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Abstract

The study of high-energy gamma-ray emission from gamma-ray bursts (GRBs)
involves complex synchrotron radiation and synchrotron self-Compton (SSC)
scattering mechanisms with multiple parameters exhibiting a wide distribution.
Recent advancements in GRB research, particularly the observation of very high
energy (VHE, >100 GeV) radiation, have ushered in a new era of multiwave-
length exploration, offering fresh perspectives and limitations for understanding
GRB radiation mechanisms. This study aimed to leverage VHE observations
to refine constraints on synchrotron + SSC radiation from electrons accelerated
by forward shocks. By analyzing two external environments—the uniform inter-
stellar medium and stratified stellar wind medium, we conducted spectral and
variability fitting for five specific bursts (GRB 180720B, GRB 190114C, GRB
190829A, GRB 201216C, and GRB 221009A) to identify the optimal parameters
characterizing these events. A comparative analysis of model parameter distri-
butions with and without VHE radiation observations reveals that the magnetic
energy equipartition factor B is more concentrated with VHE emissions. This
suggests that VHE emissions may offer greater constraints on this microphysical
parameter. Additionally, we found that the energy budget between VHE and
keV-MeV ~-ray emissions under the SSC radiation exhibits an almost linear
relationship, which may serve as a tool to differentiate radiation mechanisms.
We anticipate future statistical analyses of additional VHE bursts to validate
our findings.
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Abstract

The study of high-energy gamma-ray emission from gamma-ray bursts (GRBs)
involves complex synchrotron radiation and synchrotron self-Compton (SSC)
scattering mechanisms with multiple parameters exhibiting a wide distribution.
Recent advancements in GRB research, particularly the observation of very high
energy (VHE, >100 GeV) radiation, have ushered in a new era of multiwave-
length exploration, offering fresh perspectives and limitations for understanding
GRB radiation mechanisms. This study aimed to leverage VHE observations
to refine constraints on synchrotron + SSC radiation from electrons accelerated
by forward shocks. By analyzing two external environments—the uniform inter-
stellar medium and stratified stellar wind medium, we conducted spectral and
variability fitting for five specific bursts (GRB 180720B, GRB 190114C, GRB
190829A, GRB 201216C, and GRB 221009A) to identify the optimal parameters
characterizing these events. A comparative analysis of model parameter distri-
butions with and without VHE radiation observations reveals that the magnetic
energy equipartition factor _ B is more concentrated with VHE emissions. This
suggests that VHE emissions may offer greater constraints on this microphysical
parameter. Additionally, we found that the energy budget between VHE and
keV-MeV ~-ray emissions under the SSC radiation exhibits an almost linear
relationship, which may serve as a tool to differentiate radiation mechanisms.
We anticipate future statistical analyses of additional VHE bursts to validate
our findings.
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1. Introduction

Gamma-ray bursts (GRBs) stand out as the most energetic and intense
celestial phenomena, manifesting unpredictably across the universe. Since
their initial discovery in the 1960s, satellites and ground-based exper-
iments have documented a multitude of GRB occurrences, spanning a
broad spectrum from prompt emissions to afterglow radiation, encom-
passing various wavelengths including radio, optical, X-ray, and extend-
ing up to GeV gamma-ray energies \cite{Lien_ {2016}, Ajello_ {2019},
von_ {{{Kienlin}}{{2020}}}}. The theoretical prediction of TeV radiation
| cite{ Pilla{{{Loeb}}{{1998}}}, Dermer{2000}} and the extensive experimen-
tal searches conducted over numerous decades culminated in the breakthrough
achievement of MAGIC in opening the very high energy (VHE, >100 GeV)
window \cite{MAGIC_ {{{Collaboration}}{{2019b}}}}, marking a significant
milestone in the formal inclusion of GRB research within the electromagnetic
spectrum. — Complete VHE radiation observations have injected new wvital-
ity into the study of GRBs (see reviews |cite{Miceli{{{Nava}}{{2022}}},
Berti{{{Carosi}}{{2022}}}} and references therein). Synchrotron radiation
is widely regarded as the most natural explanation for GRB sub-MeV emis-
sion \cite{ Wijers{{{Galama}}{{1999}}}, Sari{{{Esin}}{{2001}}}}.  The
observation of VHE radiation in GRB 190114C confirmed the presence of
components beyond synchrotron radiation in the afterglow phase for the first
time at energies near TeV \cite{ MAGIC{{{Collaboration}}{{2019a}}}}.
This finding provides further support to earlier observations by Fermi-LAT
of an additional component |\cite{Ackermann{2014}}, and also bolsters the
possibility that inverse Compton emission is commonly produced in GRBs.
Inverse Compton radiation from relativistic electrons is commonly used to
explain such high-energy photons \cite{Sari_ {{{Esin}}{{2001}}}}, while
hadronic models have also been proposed for a comprehensive explanation
|cite{Sahu{2022}, Das_ {{{Razzaque}}{{2023}}}}, along with exotic origins
|cite{ Galanti{2023}}.  Additionally, observations of VHE radiation have
imposed new constraints on the study of galactic and extragalactic mag-
netic fields \cite{Huang {2023}, Dzhatdoev_{2024}}, Lorentz invariance
\cite{Finke_ {{{Razzaque}}{{2023}}}, Zheng{2023}}, and other related
aspects.

