THE ASTROPHYSICAL JOURNAL, 970:67 (31pp), 2024 July 20
© 2024. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /ad4d95

CrossMark

A Study of the Spectral Properties of Gamma-Ray Bursts with the Precursors and Main

Bursts

Hui-Ying Deng Zhao-Yang Peng , Jia-Ming Chen’®, Yue Yin®, and Ting Li*

Department of Astronomy, School of Physics and Astronomy, Yunnan University, Kunming, Yunnan 650091, People’s Republic of China
Departrnent of Physics, Liupanshui Normal College, Liupanshui 553004, People’s Republic of China
* State-owned Assets and Laboratory Management Office, Yunnan Normal University, Kunming 650500, People’s Republic of China
Received 2023 December 23; revised 2024 May 1; accepted 2024 May 18; published 2024 July 17

Abstract

There is no consensus yet on whether the precursor and the main burst of gamma-ray bursts (GRBs) have the same
origin, and their jet composition is still unclear. In order to further investigate this issue, we systematically search
21 Fermi GRBs with both a precursor and main burst for spectral analysis. We first perform Bayesian time-
resolved spectral analysis and find that almost all the precursors and the main bursts (94.4%) exhibit thermal
components and that the vast majority of them have a low-energy spectral index (a; 72.2%) that exceeds the limit
of synchrotron radiation. We then analyze the evolution and correlation of the spectral parameters and find that
approximately half of the o (50%) of the precursors and the main bursts evolve in a similar pattern, while peak
energy (E,; 55.6%) behaves similarly, and their evolution is mainly characterized by flux tracking; for the a—F
(the flux) relation, more than half of the precursors and the main bursts (61.1%) exhibit roughly similar patterns;
the E,—F relation in both the precursor and main burst (100%) exhibits a positive correlation of at least moderate
strength. Next, we constrain the outflow properties of the precursors and the main bursts and find that most of them
exhibit typical properties of photosphere radiation. Finally, we compare the time-integrated spectra of the
precursors and the main bursts and find that nearly all of them are located in similar regions of the Amati relation
and follow the Yonetoku relation. Therefore, we conclude that main bursts are continuations of precursors and may
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share a common physical origin.

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

1. Introduction

Gamma-ray bursts (GRBs) represent one of the most intense
explosive events in the universe. The energy released during
these phenomena can be equivalent to the total energy emitted
by thousands of suns within a matter of seconds. According to
the classification of Ty, bursts with a duration longer than 2 s
are classified as long GRBs (LGRBs), while bursts with a
duration shorter than 2 s are classified as short GRBs (SGRBs;
Kouveliotou et al. 1993). GRBs sometimes exhibit faint
emission events prior to the main radiation, and this
phenomenon is referred to as a precursor (Metzger et al. 1974).

Koshut et al. (1995) first defined the precursor as having a
peak intensity slightly lower than and distant from the main
burst, with a separation phase having an intensity comparable
to the background and a duration not shorter than the main
burst phase. Based on this criterion, precursors were selected
by the naked eye, and durations were defined using signal-to-
noise ratios (S/Ns), while spectral properties were quantified
using hardness ratios. They found that these GRBs with
precursors and other GRBs without precursors had the same
spatial distribution; the duration of the precursors correlated
with the duration of the main bursts. In addition, they found no
other significant connection between the precursors and the
main bursts, suggesting that the precursors and the main bursts
may be independent of each other. Lazzati (2005) selected a
bright, long-duration BATSE burst sample and set the
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precursor criteria: first, the event must be detected before the
trigger; second, its flux should decrease prior to the trigger, and
it searches for precursors 200 s before the GRB is triggered.
They concluded that there was no correlation between the
precursor properties and those of the main bursts. Moreover,
the spectra of most precursors were typically nonthermal
power-law spectra. The spectra of these long-delay and
nonthermal origin precursors were challenging to explain using
existing progenitor models. Charisi et al. (2015) searched for
2710 long-duration bursts from three instruments, namely
BATSE, Swift-BAT, and Fermi-GBM. They adopted the basic
precursor definition, which is similar to previous definitions, as
an emission preceding the episode with the highest peak
intensity (main event), separated from it by a quiescent period
with no detectable gamma-ray flux. They obtain the energy in
time-frequency bins using an algorithm developed for
gravitational-wave data analysis (Q pipeline; Chatterji et al.
2004). In this method, time-frequency bins are tiled using
bisquare windows with overlapping Gaussian-enveloped
sinusoids. The signal is whitened using linear prediction, after
which a high-pass filter is applied. To ensure comparability
between bins, the energy density in each bin is normalized to
account for the varied window size and the tile overlapping.
They found no correlation in the temporal properties between
the main bursts and the precursors. Zhang et al. (2018) reported
on an exceptionally bright burst, GRB 160625B, which
exhibited three distinct radiation events separated by two long
quiescent periods (a short precursor, an extremely bright main
burst, and an extended radiation event). Through time-resolved
spectral analysis of the precursor and the main burst, they
found that the precursor and the main burst displayed distinctly
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different spectral properties, with the precursor demonstrating a
thermal spectral component, while the main burst exhibited a
nonthermal spectral component. This transition serves as a
clear indication of the change in jet composition from a fireball
to a Poynting-flux-dominated jet. Li (2019a) further analyzed
GRB 160625B and determined that its precursor and main
burst are dominated by thermal and nonthermal components,
respectively, consistent with the findings of Zhang et al. (2018).
This further suggests that the origins of the main burst and the
precursor may be distinct. Zhong et al. (2019) identified 18
short bursts with precursors from 660 SGRBs observed by
Fermi and Swift. They found that most of the precursors and
main bursts exhibit nonthermal emission properties, but they
still identified some differences between the precursors and the
main bursts. Coppin et al. (2020) found 217 bursts exhibiting
precursors through the analysis of 11 yr of Fermi/GBM data.
They found that the duration of a quiescent interval was a
bimodal normal distribution, suggesting the existence of two
distinct progenitor stars for these GRBs.

However, Burlon et al. (2008) provided a simple definition
for precursors: their peak flux is lower than that of the main
event, separated by a quiescent period. This period may not
exceed the duration of the main burst and is not necessarily
before the triggering event. They analyzed the spectra of the
precursors with known redshifts and compared them with the
time-integrated spectra of prompt emission; although no
correlation was found between the two slopes, there were no
systematic differences observed in spectral hardness or
softness. Additionally, precursors exhibit considerable energy
levels, slightly below those of entire bursts within the
15-150 keV range. Furthermore, these properties were found
to be independent of the quiescent period. Their results
suggested that the precursors were phenomena closely
associated with the main burst. Additionally, they examined
whether precursors contained a thermal component. Potentially
due to a low S/N, they did not identify any distinct thermal
radiation component. Later, Burlon et al. (2009) found that
12.5% of the 2704 observed BATSE bursts exhibited one or
more precursors. Through time-resolved spectral analysis, they
found striking similarities in the spectral characteristics of
precursors and main bursts, and they concluded that the fireball
model mechanism of the precursors and the main bursts was
supported. Troja et al. (2010) performed a precursor search on a
sample of short bursts observed by Swift, and there were no
strict constraints on whether the instrument was triggered or not
and on the interval between the precursor and the main event.
After analyzing the time characteristics of the precursors and
the main bursts, no significant differences are found between
the two, as well as between SGRBs with and without
precursors. Hu et al. (2014) used Bayesian algorithms to
search for precursors of GRBs observed by Swift-BAT,
without the requirement of a quiescent period for precursors.
They further indicated through spectral analysis that the origin
of the precursor is consistent with that of the main burst. Zhu
(2015) investigated the characteristics of Fermi GRBs with
precursors. They selected precursors by comprehensively
considering the methods defined by previous researchers and
classified them into three categories for separate studies. The
three categories of precursors include type I, where the
precursor is much dimmer than the dominant emission and
preceded by a well-defined quiescent period; type II, similar to
type I, but the quiescent period is not well-defined; and type III,
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where the precursor is dimmer than the main emission but not
by much, with the background-subtracted precursor peak flux
being more than a third but less than the background-subtracted
dominant emission peak flux. They compared distributions of
temporal and spectral parameters and found no statistically
significant differences between the precursors and main
emissions, indicating that they originate from the same source.
Li et al. (2021b) investigated SGRB data observed by Swift/
BAT, focusing on examining short burst events that
simultaneously have precursors, main bursts, and extended
emissions. They found a correlation between their peak fluxes,
supporting that these three events originate from similar central
engine activities. Li & Mao (2022) analyzed 52 LGRBs with
precursors selected from the third Swift-BAT catalog. They
discovered that both the temporal characteristics of the
precursors and the main bursts follow the relationship between
peak time (7,) and pulse width (w), suggesting that the
precursors and the main bursts may have a common physical
origin. Deng et al. (2023) compared the power-law relationship
between the pulse width and energy of the precursor and the
main bursts, revealing that they may share a common physical
origin.

