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Abstract The observations with Swift X-ray telescope (XRT) challenge the conventional
gamma-ray burst model in many aspects. The XRT light curves are generally composed of
four consecutive segments, i.e., a steep decay segment, a shallow decay segment, a normal
decay segment, a jet-like steep decay segment, and sometimes erratic flares as well. The phys-
ical origin of the X-ray emission is highly debatable. We focus here on the physical origin
of the X-ray emissions of GRBs 050318 and 060124. We present the XRT light curves and
spectra of the two bursts. The light curve decay slopes of the two bursts are normal, and their
relations to the spectral indices are consistent with the prediction of the standard forward
shock model. The multi-wavelength light curves at 0.5keV, 1.0keV, 2.0keV and 4.0keV can
be reproduced by this model with an isotropic kinetic energy E', = 2.2 x 1052 erg, €, = 0.04,
ep = 0.01 for GRB 050318 and E, = 4.2x 10°3 erg, €, = 0.05, ez = 0.01 for GRB 060124.
These facts suggest that the normal decay phases of the X-rays for the two bursts are of the
forward shock origin.
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1 INTRODUCTION

The Swift Gamma-Ray Burst (GRB) Explorer (Gehrels et al. 2004) has revolutionized GRB observations
in many aspects during its first two years of operation (Zhang 2007). The Swift X-ray telescope (XRT) re-
veals that the X-ray light curves following prompt gamma-rays are generally composed of four consecutive
segments, i.e., a steep decay segment, a shallow decay segment, a normal decay segment, a jet-like steep
decay segment, and sometimes erratic flares as well (Zhang et al. 2006; Panaitescu et al. 2006; O’Brien et
al. 2006). It has been suggested that the first decay segment is of internal origin due to the curvature effect
(Zhang et al. 2006; Liang et al. 2006a), caused by the time delay of photons radiated at higher latitudes
of the fireball than the line of sight (Kumar & Panaitescu 2000; Qin et al. 2004; Shen et al. 2005), and/or
due to the internal shock afterglows during the cooling of the plasma after the GRB prompt emission phase
(Zhang, Liang & Zhang 2007), or due to the cooling of a hot cocoon surrounding the GRB jet (Pe’er et al.
20006).

The physical origin of the shallow decay phase is hotly debated. Various models, such as energy injec-
tion (Rees & Mészdros 1998; Dai & Lu 1998a,b; Zhang & Mészaros et al. 2001; Granot & Kumar 2006),
two-component jet (Granot et al. 2006; Jin et al. 2007; Panaitescu et al. 2006), delayed energy transferring
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to the forward shock (Kobayashi & Zhang 2007) and scattering by dust (Shao & Dai 2007) have been pro-
posed (see more details in recent review by Zhang (2007) and references therein). Most recently, Ghisellini
et al. (2007) suggested that the shallow decay segment is produced by the late internal shocks, and Troja et
al. (2007) argued that the shallow decay component of GRB 070110 may be of internal origin. However,
a comprehensive analysis with a large sample of the XRT data for this segment shows that this segment is
generally consistent with the scenario of refreshed shocks by the long lasting energy injection for most the
Swift GRBs (Liang et al. 2007). Generally, the normal decay component and the following jet-like steep de-
cay segment are believed to be explained by the standard external forward shock model (Rees & Mészaros
1994; Paczyziiski & Rhoads 1993; Mészaros & Rees 1997; Cheng & Lu 2001; Mészaros 2002; Zhang &
Mészaros 2004; Piran 2005) and the jet model (Rhoads 1997; Sari et al. 1999). The erratic flares are thought
to be produced by the late internal shocks (Zhang et al. 2006; Liang et al. 2006a; Wu et al. 2006; Zou et al.
2006) due to the late central engine activities (Burrows et al. 2005; Dai et al. 2006; King et al. 2005; Fan &
Wei 2005; Perna et al. 2006; Proga & Zhang 2006; Gao & Fan 2006).

