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ABSTRACT

The early, highly time-variable X-ray emission immediately following gamma-ray bursts (GRBs) exhibits strong
spectral variations that are unlike the temporally smoother emission that dominates after # ~ 103 s. The ratio of hard-
channel (1.3-10.0 ke V) to soft-channel (0.3—1.3 keV) counts in the Swift X-ray telescope provides a new measure
delineating the end time of this emission. We define 7 as the time at which this transition takes place and measure for
59 events a range of transition times that spans 102 to 10* s, on average 5 times longer than the prompt Ty, duration
observed in the gamma-ray band. It is very likely that the mysterious light-curve plateau phase and the later power-
law temporal evolution, both of which typically occur at times greater than Ty and hence exhibit very little hardness
ratio evolution, are both produced by external shocking of the surrounding medium and not by the internal shocks
thought responsible for the earlier emission. We use the apparent lack of spectral evolution to discriminate among
proposed models for the plateau phase emission. We favor energy injection scenarios with a roughly linearly in-
creasing input energy versus time for six well-sampled events with nearly flat light curves at # ~ 10°—~10*s. Also,
using the transition time 7} as the delineation between the GRB and afterglow emission, we calculate that the kinetic
energy in the afterglow shock is typically a factor of 10 lower than that released in the GRB. Three very bright events
suggest that this presents a missing X-ray flux problem rather than an efficiency problem for the conversion of kinetic
energy into the GRB. Lack of hardness variations in these three events may be due to a very highly relativistic outflow
or due to a very dense circumburst medium. There are a handful of rare cases of very late time # > 10* s hardness

evolution, which may point to residual central engine activity at very late time.

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

Online material: color figures

1. INTRODUCTION

The X-ray telescope (XRT; Burrows et al. 2005b) on Swift
(Gehrels et al. 2004) is opening a new window into the early lives
of gamma-ray bursts (GRBs) and their afterglows. Although
hints and probable examples of highly time-variable X-ray be-
havior at early time were seen prior to Swift (e.g., Piro et al. 2005;
Watson et al. 2006), the XRT has shown us that this behavior is
the norm. Nearly all afterglows show a period of rapid flux de-
cline after the prompt or flare emission and about half show bright
X-ray flares (e.g., Burrows et al. 2007). How these observations
are to be reconciled with the well-tested internal/external shock
GRB and afterglow model (Rees & Mészaros 1994; Sari & Piran
1997; Sari et al. 1998; Wijers & Galama 1999)—which explained
very well pre-Swift observations of simple fading power laws at
late time—comprises a set of key open questions.

An accurate accounting of the GRB and afterglow phenome-
nology is critical for comparison to the models. O’Brien et al.
(2006) have shown that the late GRB as measured by the Burst
Alert Telescope (BAT) smoothly transitions in time into the early
X-ray counts detected by the XRT, provided a correction is made
for the different energy bands. This demonstrates a close connec-
tion between the early X-ray emission and that from the GRB. In
Butler & Kocevski (2007, hereafter BK07), we fit the BAT and
XRT spectra to explicitly show that the best-fit models at early
time are those that fit GRB spectra well. The early X-ray spectra
look like GRB spectra (but have vF), peak energies Ejq in the
X-ray band rather than the gamma-ray band) and evolve spec-
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trally in a similar fashion (see also Falcone et al. 2006; Godet et al.
2007). Combined with studies in the time domain indicating fine-
timescale variability (e.g., Burrows et al. 2005a; Falcone et al. 2006;
Romano et al. 2006; Pagani et al. 2006; Kocevski et al. 2007), we
are becoming confident that the X-ray emission prior to about
103 s is due to the GRB. The flat or “plateau phase” light curve
that is typically present after this phase remains, however, largely
mysterious.

Several models have been proposed to explain the plateau phase
light curve. Because it is difficult to produce so flat a decay in the
external shock picture, the energetics may be driven by a reinjection
from the central engine or late-time internal shocks (e.g., Nousek
et al. 2006; Zhang et al. 2006; Ghisellini et al. 2007; Panaitescu
et al. 2006; Panaitescu 2007). Off-axis external shocks (Eichler
& Granot 2006), the reverse shock (Genet et al. 2007; Uhm &
Beloborodov 2007), or time-varying microphysical parameters
(Granot & Kumar 2006) may also be responsible.

