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ABSTRACT

We present a systematic study of the steep decay emission from gamma-ray bursts (GRBs) observed by the Swift
X-Ray Telescope (XRT). In contrast to the analysis described in recent literature, we produce composite Burst Alert Tele-
scope (BAT) and XRT light curves by extrapolating the XRT data (2—10 keV) into the BAT energy range (15-25 keV)
rather than extrapolating the BAT data into the XRT energy band (0.3—10 keV). Based on the fits to the composite
light curves, we have confirmed the existence of an exponential decay component which smoothly connects the BAT
prompt data to the XRT steep decay for several GRBs. We also find that the XRT steep decay for some of the bursts can
be well fit by a combination of a power law with an exponential decay model. We discuss this exponential component
within the framework of both the internal and the external shock model.

Subject heading: gamma rays: bursts
Online material: color figures

1. INTRODUCTION

The transition between the gamma-ray burst (GRB) prompt
emission and afterglow emission has generated great interest within
the scientific community. It is generally accepted that the GRB
prompt emission is due to internal shocks originating from the col-
lision of faster and slower moving shells, whereas the afterglow
is believed to originate from an external shock resulting from the
relativistic fireball colliding with a circumburst medium (Rees &
Mészaros 1994; Sari & Piran 1997; Mészaros & Rees 1997). During
the GRB episode there should be a transition from one phase to
the other; however, it is still not well understood as to when this
transition occurs. The Burst and Transient Source Experiment
(BATSE) observation of GRB 980923 showed long-lasting tail
emission, ~400 s, which is best described by a power-law tem-
poral decay (Giblin et al. 1999). Based on the spectral and tem-
poral characteristics of this burst, Giblin et al. (1999) concluded
that the tail emission was a part of the afterglow emission; thus,
the external shock could be generated during the prompt gamma-
ray phase. Giblin et al. (2002) performed a systematic study of the
prompt tail emission using 40 GRBs observed by BATSE. They
found that the temporal decays are best described by a power law
with a decay index of —2 rather than an exponential. There are
several other analysis of BATSE data which reach the same con-
clusion (e.g., Ryde & Svensson 2002). According to the BeppoSAX
observations, the late-time afterglow smoothly connects with the
prompt emission if the onset time of the light curve is defined as
the start time of the last pulse observed in the Wide Field Camera
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(2-30 keV; e.g., Pian et al. 2001; Piro et al. 2005). These ob-
servations support the idea that the late X-ray spike represents
the onset of the afterglow. However, the delay of a few hours to a
few days before the narrow field X-ray instrument is pointed to
the GRB position weakens the discussion concerning the transi-
tion from the prompt emission to the afterglow.

As aresult of the revolutionary features of Swift (Gehrels et al.
2004), our understanding of the X-ray properties of GRBs has
been improved dramatically. With the combination of the accurate
onboard calculation of the GRB position by the Burst Alert Tele-
scope (BAT: 15—150 keV; Barthelmy et al. 2005) and the fast slew-
ing capability of the spacecraft, Swiff can begin a highly sensitive
X-ray observation with the X-Ray Telescope (XRT: 0.2—10keV;
Burrows et al. 2005) within a few tens of seconds to a few hundred
seconds after the burst trigger. According to the XRT observations,
the X-ray properties of the GRB emission have very complex fea-
tures (Nousek et al. 2006; Zhang et al. 2006). One of the most
unexpected discoveries by the XRT is the existence of the steep
decay component during the initial phase of the X-ray light curve.
The origin of this steep decay component is generally consid-
ered to be a result of the delayed prompt emission from different
viewing latitudes of the jet, the so-called curvature effect (e.g.,
Fenimore et al. 1996; Kumar & Panaitescu 2000; Zhang et al.
20006). Tagliaferri et al. (2005) and Barthelmy et al. (2005) inves-
tigated the steep decay component with the composite BAT and
XRT light curves for several GRBs. To generate the composite
light curve, both papers performed an extrapolation of the BAT
mask-weighted (background-subtracted) light curve into the XRT
0.2—10 keV energy band using a best-fit power-law photon index.
The authors found that GRB 050126 and GRB 050219A do not
show continuous emission from the BAT to the XRT light curve;
however, GRB 050315 and GRB 050319 do display a smooth
continuation from the BAT to the XRT light curve. O’Brien et al.
(2006) performed a systematic study of the early X-ray emission
using a sample of 40 Swift GRBs. They constructed a composite
BAT and XRT light curve in the 0.3—10 keV band. In order to ex-
trapolate the BAT data points, the BAT mask-weighted count rate
was converted to flux in the 0.3—10 keV band using the mean of
the best-fit photon indices obtained from a simple power-law fit
to both the BAT and the XRT spectrum. The authors found that a
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Fic. 1.—Schematic figures of the observed spectra with different Eeq energies (case 1: Epear > 150 keV; case 2: 15 keV < Epeac < 150 keV; case 3: 10 keV <
Epea <15keV; case 4: 0.3 keV < Epeac < 10 keV; and case 5: Epeqr < 0.3 keV') demonstrating issues with the different extrapolations (/eff, extrapolating the BAT data
down to the XRT energy band [ BAT-to-XRT extrapolation]; right, extrapolating the XRT data up to the BAT energy range [ XRT-to-BAT extrapolation]). The hatched
regions show the extrapolated energy band. The extrapolated spectra shown with the middle three dotted lines indicate issues with the extrapolation. There should be no
issue with the extrapolation of the spectra shown in cases 1 and 5 (dotted lines overlapping those cases). See text for details (§ 1). [See the electronic edition of the Journal

for a color version of this figure.]

fit of the 40 superimposed GRB light curves in the 0.3—10 keV
band could be described by an exponential decay followed by a
power-law decay. Willingale et al. (2007) investigated the X-ray
emission including the late-time light-curve data. They found that
the X-ray light-curve data can be modeled with the superposition
ofan early (“prompt”’) and a late-time (“afterglow’”) component.

