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ABSTRACT

Using a sample of gamma-ray burst (GRB) afterglows detected by both the X-Ray Telescope
(XRT) and the UV/Optical Telescope (UVOT) on Swift, we modelled the spectral energy
distributions (SEDs) to determine gas column densities and dust extinction in the GRB lo-
cal environment. In six out of seven cases we find an X-ray absorber associated with the
GRB host galaxy with column density (assuming solar abundances) ranging from (0.8-7.7) x
10?! cm~2. We determine the rest-frame visual extinction Ay using the Small Magellanic Cloud
(SMC), Large Magellanic Cloud (LMC) and Galactic extinction curves to model the dust in
the GRB host galaxy, and this ranges from Ay = 0.12 & 0.04 to 0.6510 5. The afterglow SEDs
were typically best fit by a model with an SMC extinction curve. In only one case was the GRB
afterglow better modelled by a Galactic extinction curve, which has a prominent absorption
feature at 2175 A. We investigate the selection effects present in our sample and how these
might distort the true distribution of Ay in GRB host galaxies. We estimate that GRBs with
no afterglow detected blueward of 5500 A have average rest-frame visual extinctions almost
eight times those observed in the optically bright population of GRBs. This may help account
for the ~1/3 of GRBs observed by Swift that have no afterglow detected by UVOT.
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tions.

1 INTRODUCTION

There is now a wealth of observational evidence linking long du-
ration gamma-ray bursts (GRBs) (prompt emission lasting >25)
with the collapse of a massive star (collapsar model; e.g. Woosley
1993). This includes the underlying supernova features in the af-
terglow of some GRBs (e.g. GRB 980425, Kulkarni et al. 1998;
GRB 030329, Hjorth et al. 2003 and GRB 060218, Campana et al.
2006), and the association between GRB host galaxies and high-
mass star formation (Tanvir et al. 2004). The gamma-ray energy
emission of GRBs is unaffected by dust and gas in the intervening
interstellar medium, which combined with the vast energy released
during the initial explosion, allows them to be detected out to very
high redshifts (e.g. Tagliaferri et al. 2005). These two facts give
GRBs the potential to be highly powerful tools with which to trace
the star formation history (SFH) in an unbiased way. Furthermore,
the longer lived, lower energy afterglows light up their host galax-
ies, albeit for only a brief time (on the order of weeks), providing
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invaluable insight into the chemical makeup of these galaxies that
would otherwise be unattainable in a majority of cases; certainly at
high redshifts.

To fully maximize the potential that GRBs offer as cosmic probes
the selection effects present in GRB studies need to be known, such
as the stellar populations that they trace and the properties of their
host galaxies. Infrared observations of long GRB host galaxies taken
with Spitzer indicate that they are not strong starburst galaxies, nor
are they particularly dusty (Le Floc’h et al. 2006). This is in conflict
with expectations from the collapsar model, which predicts GRBs to
occur in regions of active star formation that are heavily enshrouded
by dust. This mismatch between observations and theory could very
possibly be the result of selection effects, whereby the near-infrared
(NIR) to ultraviolet (UV) afterglow of GRBs in dusty galaxies are ex-
tinguished, thus reducing the chance of identifying the host. Further
detailed analysis of GRB environments is important to determine
the range in host galaxy properties, and, fundamentally, to provide
a better understanding of our observations and the limitations that
they present.

Because of the broad-band power-law spectral behaviour of
GRB afterglows, the effects of absorbing dust and gas in the local
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environment on the GRB spectral energy distribution (SED) can be
well identified. In the analysis of X-ray and optical afterglow spectra
for eight GRBs, Galama & Wijers (2001) found evidence for high
column densities of gas in the GRB local environment that were
comparable with those observed in giant molecular clouds. Further-
more, they found the optical extinction to be 10-100 times smaller
than expected given the column densities. Stratta et al. (2004) ex-
tended this sample and found the ratio of host galaxy column den-
sity to visual extinction to be an order of magnitude larger that that
observed in the Milky Way (MW), and also greater than that in
the Small Magellanic Clouds (SMC) and Large Magellanic Clouds
(LMC). Prompted by theoretical studies that indicate that the intense
radiation emitted by a GRB should destroy small dust grains out to
radii of around 10 pc (e.g. Fruchter, Krolik & Rhoads 2001; Perna
& Lazzati 2002; Perna, Lazzati & Fiore 2003), the large gas-to-dust
ratio was taken to be evidence of the destruction of dust in the sur-
rounding vicinity of the burst, thus reducing the visual extinction
observed.

Stratta et al. (2004) also found little evidence of the strong 2175 A
Galactic absorption feature in their optical-NIR spectral analysis.
Instead they found the SED to be best fit by a model in which the
host galaxy has an SMC or starburst galaxy dust extinction law,
which has no such absorption feature. More recently Kann, Klose
& Zeh (2006) analysed the afterglow SEDs in the optical and NIR
bands on a larger sample of 30 pre-Swift GRBs, and also found the
SMC extinction curve to provide a better fit to the spectra than the
MW or LMC extinction curves.

The simultaneous observations taken with the X-Ray Telescope
(XRT; Burrows et al. 2005a) and UV/Optical Telescope (UVOT;
Roming et al. 2005) on-board the Swift spacecraft (Gehrels et al.
2004) provide GRB afterglow SEDs without the need to extrapolate
data to the same epoch. This capability is unique to Swift and the
accurate broad-band spectral modelling that is possible with this
provides an important data set to compare to previous multiwave-
length GRB samples. In this paper we model the SEDs of a sample
of Swift GRBs with afterglows detected by both the XRT and UVOT
to investigate the rest-frame visual extinction and soft X-ray absorp-
tion at the GRB host galaxy. This provides an indication of the dust
and gas content in the local environment of the GRB, which we
compare to the environment of the MW, the LMC and the SMC.

The effects of the selection bias that is introduced by analysing
only those GRBs with X-ray and optical afterglows is addressed
by using our results to examine the dust in the local environments
of GRBs that have no UVOT detected afterglow. Our results have
implications for the role that dust plays in accounting for the lack
of an UV/optical afterglow detection in ~1/3 of GRBs observed by
the UVOT.

