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Abstract

Electron Compton scattering of target photons into the gamma-ray energy band (inverse Compton scattering; IC) is
commonly expected to dominate the very high energy (VHE) spectra in gamma-ray bursts (GRBs) especially
during the afterglow phase. For sufficiently large center-of-mass energies in these collisions, the effect of the
electron recoil starts reducing the scattering cross-section (the Klein—Nishina regime). The IC spectra generated in
the Klein—Nishina regime is softer and has a smaller flux level compared to the synchrotron spectra produced by
the same electrons. The detection of afterglow emission from nearby GRB190829A in the VHE domain with H.E.
S.S. has revealed an unexpected feature: the slope of the VHE spectrum matches well the slope of the X-ray
spectra, despite expectations that, for the IC production process, the impact of the Klein—Nishina effect should be
strong. The multi-wavelength spectral energy distribution appears to be inconsistent with predictions of one-zone
synchrotron—self-Compton models. We study the possible impact of two-zone configuration on the properties of IC
emission when the magnetic field strength differs considerably between the two zones. Synchrotron photons from
the strong magnetic field zone provide the dominant target for cooling of the electrons in the weak magnetic field
zone, which results in a formation of hard electron distribution and consequently of a hard IC emission. We show
that the two-zone model can provide a good description of the Swift's X-ray Telescope and VHE H.E.S.S. data.

Unified Astronomy Thesaurus concepts: Non-thermal radiation sources (1119); Gamma-ray transient sources

(1853); Gamma-ray bursts (629); Gamma-ray astronomy (628); Particle astrophysics (96); High energy

astrophysics (739); X-ray sources (1822)

1. Introduction

The very high energy (VHE; >100 GeV) emission detected
from gamma-ray burst (GRB) afterglows with H.E.S.S. and
MAGIC (MAGIC Collaboration et al. 2019a, 2019b; Abdalla
et al. 2019; H.E.S.S. Collaboration et al. 2021) is considered by
many to have inverse Compton (IC) origin (see, e.g.,
Zhang 2019). The emission component produced by relativistic
protons is expected to have a significantly lower flux, due to the
very low radiative efficiency of hadronic interactions (see, e.g.,
Abdalla et al. 2019). If the VHE emission is produced by
relativistic electrons, then because of the so-called synchrotron
burn-off limit (Guilbert et al. 1983) the synchrotron component
is expected to reach the VHE regime only if the bulk Lorentz
factor is very high, I' > 10°. Such high bulk Lorentz factors are
excluded during the afterglow phase by energy conservation
arguments (e.g., related to the self-similar solution for a
relativistic blast wave obtained by Blandford & McKee 1976)
making IC scattering the most feasible radiation mechanism for
the VHE GRB emission during the afterglow period. However,
the hard intrinsic spectral slope inferred from observations by
H.E.S.S. of the GRB190829A afterglow cannot be easily
reproduced with standard IC models (see, e.g., H.E.S.S.
Collaboration et al. 2021). This leaves one of two possibilities:
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(i) invoke alternative radiation mechanisms, or (ii) develop a
more sophisticated IC scenario to provide a better description
of the observational data.

Synchrotron radiation is a very efficient radiative emission
mechanism of electrons during the afterglow phase of GRBs. If
the synchrotron component extends into the VHE domain, it
can reproduce the flux level and spectral slope revealed with H.
E.S.S. from GRB190829A afterglow (H.E.S.S. Collaboration
et al. 2021). While the conservation of energy, used to
constrain the bulk Lorentz factor, is a robust argument, the
burn-off energy limit can be avoided in certain non-standard
scenarios. For example, if the strength of the accelerating
electric field, £, exceeds the strength of the magnetic field, B
(in a plasma such configurations require non-ideal magnetohy-
drodynamics), then synchrotron emission can extend beyond
the burn-off limit by the factor of £/B. Alternatively, in highly
turbulent magnetic fields magnetobremsstrahlung radiation can
extend beyond the burn-off limit (Kelner et al. 2013). If the
correlation length of the magnetic field is large compared to the
photon formation length, m,c2/eB (here m, and e are electron
mass and charge, respectively; ¢ and B are light speed and
averaged magnetic field), then the radiation is generated in the
synchrotron regime, resulting in the burn-off limit for the
synchrotron maximum energy (for a detailed consideration,
see, e.g., Kelner et al. 2013; Derishev & Aharonian 2019).
However, if the correlation length is short compared to the
photon formation length, then the electrons instead emit in the
jitter regime, and the emission peaks at higher energy
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compared to the synchrotron case, alleviating the limit from the
burn-off limit (Kelner et al. 2013). Finally, the electron
synchrotron spectrum can extend beyond the burn-off limit in
two-zone systems, where the physical conditions at the
acceleration site and in the radiation production region differ
substantially (Kumar et al. 2012; Khangulyan et al. 2021). In
conclusion, there are several ways of expanding the energy
spectrum of magnetobremsstrahlung to high or even very high
energies. However, the feasibility of these scenarios depends
on the implementation of many factors and requires extreme
assumptions.

