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Abstract

We obtained well-sampled optical photometry of GRB 110213A, including Swift/UVOT and XRT. Combining
our data from those of other ground-based telescopes, we present 15 optical multicolor light curves showing similar
shapes with two peaks. In contrast, in the X-ray band, only a single peak is observed between the two optical
peaks. Temporal and spectral analysis of GRB 110213A shows that the X-rays differ from the optical for Phases I–
III (before the second peak of the optical band at ∼5.6 ks). Moreover, they have the same spectral behavior at late
times (Phases IV–VI). These data indicate that the optical and X-ray emission are dominated by different
components. The synchrotron-supported pair cascade emission is included in the standard external forward-shock
model, which is dominated by synchrotron radiation and synchrotron self-Compton (SSC). We find that the optical
bands of GRB 110213A are dominated by the cascade emission from synchrotron radiation + SSC at the early
stage, while the primary synchrotron + SSC radiation dominates the X-ray band. At late stages, both the X-ray and
optical bands are dominated by emission from primary synchrotron + SSC radiation. The cascade component can
reasonably explain the first optical peak. In contrast, the primary synchrotron + SSC emission mainly contributes
to the second peak.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629)

1. Introduction

At electromagnetic wavelengths, gamma-ray bursts (GRBs)
are the most luminous stellar phenomena in the universe.

Owing to observational detectors launched successfully, our
understanding of the origins of GRBs is becoming progres-
sively more profound (e.g., Gehrels et al. 2004; Zhang &
Mészáros 2004; Burrows et al. 2005; Roming et al. 2005;
Atwood et al. 2009; Meegan et al. 2009; Kumar & Zhang 2015;
Wang et al. 2015; Dai et al. 2017; Warren et al. 2017; Zhang
et al. 2018, 2020; Li et al. 2020). One of the most popular
models of GRBs is the standard fireball model (Mészáros 2002;
Piran 2004; Zhang & Mészáros 2004), which proposes that the
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prompt gamma-ray emission can be explained by internal
dissipative processes (Meszaros & Rees 1993; Rees &
Meszaros 1994) and the multiband afterglow is produced by
synchrotron emission from the external shock when the fireball
is decelerated by the ambient medium (Mészáros & Rees 1997;
Sari et al. 1998; Wang et al. 2018; Du et al. 2021).

Recent multiwavelength observations of GRBs have
revealed diverse features of their X-ray and optical afterglow
light curves (e.g., Panaitescu et al. 2006; Zhang et al. 2006;
Panaitescu & Vestrand 2011; Li et al. 2012; Liang et al. 2013).
They found that a mixture of different components accounts for
their diverse light curves. The X-ray light curves appear to have
five temporal components (Zhang et al. 2006): steep decay
Phase I, which is associated with the prompt emission
(Barthelmy et al. 2005; Tagliaferri et al. 2005; Zhang et al.
2007); shallow-decay Phase II, which involves the energy
injection (Nousek et al. 2006; Zhang et al. 2006; Liang et al.
2007; De Pasquale et al. 2016); normal decay Phase III, which
is predicted by the external forward-shock model; post-jet-
break Phase IV, which has a jet-break origin (e.g., Liang et al.
2008; Racusin et al. 2009); and flares V (Burrows et al. 2005;
Fan & Wei 2005; Ioka et al. 2005; Liang et al. 2006; Zhang
et al. 2006; Chincarini et al. 2007; Lazzati & Perna 2007;
Maxham & Zhang 2009; Margutti et al. 2010). Components II,
III, and IV can be interpreted with the external-shock models,
while components I and V need to invoke the internal models.
Li et al. (2012) and Liang et al. (2013) proposed that there are
eight possible emission components in the synthetic light curve:
Ia, prompt optical flares; Ib, an early optical flare from the
reverse shock; II, early shallow-decay segment; III, standard
afterglow component (an onset hump followed by a normal
decay segment); IV, post-jet-break phase; V, optical flares; VI,
rebrightening humps; and VII, late supernova (SN) bumps.
Components II–V can find their counterparts in the canonical
X-ray light curve. Most of the multiwavelength afterglow can
be interpreted in the frame of external-shock models (e.g.,
Kann et al. 2006, 2010, 2011; Nardini et al. 2006; Panaitescu &
Vestrand 2008, 2011; Maselli et al. 2014; Perley et al. 2014;
Wang et al. 2015; Huang et al. 2018; Li et al. 2020). However,
many GRBs require advanced modeling, e.g., long-lasting
reverse shock, structured jets, arbitrary circumburst medium
density profile (e.g., Fan & Piran 2006; Panaitescu et al. 2006;
Huang et al. 2007; Liang et al. 2007, 2008; Kumar et al. 2008;
Nardini et al. 2011; Greiner et al. 2013; Hou et al. 2014;
Melandri et al. 2014; De Pasquale et al. 2015; Laskar et al.
2015; Wang et al. 2015; Xie et al. 2020).

The high-energy photons may be absorbed via the
γγ→ e+e− pair-production process in the synchrotron radia-
tion and synchrotron self-Compton (SSC) of the GRB fireball
model. Furthermore, the secondary e+e− pairs could produce
cascade emission via the synchrotron radiation and SSC
processes (e.g., Moderski et al. 2005; Böttcher et al. 2013;
Veres et al. 2017). The synchrotron-supported cascade has been
used to interpret the physical origins of high-energy astro-
physical objects such as GRBs and blazars (e.g., Pe’er &
Waxman 2005; Aharonian et al. 2008; Zacharopoulou et al.
2011; Böttcher et al. 2013; Yan & Zhang 2015; Gill &
Granot 2018; Huang et al. 2021). Huang et al. (2021) presented
a comparative analysis of the SSC emission of GRB afterglows
in homogeneous and wind environments within the framework
of the forward-shock model. The γγ absorption of very-high-
energy photons owing to pair production within the source and

the Klein–Nishina effect on inverse-Compton (IC) scattering
are considered in their work. They found that the cascade
emission resulting from the absorbed high-energy photons
could be comparable to the synchrotron emission of primary
electrons in the optical band, which may explain the optical and
X-ray afterglow light curves at early times.
GRB 110213A is an interesting GRB, with 15 optical

multiband light curves showing similar shapes having two
peaks. However, only one peak is seen in the X-ray band, and it
occurs between the two peaks in the optical, suggesting that the
optical and X-ray emission are dominated by different
components. Synchrotron-supported pair cascade emission is
included in the standard external forward-shock model to
explain the chromatic behavior of the GRB 110213A
afterglow.
This paper is organized as follows. Our observations and

data reduction are reported in Section 2. Section 3 presents an
analysis of the optical and X-ray data. The modeling method
and results are presented in Section 4. We provide a discussion
and our conclusions in Section 5. Throughout, we adopt a
standard cosmological model with H0= 71 km s−1 Mpc−1,
ΩM= 0.27, and ΩΛ= 0.73. We use the usual power-law
representation of flux density, F(ν)∝ t−αν− β, where α is the
temporal-decay index and β is the spectral index. All
uncertainties are given at 1σ confidence level unless otherwise
stated.