In Section 2 we present the GRB sample and describe the X-ray
and UV/optical data reduction and analysis, and in Section 3 we
describe the models that we used to fit the data. We present the
results from our spectral modelling and discuss their implications
in Sections 4 and 5, and also investigate how GRBs that have no
UV/optical afterglow detected by UVOT may be affected by dust.
Our conclusions are summarized in Section 6. Throughout the paper
temporal and spectral indices, « and B, respectively, are denoted
such that F, o ~ and F, o« v, and all errors are lo unless
specified otherwise.

2 DATA REDUCTION AND ANALYSIS

SEDs at a single epoch were produced for a total of seven bursts.
This epoch was chosen to be 1 h after the onset of the initial prompt

emission (time 7)) for four of the bursts (GRB 050318, GRB 050525,
GRB 050802 and GRB 060512). For the remaining three GRBs
(GRB 050824, GRB 051111 and GRB 060418) the SEDs were pro-
duced at a time 7'+ 2h due to a lack of data at 7 + 1 h, resulting
from spacecraft observing constraints.

The GRBs in our sample were chosen on the basis that they had
afterglows detected by both the XRT and UVOT instruments and a
spectroscopic redshift with z < 1.75. Bursts for which the photom-
etry was considered to be too poor to provide useful constraints on
the spectral fitting were not used. This included those with UVOT
detections in fewer that three filters, or bursts that did not have well
enough sampled light curves with which to obtain reliable multi-
band photometry at a single epoch. To avoid any contamination
from absorption caused by the Lya forest only UVOT data with a
rest-frame wavelength A > 1215 A were used in the spectral anal-
ysis. The redshift limit was, therefore, a necessary requirement to
ensure that there were sufficient optical and UV data points in the
afterglow SED to constrain the spectral fitting. At the redshift of
our sample the afterglow spectra cover the wavelength range where
the redshifted 2175-A extinction bump is expected to lie, and those
GRBs closer to the redshift upper limit also probe the rest-frame far-
ultraviolet (FUV) spectra, where the divergence between extinction
curves is greatest.

2.1 UVOT data

The UVOT contains three optical and three UV lenticular filters,
which cover the wavelength range between 1600 and 6000 A. Pho-
tometric measurements were extracted from the UVOT imaging data
using a circular source extraction region with a 6-arcsec radius for
the V, B and U optical filters and a 12-arcsec radius for the three
UVOT UV filters to remain compatible with the current effective
area calibrations.! Where possible the background rate was taken
from an annulus with 12-arcsec inner radius and 20-arcsec outer
radius centred on the source. In the cases where there were nearby
sources that contaminated this extraction region, the background
was taken from a source-free region close to the target with radii
ranging between 10 and 20 arcsec.

For each of the UVOT lenticular filters the tool UVOT2PHA (ver-
sion 1.1) was used to produce spectral files compatible with XSPEC
(version 12.2.1), and response matrices were taken from version 102
of the UVOT calibration files. To create an SED at an instantaneous
epoch the count rates in these files were set to correspond to the
count rate of the GRB at the appropriate epoch. These count rates
and the associated errors were determined from power-law model
fits to the light curve in each filter where the GRB afterglow is as-
sumed to decay at the same rate in the UV and optical bands. This
is justified by the small variations present in the decay rate between
filters for the GRBs in our sample, which have a typical variance of
~(0.2 and are consistent within 1o errors. Furthermore, the colour
evolution expected when the cooling break migrates through the
optical bands is typically observed at later times than the epochs we
deal with, on the order of ~10*s (e.g. Blustin et al. 2006).

Where possible the UV/optical decay index was taken from the
literature where UVOT data were used in the analysis. Otherwise,
this analysis was carried out by ourselves, with the exception of
GRB 050824 and GRB 051111, for which there was not sufficient
UVOT data to constrain the fits to the light curves and, therefore,
reported indices from R-band light-curve fits were used. For the

! http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/uvot/
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Table 1. UVOT data.

GRB z Galactic E(B — V)¢ Qopt
050318 1.44° 0.017 0.94¢
050525 0.606¢ 0.095 1.56,0.62/
050802 1.714 0.021 0.82F
050824 0.83¢ 0.034 0.55'
051111 1.549/ 0.162 0.96™
060418 1.49¢ 0.224 1.25
060512 0.443" 0.014 0.84

aSchlegel et al. (1998); *Berger & Mulchaey (2005); Foley et al.
(2005); “Fynbo et al. (2005a); ‘Fynbo et al. (2005b); /Prochaska
(2005); $Dupree et al. (20006); "Bloom et al. (2006). Still et al.
(2005); /Light-curve best fit by double power law (Blustin et al.
2006); Oates et al. (2006); IHalpem & Mirabal (2005); "Butler
et al. (2006).

analysis done on UVOT data, both our own and that reported in
the literature, the decay index was determined from the combined
UVOT light curve, which was produced by normalizing each filter
to the V-band light curve. The count rate at an instantaneous epoch
for each filter was then determined from the best-fitting temporal
decay model using the appropriate normalization. The light curves
were modelled as a power law, with the exception of GRB 050525,
which required further components to describe the more complex
early time temporal behaviour (Blustin et al. 2006). The decay rates
determined for each burst are listed in Table 1, as well as the refer-
ences used where appropriate.

2.2 X-ray data

The XRT covers the 0.2-10keV energy range, and all data were
reduced using the XRTPIPELINE tool (version 0.9.9). In most cases
the data used were taken in photon counting (PC) mode with the
exception of GRB 060418, for which the majority of the data taken
at the time of interest are in window timing (WT) mode (Hill et al.
2004). For PC data source counts were extracted from a circular
region centred on the source with an outer radius ranging from 50
to 95 arcsec. In the case of GRB 050802 the data suffered from
pile-up and, therefore, an annular extraction region was used to
exclude those pixels that were piled-up. The inner radius to this was
9.44 arcsec (4 pixel) and the outer radius was 106.2 arcsec (45 pixel).
The background count rate was estimated from a circular, source-
free area in the field of view (FOV) with a radius of 118 arcsec
(50 pixel). For WT mode data, the extraction regions used for the
source and background count rates were 94-arcsec slits positioned
over the source and in a source-free region of the FOV, respectively.
XSELECT (version 2.4) was used to extract spectral files from the event
data in the energy ranges 0.3—-10keV for PC and WT mode data,
which is the recommended band to use for compatibility with the
current calibration files.”> Corresponding effective area files were
created using the XRTMKARF tool (version 0.5.1) and binned to at
least 20 counts per energy bin. Response matrices from version 8
of the XRT calibration files were used for both WT and PC mode
data.

