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ABSTRACT

We present the first systematic study of X-ray flare candidates in short gamma-ray
bursts (SGRBs) exploiting the large 6-year Swifi database with the aim to constrain
the physical nature of such fluctuations. We find that flare candidates appear in differ-
ent types of SGRB host galaxy environments and show no clear correlation with the
X-ray afterglow lifetime; flare candidates are detected both in SGRBs with a bright
extended emission in the soft v-rays and in SGRBs which do not show such compo-
nent. We furthermore show that SGRB X-ray flare candidates only partially share the
set of observational properties of long GRB (LGRB) flares. In particular, the main
parameter driving the duration evolution of X-ray variability episodes in both classes
is found to be the elapsed time from the explosion, with very limited dependence on
the different progenitors, environments, central engine life-times, prompt variability
time-scales and energy budgets. On the contrary, SGRB flare candidates significantly
differ from LGRB flares in terms of peak luminosity, isotropic energy, flare-to-prompt
luminosity ratio and relative variability flux. However, these differences disappear
when the central engine time-scales and energy budget are accounted for, suggesting
that (i) flare candidates and prompt pulses in SGRBs likely have a common origin;
(ii) similar dissipation and/or emission mechanisms are responsible for the prompt
and flare emission in long and short GRBs, with SGRBs being less energetic albeit
faster evolving versions of the long class. Finally, we show that in strict analogy to the
SGRB prompt emission, flares candidates fall off the lag-luminosity relation defined
by LGRBs, thus strengthening the SGRB flare-prompt pulse connection.
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1 INTRODUCTION

With an isotropic pesk lumincsity up io 10°ergs™?,

gamma-ray bursts (GRBs) are the brightest objects in the
vy-ray sky during their short lives (At ~ 0.1 — 100 s).
Their duration-spectral hardness distribution gives evidence
for the presence of two classes (Kouveliotou et al. 1993):
long and short GRBs (observed duration longer and shorter
than 2 s, respectively), with short bursts appearing slightly

* E-mail: raffaella.margutti@brera.inaf.it {RM})

harder. The dichotomy in the duration-hardness dimensions
suggested separate progenitor populations. However, until
a few years ago, the distances, energy and environments of
SGEBs (short GRBs) remained highly uncertain due to the
poor localisation.

The breakthrough in the study of SGRBs occurred
thanks to the rapid slew capabilities of the Swift spacecraft
(Genrels et al. 2004) which allowed spectroscopic observa-
tions to be performed at very early times. These observa-
tions revealed that SGRBs are cosmological, with prompt
lumingcsities comparable to LGRBs albeit significantly less
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energetic; with similar afterglows (Nysewander et al. 2009)
but residing in completely different environments. In sharp
contrast to LGRBs, short bursts have been localised both in
early-type and late-type host galaxies (see Berger 2011 and
references therein), pointing to an old progenitor popula-
tion. The detection of supernovae associated to LGRBs (see
e.g. Kulkarni et al. 1998; Stanek et al. 2003; Fruchter et al.
2006 and references therein} provided instead support to
models invoking young stellar progenitors. According to
the standard scenario, LGRBs originate from the collapse
of rapidly-rotating, massive stars (MacFadyen & Woosley
1999), while SGRBs are believed to result from the coales-
cence of a binary system of compact objects (neutron star
plus neutron star NS+NS or neutron star plus black hole
NS+BH, Paczynski 1986; Eichler et al. 1989; Narayan et al.
1992).

Despite fundamental theoretical and observational
progress, the nature of SGRB progenitors remains elu-
sive. Numerical simulations show that the active stage of
a NS+NS merger typically lasts ~ (0.01 — 0.1) s (see e.g.
Nakar et al. 2007 and references therein'): material ejected
during the merger is expected to accrete on time-scales of
the order of 1 — 10 s (the exact value depending on the ac-
creting disk viscosity parameter and details of the ejection
process). Thus, the detection of central engine activity on
time-scales much Jonger than the usual dynamical or even
viscous time-scales would challenge the currently accepted
scenario (see Nakar et al. 2007 for a recent review).

Long-lasting (At > 10s), soft energy tails detected in
several SGRBs during their prompt emission (the so-called
extended emission, see Norris et al. 2010a and references
therein) represent such a case and pose severe constraints
to existing models, especially when energetically dominat-
ing with respect to the primary burst (Perley 2009). The
same is true for the recently discovered presence of precur-
sors (Troja et al. 2010). Equaliy challenging would be the
detection of late-time central engine activity in the form of
flares superimposed over the smooth SGRB X-ray afterglow.

Flares are currently detected in ~ 30% of long
GRBs X-ray afterglows (Chincarini et al. 2010) as fast-
rise exponential-decay features whose spectral and temporal
properties have been demonstrated to show a strict analogy
to LGRB prompt pulses {Margutti et al. 2010b): this find-
ing suggested that flares might originate from re-activations
of the LGRB central engine. Several ideas on how to explain
the possible presence of flares in short GRBs have been ex-
plored as well: the fragmentation of the outer parts of an
hyper-accreting disk around the newly formed black hole as
a result of gravitational instabilities could potentially lead
to large-amplitude variations of the central engine output
of both long and short GRBs (Perna et al. 2006). Alterna-
tively, the late-time accretion of material launched irto ec-
centric but gravitationally bound orbits during the compact
binary merger could provide the fuel to revive the central
engine activity (Rosswog 2007). The long term evolution of
debris following the tidal disruption of compact objects has
been idertified by Lee et al. (2009) as a feasible mechanism
to produce flares. Finally, as an alternative in the context of
accretion-powered models, magnetic halting may also give

! In a recent study Rezzolla et al. (2011) found At ~ 0.3 s.

rise to secondary episodes of delayed activity as suggested
by Proga & Zhang (2006). However, the observational prop-
erties of flares in SGRBs have not been determined, yet, so
that it is at the moment unclear if any of these models would
be able to explain the observations.

While SGRB X-ray light-curves clearly show temporal
variability superimposed over a smooth decay, the presence
of real flares in short bursts is questionable. In particular, it
is at the moment unclear if what is currently identified as
short GRB flare emission (see e.g. La Parola et al. 2006 for
GRB 051210} quantitatively shares the very same properties
of the population of long GRB flares: are there fast varying
At/t < 1, prominent temporal features in the afterglow of
SGRBs with properties reminiscent of the long GRB flaring
emission? Do SGRB flare candidates follow the entire set of
relations found from the analysis of real flares in long bursts?
In particular: is the evolution of their temporal and energetic
properties compatible with the flare-like behaviour identified
by Chincarini et al. (2010)7 What is the typical amount of
energy released during such episodes of variabilitv? Is there
any link between the late-time variability which appears in
the X-ray afterglow of SGRBs and their prompt emission?
Negligible spectral lag is a defining characteristic of SGRB
prompt pulses: is this picture still valid when considering
their late-time variability?

Prompted by this set of still open questions, we present
the first systematic study of X-ray flare candidates in short
GRBs, taking advantage from the large Swift 6-year data-
base. Through a homogeneous temporal and spectral anal-
ysis of the widest sample of SGRB light-curves available at
the time of writing, this study allows us to perform a one-to-
one comparison with the properties of X-ray flares detected
in long bursts (Chincarini et al. 2010, Margutti et al. 2010b,
Bernardini et al. 2011, Margutti et al. 2011). The primary
goal of this paper is to observationally constrain the origin
of SGRB flare candidates providing the reader with a com-
plete picture of their properties.

This work is organised as follows: the sample selection
and data reduction is presented in Section 2. Results are de-
scribed in Section 3 and discussed in Section 4. Conclusions
are drawn in Section 5.

The GRB phenomenology is presented in the observer
frame. Isotropic egquivalent luminosities and energies are
listed. The observer frame 0.3-10 keV energy band is adopted
unless specified. The zero time is assumed to be the trig-
ger time. We use the notation: YFCRE (YACRB) {5 indi-
cate that Y refers to the flare (prompt) emission of SGRBs
(LGRBs). All the quoted uncertainties are given at 68% con-
fidence level (c.l.). Standard cosmological quantities have
been adopted: Hy = 70Kms™ ! Mpe™!, Q4 = 0.7, Oy = 0.3.

2 SAMPLE SELECTION AND DATA
ANALYSIS

We select the short GRBs detected by the Swift Burst Alert
Telescope (BAT, Barthelmy et al. 2005a) and promptly re-
pointed by the Swift X-Ray Telescope (XRT, Burrows et al.
2005) between April 2005 and February 2011. The short na-
ture of each event is established using the combined infor-
mation from the duration, hardness and spectral lag of its
prompt y-ray emission: a prompt vy-ray duration Tpp < 2 s



coupled to a hard ~y-ray emission with photon index I' £ 1.5
and a negligible y-ray spectral lag. Tllg are considered in-
dicative of a short GRB nature (see Table 1). The mor-
phology of the host galaxy is also used as an additional
indicator. when available. The final sample comprises 60
SGRBs. The presence of X-ray variability in each SGRB is
investigated following the method by Margutti et al. (2011),
used to cetermine the presence of flares i long GRBs. Only
GRBs showing fluctuations with a minimum 2¢2 signif
icance with respect to the continuym have been consid-
ered in the following analysis. This procedure automati-
cally identifies the best time intervals to be searched for
the presence of X-ray flare candidates in SGRBs. Out
of ~60 Swift SGRBs, 8 satisfy the variability require-
ment above (Table 1)3. Notably, the sample includes the
unique 2 SGRBs with secure early-type host identification:
GRBO050724 (Barthelmy et al. 2005b) and GRB100117A
{Fong et al. 2010). In three cases (GRB 050724, GRB 070724
and GRE 071227, in boldface in Table 1 ) an extended emis-
sion (EE) has been detected in the soft gamma-ray en-
ergy range after the short hard spike (Norris et al. 2010a;
Norris et al. 2011). In the other cases, an upper limit on the
EE to IPC (Initial Pulse Complex) intensity ratio (Rin =
EEiy /IPCiy) has been provided by Norris et al. (2010a):
for the sample of events without EE the upper limit on
Riy is found to be a factor = 10 below the typical Rim
of SGRBs with detected EE (Table 1, column 7). Finally,
GRBE 100816A has not been included in the sample in spite
of its Teo = 2.93+0.6 s (Markwardt et al. 2010) since the low
statistics prevents the v-ray lag analysis from giving defini-
tive resulis on its possible short nature (Norris et al. 2010b).
The burst is however considered a SGRB in Norris et al.
(2011).

