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Gamma-ray bursts (GRBs)

• Luminous explosion from the distant Universe
u Average redshift ~2, highest observed z~9.4
u Observable out to ~130 Gyr (redshift ~10)

• Gamma-ray prompt emission 
u a few — 100’s seconds

• followed by wideband afterglows
u radio–IR–optical–X-ray
u Days—100’s of days
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30-400 
keV

(Vanderspek, 2004)

Stanek et al. (2003)



Associated with death of massive stars

• “Collapsar” – relativistic jet launched at core 
collapse of a massive star

• Occur exclusively in star forming galaxies
• Supernova spectral component seen in GRB030329

3

• GRB rate
u Measure of star formation rate
u Cosmic chemical evolution

• Single star can produce large 
luminosity

u First star

• Illuminate the host galaxy from 
inside

u Probe the environment



2018/11/28 5

Fireball scenario of GRBs

Piran 2003

Paczynski, Meszaros, Rees, Sari, Piran, …
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Fruchter et al. 2006

• GRBs are concentrated  in the very brightest 
regions
(cf. core-collapse SNe follow the star lights)

• GRB hosts are fainter and more irregular than 
cc SNe hosts

• GRBs are associated with extremely massive 
stars in low metalicity environments
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optical/NIR spectra of highest-z objects

Galaxy
z = 6.96

Quasar
z = 6.4

GRB
z = 6.3

• Lyman alpha emitter

• can be found with 

systematic  wide-field 

narrow band survey + 

spectroscopy

• little information in 

spectra (e.g. metal?)

• luminosity selected

• very rare: only 10 at 

z>6 in SDSS

• steadily bright

• complicated spectra: 

difficult to  interpret

• proximity effect

• luminosity-selected

• rare: ~<5% at z>6 ?

• bright at early phase

• simple intrinsic 

spectra: 

abundant information

• no proximity effect

• sampling normal star-

forming glaxy



GRB 050904
Gamma-Ray Burst at a high redshift



galaxy ISM

Molecular 
Cloud

H II 
Region

GRB Environment
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WR Wind
Shell

IGM
SN ejecta
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Gamma-ray prompt emission
long: cosmological time 
dilation

GRB 050904

Long GRB (duration T90 = 225 s) 
detected by Swift on 4 September 
2005, 01:51:44 UT,

Cusumano et al. 2006

X-ray afterglow:
Bright and flaring

Haislip et al. 2006
Bright in infrared, but dark in the optical band

J=17.4                       R> 20.1
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Subaru Images (t0+3 days)

•z’(AB) = 23.71� 0.14 mag, 
•No detection in Ic band.
•à Ly break at 8500–9000 A� .

750-850 nm 850-950 nm
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Lya break

SII

SiII*

OI CII

SiII

z » 6.3z = 6.295&0.002

GRB 050904 at t=3.4 d

Subaru FOCAS 4.0 hrs,  l/Dl»1000
Kawai et al. (2006)
Totani et al. (2006)

[S/H]=-1.3

Log NHI=21.6

xHI>10-3

l �� !���������$�
�� ����������	�$�

l ����������������!��!��
lAbundance S/H: 1/20 solar
lChemical composition of the earliet Universe

l ���#�� ������ !��"��$�����%��
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Cosmic Chemical Evolution
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QSO-DLAs

Updated version from
Savaglio, Glazebrook & Le Borgne (2009)

Cosmic chemical evolution from GRBs

GRB-DLAs

GRB hosts
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Fynbo et al. 2006
Prochaska et al. 2003
Sollerman et al. 2005
Savaglio, et al. 2009

GRB 050904
NK+ 2006

• Metallicity higher than quasar DLA
• Weak dependence on redshift
• Definite cases of high / low metallicities
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DLA in GRB and Quasar
GRB

Quasar
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GRB 050904 Host galaxy

> 26.4 AB mag (3s)
M1260 > -20.4 mag à L<L*
SFR < 7.5 Msun/yr

i’-band (24 ks) NB921 (56.7 ks)

Aoki et al. 2006

26.6 AB mag

28 kpc

Dec 27 ’05--Jan 01 ’06
(t0+115~119d)

blueward of Lyman break redward of Lyman break
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GRB 050904 Host galaxy

M2200 > -20.3 mag à L≤L*
SFR < 5.7 Msun/yrBerger et al. 2007

extinction estimates agree with the significant dust depletion in-
ferred from the afterglow absorption spectrum (Kawai et al. 2006).

At the redshift of the host the observed 3.6 !m band roughly
traces the rest-frame optical B band, leading to an extinction-
corrected absolute magnitude, MAB(B) k !21 mag. The rest-
frame UV brightness, traced by the observed F160W band, is
MAB(2200) k !20:3 mag, or MAB(1400) k !20:7 mag if we
use the F850LP limit. These values correspond to a luminosity,
LPL", compared to the luminosity function of z # 6 candidates
in the HUDF (based on photometric redshifts alone; Bouwens &
Illingworth 2006); see Figure 3.

We place a limit on the host star formation rate (SFR) us-
ing L"(2200)P1:7 ; 1028 ergs s!1 Hz!1 and the conversion re-
lation of Kennicutt (1998). This leads to a limit of SFRP
2:4 M$ yr!1, orP5.7M$ yr!1 when accounting for rest-frame
extinction (Fig. 3). These values are in agreement with the
limit ofP0.8M$ yr!1 inferred from the lack of detectable Ly#
emission in the absorption spectrum of GRB 050904 (Totani

et al. 2006), although we stress that the latter value has not been
corrected for extinction (by about a factor of 4) and is also
subject to significant corrections from scattering of the Ly#
photons by neutral gas.

Combining the HST and Spitzer limits, we provide a rough
constraint on the stellar mass of the host galaxy. Adopting as a
template the z ¼ 6:56 galaxy HCM 6A, withM ¼ 8:4 ; 108 M$
and a stellar population age of 5Myr (Chary et al. 2005), we find
a rough limit of Pfew ; 109 M$, similar to that of the Large
Magellanic Cloud.

5. DISCUSSION

GRB 050904 is by far the highest redshift spectroscopically
confirmed burst observed to date. Equally important, its host
galaxy is so far the only z > 5 galaxy for which an estimate of
the metallicity is available. Given the relatively small number of
spectroscopically confirmed galaxies at z > 5:5, it is instructive
to compare the properties of a GRB-selected galaxy to those se-
lected through narrowband Ly# imaging or the Lyman drop-out
technique. In Figure 3 we compare some of the basic properties,
which are available for the latter samples, namely the rest-frame
absolute magnitudes and UV/Ly# star formation rates. We find
that in the published sample, only 14 galaxies are located at a
higher redshift than the host of GRB 050904.Moreover, the host
has lower UV luminosity and star formation rate than about 80%
of all the known galaxies at z > 5:5, when accounting for ex-
tinction. If we do not include extinction corrections (which are
not available for the field galaxies), then the host of GRB 050904
has the lowest star formation rate of any z > 6 galaxy discovered
to date.