Many aspects of GRBs, such as the particle acceleration mechanism, the role
of inverse Compton emission, and the properties of the environment, remain
poorly constrained. Model studies have revealed that constraints on model mi-
crophysics parameters derived from previous GRB data are not universal and
are distributed over a wide range \cite{Santana {2014}}. The inclusion of the
VHE emission might enrich the study of GRBs. To date, since limited VHE
GRBs have been observed, there are only a limited number of articles employ-
ing a consistent model for the analysis of these VHE GRBs \cite{ Wang_ {2019},
Miceli_ {{{Nava}}{{2022}}}, Guarini{2023}, Klinger_{2024}}, and discrepan-
cies and variations among radiation models pose challenges when attempting
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comparisons between bursts. Therefore, this paper aims to use the forward
shock model to describe the existing VHE-emission bursts.

In this paper, we conduct a multi-wavelength analysis using the combination
of synchrotron and synchrotron self-Compton (SSC) model to study the light
curves and spectral energy distributions (SEDs) of VHE GRB afterglows. Our
aim is to investigate their common properties and examine the physical condi-
tions in the emitting region of VHE GRB afterglows. This paper is organized
as follows: Section 2 presents the afterglow model used for modeling, followed
by the results in Section 3. Finally, Section 4 provides a summary.

2. Models and Methods

Employing the dynamic evolution model for GRB afterglows presented in
\cite{Huang {2000}}, the SEDs and light curves of the GRB afterglows are
obtained by considering the afterglow emission to be produced by electrons
accelerated in the forward shocks. Since many works have explained the
broadband SEDs and light curves of GRB afterglows, here we give a simple
description about essential processes, consisting of dynamical evolution, shock-
accelerated electron distribution, and radiation process first; for more details
about the model description see \cite{Sari_{{{Esin}}{{2001}}}, Fan{2008},
Liu_{2013}}.

2.1. Dynamical Evolution

An impulsive relativistic outflow, characterized by an initial kinetic energy E, =
E, and an initial Lorentz factor I'y, propagates into an external medium with a
density profile n(R) oc R7%. For k = 0, the medium exhibits a constant density
n = ng in the interstellar medium (ISM) scenario, while k& = 2 corresponds to
a density profile n(R) o< R~2 in the stellar-wind case. The overall dynamic
evolution of the radius R, Lorentz factor I', and energy E), can be described by
the following equations \cite{Huang {2000} }:

% = Bel(T+ VT2 —1)

dr T’ -1dE,
dR ~ M., dR

where m,, is the mass of a proton, and c is the speed of light. € is the radiative
efficiency defined as the fraction of the shock generated thermal energy that is
radiated; e = 1 corresponds to the highly radiative case, and € = 0 corresponds
to adiabatic expansion. I', denotes the Lorentz factor of the shock related
to the bulk Lorentz factor with the adiabatic index 4 = 4/3, as derived by
\cite{Blandford_ {{{McKee}}_{{1976}}}}.
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2.2. Shock-accelerated Electrons

Relativistic shocks serve as sites for particle acceleration, magnetic field ampli-
fication, and photon radiation \cite{Zhang {2018}}. In the context of these
shocks, the fractions of shock internal energy allocated to electrons and magnetic
fields are represented by the constants €, and ep respectively. The distribution
of accelerated electrons is commonly described by a single power-law function.
In the slow cooling case the distribution is given by \cite{Sari {1998} }:

