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Abstract We demonstrate that the optical flares, X-ray
flares (XRFs), and the gamma-ray burst (GRB) pulses ex-
hibit similar behaviors as evidenced by correlations among
temporal properties and the temporal properties on energy
by a comprehensive comparative analysis of 24 optical
flares, 92 XRFs and 102 GRB pulses. The flare/pulse peak
time, 7, is correlated with their width, w, and with w/7,
for the three samples, but their slopes are very different.
Both of the flares and GRB pulses bear the similar asymme-
tries and the asymmetry evolves neither with w nor with 7.
The spectral lags of the XRFs are much larger than those
of the GRB pulses and almost follow the same lag versus
width relation as that of the GRB pulse. In addition, the cor-
responding broadening of temporal properties (width, rise
width and decay width) of the XRFs with energy decreasing
follows the same power-law relation as those of the GRB
pulses. The K-S tests show the distributions of the three cor-
responding power-law indices of the XRFs are the same as
those of the GRB pulses at the 1 % significance level. All of
our demonstrated relations and previous correlated relations
seem to indicate that the XRFs as well as the optical flares
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should be belong to a extended class of the prompt GRBs
that dominate the tail of the distribution function. Therefore,
our analysis results place some constraints on the physical
mechanism responsible for the pulsed emission properties.

Keywords Gamma rays: bursts - Method: statistical

1 Introduction

One of the most intriguing contributions of the Swift Mis-
sion is the detection of flares in the observed gamma-ray
burst (GRB) afterglows. Until now more than 50 % of the
GRBs observed with the Swift XRT have found early-time
flares, which were observed at the end of the prompt emis-
sion and/or the early afterglow phase. While some late-
time X-ray flares (XRFs) were observed at even several
days after the prompt emission. The flares were found su-
perimposed to short and long bursts, low and high red-
shift X-ray afterglow light curve (Burrows et al. 2005;
Falcone et al. 2006, 2007; Chincarini et al. 2007). Due to
these phenomena give information about the activity of the
central engine they drawn much observational and theoret-
ical attention. As a result a lot of theoretical speculations
have been proposed to explain it. The rapid rise and decay
behavior of X-ray flares is widely understood as being due to
some long-lasting activity of the central engines and widely
believed to be associated with the later activation of cen-
tral engine. Burrows et al. (2005) proposed that the flares
are produced in internal shocks at later times, which re-
quires reactivation of the GRB central engine. Similar con-
clusions have been also drawn by other authors (e.g. Ioka
et al. 2005; Fan et al. 2005; Zhang et al. 2006; Falcone et al.
2006; and Romano et al. 2006; Maxham and Zhang 2009;
Wang and Dai 2013). While Piro et al. (2005) and Galli and
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Piro (2006) showed that X-ray flares may be produced by
a delayed external shock. Wu et al. (2005) suggested that
some X-ray flares originate from late external shock but
some arise from internal shock by performing a quantitative
analysis in the context of late external shock and late in-
ternal shock models. Therefore, the underlying mechanisms
that produce the flaring activity are not fully understood.

It is generally believed that GRB prompt emission orig-
inates from the internal shock model (Meszaros and Rees
1997; Kobayashi et al. 1997; Daigne and Mochkovitch
1998). While the broadband afterglows are produced by the
external shocks when the fireball is decelerated by the ambi-
ent medium (Meszaros and Rees 1997; Sari et al. 1998). This
internal + external shock model suggests that the prompt
emission and the afterglow involve two distinct processes at
two different emission sites. In order to understand the un-
derlying mechanisms of the flaring activity one of the main
questions is that both the flare activity and prompt emis-
sion share the same internal shock mechanism? The ques-
tion focus primarily on the linking the observed temporal
and spectral properties of prompt emission in long bursts to
similar properties seen in bursts exhibiting XRFs. Some au-
thors studied the X-ray flare and prompt emission pulses in
GRBs and revealed many similarities between them during
the fast decay and afterglow phases of GRBs, which seems
to suggest the strong indications that X-ray flares have a
common origin with the gamma-ray pulses. These examples
include: (1) the extending lag-luminosity relation to X-ray
flares (Margutti et al. 2010); (2) the spectra of flares are bet-
ter fitted by the standard fitting model for GRB prompt emis-
sion (Band function) than by a standard afterglow model (an
absorbed power law) (Falcone et al. 2006); (3) the spectral
properties of flares harder than underlying afterglow and fol-
low the hard-to-soft spectral evolution; (4) studies of evolu-
tion of spectral lag; and (5) the flare fluence can be up to the
prompt fluence. Furthermore, the presence of an underlying
continuum with the same slope before and after the flaring
activity excludes the possibility that flares are related to the
afterglow emission by forward external shocks. Therefore
their properties can provide an important clue towards the
understanding of the mechanism that is at the basis of the
GRB phenomenon.

