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1 INTRODUCTION

ABSTRACT

We present optical and near-infrared (NIR) photometry of 28 gamma-ray bursts (GRBs)
detected by the Swift satellite and rapidly observed by the Reionization and Transients In-
frared/Optical (RATIR) camera. We compare the optical flux at fiducial times of 5.5 and 11 h
after the high-energy trigger to that in the X-ray regime to quantify optical darkness. 46 + 9 per
cent (13/28) of all bursts in our sample and 55 & 10 per cent (13/26) of long GRBs are op-
tically dark, which is statistically consistently with previous studies. Fitting RATIR optical
and NIR spectral energy distributions of 19 GRBs, most (6/7) optically dark GRBs either
occur at high redshift (z > 4.5) or have a high dust content in their host galaxies (Ay > 0.3).
Performing Kolmogorov—Smirnov tests, we compare the RATIR sample to those previously
presented in the literature, finding our distributions of redshift, optical darkness, host dust
extinction and X-ray-derived column density to be consistent. The one reported discrepancy
is with host galaxy dust content in the BAT6 sample, which appears inconsistent with our
sample and other previous literature. Comparing X-ray-derived host galaxy hydrogen column
densities to host galaxy dust extinction, we find that GRBs tend to occur in host galaxies with
a higher metal-to-dust ratio than our own Galaxy, more akin to the Large and Small Magel-
lanic Clouds. Finally, to mitigate time evolution of optical darkness, we measure Box, rest at
a fixed rest-frame time, f.s = 1.5 h and fixed rest-frame energies in the X-ray and optical
regimes. Choosing to evaluate optical flux at A5 = 0.25 um, we remove high redshift as a
source of optical darkness, demonstrating that optical darkness must result from either high
redshift, dust content in the host galaxy along the GRB sight line, or a combination of the
two.

Key words: gamma-ray bursts: general — galaxies: distances and redshifts — galaxies: ISM.

stellar systems (Grindlay, Portegies Zwart & McMillan 2006; Lee
& Ramirez-Ruiz 2007; Nakar 2007; Lee, Ramirez-Ruiz & van

Gamma-ray bursts (GRBs) are powerful explosions likely to be
the outcome of the collapse of massive stars (Woosley & Bloom
2006) or of the merger of compact objects in binaries or dense
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de Ven 2010). The central engine, accreting in the hypercritical
neutrino-cooled regime, produces a collimated ultrarelativistic out-
flow (Rhoads 1999; Panaitescu & Kumar 2002), which converts
energy to radiation through internal shocks (Rees & Meszaros
1994), and external shocks with the surrounding medium (see e.g.
Piran 2004 and references therein), producing bright fluxes across
the electromagnetic spectrum. As such, they allow us to probe the
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Universe at a wide range of redshifts (Salvaterra et al. 2009; Tanvir
et al. 2009; Cucchiara et al. 2011) and explore the properties of host
galaxies and intervening matter along the GRB line of sight.

The intrinsic emission from GRBs is attributed to synchrotron
radiation during both the prompt (Zhang 2014) and afterglow
(Granot & Sari 2002) phases. Broad-band observations across the
electromagnetic spectrum are required to confirm this mechanism
(e.g.; Perley et al. 2014). Along the line of sight to the observer,
photons must pass through the host galaxy interstellar medium
(Savaglio, Glazebrook & Le Borgne 2009), the intergalactic medium
(IGM; Gunn & Peterson 1965) and the Milky Way (MW; Schlegel,
Finkbeiner & Davis 1998). Each of these environments affect the
observed spectral energy distribution (SED) of the burst, potentially
leading to the GRB being fainter in some wavelength regimes than
expected under the standard GRB paradigm.

Broad-band, multiwavelength observations of GRBs require
rapid and precise localizations, which are now routinely provided
by the Swift satellite (Gehrels et al. 2004). Extensive ground-based
follow-up of GRBs is enabled by arcsecond precision measurements
made by the on-board X-ray Telescope (XRT; Burrows et al. 2005)
and Ultraviolet/Optical Telescope (UVOT; Roming et al. 2005). In-
cluded in the numerous facilities now routinely observing GRBs
is the Reionization and Transients Infrared/Optical (RATIR) cam-
era (Butler et al. 2012). RATIR has an automatic response to Swift
triggers, allowing it to observe a given field of view within min-
utes of an alert notice of a new GRB (Klein et al. 2012; Watson
et al. 2012). With almost simultaneous coverage in six filters in the
optical to near-infrared (NIR) regimes (from 5600 to 16 000 A,
riZYJH), RATIR enables the modelling of SEDs using templates
for the IGM and different extinction models for the host galaxy
(Littlejohns et al. 2014). Such modelling allows us to quantify host
galaxy dust extinction and estimate a photometric redshift (Curran
et al. 2008; Kruhler et al. 2011).

The Swift/XRT detects emission associated with approximately
90 per cent of the GRBs detected by the Swift Burst Alert Tele-
scope (BAT; Barthelmy et al. 2005) (Evans et al. 2009; Grupe et al.
2013). However, observations with the Swift/UVOT and ground-
based telescopes detect only about 40-60 per cent in the optical
regime (Kann et al. 2010; Li et al. 2012; Rossi et al. 2012). Some
of the optical non-detections are consistent with an extrapolation
from the X-ray emission using a standard unreddened synchrotron
power-law spectrum. However, approximately 25-50 per cent re-
quire a steeper spectrum (Melandri et al. 2008, 2012; Cenko et al.
2009; Fynbo et al. 2009; Greiner et al. 2011), and these are called
‘optically dark’ GRBs (Jakobsson et al. 2004; Rol et al. 2005; van
der Horst et al. 2009).

There are two explanations attributed to such optical darkness;
attenuation by material in the host galaxy (Savaglio et al. 2009)
or suppression by Lya absorption in the IGM (Lamb & Reichart
2000). For the latter effect to reduce flux in the optical regime, a
GRB must lie at high redshift (z = 5). Quantifying both of these
effects is important, as they allow us to study galaxy evolution as
well as that of the star formation rate and metallicity of galaxies as
a function of redshift (Savaglio et al. 2012; Cucchiara et al. 2014).

In this work, we first describe the data obtained from both the
Swift/XRT and RATIR. We then briefly present the success RATIR
has had in rapid follow-up of Swift GRB triggers. In Section 3,
we define optical darkness, and identify those bursts which are
considered underluminous in the optical regime when compared to
the X-ray observations. We present our optical and NIR SED fitting
results in Section 3.2. With SED templates in hand, we comment
upon how many GRBs may occur at high redshift and upon the dust
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content of these GRB host galaxies. Finally, we attempt to mitigate
any temporal evolution in optical darkness by taking a rest-frame-
defined measure, which is presented and discussed in Section 3.3.

2 DATA

2.1 X-ray data

Swift/XRT count rate light curves were obtained from the Swift/XRT
light curve repository (Evans et al. 2007, 2009) hosted at the UK
Swift Science Data Centre (UKSSDC).! Spectral information for the
Windowed Timing and Photon Counting (PC) modes was obtained
from the pipeline detailed in Butler & Kocevski (2007a). We first
convert the Swift/XRT count rate light curves to flux light curves
across the entire 0.3—10.0 keV energy band. Then, using the spectral
models of Butler & Kocevski (2007a), we convert this full band flux
to a flux density at 1 keV.

As Swift/XRT and RATIR observations were not always simul-
taneous, we fitted the XRT light curves using the morphological
model of Willingale et al. (2007). To do so, we first identified
epochs of flaring within the XRT light curve using the methodol-
ogy described in the updated documentation? of the UKSSDC burst
analyser (Evans et al. 2009, 2010), which is outlined below.

Each light curve was initially fitted with the Willingale et al.
(2007) model. If XRT observations began within 2 ks of the initial
Swift/BAT trigger, then two Willingale et al. (2007) components
were used. Otherwise, the light curve was fitted using only a single
component.

In cases where the rapid decay phase (RDP; Nousek et al. 2006;
O’Brien et al. 2006) was observed, this was used to constrain the
power-law index and plateau time of the prompt emission tail com-
ponent. This prompt component was fitted to data prior to the end of
the RDP. A second afterglow component was initially fitted to the
data after the end of the RDP. A combined fit was then performed
using both components and the values derived from the preliminary
modelling of each component individually. In cases where observa-
tions began at least 2 ks after the Swift/BAT trigger time, the single
component was fitted to the entire range of data.

Once a model for the data set had been produced, our algorithm
searched the data for points where the model significantly under-
predicted the observed flux. The condition for significance within
3 ks of the trigger time was 8o whilst bins after this time required
100 significance to be marked as a candidate flare.

If any candidate flares were found, the most significant was re-
moved from the data set and the data were re-fitted. This process
was repeated iteratively until no new significant flares were found.
In cases where five or more consecutive bins were designated a
flare, the significance threshold was reduced to 60 and 8¢ for flares
peaking before and after 3 ks, respectively.

For the majority of GRBs, the rise of the X-ray afterglow was
unobserved. This is primarily due to the light curve being dominated
by the RDP at this epoch. We therefore fixed the afterglow rise time
to Trise = 100 s, with the exception of three bursts (GRB 130514B,
GRB 130603B and GRB 130606A), in which T};;. was allowed to
float to ensure a good fit was obtained.

