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ABSTRACT

We study the “normal” decay phase of the X-ray afterglows of gamma-ray bursts (GRBs), which follows the
shallow decay phase, using the events simultaneously observed R lilamd. The classical external-shock
model—in which neither the delayed energy injection nor time dependency of shock microphysics is considered—
shows that the decay indices of the X-ray d@tband light curvesq, and, , obey a certain relation, and that
in particular,a, — o, should be larger thanl/4 unless the ambient density increases with the distance from
the central engine. For our selected 14 samples, we have found that four events violate the limit at more than
the 3o level, so that a fraction of events are outliers of the classical external-shock model at the “normal” decay
phase.

Subject headings. gamma rays: bursts — gamma rays: observations

1. INTRODUCTION index usually steeper than unity, which was expected in the
) _ pre-Swift era. This decay behavior can be well explained by
Gamma-ray bursts (GRBs) consist of two phases: promptine classical external-shock model (Sari et al. 1998), in which

GRB emission and subsequent afterglows. How long the pejther the delayed energy injection nor time dependency of
prompt GRB emission lasts and when the transition from t.he shock microphysics is considered. Hence this phase is some-
prompt GRB to the afterglow occurs have been long-standing times called “the normal decay phase.”

problems. These problems are tightly related to the mechanism However, as the number of X-ray observations increases, it

of the central engine of GRBs. TH&ift satellite has brought i hecoming questionable as to whether the normal decay phase
us early, dense, and detailed data on the afterglows of GRBSyiges from the external shock. In the steep and the shallow

in various observation bands. Now we are entering the era ofjecay phases, the X-ray light curves sometimes possess large
multiwavelength observations, especially optical and X-ray bumps, called “X-ray flares” (Chincarini et al. 2007; Falcone

bands, which tell us some hin'ts for ans_wering the problems. ot a1 2007), and/or dips that cannot be explained by the ex-

Contrary to the expectation in the pBadft era,SMft X-Ray  aral-shock model (loka et al. 2005). Furthermore, for an ex-
Telescope (XRT) data have revealed complex temporal behavyyeme example, GRB 070110 showed a rather complex X-ray
ior of the X-ray afterglow (Burrows et al. 2005; Tagliaferri et afterglow with a sudden drop a2 x 10° s after the burst

al. 2005; Nousek et al. 2006; O'Brien et al. 2006a; Willingale iqqer a5 the end of the shallow decay phase (Troja et al. 2007).
et al. 2007). Initially, it decays very steeply, the most popular thage gpservational facts may tell us that the steep and the
interpretation of which is the tail emission of the prompt GRB g5,y decay phases are likely due to late internal dissipation

(Kumar & Panaitescu 2000; Zhang et al. 2006; Yamazaki et of the ener roduced by the long-acting central engine. On
al. 2006), although other possibilities have been proposed (e'g'the other thdF,) the X—rayépectrurr? remai%s unchanggd across

Zhang et al. 2007). At several hundreds of seconds after they, o g ajigw-to-normal transition (Nousek et al. 2006), which
burst trigger, the shallow decay phase begins and continue

until ~10* s, whose origin is quite uncertain (e.g., Toma et al. Smay imply that the shallow and the normal decay phases are

2006; loka et al. 2006; Zhang 2007). After the shallow decay of the same origin. Therefore, it might be that the normal phase

) comes from the internal energy dissipation.
phase ends, the X-rays subsequently decay, with the decay The observed optical afterglow is also complicated, and in

an early epoch=£10° s), there is a diversity (Zhang 2007; Doi
! Department of Physics, Saitama University, Shimo-Okubo, Saitama 338- €t al. 2007). On the other hand, it was found in the preft

8570, Japan; urata@heal.phy.saitama-u.ac.jp. era that for almost all events, the behavior=e0.1 day after
2 Department of Physics, Hiroshima University, Higashi-Hiroshima, Hiro- the burst could be well explained by the “classical” external-
shima 739-8526, Japan; ryo@theo.phys.sci.hiroshima—u.ac.jp. shock model (e Panaitescu & Kumar 2001: Urata et al
® NASA Goddard Space Flight Center, Greenbelt, MD 20771. g, - -
4 Academia Sinica Institute of Astronomy and Astrophysics, Taipei 106, 2003), although some events showed complex light curves with
Taiwan. dips and/or bumps (e.g., Holland et al. 2003; Lipkin et al. 2004;