2. Observations and Data Reduction

2.1. Observations

At 05:17:29 on 2011 February 13 (T0; UT dates are used
throughout this paper), the Swift/BAT triggered and located
GRB 110213A (trigger = 445414). We obtained Swift/UVOT
data from T0+ 75.6–342,659 s after the trigger, and Swift/
XRT data from T0+ 82–485,650 s. The BAT light curve shows
a single-peaked structure with T90 (15–350 keV)= 48± 16 s
(estimated uncertainty including systematics). The outburst was
also detected by Konus-Wind (Golenetskii et al. 2011) in the
gamma-ray band. A bright, uncatalogued X-ray afterglow was
promptly identified by Swift/XRT (Burrows et al. 2005) 91.7 s
after the burst. The Swift/UVOT (Roming et al. 2005) revealed
an optical afterglow 100 s after the burst at J2000 location (α,
δ)= (02h51m51 40, 49 16 23. 6+  ¢  ) with a 90% confidence
error radius of 0 61.
ROTSE-IIIb, located at the McDonald Observatory in Texas,

responded to GRB 110213A promptly and confirmed the
optical afterglow (Rujopakarn et al. 2011). The first image
started at 05:17:57, 28 s after the burst (0.7 s after the GCN
notification time). The optical afterglow was observed to
rebrighten dramatically to ∼17.0 mag about 200 s after the
burst. ROTSE-IIIb continued to monitor the afterglow until it
was no longer detectable, ∼1.9 hr after the trigger.
Ground-based optical follow-up observations have also been

performed by different groups with various instruments such as
Lick/KAIT, the Palomar 60 inch telescope, and the Gemini-
North telescope (Cucchiara et al. 2011). We use those data here
along with our own photometry from the following facilities:
0.51 m Global Rent-a-Scope (GRAS) 011 telescope in Mayhill,
New Mexico (Hentunen et al. 2011a); 0.61 m Lightbuckets
rental telescope LB-0001 in Rodeo, New Mexico (Ukwatta
et al. 2011); 1.6 m AZT-33IK telescope at Sayan Solar
Observatory, Mondy (Volnova et al. 2011); 1.25 m AZT-11
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telescope at CrAO (Rumyantsev et al. 2011); 0.356 m
Celestron C14 XLT telescope at Taurus Hill Observatory,
Finland (Hentunen et al. 2011b); and 0.8 m TNT (Xin et al.
2011) at Xinglong Observatory, China (Zheng et al. 2008; Xin
et al. 2010).

The redshift measurement of GRB 110213A (z= 1.4607)
was reported by Milne & Cenko (2011), obtained with the
2.3 m Bok telescope; see also Cucchiara et al. (2011). We adopt
this redshift value in our calculations.

2.2. Data Reduction

The Swift data were processed with the standard HEAsoft
software (version 6.10). The XRT data were further auto-
matically processed by the GRB light-curve repository pipe-
line29 (Evans et al. 2007, 2009, 2010), with the background
subtracted. For the XRT, the windowed timing and photon
counting data were processed separately. Pile-up corrections
were applied if necessary, especially at early times when the
source was very bright.

Swift UVOT observations started 82 s after the trigger, with
9.6 s exposures in v; there appear to be no significant problems
of trailing or cathode voltage ramp-up. The extended point-
spread function of a blue, nearby, V= 16 mag source, which
was an issue once the GRB became faint, was taken into
account by reducing the aperture of the extraction to 3″ and by
positioning the background extraction at the same distance as
the GRB (but at a different position angle). The UVOT data
were summed to a minimum signal-to-noise ratio (S/N) of 2,
keeping the log (t/s) bin size limited to 0.3. The UVOT
magnitudes and fluxes are given in Table 1, where the flux is
determined from the magnitudes using a UVOT GRB spectral
model (Poole et al. 2008; Breeveld et al. 2010, 2011).

For the ground-based optical data, different methods were
used for each instrument. For the ROTSE data, the raw images
were processed using the standard ROTSE software pipeline.
Image coaddition was performed if necessary to obtain a
reasonable S/N (e.g., minimum of 3). Photometry was then
extracted using the method described by Quimby et al. (2006).
Other optical data were processed using standard procedures
provided by IRAF30 software. Differential aperture photometry
was performed with the DAOPHOT package in IRAF.
Reference stars in the R band were calibrated using data from
the USNO B2.0 catalog. Clear(C)-band data were calibrated to
the R band, which generally provides the best match (Li et al.
2003). Our ground-based photometry is listed in Table 2. In
addition, in our analysis, we use all of the GRB 110213A data
published by Cucchiara et al. (2011), except their UVOT
results.

3. Data Analysis

Generally, the GRB afterglow temporal behavior can be fit
with a single power-law function or broken-power-law
functions or multiple broken-power-law function, which have
been widely adopted for fitting afterglow light curves during
both the rising and decay phases and work well in most cases
(e.g., Rykoff et al. 2009; Liang et al. 2010; Wang et al.
2015, 2018). Here, we fit the complicated light curves of GRB
110213A with broken-power-law and multiple broken-power-

law models for X-ray and optical light curves, respectively. The
broken power-law function can be represented as
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Equation (1) can be modified to be
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The fitting results of GRB 110213A afterglow are shown in
Figure 1. The most obvious characteristic of the optical
multiband light curves is that they exhibit an unusual two-peak
profile. The first bump has a rising index αO,1≈−2.46, peaks at
∼213 s, and then decays with index αO,2≈ 0.98. The second
bump has a rising index αO,3≈−1.12, peaks at ∼5.6 ks, and
decays sharply thereafter with index αO,4≈ 1.61. The X-ray
light curve, in contrast, has only a single peak with a rising
index of ∼−0.93, peaking at ∼1.4 ks, and then decaying with
an index ∼1.63. The optical and X-ray light curves exhibit
obvious chromatic effects before ∼5.6 ks, but thereafter they
have similar temporal behavior. These results indicate that the
optical and X-ray emission are dominated by different
components.
To get more information, an analysis of the broadband

spectral energy distribution (SED) must be conducted. The
optical data were corrected for Galactic extinction based on the
burst direction (Schlegel et al. 1998), with AV= 0.127 mag,
AR= 0.102 mag, AI= 0.074 mag, Ag= 0.145 mag, and
Ai= 0.080 mag. We use the Xspec package to fit the spectrum
with an absorbed single power law by fixing the equivalent
hydrogen column density of our Milky Way in the burst
direction as N 3.44 10H

MW 21= ´ cm−2. The extinction law of
the host galaxy was taken to be that of the Small Magellanic
Cloud (RV= 2.93). We obtain an NH value in the host galaxy as
N 3 10H

host 20= ´ cm−2, and fixed at this value in our time-
resolved spectral fits. Noting that since the redshift for the GRB
is z= 1.46, Lyα affects the data in the ultraviolet (UV) bands
of UVOT (uvw2, uvm2, and uvw1); thus, these three bands are
not included in the spectral fitting. The E(B− V ) value from
the Galactic extinction is set to 0.43 mag (Schlegel et al. 1998)
during the fitting.
Spectral fitting was performed using the “Xspec” package

with a single power-law function for the optical and X-ray
afterglows. We subdivided the broadband data into six time
intervals (as marked in Figure 1): T0 + [0.15, 0.3], [0.3, 0.7],
[0.7, 2.0], [2.0, 5.6], [5.6, 30], and [30, 500] ks, which are
respectively recorded as Phases I–VI. Phases I and II cover the

29 http://www.swift.ac.uk/xrt_curves/
30 IRAF is distributed by NOAO, which is operated by AURA, Inc., under a
cooperative agreement with the National Science Foundation (NSF).
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Table 1
Swift/UVOT Photometric Observations of GRB 110213A

T − T0 (s)
a Exp. (s) Mag 1σb Flux (μJy) 1σc Filter T − T0 (s) Exp. (s) Mag 1σb Flux (μJy) 1σc Filter

