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ABSTRACT

Observations of the afterglows of long gamma-ray bursts (GRBs) allow the study of star-forming galaxies across
most of cosmic history. Here we present observations of GRB 111008A, from which we can measure metallicity,
chemical abundance patterns, dust-to-metals ratio (DTM), and extinction of the GRB host galaxy at z = 5.0.
The host absorption system is a damped Lyo absorber with a very large neutral hydrogen column density of
log N(H1)/cm™2 = 22.30 + 0.06 and a metallicity of [S/H] = —1.70 £ 0.10. It is the highest-redshift GRB
with such a precise metallicity measurement. The presence of fine-structure lines confirms the z = 5.0 system as
the GRB host galaxy and makes this the highest redshift where Fe11 fine-structure lines have been detected. The
afterglow is mildly reddened with Ay = 0.11 £ 0.04 mag, and the host galaxy has a DTM that is consistent with
being equal to or lower than typical values in the Local Group.

Key words: dust, extinction — galaxies: high-redshift — gamma-ray burst: individual (GRB 111008A)

Online-only material: color figures

1. INTRODUCTION

The study of gamma-ray bursts (GRBs) has an impact on a
wide range of topics in astrophysics. It is now well established
that long-duration GRBs originate from the collapse of massive
stars (e.g., Galama et al. 1998; Hjorth et al. 2003; Stanek et al.
2003; Modjaz et al. 2006; Campana et al. 2006; Sparre et al.
2011; Berger et al. 2011; Hjorth & Bloom 2012; Xu et al. 2013),
although we have yet to elucidate the detailed nature of the
progenitor systems.

Spectroscopy of GRB afterglows requires the most advanced
and largest ground-based optical to near-infrared (NIR) tele-
scopes, especially when these events occur at high redshift, since
the source is weaker and the rest-frame UV absorption lines we
detect are shifted to longer wavelengths. GRB afterglows can
probe star-forming regions out to redshifts of z = 8-9 (Tanvir
et al. 2009; Salvaterra et al. 2009; Cucchiara et al. 2011) and
allow us to study galaxies in the early universe that would nor-

* Based on observations carried out under ESO program ID 088.A-0051(B)
and 091.A-0703(A).

mally have been too faint to be detected (Tanvir et al. 2012; Basa
et al. 2012). In some cases it is possible to determine column
densities of both H1 and metals in their host galaxies and hence
calculate abundances for a wide range of chemical elements
(e.g., Fynbo et al. 2006; Savaglio 2006; Prochaska et al. 2007b;
Ledoux et al. 2009; D’Elia et al. 2010; Thone et al. 2013).

Observational selection effects restrict the samples of GRBs
for which chemical enrichment can be probed by this means.
For many GRBs, even when spectroscopy is obtained, it proves
insufficient to probe the rest-frame UV due to unfortunate
redshifts that leave the relevant transitions (in particular H1) out
of the observable range. In other cases, dust extinction within
the host galaxies (the likely explanation for many “dark” bursts;
see Jakobsson et al. 2004; Perley et al. 2009; Kriihler et al.
2011) makes the afterglows too faint for useful spectroscopy.
Therefore, the sample of bursts with afterglow spectroscopy is
not representative for all GRBs (e.g., Fynbo et al. 2009; Kriihler
et al. 2013).

With observations of GRB afterglows one can hope to obtain
the imprints in the interstellar medium (ISM) of chemical
enrichment from core-collapse supernovae (SNe), which are
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believed to dominate the metal production for very young
systems (e.g., Matteucci & Greggio 1986). The signature of
such a chemical enrichment profile is an overabundance of
o elements as seen in metal-poor stars in the Local Group and
in z > 4 damped Ly« absorbers (DLAs)?* (e.g., Tolstoy 2011;
Rafelski et al. 2012).

The aim of this article is to study the metal and dust properties
of the host galaxy of GRB 111008A at z = 5.0, which provides
a rare opportunity of measuring such characteristics for a high-
redshift star-forming galaxy. The paper is structured as follows.
In Section 2, we present our observations, in Section 3, we
determine the metallicity of the host galaxy, and we also discuss
the presence and strength of fine-structure lines. In Section 4,
we describe the spectral energy distribution (SED) of the NIR-
to-X-ray data. In Section 5, we investigate an intervening DLA
at z = 4.6, in Section 6, we present an attempt to identify the
intervening absorber and the GRB host galaxy in emission, and
in Section 7, we study the amount of dust and metals in the host
galaxy.

For the cosmological calculations we assume a ACDM-
universe with Q, = 0.73, Q, = 0.27, and hy = 0.71. We
use lo error bars and 20 upper and lower limits.

2. OBSERVATIONS

GRB 111008A was discovered by Swift/BAT (Saxton et al.
2011) with a duration of Tyy = 63.46 £2.19 s (Baumgartner
etal. 2011). An X-ray counterpart was subsequently discovered
with Swift/XRT (Beardmore et al. 2011), and the optical
counterpart was later observed using several instruments (Levan
et al. 2011a; Xu et al. 2011; Nardini et al. 2011) before a
spectroscopic redshift of z = 5.0 was identified with Gemini/
GMOS (Levan et al. 2011b). This was later confirmed with
VLT/X-shooter, and an intervening absorber at z = 4.6 was also
identified (Wiersema et al. 2011). The details of our observations
are given below.

