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Abstract: X-ray flare (XRF) is a common phenomenon in the X-ray afterglow of gamma-ray bursts
(GRBs). Although it is commonly believed that XRFs may share a common origin with prompt
emission, i.e., the “internal” origin, the origin of XRFs is still unknown. In this work, we compile a
GRB sample containing 31 GRBs with a single XRF, a well-measured spectrum, and a redshift, and
investigate the intrinsic properties and correlations between prompt emission and the XRFs of these
events. We find that the distributions of main physical parameters of prompt emission and XRFs are
basically log-normal. The median value of the rise time is shorter than the decay time for all flares,
with a ratio of about 1:2, which is similar to the fast rise and exponential decay structure of prompt
emission pulses. We also find that the prompt emission energy (Eiso) and peak luminosity (Lis,)
have tight correlations with XRF energy (Ex iso) and peak luminosity (Lx p), Eiso & E%;lo (L?{,ﬁpz) and
ESJ('?SO (Lg)('g?). However, the durations of prompt emissions are independent of the temporal
properties of XRFs. Furthermore, we also analyze the three-parameter correlations between prompt

Liso &

emissions and XRFs, and find that there are tight correlations among the XRF peak time (Tp,2), LX,pr
08 £0.84

180
to the properties of an X-ray plateau in GRBs, which indicates that X-ray flares and plateaus may

and Ejso/ Liso, Lxp Tpf % and Ly « Tpf Z1'09 L?S'Zl. Interestingly, these results are very similar

have the same physical origin, and strongly supports that the two emission components originate
from the late-time activity of the central engine.

Keywords: gamma-ray burst; general methods; data analysis

1. Introduction

Gamma-ray bursts (GRBs) are the most extreme electromagnetic emission phenomenon
in the universe. According to the bimodal distribution with a boundary at Tog ~ 2's, GRBs
can be classified as long-duration GRBs (LGRBs, Tgg > 2 s) and short-duration GRBs
(SGRBs, Tgp < 2 s), where Ty is the time during which the cumulative counts of photons
in a specified energy range increase from 5% to 95% of all such photons that are recorded
in the burst [1]. It is widely believed that LGRBs originate from the massive collapsars
and SGRBs originate from the compact binary mergers [2—4]. A central engine driving the
relativistic jet will exist after the explosion, though it is uncertain whether that is a black
hole or a magnetar [5].

After the successful launch of Swift in 2004 [6], several special features were discovered
in the X-ray afterglows of GRBs, especially X-ray flares (XRFs). They present generally a
sharp rise followed by sharp decay features [7]. XRFs are common phenomena in the X-ray
afterglows of GRBs and have been observed in both LGRBs and SGRBs [8-12]. Previous
studies found that the XRFs of SGRBs present similar properties to those of LGRBs, which
suggests that XRFs may share a common origin in both LGRBs and SGRBs [11,13]. The
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number of XRFs in one GRB is indeterminate. The vast majority of XRFs occur before 10° s
(early XRFs), while a few XRFs occur after 10° s (late XRFs) [14,15].

Although XRFs occur in the afterglow phase, the external shock origin is unsupported
by their temporal and spectral properties. According to the external forward shock models,
a power-law decay afterglow is expected, which is clearly inconsistent with the shape
features of XRFs [7,16]. Moreover, the shapes of XRFs can be produced by reverse shocks.
However, reverse shocks cannot explain multiple XRFs in a single GRBs and contribute
mainly in the ultraviolet and optical bands [17]. Due to the lack of ultraviolet or optical
flares simultaneously accompanying XRFs, the reverse shock model is tentatively ruled
out [7]. In addition, the observed large AF/F values cannot be produced by reverse shock,
unless there is an extremely balanced condition [17,18].

Refreshed shock is a possible origin of XRFs [19,20]. However, the small AT/ T, = 0.13
is not favourable for the refreshed shock model [18,20]. In addition, the fluxes before and
after XRF approximately lie on the same power-law decay, which suggests that XRFs
originate from a different physical component than that responsible for the underlying
power-law decay, and almost rules out the external shock model [7,10,20,21]. Furthermore,
It is suggested by the spectral analyses that XRFs are different from the underlying power-
law component that is the external origin and have a hard-to-soft evolution pattern, which
is similar to prompt emission [22-25].