Some evidences showed by Li et al. (2012) that the tem-
poral properties of the optical flares is also similar to the
XRFs and the GRB pulses. For example, the optical and
the XRFs as well as the GRB pulses follow the same pulse
width (w) versus the peak time (¢, ) relation. In addition, the
observed relations between either Ejz, or Ly, and 7, also
followed by the X-ray and optical flares.

The widthes of the GRB pulses are found to be energy
dependent, i.e., the higher energies, the narrower widthes
(e.g., Link et al. 1993). In addition, the pulse width depen-
dence on energy is a power law (e.g., Fenimore et al. 1995;
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Norris et al. 1996, 2005; Nemiroff 2000; Crew et al. 2003;
Peng et al. 2006). Moreover, it is found that this power-law
relation can be extended to X-ray bands (see, Zhang and Qin
2008; Zhang 2008) as well as the XRFs (e.g. Chincarini et al.
2010). In addition, Zhang et al. (2007) showed that the pulse
peak time, rise time scale, and decay time scale on energy
are also power-law functions.

Recently, Chincarini et al. (2010, hereafter Paper I) stud-
ied the evolution of the flare temporal properties with energy
in different X-ray energy bands using an updated catalogue
of 113 X-ray flares detected by Swift. Margutti et al. (2010)
also investigated the temporal properties with a small sam-
ple including 9 light X-ray flares. Some important conclu-
sions were drawn about the temporal properties of flare by
their work. But Paper I and Margutti et al. (2010) did not
systematically compare their temporal properties with GRB
pulse. While two recent work by Peng et al. (2012, 2013) in-
vestigated the temporal properties on energy of some GRB
pulses with a large sample. In this work we aim to perform
a comprehensive comparative analysis of the temporal prop-
erties of the XRFs, the optical flares and the GRB pulses to
further reveal their possible relations. Our paper is organized
as follows. In Sect. 2, we present the sample description and
pulse modeling. The analysis and results are given in Sect. 3.
Conclusions and discussion are presented in the last section.

2 Sample description and pulse modeling

In this study, we select three samples to perform the compar-
ative analysis of the temporal properties between the XRFs,
optical flares and GRB pulses. The first sample comes from
Paper 1, consisting of 113 well-separated early-time X-ray
flares (the peak time less than 1000 s) with a relatively com-
plete structure and clearly distinguishable from the under-
lying continuum. These flares mainly from the X-ray af-
terglows observed by Swift XRT between 2005 April and
2008 March. The flare structure can be fitted with an ana-
Iytic function, thus giving a homogeneous set of parameters.
For a full description of the data reduction we can refer to
Paper 1. The second sample consisting of 102 “clean” GRB
pulses is from Peng et al. (2013), which were observed by
CGRO/BATSE with durations longer than 2 s. In fact, the
sample was composed of three GRB samples compiled by
Kocevski et al. (2003), Norris et al. (1999) and Norris et al.
(2005). The bursts of the first BATSE sample including 76
individual pulses in 67 bursts are found to contain individ-
ual FRED pulses with the peak flux is greater than 1.0 pho-
ton cm~2s~! on a 256 ms time-scale. The second BATSE
sample coming from Norris et al. (1999) contains 66 single-
pulse GRBs. The third BATSE sample containing 35 pulses
is a long-lag wide pulse burst sample with an average lag
> 1 s and Fpeqx > 0.75 photons cm 2! (50-300 keV).
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Fig. 1 The observed width (left panel) as well as the relative variability time-scale (w/tpx) (right panel) versus the observed peak time for the
optical flares (red five stars), X-ray flares (blue arrows), and GRB pulses (black circles)