N(v.) occyg? for v, >,

and in the fast cooling case it goes as:

N(v,) .2 for v, <7, <7,

where 7., 7,,, and v,;; are the electron Lorentz factor, and minimum and
maximum Lorentz factors respectively \cite{Blandford_ {{{McKee}}{{1976}}},
Sari{1998}}. op is the Thomson scattering cross-section, and m, and m,, are
the mass of electron and proton, respectively. The magnetic field intensity is
given by \cite{Sari_{{{Esin}}{{2001}}}, Panaitescu{2005}}:

B’ = \/32megnm,,c*T

Primed values are calculated in the co-moving frame of the jet.

Considering the dynamical timescale, the cooling Lorentz factor of electrons 7,
can be described as:

6mm,c
UTB’Qtdyn(l +Y)

Ve =

Here, the parameter Y evaluates the effect of SSC cooling on the synchrotron
spectrum \cite{Sari_ {{{Esin}}{{2001}}}}. Considering the simplest case with
first-order SSC only following \cite{Sari{{{Esin}}_{{2001}}}}, one has:

y = Yo
Up

where U;h is the photon energy density and Uy is the magnetic energy density.
The electron radiation efficiency 7, is defined as:

1 fast cooling
e (Ye/¥m)* P slow cooling
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Thus one gets the Compton parameter. Klein-Nishina suppression and Doppler
effect have been taken into account, while the equal-arrival-time effect is ignored
for simplicity.

2.3. Synchrotron and SSC Radiation

The accelerated electrons, driven by shock waves, lose energy through radia-
tion within the magnetic field of the shock-heated region. The power of syn-
chrotron radiation can be calculated using the traditional formula proposed by
\cite{Crusius_ {{{Schlickeiser}}_{{1986}}}}:

7 \/3633/ T™m

2
mc

NWJF<Z)d%

C

P,

syn
TYm

%;‘LB; represents the characteristic frequency of photons, and F(x)

denotes the synchrotron function containing the modified Bessel function.

where v, =

When relativistic electrons interact with a photon field, they undergo scatter-
ing events, transferring their kinetic energy to the photons. The cross-section for
this scattering process can be expressed \cite{Rybicki_ {{{Lightman}}_{{1979}}}}
as:

30, 4 8 1 8 1
=T 11— =~ = )1 S .
OKN [( x)n( +.Z‘)+2+x RETSE
where x = 4v,hv'/(m c?). We can see that o ~ o4 in the Thomson regime
(x < 1), and o is greatly suppressed (x op/z) in the Klein-Nishina regime
(x> 1).

Similar to the synchrotron process, the total SED of the SSC radiation can be
described \cite{Fan {2008}} as:

u’,
VFESC:/dWeN(’Ye)/dV/phy(/)o'KN<7671/>hVéc

where v/ is the scattered photon frequency. The intrinsic spectral flux in the
observer frame can be derived from the radiation power using the following
equation:

F - P
47T'D%

In this equation, D; represents the luminosity distance between the source and
the observer. The cosmological constant H, = 71 km s~! Mpc™!, Q,, = 0.3,
and 2, =0.7.
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High-energy ~-rays, due to the process vy — ete™, may experience internal
absorption by ambient photons within the source. This absorption is corrected
by a flux correction factor e~™~. Additionally, external absorption by the ex-
tragalactic background light (EBL) occurs, resulting in an attenuation factor
e "BBL, In this study, we utilize the EBL attenuation factor model developed
by \cite{Saldana-Lopez {2021}}, which is favored by LHAASO for the obser-

vation of GRB 221009A.

In short, the observed frequency F(v,t) for an individual GRB is determined by
a specific set of model parameters, including E,, I'y, €., €g, D, 2, and ng. In this
research, we employed the numerical code for afterglow modeling established by
\cite{Liu_{2013}}.

3. Results

In this section, we first present the model fitting results of five GRBs under
both ISM and wind-like cases. Subsequently, we compare the distribution of
their model parameters with previous statistical analyses. Lastly, a potential
correlation between the intrinsic energy budget in the keV-MeV and VHE energy
ranges is explored.