® National Astronomical Observatories, Chinese Academy of Sciences, Bei- Urata et al. 2007b). This epoch corresponds to the normal decay

jing 100012, China. . . .
¢ Kiso Observatory, Institute of Astronomy, University of Tokyo, Kiso- phase of the X-ray afterglow. Those previous studies are mainly

muchi, Kiso-gun, Nagano 397-0101, Japan. based on the optical bands, because the X-ray observation was
" Departments of Physics, Kyoto University, Kitashirakawa, Sakyo-ku, sparse at that time. In tHawift era, we are starting to have the
Kyoto 606-8602, Japan. simultaneous optical and X-ray afterglow data in the epoch

8 Institute of Astronomy, National Central University, Chung-Li 32054, : _
Taiwan. =0.1 day after the burst thanks to the rapid and the dense X

° Astrophysical Science Center, Hiroshima University, Higashi-Hiroshima, &y Obs_ervation by the XRT.
Hiroshima 739-8526, Japan. In this Letter, we study the normal decay phase of the X-
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ray afterglows simultaneously observed in the optR&and, and flat-fielding corrections with appropriate calibration data,
and investigate whether it is consistent with the classical ex-is employed to process the data using IRAF. Flux calibrations
ternal-shock model or not. We perform a simple test using the are performed using the APPHOT package in IRAF, referring
optical and the X-ray decay indiceg, ang , where we useto the standard stars suggested by Landolt (1992). For each
a notationF, cc t*»~* . For example, in the classical external- data set, the one-dimensional aperture size is set to 4 times as
shock model with uniform ISM, they are related to the power- large as the full width at half-maximum of the objects. The
law index of the electron distributiom(>2), asa, = 3(p — magnitude of error for each optical image is estimated as
1)/4anday = (3p — 2)/4, respectively, since the cooling fre- ¢ = o, + 02, Wheres ,, represents the photometric errors for
qguencyy, usually lies between the optical and X-ray bands each afterglow, estimated from the output of IRAF PHOT, and
(Sari et al. 1998). Eliminating, we obtaino, — oy, = —1/4. 0.1 the photometric calibration error estimated by comparing
Similarly, for the wind environment, we derive, — o, = our instrumental magnitudes. When we combine data which
1/4 (Chevarier & Li 2000). These relations between  and are obtained at several different sites, we recalibrate each data
ay are also valid in the case df< p<2 (Dai & Cheng 2001). set by our photometric manner (e.g., Huang et al. 2007; Urata
Therefore, through the relation betweap and , one canet al. 2003, 2007a). These efforts decrease systematic differ-
test the classical external-shock model. In the P&t era, ences and yield realistic light curves.
similar study has been done fBeppoSAX GRBs (De Pasquale There are 14 GRBs that have good coverage with both X-ray
et al. 2006). However, compared with tiSaift GRBs, their and optical bands at the normal decay phase. Among them,
X-ray data were not well enough to identify the normal decay optical data of 11 events have been already published in the
phase and to determine the decay index with small uncertain-literature. For unpublished data obtained by EAFON, detailed
ties. We can now obtain more dense X-ray and optical datalight curves in the X-ray and the optical bands are presented
and can determine, arng,  with much less ambiguity. Finally, elsewhere (Y. Urata et al. 2007, in preparation). For those sam-
we note that in this Letter, we do not consider the spectral ples, we identify the normal decay phase that is well described
indices3, and3, , because they have at present large uncerby a single-power-law decay model and derige . During the
tainties;3, fairly depends on the assumed dust model, and thephase, we find that the optical light curves are well fitted with
low X-ray flux at the epoch we are interested in makes it a single-power-law model in the time interval shown in Table 1
difficult to constraing@, with precision we need to test the in which the decay index, is determined. All results are sum-
model. marized in Table 1. Figure 1 shows as a functioapf , while
Figure 2 shows the value of — o for each event. The quoted

> DECAY INDICES OF THE X-RAY AND R-BAND AFTERGLOWS errors in this Letter are at the d confidence level.