In contrast, IC scattering is a natural and very effective
channel of VHE gamma-ray production. Although the recent
observations of VHE gamma-rays during the GRB afterglows
challenge the simple one-zone IC model, more sophisticated
scenarios cannot be excluded. In this paper, we study the
spectral properties of gamma-rays in the two-zone IC model in
which the production region of the target (synchrotron) photons
and the IC gamma-ray emitter are separated. One can propose
several possible realizations for such a two-zone setup. For
example, one may expect quite different conditions at the
forward and reverse shocks, which propagate through the
circumburst medium (CBM) and the jet, respectively. If the
emission from the reverse shock appears to be important at
certain frequencies then a two-zone description for GRB
afterglow emission should be considered (see, e.g., Dichiara
et al. 2022; Salafia et al. 2022). Alternatively, the shock region
itself can be quite complex, potentially providing quite
different physical conditions for particle acceleration and
radiation. Indeed, simulations suggest that downstream shock
material, the dominant emission site during the afterglow
phase, is expected to be highly inhomogeneous, an aspect
usually neglected in GRB afterglow emission modeling. Below
we consider the impact of a strongly inhomogeneous magnetic
field on the properties of IC emission. We show that under
reasonable assumptions, even a two-zone synchrotron self-
Compton (SSC) scenario can provide a considerably improved
description of the broadband spectra reported from
GRB190829A.

2. Standard One-zone SSC Scenario

The standard GRB afterglow emission framework postulates
that this emission is generated via the synchrotron and IC
channels, with synchrotron radiation providing the dominant
target for IC scattering—the so-called SSC scenario. The
analysis of the spectral energy distribution (SED) in SSC
models is straightforward if the IC emission is generated in the
Thomson regime (see, e.g., Sari & Esin 2001), as in this case
the energy loss rate, E, has a simple form E oc E? (here E is
electron energy; the used notations are summarized in Table 1).
In this regime, a power-law injection of non-thermal electrons,
qx E™% (here « is the injection index; for conventional
acceleration mechanisms one typically assumes « = 2), leads to
the formation of a broken-power-law distribution of radiating
electrons. The synchrotron and IC (Thomson) components
generated by these electrons also reflect this broken-power-law
shape, with the IC component dominating at higher energies.
The subsequent broadband SED produced is double-humped,
with the relative emissivity of the synchrotron and IC
components being determined by phenomenological para-
meters (typically, by the radiation efficiency, i.e., by the
fraction of energy radiated away). The photon index of the
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synchrotron spectrum, produced by electrons with energies
above the cooling break, is ;= (a+2)/2, provided that
o > 1. In the single-zone SSC scenario, the corresponding IC
spectrum has the same photon index, if generated in the
Thomson regime.

Typically, during the afterglow phase the (synchrotron)
X-ray spectrum is observed to be hard, with a photon index ~2.
Thus the photons detected in the X-ray band provide a non-
negligible target for IC scattering. In the plasma co-moving
frame, the energy of the electron, E, generating the VHE
emission, detected at energy6 €vhe’, satisfies the condition:
E > ey’/T. If electrons of this energy up-scatter photons
from a component detected by the observer at energy ¢,’, then
the typical product of the target photon and electron energies,
which determines the scattering regime, is

E25x4 > Evge/fx; ~ 4(1)2( Evhe/ )( Ex/ ) (1)
myc my c*T’ 10 0.1 TeV J\1 keV

Here m, and c are the electron mass and speed of light,
respectively. Unless the bulk Lorentz factor is high, I > 102,
the electrons that produce the VHE emission up-scatter a
considerable part of the photon targets in the Klein—Nishina
regime. The study of the VHE properties of GRB afterglows
should therefore be conducted with models that account for the
change of the IC cross-section in the relativistic regime.

The influence of the Klein—Nishina regime on the SED is
two-fold, as one must account for both the change of the
emission and energy loss rates (see, e.g., Derishev et al. 2003;
Nakar et al. 2009). In the fast cooling regime, the particle
spectrum, dN = ndE, is determined by the injection spectrum,
g, and by the cooling time 7 = E/|E|:

n(E) ==

E) (> . .
: fE dE q(E). )

If the injection is a power-law, g o< E~ ¢, then the particle
spectrum is

n(E) c T(E)E~ . 3)

(Note that here we assume that the injection spectrum is
sufficiently steep so as to ensure the integral is dominated by
the low-energy limit.)

If the synchrotron losses dominate over the Compton losses
(more specifically if the energy density of the magnetic field is
larger than the energy density of the target photons) then
7(E)x E~', and a power-law spectral injection also yields a
power-law distribution of particles: n(E) x E_¢“"V  (see
Figure 1 for a sketch of the cooled particle spectrum).
Subsequently, a power-law synchrotron component is produced
with photon index .

The IC of radiation has the same power-law photon index as
long as the scattering takes place in the Thompson regime. In
the Klein—Nishina regime, the IC slope should (asymptotically,
i.e., ignoring the logarithmic term) approach 7, ~ (a+ 2)
(provided that the emitting electrons obey a power-law energy
distribution with index « + 1; Blumenthal & Gould 1970).
Thus, since the slope of the IC component generated in the
Thomson regime matches that of the synchrotron radiation, =,
the Klein—Nishina effect causes a spectral softening by
Ay = Yn — ¥s ~ (@ +2)/2. For example, if aw~2 then the

6 Note that we prime the quantities in the progenitor frame, and we neglect the
cosmological redshift effect.
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Figure 1. Formation of the particle spectrum in the case of dominant
synchrotron losses and dominant inverse Compton (IC) losses. The part of the
spectrum formed in the fast cooling regime is shown.

spectral slope changes from 7, & 2 to ., =~ 4, and the spectral
softening is Aya2. A schematic of the SED is shown in
Figure 2. One should note that for a broad target photon
distribution, the transition to the Klein—Nishina regime is
spread over a broad energy range and can have a rather
complex character.