A large proportion of GRBs observed by XRT have shown spec-
tral evolution in the first few thousand seconds of emission, during
X-ray flares and after early time temporal breaks, which could be the
transition from internal shock to external shock dominated emission

2 http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/xrt/
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Table 2. X-ray data.

GRB Data Gal. Ny Start Exp.
mode (102 cm~2) time (s)¢ time (s)

050318 PC 2.8 3280 23431
050525 PC 9.1 7056 3560
050802 PC 1.8 480 4835
050824 PC 3.6 6096 17157
051111 PC 5.0 5552 1583
060418 WT 9.2 448 1841
060512 PC 1.4 3680 58966

“Measured from the BAT trigger time.

(e.g. Burrows et al. 2005b; Zhang et al. 2006). All X-ray data were
taken from time intervals where spectral evolution was no longer ob-
served, and the spectra were normalized to the epoch corresponding
to the SED by using the best-fitting model to the X-ray light curve,
in the same way as for the UVOT data. The data mode and time
intervals used are listed in Table 2.

3 THE MODEL

To model the afterglow spectral continuum we tried both a power-
law and broken power-law fit, where in the latter the change in
spectral slope was fixed to A = 0.5 to correspond to the change
in slope caused by a cooling break. In addition to this a constraint
was also imposed on the break energy such that it was within the
observing window (i.e. 0.002 keV < Ep, < 10.0 keV). Any fit with
a spectral break outside this energy range would be equivalent to a
power-law fit to the data. In both the power-law and broken power-
law models we included two dust and gas components to correspond
to the Galactic and the host galaxy photoelectric absorption and dust
extinction. The Galactic column density and reddening in the line
of sight were fixed to the values taken from Dickey & Lockman
(1990) and Schlegel, Finkbeiner & Davis (1998), respectively. The
second photoelectric absorption system was set to the redshift of
the GRB, and the equivalent neutral hydrogen column density in
the host galaxy was determined assuming solar abundances. The
dependence of dust extinction on wavelength in the GRB host galaxy
was modelled on the empirical extinction laws corresponding to the
MW, LMC and SMC.

The wavelength dependence on dust extinction observed in these
three environments is well reproduced by a dust model composed
of silicate and graphite grains, where variations in the relative
abundance and grain size distribution produce the different ex-
tinction laws (Pei 1992). The parametrization of the dust extinc-
tion laws in the MW, LMC and SMC are shown in Fig. 1, where
Ry =Ay/E(B — V) =3.08, 2.93 and 3.16 for the Galactic, SMC
and LMC extinction laws, respectively (Pei 1992).

The prominence of the 2175-A absorption feature and amount
of FUV extinction vary between the three curves. The MW has the
strongest extinction at 2175 A and smallest amount of FUV extinc-
tion, whereas the SMC has the greatest amount of FUV extinction,
rising faster than 1/, and an insignificant 2175-A feature. A further
difference in these three extinction laws is in the amount of redden-
ing per H atom (Draine 2000), which is observed to be greatest in
the MW and least in the SMC.

We chose these three curves to model the rest-frame visual extinc-
tion in the GRB afterglows to identify the predominant extinction
properties of the dust within the GRB local environment. We refer
to each of the spectral models as the MW, SMC and LMC model,
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Figure 1. Galactic (solid), LMC (dashed) and SMC (dotted) extinction
curves. Parametrizations taken from Pei (1992).

where the name corresponds to the extinction law used to describe

the dust extinction properties in the GRB host galaxy.

4 RESULTS

The value that we determine in our spectral analysis for Ny is an
equivalent neutral hydrogen column density that results from the

amount of soft X-ray absorption in the spectrum, where solar abun-
dances are assumed. This is dominated primarily by oxygen K-shell
absorption (Morrison & McCammon 1983). To distinguish between
the equivalent neutral hydrogen column density determined from the
X-ray absorption and the true neutral hydrogen column density, we
use the notation Ny x to refer to the former.

The results from our spectral analysis are provided in Tables 3
and 4 for a power-law and a broken power-law fit, respectively.
For five GRBs a broken power law provided little improvement
to the fit with an F-test probability P > 0.08. For GRB 050802
and GRB 060418 a spectral break at 1-2 and ~3 keV, respectively,
improved the goodness of fit of the model with an F-test probability
ranging from 0.003 to 1.7 x 10> for GRB 050802 and from 0.02
t0 9 x 107* for GRB 060418, depending on the model. However,
the column density and the dust extinction at the host galaxy do
not change significantly between the two continuum fits, remaining
consistent to 2o.

For the purpose of this paper, where we are interested in the
properties of the GRB local environment, the factors of importance
are the dust extinction law that best fits the GRB afterglows and
the relation between the column density and visual extinction in
the GRB local environment. We find that the former of these is not
affected by the models that we use to fit the continuum, and there is
no significant change in the ratio between the host galaxy column
density and rest-frame visual extinction. This is illustrated in Fig. 2,
which plots the value of Ny x/Ay for the best-fitting parameters
determined from a power-law and a broken power-law fit as solid
and open circles, respectively. Beyond this section we, therefore,
refer only to the spectral results from the power-law fits. In Fig. 3
we show the SEDs and best-fitting power-law models for each GRB.

Table 3. Results from simultaneous UV/optical and X-ray power-law spectral fits, where only UVOT data

with rest-frame wavelength A > 1215 A were used.

