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MAGIC and HESS’s detection of delayed VHE gamma-rays from Gamma-Ray Bursts (GRBs)
has demonstrated the promising future of GRB afterglow studies with the Cherenkov Telescope
Array (CTA). We have developed a model where we have explored the afterglow parameter space
to see the detectability of sub-TeV photons by CTA. The spectral energy distribution is computed
using a one-zone electron synchrotron and a synchrotron self-Compton model at a given redshift.
We find that jets with high kinetic energy decelerating into a dense ambient medium are better
candidates for CTA. In this paper, we have applied our model to fit the spectrum of a long GRB
detected by MAGIC. The result indicates that our model can well fit EBL attenuated MAGIC
afterglow spectrum.
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1. Introduction

Gamma-ray bursts(GRB) are the most intense and luminous electromagnetic explosions through
the abrupt emission of gamma-ray photons. They are catastrophic stellar events, last for a few mil-
liseconds to thousands of seconds, and release huge amounts of isotropic Energy ∼ 1049 − 1053

erg[1]. They are isotropically distributed in the sky, which indicates their extra-galactic origin[2].
They provide the best opportunities for multimessenger observations of non-electromagnetic sig-
nals, which include cosmic rays, gravitational waves, and very high energy (VHE) neutrinos. Based
on the observed duration of Gamma-ray bursts, they are categorized into two distinct types: Long
GRB (LGRB, last more than 2 sec) and Short GRB (SGRB, last for less than 2 sec)[3]. GRB Fireball
model depicts that the radiation coming out from the compact object in the form of a relativistic jet
has an initial prompt emission phase and, subsequently, an afterglow phase. The prompt emission
phase occurs through the dissipation of kinetic energy of the internal shocks within the jet. This
phase emits highly variable radiation of energy in a few keV-MeV bands[3], which lasts for millisec-
onds to a few minutes. The afterglow phase results due to the interaction between the circumburst
medium and relativistic outflow and can last for a longer time window. The slowly fading radiation
emitted in this phase expands throughout the electromagnetic spectrum, from low-frequency radio
to very high-frequency (GeV-TeV)[4] gamma-ray band.

The detection of GRB afterglow phase is very significant, as it constrains many physical
parameters of GRB jets and of the surrounding medium. They reveal fundamental information on
particle acceleration mechanisms, radiation mechanisms, and the progenitor of GRBs. Recently
sub-TeV photons have been detected by HESS[5] and MAGIC[6] telescopes from a couple of GRBs.
These sub-TeV photons detected in the afterglow phase of GRBs are attributed to the high burst
energies and low redshifts. Presently, we have developed a model on GRB afterglow emission,
particularly on the very high energy(VHE) gamma-ray band. This afterglow emission can be
well explained by one-zone electron synchrotron and synchrotron self-Compton(SSC) model[7–
9]. Our model can estimate the intrinsic flux of those VHE GRB afterglows and can predict the
detectable flux for ground-based detectors after correcting it for EBL absorption. Through our
model, Cherenkov Telescope Array(CTA), the next-generation gamma-ray observatory, can predict
whether GRB afterglows will be detected at this VHE domain or not.

Based on our afterglow model, here we have predominantly discussed one of those GRBs —
GRB 190114C, which MAGIC detected for the first time, reported on 14th January 2019[6]. This
GRB was detected at a redshift of z=0.4245. During the first 20 minutes of the observation, the
sub-TeV photons reached the energy range of 0.2 ≤ 𝐸 ≤ 1 TeV[6].

This paper is organized as follows. In section-2, we have briefly summarised the model we
developed to explain GRB afterglow emission in the VHE regime. In section-3, we have invoked
our model on MAGIC detected long GRB 190114C to fit the afterglow MAGIC spectrum. Finally,
in section-4, we have summarized the paper.