The situation changes dramatically when the energy density
of target photons is larger than that of the magnetic field. In this
case, the impact of the Klein—Nishina effect on the formation of
the electron spectrum becomes a dominant factor. The radiative
cooling time 7(E) can be approximated by a broken power-law
function: for sufficiently low electron energies, the IC
interaction proceeds in the Thomson regime, thus 7(E) oc E .
At higher energies, the IC interactions occur in the Klein—
Nishina regime where the energy loss rate is energy-
independent, thus 7(E) o« E. Finally at even higher energies,
denoted E,, the synchrotron losses (as their rate increases
with particle energy) begin to dominate over the IC energy
losses, and the original energy dependence of the cooling
time is recovered: T(E) x E_'. As follows from Equation (3),
for a power-law injection spectrum, the particle spectrum
formed in the fast cooling regime should also be a double-
broken power law (with the power-law index changing as
a+1—a—1—a+ 1;seeFigure 1). The E-“"" part of the
spectrum formed under dominant (Thomson regime) IC losses
changes to, xE~“"D formed under the dominant IC (Klein—
Nishina regime) losses. Finally, above E., the spectrum softens
back to E_ ("D, We note, however, that the transition to the
Klein—Nishina regime proceeds smoothly, therefore the
spectrum does not follow precisely the schematic shape
explained above. For example, as can be seen from Figure 4,
the IC cooling time in the transition regime is better
approximated as a constant, 7 ~ const. Therefore, the corresp-
onding transformation of the electron spectrum is better
approximated as a+ 1 —a— a+ 1 (note that this power-
law index is indicated in the bottom panel of Figure 4 with a
black guide line).

As for the synchrotron radiation, electrons cooled by IC in
the Thomson regime produce a spectrum with photon index
vs; at higher energies the hardening of the electron spectrum
due to the dominant Klein—Nishina energy losses results in a
hard synchrotron spectrum with photon index in the range
between s and 7 xn & /2 (Vs xn 18 the limiting value achieved
under IC cooling in the deep Klein—Nishina regime; see
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Figure 2. Formation of the spectral energy distribution (SED) in the case of
dominant synchrotron losses and dominant IC losses. The slope labels show the
energy flux spectral indices.

Figure 2). In the transition region with an approximately
constant IC cooling time, the slope of the synchrotron spectrum
is approximately («+ 1)/2, as indicated by the black guide
lines in Figures 5Sand 6. Finally, the emission produced by
electrons with energies exceeding E, has the standard
synchrotron slope v,. As the synchrotron and IC energy loss
rates for particles with E,, are equal, the narrowband luminosity
of the synchrotron and IC components produced by particles
with E, are (almost) equal.

The spectral shape of the IC component is different to that of
the synchrotron spectrum. The component generated in the
Thomson regime has a spectral index of ;. At higher energies
the impact of the Klein—Nishina effect on the particle spectrum
is partially compensated by the reduction of the cross-section.
For example, in the limiting regime, a spectrum ocE ¢~V
generates in the Klein—Nishina regime a E~ “ IC spectrum. For
a =2 a Thomson spectrum with photon index («+ 2)/2
transits smoothly into the Klein—Nishina spectrum with photon
index . However, in the region of transition to the Klein—
Nishina regime, this asymptotic photon index might be quite a
coarse approximation. Moreover, above E, the synchrotron
losses dominate, thus the Klein—Nishina spectrum eventually
softens to a+ 2 above E,. Note that in the Klein—Nishina
regime almost all the electron energy is transferred to the up-
scattered photon, so the photon energy in the co-moving frame
is equal to that of the incident electron energy, €. ~ E.

Observations of GRB190829A with H.E.S.S. revealed that
the VHE component, corrected for the extragalactic back-
ground light (EBL) attenuation, is best described as a single
power-law spectrum extending up to 3 TeV with a hard photon
index of ~ype=2.07+£0.09 (H.E.S.S. Collaboration et al.
2021). Strikingly, this slope matches well the slope of the
X-ray spectrum measured with Swift's X-ray Telescope (Swift-
XRT; e.g., Vxt=2.03+£0.06 during the first night H.E.S.S.
Collaboration et al. 2021). Also, the Swift-XRT and H.E.S.S.
observations revealed that the fluxes in the X-ray and VHE
bands appeared to be similar (potentially a natural feature of
pair loading feedback; see Derishev & Piran 2016, 2019 for
details).
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In the VHE band the influence of the Klein—Nishina effect
should be noticeable. However, this spectral effect was not
observed in the H.E.S.S. measurements. In the framework of
the simple one-zone analysis introduced above, the slope and
flux level match implies that the cooling of TeV emitting
electrons proceeds in the Klein—Nishina regime, and that the
X-ray synchrotron is produced by particles with energy
exceeding E,. As the hard VHE spectrum extends up to
3 TeV, then E, > 0.3(I"/ 10) "' TeV. The synchrotron emission
produced by the high-energy electrons is detected by the
observer at

~1
Eyn’ > 60(3) B keV. 4)
10/ 1G

This estimate shows that a very low magnetic field of ~mG
level is required by the VHE measurements. Such a low
magnetic field, however, is incompatible with the required
radiation efficiency of the production region given the adiabatic
cooling time is Ty ~ #,'T', where t,’ is time since the GRB
trigger (as measured by a distant observer at rest in the
progenitor reference frame). The broadband SED obtained with
Swift-XRT and H.E.S.S. therefore cannot be reproduced in the
framework of the standard one-zone SSC scenario (see also
Huang et al. 2022). To resolve the spectral issue in SSC
scenario one needs either: (1) to assume that there is an
important low-energy target photon field, probably of external
origin; or (2) to consider a two-zone scenario.