3.1. Model Fit to the Multiwavelength Data

In a homogeneous ISM scenario, Figure 1 [Figure 1: see original paper] illustrates
the modeling results of afterglow light curves (left) and SEDs (right), with
detailed model parameters provided in Table 1 . The model calculates the
time evolution of flux at different frequencies and compares it with observations
spanning from radio to TeV range in the left panel. The model effectively
explains the observed data points for these five GRBs, with the exception of the
97 GHz observation of GRB 190114C in the radio, where the model overpredicts
the flux. Moreover, there are noticeable changes in the light curve slope for GRB
180720B and GRB 221009A, which could be attributed to jet breaks. Therefore,
we include T}, = 4 % 10* s for the former and T},.,, = 670 s for the latter
\cite{ LHAASO_ {{{Collaboration}} {{2019}}}}.

The right panel of Figure 1 displays the spectra of GRBs, showing two distinct
peaks. The low-energy peak is attributed to synchrotron emission, while the
high-energy peak arises from SSC emission. The model fluxes are in good agree-
ment with the energy spectra observed at various time intervals. It is worth
noting that GRB 221009A is one of the most luminous GRBs, and its rapid flux
increase post-onset led to saturation of nearly all space-based facilities. Here,
we focus on presenting detailed observations in the TeV range.

The modeling and data comparison in the stratified wind-like environment are
depicted in Figure 2 [Figure 2: see original paper]. Contrasting the homogeneous
scenario, the keV-range light curve of GRB 180720B under the wind-like condi-
tions exhibits a slight underestimation compared to Swift observations before
10,000 s, suggesting the potential necessity for additional emission components
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to reconcile the discrepancy. In the case of GRB 190114C, the wind-like model
offers improved alignment with the observational data, successfully reproducing
results even in the radio band. Notably, the highest energy segment of the en-
ergy spectra for GRB 221009A appears lower than the observations before 674
s; however, post this time interval, the model and observational data exhibit
strong agreement.

In short, these five VHE-emission GRBs can be effectively described by the two
common circumstellar media types, but subtle differences can still be observed
when considering multi-band conformity. For GRBs 180720B and 221009A, the
keV light curve of the former and the TeV energy spectrum of the latter suggest
that a constant density medium may provide a better fit to experimental data.
In the case of GRB 190114C, the wind-like medium is more suitable than the
constant medium, particularly excelling in alignment within the radio band.
However, for GRB 190829A, although the models under both scenarios generally
align with observational data, discrepancies exist in both the energy spectrum
and keV light curve, especially evident in significant differences in the energy
spectrum shape, indicating that alternative models may be required for a more
comprehensive explanation.

3.2. Comparative Analysis of Model Parameters

As previously mentioned, the afterglow model encompasses several crucial pa-
rameters that were statistically examined before VHE observations. With the
inclusion of VHE radiation in this study, we now proceed to compare the fea-
tures of the parameters derived in this research with those from prior studies,
aiming to explore any disparities.

Figure 3 [Figure 3: see original paper] illustrates the model parameters obtained
from the analysis of five GRBs, compared with the distribution of statistical
studies on each parameter from the existing literature. The latter are summa-
rized as follows:

1. The initial blastwave kinetic energy E,: The total isotropic energy
E. o is typically closely linked to Ej, often through the relationship n =
E, o/ (B + E, ;) \cite{Zhang_{2007}}. In our study, we assume F; =
5E, i, to determine the E. ;, values for the five GRBs. These values are
then compared to the E. ;. distributions obtained from measurements
by Fermi-GBM \cite{Poolakkil {2021}}, Swift, and the multi-instrument

data collected in \cite{Fana_ {{{Dirirsa}} {{2019}}}}.

2. The Lorentz factor I';: This has been estimated using various
methods, including the opacity method \cite{Abdo_{2009}, Ack-
ermann_{2014}}, afterglow onset method \cite{Molinari {2007},
Ghirlanda_ {2012}, Ghirlanda_{2018}}, and photosphere method
\cite{Meszaros_ {{{Rees}}{{2000}}}}. Among these methods, the
afterglow onset method provides a more reliable estimation with fewer
uncertainties. In this study, we rely on the distribution of Lorentz factors
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I, estimated from a robust sample of 66 GRBs with X-ray and optical
observations, as well as data compiled from wvarious previous studies
| cite{ Ghirlanda{2018} }.