IN THE NORMAL DECAY PHASE

We consider long GRBs that are followed up 8yift XRT
from the beginning of 2005 to the end of 2006. Teft XRT
data are systematically analyzed using our pipeline script. The
cleaned event data of the Window Timing (WT) and the Photon
Counting (PC) mode from th@wift Science Data Center (SDC)
are used in the whole process. Although both WT and PC mode
data are processed in the pipeline, hereafter we are only fo-
cusing on the process of the PC mode data. The search of th
X-ray afterglow counterpart, a construction of the X-ray light
curve, and a fitting process of the X-ray light curve and spectra
are performed automatically using the standard XRT software
and calibration database (HEASoft 6.2 and CALDB 20070531).
The source region is selected as a circle of datlius. The
background region is an annulus of an outer radius of’ 150 1
and an inner radius of 70excluding the background X-ray Qy— oy = — =+
sources detected byimage in circle region of 47 radius. 4
The light curve is binned based on the number of photons )
required to meet at leastd(Sakamoto et al. 2007). We select Which is valid forl<p<2 or2<p, so that, — ax ranges
the samples of the X-ray afterglows that have a smooth tran-between—1/4 and 5/4 if0 <s< 3 . For the cases af < »; <
sition from the shallow to the normal decay phasez a6’ s. vy < ¥ OF 1, <%, < vr <7y, &, — o should be zero. As can be
Samples with X-ray flares have been excluded. Then we findseen in Figure 2, among 14 events considered in this Letter,
the start time of the normal decay phase of the X-ray afterglow four events (GRB 050319, 050401, 060206, 060323) are below
(ax = 1), and extract events in which well-sampl&band  the linea, — a, = —1/4 at more than the 8level, so that a
light curves are available during the normal decay phase. fraction of bursts are outliers of the classical external-shock

The light curve data in thR band are published in literatures model at the normal decay phase. De Pasquale et al. (2006)
or observed by the East Asian GRB Follow-up Network have performed similar study and found two out of 12 events
(EAFON; Urata et al. 200%) and the Kanata telescope. The have a, — ay significantly below—1/4, which was roughly
R-band data taken by us are processed as in the following. Aconsistent with our result (see Table 5 of their paper).

standard routine, including bias subtraction, dark subtraction, Liang et al. (2007) studied the,-8;  relation of the normal
decay phase and found that there are several outliers of the

0 In this Letter, the samples are mainly taken using the Kiso 1.05 m Schmidt classical external-shock model. Their outliers have Iarge

telescope (Urata et al. 2003), Lulin 1 m telescope (Huang et al. 2005), and ®x > 2 In our sample, however, OUt"erS@J'ax relatio_n exists
Xinglong 0.8 m telescope (Deng et al. 2007). even if theira, is around 1.5, and theig -3,  relations are

3. RESULTS AND DISCUSSION

Let us consider the case of the minimum frequescy smaller
than theR-band frequency, (< vy ), which is a reasonable
assumption for several bright bursts in the fraft era. In this
case, the spectral index of the optical afterglow is positive,
B, > 0, which is consistent with the previous observational re-
sults (see Table 2 of Kann et al. 2006). The decay and the
spectral indices are calculated as shown in Table 2 by the
Classical external-shock model with ambient matter density de-
pendent on the radiug,oc r=° |, where we ass@ne) . Since
the Lorentz factor of the relativistically expanding shell evolves
with the observer time aB oc t ¢ 92 g3 is needed in
order for the shell to decelerate.)jf< vy <. <vy , wWe derive

s
8—2s’
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TABLE 1
X-RAY AND OPTICAL TEMPORAL DECAY INDICES DURING X-RAY NORMAL DECAY PHASE.