We now turn to a comparison of the metallicity and luminosity
of the host of GRB 050904 to those of lower redshift galaxies
in the context of the L-Z relation. First, we provide a note of cau-
tion that we are comparing a metallicity derived from absorption
lines (in this case [S/H], since sulfur is a nonrefractory element)
to the oxygen abundance derived from emission lines using the

Fig. 3.—Inferred properties of the host of GRB 050904 compared to the
published sample of spectroscopically confirmed galaxies at z > 5:5 (Hu et al.
1999, 2002, 2004; Bunker et al. 2003; Cuby et al. 2003; Kodaira et al. 2003;
Rhoads et al. 2003, 2004; Dickinson et al. 2004; Kurk et al. 2004; Nagao et al.
2004, 2005; Stanway et al. 2004; Chary et al. 2005; Eyles et al. 2005; Stern et al.
2005; Stiavelli et al. 2005; Taniguchi et al. 2005; Westra et al. 2005). Open and
filled black triangles designate raw and extinction-corrected limits, respectively,
for the host galaxy. Both detections (circles) and upper limits (triangles) are
shown for the distributions of redshifts, absolute rest-frame UVmagnitudes, and
star formation rates. The dashed line in the middle panel designates anM " galaxy
at z # 6 (Bouwens & Illingworth 2006).

Fig. 4.—Metallicity as a function of luminosity for the host of GRB 050904,
our observedHST/Spitzer limits, and the [S/H] value inferred from the afterglow
absorption spectrum (Kawai et al. 2006). Also shown are emission-line oxygen
abundances for galaxies fromGDDS and CFRS at z # 0:4Y1:0 (circles; Savaglio
et al. 2005), TKRS at z # 0:3Y1:0 (diamonds; Kobulnicky & Kewley 2004), the
DEEP2 survey at z # 1:0Y1:5 (squares; Shapley et al. 2005), and a compilation
of 87 Lyman break galaxies at z # 2:3 (error bars; Erb et al. 2006). The gray lines
represent the relations derived for z # 0:1 galaxies in the SDSS (Tremonti et al.
2004). The host of GRB 050904 lies below the z # 2 relation for any reasonable
luminosity.

AFTERGLOW AND HOST GALAXY OF GRB 050904 105No. 1, 2007

line: z~0.1 (SDSS)
circles: z~0.4-1.0

(CFRS, GDDS)
diamonds: z~0.3-1.0

(TKRS)
squares: z~1.0-1.5 

(DEEP2)
error bars: z~2.3 (LBG) 

z=6.3 
(GRB 050904 host)



High-z GRB Host galaxy

McGuire et al. 2016

3.2. Size Estimation

Curtis-Lake et al. (2016) recently studied a sample of LBGs
from Hubble deep imaging in the z = 4 to z = 8 redshift range
for their rest-frame UV sizes. They quantified galaxy size as the
circularized half-light radius (Rhalf), the radius enclosing half
the galaxies’ total flux (see Section 3.1). Following their
methodology, we determine Rhalf from our CoGs, taking the

interpolated aperture radii that intersect the estimated half-
maximum count rates. Curtis-Lake et al. (2016) used fixed
apertures of radius ´0. 6. We accounted for each field’s point-
spread function (PSF) by fitting a central Gaussian profile to
bright, unsaturated, uncontaminated stars and averaging the
results.
We measured s = ´0. 106PSF for the field of GRB 130606A,

and s = ´0. 127PSF for the fields of GRBs 050904 and
140515A. There is also an additional correction to account
for the wings of the PSF which is estimated using the
simulations of Curtis-Lake et al. (2016). After the total PSF
correction, our half-light radii are determined to be

= -
+

-
+R 0.15 , 0.11 ,half 0.02

0.02
0.03
0.03 and -

+0.12 arcsec0.04
0.05 for GRBs

130606A, 050904, and 140515A, respectively.

3.3. Possible Afterglow Contamination?

Our observations of the field of GRB 140515A were
obtained only 8.5 months after the GRB event, and it is
therefore possible, that our photometry could be contami-
nated by the fading afterglow. A reasonable upper limit to
this contamination can be obtained by taking the flux in a
small ( ´0. 1 radius) aperture at the location of the afterglow,
and assuming this is entirely due to a point source. This leads
to a maximum contamination of »4 nJy. Alternatively,
considering the latest reported infrared photometry,

=m 20.9J H, (Melandri et al. 2015), obtained at »17 hr
post-burst, and a typical late-time power-law decay of
µ -F t 1.5 (see, e.g., Kann et al. 2010; N. R. Tanvir et al.

Figure 1. Observation field cutouts for each GRB (upper panels) with a zoom-in at higher contrast for each detected galaxy (lower panels). GRB afterglow positional
uncertainty at s1 is shown as red circles, while the detected galaxies are encircled with their customized aperture in green (see Section 3.1). The white box surrounding
each galaxy has ´2 sides and is for scaling purposes.

Table 2
Summary of Host Galaxy Properties

Identifier 130606A 050904 140515Aa

( )lm magobs -
+26.34 0.16

0.14
-
+27.56 0.22

0.18
-
+28.30 0.33

0.25

( )lM magrest - -
+20.38 0.16

0.14 - -
+19.26 0.22

0.18 - -
+18.36 0.39

0.29

( )lF nJyobs 105 ± 15 34.3 ± 6.3 15.0 ± 4.5

( )*=L L z1600 6 0.58 0.21 0.10

( )R kpchalf -
+0.88 0.09

0.11
-
+0.64 0.19

0.19
-
+0.68 0.29

0.32

( )P %cc 1.4 1.4 2.3
Offsetb( )´ 0.06 ± 0.02 0.13 ± 0.04 0.21 ± 0.07
Galaxy R.A.c (h, m, s) 16:37:35.14 00:54:50.88 12:24:15.51
Galaxy decl.c (°, ′, ″) +29:47:46.5 +14:05:09.9 +15:06:16.8

Notes. l = 13920 Åobs . lrest for each galaxy is given in Table 1.
a The values for 140515A are corrected for the possible afterglow contamina-
tion (see Section 3.3), with the exception of lm obs.
b Offset is defined as the projected straight line distance between the GRB and
galaxy centroid. Using our adopted cosmology, these correspond to

o o0.35 0.12, 0.74 0.23, and o1.19 0.40 kpc, respectively.
c J2000 coordinates of the detected host galaxies.
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HST WFC3 F140 (~1.4um) 10791s, 13488s, 10791s

mAB = 26.34+0.14-0.16 27.56+0.18-0.22 28.30+0.25-0.33
z = 5.913

GRB 130606A
z = 6.295

GRB 050904
z = 6.327

GRB 140515A
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2016, in preparation), we would expect an afterglow flux
density at the time of observation of ~F 2 nJy. We adopt
this latter figure as the best compromise correction for
afterglow contamination and apply it to our reported
photometric results in Table 2, Section 4.3, and Figures 3–
5. We note that this correction is below the level of the
photometric error, although it does reduce the overall
significance of the detection to s~3.3 .