84.42 2.50 16.79 0.55 7.01e-01 3.42e-01 v 1925.11 9.87 16.21 0.135 1.20e+00 1.48e-01 v
89.28 2.36 16.56 0.50 8.63e-01 3.87e-01 v 2098.02 9.88 16.48 0.159 9.31e-01 1.36e-01 v
644.65 2.27 15.31 0.18 2.73e+00 4.55e-01 v 2272.23 9.88 16.70 0.179 7.62e-01 1.25e-01 v
649.42 2.50 15.50 0.19 2.30e+00 3.87e-01 v 2445.37 9.88 16.46 0.158 9.46e-01 1.37e-01 v
654.42 2.50 16.00 0.25 1.45e+00 3.29e-01 v 2618.84 9.88 16.43 0.153 9.77e-01 1.37e-01 v
659.42 2.50 16.09 0.26 1.33e+00 3.24e-01 v 6782.34 99.89 16.30 0.050 1.10e+00 5.10e-02 v
816.28 0.64 16.58 0.66 8.52e-01 5.13e-01 v 8218.34 99.89 16.51 0.055 9.06e-01 4.59e-02 v
819.42 2.50 16.05 0.25 1.38e+00 3.24e-01 v 24339.37 149.89 18.21 0.132 1.89e-01 2.30e-02 v
824.42 2.50 15.78 0.22 1.77e+00 3.54e-01 v 24644.61 149.89 18.42 0.155 1.55e-01 2.21e-02 v
829.42 2.50 16.44 0.32 9.65e-01 2.83e-01 v 24948.05 149.89 18.23 0.134 1.86e-01 2.29e-02 v
833.66 1.74 16.15 0.32 1.25e+00 3.61e-01 v 42365.24 453.44 19.450 0.158 6.05e-02 8.77e-03 v
1049.49 2.43 15.84 0.23 1.67e+00 3.26e-01 v 53517.77 453.51 20.020 0.248 3.58e-02 8.17e-03 v
1054.42 2.50 16.27 0.28 1.13e+00 2.99e-01 v 111151.25 6093.88 21.06 0.488 1.36e-02 6.14e-03 v
1059.42 2.50 16.22 0.27 1.18e+00 2.98e-01 v 226673.37 69391.31 21.95 0.687 6.06e-03 3.83e-03 v
1064.38 2.46 15.92 0.23 1.55e+00 3.29e-01 v 42365.24 453.44 19.45 0.158 6.05e-02 8.77e-03 v
1231.02 9.88 15.98 0.12 1.47e+00 1.60e-01 v 53517.77 453.51 20.02 0.248 3.58e-02 8.17e-03 v
1404.21 9.88 16.00 0.12 1.45e+00 1.62e-01 v 111151.25 6093.88 21.06 0.488 1.36e-02 6.14e-03 v
1577.01 9.88 16.34 0.15 1.05e+00 1.43e-01 v 226673.37 69391.31 21.95 0.687 6.06e-03 3.83e-03 v
1751.36 9.88 16.32 0.14 1.07e+00 1.43e-01 v L L L L L L L
577.91 9.89 16.12 0.08 1.44e+00 9.41e-02 b 2544.02 9.88 17.10 0.121 5.87e-01 5.87e-02 b
751.10 9.88 16.51 0.09 1.00e+00 7.82e-02 b 6167.10 99.87 16.87 0.044 7.27e-01 2.63e-02 b
1155.35 9.89 16.72 0.10 8.28e-01 6.80e-02 b 7603.08 99.86 17.16 0.044 5.55e-01 2.01e-02 b
1330.02 9.88 16.92 0.11 6.90e-01 6.30e-02 b 13611.98 149.89 17.83 0.053 2.98e-01 1.29e-02 b
1502.83 9.88 16.97 0.11 6.63e-01 6.22e-02 b 13915.54 149.89 17.82 0.052 3.03e-01 1.30e-02 b
1675.97 9.88 16.95 0.11 6.72e-01 6.20e-02 b 14155.17 86.08 17.94 0.071 2.71e-01 1.60e-02 b
1850.84 9.88 17.10 0.12 5.86e-01 5.93e-02 b 31241.06 338.29 19.61 0.102 5.78e-02 4.86e-03 b
2023.49 9.88 17.29 0.14 4.90e-01 5.53e-02 b 131612.00 37125.87 21.87 0.521 7.24e-03 3.12e-03 b
2196.65 9.88 17.11 0.12 5.79e-01 5.87e-02 b 275250.71 89466.84 22.37 0.479 4.55e-03 1.80e-03 b
2371.10 9.85 16.93 0.11 6.85e-01 6.31e-02 b L L L L L L L
314.93 2.50 15.51 0.16 9.04e-01 1.22e-01 u 509.93 2.50 15.27 0.138 1.12e+00 1.33e-01 u
319.93 2.50 15.33 0.15 1.06e+00 1.30e-01 u 514.93 2.50 15.56 0.157 8.59e-01 1.15e-01 u
324.93 2.50 15.30 0.14 1.09e+00 1.33e-01 u 519.93 2.50 15.82 0.180 6.77e-01 1.03e-01 u
329.93 2.50 15.50 0.16 9.10e-01 1.22e-01 u 524.93 2.50 15.57 0.158 8.52e-01 1.15e-01 u
334.93 2.50 15.63 0.17 8.11e-01 1.15e-01 u 529.93 2.50 15.81 0.176 6.84e-01 1.03e-01 u
339.93 2.50 15.53 0.16 8.84e-01 1.21e-01 u 534.93 2.50 15.91 0.187 6.23e-01 9.83e-02 u
344.93 2.50 15.41 0.15 9.93e-01 1.24e-01 u 539.93 2.50 15.73 0.168 7.37e-01 1.04e-01 u
349.93 2.50 15.47 0.15 9.34e-01 1.22e-01 u 544.93 2.50 15.67 0.167 7.77e-01 1.10e-01 u
354.93 2.50 15.66 0.17 7.86e-01 1.15e-01 u 549.93 2.50 15.49 0.152 9.20e-01 1.17e-01 u
359.93 2.50 15.45 0.15 9.50e-01 1.23e-01 u 554.93 2.50 15.94 0.188 6.07e-01 9.75e-02 u
364.93 2.50 15.82 0.19 6.81e-01 1.05e-01 u 559.81 2.38 15.77 0.177 7.13e-01 1.05e-01 u
369.93 2.50 15.94 0.20 6.10e-01 1.02e-01 u 716.89 0.54 16.34 0.482 4.22e-01 1.72e-01 u
374.93 2.50 15.57 0.16 8.58e-01 1.20e-01 u 719.93 2.50 15.99 0.191 5.81e-01 9.31e-02 u
379.93 2.50 15.87 0.19 6.47e-01 1.03e-01 u 724.93 2.50 15.74 0.166 7.33e-01 1.03e-01 u
384.93 2.50 15.70 0.17 7.57e-01 1.09e-01 u 729.93 2.50 16.28 0.217 4.43e-01 8.07e-02 u
389.93 2.50 15.53 0.16 8.88e-01 1.17e-01 u 734.28 1.84 16.11 0.235 5.22e-01 1.04e-01 u
394.93 2.50 15.58 0.16 8.43e-01 1.16e-01 u 1130.55 9.88 16.55 0.124 3.47e-01 3.64e-02 u
399.93 2.50 15.50 0.16 9.10e-01 1.22e-01 u 1305.15 9.88 16.43 0.116 3.88e-01 3.82e-02 u
404.93 2.50 15.46 0.15 9.46e-01 1.23e-01 u 1478.02 9.88 16.92 0.152 2.46e-01 3.17e-02 u
409.93 2.50 15.41 0.15 9.94e-01 1.23e-01 u 1651.11 9.88 16.58 0.125 3.37e-01 3.57e-02 u
414.93 2.50 15.42 0.15 9.83e-01 1.23e-01 u 1825.90 9.89 16.45 0.116 3.81e-01 3.77e-02 u
419.93 2.50 15.57 0.16 8.51e-01 1.17e-01 u 1998.73 9.88 16.64 0.130 3.18e-01 3.51e-02 u
424.93 2.50 15.77 0.18 7.08e-01 1.05e-01 u 2171.61 9.88 16.73 0.136 2.92e-01 3.37e-02 u
429.93 2.50 15.66 0.17 7.89e-01 1.11e-01 u 2346.16 9.88 16.63 0.130 3.20e-01 3.52e-02 u
434.93 2.50 15.61 0.17 8.22e-01 1.15e-01 u 2519.13 9.88 16.49 0.119 3.65e-01 3.69e-02 u
439.93 2.50 15.63 0.17 8.09e-01 1.11e-01 u 5960.94 99.89 16.53 0.052 3.53e-01 1.54e-02 u
444.93 2.50 15.78 0.18 7.04e-01 1.05e-01 u 7397.90 99.88 16.80 0.050 2.75e-01 1.15e-02 u
449.93 2.50 15.57 0.16 8.58e-01 1.16e-01 u 12699.17 149.89 17.36 0.055 1.65e-01 7.70e-03 u
454.93 2.50 15.75 0.17 7.24e-01 1.05e-01 u 13002.76 149.88 17.41 0.056 1.57e-01 7.47e-03 u
459.93 2.50 15.66 0.17 7.89e-01 1.11e-01 u 13306.38 149.88 17.52 0.059 1.41e-01 7.12e-03 u
464.93 2.50 15.60 0.16 8.34e-01 1.11e-01 u 19468.20 149.89 18.36 0.096 6.52e-02 5.33e-03 u
469.93 2.50 15.68 0.17 7.69e-01 1.10e-01 u 19771.70 149.89 18.20 0.086 7.55e-02 5.52e-03 u
474.93 2.50 15.77 0.18 7.09e-01 1.05e-01 u 19973.40 47.93 18.26 0.155 7.19e-02 9.44e-03 u
479.93 2.50 15.56 0.16 8.65e-01 1.16e-01 u 30443.57 453.45 19.08 0.088 3.37e-02 2.50e-03 u
484.93 2.50 15.74 0.17 7.28e-01 1.05e-01 u 37130.66 228.12 19.26 0.130 2.86e-02 3.15e-03 u
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rise and decay of the first peak of the optical multiband light
curves, respectively. Phase III spans the peak of the X-ray
afterglow, while Phases IV and V, respectively, cover the rise
and decay of the second peak. Finally, Phase VI represents the
late-time afterglow, where the X-ray and optical multiband
light curves have the same temporal behavior.