I www.swift.ac.uk/xrt_curves

2 http://www.swift.ac.uk//xrt_live_cat/docs.php#lc
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2.2 RATIR data

RATIR is a six-band simultaneous optical and NIR imager mounted
on the autonomous 1.5 m Harold L. Johnson Telescope at the Obser-
vatorio Astrondmico Nacional on Sierra San Pedro Martir in Baja
California, Mexico. Since commencing full operations in 2012 De-
cember, RATIR has been responding to GRB triggers from the Swift
satellite, obtaining simultaneous photometry inthe r, i, Z, Y, J and H
bands (Butler et al. 2012; Fox et al. 2012; Klein et al. 2012; Watson
etal. 2012).

RATIR has four detectors, two optical and two infrared cameras,
allowing four images of a source to be taken simultaneously, either
in riZJ or riYH. Both of the infrared detectors have split filters
so that, by dithering sources across the field of view, they can be
observed in all six RATIR filters. Individual frames from the optical
cameras have exposure times of 80 s, whilst those from the NIR
cameras are 67 s due to additional overheads.

The images are reduced in near real-time using an automatic
pipeline. Bias subtraction and twilight flat division are performed
using algorithms written in pyTHON, image alignment is conducted
by astrometry.net (Lang et al. 2010) and image co-addition is
achieved using sware (Bertin 2010).

We use SEXTRACTOR (Bertin & Arnouts 1996) to calculate pho-
tometry for individual science frames and mosaics with apertures
ranging from 2 to 30 pixels in diameter, with an optical and NIR
pixel scales of 0.32 and 0.3 arcsec pixel ™!, respectively. Taking a
weighted average of the flux in these apertures for all stars in a field,
we construct an annular point spread function (PSF). Point source
photometry is then optimized by fitting this PSF to the annular flux
values of each source.

To calibrate our field photometry, we compare our values to
existing catalogues, including the Sloan Digital Sky Survey Data
Release 9 (SDSS DRY; Ahn et al. 2012). The RATIR and SDSS
r, i and Z bands agree to within <3 per cent (Butler et al., in
preparation). The J and H bands are calibrated relative to the Two
Micron All Sky Survey (Skrutskie et al. 2006). We use an empirical
relation for Y in terms of J and H magnitudes derived from the
United Kingdom Infrared Telescope Wide Field Camera (WFCAM)
observations (Casali et al. 2007; Hodgkin et al. 2009). For fields of
view without SDSS observations, we use the United States Naval
Observatory (USNO)-B 13 catalogue (Monet et al. 2003) to calibrate
the 7- and i-band photometry. In these instances, we use an empirical
relation from WFCAM to calculate Z-band magnitudes.

We initially considered all GRBs observed by RATIR from 2013
January 1 to 2014 July 11 inclusive. In this time, RATIR observed
the fields of 80 GRBs. 64 of these were from Swift on-board triggers,
with the other 16 being from Swift Target of Opportunity requests. A
breakdown of the response time for RATIR to Swift/BAT on-board
triggers is shown in Table 1.

In this study, we only consider those GRBs observed by RATIR
within 10 h of the initial high-energy trigger. We analysed the com-
pleteness of the RATIR sample as a function of delay between the
initial GRB trigger time and the beginning of RATIR observations.
For bursts responded to within 10 h of the Swift trigger, the RATIR
sample has a detection rate of approximately 50 per cent. After 10 h,
this fraction rapidly reduces (5/31), showing that at times greater
than 10 h the RATIR sample is significantly less complete. This
is illustrated, to some extent, in Table 1. GRBs with early epoch
observations also provide a better data set for later modelling of

3 http://tdc-www.harvard.edu/catalogs/ub1.html
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Table 1. Delay between onset of RATIR obser-
vations and Swift/BAT trigger time for on-board
Swift/BAT triggers. The middle column shows the
fraction of GRBs within the time interval that are
detected, whilst the last column is the percentage of
all on-board Swift/BAT triggers that were responded
to within the indicated time interval.

Time delay GRBs Percentage
(h) (detected/observed) of total
<05 5/10 (50 per cent) 15.6 per cent
0.5-4 9/12 (75 per cent) 18.8 per cent
4-8 4/7 (57 per cent) 10.9 per cent
8-16 6/19 (32 per cent) 29.7 per cent
1624 0/10 (0 per cent) 15.6 per cent
> 24 2/6 (33 per cent) 9.4 per cent

the optical light curve. This limits our sample to only 33 bursts,
all of which are Swift/BAT on-board triggers. Three of these GRBs
do not have XRT observations (GRB 130626A, GRB 140118A and
GRB 130215A), one burst occurred during cloudy weather at the
observatory (GRB 130122A), and a further GRB was observed by
RATIR in only the Zand Y bands (GRB 130504A). These five GRBs
were therefore removed from the sample.

To obtain light curves for each of the GRBs in our sample, we
first concatenated all epochs of observation for each burst. We then
removed the effects of Galactic foreground extinction using the
dust maps of Schlafly & Finkbeiner (2011). For those bursts with
sufficient data (14/28), we modelled the optical light curve with
both a power law and broken power law (Liang et al. 2008; Oates
et al. 2009; Cenko et al. 2009) using mprT (Markwardt 2009). An
F-test was used to determine if the temporal break was warranted,
finding such a break to be statistically significant at the 3o level for
only two GRBs (GRB 130427A and GRB 131030A).

3 ANALYSIS

3.1 Identifying dark GRBs

Two criteria for dark GRBs are traditionally used. The first is based
solely on the X-ray to optical spectral index, Sox. Jakobsson et al.
(2004) proposed that a dark burst could be classified as one where
Box < 0.5. Following this, van der Horst et al. (2009) used a large
sample of 41 GRBs from Gehrels et al. (2008) to suggest that any
optical darkness criterion placed on Box should also account for the
X-ray spectral index, Bx. In this alternative scenario, a dark GRB
is one that meets the condition that Sox < fx — 0.5.

The latter criterion, as proposed by van der Horst et al. (2009) is
motivated by a specific theory of GRB emission. As both internal
and external shocks are expected to emit via synchrotron radiation
(Granot & Sari 2002; Zhang & Mészaros 2004), there are two
expected scenarios for the nature of a GRB SED between the optical
and X-ray regimes during late afterglow observations. The first is
that the optical emission is on the same power-law segment of the
synchrotron SED as the X-rays. In this case, Box = Bx, giving
an expected upper bound to Sox. Alternatively, the cooling break,
V., an expected feature of synchrotron emission, may be present
between the two regimes. Such a spectral break is characterized
by a steepening of power-law slope in the SED above the break
frequency by AB = 0.5. Box is an average spectral index over the
intervening range, however the largest value v, can adopt is just
below the measured X-ray regime. As such, Box therefore has a
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Figure 1. Example light curves in the joint RATIR-Swift/XRT sample. Each point is colour coded as described in the key. The solid black line denotes the
best fit to the Swift/XRT light curve, whilst the upper and lower black dashed lines are extrapolations to the r band assuming Sox = Bx and fox = Bx — 0.5,
respectively. The intrinsic 7-band data is expected to lie on, or be bounded by, these lines.

lower limit of Sox > Bx — 0.5, which leads to the condition for
optical darkness discussed in van der Horst et al. (2009).

In Fig. 1, we show flux density light curves obtained from both
Swift/XRT and RATIR for two bursts within our sample. The grey-
scale points are the X-ray data, while the colour points denote
RATIR data, both being described in the key of the figures. The
dotted lines show the bounds in which the r-band flux is expected.
To calculate these limits, we extrapolated the X-ray flux assuming
either Box = Bx or Box = Bx — 0.5. The former condition corre-
sponds to the optical regime lying on the same power-law segment
as the X-ray, whilst the latter assumes a cooling break at 0.3 keV.
This second condition predicts the minimum flux from the intrinsic
synchrotron spectrum assuming there is no attenuation in the optical
band.

To estimate the optical darkness, we take a measure of optical and
X-ray flux at 11 h (De Pasquale et al. 2003; Jakobsson et al. 2004;
van der Horst et al. 2009; Greiner et al. 2011). At such a time, the
emission is expected to be in an external shock-dominated phase
of the afterglow (Piran et al. 2001; Berger, Kulkarni & Frail 2003;
Butler & Kocevski 2007b), with the prompt emission and later X-
ray flaring having ended and the afterglow remaining significantly
brighter than any host galaxy.

Half of our rapidly observed sample (14/28) had sufficient data
to allow for the modelling of the optical light curves with either a
power law or broken power law. In these instances, we interpolate
the optical flux, Fy, at 11 h from the fitted model. For those other
GRBs with few single detections or upper limits, we take the av-
erage temporal power-law decay index from those modelled in our
sample and extrapolate from the available data to our fiducial time
of 11 h after the initial high-energy trigger to calculate F. Butler
& Kocevski (2007b) investigated the hardness evolution of GRB X-
ray afterglows to understand when the internal and external shocks
mechanisms dominate the observed emission. In that work, it was
found that X-ray afterglows were well modelled by synchrotron
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external shock emission at times greater than 2 x 10* s (* 5.5 h)
after the initial trigger time. With this in mind, we also estimated
the optical and X-ray fluxes for each GRB in our sample at 5.5 h.
This allows us to consider the time evolution of Box (e.g. Melandri
et al. 2012).

There are seven GRBs for which there are only upper limits in
the RATIR r -band observations. As such, it is only possible to de-
termine upper limits in Sox for these GRBs, once extrapolating the
optical upper limit to the fiducial time. While we use the mean fitted
RATIR value of temporal decay index to evolve the upper limit to
constrain the optical flux at this time, there is an inherent uncer-
tainty in this process. Three of these limits require an optically dark
GRB event. The remaining three (GRB 131004A, GRB 140614B
and GRB 140622A) do not allow us to classify the bursts as dark;
however, the calculated upper limits in Box do not preclude optical
brightness.