The other two fields were observed much longer post-GRB,
and indeed the hosts in these cases are brighter, so any
afterglow contamination should be negligible.

3.4. Alternative Photometric Measurements

To verify that the photometric analysis presented here is
robust and the results are independent of the specific procedure
followed, we carried out an independent analysis of the images
using the pipeline developed by the Brightest of Reionizing
Galaxies survey, which searched for high-z galaxies (see
Bradley et al. 2012; Trenti et al. 2012; Schmidt et al. 2014, for

Figure 2. Photometry curves of growth for each host galaxy. Non-PSF- and
aperture-corrected values are shown as (blue) points, along with their (green)
solid cubic spline interpolation curves. Photometric errors are shown as (red)
dashed cubic spline interpolation curves. Half-maximum count rates are shown
as (black) horizontal lines. Note that at larger radii the count rate is affected by
light spilling into the aperture from neighboring sources.

Figure 3. Plot of half-light radius vs. absolute magnitude for our host galaxies
(red squares), compared to the sample of Curtis-Lake et al. (2016) LBGs
at ~z 6.

Figure 4. BPASS SED models redshifted and scaled to the each GRB host
luminosity (see Section 4.3). Our lF obs for GRB 130606A (square), GRB
050904 (circle), and GRB 140515A (diamond) are plotted as reference. JWST’s
NIRSpec sensitivity (dashed cyan) for resolution R = 1000 spectroscopy is also
shown. NIRSpec is modeled to an exposure of 10 s4 , and at a S/N of 3.

5

The Astrophysical Journal, 825:135 (9pp), 2016 July 10 McGuire et al.

half light radius compared with LBGs

2016, in preparation), we would expect an afterglow flux
density at the time of observation of ~F 2 nJy. We adopt
this latter figure as the best compromise correction for
afterglow contamination and apply it to our reported
photometric results in Table 2, Section 4.3, and Figures 3–
5. We note that this correction is below the level of the
photometric error, although it does reduce the overall
significance of the detection to s~3.3 .

The other two fields were observed much longer post-GRB,
and indeed the hosts in these cases are brighter, so any
afterglow contamination should be negligible.

3.4. Alternative Photometric Measurements

To verify that the photometric analysis presented here is
robust and the results are independent of the specific procedure
followed, we carried out an independent analysis of the images
using the pipeline developed by the Brightest of Reionizing
Galaxies survey, which searched for high-z galaxies (see
Bradley et al. 2012; Trenti et al. 2012; Schmidt et al. 2014, for

Figure 2. Photometry curves of growth for each host galaxy. Non-PSF- and
aperture-corrected values are shown as (blue) points, along with their (green)
solid cubic spline interpolation curves. Photometric errors are shown as (red)
dashed cubic spline interpolation curves. Half-maximum count rates are shown
as (black) horizontal lines. Note that at larger radii the count rate is affected by
light spilling into the aperture from neighboring sources.

Figure 3. Plot of half-light radius vs. absolute magnitude for our host galaxies
(red squares), compared to the sample of Curtis-Lake et al. (2016) LBGs
at ~z 6.

Figure 4. BPASS SED models redshifted and scaled to the each GRB host
luminosity (see Section 4.3). Our lF obs for GRB 130606A (square), GRB
050904 (circle), and GRB 140515A (diamond) are plotted as reference. JWST’s
NIRSpec sensitivity (dashed cyan) for resolution R = 1000 spectroscopy is also
shown. NIRSpec is modeled to an exposure of 10 s4 , and at a S/N of 3.
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SED models vs. NIRSpec sensitivity 
(R=1000, S/N=3, 10ks)



GRB 140515A (z=6.327)

Melandri et al. 2015

A&A 581, A86 (2015)
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Fig. 3. Flux-calibrated GTC spectrum: Lyα lines at z = 6.327 are shown in red, while the lines of the intervening system at z = 4.804 are shown in
green. Black lines at the top of the panel mark telluric absorptions, with the thickness of the line indicating the absorption strength. At the bottom
the error spectrum is shown (blue), while the parts of the spectrum where the strength of the sky emission lines is strong enough to leave significant
residuals have been masked with light blue columns. The spectrum has been smoothed with a Gaussian filter.

Table 2. Optical observations.

Tmid Exposure Filter Mag Ref.

[s] [s]

3743.0 841 white >22.14 UVOT
6795.0 393 uvw2 >20.73 UVOT
9203.0 1082 uvm2 >20.90 UVOT
6885.0 1141 uvw1 >21.28 UVOT
6982.0 1437 u >21.35 UVOT
3875.0 549 b >21.13 UVOT
4220.0 568 v >20.27 UVOT
6408.0 480 z′ 20.27 ± 0.11 1

42 877.1 1500 z′ 22.18 ± 0.19 NOT
46 462.8 60 z′ 22.21 ± 0.35 X-Shooter
53 650.4 1500 z′ 22.32 ± 0.19 NOT
59 705.5 1500 z′ 22.35 ± 0.20 NOT
61 200.0 3000 z′ 22.1 ± 0.1 2
56 160.0 1800 J 20.63 ± 0.15 TNG
61 200.0 2400 J 20.9 ± 0.2 2
52 344.0 3600 H 20.61 ± 0.10 TNG
61 200.0 2400 H 20.9 ± 0.2 2

Notes. Magnitudes are in the AB system and have not been corrected
for Galactic absorption along the line of sight (E(B−V) = 0.02 mag,
Schlafly & Finkbeiner 2011). References for data taken from the GCNs
are: 1) Fong et al. (2014); 2) Graham et al. (2014).

3.4. Optical/NIR spectral analysis

3.4.1. GTC spectrum

We obtained spectroscopy of the afterglow of GRB 140515A
with OSIRIS (Cepa et al. 2000) at the 10.4 m Gran Telescopio
Canarias (de Ugarte Postigo et al. 2014b). The observations were
obtained between 22:37:31 UT and 00:09:46 UT (mean epoch
14.184 h after the GRB onset) with 0.6′′ seeing, and they con-
sisted of 3 × 1800 s exposures. We used the R2500I VPH grism,
which covers the range between 7330 and 10 000 Å at a resolu-
tion of ∼1600 using a 1′′ slit.

The data were reduced in a standard way (bias subtrac-
tion, pixel-to-pixel response correction, cosmic ray removal,

wavelength calibration, 1D extraction, flux calibration, and com-
bination of spectra) using self-made routines based on IRAF
(Tody 1993). The resulting combined GTC spectrum (Fig. 3)
shows a strong continuum above ∼8900 Å, where the signal-
to-noise ratio is ∼20 per pixel, or ∼40 per resolution element.