2,1 Swift-BAT data analysis

BAT data have been processed using standard Swifi-BAT
analysis tools within HEASOFT (v. 6.10). In particular, the
BATGRBPRODUCT script has been used to generate event lists
and quality maps necessary to construct 4 ms mask-weighted
and background-subtracted light-curves in the 50-100 keV
and 100-200 keV anergy bands. The ground-refined eoor-
dinates provided by the BAT-refined circulars have been
adopted; standard filtering and screening criteria have been
applied.

2.2 Swift-XRT data analysis

XRT data have been processed with the latest HEASOFT re-
lease available at the time of writing (v. 6.10) and corre-
sponding calibration files: standard filtering and screening

2 A 30 threshold would only exclude GRB 051210, where the fluc-
tuation hss a significance of ~ 2.8¢. )

3 The percentage of SGRBs with variable XRT light-curve
8/60 ~ 13% is much less than the ~ 30% of LGRBs showing
flares (Chincarini et al. 2010). This result suggests that the per-
centage of SGRB light-curves with variability superimposed is
lower than in LGRBs. However, the lower statistics characteris-
ing the SGRB curves prevents us from drawing firm conclusions.
This topic will be addressed in a separate work.
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Figure 1. Upper panel: 0.3-10 keV count-rate light-curve of
GRB100117A. Black solid line: continuous X-ray emission un-
derlying the flare candidates computed as described in Section
2.2; dashed lines: best-fitting flare candidate emission; red solid
line: best estimate of the total emission. The vertical dot-dashed
lines mark the flare candidate onset times. Inset: Complete Swrift-
XRT light-curve. The yellow filled area marks the time window for
the computation of the CCF lag (Sect. 2.3). Middle panel: hard-
ness ratio (HR) evolution with time; the HR is computed between
1.5-10 keV (hard band} and 0.3-1.5 keV (soft band). Lower panel:
Spectral photon index evolution with time as calculated by Evans
et al., 2010.

criteria have been applied. Pile-up corrections have been ap-
plied when necessary (Romano et al. 2006; Vaughan et al.
2006). Count-rate light-curves have been extracted in the
total XRT 0.3-10 keV energy band as well as in the 0.3-1
keV, 3-10 keV, 0.3-1.5 keV, 1.5-10 keV and 4-10 keV en-
ergy bands. The 0.3-10 keV count-rate light-curves have
been re-binned at a minimum signal-to-noise ratio SN==4 and
then searched for statistically significant temporal variabil-
ity superimposed over a smooth afterglow decay. A two-step
procedure has been followed: first the smooth continuum
contribution has been determined applying the method by
Margutti et al. (2011). A simple power-law or a smoothly
Jjoined broken power-law model is adopted (black solid line
of Fig. 1). As a second step, the properties of statistically
significant fluctuations with respect to the continuum have
been determined adding a number of Norris et al. {2005)
profiles to the best fitting continuum model. The best fitting
Norris et al. (2005) profiles constitute the sampie of X-ray
flare candidates of SGRBs analysed in this work. Figure 1
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shows GRB 100117A as an example: 3 distinct episodes of
variability have been identified. The best fitting parameters
of the entire sample are listed in Table Al. The choice of the
Norris et al. (2005) profile allows us to perform a one-to-one
comparison with the properties of X-ray flares and prompt
pulses in L.GRBs (Chincarini et al. 2010; Bernardini et al.
2011): Fig. 2 shows the evolution of the SGRB flare candi-
dates width with time compared to LGRB flares.

The avolution of the spectral properties of any source
can be constrained through the analysis of its hardness ratio
{HR), which is here defined as HR = % A
different binning with respect to the total 0.3-10 keV hght—
curve has been used for the 1.5-10 keV and 0.3-1.5 keV
light-curves to improve the HR signal-to-noise ratio. The
temporal evolution of the spectral photon index I" has been
calculated by Evans 2010. Results are portrayed in Fig. 1,
Bl, B2, B3 and B4.

Court-rate light-curves have been converted into flux
and luminosity {when possible) curves using the spectral
information derived from a time-resolved spectral analysis
where the spectral evolution of the source, if present, is prop-
erly accounted for. This procedure allows us to convert the
best fitting peak count rates of the X-ray flare candidates
(A parameter of Table Al) into 0.3-10 keV peak luminosi-
ties LSGRB when the redshift of the source is known. Figure

3 shows the evolution of the SGRB flare candidate L3 R°
with time compared to the results obtained for LGRB flares
by Chincarini et al. (2010); a comparison of the two distri-
butions can be found in Fig. 4. The isotropic equivalent en-
ergy EEEEB has been determined integrating the best-fitting
Norris et al. (2005) Juminosity-calibrated profiles from the
onset time (t;) to £; + 100w (where w is the flare candidate
width). The uncertainty arising from the spectral calibration
has been propagated following standard practice into the fi-
nal L3P and EZCH" uncertainties listed in Tables 1 and
Al. We refer the reader to Margutti et al. (2010a) for details
on the light-curves and spectra extraction. Figure 5 shows
the SGRB flare candidates Efoy distribution compared
to the values determined for LGRB flares, as computed by
Chincariri et al. (2010).

2.3 Spectral time-lag computation

The spectral lag is the time difference between the arrival
of high-energy and low-energy photons. For each GRB, the
X-ray-and -y-ray spectral lags (r,; and 7], respectively)
and associated uncertainties have been determined using a
cross-correlation function (CCF) analysis. The CCF analysis
Tequires the observations to have a fractional exposure equal
to 1: this requirement excludes most of XRT observations
taken in photon counting (PC) mode®. Among these, the
late-time (¢ ~ 5 x 10* ) re-brightening of GRB 050724 (Fig.
B1). We closely follow the prescriptions by Stamatikos et al.

4 Swift-XRT automatically switches to the PC observing mode
for count-rates below a few count s~ to minimise the presence of
pile-up. In PC mode, it is not uncommeon to have short time inter-
vals of no sbservation even during a single orbit. While the light-
curve and spectra extraction procedures are basically insensitive
to these short pauses, the CCF analysis would give un-reliable
regults.
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Figure 2. Rest frame width vs. peak time relation for LGRB
early-time flares from Chincarini et al., 2010 (open triangles)
and SGRB flare candidates with and without extended emis-
sion (red open and filled circles, respectively) . Inset: Complete
view of the w/(1 + z) va. t5/(1 + 2) relation established by
LGRB flares obtained joining the data from Chincarini et al.,
2010 and Bernardini et al., 2011, The blue dashed line in both
plots marks the best fitting relation calculated on LGRB flares:

N (1.220.2}
1:3 = 10{—1.0+0.5) (T-%) , where w and fy, are mea-
sured in seconds.
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Figure 3. 0.3-10 keV peak luminosity evolution with time
for LGRB flares (black open triangles, from Chincarini et al.
2010) and SGRB flare candidates with and without extended
emission (red open and filled circles, respectively). Blue dashed
line: best fitting power-law model for LGRB flares: LLGRE —

pk,F
—2.7+0.5

1054804 ( Iple and extrinsic scatter o = 0.73 £+ 0.08.

Orange dot-dashed line: best fitting Li‘,‘GRB decay re-normalised

by a factor 100 to matck the observed SGRB flare candidates

SGRB
ka Fo-

(2009) and Ukwatta et al. (2010) for the CCF computation:
in particular, each CCF peak has been fitted using a third
order polynomial; the number of points to be fitted around
the COF peak has been allowed to vary from case to case
with the possibility to specify asymmetric intervals around
the peak. In our analysis, a positive spectral lag is obtained
if high energy photons lead low energy photons.

The lag extraction is sensitive to a number of parame-
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Figure 4. 0.3-10 keV (observer frame) isotropic equivalent peak
luminosity LLSR? of LGRB flares from Chincarini et al.,, 2010
{hatched histogram) compared to SGRB flare candidates (filled
histogram); two vertical arrows mark the position of flare can-
didates in SGRBs with extended emission. The vertical dashed
lines mark the median values of the two distributions: L'};ﬁ%s ~
1051 ergs—; LEFRP ~ 10478 ergs—t. Inset: 1-10000 keV rest
frame isotropic equivalent peak luminosity distribution of the long
(Nava et el., 2008) and short GRBs prompt emission {Ghirlanda
et al., 2009; 2010), with median value: Ly, p ~ 10523 ergs—1,
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Figure 5. 0.3-10 keV (observer frame) isotropic equivalent energy
ELSRB of LGRB flares from Chincarini et al., 2010 (hatched his-
togram) compared to SGRB flare candidates (filled histogram);
two vertical arrows mark the position of flare candidates in
SGRBs w:th extended emission. Vertical dashed lines: median
ELSRB 105! erg and ESSEB ~ 109 erg values. /nset: 1-10000
keV rest frame isotropic equivalent energy distribution for the
prompt emission of the widest samples of long (hatched his-
togram) and short GRBs (filled histogram) with firm spectral pa-
rameter estimates at the time of writing (Amati et al., in prep.),
with median values: ELTEB ~ 10931 erg; ESSRE ~ 10515 erg.