In Table 2, we show the full sample of GRBs with RATIR ob-
servations beginning within 10 h of the initial high-energy trig-
ger. In this table, we indicate whether the optical RATIR light-
curve data were sufficient to enable modelling with a power law or
broken power law. We also present whether Swift/XRT data were
available, reported redshifts and, where measurable, the calculated
value of Box at both 11 and 5.5 h. The reported X-ray-derived
column densities in the rest frame, Ny, e, are determined by an au-
tomated pipeline* which is described in detail in Butler & Kocevski
(2007a). Each Swift/XRT PC mode spectrum is fitted with a power-
law spectrum and two absorption components, corresponding to a
Galactic (Kalberla et al. 2005) and extragalactic column. We as-
sume solar metallicities according to the abundances from Anders
& Grevesse (1989), we utilize the photoelectric cross-section of

4 http://butler.lab.asu.edu/swift
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Table 2. GRB fields responded to by RATIR within 10 h of the initial Swift trigger. The delay refers to the time between the initial Swift/BAT trigger
and the start of RATIR observations. The duration of the first RATIR epoch of observations is also given, along with whether the GRB was detected by
RATIR and observed by the Swift/XRT. If there were sufficient optical data for modelling, a bursts is denoted by M, if optical detections were made, but
too few to model, a burst is denoted by D. If only upper limits were obtained by RATIR, the burst is denoted by UL. Measured redshifts, X-ray spectral
indices for PC mode data, Bx, Box (at both 5.5 and 11 h) and X-ray neutral hydrogen column density are also given, as well as other relevant additional
information about each GRB. Bursts with X-ray observations and a redshift also have a reported rest-frame Ny value as obtained from the catalogue
described in Butler & Kocevski (2007a).

GRB Delay  Duration RATIR  XRT z Bx Box Box NH, rest Notes
(min) (min) (11 h) (5.5h) (102! cm™2)

130122A 4837 35 - Y - 0.841039 - - - Clouds
1302154 96.8 27 M N 0597 - - - - -
1303274 71.0 49 D Y - 100103 0644013 0.66 +0.13 - -
130418A  494.9 184 M Y 1218 0597078 1.01£0.09  1.07£0.08 0.0753 -
130420A  136.7 21 M Y 12977 128701 0.65+£006  0.68=£0.06 3977 -
130427A  16.9 64 M Y 0340 0827001  0.60£003  0.61£0.02 1.0%01 -
130502A  569.4 43 UL Y - 112403 <0.50 <0.51 - -
130504A 903 207 D Y - 1.91+029 - - - -
130514A 54 149 UL Y 360 1347038 <0.22 <0.20 3747359 Photometric redshift
130606A  443.0 265 M Y 5913° 0877017  020£041  033£040 84738 -
130609A  702.0 85 UL Y - 1951059 <0.14 <0.15 - -
130610A 52,5 175 M Y 20927 1.0870%  085+£007 0814007 33763 -
130612A  24.1 319 M Y - 1077037 0.89+£593  0.90+229 - -
130626A 3.0 13 - N - - - - - Too = 0.16 + 0.03s
130701A 3003 21 D Y 11558 108701 075+£002 0724001 4.3138 -
130907A  334.4 21 M Y o 1.238°  096700;  033£005 0254005 7.5108 -
130925A  138.0 233 M Y 03470 2447008 _0024£006 —0.16+006  19.6707 -
131004A  307.1 144 UL Y 0717 0947938 <1.08 <0.90 51737 Top = 1.54 £ 0.33s
131030A  294.4 260 M Y 12932 1.19%00 073£002 0714002 4.6%13 -
140114A 9.4 43 D Y - 0.99%030  026+0.06  0.27+0.05 - -
140118A  39.6 4 - N - - - - - -
140129A 124 56 M Y - 1.00%013 066 +£0.06  0.66 + 0.05 - -
140215A 387 64 M Y - 0977013 091+£004  0.91+0.04 - -
140311A  524.8 125 D Y 495483 0727920 057+£025  0.53+£024 0.0137%0 -
140318A  294.6 211 D Y o ono2" 143708 079+£055 0824047 8.0773 -
140331A 212 91 UL Y - 1.097011 <0.18 <0.18 - -
140419A 8.8 97 M Y 3956 1050 0.61£0.01 058 0.0l 112742 -
140518A 363 43 M Y 4707'° 0947012 034+£011  02240.10 0.01803 -
140614B 6.5 43 UL Y - 0467019 <241 <2.05 - -
140622A 13 64 UL Y 09597 160705 <1.55 <1.51 0.0%)72 Top = 0.13 £ 0.04s
140703A  584.2 43 M Y 3148 09800 070£1.16 061112 116777 -
140709A  165.8 299 D Y - 1097018 0.11£0.03 0.0 £0.03 - -
140710A 35 43 D Y 05589 092707 034+£007 0354006 0.0%572 -

References: ' Cucchiara & Fumagalli (2013), 2de Ugarte Postigo et al. (2013a), 3de Ugarte Postigo et al. (2013b), *Perley et al. (2014), Schmidl, Kann
& Greiner (2013), ®Chornock et al. (2013a), "Smette et al. (2013), 8Xu et al. (2013), °de Ugarte Postigo et al. (2013c), '"Vreeswijk et al. (2013),
" Chornock, Lunnan & Berger (2013b), 12Xy et al. (2013), 13Chornock et al. (2014a), 14 Tanvir et al. (2014a), I5Tanvir et al. (2014b), 16Chornock et al.

(2014b), 7Hartoog et al. (2014a), '3Castro-Tirado et al. (2014) and '*Tanvir, Levan & Coulson (2014c).

Balucinska-Church & McCammon (1992) and the He cross-section
based on Yan, Sadeghpour & Dalgarno (1998).

We note a large value of error in Sox for GRB 130612A. This is
due to a large uncertainty in Fx as calculated from the fitted light
curve at 5.5 and 11 h after the Swift/BAT trigger. Fundamentally,
this is a result of large error bars in the X-ray flux density light
curve once converted to a flux at 1 keV, which results in greater
uncertainty in the fit parameters used to derive Fx. GRB 130504A

was detected by RATIR, but was not observed in the r band, and so
Box was not calculated.

InFig. 2, we show the optical flux, F, as a function of X-ray flux,
Fx, at the fiducial time of 11 h after the initial Swift/BAT trigger.
Those bursts with fully modelled optical light curves are plotted
with black points and error bars. Those with few data extrapolated
to the fiducial time are plotted in grey. Also plotted on Fig. 2 are
lines denoting Box = 0.5 and Box = 0. Any GRB in the grey
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Figure 2. Optical r-band flux, Fop, as a function of 1 keV X-ray flux, Fx,
at a fiducial time of 11 h. Black points correspond to Fop values calculated
from fitted optical models, grey points with error bars have Fop extrapolated
from optical detections, using the mean temporal decay index of the fitted
RATIR sample, while grey upper limits are extrapolations from optical upper
limits as measured by RATIR. The light grey region denotes the parameter
space where bursts are considered to be optically dark. Also plotted are
values of Fop and Fx available from the literature. Plot symbols and colours
corresponding to each sample are denoted in the key in the bottom-right
corner of the panel.

region of the parameter space below and to the right of Sox = 0.5
is considered to be a dark GRB by the condition of Jakobsson et al.
(2004).

As well as the RATIR sample, we plot the data from several sam-
ples available from the literature (Jakobsson et al. 2004; Gehrels
et al. 2008; Fynbo et al. 2009; Greiner et al. 2011; Melandri et al.
2012). Of the five samples shown with ours, that of Greiner et al.
(2011) has the most similar selection criteria to ours. In this work,
GRBs detected by the Gamma-Ray burst Optical/Near-infrared De-
tector (GROND; Greiner et al. 2008), a seven-channel optical and
NIR imager, within four hours of the high-energy trigger are in-
cluded. Also, we note that the sample of Gehrels et al. (2008) is that
with which van der Horst et al. (2009) define their optical darkness
criterion. Fynbo et al. (2009) define their measurements of optical
darkness at earlier epochs than the 11 h fiducial time selected in
this work. We also show results from the BAT6 sample (Salvaterra
etal. 2012), taken from Melandri et al. (2012). GRBs in this sample
are selected contingent on being bright enough in the hard X-ray
regime (15-350 keV), as measured by the Swift/BAT, to be detected
if they were six times fainter.

From Fig. 2, it can be seen that the majority of optically dark
bursts are generally also at the faint end of the total distribution of
optical fluxes at 11 h. There is also a hint of a bifurcation in the
population separated by ABox ~ 0.5, which would be the expected
split in the distribution between those GRBs with or without a
cooling break between the optical and X-ray regimes at 11 h.