These long-lag pulses are sufficiently non-overlapping to al-
low pulse fits with negligible ambiguity. (For further infor-
mation about the samples, see Kocevski et al. 2003 and Nor-
ris et al. 1999, 2005.) The third sample containing 24 opti-
cal flares comes from Li et al. (2012). They first compiled a
sample of 225 optical light curves in the literature. Then they
made an extensive search for the optical data from published
papers or from GCN Circulars and obtained well-sampled
light-curves from 146 GRBs. They fitted the light-curves
with a power-law function or a smooth broken power-law
function or a smooth triple power-law function to separate
the different components from the optical light-curves. Fi-
nally, they got 24 optical flares in 19 GRBs. Most of the
flares are in R band while they corrected them to R band
with the optical spectral indices for the flares in other bands.
The temporal properties (the peak time, the width measured
at the full width at half-maximum, the rising timescale, the
decay timescale) were derived from the fitting parameters.
In order to investigate the pulse temporal properties, both
of the X-ray flarse and GRB pulses are modeled with the
empirical functional pulse form of Norris et al. (2005):

I(t) = Ahexp[—11/(t —1;) — (t = 1;) /2], ey

where ¢ is time since trigger, A is the pulse amplitude, #; is
the pulse start time, 71 and 1, are characteristics of the pulse
rise and pulse decay, and the constant A = exp[2(t1/12) 1/21,

According to the fitting parameters we can obtain the
measured pulse temporal properties including the pulse
width w = A1/, = 72(1 +21In 1)1/2, the pulse asymmetry,
k = 1y /w, the pulse rise width, 7,5, = %w(l — k), and the
decay width tgecay = %w(l + k). The pulse peak times are
given by tpr =ters + /TIT2.

3 Analysis and results

In this section, we mainly want to compare the temporal
properties of the X-ray flares, the optical flares with those of
the GRB pulses. Following Paper I we consider the param-
eters of the XRFs (GRB) pulses obtained from the 0.3—10
(25-1800) keV band light curve when not specified. While
the optical flares are considered in R band.

3.1 The comparison of the temporal properties of X-ray
flares, optical flare and GRB pulses

In this section, let us first analyze in detail the temporal prop-
erties of the observables, pulse peak time, pulse width, pulse
rise time, pulse decay time, pulse asymmetry, and pulse peak
lag. The temporal properties of the optical flares, XRFs, and
GRB pulses examined in this study exhibit many similari-
ties; these can be demonstrated in the following sections.

3.1.1 W and tp

Showed in the Fig. 1 (left panel) is the scatter plot be-
tween pulse width and pulse peak time for the three sam-
ples. A strong positive correlation exists between the pulse
width and the pulse peak time; this correlation is present for
both flares and GRB pulses (see, Fig. 1 and Table 1). These
show that the width evolves linearly with time to larger val-
ues, which is very similar to the result of Li et al. (2012)
(see, Fig. 5 in their paper). However, the slopes of the optical
flares (0.98) and the XRFs (0.77) are much larger than that of
the GRB pulses (0.13) (see, Table 1). This result is slightly
different from that of Paper I and Ramirez-Ruiz and Feni-
more (2000), which showed that the width of GRB pulses
remain constant throughout the GRB time history.

Figure 1 (right panel) also illustrates the relative vari-
ability time-scale (w/pr) versus peak time. An opposite
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Table 1 The correlations and -
regression coefficients of the Parameter pairs Rs Ps a b
width along with the ratio of
width to the peak time and the (w— l‘pk)(; 0.57 7.26 x 10710 0.71£0.01 0.13 +£0.00
peak time for the GRB (W — tp)x 0.71 6.46 x 10718 0.07 £0.03 0.77 £0.03
pulses (G), XRFs (X) and W= 1,00 0.99 5.23% 10720 ~0.20+0.11 0.98 % 0.04
optical flares (O)
W/tpk — tpr)G 0.78 2.34 x 1072 0.90 +£0.01 —1.234+0.01
(w/tpk — tpi)x —0.12 0.19 x 100 0.124+0.01 —0.26 £0.03
(w/tpk —tpi)o —0.04 0.84 x 100 —0.20+0.11 —0.02+0.04
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Fig. 2 Asymmetry versus width (left panel) as well as asymmetry versus peak time (right panel) for the optical flare (red five stars), X-ray flare

(blue arrows) and GRB pulse (black circles)

evolutionary trend is demonstrated when compared with w
versus #,¢. The w/tyr of the GRB pulses decrease sharply
with peak time, slope = —1.23, the XRFs decrease much
slower (slope = —0.26) and the optical flares tends to re-
main constant (slope = —0.02) up to late times (see, Fig. 1
and Table 1). Though there are two different trends of w and
w/ 1t with time for flares and GRB pulses they can connect
smoothly each other.

