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ABSTRACT

GRB observations with Swift produced the initially surprising result that many bursts have large, late-time X-ray
flares. The flares were sometimes intense, had rapid rise and decay phases, and occurred late relative to the prompt
phase. Many GRBs have had several flares, which were sometimes overlapping. The origin of the flares can be inves-
tigated by comparing the spectra during the flares to those of the afterglow and the initial prompt emission. In this
work we have analyzed all significant X-ray flares from the first 110 GRBs observed by Swift. Significant X-ray flares
(>3 o) were found in 33 of these GRBs, with 77 flares detected. A variety of spectral models have been fit to each
flare. We find that the spectral fits sometimes favor a Band function model, which is more akin to the prompt emission
than to that of the afterglow. While some flares are approximately as energetic as the prompt GRB emission, we
find that the average fluence of the flares is approximately 10 times below the average prompt GRB fluence. We
also find that the peak energy of the observed flares is typically in the soft X-ray band, as one might expect due to the
X-ray selection of the sample. These results, when combined with those presented in the companion paper on tem-
poral properties of flares, support the hypothesis that many X-ray flares are from late-time activity of the internal

engine that spawned the initial GRB, not from an afterglow-related effect.

Subject headings: gamma rays: bursts — X-rays: general

1. INTRODUCTION

Since its launch on 2004 November 20, Swift (Gehrels et al.
2004) has provided detailed measurements of numerous gamma-
ray bursts (GRBs) and their afterglows with unprecedented reac-
tion times. As of 2006 January 24, 110 bursts were detected by
the Burst Alert Telescope (BAT; Barthelmy et al. 2004). Approx-
imately 93% of these were observed by the narrow-field instru-
ments in less than 200 ks, and most of those were detected within
200 s (the typical reaction time was ~100 s, but occasionally
BAT detected a burst that was observationally constrained). The
narrow-field instruments are the X-Ray Telescope (XRT; Burrows
et al. 2005a) and the Ultraviolet-Optical Telescope (UVOT;
Roming et al. 2005). By detecting burst afterglows promptly and
with high sensitivity, the properties of the early afterglow and ex-
tended prompt emission can be studied in detail for the first time.
This also facilitates studies of the transition between the prompt
emission and the afterglow. The rapid response of the pointed XRT
instrument on Swift has led to the discovery that large X-ray flares
are common in GRBs and occur at times well after the initial
prompt emission. This paper provides the first survey of the spec-
tral features of a large sample of these X-ray flares.

While there are still many unknown factors related to the mech-
anisms that produce GRB emission, the most commonly accepted
model is that of a relativistically expanding fireball with asso-
ciated internal and external shocks (Mészaros & Rees 1997). In
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this model, internal shocks produce the prompt GRB emission.
Observationally, this emission typically has a timescale of ~20 s
for long bursts and ~0.2 s for short bursts (Meegan et al. 1996).
The expanding fireball then shocks the ambient material to
produce a broadband afterglow that decays quickly (typically as
~t~, with a ~ 1.2 for the nominal afterglow phase). When the
Doppler boosting angle of this decelerating fireball exceeds the
opening angle of the jet into which it is expanding, a steepening
of the light curve (jet break) is predicted (Rhoads 1999). For de-
scriptions of the theoretical models of GRB emission and asso-
ciated observational properties, see Mészaros (2002), Zhang &
Mészaros (2004), Piran (2005), Woosley (1993), and van Paradijs
et al. (2000). For descriptions of the observational properties of
the overall X-ray light curve, see Zhang et al. (2006), Nousek et al.
(2006), O’Brien et al. (2006), and Willingale et al. (2007).
Several authors have suggested reasons to expect continued
activity from the internal engine of the GRB after the classical
prompt emission time frame. Katz (1997) considered a model in
which a magnetized disk around a central black hole could lead
to continued energy release in the form of internal shocks. The
parameters of this energy release would depend on the complex
configuration of the magnetic field and the magnetic reconnec-
tion dynamics, but time periods as long as days for the delayed
emission were predicted. Proga & Zhang (2006) have speculated
that energy release can be repeatedly stopped and restarted at late
times by magnetic flux accumulation and subsequent release.
Perna et al. (2006) have suggested that the flares from both short
and long bursts can be explained in the context of the evolution
and fragmentation of a viscous accretion disk. For short bursts, in
particular, Dai et al. (2006) have suggested that late flares can be
explained by magnetic reconnection events driven by the break-
out of magnetic fields from the surface of differentially rotating
millisecond pulsars, which resulted from a progenitor compact
binary star merger. King et al. (2005) have speculated that episodic
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THE FLARE SAMPLE

TABLE 1

FALCONE ET AL.

Lstart t stop ¢ peak
GRB Flare (s) (s) (s) S/N
050219a.......cceiirnns 1 118 453 120 18.5
050406........ccoeverrrennns 1 139 361 205 11.3
050421 ..o 1 136 165 156 34
050502b.......ccovvirriinnne 1 410 1045 695 145.7
2 19,958 48,591 29,896 7.2
3 50,457 178,280 75,355 18.4
050607 1 94 255 145 10.3
2 255 640 312 25.2
050712 1 88 564 252 31.0
2 302 435 339 12.9
3 415 590 478 8.9
4 788 952 888 3.8
050713a .. 1 101 155 111 11.7
2 155 210 168 32
050714b.....covriririnne 1 285 832 374 19.2
050716 1 155 211 177 11.2
2 315 483 385 13.2
050724 1 78 230 120 102.6
2 63 342 261 33.7
3 13,406 402,320 55,783 19.7
0507261 1 151 195 162 3.0
2 219 324 274 12.2
050730 1 210 280 228 20.6
2 323 611 435 51.9
3 611 795 678 33.7
4 9654 12,578 10,319 33.2
050802.....ccooviiiiinnns 1 312 457 435 3.8
050803.....c.coviviiicinns 1 513 879 753 5.8
2 889 1516 1116 43
3 4455 5703 5367 5.8
4 7345 27,698 22,669 14.2
5 7646 13,093 11,613 14.0
6 17,240 27,698 18,873 5.1
050814 1 1133 1974 1350 3.0
2 1633 2577 2138 6.1
050819....cciiiiiis 1 56 253 174 11.5
2 9094 36,722 19,733 6.2
050820a.......cccccevvrrnnns 1 200 382 234 66.6
050822, 1 106 190 143 21.3
2 212 276 240 8.4
3 390 758 433 50.9
050904......ccvviiiiinns 1 343 570 463 41.6
2 857 1141 953 3.0
3 1149 1343 1235 42
4 5085 9001 6765 23.0
5 16,153 24,866 17,329 22.1
6 18,383 38,613 24,156 19.5
7 25,618 30,978 29,392 21.6
050908......coovirirrinnns 1 129 306 145 7.3
2 339 944 404 14.0
050915a....ccviiirinnns 1 55 170 111 14.3
050916......ccoovvrierrnns 1 16,755 32,357 18,898 20.1
050922b......covvivirrinnns 1 357 435 377 12.1
2 476 560 497 5.6
3 630 1541 827 39.4
051006........ccoeirrnnns 1 115 148 132 9.6
2 132 201 162 7.5
3 330 749 495 7.5
051016b....ccvvrirrinnne 1 374 1940 483 3.1

TABLE 1— Continued

Lstart tstop tpcak

GRB Flare (s) (s) (s) S/N

051117a. e, 1 2 4322 157 117.6
2 134 2794 380 124.1

3 292 1313 628 70.4

4 574 2695 926 78.6

5 642 1820 1097 71.0

6 1237 3119 1335 95.3

7 659 3126 1535 85.8

051210 1 115 152 132 44
051227 oo 1 86 245 120 16.7
060108........coverereinnne 1 193 429 285 2.1
2 4951 37,986 10,471 6.1

060109......ccoviiiinne 1 4305 6740 4810 5.0
060111a.....ooiiiriinnns 1 27 196 110 51.5
2 109 203 171 38.6

3 215 433 312 107.4

060115 1 331 680 406 8.7
060124......oiiiinne 1 283 644 574 222.6
2 644 1007 694 179.8

accretion processes could explain continued internal engine activity.
These authors expect that fragmentation and subsequent accre-
tion during the collapse of a rapidly rotating stellar core could ex-
plain observations of extended prompt emission. In general, the
dominant model of an expanding fireball with internal/external
shocks (Mészaros & Rees 1997) allows for continued prompt emis-
sion, provided that the internal engine is capable of continuing
the energy injection.