Although the refresh shock model cannot be completely ruled out, most XRFs can
be explained more naturally by a long active central engine [18,24]. It is revealed that the
temporal and spectral properties of XRFs are analogous to those of their prompt emission.
Ref. [26] analyzed the spectral lag (T) of XRFs and found Lis, & 7~%%, which is the same
with the prompt pulses, and present evidence that prompt pulses and flares are produced
by the same physical process. Furthermore, several temporal analyzes of XRFs, such as
variability and spectral lag, support that the XRFs and the prompt emission of GRBs share
a common origin. [15,27,28]. Ref. [29] analyzed the spectra of XRFs and derived the I'g—L;g,
relation through a thermal component that may originate from photospheric emission,
which is consistent with the result of the prompt emission. In addition, previous studies
have found some correlations between XRFs and prompt emission within a burst [30-33].
Recently, Ref. [12] investigated the distributions of XRFs and solar flares, and found that
there exists similar power-law distributions of XRFs and solar flares. This can be well
explained by a fractal-diffusive, self-organized criticality model. Both types of flares may
be driven by a magnetic reconnection process [12,34].

Since redshift measurements of GRBs are difficult, the previous studies of XRFs were
mainly performed in the observer frame. The analysis of the properties of XRFs in the rest
frame and the relationships between XRFs and prompt emission can reflect the intrinsic
physics of XRFs and GRBs. In addition, Ref. [32] preliminarily found that the plateau phase
energy and flare energy have similar correlations with the prompt emission energy. In
this paper, we focus on the GRBs with flares and well-measured redshift to investigate the
statistical characteristics of the prompt emissions and XRFs in the rest frame and further
explore the relations between XRFs and prompt emission. This paper is organized as
follows. In Section 2, we describe sample selection and data analysis. In Section 3, we
analyze the statistical properties and correlations between prompt emission and XRFs.
The summary and discussion are shown in Section 4. The cosmological constants in this
paper are Hy = 71 km s~! Mpc~!, Oy = 0.27, and Q, = 0.73. The symbolic notation of
Qn = Q/10" is adopted.

2. Data and Method

In order to investigate the relationship between the prompt emission and the XRFs
of GRBs in the rest frame, we need a GRB sample with an XRF, a redshift (z), and well-
constrained spectral parameters. Ref. [13] selected all GRBs with XRFs observed from
the Swift/XRT for the last 15 years (up to April 2021). They fitted the X-ray lightcurve
(0.3-10 KeV) after considering the various components of the afterglow and obtained the
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parameters of XRFs. The XRF data are available in Ref. [13]. For more details on data
selection and fitting, please refer to Ref. [13]. The main physical parameters of XRFs in the
rest frame include the duration defined as full width at half maxima (Trwrm 2), the peak
time (Tp,,), the rise time (T), the decay time (T ,), the isotropic energy (Ex iso), and the
isotropic luminosity at the peak (Lx ), which are shown in Table 1. The prompt emission
data are adopted from the Fermi catalog' and the General Coordinates Network (GCN)?.
We select the GRBs with well-constrained peak energy (Ep) in the v f, spectrum. Finally, we
compile a sample of 31 GRBs (30 LGRBs and 1 SGRB) with XRFs. Note that the GRBs in
our sample all have a single XRF.

We derive the rest frame parameters of prompt emission. In this paper, both the
isotropic energy (Eiso) and the isotropic peak luminosity (L;s,) are corrected to the rest
frame energy band of 1-10* keV. The Ejq, is calculated by

471D} Syk
iso — L7 7 @)
(1+2)
where Dy, is the luminosity distance, S,, is the time integral fluence, and k is the k-correction
factor. The k is defined as

Sl EN(E)E

[max EN(E)dE

€min

k=

/ (2)

where enin and emax are the observational energy band of fluence, N(E) denotes the photon
spectrum of GRBs [35]. In our sample, N(E) are fitted by Band model or cutoff power law
(CPL) model [36]. The L;s, is estimated by

Liso = 4D} Fpk, 3)

where F;, is the peak flux. The rest frame duration (Tog,) and peak energy (Ep ;) can be
derived by Tog, = Too/ (1 + z), and Ep ; = Ep(1 + z). These prompt emission parameters
are also listed in Table 1.