Observationally, Willingale et al. (2007) have shown that the
prompt and afterglow emission can be separated near the start
of the plateau by fitting two models (of the same form) to each
inferred component. This split falls short of decisive because
Willingale et al. (2007) are unable to measure the rise of the after-
glow component from under the prompt component. The number
of degrees of freedom in the model is large (6—8) and comparable
to the typical number of power-law segments in broken power-
law fits, which assume no separation into prompt and afterglow
components. As we show below, a cleaner separation that requires
no manual removal of flarelike emission is possible if we consider
the spectral variations at early time. This can be demonstrated
through the use of time-resolved spectroscopy as discussed above,
although such efforts are limited to bright events with high signal-
to-noise ratios. Because spectral fits are not required, variations
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Fic. 1.—Power-law energy index vs. power-law light-curve index for the X-ray afterglows at three time epochs after the GRB. The solid curves show the expected
closure relations for an adiabatic expanding external shock emitting synchrotron radiation (Sari et al. 1998; Chevalier & Li 2000; Sari et al. 1999). Only after = 2 x 10* s—a
time corresponding to all pre-Swiff X-ray afterglow observations—are the data overwhelmingly consistent with the models. [See the electronic edition of the Journal for a color

version of this figure.]

in the X-ray hardness ratio provide an alternative. By studying
the hardness ratio, we can link the plateau phase emission to late-
time external shock emission even for faint bursts.

After a brief review of the X-ray phenomenology versus time
gleaned from power-law fits (§ 3), we discuss in § 4 how the hard-
ness evolution implies a separation between prompt and afterglow
emission. Stable hardness ratios during and after the plateau phase
are exploited to constrain the GRB and afterglow models in §§ 5
and 6.

2. DATA REDUCTION

We download the Swift XRT data from the Swifi Archive.’
The data are processed with version 0.10.3 of the xrtpipeline
reduction script from the HEAsoft 6.0.6* software release. We
employ the latest (2006 December 19) calibration files. The reduc-
tion of XRT data from cleaned event lists output by xrtpipeline
to science-ready light curves and spectra is described in detail in
BKO7. Our final light curves have a fixed signal-to-noise ratio of 3
in the 0.3—10.0 keV band.

We define an X-ray hardness ratio HR as the fraction of counts
in the 1.3—10.0 keV band to the counts in the 0.3—1.3 keV band.
On average, this ratio is equal to unity for XRT data. The mean
energy index (flux proportional to E~%) is 3 = 1 (Butler 2007).
We show in BK07 that the column densities Ny, as inferred from
soft X-ray absorption, do not appear to change in time for Swift
afterglows. To lowest order for a typical column density Ny =
102! cm~2, 8 ~ 1-0.9 log,(HR).

2.1. Light-Curve Region Selection and Fitting

To group the data into separate regions of similar temporal and
spectral evolution, we fit the data using an extension of the Bayesian
blocks algorithm (Scargle 1998) to piecewise logarithmic data.
Our implementation is simple and requires no human intervention.
Considering each data point as the location of a possible power-law
break in the light curve, we calculate x> for every possible con-
nection of the data points. This search can be done efficiently using
publicly available Bayesian blocks code.” Because we also include
an additional term (a prior against the break) with each possible new
segment of Ax2 = 9.2, each new segment must improve the fit at
299% confidence. The Ax?2 additions exclude models with many

3 See fip://legacy.gsfc.nasa.gov/swift/data.
* See http://heasarc.gsfc.nasa.gov/docs/software/ Iheasoft.
5 See http://space.mit.edu/CXC/analysis/SITAR.

breaks, while the final fit without the Ax? contributions has
x2 ~ v and typically 3—5 power-law segments.

So that noise fluctuations in the data do not generate spurious
light-curve breaks, we denoise the soft- and hard-channel light-
curve with Haar wavelets (see Kolaczyk & Dixon 2000) prior to
fitting. We fit the count rate and hardness simultaneously so that
spectrally distinct regions are separated. The fits are plotted in
red in the figures below. Light curves and fits for all Swift events
can be downloaded from the site.’

3. TEMPORAL/SPECTRAL OVERVIEW OF SWIFT
AND PRE-SWIFT X-RAY AFTERGLOWS

The X-ray spectral and temporal properties of GRB afterglows
are typically garnered from power-law fits in time and energy. For
Swift data, this can be done for individual events at multiple ep-
ochs. A detailed study of the evolution across all of these snap-
shots is beyond the scope of this paper, and we restrict our analysis
in this section to the time regions as although they were separate
events. It is reasonable to compare Swiff data to pre-Swiff data in
this fashion, because pre-Swifi fits correspond to narrow time
windows in the life of each afterglow and do not typically allow
for time evolution studies for individual bursts. We determine fit
regions with the blocking algorithm described above, and the
results are binned in time into the three time epochs.