A few observations prior to Swift have included indications of
flaring from GRBs after the prompt GRB emission phase. Watson
et al. (2003) used XMM-Newton to detect line emission from
GRB 030227 nearly 20 hr after the prompt burst. They inferred
continued energy injection at this late time and concluded that
anearly simultaneous supernova and GRB event would require
sporadic power output with a luminosity in excess of ~5 x
1046 ergs s~!. Piro et al. (2005) used BeppoSAX to observe two
GRBs with relatively small X-ray flares. The X-ray flare times
for GRB 011121 and GRB 011211 were reported as ¢ = 240 and
600 s, respectively. The spectral parameters of these two X-ray
flares were consistent with afterglow parameters, and these flares
were interpreted as the onset of the afterglow (Piro et al. 2005).
Two other examples of flaring and/or late timescale emission can
be found in in’t Zand et al. (2004) and Galli & Piro (2006). Al-
though not a detection of late flares from a particular GRB, the
work of Connaughton (2002), in which an ensemble of GRBs
was analyzed, should also be mentioned. In this study 400 long
GRBs detected by the Burst and Transient Source Experiment
(BATSE) were analyzed together in the form of a summed light
curve above 20 keV. Significant emission was found at late times
(at least to 1000 s). There are several possible explanations for
this emission that do not require flares, but flares at various times
are certainly one possible explanation.

Burrows et al. (2005b) provided the initial report that two
bursts detected by Swift showed strong X-ray flares. The first
ofthese, XRF 050406, was an X-ray flash with a short and rela-
tively weak X-ray flare that peaked 213 s after 7j of the prompt
GRB emission. Due to the fast rise/decay, the most natural ex-
planation for this flare is continued internal engine activity at late
times (i.e., delayed prompt emission). XRF 050406 was analyzed
in detail by Romano et al. (2006). Another burst, GRB 050502B,
was studied in detail by Falcone et al. (2006), since it was the first
dramatic, high-fluence X-ray flare detected. This flare, which peaked



TABLE 2

TiME ReGioNs USeD FOR SPECTRAL EXTRACTION OF FLARES AND THOSE USED FOR THE EXTRACTION OF UNDERLYING LIGHT-CURVE SPECTRA FOR EACH FLARE

FLARES UNDERLYING
tbegin fend a )tbegin a )ténd (z)tbegin (z)tend (3)tbegin (J)tend
GRB FLARE (s) (s) (s) (s) (s) (s) (s) (s)
050219a 1 118 453 670 29,603
050406.... 1 139 361 1447 919,330
050421.... 1 136 165 167 488 . S
050502b.....ccoveevieieierenrnnn 1 410 1045 5384 20,369 161,890 299,820 . A
2 19,958 48,591 57 355 1545 19,958 178,280 264,880
3 50,457 178,280 57 355 1545 19,958 178,280 264,880
050007....ccieiiiieieieieiens 1 94 255 92 94 685 20,997
2 255 640 92 94 685 20,997
050712 1 88 299 5157 105,060
2 302 435 5151 77,682
3 415 590 5074 63,858
4 788 952 5074 63,858
050713@.uccueeiiiieieieienens 1 101 155 3541 399,630
2 155 210 3541 399,630
050714b..ccccevieiiiiiiens 1 285 542 3639 139,690 . ..
050716 1 155 211 105 155 211 331
2 315 483 211 331
050724 1 78 230 433 27,350
2 222 342 433 27,350
3 13,406 402,320 433 27,350
050726.cc.ccueiiiieieieienens 1 151 195 324 12,646
2 219 324 324 8358 . .
050730.cccccieieiieieieieiens 1 210 280 132 210 280 313
2 323 611
3 611 795
4 9654 12,578 4366 6863 26,422 99,149
050802....cceeieiieeieieieneens 1 312 457 494 2873
050803....cciiieienieieeeiene 1 513 879 34,808 778,510
2 889 1516 34,808 778,510
3 4455 5703 34,808 778,510
4 7345 27,698 34,808 778,510
5 10,396 13,093 34,808 778,510
6 17,240 27,698 34,808 778,510 . ..
050814 1 1133 1974 5646 8644 32,429 98,328
2 1633 2577 5774 8741 32,794 96,149
050819....ciiiiiiiniiieeeeee 1 154 193
2 9094 36,722 475 7975 36,722 55,757
050820a......ccerverirreieirens 1 200 258 4811 5,099,900
050822....ccieieiieeieieieens 1 106 190 5692 4,932,900
2 212 276 5911 4,795,400
3 415 616 4714 5,628,400
050904.....c.oooiieieieeens 1 343 570 586 868
2 857 1141 588 876
3 1149 1343 588 861
4 5085 7110 581 865
5 16,153 18,205 586 873
6 22,221 25,379 586 873
7 27,854 30,978 586 873
050908.....c.ocoeeriereieieneens 1 129 306
2 339 944 ... ...
050915a 1 55 170 170 7424
050916.... 1 16,755 32,357 221 13,085 . . .. ..
050922b.. 1 357 435 348 355 435 476 560 623
2 476 560 348 355 435 476 560 623
3 630 1541 348 355 435 476 560 623
051006.....c..coirieieieieens 1 115 148
2 148 180
3 330 749 e ..
051016.ccccieiiiieeeieieeeenns 1 374 1940 3778 382,750
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TABLE 2— Continued

FLARES UNDERLYING
tbegin Tend (l)tbegin a )tend (Z)Zbegin (z)tend (3)tbegin (3)tend
GRB FLARE (s) O] O] (s) O] (s) (s) (s)

O051117@ i 1 113 231 16,046 2,410,600

2 295 571 16,046 2,410,600

3 571 729 16,046 2,410,600

4 817 1044 16,046 2,410,600

5 1044 1237 16,046 2,410,600

6 1237 1466 16,046 2,410,600

7 1466 1737 16,046 2,410,600
051210t 1 115 152 162 426
051227.. 1 86 245 258 20,156
060108......ooeiieireeieieieeeeeeeeeeees 1 193 429 .

2 4951 37,986 . ...
060109......ccieirieiieeeeeeeeeee 1 4305 6740 8784 325,220
060111a. e 1 75 137 2905 712,320

2 145 204 2905 712,320

3 215 433 2905 712,320
0601150 1 331 680 117 257
060124......ooviieiiciieeceeceenee 1 283 644 10,605 14,232 32,067 74,305

2 644 1007 10,458 14,432 33,443 71,248

Note.—In many cases the underlying spectra were constrained with one time region with sufficient photons to obtain spectral parameters, and thus there are no
entries in the last four columns. In some cases statistics were maximized by using multiple time regions for the underlying portion. In a few instances there are dashes for
all underlying time regions, indicating that the canonical value for the underlying spectral index was used, as described in the text.

740 s after the prompt GRB emission, released as much energy in
the X-ray band as the prompt GRB released in the 15—150 keV
band. Following these two GRBs with flares, it became clear that
this was a common feature of GRBs, as more and more Swiff bursts
displayed X-ray flares. Although there are a few interesting cases
of optical flares and of flares simultaneous with higher energy
emission detected by the Swift BAT, most of these X-ray flares
were generally not accompanied by either optical or 15—150 keV
emission at a detectable level. This implied that the peak of the
emission was generally in the soft X-ray band.

There have been several papers studying individual GRBs with
X-ray flares (Burrows et al. 2005b; Falcone et al. 2006; Romano
etal. 2006; Pagani et al. 2006; Cusumano et al. 2007; Zhang et al.
2006; Morris et al. 2007; Goad et al. 2007; Krimm et al. 2007).
While the detailed study of individual flares is important, it is
equally important to study the properties of the flares in a more
general sense to look for general trends and overall mean prop-
erties of the flares. By comparing these overall properties to those
of the prompt GRB emission and the afterglow emission, the
mechanism of the flare emission may be elucidated. Furthermore,
we can see if there are multiple classes of flares or if the flare
parameters all fall into one uniform distribution.

In this paper and a companion paper (Chincarini et al. 2007,
hereafter Paper I') we present the first temporal and spectral study
of a statistical sample of X-ray flares in GRBs. Paper I presents
the temporal properties of the sample, and this paper presents the
spectral properties of the sample. The sample includes all bursts,
up until 2006 January 24, for which Swift detected at least one
significant X-ray flare.