In this paper, we describe the analysis of the tail emission using
an alternative approach. We generate the composite BAT and XRT
light curve in the 15-25 keV BAT energy band by extrapolating
the 2—10 keV XRT count rate into the 15-25 keV band. Either
approach, extrapolating the BAT count rate down to the XRT band
(hereafter BAT-to-XRT extrapolation) or extrapolating the XRT
count rate up to the BAT band (hereafter XRT-to-BAT extrapola-
tion), can encounter similar systematic problems. Most of the GRB
prompt emission spectra is well fit by the Band function (Band
etal. 1993) with a low-energy and a high-energy photon index of
~1 and ~2.3, respectively (e.g., Sakamoto et al. 2005; Kaneko et al.
2006). However, it is a well known characteristic that the peak
energy of the spectrum, Epeqi, not only evolves during the burst
(e.g., Lloyd-Ronning & Petrosian 2002; Frontera et al. 2000), but
also changes from burst to burst (e.g., Sakamoto et al. 2005). Here,
we discuss the issues with regard to both types of extrapolation by
considering five cases depending on the value of Ecax (shown in
Fig. 1; the left panel is the BAT-to-XRT extrapolation, and the right
panel is the XRT-to-BAT extrapolation). If we consider the energy
bands of the BAT (15—-150 keV') and the XRT (0.3—10 keV), the
five cases are defined by: (1) Epear > 150 keV, (2) 15 keV < Epeq <
150 keV, (3) 10 keV < Epeac <15 keV, (4) 0.3 keV < Epesx <
10keV, and (5) Epeak < 0.3 keV. For cases 1 and 5, both the BAT-to-
XRT and the XRT-to-BAT extrapolations should provide the cor-
rect flux because the photon index of the extrapolated energy band
is the same as the observed energy band (“1”” and “5” of the left
and the right panels of Fig. 1). For cases 3 and 4, the BAT-to-XRT

extrapolation would overestimate the flux in the XRT energy band,
since the photon index in the observed energy band is steeper than
that of the extrapolated energy band (“3” and “4” of the left panel
of Fig. 1). Similarly, for case 2 and 3, the XRT-to-BAT extrapo-
lation would overestimate the flux in the BAT energy band, be-
cause the photon index in the observed energy band is shallower
than that of the extrapolated energy band (“2”” and “3” of the
right panel of Fig. 1). For case 2, using the BAT-to-XRT extrap-
olation (“2” of the left panel of Fig. 1), and for case 4, using the
XRT-to-BAT extrapolation (“4” of the right panel of Fig. 1), the
flux would be overestimated in the XRT and the BAT energy band,
respectively, because the simple power-law fit is a tangential line
to the curved spectrum as a result of the narrow energy bands of
the BAT and the XRT (e.g., Sakamoto et al., in preparation).

To date, most of the BAT and XRT composite light curves in
the literature have been produced from a BAT-to-XRT extrapo-
lation. However, we believe that the XRT-to-BAT extrapolation
described here may minimize the systematic errors, especially with
respect to investigating GRB tail emission, for the following three
reasons. First, we can account for the spectral evolution during
the prompt emission if we extract the flux from the time-resolved
spectral analysis of the BAT data. As previously mentioned, Epeax
shifts from hundreds of keV to a few keV during the prompt emis-
sion. If in the analysis, one does not account for the spectral evo-
lution during the prompt emission, which is the case for the majority
of the published XRT and BAT composite light curves using the
BAT-to-XRT extrapolation, the systematic error in the extrapo-
lated flux in the X-ray range could be significant. Second, since the
BAT mask-weighted count rate does not correct for the energy de-
pendence of each photon, the count rate of the source in the off-
axis direction will be systematically smaller than the on-axis case.
This effect becomes an issue when the BAT-to-XRT extrapolation
has been performed by converting the BAT mask-weighted count
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rate into flux using a fixed photon index obtained from a simple
power-law fit. According to the BAT Crab observation, the count
rate from the Crab is ~15% smaller in the 45° off-axis case. This
off-axis effect is correctly taken into account in the BAT energy
response matrix, but not in the BAT mask-weighted count rates.
Therefore, unless one applies an additional off-axis correction to
the BAT mask-weighted count rates, a systematically smaller flux
is obtained if the source is in the off-axis direction, which is always
the case for the BAT GRB data prior to the spacecraft slewing to
the GRB position. Third, according to the GRB synchrotron shock
model (Sari et al. 1998), if the observed spectrum has a photon
index steeper than 2 and a power-law index of an electron distri-
bution, p, in the range of 2 < p < 3 [where N(,) o<,7, and v,
is the Lorentz factor of the electrons], then the observed frequency
should be above the synchrotron critical frequency for electrons
with a minimum Lorentz factor (v,,) in the fast cooling phase or
above the cooling frequency (v.) in the slow cooling phase. In
this case, since there is no characteristic frequency above v, (in
the fast cooling case) and v, (in the slow cooling case), it is rea-
sonable to extrapolate upwards in energy. The electron power-
law index 2 < p < 3 is typical for both the prompt emission (e.g.,
Kaneko et al. 2006) and the afterglow of GRBs (e.g., Panaitescu
& Kumar 2002; Yost et al. 2003). Thus, if we select the burst sam-
ples which have an observed photon index steeper than 2 in the
XRT data, the systematic error in the XRT-to-BAT extrapolation
should be reduced.

Following these arguments, we describe in this paper the XRT-
to-BAT extrapolation to investigate the nature of the XRT steep
decay component. As we mentioned, in principle the XRT-to-BAT
extrapolation has similar issues to the BAT-to-XRT extrapolation.
However, for certain bursts the XRT-to-BAT extrapolation could
greatly reduce the systematic error. More importantly, a different
approach to the analysis may provide an alternate view of the
problem.

2. ANALYSIS

X-ray light curves were produced from the XRT data for all
Swift GRBs detected between 2005 June’ and 2006 September.
In total, 54 GRBs with an early phase power-law decay index
steeper than —2 (¢, taken as the BAT trigger time) were identi-
fied. From the spectral analysis of the X-ray data from these bursts
in the 0.3—10 keV band, we found that many bursts exhibited a
significant difference in the best-fit spectral parameters between
the early (<1000 s) data and the later (>1000 s) data. This is
likely due to the fact that £, is moving through XRT energy range
early in the observation, but one cannot measure this from the
XRT data alone because of the narrow energy band (e.g., Butler
& Kocevski 2007). To minimize the effects of the spectral evolu-
tion and also the absorption, only data above 2 keV was used in
these analyses. We further refined the burst sample to those which
satisfied the following criteria. (1) Greater than four data bins con-
taining at least 20 counts in the 2—10 keV light curve during the
early phase (<1000 s). This criteria reduced the number of bursts
in the sample significantly, due to much fewer counts being de-
tected above 2 keV. (2) No more than a single flare present in the
early XRT light curve.! (3) The joint spectral analysis of the Photon
Counting (PC) and Windowed Timing (WT) data must include a
photon index of 2 in the 90% confidence interval; 13 GRBs satis-
fied the screening criteria. Since the 2—10 keV joint spectral fit to

® Following updates to the onboard software which compensate for the un-
controlled temperature due to failure of the cooling control system (Kennea et al.
2005), bright Earth effects, and micrometeriod damage (Hill et al. 2005).

19 Bursts exhibiting flares in the BAT were not excluded.
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the PC and WT data includes a best-fit photon index steeper than
2 for all the GRBs in the sample, Epcax should be below 2 keV.
This will reduce the systematic error of the extrapolation, because
there should be no spectral evolution as a result of the shift of
Epeax during the burst.

