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ABSTRACT

We report the best evidence to date of a jet break in a short gamma-ray burst (GRB) afterglow, using Chandra and
Swift XRT observations of the X-ray afterglow of GRB 051221A. The combined X-ray light curve, which has three
breaks, is similar to those commonly observed in Swiff observations of long GRBs. A flat segment of the light curve at
~0.1 days after the burst represents the first clear case of strong energy injection in the external shock of a short GRB
afterglow. The last break in the light curve occurs at ~4 days postburst and breaks to a power-law decay index of ~2.
We interpret this as a jet break, with important implications for models of short GRBs, since it requires collimation of
the afterglow into a jet with an initial opening angle 6, ~ 4°-8° and implies a total jet kinetic energy of Eje ~
(1-5) x 10*° ergs. Combined with the lack of a jet break in GRB 050724, this suggests a wide range in jet collimation
in short GRBs, with at least some having collimation similar to that found in long GRBs, although with significantly

lower jet energies.
Subject headings: gamma rays: bursts
Online material: color figures

1. INTRODUCTION

Afterglows of short gamma-ray bursts (GRBs) have proven
to be extremely elusive, frustrating efforts to identify their pro-
genitors and environments. This situation changed dramatically
in 2005. The Swift (Gehrels et al. 2004) Burst Alert Telescope
(BAT; Barthelmy et al. 2005a) localized 11 short GRBs between
2005 February 1 and 2006 January 31, and the Swifi X-Ray Tele-
scope (XRT; Burrows et al. 2005b) identified X-ray afterglows
from six of these (two could not be observed by the XRT, and the
rest were too faint to detect). These observations led to the first pre-
cise localization of a short GRB, GRB 050509B, and the discovery
that it was probably located in a giant elliptical galaxy with ex-
tremely low star formation (Gehrels et al. 2005; Hjorth et al. 2005b;
Bloom et al. 2006), lending support to a merger model for short
bursts (e.g., Lattimer & Schramm 1976; Paczynski 1986, 1991;
Eichler et al. 1989; Rosswog et al. 2003; Rosswog 2005). This pic-
ture was confirmed two months later by the HETE-2 discovery of
the short GRB 050709 (Villasenor et al. 2005) and its localiza-
tion to aregion of low star formation (Hjorth et al. 2005a; Fox et al.
2005), and by the Swift discovery of the short GRB 050724
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(Barthelmy et al. 2005b; Campana et al. 2006) in another el-
liptical galaxy.

Of the six short bursts localized by the XRT, only three were
bright enough in X-rays to permit detailed study: GRB 050724,
GRB 051221A, and GRB 051227 (L. Barbier et al. 2006, in prep-
aration). Chandra follow-up observations obtained for GRB
050724 and GRB 051221A are critical for constraining jet breaks
in both bursts. GRB 050724 is discussed in a companion paper
(Grupe et al. 2006, hereafter Paper I). In this paper we discuss the
late X-ray afterglow of GRB 051221A as observed by the XRT
and by the Chandra ACIS-S instrument. We show that a break is
observed in the late-time X-ray light curve. If interpreted as a jet
break, these observations provide a measurement of the jet opening
angle, and hence allow us to determine the jet energy for this short
burst.

We characterize the dependence of the X-ray flux on time and
frequency as F(t, V) o (t — To) “ v~", where T} is the time of the
BAT trigger, « is the decay index, and [ is the spectral energy
index. Error bars on data points are 1 o, while those given for model
parameters are 90% confidence limits for one interesting parameter
(2, +2.7) unless otherwise specified. We use standard ACDM
cosmological parameters of €23, =0.27, Q) =0.73, and Hy =
71 km s~! Mpc~!.