3.1.2 Asymmetry and tp

Figure 2 demonstrates the relationship between asymmetry
and width as well as between asymmetry versus peak time,
respectively. No correlated trend for the three samples are
found but their statistical uncorrelation also joined by opti-
cal flare, X-ray flares and GRB pulses. The uncorrelation of
asymmetry and peak time is not in agreement with the ten-
tative anti-correlated trend revealed by Norris et al. (2005)
with a long-lag wide GRB pulse sample.

Figure 3 further demonstrates that both of the flares
(X-ray and optical) and the GRB pulses have strong corre-
lations between rise and decay time scales. The correlation
connects smoothly from the prompt GRB pulses through op-
tical flares. Moreover, their slopes are very close.
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Fig. 3 The plot of decay times versus rise times for the optical flares
(red five stars), the XRFs (blue arrows), and the GRB pulses (black
circles)

3.1.3 W and peak lag

The strong correlation between the pulse width and the spec-
tral lag for the GRB pulses was found by several authors
(e.g. Norris et al. 2005; Peng et al. 2007; Hakkila et al.
2008). That is, the spiky pulses have shorter lags than broad
pulses. Whether the correlation exists in the X-ray flare or
not? This has also been done by Margutti et al. (2010) with
a sample including 9 bright X-ray flares. We recheck the
relation with a much larger sample. Some theories predict
that the lag is highly dependent on energy (e.g. Shenoy et al.
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2013), implying that the choice of energy channels is im-
portant and should be made carefully. We have defined our
lags so that they span a reasonably large spectral range, and
also in terms of large signal-to-noise, so that they encom-
pass a large amount of the GRB pulse’s or flare’s total flux.
For BATSE, these conditions are generally met by selecting
channel 1 (25 to 50 keV) and channel 3 (100 to 300 keV),
while for the Swift XRT most of these conditions are met
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Fig. 4 The relation between the peak lag and the width of the XRFs
(blue arrows) and the GRB pulses (black circles)

Table 2 The correlations and regression coefficients of the width and
the peak lag for the GRB pulses and the XRFs

Parameter pairs Ry Ps a b
(w— Af3)p 0.70 2.70x 1071 —1.04+0.10 1.1440.10
(w— Ati3)x 043 832x107° —04240.11 0.93+£0.05

log A (count s7")

|
- O - N N >~

o - N NN~ o

log A (107 "%erg s™")

by choosing Swift XRT channel 1 and channel 3. We as-
sume that this allows us to compare GRB pulse properties
to XRF properties in principle, lacking data to the contrary.
Peak lag Afy3 can be obtained between energies of 2-3 keV
(XRT channel 3) and the 0.3—1 keV (XRT channel 3) for any
XREF. For the sake of comparison we also find the peak lag
between energies of 100-300 keV (BATSE channel 3) and
25-50 keV (BATSE channel 1) for any GRB pulse. Figure 4
illustrates the scatter plot of the width versus the peak lag for
the XRFs and GRB pulses. Similar to the GRB pulse the im-
portant lag versus width correlation also exists in XRFs and
their evolution slope of Az13 versus w (see, also Table 2) is
very close to that of the GRB pulse. However, not all flare
lags are positive; this is very similar to the GRB pulse lags.
The correlation of the XRFs also connects smoothly with
the GRB pulses.