The X-ray spectrum can be well fit with a power-law model;
the results are presented in Figure 2 and Table 3. The

corresponding derived photon indices are 2.08, 1.91, 1.94,
1.79, 2.07, and 2.09 for (respectively) Phases I–VI. One can see
that the spectral indices of the X-ray band are roughly the same,
with no obvious spectral evolution. We extrapolate the fitting
line from the X-rays to the optical bands, also as shown in
Figure 2. Clearly, the X-ray spectrum differs from the optical
for Phases I–III (before the second peak in the optical bands,
∼5.6 ks). They have the same (achromatic) spectral behaviors

Table 1
(Continued)

T − T0 (s)
a Exp. (s) Mag 1σb Flux (μJy) 1σc Filter T − T0 (s) Exp. (s) Mag 1σb Flux (μJy) 1σc Filter

489.93 2.50 15.46 0.15 9.42e-01 1.21e-01 u 48553.35 363.01 19.65 0.136 1.99e-02 2.30e-03 u
494.93 2.50 15.70 0.17 7.56e-01 1.08e-01 u 102238.79 8665.93 21.45 0.373 3.79e-03 1.20e-03 u
499.93 2.50 15.61 0.16 8.26e-01 1.11e-01 u 226073.88 69328.20 22.65 0.907 1.25e-03 9.67e-04 u
504.93 2.50 15.91 0.19 6.26e-01 9.89e-02 u L L L L L L L
102.83 2.50 17.69 0.31 1.63e-01 3.38e-02 white 242.83 2.50 16.10 0.107 7.07e-01 5.03e-02 white
107.83 2.50 17.76 0.32 1.52e-01 3.26e-02 white 247.72 2.38 15.92 0.101 8.31e-01 5.64e-02 white
112.83 2.50 17.64 0.30 1.71e-01 3.45e-02 white 593.84 1.50 16.16 0.126 6.69e-01 5.66e-02 white
117.83 2.50 17.33 0.23 2.27e-01 3.48e-02 white 597.83 2.50 16.20 0.100 6.41e-01 4.31e-02 white
122.83 2.50 17.57 0.28 1.82e-01 3.44e-02 white 602.83 2.50 16.21 0.100 6.35e-01 4.24e-02 white
127.83 2.50 17.16 0.21 2.65e-01 3.78e-02 white 607.83 2.50 16.24 0.101 6.19e-01 4.21e-02 white
132.83 2.50 17.02 0.19 3.01e-01 3.88e-02 white 611.22 0.88 16.31 0.175 5.83e-01 6.84e-02 white
137.83 2.50 16.92 0.18 3.30e-01 3.90e-02 white 768.02 2.32 16.37 0.109 5.51e-01 4.01e-02 white
142.83 2.50 16.56 0.14 4.63e-01 4.35e-02 white 772.83 2.50 16.50 0.111 4.89e-01 3.67e-02 white
147.83 2.50 16.62 0.15 4.38e-01 4.30e-02 white 777.83 2.50 16.52 0.112 4.77e-01 3.58e-02 white
152.83 2.50 16.60 0.15 4.44e-01 4.36e-02 white 782.83 2.50 16.23 0.099 6.27e-01 4.14e-02 white
157.83 2.50 16.55 0.14 4.67e-01 4.36e-02 white 1170.08 0.26 16.89 0.404 3.41e-01 9.24e-02 white
162.83 2.50 16.52 0.14 4.80e-01 4.53e-02 white 1172.83 2.50 16.77 0.122 3.78e-01 3.07e-02 white
167.83 2.50 16.35 0.13 5.58e-01 4.68e-02 white 1177.83 2.50 16.64 0.113 4.29e-01 3.26e-02 white
172.83 2.50 16.37 0.13 5.52e-01 4.67e-02 white 1182.83 2.50 16.63 0.114 4.32e-01 3.29e-02 white
177.83 2.50 16.35 0.13 5.61e-01 4.78e-02 white 1187.45 2.12 16.64 0.123 4.30e-01 3.51e-02 white
182.83 2.50 16.31 0.12 5.83e-01 4.76e-02 white 1354.44 9.87 16.77 0.064 3.79e-01 1.62e-02 white
187.83 2.50 16.30 0.12 5.86e-01 4.77e-02 white 1527.24 9.88 16.88 0.067 3.43e-01 1.54e-02 white
192.83 2.50 16.07 0.11 7.27e-01 5.22e-02 white 1700.34 9.88 16.87 0.066 3.46e-01 1.53e-02 white
197.83 2.50 16.19 0.11 6.50e-01 4.99e-02 white 1875.25 9.88 17.05 0.072 2.93e-01 1.42e-02 white
202.83 2.50 16.27 0.12 6.03e-01 4.86e-02 white 2048.16 9.88 16.94 0.068 3.26e-01 1.49e-02 white
207.83 2.50 16.18 0.11 6.53e-01 4.98e-02 white 2221.24 9.88 16.90 0.067 3.36e-01 1.51e-02 white
212.83 2.50 16.13 0.11 6.84e-01 5.11e-02 white 2395.50 9.88 16.95 0.069 3.23e-01 1.48e-02 white
217.83 2.50 16.16 0.11 6.64e-01 5.08e-02 white 2568.95 9.88 16.94 0.068 3.24e-01 1.48e-02 white
222.83 2.50 16.04 0.11 7.45e-01 5.18e-02 white 6371.81 99.89 16.88 0.029 3.44e-01 6.81e-03 white
227.83 2.50 16.19 0.11 6.50e-01 4.91e-02 white 7807.90 99.89 17.06 0.029 2.92e-01 5.74e-03 white
232.69 2.35 16.09 0.11 7.09e-01 5.30e-02 white 183368.82 26266.40 22.47 0.455 1.99e-03 6.10e-04 white
238.02 2.31 16.04 0.11 7.42e-01 5.42e-02 white 342658.85 98663.58 23.78 0.736 5.99e-04 2.96e-04 white

