 1.0
terglows with higher redshifts (z > 0.5) are hard to be detected 
with CTA/4 LSTs.

We roughly estimate the detection rate of orphan afterglows 
arising within z = 0.5 by CTA/4 LSTs. CTA/LST has a field of 
view of 2.5◦3 with a duty cycle of 10% (Cherenkov Telescope Ar-
ray Consortium et al., 2019). We set the comoving rate density 
RGRB ∼ 300 Gpc−3 yr−1 and the solid angle subtended by the di-
rection to which the source is observed f� = 5.0 × 10−3 sr. Then, 
the expected detection rate by CTA within z = 0.5 (luminosity dis-
tance dL ∼ 2.8 Gpc) is simply given by

ṄGRB ∼ 4π

3
RGRB d3L f�

(θFOV)2

2
DC

∼ 0.15 yr−1
(

RGRB

300 Gpc−3 yr−1

)(
dL

2.8 Gpc

)3

×
(

f�
−3

)(
θFOV

◦

)2 (
DC

)
, (1)
5.0× 10 sr 2.5 10%
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where θFOV is a field of view and DC is the duty cycle.
We also calculate the X-ray, optical and radio (16 and 343 

GHz) fluxes with the same parameters as shown in Fig. 4. It is 
found from Figs. 5, 6, 7 and 8 that they are bright enough to 
be detected by eROSITA, Rubin LSST, ZTF, ALMA, ngVLA and SKA 
when z = 0.5. Therefore, when CTA/4 LSTs detect orphan after-
glows, multi-wavelength observations are capable with eROSITA, 
Rubin LSST, ZTF, ALMA, ngVLA and SKA.

4. Discussion

We found that the observed VHE gamma-ray emission of GRB 
190829A could be explained only by the SSC radiation. If the 
isotropic-equivalent gamma-ray energy E iso,γ (θv ) and peak en-
ergy Ep(θv ) viewed on-axis (θv = 0.0 rad) are small, then, the 
total intrinsic energy is too small to explain the observed VHE 

3 https://zenodo .org /record /5499840 #.Y0TaWi0RodV.

https://zenodo.org/record/5499840#.Y0TaWi0RodV


Y. Sato, K. Obayashi, B. Theodre Zhang et al. Journal of High Energy Astrophysics 37 (2023) 51–61

Fig. 4. VHE gamma-ray light curves at hν =0.3 TeV from the ‘wide jet’ (θ0 = 0.1 rad, E iso,K = 1.0 × 1053 erg, �0 = 20, p = 2.2, εB = 1.0 × 10−5, εe = 0.29, and fe = 0.35) at 
z = 0.05 (panel (a)) and 0.5 (panel (b)). The thick red and thin blue lines show the results for the ISM density n0 = 1.0 and 0.01 cm−3, respectively. The solid, dashed and 
dotted lines are for cases of viewing angle θv = 0.0, 0.2 and 0.3 rad, respectively. Sensitivities of CTA/4 LSTs at the center (black solid line) and CTA/4 LSTs at the near edge 
(black dashed line) of the observation field of view are shown assuming an exposure time of three hours.3

Fig. 5. X-ray light curves at hν =5 keV from the ‘wide jet’ (θ0 = 0.1 rad, E iso,K = 1.0 ×1053 erg, �0 = 20, p = 2.2, εB = 1.0 ×10−5, εe = 0.29, and fe = 0.35) at z = 0.05 (panel 
(a)) and 0.5 (panel (b)). The thick red and thin blue lines show the results for the ISM density n0 = 1.0 and 0.01 cm−3, respectively. The solid, dashed and dotted lines 
are for cases of viewing angle θv = 0.0, 0.2 and 0.3 rad, respectively. Sensitivities of eRASS: 1 (black solid line) and eRASS: 2 (black dashed line) are shown assuming an 
exposure time of 500 s (Merloni, 2012).