2. OBSERVATIONS AND DATA REDUCTION

GRB 051221 Awas detected by the Swifi BAT at 7,=01:51:16 UT
on 2005 December 21 (Parsons et al. 2005). The burst was a short,
hard burst, with Too = 1.4 & 0.2 s and a hard photon index in the
15-150 keV band of I' =1.39 &+ 0.06 (Cummings et al. 2005).
The Konus-Wind instrument measured a cutoff power-law spec-
trum with Epeac = 402773 keV (Golenetskii et al. 2005). The 15—
150 keV fluence was (1.16 £ 0.04) x 10~¢ ergs cm~? (Cummings
etal. 2005), making this the most fluent BAT-detected short burst
yet, by a factor of 2.

The Swift XRT observations of GRB 051221A began at
01:52:44 UT, 88 s after the BAT trigger. The XRT was not able to
determine a centroid on board because of insufficient counts in the
2.5 s Image Mode exposure (see Hill et al. 2004 for a description
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TABLE 1
Chandra ACIS-S OsservATION LoG FoR GRB 051221A

Tstart Tend Texp

ObsID Date (UT) (UT) Tyt (ks)
2005 Dec 22 13:55:20  22:51:11 0.13 29.8

2005 Dec 25 12:17:00  21:13:04 0.38 29.8

2006 Jan 5 05:49:54  11:30:12 1.31 17.9

2006 Jan 10 02:11:17  09:44:07 1.73 24.6

2006 Jan 16 01:17:58  15:19:44 2.24 48.5

* Tetapse = Tstart — To (in Ms), where Ty is the burst trigger time (01:51:16 UT
on 2005 December 21).

of the XRT readout modes). Data were taken primarily in Win-
dowed Timing (WT) mode from 7, + 93 suntil about 7y + 300s,
after which the instrument switched to Photon Counting (PC)
mode. Subsequent ground analysis of the PC mode data provided
a position with 3”5 uncertainty (Burrows et al. 2005a). XRT ob-
servations continued until 2006 January 3 (13.7 days after the trig-
ger), although the source became undetectable by XRT after about
11 days postburst, and only upper limits are available at later times.

The XRT data were reduced with the XRTDAS tools included
in the HEAsoft 6.0.4 package, using the latest calibration files
available in CALDB and applying standard data screening. For
the WT mode data, events in the 0.3—10 keV band with grades
0-2 were used in the analysis (see Burrows et al. [2005b] for
XRT event grade definitions). For the PC mode data, we selected
events in the same energy range with grades 0—12.

The GRB afterglow was located near a hot column on the CCD.
The position on the detector changes with each orbit, leading to a
significant loss of effective area for some orbits during which the
PSF core falls partially on the columns that are masked off by the
analysis software. In order to minimize the impact on our data
analysis, we used a small data extraction region (a 5 pixel radius
circle in PC mode and a 10 pixel box width in WT mode), cor-
recting the derived count rates for the fraction of the PSF included
in the extraction regions. (The plate scale is 2734 per pixel.) When
the hot columns penetrated the extraction region we used a larger
extraction area (10 pixel radius circle) and calculated exposure
maps, excluding the hot columns and adjacent columns, to make
the necessary corrections to the count rates. These corrections
ranged up to a factor of 1.9 for some orbits.

Data in the first 200 s of PC mode, when the source count rate
exceeds ~0.5 counts s~ !, were affected by pileup, and were cor-
rected by excluding events within a circle of 2 pixels radius around
the afterglow (see Vaughan et al. 2006; Pagani et al. 2006; Romano
etal. 20006 for details of pileup correction procedures for XRT data).
Again, these effective area losses were taken into account in cal-
culating the light curve. The background used in each mode for
both light curve and spectral analysis was estimated from nearby
source-free regions.

