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ABSTRACT

Chromatic break and/or plateau observed in the early optical and X-ray afterglow lightcurves chal-
lenge the conventional external shock models of gamma-ray bursts (GRBs). Detection of TeV gamma-
ray afterglows indicates strong gamma-ray production within the afterglow jets. We investigate the
cascade radiations of the e* production via the v+ interaction in the jets. Our numerical calculations
show that the cascade synchrotron emission can make a significant contribution to the early optical/X-
ray afterglows. The combination of the primary and cascade emission fluxes can shape a chromatic
break and/or plateau in the early optical/X-ray lightcurves, depending on the jet properties. Applying
our model to GRBs 050801 and 080310, we found that their optical plateaus and the late X-ray /optical
lightcurves can be explained with our model in reasonable parameter values. We suggest that such a
chromatic optical plateau could be a signature of strong e* production in GRB afterglow jets. The
TeV gamma-ray flux of such kind GRBs should be significantly reduced, hence tends to be detectable
for those GRBs that have a single power-law decaying optical afterglow lightcurve.
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1. INTRODUCTION

Gamma-ray bursts (GRBs) are bright gamma-ray flashes from ultra-relativistic jets powered by collapses of mas-
sive stars or mergers of compact objects (Piran 2004; Kumar & Zhang 2015). Their prompt gamma-ray emission
is generally interpreted as cooling of relativistic electrons accelerated via internal shocks (Rees & Meszaros 1994;
Kobayashi et al. 1997; Daigne & Mochkovitch 1998; Rees & Mészaros 2005; Pe’er et al. 2006) or via internal magnetic
processes within their ejecta (Usov 1992; Thompson 1994; Giannios & Spruit 2006; Zhang & Yan 2011). Multiple
wavelength afterglow observations are usually interpreted as cooling of electrons accelerated in the external shocks
when the fireball propagates into the ambient medium (Sari et al. 1998). Benefiting from the promptly-slewing capac-
ity and precise localization as well as high sensitivity of the X-ray telescope (XRT) on board the Swift satellite, together
with extensive optical follow-up observations with ground-based optical telescopes, well-sampled early X-ray and op-
tical afterglow lightcurves were obtained for a large sample of GRBs triggered by the Burst Alert Telescope (BAT).
Comprehensive analysis of the optical and X-ray afterglow data show that the early optical and X-ray afterglows are
composed of different emission components (Zhang et al. 2006; Liang & Zhang 2006; Nardini et al. 2006; Liang et al.
2007; Panaitescu & Vestrand 2008, 2011; Kann et al. 2010, 2011; Li et al. 2012; Wang et al. 2013; Liang et al. 2013),
making the conventional external shock models cannot well explain the data (Liang et al. 2008; Wang et al. 2015).

In the framework of the standard external shock models, a shallow decay segment or a plateau of the early optical
and X-ray afterglow lightcurves is conventionally explained as the refreshed shocks due to late energy injection from
magnetic dipole radiations (Dai & Lu 1998; Zhang & Mészaros 2001a; Lii et al. 2018; Xu & Tang 2021), from the
accretion of a black hole (BH) system (Cannizzo & Gehrels 2009; Cannizzo et al. 2011; Lei et al. 2017), or other
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origins (de Ugarte Postigo et al. 2005; Troja et al. 2007; Leventis et al. 2014; Oganesyan et al. 2020). This scenario
predicts an achromatic break in the X-ray and optical afterglow lightcurves when the energy inject ends. The observed
early plateau with chromatic breaks in the optical and X-ray lightcurves challenge this scenario. In the X-ray band,
the shallow decay segment is observed in almost half of the well-sampled XRT lightcurves. More interestingly, an
internal plateau, which is followed by an extremely sharp drop, is occasionally observed in the X-ray afterglows
of some GRBs (Liang et al. 2007; Troja et al. 2007). Such a plateau cannot be explained with the external shock
models. It is suggested that the internal X-ray plateau is contributed by the emission from the dipole radiation wind
of a newborn magnetar that serves as the central engine of the GRBs (Zhang & Mészaros 2001a; Troja et al. 2007;
Lii et al. 2018; Xu & Tang 2021). On the other band, a long plateau is also observed in the early optical afterglow
lightcurves of some GRBs (Li et al. 2012), which is usually followed by a normal decay segment as predicted by
the external shock models. In other words, the observed optical plateau maybe suggest a different physical origin.
Panaitescu & Vestrand (2008) studied the morphology of optical afterglow light curves and classified them into two
prominent classes: afterglows showing early peaks and afterglows showing extended plateaus. They suggested that
the two kind behaviours are resulted from the observer being located initially outside the jet aperture (for peaked
afterglows) and from outflows having a non-uniform angular distribution of the ejecta kinetic energy per solid angle
(for afterglows with plateaus). Panaitescu & Vestrand (2011) showed several afterglows of the plateaus, and suggested
that the optical plateau originates from a long-lived engine. The break in the optical lightcurve marks the onset of
the entire outflow deceleration. The physical origin of the plateau is indeed plausible.