2.1. X-shooter Spectroscopy

We obtained optical/NIR spectroscopy of the afterglow of
GRB 111008A with X-shooter (Vernet et al. 2011) mounted
at UT2 of the European Southern Observatory’s (ESO) Very
Large Telescope (VLT). Our spectrum covers the wavelength
range of 3000-24, 800 A and was taken simultaneously in
three arms (UVB, VIS, and NIR) using slit widths of 170, 079,
and 079 for UVB, VIS, and NIR, respectively. The nominal
values of the spectral resolution for these configurations are
R = A/AAMFWHM) = 5100, 8800, and 5100, respectively.

X-shooter spectroscopy started on 2011 October 9 05:55:49
UT, 8.52 hr after the trigger (Wiersema et al. 2011), and was
performed at a median seeing of 1”1 and an average airmass
of 1.04. We obtained five exposures with a total integration
time of 8775 s in the UVB and VIS arm, and 14 exposures
(total exposure of 8400 s) in the NIR arm. A second X-shooter
epoch was obtained the following night (starting 20.10 hr
after the trigger, on 2011 October 10 04:24:25 UT) with a
total integration time of 7897 s in UVB and VIS and 7200 s
in NIR. All frames were reduced separately using the ESO
X-shooter pipeline v2.0.0 (Modigliani et al. 2010), and the
resulting frames were stacked per night with a weighting based
on the signal-to-noise ratio (S/N) of the afterglow detection.

22 DLA (damped Lya absorber): a sight line absorber with
log N(H1)/em™2 > 20.30 (Wolfe et al. 2005).
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Flux calibration was performed against the spectrophotometric
standard GD71 observed starting on 2011 October 8 08:58:03
UT. The one-dimensional spectra were extracted using optimal,
variance weighting (Horne 1986). The optimal extraction and
the stacking of science frames were done by a custom-made
script developed for this purpose. Unless stated explicitly (as in
Section 3.2), we base our results on the combined spectrum
of the first night of X-shooter observations, because of the
superior S/N.

The complete VIS and NIR part of the X-shooter spectrum
and the measured absorption lines are shown in Appendix B.

2.2. GMOS Spectroscopy

We observed the afterglow of GRB 111008A using the
Gemini Multi-Object Spectrograph (GMOS) on the Gemini-
South telescope.?® After identification of the optical afterglow
(Levan et al. 2011b), a series of four exposures with a total
integration time of 2400 s were taken, using the R400 grism and
a 1”0 slit width, starting at 2011 November 9 03:29:29.7 UT.

The four exposures were taken using dithers in both the
dispersion direction (50 A) and the spatial direction (along
the slit) to sample over the chip gaps and regions affected by
amplifier location. We reduced the data using the Gemini GMOS
reduction package (version 1.11) within IRAF, combining the
four exposures after extraction, resulting in a wavelength range
of ~3900-8170 A. The resolution of the exposures is R ~ 870.

2.3. GROND Photometry

The Gamma-Ray burst Optical/Near-infrared Detector
(GROND; Greiner et al. 2008) at the 2.2 m MPI/ESO tele-
scope on the La Silla Observatory started photometric obser-
vations of the field of GRB 111008A on 2011 November 9,
04:38:45 UT, which is 6.43 hr after the BAT trigger. Simultane-
ous photometry in seven optical /NIR filters (similar to the Sloan
Digital Sky Survey (SDSS) g'#'i’z’ and the Two Micron All Sky
Survey (2MASS) JHK bands) was obtained continuously until
09:02:10 UT. GROND data were reduced in a standard fash-
ion (Kriihler et al. 2008), using a custom pipeline written in
IRAF/pyraf. The photometric solution was obtained by using
magnitudes of stars in an SDSS field (Aihara et al. 2011) ob-
served directly after the GRB field under photometric condi-
tions in the case of the g'r’i’z’ filters, and via the magnitudes
of 2MASS stars in JHK; (Skrutskie et al. 2006). Based on the
scatter of individual calibration stars, we estimate the absolute
accuracy of our photometry to be 4% in g'r'i’z', 5% in J/H,
and 8% in K.

3. THE GRB HOST ABSORBER

In Figure 1, we provide an excerpt of the VIS spectrum (from
X-shooter), which has been rebinned by a factor of four for
graphical reasons. The VIS spectrum exhibits a very strong
DLA, which is identified as absorption within the host galaxy,
providing the redshift of the GRB. The corresponding Lyp
line is also detected. Shown in red is a Voigt-profile fit to the
DLA and Lyg lines corresponding to an H1 column density of
log N/cm™% = 22.30 + 0.06. Also seen in the VIS spectrum is
an intervening DLA at redshift z = 4.6, which will be discussed
in Section 5. When determining the H1 column density of the
two absorbers, we fix the redshift to the value measured from the
metal line fit (see Section 3.1), and next we determine log N (H1)

23 For an overview of Gemini afterglow spectra, see
http://grbspecdb.ucolick.org/.
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Figure 1. Excerpt of the VIS spectrum showing absorption from Ly« and Lyg of the host galaxy of GRB 111008A (z = 5.0) and Ly« of the strong intervening system
at z = 4.6. The red line displays a Voigt-profile fit to the DLAs Ly« and Lyp lines. The dashed line shows the 1o error on the fit result, and the dotted line shows the

error spectrum. The shaded gray indicates a region with strong telluric contamination.

(A color version of this figure is available in the online journal.)

subjectively by looking at the red wing of the Lyx and Lyg
profiles. The error reflects what we consider the acceptable range
of possible column densities.

