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ABSTRACT

We show that all X-ray decay curves of �-ray bursts (GRBs) measured by Swift can be fitted using one or two com-
ponents, both of which have exactly the same functional form comprised of an early falling exponential phase fol-
lowed by a power-law decay. The first component contains the prompt �-ray emission and the initial X-ray decay. The
second component appears later, has a much longer duration, and is present for�80% of GRBs. It most likely arises
from the external shock that eventually develops into the X-ray afterglow. In the remaining�20% of GRBs the initial
X-ray decay of the first component fades more slowly than the second and dominates at late times to form an after-
glow. The temporal decay parameters and �/X-ray spectral indices derived for 107 GRBs are compared to the expec-
tations of the standard fireball model including a search for possible ‘‘jet breaks.’’ For �50% of GRBs the observed
afterglow is in accord with the model, but for the rest the temporal and spectral indices do not conform to the expected
closure relations and are suggestive of continued, late, energy injection. We identify a few possible jet breaks, but
there are many examples where such breaks are predicted but are absent. The time Ta at which the exponential phase
of the second component changes to a final power-lawdecay afterglow is correlatedwith the peak of the �-ray spectrum,
Epeak. This is analogous to the Ghirlanda relation, indicating that this time is in someway related to optically observed
break times measured for pre-Swift bursts.

Subject headinggs: gamma rays: bursts — ISM: jets and outflows — radiation mechanisms: nonthermal
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1. INTRODUCTION

The standard fireball shock model of GRBs (Mészáros 2002
and references therein) predicts that a broadband continuum after-
glow spectrum is expected to arise from an external shock when
the relativistically expanding fireball is decelerated by the sur-
rounding low-density medium. As relativistic electrons, acceler-
ated in the shock to form a power-law energy spectrum, spiral in
the comovingmagnetic field we should see a characteristic fading
synchrotron radiation spectrum stretching from radio frequencies
through the IR, optical, and UV bands into an X-ray and �-ray
high-energy tail. The detailed form of the expected afterglow
spectrum and its evolution are described by Sari et al. (1998) and
Wijers & Galama (1999).

X-ray afterglows of GRBswere first detected by the BeppoSAX
satellite (1996Y2002), and the detection of GRB 970228 (Costa
et al. 1997) and other X-ray afterglows provided positions of suf-
ficient accuracy to enable follow-up ground-based optical obser-
vations. Faint optical afterglowswere discovered and it was soon
established that GRBs occurred at cosmological distances. The
first redshift, z ¼ 0:835, was measured for GRB 970508 (Metzger
et al. 1997). A connection between GRBs and supernovae was
revealed by observations of GRB 980425/SN 1998bw (Galama
et al. 1998; Kulkarni et al. 1998), although the supernovae asso-
ciated with GRBs showed very high expansion velocities (tens of
thousands of kilometers per second) and were given a new clas-
sification of hypernovae. The XMM-Newton observatory also de-

tectedX-ray afterglows. In particular, GRB 030329 confirmed the
hypernova connection (Tiengo et al. 2003; Stanek et al. 2003;
Hjorth et al. 2003), and multiwavelength observations and anal-
ysis of this bright afterglow and similar events (Harrison et al.
2001; Panaitescu & Kumar 2001, 2002, 2003; Willingale et al.
2004) established that afterglows were broadly consistent with
the expected synchrotron spectrum and temporal evolution.

If the relativistic outflow is collimated in the form of a jet, then
we expect to see an achromatic break in the decay at time tj days
after the burst when the edge of the jet becomes visible (Rhoads
1997, 1999). Many optical observations of GRB afterglow de-
cays exhibit a break a few days after the initial burst, which is iden-
tified with a jet break, consistent with a collimation angle, �j �
3
�Y40� (Frail et al. 2001; Bloom et al. 2003). Assuming the fire-

ball emits a fraction �� of its kinetic energy in the prompt �-ray
emission and the circumburst medium has constant number den-
sity n, the collimation angle is given by

�j ¼ 0:161
tj

1þ z

� �3=8
n��
Eiso

� �1=8
; ð1Þ

where z is the redshift and Eiso is the total energy in �-rays in
units of 1052 ergs calculated assuming the emission is isotropic
(Sari et al. 1999). The collimation-corrected energy is then E� ¼
Eiso(1� cos �j) and this shows a tight correlation with the peak
energy of the spectrum in the source frame, E src

peak / E 0:7
� (the

Ghirlanda relation; Ghirlanda et al. 2004). Jet breaks seen in the
optical should also be observed, simultaneously, in the X-ray
band.

Prior to the launch of Swift (Gehrels et al. 2004; Burrows et al.
2005), both X-ray and optical follow-up observations of GRBs
and their afterglows were limited to late times greater than sev-
eral hours and often a day or more after the GRB trigger. Since
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launch, Swift has detected an average of twoGRBs per week and
we now have a sample of over 100 GRBs for which we have
quasi-continuous coverage in the X-ray band in the range �100
to�106 s after the initial trigger. The aim of this paper is to com-
pare the observed X-ray afterglows with the expectations of the
standard model. One possible approach is to correlate the behav-
ior seen in the X-ray band with simultaneous optical measure-
ments. Panaitescu et al. (2006) present an analysis for six GRBs
detected by Swift noting that, contrary to expectation, temporal
breaks in the X-ray band were not seen simultaneously in the
optical. Another approach is to use the Ghirlanda relation to pre-
dict the time of expected jet breaks for SwiftGRBs for which we
have redshifts and then look to see if such breaks were observed.
Sato et al. (2007) applied this to three bursts without success and
concluded these bursts indicate a large scatter in the Ghirlanda
relation. A third possible approach, presented here, is to make a
systematic statistical study of the structure and evolution of a
large sample of X-ray decay curves (including the method em-
ployed by Sato).

2. THE FUNCTIONAL FORM OF X-RAY
DECAYS SEEN BY SWIFT

An analysis of a sample of 40 X-ray decays observed by Swift
by O’Brien et al. (2006) demonstrated that they all followed a
similar pattern comprising an exponential decay in the prompt
phase that relaxes to a power-law decay at a time Tp. In most
cases this initial power-law decay flattens into a plateau or shal-
low decay that then gradually steepens and establishes a final
afterglow power-law decay at time Ta. Figure 1 shows a sche-
matic of the decay profile and the disposition of Tp and Ta. Such
behavior is consistent with the presence of two emission com-
ponents that overlap in time: a short-duration prompt emission
followed by an initial power-law decay and designated by the
subscript p and a much longer duration low-luminosity after-
glow component that starts as a slowly decaying plateau and
ends with a steeper power law, designated by the subscript a. The
analysis reported by O’Brien et al. (2006) concentrated on the
properties of the prompt p component and produced an estimate
of Tp using a scaled version of each X-ray light curve. In this
paper we turn our attention to the later development of X-ray
light curves and employ a function fitting procedure to estimate
the parameters associated with both the prompt and afterglow
components.

We have found that both components are well fitted by the
same functional form:

fc(t) ¼
Fc exp �c �

t�c

Tc

� �
exp

�tc

t

� �
; t < Tc;

Fc

t

Tc

� ���c

exp
�tc

t

� �
; t � Tc:

8>>><
>>>:

ð2Þ

The transition from the exponential to the power law occurs at
the point (Tc; Fc) where the two functional sections have the
same value and gradient. The parameter �c determines both the
time constant of the exponential decay, Tc/�c, and the temporal
decay index of the power law. The time tc marks the initial rise,
and the maximum flux occurs at t ¼ (tcTc/�c)

1/2.
Having established this generic behavior we have fitted the

X-ray decay curves of all 107 GRBs detected by both the BAT
and XRTon Swift up to 2006 August 1 using two components of
the form f (t) ¼ fp(t)þ fa(t). Parameters with suffix p (Tp, : : :)
refer to the prompt component and those with suffix a (Ta, : : :)

the afterglow component. Figure 1 illustrates the functional form
of the two components.
The X-ray light curves were formed from the combination of

BAT and XRT data as described by O’Brien et al. (2006). The
conventional prompt emission, seen predominantly by the BAT,
occurs for t < Tp and the plateau/shallow decay phase, seen by
the XRT, at t < Ta. The fits were produced in two stages. The
first stage used the BAT trigger time as time zero, t0. In this fit the
term exp (� tp/t) was included in the prompt function fp so that a
peak position was found for the prompt emission. This peak time
was then used as time zero and a second fit done with tp ¼ 0 (i.e.,
without an initial rise in the prompt component). Following this
two-stage procedure ensures that the prompt power-law index
fitted, �p, is referenced with respect to the estimated peak time
rather than the somewhat arbitrary BAT trigger time. Inmost cases
the time of the initial rise, ta, of the afterglow component, fa(t),
was fixed at the transition time of the prompt emission, ta ¼ Tp. In
a few cases this was shifted to later times because a small dip was
apparent in the light curves before the start of the plateau or the
plateau started particularly early. There was no case in which the
two components were sufficiently well separated such that this
time could be fitted as a free parameter. That is, we are unable to
see the rise of the afterglow component because the prompt com-
ponent always dominates/persists at early times and ta could be
much less than Tp for most GRBs. Many of the decays exhibit
flares toward the end of the prompt phase, during the initial power-
law decay, on the plateau and even in the final decay phase. All
large flares were masked out of the fitting procedure. Although
apparently bright, such flares account for only�10% of the total
fluence in most cases.
We performed�2 fitting in log(flux) versus log(time) space us-

ing the parameters log10 Tp, log10 Ta, and logs of the products,
i.e., log10(FpTp) and log10(FaTa). The error estimation therefore
produced a statistical error on the product of flux and time di-
rectly and these products could then be used to calculate the flu-
ence and an associated fluence error in each of the components.
The fluences of the prompt exponential and prompt power-law
decay phases are

Cexp ¼
FpTp

�p

exp (�p)� 1
� �

; ð3Þ

Cdec ¼
FpTp

�p � 1
1� Tp

tmax

� ��p�1
" #

; ð4Þ

where tmax (>Tp) is the end of the light curve or some late time
when the decay is deemed to have terminated. If �p31, then

Fig. 1.—Left: Functional form of the decay and the fitted parameters. The
prompt component (upper curve) has no rise because time zero is set at the peak.
The afterglow component (lower curve) rises at time ta as shown. Right : Ratio of
the fluence in the exponential portion of the light curve to that in the power-law
decay as a function of �p. See eqs. (3), (4), and (6). [See the electronic edition of
the Journal for a color version of this figure.]
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TABLE 1

Best-Fit Parameters for the Swift X-Ray Decay Curves together with Upper and Lower 90% Confidence Limits

GRB tp log10 Tp log10(FpTp) �p log10 Ta log10(FaTa) �a

050126................... 0.89 1:952:26
1:70 �6:96�6:86

�8:10 4:057:173:04 2:345:641:34 �8:10�6:47
�10:74 1:071:610:63

050128................... 1.50 0:510:770:32 �7:02�6:89
�7:11 1:161:491:02 3:403:73