Some theoretical explanations have been proposed to
investigate the physical origins of precursors, which can be
categorized as follows: (1) When the fireball becomes
transparent, the transient radiation produced by the photosphere
is released, referred to as photospheric precursors (Lyutikov &
Usov 2000). (2) MacFadyen et al. (2001) proposed the concept
of a shock breakout precursor. For LGRBs, the central engine
is surrounded by the stellar envelope of the progenitor star, and
the jet must penetrate this envelope to be observed for
radiation. During this process, the interactions heat the material
immediately ahead of the jet. When this heated material breaks
through this envelope, it releases thermal emission in the form
of a shock breakout. For SGRBs, a similar scenario can occur if
the central engine releases a dense wind before emitting a jet,
and the central engine must be a magnetar rather than a black
hole. Furthermore, a second precursor with increased energy is
generated after the interaction of high-energy particles and
thermal photons within the jet. (3) In the fallback precursor
model, the central engine initiates an initially weak jet that
successfully penetrates the stellar envelope. However, interac-
tions slow down the jet, causing some of its material to fall
back and be accreted by the central engine. This process
powers the emergence of a second, stronger jet. The first jet
produces the precursor, while the stronger jet produces the
main emission (Wang & Mészaros 2007). (4) Before the
merger, electromagnetic signals can arise from the interaction
between the magnetospheres of two neutron stars (NSs),
potentially serving as precursor emission (Lai 2012; Palenzuela
et al. 2013; Wang et al. 2018, 2020). (5) Prior to the merger,
potential crust cracking in one or both NSs could give rise to
precursor radiation (Tsang et al. 2012; Suvorov & Kokkotas
2020). Based on the cumulative progress in the research
mentioned above, there is currently no unified consensus on
whether the precursors and main bursts, whether they are long
or short burst, share a common origin. There are divergent
theoretical explanations regarding their physical origins.
Furthermore, few studies have compared the precursors of
long and short bursts with the spectral characteristics of the
main burst. Therefore, we analyze the precursors and main
bursts of long and short bursts from the perspective of time-
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resolved spectra and time-integrated spectra. We not only
compare their spectral components and spectral characteristics
using the best-fit model but also, based on the previous
researcher theoretical model, constrain the outflow properties
of the precursors and main bursts. This comparison aims to
investigate whether they share a common origin and provides
clues for explaining their physical origins.

This paper is organized as follows. Section 2 describes the
selection of the sample and analysis methods. The models
used in this study and the criteria for selecting the best
model are presented in Section 3. Section 4 illustrates the
analysis results of spectrum parameters. Section 5 char-
acterizes the radiation parameters of the photosphere.
Section 6 shows the Amati relation and the Yonetoku relation,
and in Sections 7 and 8 the discussion and conclusions are
given. Throughout the article, the consistent cosmological
parameter values are Hy=67.4kms ' Mpc ™', Q) =0.315,
and Q, =0.685, following the concordance cosmology
(Planck Collaboration et al. 2020).

2. Sample Selection and Analysis Methods

The data in this study are sourced from the Fermi satellite,
equipped with two instruments: the Gamma-ray Burst Monitor
(GBM) and the Large Area Telescope (LAT). The GBM
comprises 14 detectors, each with 128 energy channels,
including 12 Nal detectors covering an effective energy range
of 8 keV-1 MeV and two BGO detectors covering an effective
energy range of 200 keV—40 MeV. The observational data
from GBM are stored in three file formats: CTIME files,
CSPEC files, and time-tagged event (TTE) files. Among these,
TTE data consume more memory. Typically, only data
recorded within 30s before and 300s after the trigger are
used. In comparison to the first two file types, TTE files have
the highest time and energy resolution, making them suitable
for analyzing the time-resolved spectra of GRBs. Therefore,
TTE data are used for time-resolved spectral analysis in this
study. The TTE data and standard response files are provided
by the GBM team. We select data from all Nal detectors
(usually one to three) triggered by GBM and the brightest BGO
detector.

In this study, a similar precursor definition to that in Burlon
et al. (2008) is adopted: the peak intensity of the precursor is
lower than the subsequent main burst, and there is a separation
period between the precursor and the main burst. This
separation period is not necessarily longer than the duration
of the main burst, and it does not necessarily occur before the
triggering event. We perform a detailed time-resolved spectral
analysis of the sample and select relatively brighter bursts,
which have precursors with fluence greater than
3.5%x 1077 erg cm 2. We obtain 21 GRBs from GBM,
comprising 16 long bursts and 5 short bursts. However, three
short bursts (GRB 130310840, GRB 100717372 and
GRB 081216531) do not meet the fluence criterion, so they
will only be used in the time-integrated analysis. The remaining
two short bursts (GRB 180703B and GRB 140209A) will be
used in both time-resolved and time-integrated analysis.

In this paper, we use the Multi-Mission Maximum Like-
lihood Framework (3ML; Vianello et al. 2015) for Bayesian
analysis, serving as the primary tool to conduct time-resolved
spectral analyses on both precursors and main bursts (Yu et al.
2018). Performing time-resolved spectral analysis and
effectively binning the data are crucial in this investigation.
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Burgess (2014) studied various methods for GRB spectral time
binning. Bayesian Blocks (Scargle et al. 2013) are the effective
methods for time binning, characterized by the following
features: (1) each time interval conforms to a constant Poisson
rate, (2) the algorithm is used to subdivide the light curve of
GRBs for the selection of time bins, (3) the selection of time
bins reflects the genuine variability in the data, and (4) it has
variable width and variable S/N. However, the Bayesian
Blocks method does not guarantee that each time bin contains
enough photons to perform accurate spectral fitting. Traditional
S/N methods ensure that there are enough photons for spectral
fitting, but they can sometimes disrupt the physical structure.
Both methods have their advantages and disadvantages.
Therefore, we combine the strengths of both methods to
choose the time bin. First, we use the Bayesian Blocks method
to divide the data into time bins and then calculate the statistical
significance S (an appropriate measure of S/N) for each
individual time bin. Due to the significant difference in peak
flux between precursors and main bursts, we attempt to use
selection criteria for S that may not necessarily be identical but
should at least be close. The precursor selection criterion is
S > 15, and the main burst criterion is S > 20 (Vianello 2018).
Since there are relatively few precursors satisfying S > 15, we
choose precursors with S > 15 and main bursts with S > 20 as
the gold sample. For the silver sample, we choose precursors
with §>5 and main bursts with S > 20. Similarly, for the
copper sample, we choose precursors with S >2 and main
bursts with S > 20. The classification is presented in Table 2.
Among them, there are seven GRB candidate sources in the
gold sample, 10 GRB candidate sources in the silver sample,
and one GRB candidate source in the copper sample.
Simultaneously, we apply the Bayesian Blocks method with
a false-alarm probability p = 0.01 to rebin the TTE light curves
of one of the brightest Nal detectors for each burst, with other
triggered detectors following the same time bin information.

3. Spectral Models and Selection of the Best Model

To investigate the spectral components of precursors and
main bursts, we employ three empirical spectral models
commonly used in the literature. The Band spectral component,
Band function (Band; Band et al. 1993), is written as

N Band (E )
( E )u E
exp| —— |,
,J\100kev E,

(a — BE " 3
( 100keV ) exp(j a)(

E < (a - B)Ey

8
), E > (o — B)E,

ey

E
100keV

where
E, = (2 + a)Ey, (2)

where N(E) is the photon flux (photons cm 2keV 'sTh, A
represents the normalization constant of the spectrum, « is the
low-energy spectral index, [ is the high-energy spectral index,
E, is the break energy, and E, is the peak energy in units of
keV in the observed vF, spectrum. The cutoff power-law
function (CPL) is written as follows, corresponding to the first
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Figure 1. The evolution of ADICy. over time for GRB 140329A. The gray
shading is the light curve, and the red dotted line indicates ADICp,q = 10.

portion of the Band function:

E @ E
NepL(E) = A( 100keV) CXP(—E—O} 3)

where A is the normalization factor at 100keV in units of
photons s™' cm ™ keV ™!, « is the low-energy spectral index,
and E| is the break energy in keV. Some GRBs have additional
thermal components, which are generally fitted by a Planck
blackbody (BB) function. The Planck function is given by

E2

NBB(E) = AW,

“)
where E is the photon energy, A is the normalization constant
for energy at 1keV, kT is the energy corresponding to the
blackbody temperature with units of keV, and k is the
Boltzmann constant.

In our analysis, we initially fit the time-resolved spectra of
each GRB using the Band and CPL models and screen the
fitting results to identify the best-fit model (best model).
Subsequently, we incorporate BB components separately into
the Band and CPL models, resulting in Band+BB and CPL
+BB models. Through further data analysis, we identify the
best model with a BB component (best model4+BB). Finally,
by comparing the best model and best model+BB, we
determine the presence of a thermal component. In this paper,
we introduce the deviance information criterion (DIC; Li
2019b; Chen et al. 2021) to assess the quality of the fitting
models. The expression for DIC is given by

DIC = —2log[p(data|®)] + 2ppic, )

where 0 represents the posterior mean of the parameters and
ppic is the effective number of parameters. Different models
are fitted to the same data points, and a smaller DIC value
indicates a better model. The difference in DIC values between
two models, denoted as (ADIC =DIC; — DIC)), is used to
assess the model’s goodness of fit. The criterion (Hou et al.
2018) is as follows: (a) the range of ADIC is 0-2: the goodness
of fit between model j and model i is indistinguishable; (b) the
range of ADIC is 2-6: there is positive evidence supporting
model i; (c) the range of ADIC is 6-10: there is strong
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evidence supporting model i; (d) ADIC > 10: there is very
strong evidence supporting model i.