3. The electron’ s energy partition factor ¢.: This typically displays
a remarkably narrow distribution \cite{Santana {2014}}, covering just
one order of magnitude from 0.02 to 0.6. This distribution highlights that
only a few GRBs have values of ¢, below 0.1.

4. The distribution of the magnetic fields’ energy partition factor
ep: This proves to be considerably wider than that of €., lacking a clear
range \cite{Santana_{2014}}. Although previous studies on afterglow
modeling have primarily focused on the range of €5 between 10~*® and
10°, \cite{Santana_{2014}} derived their results from X-ray and optical
observations, which indicate that the distribution of €y is concentrated
within the narrower range of 1078-1073.

Figure 3 illustrates the profiles of four fundamental model parameters, namely
E. isor Tos €, and €, for five distinct GRBs, displaying their positions within
the corresponding parameter distributions. The solid upper arrow represents
the ISM scenario, while the dashed arrows depict the wind-like scenario. It is
evident that there is no specific clustering in the first three parameters, despite
the relatively low I'j of 190829A under both environmental scenarios. However,
the concentrated distribution of €5 around 1073 is notable. This indicates that
the inclusion of VHE observations in the multiwavelength data set has led to a

narrowing of the ep distribution, which was previously broad.

3.3. Exploring Energy Budget Correlation

We further explore the potential relationship between the highest energy and
lower energy ranges. Utilizing the expression for energy flux, we have conducted
calculations to determine the energy released within the keV-MeV and VHE
ranges over a duration of 10° s.

Figure 4 [Figure 4: see original paper] illustrates the correlation between Ey .y ;q0
and Eyyp s for the five observed GRBs, where the open (solid) diamonds
represent results obtained from ISM (wind-like) environments. It is evident
that the energy budget of keV-MeV and VHE emission in GRB 190114C under
the wind-like scenario, and in GRB 190829A and GRB 221009A under the ISM
case, exhibits nearly linear correlations, suggesting that their energy outputs are
almost comparable. Conversely, the energy budget of other cases for these five
GRBs, where the light curve or SED does not align with observations, shows
deviation from the linear trend.

To understand the circumstances of VHE emission regarding whether a selection
of detections is connected to the burst physical environment, GRB 180720B is
taken as an example discussed in the following text. The afterglow peak time
predicted by the external shock model is about ¢, ~ 30 s, at a deceleration
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radius Ry,. ~ 107 cm. For a moment after peaking time t,, the standard slow
cooling synchrotron (or SSC) takes the broken power law form as:

EO(VJCV

The differential energy emission on an explicit energy band [vy, 1] (correspond-

ing to [Ey, Es)) is:
dE =
o= d
o

The term in braces is of order unity, so the differential energy emission is
dE/dt o< f, naxVs, Where v, is the peak energy of spectrum vf, and equals
to cooling characteristic frequency v, for synchrotron and v!¢ for SSC emis-
sion respectively. Therefore, the differential energy ratio of SSC emission to

synchrotron is:

(dE/dt)gsc x E,Smcaxyc{c
(dE/dt) Vmax?,

syn

Combining this equation with the model equations, we can see that this ratio
is related to every parameter of the external shock model. For all those GRBs
(for GRB 201216C, the main emission phase), the radiation processes are in the
slow cooling regime, which makes the break frequencies in the equation above
be v, <v,.

With the parameters of GRB 180720B, the coefficient before the time term is
~ 2.6. To survey the influence of various p values on the ratio coefficient before
the time term, we substitute typical values. Then we divide the coefficient into
two parts, one of them is sensitive to the value of p, while the other is insensitive
to p. Given the values of €5 ~ 1074, ¢, ~ 1071, both terms are about the order
of unity. But for each GRB, the break energy might be outside the range of the
observation band, or transit to lower energy in the main emission phase. This
estimation is still qualitative and depends on the actual situation.