More recently, very high energy (VHE) gamma-ray afterglows are detected for several GRBs, including GRBs
180720B, 190114C, 190829A, 201015A, 201216C, 221009A, and 230307A. It is generally believed that the VHE
afterglows of GRBs are attributed to the synchrotron, synchrotron self-Compton (SSC), and/or external inverse-
Compton (EIC) radiations of the electrons accelerated in the jets (e.g., Dermer et al. 2000; Zhang & Mészaros
2001b; Sari & Esin 2001; MAGIC Collaboration et al. 2019b; Acciari et al. 2021; H. E. S. S. Collaboration et al. 2021,
Zhang et al. 2021). The broad-band spectral energy distribution (SEDs) of these GRBs in the optical, X-ray, and
sub-TeV gamma-ray bands can be roughly modeled with the synchrotron radiations and SSC process of the ultra-
relativistic electrons in the jet (e.g., Wang et al. 2019; Huang et al. 2020; Zhang et al. 2020; Joshi & Razzaque 2021;
Yamasaki & Piran 2022), although the hard VHE gamma-ray spectrum of GRB 190829A challenges the SSC scenario
(H. E. S. S. Collaboration et al. 2021; Sahu et al. 2022; Huang et al. 2023). Detection of VHE gamma-ray afterglow
convincingly indicate strong VHE gamma-ray production within the jet. It was suggested that the cascade emission of
electrons from the e* production process can make a considerable contribution to the early optical and X-ray afterglow
(Huang et al. 2021; Wang et al. 2022). That may be a potential explanation for the observed chromatic behaviors of
the optical and X-ray afterglow lightcurves.

Motivated by the detection of TeV gamma-ray afterglows, we investigate the cascade radiations of the e* production
via the 7 interaction in the Jets. We explore whether the chromatic break and/or plateau observed in the early
optical and X-ray afterglow lightcurves are attributed to the cascade radiation. This Letter is organized as follows.
Section 2 describes our model, then Section 3 presents the numerical results and the cases study for GRBs 050801 and
080310. conclusions and discussion are presented in Section 4.

2. MODELS

Both the synchrotron radiations and SSC process of the primary electron population accelerated within the jet and
the cascade electron population via the e production are considered in our model. The energy distribution of the
primary electrons is taken as a single power-law function dN/dv. o v, P, where 7, is the electron Lorentz factor. The
et production happens via interaction between a seed photon with energy ey and a target photons with an energy
satisfying the condition of €; > I'?(m.c?)?/ €+ in the jet comoving frame. The secondary e* pairs then produce cascade
emission through synchrotron radiation and the inverse-Compton (IC) process. If the opacity of these secondary
photons 7.,, >> 1, they can induce to the next annihilation phase. As a result, the energy of high-energy photons
is redistributed into lower-energy photons, until the opacity of the secondary photons becomes 7,, < 1. That is the
so-called electromagnetic cascade processes. The distribution of the cascaded electron population in a quasi-steady
state within an time interval d¢ can be given by (Huang et al. 2021; Please see original papers Bottcher et al. 2013;
Veres et al. 2017)

NZ(Ye, t + 0t) = N°°(v2,t)

he { LS N Gt 4 61), 10 () < o, "

de N (7o, t + 6t)dt, <0l (v, ) > dt,
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where NCV 7 is the pair production rate, 7 is the electron Lorentz factor at ¢, and t°°! is the electron cooling timescale.
Due to the cooling effect, the Lorentz factor will decrease from ~} to 7. during the time interval §t. This effect is
important and redistributed the energy from high-energy SSC photons to the lower one (Huang et al. 2021). Note
that the pair productions for the high energy photons from both the synchrotron radiations and the SSC process are
taken into account in our model. The Klein-Nishina (KN) effect is also considered (Moderski et al. 2005; Nakar et al.
2009; Wang et al. 2010). The dynamic evolution of the jet is taken as the standard forward shock model (Sari et al.
1998; Huang et al. 1999; Panaitescu & Kumar 2000; Sari & Esin 2001; Gao et al. 2013; Kumar & Zhang 2015).