We show in BK07 that power-law energy fits are inappropriate
at early time. This can also be seen in the left panel of Figure 1,
which plots the energy index (3 versus the temporal index « for
59 Swift afterglows prior to and including GRB 070208 (see
Table 1). For ¢ < 10° s, there is a very wide range in (3, consistent
with the combined range of low-energy and high-energy indices
observed in Burst and Transient Source Experiment GRBs (Preece
et al. 2000; Kaneko et al. 2006). Nearly half of these points (42%)
are inconsistent with any of the external shock synchrotron models
plotted as diagonal lines. The fraction is greater than half (52%) if
we consider bursts separately, rather than plotting multiple spectra
from individual events. We show in BK07 that the X-ray spectra
are well fit by the same Band et al. (1993) model that fits the GRB
spectra. The large scatter in the time indices for # < 10’ s is due
to rapid light-curve decays and flaring. In § 4 we show that the
X-ray hardness can be used to infer the end of this phase.

From 10 s <¢<10*s, the X-ray light curves typically decay
at a much slower rate. As shown in Figure 1 (middle), there is
apparently little spectral evolution. Most of the fits (79%) and

¢ See http:/astro.berkeley.edu /~nat /swift.
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TABLE 1
X-Ray Harpness Evorution Enp TiMes Ty
Tyt Ta Ta Ta

GRB (s) GRB (s) GRB (s) GRB (s)
050219A............ 165733 050315 221+100 050502B 97418 050607 410 + 40
(X174 - — 42813 050713A 20313 050714B 400133 050716 5441170
050721..coonnnn. 113572 050724 323438 050730 779+ 050801 737+1%2
050814.............. 562137 050820A 4750715 050822 600732 050922B 1121712
051117A........... 1659734 051227 220 + 100 060115 594+132 060204B 37837
060206 2128441325 060210 42647 060211A 391+88 060312 17612
060418.............. 175412 060427 226138 060428A 95+8 060428B 271433
060510B........... 415%3! 060526 3747118 060604 19315 060607A 28917
060614............. 258812127 060707 63001383 060708 8811 060714 23212
060719.. 2551147 060729 271538 060904A 4134 060904B 194811533
060929.............. 63011 061110A 390*28 061121 142+ 061202 390+1%9
061222A........... 203*8 061222B 27515 070107 4775 070110 2541100
070129.............. 948171 070208 2585+2173 . . .

Limits

050401 ....ccc.e. <153 050416A <126 051016B <91 051109A <195
060111B <145 060211B <95 060219 <158 060502A <88
060510A........... <110 060906 <276 060908 <90

Note.—Several afterglows allow for only a 7} limit measurement.

about half of the total number of bursts (53%) are consistent
with an adiabatic shock observed above the cooling frequency
v.. Willingale et al. (2007) also find that about half of all bursts
are not consistent with this synchrotron model due to anomalously
slow time decays. The fraction of consistent spectra is larger, be-
cause the events without plateaus are generally brighter at this
stage. The plateau events can be modeled assuming a smooth
reinjection of energy into the external shock at late time (Nousek
et al. 2006; Zhang et al. 2006) or by deceleration of the external
shock in a wind-density (7 oc R=2) external medium ( Painetescu
2007).

After 10% s, the fits exhibit a tight clustering in both o and /3,
and 88% of the temporal/spectral snapshots (or 80% of bursts)
are consistent with the behavior expected from an adiabatically ex-
panding shock in the circumburst medium, emitting synchrotron
radiation above the cooling frequency with electron index p ~ 2
(e.g., Sari et al. 1998). The pre-Swifi X-ray data from BeppoSAX
(see, e.g., de Pasquale et al. 2006) and Chandra and XMM-Newton
(see, e.g., Gendre et al. 2006) are all taken beginning after this time
and show closely consistent behavior with the Swift events plotted
here. Apparent here, but discussed in detail in Willingale et al.
(2007) and Panaitescu (2007), few of these events here fit the
expectation for a jetted afterglow (Rhoads 1999).