3.4.2. X-Shooter spectrum

We observed the field of GRB 140515A with the X-Shooter
spectrograph mounted at the ESO/VLT using the nodding mode
with 1×2 binning. The spectrum was acquired on 2014 May 16,
starting at 00:42:43 UT (∼15.5 h after the GRB onset), and con-
sisted of 2 × 4 × 600 s exposures, for a total integration time
of 4800 s on source, covering the range between ∼3000 and
∼24 000 Å. The mid exposure time is 16.3 h (∼0.68 d) after
the GRB trigger. The final reduced spectrum (see Fig. A.1) has
a signal-to-noise ratio (S/N) of ∼3 per pixel1, with a seeing of
∼0.9′′ (measured from combined 2D spectrum in the VIS and
NIR arms). The flux calibration of the X-Shooter, which is prob-
lematic in general (Krühler et al. 2015; Japelj et al. 2015), is un-
certain due to unavailable standard spectrophotometric stars in
the night when the observations were done and because the pho-
tometric observations, which could be used to check the quality
of calibration, had rather high errors at this epoch. Thus, it is not
possible to use them to reliably rescale the spectrum.

3.4.3. Lyα forest constraints on the IGM

We analysed the ionisation state of the IGM using the Gunn
& Peterson (1965) optical depth, defined as τeff

GP = − ln(T ),
where T is the average transmission in a redshift bin. Following
Songaila & Cowie (2002) and Songaila (2004), we normalised
the GTC spectrum (as its S/N is better than the X-Shooter one,
see Sect. 3.4.4) by fitting a power law to the continuum, and di-
vided it into redshift bins of 0.1 between z = 5.2 and z = 6.3.
The results are presented in Fig. 4 and in Table 3.

1 The quoted difference in S/N between the GTC and X-Shooter spec-
tra is due partly to the different pixel size of the two instruments and
partly to the better observing conditions of the GTC observation.

A86, page 4 of 11

z=4.804
z=6.327

Si II λ1260, O I λ1302, C II λ1334 upper limits
è [Si/H] ≤ −1.4,  [O/H] ≤ −1.1,   [C/H] ≤ −1.0. 

GTC  +14.2 hr, 1800s x 3, R=1600



GRB DLA vs QSO DLA —Gas, Metals, and Dust

Prochaska et al. 2007

Larger NH

absorption-line spectroscopy by comparing the total hydrogen
column density with the total column density of metals.

3. GAS-PHASE ABUNDANCES IN GRB DLAs

In this section, we present column densities of hydrogen and
metals observed in the gas phase in GRB DLAs. These observa-
tions give the surface density and metallicity of the ISM, and the
relative abundances reflect differential depletion and the under-
lying nucleosynthetic patterns in the gas. Finally, we comment
on the abundance of atomic carbon. In all of this analysis, we
draw comparisons between the GRB DLAs and QSO DLAs.

3.1. Hydrogen Column Densities

In principle, the absorption-line spectra of rest-frame UV tran-
sitions (k < 3000 8) will give measurements of the atomic hy-
drogen and molecular hydrogen column densities, NH i and NH2

.
For a DLA, the former is best determined through a Voigt profile
fit to the Ly! k1215 transition. At NH i > 1020 cm!2, the damp-
ing wings of the Lorentzian line profile are well resolved with a
moderate-resolution spectrum (FWHM< 58). Therefore, aside
from the redshift, the NH i value is the most readily measured
physical characteristic of a DLA.

Figure 2 presents the sample ofNH i measurements for our GRB
DLA sample, supplemented by the compilation of Jakobsson et al.
(2006a) and compared against the distribution of NH i values for
QSO DLAs measured from the SDSS (Prochaska et al. 2005).
As previously reported (Vreeswijk et al. 2004; Jakobsson et al.
2006a), the GRB DLA distribution is skewed to significantly
higherNH i values than QSODLAs. The difference, at least qual-
itatively, supports the hypothesis that QSODLAs probe the outer
regions of galaxies, whereas GRB DLAs probe the inner, star-
forming regions. Jakobsson et al. (2006a) discussed that the GRB
DLA distribution is roughly consistent with that predicted for
GRBs embedded within molecular clouds (Reichart & Price
2002). The authors note, however, that GRBs exhibit too many

sight lines with NH i < 1022 cm!2 compared to the prediction for
molecular clouds. They argue that this may result from photo-
ionization and/or because GRBs are preferentially located at
the edge (White et al. 1999) or even outside molecular clouds
(Hammer et al. 2006).

As we discussed in x 2.1, however, the presence of strongMg i
absorption in nearly every GRB sight line argues that the ma-
jority of GRB DLA gas is located beyond"100 pc of the event.
This distance is comparable to only the largest giant molecular
cloud complexes in the Local Group (Blitz et al. 2007), and it is
reasonable to assume that the GRB DLA gas is generally not as-
sociated with the molecular cloud hosting the GRB (see x 4.1).
Examining Figure 2 in this light, the most salient question be-
comes: why do GRB DLAs exhibit a preponderance of NH i >
1022 cm!2 measurements? Indeed, the gas mass required to av-
erage NH i ¼ 1022 cm!2 at 100 pc along random sight lines is
MH i ¼ 107 M$; this exceeds the masses of even the largest mo-
lecular clouds in the Milky Way (Solomon & Rivolo 1989; Blitz
1993). It seems unlikely, therefore, that the observed H i gas cor-
responds to the circumstellar medium that hosted the GRB. In-
stead, we contend that the gas is associated with the nearby ISM
of the galaxy. This hypothesis, however, must account for the
largeNH i valueswhile allowing for an evacuated volume (i.e., H ii
region) with a radius of 100 pc or more.

To explore this point further, we considered an H i disk de-
scribed by a double exponential,7

n(Z;R) ¼ N0

h
exp

!jZj
h

! "
exp

!R

Rd

! "
; ð1Þ

with scale height h, disk length Rd , and central H i column
density N0. We searched a wide parameter space of h/Rd; N0,
and radius of the H ii region rH ii. Overplotted on Figure 2 is the
prediction for random sight lines originating at the center and
midplane (R ¼ Z ¼ 0) of an exponential disk with log N0 ¼ 22;
h/Rd ¼ 0:1, and rH ii ¼ 4h. This is a reasonably good description
of the observed distribution (PKS ¼ 11%); an ambient ISM char-
acterized by log N0 ¼ 22 with a large H ii region (rH ii > 2h) pro-
duces a reasonable model for the observed NH i distribution. It
would be worthwhile to consider this model within the context of
star-forming galaxies in cosmological simulations.

The association of GRBs with star-forming regions raises the
possibility that a significant fraction of the gas in GRB DLAs is
molecular. Conveniently, H2 gives rise to several band heads at
k " 10008, and one can directly measure the H2 column density.
For optical spectroscopy, this requires zGRB > 2 and blue wave-
length coverage. It is also important to have relatively high reso-
lution to disentangle the absorption lines from the Ly! forest.
Tumlinson et al. (2007) have recently presented an analysis of five
GRB sight lines and set an upper limit to the molecular fraction
f (H2) < 10!5 in four of the systems. The only tentative detec-
tion is along the sight line to GRB 060206, with f (H2) " 10!3:5

(Fynbo et al. 2006a), and even this value is likely to be an upper
limit (Tumlinson et al. 2007). Therefore, we assume that NH2

is
a small fraction of the total hydrogen column density. These
results lend further support to the interpretation of GRB DLAs
as being dominated by ambient ISM instead of gas local to the
progenitor.