The former scenario requires the presence of an external
target that provides a target of an energy density comparable to
that of the magnetic field in the plasma co-moving frame:

o B Y 3
Wext ~ 4 X 107 — | ergcm™. 5
‘ (1G) s ©)

If the photons are isotropic in the progenitor frame, then we
obtain W/, ~ 4 x 107*(10B/(I' G))*> erg cm—>. The VHE
emission detected from GRBI190829A lasted for almost
At=50h (H.E.S.S. Collaboration et al. 2021), and the forward
shock covered a distance of AR’ ~ I'?Atc ~ 10'7(I'/10)? cm.
The luminosity of the photon field should therefore be

B 2
L&y ~ 4mARW/ ¢ ~ 1042(%) ergs . (6)

If the magnetic field is weak, B < 1 G, then an external photon
field of reasonable luminosity can provide a sufficiently dense
external photon field (see, e.g., Zhang et al. 2021); however,
external IC scenarios with an equivalent Gauss-strength
magnetic field cannot be realized.

3. Two-zone SSC Emission Scenario
3.1. Physical Justification

We consider an emission region consisting of two zones: a
first zone with a strong magnetic field, B, and a second zone
with a weak magnetic field, B,, with By > B,. Should particles
themselves also easily mix between the two zones, then one
would not expect a significant difference between the energy
distributions of particles in these zones. We here, however,
assume that the particle exchange between the zones is
inefficient, and thus two distinct particle distributions, n; and
n,, are formed in the two zones.
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Scenario (i)

To

Scenario (ii)
‘ Strong B-field region‘

’ Weak B-field region ‘

Photons from the
strong B-field regionw

Scenario (iii)
Photons from the
weak B-field region

Figure 3. Examples of three different geometries that allow the scenario
realization. Scenario (i): two distinct regions with typical sizes of r; and r,
separated by a distance r; scenario (ii): two converging shells of radius r; and
ro; scenario (iii): a large number of compact regions (of typical size r;) with
strong magnetic field embedded within a larger zone of size r.

The target photons, however, travel freely between the two
zones. The specific realization of the scenario, in particular the
shapes and relative location of the zones, determines the actual
distribution of target photons within them. Let us qualitatively
consider several possible realizations of the two-zone scenario:
(1) two distinct regions with typical sizes of r; and r, separated
by a distance ry; (ii) two converging shells of radius r; and ro;
(iii) N compact regions (of typical size 1) with strong magnetic
field embedded within a larger zone of size ry. These three
possibilities are shown in Figure 3. Although less apparent,
scenario (iii) is two-zone in the sense that the physical
conditions and processes are the same in the compact regions,
and differ substantially from those in the larger zone.
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The synchrotron luminosity of each of the zones is L; and
L,, respectively. In scenario (iii) we define L; as the total
luminosity of N regions of enhanced B-field. We consider a
situation L, > L,. Thus, when considering the processes in the
first zone, we can ignore the photons supplied by the second
zone. The energy density of the locally generated photons in
the first zone is

L,

b
rNc

Wi~ (7
where N =1 for scenarios (i) and (ii). Equation (7) ignores a
numerical factor, which depends on the production region
geometry and the distribution of emitting particles. For
example, in the case of a spherical homogeneous production
region, the volume average energy density of target photons is
given by Equation (7) with a factor 9/(167) (for details, see
Atoyan & Aharonian 1996). We note that such factors do not
affect our conclusions; we can therefore safely ignore them.

In the second zone one needs to account for the contribution
of locally generated photons:

(®)

WZ(ILZ ~ 22 and WZ(H—)/Z(]H) ~ 22
nc ¢

and the photons supplied from the first zone, w;_,,. For the
each of the above-defined geometries one obtains

L

Wio2 ~ = ©)

ryc
The suggested scenario is realized if the photon field produced
in the first zone (being locally a subdominant) provides the
dominant target for the particle cooling in the second zone:

2 2
Wi <K B—l and wi_o > B—2 (10)
8 8m

The photon field in the second zone is diluted compared to
the first zone: wy_.; > w;_.,, thus the scenario requires that
By > B,. The difference of the magnetic fields determines the
dilution of the photon field, K =w_»/w;_.1, which allows the
scenario realization (i.e., the conditions given by Equation (10)).
The possible ratio of the magnetic fields should be
determined by the physical arguments unique to each specific
realization of the scenario. However, from the general point of
view, it is obvious that if the photon field is significantly
diluted in the second zone, « <1, the required difference
between the magnetic field strength becomes larger, making the
realization of the scenario less feasible (although not excluded).
For example, a strong dilution might be expected in scenario (i)
provided that 7o >> r;. In contrast, in scenario (ii) the dilution of
the photon field in the second zone is small, by a factor of ~2,
provided that the two shells are of comparable radius, r; ~ ry.