The Chandra X-Ray Observatory performed five Target of
Opportunity observations with the ACIS-S3 CCD under our AO7
observing program, spanning the interval from T + 1.2 x 10° to
Tp + 2.3 x 106 s. The observing log is given in Table 1. The first
two Chandra observations overlap the Swift XRT data and pro-
vide valuable spectral information at late times, when the count
rate in the XRT is too low for spectroscopy. The last three Chandra
data points extend the X-ray light curve of GRB 051221A out to
2006 January 16. The observations were performed in Faint or
Very Faint mode with the standard 3.2 s frame time. Data were
reduced using version 3.3 of the CIAO software with CALDB
version 3.2.1. Events from the GRB afterglow were selected using

Fi. 1.—XRTand Chandra error circles plotted over the UVOT UVW!1 band im-
age (narrowband UV filter centered at 251 nm; 3.3 ks integration) of the GRB field.

a source extraction radius of R = 1775 for the 2005 December ob-
servations and R = 170 for the 2006 January observations. Back-
ground regions were chosen from a source-free area using a radius
10 times larger than the source region.

3. DATA ANALYSIS
3.1. Position

A preliminary Chandra position for the afterglow was given
in Grupe et al. (2005) based on the standard Chandra attitude
solution, which is typically good to about 0”5. We have improved
the astrometry of the first Chandra observation by reference to the
2MASS system. The Chandra ACIS data were reprocessed with
pixel randomization turned off in order to provide the most ac-
curate positions. We find 33 X-ray sources on CCDs S2 and S3
within 6’ of the GRB position with signal-to-noise ratio greater
than 2.7. These were matched to the 2MASS catalog to look for
near-IR counterparts, resulting in six potential matches. Two of
these were found to have large offsets and were discarded as unre-
lated position coincidences. We were left with four optical counter-
parts to X-ray sources, all with offsets less than 1 opgr. Averaging
the offsets between the Chandra and 2MASS positions for these
four objects, we find astrometry corrections of —07094 in right
ascension and +07015 in declination. We applied these offsets to
the best-fit Chandra position (using a circular Gaussian fit to the
image) to obtain the final position of the X-ray afterglow:

(@, 6)poooo = (21"54™48%620, +16°53/27719).

The rms residuals are 0717 in right ascension and 0725 in decli-
nation. This position is 0728 from the optical afterglow (Soderberg
et al. 2006), which was calibrated relative to the USNO-B system
and has 0”18 rms uncertainty in each coordinate. We note that the
optical observations are better suited to determining the offset of
the GRB from its host galaxy, which we do not detect with
Chandra; this offset is given by Soderberg et al. (2006) as 0712+
0704. The XRT and Chandra positions are shown overlaid on a
UVOT UVW1 band image in Figure 1.

3.2. Spectral Analysis

XRT spectra were accumulated from the WT mode data and
from the PC mode data. In the latter case, only data from 7;, + 501
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TABLE 2
Power-LAw SpeEcTRAL Fits To THE X-RAaY Data oF GRB 051221A

Observation r Ny Xy Flux®
Swift XRT (WT mode)................ 22404 17748 22.5/15 ©
Swift XRT (PC mode)". 21402 1.807 13.5/30 e
Chandra ACIS-S .......cccoocoommnn. 1.94%0% 1.4 +09 17.2/22
Chandra ACIS-S (ID 6681)........ 1.88791¢ 1392 15.4/18 1.7
Chandra ACIS-S (ID 7256)........ 2.0753% 1.4 (frozen) 1.6/4 0.46

* Absorption column density in units of 102! cm~2. The Galactic column density along this line
of sight is 6.7 x 102 cm~? (Dickey & Lockman 1990).

° Flux units are 107" ergs cm™2 s~! for the 0.3-10 keV energy band.

¢ Flux is not quoted for XRT data because it changes rapidly during these observation intervals

(see Fig. 2 for flux vs. time).