Finally, there is the contribution to N(H) from H+. Out to dis-
tances of several tens of pc, the SF region (or GRB afterglow)
will have produced an H ii region with a potentially large NH i

Fig. 2.—Solid curve: Traces the histogram of NH i values for the GRB DLAs.
In comparison, we show a histogram of NH i values for QSO DLAs drawn ran-
domly toward background quasars (Prochaska et al. 2005) and normalized for
presentation to have the same number of systems as the GRB DLA sample. The
GRB DLAs have a median value logNH i ¼ 21:7, which exceeds all but a few
QSO DLAs observed to date. Dashed line: Traces the predicted distribution of
NH i values, assuming a sample of sight lines originating inside an H ii region
located at the center of an H i exponential disk. The model shown has central
column density logN0 ¼ 22, scale height to scale radius h/R ¼ 0:1, and anH ii re-
gion with radius rH ii ¼ 4h. [See the electronic edition of the Journal for a color
version of this figure.]

7 The following results are not too sensitive to the functional form of the
radial profile.
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!2 dex, much larger than observational uncertainty. Second, both
samples exhibit a metallicity ‘‘floor’’ at approximately 1/1000 so-
lar abundance. This lower limit to the metallicities is also not ob-
servational; the sensitivity limit of the data is at least an order of
magnitude lower. It remains an open question whether this floor is
associated with early (Population III) enrichment or rapid local
enrichment in all galaxies exhibiting DLAs (Wasserburg & Qian
2000; Prochaska et al. 2003a; Qian & Wasserburg 2003).

Also overplotted in Figure 3 is the cosmic mean metallicity of
atomic gas. This quantity is derived from the NH i-weighted mean
of QSODLAmetallicities (Lanzetta 1993; Prochaska et al. 2003a).
Six of the 10 GRB DLAs with NH i measurements exceed the cos-
mic mean, and several lower limits lie at the cosmic mean. There-
fore, many and likely most of the GRB DLAs have metallicities
exceeding the cosmic mean in the ambient ISM of high-z galaxies.
On these grounds, at least, theGRBDLAs at high z do not appear to
show a significant metallicity bias toward low values (see also
Fynbo et al. 2006a).

Figure 4 presents a histogram of [M/H] values for the GRB
DLAs and QSO DLAs (restricted to z > 1:6). The filled bars in-
dicateGRBDLAvalueswhile the dark open bars show lower lim-
its to [M/H] for the GRB DLAs. We observe that the GRB DLA
values roughly overlap the QSODLA distribution. A proper treat-
ment of the observations is to perform a two-sample survival
analysis (Feigelson & Nelson 1985). Using the ASURV software
package, we ran standard Gehan, logrank, and Peto-Peto tests us-
ing the Kaplan-Meier estimator and found that the null hypothesis
is ruled out at 99% c.l. We conclude that the metallicities of GRB
DLAs are larger than those for QSO DLAs at z > 1:6.

We note that many of the GRBDLAs have a metallicity greater
than 1/10 solar. At first glance, this appears to contradict assertions
thatGRBprogenitors havemetallicity less than 0:1 Z" (Langer&
Norman 2006;Woosley&Heger 2006).We demonstrate in x 3.3,

however, that the gas-phase abundances of S, Si, and Zn are all
enhanced relative to Fe. The data allow, but do not require, that the
abundance of Fe is !0.5 dex lower than the [M/H] values. It is
possible, therefore, that at high z the GRB DLA metallicities are
not biased low and also that ½Fe/H$ < %1 in most cases. And, if
Fe dominates the opacity in the atmospheres ofmassive stars (e.g.,
Vink & de Koter 2005), this is the most relevant quantity to con-
sider. Finally, the gas that we observe is many tens of pc away
from the progenitor and need not accurately reflect its metallicity.
On the other hand, the GRB progenitor is expected to be a young,
massive star, and its metallicity should not be too different from its
host galaxy. At present, therefore, we have no reason to suspect
that the ISM values would systematically overestimate the GRB
progenitor metallicity.

3.3. Relative Abundances

We now turn our attention to the relative abundances of the
GRBDLAs. These are measured by comparing the gas-phase col-
umn densities of pairs of low ions (Xi, Yi) under the assump-
tion that ionization corrections are small; i.e., ½X /Y $ ¼ log NXi

%
log NYi % log (X /Y )". With high-resolution observations and
moderate-S/N data, one can frequently achieve 0.05 dex precision
or better for logNXi

. Because the observed ratios represent gas-
phase abundances, however, the values reflect a combination of
the underlying nucleosynthetic pattern and the effects of differ-
ential depletion onto dust grains. It is unfortunate that there is no
element in the Fe peak that is nonrefractory. As such, observers
frequently employ Zn (a neighbor of the Fe peak) as a surrogate
for Fe because it is nonrefractory and because it traces Fe in the
Galaxy at ½Fe/H$ > %2 (Sneden et al. 1991). We note, however,
that Zn has an uncertain nucleosynthetic origin and should not
directly trace Fe in galaxies whose SF history differs from that of
the Milky Way (Fenner et al. 2004). Therefore, we consider it to
be a surrogate for Fe but with a large systematic uncertainty.

Throughout this section we restrict the QSODLA sample to the
high-precision echelle measurements (sample HR-E; Table 1).

Fig. 3.—Metallicity [M/H] measurements for the GRB DLAs (black) as a
function of the age of the universe, corresponding to the observed absorption
redshift and assuming the current concordance cosmology (Spergel et al. 2007).
At z < 1:6, where Ly! is lost below the atmosphere, the small arrows indicate
lower limits to the metallicity, assuming NH i ¼ 1022 cm%2. At z > 1:6, the lower
limits to [M/H] for the GRB DLAs are due to line saturation. The lighter points
show measurements for the QSO DLAs, assuming the HR-S sample (Prochaska
et al. 2003a). The plus signs indicateNH i < 1021 cm%2, and the diamonds corre-
spond to NH i ' 1021 cm%2. We also present the cosmic mean metallicity derived
from the QSO DLAs by taking the H iYweighted mean of the individual data
points. Comparing the two distributions, we note that the majority of GRB DLA
values lie above the cosmicmean and that a significant fraction have ½M/H$ > %1.
[See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Histogram of [M/H] measurements for the QSO DLAs (gray) and
the GRB DLAs (black), with both samples restricted to z > 1:6. For the GRB
DLAs, the open histogram traces the lower limits to [M/H] because of line sat-
uration. If these values are evaluated as measurements, then the two distributions
are consistent with being drawn from the same parent population. If we increment
the lower limits by +0.3 dex, however, the null hypothesis is ruled out at >99%
c.l. by a two-sided KS test. Similarly, a two-sample survival analysis (Feigelson
& Nelson 1985) rules out the null hypothesis at greater than 99% c.l. [See the
electronic edition of the Journal for a color version of this figure.]
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• Large [a/Fe], [Zn/Fe]è Enhanced by nucl. synth. of massive stars
• Low [Ti/Fe] è Refractory metals depleted on dust grains
• Diverse [N/ a] è diverse SF history

