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ABSTRACT

We present and perform a detailed analysis of multiwavelength observations of GRB 140102A, an optical bright GRB with
an observed reverse shock (RS) signature. Observations of this GRB were acquired with the BOOTES-4 robotic telescope,
the Fermi, and the Swift missions. Time-resolved spectroscopy of the prompt emission shows that changes to the peak energy
(Ep) tracks intensity and the low-energy spectral index seems to follow the intensity for the first episode, whereas this tracking
behaviour is less clear during the second episode. The fit to the afterglow light curves shows that the early optical afterglow can be
described with RS emission and is consistent with the thin shell scenario of the constant ambient medium. The late time afterglow
decay is also consistent with the prediction of the external forward shock model. We determine the properties of the shocks,
Lorentz factor, magnetization parameters, and ambient density of GRB 140102A, and compare these parameters with another 12
GRBs, consistent with having RS produced by thin shells in an interstellar medium like medium. The value of the magnetization
parameter (RB ≈ 18) indicates a moderately magnetized baryonic dominant jet composition for GRB 140102A. We also report the
host galaxy photometric observations of GRB 140102A obtained with 10.4 m GTC, 3.5 m Calar Alto Astronomical Observatory,
and 3.6 m Devasthal optical telescope and find the host (photo z = 2.8+0.7

−0.9) to be a high-mass, star-forming galaxy with a star
formation rate of 20 ± 10 M⊙ yr−1.

Key words: shock waves – gamma-ray burst: general – gamma-ray burst: individual: GRB 140102A – methods: observational.

1 IN T RO D U C T I O N

Gamma-ray burst (GRB) emission can be divided into two phases: a
short-lived and highly variable, initial prompt gamma-ray emission
phase, and a long-lived multiwavelength afterglow emission phase
(Piran 2004; Gehrels & Razzaque 2013; Kumar & Zhang 2015).
Based on the observed duration of the prompt emission, GRBs
are classified into two broad classes (Kouveliotou et al. 1993):
long GRBs (LGRBs: T90

1 > 2 s) and short GRBs (SGRBs: T90 ≤

2 s). It implies a distinction between their progenitors (Levan et al.
2016). The LGRBs are associated with the deaths of massive stars
(MacFadyen & Woosley 1999; Woosley & Bloom 2006; Davies et al.
2007; Obergaulinger & Aloy 2020) and SGRBs with the mergers of
compact binary objects such as two neutron stars or a neutron star and
black hole (Belczynski, Bulik & Rudak 2002; Perna & Belczynski

⋆ E-mail: rahul@aries.res.in (RG); shashi@aries.res.in (SBP)
1T90 is the duration during which 5 per cent to 95 per cent of the gamma-
ray/hard X-ray fluence is received.

2002; Abbott et al. 2017; Goldstein et al. 2017). There is, however,
a significant overlap between the bi-modal duration distribution of
GRBs (Kouveliotou et al. 1993; Qin & Chen 2013; Li, Zhang & Lü
2016; Goldstein et al. 2017; Minaev & Pozanenko 2017). A doubtful
third class with intermediate duration is also proposed (Mukherjee
et al. 1998; Hakkila et al. 2000; Chattopadhyay et al. 2007; Horváth
et al. 2008; Minaev, Pozanenko & Loznikov 2010; Horváth & Tóth
2016).

The prompt emission in GRBs is believed to be produced in
a relativistic jet via energy dissipation in internal shocks when
fast-moving shells catch-up with slower shells or due to catas-
trophic reconfiguration of the magnetic fields in a Poynting flux
dominated outflow (Lyutikov & Blackman 2001; Pe’er 2015).
The radiation physics of the prompt emission is still under de-
bate (Kumar & Zhang 2015). The prompt emission may be ex-
plained as synchrotron emission from a cooling population of
particles (Oganesyan et al. 2019; Burgess et al. 2020; Zhang 2020).
However, photospheric models also can equally well explain the
data (Vianello et al. 2018; Ahlgren et al. 2019; Acuner et al.
2020).
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Examining the prompt emission spectral evolution is a powerful
tool to investigate the radiation mechanisms of GRBs (Pe’er 2015).
The evolution of peak energy has been observed to have three
types of patterns: (i) a hard-to-soft pattern, where Ep decreases
continuously (Norris et al. 1986; Bhat et al. 1994; Band 1997);
(ii) an intensity-tracking pattern, where Ep increases/decreases as
the intensity increases/decreases (Golenetskii et al. 1983; Ryde &
Svensson 1999); (iii) a soft-to-hard pattern or disordered pattern,
where Ep increases continuously or does not show any correlation
with flux (Laros et al. 1985; Kargatis et al. 1994). Uhm, Zhang &
Racusin (2018) reproduced the hard-to-soft and intensity-tracking
patterns using a synchrotron radiation model in a bulk-accelerating
emission region. Furthermore, they suggested a direct connection
between these two patterns (hard-to-soft and intensity-tracking) and
spectral lags. They predicted that only the positive spectral lag could
be observed for the hard-to-soft pattern, but both positive and negative
spectral lags are possible in the case of intensity-tracking. Minaev
et al. (2014) suggested that individual pulses of GRBs demonstrate
hard-to-soft spectral evolution (positive spectral lags), depending on
the pulse duration. A complicated spectral evolution behaviour could
be connected with superposition effects. The low-energy spectral
index (αpt) evolves with time but does not exhibit any strong typical
pattern (Crider et al. 1997). Recently, Li et al. (2019) found that both
Ep and αpt show an intensity-tracking pattern (double-tracking) for
GRB 131231A.

The relativistically moving blastwave inevitably crashes into the
circumburst medium and results in external shocks. The afterglow
phase, in general, is well explained by the emission originating
in these external shocks, and any deviations from this model can
generally be explained (e.g. see Kumar & Zhang 2015; Mészáros
2019 for a review). According to the standard afterglow model,
the external shocks can be divided into two forms: a long-lived
forward shock (FS) that propagates into the circumburst medium
and produces a broad-band afterglow, and a short-lived reverse
shock (RS) that propagates into the ejecta and produces a short-
lived optical flash and a radio flare (Zhang, Kobayashi & Mészáros
2003; Nakar & Piran 2004; Gao & Mészáros 2015). For most GRBs,
the FS component can generally explain the observed afterglow.
Investigations of the afterglow using the FS model offer detailed
information about the late time afterglow emission, jet geometry,
circumburst medium, and total energy (Panaitescu 2007; Wang et al.
2015; Joshi & Razzaque 2021). On the other hand, the short-lived
RS emission is useful in probing the nature of magnetization and
composition of GRB ejecta from the central engine (Gao & Mészáros
2015). RS emission has mainly two types of evolution (Kobayashi &
Sari 2000): In the first situation, RS is relativistic enough to decelerate
the shell (thick shell case, T90> Tdec where Tdec is the deceleration
time defined as Tdec = (3Ek(1 + z)3/32πn0 mp Ŵ8

0 c5)1/3, for blast-
wave kinetic energy (Ek), initial Lorentz factor (Ŵ0), traversing into
a constant density circumbusrt medium with density (n0; Zhang,
Kobayashi & Mészáros 2003). The blast-wave radius evolves with
time, and it is defined as Rdec(t = Tdec) ≈ 2 c TdecŴ

2
0/(1 + z). On

the other hand, for the thin shell case (T90< Tdec), the RS could
be sub-relativistic and too weak to decelerate the shell (Gao et al.
2015). It has been found that most of the GRBs with early optical RS
signatures could be explained well within the thin shell case (Japelj
et al. 2014; Gao et al. 2015; Yi et al. 2020).

Fast optical follow-up of GRBs is vital for detecting and studying
the relatively early and short-lived RS component. GRB 990123,
the first burst with a simultaneous optical flash as the signature
of RS was detected using the Robotic Optical Transient Search
Experiment-I telescope (Akerlof et al. 1999; Mészáros & Rees 1999).

The RS emission has been observed for only a few GRBs, even after
rapid follow-up observations by the Swift Ultraviolet and Optical
Telescope (UVOT; Roming et al. 2005) and other ground-based
robotic telescopes network (Zhang, Kobayashi & Mészáros 2003;
Oates et al. 2009). The lack of observed RS could be due to strongly
magnetized outflows such that the RS component of the external
shock is suppressed, either the RS emission component peaks at
frequencies lower than optical frequencies and is thus generally
missed, and/or the RS emission originating in external shock is
masked by the prompt emission originating in an internal shock
(Zhang & Kobayashi 2005; Kopač et al. 2013; Resmi & Zhang
2016).

In a comprehensive sample (118 GRBs with known redshift) by
Japelj et al. (2014), 10 bursts2 showed dominant RS signatures orig-
inated from external shock with most of these having an interstellar
medium (ISM)-like external medium (constant density). At late times
(>10 ks), the RS emission showed magnetization parameters3 (RB ∼

2–104) and was fainter than average optical FS emission (Japelj et al.
2014). Gao et al. (2015) identified 15 GRBs with RS signatures
based on a morphological analysis of the early optical afterglow
light curves of 63 GRBs and an estimated RB ∼ 100. More recently,
Yi et al. (2020) studied the early optical afterglows of 11 GRBs4

with RS emission signatures. They found that the external medium
density w.r.t. blast-wave radius follows a power-law-type behaviour
with index (k) ranges in between 0 and 1.5. Among other shock
parameters, the densities of the external medium for thin shell RS-
dominated bursts are compared in this work (see Section 4.2) and
shown to vary in a range 0.1–500 cm−3.

In this paper, we present multiwavelength data and analysis of
GRB 140102A including our early optical afterglow observations
using Burst Observer and Optical Transient Exploring System
(BOOTES)-4 robotic telescope starting ∼29 s after the Fermi GRB
Monitor (GBM; also the Swift Burst alert telescope (BAT) at the
same time) trigger (T0). The very early detection of optical emission
from GRB 140102A along with GeV Large Area Telescope (LAT)
detection inspired us to study this burst in detail and compare it
with other similar events. This paper is organized as follows. In
Section 2, we discuss the multiwavelength observations and data
analysis. The main results are presented in Section 3. This is followed
by discussion in Section 4 and finally summary and conclusion
in Section 5, respectively. All the uncertainties are quoted at 1σ

throughout this paper unless otherwise mentioned. The temporal (α)
and spectral indices (β) for the afterglow are given by the expression
F(t, ν) ∝ t−αν−β . We consider the Hubble parameter H0 = 70 km
s−1 Mpc−1, density parameters 	
 = 0.73, and 	m = 0.27.