4 PC mode data from T+ 501 to T + 65,721 s, excluding the first portion, which is piled up.

to Ty + 65,721 s were used, as the earlier PC mode data suffered
from pileup, which distorts spectral fits. Data were binned to have
atleast 20 counts per bin and were fitted to an absorbed power law,
using XSPEC version 12.2.1 with version 007 (20060104) of the
XRT response matrices. Results of the spectral fits are given in
Table 2. From the PC mode spectrum, which is averaged over the
first three segments of the light curve, we find an excellent fit to
an absorbed power law with photon index I' = 2.1 £ 0.2 and
Ny = 1.8f8:§ x 10?" cm™2 (x2=13.5 for 30 degrees of free-
dom). These results are in good agreement with those from the
WT mode spectrum, which has fewer counts and larger uncer-
tainties. The absorbing column density is ~2 ¢ higher than the
Galactic value of 6.7 x 10%° cm™2.

The Chandra spectra were analyzed using XSPEC version
12.2.1, with data binned to have at least 20 photons per energy
bin. Spectral fit results for absorbed power laws are given in Table 2
for the first two Chandra observations individually and for their
combined spectrum. For the combined spectrum, we obtained
an excellent fit with photon index I' = 1.94733% and Ny =
(1.4 £0.9)x 10" em™2 (x? = 17.2 for 22 degrees of freedom).
These results are in good agreement with the Swift XRT spectral
results, indicating no change in spectral parameters from the
early portion of the light curve to the late portion at ~103 s
postburst.

3.3. Light Curve

Using the best-fit spectral parameters for the XRT data, we ob-
tained a mean exposure-corrected conversion factor between XRT
count rate and unabsorbed source flux in the 0.3—10 keV band of
7.9 x 107" (ergs cm ™2 s~!)/(counts s 1) for this afterglow, taking
into account the fraction of the PSF contained within the source
extraction region. The XRT light curve shown in Figure 2 was
generated by multiplying the background-subtracted XRT count
rate by the energy conversion factor (ECF) appropriate for each
orbit of data (since the exposure varies as described in § 2). A
similar procedure was used to convert the Chandra count rates to
flux units, using the Chandra spectral fit results discussed in § 3.2
to calculate the Chandra ACIS-S ECF for this source, 1.07 x
10~ ergs cm™2 count™!. Table 3 gives the fluxes and uncer-
tainties for all the X-ray data points from Figure 2. For time periods
before about 100 ks, our XRT fluxes are systematically about 40%
higher than those reported by Soderberg et al. (2006), with better
agreement at later times.

As shown in Figure 2, the XRT light curve can be approxi-
mated as two power-law segments of roughly equal slope sepa-
rated by a flatter segment. The best-fit power-law slope for the data
from Ty + 100 to Ty + 2200 s is 1.09f8:{8, while the third segment

(from 3 x 10* to 3.6 x 10° s) has a best-fit decay index of 1.194
0.06. The afterglow becomes undetectable in the XRT after 11 days,
but the Chandra observations at later times show clear evidence for
a deviation from the earlier power-law slope.

Since the slopes of the first and third segments are consistent
within the uncertainties, we fixed these slopes to be the same in
our following analysis. We then obtained the following best-fit
results to the entire X-ray light curve:

L . . 0.05
The initial decay index is a = 1.20t0.06;

the first break occurs at 7, = 3.707904 ks, after which the de-
cay index is vy = 0.04f8j§¥;

the second break occurs at #, = 14.973% ks and is followed by
a decay index of a3 =« y;

the third break occurs at #,3 = 354;“1‘(3)% ks and is followed by a
decay index of a4 = 1927032 (the uncertainties in the final break
time and final slope were obtained by fixing ar3 =1.20 and cal-
culating the confidence region in the #,3/cv 4 plane satisfying x 2. +
4.6, representing a 90% confidence region for two interesting
parameters).