GRB Model Nu.x® B Ay? x? Null hypothesis
(10*! cm™2) (d.o.f.) probability
050318  SMC 156704 095+0.03  053+£006 101 (76) 0.03
LMC 2287933 1.04 £0.04 0.837949 105 (76) 0.02
MW 1.9079% 0.99%00¢ 0.91+0.14 154 (76) 0.00
050525  SMC 0.781932 076001 016003  29(33) 0.67
LMC 0.871032 079+0.02  023+004  33(33) 0.48
MW 0.781533 078+£0.03  023£006  58(33) 0.01
050802  SMC 0.91104) 0.66+0.02  024+003 106 (81) 0.03
LMC 1.30%54 070+0.02  038+£0.04  98(81) 0.10
0.50 0.08
MW 1987038 0.76 & 0.03 0.65" 005 88 (81) 0.29
050824  SMC 1.0870%2 095+£002  0.12£004  27(24) 0.33
LMC 114795 096+0.03  0.I8+£005  27(24) 0.29
MW 120104 098+0.04  027+0.10  31(24) 0.16
051111  SMC 771458 1.10 £ 0.06 0.3910-10 13 (11) 0.28
LMC 8.5071 93 118759 0.647019 14 (11) 0.23
MW 8.63722 1.19£0.13 0.857933 22(11) 0.03
060418  SMC 0.97156 0.89+0.01  0.17+£002  79(75) 0.36
LMC 1.83707¢ 097+0.02  038+£005  68(75) 0.70
MW 0.72197¢ 0.88+0.04  0.15£0.10  156(75) 0.13
060512 SMC <034 0.99 £ 0.02 0447504 33 (20) 0.04
LMC <033 098+0.02  044+£005  37(20) 0.01
MW <027 096+0.02  037+£0.04  44(20) 0.002

@At the redshift of the GRB.
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Table 4. Simultaneous UV/optical and X-ray broken power-law spectral fits. Only using UVOT data with rest-frame wavelength A > 1215 A.

2

GRB Model Nux ¢ B Ey Ba Ay? X Null hypothesis
(10%' cm™2) (keV) (d.o.f) probability
050318 SMC 1701043 0471003 0.003 % 0.0003 0.97750 0.567003 99 (75) 0.03
LMC 228704 0.54 £ 0.04 0.00275:00 1.04 £ 0.04 0.83790 105 (75) 0.01
MW 1.891031 0.50 £ 0.05 < 0.0004 1.00 £ 0.05 0917913 154 (75) 2¢77
050525 SMC 1.3910:48 0.421510 0.02970-093 0.92791% 0.26 £ 0.04 27 (32) 0.73
LMC 0.92+039 0.30100 0.004 10005 0.8010:01 0.3810:93 32(32) 047
MW 1.361037 0.6775:03 1.048 % 0.290 L17H%3 0.24 +0.07 80 (32) 5¢7°
050802 SMC 0.8910:42 0.61 £ 0.02 2.97010:2%¢ 111 +0.02 0.18 + 0.03 84 (80) 0.36
LMC L1474 0.64 £ 0.03 2.9907931¢ 1.14 £0.03 0.2875:03 81 (80) 043
MW 1737020 0.7215:03 3.9607 0538 1.22+0:93 0.557598 79 (80) 0.53
050824 SMC 1167038 0471502 0.003 = 0.001 0.97750° 0.16750¢ 26 (23) 0.32
LMC 127404 0.5075:03 0.003 £ 0.001 1.00+59 0.2575:08 27 (23) 0.28
MW 1367038 0.531003 0.003 £ 0.001 1037903 0.381093 30 (23) 0.14
051111 SMC 10.047270 0.82+5:2 0.04070:820 1.32+0% 042 £0.13 12 (10) 0.25
LMC 8.50M1 72 0.6810:22 <0.772 11807042 0.6470:28 14 (10) 0.17
MW 11.451238 0.9570-18 <0.883 1457018 0.50794} 23 (10) 0.01
060418 SMC 2.8070:97 0.85 +0.01 1.2797033 1.35 £ 0.01 0.17 £ 0.02 68 (74) 0.68
LMC 2.05T078 0.95 £ 0.02 2.1007955%% 1.45 £0.02 0.37 £0.05 64 (74) 0.79
MW 1641093 0.7915:02 1.34710326 1.2910:92 <0.03 145 (74) 2¢70
060512 SMC <047 0.5410:9 0.003 = 0.001 1.0410:95 0.58790¢ 32(19) 0.04
LMC <042 0.53 +0.01 0.003 & 0.001 1.03 £ 0.01 0.57508 35(19) 0.01
MW <032 0.51 £0.01 <0.001 1.010 £ 0.01 0.49T0:00, 44.(19) 0.001
“At the redshift of the GRB.
1000 E In these figures data points at rest-frame wavelengths A < 1215 A,
F ¢ ¢ 3 which were not used in the fits (see Section 2), are shown as open
10.0?”,,,,—,*—,,—,,ﬁ,,,—,#,;,—,,—,,—,T—,,,;,,,:g circles.
3 ¢ F The amount of intrinsic absorption and extinction determined in
Log M 3 our sample varies by over a factor of 5 in Ay and by more than an
o1l ] order of magnitude in Ny x. Typically the SMC model results in the
~ 10005 | o 3 smallest Ay in the host galaxy and the MW model in the largest.
g f ] This general trend is to be expected given the difference in FUV
z e # o r“ PSR E extinction observed in the three curves. The MW extinction law is
i 0; ¢ $ 7 the shallowest of the three extinction curves (see Fig. 1) and, in
z F M particular, has the least amount of dust absorption in the FUV for
0l ] a given Ay. A spectral model with a MW extinction law, therefore,
0005 3 3 requires a larger Ay to fit the same data.
i - i ) ] Although the X-ray column density and UV/optical extinction are
E $ - #r 77777777 i 7 independent components in the fit, the fitted value of Ny x depends
b ¢ ] on the spectral index, which in turn depends on the UV/optical
¢ extinction. The best-fitting X-ray column density will, therefore,
0.1l ] vary between extinction models. Typically, the MW model requires a
04@0 01?@0 Ol?,ga o&go Ol?go 01?@0 Ol?go steeper spectral index to compensate for the reduced amount of FUV
503/(9 30525 504’09 30&24 V7 17, 604/& 60519 extinction, and this consequently results in larger absorption in the

Figure 2. Ratio of rest-frame Ny x to Ay for the three models used in the
spectral analysis; SMC model (top panel), LMC model (middle panel) and
MW model (bottom panel). Filled circles correspond to power-law spectral
models and open circles to broken power-law fits. Dashed and dotted lines
show the mean Ny x/Ay value determined from each spectral model for a
power-law and broken power-law fit, respectively.

© 2007 The Authors. Journal compilation © 2007 RAS, MNRAS 377, 273-284

soft X-ray. Regardless of these differences the hydrogen equivalent
column density determined from our spectral modelling is generally
consistent at the 1o level. In the case of GRB 050802 the column
density is consistent at the 2o level between dust models.