2. Overview of our afterglow model for Very High Energy (VHE) regime

The Cherenkov Telescope Array (CTA), the next-generation gamma-ray observatory, will be
able to conduct studies of GRB afterglow owing to the detection of delayed sub-TeV photons from
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GRBs by MAGIC and HESS. Afterglow detection rates are anticipated to rise sharply due to the
CTA’s exceptional sensitivity. The model [10] we developed allows us to investigate the afterglow
parameter space and to predict sub-TeV photon’s detectability by CTA. Our model depends on
how the ultra-relativistic ejecta and the constant density ISM medium around the burster interact.
Both the relativistic ejecta and the ISM medium are considered to have negligible pressure and
temperature. The blast wave deceleration is assumed to be adiabatic to ensure that radiative
losses from shock downstream are negligible. The parameters that describe the shock afterglow
microphysics are — 𝐸 the isotropic equivalent kinetic energy of the explosion, 𝑛0 the density of
the ambient medium, Γ0 the initial bulk Lorentz factor of the relativistic outflow, p the power-law
index of the electron energy distribution, 𝜖𝑒 the fraction of thermal energy carried by non-thermal
electrons, and 𝜖𝐵 the fraction of thermal energy transferred to the magnetic field within the emitting
region. We have solved three simultaneous ordinary differential equations [10] which describe the
evolution of the bulk Lorentz factor of the blast wave, i.e., Γ(𝑟) as a function of the observer’s
time t, in accordance with our work. Our calculations revealed that the numerical and analytical
approximation of Γ(𝑟) significantly differs at the epoch of deceleration when the peak of the VHE
light curve occurs.

The afterglow spectrum of GRB is governed by the broken power-law distribution, where
the injected electron distribution 𝑁 (𝛾) is proportional to 𝛾−𝑝, where 𝛾 is the Lorentz factor of the
electron. The afterglow spectrum comprises two peaks in spectral energy distribution (SED), where
the first peak is governed by synchrotron emission of electrons inside the jet. The second peak is
governed by the synchrotron self-Compton emission[11] where the relativistic electrons upscatter
synchrotron photons to high energy. This broadband spectrum is multi-segmented and is separated
by three distinctive break frequencies —

i. a𝑚 is the minimum injection frequency at which electrons are accelerated with their minimum
Lorentz factor 𝛾𝑚 ∝ 𝜖𝑒Γ, where Γ is the bulk Lorentz factor of the ejected burst.

ii. a𝑠𝑐 is the cooling frequency defined by the cooling Lorentz factor 𝛾𝑠𝑐 ∝
(
𝑛0 𝜖𝐵 Γ2 𝑡

)−1, where t
is the cooling time scale where electrons lose half of its initial kinetic energy.

iii. a𝑚𝑎𝑥 is the maximum synchrotron frequency which is defined by maximum synchrotron energy
𝛾𝑚𝑎𝑥 ∝

(
𝑒

1/2
𝑎𝑐𝑐 𝑛

−1/4
0 𝜖

−1/4
𝐵

Γ−1/2
)

above which electrons can not accelerate efficiently. 𝛾𝑚𝑎𝑥 is
determined by comparing the electron’s acceleration time-scale and cooling time scale[12, 13].
The factor 𝑒𝑎𝑐𝑐 depicts the efficiency of the acceleration process.

In our calculation, we have considered 𝑒𝑎𝑐𝑐 = 0.35, and p=2.2. We have calculated the total
synchrotron flux(𝐹a,𝑠𝑦𝑛) based on [11, 14] whether a small fraction of electrons has cooled down
(slow cooling, 𝛾𝑚 < 𝛾𝑐) or all the electrons in the distribution have cooled down (fast cooling,
𝛾𝑚 > 𝛾𝑐).

We have improved our GRB afterglow modeling by invoking the SSC effect on GRB spectrum,
as it can explain the origin of sub-TeV photon. In order to accomplish the radiated SSC power
(𝑃𝑆𝑆𝐶) from our model, we have described this SSC effect through the Compton Y parameter.
Y parameter can be defined as SSC to Synchrotron power ratio i.e. 𝑌 = 𝑃𝑆𝑆𝐶/𝑃𝑠𝑦𝑛. Here we
have calculated the Y parameter considering the Thomson regime[15]. Being an elastic scattering
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process, the interaction cross-section of Thomson scattering is insensitive to electron or photon
energy. Moreover, in the Thomson regime, both 𝑃𝑆𝑆𝐶 and 𝑃𝑠𝑦𝑛 are proportional to 𝛾2, which also
makes the Y parameter independent of energy. Here Y parameter primarily depends upon two shock
microphysical parameters (𝜖𝑒, 𝜖𝐵) and time t. Hence 𝑌𝑇 becomes 𝑌𝑇 = 𝑌 (𝜖𝑒, 𝜖𝐵, 𝑡). In this work,
we did not consider the KN effect[16] to compute the Y parameter, which significantly reduces
scattering cross-section while interacting with the GeV-TeV photon. To obtain the SSC spectrum,
we also did not consider optical depth to pair production. We ignored synchrotron self-absorption
frequency in our model, as we are modeling the afterglow emission at only the VHE photon bands.
In the presence of the Y parameter, SSC power loss is enhanced, and it exceeds that of synchrotron
power[12]. Hence in the presence of the SSC cooling effect, the cooling Lorentz factor and cooling
frequency can be rewritten as,