Similarly, in scenario (iii) one obtains

2
wiea N Sy
— T

2
W11 o r

1)

where f is filling factor. If the above ratio is not small (i.e.,
wi_»/wi_1 2 1) then the photon field is nearly homogeneous
in the entire production region, i.e., K = 1.

For the sake of simplicity we will consider a single common
photon target being present in the two zones. In the first place,
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this seems to be a perfectly suitable choice for scenarios (ii) and
(iii) if ry~ro and fro/r; = 1, respectively. Even if these
conditions are not fulfilled, the model calculations should
reproduce correctly the part of the SED formed in the fast
cooling regime (provided that IC losses dominate over the
synchrotron cooling in the second zone: w;_,, > B3 /(8)).

Although the scenario can be realized also in scenario (i), if
the magnetic field in the second zone is sufficiently weak to
remain subdominant compared to the significantly diluted
photon field provided from the first zone, scenarios (ii) and (iii)
seem to be less demanding. In particular, these geometries can
be formed during the afterglow phase of GRBs. The shells
assumed in scenario (ii) may correspond to the reverse and
forward shocks. Also an onion-like structure may be formed in
the inner part of the forward shock downstream region, where
the competing processes of magnetic field amplification and
decay may lead to the formation of a layer with an enhanced
magnetic field. If the magnetic field amplification in the
downstream proceeds in a highly non-homogeneous manner,
then instead of a shell-like structure one should expect rather a
large number of magnetized blobs in the production region, i.e.,
scenario (iii). Although scenarios (ii) and (iii) are characterized
by quite similar geometries, the angular distribution of the
target photons in the second zone may be quite different in
these two cases. While in scenario (iii), the target photons are
nearly isotropic, scenario (ii) features a substantial anisotropy
of the target photons in the second zone (as depicted in
Figure 3). As the emitting particles are isotropized in the
plasma frame, this photon anisotropy should not have any
impact on the cooling process. However, one may need to
account for an anisotropic IC cross-section (see, e.g.,
Aharonian & Atoyan 1981) for accurate computation of the
IC spectra. For example, if the emission generated in the
direction of the observer is predominately produced by
scattering target photons at small scattering angles, then the
IC spectra appear to be harder compared to the spectra
computed with an angle-averaged IC cross-section (see, e.g.,
Khangulyan et al. 2008).

Because of the Doppler boosting effect, the observer can
detect the emission coming from a patch of the shell with a
typical size of R’/T", where R’ ~ t';; I"’c. Thus, one obtains the
patch size as t';, I'c > 10" cm (provided that ¢/, > 1 h for the
afterglow period). The realization of scenario (iii) requires that
the size of the blobs be small, r; < ' I'c. Verification of this
condition from first principles may require detailed plasma
simulations, which are beyond the scope of this study. As in the
case of GRB afterglow, the GeV emission seems to belong to
the same component as the synchrotron; we may therefore
speculate that the acceleration in the blobs are limited by the
synchrotron cooling and the acceleration process is efficient,
Nace ~ 1 (here n,. is the acceleration efficiency). Thus, the size
of the blobs should be sufficiently large to confine particles
with energy

B \1/2
E~ 60(—) TeV. (12)
1G

The corresponding gyro-radius,

Rg ~ 2 x 10!! i e 13
¢~ G cm, (13)
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is significantly smaller than the patch size. This likely implies
that there are no fundamental constraints from the plasma
physics forbidding the scenario realization.

3.2. Mathematical Setup

For each of the zones we consider the injection—cooling
equation:

81/11 8E1n1 n ny
=y = q,(E) — + 14
ot OE ql( ) -2 ™1 ( )
67’[2 8E2n2 nm np
g — ¢,(E) + _ 15
ot OE 2(E) Tis2 Tl ()

Here ¢ is the injection term, E; is the energy loss rate in each
zone, and 7,_,; is the probability of particle escape from zone i
to zone j. To illustrate the possible impact of the two-zone
setup on the IC spectrum we assume that in the energy range of
interest 7,_,; > 7y, T, where 7; = E/ |Ej] is the radiative cooling
time in zone i. Since we are interested in the high-energy part
of the spectrum, which is formed in the fast cooling regime, we
consider the following simplified equations:

8E,~n,~
OE

The magnetic field strengths differ significantly in each zone,
thus we do not adopt a universal cutoff energy in the injection
spectrum, but instead find different injection rates, A;, and
cutoff energies, E.,; within the two zones. We assume,
however, that within both zones the injection function has a
common power-law spectral index:

= q,(E). (16)

E
= A;E %exp| — , 17
q; p[ Ecm,,] (17)

where the cutoff energy is found through the balance of
acceleration and loss timescales:

naccEcut Jo_ Ecul N

eB;c Ei(Eew,)

(18)

Here e is electron charge. While the acceleration parameter 7).
is assumed to be the same in both zones, the energy losses are
computed independently for each zone.

We assume that dimensionless parameters ~; and K,
(k1 + ko =1) define the fraction of the total energy injected
into zone 1 and 2, respectively:

L[ dEEGE) = Lo, (19)
R; YE

where L is the total power injected in the production region.
The minimum energy, E,, we set to a value of I'm,c” (here m,
is electron mass and c¢ is the speed of light). While
Equation (18) defines the cutoff energy, Equation (19)
determines the normalization coefficients in each zone, A;.