107°
T
'l

Flux (0.3—10.0 keV) (erg cm™2 s™")

10—16 10—15 10—14 10—13 10—12 10—11 10—10

1 1 1 1
100 1000 10* 10° 108
Time since BAT trigger (s)

Fic. 2.—Combined Swift XRT and Chandra ACIS-S light curve of the af-
terglow of GRB 051221A. The light curve shows the 0.3-10.0 keV unabsorbed
flux. Black circles indicate the WT mode XRT data at early times. Red circles
indicate the PC mode XRT data. Blue dots indicate the Chandra observations at
late times. Green squares (arrows) indicate the '-band measurements (upper
limits) from Soderberg et al. (2006) arbitrarily scaled for comparison with the
X-ray data. The lines have slopes of —1.20, determined from a three-segment
fit to the data up to 7)) + 360 ks with the first and third decay indices tied together
(see § 3.3). The X-ray light curve deviates from the late power law after the last
r’-band detection.
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TABLE 3
X-Ray Licut Curves ForR GRB 051221A

Tstart

(ks)

Tend
(ks)

Flux
(ergs cm2 s71)

Swift XRT, WT Mode

0.092
0.112
0.132
0.152
0.172
0.192
0.212
0.252

0.112
0.132
0.152
0.172
0.192
0.212
0.252

0.332

(1.46 + 0.22) x 10710
(1.95 £ 0.21) x 10710
(1.58 £ 0.19) x 10710
(1.25 £ 0.17) x 10710
(8.98 £ 1.74) x 10711
(1.08 £ 0.19) x 10710
(8.62 + 1.17) x 10~
(5.47 + 0.84) x 10711

Swift XRT, PC Mode

0.301
0.401
0.501
0.701
0.901
1.101
1.301
1.701
2.101
6.101
7.101
12.10
13.10
17.40
18.78
23.27
34.97
46.99
57.77
75.13
81.55
93.55
110.5
139.9
167.9
202.7
2374
272.1
307.3
3415
4283
515.1
601.9
944.1

0.401
0.501
0.701
0.901
1.101
1.301
1.701
2.101
2.501
7.101
8.101
13.10
14.10
18.78
19.91
31.48
43.05
54.62
65.71
77.76
93.55
105.55
1355
164.3
199.2
233.9
268.6
303.3
337.8
424.8
S11.5
597.6
943.7
1199.9

(4.74 £ 0.66) x 10~
(2.97 £+ 0.53) x 10711
(2.44 £ 0.33) x 1071
(2.17 £ 0.31) x 10711
(1.06 + 0.22) x 10~
(9.32 £ 2.03) x 10712
(8.87 + 1.40) x 10712
(6.43 £+ 1.20) x 10712
(4.88 + 1.04) x 10712
(2.95 £ 0.51) x 10712
(2.31 £ 0.45) x 10712
(3.13 £ 0.53) x 10712
(2.49 + 0.47) x 10712
(2.09 £ 0.35) x 10712
(1.72 £ 0.33) x 10712
(1.53 £ 0.17) x 10712
(1.19 + 0.15) x 10712
(7.63 £+ 1.29) x 10713
(6.34 + 1.01) x 10713
(5.56 &+ 1.18) x 10713
(5.05 £ 1.04) x 10713
(3.98 £ 0.92) x 10713
(221 £ 0.43) x 10713
(2.11 £ 0.44) x 10713
(1.24 £ 0.29) x 10713
(1.49 £+ 0.33) x 10713
(1.23 £ 0.29) x 10713
(9.48 +2.52) x 10714
(8.02 & 2.35) x 10714
(6.17 + 1.35) x 10714
(3.63 £ 1.07) x 10714
(3.66 &+ 1.12) x 10714
(1.66 & 0.40) x 10714
<1.68 x 10714

Chandra ACIS

130.9
136.3
141.8
148.2
154.8
384.1
393.6
404.0

1311.9
1726.7
2247.8

136.3
141.8
148.2
154.8
161.1
393.6
404.0
4143
1329.8
1751.3

2296.3

(1.85 £+ 0.19) x 10713
(1.79 £ 0.18) x 10~1
(1.56 + 0.16) x 10713
(1.51 £0.15) x 10713
(1.44 £ 0.15) x 10713
(5.15 £ 0.75) x 10714
(4.69 + 0.68) x 104
(4.49 £+ 0.67) x 10714
(4.64 £ 1.65) x 1071
(3.20 £+ 1.18) x 10713
(1.57 £ 0.61) x 10713