701.88 9.89 16.46 0.18 2.28e-01 3.97e-02 uvw1 12091.65 449.88 18.29 0.081 4.24e-02 3.40e-03 uvw1
1193.53 97.18 17.24 0.18 1.11e-01 1.99e-02 uvw1 18861.90 449.89 19.56 0.141 1.31e-02 1.84e-03 uvw1
1540.12 96.49 17.59 0.22 8.07e-02 1.75e-02 uvw1 29533.79 449.87 20.22 0.231 7.15e-03 1.63e-03 uvw1
1887.55 96.77 17.24 0.18 1.11e-01 2.00e-02 uvw1 36446.23 449.89 20.00 0.183 8.72e-03 1.58e-03 uvw1
2320.90 183.67 17.50 0.19 8.73e-02 1.64e-02 uvw1 47733.75 449.89 21.33 0.525 2.56e-03 1.33e-03 uvw1
2668.12 9.88 17.32 0.26 1.03e-01 2.67e-02 uvw1 136705.75 44039.05 22.64 0.817 7.73e-04 6.26e-04 uvw1
7192.24 99.89 17.78 0.11 6.78e-02 7.64e-03 uvw1 L L L L L L L
676.82 9.88 18.25 0.54 3.87e-02 1.70e-02 uvm2 6987.14 99.89 18.40 0.184 3.40e-02 5.09e-03 uvm2
850.01 9.88 17.88 0.43 5.45e-02 1.90e-02 uvm2 8392.73 69.23 18.67 0.255 2.65e-02 5.50e-03 uvm2
1081.38 9.88 18.22 0.53 4.00e-02 1.73e-02 uvm2 17954.54 449.88 20.78 0.357 3.78e-03 1.09e-03 uvm2
1689.10 270.34 19.02 0.40 1.91e-02 6.07e-03 uvm2 36189.96 11086.95 22.19 0.635 1.02e-03 5.31e-04 uvm2
2296.13 183.73 18.91 0.45 2.11e-02 7.70e-03 uvm2 L L L L L L L
627.69 9.89 17.96 0.37 4.99e-02 1.65e-02 uvw2 2421.12 183.10 19.26 0.442 1.50e-02 5.92e-03 uvw2
801.03 9.88 18.40 0.46 3.32e-02 1.35e-02 uvw2 6577.60 99.89 18.76 0.184 2.39e-02 3.92e-03 uvw2
1119.65 96.97 19.10 0.47 1.74e-02 7.22e-03 uvw2 8013.69 99.89 19.27 0.240 1.49e-02 3.20e-03 uvw2
1726.58 356.72 19.78 0.47 9.34e-03 3.90e-03 uvw2 52607.15 449.88 21.65 0.644 1.67e-03 9.62e-04 uvw2

Notes.
a T − T0 is the midpoint of each observation. The reference time T0 is the Swift/BAT burst trigger time.
b 1σ is the uncertainty in the magnitude.
c 1σ is the uncertainty in the flux.
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Table 2
Ground-based Telescope Photometry of GRB 110213A

T − T0 (s)
a Exp. (s) Mag 1σb Filter T − T0 (s) Exp (s) 1σb Error Filter

ROTSE-IIIb
75.60 2.59 16.78 0.15 C 3068.32 10.37 16.03 0.07 C
86.83 2.59 17.12 0.21 C 3097.18 10.37 16.44 0.11 C
98.24 2.59 16.46 0.09 C 3154.90 10.37 16.32 0.11 C
109.64 2.59 16.26 0.13 C 3183.75 10.37 15.95 0.11 C
121.05 2.59 16.19 0.12 C 3198.79 140.83 16.09 0.04 C
153.79 10.37 15.41 0.04 C 3213.04 10.37 16.16 0.11 C
182.74 10.37 15.37 0.05 C 3241.90 10.37 16.03 0.10 C
211.68 10.37 15.02 0.02 C 3270.76 10.37 16.18 0.08 C
240.97 10.37 14.96 0.02 C 3329.25 10.37 16.07 0.10 C
269.65 10.37 14.95 0.03 C 3357.94 10.37 15.93 0.07 C
298.43 10.37 14.89 0.04 C 3387.40 10.37 16.02 0.07 C
327.97 10.37 14.94 0.03 C 3416.17 10.37 15.85 0.07 C
356.66 10.37 15.02 0.04 C 3445.03 10.37 16.32 0.12 C
385.86 10.37 15.00 0.03 C 3473.80 10.37 15.87 0.06 C
415.24 10.37 15.06 0.04 C 3488.31 139.97 15.91 0.03 C
444.70 10.37 15.12 0.03 C 3502.48 10.37 16.25 0.08 C
473.73 10.37 15.12 0.04 C 3531.77 10.37 15.75 0.06 C
502.85 10.37 15.17 0.04 C 3561.06 10.37 15.77 0.07 C
531.53 10.37 15.20 0.04 C 3618.69 10.37 16.05 0.09 C
561.08 10.37 15.38 0.05 C 3647.64 10.37 15.84 0.09 C
589.85 10.37 15.34 0.04 C 3676.67 10.37 16.00 0.10 C
618.54 10.37 15.42 0.04 C 3705.44 10.37 16.09 0.09 C
648.09 10.37 15.26 0.05 C 3785.36 147.74 16.13 0.05 C
677.29 10.37 15.46 0.05 C 3796.07 10.37 16.00 0.11 C
705.97 10.37 15.45 0.03 C 3827.87 10.37 15.97 0.09 C
734.75 10.37 15.44 0.04 C 3859.49 10.37 16.24 0.11 C
763.86 10.37 15.40 0.04 C 3891.54 10.37 16.40 0.15 C
793.33 10.37 15.75 0.09 C 3923.08 10.37 16.07 0.10 C
850.87 10.37 15.65 0.04 C 3954.87 10.37 16.24 0.11 C
865.47 140.83 15.62 0.02 C 3986.58 10.37 16.39 0.09 C
879.90 10.37 15.65 0.05 C 4018.03 10.37 16.29 0.09 C
908.84 10.37 15.50 0.04 C 4050.26 10.37 15.74 0.07 C
937.87 10.37 15.69 0.05 C 4081.88 10.37 15.85 0.06 C
966.99 10.37 15.82 0.08 C 4098.04 152.93 16.03 0.04 C
996.19 10.37 15.80 0.04 C 4113.76 10.37 16.07 0.10 C
1025.48 10.37 15.71 0.04 C 4145.39 10.37 16.11 0.11 C
1054.25 10.37 15.75 0.05 C 4177.35 10.37 15.93 0.09 C
1083.46 10.37 15.80 0.05 C 4209.06 10.37 15.89 0.10 C
1112.23 10.37 15.73 0.04 C 4241.29 10.37 16.41 0.14 C
1141.17 10.37 15.70 0.04 C 4273.43 10.37 15.82 0.08 C
1155.77 139.97 15.80 0.02 C 4305.23 10.37 15.96 0.08 C
1170.29 10.37 15.90 0.09 C 4337.45 10.37 15.85 0.08 C
1198.97 10.37 16.05 0.07 C 4369.25 10.37 15.81 0.07 C
1228.35 10.37 15.80 0.05 C 4400.96 10.37 15.65 0.05 C
1257.29 10.37 15.89 0.06 C 4417.29 153.79 15.81 0.03 C
1286.06 10.37 15.78 0.08 C 4433.36 10.37 15.69 0.09 C
1314.75 10.37 16.00 0.08 C 4465.07 10.37 15.51 0.07 C
1344.04 10.37 16.14 0.10 C 4497.12 10.37 16.26 0.12 C
1373.16 10.37 16.07 0.06 C 4529.00 10.37 15.78 0.05 C
1402.27 10.37 16.13 0.11 C 4561.14 10.37 15.78 0.08 C
1431.30 10.37 16.13 0.05 C 4592.94 10.37 15.83 0.08 C
1445.47 140.83 16.06 0.03 C 4625.08 10.37 15.93 0.12 C
1460.16 10.37 16.13 0.07 C 4656.96 10.37 15.82 0.07 C
1489.54 10.37 16.07 0.05 C 4689.27 10.37 15.95 0.07 C
1547.42 10.37 16.16 0.05 C 4721.07 10.37 15.97 0.09 C
1576.28 10.37 16.14 0.10 C 4736.36 153.79 15.82 0.03 C
1605.05 10.37 16.38 0.07 C 4752.78 10.37 15.92 0.06 C
1634.00 10.37 16.26 0.10 C 4784.23 10.37 15.73 0.06 C
1663.20 10.37 16.24 0.10 C 4816.28 10.37 15.78 0.07 C
1692.49 10.37 16.32 0.12 C 4847.99 10.37 15.80 0.06 C
1721.95 10.37 16.44 0.11 C 4879.79 10.37 15.85 0.06 C
1735.95 140.83 16.25 0.04 C 4911.75 10.37 15.70 0.07 C
1750.64 10.37 15.91 0.07 C 4943.55 10.37 15.71 0.07 C
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Table 2
(Continued)