As in the high-energy regime, the synchrotron and IC losses
are expected to provide the dominant energy-loss channels, we
therefore only take account of these two energy-loss mechan-
isms. Since the photon field is common between the zones, the
difference between the energy-loss rate in the zones is due to
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the different synchrotron losses within each zone:
E; = Esyn,i + Ejc. (20)

The synchrotron energy losses in zone i are determined by the
magnetic field strength:

. 167 *E? (2 B?
Egni= ——0——|22L|. 21
v 3 mjc7(387r) 2

Note that the equation above is averaged over pitch angle. The
synchrotron cooling time is

\-2 -1
Tsyn,i = L ~ 400(i) ( E ) S. (22)
|Esyn.il 1G 1 TeV

The IC losses are determined by the energy distribution and
number density of target (synchrotron) photons. As photons
can freely cross the zone boundaries we assume that the photon
distribution is the same throughout the entire production
region, i.e., it includes the contributions from both zones. We
compute the synchrotron emission using the particle distribu-
tion in each zone and the corresponding magnetic field:

d]vsyn,i
dedt
where ¢ is the target (synchrotron) photon energy. For the
synchrotron integral kernel, Ky, ., we use a simple analytic
approximation for the pitch-angle-averaged synchrotron spec-

trum (for details, see Aharonian et al. 2010). Finally, we
compute the energy distribution of the target photons as

dlvsyn 1 ( d]Vsyn ,1 dN%yn 2 )

dedv R\ dedt dedt

~ [, dEnKyn AE. B, (23)

(24)

Here R is size of the production region.
The rate of IC scattering is determined by the angle averaged
scattering cross section (for details, see Jones 1968):

dvie 8merg dNgyn

d&’,ds bE dVde
2 2
x[l i z n Z B 2z
20 —20 bl —2z) b1 —2)?
3 _
_z 22 b z)]. 25)
2b(1 — 2> b(1l —2) z

Here ro= ez/mec2 is the electron classical radius; the Klein—
Nishina parameter is given by b = 4¢E/ (mezc“); and z is the
ratio of the up-scattered photon to electron energy, z=e¢,/E.
The IC energy loss rate depends on the energy distribution of
target photons as

Eic ~ f dgfvmax.v dE,\/(E _ 87) dl/ic (26)
0

B
Emin,y da),d&

where the maximum /minimum energy of up-scattered gamma-
ray, €max/min,y» 1S determined by kinematic constraints. If
electrons up-scatter low-energy target photons (i.e., the Klein—
Nishina parameter is small, b < 1), then the IC energy loss rate
depends only on the energy density of the target photons, wpp:

32w e*E?

Er;= ——Wphs (27)
T 9 mpic? ph
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analogous to the corresponding angle-averaged energy-loss rate
in a magnetic field given in Equation (21).

3.3. Model Calculations

For the model calculations, magnetic field values of
B,=1G and B,=10">G are assumed. The injection power
is set to ~10°° erg s ', and for the size of the production region
we consider a value close to 10'® cm. If one considers this size
in the context of a GRB afterglow, one should compare it to the
forward shock radius, which depends on the time passed since
the trigger, #,':

T\t
R~ T?t,/c ~ 3 x 1016(—) X oem. (28)
10/ 3h
The typical energy density of the target photons in the
production region is

-2
Wph ~ 4 X 10—5nmrad( ) ergem™,  (29)

3 x 10" cm
where 7),,4 1s the radiation efficiency in zone 1 (in what follows
we ignore this factor, setting 7.,9=1, for the sake of
simplicity). This energy density corresponds to an equivalent
magnetic field strength of

R *1
Beg ~ 3 % 1072/4}/2( ) G. (30)

3 x 10'°cm

This photon field is the dominant target in zone 2, whereas it is
negligible in zone 1. The corresponding cooling timescales are
shown in Figure 4 (top panel). While at high energies
(approaching 1 PeV), the Klein—Nishina losses approach their
asymptotic energy-dependence, 7y, x E, for the parameter set
considered, the particles cool in the transition regime with
7 o const. Thus the spectrum formed is not as hard as expected
from our earlier qualitative analysis.

The effect of the onset of Klein—Nishina cooling on the
electron spectrum is shown in Figure 4 (bottom panel), where
the energy distributions of electrons in both zones are shown.
For the calculations here we adopted the following parameters:
linear size R = 10'®cm; total power of acceleration of non-
thermal particles Lo=10*%ergs™', which is distributed
between the zones with x; = 0.90 and x, = 0.10; the injection
index a=2.2 (the “main case”). Finally, the acceleration
efficiency was set to 7,cc = 10%, for which the cutoff energy in
zone 1 is determined to be

~1/2/ B \-1/2
Ecut,lzé(%) (ﬁ) TeV. (31)

For this acceleration efficiency the cutoff energy in zone 2 is at
~200TeV, which is close to the energy at which the
synchrotron losses dominate over the IC losses, E, =
20 TeV, thus the influence of the high energy cutoff becomes
prominent at energies just above the Klein—Nishina hardening
energy scale.

The energy dependence of the electron distribution is
directly reflected in the synchrotron spectrum from zone 2.
As can be seen from Figure 5, this component is subdominant
to the luminous synchrotron component from zone 1. The
photon index of the hardest part of the spectrum is (o + 1)/
2~ 1.5, which is considerably softer than the limiting photon
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Figure 4. Top panel: synchrotron, IC cooling time together with the

acceleration time. Bottom panel: electron distribution in the two zones. Black
guide lines indicate power-law approximations.