2 MULTI WAV ELENGTH O BSERVATI ONS A ND

DATA ANALYSI S

2.1 Gamma-ray/hard X-ray observations

GRB 140102A triggered the BAT (Barthelmy et al. 2005) on board
the Neil Gehrels Swift observatory (Gehrels et al. 2004) on 2014
January 2, at 21:17:37 UT. The best on-ground location was found to

2GRBs 990123, 021004, 021211, 060908, 061126, 080319B, 081007,
090102, 090424, and 130427A.
3It is the ratio between ǫB,r (fraction of RS energy into the magnetic field) and
ǫB,f (fraction of forward shock energy into the magnetic field), respectively.
4GRBs 990123, 041219A, 060607A, 061007, 081007, 081008, 090102,
110205A, 130427A, 140512A, and 161023A.
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Figure 1. Multichannel prompt gamma-ray/hard X-ray light curve: The top
five panels show the background-subtracted light curve of GRB 140102A
in multiple energy channels of Fermi–LLE, Fermi–GBM, and Swift–BAT
detectors with 64 ms temporal bins. The red and green vertical dashed lines
indicate the Fermi trigger time and end of T90 duration for Fermi–GBM
detector in 50–300 keV energy range, respectively. The blue vertical dashed
line indicates the end time of the time-averaged spectral analysis, with the
start time taken as T0. The horizontal grey solid lines differentiate between
signal and background (at count rate equal to zero). Inset shows the BAT
light curve in the soft (15–25 keV) energy band with SN = 5 or 10 s temporal
binning. It indicates the presence of soft tail emission in the Swift–BAT light
curve. The vertical black dashed line represents the T90 end time for Swift–
BAT detector in 15–350 keV energy range. Evolution of hardness ratio

(HR) : The last two panels show the evolution of HR in 50–300 keV (hard)
to 8–30 keV (soft) energy channels of Fermi sodium iodide (NaI 6 + 7 + 9)
and in 25–50 keV (hard) to 15–25 keV (soft) energy channels of Swift–BAT
detectors, respectively. The horizontal green solid line corresponds to HR
equal to 1.

be RA, Dec. = 211.902, +1.331◦ (J2000) with 3 arcmin uncertainty
with 90 per cent containment (Hagen et al. 2014). The GBM (Meegan
et al. 2009) on-board Fermi Gamma-Ray Space Telescope triggered
at 21:17:37.81 UT (T0). The Fermi–GBM light curve shows two
bright overlapping peaks (see Fig. 1) with a T90 duration of 3.6 ± 0.1 s
in the 50–300 keV energy range (Narayana Bhat et al. 2016). For a
time interval from T0+0.4 to T0+4 s, the time-averaged spectrum
is best described with the Band model (Band et al. 1993) with αpt

= −0.71 ± 0.02, high-energy spectral index βpt = –2.49 ± 0.07,
and Ep = 186 ± 5 keV. In this time interval, an energy fluence of
1.78 ± 0.03 × 10−5 erg cm−2 is calculated in the 10–10 000 keV
energy band (Zhang & Bhat 2014). This fluence value is among
the top 12 per cent most bright GRBs observed by the Fermi–GBM,
making this burst suitable for detailed analysis. The LAT (Atwood
et al. 2009) on-board Fermi triggered at 21:17:37.64 UT and detected
high-energy emission from GRB 140102A. The best Fermi–LAT on-
ground location [RA, Dec. = 211.88, 1.36 (J2000)] was at 47◦ from
the LAT boresight angle at T0 and the highest energy photon with
a energy of 8 GeV is detected 520 s after T0 (Sonbas, Vianello &
Longo 2014).

Other gamma-ray/hard X-ray space telescopes such as
MAXI/GSC (at 21:19:54 UT, Kimura et al. 2014) and Konus-Wind
(at 21:17:36.245 UT; Tkw,0; Golenetskii et al. 2014) also detected
GRB 140102A. For a time interval from Tkw,0 to Tkw,0+10.496 s, the
time-averaged KW spectrum is best fitted with Band function (Band
et al. 1993) with parameters αpt = −1.05 ± 0.14, βpt = −2.68 ± 0.30,
and Ep = 185 ± 19 keV (Golenetskii et al. 2014).

2.1.1 Fermi–LAT analysis

We obtained the Fermi–LAT (Atwood et al. 2009) data within a
temporal window extending up to 10 000 s after T0 from Fermi–
LAT data server5 using gtburst6 version 02-03-00p33 software.
We performed unbinned likelihood analysis and selected a region of
interest of 12◦ around the enhanced Swift X-ray Telescope (XRT)
position (Goad et al. 2014). Further, we filtered the high-energy
LAT emission by cutting on photons with energies in the range
of 100 MeV–300 GeV. We also applied an angular cut-off 100◦

between the source and zenith of the satellite in order to reduce the
contamination of photons coming from the Earth limb. For the time-
integrated duration, we used the P8R3 SOURCE V2 response,
which is appropriate for long durations (∼103 s), and for the
time-resolved bins, we usedP8R2 TRANSIENT020E V6 response,
which is appropriate for small durations (Bruel et al. 2018). We
included a point source (for GRB) at the location of the burst, con-
sidering a power-law spectrum, an isotropic component (to show the
extragalactic background emission) iso P8R3 SOURCE V2 and a
Galactic diffuse component (to represent the Galactic diffuse emis-
sion) gll iem v07.7 The probability of association of the photons
with GRB 140102A is calculated using the gtsrcprob tool. For
the total duration of 0–10 000 s, the energy and photon flux in 100–
10 000 MeV energy range are (5.96 ± 2.37) × 10−10 erg cm−2 s−1

and (5.01 ± 2.35) × 10−7 ph. cm−2 s−1, respectively, with a test-
statistic (TS)8 of detection 46. The temporal distribution of Fermi–
LAT photons with energies >100 MeV along with the photon flux
and the energy flux light curves is shown in Fig. 2(a). During the
GBM time window, we obtained the LAT fluence value equal to
(0.18 ± 0.10) × 10−5 erg cm−2 in 0.1–100 GeV energy range. We
compared this value with the GBM fluence value for GRB 140102A
along with other LAT detected GRBs (the second GRB LAT
catalogue; Ajello et al. 2019; Akerlof et al. 2011). GRB 140102A
lies on the line for which GBM fluence is 10 times brighter than LAT
fluence for all the LAT detected sample (see Fig. 2b). Further, we
also perform (see Section 4.1.2) the time-resolved spectral analysis
to investigate the origin of the high-energy LAT photons (see table
A1 in appendix A).

2.1.2 Fermi–GBM analysis

The Fermi–GBM (Meegan et al. 2009) time-tagged event (TTE)
data are downloaded from the GBM trigger data archive.9 We
investigated the temporal and spectral prompt emission properties
of GRB 140102A using the three brightest sodium iodide (NaI 6,

5https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
6https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/gtburst.html
7https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
8It is define as TS = −2lnLmax,0/Lmax,1, where Lmax,0 and Lmax,1 are the
maximum-likelihood value for a model without and with an additional source,
respectively.
9https://heasarc.gsfc.nasa.gov/FTP/fermi/data/gbm/triggers/
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Figure 2. (a) Extended Fermi–LAT emission: Top panel: Temporal distri-
bution of high-energy LAT photons with energies >100 MeV. The different
colours of the photons represent their associated probabilities of originating
from GRB 140102A. Middle panel: Evolution of Fermi–LAT energy (grey)
and photon (red) fluxes in 100–10 000 MeV range. In the last time bin, the
LAT photon index was fixed to −2 to get an upper limit on the fluxes. The
black-dashed lines provide a power-law fit to the temporally extended photon
flux and the energy flux light curves (for the photons detected 5 s after T0).
Bottom panel (b): Temporal evolution of Fermi–LAT photon index in the
0.1–300 GeV range. The vertical blue-dashed line corresponds similar to
Fig. 1. The grey-shaded region represents the source off-axis angle >65◦.
(b) Comparison of GBM and LAT fluence values for GRB 140102A along
with LAT-detected GRBs (Ajello et al. 2019). The solid line represents equal
fluence, and dash–dotted, dashed lines denote the fluence shifted by factors
of 10 and 100, respectively.

7, and 9) and one brightest bismuth germanate (BGO 1) detectors.
These detectors have source observing angles : NaI 9 - 31◦, NaI 7
- 33◦, NaI 6 - 35◦, and BGO 1 - 42◦. We obtained the multichannel
(energy-resolved) prompt emission light curve using RMFIT version
4.3.2 software.10 The background-subtracted multichannel prompt
emission gamma-ray/hard X-ray light curves along with the hardness
ratio are shown in Fig. 1. The light curve consists of two major
bright overlapping peaks. The hardness ratio (HR) shows that the

10https://fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit/

first episode is softer than the subsequent episodes, which is also
visible from the very low signal for the first episode in LAT Low-
Energy (LLE) data11 (Pelassa et al. 2010; Ajello et al. 2014, see
appendix).

We created time-averaged spectra, using the gtburst software
from the Fermi Science Tools, using the TTE mode data from the same
detectors used for the temporal analysis. The main GRB emission
duration (T0 to T0+5 s) is selected for the time-averaged spectral
analysis. The background is fitted by selecting two intervals, one
prior to the burst and another after the burst. The spectral analyses are
performed using X-Ray Spectral Fitting Package (XSPEC; Arnaud
1996) version 12.10.1 ofheasoft-6.25. The statisticspgstat is
used for optimization and testing the various models as Fermi–GBM
data is Poisson in nature with Gaussian background. We modelled the
data with traditional Band function. For the time-averaged spectrum
obtained using GBM data only, we calculated αpt = −0.75+0.04

−0.04, βpt

= −2.57+0.14
−0.18, and Ep = 185.42+9.54

−9.67 keV and these parameters are
consistent with those determined by Zhang & Bhat (2014).

2.1.3 Swift–BAT analysis

We retrieved the Swift–BAT (Barthelmy et al. 2005) data from the
Swift Archive Download Portal hosted by the UK Swift Science
Data Centre.12 For the BAT data analysis, we used HEASOFT

software version-6.25 with latest calibration data base13 We began
the reduction of BAT data from the raw files (Observation Id:
00582760000). We produced detector plane image (DPI) using
batbinevt and identify the hot pixels with bathotpix. We
applied mask-weighting (background subtraction) in the event file
using the batmaskwtevt pipeline. The light curves is extracted
using batbinevt tool. The energy resolved Swift–BAT mask-
weighted light curve is presented in Fig. 1 along with the evolution
of HR in 25–50 to 15–25 keV energy ranges. The mask-weighted
light curve consists of two peaks starting at T0−0.2 s, peaking at
T0+0.7 s and ending at T0+5 s with a long tail out to T0+200 s with
T90 duration (15–350 keV) of 55 ± 15 s (Barthelmy et al. 2014; Lien
et al. 2016).

We extracted the Swift–BAT spectrum corresponding to the times
of our selection for Fermi–GBM time-averaged spectral analysis. The
detailed method used for the reduction of the spectrum is as described
in Swift–BAT software guide.14 We applied energy correction using
bateconvert to ensures that the Pulse Height Analyzer (PHA) to
Pulse Invariant (PI) energy conversion is quadratic. We used bat-
binevt to create the BAT spectrum after producing DPI, correcting
for hot pixels, and mask-weighting. Further, batphasyserr and
batupdatephakw are used for compensating the residuals in the
response matrix and to ensure the location of GRB 140102A in
instrument coordinates. In order to model the BAT spectrum, we built
a detector response matrix using tool batdrmgen. We modelled the
BAT spectrum using the XSPEC software. We used χ2 statistic to
model the spectrum and to find the best-fitting model of several
different models. The time-averaged spectrum from T0−0.148 s to
T0+131.22 s is best fitted by a simple power-law model with photon
index (ŴBAT) of 1.37 ± 0.04 (Barthelmy et al. 2014; Lien et al.
2016).