3.3.1. !/Fe

A key nucleosynthetic diagnostic of stars and galaxies is the
!/Fe ratio, where! refers to the sequence of He fusion inmassive
stars, i.e., O, Mg, Si, S, and Ar. The standard theory of nucleo-
synthesis predicts that these elements are predominantly produced
by massive stars (e.g., Woosley & Weaver 1995). Therefore, a
comparison of the !-abundance with the Fe-peak observations,
whose production is dominated by the Type Ia supernovae (SNe)
of less massive stars, constrains the age and SF history of the gal-
axy when plotted against gas metallicity (Tinsley 1979). Unfor-
tunately, O and Mg are difficult to measure via UV absorption
lines because the transitions are either too strong or too weak.
Instead, one typically estimates the !-abundance with Si or S. In
the QSO DLAs, ½S/Si" # 0, and the elements are roughly inter-
changeable (Prochaska &Wolfe 2002). For the GRB DLAs, we
have also adopted these two elements as the reference for !. The
Fe-peak abundance, meanwhile, is determined from Fe, Ni, or Cr.

Figure 5a presents the observed!/Fe ratios for the GRBDLAs
against the QSO DLAs as a function of !-abundance, [! /H]. We
reemphasize that these gas-phase abundances have not been cor-
rected for differential depletion. Consider, first, the values for the
QSO DLAs. At low metallicity (½! /H"<$1:5), the QSO DLAs
follow awell-defined ‘‘plateau’’ at ½! /Fe" # 0:25 dex (Prochaska
&Wolfe 2002). This plateau matches the one observed for metal-
poor Galactic stars (McWilliam 1997), suggesting that the ! /Fe
enhancement has a nucleosynthetic origin (Lu et al. 1996;
Dessauges-Zavadsky et al. 2006b). At higher metallicity, the
mean and dispersion of [!/Fe] rise, in stark contrast to the !/Fe

trend in the Milky Way and that expected for other SF histories
(e.g., Smecker-Hane et al. 2002). The increase in !/Fe with in-
creasing metallicity is a clear signature for differential depletion
(Prochaska & Wolfe 2002); i.e., large [!/Fe] ratios at high met-
allicity result from the greater adsorption of Fe onto dust grains.
Turning to the GRBDLAs, all of the [!/Fe] measurements are

consistent with at least +0.5 dex, and the majority lie at greater
than +0.6 dex. Two-sample survival analysis tests (e.g., Gehan)
report a less than 0.1% probability that the [!/Fe] values of the
QSO DLAs and GRB DLAs are drawn from the same parent
population. We conclude that the GRB DLAs have systematically
higher [!/Fe] ratios than theQSODLAs. The question that follows
is whether these higher values indicate enhanced !-abundances
(nucleosynthesis) and/or a higher depletion level for Fe (dust).
From the nucleosynthetic viewpoint, one expects enhanced

!/Fe in the gas near GRBs because (1) the progenitors are mas-
sive stars and (2) the high, specific SFRs of their host galaxies
imply ages that are young compared to the timescales for Type Ia
enrichment (Christensen et al. 2004). We contend that ½!/Fe" >
þ0:3 dex is strongly expected for GRB DLA gas from nucleo-
synthesis enrichment alone (see also F. Calura et al. 2007, in
preparation). Regarding dust, one may expect high depletion
levels for gas in or near star-forming regions. This could also
explain the offset in !/Fe between the GRB DLAs and QSO
DLAs, especially if GRB DLAs have systematically higher
metallicity (x 3.2).
In x 3.3.2 we consider dust in greater depth. Before proceed-

ing, wewish to emphasize the relatively low!/Fe value for GRB
050730: ½!/Fe" ¼ 0:25 ' 0:15 at ½!/H" ¼ $2:25. If we were to

Fig. 5.—Observed gas-phase relative abundances as a function of alpha abundance [!/H], zinc abundance [Zn/H], or metallicity [M/H]. The four panels show the
values for GRBDLAs andQSODLAs (sample HR-E) for (a) [!/Fe] ratios, (b) [Zn/Fe] ratios, (c) [Ti /Fe] ratios, and (d) [N/!] ratios. TheGRBDLAs are characterized by
large [! /Fe] and [Zn/Fe] ratios, indicating significant nucleosynthetic enhancement by massive stars and/or differential depletion. One also notes several solar and subsolar
upper limits on [Ti /Fe], which are strong evidence that refractory metals are depleted onto dust grains in GRBDLAs. [See the electronic edition of the Journal for a color
version of this figure.]
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• The distributions of 
Dv90 values  similar

• median Dv90 ≈80 km/s 
• Significant tail >200 km/s

• GRB-DLAs: significantly 
larger EW of Si II 1526

lower limit) for each GRB-DLA (see Prochaska et al. 2007a for
details).

4. RESULTS

In this section, we present the observational results. Section 5
discusses the implications.

4.1. !v90 and W1526 Distributions

Figure 4a presents the velocity width (!v90) distributions for
the GRB-DLAs and for the statistical subset of QSO-DLAs.
The two distributions are similar; the majority of galaxies have
!v90 < 100 km s!1, and each sample shows a tail out to several
hundred km s!1. A two-sided Kolmogorov-Smirnov (K-S) test
rules out the null hypothesis that the two distributions are drawn
from the same parent population at only 68% CL (confidence
level). In the current GRB-DLA sample, there is a higher fraction
of systems with !v90 > 200 km s!1 than the QSO-DLA distri-
bution. The difference is not statistically significant at present,
but future observations may reveal a systematic difference in this
respect.

Because the GRBs are embedded within the interstellar medi-
um (Fig. 2), the velocity widths are likely an underestimate of the
value that one would derive by extending the sight line through
the other side of the galaxy. If the kinematics are dominated by
randommotions or rotational dynamics, then the median increase
in!v90 should be less than a factor of 2. To be conservative, we
have recomputed the K-S statistic after doubling each!v90 value
of the GRB-DLAs.We find results that are still consistent with the
null hypothesis, PK-S ¼ 0:05. In this regard, the sample of GRB-
DLA sight lines have velocity fields typical of those observed for
QSO-DLAs. Under the assumption that!v90 is dominated by the
gravitational potential (e.g., Haehnelt et al. 1998), these results
suggest that the parent populations of GRB-DLAs and QSO-
DLAs have similar dynamical masses.

From even the first afterglow spectrum (Metzger et al. 1997),
it was evident that the gas surroundingGRBs exhibits large equiv-
alent widths from low-ion transitions such as Si ii k1526 andMg ii
k2796 (Savaglio et al. 2003). As noted in x 3, these large equiv-
alent widths do not require largeNH i or metallicity; the values are

often dominated by the velocity fields of low column density
clouds, which do not contribute to the !v90 statistic. Figure 4b
presents a histogram of W1526 values for the GRB-DLAs com-
pared to the values of the statistical QSO-DLA subset. The mean
andmedian of the GRB-DLAdistributions are significantly larger
than theQSO-DLAs, and aK-S test rules out the null hypothesis at
99.9% CL.Whereas the!v90 values are in rather good agreement
between the two samples, theW1526 values of the GRB-DLAs are
systematically larger. This is an unexpected and puzzling result,
which requires unique velocity fields from low column density
gas along GRB sight lines.