2. THE SAMPLE

The initial sample was chosen by looking at all Swift XRT
light curves, between launch and 2006 January 24, and eliminat-
ing the ones that did not show any hint of deviation from a power-
law decay with typical breaks (see Zhang et al. 2006, Nousek et al.
2006, and O’Brien et al. 2006 for a discussion of typical light-

curve breaks). The remaining light curves were then fit with a
broken power-law decay (referred to as the underlying decay
curve and subscripted throughout text with UL) superposed with
a power-law rise and decay for any flares that appeared above
this underlying decay curve. The start time of the flare was then
defined as the time that the power-law rise of the flare intersected
the underlying decay power law. Similarly, the stop time of the
flare was then defined as the time that the power-law decay of the
flare intersected the underlying decay power law. These times,
tstart and Zg0p, are defined relative to the trigger time, 7o, of the
GRB. The signal-to-noise ratio (S/N) of the flare was then de-
fined, using simple Poisson statistics, as

N, total — M UL

V Ntotal + NUL ’

where Ny is defined as the total number of photons during the
flare time interval, and Ny is defined as the number of photons
from the fit to the underlying decay curve during the flare time in-
terval. Only the flares with S/N > 3 were retained in the sample.
This analysis of 110 GRBs resulted in 33 GRBs with at least one
significant flare, and it resulted in a total of 77 flare time inter-
vals, which are listed in Table 1. Some of these 77 time intervals
overlap one another, so it is not always clear where one flare be-
gins and another ends. We define the start and end of each flare as
described in the analysis section below. This sample and the sam-
ple of Paper I are largely overlapping, but they differ somewhat
due to the different approach and goals. The flares for which tem-
poral properties can be obtained are frequently different from
those for which spectral properties can be obtained.

S/N = (1)

3. ANALYSIS

The data were reduced using the latest HEAsoft tools (ver. 6.1.0),
including Swift software version 2.0, and the latest response
(ver. 8) and ancillary response files (created using xrtmkarf)
available in CALDB at the time of analysis. Data were screened
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PrOPERTIES OF POWER-LAW SPECTRAL FiTs To GoLD FLARES
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TABLE 3

Ny
Index Number GRB Flare (102 ¢cm™2) Photon Index X2 Degrees of Freedom

0] @ 3 “4) ©) (©) ™
050219 1 39.9* 311 2.67+54 1.09 38
050502 1 117437 233730 1.41 328
3 107753 2,107 0.83 31

050607 2 22.5733 2407333 0.84 33
050712 1 24.6%%3 2.13*018 1.57 57
2 20.5789 3.084033 1.03 18

050713 1 52.1739 219731 1.02 188
2 50.7+138 3.3010:<8 1.19 48

050716 1 24.475%4 1221952 0.28 56
2 2454158 3.3870% 0.36 55

050724 1 521138 1777983 1.05 330
2 55614 2947013 0.95 54

3 27.4783 1617013 1.23 22

050726 2 14.645%° 2.55+0.48 0.93 37
050730 1 11.853] L7191 1.06 58
2 8471 1667593 0.94 187

3 59113 1927997 0.93 106

4 13.043% 2204014 0.98 81

050802 1 77488 2.1350%8 0.97 30
050803 5 47.9+99 227402 1.41 34
6 87.873%3 455708 1.02 18

050820 1 9.5+1¢ 0.8210:04 1.13 202
050822 1 111176 1787939 0.44 27
2 19.4%49 2.86+027 1.04 31

+22.0 41,45

3 29.91229 436118 1.06 18

050904 1 14.6124 1.78+0:% 0.98 182
4 8.9124 1967919 1.31 38

5 12.0533 196013 0.93 26

6 4223 1817913 1.00 22

7 7.5723 1.85412 0.86 24

050916 1 99.4132:¢ 1.70793} 0.47 20
050922 1 4797154 3.941078 1.01 99
2 20.37183 2.66798¢ 0.92 45

3 14.6%23 2.3640:19 0.82 116

051117 1 16.7711 1.8879% 1.11 342
2 16.8559 223500 1.04 318

3 13.5713 2267307 0.98 181

4 144414 2.13+0:96 1.04 226

5 14.1713 2517908 1.24 184

6 16.01}2 222796 1.03 265

7 12.5712 2257906 1.11 223

051227 1 29.9721 1535013 0.93 24
060111 1 38.5132 2897914 0.98 118
2 31L155) 2.86013 0.95 76

3 26.5714 227798 1.00 297

060124 1 184403 1214001 0.98 681
2 16.4793 16790 1.11 536

Vol. 671

with standard parameters, including the elimination of time pe-
riods when the CCD temperature was warmer than —48° C. When
analyzing windowed timing (WT) data, only grades 0—2 were in-
cluded, and when using photon counting (PC) mode data, only
grades 0—12 were included. Source and background regions were
both chosen in a way that avoids overlap with serendipitous sources
in the image. For PC mode data, the source region was typically
a 20 pixel (47") radius circle. The background region was typi-
cally a circle with a radius of 60 pixels chosen in a source-free
region (40 pixels if the field was crowded). All quoted errors are
1 o unless otherwise stated.

In order to avoid pile-up effects in some of the higher count
rate PC mode data (>0.5 counts s~ '), an annular source extrac-

tion region was used with an inner radius that varied as a function
of rate. WT mode data are free of significant pile-up effects for
nearly all of the flares. However, pile-up does begin to have a mar-
ginal systematic effect on WT mode data above 100 counts s~ !.
For the few flares in this sample with a brief excursion above
100 counts s~ ', the effect of pile-up is insignificant on this anal-
ysis, since it averages the spectrum over the entire time interval
of the flare, and as a result the vast majority offlare photons are
not affected by pile-up.

3.1. Light-Curve Analysis

The light curves and the corresponding temporal analysis are
presented in Paper I. However, it is worth mentioning a few of the
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Fic. 3.—Properties of Band function spectral fits to flare data for all gold flares. The index number of the flares shown on the x-axis simply refers to the index number
for each flare shown in col. (1) of Table 4. The top panel corresponds to the fit for the neutral hydrogen column density, the second panel corresponds to the low-energy
photon index (), and the third panel corresponds to the high-energy photon index ( 3). The fourth panel is the e-folding energy (), which is related to the peak spectral
energy by the relation Epeax = (2 + )Eo. The bottom panel is the reduced x 2 for the fits.

temporal analysis issues related to the spectral analysis presented
here. In particular, there are a few differences between the ap-
proaches of this paper and Paper I. The fr; and ¢4 times in our
analysis were not constrained to be exactly the same as those of
Paper 1. However, they are approximately the same, and the dif-
ferences are irrelevant for the purposes of fitting the spectra. The
small differences arise from the fact that this analysis fits tem-
poral power-law curves to the rise and decay portions of the flares,
whereas Paper I fits Gaussians to the flares. The points on the light
curve where these power laws intersect the underlying decay curve
power law are defined as fga and fyop, and they are reported in
Table 1. This method allows us to easily define a temporal region for
performing spectral fits on flare data, even if the flare is missing a
large fraction of its light curve for any reason. We are still able to
fit a spectrum to large flares that are missing some data on the ris-
ing or falling portion of the flare, even if they do not have a well-
constrained temporal fit. When calculating the fluence in that portion
of the flare, a correction factor is applied based on a power-law
extrapolation of the flare light curve. To define the underlying
decay curve, we use multiply broken power laws that account for
the various phases of the GRB and afterglow light-curve decays
(Nousek et al. 2006; Zhang et al. 2006; O’Brien et al. 20006).
In some cases the time range for spectral extraction did not in-
clude the entire flare time range due to reasons such as incom-
plete light curves or overlapping flares. The time regions used for
spectral extraction are shown in Table 2. This table shows the
times for flare spectral extraction and underlying light-curve spec-
tral extraction. In some cases the underlying spectral extraction
used multiple time regions to improve statistics. In other cases

there was one large contiguous time period for underlying spec-
tral extraction.

3.2. Spectral Analysis

Spectral models were fit to data using Xspec version 12.2.0
(Amaud et al. 2005). Spectra were fit in the 0.3 to 10.0 keV en-
ergy range. A systematic error of 3% was assigned throughout
the energy range due to uncertainties in the response of the instru-
ment, particularly below 0.6 keV. During fitting, all spectra were
binned to >20 photons bin~!, and 2 statistics were used.