11https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermille.html
12https://www.swift.ac.uk/swift portal/
13https://heasarc.gsfc.nasa.gov/FTP/caldb/
14https://swift.gsfc.nasa.gov/analysis/bat swguide v6 3.pdf
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2.1.4 Joint Fermi and Swift spectral analysis

We performed a joint spectral analysis of Fermi and Swift–BAT
data using the Multimission maximum-likelihood framework (3ML15

Vianello et al. 2015) version 2.3.1 software to constrain the properties
of the emission mechanism of GRB 140102A. We extracted the time-
averaged Fermi–GBM, LAT, and Swift–BAT spectrum for a duration
of T0 to T0+5 s for the joint spectral analysis. We modelled the time-
averaged joint spectrum with Band function and explored various
other models such as Blackbody along with Band function to
search for thermal component in the burst; a power law with two
breaks (bkn2pow), and a smoothly broken power law (BPL) or
their combinations based upon residuals of the data. We calculated
Bayesian information criteria (BIC; Kass & Rafferty 1995), Akaike
information criterion, and Log (likelihood) for each model to find the
best-fitting model. We consider GBM spectrum over the energy range
of 8–900 keV (NaI detectors) and 200–30000 keV (BGO detectors)
for spectral analysis. However, we ignore the K-edge (33–37 keV)
energy range for the analysis of NaI data. We consider 100 MeV–
300 GeV energy channels for the Fermi–LAT observations.

The best-fitting spectral parameters of the joint analysis are
presented in appendix A. We found that of all the six models used,
the Bandmodel with a Blackbody component has the lowest BIC
value. Therefore, we conclude that the time-averaged spectrum of
GRB 140102A is best described with Band + Blackbody func-
tion. Furthermore, time-resolved spectroscopy (see Section 2.1.5)
suggests that the presence of apparent BB is due to spectral evolution.

2.1.5 Time-resolved spectroscopy of GRB 140102A

Time-resolved spectroscopy is a promising tool to investigate the
radiation mechanisms (non-thermal synchrotron or thermal photo-
spheric model) and to study the correlations among the spectral
parameters of GRBs, which are still an unsolved problem of the
prompt emission (Zhang 2011). Initially, we resolved the main
emission interval so that each extracted spectrum had a signal-to-
noise ratio (SNR) equal to 25 using Fermi–GBM data and model each
spectrum with Band function only. We notice a strong correlation
of αpt and Ep with flux. Further, we resolved the total emission
interval of GRB 140102A based on the Bayesian Block algorithm
integrated over the 8–900 keV in the detector with a maximum count
rate (NaI 9) and jointly analysed Fermi–GBM and Swift–BAT data as
the Bayesian Block algorithm is the most suitable method to identify
the intrinsic intensity change in the prompt emission light curve
(Scargle et al. 2013; Burgess 2014). This resulted in 17 spectra,
however, two bins do not have sufficient counts to be modeled.
We adopted the various models (Band, Blackbody, and Cut-

off-Power law or their combinations) for time-resolved spectral
analysis. We find that most of the temporal bins are well described
with the Band function only. The best-fitting parameters and their
associated errors are listed in appendix A. The evolution of spectral
parameters along with the light curve is shown in Fig. 3. As can be
seen from Fig. 3, the value of Ep is changing throughout the burst
resulting in spectral evolution. The Ep evolution shows an intensity-
tracking trend throughout the emission. Similarly, the evolution of αpt

also follows an intensity-tracking trend for the first episode, whereas
this tracking behaviour is less clear during the second peak, and it
exceeds the line of death for synchrotron slow cooling (Goldstein
et al. 2013; Chand et al. 2018) in most of the bins of the second

15https://threeml.readthedocs.io/en/latest/

Figure 3. Evolution of spectral parameters obtained for GRB 140102A: (a)
The evolution of the peak energy (the red circles) is overlaid on the GBM
light curve (the solid black line). The horizontal magenta solid line shows the
background level. (b) The evolution of the low-energy spectral index using
the joint Fermi–GBM and Swift–BAT data. The two horizontal lines are lines
of death for synchrotron fast cooling (αpt = −3/2, the red-dotted line), and
synchrotron slow cooling (αpt = −2/3, the red solid line). (c) The evolution
of kT (keV) obtained from the Blackbody component. The horizontal
black-dashed line shows kT = 0 keV. (d) Evolution of photon indices for the
Cut-off-power-law model. Binning has been performed based on the
Bayesian Block algorithm.

episode, therefore the emission of the second episode may have a non-
synchrotron origin. The light curve of this burst has a complicated
structure and consists of two emission episodes, each of them consist
of several overlapped pulses: the first episode consists of at least one
pulse, and the second episode consists of at least three pulses (see
Fig. 3a). The superposition effect, suggested in Minaev et al. (2014),
could lead to intensity-tracking behaviour of the spectral evolution.

2.2 Swift–XRT observations

The XRT (Burrows et al. 2005) began observing the field of
GRB 140102A on 2014 January 2 at 21:18:34.3 UT, 56.8 s after
the BAT trigger. The XRT detected a bright, uncatalogued X-ray
source located RA, and Dec. = 211.9190, 1.3333◦ (J2000) with
an uncertainty of 4.8 arcsec (radius, 90 per cent containment). This
location is 61′′ from the BAT on-board position but within the BAT
error circle (Hagen et al. 2014). In total, there are 9.5 ks of XRT
data for GRB 140102A, from 47 s to 205 ks after the BAT trigger.
The data comprise ∼2.2 ks in Windowed Timing mode (the first ∼8 s
were taken while Swift was slewing) with the remainder in photon
counting (PC) mode. In this paper, we used X-ray data products (both
light curve and spectrum) available on the Swift online repository16

hosted by the University of Leicester (Evans et al. 2007, 2009).
We modelled the X-ray light curve using a simple power-law

function, and BPL model. We find that the XRT light curve could be
best described with a BPL model (see Section 3.2.2). We calculated
αx1 = −1.09+0.01

−0.01, αx2 = −1.50+0.02
−0.02, and tbx = 1298+108

−74 sec, where
αx1 is the temporal index before break (tbx), and αx2 corresponds to

16https://www.swift.ac.uk/
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the temporal index after break. All the temporal parameters are also
listed in Table 2.

We analysed the Swift XRT spectra using the XSPEC package using
an absorbed power-law model in 0.3–10 keV energy channels. The
absorption includes photoelectric absorption from our Galaxy and
the host galaxy of the GRB using the XSPEC components phabs and
zphabs together with the source spectral model. We considered
the Galactic hydrogen column density fixed at NHGal = 3.04 ×

1020 cm−2 (Willingale et al. 2013), and a free intrinsic hydrogen
column density located at the host redshift (NHz). The XRT spectra
were grouped with a minimum of 1 count per bin unless mentioned
otherwise. The statisticsC-Stat is used for optimization and testing
the various models. The redshift of the second absorption component
was fixed at 2.02 as discussed in Section 2.5.1. We also search for an
additional thermal (Blackbody) and other possible components in
the early-time WT mode spectra (63–200 s), but we did not find any
signature of thermal component based on the BIC value comparison
obtained for simple absorption power-law model. All the spectral
parameters for the absorbed power-law model have been listed in
Table 3.

Initially, we created two time-sliced spectra (before and after the
break time) using the UK Swift Science Data Centre webpages17 and
found spectral decay index βx1 = 0.56+0.02

−0.02 (before break) and βx2

= 0.67+0.06
−0.06 (after break). Further, we created three more time-sliced

spectra, using data between 63–200, 200–2200, and 5600–2 × 105 s
to observed the evolution of decay slope in the X-ray band (βx). We
notice, βx evolves and increases continuously in each temporal bins.
However, the photon index obtained from the Swift Burst Analyser
webpage18 could be fitted with a constant (CONS) model,19 and at
very late times the photon index is different and seems to have
dropped (see Fig. 5c). We observed a late time (∼4.7 × 104 to ∼9.3
× 104 s) re-brightening activity in the unabsorbed X-ray flux light
curve (at 10 keV).

2.3 UV/optical observations

Ultraviolet and optical observations were carried out using Swift–
UVOT, BOOTES robotic, and 1.3 m DFOT telescopes as a part of this
work. Details of these observations are given below in respective sub-
sections. Multiband light curves obtained from these observations are
presented in Fig. 4.

2.3.1 Swift ultraviolet and optical telescope

The Swift UVOT began observing the field of GRB 140102A 65 s
after the BAT trigger (Hagen et al. 2014). The afterglow was detected
in five UVOT filters. UVOT observations were obtained in both
image and event modes. Before extracting count rates from the
event lists, the astrometric corrections were refined following the
methodology described in Oates et al. (2009). For both the event and
image mode data, the source counts were extracted using a region
of 3 arcsec radius. In order to be consistent with the Swift UVOT
calibration, the count rates were then corrected to 5 arcsec using
the curve of growth contained in the calibration files using standard
methods. Background counts were estimated using a circular region
of radius 20 arcsec from a blank area of sky situated near the
source position. The count rates were obtained from the event

17https://www.swift.ac.uk/xrt spectra/addspec.php?targ=00582760
18https://www.swift.ac.uk/burst analyser/00582760/
19https://www.ira.inaf.it/Computing/manuals/xanadu/xronos/node93.html

Figure 4. Multiband optical light curve: Multiband light curves of the
afterglow of GRB 140102A using UVOT, BOOTES, and Devasthal fast
optical telescope (DFOT) data as a part of the present analysis as tabulated in
appendix A. Magnitudes are not corrected for the extinctions.

and image lists using the Swift standard tools uvotevtlc and
uvotsource, respectively.20 Later, these counts were converted
to magnitudes using the UVOT photometric zero-points (Breeveld
et al. 2011). The UVOT data for this burst is provided in appendix
A. As with data from all the following telescopes, the resulting
afterglow photometry is given in AB magnitudes and not corrected
for Galactic reddening of E(B − V) = 0.03 (Schlafly & Finkbeiner
2011).

2.3.2 BOOTES robotic telescope network

The BOOTES-4/MET robotic telescope in Lijiang, China (Castro-
Tirado et al. 2012) automatically responded to the BAT trigger
(Hagen et al. 2014) with observations starting at 21:18:05 UT on
2014 January 2, 28 s after the trigger. For the first 5 min, observations
were taken with a series of 0.5 s clear filter exposures, after which
observations were taken with a systematic increase in exposure.
Starting from ∼6 min after the trigger, observations were also
performed in rotation with the g, r, i, Z, and Y filters. The images
were dark-subtracted and flat-fielded using custom IRAF routines. The
aperture photometry was extracted using the standard IRAF software
and field calibration was conducted using the SDSS DR12 catalogue
Alam et al. (2015). Colour transforms of Hewett et al. (2006) were
used when calibrating the Z and Y filters. The BOOTES data are
provided in appendix A.

2.3.3 1.3m ARIES telescope

The 1.3 m DFOT at ARIES, Nainital started observing the field of
GRB 140102A ∼1.5 h after the trigger. Several frames in V, Rc, and
Ic pass-bands were obtained in clear sky conditions. Images were
dark-subtracted, but not flat-fielded since there were no available
flats taken on the same night and flat-fielding using those taken on a
different night made the science images worse. Aperture photometry

20https://www.swift.ac.uk/analysis/uvot/
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Figure 5. Multiwavelength light curve of GRB 140102A: (a) Count rate BAT and XRT light curves overlaid with the Bayesian Block analysis. (b) The X-ray and
optical/UV afterglow light curves of GRB 140102A overlaid with the best-fitting models: a broken power-law (X-ray, the solid black line) or simple power-law
(X-ray, the black-dashed line) or its combinations (optical, the black solid line). The inset plot shows the late re-brightening activity in the X-ray light curve.
(c) Evolution of photon indices within the BAT (red) and XRT (blue) window21. The orange and black circles indicate the evolution of BAT and XRT photon
indices obtained using our spectral analysis of Bayesian Blocks bins. The shaded vertical grey and cyan colour bars represent the epochs used to create the
spectral energy distributions (SEDs) of GRB 140102A afterglow. The vertical dashed lines indicate the late re-brightening activity in the X-ray light curve (at
10 keV). (d) A combined forward and reverse shock model is used for the interpretation of the optical emission from GRB 140102A. The peak flux is obtained
at the crossing time tx = 18.79 s and for t > tx power-law behaviour of the afterglow model is followed. The optical flux is explained using the sum of reverse
and forward shock components. The same set of parameters produce a lower amount of early X-ray flux in this model. The vertical green- and black-dashed
lines indicate the end time of T90 duration and deceleration time, respectively. The model parameters are given in Table 5.

was extracted using the standard IRAF software, and field calibration
was conducted using the SDSS DR12 catalogue (Alam et al. 2015)
and the colour transforms of Robert Lupton in the SDSS online
documentation.22 The optical data using the 1.3 m DFOT telescope
along with other data sets are provided in appendix A.