To further investigate the model dependence between the amount
of X-ray absorption and dust extinction in the local environment
of the GRB, we show the confidence contours of E(B — V) versus
Np x for the best-fitting power-law models to each GRB in Fig. 4. For
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Figure 3. SEDs for seven GRBs at an instantaneous epoch (see text) with best-fitting models for each corresponding dust extinction curve shown; SMC
(dashed), LMC (solid) and Galactic (dotted). Open circles are data points at wavelength A < 1215 A in the rest frame, and therefore not used in the spectral

fitting. The positions of 2175 and 1215 A in the rest frame are indicated.

the most part the contours are fairly circular, indicating that there
is no significant correlation between Ny x and Ay in our spectral
modelling. We also tried fitting the X-ray data alone to make sure
that the UV/optical data were not in any way skewing the column
densities. We find the best-fitting Ny x value determined from our
SED spectral analysis to be compatible with the best-fitting Ny x
value from spectral analysis on the X-ray data alone, as shown in
Fig. 5. This shows the robustness of our method.

4.1 GRB host extinction laws

Six of the seven GRBs in our sample were best fit by the SMC
or LMC model, with the MW model rejected with at least 97
per cent confidence for four of these (GRB 050318, GRB 050525,
GRB 051111 and GRB 060512). For GRB 050824 and GRB 060418

the MW model is rejected with 84 and 87 per cent, respectively. The
relatively small amount of extinguishing dust in the circumburst en-
vironment of those two latter GRBs, indicated by the best-fitting
Ay, is likely to be the cause for the smaller distinction between the
spectral models. Although the distinction in the goodness of fit be-
tween the SMC and LMC models is small, the SMC model provides
the best fit to five of the GRBs in the sample, and only GRB 060418
is best fit by the LMC model; x> = 68 for 75 degrees of freedom
(d.o.f.) compared to x? = 79 for 75 d.o.f. for the SMC model.

The afterglow of GRB 050525 was detected in all six lenticu-
lar UVOT filters (Blustin et al. 2006), and GRB 050824 (Schady
& Campana 2005) and GRB 060418 (Schady & Falcone 2006)
had an afterglow detection in all but the bluest UV filter (UVW2).
GRB 051111 did not have an afterglow detected in the two bluest
filters (Poole et al. 2005), and in the case of GRB 050318 (Still et al.
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2005) and GRB 060512 (De Pasquale & Cummings 2006) no after-
glow was detected in any of the UV lenticular filters above the 3o
level.

At the redshifts of GRB 050318 (z = 1.44; Berger & Mulchaey
2005), GRB 050824 (z = 0.83; Fynbo et al. 2005b), GRB051111
(z = 1.549; Prochaska 2005) and GRB 060418 (z = 1.49; Dupree
etal. 2006), the lack of an optical afterglow detection in the bluest fil-
ters could either be the result of Lya blanketing or high levels of dust
extinction blueward of ~3800 A. GRB 050318 and GRB 051111
have Ay values that lie at the higher end of the distribution observed
in the sample, with best-fitting parameters Ay = 0.53 4+ 0.06 and
0.3910|; mag, respectively, if the SMC model is used. GRB 050824
and GRB 060418, on the other hand, have at least half this amount
in rest-frame extinction if the SMC model is used (Ay = 0.12 &
0.04 and 0.17 £ 0.02 mag, respectively). The correlation between
Ay and the number of filters in which the afterglow is detected could
indicate thatitis dust present in the local environment of these GRBs
that contributes to the observed dimness of their UV afterglow.

GRB 060512 was a low redshift burst (z = 0.4428; Bloom et al.
2006), eliminating neutral hydrogen absorption as the cause for the
lack of an UV afterglow detection. The best fit is provided by the
SMC model (x % = 33 for 20 d.o.f.) yielding a host galaxy extinction
of Ay = 0.44%00¢ mag, which is comparable to that observed in
GRB 050318 and GRB051111. This, therefore, provides further
support to the hypothesis whereby dust in the local environment of
the GRB blocks a large fraction of the UV flux emitted.

In contrast to the other bursts discussed in this section,
GRB 050525 had very small amounts of local absorption and
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extinction. However, good quality data resulting from the proximity
(z=0.606; Blustin et al. 2006) and brightness of this burst in the UV
and optical bands constrained well the spectral fits, and provided a
distinction between them. The afterglow SED was best fit by the
SMC model (x? = 29 for 33 d.o.f.).

GRB 050802 is the only burst in our sample where the goodness
of the spectral fit is improved with the MW model (x> = 88 for 81
d.o.f.). The SED of GRB 050802 flattens out at longer wavelengths
(Fig. 3) and this is well fit by a model with a dust extinction curve
that contains the 2175-A absorption feature (i.e. LMC and MW
models). The x? of the LMC model fit is still acceptable, with x2 =
98 for 81 d.o.f., although it is rejected at the 90 per cent confidence
level in contrast to the MW model, which is only rejected at the
71 per cent confidence level.

S DISCUSSION

5.1 The 2175-A absorption feature

The 2175-A absorption feature falls in the UVOT wavelength range
for the GRB sample used in this paper, and its prominence in the
GRB SEDs provides information on the graphite content of small
grains in the surrounding circumburst material. The origin of the
2175-A feature is most likely to be carbonaceous material such as
small spherical particles of graphite (¢ < 30nm), which have a
strong feature at this wavelength and of a similar width (Draine &
Lee 1984). Its strength in the MW extinction curve would require
~15 per cent of the solar abundance in carbon to be present in small
particles of this size (Draine 2003), whereas its absence in the SMC
extinction curve can be explained by a difference in the relative
abundances of graphite and silicate grains (Pei 1992).

The evidence for the 2175-A absorption dip in the SED of
GRB 050802 suggests a larger abundance of small carbonaceous
grains in the surrounding environment of this burst than is the case
for the other bursts. A few other GRBs have also shown evidence
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for such a feature (e.g. GRB 970508, Stratta et al. 2004; Kann et al.
2006; GRB 991216, Vreeswijk et al. 2006), although the usual ab-
sence of this feature in the spectra of GRBs indicates it to be rare in
GRB host galaxies.