As mentioned in Zhang et al. (2006), the definition of the off-
set time (Z) is critical when performing fits to the early phase light
curve. Traditionally, #, is defined as the trigger time of the GRB
instrument, when the count rate exceeds some background level
(rate trigger). However, the definition of the BAT trigger time is
different. The BAT trigger time is the start time of the foreground
time interval of the image from which the GRB is detected on
board. Thus, to be comparable to a rate-trigger time, we define £,
as the start time of the prompt emission (start time of #1¢ interval)
for the whole sample.

2.1. BAT Analysis

The BAT analysis was performed using HEAsoft version 6.1.1
and CALDB version 20060530. The event-by-event data were
used for these analyses. The nonlinear energy correction for each
event was applied by bateconvert. The mask-weighting factors
were calculated by batmaskwtevt using the onboard position.
The detector enable and disable map was created by bathotpix
combining the enable and disable map generated by the flight
software. We created the BAT light curve by batbinevt in the
full energy range (15-350 keV!!) in 4 ms bin except for GRB
051109A (64 ms), GRB 060427 (1 s), and GRB 060923C (64 ms).
We used larger binning for these three GRBs because of the low
signal-to-noise ratio of the emission. The duration and the time
intervals based on the Bayesian Block algorithm (Scargle 1998)
were calculated by battblocks. The spectrum of each time inter-
val was extracted by batbinevt. The energy response file was cre-
ated by batdrmgen. If the time interval was during the spacecraft
slew, we updated the keywords in the spectral file related to the en-
ergy response process by batupdatephakw and then created the
energy response file for the time interval by batdrmgen. We ap-
plied systematic error vectors to the spectrum using batphasyserr
prior to doing the spectral analysis. The spectral analysis was per-
formed using XSPEC 11.3.2.

The energy flux in the 15—25 keV band was calculated for each
time interval directly from the spectral fitting process. The spectra
from each time interval were fitted with a simple power-law model.
According to the BAT GRB catalog (Sakamoto et al. 2008),
the detection threshold of the BAT in the 15-25 keV band is
~1077 ergs cm~2 s~!. Based on this result, the 15—25 keV flux
was treated as an upper limit when the calculated 15-25 keV
flux was less then 10~ ergs cm ™2 s~!. The upper limit was es-
timated from using the event-by-event data from the Crab nebula
on-axis observation collected on 2005 March 24 (observation
ID: 00050100016). According to this observation, the BAT can
detect the Crab nebula in the 15-25keV band at 5 oina 1 s ex-
posure. Assuming that the BAT sensitivity scales as the square root
of the exposure time (Markwardt et al. 2005) and a canonical Crab
flux of 5.3 x107? ergs cm~2 s~ ! in the 15-25 keV band, we cal-
culated the BAT 5 o upper limit in the 15—25 keV band from the
following equation,

5.3 %107
F(15-25 keV)s , = 22— 1,04

7o (ergs em*s71). (1)

"' The coded mask is transparent to photons above 150 keV. Thus, photons
above 150 keV are treated as background in the mask-weighted method. The ef-
fective upper boundary is ~150 keV.
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Here .y, is the exposure time and fycode is the partial coded frac-
tion. Since our estimation of the 5 ¢ upper limit is based on the
on-axis Crab observation, fcoqe Will correct for a source observed
in the off-axis direction.

For the time-averaged spectral analysis, we use the time in-
terval from the emission start time to the emission end time (#;00
interval). When the spacecraft slew occurred during the time in-
terval, we created the response matrices for each 5 s period, taking
into account the position of the GRB in detector coordinates. We
then weighted these response matrices by the 5 s count rates and
created the averaged response matrices. Since the spacecraft slews
about 1° s~! in response to a GRB trigger, we choose 5 s intervals
to calculate the energy response for every 5°.

2.2. XRT Analysis

The 13 bursts meeting the criteria outlined in § 2 were pro-
cessed using the HEAsoft tools version 6.1.1, including version
2.5a of the Swift software. The level two cleaned event files were
produced from the xrtpipeline task (version 10.4) using the
standard screening criteria. Version 8 of the response matrices in
CALDB and the corresponding ancillary response produced from
xrtmkarf were used. The standard grades (Burrows et al. 2005)
were used in the analysis; grades 0—2 and 0—12 for WT and PC
mode, respectively.

Both WT and PC mode data (Hill et al. 2004, 2005) from the
first observation segment (000) were analyzed. The source and
background extraction regions were nominally a 40 pixel square
and an annulus with a 3 pixel inner radius and 25 pixel outer ra-
dius for WT and for PC mode, respectively. The extraction regions
were modified for the piled up cases in WT mode in accordance
with Romano et al. (2006), eliminating an inner square centered
on the source. It is well documented that pileup in PC mode causes
a redistribution of single pixel events to higher grades (Vaughan
et al. 2006). In order to account for pileup in PC mode, the grade
distributions were analyzed for each burst during periods where
the count rate exceeded 0.5 counts s~!. For each burst, the per-
centage of single pixel events were plotted versus the radius of
the center of the annulus for increasing radii (0—8 pixels). The
annulus with smallest radius at which the percentage of single
pixel events became constant was used for the PC mode analysis.
Nominally, for a spectrum where the average energy is 1.5 keV,
78% of the events will be single pixel events (Moretti et al. 2004).

The hardness ratio [(2.0—10.0) keV/(0.5-2.0) keV ] was ex-
amined for each burst to ensure that there was no significant spec-
tral evolution. An exposure map was created from xrtexpomap
to correct for the dead columns and hot pixels. xrtmkarf was used
to create the ancillary response files. This includes corrections for
losses in the wings of the point-spread function and the center of
the annulus, for the exposure and for vignetting.

The spectrum file was binned with a minimum of 20 counts bin !
in order for x ? statistics to be valid for the spectral fitting. XSPEC
version 11.3.2 was used to perform a joint spectral fit of the WT
and PC data from 2—10 keV using a simple power law model. The
15—25 keV normalization obtained from the pegpwr1w model was
used to extrapolate the XRT count rate into flux in the BAT 15—
25 keV energy range. Only light-curve bins with greater than 90%
exposure were used in order to limit errors due to dead time in-
curred by instrument mode switching. The light curve was binned
to have greater than 20 counts bin~'.