3. NUMERICAL RESULTS AND CASE STUDY
3.1. Numerical calculation

Following Huang et al. (2021), we adopt a semi-analytical method to calculate the cascade emission of the e*
population. To balance accuracy and efficiency of the numerical calculation, we adopt f,, = 0.9 (Béttcher et al. 2013),
which means that the two electrons produced during the e* production process carry 90 % and 10 % of the energy of
high-energy photons, respectively. In our numerical calculations for Eq. 1, we set the time interval as 6t = (10%°* —1)¢
by dividing the time period of 0.1s—10%s equally into 901 bins in logarithmic space.

We numerically investigate the contributions of the e® cascade emission in three model parameter sets that may
represent a normal GRBs in a typical density medium, a normal GRBs in a dense medium, and an extremely energetic
GRBs in a typical density medium. The extragalactic background light (EBL) absorption effect is taken into account
for calculating the observed high energy photons (Gilmore et al. 2012).

e Normal GRB in a typical density medium: The parameter values are adopted as Ey o = 1 x 102 erg, ng =
1.0cm™3, e, = 0.01, e = 1.0 x 1074, p = 2.4, Ty = 100, 0; =5° and z = 1. The 0.1, 1, and 10 TeV gamma-ray
lightcurves of the primary electrons and the temporal evolution of the gamma-ray photon opacity as a function
are shown in the left panel of Figure 1. One can find that the peak gamma-ray fluxes at ¢ ~ 100 seconds are
lower than 10713 erg ecm™2 s™!. Their opacity is less then 0.1, indicating that they can freely escape out of the
jet. The pair production rate is extremely low and cascade emission is illegible, as shown in the middle and right
panels of Figure 1 for the spectral energy distribution (SED) at ¢ = 100 seconds and the X-ray/optical afterglow
lightcurves of this scenario.

e Normal GRB in a dense medium: This scenario is the same as the above one, but only changes the medium
density to ng = 100.0 cm™3. As shown in Figure 2, the peak flux of 0.1 TeV gamma-ray photons is 5 x 10~
erg cm~2 s7! at ¢t = 15 seconds, and their opacity is < 1 at ¢ < 500 seconds. This indicates that bright
sub-TeV afterglow emission is detectable with current telescopes, such as LHAASO (Large High Air Altitude
Shower Observatory), MAGIC (The Major Atmospheric Gamma-Ray Imaging Cherenkov), H.E.S.S., and CTA
(Cerenkov Telescope Arrays). The opacity of the gamma-ray photons above 1 TeV is larger than 1. This
results in strong e® production and suppression of the escape of these photons. The cascade emission makes a
significant contribution to the early optical and inferred afterglow flux, as shown in the SED at ¢t = 20 seconds.
The combination of the primary emission and cascade emission shape a plateau in the early optical afterglow
lightcurve. Since the cascade emission in the X-ray and is much lower than the primary emission in this scenario,
the X-ray afterglow lightcurve does not show such a plateau.