In order to quantitatively investigate the correlation between prompt emission and
XRFs, we adopt the method presented in [37] to obtain the best-fit coefficients. The analy-
sis method of three-parameter correlation is presented. We assume the three-parameter
linear model,

logy = a+ blogx; + clog xy, 4)

where a is constant, b and c are the coefficients of x; and xp, respectively. Due to the
complexity of GRB sampling, an intrinsic scattering parameter (oin) is introduced, as
has usually been done by other researchers [38,39]. This extra variable follows a normal
distribution of N(0, ¢ lrlt) which represents all the contributions to y from other unknown
hidden variables. The joint likelihood function for the coefficients of 4, b, ¢, and oy is

1
ﬁ(a/ b/ C/Uint) o8
H \/0 + 07, + b0, +c?0

int

) (5)
x exp | — (yi —a —bxy; —cxy;)
202 + 03 + 0202+ 202, ) |

where i is the corresponding serial number of GRBs in our sample. Our linear model and
likelihood function can also be conveniently applied to the two-parameter correlation by
simply taking ¢ = 0.

We use a python module encee® to obtain the best-fit coefficients, which is based
on the Markov chain Monte Carlo (MCMC) method. The emcee can obtain the best-fit
values and their uncertainties of parameters 4, b, ¢, and 0in¢ by generating sample points of
the probability distribution [40]. For each Markov chain, we generate 10° sample points
according to the likelihood function.
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Table 1. The parameters of both prompt emission and XRFs of GRBs in the rest frame.
GRB Too,2 Epz Eiso,52 Liso,52 TrwHM,z Tp,z Tyz T4, Lx,pa9 EX iso,50
(s) (keV) (erg) (erg/s) (s) (s) (s) (s) (erg/s) (erg)