4. T ~ 10° s AND THE END OF HARDNESS VARIATIONS

Figure 2 plots the X-ray hardness ratio versus time since the
GRB trigger for the full sample of XRT afterglows. We also
show +1 times the root mean square scatter in the data in red.
The scatter is several times greater prior to 10* s than after. The
reason for this scatter becomes clear when looking at the after-
glows from individual bursts. Figure 3 shows the X-ray light
curves and coincident X-ray hardness ratios for six events. Each
shows an early period of strong hardness variation, which flattens
out to a late-time value after several hundred s. The hard, late-time
component appears to overwhelm the soft, early-time component.
We mark as T the time at which the hardness reaches a minimum
in each plot, before gradually increasing to a constant late-time
value.

Figure 4 plots the distribution of end times of these hardness
variations Ty for 50 afterglows (also Table 1). The flux prior to
Ty is typically far softer than that after the start of the plateau
phase, and the plateau phase becomes evident in HR plots prior
to becoming evident in the 0.3—10.0 keV count rate. We note that
the 0.3—10.0 keV light curves transition smoothly across 7}. There-
fore the energy-integrated light curve cannot be used to measure 73.
Several additional events, with and without flaring light curves,
are plotted in BK07.

There is a significant anticorrelation between the time since
the end of the BAT emission 7y — Too and the X-ray flux at Ty
(Kendall’s 7x = —0.46, signif. = 2 x 107%), which reflects the
decay of the GRB flux and its intersection at Ty with a range of
possible flux levels for the afterglow plateau phase component.

The end times T} are on average 5 & 3 longer than the prompt
Toq durations. The X-ray flux at Ty is on average 101-9%08 times
fainter than the average flux for the GRBs measured in BAT.
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FiG. 2.—Scatter in hardness ratio for the full Swiff sample prior to GRB 070208,
dropping rapidly with observation time since the GRB trigger. We have subtracted a
constant HR from each burst, which we obtain by fitting the data at # > 10* s. [See
the electronic edition of the Journal for a color version of this figure.]
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Fig. 3.—X-ray light curve and hardness ratio HR plots for several GRB afterglows with prominent light-curve plateau phases. The temporal indices of the best-fit
temporal power-law models (red curves) for the count rates are shown. 7 marks the end of an early phase of strong hardness evolution in each case. At later time, HR is

consistent with constant. The dotted lines mark the best-fit late-time value, as well as ¢*-

and e~ times the best-fit value, as a characteristic expected range for variations in

external shock synchrotron models. A limit on the maximum deviation (1 o) from the best-fit late-time HR value is also given. [See the electronic edition of the Journal for

a color version of this figure.]

These quantities are only weakly correlated: Toq versus 7 has a
Kendall’s 7¢ = 0.20, signif. = 0.04, and Fx versus F., has a
Kendall’s /¢ = 0.03, signif. = 0.71.

We can use the light-curve taxonomy developed by other authors
to relate our times 7} to the “canonical” (e.g., Nousek et al. 2006)
light-curve decay phases. O’Brien et al. (2006) and Willingale et al.
(2007) divide the light curves into prompt and afterglow phases by
fitting models to the energy-integrated light curves. These authors
estimate durations that represent the brightest and most slowly
decaying time regions, excluding the rapidly time-decaying tails
of the emission episodes. Our Ty values are on average 10 times
longer than the prompt time 7), in Willingale et al. (2007) but
there is no significant correlation (7x = —0.04, signif. = 0.75,
for N = 35 bursts). There is also no significant correlation between
Ty and the Willingale et al. (2007) 7, (7¢ = 0.1, signif. = 0.43, for
N = 35), which approximately measures the end of the plateau
phase and is on average 20 times larger than our Ty.

Given Ty as a dividing line between emission with strikingly
different temporal and spectral characteristics—which we can
interpret as a dividing line in time between GRB and afterglow
emission—it is possible to separate and compare the fluence from

the GRB and afterglow. Figure 5 plots the fluence prior to Ty
versus the fluence after 7}. The afterglow emits an amount of en-
ergy proportional to (g = 0.35, signif. = 3 x 10~*)and 10! 9+03
times lower than the GRB. The fluence in the X-ray band prior to
Ty contributes only 10% additional fluence, on average, to the
GRB as observed in BAT. These quantities are possibly weakly
correlated (¢ = 0.18, signif. = 0.07). The prompt and after-
glow fluences we find here are consistent with those reported by
Willingale et al. (2007, Fig. 3) using two-component model fits
to the light curves, but our fluences correlate with less scatter

(Fig. 5).