e Extremely energetic GRB in a typical density medium: This is similar to GRB 221009A like extremely bright
GRB. We adopt the parameter set as F iso = 1 X 10%erg, no = 1.0cm™3, €. = 0.1, eg = 1.0 x 1074, p = 2.4,
I'p = 1000, §; = 5°, and z = 1. The early gamma-ray photons emitted by the primary electron populations are
firstly dominated by the synchrotron radiations then transit to the SSC process dominated phase, as shown in
the middle panel of Figure 3. This makes some complex features at the early stage. In this extreme parameter,
the 0.1 TeV lightcurve at the early stage is contributed by the synchrotron emission, but it is contributed by the
SSC emission component after ~ 10s. The 1 TeV lightcurve at in the early stage is dominated by the synchrotron
radiations, and transits to be dominated by the SSC component at ~ 7s. The lightcurve of the 10 TeV band
is from the SSC emission component. As shown in Figure 3, the 0.1 TeV gamma-rays are transparent and can
freely escape out of the jet. This would be due to the high I'y of the jet. Thus, bright sub-TeV gamma-ray
afterglow should be detectable for such kind of GRBs. The opacity of the gamma-ray photons above 1 TeV is
larger than 1. Strong e* process happens, hence the cascade emission makes great contributions to the early
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optical/X-ray afterglows. The SED at t = 7 seconds shows that observable fluxes below 103 eV and above
10'° eV are dominated by the the cascade emission. This dramatically modifies the shapes of the early optical,
X-ray, and TeV gamma-ray afterglow lightcurves, as shown in the right panel of Figure 3. The cascade X-ray
emission broadens the peak of the early X-ray afterglow lightcurve. The cascade optical afterglows at the early
stage (several thousands post the GRB trigger) is much brighter than that of the primary emission component,
shaping the lightcurves as a bi-peak feature. Therefore, the early optical and X-ray afterglow lightcurves are

dramatically different.
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Figure 1. Temporal evolution of the opacity of 0.1 TeV, 1 TeV , and 10 TeV gamma-ray photons within the afterglow jet (left
panel), the broadband SEDs of afterglows at 100 seconds after the GRB trigger (middle panel), and the theoretical X-ray and
optical lightcurves of the emission primary electron population and cascade emission of the et from the 77 annihilation process
(right panel). The model parameter values used are Ex o = 1 X 10%2 erg, no = 1.0 canS7 €. = 0.01, eg = 1.0 x 10747 p =24,
I'o =100, 6; = 5°, and z = 1. The line styles for different components are marked in each panels.
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Figure 3. The same as Figure 1, but for adopting the parameter values as Ex iso = 1 X 10%% erg, no = 1.0cm ™3, e, = 0.1,
ep =1.0x 107 p =124, Tg = 1000, §; = 5°, and z = 1.
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3.2. Case Study

The above analysis illustrates that the cascade synchrotron emission can make a significant contribution to the fluxes
of the early optical/X-ray afterglows if the jet is in a dense medium or the jet is extremely energetic. They shape
a chromatic break and/or plateau in the early optical/X-ray lightcurves, depending on the jet properties. As case
study, we apply our model to explain the long plateau in the early optical afterglow lightcurves of GRBs 050801 and
080310. Their X-ray afterglow data are observed with the Swift/XRT. They are taken from the Swift Burst Analyzer
(Evans et al. 2010). Their optical data are taken from Li et al. (2015). The optical data are corrected by the extinction
of our Galaxy. The optical/X-ray afterglow lightcurves are shown in Figure 4.

e GRB 050801: Its redshift is z = 1.56. A clear plateau is shown up in its early optical lightcurve. The X-
ray afterglow lightcurve is a single power-law function without detection of a break feature. The slope of the
optical lightcurve post the break is consistent with the X-ray one. We fit the optical and X-ray afterglow
lightcurves with our model. Our fitting results are also shown in Figure 4. The derived model parameters are
By iso = 8.2 x 1052 erg, Ty = 350, p = 2.4, 6; = 5°, ng = 20.0cm ™3, ep = 1.98 x 1074, and €. = 0.04. One can
find that the early optical plateau can be interpreted with the combination of the primary and cascade emission
components.

e GRB 080310: Its a bright GRB at z = 2.4266. It is a typical example that have a long plateau with break
at ~ 3 x 10* seconds in the optical band and at ~ 1 x 103 seconds in the X-ray band afterglow lightcurves.
The decay slopes of its late optical and X-ray lightcurves post the breaks are similar. Since the X-ray plateau
could attribute to the dipole radiations of the new-born magnetar, which serves as the central engine of the
GRB (e.g., Lii et al. 2018), we fit the global optical afterglow lightcurve and late X-ray afterglow post the X-
ray break with our model. Our fitting results are also shown in Figure 4. The derived model parameters are
Eyjso = 1.4 % 10%3erg, Ty = 190, p = 2.4, 0; =5° nyg =10 em™3, eg = 1.25 x 1074, and €. = 0.3. One can find
that the early optical plateau and late optical/X-ray afterglow lightcurves can be represented with our model.
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Figure 4. The observed optical/X-ray lightcurves (dots) of GRB 050801 (left panel) and GRB 080310 (right panel) and the
theoretical fits (solid lines) with our model. The primary and cascade emission components are marked with dotted and dashed
lines, respectively.