Fig. 6. Optical light curves at g-band from the ‘wide jet’ (θ0 = 0.1 rad, E iso,K = 1.0 × 1053 erg, �0 = 20, p = 2.2, εB = 1.0 × 10−5, εe = 0.29, and fe = 0.35) at z = 0.05 (panel 
(a)) and 0.5 (panel (b)). The thick red and thin blue lines show the results for the ISM density n0 = 1.0 and 0.01 cm−3, respectively. The solid, dashed and dotted lines are 
for cases of viewing angle θv = 0.0, 0.2 and 0.3 rad, respectively. Sensitivities of Rubin LSST (black solid line) (Ivezić et al., 2019) and ZTF (black dashed line) (Bellm et al., 
2019) are shown assuming an exposure time of 140 s.
57
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Fig. 7. Radio light curves at 343 GHz from the ‘wide jet’ (θ0 = 0.1 rad, E iso,K = 1.0 × 1053 erg, �0 = 20, p = 2.2, εB = 1.0 × 10−5, εe = 0.29, and fe = 0.35) at z = 0.05 (panel 
(a)) and 0.5 (panel (b)). The thick red and thin blue lines show the results for the ISM density n0 = 1.0 and 0.01 cm−3, respectively. The solid, dashed and dotted lines are 
for cases of viewing angle θv = 0.0, 0.2 and 0.3 rad, respectively. Sensitivity of ALMA (black solid line) is shown assuming an exposure time of 100 hours.4

Fig. 8. Radio light curves at 16 GHz from the ‘wide jet’ (θ0 = 0.1 rad, E iso,K = 1.0 × 1053 erg, �0 = 20, p = 2.2, εB = 1.0 × 10−5, εe = 0.29, and fe = 0.35) at z = 0.05 (panel 
(a)) and 0.5 (panel (b)). The thick red and thin blue lines show the results for the ISM density n0 = 1.0 and 0.01 cm−3, respectively. The solid, dashed and dotted lines are 
for cases of viewing angle θv = 0.0, 0.2 and 0.3 rad, respectively. Sensitivities of ngVLA (black dotted line) (Selina et al., 2018), SKA1 (black dashed line) and SKA2 (black 
solid line) (Chen et al., 2021) are shown assuming an exposure time of 100 hours.
gamma-ray flux of GRB 190829A by the SSC radiation (Zhang et 
al., 2021b). However, we have supposed that the jetted prompt 
emission of GRB 190829A would have been E iso,γ (θv = 0.0 rad) 
and Ep(θv = 0.0 rad) of typical long GRBs if our narrow jet were 
viewed on-axis. Since the total intrinsic energy had large, the VHE 
gamma-ray light curve was explained only by the SSC emission 
(magenta solid line in Fig. 2).

As seen in Fig. 2, our numerical radio (99.8 GHz) and VHE 
gamma-ray fluxes of GRB 190829A were sometimes dimmer than 
the observational result. However, they are only within a factor 
of two, and this difference may come from the limitation of the 
simple afterglow model. For example, if microphysics parameters 
εe , εB and fe have time-dependent, this problem may be solved. 
A small density fluctuation may reconcile them. Our theoretical ra-
dio flux at 1.3 GHz overshot the observed one between 2.0 × 105 s 
< t < 6.0 × 105 s. The excess was also within a factor of two and 
it may solve in the same manner. In Sato et al. (2021), we calcu-
lated the SSC cooling in the Thomson limit and fixed as fe = 1.0. 
However, in this paper, the Klein-Nishina effect and the case of 
fe �= 1.0 were considered. The late (t ∼ 106−7 s) X-ray and radio 
(1.3 GHz and 15.5 GHz) emissions of GRB 190829A have been im-
proved (red, orange and green lines in Fig. 2).