5. ACHROMATICITY OF THE X-RAY PLATEAU
PHASE AT 10° s<T<10%s

The events selected for plotting in Figure 3 have prominent
flat X-ray light curves at 10° s <¢<10%s. On the HR panel for
each burst in Figure 3, we print the maximal HR variation between
data points after 10° s. This is always less than 0.5, corresponding
to 6 < 0.5; 68 = 0.5 is the expectation for changes due to cool-
ing in the external shock (e.g., Sari et al. 1998; Chevalier & Li
2000). If we place a tighter constraint on the allowed hardness



404 BUTLER & KOCEVSKI Vol. 668
15 10°F E
: ::g ;") [ e Fanerglow =Fprompl/ 10 ]
< IE L © B
L @ 5 - ee
g 10 ° ] 2 107 T - .
c 2, £ —— 7
o H = T £ e e M ]
w o 'X L S o < b
5 [ 5 > el o ]
= 8 o . 3 —- PR
2 2 Yo O e 3 —o— S ® e 1
r x >% LTy ()
g g o @ 2 7 M —<=
L E o 107 —— ——, =
) x o = g ool ° E
L i o C ° J
L 1000 10000 g [ ]
L " i g : ‘—% —— ° :
ol e N 1000
10? 10° 10* 10° 107 10° 10° 10*

Hardness Variation End Time T, [s]

Fic. 4.—Frequency distribution (solid histogram) of the latest time at which
spectral hardness variations are observed, Ty (Table 1), for 50 events. The hardness
typically remains constant after this time (Fig. 3). The dashed histogram for fewer
events is divided through by the event redshift (1 + z). The subpanel shows the
Tyy duration measured in BAT vs. the hardness variation end time and also the
X-ray flux at T vs. Ty. There is a weak correlation with 7oy and a strong corre-
lation with Fx. On average, Ty is 5 times greater than Ty, and the X-ray flux at Ty
is 175 times below the average GRB flux observed by BAT. [See the electronic edition
of the Journal for a color version of this figure.)

ratio variations by allowing only power-law increases or decreases
after 10% s, then the limits on §3 are much tighter, 53 < 0.1. We thus
see no evidence for significant spectral evolution in these events
after 103 s.

We also observe no significant variation in /3 from power-law
fits, consistent with the HR analysis. Combining this information
to derive a constant 3 in time for each event, we can plot « and
across the break (Fig. 6). Many of the light-curve breaks in
Figure 3 are gradual and are fit here with multiple power-law seg-
ments. As seen in Figure 6 and discussed more below, the values
of (a, ) during the plateau are consistent with values produced
in energy injection models. As the light curve breaks, the (a, 3)
approach those expected from external shock models without
energy injection.

6. DISCUSSION

We have exploited an autonomous spectral /temporal division
of early afterglow data to isolate the time when models for the
GRB afterglows well tested prior to the launch of Swiff first begin
to match the data well. From power-law fits in time and energy
(§ 3), the afterglow models appear to break down strongly prior
tot <10*s. This is consistent with the findings of O’Brien et al.
(2006) and Willingale et al. (2007). We focus here on rapid time
variations in the X-ray hardness, which end by Ty ~ 10°—10*s
and therefore allow for a clean separation of early GRB-like
emission and later afterglow-like emission without hardness
variations.

Our finding here that the end time of hardness variations Ty
anticorrelates strongly with the X-ray flux at Ty (Fig. 4) likely
has a trivial explanation: because the light curve is decreasing log-
arithmically after Ty, the length of the duration Ty — T simply
reflects the faintness of the afterglow. More interesting, the large
dynamic range in this correlation between prompt and afterglow
fluences (Fig. 5) indicates that some physical feature of the ex-
plosion or circumburst site must be able to substantially modulate
the fraction of energy in highly relativistic material (the GRB) or
the shock kinetic energy (the X-ray afterglow).

Prompt Fluence T<T}, [erg cm?s™]

Fic. 5.— Time-integrated flux before 7 compared to after 7. The fluence in
the afterglows (7' > Ty) component is on average 10 times less than the fluence in
the prompt GRB and early X-ray emission. [See the electronic edition of the Journal

for a color version of this figure.)

GRB models must be able to explain how the fireball decelera-
tion (see Mészaros 2002 and references therein) can be postponed
until after  ~ 10° s—and probably until after # ~ 104 s—when
the afterglow light curve is no longer flat or rising. There must be
no apparent imprint of the external medium on the light curve or
spectrum prior to ¢ = 10° s. Because the deceleration time 4o =
390(1 + 2)E3 53171, % s (e.g., Piran 1999; Ramirez-Ruiz
et al. 2001), this might be accomplished by increasing the shock
kinetic energy Egock 53 (1033 ergs) via energy injection, by having
a very low density 7 (cm~3), or by placing much of the outflow in
low Lorentz factor I' = 100", material. The importance of these
parameters becomes more apparent if we focus on extreme cases
(88 6.1 and 6.2) or on modeling the more typical cases (§ 6.3).