The Chandra data were critically important in determining the
parameters of the late portion of the light curve. The fit to the third
segment is dominated by the small uncertainties in the first two
Chandra observations, which were each binned into a single
point for this fit, although we show them binned at finer time res-
olution in Figure 2. The last segment of the light curve depends
almost entirely on the Chandra data for definition of the break
time and slope. The overall fit has x> = 21.4 for 26 degrees of
freedom. By comparison, the best-fit model with a single slope after
15 ks (no jet break) has a3 = 1.393:0% with x> = 59.9 for 26 de-
grees of freedom. Finally, a fit with a single slope of 1.20 after
15 ks (as shown in Fig. 2) has x? = 135 for 27 degrees of free-
dom. We conclude that the third break in the light curve is required
by the data.

We note that the X-ray light curve shows evidence for a strong
energy injection episode in the time range 2200—-30,000 s, as dis-
cussed in more detail by Soderberg et al. (2006). This is the first
clear evidence for energy injection into the external shock for a
short GRB, and requires a mechanism for refreshing the external
shock similar to those proposed for long GRBs, but operating in
the context of short GRB models.

4. DISCUSSION

We interpret the last break in the X-ray light curve as a jet
break. These data, based on a well-sampled and well-behaved X-ray
light curve, constitute the best measurement yet of a jet break for
a short GRB. The jet parameters can be obtained by fitting a
model of jet evolution to the available radio, optical, and X-ray
light curves. Following Panaitescu & Kumar (2003) and Panaitescu
(2005) we model the afterglow of GRB 051221A with a uniform
relativistic jet undergoing lateral expansion and interacting with
a homogeneous circumburst medium. The calculation of the syn-
chrotron emission from the electrons accelerated by the forward
shock is done assuming that the distribution of the electrons with
energy is a power law and that the electron and magnetic field
energies are constant fractions (¢, and eg, respectively) of the post-
shock energy. Radiative losses, the spread in the photon arrival
time due to the curvature of the emitting surface, and the relativ-
istic beaming of the radiation are taken into account. The emis-
sion from the reverse shock sweeping into the out-flowing ejecta,
synchrotron self-absorption (at radio frequencies), and the effect
of inverse Compton scattering on electron cooling and its con-
tribution to the X-ray light curve are also included but, for the best-
fit parameters obtained for 051221A, are not important.

The best-fit parameters are determined by minimization of x?
between the model fluxes and the X-ray, optical, and radio mea-
surements. The basic jet model has six parameters: three for the
jet dynamics (initial energy E), initial opening 6y, and circumburst
medium density 7) and three for the jet emission (the two micro-
physical parameters €, and eg, and the slope —p of the electron dis-
tribution). The available radio, optical, and X-ray measurements
determine three or four characteristics of the afterglow synchrotron
emission ( peak flux, location of the injection and cooling break
frequencies, and possibly the self-absorption frequency), depend-
ing on whether the self-absorption frequency is below or above
the radio, which constrain Ey, n, €., and eg. The spectral slope of
the optical and X-ray continua, as well as the optical and X-ray
decay indices, overconstrain the electron index p. The epoch of the
last break in the X-ray light curve determines primarily the initial jet
opening angle. Finally, the injected kinetic energy is constrained by
the flattening of the X-ray light curve in its second segment.