4 https://asa .alma .cl /SensitivityCalculator/.
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After 5.0 ×106 s, the observed flux in 15.5 GHz of GRB 190829A 
was brighter than our result (see Fig. 2), and it may be a radio su-
pernova. Type-Ic Supernova SN 2019oyw was associated with GRB 
190829A (Hu et al., 2021). The peak luminosity of a typical type-
Ic supernova is about 1028−29 erg s−1 Hz−1 at t ∼ 107 s in radio 
band (Bietenholz et al., 2021) At 5.0 ×106 s, the luminosity of GRB 
190829A in 15.5 GHz band is about 1029 erg s−1, and it is consis-
tent with the typical peak luminosity of the radio supernovae.

VLBI observations of GRB 190829A gave a constraint, E iso/n0 <

1056 erg cm3 (Salafia et al., 2022). For our narrow and wide 
jet parameters, we get E iso/n0 = 4.0 × 1055 erg cm3 and 1.0 ×
1055 erg cm3, respectively, and they are consistent with the ob-
servational upper limit. Furthermore, source size upper limits 
(FWHM) in radio bands were obtained (Salafia et al., 2022). Here, 
we also simply estimate the apparent jet size as the following. 
The bulk Lorentz factor of the jet is initially so high that the jet 
size is calculated by 2R/�. As the jet decelerates, the beaming ef-
fect becomes weak. The jet size is estimated as 2Rθ j , where θ j is 
the jet opening half-angle. The jet full angular size is calculated as 
2 min{R/�, Rθ j}/dA , where dA is the angular diameter distance to 
the source. The value of 2 min{R/�, Rθ j}/dA , multiplied by 0.65, 
is roughly equal to the FWHM of the observed radio angular size 
for the uniform jet (Salafia et al., 2022). It is found that our result 
and observed data are consistent within 2σ range.

The upper limit on the linear polarization in the optical band 
of GRB 190829A was detected (Dichiara et al., 2022). In Dichiara 

https://asa.alma.cl/SensitivityCalculator/
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et al. (2022), they supposed that the value of the linear polariza-
tion in the off-axis viewing case was larger than the observed one. 
They adopted the model of Rossi et al. (2004), which assumed that 
the magnetic field generated by the Weibel instability is extremely 
anisotropic and turbulent. However, the magnetic field structure in 
the shock front is unclear. If the direction of the distribution of the 
magnetic field downstream of the shock is less anisotropic, the po-
larization of their model may be lower by a factor of 3-4 (Shimoda 
and Toma, 2021; Kuwata et al., 2022). The downstream magnetic 
field may not be formed by the Weibel instability. Then, the value 
of the polarization is much uncertain.

For GRB 190829A, the Fermi-LAT obtained upper limits in the 
HE range (Fraija et al., 2021). In our calculation, the numerical syn-
chrotron radiation is brighter than the SSC emission at 1 GeV, and 
the numerical SSC flux dominates over the synchrotron component 
at 10 GeV in both the narrow and wide jets. Our numerical emis-
sions both 1 and 10 GeV bands are dimmer than the sensitivity of 
Fermi-LAT.

Our two-component jet model in the cases of the on-axis view-
ing (θv = 0.0 rad) but with different values of n0, p, εe , εB and 
fe well explained the observed light curves of GRBs 180720B, 
190114C and 201216C (Figs. 3(a), (b) and (c)). For GRB 180720B, 
the first optical data point overshot our numerical result as well as 
Wang et al. (2019). It may be the contribution from the reverse-
shock emission (Fraija et al., 2019b). After about t ∼ 80 s, the HE 
gamma-ray flux of GRB 180720B decays steeply (Ronchi, 2020). 
The narrow jet well explained the observed HE gamma-ray data.

