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Abstract.
The complex structure of the light curves ofSwift GRBs has made their interpretation and that of the blast wavecaused by

the burst, more difficult than in the pre-Swift era. We aim to constrain the blast wave parameters: electronenergy distribution,
p, density profile of the circumburst medium,k, and the continued energy injection index,q. We do so by comparing the
observed multi-wavelength light curves and X-ray spectra of a Swift sample to the predictions of the blast wave model.

We can successfully interpret all of the bursts in our sampleof 10, except two, within the framework of the blast wave
model, and we can estimate with confidence the electron energy distribution index for 6 of the sample. Furthermore we identify
jet breaks in half of the bursts. A statistical analysis of the distribution ofp reveals that, even in the most conservative case of
least scatter, the values are not consistent with a single, universal value. The values ofk suggest that the circumburst density
profiles are not drawn from only one of the constant density orwind-like media populations.

Keywords: Gamma rays: bursts – X-rays: bursts – Radiation mechanisms:non-thermal
PACS: 98.70.Rz, 98.62.Nx, 95.85.Kr, 95.85.Nv

INTRODUCTION

The afterglow emission of Gamma-Ray Bursts (GRBs) is generally well described by the blast wave model [1, 2]. This
model details the temporal and spectral behaviour of the emission that is created by external shocks when a collimated
ultra-relativistic jet ploughs into the circumburst medium, driving a blast wave ahead of it. The level of collimation,
or jet opening angle, has important implications for the energetics of the underlying physical process, progenitor
models, and the possible use of GRBs as standard candles. Thesignature of this collimation is an achromatic temporal
steepening or ‘jet break’ at approximately one day in an otherwise decaying, power-law light curve.

Since the launch of theSwift satellite it has become clear that this model for GRBs cannot, in its current form,
explain the full complexity of observed light curve features and the lack of observed achromatic temporal breaks. The
unexpected features detected, such as steep decays, plateau phases (e.g., [3, 4, 5]) and a large number of X-ray flares
(e.g., [6, 7]) have revealed the complexity of these sourcesup to about one day since the initial event, which is yet to
be fully understood. These superimposed features also makeit difficult to measure the underlying power-law features
on which the blast wave model is based, and may lead to misinterpretations of the afterglows.

In these proceedings we summarize our interpretation of a sample of 10Swift GRB afterglows which we detail
in our paper [8]. Here, we introduce our method of sample selection and analysis, and summarize our main results
regarding the constraints we can place on the blast wave parameters: electron energy distribution,p, density profile
of the circumburst medium,k, and the continued energy injection index,q. Throughout, we use the convention that a
power-law flux is given asF ∝ t−α ν−β whereα is the temporal decay index andβ is the spectral index.

SAMPLE AND ANALYSES

The bursts in our sample were chosen from an inspection of previous literature and from a comparison of the literature
of optical data to the pre-reducedSwift X-ray Telescope (XRT) light curves in the on-line repository [9] up to the
end of February 2008. Our sample consists of 10 bursts with X-ray and optical light curves with good enough time
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coverage to allow for the underlying single power-law, or broken power-law, to be determined. The bursts are also
well sampled enough in the X-ray to constrain the spectral indices,βX . We did not confine our sample to bursts with
clear breaks in either the X-ray or optical bands as we wantedto include the possibility of hidden or not very obvious
breaks, particularly in the X-ray band [10], or late, undetected breaks.

Light curve analyses were carried out on the pre-reduced, XRT light curves from the on-line repository. For
bursts where there was a possible light curve break, X-ray spectra were extracted pre-break and post-break. Optical
photometric points in various bands were taken from the literature and combined via a simultaneous temporal fit. This
fitting allowed us to find the common temporal slope of the optical data and the colour differences between bands.
Using these colours, the optical data were then shifted to a common magnitude and converted into an arbitrary, scaled
flux to produce joint optical and X-ray light curves (Figure 1). These light curves were fit with single or broken power-
laws, including optical host galaxy contributions where known. Data at early times at which the underlying behaviour
was ambiguous, or flaring, were excluded from the fit.
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FIGURE 1. The power-law fits to the XRT (upper data) and optical (lower data) light curves of an example burst from our sample
(GRB 060729). Early time, flaring data were not used in the power-law fits.