5.2 X-ray absorption versus UV/optical extinction

The amount of dust extinction observed in the afterglow of GRBs
is a measure of the column density of dust grains responsible for
the absorption of UV and optical photons, and the ratio between the
X-ray column density and extinction gives an estimate of the gas-to-
dust ratio in the surrounding environment of the GRB. In Fig. 6(a)
we show the region of Ay and Ny x parameter space occupied by
our sample of bright GRBs for the best-fitting Ay and Ny x values
determined from the spectral analysis when fitting the SMC (top
panel), the LMC (middle panel) and the MW models (bottom panel)
to the data.

The dashed lines in the figure are plotted as a point of reference
and correspond to the empirical relation observed between Ay and
Ny x in the SMC (top), LMC (middle) and MW (bottom). These are
determined from the Ny /Ay values reported in the literature for each
of these environments, which are then converted to an Ny x /Ay ratio
relating to the column density that would be measured from X-ray
observations of the galaxy if solar abundances were assumed. The
parametrization of these lines differ in each panel, and correspond
to
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Figure 6. Host galaxy Ay versus Ny x. In both plots solid circles represent the host galaxy Ay and Ny x determined from our spectral analysis using the
SMC model (top panel), the LMC model (middle panel) and the MW model (bottom panel). The dashed curves are the Ny x /Ay ratios for each corresponding
environment. This was determined using the Ny /Ay ratios reported in the literature, where Ny is converted to the X-ray equivalent Ny x value assuming a
metallicity 1/8 and 1/3 solar for the SMC and LMC, respectively (see text for details). In the right-hand panel the open triangles and open squares are GRBs

taken from the SFA and KKZ sample, respectively.
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where the factors of 1/8 and 1/3 account for the lower metallicities
observed in the SMC and LMC (Pei 1992). The Ny /Ay relations
are taken from Weingartner & Draine (2000) and Predehl & Schmitt
(1995) for the SMC and MW, respectively, and the average of the
ratios found by Koornneef (1982) and Fitzpatrick (1985) are used
for the LMC.

The data points in Fig. 6 primarily lie to the right of the lines of
constant Ny x /Ay . However, they are confined to an area of the Ny x
—Ay parameter space much closer to the dust-to-gas ratio observed
in the MW and Magellanic Clouds than the region of space occupied
by previous data. This is illustrated in Fig. 6(b), where we include
the host galaxy Ny x and Ay for two pre-Swift GRB samples taken
from Stratta et al. (2004) (SFA sample) and Kann et al. (2006) (KKZ
sample), which are shown as open triangles and open squares, re-
spectively. Despite the apparent differences between the Swift sam-
ple and previous samples, the distribution in Ay and Ny x between
samples remain consistent within errors. Stratta et al. (2004) did
not use the LMC extinction law to model the afterglow spectrum,
and consequently there are no triangles shown in the centre panel
of Fig. 6(b).

The X-ray data in the SFA sample are from BeppoSAX and
were taken hours to days after the prompt outburst, with the ear-
liest observation beginning at ~7 + 4 h. In contrast to this, the
GRBs in our sample typically have X-ray data starting hundreds
of seconds after the BAT trigger, and the longest delay between
the GRB prompt emission and the first X-ray observations is 1.7 h
(GRB 050824; Campana et al. 2005). The larger signal-to-noise
ratio provided at early times when the afterglow is significantly
brighter improves the accuracy of our spectral analysis and reduces
the errors associated with the best-fitting parameters. Stratta et al.
(2004) point out that the quality of the X-ray data for the majority
of the bursts in their sample does not allow for significant detec-
tions of host galaxy absorption in addition to Galactic, and in only
the cases of GRB 990123 and GRB 010222 were the presence of
excess absorption robustly detected. This is indicated in Fig. 6(b),
where the Ny x value for all but two of the SFA sample are upper
limits.

Kann et al. (2006) focused primarily on optical and NIR data,
where X-ray column densities used in their analysis were taken from
the literature. In their sample the earliest X-ray observation was still
only ~7T + 4 h and the average delay was nearly 50 h from the time
of initial outburst. However, for most of their sample the column
density was determined from higher quality X-ray data taken with
XMM-Newton or Chandra. For this sample the host galaxy Ny x
ranged from an undetectable amount (GRB 021004; Moller et al.
2002) to (127]) x 10%' cm~2 (GRB 010222; Stratta et al. 2004), and
the mean is (4.67]7) x 10?' cm~2, which is consistent within 20
of our sample, which is (2.2 £ 0.3) x 10?! cm™2. Their optical and
NIR analysis of 19 GRBs provided a distribution in Ay that ranged
from a negligible amount up to Ay = 0.80 £ 0.29 mag, which is in
good agreement with our results, for which Ay ranges from Ay =
0.12 £ 0.04 to 0.657 )05 mag. The mean extinction is 0.21 & 0.04
and 0.38 £ 0.02 mag for the KKZ and our sample, respectively.

The high quality of the data in our sample and the simultaneous
spectral fitting of the X-ray and UV /optical data is providing greater
constraints on the spectral modelling, and consequently reducing the
errors on the best-fitting parameters. The results from this are that
the gas-to-dust ratios in the local environment of GRBs are in better
agreement with those observed in the MW and Magellanic Clouds
than previous data suggest. The relatively large gas-to-dust ratios in
GRB local environments indicated by previous data were interpreted
as evidence of dust destruction by the GRB, which would cause the
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value of Ay to decrease. However, the results from the Swift data
analysis show little evidence of this.

Moreover, when interpreting the Ny x to Ay ratio in the GRB
local environment compared with that of other environments, it is
necessary to consider more than just the effect of the GRB emission
on Ay. Photoionization of the gas in the surrounding environment
by the GRB X-ray radiation causes Ny x to decrease with time, and
the extent to which the GRB reduces the Ay and Ny x will depend
on the properties of the GRB and its local environment, such as the
prompt and afterglow spectral and temporal indices, and the density
and density profile of the absorbing and extinguishing material.