T − T0 (s)
a Exp. (s) Mag 1σb Filter T − T0 (s) Exp (s) 1σb Error Filter

1779.32 10.37 16.32 0.09 C 4975.43 10.37 15.70 0.09 C
1837.38 10.37 16.13 0.07 C 5007.57 10.37 15.63 0.08 C
1866.84 10.37 16.12 0.06 C 5039.63 10.37 15.76 0.05 C
2198.53 10.37 16.37 0.07 C 5055.09 152.93 15.76 0.04 C
2227.74 10.37 16.17 0.07 C 5071.25 10.37 15.78 0.07 C
2257.20 10.37 16.57 0.16 C 5102.87 10.37 16.08 0.09 C
2285.97 10.37 16.26 0.12 C 5135.10 10.37 15.76 0.06 C
2314.74 10.37 16.63 0.15 C 5166.63 10.37 15.84 0.10 C
2329.43 140.83 16.27 0.04 C 5198.34 10.37 15.81 0.07 C
2343.60 10.37 16.22 0.08 C 5230.48 10.37 16.01 0.10 C
2372.63 10.37 16.40 0.13 C 5262.19 10.37 15.52 0.07 C
2401.92 10.37 15.91 0.05 C 5262.19 41.47 15.80 0.06 C
2431.12 10.37 16.29 0.10 C 5293.99 10.37 15.82 0.08 C
2460.33 10.37 16.47 0.14 C 5524.24 10.37 15.91 0.15 C
2489.70 10.37 16.11 0.08 C 5696.01 152.93 15.68 0.06 C
2518.47 10.37 15.94 0.07 C 5774.63 10.37 15.72 0.09 C
2547.50 10.37 16.09 0.04 C 5839.00 10.37 15.89 0.08 C
2576.19 10.37 16.24 0.08 C 5870.88 10.37 15.65 0.08 C
2604.96 10.37 16.46 0.08 C 5967.04 10.37 16.13 0.11 C
2619.65 139.97 16.07 0.02 C 5998.75 10.37 15.68 0.10 C
2633.73 10.37 16.03 0.05 C 6015.08 154.66 15.75 0.04 C
2662.50 10.37 16.01 0.08 C 6063.03 10.37 15.69 0.11 C
2691.88 10.37 16.26 0.08 C 6127.66 10.37 15.73 0.12 C
2720.74 10.37 16.00 0.07 C 6318.95 10.37 15.99 0.12 C
2749.59 10.37 16.07 0.07 C 6335.37 153.79 15.81 0.04 C
2778.62 10.37 16.30 0.08 C 6383.06 10.37 15.98 0.14 C
2807.65 10.37 15.85 0.06 C 6415.55 10.37 15.96 0.12 C
2836.43 10.37 16.13 0.07 C 6511.54 10.37 15.67 0.09 C
2865.28 10.37 16.05 0.06 C 6543.24 10.37 15.75 0.10 C
2894.14 10.37 16.04 0.09 C 6638.20 10.37 16.07 0.11 C
2908.83 139.97 16.09 0.04 C 6654.27 152.93 15.95 0.05 C
2923.69 10.37 16.31 0.09 C 6669.99 10.37 15.89 0.08 C
2952.46 10.37 16.16 0.09 C 6701.53 10.37 15.78 0.10 C
2981.15 10.37 16.07 0.08 C 6733.58 10.37 16.21 0.13 C
3010.26 10.37 15.99 0.06 C 6797.00 10.37 16.10 0.14 C
3039.03 10.37 16.14 0.07 C L L L L L

TNT
34,185.0 300.00 18.31 0.11 R 37,368.0 300.00 18.48 0.09 R
34,824.0 300.00 18.33 0.07 R 38,005.0 300.00 18.67 0.09 R
35,460.0 300.00 18.58 0.09 R 107,777.0 1800.00 20.56 0.13 R
36,096.0 300.00 18.66 0.13 R 194,435.0 1500.00 >20.39 L R
36,732.0 300.00 18.61 0.09 R 368,627.0 2850.00 >20.56 L R

Lightbuckets
975.0 30.00 15.74 0.02 R 1224.0 30.00 15.93 0.02 R
1099.0 30.00 15.84 0.02 R 1384.0 30.00 16.01 0.02 R

Celestron C14 XLT
43,563.0 600.00 18.87 0.11 C 45,604.0 600.00 19.07 0.13 R
44,185.0 600.00 18.85 0.10 C 46,232.0 600.00 19.13 0.12 R
44,806.0 600.00 18.90 0.10 C 46,919.0 600.00 19.30 0.16 R

GRAS
1643.0 300.00 16.01 0.03 C 3128.0 300.00 16.18 0.10 R
2306.0 300.00 16.22 0.05 C L L L L L

AZT-33IK
22,075.2 240.00 18.00 0.06 R 25,870.8 240.00 18.13 0.05 R
22,451.0 240.00 18.13 0.05 R 26,113.5 240.00 18.17 0.04 R
22,694.7 240.00 18.09 0.05 R 26,357.2 240.00 18.16 0.06 R
22,937.5 240.00 18.13 0.05 R 26,600.0 240.00 18.14 0.06 R
23,180.3 240.00 18.11 0.05 R 26,842.8 240.00 18.15 0.06 R
23,440.3 240.00 18.14 0.05 R 27,096.8 240.00 18.18 0.06 R
23,684.0 240.00 18.12 0.05 R 27,339.6 240.00 18.18 0.06 R
23,926.8 240.00 18.12 0.06 R 27,583.2 240.00 18.12 0.06 R
24,169.5 240.00 18.11 0.04 R 27,923.6 240.00 18.10 0.06 R
24,412.3 240.00 18.09 0.04 R 28,166.4 240.00 18.22 0.07 R
24,656.0 240.00 18.18 0.05 R 28,409.2 240.00 18.04 0.08 R
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in the late-time afterglow (after ∼5.6 ks, Phases IV–VI).
Cucchiara et al. (2011) presented an energy-injection model to
explain the second optical peak, but it cannot sufficiently
explain the X-ray emission since no clear X-ray rebrightening
was observed at the same phase. Here, we try a different model.

Combining the results of our temporal analysis and spectral
analysis, we use the closure relation (α–β) of the fireball
external-shock model (e.g., Sari et al. 1998; Zhang et al. 2006;
Gao et al. 2013; Wang et al. 2015) to test the late-time
afterglow (after ∼5.6 ks, Phases IV–VI) of GRB 110213A.
Here, β is adopted as the average from the late-time afterglow
(Phase IV–VI), with β= Γ− 1≈ 1.1. The temporal results
illustrate that Δα= αO,4− αX,2≈ 0. Assuming the GRB
110213A multiwavelength data are located in the same spectral

regime e.g., νm< νO< νX< νc, where νm and νc are (respec-
tively) the minimum injection frequency and cooling frequency
for synchrotron radiation, and νO and νX are (respectively) the
optical frequency and the X-ray frequency; and the circumburst
medium is just the interstellar medium (ISM). One can see that
the both X-ray and optical band can be satisfied well with the
αO,4≈ αX,2= 3β/2≈ 1.65.

Table 2
(Continued)

T − T0 (s)
a Exp. (s) Mag 1σb Filter T − T0 (s) Exp (s) 1σb Error Filter

24,898.8 240.00 18.14 0.04 R 28,652.8 240.00 18.17 0.08 R
25,141.5 240.00 18.14 0.04 R 28,895.6 240.00 18.25 0.13 R
25,385.2 240.00 18.12 0.04 R 198,490.0 3600.00 21.18 0.12 R
25,628.0 240.00 18.13 0.04 R L L L L L

AZT-11
139,063.00 3600.00 >19.90 L R L L L L L

Notes.
a T − T0 is the midpoint of each observation. The reference time T0 is the Swift/BAT burst trigger time.
b 1σ is the uncertainty in the magnitude.