2.3. Fitting a Composite BAT and XRT Light Curve

To investigate the connection between the prompt and after-
glow emission in the composite light curves, we first fit the XRT

light curve, only using data where the hardness ratio showed no
strong spectral evolution. We then fit both the BAT and XRT light
curves jointly. Both fits were performed using a power-law model
with an offset time (PLO),

Fis-askev = Kpow (t — 15™), (2)

where 7" is a offset time, «v is a decay index, and Ky is the
normalization, and with an exponential model (EXP),

t
F15_251ev = Kexp €Xp (—;), (3)

where w is the decay constant and Ky, is the normalization. For
the XRT only fit, we fixed " to zero. Finally, we fit the BAT and
XRT light curves simultaneously using a combination of a power-
law model with an exponential decay component (PLEXP),

W\ —Q t
Fis-askev = Kpow (t = 15°) " + Kexp exp(f;) (4)

For the fit to the XRT only light curve, the time interval was
from the first XRT data point to the last data point before showing
adeficit from the PLO model using an offset time of zero. For the
joint BAT and XRT fit, the time interval was from the first BAT
data point to the last XRT data point before showing a residual
from the PLO model. Any other definitions used for the time in-
terval are stated as footnotes in Table 1. The values of the time in-
tervals used in the light-curve fitting are shown in the column (4)
of Table 1. The best-fit model was selected based on the x 2 of the
fit. However, because a PLO model will not fit the data before 75",
the judgment between PLO and PLEXP is based on visual inspec-
tion as to whether the model fit both the BAT and XRT data si-
multaneously or not.

3. RESULTS

The left panels of Figure 2 show the composite BAT (open
circles) and XRT (open triangles) light curve in the 15-25 keV
band overlaid with the best-fit light-curve model. The light-curve
models are PLO (eq. [2]), EXP (eq. [3]), and PLEXP (eq. [4]),
from top to bottom. In the bottom figure of PLEXP, both PLO
and EXP components are also shown as a dashed and a dash-dotted
line, respectively. The best-fit parameters of the light curves are
summarized in Table 1. The best fit of these models is labeled in
light gray. The right panels of Figure 2 from top to bottom show the
BAT light curve in the 15—150 keV band, the BAT photon index
based on the time-resolved spectral analysis, the XRT 2—10 keV
count rate, and the XRT count rate ratio (2.0—10.0) keV/(0.5—
2.0) keV. The best-fit spectral parameters based on the 2—10 keV
joint fit to the XRT WT and PC mode data are summarized in
Table 2.

From the initial steep decay phase of the XRT light curve, it is
difficult to distinguish between PLO and EXP from the XRT data
alone. Both models fit equally well for all of the bursts. However,
the difference and the importance of the individual components
become clear when the BAT data are included in the fit. An EXP
model fits well for GRB 050814, GRB 050915B, GRB 060427,
and GRB 060428B. A PLO ora PLEXP model is not required for
these GRBs. For GRB 060923C, a PLO is the model best repre-
sented by the composite light curve. A PLEXP is the best model
for the remaining seven GRBs. The best-fit parameters which we
used in the systematic study presented in this section are marked
by a footnote in Table 1.



TABLE 1

PARAMETERS OF THE LiGHT CURVE FiTs

Power Law EXPONENTIAL
to Frrring
GRB (UT) DaTa® (s) v a Koow x?2 dof~! w Kexp x? dof !
(D (@) 3 “) ® (©6) (7 (3) ©) (10) (1
050803............. 2005 Aug 3, XRT  100-147 0° 53407 17.4 6.6/5 22+3 3.8M19 x 1078 7.3/5
19:14:59.3  PL/EX  0-406  87.2%03 1L18£0.07 (1.1£03)x107% 144/10 323+£09 (84£0.7)x107° 122.2/13
PLE 0-406 8837003  0.87+£0.03  2.0x107°"° e 26+ 1° 1.0 x 1078° 22.0/12¢
050814............ 2005 Aug 14, XRT  167-466 0 3.6+03 41753 x1072 11720 71+4 4.0x107° 23.7/20
11:38:55.4  PL/EX  0-466 70.3 2.5 53x107° 10.3/21 66+2°  (5.0+0.5)x107%°  27.7/23°
PLE 0466 445 1.6 5.1x107%° . 621 5.8x107°° 24.2/22
050915B......... 2005 Sep 15, XRT  158-228 0° 53408 1.3 x10? 10.7/5 3618 21737 %1078 11.7/5
21:22:56.6  PL/EX  7-228 21.3 2.1 4.0x107° 27.0/7  332£0.6° (3.0£0.1)x107%  27.6/8°
PLE 7-228  —2971} 3.8703 2.0x1072° . 35+2 1.7x107%° 16.4/7
051109A.......... 2005 Oct 09, XRT  131-196 0° 22407 3.2x107¢ 0.4/4 74738 5.0752 %1071 0.3/10
01:12:17.6  PL/EX  0-196 1.9 —1.6 22x1077 7.8/6 286+1  (1.5£02)x107%  50.8/8
PLE 0-196  4.78+£0.02° 0.79+0.03°  2.5x107°>¢ . 21 £3° 1.5x10785¢ 2.8/7°
060109............ 2006 Jan 09, XRT  110-200 0° 43404 2.6x107! 7.3/8 33+3 8.6739x107° 8.5/8
16:54:41.2  PL/EX  0-862 88+ 1 1.6+0.1 71737 %1078 11.1/11 242  (3.6+04)x107° 109.1/12
PLE 0-862 90+0.3° 1.42+003°  1.8x107%>° . 3242° 3.5x 10790 8.4/11°
060111B.......... 2006 Jan 11, XRT  89-149 0° 28+0.7 2.1x1073 2.6/3 4314 6.57$2 x 10710 3.2/3
20:15:41.2  PL/EX  0-149 50 2.4 9.3 %1077 13.0/6 231 (5.7£07)x107° 133.3/7
PLE 0-149  50.14+0.3° 2.38+0.03°  7.5x1077¢ . 13 £2° 7.2x1079"¢ 14.5/6°
060202............. 2006 Feb 02, XRT  250-350 0° 22403 8.7x1073 14.8/18 13872 35004 x107° 15.2/18
08:40:29.9 PL/EX  0-350¢ 135+8 1.2£0.2 1.8x1077 20024  141+£6  (3.4+£03)x107° 118.2/27
PLE 0-350  127+5° 2440.1° 1.3 x1073>¢ 141 +5¢ 2.8 % 1079%° 22.1/26°
060211A.......... 2006 Feb 11, XRT  232-312 0° 2.1+£09 1.6 x107° 5.0/6 127+95 8.37122 10710 5.2/6
09:39:59.9 PL/EX  0-913 72 2.3 1.7 %1073 43.8/29 81£2  (3.6+£02)x107° 333.0/32
PLE 0-913 72° 229+0.02°  1.4x107% . 54+ 4° 3.1x107%"¢ 39.9/31°
060306........... 2006 Mar 06, XRT — 97-147 0 3.7+£0.8 2.2x1073 3.1/2 3147 17722 % 107° 3.3/2
00:49:09.3 PL/EX  35-256 40 2.3 1.1x107° 31.4/4  1784£07 (3.1+£0.7)x107% 145.6/6
PLE  35-256 40° 2.3340.02°  1.0x1076>¢ . 13+£1° 2.5x 10780 25.4/5°
060418............ 2006 Apr 18, XRT  178-400 0° 2.6£0.1 3038 x107* 27.1/28  1014£6  (2.0£03)x107°  31.6/28
03:05:49.2° PL/EX 108-797°  146=+2 1074008  22+12x107%  250/30 262+23 (3.0£05)x107!0 123.0/31
PLE  108-797° 148.7+03° 0.89+0.01°  7.5x107°%¢ . 43 £3° 1.5%1078%¢ 23.4/30°
060427............. 2006 Apr27, XRT  148-198 0° 44+13 4.8x107! 3.7/3 4172 517048 % 107° 4.0/3
11:43:01.0 PL/EX  0-218 66 2.8 3.7x1073 3.5/3 474£2°  (2.9+£04)x107°°  5.1/6°
PLE 0-218 114 6.9 2.7 o 47 2.8x107° 3.3/5
060428B......... 2006 Apr28, XRT  235-340 0° 5.0+0.7 74 7.9/7 55410 41139 x107° 9.4/7
08:54:152  PL/EX  0-340 229 0.7 3.5x1071° 2.9/6 48 £0.9° 8.9%107%° 10.4/8°
PLE 0-340 23671 0.40 £ 0.05 6.8 x10711° 2.7/7 3942 1.0x 1078 2.7/7
060923C......... 2006 Sep 23, XRT  205-529 0° 2.7£03 1.7x107* 3.5/5 11511 4.0x1071° 5.4/5
13:33:10.8 PL/EX  0-529 —34+2°  2.76+£0.02°  2.0x1074"° 3.5/6° 43+£1  (134£02)x10°%  453/6
PLE 0-529 2946 2.42+0.03 2.6x107%° 3.2/5 334, 9.5x107%° 3.2/5