This work is attempting to apply four different models to flare
spectral data. However, it is clear that the flare itself is not the
only X-ray emission during the time of the flare. The underlying
afterglow of the GRB is usually already in progress at the time of
the flare. In some cases this is a small fraction of the flux from the
flare and would merely add a small systematic effect to the spec-
tral fit. However, in other cases the underlying light curve is a
large fraction of the observed X-ray emission, and its effect must
be taken into account. We choose to do this by selecting a region
of the light curve before and/or after the flare and fitting the
spectra in this time region to a simple absorbed power law, which
has the following form:

-1
SuL = CuL (e’N”“L"(E)) £ b
keV ’

where Ny ur, is the neutral hydrogen column density in units of
atoms cm—2, o(E) is the energy-dependent photoelectric ab-
sorption cross section (Morrison & McCammon 1983), I is the

)
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TABLE 4
ProPERTIES OF BAND Function SpEcTRAL Fits To GoLb FLARES

Vol. 671

NH Epeak
Index Number GRB Flare (10% cm™?) a Jé] (keV) X24 Degrees of Freedom

M @ (©) Q) ®) (©) @) ®) ©
050219 1 30.843%3 115704 2.5250% 0.6%53 1.12 36
050502 1 3.3107 0.74+0:11 2337004 1.0+ 1.20 326
3 9.2763 1.067933 2.017934 107950 0.85 29

050607 2 16.771%° 111494 2317018 1.07558 0.87 31
050712 1 28.2?5;123 1.1 6;%;{‘% 2.08§§;é§ 1 .ozg;é 1.47 55
2 17.2+1% 170734 2,607 03 0.8703 0.98 16

050713 1 4417108 1.697938 8.97+¢87 6.573° 1.02 186
2 36.115%7 1447931 3.02+03% 0.9+328 1.24 46

050716 1 36.7%’%‘7‘ 1.02;%;% 1 283’;57 2.6%5 0.28 54
2 7.9%74 123593 9.375% 10715 0.34 53

050724 1 36.5131 0.691033 1.8775:98 27121 1.01 328
2 43.6732 1.8573% 311792, 23704 0.97 52

3 1341130 0.51792 1917940 2.7°27 1.30 20

050726 2 44457 0.99+0-72 2924070 1.249% 0.92 35
050730 1 3.2;%;2 0.55£§;(§é 1 77§§;é§ 1.85});? 1.03 57
2 6.71% 0.6318;8; 1 61188% 0'9;8:3 0.91 185

3 5'2;5% 0.8618;33 1.8018;% 0'918:?1 0.84 104

4 0.972¢ 0.3870:2 2.4070% 11794 0.96 79

050802 1 1.87}% 117508 9.1675¢" 24758 0.97 29
050803 5 43'1%31-2 0.97t2;§i 2 23t‘]g;9}§7 o.zt(:)é 1.45 32
6 64.8720¢ 2.2679%¢ 9.373%3 0.3703 1.17 16

050820 1 4.7+%7 0.17+037 0.82+5:94 3.07%) 1.12 201
050822 1 4'0}}6%1 0.90%;%‘3; 1.91;%% 2‘62%;% 0.42 25
2 8.91%49'4 1.1412;Eig 2.821(1,:% 0'4l?i49 1.12 29

3 1 O;g‘g' 1.06;'8;82 8 61;(1):83 0.9;(1,255 1.93 16

050904 1 13'415’62 0.9518;gg 1 7519:83 1 23_%' 0.98 180
4 3.3_%;% 1.30_8;%g 9 18_3;% 4.233 1.30 36

5 1 7%13 0'29%% 1 8928;} i 0.91?;190 0.89 24

6 50120 1.607038 1.817°013 4.47) 1.04 21

7 40743 1397012 2124038 58137 0.93 2

050916 1 97.2%50:% 1.007233 1.687922 1.579% 0.53 18
050922 1 2825 1.8079-2 3.685 0% 0.9 1.03 97
2 12,7895 12070 2.54794 107950 0.97 43

3 51723 1.04+0:36 2.5510.8 16737 0.77 114

+4.0 +0.73 +0.07 +3.6

051117 1 10.41%,3 0'8718"?% 1 8618_81 1.7;(1]2 1.10 340
2 8.532 0'7218:3‘3 2 1818;82 1.03;2 0.99 316

3 9'4;%59 1'1018:3? 2 21;8382 1'01?:3 0.98 179

4 11 532 1'1018:32 2 0818:% 1'018? 1.04 224

5 7.43% 1'0918:&‘ 2 44;88% 0 5;8% 1.15 182

6 8.81%;% 0.87l8;§g 2 1718:82 1.13;9 0.99 263

7 7.5432 1.097035 2217088 L1737 1.10 221

051227 1 1357120 0.30792) 1.8310-33 2,578 0.94 22
060111 1 2581154 1.127938 2.827014 091133 0.98 116
2 27.2173 1735032 2.781011 0.9 0.94 74

3 225134 1.1373% 2227904 1.0+5:9 0.96 295

060124 1 105122 0.2270¢) 1205005 20558 0.97 679
2 8.2+ 0.14+0:07 1617391 0.9+0:2 1.06 534

spectral photon index, and C is the normalization constant in units
of photons cm™2 s—! keV~!. If the fit results in a value for the
Nu,uw that is significantly below the Galactic Ny, then the fit is
recalculated with Ny . set equal to the Galactic value taken from
Dickey & Lockman (1990). In cases for which there are not
enough photons that are obviously part of the underlying light
curve (i.e., independent of the flare), a canonical value of I' = 2.0
is chosen, and the Ny is simply tied (i.e., forced to be equal) to the
hydrogen column density in the subsequent flare fitting, Ny _fare-

The normalization of this spectral power law is then found by
using the power-law fit to the temporal decay of the underlying
light curve before and/or after the flare. The underlying temporal
power law is extrapolated into the time region of the flare, and it

is integrated over that time range to obtain the expected counts
from the underlying decay during the flare. This provides the scale
factor by which Cyp must be normalized.

Once the underlying spectra and flux have been estimated, as
described above, these values are frozen and used as an additive
part to the four spectral models for the flares. We then attempt to
fit this additive model to the overall flare plus underlying after-
glow spectral data. The four models we apply are a simple power
law, an exponentially cut-off power law, a power law—plus-
blackbody, and a Band function. The application of these non—
power-law models, with more complex curvature, has been
motivated by the similar application of models to prompt GRB
emission surveys (e.g., Band et al. 1993; Ryde 2004; Kaneko
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Fic. 4—Properties of exponentially cut off power-law model spectral fits to flare data for all gold flares. The index number of the flares shown on the x-axis simply
refers to the index number for each flare shown in col. (1) of Table 5. Many flares did not provide enough data in this energy band to lead to convergence for the cutoff
energy, which is clear from the fact that the third panel has many data points not shown off the top of the plot (these were set to the 500 keV fitting limit and their lower

error bars extend into the plot).

et al. 2006). For all four models, we also apply photoelectric
absorption, which is free to vary. To illustrate the method, the equa-
tions of two of the models are shown below.

Simple absorbed power law:
>rﬂare

Jrotal = Chiare (e*NH.nama(E)) ( E

keV

E \tu
()
Absorbed exponentially cut off power law:
E —Iftare
frotal = Chare (e—NH.ﬂareU(E)> <m> ( e—E/EO_ﬂm)
E \Tuw
+Cun () (keV) ‘ (4)

The other two models used are the thermal blackbody-plus-
power-law model and the Band function model, both of which
are added to the underlying afterglow power-law model in the
same way as the exponential cutoff power-law model is added to
the underlying model in the equations shown above. The black-
body model and the GRB Band function model (Band et al. 1993)
are described by Arnaud et al. (2005). In all cases Cur,, Ni,ut, and
'y are frozen to the values determined using data from a region
before and/or after the flare, and all flare parameters (e.g., Care,
NH, flares I'flare> £0, flares Ee, flare, a0d kT qare) are free to vary during the
fitting process.

4. SPECTRAL RESULTS

The results from applying the spectral models described above
are presented in this section. In order to maximize the prospects
for having reasonably constrained parameters, we selected only
the flares for which there were more than 15 degrees of freedom
during the fitting of the power-law flare model. From this point
forward in the text, we refer to these flares as gold flares.