2.4 Combined optical light curve

In order to maximize the SNR of the optical light curves, we followed
the methodology of Oates et al. (2009) to combine the individual
filter light curves into one single filter (Kann et al. 2010; Schady
et al. 2010; Oates et al. 2012; Roming et al. 2017; Hu et al. 2019).
First, the ground-based photometry was converted from magnitudes
to count rate using an arbitrary zero-point. The light curves from the
different filters were then normalized to the r filter. The normalization
was determined by fitting a power law to each of the light curves
in a given time range simultaneously. The power-law indices were
constrained to be the same for all the filters, and the normalizations
were allowed to vary between the filters. For the light curve of
GRB 140102A, the power law was fitted between 600 and 6000 s
since this is the epoch which maximized the number of filters, and
the behaviour in each filter appeared to be similar. However, the

21https://www.swift.ac.uk/burst analyser/00582760/
22http://www.sdss.org/dr12/algoritms/sdssUBVRITransform/##Lupton2005

normalization led to a slight offset between the UVOT white and V-
band data in comparison to the BOOTES-clear filter. We will discuss
the consequences on model fitting in Section 3.2.3. After the light
curves were normalized, they were binned by taking the weighted
average of the normalized count rates in time bins of T/T = 0.2.
The combined optical light curve is shown in Fig. 5.

2.5 Spectral energy distributions

SEDs were produced at five epochs (29–65 s, 63–100 s, 700–
1000 s, 23–31 ks, and 51–65 ks) following the prescription within De
Pasquale et al. (2007), which is based on the methodology of Schady
et al. (2007). We used XSPEC (Arnaud 1996) to fit the optical and
X-ray data. We adopted two models, a simple power-law model and
a BPL model. The difference between the indices of the BPL model
was fixed at 0.5, consistent with the expectation of a synchrotron
cooling break (see Section 3.2.3; Zhang & Mészáros 2004). In
each model, we include a Galactic and intrinsic absorber using
the XSPEC models phabs and zphabs. The Galactic absorption
is fixed to NHGal = 3.04 × 1020cm−2 (Willingale et al. 2013). We
also include Galactic and intrinsic dust components using the XSPEC

model zdust, one at redshift z= 0, and the other is free to vary.
The Galactic reddening was fixed at E(B − V) = 0.0295 according
to the map of Schlafly & Finkbeiner (2011). For the extinction at the
redshift of the burst, we test Milky Way, Large and Small Magellanic
Clouds (MW, LMC, and SMC) extinction laws (Pei 1992). All the
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Figure 6. Spectral energy distributions: (a) SED 1 at 29–65 s, the black-
dashed lines show the extrapolations of the power-law fit to the BAT spectra
to the optical and LAT frequencies. The observed LAT flux is lower than
the extrapolated value, and it indicates a presence of possible spectral break
between BAT and LAT frequencies. (b) SED 2 at 63–100 s, the black-dashed
lines show the extrapolations of the unabsorbed power-law model to the
optical frequencies. (c) SED 3 at 700–1000 s, used to constrain the redshift of
the burst. The solid black line is the best fit by a simple power law from the
joint X-ray and Optical spectral fit. (d) SED 4 23–31 ks. (e) SED 51–65 ks.
The bottom panel shows the ratio of data to the model. The horizontal lime
green solid line corresponds to the ratio equal to 1.

five SEDs are shown in Fig. 6. We extrapolated the best-fitting
model towards the LAT frequencies to search for a possible spectral
break between X-ray and GeV. All the results of SEDs are listed in
Table 4.

2.5.1 Photometric redshift

A spectroscopic redshift for the GRB was not reported and could
not be determined from GTC spectroscopic observations of the host
galaxy (see Section 2.6). To determine a photometric redshift, we
therefore created an SED using the afterglow data (X-ray and Optical)
between 700 and 1000 s. During this time, there is no break in the X-
ray light curve, also, no spectral evolution is observed. The evolution
of the X-ray photon index (ŴXRT) measured during this time window
is consistent with not changing (see Fig. 5). Using the methodology
outlined in Section 2.5, we fit the SED with the simplest model, a
power law, which we find to be statistically unacceptable with χ2

for the LMC and SMC 282 and 316, respectively, for 213 degrees
of freedom. However, for the MW model, we find a better χ2 (223)
for the same number of degrees of freedom. Further, we fit the SED
with the BPL model. For the MW, LMC, and SMC, all the fits are
statistically acceptable with χ2 of 169, 178, 185, respectively, for 212
degrees of freedom. We notice that for this SED (700–1000 s), the
MW model both for power-law and BPL fit show the smallest reduced
χ2, however, the reduced χ2 is less than 1 for BPL fit indicating
that the model is ‘overfitting’. In the case of power-law model, the
reduced χ2 is close to one. It confirms that the power-law model is
the best fit. The redshift values for all three extinction laws are similar
and consistent within 3σ . Taking the redshift from the MW model,

Figure 7. H-band observations of the host galaxy of GRB 140102A using
3.5 m CAHA telescope. The blue circle marks the afterglow position. North
is up and East to the left.

we find a photometric redshift of 2.02+0.05
−0.05 for GRB 140102A. We

adopted this value for all our subsequent analyses.

2.6 Host galaxy observations

2.6.1 10.4 m GTC telescope

The 10.4 m Gran Telescopio Canarias (GTC; Canary Island, Spain)
obtained photometry for the host galaxy on the 2017 July 18. Images
in the g, r, i, z filters were obtained using the Optical System for
Imaging and Low-Intermediate Resolution Imaging Spectroscopy
instrument (Cepa et al. 2000). The images were dark-subtracted and
flat-fielded using custom IRAF routines. Aperture photometry was
performed using standard IRAF software, and field calibration was
conducted using the SDSS DR12 catalogue Alam et al. (2015).
The host photometry from GTC and Calar Alto Astronomical
Observatory (CAHA) 3.5m telescope, described next, is given in
AB magnitudes and not corrected for Galactic reddening of E(B −

V) = 0.03 (Schlafly & Finkbeiner 2011). These values are given in
appendix A.

Optical spectroscopy of GRB 140102A was obtained using the
10.4 m telescope on 2014 February 26 and 2015 February 26. In
both cases, the grism, which covers the 5400–10 000 Å wave range
was used. Unfortunately, the S/N on the extracted spectra was very
low, and we did not detect any emission features. At the photometric
redshift, we would not expect any host galaxy emissions in this
wavelength range.

2.6.2 3.5 m CAHA telescope

The 3.5 m telescope at CAHA observed the field of GRB 140102A
on the 2014 May 13, 4 months after the trigger. A series of 59
H-band images were taken, each with 65 s exposure and, after dark-
subtraction and flat-fielding using custom IRAF routines, were median
combined to create a single image (see Fig. 7). Aperture photometry
was performed using standard IRAF software, and field calibration
was conducted using the 2MASS catalogue (Skrutskie et al. 2006).

2.6.3 3.6 m Devasthal optical telescope

We observed the host galaxy of GRB 140102A using the 4Kx4K
CCD Imager (Pandey et al. 2017) mounted at the axial port of the
3.6 m Devasthal optical telescope of ARIES Nainital on 2021 January
16 ∼ 7 yr after GRB detection. Observations were carried out in the
R filter with a total exposure time of 45 min (3 × 300 and 2 × 900 s).

MNRAS 505, 4086–4105 (2021)

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/5
0
5
/3

/4
0
8
6
/6

2
9
0
5
1
9
 b

y
 In

s
t. A

s
tro

fis
ic

a
 A

n
d
a
lu

c
ia

 C
S

IC
 u

s
e
r o

n
 1

6
 S

e
p
te

m
b
e
r 2

0
2
1



4094 R. Gupta et al.

Table 1. Prompt emission properties of GRB 140102A. Redshift has been
obtained using the SED modeling at 700–1000 s (see Section 2.5). The peak
flux is calculated in the 1–10 000 keV energy range in the source frame.

Prompt properties GRB 140102A Detector

T90 (s) 3.58 ± 0.01 GBM
tmvts (s) ∼0.20 GBM
HR 1.05 ± 0.02 GBM
Ep (keV) 186.57+4.16

−4.51 BAT+GBM+LLE+LAT

Fp 8.90+11.0
−5.0 GBM

Eγ ,iso (erg) 7.14+0.36
−0.31 × 1053 –

Lγ ,iso (erg s−1) 2.78+3.44
−1.56 × 1053 –

Redshift z 2.02+0.05
−0.05 XRT + UVOT + BOOTES

Note. T90: Duration from GBM data in 50–300 keV; tmvts: minimum
variability time-scale in 8–900 keV; HR: ratio of the counts in 50–300 keV to
the counts in 10–50 keV; Ep: Time-integrated peak energy calculated using
joint Swift–BAT, Fermi–GBM, and LAT data; Fp: peak flux in 10−6erg cm−2;
Eγ ,iso: Isotropic gamma-ray energy in the source frame; Lγ ,iso: Isotropic
gamma-ray peak luminosity in the source frame. All the results presented
in this table are obtained using different analyses methods discussed in
Sections 2 and 3.

We performed the reduction of data using IRAF packages. After pre-
processing, we stacked the images to create a single image and
perform the aperture photometry. More details about the reduction
method can be found in Kumar et al. (2021). We did not detect the
host galaxy in the R band. We calculated the 3σ limiting magnitude
value equal to 24.10 mag (AB), calibrated with the nearby USNO-
B1.0 field.

3 R ESULTS

Based on the multiband observations obtained from various space
and ground-based facilities of GRB 140102A, we discuss the results
based on the present analysis of both prompt emission and afterglows,
including the host galaxy observations.

3.1 Prompt emission

In this subsection, we show the results of the prompt emission
properties of GRB 140102A and their comparison with other well-
studied GRBs samples.

3.1.1 Spectral hardness, variability time-scale, and spectral lag

We calculated the time-integrated HR by dividing the counts in 10–
50 keV and 50–300, keV energy bands for the 6th + 7th + 9th NaI
detectors (see Table 1) to make a comparison with other Fermi GRBs
published in Goldstein et al. (2017). We calculated T90 durations of
GRB 140102A considering the total emission episodes using GBM
data. Our result for the T90 calculation (see Table 1) is consistent with
Zhang & Bhat (2014) and its value lies in the overlapping interval
of the bi-modal duration distribution of GRBs. The error in T90 is
calculated by simulating 10 000 light curves by adding a Poissonian
noise with the mean values at observed errors (Minaev et al. 2014;
Narayana Bhat et al. 2016). In Fig. 8(a), we show the HR-T90 diagram
of GRB 140102A. The probabilities of a GRB classified as a short
or LGRB from the Gaussian mixture model in the logarithmic scale
are also shown in the background (Goldstein et al. 2017).