Notes.—Errors quoted at 68% confidence level. See text for details (§§ 2.3 and 3).

# XRT: fitting only the XRT data with a PLO model and an EXP model. PL/EX: joint BAT and XRT fit with a PLO model and an EXP model. PLE: joint BAT
and XRT fit with a PLEXP model.

® Fixed value.
¢ Best-fit value.

4" All the BAT data points and the XRT data from ¢y + 224 s to # + 350 s are used in the fit.
¢ Although battblocks found a time interval which is 63 s before 7y, we concluded that this interval is due to the contamination of Sco X-1 in the BAT field of
view based on the BAT image analysis.
f The fit to the XRT data is from ) + 108 s to #, + 148 s, and from #) + 797 s to #y + 400 s. The BAT data points from £ + 146 s to #, + 156 s are also included in

the fit.
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First, we investigated the possibility of the curvature effect
for those GRBs which have a PLO component in the composite
BAT and XRT light-curve fit. According to the curvature effect
(Fenimore et al. 1996; Kumar & Panaitescu 2000; Zhang et al.
20006), the relation between the decay index, «, and the XRT
photon index, I'xgrr, should be described by o = 1 + I'xgrr if the
curvature effect is the cause of the XRT steep decay. Figure 3
shows the correlation between « and I'xrr for our sample. The
dashed line is the expected relationship from the curvature ef-
fect (« = 1+ I'xrr). Although GRB 060923C may be consistent
with the curvature effect, the majority of the bursts in the sample
do not satisfy the expected relation. The inconsistency with the
curvature effect could be due to neglecting the spectral evolution
during the steep decay in our analysis of the XRT data. Looking
at the time evolution of the count rate ratio of our sample, we find
a hard to soft evolution from 0.6 to 0.5 and from 0.6 to 0.4 for
GRB 060202 and GRB 060211A. These changes correspond to
an evolution of the photon index from 1.5 to 1.7 and from 1.5
to 1.9, respectively, according to the calculation by the XSPEC
fakeit command using the detector and the ancillary response
files created for each source region. If this spectral evolution is
taken into account, the steep decay could be consistent with the

TABLE 2
XRT SpECTRAL PARAMETERS

WT Fitting Range PC Fitting Range

GRB (s) (s) Ixrr x? dof!
050803......... 100.1-184.1 185512976  1.9+£02  33.0/37
050814......... 166.6-384.9 386.5-14133  2.14+0.2 33535
050915B..... 158.4-313.3 229.9-13791  1.8£03  9.3/11
051109A....... 131.4-2143 3444-17540 22402 19.0/31
060109......... 109.8-200.2 201.6-12559  2.0+0.2  23.7/21
060111B....... 89.2-426.7 155.4-12655  2.2+03  10.0/14
060202......... 175.1-1025 1028-13027  1.9970%  364.6/337
060211A...... 137.1-330.9 332.5-13054  1.8+0.1  68.6/66
060306......... 96.9-174.5 175.8-12874  2.40+0.03  9.8/15
060418......... 166.1-697.7 699.9-12561  2.00%0%7  211.7/209
060427......... 148.2-236.5 237.9-12691.  2.0£04  7.7/10
060428B...... 235.6-440.8 442.7-12773  2.6+03  16.6/17
060923C...... 204.6-267.4 268.7-12796  2.1+04  3.0/7

Note.—Based on a joint fit to WT and PC data using data above 2 keV. The

error in the photon index is quoted at the 90% confidence level.

expectation of the curvature effect for GRB 060211A and GRB
060202. However, we do not see a strong spectral evolution for
the other GRBs with the exception of GRB 060418. Note that for
GRB 060418, there is a strong evolution in the hardness ratio
during the episode at £y + 150 s which may cause an error in the
extrapolated flux.

We find that most of the sample requires an EXP component to
fit the BAT and XRT light curves simultaneously. Therefore, we
can conclude that some of the early steep decay observed by XRT
is a continuation of the exponential decay tail of the prompt emis-
sion. Interesting characteristics can be found for the bursts where a
PLEXP model is the most representative model for the composite
light curve. The dominant component of the fit to the XRT light
curve 180 s after #, for GRB 060202 is an EXP. For GRB 050803
and GRB 060109 there is almost equal contribution from the EXP
and PLO components in the initial XRT data. However, a PLO
is the dominant component for GRB 051109A, GRB 060111B,
GRB 060211A, GRB 060306, and GRB 060418B. This result
clearly demonstrates that the XRT steep decay could be composed
of at least two different components. Without careful consideration
of both the BAT and the XRT data simultaneously, it is not pos-
sible to distinguish between these two different components. It is
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Fic. 3.—Relationship between the power-law decay index, «, of the best-fit
light curve with a PLO component and a photon index, I'xgt. The dashed line is
the expected relationship from the curvature effect (« = 1+ I'xrr).
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TABLE 3
BAT Prompt EMISSION PROPERTIES
Too Epeak Ro
GRB (s)  Model Tat (keV) Sk Fhek S3/82 z Tip M (cm) Qgail x?dof!
1 () 3) ) (%) (6) ©)] ®) ©® a0 an (12) (13) (14)
050803.......couveeene. 879 PL 139 £ 0.07 2241 81407 15+0.1 18 270 2.8 x 10'
050814......cooernnnn. 1406  PL 1.8 +£0.1 19+1 62+12 12+0.1 53" 45 240 3.0 x 10'°
050915B. 40.9 CPL 144+£02 6077 34+1 17+1 1.05 4+ 0.04 24 242 3.0 x 10'¢
051109A. 372 PL 1.5+0.1 . 2242 29+3 14+02 2346° 15 287 2.7 x10'C 059+0.05 9.7/14
060109.... 1154 PL 1.9+ 0.1 6.6+06 34+01 1.0=+02 23 246 3.0 x 10'°
060111B 58.8  PL 1.0 £ 0.1 16+1 14+2 2.0+ 0.1 9 350 24x10° 09+0.1 1.0/3
060202.........coovenen. 1989 PL 1.8 +0.1 2241 37408 1.2+0.1 98 143 4.3 x 10'°
060211A ... 1263 CPL 0.9 +0.3 58 16+1 33401 1.1£01 24 242 3.0x10' 13402 1.0/2
060306...........coe...... 612 PL  1.80 4+ 0.05 2141 47 +2 1.1 £0.1 46 190 3.5x 10 12402 2.4/3
060418.... 1031  PL  1.64 +0.03 80+ 1 49 +2 1.28 £0.03 1.489° 21 226 3.1 x10'
060427.... 64 PL 1.9+02 50405 1.7+07 1.1+02 32 217 3.2 x10'%
060428B. 579 PL 2.6 4+ 0.1 82+05 34406 07=+0.1 27 232 3.1x10 3.0+03 4.7/8
060923C......cove...... 75.8  PL 23 +£0.1 16+1 50+15 08=+0.1