050908 447 +0.45 291.18 +29.12 4.02 £0.39 1.48 £0.21 10.26 +£1.03 89.22 £0.20 1.02 +£0.10 9.24 £0.92 2.07 £0.30 1.56 + 0.22
060115 30.82 £ 3.08 280.86 = 45.30 6.74 £ 0.75 1.01 £0.11 20.67 £2.07 90.38 &+ 3.53 9.33 £0.93 11.34 £1.13 1.66 + 0.26 2.64 £0.39
060204B 41.75 £ 4.15 323.24 £+ 136.91 5.76 £ 0.38 0.64 + 0.10 9.21 £0.92 95.34 £ 0.42 2.76 £0.28 6.45 + 0.65 411 +£0.27 2.88 +0.14
060418 4142 £4.14 572.47 £ 57.25 11.99 +1.20 1.86 £ 0.11 5.90 £ 0.59 51.85 +£0.12 1.32 +£0.13 4.58 £ 0.46 29.50 £ 1.07 13.10 £ 0.40
060707 14.96 £ 1.50 292.05 £ 44.25 5.49 £ 0.65 1.09 £ 0.20 5.47 £ 0.547 4220 £ 0.14 0.22 £0.02 525+ 0.53 2.30 £ 0.63 091 £0.24
060719 2642 £ 2.64 138.96 + 13.90 1.38 £ 0.09 0.34 + 0.03 12.89 £ 1.29 81.54 +£4.18 5.33 £ 0.53 7.56 £ 0.76 0.17 £+ 0.04 0.17 £ 0.04
060814 49.71 £4.97 751.19 £ 169.53 31.58 £9.27 731 +1.89 13.30 +1.33 44.40 £0.40 1.55 £ 0.16 11.74 +£1.17 15.40 £+ 0.79 15.00 + 0.52
070318 40.63 = 4.06 360.20 = 35.99 0.99 £ 0.04 0.09 £0.01 50.87 £ 5.09 154.93 £ 2.51 19.78 £1.98 31.09 £3.11 0.26 £0.01 1.01 £ 0.04
080210 12.36 + 1.24 329.44 £+ 32.94 7.46 + 041 1.56 £ 0.20 5.95 £ 0.60 52.47 £0.55 2.35+0.24 3.61 £0.36 9.74 £0.10 4.46 £0.40
081008 62.49 £ 6.25 261.23 £+ 26.12 9.53 +£0.44 0.56 + 0.04 10.40 + 1.04 100.22 £ 0.25 248 + 0.25 792 +0.79 6.84 + 0.28 5.37 £ 0.17
091029 10.45 £ 1.05 230.37 &+ 65.66 7.59 £ 0.32 1.37 £ 0.08 18.49 £ 1.85 82.82 £3.40 6.33 £ 0.63 12.16 £1.22 0.57 £0.14 0.80 £0.16
101219B 2194 £2.19 128.03 £7.15 0.17 £ 0.01 0.02 + 0.00 75.08 £7.51 229.84 + 7.44 31.78 £3.18 43.30 £4.33 0.03 £ 0.01 0.18 £ 0.01
111107A 6.83 £ 0.68 1026.76 £ 299.15 3.94 £ 0.58 2.11 £0.37 24.64 +2.46 83.25 £4.75 13.37 £1.34 11.27 £1.13 0.64 £0.14 123 +0.24
131030A 1791 £1.79 406.22 +22.95 30.14 =+ 1.83 1048 £ 1.05 31.96 £+ 3.20 49.97 £ 0.61 20.82 £2.08 11.14 £ 1.11 65.90 £ 2.43 164.00 £ 4.93
131117A 218 £0.22 221.85 £ 37.31 1.02 £0.16 0.85 £ 0.12 2460 £0.25 18.86 + 0.18 0.88 £ 0.09 1.58 £0.16 19.0 £ 1.67 3.70 £ 0.26
140419A 1911+ 191 1452.11 £ 416.30  148.26 £ 48.57 59.54 + 24.07 5.62 £ 0.56 39.64 +0.33 1.61 £0.16 4.01 £0.40 21.30 £1.91 9.10 £ 0.61
140515A 3.20 £0.32 375.52 £+ 107.60 542 £ 0.55 3.79 £ 042 356.23 & 35.62 406.37 + 2.80 104.06 £ 1041  252.17 +25.22 1.04 £0.11 28.00 = 2.87
140907 A 35.84 £ 3.58 303.21 £17.25 2.57 £0.09 0.33 + 0.02 28.57 £ 2.86 81.12 £ 4.58 6.38 £ 0.64 2219 £2.22 0.14 + 0.04 0.29 £ 0.07
141221A 15.05 £ 1.51 446.44 + 78.39 1.71 £ 0.16 0.80 £ 0.05 53.36 + 5.34 138.96 £ 6.71 24.50 + 2.45 28.86 + 2.89 0.69 £ 0.08 2.83 £0.31
150206A 26.95 +2.70 703.84 £+ 108.05 51.87 £ 6.01 2298 £5.16 159.11 £15.91 754.59 £3.43 94.87 £9.49 64.24 + 6.42 18.90 + 0.45 232.00 £ 4.38
151111A 1710 £ 1.71 533.24 £+ 43.43 5.37 £ 0.35 1.32 £0.26 11.08 £ 1.11 29.47 £0.93 4.83 £0.48 6.25 + 0.63 10.70 £ 0.75 9.18 + 0.67
160804A 83.06 £ 8.31 131.68 £+ 4.88 2.03 £0.05 0.07 £0.01 21.80 +£2.18 243.15 £ 0.97 6.06 £ 0.61 15.74 £1.57 0.48 £0.03 0.72 £0.40
161117A 49.31 +4.93 216.76 £+ 4.39 20.83 £0.27 1.29 +0.05 9.86 + 0.99 45.89 +0.22 4.36 = 0.44 5.49 £ 0.55 83.30 £ 2.06 63.40 £ 1.51
161219B 6.05 £ 0.61 71.03 +£19.28 0.01 £ 0.00 0.003 £ 0.00 86.26 + 8.63 333.94 £ 2.57 2433 £2.43 61.93 £ 6.19 0.01 + 0.00 0.04 + 0.00
170405A 36.52 £ 3.65 1204.23 + 41.89 253.07 £+ 2.55 39.11 £ 0.84 5.46 £+ 0.55 35.77 £0.23 1.89 £+ 0.19 3.57 £0.36 68.50 £ 3.65 28.60 +1.23
170705A 7219 £7.22 294.61 £ 23.01 17.84 £ 0.54 7.96 £0.18 21.56 &£ 2.16 65.65 £ 0.29 8.37 £0.84 13.18 £1.32 22.60 +0.38 37.40 £ 0.59
180325A 28.97 £2.90 993.89 £ 126.67 21.83 £3.45 30.60 £ 4.85 4.08 £ 0.41 24.89 £0.23 1.01 £0.10 3.07 £0.31 73.70 + 4.69 2270 £1.19
180620B 93.88 £9.39 371.90 £+ 105.43 8.17 £0.22 1.28 £0.11 8.88 £ 0.89 48.02 + 0.55 1.64 +0.16 724 £0.72 5.20 £ 0.56 3.44 £ 0.26
191221B 22.35+224 809.80 £ 62.29 30.20 £ 3.02 12.33 £ 1.30 224.02 £22.40 44720 £11.49 73.92 £7.39 150.10 £ 15.01 0.23 £0.01 3.98 £0.16
210411C 3.346 £ 0.34 56.62 £ 41.32 6.27 £ 0.52 453 £0.28 13.55 £ 1.36 45.52 £ 0.94 4.58 £ 0.46 8.97 + 0.90 532+ 042 5.50 + 0.35
160410A 0.58 £ 0.05 3847.27 + 967.25 8.49 £2.12 53.82 £7.69 17.54 £1.75 114.84 £7.13 8.90 £ 0.90 8.54 £ 0.854 0.17 £ 0.05 0.22 £0.07
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3. Statistical Analysis
3.1. Parameter Distributions