In Fig. 3, we plot Box as a function of Bx, again for our sample
and for those values available from the literature (Jakobsson et al.
2004; Gehrels et al. 2008; Melandri et al. 2008, 2012; Cenko et al.
2009; Fynbo et al. 2009). The majority of bursts in our sample with
well-fitted optical and X-ray light curves populate the same region
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Figure 3. Sox as a function of Bx at a fiducial time of 11 h. Black points
correspond to Fop values interpolated from fitted optical models. Grey
points with error bars have Fop extrapolated from optical detections, using
the mean temporal decay index of the fitted RATIR sample, while grey
upper limits are extrapolations from optical upper limits as measured by
RATIR. The light grey region denotes the parameter space where bursts
are considered to be optically dark. Also plotted are values of Box and
Bx available from the literature. Plot symbols and colours corresponding to
each sample are denoted in the key in the top-right corner of the panel.

of parameter space as those analysed in previous samples. The two
dashed lines on the panel denote the range in which GRBs well de-
scribed in both the optical and X-ray regimes purely by synchrotron
emission should inhabit. We find only one GRB with a detected op-
tical flux suggesting that Sox > Bx, GRB 130418A. This burst has
one of the softest measured X-ray spectral indices, and is discussed
in further detail in Section 3.3. GRB 140614B and GRB 140622A
both have optical upper limits that correspond to upper limits in
Box, which do not preclude this possibility. The position of GRB
140622A lies approximately 40 arcsec from the 12th magnitude star
TYC 5783-1382-1, meaning that the photometry for GRB 140622A
could suffer from contamination from this bright object.

Fig. 3 shows that the majority of GRBs in the RATIR sample
inhabit regions of the parameter space also well populated by other
samples. We find 39 + 9 per cent (11/28) of GRBs in our sample
are identified as optically dark using the Jakobsson et al. (2004)
criterion, whilst 46 & 9 per cent (13/28) are dark as defined by van
der Horst et al. (2009). All GRBs identified as dark by the Jakobsson
et al. (2004) criterion are also identified by that of van der Horst
etal. (2009). GRB 130420A and GRB 140318A qualify as optically
dark when accounting for the value of Bx. Both Box and fBx are
reported in Table 2.

We adopt the van der Horst et al. (2009) definition of opti-
cal darkness. As such, we find that 46 £ 9 per cent (13/28)
of the rapidly observed RATIR GRB sample are optically dark
(GRB 130420A, GRB 130502A, GRB 130514A, GRB 130606A,
GRB 130609A, GRB 130907A, GRB 130925A, GRB 140114A,
GRB 140318A, GRB 140331A, GRB 140518A, GRB 140709A
and GRB 140710A). This selection remains identical when con-
sidering Box as calculated at either 11 or 5.5 h. Comparing the
Box values calculated at both epochs reveals only four GRBs that
have Box that are inconsistent at the 1o level (GRB 130701A, GRB
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130907A, GRB 130925A and GRB 140419A). In each case, there
is a small increase in Box, indicating that the optical flux becomes
slightly less attenuated with time. This is somewhat expected, as
the average optical decay power-law index is shallower than that of
the X-ray afterglows.

This fraction of optically dark GRBs is comparable to previous
studies such as Greiner et al. (2011) and Fynbo et al. (2009) who find
the dark fraction of bursts in their samples to be 25— 40 per cent and
25-42 per cent, respectively. Cenko et al. (2009) and Melandri et al.
(2008) both estimate a dark burst fraction of 50 per cent, although
it must be noted that these studies use the Jakobsson et al. (2004)
definition of optical darkness. Most recently, work on the gamma-
ray-selected BAT6 sample suggests the dark fraction in their sample
is also 25-35 per cent (Melandri et al. 2012).

If we restrict our sample to only long GRBs (Tyy > 2s;
Kouveliotou et al. 1993), this fraction increases to 50 £ 10 per
cent (13/26). Those bursts identified as short GRBs have their re-
ported Ty values as measured by the Swift/BAT in the 15-350 keV
range in Table 2. The two short GRBs with estimates of Sox (GRB
131004 A and GRB 140622A) have optical upper limits that do not
provide rigorous constraints on Sox.

Typically, GRBs with spectroscopic redshifts also have RATIR
r-band detections. The two exceptions to this are GRB 131004A
and GRB 140622A, both of which are short GRBs. To measure a
spectroscopic redshift requires a GRB to remain bright for the typ-
ical response time of large spectrograph facilities, thus increasing
the likelihood of a RATIR optical detection. By limiting our sam-
ple only based on the condition of rapid RATIR observation, we
have presented a homogeneous sample, which limits any brightness
bias introduced by requiring a spectroscopic redshift. Considering
only those GRBs with a sufficient optical data to allow light curve
modelling and a spectroscopic redshift, we find 55 & 15 per cent
(6/11) are optically dark, which is consistent with the full sample.
Interestingly, we find that GRB 140311A is not classified as op-
tically dark, despite having a spectroscopic redshift of z = 4.954
(Chornock et al. 2014b). This is discussed further in Section 3.2.

To statistically assess the similarity between the RATIR and pre-
vious distributions of Sox and the dark burst fractions, we performed
Kolmogorov—Smirnov (K-S) tests. This tests two samples of data
under the null hypothesis that the two derive from the same par-
ent population with significant low probabilities indicating this null
hypothesis to be inaccurate. A K-S test compares the cumulative
distribution functions (CDFs) of the two samples, measuring the
maximum distance between the two CDFs, Dgs, which is the K—
S statistic. Larger values of Dgg are indicative of the CDFs have
a larger maximum separation. Performing this K-S test yields a
probability pxs = 0.15, indicating that the two populations are not
significantly different. Results from these K-S tests are shown in
Table 5, which also details similar statistical comparisons between
parameters calculated from RATIR SED fitting. From these results,
we can see that the distributions of redshift, 8x and Box for our
sample are not statistically significantly different from any other
individual sample. We also compiled a total sample of all previous
literature, taking care to only include each GRB once if present in
multiple samples, finding once more that our distributions of red-
shift, Bx and Box are consistent with the largest possible sample of
previous literature values.

3.2 RATIR SED fitting

In order to understand why GRBs within the RATIR-Swift/XRT
sample might appear under-luminous in the optical regime, we fitted
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the RATIR optical and NIR SEDs. We did so for all of the bursts
listed in Table 2 that had photometry in a minimum of four filters,
with a minimum of three detections. This allowed us to model 19
GRBs.

The expected shape of an optical and NIR GRB SED is a power
law with potential perturbations from either absorption from the
IGM or dust within the host galaxy of the burst. To maximize signal-
to-noise ratio, we therefore used SEDs obtained when co-adding all
observations made during the first night of observations. The RATIR
photometry obtained during the first night of observations for those
bursts in Table 2 is shown in Table 3.

We used the SED template-fitting routine outlined in Littlejohns
et al. (2014) to estimate the amount of host galaxy dust extinction.
This algorithm accounts for the intrinsic GRB spectrum, Galactic
dust extinction, the absorption from the IGM due to the redshift of
the host galaxy and the dust absorption from the host galaxy along
the GRB sight line by fitting the optical spectral index, B, redshift,
z and dust extinction Ay. As the exact nature of the dust extinction
law is not known, we apply templates of MW, Large Magellanic
Cloud (LMC) and Small Magellanic Cloud (SMC) dust extinction
laws (Pei 1992), allowing the algorithm to choose between the
model that best describes any dust present in the SED. While we
note that these three templates are likely not accurate representations
of all galaxies at all redshifts, they do allow for the best comparisons
with other studies.

For GRBs with a measured redshift, we fixed z in our fitting
algorithm to the value reported in Table 2. The SEDs with the
resulting fitted models are shown in Figs 4-6. The values of Ay
obtained from each of the three template dust laws are reported
in Table 4, along with the x? fit statistic and degrees of freedom
associated with these models. In each instance, the preferred dust
model is quoted. We report two measures of x 2 for each fitted model,
the first is the traditional value, which is a measure of goodness of
fit. The second, xZ, is the prior weighted fit statistic as described
in Littlejohns et al. (2014). This value also includes an additional
Bayesian prior that compares the local optical and NIR spectral
index, Bopi, to that measured in the X-ray regime, Bx. Assuming
a synchrotron emission mechanism, we expect the optical SED to
have either the same intrinsic spectral index as measured with in
the X-ray spectrum, or to have a cooling break between the two
regimes. If a cooling break is present between the optical and X-
ray regimes, the spectral index changes by a well-defined amount,
dependent on the nature of the circumburst medium (Granot & Sari
2002).

In the three instances where a previous spectroscopic measure
of redshift was not available from another facility (GRB 130327A,
GRB 140129A and GRB 140215A), the redshift was left as a free
parameter using the Littlejohns et al. (2014) algorithm. For all three
cases, we were only able to provide upper limits on the photometric
redshift, that zphe S 4.

Of the 13 bursts identified as dark using the van der Horst et al.
(2009) criterion, we were able to model the SED of seven. This
yielded two GRBs of high redshift (z > 3.5; GRB 130606A and
GRB 140518A), two with a high quantity of dust extinction (Ay > 1;
GRB 130907A and GRB 130925A) and two with a moderate quan-
tity of dust extinction (0.25 < Ay < 1; GRB 140318A and GRB
140710A). Curiously, whilst dark, GRB 130420A has both a low
redshift (z = 1.297) and a low amount of modelled dust extinction
(Ay =0.09 £ 0.02).

We considered two alternative scenarios to explain the modelled
optical attenuation of GRB 130420A. First, we looked at the van
der Horst et al. (2009) condition of optical darkness, for which
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Table 3. Stacked photometry obtained during the first night of RATIR observations of those bursts responded
to within 10 h of the initial Swift/BAT trigger. These magnitudes are in the AB system and are not corrected for
Galactic extinction in the direction of the GRB.