Derivation of electron energy distribution index, p

We use the blast wave model [1, 2] to describe the temporal andspectral properties of the GRB afterglow emission;
we assume on-axis viewing, a uniform jet structure and no evolution of the microphysical parameters. The relations
between the temporal and spectral indices and the blast waveparameters that we use are summarised in, e.g., [4, 11].
Our general method was to estimate the value of the electron energy distribution index,p, from the X-ray spectral
index and use this to calculate the predicted values of temporal decay. We derivep from the spectral index as opposed
to the temporal index since for a given spectral index there are only two possible values ofp, while for a given temporal
index there are multiple possible values. Spectral slopes are dependent only onp and the position of the cooling break.
Temporal indices,α, are dependent onp, the position of the cooling break, the circumburst densityprofile, k, and
on possible continued energy injection. Temporal indices are also prone to being incorrectly estimated from broken
power-law fits which may underestimate the post-break indices [12].

For a given value of the X-ray spectral index, there are two possible values ofp depending on whether the cooling
break,νc, is below (p = 2β ) or above (p = 2β + 1) the X-ray frequency,νX . If the optical to X-ray SED does not
display a break then the cooling break can either be above theX-ray regime or below the optical regime and the blast
wave predictions of eachp are compared to the observed temporal slopes to discern which is correct. If the SED



requires a broken power-law it most likely implies that a cooling break lies between the two regimes and is below
the X-ray regime. A cooling break requires, or must be consistent with, a difference between the spectral slopes of
∆β = 0.5. However, a break between the two regimes does not necessarily imply a cooling break; it may be due to the
fact that each regime has a different spectral index since they are originating from different emission regions. In this
case the spectral break does not have a predictable difference between slopes. For this interpretation to work, one must
be able to explain why the emission from each region is only visible in one spectral regime and it’s power-law slope
does not extend to the other. A cooling break is a more likely explanation in the majority of cases but a comparison of
the blast wave predictions of eachp with the observed light curves is required.

RESULTS

After comparing the derived values ofp and the predictions of the blast wave model to the observed temporal and
spectral properties, we find the most likely values of the parametersp, k andq for each burst in our sample. We find
that:

⋆ 8/10 are consistent with the blast wave model
⋆ 6/10 have an unambiguous value ofp
⋆ 6/10 have a calculable value ofk
⋆ 4/10 require energy injection,q
⋆ 5/10 exhibit a jet break

Distribution of p

The universality of the electron energy distribution index, p, has been examined by several authors [13, 14, 15, 11]
who applied different methods to samples ofBeppoSAX andSwift bursts, all reaching the conclusion that the observed
range ofp values is not consistent with a single central value ofp but displays a width of the parent distribution. In
the studies so far there have been some limitations: theBeppoSAX sample is limited, both in the number of GRBs and
the temporal and spectral sampling; and the only study ofSwift bursts for this purpose so far [15], only used the X-ray
afterglows, which introduces a large uncertainty because the position of the cooling break is unknown.

Here we examine the universality ofp given the observed distribution ofp (Figure 2) from our sample ofSwift
bursts, using the same methods as described in [11]. We first find the most likely value ofp = 2.21± 0.03 and test
that the observed distribution can be obtained from a parentdistribution with a single central value ofp. We do so
by generating different synthetic sets ofp for the bursts in our sample and calculating the most likely value ofp for
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FIGURE 2. Most likely values forp after our interpretation of individual bursts. The line represents the most likely value ofp
over the plotted sample.



each. We conclude that a single value ofp is rejected at the> 5σ level and that the width of the parent distribution is
σscat∼ 0.3 at the 1σ level.

We also tested the values ofp, for each of the 10 bursts in our sample, that offered the least deviation from the
expected canonical value of∼ 2.2. In this case, the most likely value ofp is 2.19± 0.02 and the values are still
inconsistent with one central value at the 5σ level.

This result confirms the results from previous studies and has important implications for theoretical particle
acceleration studies. Some of these (semi-)analytical calculations and simulations indicate that there is a nearly
universal value ofp ∼ 2.2− 2.3 (e.g. [16, 17]), while other studies suggest that there is alarge range of possible
values forp of 1.5−4 [18]. Although we find that there is not a universal value ofp, our values for the width of the
parent distribution indicate that it is not as wide as the latter study suggest. Our result is comparable to the numbers
found by other authors [15, 11] but is based on a sample with better temporal and spectral sampling per GRB, on
average.