3:07 �6:88�6:79
�7:10 1:181:520:99

050219Ay .............. 0.50 1:302:30
0:30 �7:07�7:03

�7:12 1:551:611:49 4:495:81
3:49 �7:28�6:03

�8:89 1:0311:630:00

050315................... 2.04 1:952:01
1:89 �6:26�6:16

�6:43 4:374:844:03 4:394:664:13 �6:94�6:82
�7:07 0:720:840:63

050318................... 0.00 �1:13�1:22
�2:13 �6:59�4:23

�8:40 1:391:961:26 2:012:68
1:37 �5:99�5:77

�6:30 1:451:781:22

050319y ................. 10.56 1:521:681:37 �5:87�5:80
�5:94 2:612:94

2:37 4:674:934:40 �6:70�6:61
�6:78 1:391:861:01

050401� ................. 0.02 �0:310:07�1:31 �6:54�6:05
�6:61 1:131:181:09 3:874:113:69 �6:54�6:48

�6:62 1:471:941:27

050406................... 0.62 1:131:370:73 �6:90�6:66
�7:11 3:063:42

2:39 2:6212:221:62 �8:427:36�14:25 0:965:040:00

050412� ................. 0.90 0:901:430:64 �7:95�7:75
�8:12 1:172:45

0:83 2:725:290:30 �9:05�7:05
�67:12 5:6311:270:00

050416A................ 0.04 0:470:660:32 �6:03�5:95
�6:21 2:433:11

2:17 3:193:48
2:69 �7:79�7:66

�7:94 0:850:900:80

050421� ................. 0.00 1:121:830:48 �7:54�7:19
�7:86 1:342:34

1:07 2:322:88
2:11 �7:24�6:59

�7:36 4:7910:062:63

050422................... 1.99 1:582:17
1:25 �6:79�6:63

�7:14 2:784:452:33 2:775:451:77 �9:04�7:71
�11:87 0:600:840:32

050502B................ 0.53 1:501:740:86 �7:98�7:67
�8:65 4:5811:213:62 1:594:350:59 �8:51�8:10

�10:20 0:760:860:61

050505................... 3.18 1:582:45
1:41 �6:44�6:33

�7:36 1:553:90
1:37 4:394:874:15 �6:92�6:87

�7:28 1:472:05
1:31

050509B................ 0.01 �1:52�1:20
�1:78 �9:24�9:02

�9:43 1:171:271:09 . . . . . . . . .

050525Ay .............. 0.60 0:22�0:25
�0:78 �6:09�4:09

�8:09 1:674:120:00 2:923:06
1:69 �6:33�6:31

�6:39 1:411:481:30

050603................... 0.23 0:941:290:83 �7:13�7:08
�7:32 1:522:66

1:41 4:835:133:69 �7:12�7:08
�7:36 1:742:21

1:52

050607................... 0.49 1:081:460:83 �6:63�6:47
�6:73 1:872:30

1:70 4:324:813:80 �7:96�7:85
�8:18 1:101:660:79

050712................... 3.55 1:861:981:74 �6:60�6:55
�6:65 1:571:701:46 4:835:244:30 �7:47�7:34

�7:71 0:971:360:65

050713Ay .............. 1.00 1:311:571:21 �6:17�6:09
�6:73 2:654:802:22 4:094:293:90 �6:81�6:75

�6:86 1:181:301:09

050713B................ 0.22 2:172:24
2:09 �6:43�6:34

�6:54 3:063:39
2:74 4:454:634:27 �6:57�6:49

�6:66 0:971:110:85

050714B................ 32.63 2:272:39
2:15 �6:43�6:36

�6:88 4:8913:414:51 2:624:441:62 �7:84�7:28
�12:36 0:500:660:34

050716y ................. 0.35 1:931:991:88 �6:38�6:35
�6:41 1:661:731:60 4:245:883:24 �7:51�7:07

�8:56 1:121:470:75

050717................... 1.47 1:361:391:33 �6:34�6:33
�6:35 1:521:551:49 . . . . . . . . .

050721................... 0.14 1:571:691:46 �6:14�6:09
�6:17 1:771:921:65 3:186:322:18 �8:02�7:49

�8:28 0:610:830:34

050724................... 0.03 2:352:39
2:30 �6:44�6:37

�6:54 3:323:62
3:09 5:026:004:50 �6:74�6:41

�7:02 0:992:03
0:26

050726................... 0.17 1:031:120:92 �6:95�6:92
�6:99 1:151:171:13 . . . . . . . . .

050730................... 2.03 2:092:18
2:01 �6:59�6:57

�6:61 1:411:601:31 4:134:214:07 �6:04�5:95
�6:15 2:742:98

2:57

050801................... 0.09 1:511:791:15 �7:50�7:06
�9:32 3:6711:552:51 2:572:80

2:27 �7:76�7:68
�7:84 1:131:201:05

050802................... 1.07 1:191:411:02 �6:41�6:33
�6:49 1:631:831:50 3:964:053:86 �6:87�6:84

�6:91 1:661:791:54

050803................... 25.50 2:252:38
2:16 �7:09�6:87

�7:62 4:215:843:53 2:893:68
�1:50 �7:24�6:96

�10:25 0:660:730:60

050813................... 0.02 �0:38�0:01
�0:67 �7:72�7:52

�7:88 1:631:821:48 . . . . . . . . .
050814................... 5.16 2:272:32

2:23 �6:61�6:55
�6:68 2:963:20

2:76 3:934:493:26 �7:66�7:50
�7:99 0:781:130:44

050819................... 5.33 1:861:971:74 �6:61�6:48
�6:75 3:463:89

3:09 4:815:603:81 �7:96�6:94
�8:67 1:2311:920:00

050820A................ 0.02 1:451:811:22 �6:93�6:88
�6:99 1:862:70

1:52 3:964:043:84 �6:36�6:32
�6:37 1:171:211:14

050822................... 0.13 1:311:591:11 �6:48�6:37
�6:57 1:631:901:48 4:414:574:23 �7:05�7:00

�7:12 0:931:000:87

050824................... 52.69 1:421:68�1:42 �6:40�6:13
�6:92 2:082:71

1:75 4:826:664:28 �7:24�7:19
�7:51 0:771:250:59

050826................... 1.05 1:041:200:88 �7:17�7:08
�7:25 1:121:171:09 . . . . . . . . .

050904y ................. 8.60 2:613:27
2:50 �6:59�6:51

�7:38 2:193:53
1:88 4:024:523:18 �7:20�6:86

�7:48 1:662:17
1:26

050908................... 1.31 1:231:501:03 �6:03�5:96
�6:10 2:392:94

2:10 3:314:172:03 �7:77�7:57
�8:09 1:071:400:78

050915A................ 2.58 2:072:58
1:87 �7:70�7:35

�11:96 5:546:405:08 3:093:54
2:33 �7:81�7:63

�8:21 0:991:220:80

050915B................ 2.67 2:182:21
2:14 �6:50�6:40

�6:61 5:065:374:76 2:763:35
1:76 �8:26�8:09

�9:31 0:700:760:63

050916................... 8.22 2:003:00
1:00 �6:85�6:76

�6:95 3:323:67
3:04 3:504:222:50 �7:87�7:66

�8:40 0:741:110:39

050922B................ 31.45 2:312:37
2:24 �5:71�5:64

�5:80 3:093:33
2:87 5:325:594:97 �6:85�6:76

�7:00 1:241:700:87

050922C................ 0.08 0:380:670:17 �6:84�6:77
�7:31 2:334:092:22 2:582:69

2:48 �7:03�6:99
�7:06 1:261:301:22

051001................... 0.81 2:712:94
2:60 �7:12�7:07

�7:91 4:386:153:58 3:155:242:15 �8:08�7:75
�8:45 0:841:120:56

051006................... 2.70 1:341:431:25 �6:71�6:67
�6:75 1:621:701:54 . . . . . . . . .

051016A................ 0.45 1:622:00
1:34 �6:51�6:42

�6:84 2:934:502:45 3:474:892:47 �8:16�7:65
�10:50 0:851:040:67

051016B................ 0.01 0:751:130:52 �6:21�6:06
�6:34 1:902:48

1:60 3:514:152:70 �6:52�6:36
�6:95 0:740:930:43

051021B................ 0.00 1:351:451:25 �7:13�7:09
�7:17 1:511:611:42 . . . . . . . . .

051109A................ 0.52 1:131:450:50 �6:53�6:44
�6:84 1:521:971:34 3:934:083:70 �6:67�6:56

�6:83 1:251:321:18

051109B................ 0.71 1:752:61
1:08 �7:40�7:23

�8:56 3:927:972:71 3:673:94
3:27 �8:00�7:89

�8:20 1:091:350:84

051111................... 0.11 1:281:331:24 �5:79�5:76
�5:82 1:561:581:54 . . . . . . . . .

051117A................ 4.95 2:042:08
2:01 �6:02�5:98

�6:04 1:821:941:73 5:425:915:06 �7:37�7:28
�7:50 1:101:890:82

051117B ................ 1.41 1:241:441:01 �7:43�7:33
�7:54 1:601:761:46 . . . . . . . . .

051210................... 1.24 2:003:00
1:00 �7:38�7:33

�7:42 2:072:23
1:91 . . . . . . . . .

051221A................ 0.06 �0:24�0:19
�0:29 �6:54�4:54

�6:57 1:491:511:47 4:704:944:44 �7:63�7:57
�7:71 1:321:641:08

051221B................ 18.06 1:822:37
1:47 �7:50�7:37

�7:63 2:083:39
1:71 . . . . . . . . .

051227y ................. 0.02 0:370:580:12 �7:67�7:56
�7:79 1:131:181:08 . . . . . . . . .