In GRB 190114C, the observed HE gamma-ray flux was brighter 
than our numerically calculated one. It is claimed that the prompt 
and reverse-shock emissions may contribute to the HE gamma-
ray flux (Wang et al., 2019; Asano et al., 2020). The early (t ∼
102 − 103 s) bright optical flux of GRB 190114C was observed 
(Jordana-Mitjans et al., 2020; Shrestha, 2022). It is difficult for the 
forward shock emission from our two-component jet model to ex-
plain the early optical observation. Jordana-Mitjans et al. (2020)
and Shrestha (2022) supposed that the early optical radiation may 
be the reverse-shock emission. In Wang et al. (2019) and Asano et 
al. (2020), the early (t � 102 s) observed X-ray (5 keV) afterglow 
exceeds their numerical results, while our X-ray (5 keV) emission 
from our narrow jet is consistent with observed data (red solid 
line in Fig. 3(b)). The late (t � 6.0 × 103 s) observed optical flux is 
brighter than the numerical result in Wang et al. (2019). Our wide 
jet is better consistent with the observed optical light curve (blue 
solid line in Fig. 3(b)) than previous theoretical works. Before 20 s, 
the numerically calculated flux at 500 keV is dimmer than the ob-
served data. It may be the contribution of the prompt emission 
(MAGIC Collaboration, 2019a).

For GRB 201216C, the observed VHE gamma-ray flux has not 
been published. At 57 s when MAGIC detected the VHE gamma-
ray photons, our numerical calculation gave the energy flux, 
ν Fν ∼ 2.0 × 10−9 erg cm−2 s−1, at 0.1 TeV (magenta solid line 
in Fig. 3(c)). If our numerical VHE gamma-ray flux of GRB 201216C 
was consistent with the observed one, we confirm the validity 
of our two-component jet model. In this paper, the observed ra-
dio data of GRB 201216C was explained by a two-component jet 
model as well as Rhodes et al. (2022).

As seen in the yellow solid lines of Figs. 3(a) and (b), the 
HE gamma-ray light curves have the plateaus. The HE gamma-ray 
light curves with the plateau phase have been reported Ajello et 
al. (2019). According to our model, the two-component jet model 
is needed to explain complex multi-wavelength afterglow light 
curves of VHE gamma-ray GRBs. Furthermore, the values of εB ∼
10−5 − 10−4 and E iso, K ∼ 1053 erg are required for VHE gamma-
ray emissions. The VHE gamma-ray events may have unique fea-
tures.
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We have supposed the two-component jet, which had the 
narrow-fast (θ0 = 0.015 rad and �0 = 350) and wide-slow (θ0 =
0.1 rad and �0 = 20) jets. The two-component jet model has two 
different photon fields, so that inprinciple the external inverse-
Compton (EIC) emission might be non-negligible. If the two radi-
ation regions have a large velocity difference, then, the EIC mech-
anism may have an important role (Ghisellini et al., 2005). At the 
time when GRB 190829A was detected by H.E.S.S., however, there 
was only a small difference of the bulk Lorentz factor between our 
two jets (see Fig. 3 in Sato et al., 2021). The VHE gamma-ray fluxes 
from our two-component jet are less influenced by the EIC com-
ponent, so that the observed data of GRB 190829A could be ex-
plained only by the SSC emission. In our modeling, GRBs 180720B, 
190114C and 201216C had the same θ0, �0 and E iso, K as GRB 
190829A, and n0 of the three GRBs had similar values. Hence, the 
behaviors of the four-velocity �β and radius R of the jets in these 
events are similar to those of GRB 190829A. The detection time 
of VHE gamma-ray photons of GRB 180720B (t ∼ 3.6 × 104 s) was 
later than that of GRB 190829A (t ∼ 2.0 × 104 s), so that the EIC 
component less affects the VHE gamma-ray flux of GRB 180720B 
as well as GRB 190829A. For GRB 190114C, from 57 s to 1591 s 
after the burst onset, the VHE gamma-ray emission was detected 
by MAGIC. In this paper, we considered that GRB 190114C was 
viewed on-axis. The bulk Lorentz factor of the narrow jet had still 
large from 57 s to 1591 s, so that the wide-jet synchrotron emis-
sion from behind is dim for the narrow jet due to the relativistic 
beaming effect. At the narrow jet, the energy density synchrotron 
photon density from the wide jet is much smaller than one of the 
narrow jet by itself. The EIC mechanism less affects the observa-
tional flux of GRB 190114C.