ters: energy band pass of each comparative light-curve, tem-
poral bin resolution, signal-to-noise ratio and presence of
backgrourd emission (i.e. in X-rays, the smooth X-ray decay
underlying the time-variable signal). For the prompt y-ray
phase, the lag has been calculated using 4 ms light-curves
(Section 2.1) in the 50-100 keV and 100-200 keV energy
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bands. Time intervals covered by extended emission have
been excluded. This allows us to perform a direct compari-
son with the time-lag values obtained for LGRBs observed
by BAT (Ukwatta et al. 2010). Results are listed in Table 1,
column 5: the 8 SGRBs exhibit negligible 7],

In the X-rays the situation is complicated by the pres-
ence of a smoothly declining afterglow emission underly-
ing the episodes of possible activity (see e.g. black solid
line of Fig. 1). Choices of re-binning time-scales, energy
bands and/or temporal intervals giving origin to correla-
tion values {CCF peak) < 0.4 have been discarded. The
choice of the energy bands to be compared is limited by
the XRT 0.3 — 10keV coverage. For each SGRB, the X-ray
time lag 77, has been computed for different energy bands,
giving consistent results: the 0.3 — 1keV and 3 — 10keV en-
ergy bands have been finally chosen to perform a one -to
-one comparison to the results obtained by Margutti et al.
(2010b) for flares detected in LGRBs. To this end, the LGRB
flare time lags from Margutti et al. (2010b) have been re-
calculated using the CCF analysis above (black dots in Fig.
6): in Margutti et al. 2010b a pulse peak lag was instead cal-
culated (grey dots in Fig. 6). The pulse peak lag is defined
a8 TR0 = fau — Lime Where they and they are the peak
times of the best fitting profiles in the energy bands I and
11, respectiveily. As such, Tl‘;?k is sensitive to the assumed
pulse fitting model: while the dependency is limited in cases
of bright events, the limited statistics of the SGRB X-ray
light-curves would cause the pulse peak lag computation to
be inaccurate. For this reason we refer to the CCF time lag
for both short and long GRB data, in the y-ray and X-ray
regimes. The light-curve time binning can potentially affect
the derived 7, for each SGRB the lag has been computed
on light-curve pairs with 10 different time binnings spanning
the range 0.2 — 20 s. The optimal time binning is defined as
the lowest time scale giving origin to a CCF peak > 0.4 and
is listed in Table 1. Larger binning time scales have been
checked to produce consistent lag results. The window of
time of investigation (t; and t; of Tabie 1) has been de-
termined selecting the time interval containing positive, at
least 1 — o significant fluctuations around the smooth X-ray
continuum (see Margutti et al. 2011 for details).

For each SGRB, ¢ and ty have been varied of ~ 20%
both towards larger and lower values: consistent time lag
values have been found. The sensitivity of the lag measure-
ment to the smooth X-ray light-curve decay underlying the
candidate flares has been investigated calculating the lag
'r]‘:g“b on light-curve pairs where the contribution of the
smooth afterglow component has been properly subtracted
and uncertainties propagated following the prescriptions by
Margutti et al. (2011). For each SGRB this procedure has
led to consistent r;:“b — Tiag Values ('rf:';“b systematically
has larger uncertainties due to the lower signal-to-noise of
the subtracted light-curves). For this reason we refer to 77,
hereafter. Finally, we have tested and verified the robustness
of our choice of energy bands to be compared, re-binning
times and window of time of investigation, by performing a
number of simulations where artificial lags have been first
introduced into the light curves and then successfully recov-
ered. Results are reported in Table 1 . Figure 6 combines the
Tiag and Ly luminosity information in the lag-luminosity
plane and clearly shows that SGRB flare candidates fall off
the prediction based on LGRB flares and prompt pulses.
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Figure 6. Lag-Luminosity plot. Red circles: CCF lag for candidate flares of SGRBs: open symbols refer to SGRBs with detected EE;
black (grey) triangles: CCF (pulse peak) lag for the sample of 9 flares of long GRBs of Margutti et al., 2010b, their Fig. 15. Black stars:
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difference between light-curve structures in the 50-100 keV and 100-200 keV channels (prompt data) and 0.3-1 keV and 3-10 keV channels
(X-ray flares). Blue dashed line: best fitting law for the LGRB prompt emission data.

Table 1. X-ray and ~-ray properties for the sample of SGRBs analysed in this work. From left to right: GRB name: a (*) indicates an
early-type host galaxy morphology (Fong et al., 2010; 2010b), while GRBs with detected extended emission are in boidface; redshift,
duration and average spectral photon index of the prompt 15-150 keV emission as determined from GCNs; extended emission (EE)
duration and EE to IPC (Initial Pulse Complex) intensity ratio (Rine) from Norris et al. 2010a: upper limits on Rj,; are listed when
no EE has been detected (EE with zero duration); #; and t; define the temporal window for the X-ray lag calculation while the At q,
column reports the time scale used to re-bin the X-ray light-curve pairs; CCF time lag cornputed between 0.3 — 1 keV and 3 — 10keV;
0.3 — 10keV isotropic equivalent peek luminosity in the time interval ¢; — £; as determined from the Norris 2005 profile fit (see Table
A1); short lived (SL) or long lived (LL)} X-ray afterglow according to the classification by Sakamoto & Gehrels, 2009.

GRB z Tao Iy EE Rint t iy Otreb  Tiog LSGRB X-ray
(s) (s) (s) (s) &) ) (10%7erg/s)  afterglow
060724 0.256 3.00 1.71+0.16 1044 0.0117 213.8 3404 3.00 6427 1.494+0.34 LL
051210 130 1.10+030 O 0.0139 87.3 171.0 10.0 5.5+ 1.9 = SL
051227 8.00 1.31+0.22 1191 0.0540 101.2 177.2 4.00 —4.5+72 = LL
060313 ~ .74 0.714£007 -0 0.0005 110.6 250.00 8.00 30.5 £ 25.4 LL
070724 A 0.457 040 1814+033 0 0.0074 73.0 126.0 4.00 3.6+4.6 5.68 +2.32 LL
071227 0383 1.80 0.9940.22 106.6 0.0356 126.18 201.0 3.00 1.6+ 1.6 1.13+0.44 LL
090607 230 125+030 O 0.0016 76.1 173.3 10.0 3.6+104 SL
100117A* 0920 030 0.88+022 0 0.0030 86.1 238.5 5.00 33+16 14.09 +5.60 SL
3 RESULTS significant fluctuations superimposed over smoothly decay-

. . . ing X-ray light-curves (Table 1).
The data analysis of the previous sections leads to the fol-
lowing results: e Flares in LGRBs are known to show a spectral hard-
ening during the rise time and a softening during the
decay time, reminiscent of the prompt emission {e.g.
o SGRB flare candidates appear both in early-type and Margutti et al. 2010b and references therein): as a result

late-type host galaxy environments, irrespective of the short- the hardness ratio (HR) evolution mimics the flare profile
lived (SL} or long-lived (LL}) nature of the X-ray aftergiow. (see e.g. Goad et al. 2007, their Fig. 8) while the spectral
s Both SGRBs with a bright extended emission (EE)} and photon index evolution anti-correlates with the flare flux. In

SGRBs which lack this component show cases of statistically spite of the lower statistics and limited AF/F of SGRB flare
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Figure 7. Panel (o): Relative variability flux AF/F vs. relative variability time-scale At/t = w/t,y for the sample of X-ray flare
candidates in SGRBs (filled circles), compared to early and late time LGRB X-ray flares {blue open diamonds and light-blue stars,
respectively) from Chincarini et al., 2010 and Bernardini et al., 2011. The late time re-brightening detected in GRB 050724 is also shown
for completeness with an orange open triangle (Bernardini et al., 2011). A small black dot marks data coming from SGRBs with detected
extended ernission. Solid, dashed and dot-dashed lines mark the kinematically allowed regions in different scenarios according to Ioka et
al., 2005, sheir equations (7) and (A2). The At/t and AF/F distributions are portrayed in panels (b) and (¢} adopting the same colour
coding. The green tick marks in panel (¢) show the flux contrast for the sub-sample of LGRB flares of Fig. 6.

candidates (Fig. 7), we find in the case with the best statis-
tics a hint for correlation between the HR evolution and
the temporal profile of GRB 101117A, with a photon index
evolution that anti-correlates with the Aux of the flare can-
didates (Fig. 1, middle and lower panels). In the other cases

(Fig. B1, B2, B3, B4) the limited statistics prevents us from

drawing firm conclusions.

e The SGRB flare candidates width evolution is roughly
linear in time and consistent with the w/(1+2z) vs. tpi/{1+2)
relation established by LGRB flares over ~ 4 decades in
time (Fig. 2). The best-fitting law reads: w/(l + 2)
1078003 0 /(1 + 2))H2 02, Tt is remarkable that data
coming from LGRB flares both at early and very late time
{beyond ¢,k /(1 4 2) ~ 10%s, Fig. 2, inset) as well as tempo-
ral fluctuations in completely different systems like SGRB
afterglows are consistent at zero-order with the same, ap-
proximately linear, law. We refer to Bemnardini et al. 2011
for a discussion of the possible bias affecting the w vs. tpk
relation.