Minimum variability time-scale (MacLachlan et al. 2013, tmvts) is
important to constrain the source emission radius (Rc) of the source

Figure 8. Prompt emission properties of GRB 140102A (a) The spectral
hardness and T90 for GRB 140102A (shown with a blue star) along with the
data points for short and long GRBs used in Goldstein et al. (2017). The left
side colour scale shows the probability of a GRB belonging to SGRBs class.
The vertical dashed lines show the boundary between SGRBs and LGRBs.
(b) GRB 140102A (shown with a blue star) in T90 versus minimum variability
time-scale (tmvts) plane along with the LGRBs and SGRBs sample studied by
Golkhou, Butler & Littlejohns (2015). (c) Spectral lag as a function of energy
for GRB 140102A using the GBM multichannel light curves. The negative
lag value shows that higher energy photons arrived later than the lower energy
photons. The black-dashed line shows the zero lag.
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GRB 140102A 4095

(Golkhou et al. 2015). We calculated the tmvts of GRB 140102A
using continuous wavelet transforms23 discussed in Vianello et al.
(2018) and found tmvts ∼ 0.2 s for this burst. In Fig. 8(b), we show
GRB 140102A in tmvts-T90 distribution plane along with the sample
of SGRBs and LGRBs studied by (Golkhou et al. 2015). Further, we
calculated Rc (see equation 1) using the following relation obtained
from Golkhou et al. (2015):

Rc ≃ 7.3×1013

(

Lγ,iso

1051 erg/s

)2/5 (
tmvts/0.1 s

1 + z

)3/5

cm. (1)

We estimated the source emission radius (Rc) ≃ 4.9 × 1014 cm for
GRB 140102A.

For most of the LGRBs, time lags, also known as spectral lags,
often appear in light curves among different energy bands (Wei et al.
2017). The spectral lag is generally interpreted due to the spectral
evolution (Peng et al. 2011; Shao et al. 2017). We calculated the time
lags of light curves among different energy bands using the cross-
correlation function (Norris, Marani & Bonnell 2000; Ukwatta et al.
2010) from T0 to T0+5.0 s, following the method described in Zhang
et al. (2012). We found negative lag values for GRB 140102A, which
indicates that higher energy photons arrived later than the lower
energy photons. Negative lag could be connected with superposition
effect, described in Minaev et al. (2014). The analysis of spectral lag
for GRB 140102A is shown in Fig. 8(c).

3.1.2 Correlations between spectral parameters

In this section, we discussed the correlations between spectral
parameters obtained from time-resolved spectral analysis. These cor-
relations play an important role in probing the emission mechanisms
of GRBs during the prompt emission phase. Initially, we examine
the correlation between Ep- flux, αpt-flux, and Ep-αpt using the Band
function based on GBM data only for each bin obtained from the
SNR binning method. We found a strong correlation between the Ep

of the Band function and the flux in 8–900 keV energy ranges with
a Pearson coefficient (r) and p-value of 0.86 and 1.88 × 10−5.
We also found a strong correlation between αpt of Band function
and flux with r and p-value of 0.75 and 7.4 × 10−4. As Ep

and αpt show a strong correlation with flux, we investigated the
correlation between Ep and αpt. A moderate correlation with r and
p-value of 0.67 and 4.3 × 10−3, respectively. We also performed
the time-resolved spectral analysis of Swift–BAT data and find a
strong correlation between BAT photon indices (ŴBAT) and the fluxes
in 15–350 keV energy ranges with r and p-value of 0.86 and 1.02
× 10−13. Furthermore, we jointly model the GBM and BAT spectrum
of each bins obtained from Bayesian Block method to cross check
the correlation results and we still find a strong correlation between
the Ep and flux with Pearson coefficient (r) and p-value of 0.79
and 4.8 × 10−4. However, we notice moderate correlation between
αpt and flux with r and p-value of 0.65 and 8.6 × 10−3. Ep and
αpt also show moderate correlation with r and p-value of 0.61
and 1.7 × 10−2. Therefore, GRB 140102A has the characteristics
of a ‘double-tracking’ GRB (Both the low-energy spectral index
and the peak energy follow the intensity-tracking pattern) similar
to GRB 131231A (Li et al. 2019). The spectral parameters αpt, Ep

for GRB 140102A are correlated with the observed flux, and we
have shown this in Fig. 9. Our result is consistent with Duan &
Wang (2020), where they performed the spectral analysis of Fermi
LLE GRBs including GRB 140102A using the Fermi–GBM data

23https://github.com/giacomov/mvts

Figure 9. Correlations between spectral model parameters: (a) peak energy
versus and flux, (b) low-energy spectral index versus flux, (c) peak energy
versus low-energy spectral index. Correlation shown in (a), (b), and (c) are
obtained using joint Fermi–GBM and Swift–BAT observations and modelling
with Band function. The best-fitting lines are shown with the solid grey
lines, and the grey-shaded region shows the 2σ confidence interval of the
correlations.
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only; they have used RMFIT tool and χ2 statistics for measuring the
goodness of fit. In contrast, we have performed the joint Fermi and
Swift spectral analysis using the Bayesian spectral fitting package
3ML, which is a more appropriate method. Ryde et al. (2019)
also studied the correlation between the energy flux and αpt, for
a sample of the 38 Fermi–GBM detected bursts having individual
pulse structures. They found significant correlations in most pulses
similar to the case of GRB 140102A.

3.1.3 Amati and Yonetoku correlations

We study two well-known prompt emission correlations for
GRB 140102A. The first one is Amati correlation (Amati 2006; Fana
Dirirsa et al. 2019), which is the correlation between spectral peak
energy (see Table 1) corrected to the rest frame (Ep,z) and isotropic
equivalent gamma-ray energy (Eγ ,iso), and the second one is Yonetoku
correlation (Yonetoku et al. 2004), which is a correlation between Ep,z

and isotropic peak luminosity (Lγ ,iso) in the cosmological rest frame
(z = 2.02). We estimated the time-integrated (T0 to T0+5.0 s) total
fluence in 1–104 keV energy band for Eγ ,iso calculation. We placed
GRB 140102A on the Amati correlation plane along with the data
points for LGRBs and SGRBs published in Minaev & Pozanenko
(2020) and found that GRB 140102A is consistent with the Amati
correlation of LGRBs (see Fig. 10a). In Yonetoku correlation plane,
GRB 140102A lies within the 3σ scatter of total and complete
samples of GRBs (see Fig. 10b) studied by Nava et al. (2012).

3.2 Multiwavelength afterglow

In this subsection, we present the afterglow properties of
GRB 140102A.

3.2.1 Soft tail emission

The observed soft tail emission from GRBs is useful to con-
strain the transition time from prompt emission to afterglow phase
(Sakamoto et al. 2007). Swift–BAT observed the soft emission
from GRB 140102A until ∼200 s. To understand the origin of
this emission, we binned the BAT count-rate light curve based on
Bayesian Blocks and performed the spectral analysis of each interval
using pegpwrlw model (a simple power-law model with pegged
normalization24). The evolution of photon indices (the black circle)
calculated as mentioned above in BAT soft (15–25 keV) energy
channels are shown in Fig. 5(c). Also, spectral indices constrained
using SEDs at 29–65 s and 63–100 s indicate agreement between
BAT and optical emissions (after correcting for the RS contribution,
in the case of SED at 29–65 s, the optical data point is already within
the BAT power law uncertainty region due to large uncertainty on
the index as the presence of a low signal in BAT). Furthermore,
We notice that BAT photon indices do not show a rapid fluctuation
and are consistent with those estimated at XRT frequencies during
the soft emission phase. We also use early X-ray observations to
investigate the underlying tail emission. We created the XRT light
curve in soft (0.5–2.0 keV) and hard (2.0–10.0 keV) energy channels
and examined the evolution of HR to identify spectral evolution at
early epochs (see Fig. 11). We performed the temporal and spectral
analysis for this early epoch (∼47–200 s post-burst) XRT (WT mode)
data. We find a temporal decay of 0.99+0.03

−0.03 and spectral index equal

24https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node207.html

Figure 10. Amati and Yonetoku correlation plane for GRB 140102A: (a)
GRB 140102A in the Amati correlation plane along with other the data points
published in Minaev & Pozanenko (2020). Various coloured lines correspond
to the best-fitting lines for different classes mentioned in the legend. (b)
GRB 140102A in the Yonetoku correlation plane along with GRBs sample
published in Nava et al. (2012). The coloured lines show the best-fitting and
shaded region represents the 3σ scatter of the correlation.

to 0.59+0.04
−0.04 during this epoch. These values are found to disagree

with the expected closure relation for early X-ray observations to be
prompt tail emission as described by Zhang et al. (2006; α = 2 +

β). Based on the above, we suggest that soft tail emission observed
from GRB 140102A had possibly afterglow origin.

3.2.2 X-ray and optical afterglow light curves

The X-ray afterglow light curve, shown in Fig. 5, declines from the
beginning of observations and shows no features, such as steep and
shallow decays phases or any flaring activity. A fit of a power law
to the light curve gives a χ2/dof = 1190/545, suggesting a more
complex model is required to fit the data. A BPL model is a better
fit with χ2/dof = 575/543; according to the F-test, the BPL model
gives an improvement at the >5σ confidence level with respect to
the power-law model. We also tested to see if a further break would
provide an improvement. The double BPL model results in χ2/dof
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GRB 140102A 4097

Figure 11. The X-ray count rate light curves in soft (0.5–2.0 keV) and hard
(2.0–10.0 keV) energy channels. The solid lines show the best-fitting (broken
power-law model) line to both the light curves. The bottom panel shows the
evolution of HR in the same XRT energy bands. The vertical black-dashed
lines show the epoch of re-brightening activity in the X-ray light curve (at
10 keV).

= 565/541. The F-test suggests the additional break is not required
since the improvement is only at the 2.6σ level. The best-fitting
model is given in Table 2.

The optical multiband light curve is shown in Fig. 4. Observations
in the UVOT white and BOOTES-clear filters started before most
of the other optical filters and have the best sampling and SNR
during the first few thousand seconds. A power-law fit to both
of these light-curves results in χ2/dof = 1754/108 and χ2/dof =

89/50 for BOOTES-clear and UVOT white, respectively. Both of
which are statistically unacceptable at the >3σ level. Since the light
curves display an early steep to shallow transition, suggesting the
presence of a reverse-dominated shock (Gao et al. 2015) when fitting
a more complex model such as a BPL, the sum of two power-law
models, or their combinations. Both fits give slightly better values,
with the BPL resulting in χ2/dof = 315/106 and χ2/dof = 43/48
for BOOTES-clear and UVOT white, respectively, and for the two
power-law components, we achieved χ2/dof = 203/106 and χ2/dof =

43/48. While both models fit the UVOT white, for the higher sampled
BOOTES-clear filter, both fits are still unacceptable at >3σ level,
although the two power-law model results in a smaller reduced χ2.
The two power-law model appears to fit the data well, it is likely that
the χ2 is large for BOOTES-clear due to the significant scatter in the
data about the best-fitting model.