6.1. Events with No Hardness Variation

There was an expectation, based primarily on detections of pu-
tative afterglow components in the tails of GRBs (Connaughton
2002; Giblin et al. 2002; Lazzati et al. 2001) and also from studies
extrapolating the X-ray afterglow flux back to the prompt emis-
sion (e.g., Costa et al. 1997; Piro et al. 1998; Frontera et al. 2000),
that the X-ray afterglows measured by Swift would directly pro-
ceed and connect to the prompt emission. That is, the emission
at t ~ 102-10* s was expected to mirror the temporal /spectral
properties of the well established later emission plotted in the right
panel of Figure 1. Instead, the rapid time-variation and plateau
phases generally occur, with strong spectral variations during the
rapid time-variation phase. It is a well-known fact that the late-
time emission in Swiff GRB X-ray afterglows does not typically
extrapolate back in time to the end of the prompt emission (e.g.,
Nousek et al. 2006; Zhang et al. 2006; O’Brien et al. 2006;
Willingale et al. 2007). Instead, the X-ray light curve is relatively
flat prior to ¢ ~ 10* s, and this results in typical X-ray fluences
that are 10 times lower than the GRB fluence (Fig. 5; see also
Zhang et al. 2007; Granot & Kumar 2006). Because the late-time
X-ray emission is typically argued to trace the kinetic energy
explosion (Kumar 2000; Freedman & Waxmann 2001), this may
lead to an efficiency problem, because the shock energy available
to the GRB is very low (e.g., Piran 1999).

Because efficiency of the conversion of shock kinetic energy
to the energy released by the GRB is an intrinsic property, we
would expect that the efficiency should vary little from event
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to event and that all events should exhibit an X-ray plateau.
However, there are few bursts—<10% of the 30 or so afterglow
observations that began early and measured with high signal-to-
noise ratio the tail of the prompt emission—that do not show early
HR variation and do appear to show an afterglow-like component
decaying as a power law after the prompt emission at # = 100 s.
The best example GRBs, namely, GRB 050717 (see also Krimm
etal. 2006), GRB 060105 (see also Tashiro et al. 2007), and GRB
061007 (see also Mundell et al. 2007; Schady et al. 2007), are
shown in Figure 7. These have especially bright and hard prompt
emission with E,ea 2 500 keV (suggestive of high I') and hard
X-ray emission detected beginning after =~ 90 s with energy in-
dex (3 = 1. Perhaps an early deceleration occurs for these events
due to an anomalously high circumburst density. Could these events
also be telling us that energy is present but not observed in the soft
X-ray band in the other, more common afterglows with prominent
plateau phases? Where is this energy?

One possibility is the two-jet model (Eichler & Granot 2006),
with a GRB jet containing more kinetic energy per solid angle
than in the afterglow. Panaitescu (2007) has tested and found no
evidence for this scenario. Another possibility is that the early
forward-shock emission is suppressed as it scatters (to the GeV-
TeV range) photons from the late-time internal shocks and flares
(Wang et al. 2006). Understanding a possible energy removal mech-
anism and its impact on the fluence correlation (Fig. 5) will likely
help also to understand a possible correlation between the end of the
plateau phase and the GRB energy reported in O’Brien et al. (2006)
and Nava et al. (2007).

Finally, we note that GRBs 050717, 060105, and 061007 may
be representative of a separate class of GRBs to which previous
missions were more sensitive. This would explain why afterglow-
like tails are rarely observed just following Swift GRBs. In part,
previous missions were likely also less sensitive to the very soft
emission detected by Swift. A handful of these—GRBs 050502B,
050724, and 061222B, 070129—have very soft emission be-
tween To( and Ty, which is greater than the prompt fluence. These
events may help us to understand how X-ray flashes (Heise et al.
2000) are related to GRBs. A late and bright X-ray flare, as in GRB

050502B, likely produced the soft X-ray excess in the enigmatic
GRB 031203 (Watson et al. 2006).