Figure 3 shows two fits to the radio, optical, and X-ray mea-
surements of the afterglow of GRB 051221A obtained with a rel-
ativistic jet interacting with a homogeneous circumburst medium
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Fic. 3.—Examples of fits to the multiwavelength measurements of GRB
afterglow 051221A obtained with the jet model and an episode of energy injec-
tion in the blast wave. The low-density fit (n = 10~* cm~3) is shown with dashed
curves, the higher density fit ( = 0.1 cm™3) with continuous lines. The radio and
optical data points are taken from Soderberg et al. (2006). Triangles indicate 2 o
radio upper limits. (The fits also included i’-band and z’-band data, which are
omitted from this figure for clarity). Inset: Variation of x2 with circumburst
medium density (in protons cm~?) for the model fits. The dashed line is for a fit to
all of the data, including an energy injection episode commencing at about 4000 s.
Better fits are obtained with the jet model without energy injection if only the data
after the X-ray flattening are fitted (so/id line). Similar jet parameters are obtained
in both cases. [See the electronic edition of the Journal for a color version of this

figure.]

and undergoing energy injection at 0.1 days (to accommodate the
flattening of the X-ray light curves at that epoch). The two fits
correspond to a lower limit (n =10~* cm™3) and an upper limit
(n = 0.1 cm~3) on the density of the ambient medium. These den-
sities span the allowed range, as shown in the inset by the variation
of the reduced 2 with ambient density (the remaining model pa-
rameters were left free to minimize x?). Forn = 10~* cm™3, which
is characteristic for a binary merger occurring in the halo of the
host galaxy, the jet initial opening is §y = 4° and the total jet ki-
netic energy (after injection) is Ejee = 10* ergs. Forn = 0.1 em 3,
more typical of the interstellar medium, the jet parameters are ) =
8° and Eje = 5 x 10* ergs. For either case, at the epoch of energy
injection (~0.1 days), the incoming ejecta increase the forward-
shock energy by a factor of 2. Also for either case, the jet decel-
eration and decrease of the relativistic beaming of its emission
renders the boundary of the spreading jet visible to the observer
at a few days, when the X-ray light-curve decay exhibits a steep-
ening. Given the small angular offset from the center of the host

The fits obtained using the complete X-ray light curves are not
statistically acceptable (x2 > 2.5 for 43 degrees of freedom). This
is largely due to the poor fit at the earliest times, when the decay
rate of the preinjection X-ray emission, Fx oc £~ !0, is faster than
the model prediction. The postbreak decay of the X-ray emission,
Fx(t > 4 days) oc t3, indicates that the power-law distribution
with energy of the shock-accelerated electrons has an exponent
p = ax =~ 2. Together with the average spectral energy index of
the X-ray continuum, Gx =" — 1 = 0.96 4 0.09, this implies that
the cooling frequency is below the X-ray band (in which case
Bx = p/2). Then, the preinjection decay of the X-ray light curve
should be Fy oc ¢~ Gp=2/4 = ;=09420.14 "\which is slower than ob-
served, suggesting a departure from the standard assumptions of
the jet model (e.g., a slightly evolving index p or nonuniform am-
bient medium density). (We refer the reader to Zhang & Mészaros
[2004] for a compilation of the relations between ax, Ox, and
p for a variety of models, together with references to the original
sources of these relationships.)

Statistically acceptable fits (x2 ~ 1.0) are obtained if only the
postinjection data are fit with the jet model, as shown in the inset
of Figure 3. The resulting jet parameters are very similar to those
obtained for the energy injection model, except that the range of
allowed densities extends to larger values, n < 3 cm 3.

The single radio flux measurement may be dominated by the
reverse shock component, which depends on the Lorentz factor
of the ejecta responsible for the energy injection episode. With only
a single radio detection, the Lorentz factor of the incoming ejecta is
not well constrained by the data (although the injected energy can
be constrained by the X-ray data). Hence the strength of the reverse
shock cannot be robustly determined for this burst. Although we
have arbitrarily adjusted the ejecta Lorentz factor to fit this single
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data point, it does not allow us to further constrain any of the
afterglow parameters, including the density.