The parameter distributions of both prompt emission and XRFs in our sample are
analyzed and presented in Figure 1. We find that these parameters are basically log-normal
distributions. To give a quantitative result, we make a Gaussian fitting for LGRBs, and
the median values and dispersions of the distributions are listed in Table 2. The median
values of the prompt emission duration and flare duration are similar. The median value
of flare rise time is shorter than that of the decay time, with a ratio of about 1:2. This
structure is similar to the FRED (fast rise and exponential decay) structure of prompt
emission pulses [41]. The isotropic energy and peak luminosity distributions for both
prompt emission and flares all span a wide range. Ejs, are mainly distributed in the order
range of 10°°~10°, while Ex js, are mainly distributed in the order range of 10%~10°2,
which is 2-3 orders less than the prompt emission. The larger dispersions may be due to the
intrinsic properties of different center engines, such as the jet open angle, or other factors.

Table 2. The Best-fit Parameters of Distributions.

Parameter Median Value Dispersion
Top 20.35s 0.43
Epz 344.61 keV 0.33
Eiso 6.11 x 10°? erg 0.82
Liso 1.45 x 102 erg s~! 0.93
TFWHM,Z 18.58 s 0.52
Tp,z 84.49s 0.39
Tz 5.57 s 0.64
Ty, 12.04 s 0.49
Ex iso 4.02 x 10%0 erg 0.86
Lxp 2.84 x 10% erg s~! 1.04
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Figure 1. Distributions of prompt emissions and flares. The red soild and dashed lines represent
the distributions and best-fit of LGRBs, respectively. The blue dashed lines represent the values
of SGRBs.

3.2. Two-Parameter Correlations

It is generally believed that XRFs originate from the late activity of central engines. We
wonder if there are some tight correlations between XRFs and prompt emission. The two-
parameter correlations are analyzed and shown in Figure 2. We find that there really exist
some tight correlations between the energy properties of prompt emission and XRFs, but
almost no dependency in terms of time. We use the MCMC method to fit the correlations
where the absolute value of the correlation coefficient is greater than 0.4. These correlations
are shown in Figure 3, and the fit results are listed in Table 3.

The four very tight correlations are Ejg, E%ﬁoﬂ'“ (Eiso—Exiso correlation) with

r = 0.79 and 0y = 0.53, Ejgo Lg{g}ﬂtm (Eiso-Lxp correlation) with r = 0.79 and

0.85+0.13
EX,iso

Liso & Lg’f;io'“ (Liso—Lx p correlation) with r = 0.76 and 0yt = 0.64. From these correla-
tions we find that the energy/luminosity of XRFs increases with the energy/luminosity
increases of their prompt emission. This result is consistent with the previous studies [30,32],
and strongly supports that prompt emission and XRFs may have a common central engine.

Furthermore, E;, ; has weak dependence on Ex jso (Ep,z E%fg()io'06 with r = 0.52),

and Lxp (Ep,z o Lg)(.,1p6io.05 with r = 0.49), respectively. However, E;, is independent

Oint = 0.53, Ligo (Liso—Ex iso correlation) with » = 0.79 and cip¢ = 0.60, and

form. the temporal parameters of XRFs. Interestingly, similar correlations between prompt
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emission and the afterglow plateau phase have been revealed. Ref. [42] found that the
luminosity corresponding to the end time (T,) of the X-ray plateau phase (Lx plateau) have
tight correlations with Ejs, and Ljs, and have weak correlations with E;, ,. Ref. [43] found
that the energy of the X-ray plateau phase (Ex plateau) has correlations with Ejso and Liso.
Ref. [32] also found that the X-ray plateau phase and XRFs have similar correlations with
prompt emission, respectively. These results may indicate that the physical origin of XRFs
is likely to be the same as the plateau phase and they may originate from an energy-
injection [32]. Meanwhile, we find no correlations between both the temporal and energy
parameters of prompt emission and the temporal parameters of XRFs. The durations of
prompt emission are independent from the duration, rise time, peak time, and decay times
of the flares, which indicate that XRFs and prompt emission may come from different

physical processes.