GRB r i VA Y J H
130215A 1747 +0.06 17.224+£0.05 1694 £0.06 16.80£0.14 16.724+0.06 -
130327A  21.01 £0.10 20.66 +0.09 2020+£0.12 20.02+0.15 19.89+0.18 20.56 £ 0.41
130418A  19.02£0.01 18.77+0.01 1849+£0.02 1828 £0.02 18.174+0.02 17.73+£0.02
130420A  19.76 £0.02 1956 +0.02 1939+£0.05 19.10£0.09 19.04 £0.06 18.81 +0.12
130427A - 13.88 £0.04 13.78 £20.04 13.67£0.04 13.69 £0.04 13.73 £0.04
130502A >22.43 >23.04 >22.11 >21.35 >21.04 >20.64
130504A - - >22.59 - >20.49 -
130514A >23.17 >22.87 >22.46 >21.89 >21.67 >21.22
130606A 2449 £0.34 21.83+£0.28 1932+£0.04 19.06 £0.03 18.97+£0.03 18.58 +0.03
130609A >23.65 >23.37 >22.54 >21.88 >21.54 >21.07
130610A 2048 £0.09 21.01+£0.18 20.24 £0.13  20.61 £0.17 - >15.99
130612A  22.41 +£0.08  22.05 +0.08 - - - -
130701A  19.61 £0.50 20.454+1.08 1991+£0.09 19.36 £0.11 - -
130907A  20.01 £0.03 19.314+0.02 18.82+£0.05 1845+£0.06 18.16+0.06 17.62+0.06
130925A 2092 +0.17 21.31+0.18 20.67£0.11 20.80£0.17 20.024+0.09 19.74 £0.11
131004A >23.90 >23.37 >22.61 >21.97 >21.73 >21.22
131030A  19.15+£0.05 18924+0.04 18.77£0.04 1855£0.04 18.62+0.04 18.37+0.04
140114A  21.81+£0.10 21.24+0.07 - - - -
140129A  19.11 £0.02 1898 +0.02 1887+£0.05 18.69£0.04 18.80+0.06 18.57 +0.07
140215A  17.92+0.28 1756 +0.21 17.24+£0.16 1699 £0.13 16.80+0.12 16.55+0.09
140311A 2234 £0.13  21.574+£0.08 20.59£0.08 20.07 £ 0.08 - -
140318A 2194 +0.18 21.48+0.14 2083 +0.16 20.80£021 2091+0.21 20.25=+0.13
140331A >23.65 >23.49 >22.34 >21.80 >21.59 >21.00
140419A  17.65+0.17 1730+0.12 1691 +£0.09 16.76 £0.08 17.19+£0.11  16.57 = 0.07
140518A  20.52+0.32 19.00+0.08 18.60+£0.06 1820£0.05 18.124+0.04 17.80+0.03
140614B >22.71 >22.56 >21.66 >21.09 >21.05 >20.52
140622A >23.58 >23.43 >19.31 >19.75 - -
140703A  20.32+0.04 19.724+0.03 1853 +£0.05 1831 £0.05 19.60+0.17 19.98 +0.09
140709A >24.10 >23.70 >22.92 >22.41 >22.31 >21.94
140710A  21.35+0.08 21.09+0.07 20.76 £0.14 2041 £0.16 20.29+0.14 19.74 +0.13

GRB 130420A has Box — Bx = —0.63 £ 0.13. A value of Box —
Bx = —0.5 would indicate a GRB with a cooling break immediately
below the measured X-ray spectrum, and therefore consistent with
an intrinsic synchrotron spectrum with no optical attenuation. Such
a scenario is at the upper limit of the error bounds of Box — Bx for
GRB 130420A. An alternative explanation can be considered by
looking at the SED of GRB 130420A shown in Fig. 4. This reveals
a large error in the H-band flux measurement. It is this filter that is
least well represented by the MW and LMC dust profile templates,
as the large error weights the fitted templates away from the H band.
It is possible that this value is accurate, while not precise. As such
if the errors were smaller, the template would be constrained into a
shallower local spectral index, and therefore would require a larger
value of Ay to produce the lower fluxes in the 7, i and Z bands.

Six optically dark GRBs do not have sufficient photometry for
SED modelling (GRB 130502A, GRB 130514A, GRB 130609A,
GRB 140114A, GRB 140331A and GRB 140710A). GRB 130514A
has a photometric redshift from the GROND instrument of z ~ 3.6,
suggesting this may contribute to the underluminous nature of the
r band; however, RATIR did not detect the GRB in any of the six
filters in which it was observed. GRB 140331A has a measured
redshift of z = 1.09, ruling it out as a high-redshift event. The
remaining four GRBs do not have a measured redshift.

GRB 140311A has a measured spectroscopic redshift of
z = 4.954 (Chornock et al. 2014b), at which it is expected that
optical attenuation should be observed in the r band. Despite this,
GRB 140311A is not classified as optical dark using either the
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van der Horst et al. (2009) or Jakobsson et al. (2004) criteria. The
measured X-ray spectral index for this GRB was Bx = 0.75J_r8:ﬂ,
while the best-fitting template obtained from the Littlejohns et al.
(2014) SED fitting routine found the local optical and NIR spectral
index Bop A 0.68. As such, it is possible that the optical and X-ray
regimes both lie on the same power-law segment of the intrinsic
GRB synchrotron spectrum. If this is the case, then the attenuation
from high redshift does not reduce the optical flux to a level below
the minimum allowable flux resulting from the presence of a cool-
ing break between the two regimes. Unfortunately, GRB 140311A
was only observed in the four bluest RATIR filters, thus giving only
a loose constraint on B .

The normalized cumulative distribution of fitted values of Ay
for the 19 GRBs in Table 4 are shown in Fig. 7, along with those
of an extensive selection of previous samples from the literature.
We also display the total distribution of all previous literature, with
and without the RATIR sample. Care has been taken to ensure
GRBs that occur in multiple samples are only included once in
the total literature sample. From Fig. 7, it can be seen that our
sample, denoted by the red line, appears consistent with most of
the previous samples. The one distribution that appears discrepant
is that presented in Covino et al. (2013), which is the BAT6 sample.

Greiner et al. (2011) found 25 per cent of bursts with Ay ~ 0.5
(8/33). In our sample, this fraction is lower, at 11 &£ 7 per cent (2/19),
which is similar to Kann et al. (2010) who found approximately
12 per cent. It is important to note, however, that the fundamental
properties of our GRB sample are more similar to those of Greiner
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Figure 4. Fitted SED templates for GRB 130215A, GRB 130327A, GRB 130418A, GRB 130420A, GRB 130427A, GRB 130606A, GRB 130610A and
GRB 130701A. The coloured points correspond to the measured RATIR photometry, with the filter being marked above each measurement. The black lines

indicate the best fits obtained using the extinction laws detailed in the key.
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Figure 5. Fitted SED templates for GRB 130907A, GRB 130925A, GRB 131030A, GRB 140129A, GRB 140215A, GRB 1404311A, GRB 140318A and
GRB 140419A. The coloured points correspond to the measured RATIR photometry, with the filter being marked above each measurement. The black lines
indicate the best fits obtained using the extinction laws detailed in the key.
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Figure 6. Fitted SED templates for GRB 140518A, GRB 140703A and GRB 140710A. The coloured points correspond to the measured RATIR photometry,
with the filter being marked above each measurement. The black lines indicate the best fits obtained using the extinction laws detailed in the key.

etal. (2011), as the sample of Kann et al. (2010) is biased towards
optically brighter bursts. In another study, Covino et al. (2013) find
in a sample of 53 GRBs that 50 per cent have an extinction of
Ay < 0.3, whereas our sample has a marginally higher fraction of
63 £ 11 per cent (12/19).

Those GRBs with values of Ay inconsistent with zero are best
fitted by a variety of dust laws. 27 per cent (3/11) favour an MW
dust extinction law, with 45 per cent (5/11) favouring an LMC dust
law and 27 per cent (3/11) being best fit by an SMC dust law.
Conversely, Schady et al. (2010) find that an SMC extinction curve
to be preferred in 56 per cent of their sample. In the bottom row
of Table 4, we calculate the average required amount of dust if the
same model was to be assumed for the entire population. We also
sum the 2 for all these models to compare which model provides
the best global fit across the entire population should the fitting be
limited to one dust extinction law. Due to the few instances where
an SMC dust extinction model has a markedly better x2, while in
cases where it is not the preferred model host galaxy Ay tends to
be low and so Ax? is much lower, an SMC dust extinction law
proves to be the best when fitting to the entire sample. This is more
consistent with the findings of Schady et al. (2010).

From the distribution of best-fitted Ay values plotted in 7, we find
16 £ 8 per cent (3/19) of GRBs with a fitted SED have host dust
extinction Ay > 1, which agrees with Greiner et al. (2011). 25 per
cent (2/8) of the GRBs with Ay > 0.25 favour an MW dust profile,
which has a prominent feature at 2175 A. Greiner et al. (2011) find
a suggestion that GRBs with a larger dust content may favour an
MW-type dust profile. We instead find that 50 per cent (4/8) favour
an LMC-type dust extinction law. It must be noted that our sample
lacks a large number of high extinction GRBs, and this discrepancy
may be due to small number statistics.

To compare the distributions of obtained host Ay, we once more
employed K-S tests between our sample and an extensive list of
previous samples. These are shown in Table 5. Comparing our
distribution of host galaxy Ay to these studies shows only one result
that is statistically significantly different. Comparing our work to
that of Covino et al. (2013) we find the two samples to be different
at alevel of approximately 3¢ . For completeness, we also compared
the results of Covino et al. (2013) to those in Kann et al. (2010)
and Greiner et al. (2011), as well as a composite sample of all other
existing literature, finding the BAT6 distribution of host galaxy Ay
values to significantly differ from all three.