3.1. The Chemical Composition

To determine abundances of the atomic ground-state levels,
we proceed with Voigt-profile fitting of the X-shooter spec-
trum.?* We find that a model with two absorption components
per transition is sufficient to fit the low-ionization absorption
lines. The spectral resolution is set to the nominal values from
the X-shooter manual (a velocity resolution of 34 km s~! for
VIS and 57 km s~! for NIR, both FWHM). The choice of spec-
tral resolution and the placement of the continuum are unlikely
to change the logarithm of the column densities by more than
0.15 dex.

The two Voigt profiles have Doppler parameters of b =
2094+ 23 kms~!and b = 27.7 £ 2.3 km s~! and redshifts
of 4.99005 £ 0.00007 and 4.99142 £ 0.00006, respectively
(these are the precise measured redshifts for the two absorption
components in the GRB host absorption system; for brevity we
will refer to the GRB host redshift as 5.0 in the remaining parts of
the article). We linked the Doppler parameters for the different
atoms assuming turbulent broadening, which is a standard
procedure for low-ionization absorption lines (Wolfe et al.
2005). We also linked the redshifts for each of the absorption
components. Figure 2 shows the fit of the line transitions for
Sin, S1, Cri, Mn, Fer, Ni1i, and Zn1I.

The derived metal column densities for the sum of the
two components are provided in Table 1. Note that this table
also includes the column densities in excited levels (from
Section 3.2). The best-determined column densities are Ni and
Fe, since they are constrained by relatively weak transitions
(Nimr A1370 and Femr A1611) located in regions with a good
S/N. For Feu 21611 the measured spectrum exhibits excess
absorption (at ~—15 km s~!) compared to the fit model. It is
unclear whether this feature is due to an additional absorption
component or a systematic error. If it is due to an additional
absorption component, our column density of Fe1 is slightly
underestimated by <15%.

For the S1 11253 transition, the S/N is also high, and the
measurement is reliable even though this line is mildly saturated

24 The absorption lines are fitted with VPFIT version 10.0:
http://www.ast.cam.ac.uk/~rfc/vpfit.html.

(see a detailed explanation in Appendix A). For Cri1, we were
able to estimate the column density with Crit 12056 and Cru
A2066.

3.1.1. Systematic Errors in the Fitting of Si, Mn,
and Zn for the GRB Host

The estimate of the column density of Si is unreliable because
it is estimated using two lines, where one of them is saturated
(Si A1526) and the other is affected by a sky-line (Si1t A1808).
We therefore only report a lower limit on the column density
based on Sim A1808. The estimated column density of Zn is
also uncertain, since the blue component of the Znu 12062
transition is blended with CruA2062.% Visually, the model
fit of Mnu 12606 does not convincingly fit the data (and
x2/dof = 4.55 for this transition, which also indicates a bad
fit), so our measurement of the Mn column density is unreliable.

In the last column of Table 1, these caveats are summarized.
Since the derived column densities of Si, Mn, and Zn are
unreliable, we will not draw any conclusions based on them.

3.2. Fine-structure Lines

At z = 5.0 we detect lines that arise from the following
fine-structure and metastable levels: C 11 2P3O/2 (**),01°3 Py ("),
Sin 2P§/2 (*), Fett °Dy2, ®Ds ), ®Dy 2, *Fop, *Fs)2, * D7),
4D5/2, 4D3/2), and Nin 4F9/2. To date, this is the highest redshift
at which lines of these excited states of Felr and Nim have
been detected. Lines from these excited levels are expected
in GRB host galaxies and often detected at lower redshifts,
but due to their relative weakness, the S/N required to detect
them is often not reached at high redshift. Lines from Fe1
5D /2 and ‘R /2 are not clearly detected due to their unfortunate
placing either outside atmospheric windows or because they
are severely affected by telluric lines. The Gemini/GMOS and
X-shooter data together cover a time span from 5 to 40 hr after
the burst (observer frame), making the data set suited to look
for variability in lines from excited levels. Line variability is
expected, because the fine-structure and metastable levels are
populated through indirect UV-pumping by the GRB afterglow
(Prochaska et al. 2006; Vreeswijk et al. 2007). The lines from

25 In our estimate, we assumed that log N /cm~? for the blue component of Zn
is 0.1 dex lower than for the red component, since this is what we see for Ni1
A1370.
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Figure 2. Fitted absorption lines from the host galaxy at z = 5.0. The black line is the spectrum, the blue line is the fitting model, and the dotted line is the error
spectrum. The centers of the absorption line components are marked with dashed vertical lines.

(A color version of this figure is available in the online journal.)

Table 1
The Abundance Pattern of the Transitions (Including Excited Levels) in the GRB 111008A Host Galaxy and for the Intervening Absorber
Element log N(X)/cm™2 [X/H] Lines Used in Fit Note
GRB host
H 22.30 £ 0.06 e Ly, LyS
Si >15.86 (20) > —1.96 (20) SimrA1808, Sim A1526 Lines are saturated
S 15.71 £0.09 —1.70+£0.10 S A1253
Cr 14.17 £0.09 —1.76 £0.11 Crir 22056, Cru 22062, Cru 12066
Mn 13.72 £ 0.08 —2.01 £0.10 Mn 11 A2606 Fit is not convincing
Fe 16.05 £+ 0.05 —1.74 £0.08 Ferr 11608, FemA1611
Ni 14.89 £0.18 —1.64+0.19 Nim 21370
Zn 13.28 £0.21 —1.58 £0.21 Zn1 22062 Blended with Cru 22062
7 = 4.6 system
H 21.34£0.10 Lyo
Si >14.91 (20) >—-2.15 (20) SitA1526 Lines are saturated
Fe 15.23 £0.15 —1.61+0.17 Ferr 11608, Fer 21611
Ni 14.23 £0.08 —1.33+0.12 Nim 21370, Nint 21741

Notes. Lower limits are at a 20 level. Abundances from the solar photosphere from Asplund et al. (2009) were used as reference.

excited states and their corresponding ground states that fall
in the spectral region covered by both GMOS and X-shooter
are all likely saturated; therefore, we compare their rest-frame
equivalent width (EW .); see Table 2. The values of EW . for
the lines and line blends (including both resonance and excited
states) at the top of Table 2 are constant in time within 20, except
Si* A1309. However, the temporal variation of this line does
not match that of the stronger Si* A1264 lines, which it should
follow. One possible explanation for this is that the uncertainty
on Si1r* 11309 is probably underestimated, especially in the last
epoch.