10" 10° 10’

10% ¢ . . : ;

10% |

1 3

€L, arbitrary units

1o _ ‘Syn B 5 . 5 L

108 10% 10* 102  10® 102 104
g, GeV

Figure 5. SED of synchrotron and IC emission from the two zones. Black
guide lines show the power-law approximations.
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Table 1
Used Notations

Parameter Notation

Comment

Production region size R
Magnetic field B
Bulk Lorentz factor r
Injection power Ly

Normalization factors K12
Energy density w
Electron energy E
Electron energy density n
Injection index o
Injection rate q
Acceleration efficiency Nace
Cooling time T
Energy loss rate E
Photon energy €
Photon index v
Radiation efficiency Nrad
Circumburst medium density Hemb

Similar to the forward shock radius

B, in zone 1 or 2; By, in the shock upstream

We do not distinguish the bulk Lorentz factors of emitting plasma or forward shock
Equation (19) is in the co-moving frame, but note that L, is a Lorentz invariant
Power distribution between two zone; K1 + Ky = 1

e.g., Wex 18 energy density of external photon fields

i.e., dN = ndE

see, e.g., Equation (17)
i.e., dN = qdEdt

see, e.g., Equation (18)

Synchrotron, IC, and adiabatic cooling or escape
Synchrotron, IC, and adiabatic

For photons produced through the synchrotron or IC channels
In particular, s, Ykn

We assume 7,9 = 1

i.e., dNemp = nempdV

index of ~sxn(=/2). This is caused by the smooth broad
transition to the Klein—Nishina regime. While the broad
transition from the Thomson to Klein—Nishina regimes causes
the electron distribution to be not as hard as naively expected,
the IC component appears to be somewhat harder than in the
limiting case. As can be seen in Figure 5, a power-law
component extends from a few gigaelectronvolts to beyond
10 TeV with a photon index of ~(a + 1)/2. Note that for our
calculations we set aw=2.2, and the production region bulk
Lorentz factor was assumed to be I' = 10.

To illustrate the influence of the model parameters, we
performed calculations for a range of different parameter sets.
The results of these calculations are shown in Figure 6. For
“case A” we adopted a different value for the injection index:
o =2 instead of o =2.2 used in the “main case”. For “case B”
we adopted a different value for the acceleration efficiency:
Nace = 10* instead of Nace = 10? used in the “main case.” The
adopted model parameter values are summarized in Table 2.

Low-energy target photons can play an important role in
the formation of a hard VHE spectrum in the case of
the conventional one-zone SSC models. To demonstrate the
relatively small influence of low-energy target photons in the
framework of our considered two-zone approach, in the top
panel of Figure 6 we also plot the SED obtained under the same
conditions assuming that the particle spectrum in the first zone
features a cooling break at E= 10GeV. The corresponding
spectra are shown with thin lines. Under this assumption, the
synchrotron spectrum from the first zone features the cooling
breaks, as expected. The IC spectrum is more strongly
suppressed: one sees here the impact of both the cooling break
and reduced target photon density. The reduction of the IC loss
rate leads to a considerable enhancement of the synchrotron
emission from the second zone (note that this component still
remains subdominant). The IC spectra from the second zone
shows, however, only minor changes, noticeably only close to
the high- and low-energy cutoff regions. This quite weak
influence of the target photon spectrum on the spectral
properties of the IC component from the second zone is
caused by the fact that the IC losses determine the particle
spectrum, as we assume that the emission is generated in the
fast cooling regime. Therefore, the electron spectrum adjusts to

10% — T
3 g0+ 202
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Zone 2

“E-(u+2)/2

€L, arbitrary units
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Figure 6. SED of synchrotron and IC emission from the two zones. Black
guide lines show the power-law approximations. Top panel: case A; bottom
panel: case B. Thin lines in the top panel correspond to a case when the
electron distribution in the first zone features a cooling break at E ~ 10 GeV.
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Table 2
Parameter Values Used for Model Calculations

Parameter Notation Units Main Case Case A Case B GRB190829A

in Figures 4 & 5 in Figure 6 in Figure 6 in Figure 7
Size R cm 10'° 10'° 10 10
Bulk Lorentz factor r 10 10 10 10
Luminosity Lo ergs™! 10% 10% 10% 22 x 10%
Strong magnetic field B, G 1 1 1 1
Weak magnetic field B, G 107? 107° 107? 107?
Zone 1 power fraction K1 0.9 0.9 0.9 0.7
Zone 2 power fraction Ko 0.1 0.1 0.1 0.3
Injection slope « 22 2 2.2 2.1
Acceleration efficiency Nace 102 102 10* 102
Radiation efficiency Nrad 1 1 1 1
Distance D Mpc 400

the rate of the dominant losses, and the spectral properties of
the IC component are largely determined by the injection
spectrum.

4. Discussion and Conclusion

The need to study energy losses in the inhomogeneous
emission region downstream can be easily realized by
considering the evolution of the magnetic field from the
upstream to downstream regions. Based on the hydrodynamics
of the forward shock propagating through the CBM, one can
obtain the following estimate for the downstream magnetic
field strength:

B~3x 102£h

32
10 10 4G G2

This estimate depends on the typical strength of the CBM
magnetic field, B.y,, and accounts for the transformation of this
field to the forward shock rest frame, and for the increase of the
field strength at a weakly magnetized relativistic shock due to
the shock compression.