Normal Decay Phase Optical Period

GRB (s) (s) oy o o, — oy References
050319 _1........ 48x 10'~2.0 x 10¢ 1.3 x 10-4.1 x 10° 152+ 0.13 0.48+ 0.02 —1.04+ 0.13 1
050319 2........ 48x 10°~2.0 x 10* 4.1 x 1099 x 10¢ 152+ 0.13 2.45+ 0.18 0.93+ 0.22 1
050401 .......... 34x 1063 x 10° 35x 10~14x 10 139+ 0.06 0.76+ 0.03 —0.63 + 0.07 2
050408_1........ 26x 10°-3.2 x 10¢ 3.4 x 10-4.6 x 10* 0.86+ 0.01 0.59+ 0.03 —0.27 + 0.03 1,3
050408_2........ 26x 10°-3.2x 10¢ 6.2 x 10~3.0x 10°  0.86+ 0.01 0.98=+ 0.09 0.12+ 0.09 1,3
050525A_1...... 3.1x 1027 x 10¢ 3.1 x 10°-5.7 x 10 151+ 0.04 1.25+ 0.04 —0.26 = 0.06 1,4,5
050525A_2...... 3.1x 1027 x 10° 6.3 x 10°~4.6 x 10* 151+ 0.04 1.53+ 0.09 0.02+ 0.10 1,4,5
050721_1........ 23x 10034 x 106 23 x 1079 x 10° 0.96+ 0.09 1.23+ 0.03 0.27+ 0.09 6
050721_2....... 23x 10°-3.4 x 16f 7.9 x 10°-25 x 10¢ 0.96 + 0.09 0.54+ 0.06 —0.42=+ 0.11 6
050801 .......... 6.5x 10°-3.0 x 10° 7.2 x 10°-9.5 x 10*®° 0.99 + 0.04 1.04+ 0.03 0.05+ 0.05 7
050820A......... 2.8x 10-4.0 x 10* 3.4 x 10°-2.0 x 10* 1.04+ 0.02 0.73+ 0.04 -0.31+ 0.04 8
050824 .......... 59x 10~2.0 x 10° 8.0 x 10~45x 10° 0.85+ 0.06 0.51+ 0.03 —0.34 + 0.07 9
051109A_1...... 16x 10°-5.2 x 100 1.6 x 10°~1.3 x 10 1.08+ 0.02 0.66+ 0.06 —0.42+ 0.06 10
051109A_2...... 52x 10~1.4 x 10° 9.0 x 10°~1.0 x 10* 1.35+ 0.03 0.98+ 0.06 —0.37 = 0.07 10
060206_1........ 23x 1054 x 100 2.3 x 1025 x 10 1.39+ 0.08 0.86+ 0.03 —0.53 =+ 0.09 1,11, 12
060206_2........ 23x 1054 x 106 25 x 10~2.0x 10° 1.39+ 0.08 1.41+ 0.02 0.02+ 0.08 1, 11, 12
060323.......... 1.1x 10°-2.1 x 10¢ 1.2 x 10>-3.0 x 10° 1.38+ 0.10 0.70*+ 0.05 —0.68 + 0.11 1
060526 .......... 18x 10'~4.2 x 10¢ 2.0 x 10~3.2x 10® 1.60=+ 0.13 1.17+ 0.07 —-0.43+ 0.15 13
060605 .......... 52x 10427 x 10* 2.0 x 10°~23 x 10* 145+ 0.06 141+ 0.44 —0.04 + 0.44 1
061121 1........ 21x 1017 x 10* 4.7 x 10°-1.5 x 10 0.98 + 0.04 0.98+ 0.05 0.00+ 0.06 14
061121_2........ 17x 10~35x 106 7.2 x 10°~3.3x 10*° 146+ 0.03 1.54+ 0.07 0.08+ 0.08 14, 15

#The normal decay phase is identified in tB&ift XRT data. The value of, is determined in this period. Time zero is taken as
the burst trigger time.

® The period when the optical data was taken during the normal decay phase. The vajue of is determined in this epoch.

REFERENCES FOR OPTICAL DATA.—(1) EAFON (for specific individual events, e.g., Huang et al. 2007; Deng et al. 2007); (2) De
Pasquale et al. 2006; (3) de Ugarte Postigo et al. 2007; (4) Klotz et al. 2005; (5) Della Valle et al. 2006; (6) Antonelli et al. 2006; (7)
Rykoff et al. 2006; (8) Cenko et al. 2006; (9) Sollerman et al. 2007; (10) Yost et al. 2007; (1T)iakozt al. 2006; (12) Stanek et
al. 2007; (13) Dai et al. 2007; (14) Uemura et al. 2007; (15) Halpern et al. 2006.