The lines from the excited states of Fe 11 and Ni 11, which are
not covered by GMOS, are weaker (and not saturated) and can
be fitted with Voigt profiles in the X-shooter spectra. We couple

z and b and fit one component to the lines of these levels in
the first X-shooter epoch. The redshift is consistent with the red
component of the resonance lines. With the obtained z and b
kept fixed, this fit is repeated on the second X-shooter epoch,
though none of the lines are clearly detected. Therefore, we
report 20 upper limits on the population of these excited states
(see Table 2). Here again we see no evidence for time variation
for an individual excited state. We note that the upper limits on
the derived column densities are larger in the second X-shooter
epoch compared to the first X-shooter epoch, since the S/N is
lower in the second epoch.

From the measurements on the first X-shooter spectrum
we conclude that the column density of the metastable level
Fe 1 *Fy), is, despite its higher energy, as high as that of the first
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Table 2
Measurements of Lines from Fine-structure and Metastable States at the Host-galaxy Redshift (z = 5.0) in Three Different Epochs
Time of Mid Exposure? 6.27 10.15 34.82
(hr) GMOS X-shooter 2011 November 9 X-shooter 2011 November 10
Ton Line (Blend) EW.est (A) of Saturated Lines and Blends
Cu+Cu* A1334 + 11335 2.05+0.33 1.94 +0.04 1.77+£0.12
O1 21302 1.02 £0.02 1.05 £ 0.03 0.93 £0.05
or+* 11306 0.62+0.17 0.36 +£0.03 0.42 +0.07
Su+Sin A1259 + 11260 1.58 £0.03 1.64 +£0.03 1.79+0.14
Sim* 11264 + 11265 1.15+0.03 1.05 4+ 0.03 1.124+0.10
Sim* A1309 0.37 +£0.03 0.40 £ 0.02 0.14 £ 0.05
Ton Level Column Densities log N(X)/cm~2 from Line Fits
Felr 6Dyg,> (ground) b 15.72 4 0.08¢ <16.14
D72 b 14.63 £0.06 <14.74
D5, b 14.53 +0.07 <14.80
5Dy b 13.71 £0.11
4Fy b 14.66 £0.12
4Fsp b 14.09 £0.24
4D7) b 13.66 £ 0.05 <13.68
4Ds)n b 13.34 £0.08 <13.91
4D3)n b 12.95+£0.12 <14.01
Nin D5, (ground) 14.62 £0.77 14.34 £ 0.05 14.33 £0.20
4Fy b 14.73£0.26

Notes. The limits are at a 20 confidence level.

2 Time since burst. Not taking into account that we use an average spectrum weighted by the S/N of a fading source.

b All lines are outside the spectral range of GMOS.

¢ This is only the red component, which coincides with the position of the fine-structure lines.

excited state Fe 11 ® D7/, and that of all other, lower energy Fe 11
fine-structure states. Furthermore, Ni1  Fy 5 is more populated
than the Ni1r ground state. This situation is typically the result
of population by indirect radiative pumping. The Niu 4F9/2
population is expected to peak much later than the Fe fine-
structure states (after ~2—10 hr post-burst in the rest frame,
depending on light curve shape; see also Hartoog et al. 2013),
which is consistent with our time of observations. Although a
detailed model of the excitation has not been carried out in this
paper, and despite the fact that we do not have evidence for
variability in individual lines, our observations are consistent
with the UV-pumping scenario, which confirms the z = 5.0
DLA as the host galaxy.

4. DETERMINING THE DUST EXTINCTION

We retrieved the X-ray spectrum of the afterglow of GRB
111008A from the Swift/XRT repository (Evans et al. 2007,
2009) and fit it together with the GROND broadband photometry
in a standard manner (see, e.g., Kriihler et al. 2013, for details).
The fit is shown in Figure 3. We use synchrotron emission
models, reddened by extinction laws from the Local Group (Pei
1992), and fit them to the available data. The absorption of soft
X-rays is modeled with two absorbers at solar metallicity, one
in the Galaxy (Kalberla et al. 2005; see also Willingale et al.
2013) and the other at the GRB redshift. The fit is performed
with data at a mean photon arrival time of 35 ks after the trigger.
AB magnitudes of the afterglow at this epoch in the different
filters are g’ > 25.5mag, r' = 23.11 £ 0.07mag, i’ =21.33 £
0.05mag, 77 = 20.37 + 0.05mag, J = 19.91 £+ 0.06 mag,
H = 19.72 £ 0.06 mag, K; = 19.62 + 0.10 mag. We note
that the g'r’'i’ band data are not part of the fit, because they
are located blueward of the Lya transition. For the 7’ filter,
the strong absorption lines from the GRB-DLA and strong
intervening system reduce the observed flux significantly. We