4.1. Overall Spectral Parameters of Underlying Decay

The spectral parameters derived by fitting an absorbed power-
law model to the underlying afterglow of GRBs with gold flares
are shown in Figure 1. The mean of the photon index distribution
is 1.9 with a standard deviation of 0.3. This is consistent with the
typical photon index for GRB afterglows.

4.2. Overall Spectral Parameters of Flares

The spectral parameters derived by fitting the absorbed power-
law model to the gold flares are shown in Figure 2 and Table 3.
The index of each flare, shown in column (1) of each table, cor-
responds to the x-axis of the plots. A simple absorbed power law
can provide a reasonable fit in most cases. The spectral param-
eters derived by fitting the absorbed Band function model to the
gold flares are shown in Figure 3 and Table 4. Once again, the fit
is reasonable in nearly all cases. The spectral parameters derived
by fitting the absorbed exponential cutoff model to the gold flares
are shown in Figure 4 and Table 5, and the spectral parameters
derived by fitting the absorbed power-law-plus-blackbody model
to the gold flares are shown in Figure 5 and Table 6.
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TABLE 5
ProPERTIES OF EXPONENTIALLY CUT OFF PowER-LAW SPECTRAL FiTs To GoLD FLARES

NH Ecut
Index Number GRB Flare (10%° cm™2) Photon Index (keV) X4 Degrees of Freedom

@ @ ©) “ ®) (©) ™ ®)
050219 1 40.2+104 2,68+ 999 1.12 37
050502 1 8.7113 197914 72154 1.36 327
3 10.84373 2117028 999 0.86 30

050607 2 22,5132 2401041 999 0.87 32
050712 1 23.9733 2.10508 999 1.60 56
2 20.2+5% 3.06105 999 1.09 17

050713 1 46.2734 1.827943 8.87%7 1.02 187
2 50.4+132 3.29+0.8 999 121 47

050716 1 23.6:557 1181952 128.011280 0.28 55
2 2.3+16d 0.02+23 0.6%45 0.32 54

050724 1 4730 1.37751 8.715% 1.03 329
2 48.17%3 2321047 43443 0.95 53

3 18.01134 0.947974 4.875% 1.25 21

050726 2 1.671%7 0.6312% 117898 0.90 36
050730 1 107435 161152 3221327 1.08 57
2 8.4700 166709 999 0.94 186

3 58707 1917938 999 0.94 105

4 7.7+89 1.58+062 4.11238 0.98 80

050802 1 1.87}% 1175923 24779 0.93 30
050803 5 46,9100 223+ 999 145 33
6 83.51323 4147130 59739 1.08 17

050820 1 8.0534 0.72+512 33.6133 1.13 201
050822 1 4.071830 099709 3377 0.42 26
2 19.3%48 2.8610:26 27524399, 1.07 30

3 13.27148 1427032 0.5%91 0.75 17

050904 1 144123 177559 496.7 300 5 0.99 181
4 3.9§;§ 1.37;%%% 4.7;25% 1.27 37

5 11.813;g 1.9318;?g 120.81883 0.96 25

6 42724 1.817012 495.6"332 ¢ 1.05 21

7 5.539 159703 10.614%¢ 0.89 23

050916 1 94.87369 158794 37.7%3%, 0.50 19
050922 1 47.7%21% 3.92;2;@ 204.3;‘;;;% 1.02 98
2 19.51187 2.579%2 252150 0.94 44

3 9.17%1 1724048 4.1+77 0.77 115

051117 1 162718 1.83709% 62.7199%, 1.11 341
2 164413 2.19+091 70.7+3, 1.04 317

3 13.4718 2257097 999 0.99 180

4 14344 212439 999 1.05 225

5 14.0717 2.50709% 999 125 183

6 13.6429 197018 11.2+33! 1.01 264

7 1247332 2257096 497.67%2 , 1.11 222

051227 1 17.7+119 073708 4255 0.90 23
060111 1 38.0743 2.841018 59.9+2%%, 0.98 117
2 31 2§%§ 2.86£§;é§ 499.9§§§,9 0.96 75

3 26.5733 22700 500.07537 5 1.01 296

060124 1 17.4408 1144003 48.541%67 0.98 680
2 16.4793 1667002 499.91927 ¢ 1.12 535

It is clear that there are many cases for which a power law
provides a satisfactory fit. However, it is also clear that there are
many cases for which a more complex model, such as a Band func-
tion, provides a superior fit. In order to explore the distribution of
the change in the quality of fit, a histogram of the Ay ? between
the power-law fits and the Band function fits is shown in Fig-
ure 6. This histogram shows the X[%ow - Xéand for the 47 gold
flares. The mean degrees of freedom were 130 and 128, respec-
tively. For comparison, we have also simulated this same Ay ?
for a fake distribution of power-law spectra. To do this, we sim-
ulated 1000 fake spectra that were power laws with spectral pho-
ton indices 1.9 + 0.3 and the same mean degrees of freedom as
the spectra in the flare sample. These spectra were then fit in the

same way that we fit the spectra of the flare sample, and the Ay ?
was calculated. The resulting A2 distribution from this simula-
tion was plotted as a curve overlaid on the histogram of the real
data in Figure 6.

As expected, there are many flares that can be fit equally well
by both models, but some flares have a better fit using a complex
model such as the Band function. The distribution is skewed
to the positive values of Ay 2. One way to quantify this is to
compare the number of GRB flares with a large Ay ? for both
the real data and the simulated power-law data. For the simulated
power-law data, there are 5 events from 1000 with Ax? > 9.0,
so one would expect 0.23 flares in the sample of 47 gold flares to
have a Ax? > 9.0 by chance, if the real data had been drawn
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Fig. 5.—Properties of blackbody-plus-power-law model spectral fits to flare data for all gold flares. The index number of the flares shown on the x-axis simply refers

to the index number for each flare shown in col. (1) of Table 6.

from a power-law distribution. For the real data, there are 9 GRB
flares from the sample of 47 gold flares that have Ay ? > 9.0.
Therefore, it is unlikely that this sample was drawn from a
simple power-law spectral distribution, and it is clear that Band
functions sometimes provide a superior fit. However, it is worth
mentioning that a power law can provide a reasonable fit to many
flares.

4.3. Fluence of Flares

The fluence of a flare is defined as the flux of the flare, found
using the spectral fits described above, integrated over the dura-
tion of the flare from #ar t0 Z10p in the 0.2—10 keV energy band.
Table 7 shows the fluences for both the power-law and the Band
function fits to the flares. Since the spectral fits provided no com-
pelling evidence for using the thermal model or the exponential
cutoff model, for the remainder of this paper we restrict ourselves
to the standard spectral models used for GRB afterglows and
prompt emission, namely-the simple power law and the Band
function. The quoted error bars are 1 o, and they include the error
due to the uncertainty in the underlying light-curve contribution
to the fluence. In some cases this latter source of error is large and
dominates the error from the spectral fit itself. The calculated
fluence values for all flares (not just the gold flares) have been
reported, even in cases for which there are very few degrees of
freedom. As aresult, some of the fluence values are poorly con-
strained, as reflected by the error bars.

These reported fluence values do not include the contribution
from the power-law component of the spectral model that was
used to approximate the underlying afterglow light-curve contri-
bution to the flare spectrum. In other words, the fluence values
in column (6) of Table 7 include only the contribution from the

Band function component of the spectral model fit to the flare
data, excluding the frozen power-law component from the under-
lying component. The fluence values in column (3) of Table 7
include only the contribution from the unfrozen flare power-law
component of the spectral model fit to the flare data, once again
excluding the underlying component. This is an important point
to stress, since most previous papers that quote a fluence for flares
actually quote the entire fluence under the light curve. This prac-
tice is misleading because the underlying afterglow light curve
sometimes contributes a large, and difficult to constrain, fraction
of the total fluence. The reported fluence values are also cor-
rected for effects due to incomplete light curves for some flares.
For instance, if the tail end of a flare happened to be interrupted
by an orbital gap or the South Atlantic Anomaly, the incomplete
flare light curve would be extrapolated until it intersected with
the extrapolation of the underlying light curve. In these cases
the error on this extrapolation was factored into the error on the
fluence.