3.1.4 Intensity and tpj.

A evident correlation between the intensity and 7, exists for
the early-time flares is identified by Paper I and Chincarini
et al. (2007). Using the optical flare data we also find the
same correlated relation exists. For the GRB pulses, how-
ever, the situation is very different; the intensity almost re-
main constant with the variation of the peak time. Thus there
has no correlation between intensity and peak time with cor-
relation coefficient » = 0.15 and possibility p = 0.13 (see
Fig. 5). However, the very strong correlation and the simi-
lar evolutionary trends between the intensity and the width
exist for all of the three samples (see Fig. 5).
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Fig. 5 Plots of the peak intensity versus the peak time (left panel) as well as the peak intensity versus the width (right panel) for the optical flares
(red five stars), the XRFs (blue arrows), and the GRB pulses (black circles)
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Fig. 6 Histograms of the power-law indices §,, (a), §, (b), and §,4 (c) obtained by fitting the pulse width, rise width, and decay width and energy

with a power-law function, respectively. The curved lines are the best fits by the Gaussian functions

Table 3 A list of the

distribution parameters of the Power-law indices Mean Median o (modeled with a Gaussian profile)
three power-law indices of the
XRFs (X) and the GRB Swy —0.25 —0.21 —0.19+£0.18
pulses (G) Bug ~0.30 ~0.25 —0.24+0.13
Bry —0.26 —0.19 —0.16£0.18
8rg —0.25 —0.23 —-0.21+£0.17
8ay —0.26 —0.22 —0.19+£0.22
8dg —0.32 —0.27 —0.25+0.16

3.2 The comparison of the temporal properties on energy
between X-ray flares and GRB pulses

In this section, we compare the temporal properties on en-
ergy between the XRFs and the GRB pulses since the power
law relation between the pulse width and energy exists in the
GRB pulses and extend to the XRFs. By fitting the widthes,
rise widthes, and decay widthes of the XRFs and the GRB
pulses (in the logarithm) per channel as a function of the
geometric means of the lower and upper XRT and BATSE
channel boundaries (using 300-1000 keV for BATSE chan-
nel 4; Norris et al. 2005) the power-law indices are thus ob-
tained (let &, 6, and 84, denotes the indices of the power-
law relations between w, Tyise, and Tgecqy and energy, re-
spectively). Therefore, the dependencies of the three tem-
poral quantities on energies can be parameterized by the
power-law indices.

Displayed in Fig. 6 are the histograms of the three power-
law indices of temporal properties on energy. The distribu-
tion parameters are listed in Table 3. From Fig. 6 and Ta-
ble 3 we find that the corresponding distributions of these in-
dices share similar widthes but all of them have large disper-
sions. In addition, the indices of X-ray flares have a slightly
smaller values and with larger dispersions than that of the
GRB pulses. The large dispersions imply that the energy de-
pendence of the temporal properties may not be the same
for different bursts or flares. In order to further compare the
dependence of temporal properties on energy between the
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Table 4 The results of the K-S test for the three power-law indices of
the XRFs and the GRB pulses

Power-law indices Dk.s Pk.s
5 021 0.03
Sy 0.16 0.14
8d 0.20 0.04

XRFs and the GRB pulses we do the Kolmogorov—Smirnov
(K-S) test (Press et al. 1992) to check if the distributions
of these indices are the same. The K-S test determines the
parameter Dg.g, which measures the maximum difference
in the cumulative probability distributions over parameter
space, and the significance probability Pg.g for the value of
Dk _s. A small Pg_g indicates that the data sets are likely to
be different (Press et al. 1992). The results of the K-S tests
are listed in Table 4. It is found that we can not reject the
null hypothesis at the 1 % significance level for all of the
three cases. Even at the 5 % significance level we can not
reject the null hypothesis for the case of §,. Therefore, there
are not enough reasons to believe that the dependence of
temporal properties on energy may be different between the
XRFs and the GRB pulses. In other words, the dependencies
of pulse widthes, rise widthes, and decay widthes on ener-
gies is the same as that the flare widthes, rise widthes, and
decay widthes on energies, respectively, even if the energies
are much different.
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Fig. 7 Relationships of the three power-law indices 6, vs. 8y, (@), 84 vs. 8y (b), 8, vs. 84 (¢). The dashed lines are the regression lines

Table 5 Correlations and the

regression coefficients of the Power-law indices Rs Ps a b

three power-law index pairs for

the XRFs (X) and GRB (6 — Suw)x 0.70 1.01 x 10~14 0.10£0.02 1.39 £0.06

pulses (G) S —8w)g 0.68 2.05x 10715 0.09 +0.01 1.20 £0.02
(a — 8w)x 0.94 3.64 x 1074 —0.03 +£0.02 0.91£0.03
ba —dw)c 0.94 0.00 x 0.00 0.01 £0.00 1.10£0.01
& —8a)x 0.49 1.04 x 1076 0.13+£0.02 1.47 £0.07
& —da)c 0.44 2.83 x 1076 0.04+£0.01 0.99 £0.02