060105y� ................ 2.06 1:081:190:98 �6:15�6:08
�6:22 1:221:251:19 4:304:344:24 �8:93�8:93

�9:09 9:9219:849:13

060108................... 1.05 1:211:411:04 �6:97�6:90
�7:03 2:322:69

2:08 4:404:604:19 �7:43�7:36
�7:50 1:311:551:11

060109y ................. 0.12 1:322:00
1:12 �6:97�6:82

�7:11 2:053:06
1:71 4:134:293:97 �7:27�7:23

�7:32 1:571:831:35

060111A................ 2.81 1:141:441:02 �6:28�6:20
�13:71 1:692:33

1:52 3:335:752:33 �7:83�6:65
�10:91 0:770:900:51

060111B ................ 0.17 1:962:07
1:81 �7:12�6:93

�7:32 3:314:002:61 3:493:67
3:26 �7:48�7:41

�7:56 1:371:551:19

060115................... 0.02 1:641:831:42 �6:79�6:72
�6:87 1:842:08

1:64 3:865:472:86 �7:52�7:30
�8:43 1:021:220:86

060116................... 10.51 2:252:34
2:10 �7:60�7:48

�10:32 5:8915:234:87 2:683:09
2:08 �7:43�7:32

�7:52 1:111:211:01



tmax can be set to infinity. The fluence of the exponential phase
in the afterglow component is reduced by the initial exponential
rise factor exp (� ta/t) and is given approximately by

Cexp ¼
FaTa

�a

exp �a 1� ta

Ta

� �� �
� 1

	 

: ð5Þ

The inclusion of the exponential rise term has negligible effect
on the fluence of the decay phase. Another way of viewing �p

(or �a) is that it controls the ratio of fluences seen from the ex-
ponential phase, t < Tp (or Ta), and the decay phase, t > Tp (or
Ta). If the peak time tp is zero and tmax ! 1, then the ratio of
the fluences for the prompt component is

Cexp
Cdec

¼
exp (�p)� 1
� �

(�p � 1)

�p

ð6Þ

and Cexp/Cdec ¼ 1 when �p ¼ �1 � 1:446. If �pT�1, then the
decay is slow and most of the energy appears for t > Tp in the

power law decay. If �p3�1, then the decay is fast and most of
the energy appears for t < Tp in the early exponential phase.
Figure 1 shows the fluence ratio as a function of �p. Avery sim-
ilar expression holds for the fluence ratio of the afterglow com-
ponent, but this includes a minor adjustment because of the
initial rise in the exponential phase, t < ta.
Table 1 lists the fitted parameters for all the GRBs in the sam-

ple. The type of decay fit (D) is also listed in Table 3. Of the 107
decays fitted, 85 required two components in which the after-
glow component was dominant at the end of the observed light
curve (D ¼ 1). In these cases the decay index of the prompt phase,
�p, was usually greater than �a, the final decay index of the after-
glow. In a further six cases two components were required but the
second component appeared as a hump in the middle of the initial
decay and the prompt component reappeared and dominated
again toward the end (D ¼ 2); these are marked with an asterisk
in Table 1. For these objects the prompt decay is slow, �p < 1:5,
and it is usually the case that�p < �a. The remaining 16 required
only one component (D ¼ 3) and did not exhibit a plateau phase

TABLE 1—Continued

GRB tp log10 Tp log10(FpTp) �p log10 Ta log10(FaTa) �a

060124...................... 0.64 1:341:531:18 �6:73�6:67
�6:79 2:052:37

1:82 4:604:694:47 �6:22�6:20
�6:23 1:451:531:37

060202y .................... 0.03 2:142:39
1:81 �6:22�6:10

�6:37 1:591:841:39 4:995:344:70 �6:92�6:82
�7:02 0:941:180:76

060204B................... 2.72 1:241:531:06 �6:69�6:59
�6:78 1:361:641:23 4:134:333:95 �7:16�7:07

�7:30 1:481:821:22

060206...................... 1.41 0:530:610:46 �6:93�6:89
�6:97 1:471:531:41 3:864:003:68 �6:55�6:50

�6:61 1:241:291:18

060210y� ................... 0.01 0:430:620:27 �6:87�6:76
�6:97 1:001:070:97 4:464:794:17 �6:85�6:75

�7:16 1:762:86
1:51

060211A................... 28.76 2:392:44
2:34 �6:62�6:52

�6:76 3:654:013:38 2:994:481:99 �8:11�7:56
�10:29 0:881:040:68

060211B................... 0.01 1:381:591:17 �7:23�7:16
�7:31 1:912:22

1:68 4:005:003:00 �8:39�8:18
�8:62 0:461:640:00

060218...................... 0.81 3:053:26
2:54 �6:46�6:37

�7:40 1:896:721:82 5:015:644:53 �7:45�7:03
�7:94 1:292:35

0:77

060219...................... 3.40 1:141:650:78 �6:00�5:88
�6:13 2:653:78

2:29 4:594:954:04 �7:38�7:27
�7:52 1:411:960:93

060223A................... 0.09 1:442:09
1:22 �7:30�6:90

�10:20 3:8213:133:07 2:733:05
2:37 �8:19�8:10

�8:29 1:301:501:12

060306y .................... 0.43 �0:500:09�1:50 �6:29�4:29
�6:99 1:461:541:40 3:904:103:71 �6:91�6:86

�6:98 0:991:110:88

060312...................... 1.18 1:621:831:48 �6:73�6:67
�7:24 3:184:652:75 3:153:45

2:68 �7:66�7:53
�7:84 1:021:200:88

060313...................... 0.20 �0:130:14�0:34 �7:30�7:11
�7:44 0:790:840:74 . . . . . . . . .

060319...................... 4.25 0:931:320:62 �6:67�6:52
�6:81 1:642:08

1:44 3:183:59
2:59 �7:65�7:41

�7:99 0:861:120:53

060323...................... 2.55 1:602:47
1:30 �7:33�7:23

�8:18 2:773:00
2:69 3:293:59

2:89 �7:76�7:68
�7:90 1:381:661:14

060403...................... 3.88 1:551:621:48 �6:95�6:94
�6:96 1:401:471:33 . . . . . . . . .

060413...................... 24.50 2:242:28
�0:74 �6:10�6:02

�6:23 3:163:53
2:87 4:584:704:44 �6:38�6:33

�6:43 1:962:26
1:69

060418...................... 2.39 1:751:791:70 �5:73�5:72
�5:77 2:352:49

2:23 3:443:58
3:26 �6:87�6:82

�6:95 1:481:621:33

060421...................... 0.88 1:151:840:99 �6:99�6:92
�8:30 2:367:882:00 3:043:43

2:54 �7:31�7:17
�7:49 1:251:551:03

060427...................... 0.20 2:312:39
2:30 �7:04�6:82

�7:18 5:157:054:55 2:693:82
1:69 �7:44�7:03

�7:62 1:411:531:29

060428A................... 3.04 1:121:280:98 �5:61�5:53
�5:74 2:593:17

2:27 3:383:61
2:99 �6:49�6:38

�6:73 0:650:720:55

060428B................... 5.86 2:262:29
2:22 �6:04�5:94

�6:14 4:574:824:33 3:503:86
3:06 �7:88�7:78

�8:03 1:021:160:88

060502A................... 1.02 1:631:781:52 �6:56�6:53
�6:78 2:683:68

2:43 4:254:493:36 �7:10�7:01
�7:46 1:001:260:76

060502B................... 0.00 �1:16�0:78
�1:44 �8:48�8:27

�8:62 1:241:341:16 . . . . . . . . .

060510A................... 0.01 1:401:541:29 �5:21�5:07
�5:47 4:345:213:84 4:114:184:04 �5:49�5:45

�5:52 1:511:601:43

060510By.................. 117.20 2:602:79
2:46 �7:20�7:16

�8:53 4:0811:333:16 4:555:154:01 �7:90�7:79
�8:15 0:961:400:72

060512...................... 0.35 1:182:40
0:90 �5:69�5:58

�5:92 2:999:412:54 3:854:192:85 �8:05�7:87
�8:14 1:171:381:01

060522...................... 7.00 2:362:44
2:23 �7:80�7:62

�9:95 4:979:163:86 2:863:32
2:61 �7:81�7:73

�7:90 1:041:200:93

060526...................... 0.62 1:201:391:03 �6:82�6:76
�6:89 1:872:13

1:68 3:844:313:51 �7:39�7:25
�7:48 1:061:370:89

060604...................... 0.02 1:491:921:10 �6:49�6:35
�6:66 1:562:10

1:33 4:554:834:26 �7:20�7:12
�7:34 1:181:380:99

060605...................... 2.02 1:441:821:33 �7:33�7:26
�7:43 1:832:58

1:58 4:164:294:03 �7:15�7:08
�7:24 2:042:39

1:76

060607Ay� ................ 1.01 1:091:230:98 �6:45�6:38
�6:51 1:331:401:27 4:754:784:73 �8:38�6:82

�8:80 8:4816:978:14

060614y .................... 0.29 0:700:850:58 �6:21�6:16
�6:27 1:611:971:47 5:005:084:91 �6:60�6:56

�6:65 1:982:22
1:78

060707...................... 1.03 1:451:551:27 �6:63�6:58
�6:69 1:932:11

1:71 3:584:052:87 �7:46�7:20
�7:70 0:830:910:75

060708...................... 0.74 1:821:881:77 �6:31�6:20
�6:47 4:184:643:80 3:413:66

3:16 �7:13�7:06
�7:20 1:081:151:00

060712...................... 9.79 1:571:871:30 �6:42�6:30
�6:53 2:553:18

2:26 4:124:393:51 �7:47�7:39
�7:60 1:081:270:90

060714...................... 0.02 1:872:19
1:64 �6:40�6:34

�6:54 2:433:40
2:07 3:203:41

2:79 �6:73�6:63
�6:80 1:251:341:18

060717...................... 0.02 1:551:891:28 �7:17�7:00
�7:34 2:963:96

2:33 3:404:612:40 �8:88�6:66
�10:98 0:732:14

0:00

060719...................... 0.01 1:982:07
1:91 �6:70�6:43

�7:17 5:937:125:11 3:814:073:47 �7:08�7:02
�7:16 1:101:240:98

060729...................... 0.01 1:551:711:33 �5:99�5:88
�6:12 2:222:44

1:99 5:115:155:07 �6:09�6:07
�6:13 1:321:371:27

060801...................... 0.00 �0:30�0:03
�0:52 �8:45�8:28

�8:57 0:951:000:91 . . . . . . . . .

Notes.—Times are in seconds and fluxes in ergs cm�2 s�1 0.3Y10 keV; tp is the prompt peak time with respect to the BAT trigger time used
as time zero. An asterisk (�) indicates two-component fits in which the first prompt component dominates toward the end of the X-ray light
curve. A dagger (y) indicates GRBs that have less than 50% of T90 included in the fitting.
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Fig. 2.—Examples of the fits to X-ray decay curves. The prompt and afterglow component functions are plotted in the same way as in Fig. 1. Top panels: The most
common type in which the second, afterglow component dominates at late times.Middle left: A two-component fit in which the afterglow component forms a bump in the
decay but the extrapolation of the prompt component decay dominates at late times. Middle right : A single-component fit, requiring no afterglow component. Bottom
panels: Two examples of fits that include a late temporal break. Flares are plotted as short gray marks in the middle left and bottom panels and were excluded from the
fitting procedure. [See the electronic edition of the Journal for a color version of this figure.]



with a subsequent power-law decay. In nine of these cases thiswas
probably because the object was faint and the prompt emission
faded below theXRT detection threshold before a putative plateau
could be recognized. Figure 2 shows typical examples of all these
fitted types.