4. Analysis Results of Spectrum Parameters
4.1. Spectral Component Analysis

Taking the precursor of GRB 140329A as an example, this
phase is divided into six time bins, as illustrated in Figure 1.
The results of our spectral fitting, along with the goodness-of-
fit values (PGSTAT/dof), are presented in Table 1. We initially
employ the Band and CPL models to fit the spectrum. As
shown in Figure 1 and Table 1, for the first time-resolved
spectrum of the precursor (—0.12 to —0.03 s), the DIC for the
Band model is 95.24 and the DIC for the CPL model is 100.21.
ADIC = DICg,pg — DICcpL, = —4.97, indicating positive evi-
dence that the Band model is the better fit for the first time-
resolved spectrum of the precursor. Subsequently, by
introducing the thermal component, we fit the spectra using
Band+BB and CPL+BB models. For Band+BB the DIC is
80.97, and for CPL+BB it is 76.08. ADIC = DICg,uq+BB —
DICcpy . gg =4.89, providing positive evidence in support of
the CPL+BB model. Finally, by comparing the DIC values of
the two best-fit models, we can determine whether there is a
thermal component. The difference in DIC values is
ADICbest = DICbestZ — DICbestl = 1916, where DICbestZ and
DICyq11 refer to the DIC,; value of the best-fit model without
and with a thermal component, respectively. This indicates
strong evidence supporting the CPL+BB model, suggesting
the presence of a significant thermal component in this time
bin. As shown in Figure 1 and Table 2 for GRB 140329A, the
ADICy,, for all time bins in both the precursor and the main
burst exceeds 10. Therefore, both the precursor and the main
burst exhibit clear evidence of thermal components. Applying
the aforementioned method to the remaining 17 GRBs, the
results of thermal component analysis are illustrated in Table 2
and presented in Figure 5 in the Appendix. Among them, there
is strong evidence indicating that the gold sample exhibits a
fundamental similarity in the spectral resolution of precursors
and main bursts, both of which contain thermal components.
The silver sample is roughly similar to the gold one, except for
the precursors of GRB 130815660. Additionally, the copper
sample also exhibits similarities to the gold sample.
Furthermore, the precursors of the gold sample in Table 2
and Figure 5 include not only spectra with S > 15 but also
spectra with 15> 8> 5. This indicates that the 15>S>5
spectra of the gold sample’s precursors also exhibit significant
thermal components. Hence, this further illustrates the presence
of thermal components in the precursors. Therefore, almost all
precursors and main bursts contain evident thermal compo-
nents, accounting for 94.4% (17/18) of the total sample.

4.2. Parameter Evolution

To further compare the spectral properties of precursors and
main bursts, we also examine the evolution of their parameters.
Early studies have indicated several modes of spectral
parameter evolution: the “hard-to-soft” (h.t.s), the “flux
tracking” (f.t), the “soft-to-hard” (s.t.h), and other chaotic
evolution patterns. If both peak energy (E,) and low-energy
spectral index (o) exhibit “flux tracking” behavior, it is
classified as a “double-tracking” mode of spectral evolution (Li
et al. 2019). We conduct a detailed analysis of the spectral
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Table 1
Spectral Fitting Result of the Precursor of GRB 140329A

totart — fend S Model a 8 E, kT DIC pgstat/dof

(s) (keV) (keV)

—0.12 to —0.03 7 band —1.2470% —1.9415% 176.1973%8,36 95.24 0.24
7 cpl —1.277%4 268.91134371 100.21 0.24
7 band-+bb —1.2470% —1.96+42 117.71734%P 102.59+83s 80.97 0.24
7 cpl+bb —1.277331 100414337 117.491355, 76.08 0.24

—0.03 to0 0.03 15 band —0.540% —2.490% 2175743741 58.84 0.11
15 cpl —0.54793 238.67135:08 55.12 0.11
15 band+bb —0.54°0% —2.43404° 214.92+3878 71324372 45.43 0.11
15 cpl+bb —0.557921 235.29*2737 574113242 41.58 0.11

0.03—0.21 40 band —0.261%1, —2.570%3 218.6812%08 639.33 1.72
40 cpl —0.470%8 257.73514%° 638.94 1.73
40 band-+bb —0.26044 —2.521041 209.8412147 90.727433 625.03 1.73
40 cpl+bb —0.2470Y 197946102 1538117, 619.67 1.72

0.21-0.32 23 band —0.127%%2 —2.697543 109.14403 268.01 0.68
23 cpl —0.207318 125.47+833 266.74 0.68
23 band+4-bb —0.16°0% —2.747048 110.55535'%, 64.92+1922 255.12 0.68
23 cpl+bb —0.2359% 117.14+1392 90.11+}:3% 251.7 0.68

0.32—0.6 19 band —0.9170% —2.27%4 104.75430% 731.71 2.02
19 cpl —1.057912 133.557%7:32 739.11 2.02
19 band+bb —0.9379% —2.247043 102.0723§! 609473508 718.91 2.03
19 cpl+bb —0.97913 97.5778%%8 108.987%5¢, 719.39 2.03

0.6-0.97 7 band —0.851941 —1.871002 622178231 761.66 221
7 cpl —1.24%93 166.387 1683 798.77 2.21
7 band+-bb —0.9793 —2.097548 529143783 82.8273515 775.97 2.22
7 cpl+bb —0.837935 5754710894 90.5173:%, 737.55 221

parameters of precursors and main bursts for 18 GRBs, and the
results are presented in Table 3.

The evolution of « is depicted in Figure 6 in the Appendix.
The precursors and main bursts of the gold sample both have at
least one « exceeding the synchrotron death line (v =—2/3;
Preece et al. 1998); for the silver sample, approximately half
(50% = 5/10) exhibit at least one « value that exceeds the limit
of synchrotron radiation. Among the silver sample, GRB
180728A and GRB 210801A are the only two bursts that have
all of their o values below the synchrotron death line. Bursts
where the precursor’s a exceeds the synchrotron death line but
the main burst's does not include GRB 160821A and GRB
190829A. Bursts where the precursor’s o does not exceed the
synchrotron death line but the main burst's does include GRB
130815660. Furthermore, both the precursors and main bursts
of GRB 140209A (the copper sample) exhibit at least one «
value exceeding the synchrotron death line. Overall, the vast
majority of precursors and main bursts exhibit at least one «
exceeding the synchrotron death line, accounting for 72.2%
(13/18) of the total sample.

The evolution of « over time is illustrated in Table 3. Both
the precursors and main bursts exhibit identical evolutionary
patterns of «, accounting for 50% (9/18) of the total sample.
Among them, both the precursors and main bursts of GRB
151227B and GRB 160225B exhibit the hard-to-soft-to-flux-
tracking (h.t.s.t.f.t) pattern, while those of the remaining seven
bursts evolve with the f.t pattern. Overall, the o values of the
precursors and main bursts demonstrate evolving f.t patterns,
accounting for 50% (9/18) and 66.7% (12/18) of the total
sample, respectively. The evolution of E, over time is
illustrated in Table 3 and in Figure 7 in the Appendix. Both
the precursors and main bursts show the same evolving patterns

of E,, accounting for 55.6% (10/18) of the total sample.
Among them, the precursors and main bursts of GRB
130815660 exhibit the h.t.s pattern, while those of GRB
160625B exhibit the h.t.s.t.f.t pattern, with the remaining eight
bursts evolving in the f.t pattern. Overall, the E, values of the
precursors and main bursts show evolving f.t patterns,
accounting for 55.6% (10/18) and 77.8% (14/18) of the total
sample, respectively. Therefore, the evolution of both spectral
parameters (o and E,) in precursors and main bursts primarily
follows a similar pattern, with the majority evolving in the f.t
pattern. This suggests a potential correlation between the
precursors and main bursts. Furthermore, there are bursts with
“double-track”™ spectral evolution mode of precursor and main
burst: GRB 130427A, GRB 130720582, GRB 140329A, GRB
180416A, and GRB 180703B.

4.3. Correlation and Distribution of Spectral Parameters

As shown in Table 3, the correlation among precursor and
main burst parameters («, E,, F (the flux)) can be observed. The
a—F relation depicted in Figure 8 in the Appendix reveals that
over half of the precursors and main bursts exhibit similar
correlations, with six in the gold sample and five in the silver
sample, constituting 61.1% (11/18) of the total sample. There
are bursts where both precursors and main bursts are positively
correlated, including GRB 130427A, GRB 130815660, GRB
140329A, GRB 160509A, GRB 160625B, GRB 230307A, and
GRB 180703B, and there is no correlation observed for both
precursors and main bursts in GRB 130720582, GRB 151227B,
GRB 160225B, and GRB 190829A. Ryde et al. (2019)
employed the function F(c)=Ne*® to describe the a—F
relation, where N is a normalization constant. The obtained
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Table 2

Results of GRBs with Candidate Precursors and Thermal Component Analysis Results

Deng et al.