In Figure 4 we compare the initial jet angle, 6, and total jet
energy, Ej, for GRB 051221 A with those of two other short bursts,
GRB 050709 and GRB 050724, and with several long bursts. For
the long bursts, we show the best-fit parameters found by Panaitescu
(2005) using the same numerical modeling approach used here.
For GRB 050709 we show the range of values obtained for the
higher density solution (107 cm=—3 < 7 < 0.1 cm™?) found by
Panaitescu (2006); a jet angle larger than most of the long GRBs
in this sample is required for this case. For GRB 050724, we show
the limits obtained in Paper [ using our late-time Chandra obser-
vation that provides evidence against any jet break at less than
22 days postburst. The jet angle we obtain for GRB 051221A is
consistent with jet angles found for long GRBs (Panaitescu 2005;
Frail et al. 2001; Bloom et al. 2003) but is significantly lower than
that of GRB 050724, implying a wide range in jet collimation for
short bursts.

We find that GRB 051221A has a jet energy lower than that
of long GRBs by an order of magnitude. The lower energy of the
GRB 051221A jet is consistent with an origin from a binary
merger, as in this case the mass of the debris torus formed dur-
ing the merger is expected to be ~10 times lower than that of the
torus formed in the collapse of the core of massive stars. Fur-
thermore, the lower limit of circumburst densities allowed for the
short GRBs 050709 and 051221A is compatible with these bursts
occurring outside their host galaxies, as expected from the large
kick velocities that neutron stars can acquire at birth.

The flat portion of the light curve of GRB 051221A is very
similar to flat segments seen in many long GRBs. In fact, this light
curve looks very similar to that of GRB 050315 (Vaughan et al.
2006), with the notable exception that GRB 051221A has no evi-
dence for a steeply decaying initial segment. These flat segments
have been interpreted as being due to energy injection into the ex-
ternal shock (Nousek et al. 2006; Zhang et al. 2006; Panaitescu
et al. 2006), but this is the first time that this behavior has been
seen in a short GRB. As discussed more extensively by Soderberg
etal. (2006), the implication is that the external shock continues to
be refreshed hours after the GRB itself, either due to continued
activity from the central engine or to lower velocity shocks from
the initial burst catching up with the decelerating blast wave. By
contrast, GRB 050724 has a large, late bump in the X-ray light
curve, interpreted as continued central engine activity (Paper I),
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with the postflare afterglow returning to the same power-law de-
cay as the preflare afterglow. No flares are seen in the afterglow
of GRB 051221A.

5. CONCLUSIONS

We find that the X-ray afterglow of GRB 051221A has a break
in the light curve between 2.9 and 9.1 days postburst, from a de-
cay index of 1.2 to ~2, that is consistent with being a jet break.
Unfortunately, only upper limits are available in the optical and
radio data following this break, so the achromaticity of the break
cannot be established; however, the break can be modeled as a jet
interacting with an external medium with a density in the range
107 em™3 < n < 0.1 cm™3. At the low-density limit we find an
initial jet opening angle of 4° and a total jet kinetic energy of
10% ergs. At the higher density limit, which may be more con-
sistent with the small offset of the afterglow from the host galaxy
and with the indication of a modest amount of intrinsic X-ray
absorption in the host, we find a jet angle of 8° and jet energy
of 5x10% ergs. We obtain a much wider range of possible cir-
cumburst densities than found by Soderberg et al. (2006) and
somewhat larger jet energies (by a factor of 1.5-7), but are in
agreement with their results for the remaining jet parameters.
These results indicate that at least some short GRBs have after-
glows collimated to angles similar to jets in long GRBs, although
the jet energy can be substantially lower. Together with the lack of
ajet break in GRB 050724 (Paper 1), this implies a wide range of
jet angles for short GRBs. Finally, the X-ray light curve of GRB
051221A has a strong energy injection signature, indicating that
the energy of the external shock is increased by a factor of 2 at
about 0.1 days after the burst.
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