6.2. Events with Very Late-Time Hardness Variation:
The External Shock?

There are rare events that show hardness variations with
AHR > 0.5 after £ ~ 10° s (Fig. 8), which is probably too late
for an explanation involving the deceleration of the GRB fire-
ball. The unusual supernova GRB 060218 stops varying in hard-
ness just after 10* s. (Given the extremely long prompt duration
of this event [Ty =~ 2 x 10 s; Sakamoto et al. 2006], the late
hardness evolution may not be unusual. This GRB and afterglow
produces a clear arc from ¢ =~ 300—3000 s in Fig. 2, which dem-
onstrates HR values and evolution distinct from those observed
in any other event.) The high-z GRB 050904 light curve appears
to consist entirely of flares, and this is reflected in late-time hard-
ness variations.

The hardness increases at late time for GRB 060206 (the
outlier in Fig. 4). The additional cases (GRBs 050315, 060105,
and 060814) show a decreasing hardness on a timescale similar
to the observation time. The hardness variation is consistent with
the factor of 2 expected from the Ag = 0.5 change expected from
a cooling break in the synchrotron shock picture (e.g., Sari et al.
1998; Chevalier & Li 2000). Although we believe we have ac-
counted for the flux of a nearby source, it is possible that the hard-
ness increase in the case of GRB 060206 is due to contamination
by that source. This is not an issue for GRBs 050315, 060105, and
060814.

For GRB 060206 atz = 4.045 (Fynbo et al. 2006), the source-
frame GRB energy release is Eis, = 4.2f8:2 x10°% ergs. The
break to increased hardness in Figure 8 for a wind medium im-
plies a reasonable density 4, = 0.13(e5/0.01)~>*. If the density
were uniform, as would be inferred from the breaks to softer
spectra in the other three events, a very low density n = 1.7 x
103(e5/0.01)~*? is implied. Unless the other three events are at
low redshift (z < 0.1), which is unlikely given the lack of bright op-
tical emission in each case, the implied densities are anomalously
low.
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Falling back on our basic ignorance of the nature of the prompt
engine and its timescales for energy output, the late-time variation
could also be due to the central engine. The light curves do appear
more structured than simple power laws. In Figure 8, we fit the
observed 0.3—10 keV rate model to the HR in order to derive a
hardness intensity correlation index. These are printed in the fig-
ure and are typically ~0.5 for the early, GRB-like emission and
~(0 for the late emission. As we discuss in BK07, a probable ex-
planation for this correlation at early times is a relativistic view-
ing effect due to photon arrival from emitting regions off the line
of sight. The long emission timescales could be due to curvature
radiation at large radii. It is interesting to note that the late hard-
ness evolution in GRB 050315 rules out associating the late
break with an achromatic jet break, as was done in Vaughan et al.
(2006).

6.3. Enerqy Injection Scenarios

The lack of spectral evolution during the light-curve plateau
phase and at later time suggests strongly that these episodes are
generated by the same emission mechanism. In the fireball model,
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this points to a smooth late-time energy injection that refreshes the
external shock (Nousek et al. 2006; Zhang et al. 2006), which
alters only the time decay rate and not the spectral regime in which
the X-ray synchrotron emission occurs. The external shock with-
out energy injection cannot produce the observed flat light curves
(e.g., Sari et al. 1998).

Energy injection into the GRB external shock was first dis-
cussed by Paczynski (1998) and Rees & Mészaros (1998). Ac-
cording to the very general energy injection models outlined in
Nousek et al. (2006), the X-ray light curve is propped up by an in-
sertion of energy F in time as E o t“. For data observed above the
synchrotron cooling break v, and peak frequency v,,, the flux var-
ies as Fx oc t~ %, with ajpj = o —a(B+1)/2 = (3 —a)B/2 —
(1 + a)/2. Curves for a in the range 0.5—1.1, which is needed to
account for the well-sampled plateau phase events described in
§ 5, are shown in Figure 6. Time flows from the left to the right in
this figure as the light curve smoothly breaks. We consider the
leftmost points for each burst as those most likely to reflect the
true energy injection profile. If the X-ray band is below the cool-
ing break, the slopes in Figure 6 remain the same for the same a,
but the offsets shift. This leads to acceptable fits witha = 0.7—1.1
for a constant-density medium (interstellar medium [ISM]) and
a = 1.0—1.4 for a wind-density medium. An £ ¢ scaling im-
plies a central engine with an approximately constant late-time
luminosity or an ordered flow of internal shock material with
M(T) o T2 — T3 (ISM) reaching the afterglow shock at late
time (Nousek et al. 2006; Granot & Kumar 2006).

After the break, the fits become consistent with external shock
models ranging between the expectation for a spherical expan-
sion observed at v > v, v,, and a jetted expansion in the same
regime. This may imply that gradual jet breaks are present in
these events, although only one (GRB 060614) ever reaches the
expected late-time decay rate.