For 99 of the 107 GRBs the latter stages of the light curve are
well represented by the one- or two-component functional fit de-
scribed above. For those with two components the plateau grad-
ually steepens in the exponential phase, t < Ta, and relaxes into a
simple power law for t � Ta. For those with one component the
prompt emission turns over into a final power-lawdecay at t � Tp.
However, in eight cases there is clear evidence for a late temporal
break. For these objects two extra parameters were included in the
fit, a final break at time Tb and a decay index �b for t > Tb. Ex-
amples of these are also shown in Figure 2, and Table 2 lists the
fitted parameters. Such a late break usually occurs in the final
decay of the afterglow component, but in three GRBs, 060105,
060313, and 060607A, the late break is seen in the power-law
decay of the prompt component. For 060607A the break in the
prompt component may have occurred much earlier and the final
break could be coincident with the end of the plateau, Ta (see
Fig. 8). However, there is no doubt that a break occurs near the end
of the light curve, and the decay after this break is very steep.
Figure 3 shows the distribution of Ta versus Tp for those ob-

jects with two-component fits. There is no correlation between
these times.6 The frequency distributions of these times are shown

TABLE 2

Late Temporal Breaks with 90% Confidence Limits

GRB �p �a log10 Tb �b ��

050315.......... . . . 0.72 5:485:755:10 2:004:070:86 1:283:35
0:14

050814.......... . . . 0.78 4:935:364:41 1:803:16
1:01 1:022:38

0:23

051016B....... . . . 0.74 4:575:164:00 1:231:570:94 0:490:830:19

060105.......... 1.22 . . . 5:045:264:66 3:568:291:45 2:337:070:23

060313.......... 0.79 . . . 3:874:043:52 1:641:921:37 0:851:130:58

060319.......... . . . 0.86 4:775:394:06 1:211:441:00 0:340:580:14

060428A....... . . . 0.65 5:145:344:84 1:411:791:10 0:761:140:45

060607A....... 1.33 . . . 4:8163:514:06 4:478:940:00 3:147:61�1:33

Notes.—Tb is the break time in seconds. The decay index before the break was
either �p or �a as shown, depending on which component dominates at the end of
theX-ray light curve. The final decay index after the late break is given by�b.�� is
the change in decay index across the break. For GRB 060607A the late break is
close to the decaying section of the second component, so the �� value maybe
misleading/incorrect.

Fig. 3.—Top left : Afterglow duration Ta vs. the prompt durationTp plotted for all objects in which the second component dominates the prompt component at late times.
Top right : Afterglow fluence calculated by integrating the second component in the XRT band 0.3Y10 keV vs. the prompt fluence calculated from the BAT T90 flux 15Y
150 keV plus the XRT flux 0.3Y10 keV in the initial decay (fldec). The dotted line indicates where the prompt and afterglow fluences are equal. Bottom left : Frequency
distributions of Tp (open histogram) and Ta (shaded histogram). Bottom right: Frequency distributions of prompt fluence (open histogram) and afterglow fluence (shaded
histogram).

6 The error bars plotted in Fig. 3, and all subsequent plots involving fitted
values, are 90% confidence ranges.
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TABLE 3

Spectral Indices

GRB D �p �pd �a �ad z

050126........................ 1 0.41 � 0.15 1.59 � 0.38 . . . 0.72 � 0.62 1.290

050128........................ 1 �0.53 � 0.36 0.85 � 0.12 0.96 � 0.11 1.13 � 0.12 . . .
050219A..................... 1 �1.03 � 0.29 1.02 � 0.20 . . . 0.89 � 0.24 . . .

050315........................ 1 1.15 � 0.09 1.49 � 0.19 0.89 � 0.07 1.29 � 0.31 1.949

050318........................ 1 1.01 � 0.10 0.93 � 0.30 . . . . . . 1.440

050319........................ 1 1.10 � 0.20 2.02 � 0.47 0.85 � 0.04 1.36 � 0.54 3.240

050401........................ 2 0.52 � 0.07 0.98 � 0.05 1.00 � 0.06 0.89 � 0.20 2.900

050406........................ 1 1.64 � 0.47 1.37 � 0.25 . . . . . . 2.440

050412........................ 2 �0.26 � 0.18 0.26 � 0.32 . . . . . . . . .
050416A..................... 1 2.20 � 0.25 0.80 � 0.29 0.99 � 0.17 0.93 � 0.08 0.654

050421........................ 2 0.64 � 0.46 0.27 � 0.36 �0.11 � 0.50 0.69 � 0.18 . . .

050422........................ 1 0.54 � 0.21 2.23 � 0.60 . . . 1.08 � 0.69 . . .

050502B..................... 1 0.64 � 0.15 0.81 � 0.28 . . . . . . . . .
050505........................ 1 0.55 � 0.12 0.80 � 0.07 1.09 � 0.07 1.24 � 0.19 4.270

050509B..................... 3 0.47 � 0.25 0.47 � 0.25 . . . . . . 0.225

050525A..................... 1 �0.17 � 0.12 1.07 � 0.02 . . . 1.13 � 0.22 0.606

050603........................ 1 0.11 � 0.06 0.75 � 0.26 0.91 � 0.16 0.70 � 0.10 2.821

050607........................ 1 0.97 � 0.17 0.77 � 0.48 0.74 � 0.18 1.28 � 0.27 . . .

050712........................ 1 0.50 � 0.19 0.91 � 0.06 0.90 � 0.12 0.80 � 0.26 . . .

050713A..................... 1 0.55 � 0.07 1.30 � 0.07 1.32 � 0.17 0.86 � 0.22 . . .

050713B..................... 1 0.53 � 0.15 0.70 � 0.11 1.05 � 0.12 0.90 � 0.07 . . .
050714B..................... 1 1.70 � 0.41 1.70 � 0.41 . . . 1.44 � 0.45 . . .

050716........................ 1 �0.17 � 0.28 0.33 � 0.03 0.84 � 0.20 0.93 � 0.14 . . .

050717........................ 3 0.36 � 0.05 0.63 � 0.11 . . . 0.35 � 0.20 . . .
050721........................ 1 0.78 � 0.12 0.74 � 0.15 . . . 0.40 � 0.08 . . .

050724........................ 1 1.17 � 0.26 0.95 � 0.07 . . . . . . 0.257

050726........................ 3 0.01 � 0.17 0.94 � 0.07 . . . 0.93 � 0.07 . . .

050730........................ 1 0.52 � 0.11 0.33 � 0.08 . . . 0.62 � 0.05 3.970

050801........................ 1 1.03 � 0.24 0.72 � 0.54 . . . 0.84 � 0.14 . . .

050802........................ 1 0.66 � 0.15 0.91 � 0.19 0.89 � 0.11 0.81 � 0.09 1.710

050803........................ 1 0.47 � 0.11 0.71 � 0.16 . . . 0.92 � 0.12 0.422

050813........................ 3 0.37 � 0.37 1.42 � 0.86 . . . . . . 1.800

050814........................ 1 0.98 � 0.19 1.08 � 0.08 . . . 0.71 � 0.10 5.300

050819........................ 1 1.56 � 0.21 1.18 � 0.23 . . . 0.55 � 0.47 . . .

050820A..................... 1 0.24 � 0.07 0.87 � 0.09 1.28 � 0.05 0.74 � 0.75 2.612

050822........................ 1 1.53 � 0.09 1.60 � 0.06 1.24 � 0.14 1.13 � 0.10 . . .

050824........................ 1 1.90 � 0.42 0.91 � 0.15 0.84 � 0.13 . . . 0.830

050826........................ 3 0.10 � 0.28 1.27 � 0.47 . . . 1.75 � 0.38 . . .

050904........................ 1 0.38 � 0.04 0.44 � 0.04 0.61 � 0.04 1.00 � 0.14 6.290

050908........................ 1 0.91 � 0.11 2.35 � 0.27 0.80 � 0.27 . . . 3.350

050915A..................... 1 0.37 � 0.11 1.12 � 0.34 1.06 � 0.23 . . . . . .

050915B..................... 1 0.89 � 0.06 1.45 � 0.10 0.93 � 0.18 0.71 � 0.95 . . .

050916........................ 1 0.83 � 0.32 0.77 � 0.84 . . . . . . . . .
050922B..................... 1 1.11 � 0.16 1.64 � 0.08 1.34 � 0.55 1.33 � 0.25 . . .

050922C..................... 1 0.34 � 0.03 1.10 � 0.09 0.91 � 0.38 1.32 � 0.16 2.198

051001........................ 1 1.19 � 0.10 0.49 � 0.06 1.45 � 0.91 1.43 � 0.79 . . .
051006........................ 3 0.68 � 0.16 0.54 � 0.51 . . . . . . . . .

051016A..................... 1 0.95 � 0.16 1.16 � 0.73 . . . 1.07 � 0.49 . . .

051016B..................... 1 1.53 � 0.17 1.89 � 0.81 0.86 � 0.21 1.26 � 0.33 0.936

051021B..................... 3 0.57 � 0.10 0.39 � 0.46 . . . . . . . . .
051109A..................... 1 0.53 � 0.15 0.98 � 0.12 0.93 � 0.04 1.04 � 0.12 2.346

051109B..................... 1 0.98 � 0.19 1.00 � 0.28 0.55 � 0.30 0.94 � 0.32 . . .

051111........................ 3 0.38 � 0.11 1.28 � 0.24 . . . 1.07 � 0.36 1.549

051117A..................... 1 0.76 � 0.03 1.06 � 0.02 1.55 � 0.21 1.73 � 0.45 . . .
051117B ..................... 3 0.74 � 0.25 0.34 � 0.31 . . . . . . . . .

051210........................ 3 0.00 � 0.00 0.26 � 0.12 . . . . . . . . .

051221A..................... 1 0.34 � 0.04 0.83 � 0.11 . . . 0.68 � 0.19 0.547

051221B..................... 3 0.32 � 0.13 0.35 � 0.51 . . . . . . . . .
051227........................ 3 0.57 � 0.17 0.41 � 0.22 . . . 0.58 � 0.40 . . .

060105........................ 2 0.07 � 0.02 1.11 � 0.03 . . . 1.07 � 0.03 . . .

060108........................ 1 0.94 � 0.11 0.98 � 0.25 0.68 � 0.22 . . . 2.030

060109........................ 1 0.99 � 0.18 1.16 � 0.17 . . . 1.08 � 0.15 . . .

060111A..................... 1 0.67 � 0.05 1.35 � 0.04 . . . 1.39 � 0.12 . . .

060111B ..................... 1 0.08 � 0.12 1.16 � 0.21 1.10 � 0.12 1.04 � 0.16 . . .

060115........................ 1 0.79 � 0.08 0.72 � 0.06 1.24 � 0.16 1.28 � 0.23 3.530

060116........................ 1 0.36 � 0.13 1.20 � 0.40 0.93 � 0.32 1.53 � 0.58 6.600



in the bottom left panel. The same figure shows the distribution of
afterglow fluence (the total fluence from the afterglow compo-
nent) versus the prompt fluence calculated as the sum of the T90
fluence seen by the BATand the fluence from the initial decay fldec
calculated from the XRT flux using the equation above. The
dotted line indicates those objects for which the afterglow fluence
is equal to the prompt fluence. There are a few objects on or just
above this line while the rest are well below. There is a general
trend that high prompt fluence leads to high afterglow fluence, as
might be expected, but the scatter about this trend is large. This
confirms the result from our earlier analysis (O’Brien et al. 2006)
but for a larger sample. The frequency distributions of the fluences
are shown in the bottom right panel of Figure 3.

3. SPECTRAL EVOLUTION

Spectral fitting with XSPEC (Arnaud 1996) version 11.3.2
was used to determine the spectral index in the prompt phase (�p,

from theBATdata), in the prompt decay (�pd, from theXRTdata),
on the plateau (�a , XRT data), and in the final decay (�ad, XRT
data) for t > Ta. In some cases the coverage was poor and/or the
count rate low so it was not possible to separate �pd and �a or �a

and �ad. For the weakest bursts it was only possible to derive �p

and one spectral index from the XRT, �pd. When fitting late-time
spectra the absorption was fixed to the early-time fitted values
(both Galactic and intrinsic components) so that errors on the late-
time spectral indices were minimized. Table 3 lists these spectral
indices for all the GRBs in the sample. The� ranges quoted are at
90% confidence. The decay fit type D is also listed. When D ¼ 3
there is no second component and hence no plateau. However, for
some of these afterglows late-time XRT data are available and a
late spectral index could be derived independently from �pd. These
late spectral indices are listed in the �ad column.
Figure 4 shows the distribution of the afterglow plateau spec-

tral index �a versus the prompt (BATover T90) spectral index �p.