Figure 1. X-ray and 15 optical light curves of GRB 110213A, and our
empirical fit with multiple broken-power laws for the multiwavelength
afterglow. The vertical dashed lines mark the phases of interest for the
afterglow spectral analysis. Some data are taken from Cucchiara et al. (2011).

Figure 2. SED analysis of GRB 110213A. The dashed lines show the intrinsic
power-law spectra derived from X-ray afterglow. The photon indices are also
marked.

Table 3
Spectral Analysis of Afterglow

Phase Interval (ks) Γ χ2/dof

I 0.15–0.3 2.08 ± 0.24 1.38
II 0.3–7 1.91 ± 0.10 1.65
III 0.7–2 1.94 ± 0.06 1.07
IV 2–6 1.79 ± 0.09 1.19
V 6–30 2.07 ± 0.03 1.44
VI 30–500 2.09 ± 0.08 1.36
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4. Theoretical Analysis

4.1. Model

In the framework of the standard dynamic evolution
forward-shock model for GRB afterglows (Sari et al. 1998;
Huang et al. 1999), we employ the electromagnetic cascade
emission of the absorbed teraelectronvolt photons introduced
by Huang et al. (2021). The afterglow emission is dominated
by synchrotron radiation and the SSC process (e.g., Sari et al.
1998; Sari & Esin 2001; Zhang & Mészáros 2001; Gao et al.
2013; Kumar & Zhang 2015). The Klein–Nishina (KN) effect
must be included for the high-energy photons in GRB
afterglows (Nakar et al. 2009; Wang et al. 2010; Huang et al.
2021). Cucchiara et al. (2011) suggested that the behavior of
the GRB 110213A afterglow is consistent with the slow-
cooling regime in a homogeneous medium. In this paper, we
give the modified electron distribution in the slow-cooling
regime, which can be written as (e.g., Nakar et al. 2009; Wang
et al. 2010)

N
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, .

4e

e
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e
c e
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c e
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g g g g
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g g g g
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The distribution of the radiating electrons decays as
dN d e

pg gµ - , where γe is the electron Lorentz factor and p
is the electron spectral index, γm is the minimum injection
electron Lorentz factor, γc is the cooling Lorentz factor, and C
is a constant. Y(γe) is the Compton parameter, which depends
on the energy of the electrons γe and is given by

Y
U

U
, 5e

e

B

syn KN( )
[ ( )]

( )g
n n g

=
<

where νKN is the photon frequency above which the scattering
with electrons of energy γe begins to enter the KN scattering
phase, Usyn[ν< νKN(γe)] is the synchrotron photon energy
density of frequency less than νKN, and UB is the energy
density of the magnetic field.

For a relativistic astrophysical process, two photons will
annihilate when h h m ce1 2

2 2 2( )n n G in the source. Then the
secondary e± pairs can produce cascade emission via
synchrotron radiation and the IC process. If the opacity
τγγ? 1, these secondary photons cannot escape the source and
proceed to the next phase of two-photon annihilation. This
process progresses until the opacity of the secondary photons
becomes τγγ< 1, at which point the photons can escape from
the source. During these processes, the energy of primary SSC
high-energy photons will be redistributed to lower-energy
photons, increasing their number.

The parameters of our model include the isotropic kinetic
energy EK,iso, the initial Lorentz factor Γ0, the fraction of shock
energy to electron energy òe, the fraction of shock energy to
magnetic field energy òB, the jet opening angle θj, and the
density profile of the circumburst medium n(r)∝ r− k. As an
example, Figure 3 shows the opacity of a photon (afterglow
phase) with an energy of 1 TeV as a function of time. For
parameter values EK,iso= 5.01× 1053 erg, Γ0= 120, òe= 0.25,
òB= 6.5× 10−4, n= 0.27 cm−3, θj= 0.32 rad and k= 1.0, the
opacity exceeds 1 for tens to hundreds of seconds; thereafter, it
is <1. This result corresponds to Figure 4; the cascade
component can well explain the first optical peak.

We adopt an efficient semianalytical method to calculate the
cascade radiation (Böttcher et al. 2013; Huang et al. 2021). In
addition, we provide a meaningful constraint on the parameters
by using the data-fitting code “emcee” (Foreman-Mackey et al.
2013), which is widely used based on Markov chain Monte

Figure 3. Opacity of photon (afterglow phase) with energy 1 TeV in the source
as a function of time. The green line represents the case of our parameters (EK,

iso = 5.01 × 1053 erg, Γ0 = 120, òe = 0.25, òB = 6.5 × 10−4, n = 0.27 cm−3,
θj = 0.32 rad, and k = 1.0). The gray horizontal dashed line represents τγγ = 1.

Figure 4. Modeling the multiwavelength light curves with an external-shock
model by cascade emission. The synchrotron + SSC and cascade emission are
represented with dotted and dotted–dashed lines, respectively. The best-fitting
model parameters are E 5.01 10K,iso 3.43

4.54 53= ´-
+ erg, 1200 16

21G = -
+ ,

0.25e 0.05
0.04= -

+ , 6.5 10B 2.6
8.0 4= ´-

+ - , n 0.27 0.08
0.19= -

+ cm−3, 0.32j 0.20
0.26q = -

+ rad,
and k 1.0 0.3

0.3= -
+ .
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Carlo (MCMC) simulations. One can denote the injection rate
of first-generation high-energy photons (produced from
synchrotron radiation and SSC) as N

0
 , production rates of

secondary high-energy photons (from synchrotron emission
and the IC process) as N

sec
 , and the optical depth for γγ

absorption as τγγ(ò). The spectrum of escaping (observable)
photons (N esc

 ) can then be described as (Böttcher et al. 2013;
Huang et al. 2021)

N N N
e1

. 6
esc 0 sec

⎜ ⎟
⎛
⎝

⎞
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( )
( )

( )
( )

  
t

= +
- t

gg

- gg


  



When the opacity τγγ(ò)? 1, the photons cannot escape
from the source, and the electron/positron pairs are produced
due to γγ absorption. Assuming the energy of a high-energy
photon is ò, the produced electron-positron pair has energies

f1 e
g = g  and f12 e

( )g = - g  (here the major fraction of
photon energy is f

eg
). The pair-production rates can be written

as (Böttcher et al. 2013; Veres et al. 2017; Huang et al. 2021)

N f N N f N N , 7ee abs 1
0 sec

abs 2
0 sec

1 1 2 2
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where fe1
e

g= g and f1e2
e

( )g= - g . The parameter f
eg
is

found to be 0.9 for the cascade problem (Böttcher et al. 2013;
Huang et al. 2021). The absorption factor fabs(ò) is defined as

f
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One can calculate the electron energy loss due to
synchrotron radiation and the SSC process following (Huang
et al. 2021),

c

m c
U U f
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3
, 9e

e
e e

T
2

2
B syn KN[ ( )] ( )g s

g g= +

where me is the electron mass, σT is the Thomson scattering
cross section, c is the speed of light, and fKN(γe) is the KN
effect correction factor,

f f u d U , 10eKN
,min

,max

KN syn( ) ( ) ( ) ( )òg k=  




where u(ò) is the energy distribution of the synchrotron photons
and κ= 4γeò. When κ= 1 (Thomson limit), we have
fKN(κ)≈ 1, while f 9 2 ln 11 6KN

2( ) ( )[ ( )]k k k» - for
κ? 1 (KN limit) (Moderski et al. 2005). Note that κ= 1
corresponds to the transition between the Thomson and KN
scattering regimes.