Looking at Fig. 7, the main cause of difference between these
samples arises from a handful of extremely high Ay values in the
BAT6 sample. The highest of these, for GRB 070306, is Ay =
5.747}4%. As shown in table A10 of Covino et al. (2013), however,
the fit used to derive this value of dust extinction has zero degrees of
freedom, which could perhaps lead to the very high value obtained.
It must be noted, however, that there are also several instances where
Ay could not be constrained in the BAT6 sample, due to a lack of
photometric detections in a sufficient number of optical and NIR
bands; however, lower limits could be derived that are indicative
of high Ay. In these cases, as the redshift is also known for the
GRB, high redshift is precluded, thus requiring higher dust content
in the host galaxy. As the BAT6 sample membership is defined
by gamma-ray fluence, rather than optical or NIR brightness, it is
perhaps expected that it might contain a larger number of highly
dust-extincted GRBs.

In Fig. 8, we show the fitted values of Ay as a function of the
two metrics for optical darkness. In each case, optically dark bursts
are in the grey parameter space to the left of the dotted vertical
line.
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Table 4. Fitted dust models for GRBs with photometry in a minimum of four RATIR bands, modelled with the Littlejohns et al. (2014)
template-fitting algorithm. In each instance, the preferred model is stated. Note that in some instances the preferred model does not have the
lowest x2; however, it was selected using the prior weighted effective xesz, as described in Littlejohns et al. (2014). The Bayesian prior in this
instance considers the fitted value of optical spectral index in relation to the measured X-ray spectral index. The bottom row shows the average
value of fitted host galaxy Ay across the whole sample for each dust extinction law. Also shown are the summed x2 and Xesz values to show
which dust extinction law provides the best global fit to the entire sample.

GRB Preferred Ay, mw Xaw/v  Xermw/V  AvMC  Xime/V Xerimc/V  AvsMc Xsue/V  Xerswc/V
model
1302154 LMC 019708} 0652  —0572 027709 0612 —0742 021700 0592 —0.732
1303274 MW 0127019 2.5212 12612 020704 2.542 2202 001108 2782 1.45/2
130418A  LMC 0377007 0483  —0843 068701 0323 —1.003 028700 0583  —0723
1304204  SMC  0.0070% 4743 4.8953  0.00700% 4513 4893 0.097002 0503 0.49/3
1304274 MW 0007003 3.1572 3232 0.0370% 34012 3402 0077007 41512 4.16/2
130606A  LMC 0057001 2.5173 2603 0.02001 2193 2223 003100 2253 2.28/3
130610A  SMC  0.0470% 32712 2002 001709 3.072 1.842 001730 3,053 1.8072
130701A  LMC 015716 1.08/1 L1071 1.60%01E  0.54/1 0.50/1 0151018 1.081 1.08/1
130907A  SMC  LO770%0 5493 3583 L10T00;  3.103 3153 L10Y00: 3.003 3.00/3
1309254 MW 1467023 2.103 2103 132702 2673 2703 147H0% 2773 2.77/3
131030A MW 001709 3413 3403 0177007 3.86/3 3793 0.00%00:  3.503 3.62/3
1401294  LMC 000709 1.76/2 0382 0.00%0%0 1762 0382  0.00%0% 17712 0.39/2
140215A  SMC  0.0570)  0.192 0192  0.11%03¢  0.182 0202 004709 01712 0.18/2
140311A  SMC 0079087 0.50/1 0201 001109 0.56/1 006/1 04509 0171 —033/1
1403184 LMC 0317013 1223 —0033 0367013 1203 —0093 032751 1208 —0063
1404194 LMC  0.0070% 5653 5373 0001002 4123 3.033  0.11%09¢ 44273 3.33/3
140518A MW 003759 1.51/3 1523 004790 1553 1.55/3 004700 1.543 1.72/3
140703A MW 0027539 3.39/3 2023 001793 3953 4013 0027038 3.973 4.04/3
1407104 MW 04970% 0473 02473 0.60T0%  0.44/3 0313 056100 0423 0.30/3
Average SMC 0237092 44.09/47 327347 036100F  40.57/47 3240047 0267003 37.91/47  28.77/47
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Figure 7. Normalized cumulative distributions of host galaxy Ay for this
sample and those available from the literature. As well as distributions of
individual samples, those of the sum of all previous literature, and sum
including our sample, are plotted. All samples are denoted in the key in the
bottom right of the panel.
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Both measures of optical darkness reveal a trend where, typically,
bursts that are optically dark have either high redshift or modest to
high levels of dust extinction in their host galaxy. There are two
GRB that have large modelled Ay value, but that are not consistent
with being optically dark (GRB 130418A and GRB 130701A).
Fig. 4 reveals that the SED for GRB 130701A was only observed
in four filters (r, i, Z and Y). Furthermore, the relative error in the
optical data is large, with two possible types of solution. The first,
with the smallest x2 fit statistic, for an LMC type extinction law.
Alternatively, the MW and SMC dust model templates prefer a
lower quantity of dust in the host galaxy with Ay = 0.157015 in
both cases. GRB 130701A was also found to be 5 arcsec of an
r = 19.5 magnitude source, meaning contaminating light from this
nearby source may artificially enhance the reported brightness of
GRB 130701A.

GRB 130418A has the softest measured X-ray spectrum in our
sample, which also has a high reported measurement error. As
discussed in Section 3.3, it is possible that the true value of X-
ray spectral index lies at the harder end of the 1o error bound
and that the optical and X-ray regimes lie on the same power-
law segment of the intrinsic GRB synchrotron spectrum. In such
instances, a moderate amount of dust could reduce the measured
optical flux by an amount less than invoking a cooling break at
0.3 keV. Thus, it is possible for a GRB host galaxy to contain
measurable amounts of dust while not being reported as optically
dark.

The optically darkest burst is GRB 130925A. This burst was an
unusual event as the prompt high-energy emission was long-lived,
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Table 5. K-S test results from comparisons of z, Bx, Box, Ay and Ny, res distributions
between this work and values obtained from the literature. In each comparison, only values
with full detections of the parameter are considered, thus excluding upper and lower limits.
When comparing parameters from the BAT6 samples to this work and other previous literature,
Ay and Ny, resc Were taken from Covino et al. (2013), while z, 8x and Box were taken from
Melandri et al. (2012). Comparisons using the BAT6 sample and previous literature do not
include this RATIR sample. Ny and N, are the sizes of the samples in the first and second
column, respectively. Dkg is the K-S statistic found for each test and pkg is the probability
that both samples derive from a common parent population.

Sample 1 Sample 2 Parameter  N; N Dxs PKS
This work Literature z 16 156 020 6.22x 107!
This work Fynbo et al. (2009) z 16 8 028 202x 107!
This work BAT6 z 16 52 032 137x 107!
This work Kann et al. (2010) z 16 46 026  3.54x 107!
This work Greiner et al. (2011) z 16 33 023  5.65%x 107!
This work Schady et al. (2010) z 16 26 029 3.05x 107!
This work Zafar & Watson (2013) 4 16 25 0.52  5.65%x 1073
This work Cenko et al. (2009) z 16 16 025 3.05x 107!
This work Schady et al. (2012) z 16 16 038 1.62x 107!
This work Savaglio et al. (2009) b4 16 10 088 445x 1073
BAT6 Literature z 52 116 020 9.24x 1072
This work Literature Bx 28 228 011 9.32x 107!
This work Fynbo et al. (2009) Bx 28 137 0.2 8.60x 107!
This work BAT6 Bx 28 44 0.2 9.54x 107!
This work  van der Horst et al. (2009) Bx 28 40 0.16 7.51x 107!
This work Jakobsson et al. (2004) Bx 28 37 032  6.44x 1072
This work Greiner et al. (2011) Bx 28 34 0.15 8.55x 107!
This work Cenko et al. (2009) Bx 28 28 0.14 9.17x 107!
This work Melandri et al. (2008) Bx 28 22 016 887x 107!
This work Galama & Wijers (2001) Bx 28 5 036 5.48x 107!
BAT6 Literature Bx 44 184  0.14  4.99x 107!
This work Literature Box 21 167  0.27 1.05%x 107!
This work Fynbo et al. (2009) Box 21 86 030 7.95x 1072
This work  van der Horst et al. (2009) Box 21 36 043  1.12x 1072
This work BAT6 Box 21 35 026 3.03x 107!
This work Greiner et al. (2011) Box 21 34 0.30  1.48x 107!
This work Jakobsson et al. (2004) Box 21 25 036 8.46x 1072
This work Cenko et al. (2009) Box 21 21 024 5.31x 107!
This work Melandri et al. (2008) Box 21 9 0.37  2.96x 107!
BAT6 Literature Box 35 134 0.2 8.07x 107!
This work Literature Ay 19 111 035 3.07x 1072
This work Kann et al. (2010) Ay 19 50 029 1.74x 107!
This work Greiner et al. (2011) Av 19 32 0.15 9.27x 107!
This work BAT6 Av 19 31 054 1.29x 1073
This work Schady et al. (2010) Ay 19 19 047 1.81x 1072
This work Zafar & Watson (2013) Ay 19 18 0.53  6.96x 1073
This work Schady et al. (2012) Ay 19 16 046 3.16x 1072
This work Cenko et al. (2009) Ay 19 8 0.58  2.66x 1072
This work Savaglio et al. (2009) Av 19 5 048 2.22x 107!
BAT6 Literature Ay 31 87 042 3.79x107*
BAT6 Kann et al. (2010) Ay 31 50 052 2.78x 107
BAT6 Greiner et al. (2011) Av 31 32 053  1.57x 1074
This work Literature NH, rest 13 95 026 3.68x 107!
This work BAT6 MU, rest 13 52 025 4.73x 107!
This work Greiner et al. (2011) NH, rest 13 32 030 3.15x 107!
This work Schady et al. (2010) NH, rest 13 26 0.15 9.77x 107!
This work Schady et al. (2012) NH, rest 13 16 026 6.72x 107!
BAT6 Literature MNH, rest 52 43 0.4 7.31x 107!
making it one of the few ‘ultra-long’ GRBs observed to date (Evans to interact before being decelerated by the circumburst medium.
et al. 2014). Several studies of this event have suggested that the The SED for GRB 130925A, as shown in Fig. 5, implies a high
central engine must occur in a low-density environment (Evans et al. dust content in the host galaxy. It is perhaps possible that whilst the
2014; Piro et al. 2014), such that more emitted shells have chance immediate environment of the GRB central engine is low density
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Figure 8. Left-hand panel: fitted Ay as a function of Box. The dotted line denotes the Jakobsson et al. (2004) dark criterion, with all bursts to the left being
dark. Right-hand panel: Ay as a function of Box — Bx. The dotted line denotes the van der Horst et al. (2009) dark criterion. All bursts to the left of this line
are dark by this criterion. In both panels, black circles denote bursts in our sample with z < 3.5, while empty circles denote bursts with in our sample z > 3.5.
The light grey regions denote the parameter spaces where bursts are considered to be optically dark. Other values available from the literature are also plotted,
and denoted in the legend of each panel. The BAT6 sample is plotted by cross-referencing values of Box and Bx from Melandri et al. (2012) with values for