* SGRB flare candidates are ~ 100 timmes dimmer than

LGRB flares at the same rest frame time (Fig. 3). Selecting
the sub-sample of LGRB flares detected in the same rest
frame time interval 60s <t /(14 2) < 2505 of SGRB flare
candidates, we obtain a mecllan (LLGRB 10%%ergs! to
be compared to (LSZRP) ~ 1047 Eierg s 1of the SGRB sam-
ple showed in Fig. 4. As a result, SGRB flare candidates
fall off of a factor ~ 100 the peak luminosity vs. time re-
lation established by LGRB flares which reads: Lf;ﬁ%B
1054.8:!:0.4(tpk/(1 + z))—Z.'H:D.Ei‘

& Short and long GRBs show a comparable 1 —10*keV
(rest frame) isotropic peak luminosity during their prompt
emission, with a medisn {Lpxp) ~ 1052 ergs! (Fig, 4, in-
set). On the contrary, the peak luminosity of flares of both
categories evaluated at the same rest frame time 60s <
tok/(1 + 2) < 2008 differ of a factor ~ 100 as noted above.
While for LGRBs the typical prompt {1 — 10* keV) to flare
(0.3-10 keV) peak lumirosity ratio (LI‘GRB /LLGRB) ~ 300,
for SGRBs the same quantity reads: (ka P%/L]S,E%B
3 x 10". Flare candidates in SGRBs are therefore less lu-
minous than expected using the prompt-to-flare luminos-
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ity scaiing observed in LGRBs at the same flare rest frame
time®. '

e SGRB flare candidates are ~ 100 times less energetic
than LGRB flares (Fig. 5), with a median 0.3-10 keV en-
ergy (FoohP) ~ 10%%° erg ((ELSEBY ~ 10%°° erg). Since the
width of LGRB flares and SGRB flare candidates are com-
parable when evaluated at the same tp /(1 + z), this result
is a natural consequence of the (LLEE®)/(LEZRE) ~ 100
reported above. On average, in the time Interval 60s <
“tor/(14+2) < 2508 a flare in a LGRB emits ~ 0.6% of the
1—10* keV prompt E};&%B; the observed SGRB flare can-

didates izotropic energy is ~ 0.2% the 1 — 10* keV prompt
B o

e Flares and prompt pulses in LGRBs define a spectral
lag-peak luminosity relation (Fig. 6): this finding is highly
suggestive of a common origin (Margutti et al. 2010b)7.
On the contrary, SGRB prompt pulses are known to ex-
hibit much shorter lags than expected if they were to fol-
low the. LGRB prompt pulses lag-luminosity relation {e.g.
Gehrels et al. 2006). Figure 6 extends this behaviour to their
flare candidates: like SGRB prompt pulses, flare candidates
in SGRBs fall off the lag-luminosity relation defined by
LGRBs.

® Flares candidates of SGRBs in the AF/F vs. rela-
tive variability time-scale {At/t = w/ty) plane are com-
patible with variability arising from density fluctuations of
many regions viewed off-axis: on the contrary, neither the
refreshed-shock nor the patchy-shell scenario is able to ac-
count for the observed properties of the entire sample (see
Ioka et al., 2005 for details on the definition of the various
scenarios)®. In particular: a K-$ test comparing the At/t
distributions of LGRB fiares and SGRB flare candidates re-
veals that they belong to the same parent population at
~ 10% level of probability; the probability reaches the 88%
level if LGRB flares are selected in the SGRB peak time
range (60s < tp1/(1 +2) < 2508). This s consistent with
the common w/(1 4 z) vs. ipe/(1 + 2) relation followed by
short anc long GRBs discussed above. On the contrary, no

5 The prompt emission peak luminosity is likely to be biassed
towards the bright end of the real Ly p distribution, since a min-
imum signal-to-noise is needed to constrain the spectral parame-
ters and calculate Loy p in the 1-10% keV range: this requirement
is more severe in the case of SGRBs whose observed emission is
usually less bright than LGRBs. However, Fig. 8 shows that the
main conclusion of this paragraph remains true even after relax-
ing the requirement above.

6 Again, this ratio is likely to be a lower limit to real value due
to the bias affecting the the sample of SGRBs with prompt Figo
measure discussed in the previous paragraph.

7 Note that flare and prompt lags are calculated in different en-
ergy bands and are not directly comparable. The fact that flares
define a lag-luminosity relation with slope very similar to the
prompt deta is however suggestive of a strict connection between
flares and prompt pulses. See Margutti et al. 2010b for details.
8 The smoking gun against a refreshed shock scenario would be
the detection of a spectral change contemporaneous to the flare
candidates: while the statistics of the XRT light-curves of SGRBs
is limited. in the case with best statistics the HR. evolution is
correlated to the candidate flare profiles and the continuum after
the flaring emission is softer than the emission detected during
the perioc of temporal variability (Fig. 1). These findings favour
an alternative explanation.

Table 2. Summary of the properties of SGRB flare candidates
compared to LGRB X-ray flares observed at the same t5i /(14 2).

Property = #
Width w(tpk)
Relative variability Atft
Relative variability flux AF/F
LSCRE
Peak luminosity +ESEs ~ 0.01
pk,F
. ESGRE
Isotropic energy Srers ~ 0.01
180, F
Lag-luminosity . Lox(r® .
: lgn,F
Flare to prompt energy ratio m
Flare to prompt luminogity ratio Lyk, 7/ Lpk,p
Flare to prompt pulse width ratio wr/wp

X-ray flare candidate in a SGRB shows a relative variability
flux AF/F > 2 in strong contrast with the LGRB AF/F
distribution at comparable tni /(14 2} (Fig. 7). Such promi-
nent flares would be easier to detect, so that it is unlikely
that an observational bias could explain the present lack
ol detection. A K-S test comparing the two distributions
shows that the probability that LGRB and SGRB flare can-
didates share the same AF/F parent population is as low as
3.3 x 107%. This result partially inherits the uncertainty af-
fecting the completeness of both distributions for very small
AF/F values. Another source of uncertainty arises from the
difficulty in evaluating the continuum underlying the pos-
sible flare emission in SGRBs when data are particularly
sparse. In spite of these limitations, after more than § years
of Swift observations (and ~ 60 SGRB afterglows detected)
there is still no SGRB showing a prominent (AF/F > 10)
fast-varaibility At/t < 1 feature during its X-ray afterglow.
The SGRB flare candidate AF/F ig ingtead more similar to
the relative variability flux of flares in LGRBs detected at
late times (Lo > 1ks, light-blue stars in Fig. 6, main panel;
Bernardini et al. 2011): the two AF/F distributions share
the same parent distribution at ~ 21% level of probability
(K-S test).

The results above demcnstrate the complexity charac-
terising the SGRB flare candidates phenomenology: Table
2 reports a summary of their properties when compared
to LGRB flares. The main result is that the population of
SGRB X-ray flare candidates only partially share the set
of observational properties of LGRB X-ray flares detected
at the same rest frame time: are there real X-ray flares in
SGRBs? A detailed discussion is provided below.

4 DISCUSSION

Observations show that like LGRBs, at least some SGRB X-
ray afterglows deviate from a smooth power-law decay and
show variability. In the following we discuss the properties
of SGRB flare candidates providing a one-to-one comparison
with LGRB X-ray flares. The aim is to better understand the



origin of the short burst afterglow variability and uncover
potential links with the prompt phase.

With At/t > 1, the late-time (fpe ~ 5 x 10%s)
re-brightening of GRB 050724 strongly differs from the
properties of the entire sample of flare candidates de-
tected i SGRBs thus questioning its classification as
flare-like episode (Panaitescu et al. 2006: sec however
Grupe et al. 2006;. Campana et al. 2006; DMalesani et al.
2007). Malesani et al. (2007) report the detection of an
optical and radio re-brightning associated to the X-ray
bump which is unusual if compared to the standard prop-
erties of X-ray flares, while being more common to late-
time re-brightneings observed in LGRBs as well (see e.g.
GRB 081028, Margutti et al. 2010a)}. In addition, no hard-
to-goft evolution can be detected in the X-ray data (Evans
2010), which is instead typical of flares (Goad et al. 2007)
and prorapt pulses in LGRBs (Hakkila et al. 2011). In the
following we focus our attention on SGRBs fast variabil-
ity {At/t < 1) referring the reader to Bernardini ef al.
(2011) for a complete discussion of the late-time behaviour
of GRB 050724.

4,1 SGRB local and global environment

The standard model (see Nakar et al. 2007 for a recent re-
view) explains the X-ray afterglow of long and short GRBs
as synchrotron radiation arising from the deceleration of
a relativistic blast wave into the external medium. If the
shock front is homogenecus and expands into a smooth am-
bient devsity, a smooth afterglow light-curve is expected.
In this context, variability in the X-ray afterglow could be
caused by re-freshed shocks (i.e. shocks caused by slow shells
catching up with the leading, decelerated shell at late times,
Kumar & Piran 2000a, Granot al. 2003): Fig. 7 shows that
half of the SGRB flare candidates sample do not comply with
this scenario®. Furthermore, the spectral variability shown
in Fig. 1, lower panel, makes it difficult to interpret the flare
candidates in the re-freshed shocks scenario.

A first alternative is to relax the assumption on the
homogeneity of the shock front (Kumar & Piran 2000b): an
intrinsic angular structure of the emitting surface is able to
produce variability with a characteristic time-scale At > ¢
if the angular fluctuation is persistent (patchy shell model,
Nakar et al. 2004)2: no SGRB flare candidate is consistent
with this expectation (Fig. 7, main panel).

A second alternative invokes the presence of ambient
density fluctuations either caused by turbulence in the ISM
or by variable winds from the progenitor. From Table 1
it is however apparent that temporai X-ray variability has
been detected for SGRBs residing both in early-type and
late-type host galaxies which likely have very different ISM
properties. In particular GRB 050724 and GRB 100117A are
the unique two SGRBs with secure early-type host galaxy
association (Barthelmy et al. 2005b; Fong et al. 2010). This

9 See however Granot al. {2003); Vlasis et al. (2011): sharp op-
tical and radic flares could be produced by collision of ultra-
relativistic shells.

1% Details on variability arising from a time-varying anisotropic
emitting surface can be found in Ioka et al., (2005).
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suggests that the ISM turbulence is unlikely to provide a fea-
sible physical mechanism for the detected variability. Note
however that the limited size of our sampile prevents us
from quantitatively discussing the correlation between the
appearance of flare candidates and host environment.