Nortes.—Table also includes the estimated Bulk Lorentz factor, -y, and the radius of the external shock, R, based on the external shock model. The XRT decay index based
on the definition of Takami et al. (2007), cvi1, and X of the fit are also shown. Errors quoted the 68% confidence level. Col. (3): PL: power-law (dN /dE ~ E~Ts1), CPL: cutoff
power-law (N /dE ~ E~'3 exp [7 2- FBAT)E/Epeak] ). Col. (6): Energy fluence in the 15—150 keV band (10~ erg cm™~2). Col. (7): 1 s peak energy flux in the 15— 150 keV
band (108 erg cm =2 s71). Col. (8): Fluence ratio between S3(50—150 keV)/52(25-50 keV). Col. (11): Calculated bulk Lorentz factor assuming Eg/n = 1 x 10°? erg cm?.

# Jakobsson et al. 2006.
® Quimby et al. 2005.
¢ Dupree et al. 2006.

important to note that O’Brien et al. (2006) also reached a similar
conclusion, that the BAT and XRT composite light curve is com-
posed of an exponential decay which relaxes to a power-law decay.

For the bursts that exhibit an EXP component, we investigated
the correlation between the exponential decay index, w, and the
prompt emission properties derived from the BAT data ( Table 3).
The results are summarized in Figure 4. No correlation is found
for the properties of the prompt emission except between w and the
BAT Tyy which is expected because both parameters are related to
the duration of the bursts.

Based on our study, there is a strong indication that the steep
decay component observed by the XRT is part of the prompt emis-
sion (e.g., also Nousek et al. 2006; O’Brien et al. 2006). Thus, we
calculate the fluence which may be below the sensitivity limit of
the BAT. This fluence was calculated by accumulating the flux
from the best-fit composite BAT and XRT light-curve model from
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the end of the emission as detected by the BAT to 1000 s after ¢.
Figure 5 shows the ratio of the percentage of the fluence in the tail
emission which is below the BAT sensitivity limit and the fluence
recorded by the BAT. For 7 out of the 13 GRBs in the sample,
the fluence of the tail component is less than 15% of the fluence
recorded by BAT. However, more than 15% of the fluence may
be radiated below the BAT sensitivity limit for GRB 050915B,
GRB 051109A, GRB 060202, GRB 060211A, GRB 060427,
and GRB 060428B. This result gives rise to the question as to
whether the fluence measured by the gamma-ray instrument reflects
the true fluence of the prompt emission.

4. DISCUSSION

We have presented the BAT and XRT composite light curves,
derived by extrapolating the XRT 2—10 keV flux up to the BAT
15-25 keV energy range for GRBs, which have a steep decay

-6
Sx10 T T T T T T T

® S(15-150 keV)

o

Fa(15-150 keV)

—4—

20 40 60 80
w [sec]

100 120 140

Fic. 4—Relationship between the decay constant, w, of the exponential model and the BAT prompt emission properties. Top lefi: w vs. BAT Tog; bottom lefi: w vs. the
fluence ratio between the 50—100 keVand 2550 keV band (the dotted and dash-dotted lines are the calculation assuming Epeqc = 30 keVand Ejeac = 100 keV, respectively,
with a low- and a high-energy photon index of 1 and 2.5 in the Band function); top right: w vs. the fluence in the 15— 150 keV band; and bottom right: w vs. the 1 s peak flux in

the 15—-150 keV band.
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Fic. 5.—Histogram of the ratio, in percentage, between the fluence accumulated
from the end of the emission as detected by the BAT to 1000 s after £y [S(tail: 15—
25 keV)] and the fluence recorded by the BAT [S(BAT: 15-25 keV)].

component in the initial XRT light curve. Based on the simulta-
neous fit of both the BAT and XRT light curves, we have confirmed
the existence of an EXP component which smoothly connects the
BAT prompt emission to the XRT steep decay for several GRBs.
We have also found that the XRT steep decay for some of the bursts
can be fit well by a PLEXP model. In §§ 4.1-4.2, we discuss the
possible origins of the PLO and EXP components.