We argue below that the!v90 statistic in GRB-DLAs is dom-
inated by the neutral ISM of the GRB host galaxy. It is our ex-
pectation that this also holds true for QSO-DLAs. We also argue
that the W1526 values result from motions independent of the
neutral ISM. If other environments contribute toW1526, then one
predicts!v90 to be only loosely correlated withW1526. Figure 5,
which plots !v90,W1526 pairs for the GRB-DLAs and QSO-
DLAs, indicates that this is the case. The dashed line traces the
predictedW1526 value for a fully saturated (i.e., boxcar) line pro-
file that has velocitywidth!v90. Although theQSO-DLAs roughly
follow this line, the GRB-DLAs tend to lie significantly above it.
Regarding the QSO-DLAs, we interpret the results in Figure 5 as
evidence thatmany sight lines penetrate gaswith velocity fields that
are distinct from the majority of gas. In the GRB-DLAs, nearly

Fig. 3.—Curve of growth for the Si ii 1526 transition, assuming a Doppler
parameter b ¼ 7 km s!1. Overplotted on the figure are the observed total Si+

column densities and equivalent widths from the QSO-DLAs (plus signs) and
GRB-DLAs (stars). Aside from the few QSO-DLAs with very low W1526, the
equivalent widths are dominated by the contribution from multiple clouds with a
broad range of column densities. [See the electronic edition of the Journal for a
color version of this figure.]

Fig. 4.—Histograms of low-ion kinematic statistics for the GRB-DLAs (black)
compared against a statistical sample ofQSO-DLAs (gray). (a) Results for the!v90
statistic, the velocity interval containing 90%of the optical depth of the low-ion gas.
The two samples have similar distributions, withmedian!v90 # 80 km s!1 and a
significant tail, extending to several hundred km s!1. (b) Equivalent widths of the
Si ii 1526 transition. In contrast to the !v90 statistic, the GRB-DLAs exhibit
systematically larger W1526 values than the QSO-DLAs. In each panel, the inset
shows the cumulative distributions of the systems, normalized to unity, and the
PK-S value gives the probability that the two distributions are drawn from the
same parent population. [See the electronic edition of the Journal for a color
version of this figure.]
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• QSO-DLA: 
Dv90 – [M/H] correlation

• QSO-DLA: tight correlation 
W1526 – [M/H]
• Mass-metallicity

à halo dynamics

• GRB-DLA: similar 
correlation, maybe steeper
• à Galactic-scale outflow

every sight line shows a substantial contribution toW1526 from gas
that does not dominate the integrated optical depth. In x 5, we dis-
cuss the origin and nature of these velocity fields in greater detail.

4.2. Kinematic Correlations with Other Properties of the ISM

We have considered the trends between kinematic character-
istics and other physical properties of the ISM.We first examined
whether the GRB-DLAs follow the observed trends for QSO-
DLAs between gas kinematics andmetallicity (Wolfe & Prochaska
1998; Ledoux et al. 2006; Murphy et al. 2007). Figure 6a presents
[M/H] values plotted against the!v90 statistic for the GRB-DLAs
and the full QSO-DLA sample. The QSO-DLAs shown in Fig-
ure 6a exhibit the correlation reported by previous authors (Wolfe
& Prochaska 1998; Ledoux et al. 2006). It is not a tight trend,
however, and we suspect that several physical factors (e.g., a
mass/metallicity relation and variations with sight-line impact
parameter and galaxy inclination) contribute to produce the ob-
served distribution. Similar to the!v90 distribution (Fig. 6a), we
find that theGRB-DLAs track the locus defined by theQSO-DLAs.
Adopting the upper limit to [M/H] as a value, we report a Pearson
correlation coefficient of 0.4. We conclude that there is only
tentative evidence for a correlation between!v90 and [M/H] for
the GRB-DLAs.

In Figure 6b, we present the W1526, [M/H] pairs for the two
populations. The QSO-DLA data exhibit a remarkably tight cor-
relation. These are well described by a power law,

½M=H " ¼ aþ b log (W=1 8); ð1Þ

with best-fit parameters a ¼ '0:92 ( 0:05 and b ¼ 1:41 ( 0:10.
For this fit, we have assumed equal weights for all of the data
points, and we have restricted the sample to W1526 < 1:4 8 to
ignore the outliers at large W1526 values. If we include all of the
data points (with equal weighting), we derive a ¼ '1:00 ( 0:05
and b ¼ 1:27 ( 0:10. Although the data scatter about this power
law, the trend is considerably tighter than the correlation between
!v90 and [M/H]. In fact, it is the tightest correlation known
between metallicity and any other property of the QSO-DLAs.
The small scatter ()0.25 dex) is especially impressive, given that

)0.15 dex is expected fromobservational uncertainty in the [M/H]
measurements (NH i error). It is a rather surprising trend, because
the kinematics of the gas that determines [M/H] are better de-
scribed by the!v90 statistic, yet Figure 6a shows this correlation
has much greater scatter. Put another way, the line profiles with
W1526 > 0:3 are highly saturated and should not be expected to
reflect the gas metallicity (Fig. 3).
This is not to imply that the W1526 values are strictly inde-

pendent of [M/H]. For example, an optical depth profile charac-
terized by shallow, decreasing wings extending to large velocity
(e.g., a Lorentzian profile) would yield larger W1526 for larger
N(Si+). On the other hand, a velocity field with a sharp cutoff
(e.g., a Gaussian random field) would be insensitive to [M/H].
Furthermore, the peak optical depth value is a function of both
[M/H] and NH i, and the QSO-DLA data presented in Figure 6b
span a factor of )1.5 dex in NH i value. Therefore, the results on
the QSO-DLAs in Figure 6b indicate an underlying physical mech-
anism that causally connects [M/H] andW1526. The GRB-DLAs
also show a trend betweenW1526 and [M/H], although its char-
acterization is complicated by the many lower limits to [M/H].
A qualitative assessment of the current results suggests either an
offset between the trends for the two populations and/or a steeper
power law for the GRB-DLAs. If one interprets the QSO-DLA
trend in terms of a mass-metallicity relation (x 5.3), the offset of