In this paper, we focus on the normal decay segments of GRBs 050318 and 060124. Ghisellini et al.
(2007) suggested that the shallow decay segment is produced by the late internal shocks and the break
between the shallow decay segment and the normal decay segment is due to the jet opening angle being
smaller than the inverse of the bulk Lorentz factor. In this scenario, the normal decay segment should be
also of internal origin. We examine whether the typical normal decay segments observed in the two GRBs
are consistent with the expectations of the standard external shock model. The details of the observations of
the two bursts have been presented by Perri et al. (2005) and Romano et al. (2006). We re-present the XRT
light curves and spectra of the two bursts from the XRT data, and examine the close correlation between
the spectral index and the light curve decay slope predicted by the standard forward shock model (Sect. 2).
The XRT light curve decay slopes of the two bursts are normal, and their relation to the spectral indices are
well consistent with the prediction of the standard forward shock model. Using the XRT data we extract
multi-wavelength light curves at 0.5keV, 1.0keV, 2.0keV and 4.0keV, and examine if these light curves
can be produced by this model (Sect. 3). Discussion and conclusions are presented in Section 4.

2 XRT DATA REDUCTION

The XRT data of GRB 050318 began to be recorded with the Swift/XRT on 2005 March 18 at 16:39:11 UT.
The data reduction is conducted with the standard XRT tools. The details of the data reduction and cor-
rections are given in Liang et al. (2006b) and Zhang, Liang & Zhang (2007). The source region is taken
to be a circle of 30-pixel radius, and the background is selected from a nearby source-free circular region
of 30-pixel radius. We extract the light curve and the spectrum observed between ~ 3400s to ~ 18000s
since the GRB trigger time, which corresponds to the normal decay phase with a temporal decay slope
a = 1.12 + 0.06. We fit the spectrum with an absorbed power law model (f, o »~') and obtain
I = 2.01f8:82 with reduced y? = 1.01 for 58 degrees of freedom (d.o.f.). These results are consistent
with that reported by Perri et al. (2005) within the errors.

The Swift/XRT began to observe the X-ray afterglow of GRB 060124 on 2006 January 24 at
15:56:36 UT, 104 s after the trigger time. We focus on the normal decay phase from ~ 1.1 x 10%s to
~ 1.0 x 10° s after the trigger, which spans two observation sequences labelled 001 and 002. During 001
the PC mode data are affected by the pile-up effect. Considering this effect, the source data are extracted in
an annulus with a 35-pixel outer radius and a 3-pixel inner radius. The source data of observation sequence
002 are extracted within a circle of 30-pixel radius. The backgrounds are selected nearby source-free re-
gions with the same size as the source regions for the sequences 001 and 002. We fit the spectra with an
absorbed power law model, which yields T' = 2.12 4 0.05 with reduced x 2 = 1.22 (61 d.o.f) for sequence
001 and I’ = 2.05 + 0.05 with reduced x? = 0.91 (89 d.o.f.) for sequence 002. We find that the spectra
of the two sequences are mutually consistent. The light curve is well fitted with a simple power law with
decay slope o = 1.36 £ 0.05. These results agree with that presented by Romano et al. (2006).

The XRT effective energy band is 0.2—10keV. We present semi multi-wavelength light curves to test the
forward shock model, although this energy band is not broad enough to constrain the model parameters. We
extracted four monochromatic light curves at 0.5 keV, 1 keV, 2 keV and 4 keV for the two X-ray afterglows
(see Figs. 1 and 2).
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Fig.1 XRT 0.5keV, 1keV, 2keV and 4 keV light curves (from the top to the bottom)
of the afterglow of GRB 050318.
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Fig.2 XRT 0.5keV, 1keV, 2keV and 4keV light curves of the afterglow of
GRB 060124. The symbols are the same as in Fig. 1.
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3 EXAMINATION OF THE STANDARD FORWARD SHOCK MODEL
We adopt the parameterized forward shock model described by Sari et al. (1998), which reads,