Observed wavelength (nm)
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Figure 3. NIR-to-X-ray SED and model for the afterglow of GRB 111008A
at an observed time of 35 ks after the GRB trigger. GROND photometry and
the g’ band upper limit are shown in larger black circles and a gray downward
triangle, respectively. Swift/XRT X-ray data are plotted in smaller black dots.
The best-fit model including gas and dust absorption is shown with solid lines,
while the dashed line illustrates the underlying synchrotron emission. X-ray
data have been binned to yield an S/N of at least eight to enhance clarity. The
g'r'i’ band photometry is not fitted, because these filters are located or extend
blueward of the Ly« transition.

use the X-shooter spectrum to estimate their effect on the z'-
band measurement and find that the continuum emission is
approximately 7% =+ 1% above what is measured with GROND.
This correction factor is applied in the following. The effect on
the JHK; magnitudes is <4%.

The data are well fitted (x> = 1.6 in the optical/NIR, and
Cash-statistic = 385 in the X-ray energy range, for a total of
362 dof) with a broken power law with a low-energy spectral
index B; = 0.46 £ 0.06 and a small amount of reddening in an
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SMC-like (Small Magellanic Cloud) extinction law (Ep_y =
0.037 £ 0.012mag, corresponding to a visual extinction of
Ay = 0.11 £ 0.04 mag). The high-energy spectral index S,
is tied to B, through 8, = B; + 0.5 as expected for synchrotron
emission (predicted by Sari et al. 1998, and observed by Greiner
et al. 2011, Zafar et al. 2011, and Covino et al. 2013), and
the best-fit soft X-ray absorption at z = 5.0 corresponds
to N(H)x = (1.84+0.4) x 102 cm~2. Because of the small
amount of reddening, an LMC (Large Magellanic Cloud) dust
model provides a reasonable description of the optical/NIR
data as well (x> = 3.8) and yields similar values for all
parameters within the errors. A fit with a Milky Way dust model
is significantly worse (x> = 9.4) because of the lack of 22175 A
dust feature in our data.

5. THE INTERVENING SYSTEM AT z = 4.6

In the line of sight toward the afterglow of GRB 111008A an
additional DLA system is detected at z = 4.6, with a neutral
hydrogen column density of log N(H1)/cm™? = 21.34 £ 0.10
(Figure 1). A number of strong metal absorption lines are
detected from this system, including C1v, Mgi, Mg, SiI,
Si1v, Fen, and Nin1. We note that the EW ., of Si1t L1526 is
the second highest ever detected for a DLA at z > 4 (EW,¢ =
2.3040.02 A), indicating a relatively high metallicity for this
redshift (Prochaska et al. 2008; Rafelski et al. 2012).

The low- and high-ionization lines show multiple compo-
nents. Due to their saturation, we do not include the Si1v and
C1v lines in our analysis. The absorption lines from singly ion-
ized species are fitted with Voigt profiles, in which we assume
that the different ions have the same velocity structure, i.e.,
equal z and b parameters per velocity component. In Figure 4,
we show the best fit for the most constraining absorption lines,
which needs five components for the strongest lines. In the Voigt
profile fitting we have included more lines than shown in the
figure, most of which are visually absent, but we have avoided
regions with strong telluric contamination. Including both strong
and weak lines, predominantly of Fe 11, helps to constrain the b
parameters. For the different absorption components the Voigt
profile fitting results in the following b parameters (z values):
5.0 £27.7 km s~! (4.60337 & 0.00009), 36.4 £ 2.8 km s~!
(4.60611 4 0.00004), 41.8 2.9 km s~ (4.60848 4 0.00003),
45.2+2.3kms~! (4.61110 £ 0.00003), and 10.7 2.0 km s~ !
(4.61337 £ 0.00002). Outside this section we will refer to the
redshift of the intervening absorber as z = 4.6.

The total column densities of Sim, Femn, and Nin can
be constrained and are summarized in Table 1. The column
densities of Fe 11 and Ni 11 are robust because they are determined
from optically thin lines. The fit for Si1r is mainly determined
by the saturated Si11 A1526 transition, as Si1t 1808 is in a low
S/N region, so we conservatively report a 20 lower limit of
log N (Sim) /ecm™2 > 14.91 based on the equivalent width of
this line.

The conservative lower limit on the metallicity based on the
equivalent width of Si1t L1526 is 1% solar. The value of [Ni/H]
indicates a metallicity of 3%—6% solar, and [Fe/H] corresponds
to 2%—4% solar. For QSO and GRB DLAs at these metallicities
(e.g., Dessauges-Zavadsky et al. 2006; Prochaska et al. 2007b;
Savaglio et al. 2003) these elements (especially Ni and Fe)
are often depleted onto dust grains, which implies that the true
metallicity might be (much) higher. Generally, the ratio [Zn/Fe],
if available, is used to correct for dust depletion, since Zn is
expected to be mainly in the gas phase even if a lot of dust is
present. Unfortunately, for this intervening absorber we could
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not reliably constrain the column density of Zn, since Zn1
22026 is coincident with a skyline, and Zn 11 12062 is blended
with Crir 22062.