TABLE 3—Continued

GRB D �p �pd �a �ad z

060124........................ 1 0.89 � 0.13 0.86 � 0.11 1.01 � 0.06 1.28 � 0.11 2.300

060202........................ 1 0.81 � 0.09 1.32 � 0.03 2.17 � 0.20 1.97 � 0.21 . . .

060204B..................... 1 0.38 � 0.06 0.92 � 0.09 1.33 � 0.21 1.47 � 0.30 . . .
060206........................ 1 0.76 � 0.05 0.63 � 0.33 0.78 � 0.23 0.80 � 0.16 4.050

060210........................ 2 0.69 � 0.12 1.02 � 0.04 1.05 � 0.07 1.00 � 0.09 3.910

060211A..................... 1 0.83 � 0.08 0.99 � 0.08 . . . 0.94 � 0.41 . . .
060211B..................... 1 0.58 � 0.15 0.92 � 0.45 . . . 1.50 � 0.81 . . .

060218........................ 1 1.37 � 0.25 1.72 � 0.19 . . . 3.00 � 0.18 0.030

060219........................ 1 1.65 � 0.28 2.15 � 1.06 2.04 � 0.57 1.61 � 1.00 . . .

060223A..................... 1 0.77 � 0.08 0.90 � 0.23 1.02 � 0.19 0.85 � 0.25 4.410

060306........................ 1 0.83 � 0.07 1.04 � 0.23 1.17 � 0.19 1.18 � 0.17 . . .

060312........................ 1 0.87 � 0.05 1.27 � 0.10 1.08 � 0.29 0.88 � 0.36 . . .

060313........................ 3 �0.37 � 0.05 0.66 � 0.16 . . . 1.34 � 0.31 . . .

060319........................ 1 1.29 � 0.15 1.16 � 0.18 1.18 � 0.17 1.21 � 0.81 . . .
060323........................ 1 0.51 � 0.11 0.74 � 0.18 . . . . . . . . .

060403........................ 3 �0.01 � 0.06 0.64 � 0.21 . . . 1.50 � 0.75 . . .

060413........................ 1 0.70 � 0.04 0.86 � 0.10 1.46 � 0.39 0.53 � 0.12 . . .
060418........................ 1 0.66 � 0.03 1.26 � 0.06 1.04 � 0.21 0.81 � 0.89 1.490

060421........................ 1 0.49 � 0.05 0.54 � 0.33 0.41 � 0.39 0.33 � 0.37 . . .

060427........................ 1 0.90 � 0.17 1.90 � 0.21 0.54 � 0.34 1.15 � 0.17 . . .

060428A..................... 1 1.04 � 0.07 2.35 � 0.25 1.20 � 0.15 0.94 � 0.12 . . .
060428B..................... 1 1.70 � 0.14 1.80 � 0.11 2.35 � 0.25 0.86 � 0.07 . . .

060502A..................... 1 0.45 � 0.05 2.37 � 0.34 1.21 � 0.19 1.07 � 0.27 1.510

060502B..................... 3 0.26 � 0.25 0.95 � 0.55 . . . 0.62 � 0.56 . . .

060510A..................... 1 0.76 � 0.08 2.73 � 0.30 1.05 � 0.07 0.97 � 0.08 . . .
060510B..................... 1 0.78 � 0.05 1.27 � 0.33 1.57 � 0.35 1.67 � 0.36 4.900

060512........................ 1 1.43 � 0.22 0.88 � 0.16 . . . . . . 0.443

060522........................ 1 0.55 � 0.11 0.95 � 0.13 0.82 � 0.22 . . . 5.110

060526........................ 1 1.00 � 0.15 0.87 � 0.10 0.89 � 0.14 0.13 � 0.62 3.210

060604........................ 1 0.88 � 0.30 2.72 � 0.19 1.36 � 0.20 1.25 � 0.16 2.680

060605........................ 1 0.30 � 0.11 0.25 � 0.43 0.89 � 0.09 0.96 � 0.10 3.800

060607A..................... 2 0.47 � 0.05 0.94 � 0.10 0.80 � 0.06 0.86 � 0.09 3.082

060614........................ 1 0.96 � 0.03 0.88 � 0.12 0.92 � 0.08 0.77 � 0.12 0.125

060707........................ 1 0.75 � 0.10 0.84 � 0.24 1.03 � 0.13 1.20 � 0.46 3.430

060708........................ 1 0.66 � 0.08 2.22 � 0.51 1.73 � 0.20 1.47 � 0.16 . . .

060712........................ 1 0.82 � 0.20 2.07 � 0.33 1.36 � 0.34 1.75 � 0.23 . . .
060714........................ 1 0.95 � 0.07 1.36 � 0.31 1.12 � 0.12 1.36 � 0.27 2.710

060717........................ 1 0.68 � 0.26 1.23 � 0.42 . . . . . . . . .

060719........................ 1 1.03 � 0.08 1.47 � 0.62 1.36 � 0.11 1.37 � 0.15 . . .

060729........................ 1 0.83 � 0.10 1.64 � 0.05 1.42 � 0.04 1.39 � 0.05 0.540

060801........................ 3 �0.55 � 0.18 0.51 � 0.32 . . . . . . . . .

Notes.—�p = prompt phase; �pd = initial decay; �a = plateau; �ad = final decay after the plateau. Limits are 90% confidence.
ColumnD is the type of decayfit fromTable 1; 1 = components p and a requiredwith component a dominant at end; 2 = components p
anda requiredwith component p dominant at end; 3 = only component p required. Column z is themeasured redshift taken fromhttp://
swift.gsfc.nasa.gov/docs/swift /archive/grb_table/. References for all the redshifts are provided on this WWW data table.

WILLINGALE ET AL.1100 Vol. 662



The range of indices from the prompt emission is large, �1.0 to
2.2, while the afterglow range is smaller, 0.4 to 2.3. Those ob-
jects for which the prompt emission is especially soft (�p > 1:8)
or hard (�p < 0:1) evolve to produce an afterglow in the narrow
range 0:7 < �a < 1:2. The frequency distributions of all the spec-
tral indices are shown in bottom panels of Figure 4. The same fig-
ure shows the distribution of �a versus �p for decays D ¼ 1.
Again, there is no correlation but the range of decay indices for
the prompt component is large, 1.0Y6.0, while the range for the
second afterglow component is much smaller, 0.5Y2.0 with one
object at �a ¼ 2:7. Note, there are four decays with �a > 3 in
Table 1 but these are all type D ¼ 2, marked with an asterisk. In
the majority of objects �a 	 �p.

4. THE EXPECTED COUPLING BETWEEN � AND �
IN THE AFTERGLOW DECAY

The standard fireball model predicts that there should be a sim-
ple coupling between the temporal decay index in the final after-
glow, �a, and the spectral index in the final afterglow, �ad (Sari
et al. 1998). The exact form of the relationship depends on the
density profile of the surrounding circumstellar medium (CSM)
andwhether the decay is observed before or after a jet break (e.g.,
Panaitescu & Kumar 2002), because the spectrum is being red-
shifted as the jet is slowed down by the CSM and after a jet

break the peak flux of the observed synchrotron spectrum is also
decaying with time. The top left panel of Figure 5 shows the
temporal decay index of the afterglow component, �a, versus
�ad, the spectral index in the final decay for those objects where
tmax > Ta and for which we have a significant measurement of
�ad at t > Ta. There is no correlation between � and �, and if
there is any trend at all it is that some of the faster decays (large�)
occur for the smaller � values. The lower band shown indicates
the region of a pre-jet-break coupling predicted by the model
and the upper band the region expected post-jet-break. In each case
the lower edge of the band corresponds to the model in which the
X-ray frequency is below the cooling break frequency and the
CSMdensity is constant. The upper edge corresponds to theX-ray
frequency above the cooling break frequency and a wind density
/r�2. Of the 70 objects plotted, 36 lie below the expectations of
the standardmodel in the bottom right of the plot. For 17 the upper
limit of the 90% confidence region in �-� does not intersect the
pre-jet-break band. So for �50% of GRBs the spectral index of
the afterglow is too large to produce the observed temporal decay
index. This can only occur under the model if there is significant
energy injection such that the peak of the spectrum (or normaliza-
tion) is boosted fast enough to counteract the drop expected from
the change in redshift as the outflow slows down. It was pointed
out by Nousek et al. (2006) that the spectrum and decay of the

Fig. 4.—Top left : Comparison of the spectral indices �a (second, afterglow component) with �p (prompt BAT). Top right : Comparison of the decay index for the second
component �a with the prompt component �p for type D ¼ 1 decays. The dotted lines indicate equality in both panels. Bottom left : Frequency distributions of the prompt
component spectral indices �p (dotted histogram) and �pd (shaded histogram). Bottom right: Frequency distributions of the afterglow component spectral indices �a (dotted
histogram) and �ad (shaded histogram).
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plateau phase of several Swift GRBs was inconsistent with the
expectations of the model and that energy injection during this
phase was a possible explanation. The current analysis shows that
the same is also true formany objects during the subsequent decay
phase, after the plateau. The bottom left panel of Figure 5 shows
�a � (3/2)�ad plotted as a function of Ta. This function will be
zero for pre-jet-break afterglows under the standard model (with
uniform CSM and the X-ray frequency below the cooling fre-
quency) and negative for afterglows with a value of �a that is too
small comparedwith�ad. The horizontal dashed line is the pre-jet-
break expectation if the X-ray frequency is above the cooling fre-
quency. Consideration of GRB efficiencies (Zhang et al. 2007)
indicates that more than 60% of afterglows in the sample de-
scribed byO’Brien et al. (2006) do lie above the cooling break. If
this is the case for the present, larger, sample a significant frac-
tion of the GRBs plotted as dots (pre-jet-break) are also outside
expectation. The figure also indicates that there is no correlation
of this function with the time at which the final decay starts, so if
energy injection is the explanation it is occurring at large times,
>105 s, aswell as atmuch earlier times.Of the remaining�50%of
objects plotted in the top left panel of Figure 5, 26 lie within the

pre-jet-break bandwhile eight lie above this, close to or within the
post-jet-break region. It is conceivable that some of the anoma-
lously large� values could be associatedwith the fitted absorption
(both Galactic and intrinsic). We checked this possibility but
found no correlation between the position of an afterglow on the
�-� plane and the fitted NH.
The top right panel of Figure 5 shows the change in spectral

index into the final decay from the plateau,�� ¼ �ad � �a, ver-
sus the plateau spectral index �a. Here there is a trend. If �a is
small, then�� > 0 and the afterglowgets softer in the final decay.
If�a is large then�� < 0 and the final decay is harder. The scatter
of index �ad is smaller in the final decay, being confined to the
range 0.0Y2.2 as indicated on the top left plot. The gradual nar-
rowing of the spectral index range as the afterglows develop can
also be seen in the frequency distributions shown in the bottom
panels of Figure 4. One object, GRB 060218, has an anomalously
large final spectral index,�ad ¼ 3, but thisGRBwas very peculiar
in many respects, in particular for having a significant thermal
component in the early X-ray spectrum (Campana et al. 2006).
No �a was derived for this afterglow because the plateau is largely
obscured by unusual, persistent prompt emission. The trend in the