In our emcee (Foreman-Mackey et al. 2013) process, we take
time slices in logarithmic space that are sufficiently small
[δt= (100.01− 1)t] for accurate calculation. When the electron
cooling timescale te e

cool ( )g is less than the time interval δt, the
electron distribution can be described as (Huang et al. 2021)
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where e
*g is the electron Lorentz factor at time t, and it will

decrease to γe in time interval δt because of the cooling effect.
For another situation, t te e

cool ( )g d> , the electron distribution

can be described as
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4.2. Results

The spectral regimes are assumed to be located in
νm< νO< νX< νc and we fix the electron spectral index
p= 2β+ 1= 3.2. The preliminary parameters are set in the
ranges EK,iso ä [0.01, 103]× 1053 erg, Γ0ä [80, 180],
òe ä [0.01, 0.60], òB ä [1.0, 100.0]× 10−4, n ä [0.01, 1.00]
cm−3, θj ä [0.01, 1.00] rad, and k ä [0, 2.0].
A set of optimum parameters was obtained through our

MCMC, with E 5.01 10K,iso 3.43
4.54 53= ´-

+ erg, 1200 16
21G = -

+ ,
0.25e 0.05

0.04= -
+ , 6.5 10B 2.6

8.0 4= ´-
+ - , n 0.27 0.08

0.19= -
+ cm−3,

0.32j 0.20
0.26q = -

+ rad, and k 1.0 0.3
0.3= -

+ ; the fitting results are
shown in Figure 4. Figure 5 shows the parameter corner plot of
the fitting for GRB 110213A. The fitting parameters are
consistent with the statistical properties of a large sample of
GRBs (e.g., Wang et al. 2015). Since we cannot strictly
constrain the jet opening angle through the jet-break feature,
the lower limit θj� 0.32 rad is given.
We find that the chromatic light curve between the X-ray and

optical bands can be well described by including a cascade
emission. To investigate how the cascade emission contributes
to the afterglow of GRB 110213A, we illustrate the broadband
SEDs of the afterglows in the early stages (t= 100, 300, and
1000 s) and late stages (t= 10 hr) with the best-fitting
parameters EK,iso= 5.01× 1053 erg, Γ0= 120, òe= 0.25,
òB= 6.5× 10−4, n= 0.27 cm−3, θj= 0.32 rad, and k= 1.0.
As shown in Figure 6, the cascade emission converts
teraelectronvolt photons to optical (∼1 eV) photons efficiently,
rather than the X-ray photons (∼1 keV). One can see that the
optical band is dominated by the cascade emission from
synchrotron radiation at early phases, while the primary
synchrotron + SSC radiation dominates the X-ray band. For
the late stage, both the X-ray and optical bands are dominated
by the emission from primary synchrotron + SSC radiation.
The combined effects are shown in the light curves of
GRB 110213A (as shown in Figure 4). The cascade component
can well explain the first optical peak, while the primary
synchrotron + SSC emission mainly contributes to the
second one.
The GRB radiative efficiency, defined (Lloyd-Ronning &

Zhang 2004) as ηγ= Eγ,iso/(Eγ,iso+ EK,iso), is an essential
parameter to probe how efficiently a burst converts its global
energy to prompt gamma-ray emission. The Eγ,iso of
GRB 110213A is 7.2 100.08

0.1 52´-
+ erg at z= 1.46 (Cucchiara

et al. 2011). We find that the value of ηγ for GRB 110213A is
12.6 5.5

9.6
-
+ %, consistent with previous results (Zhang et al. 2007;

Wang et al. 2015; Zhong et al. 2016).

5. Conclusion and Discussion

We report our well-sampled optical photometric observa-
tions of the afterglow of GRB 110213A, and we investigate the
physical origins of both the optical and X-ray afterglows.
Combining our data with those from the other ground-based

telescopes (Cucchiara et al. 2011), we present 15 optical
multiband light curves. They exhibit similar shapes with two
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bumps (one peaking at ∼213 s, the other at ∼5.6 ks). In the
X-ray band, however, only one bump is seen; its peak (at
∼1.4 ks) is between the two optical peaks; thus, the optical and
X-ray light curves exhibit chromatic behavior before ∼5.6 ks.
Thereafter, the X-ray and optical multiband light curves have
the same temporal behavior. Also, our analysis shows that the
X-ray spectrum differs from the optical band for Phases I–III
(before the second optical peak, ∼5.6 ks). They have the same
spectral behavior in the late afterglow phase (after ∼5.6 ks;
Phases IV–VI). This indicates that the optical and X-ray
emission have a different origin.

Synchrotron-supported pair cascade emission is included in
the standard external forward-shock model, which is dominated
by synchrotron radiation and SSC. We find that the chromatic
light curve between the X-ray and optical bands of
GRB 110213A can be well described by including cascade
emission. The best-fitting parameters are
E 5.01 10K,iso 3.43

4.54 53= ´-
+ erg, 1200 16

21G = -
+ , 0.25e 0.05

0.04= -
+ ,

6.5 10B 2.6
8.0 4= ´-

+ - , n 0.27 0.08
0.19= -

+ cm−3, 0.32j 0.20
0.26q = -

+ rad,
and k 1.0 0.3

0.3= -
+ . The optical band is dominated by the cascade

emission from synchrotron radiation during the early phases,
while primary synchrotron + SSC radiation dominate the X-ray

band. At late times, both the X-ray and optical bands are
dominated by emission from primary synchrotron + SSC
radiation. The cascade component can explain the first optical
bump, while the primary synchrotron + SSC emission mainly
contribute to the second one.
One notices that for the UVOT-white band (shown as green

filled dots), the rising index is steeper (α= 3.28± 0.40 if fit
only to the UVOT-white data) than the fitting value for the R
band (α≈ 2.44). This is also the main cause of the large χ2

fitting residual compared with other UVOT filters (see Table 1).
Since the UVOT-white band (equivalent λ= 3471 Å) covers a
much bluer region than R (equivalent λ= 6407 Å), we
speculate that the steeper rise may be caused by a decreasing
extinction with time near the GRB. Although little clear
observational evidence of changing extinction has been
previously found in GRBs, theoretical models suggest that
dust can be destroyed by strong GRB X-ray and UV flashes
along our line of sight, so a time-variable extinction is not
impossible (e.g., Liang & Kargatis 1994; Perna & Loeb 1998;
Böttcher et al. 1999; Waxman & Draine 2000; Fruchter et al.
2001; Lazzati et al. 2002; De Pasquale et al. 2003). Another
well-observed object, GRB 110205A, also shows a steeper rise

Figure 5. Corner plot showing the results of our MCMC parameter estimation with an external shock and cascade emission model, and histograms on the diagonal
showing the marginalized posterior densities for each parameter. A two-dimensional projection of the sample is plotted to reveal covariances. The uncertainties are
computed as the 16th and 84th percentiles of the posterior samples along each axis, thus representing 1σ confidence ranges shown with black dashed vertical lines. Our
best-fit parameters are also indicated with black dashed vertical lines.
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in the UVOT u band (α≈ 6) than in the R band (α≈ 5). With
more than one observed case of this phenomenon, time-
variable extinction may exist in a certain fraction (likely to be
very small) of all GRBs. Early-time UV observations (e.g.,
with UVOT) are essential for exploring this question in more
detail.

Huang et al. (2021) found that the cascade emission in the
homogeneous circumburst ISM can be comparable to the
synchrotron emission of the primary electrons in the optical
band and flattens the early-time optical afterglow light curve,
when n� 1 cm−3. In contrast, in the wind circumburst
medium, the cascade emission at early times is comparable to
or even larger than the emission of the primary electrons over a
wide range of frequencies. Our result for the density profile,
k≈ 1, is between the wind (k= 2; e.g., Dai & Lu 1998; Vink
et al. 2000; Dai & Wu 2003; Chevalier et al. 2004; Vink & de
Koter 2005; Xin et al. 2012) and ISM cases (k= 0; e.g.,
Panaitescu 2002). The value of k for GRB 110213A is also
consistent with that from large-sample analyses (Liang et al.
2013; Yi et al. 2013; Huang et al. 2018; Li et al. 2020; Xie et al.
2020), suggesting that the density profile may be diverse. The
superimposed effect of emission from both the primary and
cascade electrons may result in diverse GRB afterglow light
curves. Wang et al. (2015) found that 37 of 85 GRBs are also
consistent with having an achromatic break, even though one
or more afterglow segments do not comply with the external
forward-shock closure relations. When more advanced model-
ing (e.g., long-lasting reverse shock, structured jets, arbitrary
circumburst medium density profile) is invoked, up to >90% of
afterglows may be interpreted within the framework of the
external-shock models. Cascade emission may help us under-
stand the more complicated afterglows of GRBs.
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