Peng et al. (2012) have examined the relationships be-
tween the three power-law indices, 8y, §,, and §; by using
a single GRB pulse sample and found that the three power-
law indices are strongly correlated with each other. We also
check whether the correlations exist in the XRFs or not.
Figure 7 shows the relationships between the three indices
along with those of the GRB pulses. The Spearman rank-
order correlation analysis of the three quantities as well as
the regression coefficients a (intercept), b (slope) are listed
in Table 5. It is revealed that the correlations are also exist
in the XRFs, which also strongly indicates that the temporal
properties (the rise times and the decay times) of the XRFs
do not evolve independently from each other; instead, their
evolution is tightly coupled. Similar to GRB pulses the cor-
relation between §,, and 8, is much stronger than the other
two index pairs and the two indices may be viewed as mu-
tual surrogates for the XRFs. Moreover, the corresponding
correlation and regression coefficients of index pairs are also
close to each other for the X-ray flare and the GRB pulses
(see, Fig. 7 and Table 5).

4 Conclusions and discussion

In this paper, we have selected a XRF sample containing
92 early-time flares, a optical flare sample consisting of 24

flares and a GRB pulse sample including 102 well-separated
long-duration GRB pulses and analyzed their temporal prop-
erties as well as temporal properties on energy with the aim
to search for their connections.

We first perform the comparative analysis of the width
versus the peak time, which supports the known result that
the width would be increase with the decreasing energy and
the general trend is that later flares or pulses tend to be wider
(see, Fig. 1) when we combine the flares (X-ray and opti-
cal) with GRB pulses. The temporal evolution of the width
from the GRB pulses to the optical flare phase reveals the
global evolution of the erratic GRB central engine. Max-
ham and Zhang (2009) pointed out that this demands that the
central engine is ejecting thicker and dimmer shells at late
times instead of the hydrodynamical spreading of the shells
ejected at late times. Another possible interpretation is that
the late flares being produced by clumps at larger radii, and
the spreading during the accretion process would increase
the accretion time onto the black hole (Perna et al. 2006;
Proga and Zhang 2006). However, the evolutional slopes of
width with time would be different in the different phase
(see, Fig. 1).

The comparison of the relative variability time-scale
At /t shows the prompt emission pulses with very large dis-
persion are very different from those flares. Most of them is
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larger than 1 only a few overlapping with the flares. Whereas
all of the optical and X-ray flare is less than 1 and they over-
lap each other even their central values are different (see,
Fig. 1). However, Swenson et al. (2013) analyzed 119 ul-
traviolet/optical flares and found that Az/t vary from 0.01
to greater than 10, with about 8 % of the flares exhibiting
a At/t > 1. If we consider the late X-ray flare there exist
flares with At/t > 1 (Bernardini et al. 2011). These seem
to show that At /¢t of the flares and the GRB pulses overlap
each other. Therefore, if only considering the relative vari-
ability time-scale we can not discriminate among different
models.

The analysis of the asymmetries of the three samples
shows that the optical flares and the XRFs are more asym-
metry than the GRB pulses. We also found no correlation be-
tween width and asymmetry as well as width and peak time
for all of the three samples. Moreover, the linear evolution
of the decay time as a function of the rise time is presented
in the three samples and is valid over 5 orders of magnitude.
These strongly indicate that the rise and the decay times of
the flares and pulses do not evolve independently from one
another; instead, their evolution is tightly coupled.

Similar to the GRB pulses a interesting correlated rela-
tion between the width and peak lag for the XRFs is also
revealed. Moreover, their slope of the two quantities for the
X-ray flare and GRB pulse is close (see, Fig. 4 and Table 2).
The statistical result also show that their origin may be the
same.