Fig. 5.—Top left : Temporal decay index of the afterglow vs. the spectral decay index in the final afterglow decay. The lower shaded band indicates the area expected to be
occupied by a pre-jet-break afterglow, and the upper band the area post-jet-break. GRBs that fall in the pre-jet-break region are plotted as dots, those that fall above this in the
post-jet-break region are plotted as stars, and those below the pre-jet-break band are plotted as squares. The same symbols are used in the other three panels. Top right: Change
in spectral index �ad � �a vs. the plateau spectral index �a. Bottom left: �a � (3/2)�ad vs. the duration of the afterglow Ta. This function is expected to be zero for a pre-jet-
break afterglow in a uniform CSMwith the X-ray frequency below the cooling break frequency. The dotted line indicates the zero if the X-ray frequency is above the cooling
break frequency. Bottom right: Temporal decay index vs. the spectral index for afterglow power-law decay in objects that require only one component in the fitting or in which
the prompt component dominates at the end of the X-ray light curve. The �ad vs. �b for the late temporal breaks listed in Table 2 are also shown as triangles. The bands shown
are the same as for the top left panel. [See the electronic edition of the Journal for a color version of this figure.]
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change in spectral index from the plateau into the power-law de-
cay is independent of the position in the�-� plane occupied by the
final decay.

The above discussion has considered those objects with a sec-
ond afterglow component that dominates in the later regions of
the X-ray light curve (D ¼ 1). Twenty-two of the X-ray decays
required no second component (D ¼ 3) or have a second compo-
nent that produced a hump in the decay but faded toward the end
(D ¼ 2). In these cases the initial decay of the prompt compo-
nent dominates at late times. The bottom right panel of Figure 5
shows the correlation between the late temporal decay index (�p)
and spectral index of these objects. The behavior is very similar
to objects (D ¼ 1) shown in the top left panel. There is no obvious
correlation, and 8 of the 21 object fall below the expected corre-
lation in the bottom right. Also plotted in this panel are the �ad,�b

values for the late breaks listed in Table 2. Five of these lie within
the pre-jet-break band but three, GRB 050814, GRB 060105, and
GRB 060607A, are within the post-jet-break region, although the
errors on the decay index after the late temporal break, �b, are
rather large. The completeX-ray light curve for GRB050814 con-
taining the late temporal break is shown in the top right panel of
Figure 8. Further analysis of GRB 060105 is provided by Godet
et al. (2006). GRB 06067A is similar to GRB 060105.

5. ISOTROPIC ENERGY OF THE PROMPT
AND AFTERGLOW COMPONENTS

Figure 3 shows the correlation between the fluences in the
prompt component (including the BAT T90 15Y150 keVand the
initial decay in the XRT 0.3Y10 keV) and the afterglow com-
ponent. For those bursts for which we have a redshift (z-values
listed in Table 3) these fluences can be used to estimate the equiv-
alent isotropic energy. We assumed a cosmology with H0 ¼
71 km s�1 Mpc�1, � ¼ 0:27, and � ¼ 0:73 and calculated Eiso

over an energy band of 1Y10,000 keV in the rest frame, applying
a k-band correction independently for the BATand XRT data. For
many objects we do not have a measured value of the peak energy
in the spectrum. In such cases we assumed Epeak ¼ 116 keV (the
median value for Swift bursts) and a spectral index of � ¼ 2:3
for E > Epeak. The mean Epeak for BATSE (pre-Swift) bursts
was 235 keV (170Y340 keV 90% range) (Kaneko et al. 2006),
which is significantly larger than for Swift bursts, mean 138 keV,
median 116 keV. However, the mean redshift for Swift bursts
considered here is 2.46 while for pre-Swift bursts it is �1.52, so
we expect the mean/median Epeak for Swift bursts to be �0.6 the
BATSE value. The mean value for the spectral index above Epeak

for BATSE bursts was 2.3 (Kaneko et al. 2006). Figure 6 shows
the equivalent isotropic energy for the two components. The
symbols used are the same as in Figure 5. It is clear that the total
energy in the afterglow is not correlated with the position of the
final afterglow in the �-� plane. Note that the correlation between
the equivalent isotropic energy components evident in Figure 6 is
real but not particularly significant since it arises from applying
the measured redshift in both axes. In many objects the total en-
ergy seen in X-rays from the afterglow is significant compared
with the �- and X-ray energy seen from the prompt component.
The dotted histogram in the right panel shows the distribution
of Eiso values for GRBs observed by instruments pre-Swift
taken from the tabulations in Frail et al. (2001), Bloom et al.
(2003), and Ghirlanda et al. (2004). The maximum isotropic
energy in the Swift sample is similar to the maximum seen
previously,�1054 ergs, but the distribution of energies seen by
Swift is broader, has a lower mean, and extends to a lower limit
of �1047 ergs.

6. TEMPORAL BREAKS

The visibility of the second component used here to fit the
X-ray decay curves depends on the relative brightness of the
prompt emission decay compared with the afterglow plateau and
the times Tp and Ta. If Ta is not long after Tp then the end of the
plateau phase is not visible, as is the case for the decay shown at
the top left of Figure 2. However, for 64 of the 91 GRBs that re-
quired two components in the fit, the end of the plateau is visible,
as is the case for the exemplar GRB shown at the top right of Fig-
ure 2. In such cases the plateau gets slowly steeper toward the
end of the exponential phase and eventually relaxes to a power
law. There is often no definitive or sharp break but the time Ta is
a robust measure of where this transition occurs, taking into ac-
count all the data available. Thus, the fitting provides 91 afterglow
break times Ta from a total of 107 objects.

In some cases it may be that any jet break time associated with
the edge of a putative jet becoming visible occurs at or before Ta.
In such decays we expect the subsequent afterglow to lie some-
where in the top left of the �-� plane shown in Figure 5, and the
eight candidates for such cases are shown as star symbols in this
figure. Note that the error bars shown in Figure 5 are at 90% con-
fidence and there is one object lying in the lower pre-jet-break
band that is also consistent with the upper post-jet-break band.
The time Ta for these GRBs is not a pure jet break time since in
all cases the Ta marks the end of the plateau phase, which does
not behave as a pre-jet afterglow (e.g., Nousek et al. 2006). The
only evidence for a jet break having occurred in these eight can-
didates is that the � and � values of the subsequent decay have
the right relationship for a post-jet-break afterglow. Since 50% of
afterglows do not agree with the expected �-� value, including
the pre-jet-break values, the argument in favor of jet breaks in
these cases isweak. However,Ta is a reasonable estimate ofwhere
any jet break may have occurred. Details of these eight potential
jet breaks are given at the top of Table 4.

As discussed above, an additional eight GRBs required a late
break to fit the data, as illustrated at the bottom of Figure 2. The
positions of the final afterglows in the �-� plane for these GRBs
are shown in the bottom right of Figure 5 (plotted as triangles).
Only four of these objects are good candidates for jet breaks and
these are listed at the bottom of Table 4 and illustrated in Fig-
ure 8. The jet break time ranges plotted were estimated using the
Ghirlanda relation assuming Epeak ¼ 116 � 50 keV (there are no
measured values of Epeak for these bursts). For GRB 060607A, in
the bottom right panel, the late break occurs slightly earlier than

Fig. 6.—Left : Isotropic afterglow energy vs. the isotropic prompt energy. Sym-
bols indicate the position of the afterglow in the �-� plane as in Fig. 5. The dotted
line indicates equality between the prompt and afterglow energies. Right: Distribu-
tion of isotropic energies. Filled histogram shows Eprompt and solid-line histogram
Eafterglow. The dotted histogram is the distribution of Eiso for GRBs observed before
the Swift era as tabulated by Frail et al. (2001), Bloom et al. (2003), and Ghirlanda
et al. (2004). [See the electronic edition of the Journal for a color version of this
figure.]
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the allowed band, indicating that for this break to be consistent
with Ghirlanda, the Epeak should be<66 keV. So, in summary, out
of 72 afterglow breaks identified by the fitting procedure only 12
are followed by an afterglow that is consistent with post-jet-break
conditions and only four of these are isolated breaks independent
of the end of the plateau phase. The remaining 60 have slowX-ray
decays (low �) and/or soft X-ray spectra (high � ).

The interest in jet breaks stems from equation (1), which can
provide an estimate of the jet angle �j and hence the collimation-
corrected energyE�. For calculation of all the subsequentE� values
considered below we have assumed n�� ¼ 0:6 (or equivalently
n ¼ 3 cm�3 and �� ¼ 0:2). The value �� ¼ 0:2 has been widely
assumed in pre-Swift analysis although recent work using Swift
data (Zhang et al. 2007) indicates that the efficiency can be de-
termined with more accuracy. However, since E� / (n��)

1/4 the
resulting collimated energy is fairly insensitive to these param-
eters. For nine of the objects in Table 4 we have redshifts and can
estimateE� using the jet break time. These are shown in Figure 7.
The symbols are the same as in Figure 5. Also shown are the
values derived for pre-Swift GRBs using the tabulations in Frail
et al. (2001), Bloom et al. (2003), andGhirlanda et al. (2004). For
31 others we have redshifts (as listed in Table 3) but there is no
break between Ta and the last data point at tmax. For these decays
we can calculate a range of E� that is excluded by the decay.
These ranges are plotted in the top right panel of Figure 7 with
the energy corresponding to Ta at the lower end of each range
and to tmax at the upper end. For many afterglows the excluded
range of E� covers a substantial fraction of the pre-Swift distribu-
tion. The bottompanels of the samefigure show the respective fre-
quency distributions. The three objects with measured late breaks
are in good agreement with the peak of the pre-Swift E� distribu-
tion published by Frail and Bloom.Of the remaining six objects in
which Ta has been identified with a possible jet break, two lie
within the lower wing of the pre-Swift distribution and four lie
below. The distribution of E� values derived from the remaining
Ta values is similar in shape to the pre-Swift distribution calcu-
lated using optically observed jet break times but is offset to lower

energies by a factor of �34. This corresponds to an average jet
break time that is a factor �110 smaller or a jet angle that is a
factor�10.5 smaller. The times Ta derived from the X-ray decay
curves are, on average, a factor of�80 smaller than the optical jet
break times observed for pre-Swift GRBs. The peak of the dis-
tribution of E� values calculated from tmax is significantly higher
than the pre-Swift distribution because many of the X-ray decays
extend to later times without a temporal break.
Ta is the only measure we have (or require) to specify the

timescale of the second afterglow component. It is clear from the
discussion above that, in almost all cases, this does not represent
a jet break time. However, given that it is the only time extracted
from the X-ray data it may be related to the previously observed
optical jet break times. There are 14 GRBs for which we have a
Ta value, a redshift, and a measurement of the peak energy of
the �-ray spectrum, Epeak. For these objects we can construct a
Ghirlanda-type correlation between the peak energy in the rest
frame Epeak(zþ 1) and the collimated beam energy E� calculated
assuming tj ¼ Ta. This is shown alongside the conventional
Ghirlanda relation in Figure 9. The X-ray measurements show a
similar behavior, not as statistically significant as the optical
version but with about the same gradient and an offset in E� by a
factor of �26. For these cases the X-ray break times Ta are a
factor of �90 less than pre-Swift optical break times. Unfortu-
nately none of the GRBs with potential X-ray jet breaks identi-
fied and plotted in Figure 8 has a measured Epeak value so these
cannot be included on Figure 9. However, we can calculate lower
limits to E� , assuming tj ¼ tmax, for those decays without a late
break but with an Epeak and redshift measurement. These are in-
cluded in Figure 9. They all lie to the right of the Ghirlanda cor-
relation. There is currently one afterglow observed by Swift, GRB
050820A, for which we have derived a time Ta and the optical