(V/Vc)l/gFu,ma)u Ve > U,
F, = (V/VC)_l/QFu,mam Um >V > Ve, (1)
(Vm/l/c)_l/Q(V/Vm,)_p/QFl/,max; V> Vpn,

for the observed flux density in case of fast cooling and

(V/Vm)1/3FV7IIlaX) VTYI, > 1/7
F, = (V/Vm)_(p_l)/QFv,maxa Ve >V > Vn, 2)
(Vc/Vm)i(pil)/Q(V/Vc)ip/QFu,maxv V> Ve,

for the case of slow cooling. For an adiabatic evolution,

ve = 2.7 x 102> 2 B, *n=14 "/ Ha, A3)
Vi = 5.7 x 101}/ ? B/ Ha, )
Fymax = 1.1 x 10%}/2Es;n/2 D32 1y, )

where t4 is the observed time in days, and D g is the luminosity distance, p is the power-law index of elec-
tron distribution, and €, and € g are the energy partitions of the electrons and the magnetic field, respectively.
Numerical suffix n means the suffixed quantity is in 10™ cgs units. With these equations, one can obtain
various correlations between the spectral index and the slopes in different spectral regimes (see Zhang &
Meészéros 2004, table 1). For GRB 050318, o = 1.12 + 0.06 and 8 = 1.01 70  they are well consistent
with a = (38 — 1)/2, indicating v > max(vm,, V.) and p = 23 = 2.02 in the framework of this model.
For GRB 060124, 3 = 1.08 (the average spectral index in the two sequences) and o = 1.36 4 0.05, they
also agree with o = (38 — 1)/2, suggesting the normal decay phase of GRB 060124 is also in the spectral
regime v > max (v, vc) and p = 203 = 2.16.

According to our analysis above we reproduce the multi-wavelength light curves within the XRT band.
The isotropic gamma-ray energies are Ej,, = 2.2 x 1052 erg (Perri et al. 2005) and E;y, = 4.2 x 10%3 erg
(Romano et al. 2006) for GRB 050318 and GRB 060124, respectively. As reported by Zhang et al. (2007)
with the Swift early XRT data for a large sample of Swift GRBs, the GRB efficiency ranges from a few
percent to almost 100 percent. So we roughly take the GRB efficiency to be 50%. This suggests E'x = Fig,.
We take n = 1 cm ™2, and then we leave both €. and ep as free parameters and derive them from fitting the
multi-wavelength light curves. The best fits yield €, = 0.04, ez = 0.01 with reduced x? = 1.62 (42 d.o.f)
for GRB 050318, and €, = 0.05, eg = 0.01 with X2 = 2.26 (116 d.o.f) for GRB 060124. The fitting curves
are also shown in Figures 1 and 2. Both ¢, and ¢ p are roughly consistent with that derived from the multiple
wavelength afterglow fittings (Panaitescu et al. 2001) and from the spectral energy properties (Liang et al.
2004; Wu et al. 2004). These results suggest that the observed XRT light curves can be explained by the
conventional forward shock model with typical parameters.

4 DISCUSSION AND CONCLUSIONS

We have presented the XRT light curves and the spectra in the normal decay phases for GRBs 050318 and
060124. We examine whether or not the X-rays can be explained with the standard forward shock model. We
find that the relations between the temporal decay slopes and the spectral indices are well consistent with the
prediction of the standard forward shock model, and the multi-wavelength light curves at 0.5 keV, 1.0keV,
2.0keV and 4.0keV are well reproduced by this model with an isotropic kinetic energy E | = 2.2 x 10°2 erg,
€e = 0.04, eg = 0.01 for GRB 050318 and Ey, = 4.2 x 10%3erg, e, = 0.05, ez = 0.01 for GRB 060124.
These facts suggest that the normal decay phases of the X-rays for the two bursts originate in the forward
shock.

The physical origin of the X-rays observed by Swift/XRT is hotly debated. Ghisellini et al. (2007)
suggested that the shallow decay segment is produced by the late internal shocks and the normal decay
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segment is due to the jet effect. This scenario is completely different from the external shock model which
suggests different physical origins for the X-ray and the optical afterglows. We show here that the normal
decay phases of GRBs 050318 and 060124 are of the external shock origin.

Acknowledgements We appreciate the referee for his helpful suggestions. We thank Jinming Bai, Enwei
Liang and Yizhong Fan for their helpful discussions. This work is supported by the National Natural Science
Foundation of China (Grants 10533050 and 10573030).