The BOOTES photometry ends at 6 ks and in UVOT, there is an
observing gap between 2 and 5 ks, after which the S/N of the light
curve is poor. Therefore, we created a single filter light curve by
combining the optical light curves from BOOTES and UVOT in
order to create a light curve with better sampling and high SNR as
described in Section 2.4. A BPL fit to this light curve results in an
unacceptable χ2/dof = 284/35. We therefore fit the light curve with
a double BPL. This resulted in a slightly improved χ2/dof = 256/33;
the F-test suggests the addition of a break is not required since the
improvement is <2σ . However, on the basis that such a steep decay
in the early optical light curve, may be due to the RS, resulting in
two-components producing the observed optical afterglow (Wang
et al. 2015), we also tested two-component models. First, we tested

two power laws, which results in χ2/dof = 192/35. The fit is an
improvement on the previous models but is still unacceptable. We
therefore also tried with a power-law plus BPL model. The fit results
in a χ2/dof = 109/33 with the F-test suggesting the addition of a
power-law to the BPL model is an improvement at 3σ confidence.

We note that when constructing the combined light curve, colour
evolution was observed between the BOOTES and UVOT data, with
the UVOT white and V-band data, during the initial steep decay,
systematically lower than the BOOTES clear data. The CCD of
BOOTES is sensitive to much redder photons, covering the range
3000–11 000 Å,25 while the UVOT white filter covers a wavelength
range of between 1700–6500 Å and the UVOT V filter covers a range
5000–6000 Å. This would suggest that the spectrum during the steep
decay is redder in comparison to the rest of the afterglow. After
normalization, the data were group together, weighted by the errors,
since the early BOOTES and UVOT data do not align well, this may
affect the measurement of temporal indices. However, we see that
the initial steep decay of the combined light curve is consistent with
the tightly constrained steep decay measured with BOOTES-clear
and the less well constrained UVOT white. The steep decay of the
combined light curve is most similar to that of the BOOTES clear
filter, as the BOOTES light curve has better SNR than the UVOT
white filter and thus is the dominant component when creating the
weighted binned light curve.

We noticed a break in the X-ray light curve at ∼2 ks. The temporal
break may be due to the change in spectral behaviour or due to energy
injection from the central engine, which we notice as a transition from
shallow decay phase and followed by a steep decay (1.50+0.02

−0.02). We
sliced the X-ray light curve (count rate) into small temporal bins
(see Fig. 5a) to study the possible origin of this break. This resulted
in 20 spectra, however, five bins do not have significant counts for
the spectral modelling. The evolution of photon indices is shown in
Fig. 5c (the black circles). It indicates that there is no significant
change in βx (as it is expected for νc passing through) close to the
break in the X-ray light curve. When we fitted the photon index
with a constant (CONS) model, we get a very good fit, suggesting
that there is no evolution. If we consider that νc is between the
BAT and LAT frequencies as suggested from SED 1 (29–65 s, see
Section 4.1), νc could not pass through the X-ray band, inconsistent
with expectations (i.e. t−0.5), indicating that X-ray break is not due to
the spectral break. We also tested the other possibilities of the origin
of this break, such as energy injection. Considering adiabatic cooling
with energy injection from the central engine, the inferred value of
αx (1.08 ± 0.02) from observed βx (0.56 ± 0.02) matches with the
observed value of αx-ray (1.09 ± 0.01) for the spectral regime νm <

νx-ray < νc and for the slow cooling case in the ISM-like medium. We
estimate the value of electron distribution index p = 2.12 ± 0.04 from
p = (2β + 1). We notice that the inferred value of p is close to what
we obtained from modelling. We observed an early excess X-ray flux
similar to those found in many other RS-dominated bursts. It could be
possible to explain early X-ray excess as an energy injection episode
lasting up to 2 ks. Though we did not find an achromatic break in
the X-ray and optical light curves as expected due to the end of the
energy injection episode (Laskar et al. 2015), however, we notice a
break in the optical data ∼6 ks (see Table 2 and Fig. 5b).

During the late time re-brightening phase in the unabsorbed X-ray
flux light curve (at 10 keV), we notice the hardening in the photon
index (see Fig. 5) and in the hardness ratio (see Fig. 11). This could

25http://www.andor.com/scientific-cameras/ixon-emccd-camera-series/ix
on-ultra-888
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Table 2. The best-fitting models to the X-ray, combined optical light curves, and individual optical filters.

Wavelength Model α1 α2 or αx1 tbreak or tbx (s) α3 or αx2 χ2/dof

X-ray Broken power law — −1.09 ± 0.01 1298+108
−74 −1.50 ± 0.02 575/543

Optical/IR power + broken power −1.72 ± 0.04 −0.47 ± 0.03 6160+740
−240 −1.11 ± 0.15 109/33

BOOTES Clear 2× power law −1.72 ± 0.04 −0.41 ± 0.04 — — 199/104
UVOT white 2× power law −2.19+0.27

−0.41 −0.86 ± 0.07 — — 41/48
BOOTES Clear Broken power law — −1.49 ± 0.01 475 ± 15 −0.70 ± 0.01 315/106
UVOT white Broken power law — −1.49 ± 0.05 294 ± 58 −0.88 ± 0.07 43/48

Table 3. The best-fitting values of Photon indices from the
X-ray afterglow spectral modelling for different temporal
segments. We have frozen the host hydrogen column density,
obtained from SED 3 (see Section 2.5).

Time (s) Photon index Mode

63–65 196 1.59 ± 0.09 WT+PC
63–200 1.51 ± 0.03 WT
200–2200 1.61 ± 0.02 WT
5600–2 × 105 1.63 ± 0.09 PC

not be explained by the frequency crossing the X-ray band as the
photon index reverses back to the original position after this phase.
This unusual emission could be originating due to patchy shells or a
refreshed shocks (Chand et al. 2020; Hu et al. 2021).

3.2.3 Optical and X-ray afterglow light-curve modelling

The fireball synchrotron model for afterglows is currently the
favoured scenario in terms of producing the observed multiwave-
length emission. In this model, the afterglow is a natural consequence
of the beamed ejecta ploughing through the external medium and
interacting with it, producing the observed synchrotron emission.
The spectral and temporal behaviour of the afterglow emission could
be described by several closure relations (Meszaros & Rees 1997;
Sari, Piran & Narayan 1998; Sari & Piran 1999; Dai & Cheng 2001;
Racusin et al. 2009, see the last reference for a comprehensive list).
This set of relations connect the values of α and β to the power-law
index of the electron energy distribution p, making it possible to
estimate its value from the observations, which is typically found
to be between 2 and 3 (Panaitescu & Kumar 2002; Starling et al.
2008; Curran et al. 2009); the density profile of the external medium
(constant or wind-like), and the relative positions of breaks in the
synchrotron spectrum, primarily the synchrotron cooling frequency
νc and the synchrotron peak frequency νm. Another break frequency
is called the synchrotron self-absorption frequency, though it does
not influence the optical/UV or the X-rays during the time-scales
studied here. There are also closure relations describing temporal
and spectral indices in the scenario that the afterglow is injected by
an additional energy component (Zhang et al. 2006).

For jets having a single component, it is derived that the optical/UV
and X-ray emissions are produced within the same region and
therefore are explained by the same synchrotron spectrum, with the
possibility that one or more of the break frequencies are between the
two observing bands. This translates that the optical/UV and X-ray
temporal indices, determined from an afterglow, should be described
by closure relations that rely on the same assumptions about the
ambient media, the electron energy index, p, and the energy injection
parameter q.

The thin shell case (Tdec > T90) Type-II features (also called
flattening type, the peak of FS is below the RS component) discussed
by Gao et al. (2015) are used to interpret the optical emission.
However, the FS emission dominates after ∼100 s. The optical
emission in between ∼30 and 100 s follows the emission predicted
by the RS emission. This makes the early optical emission from
this GRB a combination of RS+FS components. The RS model
parameters for the early optical emission are useful to understand
the magnetic energy available in the jet and the source environment
(Kobayashi & Sari 2000; Kobayashi & Zhang 2003).

The RS crossing time is defined as tx = max(Tdec, T90), which is
important to estimate the peak emission for RS. The break frequency
evolution with time is νr

m ∝ t6 for t < tx and νr
m ∝ t−54/35 for t

> tx, however, νf
m is constant before crossing time and decreases

with time after this as t−3/2, where r denotes the RS and f is
used for FS (Gao et al. 2015). The cooling frequency νr

c ∝ t−2

for t < tx and νr
c ∝ t−54/35 after tx. The same for FS is νf

c ∝ t−2

for t < tx and νf
c ∝ t−1/2 after crossing time. The maximum

synchrotron flux is defined as f r
max ∝ t3/2 for t < tx and after

crossing time it decreases as t−34/35. Similarly, f f
max ∝ t3 for t <

tx and independent of time after crossing time (Gao et al. 2015).
We model the afterglow emission and the parameters obtained to
explain GRB 140102A are listed in Table 5. We have used Bayesian
analysis PyMultiNest software (Buchner et al. 2014) to estimate
the afterglow modelling parameters and associated errors. A corner
plot showing the analysis results is shown in appendix A. In right-
hand panel of Fig. 5, we have shown the optical and X-ray light
curves based on afterglow modelling. The parameters electron energy
index p (2.00 for RS and 2.19 for FS, respectively), micro-physical
parameters ǫe and ǫB for the RS and FS are constrained using
optical and X-ray data. The model can explain the optical emission
and produces a slightly lower X-ray flux than observed at early
times (the excess can be explained in terms of energy injection,
see Section 3.2.2). However, in a few cases of GRBs, this kind of
feature (excess X-ray emission) has been seen, and possible scenarios
like (i) wavelength-dependent origin and (ii) mass-loss evolution
dependence are discussed by Yi, Wu & Dai (2013) and Xie et al.
(2020).

3.3 Host Galaxy SED modelling

The host characteristics, such as morphology, stellar population,
offset, etc. of LGRBs and SGRBs, are different. These characteristics
are likely associated with the physical conditions required to produce
GRBs. LGRBs are largely localized in active star-forming and young
stellar population dwarf galaxies. On the other hand, SGRBs belong
to old stellar population galaxies (Berger 2009; Savaglio et al. 2009).
Therefore, host parameters can be used to constrain about progenitors
and their environment (useful in such cases where T90 duration of
burst lies in the brink regime as in the case of GRB 140102A).
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GRB 140102A 4099

Figure 12. The SED of the host galaxy of GRB 140102A fitted by the
LEPHARE with redshift z = 2.8+0.7

−0.9. The red-filled circles depict, respectively,
the data points in the filters g, r, R, i, z, H from original observations (see
Section 2.6 and table A7). All magnitudes are in the AB system.

We calculated the offset value of 0.52 ± 0.02 arcsec (∼4.46 kpc)
between the afterglow position and the center of the host galaxy of
GRB 140102A. This value is higher in comparison to the median
offset value studied by Lyman et al. (2017). Recently Wang et al.
(2018) studied the possible correlations between rest-frame prompt
emission (T90, Eγ ,iso, and Lγ ,iso) properties with host properties.
They found that these parameters negatively correlate with offset
(GRB 140102A also follows it). As we could not constrain the
redshift of GRB 140102A using the spectroscopic observations of
the host galaxy, we attempted the photometric observations of the
host in six broad-band filters. These inspired us to perform a detailed
SED modelling and compared the results with a well-studied GRBs
host sample.