TABLE 4

Potential Jet Breaks

GRB log10 Tj �jd �jd z �j log10 E�

Break at or before End of Plateau

050603.......... 4:835:133:69 1:742:21
1:52 0.70 � 0.10 2.821 3.0 50.8

050730.......... 4:134:214:07 2:742:98
2:57 0.62 � 0.05 3.970 1.6 49.9

050802.......... 3:964:053:86 1:661:791:54 0.81 � 0.09 1.710 2.2 49.4

060413.......... 4:584:704:44 1:962:26
1:69 0.53 � 0.12 . . . . . . . . .

060421.......... 3:043:43
2:54 1:251:551:03 0.33 � 0.37 . . . . . . . . .

060526.......... 3:844:313:51 1:061:370:89 0.13 � 0.62 3.210 1.5 49.4

060605.......... 4:164:294:03 2:042:39
1:76 0.96 � 0.10 3.800 2.2 49.3

060614.......... 5:005:084:91 1:982:22
1:78 0.77 � 0.12 0.125 10.8 49.5

Break after Plateau

050315.......... 5:485:755:10 2:004:070:86 1.29 � 0.31 1.949 6.8 50.9

050814.......... 4:935:364:41 1:803:16
1:01 0.71 � 0.10 5.300 2.7 50.7

060105.......... 5:045:264:66 3:568:291:45 1.07 � 0.03 . . . . . . . . .

060607A....... 4:8163:514:06 4:478:940:00 0.86 � 0.09 3.082 3.4 50.3

Notes.—Jet break times Tj in seconds. For the top eight GRBs the break must
have occurred at or before the end of the plateau and the jet break time given is Ta.
For the bottom four the break was observed in the decay after the plateau and is
listed in Table 2. Here �jd and �jd are the indices measured after the break. The
estimated jet angle �j (degrees) and jet energy log10(E� ergs) are listed for GRBs
with measured redshifts z.

Fig. 7.—Jet energy E� calculated using eq. (1). Top left : The stars and triangles
correspond to the jet break times listed in Table 4 (symbols as in Fig. 5). The open
circles are the values obtained using the tj and Eiso tabulated by Frail et al. (2001),
Bloom et al. (2003), and Ghirlanda et al. (2004). Top right : Ranges of E� ex-
cluded by the X-ray decays without breaks, t > Ta. The lower points are from Ta
and upper from tmax (the end of the light curve). Bottom left : The filled histogram
shows the distribution of E� for the breaks listed in Table 4. The dotted histogram
is the Frail-Bloom-Ghirlanda sample. Bottom right : The dotted histogram is the
Frail-Bloom-Ghirlanda sample. The solid-line histogram is the distribution de-
rived from Ta and the dashed-line histogram from tmax. [See the electronic edition
of the Journal for a color version of this figure.]
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coverage extends to �100 ; Ta (Cenko et al. 2006). In this case
the optical decay does appear to have a break at about the ex-
pected time, tj � 100 ; Ta. The Ghirlanda correlation was orig-
inally formulated by considering the jet model and the collimated
jet energy, however; the correlation derived here, using Ta from
the X-ray afterglows, has more in common with the model-
independent analysis described by Liang & Zhang (2005). The
Liang-Zhang Eiso-Epeak-tb,opt correlation may well be related to
the Eiso-Epeak-Ta correlation plotted in Figure 9.

As a natural consequence of the above discussion, and follow-
ing Sato et al. (2007), we can adopt a different approach and look
for X-ray decays in which a predicted jet break is absent. Apart
from GRB 050401 (or XRF 050401; Mangano et al. 2007;
Sakamoto et al. 2006), GRB 050416A, and GRB 050525A, al-
ready considered by Sato et al. (2007), there are five other X-ray
decays monitored by Swift that come under this category. Light
curves for all eight are shown in Figure 10. In each case the ex-
pected range for the jet break time tj is shown as the shaded area.
Each decay was followed for at least a factor of 100 times longer
than Ta without any indication of a break in the temporal decay
index. For GRB 060206 there is some indication that the X-ray
light curve is flattening for t > 106 s. This is probably due to sys-
tematic errors in the background subtractionwhen the afterglow is

very faint, and/or contamination by a faint, nearby, background
object. GRB 050525A,GRB 050820A,GRB060510B, andGRB
060729 are cases where there is a large flare at the end of the
prompt phase and the late BATand/or early XRT data are not well
fitted by the prompt function. However, the plateau and sub-
sequent power-law decay are well represented by the afterglow
component in all cases. The late afterglow of GRB 060729 has
currently been monitored for 77 days without any indication of a
break.

Optical data are available for five of the final power-law de-
cays of these afterglows: GRB 050525A (Blustin et al. 2006),
GRB 050820A (Aslan et al. 2006; Cenko et al. 2006), GRB
060206 (Stanek et al. 2007;Monfardini et al. 2006), GRB 060707
(de Ugarte Postigo et al. 2006a, 2006b; Jakobsson et al. 2006),
and GRB 060729 (D. Grupe et al. 2007, in preparation). Optical
jet breaks are not seen in any of these afterglows, although the
decays of GRB 050525A and GRB 060206 do gradually steepen
at late times and there is a one final latemeasurement at�3 ; 106 s
for GRB050820A that indicates that the optical decay has turned
down (HST data presented in Cenko et al. [2006] as already men-
tioned above). We have fitted these optical afterglows with a sim-
ple power law over the period contemporary with the final X-ray
decay (t > Ta) and the results are shown in Table 5. For four

Fig. 8.—X-ray decays in which there is a potential jet break. The shaded area indicates the expected range of tj calculated using the Ghirlanda relation for GRBs with a
measured redshift. None of these has ameasuredEpeak value so 116 � 50 keV has been assumed (see x 5). The estimatedEiso (10

52 ergs) and predicted tj (days) are listed on
the left. [See the electronic edition of the Journal for a color version of this figure.]
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afterglows the X-ray and optical decay indices are consistent.
For GRB 050820A the optical index is formally significantly
lower than the X-ray index but there is structure in the optical de-
cay curve that is not well modeled by a single-power-law fit. For
all five the X-ray and optical decays are remarkably similar and
shallowwith decay indices in the range 0.75Y1.5 and they all have
�; � reasonably consistent with a pre-jet-break afterglow.

Two other objects, GRB 050822 (Godet et al. 2007) and GRB
060218 (Campana et al. 2006), also have SwiftX-ray light curves
with extended coverage of a long power-law decay without a
break. Both these objects have soft spectra and are more reason-
ably considered as X-ray flashes (XRFs) with Epeak < 25 keV.
ForGRB060218we have ameasured redshift of 0.0333 (Mirabal
& Halpern 2006). Adopting a range of Epeak values consistent
with an XRF (and a range of redshift values for GRB 050822) it
can be shown that a jet break should have been seen at some point
in the X-ray light curves of both these objects, but none was ob-
served (Godet et al. 2007). For GRB 060218 radio observations
have shown that the fireball was probably isotropic (Soderberg
et al. 2006) and similarly, in the cases of GRB 050416A andGRB
050822, it is possible that the jet opening angle was wide (>20�).
For the XRFs a large opening angle and consequent absence of
a jet break is not unreasonable because Eiso is typically rather
low. There are also nine further GRBs (050318, 050603, 050802,
060108, 060115, 060418, 060502A, 060614, and 060714) for
which we can predict a range of jet break times and no break is
seen. For these objects the lowest predicted tj iswell before the last
observed time but the upper limit on tj is after the last observed
time sowe cannot rule out the possibility that a break occurred too
late (and too faint) to be seen by the SwiftXRT. There is a sugges-
tion of a late break for GRB 060614 but inclusion of such a break
is not statistically significant under the current analysis.

An important property of a jet break is that it should be ach-
romatic, occurring across the spectrum with the same temporal
profile. Panaitescu et al. (2006) show that temporal breaks for six
GRBs seen by the Swift XRT are not present in optical data that
span the same period of time. For five of these, GRB 050802,
GRB 050922C, GRB 050319, GRB 050607, and GRB 050713A,
the break in theX-ray decay is fitted asTa in the analysis presented
above. Therefore for these objects optical data do not follow the
X-ray profilemodeled by the second afterglow component and the
observed X-ray break is unlikely to be a jet break. The remaining
object, GRB 050401, is fitted using two components but the sec-
ond component appears as a hump in the X-ray decay and the first
component has a slow decay, �p ¼ 1:12 � 0:05, that dominates
near the end. So in this case the optical data seem to follow the be-
havior of the power-law decay of the first prompt component and
not the second component. Similar behavior is exhibited by GRB
060210, which has the same relationship between the first and
secondX-ray component,�p ¼ 1:0 � 0:07, and the available op-
tical data (Stanek et al. 2007) follow the decay of the first com-
ponent. Conversely, there are examples of GRB decays for which
the X-ray and optical profiles do follow a similar pattern. Optical
data for GRB 060206 (Stanek et al. 2007) have a profile that
closely follows the second component of the X-rays. Stanek et al.
argue that for this GRB there is a break that can be seen simulta-
neously in the optical and X-rays but the present analysis finds no
such X-ray break. Instead there is a gentle curvature in the X-ray
(and optical) decay that is modeled by the slow transition from ex-
ponential to power law in the profile of the second afterglow com-
ponent. GRB 050525A is another example in which curvature in
the later stages of the X-ray and optical can be modeled as a break
(Blustin et al. 2006). The present analysis finds no such break in
the later stages of the X-ray decay of this burst either.