The lack of evidence for any colour evolution in our UV /optical
data (see Section 2.1) provides an upper limit on the time by which
the GRB no longer destroyed significant amounts of dust, i.e. the
time at which colour information is available with UVOT, which is
typically within ~10°s. A limit on the time after which the GRB
no longer photoionizes the surrounding environment can also be
determined by investigating the change in Ny x over time during
the early stages of the X-ray afterglow. For this purpose, we applied
spectral analysis on the early time X-ray data of the five GRBs in
our sample for which there were data within the first few 100s of
the BAT trigger. Of these GRBs only GRB 060418 shows evidence
for evolution in the column density at greater than the 3o level. The
column density measured from 7 + 84 to 7 + 114s was (1.6 £+
0.10) x 10?2 cm2, whereas beyond T 4 400s this was (3.9713) x
10?' cm~2. GRB 060418 had a very large X-ray flare that peaked
at T 4 135 (Falcone et al. 2006) and increased the X-ray flux by
about an order of magnitude in ~15s, which could have caused
photoionization of the circumburst environment out to greater radii
from the source. However, it is possible to misinterpret intrinsic
spectral evolution as a change in the column density (Butler &
Kocevski 2006). The spectral index indeed changed from I' =
2.75 £ 0.05 to 2.15 £ 0.08 between the two spectral epochs anal-
ysed, and the apparently larger Ny x could be due to intrinsic
curvature of the flare spectrum. The column density measured in
GRB 060418 no longer evolves beyond T+ 300s, by which time
the flare is over and, therefore, we determine a typical upper limit
of a few hundred seconds on the time interval over which the GRB
photoionizes its surrounding environment.

Perna & Lazzati (2002) simulated the effect of the GRB X-ray
and UV emission on Ny x and Ay over time, where they assumed the
same initial hydrogen column density Ny = 10?> cm~2 and optical
extinction Ay = 4.5mag in all cases, but varied the compactness
of the absorbing medium and, therefore, also the number density,
ny. Their simulations indicate that the intense radiation emitted by a
GRB is capable of photoionizing and destroying all gas and dust out
to a radius of ~3 pc within a few tens of seconds. Further evolution
in the gas and dust column resulting from this is, therefore, not
expected more than a few hundreds of seconds after the peak of the
emission, consistent with our observations.

This, therefore, places a lower limit of a few parsecs on the scale
of the absorbing and extinguishing systems detected at the redshifts
of GRBs for six of the seven in our sample. If the dust and gas were
any closer it would have been fully destroyed and photoionized.
Furthermore, Perna & Lazzati (2002) work shows that if the dust and
gas extends out to a few tens of parsecs the Ay and Ny x measured
local to the GRB do not change significantly. This would suggest
that the host galaxy dust and gas systems probed by our sample
lie a few tens of parsecs from the source, which is consistent with
findings by Prochaska, Chen & Bloom (2006), who placed a lower
limit of 250 pc on the locations of host galaxy absorption systems
from GRBs. This suggests that the dust-to-gas ratios measured are
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effectively unaltered by the GRB and a fair representation of their
local environment. It is, therefore, not so surprising that there is no
significant deviation in the GRB local environment Ny x /Ay ratio
when compared to the MW or Magellanic Clouds.

To verify that the effect of the GRB on the dust and gas in its local
environment is of little significance, we investigate further alterna-
tive methods of indirectly detecting the process of dust destruction.

5.3 Alternative indicators of dust destruction

Dust destruction either by sublimation or shattering is dependent on
both the energy of the photons absorbed and on the radiation flux,
where a less-luminous burst will be less effective at destroying the
smaller, UV-absorbing dust grains. If the radiation emitted by a GRB
destroys significant levels of dust in its surrounding environment a
correlation should exist between the energy released by the burst
and the amount of dust destroyed, which consequently affects the
amount of extinction observed in the GRB afterglow spectrum.

To test this correlation we compute the isotropic equivalent energy
emitted in the 15-150keV gamma-ray energy band (Ei(y)) for
our sample of GRBs. A k-correction is applied using the method
described by Bloom, Frail & Sari (2001) to convert the prompt
energy observed to the same comoving rest-frame bandpass (15—
150keV). Fig. 7 shows the host galaxy Ay against the k-corrected
Ei,(y) for the seven GRBs in our sample (solid circles), as well
as a further 15 pre-Swift GRBs (open squares or triangles). All the
GRBs included in Fig. 7 have spectroscopically measured redshifts
and estimates of the host galaxy Ay, where the host galaxy Ay
for the pre-Swift sample are taken from either Kann et al. (2006)
(open squares) or Stratta et al. (2004) (open triangles). A similar
k-correction is applied to the non-Swift GRB sample to determine
Eio(y) in the same rest-frame energy range as the Swift sample.

12 of the pre-Swift GRBs had no spectral information and, there-
fore, the spectral shape had to be assumed. Band et al. (1993) found
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Figure 7. Host galaxy visual extinction against isotropic equivalent energy
in gamma-rays for a sample of 16 bursts. Solid data points correspond to
the GRBs studied in this paper. Open data points are GRBs from a pre-Swift
sample of GRBs where the Ejs, values are taken from Bloom et al. (2001)
and the Ay values are from Kann et al. (2006) (square) and Stratta et al.
(2004) (triangle).

the GRB prompt emission to be well modelled by a smoothed, bro-
ken power-law with a soft and hard spectral index, « and 8, respec-
tively, and spectral break E,. Those GRBs with no spectral informa-
tion are assumed to have a band spectrum, and their Ej,,(y) is taken
from the average of 54 values, each computed with a different set
of («, B, Ey). The set of 54 («, B, Ey) combinations are taken from
fits to 54 BATSE GRBs done by Band et al. (1993).

Based on the Spearman’s rank test the correlation in Fig. 7 is
not significant, with the log of E;,, and Ay showing a correlation
coefficient of only r, = —0.21 with a null hypothesis probability
of P = 0.60. This is consistent with the findings of Nardini et al.
(2006), whose analysis showed a sample of 23 pre-Swift GRBs to
show no correlation between the isotropic gamma-ray emitted ener-
gies and the optical luminosities. This, therefore, suggests that any
dust destruction caused by the GRB intense radiation is not signif-
icant enough to affect greatly their observed extinction properties,
as already indicated in Fig. 6 and discussed in Section 5.2.