GRB (sample) z Detector Too Time Period Thermal Component
Precursors Main Bursts Precursors Main Bursts
(s) (s) (s)
LGRBs
GRB 130427A(G) 0.34 n6,n9,na,bl 138.24 —0.1to 2.5 3—-12.5 100% (11/11) 100% (43/43)
GRB 130720582(G) n9, na,nb,bl 199.17 —5to 50 90—186 100% (12/12) 100% (17/17)
GRB 130815660(S) n3,n4,n5,b0 37.89 —11t0 6.5 30—-45 33.3% (1/3) 100% (6/6)
GRB 140329A(G) n8,nb,bl 21.25 —1to3 17-32 100% (6/6) 100% (16/16)
GRB 150330A(G) 0.939 nl,n2,n5,b0 153.86 —1to 12 123—155 100% (7/7) 100% (28/28)
GRB 151227B(S) nl,n2,n5,b0 42.75 —2t05 20—-46 100% (5/5) 100% (22/22)
GRB 160225B(S) n7,n8,nb,bl 64.26 —5to 13 45—47 100% (4/4) 100% (4/4)
GRB 160509A(S) 1.17 n0,n1,n3,b0 369.67 —1.5t06 7-30 100% (5/5) 100% (22/22)
GRB 160625B(G) 1.406 n6,n7,n9,bl 453.39 —1to3 185-225 100% (6/6) 100% (46/46)
GRB 160821A(S) n6,n7,n9,bl 43.0 —5to 50 115-163 80.0% (4/5) 100% (38/38)
GRB 180416A(S) n0,n1,n3,b0 103.43 —51to0 10 25—125 100% (4/4) 100% (11/11)
GRB 180728A(S) 0.117 n3,n6,n7,bl 6.4 -2t 5 9-20 100% (3/3) 100% (19/19)
GRB 190829A(S) 0.0785 n6,n7,n9,bl 59.39 —1to 10 47—-65 100% (4/4) 85.7% (6/7)
GRB 210801A(S) n9,na,nb,bl 13.82 -2t 5 6—16 100% (3/3) 100% (9/9)
GRB 211211A(S) 0.0763 n2,na,b0 34.31 —0.5 to 0.25 1-12 100% (3/3) 98.4% (61/62)
GRB 230307A(G) 0.065 na,bl 34.56 —0.65 to 0.4 0.7—2.67 and 7.22—18.3 100% (3/3) 100% (73/73)
SGRBs
GRB 180703B(G) n0,n1,n3,b0 1.54 —0.9 to 0.6 0.9-2 100% (5/5) 100% (6/6)
GRB 140209A(C) na,n9,bl 1.41 —05to 1 1.1-4.1 100% (3/3) 100% (7/7)
GRB 130310840 n9,na,nb,bl 16.0 —02to 1 4-6.5
GRB 100717372 n7,n8.nb,bl 5.952 —1t00 3-5
GRB 081216531 n7,n8,nb,bl 0.768 —0.14 to 0.01 0.5—-1.10

Note. The main burst of GRB 230307A was excluded, due to the bad time interval (TTE: TO + [3.00, 7.00] s) of GBM caused by pulse pileup (Dalessi & Fermi GBM
Team 2023). The redshift of the sample can be found online; please see https://gen.gsfe.nasa.gov /selected.html. Other than that, the redshift of GRB 150330A can be
found at Liu et al. (2022). In the first column, “G” represents the gold sample, “S” represents the silver sample, and “C” represents the copper sample. Furthermore, the

last two columns indicate the percentage of time slices with the presence of a thermal component.

median value for k is approximately 3. Similarly, we also use this
function to fit the relationship between these two parameters, as
shown in Figure 8. We obtain 0.67 as the median value of k for
precursors and 2.98 as that for main bursts. The overall sample is
displayed in Figure 2, with correlation coefficients of 0.39 for
precursors and 0.49 for main bursts.

The E,—F relation is shown in Figure 9 in the Appendix. The
E,—F relation in both the precursor and main burst exhibits a
positive correlation in all samples. Notably, the precursors and
main bursts show at least a moderate positive correlation. The
overall sample is displayed in Figure 2, with correlation
coefficients of 0.69 for precursors and 0.8 for main bursts.

The o—E, relation is shown in Figure 10 in the Appendix.
Over half of the precursors and main bursts exhibit similar
correlations in the a—E, relation for all samples, constituting
61.1% (11/18) of the total sample. The bursts demonstrating a
positive correlation between E, and « for both precursors and
main bursts include GRB 130427A, GRB 130815660, GRB
150330A, GRB 160509A, GRB 210801A, GRB 230307A, and
GRB 180703B. Bursts with no correlation in both are GRB
130720582, GRB 151227B, GRB 160821A, and GRB 190829A.
The overall sample is shown in Figure 2, with a correlation
coefficient of 0.46 for precursors and 0.31 for main bursts.

4.4. Distributions of Spectral Parameters

In the top panels of Figure 3, we obtain the distributions of «
and E,, for precursors and main bursts in the overall sample. We

fit them with Gaussian functions to derive the corresponding
mean and standard deviation values. For precursors, the
average value of a is —0.74 +0.33, and after adding the BB
component, o= —0.69 £0.35. In the case of main bursts,
a=—0.87=+0.29, and after adding the BB component,
a = —0.78 & 0.3. From the statistical results, we observe that
the values of « of the precursors are harder than those of the
main bursts. Moreover, the proportion of the time-resolved
spectra exceeding the ‘“synchrotron line” is greater for the
precursors than for the main bursts. Additionally, we also find
that after adding the BB component in both cases «a tends to
shift toward “harder” values.

In the bottom panels of Figure 3, we present the distribution
of the peak energy E, in the overall sample. Similarly, we use
Gaussian functions to fit the distributions of the precursors and
the main bursts. For the precursors, we obtain log(E,) = 2.01+&
0.39, and after incorporating the BB component, log(E,) =
1.92 4 0.33. In the case of main bursts, log(E),) = 2.45 & 0.5,
and after adding the BB component, log(E,,) = 2.3 & 0.44. We
note that the E, values for the majority of the precursors are
lower than those of the main bursts, and when both are fitted
with the BB component, the E, values moderately decrease.

5. Photosphere Radiation Parameters

GRB jets primarily undergo two acceleration mechanisms:
thermal and magnetic. The former is associated with a hot
fireball and progresses rapidly, while the latter is related to
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Table 3
Evolutionary Pattern and Correlation Coefficients of the Precursor and Main Burst

GRB(Sample) @ E, @ E, a—F E,—-F a—E, a—F E,—F a—E,

p p m m P p p m m m
(eY] (2) (3) (4) 5) (6) M (©)] © (10) 1D
LGRBs
GRB 130427A(G) f.t fit fit fit 0.63 0.80 0.72 0.71 0.91 0.55
GRB 130720582(G) f.t f.t f.t f.t 0.12 0.64 —-0.24 0.27 0.82 -0.11
GRB 130815660(S) f.t h.t.s fit h.t.s 1.00 0.50 0.50 1.00 0.94 0.94
GRB 140329A(G) f.t f.t f.t f.t 0.40 0.80 0.20 0.51 0.85 0.44
GRB 150330A(G) h.ts.tft h.t.s.t.fit fit fit 0.10 0.40 0.70 0.74 0.83 0.69
GRB 151227B(S) h.ts.t.fit f.t h.ts.t.fit fi.t —0.30 1.00 —0.30 0.17 0.85 0.17
GRB 160225B(S) h.ts.tfit h.ts.t.ft h.ts.t.fit fit -0.20 0.40 0.80 0.20 0.90 0.10
GRB 160509A(S) f.t f.t h.ts.t.fit f.t 0.50 1.00 0.50 0.61 0.72 0.47
GRB 160625B(G) fit h.t.s.t.fit fit h.t.s.t.fit 0.90 0.70 0.60 0.77 0.67 0.29
GRB 160821A(S) f.t f.t f.t —0.50 0.70 —0.30 0.62 0.56 -0.06
GRB 180416A(S) f.t fit fit f.t -0.20 1.00 -0.20 0.85 0.88 0.91
GRB 180728A(S) s.t.h h.t.s h.t.s f.t —1.00 1.00 —1.00 0.53 0.80 2.20
GRB 190829A(S) h.t.s.th fit h.ts.tfit 0.00 1.00 0.00 -0.07 0.64 -0.17
GRB 210801A(S) h.t.s.th h.t.s f.t f.t —0.50 0.50 0.50 0.80 0.88 0.78
GRB 211211A(S) h.t.s h.t.s fit f.t 1.00 1.00 1.00 0.32 0.82 -0.14
GRB 230307A(G) h.t.s h.t.s f.t f.t 1.00 1.00 1.00 0.74 0.82 0.70
SGRBs
GRB 180703B(G) f.t f.t f.t fit 1.00 0.50 0.50 0.89 0.94 0.71
GRB 140209A(C) h.t.s.th f.t fit h.t.s —0.50 1.00 —0.50 0.93 0.86 0.86

FraR) [Tt

Note. The “p” and “m” denote precursor and main burst, respectively. Columns (2)—(5) illustrate the evolution of parameters, while Columns (6)—(11) represent

correlation coefficients. The first column corresponds to Table 2.

outflows dominated by Poynting flux and tends to progress
relatively slowly (Gao & Zhang 2015). In this section, we use
empirical relationships to constrain the outflow properties of
thermal pulses, aiming to examine the radiative sources of the
photosphere for precursors and main bursts. Pe’Er et al. (2007)
developed a method utilizing thermal radiation to determine the
initial size ry and Lorentz factor I' of GRB fireballs. In this
section, we employ this method to estimate ry and I" for each
time-resolved spectrum. Additionally, it allows us to derive the
effective transverse size R of the radiative region, the
photospheric radius rp,, and the saturation radius r; (Ryde &
Pe’er 2009).