Too,2
Ep, 2
E\SD
Liso

TrwhM, 2

0.19

0.16

<"

Figure 2. The. Pearson correlation coefficient matrix of the various parameters in the rest frame,
where red and blue colors represent tight positive correlations and negative correlations, respectively.
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Figure 3. The two-parameter correlations between prompt emission and XRFs. The red and blue
points present the LGRBs and SGRBs, respectively. The red shadows from dark to light represent the
prediction interval of 10, 20 and 30, respectively. The red lines are the best-fit lines.
Table 3. The results of the regression analysis of the correlations between XRFs and prompt emission,
in which r is the Pearson correlation coefficient, and oy, is the intrinsic scatter.
Relation Expression Cint r
Eiso(Exiso) log Eisos2 = (0.33 £0.12) + (0.74 £ 0.11) x log Ex iso,50 0.53 0.79
Eiso(Lx,p) log Eiso,52 = (0.50 0.11) + (0.62 £ 0.09) x log Lx p 49 0.53 0.79
Liso(Exiso) log Ligo52 = (—0.36 +0.13) + (0.85 £ 0.13) x log Ex iso,50 0.60 0.79
Liso(Lx,p) log Liso52 = (—0.15£0.13) + (0.68 +-0.11) x log Lx p 49 0.64 0.76
Ep2(Exso) logEp, = (2.43+0.06) + (0.20 £ 0.06) x log Ex is0,50 0.25 0.52
Epz(Lxp)  logEpz = (2.48+0.06) + (0.16 £ 0.05) x log Lx p 49 0.26 0.49

3.3. Three-Parameter Correlations

In general, the three-parameter relations can better constrain the physical model
of GRBs. It is known that several tight three-parameter correlations between the X-ray
plateau phase and the prompt emission of GRBs have found. Ref. [38] obtained Ly piateau

T, 087E288 which is confirmed by Ref. [39] (Lx plateau & Ty LOTEO84) and Ref. [44] (L plateau &

1S0 1S0
T, 0'99E?S'§6). A similar L plateau—Ta—Liso correlation was found by Ref. [45]. Furthermore,

the Lopt plateau—Topta—Eiso correlation is also found in the optical afterglow, Lopt plateau &

To_p%gE%g, where Topta is the end time of the optical plateau phase and Lopt plateau iS the
corresponding luminosity [46].

Meanwhile, we explore the three-parameter correlations between XRFs and prompt
emission. These correlations are shown in Figure 4, and the results of the regression
analysis are listed in Table 4. The tight three-parameter sets are { Eiso / Liso, EX iso/ LX,p/ Tp,z}/
{Eiso/ Lisos Ep,z Exiso/ Lx,p }» {Ex,iso/ Lx,ps Tp,zs Ep,2}, and {Exiso, Ep,z, Lxp }- The tightest
correlation is the Lx ,—Tp,,~Eiso correlation, which is expressed as Ly p, o ij Zl'OSE%§4 with
r =0.87. We find that after accounting for the peak time of XRFs, the Lx ,—Tpz—Eiso
correlation is tighter than the Ly ,~Ejs, correlation. This may be due to Ly, strongly
depending on Tp,z/ which has been found in previous studies [12,13]. We also find that
the Lx p~Tp,z~Liso correlation is tight, Ly, o Ty 3% L37! with r = 0.85. Interestingly, the
three-parameter correlations of GRBs associated with XRFs are similar to those of the



Universe 2024, 10, 343

90of 13

plateau phase, which further supports that XRFs have a common origin with the plateau
phase.

In addition, when Ex is, is used instead of Lx P the Ex iso=Tp,z—Eiso (Ex,iso & 70 12EPS§5,
r = 0.79) and Ex iso—Tp,z—Liso (Ex,iso & TO 15 L?SZf, r = 0.79) correlations are still tlght. How-
ever, the coefficient of Ty, ; in the Ex jso— Tp, —Eiso/ Liso correlation is significantly lower than
that of the other parameter, which may be caused by the weak correlation between Ex iso
and Ty, ;. Interestingly, after swapping Ex iso and Eiso/ Liso, the correlations become tighter,
Eiso & T4 OBSE?(Z;)' r = 0.80, and Ligo o T 042E§)(?30, r = 0.81, respectively. More impor-
tantly, the coefficient between Tp,» and the other parameter is not significantly different,
and the Eiso/ Liso—Tp,z—Exiso correlations are jointly contributed by both T, ; and Ex iso-

We also study three-parameter correlations involving Ep ,. After accounting for Tp,z,
Ep,z also has weak correlations with Ex iso, Ex,iso & Tp, 2> Ep; il, and Lxp, Lxp & Ty B EL%,
respectively. Similarly, the Ex plateau=Ta,z—Ep,z correlat1on and the Lopt,plateau_Ta,Z Ep,Z cor-
relation were also found in the X-ray and optical afterglow, respectively [43,46].