Different progenitor models of SGRBs lead to distinct
predictions on their local environment as well. In particu-
lar, according to the standard compact binary merger sce-
nario (NS-NS or NS-BH, Eichler et al. 1989; Narayan et al.
1992}, no variable wind is expected from the progenitor.
An origin of SGRB flare candidates from density fluctua-
tions of the circumburst environment is therefore consid-
ered unlikely. Alternative scenarios leading to SGRB envi-
ronments with circumburst densities comparable to LGRBs
have been however explored by Nysewander et al. (2009) to
explain the similar Fr/Fx ratio (where Fr and Fx stand
for the afterglow flux density at 11 hrs post-trigger in the
R and X-ray bands, respectively). A systematic difference
between sub-galactic environments able or unable to pro-
duce variability in the X-ray afterglow could in principle
be revealed by different offsets with respect to the host
galaxy centers: however, the present sample of SGRBs with
flare candidates includes both SGRB with large offsets (e.g.
§ = 14.80 £ 0.34 kpc for SGRB 071227, Fong et al. 2010b;
D’Avanzo et al. 2009) and events with very small offsets
(e.g. § = 0.47+£0.31 kpe, SGRB 1001174, Fong et al. 2010).
While the observed offset distribution is incomplete, these
data suggest that the properties of the local environment of
SGRBs are not the key parameters determining the presence
of flare candidates in their X-ray light-curves. This conclu-
sion is strengthened by the results of Sect. 4.5.

Flares candidates and prompt pulses could alternatively
share a commeon origin. In this case, flare candidates would
bring no information on the external medium density. We re-
fer to this interpretation as the "internal origin” possibility
(see Sect. 4.7).

4.2 Flare candidates and extended emission

3 bursts in our sample (boldface in Table 1) present evidence
for extended emission (EE): a long-lasting (At ~ 10%s) soft
K-ray tail that follows the short hard spike in the prompt
phase. Norris et al. (2010a) analysed a sample of 51 Swift-
BAT SGRBs looking for the presence of EE in their 4-ray
data and concluded that ~ 3/4 of the BAT SGRBs are not
accomparnied bv an EE component. In particular, in this
work it is shown that the upper imii on the EE to IPC
(initial pulse complex) intensity ratio of the SGRBs of our
sample {i.e. with flare candidates) not showing EE is a factor
2 10 below the standard values found for GRBs with EE
(Norris et al. 2010a, their Fig, 1). This implies that in those
cases the EE is either very weak or absent. The inverse is
also true: some SGRBs with bright EE are accompanied by a
smooth X-ray light-curve at ¢ 2 80 s (see e. g. GRB 080503,
Norris et al. 2010a, their Table 1).

While it is still unclear if the origin of the EE compo-
nent is related to the prompt emission, the afterglow or a
third, unknown physical process (Perley 2009; Norris et al.
2010a; Norris et al. 2011), our analysis shows that the pres-
ence of a bright EE does not imply the presence of flare
candidates and viceversa. We stress that the higher aver-
age brightness characterising the XRT light-curves of GRBs
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with EE with respect to those without EE, would naturally
bias the result in the opposite direction (i.e. it would favour
temporal fluctuations to be detected in XRT light-curves
with the best statistics, leading to a biassed flare-EE con-
nection) thus strengthening our conclusion. The limited size
of our sample (which is however the widest possible at the
time of writing) does not allow us to quantitatively discuss
the flare candidates vs. EE correlation {or lack thereof).

Our analysis cannot however exclude that SGRE flare
candidates constitute temporal fluctuations superimposed
on (and physically linked to} the X.ray tail of the EE,
as suggested by the epoch of flare candidates detection
(to/(1 + 2) < 200 s). Furthermore, the limited range
spanned by the flare-to-continuum flux ratic AF/F (with
AF[F ~ 1, Fig. T} Is suggestive of a physical link between
flare cancidates and the underlying continuum (i.e. the EE).
Again, flare candidates would be associated to both bright
and faint (undetected in the y-rays) EEs.

4.3 Time scales

The relative time-scale distribution At/t of SGRB flare
candidates (Fig. 7, upper panel} is compatible with being
drawn from the same parent population of flares detected
in LGRBs at similar tp./(1 + 2) at ~ 88% level of proba-
bility: with a median value of {At/t) = 0.25 and extending
from 0.1 up to 0.5 it furthermore satisfies the limit At/t < 1
which is the classical argument against fluctuations arising
from the external shock (e.g. Zhang et al. 2006). The At/t
distribution therefore does not support an external shock
origin for flare candidates in SGRBs (see however Dermer
2008), In agreement with the findings of Sec. 4.1.

The evolution of the flare duration with time w(iy) for
tox > Too (Fig. 2) observationally distinguishes flares from
prompt puises in LGRBs (Margutti et al. 2010b): as time
proceeds, LGRB flares becomes wider and wider following
the best fitting law: w/(1 + 2) ~ (tp/(1 + 2))-2*%2, This
quasi-linear regime establishes for tpi /(14 2) > Too /(1 +2),
and extends 4 decades in time up to tp,/(1+2) = 10° s, No-
tably, wkile the E{;E%B released during the LGRB prompt
emission spans more than 3 decades in energy (Fig. 5), likely
reflecting different properties of the LGRB ceniral engines,
the duration of subsequent episodes of activity seems to fol-
low a universal evolution with limited dependence on the
initial energv budget. Flares with different amplitudes A,
flux ratics AF/F and fluences show similar w/(1 4- z) when
appearing at the same tp /(1 + z) (Chincarini et al. 2010),
suggesting that the main parameter driving the flare width
evolution in a LGRB is the elapsed time from the explosion
toe/(1+2)".

Figure 2 shows that flare candidates in SGRBs are con-
gistent with the same quasi-linear temporal scaling: from the
width measurement it is not possible to distinguish a flare
in a LGRB from a flare candidate in a SGRB. The tem-
poral properties of the prompt emission of long and short
GRBs are clearly different in terms of duration and vari-
ability (e.g. Nakar et al. 2002): however, ~ 30 s later, the

11 Ag a second level of approximation, one should consider that
more proriinent flares {A 3 1) tend to be wider (Margutti et al.
2010b).

width of fluctuations superimposed over their X-ray light-
curves seems to have lost any information on the nature of
central engines able to produce y-ray photons with such dif-
ferent temporal properties. In both cases the w evolution is
driven by the ¢y, irrespective of their different initial con-
diticns (and initial variability tirme scales): while for flares
wiSFB /(1 4 2) ~ wkCRB/(1 4 2) at similar ¢y /(1 + 2),
for prompt pulses wiR® <« wiCFP (with wER® ~ 0.05
s to be compared to wE“FE ~ 1 s, observer frame values,
Nakar et al. 2002; Nakar et al. 2002b12).

This finding strongly suggests that the origin of the
quasi-linear w/(1+ 2} vs. tpx/(1+ z) scaling raust be within
what is in common for the long and short GRB models,
irrespective of the progenitors, environment, lifetime, vari-
ability time-scales and prompt energy release of their cen-
tral engines. Both models require the prompt emission to
originate from a relativistic outflow {see e.g. Piran 2004):
if the longer and longer duration of flares is of dynamical
origin and dominated by the expansion of the emitting re-
gions, no memory of the properties of the central engine
which launched the relativistic outflow would be preserved
so that long and short GRBs would display flares with sim-
ilar w(ipk). Alternatively, in the context of accretion mod-
els the w(tp.) relation criginates from the viscous evolution
of the hyper-accreting disk around the newly born black
hole, common ingredient of the likely progenitors of the two
classes (Perna et al. 2006). Our results would imply a strict
analogy between the mechanisms that regulate the late-time
evolution of accreting disks originating from collapsars and
mergers of compact objects, irrespective of their different
masses and life times (according to the standard scenario
accreting disks related to SGRBs are likely to be less mas-
sive then LGRB disks and short-lived, as suggested by the
observed prompt duration. See Nakar et al. 2007 for details).

Lazzati et al. {2011) recently suggested that instabili-
ties arising from the propagation of the jet through the dis-
rupting star could explain the presence of flares in LGRBs
with AF/F < 10. Even assuming a continuous and feature-
less release of energy by the central engine, the pressure of
the surrounding stellar material would provide the physical
origin for the intermittent flare behaviour, naturally explain-
ing the universal (i.e. with limited sensitivity on the star
properties and energy budget) quasi-linear w(tp.) relation
(Lazzati et al. 2011, their Eq. (6}). However this model can-
not account neither for presence of flares in SGRBs nor for
their similarity to LGRB flares in the w/{142)} vs. tpe/(1+2)
plane: according to the majority of SGRB progenitor scenar-
ios the engine is "exposed” and there is no stellar material
the jet could interact with. As a consequence, if the w(tpk)
relation in LGRBs originates from the interaction with the
progenitor stellar material, it is difficult to explain why flare
candidates in SGRBs, while originating from a completely
different physical scenario, are however consistent with the
same relation, as observed. Our results therefore imply that
either the LGRB flare w(t,y) relation does not originate
from the jet-stellar material interaction or that the progen-

12 Note however that the first 1-2 s of bright LGRBs display
variability time scales comparable to the SGRB prompt emission,
Nakar et al. {2002).



itors of long and short GRBs are much more similar than
previously thought (see e.g. Lazzati et al. 2010).

Finally, our findings suggest that while the variability
time scales measured during the prompt emission could still
directly reflect the intrinsic variability of the central engine
(see Piran 2004 and references therein), absolute measures
(i.e. not re-normalised) of flare widths likely do not (if time-
dilated by physical mechanisms which are only indirectly
related to the central engine). On the contrary, the ratio of
interesting time-scales of the same flare profile, being sub-
ject to the same temporal stretching, could still retain an
imprint of the original mechanism at work: this would ex-
plain why in LGRBs the flare rise time t; and decay time g,
like the w, linearly evolve with ¢, (Chincarini et al. 2010;
Bernardini et al. 2011) preserving their ratio ¢, ~ 0.5t4 over
4 decades in ipx and leading to flares with asymmetry val-
ues very similar to the prompt pulses (while being a factor
> 100 wider)*?.