4. CONCLUSIONS AND DISCUSSION

Motivating by the detection of VHE gamma-ray afterglows of GRBs, we have present an analysis of the cascade
emission within the GRB jet. Our numerical calculations show that the cascade synchrotron emission can make a
significant contribution to the early optical/X-ray afterglows. The combination of the primary and cascade emission
fluxes can shape a chromatic break and/or plateau in the early optical/X-ray lightcurves, depending on the jet proper-
ties. Applying our model to GRBs 050801 and 080310, we found that their optical plateaus and the late X-ray/optical
lightcurves can be explained with our model in reasonable parameter values.
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In the conventional external shock models, a shallow decay segment or a plateau in early afterglow lightcurves is
regarded as a clear signature of the late energy injection to the afterglow fireball (e.g. Dai & Lu 1998; Zhang et al.
2006). As a dynamic effect, an achromatic break of this segment /plateau is expected to be observed in the optical /X-ray
bands. The detection of chromatic breaks confidently rule out this scenario. Beniamini et al. (2020) suggested that the
plateau can result from off-axis observations to structured jets. As a viewing angle effect, this scenario also predicts an
achromatic onset feature of the optical and X-ray afterglows as the jet expansion before 6, < 1/T", where 6, is the light
of sight to the jet axis. Our model reasonably explains the chromatic optical plateau with the cascade emission within
the jet. Since the cascade emission highly depends on the model parameters, it can make the observed deviation of
the optical and X-ray afterglow lightcurves in confronting with the standard external shock models. The combination
of the primary and cascade emission usually flattens the early optical afterglow lightcurve. This could be a signature
of the strong e® production within the jet. Inspecting the optical/X-ray lightcurves of GRBs with VHE gamma-ray
afterglow detection (MAGIC Collaboration et al. 2019a,b; Abdalla et al. 2019; H. E. S. S. Collaboration et al. 2021),
one can find that their optical afterglow lightcurves are usually a single power-law function without having a clear
shallow decay segment or a plateau. This likely implies that no strong e* production within the jet.

GRB 221009 is the most energetic GRB observed so far (LHAASO Collaboration et al. 2023). Its TeV afterglow
emission was observed and photons with energy up to ~ 10 TeV was detected with the LHAASO telescope (Cao et al.
2023). We apply our model to fit its lightcurves in the TeV, X-ray, and optical band. The optical data are taken
from Kann et al. (2023) and corrected by the extinction of our Galaxy. The simultaneous X-ray data observed with
Swift /XRT are also presented. Asshown in Figure 5, the observed lightcurves in the 0.3—5 TeV, 0.3—10keV, and r band
are well fit with our model in the wind medium scenario. The derived model parameters are Ey jso = 2.82 x 10%° erg,
[y =320, p = 2.4, 6; = 0.8°, A, = 0.022, eg = 1.0 x 107%, and ¢, = 0.2. One can find that our model perfectly
represents the lightcurves. The cascade optical emission dominates the early (¢ < 100 seconds) optical afterglows,
but the X-ray and TeV afterglows are dominated by the primary emission even at the very stage. Comparing the
lightcurves of the cascade emission between the scenarios of the uniform and wind mediums shown in Figure 2 and
Figure 5, one can find they are dramatically different. In the scenario of the uniform medium, the cascade emission at
early of the optical afterglow smoothly decays. Therefore, the early optical observations should be critical for revealing
the cascade emission component and the medium feature. We should note that the feature of the cascade emission
lightcurves is sensitive to the medium properties and the jet parameters (Huang et al. 2021).

® 03-5Tev x10
@ 03-10keV x10°
o r %1072

105+

1077

1079+

10-11f

Flux (erg cm~2s~1)

1013}

-15 L L AN
10 10° 102 104 10° 108

Time after burst (s)

Figure 5. The observed optical/X-ray/TeV lightcurves (dots) of GRB 221009A and the theoretical fits (solid lines) with our
model. The primary and cascade emission components are marked with dotted and dashed lines, respectively. The model
parameter values used are Fj jso = 2.82 X 10%® erg, A. = 0.022, e« = 0.2, eg = 1.0 X 10747 p=24,To =320, §; =0.8°, and
z = 0.1505.
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