5.1. Parameter R

In the spherically symmetric scenario, Pe’Er et al. (2007)
determined the ratio R of the observed quantity Fgg to the
temperature 7 (BB temperature), where r,,, > r,. This ratio can
be obtained through the following equation:

ob 1/2 2
R = (%) - (1.06)%%‘1. 6)
g L

Here ogp is the Stefan—Boltzmann constant, z is the redshift,
and d; is the photometric distance. For bursts without detected
redshift, we assume an average redshift z = 1 for the calculation
(Pe’er et al. 2015).

The time evolution of R of the precursors and the main
bursts is illustrated in Figure 11 in the Appendix, and their
respective averages are presented in Table 4. The average
values of R for the two are (5.69=+1.19)x 107> and
(6.55 +£1.04) x 1072°, respectively. The average values are
completely consistent within the margin of error. Furthermore,

the effective transverse size R of the precursors and the main
emission remain completely consistent with a straight line.
Therefore, the R of the precursors and the main emission are
mostly roughly equivalent.

5.2. Lorentz Factor I

The Lorentz factor for the gliding phase(ry, > r,) can be
given by

I o (F/R)/4Y1/4, @)

where Y relates to the radiative efficiency of the burst, which is
given by

Ly

Y= ,
Lobs,'y

®)

where L, is the total kinetic luminosity and Loy, is the
observed gamma-ray luminosity.

The time evolution of the Lorentz factor I' is also illustrated
in Figure 12 in the Appendix, and its average values are
presented in Table 4. Including all samples, the average values
of T for the precursor and main burst are (288 4= 35.8)Y /% and
(450 & 32.4)Y'/4, respectively. The Lorentz factor I" values of
the main burst are greater than those of the precursor. From
Figure 12, it can be noted that there is generally an increase in
the Lorentz factor I" as the burst transitions from the precursor
to the main emission.

5.3. Parameters 1y, 1, and 1,

The initial radius ry represents the radius at which the jet
begins to accelerate. In cases where rp, > 7, the calculation of
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Figure 2. The correlations between parameters (o, E,, F) for precursors and main bursts. The left and right panels are the precursors and main bursts, respectively. The

red regions represent the confidence regions of the best-fit lines.

ro is given by the following formula:
ro o< (Fgp/FY)**R, )]

where the saturation radius r, represents the radius at which the
Lorentz factor reaches its maximum. And with ry we can obtain
an estimate of the saturation radius r,, which is given by the
following equation:

r, = I'ro. (10)

In the realm of relativistic holonomic motion, the optical depth
(1) of the photons traversing a distance ds is expressed as

* nor
T = —dr, 11
"/;ph 2F2 ( )

where oy signifies the Thomson cross section, 7 is the electron

number density, and ds = (= Beoshdr yith g = 0. Assuming a

COosS
constant Lorentz factor, the photosphere radius is determined
by the equation (7 =1)
Loor

o = —20%T (12)
h 87m, Iy

where L, represents the total kinetic luminosity, defined as
Ly = 477sz YF; d; is the luminosity distance; and Fi, is the
observed 7-ray flux.

The evolution of ry, ry, and ry, over time for all samples is
depicted in Figure 13 in the Appendix, with their respective
average values summarized in Table 4. The initial radii, ry, of
the precursor and the main burst exhibit average values of
(1.22 £ 0.84) x 10’Y > cm and (1.44 £0.57) x 10’Y 3% cm,
respectively. The average values of ry of the precursor and the
main burst are comparable. The average values of the precursor
and main burst of the saturation radius r, are (3.41 4+2.24) x
10°Y>*cm and (6.38 + 1.97) x 10°Y>/*cm, respectively. The

average value of the saturation radius r, of the main burst is
larger than that of the precursor. The average values of the
precursor and main burst of the photospheric radius ry,, are
(0.65+0.14) x10"'Y"/*cm  and (1.10+0.17) x 10”YP/4cm,
respectively. The average value of the photospheric radius 7y
of the main burst is greater than that of the precursor. The three
characteristic radii (, 75, pn) at the end of the precursor and the
beginning of the main emission are so close that there seems to
be a smooth transitional trend for all samples. The observational
statistical characteristics suggest that the two periods are related.

6. Amati Relation and Yonetoku Relation

The Amati relation, proposed by Amati et al. (2002), is
commonly used for the classification of GRBs. In this context,
E, .= (1+2)E, represents the rest-frame peak energy, and
E. ;s denotes the isotropic equivalent energy. The expression
for E ;s is given by

2
Ew’,iso = m, (13)
1 +z
where d; is the luminosity distance, S, is the fluence in erg
cm 2, and k is a correction factor that adjusts the energy range
in the observer frame to that in the rest frame. The correction
factor k is expressed as

£y
[ EN(E)dE
=, (14)
[ ?EN(E)dE
el

where E; and E, correspond to the energy range in the rest
frame as 1 and 10* keV, respectively. Parameters e; and e,
correspond to energy ranges for Fermi-GBM of 8keV and
40 MeV, respectively.
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Figure 3. The top panels display the distribution of «, while the bottom panels show the distribution of E,. The left and right panels correspond to the precursors and

the main bursts, respectively. The green solid line represents o = —0.67.

The Yonetoku relation, proposed by Yonetoku et al. (2004),
for the peak isotropic luminosity (L, s,) can be expressed as

Lyiso = 4md} E,k, (15)

where F., is the flux in erg cm 25!
from spectral parameters.

Known redshifts for GRBs are presented in Table 2. For
GRBs with unknown redshifts, we assume a redshift of 1. The
resulting Amati relation is depicted in the top panel of Figure 4,
and the Yonetoku relation is illustrated in the bottom panel of
Figure 4. Nearly all precursors and main bursts follow the
Amati relation and are located in the same region. Additionally,
both the precursors and main bursts closely follow the
Yonetoku relation.

, which can be obtained

7. Discussion

Performing time-resolved spectral and time-integrated
spectral analyses on the precursors and main bursts of 16

LGRBs and 5 SGRBs can help examine whether their origins
are the same and provide clues for explaining their physical
origins. Due to the scarcity of bright precursors, we further
divide the sample into gold, silver, and copper samples, finding
that their results are generally similar.

Ryde et al. (2010) found that the fireball characteristics of
GRB 090902B can be represented by a multicolor blackbody
or Planck function. With the passage of time, the spectrum
widens and the photosphere radius increases, suggesting a
possible variation in the jet components. In fact, the fitting of a
combination of blackbody and nonthermal components has
shown good agreement in many bursts (Guiriec et al. 2011;
Axelsson et al. 2012; Iyyani et al. 2013, 2016; Gao & Zhang
2015). Zhong et al. (2017) and Lii et al. (2017) both found that
both the precursor and main burst of GRB 160625B contain a
thermal component. Notably, Burlon et al. (2009) found that
the spectral characteristics of precursors and main bursts are
remarkably similar. They supported the fireball model for both
precursors and main bursts, implying a common origin
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Table 4
Mean Values of Photosphere Radiation Parameters
GRB (Sample) R x 10-20 I x 107 ro x 107 ry x 10° ron % 10" R x 10-20 Ix 1072 ro x 107 re x 10° rpn % 10"
p p p (cm) p (cm) p (cm) m m m (cm) m (cm) m (cm)