4.4 Flux contrast

While the w(ipe) and At/t measurements do not allow us
to distinguish a flare in a LGRB from a flare candidate
in a SGRB', the flux contrast distributions AF/F of the
two populations are significantly different (Fig. 7), with
SGRB flare candidates having systematically lower AF/F
values. In contrast to LGRBs, none of the ~ 60 Swift X-
ray afterglows associated to SGRBs shows cases of powerful
(AF/F > b), highly varlable At/t « 1 flares. A Chandra
observation of 9 X-ray photons from SGRB050709*° ~ 15
days after the explosion led Fox et al. (2005) to conclude
the presence of high-amplitude (AF/F = 10), fast variabil-
ity (At/t =~ 0.01) in its X-ray afterglow. Swift observations
suggest taat this kind of variability, if present, is extremely
rare. SGRBs lack the presence of prominent fast-rise expo-
nential decay features superimposed over their X-ray after-
glow for 75 /(1 + z) > 60 s.

Lazzati et al. (2011) predicted that if flares in SGRBs
originate from the intrinsic variability of their inner engine,
their AF, F distribution should be analogous to the brighter
populaticn (AF/F ~ 100) of LGRB flares. With a maxi-
mum AF/F = 2 the detected SGRB flare candidates are
not consistent with these expectations and populate instead
the low exd of the LGRB distribution unless the SGRB con-
tinuum flux F has been overestimated by a factor ~ 100
which we consider unlikely. An interesting possibility is that
the X-ray light-curves of SGRBs are dominated by an emis-
sion component which is not present in the LGRB after-
glows (such as the EE): this would lead to systematically
lower AF/F for SGRBs when compared to LGRB flares.

13 Note that given the limited statistics of the SGRB X-ray af-
terglows, rothing can be said about the asymmetry of SGRB flare
candidates.

14 The limited number of flare candidates plays a role in this
statement. We cannot exclude that a significant improvement of
the SGRE and LGRB statistics could lead to the detection of
secondary effecta.

15 GRB 050709 is a short burst detected by HETE for which
Swift did not do the follow up. For this reason it is not included
in the present sample. The episode of prominent variability is
possibly related to a statistical fluctuation.
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Figure 9. Relative variability flux AF/F evolution as a func-
tion of tp, /Too: black triangles and green stars indicate LGRB
flares with #p < 1 ks (Chincarini et al., 2010) and ¢px > 1 ks
(Bernardini et al., 2011), respectively. Red open and filled circles:
flare candidates in SGRBs with and without extended emission,
respectively. Horizontal dashed, dot and dot-dashed lines mark
the AF/F median value for the three samples.

The clustering of the AF/F ratio around 1 would suggest
a link between flare candidates and underlying continuum.
However, the strong correlation found by Nysewander et al.
(2009) between the X-ray afterglow flux and prompt fuence
of both long and short GRBs reveals a high degree of similar-
ity between their X-ray afterglows at least at late times (i.e.
11 hrs, observer frame). A detailed comparison of short and
long GRB X-ray afterglows at early times is in preparation.

The SGRB AF/F observed at ipc ~ 100s is instead
typical of LGRB flares detected at much later times: iy, >
1ks (Bernardini et al. 2011). From Fig. 9 it is apparent
that SGRB flare candidates are consistent with the AF/F
distribution of LGRB flares detected at the same tor/Too
epoch (where Tyo is the duration of the prompt 15-150 keV
emission): differences instead arise if we compare the prop-
erties of the two classes at the same fyk/(1 + z). While
the Tyo is possibly a crude estimation of the intrinsic time
scale of evolution of the central engine, this result opens
the possibility that prominent fluctuations are not currently
detected in SGREB afterglows because of the intrinsically
late-time Swift re-pointings: trep ~ 100 s corresponds to
trep/Too ~ 100 — 1000 (SGRBs) and t0 trep/Too ~ 1 — 10
(LGRBs). From another perspective this finding directly
connects the flux properties of SGRB flare candidates to
the evolution time scale of their central engines. The prompt
Tyo qualifies as a good proxy for the intrinsic time scale that
drives the subsequent flux evolution of flares and flare candi-
dates in long and short GRBs, respectively. This conclusion
is strengthened by the results of Sec. 4.5.

4.5 Energetics
4.6.1 Flare Lpx evolution with time

While SGRB prompt pulses compete with those of LGRBs
in terms of peak luminosity, the same is not true for their
late-time variability: SGRB flare candidates are a factor
~ 10° dimmer that expected (Fig. 3). Sec. 4.4 and Fig.
5 suggest that long and short GRBs might be astrophysi-
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Figure 8. Re-normalized peak luminosity vs. re-normalized peak time for the sample of LGRB flares from Chincarini et al. (2010) and
Bernardici et al. (2011} (triangles) with 5 /Too 5 10° and SGRB flare candidates (circles). Dark and light colours distinguish events

~

with and without redshift measurement to allow a direct comparison with Fig. 3. Open symbols refer to SGRBs with detected extended
emission. Black dot dashed line: best fitting power-law model for the LGRB sample: Ly p/(Lp) = 1070-7320-03 (¢ /73, =0.920.1 509
extrinsic scatter o = 0.62 £ 0.01. The shaded area marks the £1 o region around the best fit. From top to bottom, the blue dotted lines
mark the Fige p/Eiso,p = 1,0.1,0.01,0.001 regions of the plane, where FEjs, r and Ej.op have been calculated in the 0.3-10 keV and
15-150 keV energy bands, respectively. The flare width vs. peak time relation from Chincarini et al. (2010) has been used.

cal systems evolving on completely different time-scales and
with different energy budgets but otherwise based on a sim-
ilar physical mechanism of emission. In that case, we would
expect the evolution of the flare luminosity to exhibit much
better agreement between long and short GRBs once the in-
trinsic time-scale and central engine erergy scaling are prop-
erly accounted for. Figure 8 shows that this is indeed the
case: long and short GRBs are consistent with a commeon (al-
beit highly scattered) Low,r/{Lp) ~ (tpx/Too) **%%! scal-
ing (where (Lp) and Ty are the average prompt luminosity
and duration of each GRB in the 15-150 keV energy range,
respectively). Figure 8 therefore establishes a direct connec-
tion betvween the properties of SGRB flare candidates and
LGRB flares, providing further support to a common, likely
infernal origin (see Section 4.7).

In the context of a one to one comparison of short vs.
long GRB X-ray variability, the re-normalised peak lumi-
nosity and re-normalised peak time are the most relevant
quantities: the observed Ty and (Lp}, with their sensitivity
to the instrument threshold and energy band passes, likely
provide erude (but nevertheless the best) approximaticns
to the exact values to be used (while being partially re-
sponsible for the large scatter of the relation). In particu-
lar the loss of total fluence in the prompt ~v-ray due to the
limited Swift-BAT band-pass likely affects short more than
long GRBs. As a result the SGRB Ly, r/{Lp) values may be
overestimated when compared to LGRB values'®. However,

16 This effects would mainly depend on the different prormpt

Fig. 8 shows that even a factor of several of overestimation
(Nysewander et al. 2009) would not strongly affect our con-
clusions.

4.5.2  TImplications of the Lok, r/{Lp) vs. tox/Teo relation

SGRB flare candidates are consistent with the highly scat-
tered Lpk,r/{Lp} vs. tpi/Teo relation established by LGRB
flares: since the origin of LGRB flares is likely connected
to their prompt pulses (Kritnm et al. 2007; Margutti et al.
2010b), we speculate that a similar physical mechanism (ex-
cept for its energy budget and life-time)} powers long and
short GRBs: observationally speaking, the main distinction
between flares and prompt emission in LGRBs ig the evo-
Iution of the former with time for tpx > Tao. It is therefore
natural to expect a similar scaling of LGRB {lares and SGRB
flare candidates in terms of tyx/Tpo if they share a common
origin,

A comparison of the prompt 4-ray emission of SGRBs
to the initial 2 s of LGRBs reveals a high degree of sim-
ilarity in the pulse duration distributions and correlations
in the temporal structure of the two classes (Nakar et al.

emission spectral peak energy Fpen of long and short GRBs:
however, Ghirlanda et al. (2009) showed that SGRBs have a
harder low-energy spectral component but only slightly higher
Epcox when compared to LGRBs.



2002; McBreen et al. 2001)'7; an analogous study was per-
formed by Ghirlanda et al. (2009) in the spectral domain:
based on the spectral analysis of the prompt emission of 79
short and 79 long GRBs detected by BATSE the authors
showed that no difference is found comparing the spectral
properties of SGRBs to the first 1-2 s emission of LGRBs.
Temporal and spectral studies therefore point to a common
mechanism operating in the first few seconds of any event.
The present work extends this similarity to their late-time
emission.

The quasi-linear w{tpx) evolution shared by long and
short GRBs allows us to draw reference lines of equal flare-
to-prompt energy ratios as a function of tp/Tee in the
Lok r/(Lp) plane (blue dotted lines of Fig. 8). Flares in the
0.3-10 keV band pass are found to emit between (0.1—100)%
of the prompt 15-150 keV Eigop, with the majority of them
lying between the 1% and 10% levels. Little evolution of
the flare-to-prompt energy ratip Iiser/Fiso,p in terms of
tpk/Too can be inferred from the plot (for tpx/Tho < 300).
In particular, SGRB flare candidates and LGRB flares show
comparable flare-to-prompt energy ratios, as reported in Ta-
ble 2. This finding provides further support to a physical Iink
between LGRB flares and SGRB flare candidates.