We confirmed that our two-component jet model was consis-
tent with the observational results of GRBs 180720B, 190114C, 
190829A and 201216C in § 3.1 and 3.2. The electron spectral index 
p of the narrow and wide jets might be different from each other, 
and then we may observe the change of the spectral index from 
one to another. It may be an indication of the existence of the two 
components. Another possibility is that we may observe the dip 
and/or bumps in light curves, which are difficult to be explained 
by the single component jet (Beniamini et al., 2020; Duque et al., 
2022). Furthermore, late radio observations may be important to 
discriminate the two-component jet. The narrow jet emissions de-
cay rapidly, and they are followed by late-time wide jet emissions.

As shown in Tables 1, 2 and 3, the narrow and wide jets have 
different microphysics parameters, εe , εB and fe . They might de-
pend on the properties of circumburst matter like the number 
density. However, at present, it is still unknown how their val-
ues are determined, and therefore, the dependence on the am-
bient medium is not clarified. There are several possibilities for 
making an anisotropic medium into which the two jets penetrate, 
resulting in their different microphysics parameters. If a progen-
itor star is rotating, a unique environment might be built along 
the rotational axis. Then, the magnetic fields and density could de-
pend on the angle from the rotational axis. In addition, differences 
in the deceleration of the narrow and wide jets may affect mi-
crophysics parameters in the forward-shocked region because the 
non-linear evolution of the Rayleigh-Taylor instability affects the 
forward-shocked region. Inherent ejecta properties like magnetiza-
tion parameters could be transferred into the emitting thin shell 
by mixing the ejecta and circumburst material. If the ejecta of the 
narrow and wide jets is different, the value of microphysics pa-
rameters of the narrow and wide jets could have different values.

In § 3.3, we calculated the event rate of the orphan afterglow 
emission by CTA/4 LSTs during the observations of other targets. 
Orphan afterglows are more likely to be detected at the edge of 
the field of view of CTA/4 LSTs. The sensitivity in the edge of the 
field of view of CTA/4 LSTs is about two times lower than that of 
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the center. Since the VHE gamma-ray flux exceeded the sensitivity 
in the edge of CTA/4 LSTs (thick red and thin blue lines Figs. 4(a) 
and (b)), the event rate may not be largely affected.

The light curves viewed on-axis (θv = 0.0 rad) and off-axis 
(θv = 0.2 and 0.3 rad) in the VHE gamma-ray, X-ray and optical 
bands have achromatic peaks (see solid, dashed and dotted lines in 
Figs. 4, 5 and 6). In the on-axis viewing case, the light curves have 
achromatic peaks when the transitions from the free-expansion to 
the Blandford-McKee phase (Sari, 1997). The observer time of the 
flux maximum is analytically given by Sari (1997)

tpeak,on ∼ (1+ z)

(
3E iso,K

32πn0mpc5�8
0

)1/3

∼ 1.5× 104
(
1+ z

1.05

)(
E iso,K

1053 erg

)1/3 ( n0
1.0 cm−3

)−1/3

×
(

�0

20

)−8/3

s . (2)

The off-axis afterglows show the rising part because of the rela-
tivistic beaming effect. The observer time of the peak in the light 
curve for θv = 0.2 rad is estimated by

tpeak,off ∼ (1+ z)

(
3E iso,K

32πn0mpc5

)1/3 (
θv − θ0

2

)8/3

∼ 3.0× 104
(
1+ z

1.05

)(
E iso,K

1053 erg

)1/3 ( n0
1.0 cm−3

)−1/3

×
(

θv − θ0

0.1 rad

)8/3

s . (3)