6. SEARCHING FOR EMISSION FROM THE HOST AND
FROM THE INTERVENING ABSORBER

On the night of 2013 August 1-2, we obtained deep imaging
of the field of GRB 111008A using the ESO/VLT and FORS2
(Appenzeller et al. 1998) to search for the counterparts of the
host and for the intervening DLA in emission (as it has been done
for, e.g., GRB 070721B; see Schulze et al. 2012). Our FORS2
observations consisted of 31 dithered exposures of 3 minutes of
integration time each in the zgyn,-band filter, which is centered
around 9100 A. The data were processed and calibrated in a
similar way to the GROND imaging data (see Section 2.3). The
stacked FORS2 image has an FWHM of the stellar point-spread
function of 079 and reaches a 20 depth of a z-band magnitude
of 26 magag.

We do not detect emission centered at the position of the
optical transient, and we set an upper limit of z > 25.6 magap
for the brightness of the GRB host galaxy by measuring the
flux at the GRB position in an aperture of size of one FWHM.
Especially at the highest redshifts, GRB hosts are faint (Hjorth
etal. 2012; Tanvir et al. 2012), and the lack of a clear counterpart
to the GRB-DLA in our imaging is thus not particularly
surprising.

We detect significant emission centered at a projected distance
of 0765 £ 0715 to the optical counterpart with an AB magnitude
of z = 25.4 £ 0.3. We consider this a more likely candidate for
the counterpart of the intervening DLA at z = 4.6 than for the
z = 5.0 host system. Also, finding an unrelated galaxy at these
flux levels is not unlikely. The probability (estimated following
Bloom et al. 2002) of finding a random field galaxy with
Z < 25.4 mag at this distance to the GRB is approximately 3%.
An association between the detected source and the DLA could
be supported or rejected from further imaging, for example.
At z = 4.6, a galaxy is expected to show a strong Lyo break
between the » and the i band and no flux transmitted below
5100 A.

If associated with the DLA at z = 4.6, the FORS2
z-band measurement yields an absolute magnitude of Myy =
—20.9 + 0.3 mag at a rest-frame wavelength of ~1600 A, typical
of the brightest Lyman break galaxies at this redshift. Compared
to the galaxy luminosity function, this magnitude corresponds
to =L, (Bouwens et al. 2007). The measured spatial offset be-
tween GRB line of sight and galaxy center would be 4 + 1 kpc
atz = 4.6.

Since the absorber has a high metallicity and a high velocity
width, the chances are that this absorber is part of a massive
galaxy (Wolfe et al. 2008). This would agree with the detection
of this bright Lyman break galaxy.

7. DUST-TO-METALS RATIO

The study of the dust-to-metals ratio (DTM) as a function
of metallicity holds the potential to probe the dust formation
mechanism. If dust is primarily produced by SNe, the DTM is
expected to be independent of metallicity (Morgan & Edmunds
2003). If dust grains grow in the ISM, a decline of the DTM is
expected at low metallicities (Draine 2009; Mattsson et al. 2012;
Herrera-Camus et al. 2012). The host galaxy of GRB 111008A
is characterized by a variety of metal absorption lines, and the
afterglow SED is well calibrated. Thus, in this line of sight we
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Figure 4. Most constraining metal lines from the intervening absorber at z = 4.6. The solid profiles are resulting Voigt-profile fits with five absorption components
(the dashed vertical lines show the velocity of the absorption components). The dotted line shows the error spectrum.

(A color version of this figure is available in the online journal.)

have the opportunity to examine the question of the DTM of the

GRB host galaxy through dust extinction along the line of sight.
For a system with a given extinction and metallicity we can

calculate the DTM relative to the Local Group value as

1 Ay
X )
DTM;g Ny, x 10M/H1

where DTM; g = 102! mag cm? is the DTM in the Local
Group (Watson 2011). Recently, Zafar & Watson (2013), using
different classes of objects, found that DTM is independent of
galaxy type or age, redshift, or metallicity and is very close to
the value in the Local Group.

The measured extinction along the sight line of GRB
111008A is affected by the host galaxy, as well as the intervening
absorber. Assuming that all the extinction is from the host galaxy
and that the host galaxy has a metallicity of [M/H] = [S/H],
we find that the host galaxy has

DTM = 0.57 & 0.26. 2)

DTM =

ey

We calculated the mean and the error of the DTM in a
Monte Carlo fashion, where 50,000 values for Ay, log Ny,

and [M/H] are drawn from normal distributions with Ay =
0.11 £ 0.04 mag, log Ny/cm™2 = 22.30 £ 0.06, and [M/H] =
—1.70 £ 0.10. For each triplet of sampled values a DTM is
calculated, and finally the mean and the standard deviation of
the 50,000 DTM values are computed.

In Figure 5 we plot the DTM versus the metallicity for
the GRB 111008A host with GRB-DLAs, QSO-DLAs, nearby
lensed galaxies, and with the value found in the Local Group
(see Zafar & Watson 2013 and Chen et al. 2013 for details).
Given the uncertainty in Ay, the host has a DTM that —within a
lo error bar—is consistent with the DTM observed in the Local
Group. Our data are also consistent with the scenario where the
host has a much lower DTM than the Local Group, especially
if part of the extinction along the line of sight is due to the
intervening absorber at z = 4.6.

8. DISCUSSION
8.1. The GRB Host Galaxy

The abundance analysis shows that the GRB host absorber is
a relatively low metallicity system (about 2% solar metallicity)
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Figure 5. Dust-to-metals ratio vs. metallicity. The dashed line shows the Local
Group value, and the dotted lines indicate the scatter in the Local Group. The
host of GRB 111008A, which is shown as a black triangle, has a dust-to-metals
ratio that is consistent with being equal to or lower than the value in the Local
Group. The other data points are from Zafar & Watson (2013) and Chen et al.
(2013).