The GRB central engines seem to release comparable
fractions of prompt emission energy at late times, irrespec-
tive of the long or short GRB nature. From Fig. 8:

Lok, F -N 2& —(1}a) a)
(Lp} Too

with oo = —0.1 £ 0.1. The best-fitting rest-frame w(tyk) re-
lation reads:

_w N N tok (8+1) @
142z 142

with # = 0.2 + 0.2 (Fig. 2). Equations (1) and (2) express
common properties of LGRB flares and SGRB flare candi-
dates. The normalisation parameters N1 and N3 possibly
hide the dependence of Lyk,r/{Lp) and w on other parame-
ters. This hidden dependence might be partially responsible
for the large scatter of relation (1); @ and S parametrise
the non-linear dependence of Ly r/{Lp} and w/(1 + z) on
tok/Too and tpi/ (14 2), respectively. Combining Eq. (1) and
Eq. (2) it is possible to show that:

Eiso,F _ tpk ,B—a. Tgn e

Eiop _N(l—i-z) (1+z) ()
where N ~ 0.9° N1 N> and Eigo,p ~ 0.9Lpcw/(1 + 2) (valid
for a Norris et al. 2005 flare profile where w is calculated be-
tween 1/e intensity points and with & = 0.5fq as found by
Chincarini et al. 2010 for LGRB flares). Equation (3) shows
that Eisor/Fiso,p & [tok/{1+ z)]ﬂ ~%*: a weak dependence of
the flare-to-prompt energy ratio on #p/(1 + 2z} is expected
if 8 — a ~ 0. From the best-fitting relations, we find that
both parameters are consistent with 0 at 1¢: in particu-
lar 8 — a0 = 0.3 0.2 (consistent with 0 at 1.5¢ level). At
similar £n. /(1 + z) a residual dependence on the rest-frame
prompt duration Tyg/(1 + 2) is expected to arise from the

17 The. temporal evolution of pulses as a function of frequency
{(i.e. the spectral lag) shows however dissimilarities, as discussed
in Section 4.6.

Short GRB X-ray flares 13

third term of Eq. {3): this dependence, if present, would
be able to distinguish the population of LGRB flares from
SGRB flare candidates detected at the same rest-frame peak
time in terms of Eiso,r/Eiso,p- However, & = —0.11+0.1 (and
the relation is highly dispersed). We therefore conclude that
the quasi-linear w{tyk) and Lok r/{Lp) vs. tpk/Too relations
translate into Eop/Eisop ratios which, at first order ap-
proximation, show limited dependence on both the proper-
ties of the central engine (i.e. duration of the prompt emis-
sion) and elapsed time from the explosion.

From Fig. 3, L3FR" /Lu2ER ~ 1072 at the same tpi/(1+
z}. A factor ~ 100 is roughly the ratio of the isotropic energy
emitted by long and short GRBs during their prompt «y-ray
emission (Fig. 5, inset)*®. LGRB flares and SGRB flare can-
didates are therefore expected to show a similar behaviour
in the Lpkr/Biso,p V8. tpk/(1 + 2} plane (in strict analogy
with the X-ray afterglow scaling found by Nysewander et al.
2009, their Fig. 6). Equation (1) can be easily re-arranged
into:

Lok F =N tpk )—(QH)( 1ho )ﬂ )
Elso,P_ £ 142 142 ’
Again, the limited departure of Lok r/{Le) from a linear
relation in tpx/Too (@ = —0.1£0.1) causes LGRB flares and
SGRB flare candidates to share the same scaling (at least
at first order approximation} .

All the above indications point to a SGRB flare candi-
dates internal origin (Section 4.7) and establish a connection
between long and short GRB X-ray variability.

4.6 The lag-luminosity relation

Negligible spectral lag above ~ 25 keV is the fundamental
attribute that makes the prompt ~y-ray emission of short
bursts different from LGRBs, in addition to their nar-
rower pulses, shorter duration and slightly harder emission
(Norris & Bonnell 2006 and references therein). The spec-
tral lag is the time difference between the arrival of high-
cnergy and low-energy photons: in our analysis, a positive
value indicates that high energy photons lead the low en-
ergy emission. During the prompt phase of LGRBs the spec-
tral lag "‘ﬁg is anti-correlated with the peak luminosity as
shown by Fig. 6 (Norris et al. 2000; Ukwatta et al. 2010);
in contrast, short bursts have small 7], (Norris & Bonnell
2006} and occupy a separate area of the Lo vs. 7 /(1 +2)
parameter space (Fig. 6 and Gehrels et al. 2006). Recently,
Margutti et al. (2010b) have demonstrated that, in strict
analogy to their prompt pulses, LGRB X-ray flares define 2
lag-luminosity anti-correlation, where the lag is computed in
the X-ray band {black dots of Fig. 6). With the present work
we complete the observational picture above, showing that
flare candidates in SGRBs fall off the lag-luminosity relation
defined by LGRBs: this furthermore supports a robust con-
nection between prompt pulses and flare candidates in short

38 Note that the same ~ 100 factor is found as the ratio of the
isotropic energy emitted by LOGRB flares and SGRB flare candi-
dates: this is a direct consequence of their flare peak luminosity
ratio LEERB / Lgf’RB ~ 1072, coupled to the very similar w(tp)
evolution.
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bursts. At the same time this result points to some differ-
ences between LGRB flares and SGRB flare candidates.

While SGRB prompt pulses are significantly narrower
than LGRB pulses (Nakar et al. 2002; Nakar et al. 2002b),
flares show instead comparable width in both classes (Fig.
2). Hakkila et al. {2008) showed the existence of a lag-width
correlation for prompt pulses: the wider the prompt pulse,
the longer the lag. This behaviour has been recently ex-
tended to LGRB flares by Margutti et al. (2010b). The sim-
ilar widt: of LGRB flares and SGRB Hare candidates im-
plies that the lag-width relation cannot be invoked to explain
the lag of SGRB flare candidates which are systematically
shorter than expected from the lag-luminosity relation of
LGRRE flares.

The physical cause of lags in the GRBs prompt
emission is not yet understood: variations in the line-of-
sight (Salmonson 2000); variations of the off-axis angle
(Ioka & Nakamura 2001) and rapid radiation cooling effects
(Schaefer 2004) are a few of the proposed models. In partic-
ular it is at the moment unclear if lags in short bursts are
small and non-measurable or intrinsically zero. According to
the first possibility short and long GRBs would be powered
by a similar, progenitor-independent physical mechanism,
with SGRBs being faster evolving versions of LGRBs. The
latter would instead point to some intrinsic differences. At
present it is not possible to observationally distinguish be-
tween the two scenarios %

In the case of flares, the situation is complicated by
the limited and fixed energy band-passes used for the lag
calculation (0.3-1 keV vs. 3-10 keV). The fundamental ori-
gin of the chserved lag is the spectral evolution of a pulse
(or flare} profile to lower energies (Kocevski & Liang 2003;
Margutti et-al. 2010b). The spectral peak energy Epeak de-
crease in time plays a major role in determining the observed
spectral evolution and lag value (see Margutti et al. 2010b
for detalls). As a consequence, if the observed Fpe.x does
not cross the instrumental band pass during the emission, a
limited spectral evolution will be detected and a short time
lag determined. The shorter (when compared to what ex-
pected from the LGRB flare lag-luminosity relation) time
lag of SGRB flare candidates might be partially a -conse-
quence of this observational effect (while possibly being in-
trinsically larger) 2°: the results from Section 4.4 and 4.5
suggest that long and short bursts basically differ in the in-
trinsic time scale of central engine evolution (with SGRBs
evolving faster). Since for LGRBs Ell,’g%% /Eg‘f,_ﬁ% < 00
(with Eﬁ‘gﬁ% ~ 1 — 3 keV, observed value, Margutti et al.
2010b), the faster evolution of short bursts likely implies
ESSRE JESGRR, & 0.01 for flares detected at the same ob-

served tp.. This resuit translates into: E‘gfaﬁ% < 1 keV con-

1% From the prompt lag-width relation of Hakkila et al. (2008):
77:LGRB 1 LGRB 4 0,01 — 0.1. Using wi®RB ~ 0.05 s as typical
value from Nakar et al. (2002b), we have 77SGBB «, 0.5 — 5 ms
assuming that the 7% /wp ratio is universal. We typically resolve
lags in SGRBs with a sensitivity of a few ms. This implies that
we would be barely able to measure lags in the SGRB prompt
pulses even if SGRBs were to follow the LGRB 77 /wp relation.

20 Note that the limited brightness of the flare candidates com-
pared to the underlying X-ray continuum does not allow us to
perform a one-to-one comparison with the spectral properties of
LGRB flares to quantitatively check this possibility.

sidering that Eﬁgﬁ% ~ Ell,faﬁf, as order of magnitude esti-
mation (Ghirlanda et al. 2009). According to this scenario,
Eggﬁ}% is below the XRT band for the majority of the emis-
sion, possibly leading to a lag underestimation. The presence
of this observational bias makes the interpretation of the en-
tire Iag-luminosity relation far from being straightforward.
We stress that the dependence of the lag-luminasity on the
choice of the fixed energy bands (both in the rest frame and
in the observer frame) should be removed before addressing
the physical interpretation of the anti-correlation. However,
this topic goes beyond the scope of this paper and will be
addressed in a future work.