Circumburst density profile, k

The density structure, or profile, of the circumburst mediumis generally given asρ , or n (number density),∝ r−k

wherek = 0 is a constant density, or ISM-like, medium andk = 2 is a wind-like medium. The value ofk has important
implications for the study of progenitor models, as the currently favoured model, involving the collapse of a massive,
Wolf-Rayet star, is expected to have an associated strong stellar wind affecting the circumburst environment. However,
detailed broadband modeling studies on a small number of GRBs [14, 11] have found that although such a wind is
favoured in many cases, a constant density medium is favoured in many other cases.
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FIGURE 3. Calculated values ofk after our interpretation of individual bursts. The lines representk = 0 (constant density) and
k = 2 (wind like) media.

In our sample of 10 bursts, only 6 have optical or X-ray light curves below the cooling break,νc, where they are
dependent on the circumburst density profile. Of our calculated values ofk (Figure 3), 2 are consistent (2σ ) with
bothk = 2 andk = 0; 2 are best described with a wind-like medium and are inconsistent (5σ ) with k = 0; and 2 are
consistent with a constant density medium but inconsistentwith k = 2. Our results are hence in agreement with those
of the previous, similar studies insofar as the sample requires both constant density and wind driven media to explain
the observed broadband emission.

Rate of continued energy injection,q

Continued energy injection was proposed as a process to explain the shallower than expected decay indices observed
in manySwift bursts [4]. We assume that it takes the form ofE ∝ tq whereq is dependent on the shallowing effect of the
injection,∆α = αp −αobserved, and on the value ofp. This continued energy injection is either due toi) a distribution
of the Lorentz factors of the shells ejected from the centralengine which causes those shells with lower Lorentz factor
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FIGURE 4. Calculated values ofq, including those withq set as zero (no energy injection) on line, after our interpretation of
individual bursts.

to catch up with the blast wave at a later time, orii) continued activity of the central engine itself. The formerhas a
limit of q ≤ 3− k, wherek is the density profile of the circumburst medium, which has been suggested as a diagnostic
to differentiate between the two sources of continued energy injection [4].

For 6 of the 10 light curves in our sample we are able to estimate the level of energy injection, or to say that it is
consistent with zero (Figure 4), though in one burst there are two equally valid interpretations, one requiring energy
injection while the other does not. Excluding this burst, energy injection is only required in 3 out of 6 bursts and each
of these has an injection index,q, of between 0.65 and 1.0, consistent with both scenarios of energy injection. Clearly
a much larger sample of afterglows is required to be able to constrain the sample properties ofq.

CONCLUSIONS

Throughout this paper we have applied the blast wave model [1, 2], assuming on-axis viewing, a standard jet structure
and no evolution of the microphysical parameters, to a selection of 10 Swift GRBs with well sampled temporal and
spectral data. We attempted to constrain three parameters of interest (p, k andq) and to test the validity of the blast
wave model for light curves observed bySwift, the complexity of which has made their interpretation and that of the
blast wave more difficult than in the pre-Swift era. We find that the majority of the afterglows are well described within
the frame work of the blast wave model and that the parametersderived are consistent with those values found by
previous authors. Furthermore, we identify, reasonably unambiguously, jet breaks in 5 afterglows out of our sample of
10.

After interpretation within the blast wave model, we are able to confidently estimate the electron energy distribution
index, p, for 6 of the bursts in our sample. A statistical analysis of the distribution ofp reveals that, even in the
most conservative case of least scatter, the values are not consistent with a single, universal value suggested by some
studies; this has important implications for theoretical particle acceleration studies. In a number of cases, we are also
able to obtain values for the circumburst density profile index,k, and the index of continued energy injection,q. The
calculated values ofq are consistent with both suggested sources of continued energy injection and a much larger
sample of afterglows will be required to constrain the sample properties ofq. The values ofk, consistent with previous
works on the matter, suggest that the circumburst density profiles are not drawn from only one of the constant density
or wind-like media populations.
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