(A color version of this figure is available in the online journal.)
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Figure 6. Absorption-line-based metallicities [M/H] as a function of redshift
for GRB-DLAs (filled symbols) and QSO-DLAs (open symbols). The figure is
adapted from Rafelski et al. (2012), with added GRB-DLAs from the following
references: Savaglio et al. (2003), Vreeswijk et al. (2004), Fiore et al. (2005),
Kawai et al. (2006), Watson et al. (2006), Berger et al. (2006), Prochaska et al.
(2007a), Price et al. (2007), Chary et al. (2007), Thone et al. (2008), Prochaska
et al. (2009), D’ Avanzo et al. (2010), D’Elia et al. (2010), Schady et al. (2011),
De Cia et al. (2011), D’Elia et al. (2012), Thone et al. (2013), Kriihler et al.
(2013), Chornock et al. (2013), and D’Elia et al. (2014). (For the measurement
of the metallicity of GRB 130606A from Chornock et al. 2013, the lower limit
is based on Si and the upper limit is based on S. We have indicated this by the
colors of the error bar belonging to this data point.) Following Rafelski et al.
(2012), we apply [M/H] = [Fe/H]+0.3 in cases where the metal is iron, and no
less refractory element abundance is measured (this correction is also applied
to the intervening absorber in the GRB 111008A sight line).

(A color version of this figure is available in the online journal.)

compared to the other GRB-DLAs at z > 4.5 (GRB 100219A
and GRB 050904); see Figure 6. The relative abundances are
close to solar, as shown in Table 1, but we are unable to address
whether the metals are depleted onto dust grains, since we have
no reliable measurement of [Zn/Fe] (typically decreasing with
metallicity in both QSO- and GRB-DLAs; Wolfe et al. 2005;
Savaglio et al. 2003; Dessauges-Zavadsky et al. 2006; Prochaska
etal. 2007b; Noterdaeme et al. 2008; Rafelski et al. 2012), which
is normally used to determine the amount of dust depletion.

In Figure 7, the two high-z GRBs 100219A and 111008A
(i.e., the only two GRBs with z > 4.7 and measured metallicities
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Figure 7. Figure compares the metallicity of the two high-redshift GRBs
100219A and 111008A with the 17 QSO-DLAs at 3.64 < z < 5.08 from
Rafelski et al. (2014). The two GRB-DLAs are clearly in the upper part of
the metallicity distribution of QSO-DLAs, a trend that is also present at lower
redshift.

with errors smaller than 0.5 dex) are compared to the recently
measured QSO-DLA metallicities (from Rafelski et al. 2014)
at similar redshifts. The GRB metallicities fall within the range
spanned by QSO-DLAs, but typically in the upper end of the
distribution. This trend is also present at lower redshift (Fynbo
et al. 2008). This phenomenon can be explained by the fact that
GRB afterglows generally probe the star-forming “hearts” of
galaxies, while QSO-DLAs have a higher chance to probe the
(less metal-rich) outskirts of galaxies (see, e.g., Prochaska et al.
2007b; Lemasle et al. 2013). It is remarkable, however, that
the metallicity of GRB-DLAs does not seem to be as redshift
dependent as the metallicity of QSO-DLAs. At lower redshifts
the H1 column density of GRB absorbers is much larger than
that of QSO-DLAs.

Concerning «-element overabundance, Rafelski et al. (2012)
argue that the a-to-iron-group abundance ratios in QSO-DLAs
are consistent with those of halo stars in the Milky Way.
Unfortunately, with the lack of a reliably determined column
density of zinc, we cannot distinguish the scenario where dust
depletion and «-element overabundance both are present from
the scenario where o-element overabundance and dust depletion
both are absent.

The afterglow spectrum of the high-redshift GRB 100219A
(z = 4.7) studied by Thone et al. (2013) reveals a substantially
higher metallicity of [M/H] = —1.0£0.1 and evidence for
either depletion on dust grains or a strong «-element overabun-
dance ([S/Fe] = 0.8). The GRB 100219A absorber is also sub-
stantially more complex with five velocity components spread
over 160 km s~!, whereas we only require two components sep-
arated by 70 km s~! to fit the metal lines from the GRB 111008A
absorber. Higher velocity widths for GRB 100219A compared
to GRB 111008A are also expected due to the relation between
velocity width and metallicity (Ledoux et al. 2006; Neeleman
et al. 2013).

The study by Rafelski et al. (2014) measures metallicities
of 17 QSO-DLAs with z = 3.64-5.08. They show that the
metallicity of QSO-DLAs decreases rapidly at z > 4.7, likely
because the state of the gas in the outer part of DLA galaxies
changes at this redshift. It is unknown whether GRB-DLAs
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(A color version of this figure is available in the online journal.)

exhibit the same trend. So far the only GRB-DLAs with a well-
determined metallicity at z > 4.7 are GRB 111008A and GRB
100219A. Since GRB-DLA sight lines have a different origin
than QSO-DLA:s, it is not evident whether or not a similar
decline in the metallicity of GRB-DLAS is present.

8.2. The Intervening DLA

The z = 4.6 intervening DLA absorber has a high neutral
hydrogen column density, which is consistent with being among
the highest column densities of the 18 QSO-DLAs observed
at similar high redshifts by Rafelski et al. (2014). A high
metallicity is also indicated by the large equivalent width of
Sin A1526. This suggests that this is not a typical intervening
system likely associated with the outer regions of the absorber
(Prochaska et al. 2007b). It is possible that the line of sight
toward the GRB crossed inner parts of the foreground absorber,
thus showing higher column densities and metallicity. Further
observations can potentially reveal the nature of the intervening
absorber.