We used LEPHARE code (Arnouts et al. 1999) with PEGASE2 stel-
lar synthesis population models library (Fioc & Rocca-Volmerange
1999) for fitting (the redshift was left free to vary) the measured
photometric magnitudes values of the host galaxy though with large
errors associated with photometry. The best solution (see Fig. 12)
was revealed for redshift 2.8+0.7

−0.9, E(B − V) = 0.05 ± 0.05, and χ2 =

0.1 with parameters of host galaxy: age of the stellar population
in the galaxy = 9.1 ± 0.1 Gyr, stellar mass = (1.9 ± 0.2) ×

1011 M⊙, and SFR (star formation rate) = 20 ± 10 M⊙ yr−1. We
find that LEPHARE host redshift is consistent with the redshift value
obtained in Section 2.5.1 using joint X-ray and Optical afterglow
SED. Furthermore, we compare these properties with other well-
studied samples of GRB host galaxies. We find that the SFR is
higher than the median value of 2.5 M⊙ yr−1 (Savaglio et al. 2009).
The host galaxy of GRB 140102A lies at the upper right position in
the stellar mass and SFR correlation plane for star-forming galaxies
(see Fig. 13; Daddi et al. 2007), indicating the higher mass of the
host galaxy than other semi-SFR galaxies. We calculated the specific
star formation rate (SSFR) of the host galaxies of GRB 140102A
and find that it is lower than the average value of 0.8 G yr−1, but
it is consistent (lies towards the lower edge) with the correlation
between the stellar mass and the SSFRs (see Fig. 14; Savaglio et al.
2009).

Figure 13. The distribution of SFR a function of stellar mass for a sample
of GRB hosts, inferred from template fitting to their photometric SEDs. A
green star shows the host position for GRB 140102A. The black dots and the
red squares indicate the LGRBs, and SGRBs hosts with SFRs measured from
GHostS from 1997 to 2014 (Savaglio, Glazebrook & Le Borgne 2006, 2009).
The dashed line shows a constant SSFR of 1 Gyr−1.

Figure 14. The distribution of SSFR as a function of stellar mass for a sample
of GRB hosts, inferred from template fitting to their photometric SEDs. A
green star shows the host position for GRB 140102A. The black dots and the
red squares show GRB hosts with SFRs measured from GHostS from 1997 to
2014 (Savaglio et al. 2006, 2009). The dashed lines show the constant SFRs
of 0.1, 1, 10, and 100 M⊙ yr−1 from left to right.

4 D ISCUSSION

Based on the above results, we extend discussions about important
aspects of GRB 140102A and possible implications towards our
understanding about early-time optical afterglows by comparing with
a near-complete sample of LGRBs, listed in Table 5, exhibiting RS
emission signatures.
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4.1 Afterglow behaviour using closure relationship

Comparison of the temporal slopes derived using power-law fits
between the optical and X-ray light curves of GRB 140102A
throughout reveals an apparent mismatch. The optical emission has
a steep to shallow transition, as predicted in the standard external
shock model of RS and FS for a thin shell case. The optical light
curve also displays a late time break. The X-ray emission exhibits
a normal decay followed by a steeper decay. The optical and X-ray
light curves are chromatic in behaviour.

To further investigate the chromatic nature of X-ray and optical
afterglow, we performed a joint spectral analysis of the available
simultaneous multiwavelength data. We created SEDs in five tem-
poral segments, shown in Fig. 5. The first two temporal segments
are for the RS-dominant phase (SED 1 and SED 2), and the
last three segments are the FS-dominant phase (SED 3, SED 4,
and SED 5). We describe the joint spectral analysis method in
Section 2.5 and present the results in Fig. 6. The SED 1 is produced
from the data observed with Swift–BAT and extrapolated the index
towards lower (optical) and higher (gamma-ray) energies, which
covers from 1.98 × 10−3 to 5.5 × 105 keV. We used αopt−βopt,
αx-ray−βx-ray closure relations of RS and FS (Gao et al. 2013) to
constrain the p value and position of the cooling-break frequency
(νc) in the slow cooling case of synchrotron spectrum for an ISM-
like medium. We notice that the observed LAT flux is lower than
the extrapolated value during SED 1, indicating the presence of
possible spectral break (νc) between BAT and LAT frequencies.
This is in agreement with spectral regime (ν > max{νm, νc}) for
the LAT photons discussed in Section 4.1.2. The optical and X-
ray emission is consistent with νopt < νx−ray < νc spectral regime.
Ajello et al. (2018) found that if the cooling break is either in
between the XRT or LAT threshold energy or above this then the
source can be detected in LAT band that can be modelled using
synchrotron emission. We calculated the p value using observed
value of αopt−βopt, αx-ray−βx-ray and find p = 2.33 ± 0.21, this
is consistent with that calculated from afterglow modelling (see
Section 3.2.3). The SED 2 is produced from the data observed with
BOOTES optical telescope, Swift–BAT, and Swift XRT from T0+63
to T0+100 s. We consider a simple power-law model along with
galactic and host X-ray absorption components for the joint BAT
and XRT spectral analysis. We calculated a photon index of Ŵ =

−1.49 ± 0.05 (see Table 4). Therefore, the soft and hard X-ray
radiation during this temporal window should be originated from the
same component. We calculated the p value using observed value
of αopt−βopt, αx-ray−βx-ray during this temporal window, and find p

= 2.10 ± 0.21, this is consistent with that calculated from SED 1.

The SED 3 is produced from the data observed with BOOTES
optical telescope, Swift UVOT, and Swift XRT from T0+700 to
T0+1000 s. In this case, the X-ray and optical could be described with
a simple power law. The observed value of αopt−βopt, αx-ray−βx-ray

indicates that νc was still beyond the νopt and νx-ray spectral regime.
We calculated the redshift and host extinction of the burst using this
SED due to the availability of multiband optical observations during
this temporal window. Furthermore, we created two more SEDs (SED
4 and SED 5) at late epochs (23–31 and 51–65 ks) using optical
and X-ray data. In these cases also, the X-ray and optical could be
described with a simple power law, and it appears that the X-ray and
the optical are on the same spectral segment (νopt < νx−ray < νc),
though their light curve decay slopes are different (1.50 ± 0.02 and
1.11 ± 0.15 for X-ray and optical, respectively). However, they are
still consistent within 3σ .

Table 4. The best-fitting results of optical and X-ray spectral indices at
different epoch SEDs and their best describe spectral regime. p is the mean
value of the electron distribution indices calculated from observed value of
αopt/αx-ray and βopt/βx-ray of best describe spectral regime.

SED Time interval (s) βX-ray/opt p χ2
r

(Spectral regime)

1 29–65 0.72+0.45
−0.42 2.33 ± 0.21 0.88

(νopt < νx−ray < νc)

2 63–100 0.49+0.05
−0.05 2.10 ± 0.21 1.01

(νopt < νx−ray < νc)

3 700–1000 0.57+0.02
−0.02 2.09 ± 0.29 1.05

(νopt < νx−ray < νc)

4 23000–31000 0.77+0.22
−0.22 2.64 ± 0.21 0.78

(νopt < νx−ray < νc)

5 51 000–65 000 0.51+0.32
−0.32 2.38 ± 0.40 1.27

(νopt < νx−ray < νc)

Note. We calculated NHz(0.61+0.11
−0.10 × 1022cm−2), host extinction (0.21+0.02

−0.02

mag), and redshift (2.02+0.05
−0.05) using the SED 3. χ2

r notify the reduced chi-
square values for SEDs at different epochs. Uncertainty in the calculation
of p is obtained with a confidence level of 95 per cent.

4.1.1 Early optical afterglow and reverse shock

The optical afterglow of GRB 140102A faded continuously after
the first detection (T0+29 s, using BOOTES-4 robotic telescope)
and showed a steep to shallow transition, not a simple power-law
behaviour as is more usually observed in the light curve of optical
afterglow. It is likely that the early optical afterglow light curve is
produced by the RS emission, and ∼T0+100 s presents the beginning
of the dominance of the FS emission. In the case of GRB 140102A,
we do not have optical observations before the peak time, but
we constrain the decaying index after the peak as −1.72 ± 0.04
(∼T0+100), and this decay index is consistent with the expected
value for RS emission due to a thin shell expanding into the ISM-
like medium. The closure relation for the RS II class, i.e. αR

dec,opt

= −(27p+7)/35 = −1.74 considering the p = 2.00 (see Table 5),
which is consistent with the observed value. Furthermore, we also
estimated the expected value of the rising index of RS component
using the closure relation i.e. αR

ris,opt = (6p-3)/2 = 4.50 considering
the same value of p.

4.1.2 Origin of the high-energy LAT photons

For GRB 140102A, the extended LAT emission becomes softer and
marginally brighter (consistent with statistical fluctuation) after the
end of GBM keV–MeV emission. This indicates that the LAT GeV
emission originated later than the GBM keV–MeV emission and
from a different spatial region. In this section, we study the possible
external origin and radiation mechanism of detected LAT emission.

To investigate the radiation mechanism of high-energy GeV LAT
photons, we calculated the maximum photon energy emitted by the
synchrotron radiation mechanism in an adiabatic external FS during
the decelerating phase in the case of ISM external medium. We
used the following expression (see equation 2) from Piran & Nakar
(2010):

hνmax = 9 GeV

(

Eiso,54

n0

)1/8 (1 + z

2

)−5/8 (
t

100

)−3/8

, (2)
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GRB 140102A 4101

Table 5. Afterglow modelling results from our theoretical fits for GRB 140102A using the combination of external reverse (RS) and forward shock (FS) model.
We also present a sample of confirmed optical RS cases consistent with the thin shell in the ISM ambient medium to compare with the obtained parameters for
GRB 140102A. For the present analysis, we have calculated the values of TDec. and RDec. for all such events. In the case of GRB 161023A, we assume n =

1 cm−3.

GRB/ z T90 p Ŵ0 ǫe,f ǫB,f RB n0 EK ηγ TDec./RDec.

(References) [sec] [10−3] [10−5] [ǫB,r / ǫB,f ] [cm−3] [1052 erg] [sec] [×1016 cm]

990123 1.60 63.3 2.49 420 79.0 5 1156 0.3 108.0 0.2 < ηγ < 0.9 36.36/14.80
(1, 2, 3)
021211 1.006 2.41 2.20 154 130.0 3 128 9.9 3.0 <0.6 38.45/2.73
(3, 4, 5)
060908 1.884 19.3 2.24 107 14.0 117 72 190.0 2.7 0.5 < ηγ < 0.9 52.64/1.25
(3, 6)
061126 1.1588 191 2.02 255 420.0 8 69 3.7 12.0 0.4 < ηγ < 0.9 23.76/4.29
(3,7)
080319B 0.937 >50 2.57 286 68.0 4 16540 0.6 67.6 >0.6 51.24/12.98
(3, 8)
081007 0.5295 8.0 2.72 100 – – – 1 79 0.2 592.37/23.24
(3, 9, 10, 11)
090102 1.547 27 2.31 228 0.4 2 6666 359.0 816.0 <0.4 33.57/4.11
(3, 12, 13)
090424 0.544 48 2.06 235 2.7 19 25 4.0 258 <0.6 57.26/12.29
(3, 10)
130427A 0.34 162.83 2.08 157 3.3 22 4 1.5 521.0 <0.8 255.34/28.18 5
(3, 14, 15)
140512A 0.725 154.8 2.25 112.3 290 0.00182 8187 9.7 765 − 490.05/21.50
(16, 17, 18)
161023A 2.708 80 2.32 140 4 1000 3.2 – 48 – 495.88/15.73
(11, 19)
180418A <1.31 1.5 2.35 160 100 100 14 0.15 0.077 – 30.96/3.17
(20, 21)

140102A 2.02+0.05
−0.05 3.58+0.01

−0.01 2.00+0.01
−0.01 218.98+3.50

−3.67 77.0+6.7
−6.4 420.0+50.0

−40.0 17.75 0.70+0.06
−0.05 0.12 0.99 18.79/1.78

(This work)

Note. (1) Bloom et al. (1999); (2) Kippen (1999); (3) Japelj et al. (2014); (4) Vreeswijk et al. (2006); (5) Pizzichini et al. (2005); (6) Palmer et al. (2006); (7) Gomboc et al.
(2008); (8) Vreeswijk et al. (2008); (9) Berger et al. (2008); (10) Jin et al. (2013); (11) Yi et al. (2020); (12) de Ugarte Postigo et al. (2009); (13) Gendre et al. (2010); (14)
Levan et al. (2013); (15) Barthelmy et al. (2013); (16) de Ugarte Postigo et al. (2014); (17) Sakamoto et al. (2014); (18) Huang et al. (2016); (19) de Ugarte Postigo et al.
(2018); (20) Becerra et al. (2019); (21) Fraija et al. (2020).

where Eiso,54 = Eiso/1054 in ergs, t is the arrival time of the event since
T0 in s, and n0 is the ISM density. We consider n0 = 0.70 cm−3 for the
present analysis (see Table 5). We noticed that some of the late time
photons (even one photon with source association probability >90
per cent) lies above the maximum synchrotron energy. It indicates
the non-synchrotron origin of these photons. Photons above the
maximum synchrotron energy from recent VHE-detected GRBs
confirms the Synchrotron self-Compton origin for these high-energy
photons (Abdalla et al. 2019; MAGIC Collaboration 2019; Zhang
2019; Fraija et al. 2020).