4.1. Origin of the PLO Component

A PLO component most likely originates from an internal shock
(so-called curvature radiation or high-latitude emission associated
with the last bright spike; Kumar & Panaitescu 2000; Nousek et al.
2006; Zhang et al. 2006; Yamazaki et al. 2006). Our results support
this idea, because for most bursts the XRT steep decay compo-
nent smoothly connects with the last bright episode detected by
the BAT (e.g., GRB 050803). The instantaneous emission from
a uniform jet produces a decay index of « = 1 + I' (Kumar &
Panaitescu 2000). This formula was examined using the power-
law decay index derived from the PLO model and the photon index
based on the joint WT and PC spectral analysis of our sample. For
the majority of the sample, we find that the decay index is not
consistent with the formula. One of the possible reasons for this
inconsistency could be the spectral evolution during the early XRT
observation in some bursts (Zhang et al. 2007b). However, as
discussed in § 3, the inconsistency cannot always be associated
with spectral evolution. Another possible reason is the choice of
time zero (Zhang et al. 2006; Yamazaki et al. 2006). Liang et al.
(2006) investigated the curvature effect as an origin of the XRT
steep decay using the data set of O’Brien et al. (2006). They
made the assumption that the XRT steep decay component is due
to the curvature effect and investigated whether the chosen time
zero is consistent with the beginning of the bright episode. They
concluded that for most of the sample, the chosen time zero was
consistent with this picture. The main issue with their approach is
that for the fixed power-law decay index, as expected from the
formula o = 1 + T, by shifting the offset time it is possible to fit
the decay index to most early XRT data. This is because in their
approach, the fitting parameters are not only the offset time but
also the normalization, allowing extra freedom in the fit. Here, we
demonstrate this problem using GRB 050803 and GRB 050814.
The dash-dotted lines in Figure 6 show the best-fit PLO model by
changing « from 1 to 5 for GRB 050803 and from 2 to 3 for GRB
050814, and varying 73" . Only the XRT data, shown as triangles,
are used in the fitting process as in Liang et al. (2006). As seen in
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the figures, the choice of v and 75" is not unique if we only try to
fit the XRT data. Moreover, as it is clearly demonstrated in the
case of GRB 050814, even if 7§ is chosen as the start time of
the GRB pulse, the intensity of the pulse expected from the model
is an order of magnitude brighter than the data. Therefore, if a
bright episode in the BAT data, which could contribute to the steep
decay component, is simultaneously fit with the XRT data, as in
our approach, both the offset time and the decay index will be
uniquely constrained by the data. It may be difficult to test the
curvature effect or the relation « = 1 + I definitely without fitting
the XRT and BAT data simultaneously. The third possibility is to
abandon the assumption of the uniform jet emission. Our results
may suggest that the structure of the jet is much more complex
than a uniform jet (e.g., Yamazaki et al. 20006).

4.2. Origin of the EXP Component

Since it is difficult to explicitly state the origin of an EXP com-
ponent, we will discuss the possibilities of both an internal shock
and an external shock as the origin of an EXP component.

4.2.1. External Shock Scenario for the EXP Component

One interpretation of an EXP component is the presence of the
external shock emission during the prompt phase. Fenimore &
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Ramirez-Ruiz (1999) studied the case of the coexistence of the
emission from the external shock (deceleration of the initial shell)
during the emission from the internal shocks. They showed that
the smooth long-lasting soft emission which arose from an ex-
ternal shock could overlay the light curve of the prompt emission.
Furthermore, Fenimore & Ramirez-Ruiz (1999) showed that the
efficiency of converting the bulk energy to radiation is 85% in this
case, whereas internal shocks without deceleration only convert
about 1% (Kumar 1999; Panaitescu et al. 1999). Zhang et al.
(2007a) calculated the radiation efficiency using the Swift X-ray
afterglow data and showed that about half of the GRBs have
an efficiency 21%, which provides a challenge for producing the
prompt emission from internal shocks alone. Furthermore, ac-
cording to the optical observation by Rapid Telescopes for Op-
tical Response (RAPTOR), during the prompt emission of GRB
050820A, smoothly decaying emission which does not correlate
with the prompt spikes was found (Vestrand et al. 20006). If this
emission is from the external shock, we might be observing the
deceleration of the outflow during the prompt phase.

Following the argument of Fenimore et al. (1996) and Fenimore
& Ramirez-Ruiz (1999), we estimate the bulk Lorentz factor of our
sample, assuming an EXP component is purely due to external
shock emission. Let us assume that an external shock starts its
emission at the radius, Rj. The external shock will be decelerated
because of sweeping up the interstellar medium (ISM). The total
energy of the central engine, E, can be expressed as

Eo = (47/3)R3 msmm,cA¢, (5)

where nigm is a density of the ISM, m,, is the proton mass, c is
the speed of light, and -, is the bulk Lorentz factor at R,. The
duration of the emission (AT) is determined by the radial time-
scale (Piran 1999), which is the difference in the arrival time of
the photons emitted between Ry and aRy (@ > 1) as measured by
the observer,

AT = [(a* = 1)/4(Ro/277 ).
Therefore, the bulk Lorentz factor can be expressed as

20 =(32mm,e/3) (0t = 1) /4]
x (Eo/msm)"®(cAT) /8, (6)

The relationship between AT and the full width at half-maximum
(FWHM) of the pulse (75) is described by 0.22AT = Typ,
which is valid for a pulse shape of a fast rise, exponential decay
(FRED; Fenimore et al. 1996). Thus, once we know the redshift,
since 77/, can be estimated from the best-fit parameters of an EXP
component, we can calculate the bulk Lorentz factor as a function
of Ey/nism. In the following arguments, we use a typical value of
2 for the parameter “a” (in the a = 2 case, AT is the radial time-
scale from R to 2Ry).

For bursts with unknown redshifts (all bursts in the sample ex-
cept GRB 050814, GRB 051109A, and GRB 060418), we used
the mean redshift of 2.4 obtained from the Swif long GRBs.'?
We can derive a reasonable range of vy from 143 to 350 and R of
~10'° cm assuming Eq/misy = 1 x 107 ergs cm® for the 12 GRBs
in our sample which have an EXP component in the best-fit model
(Table 3). According to the calculation of yy by the Rapid Eye
Mount (REM) telescope using the peak time of the early after-
glow data, vy is about 400 for GRB 060418 and GRB 060607A

12 See http:// heasarc.gsfc.nasa.gov/docs/swift /archive/grb_table.
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(Molinari et al. 2007). Their y, value agrees within a factor of
2 with our estimates. For GRB 060418, E, will be ~1 x 10°* ergs
if we assume 7y of 400, as derived from the REM observation
and nigy of 1 em 3. An Ey of ~10°* ergs is also a typical value,
according to the calculation of Zhang et al. (2007a) using X-ray
afterglow data observed by XRT.

It would be interesting to look for a correlation between ~, and
Epeak in the GRB rest frame (E7G,, ), although it is difficult to cal-
culate for our sample because we do not have measurements of
both E. and redshift. One of the advantages of using the Swift
sample for this study is that soft GRBs, so-called X-ray flashes
(XRFs), are included in the sample because of the relatively softer
energy response of BAT compared tosglat of BATSE. In the dirty
fireball model (Dermer et al. 1999), Epeak has a strong dependency
on the bulk Lorentz factor (£, ;é‘;k x 76‘ ). The unified jet models for
XRFs and GRBs, such as the structured-jet model (Rossi et al.
2002), and the variable-jet opening angle model (Lamb et al. 2005;
Donaghy 2006), expect a positive correlation between Epeax and
the bulk Lorentz factor. In the off-axis jet model ('Yamazaki et al.
2004), no correlation is expected between o and E ;. , because
the Doppler factor will change as a function of a viewing angle,
but not y. Another interesting theoretical model to discuss is
the case of a very high Lorentz factor (Mochkovitch et al. 2004;
Barraud et al. 2005). According to this model, XRFs can be pro-
duced in a condition with a very high -y (a so-called clean fire-
ball), while classical GRBs have a moderate . In this case, we
would expect a negative correlation between EC, and the bulk
Lorentz factor. Some additional effort, for example, to estimate
Epeax from the Swifi BAT data (Sakamoto et al., in preparation) and
to estimate a redshift from the Swift data (e.g., Grupe et al. 2007) is
encouraged in order to discuss the correlation between o and E;C,
and the origin of XRFs.