7. DISCUSSION

The X-ray decay curves of 107 GRBs observed by Swift have
been fitted in a systematic way using the simple functional form
given by equation (2). They all require a prompt component with
parameters Tp, Fp, and�p and 85 require a second afterglow com-
ponent with parameters Ta, Fa, and �a. The parameters and as-
sociated confidence limits are all listed in Table 1. Tp is similar
to the familiar T90 burst duration as discussed by O’Brien et al.
(2006), and�p is a prompt parameter that was unavailable before
the Swift era and indicates how fast the prompt emission is de-
caying, as also discussed by O’Brien et al. (2006). The product
TpFp combined with �p is a measure of the prompt fluence (see
eqs. [3] and [4]), and �p also determines the distribution of en-
ergy. If �p < 1:446 then more energy is emitted for t > Tp dur-
ing the prompt power-law decay phase and if �p > 1:446 more
energy is emitted during the prompt exponential phase t < Tp. Ta
is the time when the final afterglow power law decay starts, �a is
the index of this final decay and also controls the curvature of the
proceeding plateau phase, and the product TaFa along with �a

combines to give a fluence of the afterglow component (sum of
eqs. [3] and [4] replacing subscripts p with a). The parameter �a

controls the distribution of energy in the second functional com-
ponent in the same way as �p controls this distribution in the
prompt component, as described above. In addition, spectral fit-
ting has provided �- andX-ray spectral indices over the phases of
these functional fits as listed in Table 3.
Most (�80%) GRBs have a second afterglow component that

dominates at later times and this is probably the expected emis-
sion from the external shock. For these objects the prompt and
afterglow components appear to be physically distinct. Bursts
marked with an asterisk in Table 1 (or D ¼ 2 in Table 3) have

Fig. 9.—Open circles and solid line show the Ghirlanda relation. The points
with error bars show Swift GRBs for which values of E� were derived using the
Ghirlanda relation assuming tj ¼ Ta. The symbols plotted are the same as in Fig. 5.
The dashed line is a fit to the Swift sample assuming the slope is fixed at 0.706, the
best-fit value fromGhirlanda et al. (2004). The lower limits of energy shownwere
derived using the latest observed time as tj for GRBs with lasting afterglow
decays that show no break (the light curves plotted in Fig. 10). Epeak values used
here and for Figs. 8 and 10 were taken from Cummings et al. (2005), Crew et al.
(2005), Golenetskii et al. (2005a, 2005b, 2005c, 2005d, 2006a, 2006b), or they
were derived from spectral fitting of the BAT data. [See the electronic edition of
the Journal for a color version of this figure.]
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two-component fits but the first prompt component dominates at
later times. For these GRBs and those that only require one com-
ponent in the fit (D ¼ 3 in Table 3) it is not clear where such
an early prompt decay component comes from. It could be the
external shock but if this is the case then the external shock is
developing very early (t < Tp) and the prompt decay emission
from this shock is distinct from the more common external shock
emission seen in the second component. In GRBs marked with
an asterisk (D ¼ 2 in Table 3) both these external shock com-
ponents are seen. For these objects it is not so obvious that the
prompt and afterglow components fittedmap directly to two phys-
ical entities. The hump in the decay curve could be a signature of
the presence of different outflow structures (e.g., Eichler &Granot
2006) or a universal structured jet (e.g., Mészáros et al. 1998).
Two of the GRBs, GRB 051210 and GRB 051221B, fitted by just
one component (D ¼ 3 in Table 3) could be ‘‘naked GRBs’’ for
which there is no external shock and the prompt decay arises
solely from high-latitude emission (Kumar & Panaitescu 2000).
SuchGRBs are expected to have�p � �pd ¼ 2. This difference is
1:81 � 0:2 for GRB 051210 and 1:73 � 1:0 for GRB 051221B,
consistent with a high-latitude interpretation. Neither of these
bursts were detected after the first orbit post-trigger. GRB 051210

has an upper limit from the second orbit consistent with the steep
power-law decay. For GRB 051221B upper limits were obtained
from the second orbit and much later, t ¼ 4:6 ; 105 s, both again
consistent with a steep prompt decay and no afterglow or plateau.
The remaining 14 single-component prompt decays were not steep
with mean �p ¼ 1:35 � 0:22 and significantly lower �p � �pd

values with a mean of 0:6 � 0:4. Although a rise time ta was
included in the afterglow function fit, in most cases it was set at
some arbitrarily early time when any increase in this component
would be obscured by the prompt emission. Thus, the functional
fits provide very little evidence for any observational signature of
the ‘‘onset’’ of the afterglow or a rising afterglow component
predicted in some off-axis models (Eichler & Granot 2006). The
afterglow could be established very early. Since the outflow is
presumed to be moving close to the speed of light there may be
very little time delay between prompt emission and emission from
the external shock when the outflow begins to decelerate.

Almost all of the X-ray afterglows end up in the same region
of the �-� plane, 0:5 < � < 2 and 0:4 < � < 2, independent of
the other parameters. However,�50% of these afterglows are in
the bottom right of the �-� plane with high � and low �, values
not predicted by the standard fireball model. This may be due to

Fig. 10.—X-ray decays in which a predicted jet break is absent. Epeak listed in keV, Eiso in 10
52 ergs, and tj in days. The shaded area indicates the expected range for tj. For

GRB060510B andGRB060729 there is nomeasuredEpeak value so 116 � 50 keVhas been assumed (see x 5). [See the electronic edition of the Journal for a color version of
this figure.]
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persistent long-lasting energy injection but this seems unlikely in
such a high percentage of objects and at such late times. Further-
more the trend expected from themodel, that high� values should
give high � values and vice versa, is not seen at any level of sig-
nificance. If this is because of energy injection this energy injec-
tion is occurring in just the right number of afterglows and at just
the right level such that the expected �-� coupling is hidden or
masked. If, for example, energy injection were always present at
some fixed level, all afterglowswould be shifted to lower� values

but any correlation would be preserved. In fact, if energy injection
occurred preferentially at late times, postYjet-break afterglows
would be shifted to smaller� values but preYjet-break afterglows
would not be altered and the overall correlation including both
preY and postYjet-break afterglows might be tightened. The cur-
vature or break that marks the end of the afterglow plateau phase
at time Ta is often accompanied by a small spectral change such
that soft afterglows become somewhat harder and hard after-
glows become softer, bringing the final afterglow spectral index
into the rather narrow range indicated above.
For the 91 GRBs that require a second afterglow component

we derive time Ta that marks the end of the plateau and the start
of the final decay. For 64 cases we can see this transition/break in
the data. Do we see any jet breaks? For eight GRBs the final tem-
poral decay and spectral index t > Ta are consistent with the jet
model after a jet break has occurred but for six of these objects
for which we have a redshift the E� values are low compared with
the distribution derived from consideration of optical jet breaks
and the implied jet angles are small. EightX-ray decays have a late
break, Tb > Ta, and four of these have final � and � values con-
sistentwith a post-jet-break afterglow. Three of these have redshifts
and E� values that are in accord with the pre-Swift distribution.
On the other hand there are 11 decays with long-lasting cover-
age, t > Ta, in which a jet break predicted using the Ghirlanda

Fig. 10—Continued

TABLE 5

Comparison of the Final X-Ray Decay Index �ad with the Optical

Decay Index �opt for Afterglows with No Jet Break

GRB

Ta
(s) �ad (90% Confidence) �opt

050525A................ 8.3 ; 102 1.30Y1.48 1.46 � 0.15

050820A................ 9.1 ; 103 1.14Y1.21 1.03 � 0.04

060206................... 7.2 ; 103 1.18Y1.29 1.26 � 0.2a

060707................... 3.8 ; 103 0.75Y0.91 0.97 � 0.09

060729................... 1.2 ; 105 1.19Y1.34 1.27 � 0.03

a This error is dominated by systematic curvature of the decay rather than
photometric accuracy.
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relation is definitely not seen and there are a further nine objects
in which a break is not seen but it may have occurred at a rather
late time beyond the coverage provided by the sensitivity limit of
the Swift XRT. Thirteen decays (in the top right and bottom left
panels of Fig. 5) have been identified as lying in the post-jet-break
region of the �-� plane (star symbols). For such decays the elec-
tron energy distribution index is expected to be equal to the decay
index. Two of these decays, GRB 060421 and GRB 060526, have
decay indices<1.6 (see Table 4), probably too low to be the same
as the electron index.

There are currently �10 afterglows for which there are both
X-ray and optical data available during the X-ray plateau and
into the final decay (and there are a few more objects for which
such data will soon be publicly available). The X-ray and optical
often follow a similar trend but temporal breaks that are seen in
one band are not always seen in the other. This is probably be-
cause the end of the plateau and start of the final power law is
marked by a continuous curvature such that the light curves in
both bands are slowly getting steeper. Rather than fitting isolated
temporal breaks independently in either band we suggest that
simultaneous fitting of a profile as described by equation (2) in an
attempt to find a value for Ta that is consistent with both the
X-ray and optical data would be more illuminating. Such a joint
fit would also provide a best estimate of the fluence ratio between
the X-ray and optical bands (or equivalently the X-ray/optical
flux ratio).

8. CONCLUSION

The parameters listed in Tables 1 and 3 provide a rich database
for comparison with theoretical models. The functional form used
for the fits (eq. [2]) is empirical rather than based on a physical
model and it does not accommodate flares. However, the expo-
nential rise at time tc and transition from exponential to power law
at Tc are reminiscent of the theoretical discussion of the develop-
ment of an afterglow given by Sari (1997). Employing expo-
nentials, rather than power-law sections with breaks, provides a
curvature that neatly fits the data and produces a remarkably
good representation of the underlying X-ray decay profile with
the minimum number of parameters. In any physical model the
number of parameters that could influence the shape of the X-ray
light curves is large but some combination or subset of these is
likely to be represented by the values tabulated here.

There is no tight correlation between the prompt component
parameters and the afterglow component parameters. There is a
trend that the larger the prompt fluence the larger the afterglow
fluence, as might be expected, and the afterglow energy is usu-
ally considerably less than the prompt energy. In some cases the
afterglow energy is about equal to the prompt but we never see
afterglows that are much more energetic than the prompt emis-
sion; see Figures 3 and 6.

The late X-ray afterglows are not in close agreement with the
standard fireball model. The temporal decay indices � and spec-
tral indices � do not show the expected correlation and, although
there are a few possible jet break candidates, there are many ex-
amples in which the late decay proceeds as a single power law
without any sign of a break.

If we assume that the start of the final decay, Ta, is a jet break
time, tj, and calculate E� for those objects with redshifts, the dis-
tribution of E� that results is very similar to the distribution de-
rived from optical jet breaks but is offset to lower energies by a
factor�34, implying that any optical jet break should be seen at
time tj � 110 ; Ta. Furthermore, for those GRBs for which we
have an Epeak value for the �-ray spectrum the peak energy in the
rest frame is correlated with the collimated energy estimate E� ,
in the form of a Ghirlanda relation, but with the E� values offset
to lower energy by a factor�26, which implies that tj � 90 ; Ta.
It appears that Ta extracted fromX-ray decays in the present anal-
ysis has properties related to tj derived from optical data. Whether
this apparent connection is purely statistical in nature or has some
deeper significance remains to be seen, but it is doubtful that either
Ta or tj are actually ‘‘jet break’’ times. However, it is likely that the
end of the plateau phase,Ta, does depend on the total energy in the
outflow, the collimation angle of the outflow, and the density of
the CSM and that the Eiso-Epeak-Ta correlation reported here is
related to the Eiso-Epeak-tb,opt relation discussed by Liang & Zhang
(2005).
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