The magnetic field given by Equation (32) appears
significantly below the Gauss-level required for the afterglow
radiation. Therefore, one needs to assume an efficient magnetic
field amplification process, which can increase the energy
density of the magnetic field to a level comparable to the
plasma energy density in the downstream:

I\ 3
— | ergcm™°,
)(10) s

where n.,p, is CBM density. This estimates shows that the
magnetic field in the downstream can be amplified up to a

strength of
172
) ()e
10

Bey = V8w ~ 2(
Gauss-strength magnetic fields in the afterglow production
region are also favored on theoretical grounds by afterglow
emission modeling. If the magnetic field is indeed amplified by
a factor of ~103, it is natural to further assume that this
amplification is inhomogeneous throughout the volume,
resulting in a magnetic field configuration with strong spatial
fluctuations. For example, numerical simulations of magnetic
field amplification by a turbulent dynamo (Zhang et al. 2009)
show that the magnetic energy is predominantly localized in

Ncbm
1 cm?

W~ Npmm, % a2 0.15( (33)

Ncbm
3
1 cm

(34)

small blobs, whose size is comparable to the small-scale
turbulence, and thus can be estimated as the scale at which
Landau damping becomes important. Moreover, this may be a
general effect; the field amplification predominately operates
on small-scale fields (Kazantsev 1968).

The highly inhomogeneous structure of the downstream
region can have important implications for the properties of the
non-thermal emission generated. In particular, such a structure
in the production region can significantly alter the synchrotron
radiation emission, with clumps of highly amplified magnetic
field leading to the synchrotron emission extending signifi-
cantly beyond the one-zone synchrotron burn-off limit
(Khangulyan et al. 2021). This scenario requires that particles
be accelerated in a region of weak magnetic field, and
subsequently penetrate into a second zone of amplified
magnetic field, where they rapidly cool, producing VHE
synchrotron radiation. The requirement of effective particle
exchange between the two zones of strong and weak magnetic
field is an important element of this scenario.

It should be noted, however, that efficient particle exchange
between the zones is a significant assumption. Processes exist
which can hinder particle exchange between the two zones. For
example, if the change of the magnetic field strength is
relatively smooth, the magnetic adiabatic invariant prevents
particles from the zone of weak magnetic field reaching a
strong magnetic field zone (see the discussion in Khangulyan
et al. 2021). The particle escape from the zone of strong to
weak magnetic field is not forbidden by the magnetic adiabatic
invariant, but it seems feasible that one can neglect this process.
Because of the much higher rate of synchrotron losses in the
strong magnetic field zone, the total number of particles in this
zone is naturally significantly reduced to that in the weak
magnetic field zone, particularly for the highest-energy
particles with energies close to the maximum energy.

On the other hand, synchrotron photons can freely travel
between the two zones. The photon exchange between the
zones has two major effects: (i) altering particle energy losses,
and (ii) changing the properties of IC emission. We suggest a
simple model that allows one to study these two effects. We
find that for feasible model parameters, IC scattering dominates
the cooling process in the zone of weak magnetic field. Due to
the Klein—Nishina effect, the particle spectrum formed in the
fast cooling regime appears to be significantly harder than the
spectrum formed for the case when synchrotron losses
dominate. While the synchrotron emission from this zone
may appear completely sub-luminous with respect to the
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Figure 7. SED of synchrotron and IC emission from two zones. Filled zones
show X-ray (XRT) and VHE intrinsic (H.E.S.S.) spectra (for details, see
H.E.S.S. Collaboration et al. 2021).

synchrotron emission generated in the strong magnetic field
zone, the IC component from the weak magnetic field zone
would be expected to dominate.

The second signature of the hard particle spectrum is
expected in the IC component generated by these particles.
This spectrum appears to be hard, with a photon index
coinciding with the value expected for the synchrotron/
Thomson spectra, (« + 2)/2 (where « is the injection index).
The IC spectrum therefore appears to have the same slope as
the dominant synchrotron emission. The relative flux through
these two channels is determined by the phenomenological
parameters, r;, which determine the ratio of the acceleration
powers in the two zones. Our simulations presented in Figure 7
show that for an acceleration spectrum with a spectral slope of
a=2.1, which allows the slope of the x-ray spectra for
GRB190829A to be reproduced, the X-ray and VHE flux ratio
seen in GRB190829A implies x; =0.7 and k,=0.3 (see
column “GRB190829A” in Table 2). This suggests that
acceleration processes of comparable power operate in the
both zones. However, the acceleration in the zone of stronger
magnetic field is somewhat more efficient. The obtained hard
VHE IC spectrum extends beyond 10 TeV for a modest bulk
Lorentz factor of I' = 10. This implies that a hard multi-TeV IC
component can be generated also during the late afterglow
phases, when the forward shock transits into the mildly
relativistic regime. During the prompt or early afterglow

10

Khangulyan, Taylor, & Aharonian

phases, when the bulk Lorentz factor can be significantly
larger, I' > 100, the intrinsically hard IC component can extend
up to the ultra-high-energy domain (=100 TeV). However, we
note that the extragalactic EBL attenuation is severe already in
the VHE domain for even the most local GRB redshift values.
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