𝛾𝑐 = 𝛾𝑠𝑐/(1 + 𝑌 )
a𝑐 = a𝑠𝑐/(1 + 𝑌 )2 (1)
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Figure 1: Figure shows the SEDs for different combinations of parameters (E, 𝑛0, and Γ0) at a given redshift
z=0.3. The first panel depicts the spectrum with a variation of E, at fixed 𝑛0 = 0.1 𝑐𝑚−3, 𝜖𝐵 = 10−4, 𝜖𝑒=
0.15, Γ0 = 900. Subsequently, the second panel represents the spectrum with a variation of 𝑛0, at fixed
𝐸 = 1 × 1054 𝑒𝑟𝑔, 𝜖𝐵 = 10−4, 𝜖𝑒= 0.15, Γ0 = 900. The third panel shows the spectrum with a variation of
Γ0, at a fixed 𝐸 = 1 × 1054 𝑒𝑟𝑔, 𝜖𝐵 = 10−4, 𝜖𝑒= 0.15, and 𝑛0 = 0.1 𝑐𝑚−3. For all of the panels, the red
solid line represents synchrotron and SSC spectra at higher values of afterglow parameter space. The black
solid line represents the synchrotron and SSC spectra at lower values of those parameters. The red and black
dashed lines represent the SSC spectra after correcting them for EBL attenuation for higher and lower values
of those parameters, respectively.

The VHE part of the GRB afterglow spectrum is significantly affected when VHE gamma
photons interact with Extragalactic Background Light (EBL) through pair production [17, 18].
Hence, for any ground-based atmospheric Cherenkov telescopes, the relation between observed
flux and intrinsic flux from the source can be written as,

(
𝑑𝐹
𝑑𝐸

)
obs

=

(
𝑑𝐹
𝑑𝐸

)
int

× 𝑒−𝛼𝜏 (𝐸,𝑧) . Here
𝜏(𝐸, 𝑧) depicts the optical depth of the EBL attenuation factor. In our analysis, we have calculated
EBL attenuation factor using EBL Dominguez Model[19] employing the publicly available JetSeT
[20] package.

The model we have developed can explain time-evolving SEDs associating both synchrotron
and Synchrotron Self Compton (SSC) radiation. It is crucial to conduct an analysis of the GRB
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Figure 2: Figure shows the SEDs for different combinations of 𝜖𝑒 and 𝜖𝐵 for redshift z=0.3. First panel
depicts the spectrum with a variation of 𝜖𝐵, at a fixed 𝐸 = 1 × 1054 𝑒𝑟𝑔, 𝑛0 = 0.1 𝑐𝑚−3, Γ0 = 900, 𝜖𝑒=0.15.
Second panel represents the spectrum with a variation of 𝜖𝑒, at fixed 𝐸 = 1 × 1054 𝑒𝑟𝑔, 𝑛0 = 0.1 𝑐𝑚−3,
Γ0 = 900, and 𝜖𝐵 = 10−4.

afterglow parameter space to obtain their detectability in the GeV-TeV regime. Here in our analysis,
we consider the redshift z=0.3, and modulate different microphysical parameters in a fixed range.
In each instance of our discussion, the electrons are in the slow cooling regime. From the three
panels of Figure-1, higher values of E, 𝑛0, and Γ0 lead to higher values of SSC flux. These
three panels have been generated keeping 𝜖𝑒 = 0.15, and 𝜖𝐵 = 1 × 10−4 fixed. The dependency
of afterglow SSC flux on different parameters can be explained from the analytical expression,
𝑓 SSC
a ∝ 𝐸4/3𝑛1.467

0 Γ2.933
0 𝜖0.8

𝐵
𝜖2.4
𝑒 [10]. From Figure-2, ee can see how SSC flux is increasing with

higher values of 𝜖𝐵 and 𝜖𝑒. Here we found that afterglow flux starts dominated by SSC ∼ 1 GeV
and also got attenuated by EBL at ∼ 1 TeV.