With this caveat in mind we note that if the energy
FEigop released by flares at different fpy is similar (as in-
dicated by Section 4.5), then, considering that Lpkr ~
Figo,r /w with the lag being positively correlated to the w
{Margutti et al. 2010b), we would expect Lpkr to be anti-
correlated with 77, as observed for LGRB flares of Fig.
6: Lpkr = Ngg(ﬁ“;g)_l. In particular the normalisation
Niag & Figo,r, which implies Nf;fg;RB ~ IOONE,(E}RB (since
ELSRB ~ 100 Eiig;,%B, Table 2). This simple argument pre-
dicts the SGRB flare candidates to be off the LGRB flare
lag-luminosity relation of a factor = 100 as cbserved (the >
inequality accounts for the possible underestimation of the
real lag due to the fixed and limited energy band-passes bias
of the previous paragraph}. This finding would support the
presence of non-mesurable (but still non-zero) lags for the
short burst prompt emission.

4.7 The flare candidates internal origin

The above indications point to a link between the properties
of flare candidates and prompt pulses in SGRBs (for LGRBs
this was demonstrated by Margutti et al. 2010b). This result
would naturally arise if both kind of emission share a com-
mon origin: we refer to this possibility as the internal origin
interpretation. Theoretical models consistent with this pic-
ture can be divided into two categories: models requiring a
late-time GRB central engine activity and models where the
central engine is not required to be active at the time of the
flare detection.

The second clags of models includes the magnetic
re-connection interpretation (Lyutikov & Blandford 2003;
Giannios 2006): flares would originate from residual, late-
time magnetic re-connection events within the original out-
flow (the same ejecta powered the prompt phase) triggered
by its deceleration due to the sweeping-up of the external
medium. The deceleration of the original ejecta during the
afterglow phase causes an increase in the size of causally
connected regions, thus enabling re-conmection of increas-
ingly larger magnetic structures. The smooth continuum
would be instead afterglow emission from the shocked ex-
ternal medium.

Alternatively, flares and prompt pulses would automat-
ically share a set of observational properties if they both
directly arise from the GRB central engine activity (first
class of models abave). If this is the case, the central engine
would be active on much longer time-scales than previously
thought {see e.g. Perna et al. 2006; Rosswog 2007; Lee et al.
2009); at the same time, the similarity of LGRB flares and
SGRB flare candidates in the Ly /(L) vs. tpk/Tho plane as
well as in the AF/F vs. tpx/The space would point to a



similar lzte time evolution of long and short GRB central
engines.

It is not possible to observationally discriminate be-
tween the two scenarios using the present set of data. Careful
‘medelling is required (Margutti et al. in preparation).

5 CONCLUSIONS

This work presents the first comprekensive analysis of flare
candidates in SGRBs and provides a comparison to the ob-
servational properties of X-ray flares in LGRBs with the aim
to draw an observational picture of SGRB X-ray variability
any thecretical model is required to explain.

Our analysis shows that the origin of the SGRB X-ray
light-curve variability is independent from the large-scale
host galexy environment and is not correlated to the de-
tected afterglow life-time. We find that flare candidates ap-
pear in different types of SGRB host galaxy environments
and show no clear correlation with the X-ray afterglow life-
time; flare candidates are detected both in SGRBs with a
bright extended emission (EE) in the soft y-rays and in
SGRBs which do not show such component (Sec. 4.2). We
cannot exclude that flare candidates originate on top of faint
(and undetected in the +-rays) EEs. In particular, SGRB
flare candidates are consistent with being drawn from the
LGRB flare population when considering:

1. The flare to prompt energy ration Fis,r/Fisop (Fig.
5, Sec. 4.3);

2. The relative veriability time scale At/t < 1 (Fig.. 7,
Sec. 4.3);

3. The rest-frame flare width evelution with time w(tn)
(Fig. 2, Sec. 4.3).

4. The hard-to-soft trend of the emitted radiation (see
‘e.g. Fig. 1).

The main parameter driving the duration of the episodes
of variability is the elapsed time from the explosion, with
very limited dependence on the different progenitors, envi-
ronments, life-times, prompt variability time scales and en-
ergy budgets. The origin of the flare w(ipk) relation must
arise from what is in common for the long and short burst
models. From another perspective this result implies that for
tpk > 100 s the flare duration is likely to retain no memory
of the variability time-scales of the original prompt mecha-
nism at work. This would explain why the flare to prompt
pulse width ratio is different for long and short GRBs.

On the contrary, SGRB flare candidates significantly
differ from the standard X-ray flare emission observed in
LGRBs at the same tx/(1 + z) in terms of:

5. Peak luminosity LICR® ~ 0.0LLLERP (Fig. 3, Fig. 4,

Sec. 4.5);

6. Isotropic energy EﬁE%B ~ O.OIEiLEf'%B (Fig. 5, Sec.
4.5);

7. Flare to prompt luminosity ratio Lpkr/Lpk,p. Flare
candidates in SGRBs are ~ 100 times dimmer than in
LGRB;

8. Reletive variability flux AF/F (Fig: 7): we find
AF/F ~ 1 for all SGRB flare candidates {Sec. 4.4);

9. Lag-luminosity relation: like SGRB prompt pulses,
flare candidates show shorter lags than expected from the
lag-luminosity relation of LGRB flares (Fig. 6, Sec. 4.6).
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However and more importantly, the differences listed at
points 5., 6., 7. and 8. above disappear once the different
time scale of evolution of the long and short GRB central
engine as well as the different energy scaling of the two sys-
tems are properly accounted for (Fig. 8, Sec. 4.5.1 and 4.5.2).
This finding provides a connection between the properties of
the detected SGRB X-ray light-curve variability and LGRB
flares, suggesting a common, infernal origin. As a result,
we conclude that similar dissipation and/or emission mech-
anigms are likely to be responsible for the prompt and flare
emission in long and short GRBs, with SGRBs being less en-
ergetic albeit faster evolving versions of the long category.
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Table Al. Best fitting parameters of SGRB flare candidates. From left to right: GRB, redshift; start time (t;), amplitude (A) and shape
parameters {71, m2) of the best fitting Norris et al. (2005) profile; width evaluated between 1/e intensity points; peak time (fyi); relative
variability time-scale (At/t = w/ty); relative variability flux AF/F: the value F is computed from the best fit of the continuous emission
underlying the flare candidates (black solid line of Fig. 1); isotropic equivalent peak luminosity (Lpeax) and energy (Ejso) computed in
the 0.3 — 10keV observer frame energy band.

GRB z ts A ™ T2 w tpk Atft AFfF LSgne ESGRR
© (/) s (=) =) ) (10 args=l) (104 erg)
050724 0.258 230.0 12.29+0.88 12.40+3.00 3550 +4.20 B511+464  250.98 +1.80 0.26£0.08 1721027 1491034 7.16£1.98
051210 & 107.0 5.70+1.60  430.00 +£220.00 1.77-£0.87 14.09 4+ 3.52 134.59 £143 0.10£0.08 1.104037
051227 = 105.0 12201210 8.90+3.70 5.90 £ 1.70 1455 £2.36 112.25+088 0.13£0.02 1.62+052
051227 - 122.0 6.00+£0.00 19.00 £0.00 1740 £2.50 34.04£4.13 135.19 £ 0.96 0.26+0.03 080021
060313 = 105.0 2.80+1.20 19.00 = 23.00 470+ 5.30 1413 =887 0446221 0.15+0.00 0.69+032 -
060313 - 150.0 4.20+£1.70 111.00:+ 80.00 10.30 £ 710  38.72+ 1465 183.81 +4.50 0.214+0.08 1.03+0.46
0707245 0457 75.0 T.80+1.70 25.00 £ 23.00 7.80 £ 9.00 2228 £ 15.76 88.06L-2.68 025018 093+035 364+1.18 BOT+£1.64
0707241  0.457 80,0 1220 +3.90 42.00 £21.00 5.50+2.10 18.10 £ 3.60 105.20 £1.26 0.184£0.03 1464065 5.68+£232 6.72+2.75
0707244 0457 1500 3.79+0.77 27.00£17.00 43.00 L1800 87.80£21.55 184.0716.34 048£012 045£017 1.73+0.74 9.73+4.18
071227 0.383 150.0 4.361+0.94 80.00 =41.00 7.30 £ 3.00 2756 =574 17417 £2.36 0.16+0.03 0.80+029 1134044 2.03£0.79
090607 - 89.0 760+ 1.10 53.00 £31.00 14.00 £12.00 41492222 116.24+4.°74 036019 1.54+045
090607 - 122.0 3.30+2.90 18.00 =17.00 39.00 £ 1600 75.19+2552 1484941273 051£018 0.67+0.61
100117+ 0.920 1300 4.90+073 2.00 +1.80 30.00+0.00 42.77+4.98  137.76 +3.56 0.31+0.04 0.80£0.56 9.9713.48 21.43 £ 7.48
100117+ 0.920 1640 7.03:£0.94 6.00 £0.00 42.90+6.80 67.78+9.13 180.04 +1.27 0.38+0.05 1.14£0.79 14.09+£5.60 47.45 £ 18.86
100117+ 0.920 200.0 4.30£1.30 101.00 + 77.00 6.10 + 3.50 2211+ 786  222.70 +2.57 0.10+0.04 070052 8491457 8.78+4.73
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Figure B1. 0.3-10 keV count-rate light-curve of GRB 050724 and GRB 051210. Black solid line: continuous X-ray emission underlying
the flare candidates computed as described in Section 2.2; dashed lines: best-fitting flare candidate emission; red solid line: best estimate
of the total emission. The vertical dot-dashed lines mark the flare candidate onset times, Inset: Complete Swift-XRT light-curve. The
vellow filled area marks the time window for the computation of the CCF lag. Middle panels: hardness ratio (HR) evolution with time;
the HR is computed between 1.5-10 keV (hard band) and 0.3-1.5 keV (soft band). Lower paneis: Spectral photon index evolution with
time as computed by Evans et al. (2010).
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Figure B2. Same as Fig. Bl for GRB 051227 and GRB (60313.
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Figure B3. Bame as Fig. Bl for GRB 070724A and GRB 071227,