5.4 Extension to dark bursts

By imposing the criteria that the selected GRBs have an UV /optical
afterglow detected by UVOT, a bias is introduced that favours af-
terglows with low source-frame extinction. The determined range
in host galaxy extinction may, therefore, represent the low end of
the extinction distribution. Given the association of GRBs with star
formation, it is likely that the lack of an optical counterpart in some
bursts is due to large amounts of dust in the host galaxy, which
blocks out the UV /optical afterglow. In this case the distribution of
host galaxy Ay may extend much further than that which is observed
in our sample. GRBs with no associated optical counterpart are typ-
ically referred to as ‘dark’, although the various possible causes for
the lack of an optical counterpart make the term ambiguous (Rol
et al. 2005; Roming & Mason 2006). In this paper we shall use the
term dark to refer to those GRBs that have no afterglow detected at
the 30 level above background in any of the UVOT filters within
1 h of the prompt emission.

There are seven Swift GRBs that satisfy both our definition of
dark and which have spectroscopically measured redshifts, where
z < 5. At higher redshifts than this a GRB would always appear
dark to UVOT due to the redshifting of the Lyman break below the
UVOT energy band. To estimate the amount of dust in the local en-
vironment of this sample of GRBs, we initially assume the relation
between Ny x and Ay to be linear, and thus use the X-ray column
density, Ny x, of the GRB host galaxy to trace the amount of dust
extinction affecting the GRB UV /optical afterglow. We compare
this with the dust extinction estimated for a sample of 34 optically
bright Swift detected GRBs. This sample is made up of those GRBs
witha UV /optical afterglow detected by UVOT and a corresponding
spectroscopic redshift, up until GRB 060912; this includes our orig-
inal sample of seven UVOT bright GRBs listed in Table 3. All data
were taken from epochs where no spectral evolution is observed,
and it was reduced in the same way as described in Section 2.2. The
intrinsic column density was then determined from a single power-
law fit with two absorbers; one at z = 0 with the column density
fixed at the Galactic value, and a second one at the redshift of the
burst with the column density and X-ray spectral slope, Bx, left as
free parameters. The resulting distribution in Ny x within the two
populations of bursts is shown in Fig. 8, where the solid histogram
corresponds to the dark bursts, and the UVOT bright bursts are rep-
resented by the dashed histogram. 14 bright GRBs had negligible
absorption at the host galaxy, represented in the smallest bin of Ny x.
The mean logarithm of the X-ray column density, over and above the
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Galactic column is < 20.54 and 22.2 + 0.1 cm™2 for the bright and
dark population of GRBs, respectively, suggesting that dark GRBs
reside in denser environments.

Assuming GRB host galaxies to have an Ny x and Ay relation sim-
ilar to that observed in the SMC (equation 1), we use the measured
Ny x to determine Ay. Doing this we estimate a mean visual ex-
tinction of (Ay(dark)) = 10.1 mag for the dark population of bursts
shown in Fig. 8. The most absorbed GRB in the sample of dark
GRBs was GRB 060510B, which had a rest-frame column density
Nux = (3.547023) x 10 cm~2 and, therefore, an estimated rest-
frame visual extinction of Ay &~ 17.7 mag. However, GRB 060510B
had an R-band detection of R ~ 21 at around 12 min after the prompt
emission, making the inferred extinction rather unrealistic, which
suggests that the Ny x /Ay ratio of 2 x 10*! cm~2 is likely too small
for the most absorbed of GRBs.

Instead, we use the host galaxy gas-to-dust ratios determined in
our spectral analysis to acquire a mean value of Ny x /Ay, where we
use the values determined from the SMC model. This corresponds
to

N
< X > = 6.7 x 102" cm 2. )
Ay

Using this relation we estimate a range in rest-frame Ay of 0.4 <
Ay < 5.3, with a mean of (Ay) = 3.0 mag. The overlap in rest-
frame visual extinction in the UVOT dark and bright population of
GRBs suggests that several factors may contribute to the lack of an
optical afterglow. However, the mean value of (Ay) = 3.0 mag is
almost eight times the mean extinction observed in the bright GRBs
listed in Table 3, indicating that the local environments of UVOT
dark GRBs are much dustier than those with UVOT detected optical
counterparts. This could explain, or at least contribute, to the lack
of an afterglow blueward of 5500 A.
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6 CONCLUSIONS

In this paper we use the SEDs of seven optically bright GRBs,
covering the optical, UV and X-ray energy bands, to determine the
amount of dust extinction and soft X-ray absorption present in the
local environments of the GRB. We use the MW, LMC and SMC
extinction laws to model the host galaxy dust extinction dependence
on wavelength. These show a decreasing prominence in the strength
of the 2175-A feature, and increasing levels of FUV extinction,
respectively.

All GRBs but one were best fit by the SMC or LMC extinction
law, with the SMC extinction law typically giving a better fit. Only
in the case of GRB 050802 did a model with a Galactic extinction
law at the host galaxy provide a better fit, although SMC and LMC
extinction laws were rejected with only 97 and 90 per cent con-
fidence, respectively. This, therefore, suggests that small graphite
grains responsible for the 2175-A feature are not predominant in
GRB host galaxies.

For six of the seven GRBs in our sample an absorption and extinc-
tion system was detected at the redshift of the GRB, which must be
located at least several parsecs from the source to have survived the
intense radiation emitted by the GRB. However, the gas-to-dust ra-
tios measured in the host galaxies of our sample of bursts are lower
than previously suggested from analysis of pre-Swift GRBs, and
consistent with those observed in the MW and Magellanic Clouds.
There is, therefore, no evidence of dust destruction by the GRB in
its circumburst environment provided by the spectral analysis alone.
However, this does not rule out the destruction and photoionization
of dust and gas within a few parsecs of the GRB, which is expected
to take place within the first few tens of seconds of the GRB prompt
emission.

The host galaxy visual extinction observed in our sample ranges
from Ay = 0.12 % 0.04 to 0.657058 mag. However, the requirement
that the GRBs analysed have a detected optical counterpart intro-
duces selection effects that favour GRBs with a low Ay . Using the
amount of host galaxy Ny x as an indicator of the amount of visual
extinction undergone in the GRB local environment, we estimate
that those GRBs with no optical counterpart have, on average, val-
ues of Ay almost a factor of 8 larger than those observed in the
sample of bright GRBs studied in this paper. This would suggest
that the host galaxies of dark GRBs are intrinsically dustier than
those of GRBs with UVOT detected optical counterparts, which
could account for the lack of an optical afterglow.
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