3. Application of our VHE afterglow model on Long GRB 190114C

We have fit the spectrum of long GRB 190114C detected by MAGIC employing our model[6].
For this LGRB (isotropic energy∼ 𝐸 > 1050 erg), we showed an EBL-corrected afterglow spectrum
and demonstrated how observed broadband spectra can be explained using synchrotron and SSC
emission of the afterglow shock wave. Here, we have chosen the best parameter sets based on our
model assumptions to fit MAGIC spectrum. We have explored the characteristics of time-evolving
spectral energy distribution(SED) and have studied the favourable parameter space. Based on this
we can predict the detectability of VHE afterglow emission in the sub-TeV domain.

In this section, we generated SEDs based on our model assumptions discussed in the previous
section. SED is computed at an early time epoch of 90 sec (interval: 68-110 sec), and both LAT
and MAGIC data points are fitted with our choice of microphysical parameter sets shown in Table-1
below.

The SED spectrum is shown in Figure-3. We found that at the deceleration time 𝑡𝑑𝑒𝑐, electrons
are in the slow cooling regime at 𝐸 = 4 × 1054 𝑒𝑟𝑔, 𝑛0 = 0.1 𝑐𝑚−3, Γ0 = 900. Due to the
hydrodynamic evolution of relativistic blast wave, minimum injection frequency a𝑚 is lower than
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Time (t in sec) E (in erg) 𝑛0 (in 𝑐𝑚−3) Γ0 𝜖𝑒 𝜖𝐵 Γ B (in Gauss) p
90 4 × 1054 0.1 900 0.15 2 × 10−5 168.6 0.29 2.2

Table 1: Best-fit parameters obtained from our model for GRB 190114C
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Figure 3: Figure shows synchrotron and SSC spectra of GRB 190114C in a homogeneous ISM medium
at redshift z=0.4245, derived from the best-fit parameters mentioned in Table-1. The red circles represent
Fermi-LAT data points, the orange circles represent the data detected by MAGIC after correcting for EBL
attenuation, and the blue circles represent the same MAGIC data at the source position. The vertical error
bars associated with MAGIC EBL corrected data points represent 1𝜎 errors in SSC flux. The contour regions
associated with the LAT (red) and MAGIC (blue) data points represent an energy boundary where photons
are detected with 1𝜎 error.

cooling frequency a𝑐 at the early epoch of 90 sec. Along with in Synchrotron-self-Compton(SSC)
emission, the break frequency a𝐼𝐶𝑚𝑚 is also lower than a𝐼𝐶𝑐𝑐 . This leads both the synchrotron and
SSC emission to be in the slow cooling regime. At this early epoch, synchrotron and SSC peak flux
are 1.976 × 10−8 𝑒𝑟𝑔 𝑐𝑚−2 𝑠−1, and 3.493 × 10−8 𝑒𝑟𝑔 𝑐𝑚−2 𝑠−1 respectively. Thus, we observed
that the synchrotron and SSC flux in the ISM medium of constant density decreased over time in
accordance with the broken-power law distribution of non-thermal electrons. In Figure-3, contour
regions are also associated with the uncertainty in observed data by MAGIC through vertical and
horizontal error bars, corresponding to 1𝜎 error in flux and observed frequency, respectively.

We also have encountered that a higher 𝜖𝑒 with higher 𝜖𝐵 leads to a higher SSC flux, but
keeping the 𝜖𝑒 same and reducing 𝜖𝐵 decreases the peak SSC flux in the SED. Since lowering
the value of 𝜖𝐵, reduces the strength of the magnetic field in the synchrotron self-Compton (SSC)
process, hence the peak flux is expected to decrease, and the overall shape of the SED also be
affected. Besides, lower values of both 𝜖𝑒 and 𝜖𝐵 lead to lower values of SSC flux.

4. Conclusion

In this study, we have briefly discussed our VHE afterglow model for redshift z=0.3, showcasing
SEDs for different combinations of microphysical parameters. The SSC spectrums in SEDs are
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EBL corrected employing the EBL Dominguez factor. The results describe that higher values of E,
𝑛0, Γ0 lead to higher SSC flux, which showcase similar characteristics discussed in our model[10].
We also found that higher value of 𝜖𝑒 with higher 𝜖𝐵 leads to a higher SSC flux.

To show the robustness of our model, we have invoked our analysis on long GRB 190114C
and have explored the characteristics of synchrotron and SSC spectrums with a favourable set of
parameter space. We found that the Spectral Energy Distribution (SED) curve of GRB 190114C at
an early time epoch of 90 sec well fit the MAGIC and LAT data with our choice of model parameters.
For redshift z=0.4245, we have calculated EBL corrected SSC flux, which is also well-fitted with
the EBL data points of MAGIC.
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