9. SUMMARY

With spectroscopy of the GRB 111008A afterglow, we have a
rare chance of studying the properties of a sight line originating
in a star-forming region of a z = 5.0 galaxy. By analyzing
absorption lines from the ISM of the GRB’s host galaxy,
a metallicity of [S/H] = —1.70 £ 0.10 is measured, and
from fitting the SED the dust extinction is determined to be
Ay = 0.11 £ 0.04 mag. The DTM is equal to or lower than
what is observed in the Local Group. Determination of the
DTM of such high-redshift environments is important, since
it can potentially constrain dust production mechanisms.

GRB 111008A offers two noteworthy features: it is the
highest-redshift GRB host galaxy with such a precise metallicity
measurement, and it is also the first time fine-structure lines
from Fe 11 have been observed at such a high redshift. This is
special because the S/N required to detect the relatively weak
fine-structure lines is often not reached at high redshift. Their
presence unambiguously confirms the absorption system as the
GRB’s host galaxy.

In the sight line toward the GRB is also a DLA at z = 4.6.
The metallicity of this system is constrained by [Si/H] > —2.15

at a 20 limit, [Fe/H] = —1.61 £0.17 and [Ni/H] = —1.33 £
0.12. The role of dust depletion is unclear. With photometric
observations of the field surrounding the GRB’s position per-
formed roughly two years after explosion, we detect emission
from a source, which could be the intervening system. The off-
set between the detected source and the GRB sight line would
be 4 + 1 kpc at the redshift of the intervening DLA. Deeper
observations could potentially reveal whether or not this source
is related to the intervening DLA at z = 4.6.
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APPENDIX A

THE ISSUE OF SATURATION FOR THE
S1 21253 TRANSITION

In Section 3.1, it is mentioned that the S11 A1253 transition
is mildly saturated. To clearly address the issue of saturation
for this transition, we developed a multi-component line fitting
code, where the Monte Carlo Markov Chain (MCMC) package,
Emcee (Foreman-Mackey et al. 2013), is used as the fitting
method. Such MCMC algorithms are ideal for cases with
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Figure 9. VIS spectrum. The yellow circles mark telluric features, the brown marks show absorption lines from the GRB host galaxy, and the blue marks show
absorption features from the intervening system at z = 4.6. The spectrum is shown in black and the error spectrum is shown in gray.

(A color version of this figure is available in the online journal.)

degenerate models. A fit is performed for Niun A1370 and
Su A1253. In the MCMC run we use a flat prior with 8 <
b(kms~') < 40 and 12 < log N/cm™2 < 19 for both S and Ni.
Again, we use two absorption components for each transition,
and the b and z values are linked between Nint A1370 and S 1t
A1253. We sample 96,000 points from the likelihood function
after a burn-in of 32,000 points (to ensure convergence of the
chain).

In Figure 8, the lo, 20, and 30 contours are shown for
the b and N values, as well as contours of constant equivalent
width. For Nint 21370 the column density is well constrained
for both components.? For S 11 11253, the blue component has

26 Note that here the contribution from fine-structure lines is not included in
the column density of nickel (unlike in Table 1, where it is included).

10

a well-constrained column density, whereas the red component
is saturated (the column density can vary by four orders of
magnitude within the 20" confidence interval).

For Nin A1370, the difference in log N for the two compo-
nents is relatively small (for the blue component log N /cm™2 is
only 0.1 dex lower than for the red component). Assuming the
same difference in log N /cm ™2 for the two components of S 11
11253, we derive log N /cm™2 = 15.79 4 0.08, which is clearly
consistent with the value reported in Table 1. Thus, the column
density of S11 can be reliably determined even though one of
the components is saturated.

Finally, we note that the blue component has a larger b value
than the red component in the model in the present section.
This is contradicting the results from Section 3.1, where the
red component has a larger b value than the blue component.
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Figure 10. Same as Figure 9, but for the NIR spectrum.

(A color version of this figure is available in the online journal.)

The explanation is that more absorption lines are included in
the model in Section 3.1. If we remove all other absorption
components than S11 and Ni1 from the model in Section 3.1,
we get b = 22.8 4.0 km s~! for the blue component and
b = 15.6+4.3 km s~! for the red component, which is
consistent with the b values from the present section. In all
cases (i.e., in the MCMC model and in the two VPFIT models)
we obtain column densities that are consistent with each other,
so this is not an important caveat.

A.l. The Effect of a Third Absorption Component

An assumption in the above derivation of the sulfur column
density is that there are only two absorption components. We
will now discuss how a third hidden component would affect
the derived column density of sulfur. The red component of S 11

11

11253 is mildly saturated, and it would therefore be possible to
add a narrow line with the same redshift as the red component
without affecting the way the spectrum looks. We could, for
example, add an extra component with b = 10 km s~! and
log N /cm™2 16.3 without affecting the spectrum, if the
component has a redshift coinciding with the red component.

The blue component is not saturated, so here it is not
possible to add such a component without heavily modifying the
spectrum. The situation is therefore the same as in Figure 8; the
blue component is reliably determined, and the red component is
uncertain because it is saturated, so we can only derive the total
column density under the assumption that the ratio between the
column density of the blue and the red component is the same
as for nickel. Our conclusion is that the probability that large
column densities are present in a hidden saturated component
is low.
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APPENDIX B
THE X-SHOOTER SPECTRUM

Figures 9 and 10 show absorption lines in the normalized
X-shooter spectrum for the VIS and NIR arms.
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