The fluence calculations were done in the observed XRT en-
ergy band, which is 0.2—10 keV. Since the X-ray flares emit the
bulk of their energy in this band, we consider this to be the most
reasonable approach. This fact is supported by the Band function
spectral fits that result in X-ray peak energies, and it is supported
by the fact that the X-ray flares are typically weak to undetectable
by higher and lower energy instruments such as BAT and UVOT.
We computed the effect of extrapolating the typical flare spec-
trum into the higher energy band typically reported for Swift
BAT bursts. The median spectral parameters for gold flares that
had a reasonable spectral fit were « = 1.06, 5 = 2.21,and Ey =
1.02 keV; where these refer to the Band function lower energy
photon index, higher energy photon index, and e-folding energy,
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TABLE 6
PropERTIES OF BLackBODY PLus Power-Law SPECTRAL Fits To GoLp FLARES

Ni kT
Index Number GRB Flare (10%° cm™2) Photon Index (keV) X4 Degrees of Freedom

@ @ ©) “ ®) (©) ™ ®)
050219 1 56.87337 2.3479% 0.1501 0.96 36
050502 1 6.4113 2.0670% 0.375:9 1.29 326
3 9.5131¢ 1.861212 0.270% 0.84 29

050607 2 26.072%! 2701058 11799 0.89 31
050712 1 31.2+276 2,52+ 44 32.4+1676 1.52 55
2 19.57103 3.0410:43 0.0+2%0-0 1.16 16

050713 1 41.67114 1.937932 0.5%93 1.01 186
2 117.6787 37148 0.175:9 1.03 46

050716 1 31355 1.56:%3 7.2472 0.29 54
2 1124112 329129 0.3%0) 0.34 54

050724 1 41.7538 1.587909 0.7+ 1.01 328
2 46.27113 269704 0.4+0 0.96 52

3 1485148 131593 0.703 1.29 20

050726 2 23417 2034313 04407 0.90 35
050730 1 3.2432 1291012 0.4704 1.00 57
2 12.613] 2.00704 2,812 0.90 185

3 9.673% 2287027 21731 0.91 104

4 3178 1.75%032 0.4+ 0.95 79

050802 1 6.212%5° 245505 0.703 1.00 28
050803 5 40.0128 0.71+548 0.3501 1.16 32
6 198.71351 544122 0.175:9 0.98 16

050820 1 1.1+2} 0.84+0:94 0.0*59 1.12 200
050822 1 23133 1.32793¢ 0.4752 0.39 26
2 19.2+110 2.75%04 0.1701 1.09 29

3 3431290 4577070 0.075:9 0.94 16

050904 1 14.8723 1797907 0.00 0.99 180

+5.0 +0.43 +0.2
e B A G i
6 60738 19702 3107310 106 20
v-29 21022 V=310 .

7 76123 1.96105 09109 0.91 2

050916 1 84.1735% 1.387)3] 0.57)%4 0.49 18
050922 1 1734738 1.867)73 0.2*01 0.99 97
2 20.07%23 265527 199.3797 5 0.97 43

3 11.5+49 230102 0.5%07 0.77 114

051117 1 143124 1777013 0.4704 111 340
2 132415 2.06+59 0.3*50 1.01 316

3 11.6735 2.147018 0.3703 0.99 179

4 11.87%7 1991043 0.345%7 1.04 224

+2.9 +0.17 +0.0
PR A | A S e
=27 =Y-0.13 ~=0.5 .

7 10.6%33 2167012 0.3704 1.11 221

051227 1 1634154 124403 0.7+57 0.95 22
060111 1 3571361 2775038 0.37)9 0.99 116
2 45.0+1%2 2.867039 0.1759 0.87 74

3 30.5737 2.1870% 0.1709 0.93 295

060124 1 19.4+(: 12240901 0.0+59 0.95 679
2 13.61]2 1.53509 0.4%9 1.10 534

respectively. From these values, it was found that extending the
energy range from 0.2—150 keV added only 1.4% to the fluence
relative to the reported 0.2—10 keV value. This is insignificant
compared to the error bars.

The overall distribution of flare fluences is shown in Figure 7
for the absorbed power-law model and the absorbed Band function
model. Once again, these fluences are for just the flare component.
The two distributions plotted on the right are for the 47 gold
flares that have >15 degrees of freedom in the spectral fit and
X24 < 1.5, while the two distributions plotted on the left include
all spectral fits. Fluence derived from both power-law fits (fop) and
Band function fits (bottom) are shown. The mean 0.2—10.0 keV
fluence (unabsorbed) of our sample of flares, derived using Band

function fits, is 2.4 x 107 ergs cm~2. There is no evidence of a
bimodal distribution, which might arise if flares came from mul-
tiple processes.

5. FLARE FLUENCE VERSUS PROMPT FLUENCE

For the purpose of comparison, the distribution of prompt
emission fluences for this sample of 33 GRBs is shown in Fig-
ure 8. The mean prompt fluence is 2.4 x 1076 ergs cm 2, with a
standard deviation of 2.5 x 10~¢ ergs cm~2. The flare fluence in
the 0.2—10 keV band, where its energy peaks, is approximately a
factor of 10 less than the mean fluence of the prompt GRB emis-
sion (calculated in the 15—150 keV band), measured by Swift
BAT. However, the distributions do overlap. In at least one case
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Fic. 6.—Histogram of Ax? between the power-law fits and Band function
fits for all gold flares. The histogram represents the real data, while the overlaid
line represents the distribution of simulated power-law spectra subjected to the
same fitting procedure.

(GRB 050502b), the fluence in a single flare matches the flu-
ence in the prompt emission from the GRB that spawned that
flare (Falcone et al. 2006). The flare fluence in the X-ray band
(0.2—10keV) is plotted in Figure 9 as a function of the prompt
emission fluence in the 15—150 keV band. The instrument bands
and the peak energies of the flares and the GRB prompt emis-
sion, respectively, have determined the bands over which we have
evaluated this fluence. This is the most reasonable approach in the
absence of more refined measurements of all spectral parameters.
However, it should be noted that a correction to bolometric fluence
could add significant fluence from lower energies (below 0.2 keV
for flares and below 15 keV for GRB prompt emission). Based
on the reasoning in the previous section, it is clear that extending
the energy band to higher energies produces only insignificant
effects.

6. FLARE PROPERTIES VERSUS UNDERLYING
AFTERGLOW PROPERTIES

Based on rapid temporal properties, repetitive flares, and spec-
tral changes during flares, past studies of individual flaring GRBs
have argued that at least the flares in question were due to internal
GRB engine properties, as opposed to afterglow related processes.
This idea is further strengthened by the rapid rises and decays seen
in the sample of flares presented in Paper 1. In Figure 10 we
compare the photon index of the power-law fit to the underlying
afterglow data to the power-law photon index of the flare. The
flare power laws have a wider distribution of spectral indices
than that of the underlying afterglows.

7. TEMPORAL EVOLUTION OF FLARE PROPERTIES

From studies of a few individual GRBs with several strong
flares, the temporal evolution of spectral properties has been ex-
plored. Spectral evolution in individual bright flares has been seen
in GRB 050406 (Romano et al. 2006), GRB 050502B (Falcone
et al. 2006), GRB 050607 (Pagani et al. 2006), GRB 060714
(Morris et al. 2007), GRB 050822 (Godet et al. 2007), as well as
several others. In all cases spectral hardening was observed at the
onset of the flare, followed by spectral softening as the flare peaked
and decayed. Krimm et al. (2007) discuss temporal evolution of
spectral properties from flare to flare in a sequence of flares seen
in GRB 060714, which show a decrease in Epeq as a function of

GRB X-RAY FLARES: SPECTRA 1933

the time of the flare. Butler & Kocevski (2007) has observed the
same trend in his study of several bright X-ray flares.

In Figure 11 we investigate this £ pcai versus time relationship
for this large sample of flares. We have plotted the values for all
of the gold flares that have a known redshift. The time axis is the
flare time relative to the GRB prompt Tj in the burst reference
frame. The results have not been scaled by the prompt GRB E
or relative to one another in any way. As a result, this is merely a
test of whether or not an absolute relationship exists, independent
ofthe individual GRB or flare parameters. There is no clear over-
all relationship present in the data. Due to the potential for un-
known scaling from burst to burst, the spectral softening apparent
in individual bursts would not necessarily be apparent when an
ensemble of flares from many GRBs is plotted together, as we
have done in this case.