consistent with the classical external-shock model (see Fig. 5E(>T) oc T egoc I, ¢, oc T, andnoc r™s, wheres< 3 .
of Liang et al. 2007). This fact, therefore, strengthens the im- Then, from their derived formula, we obtain
portance of the multiwavelength studies at the normal decay

phase to test the classical external-shock model. 1 s
There are several possibilities leadingdgp— oy, < —1/4 . Q=0 =~ + 8_ s
One is to consider the<0 case (e.g., Yost et al. 2003). If
s < —4, thena, — o = —0.5; however, there is no theoretical 3—-s 4—3s b
reason to consider such a steeply rising profile. Another pos- - 4e+8-29\4—s e+3bf, (1)

sibility is to consider the delayed energy injection (Rees &
MésZzaos 1998) and/or time-variable shock microphysics pa-
rameters (Yost et al. 2003). Here we considek vg< 5. <

vy for simplicity. The generalized forms of, arg  are then
derived by Panaitescu et al. (2006) based on the assumptions

which is independent dfandp. We find thato, — oy < —1/4 is
achieved ife+ 3b>0 for the uniform ISM cases& 0 ), or

3.0— T T T T T T 10} ]
0.5 F J
>
I EE DR
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a’opt .5
3 I EIJ [ i} b 4 |
05} c|: 4] EIJ J
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ox e ER 8 E L = ZZlh ke
Fic. 1.—R-band decay indexy, as a function of the X-ray decay index |D Of GRB

ay in the normal decay phase. The classical external-shock model predicts
o, — ay = —1/4 (solid line) and 1/4 @ashed line) for the uniform ISM Fic. 2.—Range ofy, — o, for individual events. The meanings of the solid
(s = 0) and for the wind mediums(= 2 ) cases, respectively. and the dashed lines are the same as those in Fig. 1.
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TABLE 2
SPECTRAL AND DECAY INDICES (F, oc t™*»~%) PREDICTED BY THE CLASSICAL EXTERNAL-SHOCK MODEL
l<p<2 2<p

v o B o B
V< Uy eeeennnnnns [(46 — 3)p — 2(s + 3)[3(p — 1)(8 — 29)] -1/3 —2)/(4-9 -1/3
V< V< Vg.ornn. [B—=9s)p + (6 + 9)/[2(8 — 29)] P-12 F-1M4+98-2) ((p-—1)2
Vo< Voeeiinnanns [B—9p + 2(5 — 9/[2(8 — 29)] p/2 Bp — 2)/4 p/2

Nortes.—This is for the case of spherical expansion, slow cooling, and the ambient density profile giver by ,

where0<s< 3. The break frequenay, evolves with timewgsct ¥  Jarp , whijjec t (- 9pte-sip-nE-29] for

l<p<2, andy, scales ag oc t¢ 92 regardlesspof

if b—e>8/3for the wind medium cases(= 2 ). Note that to be caused by the jet collimation effects (Panaitescu et al.
these cases have been discussed for thSpie-GRBs (Piro 2006; Huang et al. 2007; Sato et al. 2007). Or a cannonball
et al. 1998; Yost et al. 2003; Corsi et al. 2005). model may account for our outliers (Dado et al. 2007).
Another possibility to explain the outliers may be that the
X-ray flares superposing on the X-ray afterglow could steep We would like to thank Shiho Kobayashi and Bing Zhang,
the apparent decay index of the X-ray. X-ray flares are usually and the anonymous referee for useful comments. This work
more active in the initial phase, so that they may enhance thewas supported in part by Grants-in-Aid for Scientific Research
early X-ray flux. In this case the X-ray flare should not be ofthe Japanese Ministry of Education, Culture, Sports, Science,
spiky but relatively smooth, and the late afterglow is just an and Technology 18001842 (Y. U.) and 18740153 (R. Y.). This
ordinary afterglow. work was also supported by NSC 93-2752-M-008-001-PAE
Although the external-shock model is still viable, the after- and NSC 93-2112-M-008-006. T. S. was supported by an ap-
glow emissions of outliers may be capable of the internal shock pointment of the NASA Postdoctoral Program at the Goddard
origin. Such a possibility has been proposed by Ghisellini et Space Flight Center, administered by Oak Ridge Associated
al. (2007). In this case, the optical and X-ray emission in the Universities through a contract with NASA. This Letter was
late phase are of different origins. It is also possible in this inspired through the discussion during the workshop “Impli-
model that a chromatic break occurs~dt day after the burst,  cations ofSwift’'s Discoveries about Gamma-Ray Bursts” at the
which was believed to be achromatic in the @®ft era and Aspen Center for Physics.
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