Alternatively, the X-ray band could be in the v, > v > v,
regime and the energy injection could be turning off gradually.
The steep decay in the case of GRB 060614 at late time requires
a wind-density medium. However, this can be ruled out from
optical data reported to the GCN.” During the plateau, the optical
light curve rises as ¢%38+09 compared to ~%93%%9 measured in
the X-ray band. This behavior is consistent with v, between the
optical and X-ray band and energy injection with a = 0.69 +
0.08. There are no optical points after the candidate jet break to ver-
ify achromaticity. GRB 060729 has consistent optical (¢~0-24+0-03)
and X-ray (¢~ 026+0-04) light-curve indices during the plateau,
and both light curves break to consistent decays thereafter. The
postbreak decay is consistent with expansion into an ISM with-
out a jet break. The energy injection prior to the break is fit by
a=0.92=+0.05 > v, v,).

Painetescu (2007) propose a very simple model to explain
some plateau light curves and spectra. For a wind-density me-
dium, 74 is a strong function of the bulk Lorenz factor, #4ec =
6(1 4 2)Egock 5345 ' T, * s, for a typical Wolf-Rayet wind density
of 5x 104, gcm™!. The afterglow will not peak until 103—10*s
if, after the internal shocks are through, the effective I' ~ 20. Dur-
ing deceleration, the flow coasts, and the light curve stays relatively
flat, « = 5 — 1 (Painetescu 2007), for v > v, v,,. Contrarily,
deceleration by a uniform-density medium produces a sharply
rising light curve, which is not observed. This «-( relation for
the wind medium takes the same form as that for the a = 1 en-
ergy injection model, and it appears to be roughly consistent with
most of the plateaus in Figure 6. In this picture, the jet break will

7 See http://gen.gsfc.nasa.gov.
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coincide with the end of the plateau if the opening angle is 6 ~
1/T ~ 3°, which may well occur for some events.

Several additional models have been proposed to explain the
X-ray plateau phase, and many of these can be constrained by a
constant X-ray spectral slope and from the fact that a distinct hard-
ness evolution separates the plateau phase emission from the
GRB-like emission prior. One possibility—which we can rule out
from lack of hardness variations because it requires a contribution
from the spectrally varying tail of the GRB—is that off-axis af-
terglow plus late GRB emission combine to produce the plateau
(Eichler & Granot 2006). In a similar fashion, we may be able to
rule out the “late prompt” model of Ghisellini et al. (2007), al-
though spectral variations would be modest in that model due to
low T'. Models involving the reverse shock (Genet et al. 2007;
Uhm & Beloborodov 2007) appear to produce spectra variations
in the X-ray band. Inverse Compton models that extract afterglow
flux should also change the spectrum, but see Wang et al. (2006).
A final, more exotic possibility, which we cannot rule out, is time
evolution of the microphysical parameters defining the shock
(Granot & Kumar 2006).

7. CONCLUSIONS

We have shown that the GRB and early afterglow light curve
prior to Ty ~ 103 s is highly time- and energy-variable. The flux
at the end of these variations and during the X-ray plateau phase
exhibits nonchanging X-ray hardness like the latest X-ray after-
glow emission that is well modeled by a synchrotron external shock
(t210% s; § 3). The afterglow flux is typically 10 times lower than
would be estimated from a simple extrapolation of the GRB flux
after Toy ~ Ty/5. Explaining how the GRB deceleration can be

postponed until after = 10* s is a central challenge to those mod-
eling GRBs and their afterglows.

Observations prior to Swift that imply a common early onset
of the afterglow may point to a class of bursts rarely observed by
Swift. The three Swift examples discussed (GRBs 050717, 060105,
and 061007) have energetic and hard prompt emission. These
bursts may be those most rapidly decelerated by the circumburst
medium. These events likely have the most high-energy photons
for the Gamma-Ray Large Area Space Telescope (GLAST ) to ob-
serve, unless photons missing from the early afterglows of softer
events are preferentially upscattered to high energies by late-time
shocking (see, e.g., Wang et al. 2006). In either case, GLAST
observations will be crucial for understanding this diversity and
for helping us to understand the Swift phenomenology relative to
that observed in previous missions (see, e.g., Zhang 2007). Ad-
ditional long-wavelength observations (e.g., in the optical/IR)
are also essential at times ¢ < 103 s, because these better probe the
circumburst density structure.
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