Ay from Covino et al. (2013).

and cleared by a strong stellar wind, outside of this the host galaxy
has a high dust content.

We obtained X-ray-defined measures of absorption from the GRB
host galaxy in the form of the neutral hydrogen column density,
Ny, rest (Watson et al. 2006, 2007; Campana et al. 2010; Watson
2011), using the spectral fitting algorithms of Butler & Kocevski
(2007a). The soft X-ray spectra are fitted with a power-law spectrum
and two absorption components, corresponding to a Galactic and
extragalactic column. In this pipeline, solar abundances are assumed
according to Anders & Grevesse (1989). Those bursts observed by
RATIR within eight hours of the initial Swift trigger with a measured
Swift/XRT spectrum have Ny . reported in Table 2. In total, there
are 15 GRBs with both a fitted value for Ay and Ny .. Of these 15,
11 had a measurable excess Ny, rest above that from our own Galaxy.
These 11 GRBs are plotted in Fig. 9, once more with previous values
obtained from samples in the literature. We have also compared our
distribution of Ny est to those available from the literature, using
further K-S tests, and find no significant differences, as shown in
Table 5.

Ay is a measure of the dust abundance of the GRB host galaxy
along the sight line to the burst. Ny, res, as measured from soft X-ray
spectra, is a probe of the total metal content of the host galaxy along
the same line of sight, regardless of the phase it exists in. Fig. 9
confirms that the sight line from the GRB central engine probes
regions in the host galaxy with a higher metal-to-dust ratio than
our Galaxy. This is in agreement with previous studies (Galama &
Wijers 2001; Greiner et al. 2011) and suggests that the host galaxies
of GRBs are similar to molecular clouds, with less dust than our
Galaxy. Galama & Wijers (2001) also consider a scenario in which
the central engine of the GRB photoionizes dust in the circumburst
medium. Such an effect, however, would only occur close to the
GRB, depleting dust from a region of order a few tens of parsecs.
This is much less than the distance of host galaxy through which
the GRB emission must travel, and as such is less plausible than the
host galaxy having a lower bulk dust content.
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Figure 9. Ny, res¢ as a function Ay. The solid line is the Galactic Ay—Nyg
relation (Predehl & Schmitt 1995). The dash lines correspond to the (Predehl
& Schmitt 1995) Ay—Ny relation scaled according to a metal-to-dust ratio
10 and 100 times that of our Galaxy. Black filled circles denote bursts in
our sample with z < 3.5, while empty circles denote bursts in our sample
with z > 3.5. Values available from the literature are also plotted, with
corresponding plot symbols and colours denoted in the key in the bottom
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It must also be noted that we have assumed solar abundances in
deriving Ny ro. The curvature of the X-ray spectrum is strongly
related to absorption by oxygen, and as such the derived Ny, rest
depends inversely on the O/H ratio in the GRB host galaxy. As
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Table 6. Optically derived estimates of log (Nu1).

GRB log (Nu1) Reference

130606A 1993 £0.2 Chornock et al. (2013a)
Hartoog et al. (2014b)
Cucchiara et al. (2014)
Cucchiara et al. (2014)

Cucchiara et al. (2014)

140311A  21.80 £ 0.30
140419A 193 +£0.2
140518A  21.65 £ 0.20

the metal content in GRB host galaxies is actually lower than that
assumed (Savaglio et al. 2012; Campana et al. 2014; Cucchiara et al.
2014), for a given amount of X-ray absorption, a more realistic metal
abundance would reduce the O/H ratio and hence increase Ny rest,
therefore increasing the inferred metal-to-dust ratio.

We also obtained estimates of neutral hydrogen column densities,
Ny, derived from optical spectroscopy as presented in Table 6.
Previous studies have shown that optically derived Ny are usually
significantly lower than those estimates from X-ray spectra (Schady
et al. 2012; Zafar & Watson 2013). In contrast to X-ray-derived
Nu. rest» Nu1 provides an estimate of the quantity of gas in the host
galaxy. Using this, we can consider the gas-to-dust ratio of the four
host galaxies for which Ny measurements are available.

The host Ay for three of these GRBs is small, with GRB 140419A
having Ay = 0, as shown in Table 4. However, GRB 140311A has
a fitted Ay = 0.45700%. For GRB 130606A, GRB 140311A and
GRB 140518A, we derive Nyj/Ay = 4.26 x 10?' ¢cm—2 mag_] s
1.40 x 102 cm—2 mag~' and 1.49 x 10** cm™—2 mag ', respectively.
In comparison, for the LMC Ny;/Ay = 8.3 x 10?! cm™? mag™!
and SMC Ny/Ay = 1.6 x 10> cm™? mag~' (Weingartner &
Draine 2001). This suggests that the gas-to-dust ratio for GRB
140518A is high in comparison to both the LMC and SMC, while
that of GRB 130606A is most consistent with that of the LMC. GRB
140311A appears to be consistent with a gas-to-dust ratio similar to
that of the SMC. These latter two results fit nicely with the preferred
dust extinction templates, albeit with a very low quantity of dust for
GRB 130606A. To reconcile the X-ray Ny s and optical values
of Ny requires either a much larger metal abundance, specifically
oxygen, in the GRB host galaxy or for a large fraction of hydrogen
gas in the host to be ionized. The latter is perhaps more plausible as
the required oxygen abundance would have to be at least an order
of magnitude higher. Watson et al. (2013) consider GRBs occurring
within a star-forming H 1 region, attributing the X-ray absorption
to a He-dominated absorber. In another study, Watson et al. (2007)
discuss the sample of Jakobsson et al. (2006), in which 17 GRBs
with optical and X-ray measures of column density are compared.
Watson et al. (2007) propose that the fundamental difference be-
tween absorption in the two regimes may result from the X-ray
absorbing column density sampling the immediate environment of
the GRB, which is substantially ionized by the burst. The H 1 col-
umn density may, however, probe an environment further from the
GRB progenitor, and thus one that is little affected by the GRB.

3.3 Standardizing fox

Greiner et al. (2011) and Melandri et al. (2012) observe time evo-
Iution in the recovered values of Box. With the morphology of
optical and X-ray light curves not always being correlated, the tem-
poral power-law index with which both regimes decay can differ.
We find mean values of temporal decay index of @x = 1.37 £ 0.08
and @o, = 0.97 = 0.11, which states that GRB light curves in our
RATIR sample decay more slowly on average in the optical regime.

Optical attenuation of GRBs in the Swift era 2933

As such, it is more likely that GRBs with Box measured at earlier
times will be reported as optically dark. With bursts occurring at
a broad range of redshifts, fixed observer frame times and wave-
lengths means that Sox is not a standardized measure with regards
to the intrinsic GRB emission. To solve this, a fiducial time fixed
in the rest frame of the GRB can be taken, t,. = 1.5 h. With our
sample having a redshift range of 0.34 < z < 5.91, #,.s corresponds
to a range of observer frame times from 2 to 11 h. At the lowest
redshifts, a time of 2 h should allow for sampling of the afterglow
at a time after the plateau phase. Conversely, choosing #.s to be
only slightly after the end of the plateau phase reduces any con-
tamination of the host galaxy to the photometry of the GRB per se.
At the highest redshift in the RATIR sample, .y corresponds to
approximately 10.5 h in the observer frame.