Table 4. The results of the regression analysis for three-parameter correlations, in which r is the
Pearson correlation coefficient, and oy, is the intrinsic scatter.

Relation Expression CTint r
{LX,p/ Tp,zs Eiso } 49 = (1.88 £0.57) + (—1.08 £0.27) x log Tpz + (0.84 £0.13) x log Eiso 52 0.54 0.87
log Eiso52 = (—0.64 +0.63) + (0.56 +0.31) X log Tp,z + (0.75+0.11) x log Lx p49 0.51 0.81
log Tpz = (1.93+£0.08) + (—0.36 £ 0.09) x log Lxpa9 + (0.21£0.11) x log Eiso 52 0.31 0.66
{Exisos Lx,p,Ep,Z} log Ex iso,50 = (—0.60 £ 0.73) + (0.66 £ 0.09) x log Lxpa9 + (0.36 +0.30) x log Epz 0.45 0.87
49 = (—0.55+£0.89) + (1.01 £ 0.14) x log Ex iso,50 + (0.16 - 0.37) x log Epz 0.56 0.87
log Ep,, = (2.44 £0.06) + (0.04 £0.10) x log Lxpa9 + (0.15+0.11) x log Ex iso,50 0.26 0.53
{Liso, Epz, Exiso} log Lisos2 = (—4.27£0.91) + (1.61 £0.35) x log Epz+ (0.52 £ 0.12) x log Ex iso,50 0.41 0.86
log Ex iso,50 = (1.13 +1.24) 4+ (—0.26 = 0.45) x log Epz+ (0.81+£0.17) x log Ligo 52 0.56 0.79
log Epz = (2.54 £0.05) 4 (0.31 4 0.06) x log Liso,52 + (—0.06 4 0.06) X log Ex iso 50 0.17 0.72
{Eiso, Epz LX,p} log Eiso52 = (—2.37 £ 0.80) + (1.16 £ 0.32) X log Ep. +(0.434+0.09) x log Lxp 0.41 0.86
49 = (0.51+1.26) 4+ (—0.37 £ 0.51) x log Epz+ (1.11 £ 0.22) x log Eiso 52 0.68 0.79
log Ep, = (2.31+£0.06) + (0.33 £ 0.08) x log Ejso,52 + (—0.04 £0.06) X log Lxp49 0.20 0.71
{Lx,p, Tp,zs Liso } 049 = (2444 0.58) 4+ (—1.09 £ 0.29) x log Tp,z + (0.71 £ 0.12) x log Liso 52 0.58 0.85
log Liso 50 = (—1.23 £0.78) + (0.53 £ 0.38) x log Tp,z + (0.80 £ 0.14) x log Lx p a9 0.62 0.78
log Ty, = (2.05+0.07) 4+ (—0.32 £ 0.09) x log Lxpa0 + (0.14 £ 0.10) x log Ligo 52 0.32 0.64
{Eiso, Epz, Exiso} log Eiso5 = (—2.39 £0.83) + (1.13 £0.34) x log Epz+ (0.51 £0.12) x log Ex iso,50 0.43 0.85
IOg EX,iso,SO (0 25+ 1. 05) ( 0.13 £+ 045) X log Ep,z + (087 + 018) X log Eiso,52 0.57 0.79
log Ep,, = (2.32£0.06) + (0.30 & 0.08) x log Ejsq 52 + (—0.02 £ 0.07) x log Ex iso 50 0.20 0.70
{Liso, Ep,z, Lx/p} log Liso52 = (—4.43 £0.93) 4 (1.72 £ 0.35) x log Epz+ (0.40 +£0.10) x log Lx pa9 0.43 0.85
49 = (1.28 £1.58) 4+ (—0.39 £ 0.58) x log Epz+ (0.95+£0.22) x log Ligo 52 0.72 0.77
log Ep,, = (2.53 £ 0.04) + (0.31 £0.05) x log Ligo 52 + (—0.05 £ 0.05) x log Lx p 49 0.16 0.72
{Liso, Tp,z, Exiso} log Lisosp = (0.48+0.58) + (—0.42 4 0.28) x log Tpz + (0.81 £ 0.13) x log Ex iso,50 0.58 0.81
log Ex iso,50 = (0.19 = 0.56) 4 (0.15 4 0.29) x log Tp,z + (0.76 £0.12) x log Ligo 52 0.56 0.79
log T, = (1.91 £ 0.10) + (0.08 £ 0.14) x log Ex is0,50 + (—0.19 £0.13) x log Liso 52 0.39 0.34
{Eiso, Tp,z/ Exiso} log Eisosr = (1.024+0.52) 4+ (—0.35+0.25) x log Tpz+ (071 £ 0.11) x log Ex iso,50 0.52 0.80
log Ex iso,50 = (—0.30 £ 0.60) + (0.12 £+ 0.29) x log Tpz + (0.85+0.14) x log Eiso 52 0.57 0.79
log Tpz = (2.05+0.10) + (0.06 4 0.14) x log Ex iso50 + (—0.20 & 0.14) x log Eiso,52 0.40 0.32
{Tp,z, Lxp, Ep,z} log Tp,, = (1.58 £ 0.51) + (—0.25 £ 0.07) x log Lxpa0 + (0.18+£0.21) x log Ep , 0.33 0.62
log Ep, = (2.19+£0.34) + (0.14 £ 0.17) x log Tp,z + (0.19+0.06) x log Lx p 49 0.27 0.51
49 = (—0.05+£1.51) + (—1.43+£0.38) x log Tp,z + (1.28 £0.47) x log Epz 0.77 0.51
{Ep,z, Tp,z, Exisoy log Epz= (2.59 £0.27) 4+ (—0.08 £0.13) x log Tpz + (0.19 £0.06) x log Ex iso,50 0.26 0.53
log Ex iso,50 = (—2.59 £1.56) + (—0.21 £ 0.38) x log Tp,z + (1.41+£049) x log Ep:z 0.78 0.53