We can derive another constraint on ~y which is independent
of'the previous discussion. Our observational results suggest that
the photons originating from an internal shock via the curvature
effect (PLO component) and photons from an external shock
(EXP component) arrive at the observer almost simultaneously.
The observed time of the photon from an internal shock, Ty, can
be expressed as

Tint ~ (Rint/ZCrYint)[l + ('_Yintg)z]a

where Ry, is the radius where an internal shock emits, iy is the
bulk Lorentz factor at Ry, and 6 is the jet opening half-angle. On
the other hand, the observed time of an external shock emission,
Text, 1s expressed as

Text ~ Rext/ (473
where R.y; is the radius where an external shock emits and ey, is

a bulk Lorentz factor at Rex; (Sari 1998). If we assume Tiy¢ ~ Text
and also Vint ~ Yext ~ Y0, We have

2Rin [1 + (700) 2] ~ Rex:.

Also, ET, can be written as a function of ¢ and o,

£, 0) ~ (220 [1 + (100)’]
~[Eme=0]/[1+0n].

where E;gk(ﬁ = 0) is Epcak observed by the on-axis observer. In

this case, E¢, (0 = 0) corresponds to the observed Epea multiplied
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by 1+ z Therefore, the relationship between Riy, Rexi and Epcax
is given by

Rext/zRint ~ [Epeak(a - O)} /Epeak(g)-

Since the observed photon index of the XRT steep decay emission
of our sample is ~2, which suggests that the observation of the
spectrum is above Epeq, it is reasonable to assume that the upper
limit of Epcq(f) is in the few keV range. Hence, the condition
will be

Rext/ZRint > [Epeak(g = O)] /Epeak(al)a

where Epeac(0') is the upper limit of a few keV. If we use the
angular spreading time (ATjyg; Piran 1999) as the timescale of
an internal shock, then

Riny ~ 2C’YOATang-

From equation (5), the radius of an external shock can be ex-
pressed as

—1/3 -
Rext = (47Tmp6’2/3) / (EO/nISM)]/3'70 2/3.

Thus, vy can be written as

o >(1/4)>% (dmm,c2/3) " (Bo msw) ®
% (eATung) " [Epea (6 = 0)/Epear (6] (7)

In the case of GRB 050803, AT, can be derived as the du-
ration of the last spike (the pulse at #y 4 90's), AT, ~ 3 s, if one
takes into account the time dilation effect. Although it is not
possible to extract the information about the Epeax of this pulse
from the BAT data, it is reasonable to assume Epeqc > 100 keV
since the photon index from a simple power-law fit to the BAT
datais 1.2 + 0.2, which is close to the low-energy photon index
of the typical GRB spectrum (£ should be around or above
the BAT upper energy range of 150 keV'). Therefore, we use
Epeak(0 = 0)/Epcac(0’) > 100. The lower limit of vy of GRB
050803 is estimated to be <50 assuming a redshift of 2.4 (the mean
redshift of the Swifi long GRBs) and Ej /gy of 1 x 10°? ergs cm?®.
Applying the same assumptions for the GRB spectral parameters
[Epeak (0 = 0)/Epear(8”) > 100], we estimate a lower limit of <60
for GRB 060418 using the measured redshift of 1.489, AT,,, of
2 s (the pulse at #) + 50's), and Eo/ngy of 1 x 1052 ergs cm®. The
estimated lower limit of +, for GRB 060418 is not contradicted
by the value based on the REM observation. In summary, for the
EXP component, one can provide a reasonable bulk Lorentz fac-
tor, 7o, within the external shock scenario, which is consistent with
other measurements.

-3/8

4.2.2. Internal Shock Scenario for the EXP Component

As we discussed in § 4.1, a simple interpretation based on a
uniform jet model could contradict the prediction of the curvature
effect. Here we discuss an internal shock scenario for both EXP
and PLO components based on an inhomogeneous jet model.
Yamazaki et al. (2006) investigated the GRB prompt emission
100-1000 s after the GRB trigger within the framework of a
multiple subshell model. According to their study, despite an an-
gular inhomogeneity of the jet, the tail emission has a monotonic
decay which resembles the XRT steep decay. In this context, if
the jet has a core in which the emission energy is densely con-
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fined compared with the outer region, the PLO decay component
arising from an on-beam subshell may be overlaid by the off-beam
core emission which causes the EXP decaying component. Takami
etal. (2007) further extended their study, and in order to investigate
the unknown jet structure, they proposed unique definitions of
the decay index derived by unique definitions of time zero and
of'the fitting interval of the observed light curve. They found that
the decay index in their definitions should have a wide scatter in
the case of a power law—like structured jet. Here, we calculated the
decay index using our BAT and XRT composite light curve based
on the definitions of Takami et al. (2007). Because of the difficulty
of using exactly the same definition of time zero as proposed in
Takami et al. (2007; T, in their paper), we define the end of the
BAT emission as T,. We can fit our light curves using the pro-
posed fitting interval for five GRBs in our sample (v, as a de-
cay index, x 2 and dof of the fits are shown in the cols. [13] and
[14] of Table 3). Our results, based on a very small sample, show
that the decay index ranges from 0.6 to 3.0. However, both the
size of the sample and the number of data points included in the
light-curve fit are very small because we use XRT data above
2 keV. There is an additional issue further reducing the sample:
the appearance of a shallow decay in the XRT data in the fitting
interval. Unfortunately, it is hard to conclude whether it is an
inhomogeneous or a structured jet with our limited sample. Once
the GRB sample suitable for fitting a light curve with the unique
definitions of Takami et al. (2007) can be increased, we may be
able to draw a conclusion about the jet structure of GRBs using
the XRT steep decay component.

5. SUMMARY

In this paper, we presented a systematic study of the steep
decay emission observed by the XRT. We constructed composite
light curves in the 15-25 keV band extrapolating the XRT data
(2—-10keV) up to the BAT energy range (15—25 keV). Based on
the simultaneous fitting of the BAT and XRT data, we confirmed
the existence of an EXP component for the majority of the bursts
in the sample. We found that for the PLO component, the majority
of the GRBs in our sample are inconsistent with the relationship
of the curvature effect, o = I' 4 1, which is only valid in the
case of the uniform jet. We also found that more than 15% of the
prompt fluence may be radiated below the BAT sensitivity limit
for half of our sample. We argue that the EXP component could
be the emission from the external shock which may indicate the
deceleration of the initial shell by ISM during the prompt phase.
We discuss the case of the prompt tail emission from the structured
jetas an origin of the XRT steep decay but the sample is too small
for a solid conclusion.
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