LGRBs

GRB 130427A(G) 7.24 +0.95 3.954+0.35 1.72 +0.49 6.54 +2.07 0.80 + 0.07 8.4740.73 5.77 +£0.29 2.02 +0.22 10.22 4+ 1.05 1.29 + 0.09
GRB 130720582(G) 473 £0.24 29240.13 0.66 + 0.21 1.84 +0.57 0.67 +0.02 6.19 + 0.54 3.12 +£0.09 1.26 +0.28 375 +0.77 0.92 + 0.07
GRB 130815660(S) 6.01 +0.07 2514023 2.33 +2.00 497 +4.11 0.75 + 0.06 6.46 +0.70 3.64 +£0.30 1.76 + 0.70 723 +2.96 1.12 4 0.03
GRB 140329A(G) 7.59 +£2.42 4.47 +0.53 0.42 +0.14 2.00 +0.75 1.57 +0.38 6.09 +0.71 5.80 +0.35 2.69 +0.49 14.09 +2.46 1.68 +0.19
GRB 150330A(G) 4.81 +1.26 3.97 +£0.50 1.48 +£0.79 5.00 +2.45 0.85+0.19 4.93 +0.45 5.08 +0.27 3224043 15.45 4+ 2.07 1.16 £0.11
GRB 151227B(S) 4.84 +0.27 3.48 +£0.29 2.79 + 0.96 10.22 + 4.15 0.84 +0.11 4.50 +0.43 443 £0.22 2.64 +0.51 10.98 +2.13 0.94 +0.09
GRB 160225B(S) 5.30 £ 0.77 2.26 +0.28 3.1141.52 6.35 +2.57 0.57 £ 0.05 8.83 +£2.56 2.834+0.28 3.76 + 1.85 9.87 + 4.14 1.16 + 0.26
GRB 160509A(S) 2.88 +0.87 4.29 +0.70 1.85 + 1.17 6.78 + 4.57 0.51 £0.11 524 +0.72 6.30 + 0.29 2.62 4+ 0.44 15.77 & 2.69 1.61 +0.22
GRB 160625B(G) 6.79 + 0.66 451 +0.21 0.04 +0.01 0.15 4+ 0.05 1.60 +0.19 4.544+0.55 10.12 £ 0.64 0.57 £0.12 4.84 +1.07 1.91 +£0.21
GRB 160821A(S) 5.09 + 0.94 2254 0.20 2.64 +1.43 6.09 +3.19 0.54 +0.08 9.11 +2.08 6.80 +0.43 0.80 + 0.38 3.51+1.36 230 +0.45
GRB 180416A(S) 4.25 +0.81 2.99 +0.52 1.19 + 0.66 2774+ 1.32 0.57 £ 0.05 5.4540.45 3.28 +£0.28 1.47 £ 0.61 5.74 +2.30 0.85 +0.06
GRB 180728A(S) 7.69 +0.22 0.79 £ 0.12 0.62 +0.16 0.46 + 0.04 0.08 +0.01 837+ 1.58 1.97 +0.13 0.28 +0.10 0.56 +0.19 0.21 +0.04
GRB 190829A(S) 5.26 £ 091 0.85+0.11 0.16 +0.11 0.16 +0.13 0.04 +0.01 7.50 +0.58 1.07 +0.05 0.06 + 0.03 0.06 + 0.03 0.07 +0.01
GRB 210801A(S) 6.13 £ 1.94 2.39 +£0.09 0.28 + 0.04 0.66 + 0.10 0.74 £ 0.25 6.22 +£0.56 3.69 +£0.33 0.25 +0.08 0.86 + 0.30 1.08 + 0.08
GRB 211211A(S) 6.84 + 1.65 1.26 +0.13 0.03 +0.02 0.03 +0.02 0.08 +0.03 53340.38 3.1240.17 0.68 + 0.09 1.63 +0.18 0.12 +0.01
GRB 230307A(G) 8.17 + 1.79 2.20 +0.26 0.20 +0.10 0.48 +0.23 0.14 + 0.04 7.88 +0.98 3.88 +£0.15 0.22 +0.07 0.72 + 0.20 0.19 + 0.02
SGRBs

GRB 140209A(C) 4.08 + 1.65 2.61 £0.55 1.74 £0.47 4.09 + 0.69 0.47 +£0.13 6.36 £ 0.75 5.06 +0.49 1.09 + 0.46 6.51 +2.83 1.56 £ 0.20
GRB 180703B(G) 471 +0.56 4.20 +0.38 0.75 + 0.61 2.82+2.16 0.95 +0.08 6.51 +£0.70 5.04 +0.45 0.53 +0.34 3.034+1.96 1.57 +0.11

Note. The table denotes
corresponds to Table 2.

[Tt

as precursor and “m” as main burst. The mean values of photosphere radiation parameters in this table are done under the assumption ¥ = 1. See the text for details. The first column
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Figure 4. The Amati relation and Yonetoku relation. In the figure, maroon circles represent type I GRBs, while blue circles represent type II GRBs. Pentagrams
indicate precursors of long-duration GRB samples, diamonds represent main bursts of long-duration samples, and triangles represent precursors of short-duration GRB
samples. The plus sign represents main bursts of short-duration samples. GRBs with the same color indicate the same event. The top panel corresponds to the Amati
relation, while the bottom panel represents the Yonetoku relation.

(Troja et al. 2010; Hu et al. 2014; Li et al. 2021b; Li & Mao
2022; Deng et al. 2023). For the samples investigated in this
study, except for GRB 130815660, all the precursors and the

main bursts exhibit noticeable thermal components. Therefore,
we believe that there is a close correlation in their origins.
However, the precursor of GRB 130815660 may be dominated
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by a nonthermal component, while the main burst may be
dominated by a thermal component. In the jet—cocoon model
(Lazzati & Begelman 2005), there is interaction between the jet
and its surrounding cocoon. This interaction can give rise to
precursor activity. While thermal radiation exists within the
cocoon, the initially ejected jet from the cocoon still contains
nonthermal radiation. Changes in jet bursts and opening angles
can affect the long quiescent period (Li & Mao 2022). This can
explain why the precursor of GRB 130815660 is dominated by
nonthermal radiation. Another possibility is that the S/N is too
low to detect the presence of significant thermal components.

For the two short bursts GRB 180703B and GRB 140209A
with Tgy < 2s, both the precursor and the main burst contain
thermal components. Among them, there is strong evidence
supporting the presence of thermal components in all the time-
resolved spectra of both the precursor and the main burst of
GRB 180703B, with most of the time-resolved spectra having
a exceeding the synchrotron death line. Therefore, the
precursor of GRB 180703B can be explained by photospheric
precursors (Lyutikov & Usov 2000; Wang et al. 2020).
However, the number of bright short bursts with precursors is
relatively limited, and it is hoped that more samples can be
obtained in the future for further study.

For the total sample, both the precursors and main bursts
exhibit identical evolutionary patterns of o and E,,, accounting
for 50% (9/18) and 55.6% (10/18) of the total sample,
respectively. Consequently, this indicates a possible correlation
between the precursors and main bursts. Additionally, the «
values of both the precursors and main bursts exhibit evolving
f.t patterns, representing 50% (9/18) and 66.7% (12/18) of the
total sample, respectively. Similarly, the E, values of the
precursors and main bursts also demonstrate evolving f.t
patterns, accounting for 55.6% (10/18) and 77.8% (14/18) of
the total sample, respectively. Thus, the evolution of o and E,
in both precursors and main bursts is primarily governed by the
f.t patterns, consistent with the findings of Li et al. (2021a). The
evolution of E, from h.t.s may come from the ICMART model,
and f.t may come from internal shocks or the photosphere (Lu
et al. 2012). If both the precursors and the main bursts are
predominantly governed by thermal components, it suggests
that flux tracking may be related to the photosphere. If the
thermal component is minimal or absent, it may originate from
internal shocks.

We examine the correlation between the parameters (a, E,,
F) of the precursors and the main bursts. We use F(a) = Ne*e
to describe the a—F relation in all samples. We obtain the
median values of k for precursors and main bursts as 0.67 and
2.98, respectively. The values for main bursts are larger than
those for precursors and are closer to the results of Ryde et al.
(2019). This is attributed to the trend of smaller k£ values when
E, is lower (Ryde et al. 2019). However, in over half of the
bursts (61.1% = 11/18), the a—F relation between precursors
and main bursts is generally consistent, with the majority
exhibiting a moderately strong positive correlation. Ryde et al.
(2019) proposed that the observed positive correlations may be
indicative of heating in the subphotospheric layer during
outflows with varying entropy. For the E,—F relation, both the
precursor and main burst exhibit a positive correlation in the
total sample, and both show at least a moderately strong
positive correlation. Notably, Deng & Zhang (2014) proposed
that in complex photospheric scenarios the natural emergence
of a positive correlation in the E,—F relation can occur. Over
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half of the precursors and main bursts (61.1% = 11/18) share a
similar a—E,, relation, further emphasizing the close correlation
between precursors and main bursts.

Ryde & Pe’er (2009) showed that thermal radiation can be
utilized to study the photosphere properties and investigate the
physical parameters of GRB fireballs. Overall, the evolutionary
trends of R in both precursors and main bursts are generally
similar, and so is their range. Transitioning from precursors to
main bursts, the majority of PR exhibits a stable trend. The
Lorentz factors of all bursts essentially satisfy the condition
102<FY“1/4< 10, which is generally consistent with the
findings of Pe’er et al. (2015). As the burst transitions from
precursor to main emission, there is typically an increase in the
Lorentz factor. The Lorentz factor at the end of the precursor
being smaller than at the beginning of the main emission may
imply an energy accumulation process following the precursor,
leading to the subsequent main burst.