log Tp,z = (2.27 £ 0.67) + (—0.06 % 0.10) x log Ex js,50 + (—0.12 % 0.26) x log Ep,, 0.41 0.21
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Figure 4. The three-parameter correlations between prompt emission and XRFs. The red and blue
points present the LGRBs and SGRBs, respectively. The red lines represent y = x.

4. Summary

In this work, we compile a GRB sample containing 31 GRBs with single XRFs, that are
well-constrained Ep,, and redshifts, and analyze the properties and correlations between
prompt emission and XRFs in the rest frame. We find that the prompt emission and XRF
parameters of GRBs are basically log-normal distributions. The meadian value of the flare
rise time is shorter than the flare decay time, with a ratio of about 1:2, which is similar to
the FRED structure of prompt emission pulses [41].

We explore the two-parameter correlations between prompt emission and XRFs.
We find there are several tight correlations between Eiso/ Liso and Ex iso/ Lxp- Such as
Eiso & EX7q, (LY with r = 0.79 (0.79) and Liso & ER$5, (LY) with r = 0.79 (0.76). This
indicates that the flare energy/luminosity strongly depend on the prompt emission en-
ergy/luminosity. The prompt emission peak energy and the flare energy/luminosity are
weakly dependent, Ep, ; « E%fgo with r = 0.52, and Ep , L%f with r = 0.49, respectively.
These results suggest that the prompt emission and XRFs may originate from the common
central engine. Meanwhile, we find that the temporal and energy parameters of the prompt
emission and the temporal parameters of XRFs are independent.

In addition, the three-parameter correlations between the prompt emission and XRFs
are also analyzed. We find several tight three-parameter correlations, such as Ly, o
o2 ®EXS with r = 0.87 and Lyp o T, %L with r = 0.85. Interestingly, the Ly p—
Tp,—Eiso correlation is similar to the Lx plateau—Ta—Eiso correlation of the X-ray plateau
phase [38,39,44] and the Lopt plateau—Topt,a—Eiso correlation of the optical plateau phase [46].
The Lx p—Tp,,—Liso correlation is also similar to the Ly plateau—Ta—Liso correlation of the X-ray
plateau [45]. Furthermore, the Ex iso/ Lx,p—Tp,z—Ep, correlations are also confirmed [43,46].
These indicate that the flares and the plateau phase may have the same physical origin.
However, the occurrence time and characteristics of the flares and the plateau phase are
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different, and it is more likely that they are in a different phase of the same physical
process [32]. Generally, the plateau phase is considered to be the energy injections from
the spin-down of a millisecond magnetar, which implicates that XRFs may be driven by
magnetar activity. Due to the small sample size, the results obtained above need to be
improved through more observations. The Space-based multi-band Variable Object Monitor
(SVOM) and Einstein Probe (EP) are expected to observe more GRBs with XRFs, redshifts,
and a well-constrained spectrum.
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