To calculate a rest-frame measure of optical darkness, Box, rests
one should also define the energies at which the X-ray and optical
fluxes are evaluated in the GRB rest frame, with Ex . = 3 keV
and A = 0.25 pm, respectively. Ex, st Was chosen such that at the
peak of the observed GRB redshift distribution (z ~ 2.2; Jakobsson
etal. 2012), Ex rest(1 + z) & 1 keV. This minimizes the amount by
which the X-ray fluxes must be, on average, extrapolated from the
1 keV light curves. A.ss = 0.25 pm was chosen to avoid extrapola-
tion beyond the H band.

The two expected mechanisms for optical darkness, as measured
by Box, are high dust content in the host galaxy along the GRB sight
line, or high redshift. By selecting a fixed rest-frame wavelength in
the ultraviolet regime, Ao = 0.25 um, Box, rest always corresponds
to the observed optical (or indeed NIR) flux above the observed
Lyman break, thus removing the effects of high redshift from the
measure. All bursts with Box rest — Bx < —0.5, therefore, should
result from significant quantity of dust in their host galaxy. It is
also worth noting, however, that a rest-frame wavelength of 0.25
um will not sample the 2175 A bump observed in an MW-type dust
extinction law, although this feature only becomes visible to optical
and NIR facilities at redshifts z 2> 1.5.

Looking at Fig. 10, we see that all of the GRBs classified as
optically dark in using Box, rest do indeed have a detectable amount
of dust in their host galaxy along the GRB sight line. We note,
however, that our sample size is small, as only 15 GRBs met the
observational criteria required to measure both Ay and Box_ rest- It
is perhaps surprising that a trend of increasing Ay with increasing
optical darkness (i.e. decreasing Box. rest — Bx) 1S not apparent; how-
ever, the most notable deviations from this trend are GRB 130418A,
GRB 130701A and GRB 140311A.

The value of optical flux for GRB 130701A was extrapolated
from a single detection assuming &, Which may not best represent
the actual GRB decay slope. Additionally, as noted in Section 3.2,
GRB 130701A may suffer from contamination in the optical and
NIR regime from a nearby source. As such, this would artificially
enhance the reported optical flux, and increase Box, rest from its true
value.

GRB 130418A has the softest measured X-ray spectrum in our
sample (Bx = 0‘59f8:?g), thus increasing the value of Box, rest —
Bx, keeping the burst in the optically bright region of the pa-
rameter space in Fig. 10, despite significant fitted dust content
(Ay = 0.68 £ 0.11). As measured in the observer frame, GRB
130418A has Box = 1.01 = 0.09, which is typical of the expected
value of Bx. It is possible that the actual value of Bx lies closer to
the upper end of the error bound in the measured value. In addition
to this, the optical and X-ray regimes could lie on the same segment
of the intrinsic GRB synchrotron spectrum, thus leading to the burst
remaining in the bright region of the parameter space.
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Figure 10. Ay as a function of Box, rest — Bx at a fixed rest-frame time of
trest = 1.5 h after the high-energy GRB trigger. The X-ray flux is evaluated
at a fixed rest-frame energy of 3 keV, while the optical flux is calculated
at a fixed rest-frame wavelength of 0.25 pum. Black circles denote bursts
with fitted optical lights curves, while grey circles have detections that are
extrapolated to 1 = fre (1 + 2). Filled circles are GRBs with z < 3.5, while
empty circles are bursts with z > 3.5.

GRB 140311A is the final burst with significant amounts of fitted
dust, Ay = 0.45700%  that is within the optically bright region of
Fig. 10. As discussed in Section 3.2, this GRB was only observed
in four filters, giving poorer constraints on the template fitted to the
SED. It is also possible that, like GRB 130418A, GRB 140311A
has both the optical and X-ray regimes on the same power-law
segment of the intrinsic GRB spectrum. As such, to be reported as
optically dark, the amount of dust along the line of sight in the host
galaxy would have to be sufficient to reduce the optical flux below
the level predicted by having a cooling break just below the X-
ray regime. Both GRB 130418A and GRB 140311A highlight the
complicated role played by the cooling break in identifying optically
attenuated GRBs. As a cooling break could occur anywhere between
the optical and X-ray regimes, or indeed not at all, a simple linear
relation of increasing Ay with decreasing Box, rest — Bx 1is unlikely
to be observed. However, all GRBs denoted as dark in Fig. 10 are
successfully explained by either having a high redshift or moderate
to high amounts of dust along the GRB line of sight in the host
galaxy.

A further test of the results from Fig. 10 would be to consider
a fixed rest-frame wavelength that is also less affected by dust
extinction. This could be achieved by considering the rest-frame i
band, which would allow a measure of optical darkness that should
only consider the intrinsic GRB spectrum. If the GRB is intrinsically
underluminous Box, rest, as evaluated in the rest-frame i band, will
continue to indicate optical darkness independent of redshift and
dust content. Conversely, a GRB that is optically attenuated, due to
either being at high redshift or the dust content of its host galaxy,
would not be reported as optically dark using such a measure. We
have not calculated Box. rest at a rest-frame i band for the RATIR
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sample of GRBs as this would require an extrapolation further into
the NIR, outside of the RATIR coverage for z 2 1.9.

4 CONCLUSIONS

In this work, we present photometry of 28 GRBs rapidly observed by
RATIR. Combining these data with those obtained by the Swift/XRT
allows us to quantify optical darkness in these GRBs at a fidu-
cial time of 11 h after the high-energy trigger. To account for the
expected synchrotron emission mechanism, we use the van der
Horst et al. (2009) definition of darkness to find 46 4+ 9 per cent
(13/28) of our sample of GRBs are considered optically dark, or
50 £ 10 per cent (13/26) when only including long GRBs. This
fraction is broadly consistent with previous studies (Melandri et al.
2008, 2012; Cenko et al. 2009; Fynbo et al. 2009; Greiner et al.
2011). The optically dark fraction of GRBs in our sample also
remains constant when calculated at an earlier epoch of 5.5 h.

To investigate the underlying causes of optical darkness, we use
the template-fitting algorithm presented in Littlejohns et al. (2014)
to model the optical and NIR SEDs for the 19 GRBs in our sam-
ple with coverage in a sufficient number of filters. We were able
to model seven of the bursts identified as optically dark. Of these
seven, two have high redshift, two have Ay > 1 and two have
0.25 < Ay < 1. GRB 130420A has been modelled, but shown to
have neither high redshift nor high dust extinction. We consider
two alternative explanations, which suggest either a cooling break
immediately below the X-ray regime or that a more precise mea-
surement in the H band would prefer a template with a larger dust
content in the GRB host galaxy.

Optical darkness is indicative of interesting GRB events, as they
either occur at high redshift or within highly dust-extincted galaxies.
Considering optically attenuated GRBs, we find that 23 per cent
(3/13) are due to moderate or high redshifts (z > 3.5). Four dark
GRBs have unknown redshift, and so this fraction may in fact be
higher.

Of the 19 GRBs with modelled SEDs, 37 &+ 11 per cent (7/19)
had moderate or high amounts of dust extinction. This is in general
agreement with previous studies (Greiner et al. 2011; Covino et al.
2013), where the majority of the sample have low dust extinction.
Averaging across the entire fitted sample using a single type of dust
extinction law, we find an average best fit of Ay = 0.26 & 0.05 with
an SMC model. Individually, only five GRBs prefer an SMC-type
extinction law, but the improvement in x? is much larger in a few
of these cases than obtained in choosing a different dust extinction
law in the other 14 SED fits.

We perform an extensive array of K-S tests comparing the RATIR
distributions of z, 8x, Box, Ay and Ny, . to samples provided in
previous literature (Melandri et al. 2008, 2012; Cenko et al. 2009;
Fynbo et al. 2009; van der Horst et al. 2009; Kann et al. 2010;
Greiner et al. 2011; Covino et al. 2013). These tests confirm, with
one exception, that our sample is statistically consistent with these
previous studies, both individually and when considered as a single
sample. We do however, find that our distribution of host galaxy Ay
along the GRB sight line differs significantly from that of Covino
et al. (2013). Further K-S tests reveal that the BAT6 distribution
of host galaxy Ay also differs from other previous literature, whilst
the RATIR sample is consistent with these other studies. The BAT6
sample is notable for a handful of very high Ay values, including
one in excess of Ay > 5.5, which is derived from a fit with zero
degrees of freedom. However, it must also be noted that the selection
criteria for the BAT6 sample differ significantly from other studies.
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Within the sample of optically dark GRBs, an X-ray derived
excess Ny, rest from the host galaxy is detected in 11 bursts. Fig. 9
compares Ny s to the dust content, as probed along the line of sight.
As such, we find the GRB host galaxies tend to have a higher metal-
to-dust ratio, which is in agreement with some previous studies
(Galama & Wijers 2001; Greiner et al. 2011). Optically derived
estimates of Ny are also presented for four bursts, showing GRB
130606A and GRB 140311A to have a gas-to-dust ratio broadly
consistent with that of the LMC and SMC, respectively.

Finally, we present a standardized measurement of optical dark-
ness Box. rest, Which corresponds to optical darkness in a fixed rest-
frame time of 1.5 h, considering flux at fixed rest-frame values of
Ex rest = 3keV and Ay = 0.25 pm. In doing so, we reduce the de-
pendence of optical darkness solely to the host galaxy dust content
along the GRB line of sight. As such, we demonstrate that optical
darkness in our sample is only due to either high redshift or host
galaxy dust content. This statement is limited by the small sample
size of rapidly observed RATIR GRBs, but further population of
the Ay versus Box rest — Bx parameter space should finally and
conclusively confirm this to be true.
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