For the vast majority of GRBs (83.3% = 15/18), the initial
radii of both precursors and main bursts lie within the range of
10%m < r0Y3/ 2<10°cm, which is consistent with the results
presented by Iyyani et al. (2013) and Iyyani et al. (2016).
Paczynski (1986) and Goodman (1986) proposed an optically
thick “fireball” made of electron—positron plasma and photons,
which gives rise to blackbody radiation from the fireball
photosphere at a photospheric radius of ~10''-10'? cm. Based
on the average values presented in Table 4, it can be observed
that the radii of the photospheres r,, for both precursors and
main bursts are generally close to this radius in the vast majority
of GRBs (72.2% = 13/18). These indicate that most of both the
precursor and the main burst exhibit typical properties of
photospheric radiation. Furthermore, the three characteristic radii
(o, 75> Tpn) at the end of the precursor and the beginning of the
main emission are so similar that a smooth transition may be
observed in all samples. Therefore, based on observational
statistical characteristics, we speculate that the precursor and the
main burst are associated with and possibly originate from the
same source. However, the definition of a precursor states it as
an interval separated from the main emission period. We have
yet to determine the reason for the existence of a smooth
transitional trend between precursor and main emission.

We also analyze the time-integrated spectra of precursors and
main bursts, comparing the Amati relation and the Yonetoku
relation. The precursors and main bursts generally follow the
Amati relation. Meanwhile, we set the redshift range from 0.01
to 5 and find that the classification of most precursors and main
bursts in long and short bursts is consistent, indicating a
common physical origin for the majority.

Interestingly, for GRB 140209A and GRB 180703B
(Tog < 2 s), in the redshift range of 0.01-5, both the precursor
and main burst are consistently classified as long bursts.
However, GRB 180703B does not exhibit extended radiation,
while GRB 140209A is associated with extended radiation
(Wang et al. 2020). Additionally, for GRBs with Tgq>2 s,
namely GRB 130310840 and GRB 100717372, in the redshift
range of 0.01-5, both the precursors and main bursts of these
events fall within the classification of short bursts.

For the Yonetoku relation, for bursts with unknown
redshifts, we adopted z=1. It can be observed that both the
precursor and the main burst generally follow the Yonetoku
relation. To gain a deeper understanding of the properties of
both precursors and main bursts, searching for additional
samples with redshift information is crucial. In addition to
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spectral analysis, a comparative study from the perspective of
light curves is essential to further investigations.

8. Conclusion

This paper conducts Bayesian time-resolved spectral and
time-integrated spectral analyses on precursors and main bursts
using the Band (Band+BB) and CPL (CPL+BB) models.
Through a comparative analysis, we derive intriguing
conclusions regarding the spectral characteristics and photo-
spheric properties of both precursors and main bursts:

1. Our observation indicates that almost all precursors and
main bursts display evident thermal components, constituting
94.4% of the total sample. Moreover, the majority of GRB
precursors and main bursts exhibit o values that exceed the
synchrotron radiation limit in all samples. Additionally, the
inclusion of a BB component in both precursors and main
bursts results in a harder « value. Furthermore, the vast
majority of them (72.2%) exhibit at least one low-energy
spectral index « that exceeds the limit of synchrotron radiation.

2. For all samples, whether it’s E, or « values, both
precursors and main bursts exhibit similar patterns, accounting
for 50% and 55.6% of the total sample, respectively. Moreover,
the evolution of o and E,, for both precursors and main bursts is
primarily characterized by an f.t pattern. Hence, this suggests a
possible correlation between the precursors and main bursts.

3. Through the analysis of the correlation between spectral
parameters in all samples, We find that for the a—F relation
over half of precursors and main bursts (61.1%) exhibit similar
correlations. For the E,—F relation, all precursors and main
bursts show at least a moderately strong positive correlation.
Regarding the a—E, relation, over half of the precursors and
main bursts (61.1%) exhibit comparable correlation. These
suggest a potential common physical origin for these
phenomena.

4. After constraining the photospheric radiation parameters
(R, I, ro, 1y, and rpp) for both precursors and main bursts in all
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samples, we find the following trends: R exhibits a stable
tendency from precursors to main bursts; during the transition
from precursor to main emission, there is typically a rise in the
Lorentz factor; and the three characteristic radii (rg, 75, 7pn)
from the precursor to the main burst may represent a smooth
transition. Consequently, this further supports a consistent
origin for both precursors and main bursts, essentially
indicating that most of them exhibit typical properties of
photosphere radiation.

5. We perform time-integrated spectral analysis on both the
precursors and main bursts and find that nearly all them are
located in the same region of the Amati relation and generally
follow the Yonetoku relation.

Therefore, we support that the precursor and the main burst
have the same physical origin.
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Appendix
The Evolution of ADICADIC;,.s; and the Evolution and
Correlation of the Spectral Parameters

In this Appendix, we provide additional figures, including
the temporal evolution of DIC (Figure 5), a (Figure 6), and Ep
(Figure 7); the correlation between parameters (o, Ep, F) for
precursors and main bursts (Figures 8, 9, and 10); and the
temporal evolution of photosphere radiation parameters
(Figures 11, 12, and 13).



THE ASTROPHYSICAL JOURNAL, 970:67 (31pp), 2024 July 20 Deng et al.

- GRB 130427A 200 GR8130729582 400 GR81308156604 »
300t 0000 T ADICpest = 10 {600 G171 (N s ADICpest =10 1149 350 - ADICpest = 10 "
AR 1,
3000 — 300 3 10
2 5 3 250 ° @
42 2500 . 400 § yé) yE) 5 ﬁ
G 2000 ol S 200 0 9
9] o g 2 2150 3
5 1500 a < © © - -5
o4 . ° 200 o o
1000 o ° .o o 100 ~10
® S el | 100
500 g O <o 50 -15
g o
0% 2 4 6 8 10 12 0 50 100 150 200 o 10 20 30 40 50
time(s) time(s) time(s)
GRB 151227B
1000 GRB 1403204 800 GRB 1503304 o . :
..... ADICpest =10 120 - ---=- ADICpest = 10 === ADIChest =10 {400
800 140 400
- 200 - 600f o 156 - i
L2 -
A % B 500 @ ) @
2 600 g 2 100 § 42300 g
c 150 o c Q c Q
S O Gaoo 0 g 2 2002
D 400 Q 191 Q 9 200 Q
= 100 s 300 a5 © <
-4 o 566 o« 100
200 50 40 100
oy
5 100 20 ]
0 P i vy o o 0 2 5 0! 3 i 0
0 10 20 30 40 0 50 100 150 -10 0 10 20 30 40 50 60
time(s) time(s) time(s)
200 GRB 1602251’? 1000 GR? 160509A GRB 160625B .
sl ADICpest=10 {260 | == ADICpest = 10 e ADIChest =10 {100
140 800 @ 800 1200
__ 150 — — 80
w 120 n v 1000 N
w1z 7 2 ) ¢
100 c <
S 100 LJQ & §, 800 o La’
T 80 Q 9] 7]
27 3 E 2 600 b 3
o 60 o
50 i 400
25 200 l 20
20 s
=== = = = e me= BN = =
e 20 40 60 80 10 20 0 50 100 150
time(s) time(s) time(s)
GRB 180416A GRB 180728A
1200 GRB 160821A s 566 ! 100 f66 !
N === ADICpese=10 | | == ADICpest = 10 600 = |=== ADIChest =10 |,
1000/ o 200 230 80 1400 &
o w 0 40
% 800 150 4 200 ¥ 1200 5
] g € 60 & £ 1000 8
§ 600 ° mOQ § 150 O § it 300
'ar'é 3 % 100{ o ek 3 % 600 : 3
S 400 ot & 1‘ 2 . 20
400 .
IS
200 5 8 560 - J 10
e { - : i e T 0l e
o 50 100 150 0 25 50 75 100 125 -5 0 5 10 15 20
time(s) time(s) time(s)
400 . GRB 190829A 600 GRB 21.0801A 6 450 GPTB 211211A 350
e N ADICpest=10 g0 | === ADICpest =10 a0, 0 |- ADICpest = 10 -
300 . 16 350
- ° o = = 250
W 250 5 7 . ° W R 3
-~ i) - ° 4] - ° 200 ©
c < = Q c 250 <
Sa00 o, A e {209 Sao o J° 9 & .
2150 g 2 : lzg g I i g
© © ©
5 ° . S 200 - J 150 | AL o 100
100
100 ;
50 %0 8
o ° 0-
0 20 40 60 -5 0 5 10 15 20
time(s) time(s) time(s)
500 GRB 230307A . 300 - GRB 180703B 275 300 GRB 140209A 70
°
----- ADICpest =10 550 === ADIChest =10 |, " BDIChest =10 |
250 2 250
400
300 e -
“ 250 » L1200 o Q200 w
£ 300 g 2 00% 8 20 &
S 2000 S 150 1 SQ G150 )
£ 200 1503 2 . o °q g 09
S & 100 , ° 15.0 S 100 * -
100 ° F °
100 L °o o
50 50 125 50 ° e 10
danga o J W
ok 0 o =T BRI i WiAAG 2 10-0 0 b W 1L R 0
0 -1 0 1 2 -1 0 1 2
time(s) time(s) time(s)

Figure 5. The evolution of ADICy. over time. The gray shading is the light curve, and the red dotted line indicates ADIC = 10. Exceeding the red dashed line
indicates compelling evidence of a thermal component and the last two bursts with Ty less than 2 s.