Further, we fitted the LAT energy and photon flux light curves (see
Fig. 2) obtained from the time-resolved analysis with a simple power-
law decay model, which shows that emission could be continuously
decreasing with time in both energy and photon fluxes during the
temporal bins after the prompt phase (T0+5 s): 5−10, 10−100, and
100−1000 s. The Fermi–LAT photon flux light curve shows temporal
variation as a power law with an index −1.47 ± 0.01 and the energy
flux light curve shows temporal variation as a power law with an
index −1.29 ± 0.06. The LAT photon index (Ŵlat) is −2.18 ± 0.08
from a spectral fit obtained by fitting the first 105 s data. This gives
spectral index βlat = Ŵlat + 1 to be −1.18 ± 0.08. The time-resolved
spectra do not show strong temporal variation in the photon index in
the first four temporal bins.

In the external shock model, for ν > max{νm, νc} which
is generally true for reasonable shock parameters we can derive

the power-law index of the shocked electrons by fν ∝ ν−p/2. We
have synchrotron energy flux flat ∝ ν−βlat t−αlat . We found αlat =

−1.29 ± 0.06 (see the LAT light curve in Fig. 2) and βLAt =

−1.18 ± 0.08. The value of βLAt gives us p = 2.36 ± 0.16. Thus, the
power-law index for the energy flux decay can be predicted by using
fLAT ∝ t(2 − 3p)/4. The calculated value of αLAt is −1.27 ± 0.16, which
agrees well with the observed value of −1.29 ± 0.06. Hence, we
can conclude that for GRB 140102A, the extended LAT high-energy
afterglow is formed in an external FS.

4.2 Derived physical parameters of GRB 140102A and other

thin shell cases

In this section, derived parameters of GRB 140102A (TDec. and RB)
are compared with other well-studied thin shell cases of optical RS
emission. We collected the sample of confirmed optical RS cases
consistent with the thin shell in the ISM medium from the literature
(see Table 5) to the completeness of the sample. We estimated the
expected decay index (αR

Dec.,opt) using the closure relation, i.e. αR
Dec.,opt

= −(27p+7)/35 for RS component, deceleration time (TDec.) and
radius (RDec.) of the blast-wave for each of such events. We used blast-
wave kinetic energy, Lorentz factor, circumburst medium density, and
redshift parameters from the literature to calculate the TDec. and RDec.
of these bursts. We show the distribution of αR

Dec.,opt and RB with ratio
of deceleration time (TDec.), and T90 duration. Interestingly, we find
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Figure 15. A plot of decaying temporal indices of the RS emission (αR
Dec.,opt)

versus ratio of deceleration time (TDec.) and T90 duration (left side Y scale)
taken from the literature (see Table 5). The right side Y-scale corresponds
to the distribution of the magnetization parameter. The blue and red stars
show the position of GRB 140102A in this plane. The vertical red-dashed
line shows a ratio of TDec. and T90 equal to one. The horizontal blue-dashed
line represents a line for αR

dec,opt = −2.0.

that GRB 990123 and GRB 061126 do not follow the criteria of the
thin shell, i.e. TDec. > T90. However, these events have a large value of
magnetization parameter (RB >> 1), and (αR

dec,opt) ∼ −2 as excepted
from thin shell case of RS component in the ISM medium. This could
be because of the dependence of T90 duration on energy range and
detector sensitivity. It could also be possible due to the prolonged
central engine activity. In the sample of GRBs shown in Fig. 15, bursts
having RS emission (TDec. ≥ T90) are considered. It is obvious from
the figure that the observed TDec. values being spread over more than
two magnitudes in time. We also notice that the deceleration radius
of these events ranges from 1.25 × 1016–2.82 × 1017 cm, suggesting
a diverse behaviour of ejecta surrounding possible progenitors. A
larger sample of GRBs with RS detection is fruitful to understand
if a thin shell case leads to dominant RS emission. If the prompt
emission is bright, then any sub-dominant early optical afterglow
may not be observed. In the case of GRB 140102A, the RS early
optical afterglow is found with magnetization parameter RB ∼ 18, and
this value lies towards lower side of the distribution of magnetization
parameter for the sample of RS-dominated bursts.

5 SU M M A RY A N D C O N C L U S I O N S

We have reported a detailed prompt emission, early afterglow,
and host properties of GRB 140102A using the multiwavelength
observations. We find a rare and exciting prompt emission spectral
evolution, where Ep and αpt track the intensity of burst. The observed
correlation between Ep and intensity can be understood as the fireball
cools and expands. The relativistic fluid loses energy, causing both
the electron energy and magnetic field to reduce. The synchrotron
energy scale will then naturally reduce, and both intensity and Ep

will fall. However, during the bursting phase, the opposite may be
possible, and energy supply from the central engine would increase
both of these parameters. Recently, Ryde et al. (2019) explain the αpt–
intensity correlation in terms of subphotospheric heating in a flow

with a varying entropy, all though, in the case of GRB 140102A, we
did not find a thermal signature in the time-resolved spectroscopy.
For this burst, the spectral lag analysis reveals the presence of rarely
observed negative lags (Chakrabarti et al. 2018), and it is consistent
with the prediction of Uhm et al. (2018), that the negative spectral
lag is possible for Ep–intensity correlation. It will be interesting to
examine the spectral evolution–spectral lag correlation for a larger
sample of bright bursts with negative spectral lags to understand the
emission mechanism of prompt emission better.

Our afterglow modelling results suggest that the early
(∼30−100 s), bright optical emission of GRB 140102A can be well
described with the RS model, and the late emission can be explained
with the FS model. The RS model parameters for the early optical
emission are useful to understand the magnetic energy available
in the jet and the source environment (Kobayashi & Sari 2000;
Kobayashi & Zhang 2003). We find that the value of ǫB,r is larger
than ǫB,f, which provides the value of magnetization parameter RB

≈ 18. It demands a moderately magnetized baryonic jet-dominated
outflow for GRB 140102A, similar to other cases of RS-dominated
bursts (Japelj et al. 2014; Gao et al. 2015). We find a lower value of
electron equipartition parameter for the RS (ǫE,r) than the commonly
assumed value of ǫE,r = 0.1. Gao et al. (2015) suggest that a
lower electron equipartition parameter in the external shock would
lighten the ‘low-efficiency problem’ of the internal shock model.
We calculated the radiative efficiency (η = Eγ ,iso/(Eγ ,iso+Ek)) value
equal to 0.99 for GRB 140102A. Our model predicts a slightly lower
X-ray flux during the early phase, similar to other cases of RS-
dominated bursts. It might be some intrinsic property of the source,
either the central engine activity or wavelength-dependent origin (Yi
et al. 2013). It will be beneficial to investigate the possible origin
of excess X-ray emission for a larger sample in the near future.
The closure relations indicate that the optical and X-ray emission
is consistent with νopt < νx−ray < νc spectral regime for a slow
cooling and ISM ambient medium. However, the observed LAT flux
during the first SED lies below the extrapolated power-law decay
slope, indicating the presence of a possible spectral break between
BAT and LAT frequencies. We compare the physical parameters of
GRB 140102A with other well-known cases of RS thin shell in the
ISM-like medium and find that GRB 990123 and GRB 061126 have
Tdec < T90 even after a larger value of the magnetization parameter
(RB >> 1, i.e. thin shell case) and observed TDec. values being
spread over more than two magnitudes in time. We also notice
that the deceleration radius of these events spread over more than
a magnitude (Table 15), suggesting a diverse behaviour of ejecta
surrounding possible progenitors.

The host galaxy SED modelling suggests that the measured
redshift value (z = 2.8+0.7

−0.9) is consistent with the value obtained
from SED. Furthermore, we find that the SFR and stellar mass
of the host galaxy of this source is higher than the median value
of the sample for star-forming galaxies studied by Savaglio et al.
(2009). Overall, GRB 140102A provides a detailed insight into
prompt spectral evolution and early optical afterglow along with GeV
emission. In future, many more observations of such early optical
afterglows and their multiwavelength modelling of RS-dominated
GRBs using different RS parameters might help to resolve the open
questions such as low-efficiency problem, degree of magnetization,
ejecta behaviour, and environment, etc.
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the Commissariat à l’Énergie Atomique and the Centre National de
la Recherche Scientifique/Institut National de Physique Nucléaire et
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Table S1. Fermi LAT high-energy emission (>100 MeV) in different
temporal bins for a fit with a power-law model for GRB 140102A.
Table S2. The best-fitting model (shown with boldface) between
different models used for the time-averaged joint spectral analysis
of Fermi LAT standard, LAT–LLE, Fermi–GBM (NaI + BGO), and
Swift–BAT data of GRB 140102A.
Table S3. Time-resolved spectral fitting of GRB 140102A for Band
model based on Bayesian Block using Fermi–GBM and Swift–BAT
data.
Table S4. Time-resolved spectral fitting of GRB 140102A for
Blackbody + Band and Cut-off--power-law model based
on Bayesian block using Fermi–GBM and Swift–BAT data.
Table S5. Log of Swift UVOT observations and photometry of
GRB 140102A afterglow. No correction for Galactic extinction is
applied.
Table S6. Log of the host galaxy observations of GRB 140102A.
Figure S1. The corner plot has been obtained from the PyMulti-
Nest simulation for each parameter using the thin shell RS and FS
afterglow model.

Please note: Oxford University Press is not responsible for the content
or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

1Aryabhatta Research Institute of Observational Sciences (ARIES), Manora

Peak, Nainital 263002, India
2Department of Physics, Deen Dayal Upadhyaya Gorakhpur University,

Gorakhpur 273009, India
3School of Physics and Astronomy, University of Birmingham, Birmingham

B15 2TT, UK

4Instituto de Astrofisica de Andalucia (IAA-CSIC), Glorieta de la Astronomia

s/n, E-18008 Granada, Spain
5Departamento de Ingenierı́a de Sistemas y Automática, Escuela de Inge-
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