In the case of θv = 0.3 rad, we obtain tpeak,off ∼ 1.9 × 105 s. The 
emissions viewed with θv = 0.0 and 0.2 rad have maximum almost 
at the same time, while the observer time at the peak in the case 
of θv = 0.3 rad is later than the on-axis viewing (θv = 0.0 rad) 
case. Other combinations of n0 and z behave in the same man-
ner. In the radio bands (16 and 343 GHz), each light curve has 
a peak when the typical frequency νm crosses 16 and 343 GHz 
bands, respectively. In particular, for z = 0.05 and n0 = 1.0 cm−3, 
νm intersects 16 GHz at t ∼ 5.0 × 105 s, and then, our numeri-
cal result in 16 GHz takes maximum (thick red lines in Figs. 7(a) 
and 8(a)).

We considered the jets which had the same wide jet param-
eters (p, E iso, εe , εB and fe) but different initial jet opening 
half-angle (θ0 = 0.1 and 0.25 rad) and initial jet Lorentz factor 
(�0 = 100 and 20) with n0 = 1.0 cm−3 within z = 0.05. For our 
wide jet (�0 = 20 and θ0 = 0.1 rad), the typical jet (�0 = 100 and 
θ0 = 0.1 rad) and the jet with �0 = 20 and θ0 = 0.25 rad, the peak 
of observed light curves at 0.3 TeV is at tpeak,off ∼ 9.0 × 104 s, 
3.0 × 105 s and 1.5 × 104 s, respectively (thick red solid, thin blue 
solid and thin green dashed lines in Fig. 9). The peak times for 
the three jets are different. If the light curve which has the ob-
server time of the flux maximum at t ∼ 105 s (thick red solid line 
in Fig. 9) is detected by CTA/4 LSTs with n0 = 1.0 cm−3 within 
z = 0.05, we could confirm the existence of the wide jet.

5. Summary

In this paper, we have calculated afterglow emissions using the 
two-component jet model as given by Sato et al. (2021) to explain 
the new observational results of the VHE gamma-ray and radio 
bands (5.5 GHz and 99.8 GHz) of GRB 190829A. In our previous 
work (Sato et al., 2021), the number fraction of accelerated elec-
trons was fixed as fe = 1.0, while in this paper, we chosed fe = 0.2
and 0.35 for the narrow and wide jets, respectively. As a result, our 
60
Fig. 9. VHE gamma-ray light curves at hν = 0.3 TeV. The value of θ0 and �0 is 
changed (thick red solid line: θ0 = 0.1 rad and �0 = 20, thin blue dashed line: 
θ0 = 0.1 rad and �0 = 100, thin green solid line: θ0 = 0.25 rad and �0 = 20). We fix 
z = 0.05, n0 = 1.0 cm−3, θv = 0.3 rad, E iso,K = 1.0 ×1053 erg, εB = 1.0 ×10−5, εe =
0.29, and fe = 0.35. Sensitivities of CTA/4 LSTs at the center (black solid line) and 
CTA/4 LSTs at the edge (black dashed line) of the field of view are shown assuming 
an exposure time of three hours.3

numerical results in 1.3 and 15.5 GHz bands have been improved. 
In this paper, the Klein-Nishina effect in calculating the SSC pro-
cess has been considered, so that our numerical X-ray light curve 
better matched than the results of Sato et al. (2021). The multi-
wavelength afterglows of GRB 190829A were well explained by 
our two-component jet model (Fig. 2). Furthermore, the afterglow 
emissions from our two-component jet were consistent with the 
observed data of GRBs 180720B, 190114C and 201216C. The two-
component jet, with the narrow-fast (θ0 = 0.015 rad and �0 = 350) 
and wide-slow (θ0 = 0.1 rad and �0 = 20) jets, may be required 
to explain the multi-wavelength afterglows of the VHE gamma-ray 
events. According to our two-component jet model, the detection 
rate of orphan afterglows within z = 0.5 by CTA/4 LSTs was about 
0.1 yr−1.
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