14



THE ASTROPHYSICAL JOURNAL, 970:67 (31pp), 2024 July 20 Deng et al.

GRB 130427A GRB130720582
4600 1st 2nd 200 1st 2nd
—$— best model —$— best model 0.25 —$— best model —$— best model 0.25
3500 ~$— best model(plus BB) ~$— best model(plus BB) . 175 ~$— best model(plus BB) ~$— best model(plus BB)
) !

3000 v 150
— ﬁ‘i 025
L2500f L1125
2 T M. ’_,.’i\ /i -050 £
5 20000k e 0 fm A : s 5100
1 o \;il -0.75 T
T 1500 T 75
4 -1.00 4

1000 ik 50

500 L5 25
0 00 05 10 15 20 25 4 6 8 10 12 0 0 10 20 30 40 50 100 120 140 160 180
Time(s) Time(s) Time(s) Time(s)
GRB130815660 GRB 140329A
66 1st 2nd 3566 1st 2nd
—&— best model —&— best model -0.2 —4— best model —4— best model 0.25
350 ~$— best model(plus BB) ~$— best model(plus BB) Gid ~$~ best model(plus BB) ~$~ best model(plus BB)
300

S T R Do w

N
v
=)
N
pa——
/‘t.

Q Q
a8 -08 & 600 ~0.50
S 200 s § L e
T \.\ \ -1.0 T 0 By -0.75
y 4
5150 i 12 @ -1.00
10 -14 200 =1.25
50 -16 -1.50
ol PTTH VY IR | PR 45 i
-2 2 4 6 30 35 40 45 : -1.0-05 00 05 10 15 20 20 25 30
Time(s) Time(s) Time(s) Time(s)
GRB 150330A GRB 151227B
300 1st 2nd 500 1st 2nd
_ —$— best model —$— best model 0.25 —$— best model —$— best model 0.0
700 “ —$— best model(plus BB) ~$— best model(plus BB) § ~$— best model(plus BB) —$— best model(plus BB) —02
600

1A

v
=3
=3

w

=3

S

\, : .00 400
%-_4/' \§ : -0.25 s 1 o

-0.50

1

Rate(cnts/s)
5
O
a
Rate(cnts/s)

| /A 108
-0.75 - t\\%{ I ! L /,/
300 ST -1.0
-1.00 i ok /
3 =12
200
=125
- 100 14
MM ~E50 " M -16
0 0 2 4 6 8 10 130 140 150 QZ 0 2 4 200 25 30 35 40 45
Time(s) Time(s) Time(s) Time(s)
GRB 1602258 GRB 160509A
200 1st 2nd 200 1st 2nd
—4— best model —$— best model 0.25 —¢— best model —4— best model 0.25

175 + —é- best model(plus BB) ~$— best model(plus BB) 060 600 ~$— best model(plus BB) ~$— best model(plus BB) -

150 . ) '

_ I~l « -025 500 -0.25
) K Sl \; - 050 8400 -0.50
5100 b Y T o 5 s
g ; =075 @300 -0.75
T 75 ©
o -1.00 < 560 -1.00

50 -125 -1.25

100
25 ~150 -1.50
0—5 0 5 10 45 50 55 60 65 9 =2 0 2 4 6 10 15 20 25 30
Time(s) Time(s) Time(s) Time(s)
GRB 1606258 GRB 160821A
1st 2nd 1000 1st Z‘nd

1400 —4— best model —$— best model 0.25 —&— best model —&— best model 0.25

~$— best model(plus BB) —¢— best model(plus BB) ~$~ best model(plus BB) ¢~ best model(plus BB)

1200 0.00 800 0.00
P /}\ -0.25 o =025
%1000 I}i \{ 0.50 B 60 7\, Jm 050
= ; -0. = G -0.

S 800 ¢ = s & Zi '\_i. I I | 3
T -0.75 T / N -0.75
£ 600 % £ 400 / ~
4 i -100 < ( -1.00
400 ﬁ
-125 200 -1.25
200 -1.50 -1.50
aishacl P
—0] .0-05 00 05 1.0 15 280 190 200 210 220 230 220 0 20 40 110 120 130 140 150 160
Time(s) Time(s) Time(s) Time(s)

Figure 6. Evolution of the spectral parameter « over time fitted with the best model for the GRBs. The green and purple data points represent best model and best
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Figure 6. (Continued.)
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Figure 7. Evolution of the spectral parameter E, over time fitted with the best model for the GRBs. All symbols are the same as in Figure 6.
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Figure 8. Correlations between F and « fitted with the best model. All symbols are the same as in Figure 2.
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Figure 9. Correlations between F and E, fitted with the best model for the precursors and main bursts. All symbols are the same as in Figure 2.
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Figure 10. Correlations between E, and « fitted with the best model for the precursors and main bursts. All symbols are the same as in Figure 2.

23



THE ASTROPHYSICAL JOURNAL, 970:67 (31pp), 2024 July 20

3.75
3.50
3.25
3.00
2.75
2.50

log10(E,)(keV)

2.25
2.00
1.75

log10(E,)(keV)

.

2.50
2.25
2.00
1.75
1.50
1.25

log10(E,)(keV)

1.00
0.75

log10(E,)(keV)
A o

=
[N]

GRB 180416A

GRB 180728A

Deng et al.

rp=-02 rm=0.91 14 n=-1.0 rm=0.22 a
@ best model(plus BB) @1 best model(plus BB) | 4 1.3 194 best model(plus BB) 194 best model(plus BB) '
' T 2.2
o 2.2 S 12 }_&
Q
é X 11 L & 2.0
4 2.0 -
'-LIQ 1.0 —
= 1.8
=y 1
- 1.8 — 0.9 "IT:‘—<
(o)) —o—
= L s 1.6
qs 1.6 . ®
0.7 }_§—4 1.4
1.4
-1.0 -0.8 -0.6 -0.4 -1.0 -0.5 -1.5 -1.0 -0.5 -1.6 -1.4 -1.2 -1.0
a a a a
GRB 190829A GRB 210801A
r,=0.0 rm= —0.07 13 rp,=0.5 rm=0.78
@ best model(plus BB) 1@ best/model(plus BB) 14 best model(plus BB) 19 best model(plus BB) [2.4
2.0
1.2 - 2.2
< 18 —
Q - 2.0
T X I
1.1 =
o—i 1.6 7 — 1.8
[ T ; ' 10 S 1.6
e [~ : o 1.4
" o 2 1.4
0.9 1.2 I 1.2
-1.5 -1.0 -0.5 -1.75 -1.50 —-1.25 -1.00 -1.2 -1.0 -0.8 -0.6 -1.4 -1.3 -1.2 -1.1
a a a a
GRB 211211A GRB 230307A
rp=1.0 rm= —0.14 rn,=1.0 rm=0.7
3.2
1@ best model(plus BB) 91 best model(plus BB) |3 50 191 best model(plus BB) 191 best model(plus BB)
3.0 L il
3.25 . 3.0
>
3.00 o 2.5 .
$ 2.8
2.75 -3
W20 26
2.50 o
—
2.25 Q15 24
2.00 2.2
1.0
1.75 50
—1.25 -1.00 —-0.75 —0.50 —1.25 -1.00 —0.75 —-0.50 —0.25 -1.5 -1.0 -0.5 -1.5 -1.0 -0.5
a a a a
GRB 180703B GRB 140209A
rp,=0.5 rm=0.71 5 rp,=-0.5 rm=0.86
.5
@/ best model(plus BB) @/ best model(plus BB) 2.3 194 best model(plus BB) 19 best model(plus BB) |24
—H 2.2 3.0
l < 2.2
(]
e 21 X 25
E 2.0
: 4 2.0 S 2.0
—
. . g
—— 9 L5
1.6
»—f—c 1.8
1.0
-1.0 -0.8 -06 -04 -0.2 -08 -0.6 -04 -0.2 -1.0 -0.5 —1.00 -0.75 -0.50 —-0.25 0.00
a a a a

Figure 10. (Continued.)
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Figure 11. The time evolution of R. “Ist” denotes precursors, and “2nd” denotes main bursts.
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Figure 11. (Continued.)
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Figure 12. The time evolution of I". “1st” denotes precursors, and “2nd” denotes main bursts.
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Figure 12. (Continued.)
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Figure 13. The time evolution of ry, ry, and rp,. “Ist” denotes precursors, and “2nd” denotes main bursts.
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