To explain the evolution of this ratio, we use the power law form of the charac-
teristic Lorentz factor. The time evolution of the variables follows a self-similar
pattern: R oc t'/4, T' oc t73/8, B’ ox t=3/8 which makes the differential ratio:

Evug o $P—2)/2
keV

In a short period [t;,t,], nearly half of gamma-ray energy is emitted. We take
the energy emission law for synchrotron as power law with index o > 0. The
integration of the energy ratio on the time interval is:
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% ~ 0.15
keV

where ¢; = 1 and t, = 10. Ignoring the lower order terms, the energy ratio
is approximately constant, according to the model prediction. It should be
noted that we consider the cooling characteristic frequencies of synchrotron
and SSC to be respectively in the keV-MeV and VHE bands, for a relatively
short time interval. This approximation is not so effective at the beginning and
late afterglow, as both conditions are not satisfied for GRB 180720B. However,
our estimation can be of reference, because most of the kinetic energy in the
blastwave is lost at the early afterglow (hundreds of seconds after deceleration).
We ignore the discussion about the time evolution of the break energy toward
the observation energy band and leave it for further work.

Figure 5 [Figure 5: see original paper] presents the evolution of radiation ef-
ficiency n and Y parameter for those five GRBs, indicating that the inverse
Compton cooling is dominant at all the main emission phases. The time evo-
lution behaviors are in line with \cite{Jacovich {2021}}. The Y parameter
represents the ratio of inverse Compton cooling to synchrotron cooling. When
the Y parameter approaches one, the transition time is expressed as:

—1_-1,,—11p—2
ttrans X € €g N 1—‘0

If accepting a value of p = 2.5, then the transition time is simplified as:

— — — -2
e =210 (55) (58%5) (rans) (o)

We can see that the transition time is very sensitive to the value of energy in
electron acceleration and magnetic field. For the medium density n = 1 cm ™2,
initial bulk Lorentz factor I' = 200, ¢, = 107!, and a weak magnetic field case
€p = 1074, the transition time is ¢+ ~ 2 x 10° s. The leading cooling mechanism
is inverse Compton scattering for the whole afterglow phase. But for a strong
magnetic field case €5 = 1071, the transition time is t ~ 2 s, corresponding to the
synchrotron dominating situation. All our VHE GRB afterglow explanations
are inverse Compton dominating in the slow cooling phase, according to the
standard external shock model.

A comprehensive fitting was made to optical and X-ray afterglows in
\cite{Zhang_ {2024}}, most of which are Swift GRBs. Their results of fitting
show a bimodal distribution of electron energy equipartition factor ¢, and a
similar distribution of magnetic energy equipartition factor ez to this work.
This discrepancy might result from the deficiency of VHE emission in their
GRB samples. Assuming the VHE emission is related to the X-ray band
emission with a factor of ~ 1, the VHE GRB year detection rate is still as
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low as ~ 1 yr~! \cite{Ashkar {2024}}. Only those nearby GRBs with less
EBL absorption are capable of being detected. The VHE observations are also
related to the ideal observation conditions, which require low zenith angles,
high duty cycle, short observational time delay, appropriate triggering time
and so on. Adding all of those observation constraints can reduce the detection
rate to a relatively lower level.

4. Summary

The investigation of GRBs has experienced notable advancement in recent years,
particularly within the keV-MeV energy spectrum. Multi-wavelength observa-
tions have emerged as a pivotal approach in elucidating the underlying physics
of GRBs. The advent of VHE observations has offered valuable insights into
the particle radiation mechanisms at play. In this study, we applied a standard
one-zone synchrotron + SSC model to analyze five VHE GRBs. Notably, this
model effectively reproduced the light curves and SEDs of the observed data.
Specifically, we advocate for the SSC process in the case of GRB 190114C within
a wind-like medium, while the VHE emissions observed in GRB 180720B and
221009A are attributed to interactions with the ISM. GRB 190829A, on the
other hand, necessitates further investigation into additional radiation mecha-
nisms for a comprehensive explanation. Despite the limited sample size, micro-
physical parameters of VHE GRBs were found to be tightly constrained within
a narrow range, particularly the ep parameter. This suggests that the inclu-
sion of VHE observations significantly refines the parameter space and exerts
a profound influence on associated physical parameters, such as the magnetic
field strength. Furthermore, we have uncovered a robust and direct correlation
between the keV-MeV and VHE energy bands, which might serve as a tool to dif-
ferentiate radiation mechanisms. With the anticipation of detecting more VHE
bursts, we look forward to further validating this correlation and enhancing our
comprehension of GRB physics.
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