A striking similarity is revealed by analyzing the tempo-
ral properties (widthes, rise widthes and decay widthes) on
energies for the XRFs and the GRB pulses even if the ener-
gies are very different. First, the strong correlations between
the three power-law indices also exist for the XRFs, which
also strongly indicates that the rise and the decay times of
the XRFs do not evolve independently from each other. Sec-
ond, the distributions of the corresponding power-law in-
dices for XRFs and GRB pulses are very similar and all of
them have a large dispersion. These imply that the energy
dependence of the temporal properties may not be the same
for different flares or pulses. Moreover, the correlation and
regression coefficients of the corresponding indices is also
close to each other for XRFs and GRB pulses. It is clear
that the power-law indices of the temporal properties on en-
ergy are caused by the pulse widening with energy. But the
origin of the pulse widening has not been interpreted com-
pletely. Maybe the kinematic effect plays an important role
on the pulse widening and the correlated relations. Some
studies (e.g., loka and Nakamura 2001; Qin et al. 2005;
Willingale et al. 2010; Peng et al. 2012) support the kine-
matic origin.

Other similarity between the XRFs and the GRB pulses
are also shown by many studies. For example, the important
lag-luminosity relation for the XRFs is revealed by Margutti
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et al. (2010), which follows the same evolutionary trend as
the prompt GRB pulses (see, Fig. 4 in their paper). The peak
luminosity versus rest-frame width correlation was shown
by Paper I. This means that short-lag flares have shorter du-
rations are more luminous than those of longer flares. This
property is consistent with that of the prompt GRB pulse
first found by Hakkila et al. (2008). Sonbas et al. (2013)
compared the variability time scale with pulse parameters
such as rise times, spectral lags, and revealed a tight corre-
lation between these temporal features for both of the XRFs
and the GRB pulses (see, Figs. 3 and 4 in their paper).
The observed correlated relations exist between isotropic
gamma-ray energy and isotropic optical flare energy as well
as the optical flare luminosity and the gamma-ray luminos-
ity; these indicate that the prompt gamma-ray emission and
later optical flare emission could have the same physical ori-
gin (Li et al. 2012).

Combined with above-mentioned analysis results we
tend to believe that the XRFs should be belong to the ex-
tend class of GRB with less energies. While the optical flare
is also a possible extend class of GRB with much less ener-
gies. These also suggest a direct link between the physical
mechanisms that lead to produce the flares and prompt emis-
sion in GRBs and place some constraints on the physical
mechanism responsible for the pulsed emission properties.

The similarity of flare and prompt emission pulse can be
interpreted by the internal shock model in which the basic
emission units are assumed to be pulses that are produced
via the collision of relativistic shells emitted by the cen-
tral engine. Many works support the pulse paradigm view
of the prompt emission in GRBs (e.g. Hakkila et al. 2008;
Hakkila and Cumbee 2009; Hakkila and Preece 2011; Bhat
et al. 2012). Maxham and Zhang (2009) used the internal
shell collision model to explain the major temporal features
of the XRFs. Moreover, they pointed out that the XRF time
history reflects the time history of the central engine, and
reactivates multiple times after the main prompt emission
phase. The internal collisions producing flares occur in the
same conditions as those producing the prompt emission
pulses (Lazzati and Perna 2007). The differences observed
in flares and the prompt emission pulses only depend on the
intrinsic differences in the shells ejected by the central en-
gine (Maxham and Zhang 2009). The flares corresponds to
less energetic shells ejected at late time from central engine
(Lazzati et al. 2008).

There are also some evidences show the differences be-
tween the prompt emission pulses and the flares. For exam-
ple, an evident difference between them is that the relative
variability time-scale At /¢ of the flares almost constant with
peak time (see Fig. 1). This is not expected for the inter-
nal shock model since the arrival time is not related to the
conditions of the collision (see, e.g. Kobayashi et al. 1997;
Ramirez-Ruiz and Fenimore 2000) and in fact this is not
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found in prompt emission pulses. Chincarini et al. (2007)
found there has no correlation between the characteristics of
the prompt emission as observed by BAT and the frequency
of flares detected by XRT. Swenson et al. (2013) also com-
pared the UV/optical flare parameters with prompt emission
parameters, Tgg, fluence, and the amount of structure pre-
sented in the prompt emission to T}, At/t, the flux ratio
and the number of flares per GRB. They found no correla-
tions between any of the prompt emission parameters and
flare parameters. The lack of correlation seems to indicate
that the emission source of the flares detected is not the same
as that of the high energy prompt GRB emission.
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