In Figure 12 we attempt to investigate the dependence of total
energy release on flare time for this sample offlares. Once again,
we have restricted ourselves to plotting the values for all of the
gold flares that have a known redshift. The time axis is the flare
time relative to the GRB prompt 7 in the burst reference frame.
There is no clear relationship in the data when viewing all of the
flares as a single sample, as we have done here. Of course, it is
still possible that such a temporal relationship exists for the flares
in an individual GRB, but a scaling factor (likely to be dependent
on prompt GRB parameters) would need to be applied to each
GRB and the associated set of flares to see this effect when plot-
ting flare parameters from many GRBs.

8. Epeak versus Eig,

Although it is clear that the flares typically peak in the X-ray
band, the limited bandwidth of the study presented here (0.3—
10 keV) makes it difficult to constrain their peak energies well.
However, this is a topic of considerable importance, since prompt
GRB emission has shown evidence of an empirical relationship
between the peak energy of the spectral energy distribution and
the total energy in the jet, as well as the observed timescales of
the jet emission (Ghirlanda et al. 2005; Amati 2006; Liang & Zhang
2006; Firmani et al. 2006; Thompson et al. 2007). So, in spite of
the narrow/unconstraining bandwidth, we have attempted to ex-
plore this relationship by looking at the relationship between
the Band function Epeax and Ejg, in this band. Epeax is the peak
energy of the Band function spectrum for the flare, which cor-
responds to (2 + «) Ey, where Ej is the e-folding energy that is
obtained from a Band function spectral fit. In this work Ejg, is
defined as the isotropic equivalent energy released during the
GRB flare in the 0.2 keV to 10 MeV band, assuming a Band
function spectrum derived in the 0.2 to 10 keV band, where the
observed flare spectra typically peak. This is calculated as

47rd1%lm
l+2z)

Eiso = k (Sobs)v (5)

—~

where S,y s the unabsorbed fluence seen by the observer in the
0.2—10 keV band, z is the redshift, % is the correction factor from
the observed 0.2—10 keV band to the comoving 0.2 keV to 10 MeV
band, and dj,, is the luminosity distance calculated using a flat
A-dominated universe with Q;; = 0.31, Q = 0.69, and Hy =
70 km s~! Mpc~!. The k-correction factor is described in detail
in Bloom et al. (2001).

In Figure 13 Ejg, (obtained as above using Band function spec-
tral fits) is shown as a function of the redshift-corrected Epcak
exclusively for gold flares that have a redshift measurement. Due
to the paucity of jet break measurements, we cannot calculate £,



TABLE 7
FLUENCE OF FLARES

Fluence (1077 ergs cm™2) Degrees Fluence (107 ergs cm™?) Degrees
GRB Flare Power Law X24 of Freedom Band Function x24 of Freedom
M @ ©) “ ®) (©) M ®)
050219 1 0.7023%00 1.09 38 0.38+037 112 36
050406... . 1 021100 1.78 7 0.1879:4 2.43 6
050421 1 02119500 0.53 10 0.28102 0.64 8
050502.......coccvrvrrer 1 12,9900 1.41 328 8307529 1.20 326
2 0.241047 1.21 8 0.16101¢ 1.54 6
3 0.90" 900 0 0.83 31 081797 0.85 29
050607......oovrvereereeee 1 0.2053%00 0.73 9 0.201013 0.83 7
2 109750050 0.84 33 0.7610:3¢ 0.87 31
050712 1 L51550000 1.57 57 1574338 1.47 55
+999.00 +0.99
§ wEE % e O
. +2-2-999.00 : +10-0.09 :
(K104 < S 1 3.14150000 1.02 188 2.38+178 1.02 186
2 1.55 50000 1.19 48 0.46  core 1.24 46
050714... 1 1790.204215%50 1.68 15 0.427951, 6.28 13
050716 1 0.1910:7 0.28 56 0.22755088 0.28 54
2 0.07+54 0.36 55 0.02+5:9¢ 0.34 53
050724.ccorrvees 1 0.817001 1.05 330 211758 1.01 328
2 0.317937 0.95 54 0.32+048 0.97 52
3 1297927 1.23 22 1287033 1.30 20
0507261, 1 0.14+599-00 0.73 12 0.051990:90 0.94 10
2 0.261 90000 0.93 37 0.14730088 0.92 35
((RTV | — 1 0.47+04¢ 1.06 58 0.357517 1.03 57
2 2.15793¢ 0.94 187 1787939 0.91 185
3 1.03+030 0.93 106 0.755:2 0.84 104
4 1737172 0.98 81 1.067132 0.96 79
050802.......rrevermnees 1 0.20*933 0.97 30 0.02+5:97 0.97 29
050803....conrvverrenne. 1 0.301390:50 0.79 13 0.20%012 0.93 11
2 2,97 50000 1.10 14 0.30" 50000 1.28 12
3 0.381953 0 1.34 13 0.281038 1.52 11
4 418.247500-0¢ 1.20 10 0.05500:50 1.58 8
5 0.2012:63 1.41 34 0.107131 1.45 32
6 0.2970% 1.02 18 999.007 90000 1.17 16
050814 ..o, 1 0.04+390:%0 0.29 2 0.02300:88 999.00 999
2 0.05 90900 0.92 6 0.045520 1.32 4
050819....comrvverrranne. 1 0.19137¢ 0.50 6 0.18%325 0.75 5
2 0.10:0% 1.66 2 999.00 50050 999.00 999
050820.....o.rveerrenne. 1 6.891108.3¢ 1.13 202 6.81110691 1.12 201
050822..couurrreernaees 1 0.29*502 0.44 27 0.24+0:24 0.42 25
2 0.9510:08 1.04 31 0.427585 1.12 29
3 22274192 1.06 18 0.1731 1.93 16
050904.......oooorrenne. 1 251795500 0.98 182 2381224 0.98 180
2 0.27 50000 0.86 11 0.162008 1.03 9
3 011750099 1.38 6 0.109% 2.06 4
4 0.881 114 1.31 38 0.851 1351 1.30 36
5 0.95+22:64 0.93 26 1.07+37:69 0.89 24
6 0.6011708 1.00 22 0.5711373 1.04 21
7 0.4017:33 0.86 24 0.411723 0.93 22
050908........ocovvrrmnnne. 1 0.261 07, 1.22 5 0.0979-0% 1.79 4
2 0.23+0:03 0.56 14 0.207037 0.85 13
050915 1 0.41%50059 0.84 16 0274527 0.93 14
050916... 1 1307370, 0.47 20 1.2273%4 0.53 18
050922 1 4.807 50000 1.01 99 0.74752%2° 1.03 97
+999.00 +999.00
: wEE  am 12
051006 1 035035 0.86 6 021020 1.59 4
--------------------- 220,04 : +£1-999.00 :
2 0.117193 2.04 3 0.117} 87 6.11 1
—+0.14 +0.24
051016 ? 8?213-9‘9“00 (1).4712 51g 998'(2)&3&00 993.(9)5 992
+1%-999.00 . +¥—999.00 .
051117 1 20.60+33-04 111 342 19.08+22.7 1.10 340
2 14.241331¢ 1.04 318 110172333 0.99 316
3 4.83+389 0.98 181 42058 0.98 179
4 7.20775:04 1.04 226 6.607515) 1.04 224
5 491188 1.24 184 3.66125:5 115 182
6 101578620 1.03 265 8.2276172 0.99 263
7 8.40123417 L.11 223 7.314]587 1.10 221
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TABLE 7— Continued

Fluence (107 ergs cm™2) Degrees Fluence (107 ergs cm™2) Degrees
GRB Flare Power Law X24 of Freedom Band Function X24 of Freedom

M @ ©) “4) ®) (©) Q] ®
051210..ccomrveeene. 1 1.007955°%9 1.75 7 0.0510:2 3.51 4
051227 oo 1 0.28+905 0.93 24 0.20*002 0.94 22
060108........ovvermeene. 1 0.02390:50 0.29 2 999.00™ 50090 999.00 999
2 0.70% 55000 0.60 7 04619340 0.80 5

060109........cvvereenn. 1 0.191%:13 0.76 16 0.32+030 0.66 14
060111 ..o 1 4.65%500:50 0.98 118 2154855200 0.98 116
2 2.057550%8 0.95 76 13978500 0.94 74

3 9.15% 90009 1.00 297 7.207720 0.96 295

060115 1 0.201390:%0 1.06 15 0.201%5 ., 0.86 13
060124..........coorrne. 1 27.1359% 0.98 681 33.73 04 0.97 679
2 12.401527 1.11 536 16.807332 1.06 534

which corrects Ejs, by accounting for the jet opening angle. Thus,
we cannot explore the tighter £ pe.-£, relationship reported for
GRB prompt emission by Ghirlanda et al. (2005).