References

Burrows D. N., Romano P., Falcone A. et al., 2005, Science, 309, 1833
Cheng K. S, Lu, T., 2001, Chin. J. Astron. Astrophys. (ChJAA), 1, 1
Dai Z. G.,Lu T., 1998a, MNRAS, 298, 87

Dai Z.G.,Lu T., 1998b, A&A, 333, 87

Dai Z. G., Wang X. Y., Wu X. F.,, Zhang B., 2006, Science, 311, 1127
Fan Y. Z., Wei D. M., 2005, MNRAS, 364, L42

Gao W. H., Fan Y. Z., 2006, Chin. J. Astron. Astrophys. (ChJAA), 6, 513
Gehrels N., Chincarini G., Giommi P., 2004, ApJ, 611, 1005

Ghisellini G., Ghirlanda G., Nava L., Firmani C., 2007, ApJ, 658, L75
Granot J., Kumar P., 2006, MNRAS, 366, L13

Granot J., Konigl A., Piran T., 2006, MNRAS, 370, 1946

Jin Z. P, Yan T., Fan Y. Z., Wei, D. M., 2007, ApJ, 656, L57

King A., O’Brien P. T., Goad M. R. et al., 2005, ApJ, 630, L113

Kumar P, Panaitescu A., 2000, AplJ, 541, L51

Kobayashi S., Zhang B., 2007, ApJ, 655, 973

Liang E. W., Dai Z. G., Wu X. E,, 2004, ApJ, 606, L.29

Liang E. W., Zhang B., O’Brien P. T. et al., 2006a, ApJ, 646, L351
Liang E. W., Zhang B.-B., Stamatikos M. et al., 2006b, ApJ, 653, L81
Liang E. W., Zhang B.-B., Zhang B., 2007, ApJ, in press (astro-ph/07051373)
Mészaros P., 2002, ARA&A, 40, 137

Meészéros P., Rees M. J., 1997, AplJ, 476, 232

O’Brien P. T., Willingale J., Osborne M. R. et al., 2006, ApJ, 647, 1213
Panaitescu A., Kumar P., 2001, AplJ, 560, 49

Panaitescu A., Mészaros P., Burrows D. et al., 2006, MNRAS, 369, 2059
Paczynskiz B., Rhoads J., 1993, ApJ, 418, LS

Perri M., Giommi P., Capalbi M. et al., 2005, A&A, 442, L1

Perna R., Armitage P. J., Zhang B., 2006, ApJ, 636, 29

Proga D., Zhang B., 2006, MNRAS, 370, 61

Pe’er A., Mészdros P., Rees M. J., 2006, ApJ, 652, 482

Piran T., 2005, RvMP, 76, 1143

Qin Y.-P., Zhang Z.-B., Zhang F. W. et al., 2004, ApJ, 617, 439

Rees M., Mészaros P., 1994, Apl, 430, L93

Rees M., Mészéros P., 1998, Apl, 496, 1

Rhoads J. E., 1997, ApJ, 487, L1

Romano P., Campana S., Chincarini G. et al., 2006, A&A, 456, 917

Sari R., Piran T., Narayan R., 1998, AplJ, 497, L17

Sari R., Piran T., Halpern J. P., 1999, AplJ, 519, L17

Shao L., Dai Z. G., 2007, ApJ, 660, 1319

Shen R.-F., Song L. M., Li Z., 2005, MNRAS, 362, 59

Troja E., Cusumano G., O’Brien P. et al., 2007, ApJ, in press (astro-ph/0702220)
Wu X. F, Dai Z. G., Liang E. W., 2004, ApJ, 615, 359

Wu X. F, Dai Z. G., Wang X. Y. et al., 2006, preprint (astro-ph/0512555)
Zhang B., Mészaros P., 2001, ApJ, 552, 35

Zhang B., Mészaros P., 2004, IIMPA, 19, 2385

Zhang B., Fan Y. Z., Dyks J. et al., 2006, ApJ, 642, 354

Zhang B., Liang E. W., Page K. et al., 2007, ApJ, 655, 989

Zhang B., 2007, Chin. J. Astron. Astrophys. (ChJAA), 7, 1

Zhang B.-B., Liang E.-W., Zhang B., 2007, ApJ, in press (astro-ph/0612246)
Zou Y. C., Dai Z. G., Xu D., 2006, ApJ, 646, 1098