While it does seem clear that the flares involve a peak energy
that is significantly lower than the more typical hundreds of keV
observed for the initial GRB prompt emission, it is not clear if
there is a strong relationship of this peak energy with Ejy,, due
to the large error bars and the limited sample. The relatively low
Ecax in the X-ray band is expected, of course, since the flares are
observed as increases in the X-ray band, which are often not ac-
companied by measurable increases in other bands. Unfortunately,
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due to the size of the error bars on £ e, it is not at all clear whether
there is a relationship for the flares that is similar to the Epeac-Eiso
correlation found for the prompt GRB emission. The intriguing
hint of a relationship evident in Figure 13 will be explored in the
future using more flares and broader spectral coverage.

9. REDSHIFT DISTRIBUTION

This sample contains 14 GRBs that have a measured redshift.
The redshift distribution is shown in Figure 14. The mean red-
shift for these 14 GRBs is z = 2.6. This value is consistent with
the mean redshift of all Swift GRBs, which is between 2.5 and 2.8
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Fic. 7.—Unabsorbed 0.2—10.0 keV fluence distribution of flares. The two panels on the left are for all flares that had a convergent spectral fit. The two panels on the
right are for gold flares that have >15 degrees of freedom in the spectral fitand x2; < 1.5. Fluence derived from both power-law fits (top) and Band function fits (botton)
are shown.
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FiG. 8.—Prompt emission 15—-150 keV fluence distribution of GRBs that are
in this sample of flaring GRBs.

(Burrows et al. 2006; Jakobssen et al. 2006). This shows that the
flaring GRBs are not drawn from a significantly different redshift
distribution than the overall sample of GRBs.

10. DISCUSSION AND CONCLUSIONS

Based on this sample drawn from the first 110 Swift GRBs, it is
clear that significant X-ray flares are produced frequently and at
late times. In this paper we have presented a detailed spectral anal-
ysis of 77 X-ray flares drawn from 33 GRBs. Some of these
GRBs had many flares (we find seven significant flares in two
of these GRBs, but there are probably even more temporally un-
resolved flares leading to observed intraflare variability), while
many GRBs had only one or two flares. Each of the flares was
treated as an individual event, and properties of the entire sample
of flares were presented. Although several studies of individ-
ual flares have been published recently, this paper (along with
Paper I) provides a systematic study of a large sample offlares.
Furthermore, this paper is the first to correct for the effects of the
underlying afterglow on the spectra of the flares. For the flares in

Q0

Flare Fluence (erg cm‘z) (0.2-10 keV)

10 10° 107
Prompt GRB fluence (erg cm’z) (15-150 keV)

Fic. 9.—Flare fluence in the 0.2—10 keV band (derived using a Band func-
tion) plotted as a function of the prompt GRB fluence in the 15-150 keV
band.
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Fic. 10.— Comparison of the power-law spectral photon indices for the un-
derlying afterglows and for the flares.

which the fluence of the underlying light curve is a significant
fraction of the fluence of the flare, the effect of the underlying
photons on the flare spectra is significant.

Several spectral models were fit to each flare. These models
included a simple absorbed power law, similar to the simple ab-
sorbed power law that typically fits the underlying afterglow light
curve, as well as more complex models more akin to the spec-
tral models that frequently provide a better description of GRB
prompt emission, such as the GRB Band function (Band et al.
1993). For some flares, both simple and complex models pro-
vided a reasonable fit, while some flares had an improved fit by
using a more complex model such as a Band function. It is un-
likely that the complete distribution of spectra was drawn from a
pure power-law distribution. Spectra with curvature, such as the
Band function, could be related to the instantaneous source spec-
trum, but it should be noted that it could also be caused by
temporal evolution of the spectrum during the flare (this work
averaged the spectrum over the entire flare), since some flares
have shown spectral evolution in time (Godet et al. 2007; Krimm
et al. 2007). In any case, this result is similar to the results found

10 1 ‘2 163 ‘4 5

Rest Frame tﬂare—TGRB

Fig. 11.—Redshift-corrected peak energy of gold flares as a function of rest-
frame flare time relative to prompt 7p. This plot contains all flares irrespective of
(and unscaled for) prompt emission £ peqk -
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Fic. 12.—Ej, for gold flares as a function of rest-frame flare time relative to
prompt Ty. Ejs, is k-corrected and is calculated in the 0.2 keV to 10 MeV band.
This plot contains all flares irrespective of (and unscaled for) prompt emission
properties.

for prompt emission from GRBs (Kaneko et al. 2006; Band et al.
1993), in which power laws sometimes provided a reasonable fit
to prompt emission, while Band functions provided a better fit
to the overall sample.

It was also found that the photon spectral indices of the flare
spectrum did not always match those of the underlying spectrum,
and the distributions were different from one another. In those
cases this finding indicates a different population or mechanism
for the production of the flare photons and the underlying after-
glow light-curve photons. This result provides further evidence
that flares are caused by some form of internal engine activity,
particularly when evaluated in conjunction with the small A#/¢
values and further temporal analysis reported in Paper I, along
with previous studies of individual bursts (Burrows et al. 2007;
Chincarini et al. 2006; Falcone et al. 2006). In the context of the
standard model this central engine activity would most likely in-
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Fig. 13.—Exploration of Band function fit for £, relationship with Ejg, for
flare emission. Ejs, has been k-corrected into the comoving 0.2 keV to 10.0 MeV
band. Only the fluence from the flare itself (i.e., underlying afterglow emission
subtracted ) was included in the calculation of Ejs,. The three data points with the
lowest Eis, ( plotted as x symbols) are from flares associated with a short burst.

Fic. 14.—Redshift distribution of GRBs with flares.

volve very late internal shocks. These internal shocks could, in
principle, arise from a distribution of Lorentz factors for the shells
from earlier internal engine activity, but this seems unlikely due to
the inefficiency of the kinetic energy conversion that would result
from these weak internal shocks (Zhang 2007; Lazzati & Perna
2007). The late internal shocks are probably the result of late in-
ternal engine activity.

This sample contained 14 GRBs with a measured redshift, and
the average redshift did not differ from the average redshift for all
Swift GRBs, including those without flares. This implies that late
flares cannot be explained merely as redshifted multipeaked emis-
sion from the initial prompt GRB. This result is also supported
by individual burst analyses that are corrected for redshift, such
as Cusumano et al. (2007), in which a high-redshift burst has very
late flares in the burst rest frame. All of this implies that the large
fluence values for flares reported in this paper (sometimes com-
parable to the prompt GRB emission, and typically ~10 times
less than the prompt GRB) must be produced at very late times
with peak energies in the X-ray band. GRB progenitor models
must be capable of producing this emission within a comparable
energy budget to that which was previously applied only to the
prompt GRB emission. The fallback of material onto the central
black hole after a stellar collapse could last for long time periods
(Woosley 1993; MacFadyen et al. 2001) and lead to late inter-
nal engine activity, but the reduced luminosity of this model at
late times means that it cannot explain all flares. Several models
for continued activity of the central engine have been proposed
(e.g., Perna et al. 2006; Fan et al. 2005; Dai et al. 2006; King et al.
2005; Proga & Zhang 2006; Katz 1997). These models, and
others, must be evaluated in the context of the energy budget and
the spectral parameters presented here.

This work has also attempted to explore the relationship be-
tween Epex and Ejg, for flares, in an effort to see if the Amati
relationship (Amati 2006; Amati et al. 2002) is also present for
flare events. This approach is necessarily restricted to flares for
which the GRB redshifts are known and the spectra have enough
counts to constrain the parameters. Unfortunately, this leads to only
18 flares (3 of which are from a short burst), and the parameters
are not particularly well constrained, as shown in Figure 13. Al-
though a relationship may exist and there is an intriguing hint of
a correlation similar to that reported by Amati (2006) for GRB
prompt emission, it is impossible to come to any firm conclusion
due to the limited sample and large error bars. By looking at more
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flares and analyzing data from more instruments over a wider

energy band (thus improving the E . constraint), this aspect of

the flare study will be revisited in the future.
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