Fig. 5.—Plot of!v90,W1526 pairs for the QSO-DLAs (gray) and GRB-DLAs
(black) samples. The dashed line indicates the W1526 value for a boxcar line
profile with velocity width!v90, i.e.,W1526 ¼ !v901526:7066/c. The sight lines
that lie significantly above this curvemust have contributions toW1526 from gas at
large velocity and with less than 10% of the optical depth. The typical error in the
QSO-DLA W1526 values is less than a few times 10 m8. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 6.—Correlations between the gas kinematics and metallicity. (a) Pairs of
!v90, [M/H] values for the QSO-DLAs ( plus signs) andGRB-DLAs (stars). The
GRB-DLAs with lower limits to [M/H] have saturated metal line profiles. The
QSO-DLAs exhibit a previously discussed correlation (Wolfe & Prochaska 1998;
Ledoux et al. 2006), and the GRB-DLAs appear to trace the same locus. (b) Com-
parison of [M/H] with W1526. The QSO-DLAs exhibit a remarkably tight trend,
described by the dashed line, ½M/H" ¼ '0:92þ 1:41 log (W1526/1 8). TheGRB-
DLAs also appear to show a correlation that may be offset or steeper than the QSO-
DLAs, but this conclusion is complicated by the preponderance of lower limits.
Finally, the diamonds show the [M/H],W1526 values for the Lyman break galaxies.
Although their correspondencewith theQSO-DLA trendmaybe a coincidence, it is
suggestive that large W1526 values are related to galactic outflows. [See the elec-
tronic edition of the Journal for a color version of this figure.]
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• 4 GRB-DLAs
• Top: weak line
• Middle: strong line
• Bottom: fine structuire

line ( at <1kpc of GRB)

• Fine structuire line:
• UV pumping

at <1kpc of GRB
• Strong line:

• Velocity components
at > 1 kpc

• Outflow and inflow on 
galactic scale
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Stellar evolution: MS to WR shell

Ion fraction Xi/X vs. distance
• Constant density n = 10/cc
• L integrated t=10–1000 s

• à N v from r< 10 pc
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GRB 130606A
• Bright GRB at z=5.9
• Optical Afteglow spectroscopy
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GRB 130606A GTC Castro-Tirado et al.: GRB 130606A within a sub-DLA at redshift 5.91
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Fig. 6. The 10.4m GTC spectrum ∼ 6 hr post-burst. This is the highest resolution spectrum taken for GRB 130606A by GTC, with
the R2500I grism (see Table 3 for details). The noise spectrum (dotted line) is also plotted. Intervening systems at redshifts z = 2.310
(blue), 2.521 (magenta), 3.451 (green) besides that (a sub-DLA) of the GRB 130606A host galaxy at z = 5.913 (red) are plotted.
Strong absorption by intergalactic hydrogen in the line of sight is causing the apparent low optical flux observed in the Lyman-α
forest region (below 8,400 Å).

late energy injection is rejected for GRB 130606A since the q-
parameter inferred is q < 0 which does not have physical mean-
ing. The cases when νx > νc in the ISM or wind model are also
rejected since result in p < 2 for which the closure relations are
no longer valid. Finally, the optical temporal decay index αopt ∼
1.3 is consistent with αX during this time interval.

IV) T0+1.6 × 104 s to T0+3 × 105s. In this segment, the de-
cay (αX =1.86 ± 0.20) is consistent with forward shock emission
when νx < νc. The closure relation between the temporal and
spectral index in the case of an ISMmodel for νx < νc is α= 3β/2
= 1.55 ± 0.30 consistent with the observed αX . For a wind envi-
ronment, the relationship can be re-written as α=(3β+1)/2=2.03
± 0.30 which is also consistent with the observed temporal de-
cay. However, the wind environment was tentatively rejected in
the previous segment and may not be necessary to explain the
afterglow emission of GRB 130606A. The electron spectral in-
dex obtained in this segment is, p = 3.0 ± 0.4. This value is
consistent with the electron spectral index inferred in the previ-
ous segment. It should be noted that during this segment there
seems to be small variability in the X-ray light curve in the form
of a micro-flare peaking at ∼ T0+4 × 104 s. As shown in Fig. 4
GRB130606A shows significant variation in the photon index, Γ
and NH column density throughout the X-ray observations. The
variation of Γ with respect to the X-ray luminosity shows that
the spectrum gets progressively softer as the flux decreases.

The intrinsic column density NH is well constrained while
the central engine remains active (first 500 s since trigger) im-
plying high levels of photoionization of the local high-density
medium. During this time, the observed intrinsic NH is almost 3
orders of magnitude higher than the galactic column density at
these coordinates. Once the prompt emission ends, the intrinsic
NH decreases abruptly and no excess with respect to the galactic

Fig. 7. The N (H I) fit to the GTC (+ OSIRIS) spectrum of
GRB 130606A. Taken on June 7, 2013, the figure shows the data
(black solid line) and the best fit damped profile (solid red line).
The derived column density is log N (H I) = 19.85, together with
the fits for log N (H I) = 19.70 and 20.00 (dashed red lines).

value can be found for the remainder of the X-ray observations.
This can be interpreted as a time-dependent photoionization of
the local circumburst medium, within a compact and dense en-
vironment, only found in a few GRBs such as GRB980329
(Lazzati 2002) and GRB000528 (Frontera et al. 2004).

3.3. The GRB130606A sub-DLA host galaxy

In order to determine the neutral hydrogen content at the GRB
host galaxy redshift, the Lyman-alpha line observed in the GTC
optical spectrum (Fig. 6) was fitted with a damped profile and
a value of log N (H I) = 19.85 ± 0.15 was derived (Fig. 7), in
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good agreement with two independent data-sets (Chornock et al.
2013; Totani et al. 2013). The associated system is therefore
technically classified as a sub-DLA.

Besides structure in the Lyman forest region (discussed in
Chornock et al. (2013)), the GTC optical spectrum shows a va-
riety of absorption lines at different redshifts (e.g. 2.310, 2.521,
3.451), but we will concentrate on the GRB 130606A system at
z = 5.9135 that is associated with the host galaxy.

The high signal-to-noise ratio (SNR) of the GTC spec-
trum permitted a search for relatively weak metal lines, and
offers an improvement over some of the limits measured by
Chornock et al. (2013).

In the case of sulphur, the triplet at 1250, 1253, 1259 Å can
be used. Significant absorption is detected at the position of the
weakest of these three lines (1250 Å), but the lack of absorption
at 1253 Å indicates that the absorption is likely from a con-
taminating source. Based on the non-detection of the S II 1253
Å line, we determine an observed frame 3 σ EW limit < 0.157
Å (assuming a FWHM = 3.4 Å and a S/N of 65 in the S II line
region) which corresponds to 0.023 Å in the rest frame. The
rest-frame EW limit yields log N(S II) < 14.17. Assuming N(H
I) = 19.85 and solar S/H = 4.85 (fromAsplund et al. (2009)) this
gives a 3σ upper limit [S/H] < -0.82, which is 0.3 dex (a factor
of ∼ 2) deeper than the sulphur limit obtained by Chornock et al.
(2013).

In addition to the upper limit to the sulphur abundance, we
can determine lower limits to the abundances of oxygen and
silicon. The limiting silicon abundance is determined from the
mildly saturated Si II 1260 Å line with a rest frame EW=0.35
Å, yielding [Si/H]> -1.80, without consideration of ionization or
dust depletion corrections. The oxygen abundance is determined
from the O I 1302 Å line, which is also likely to be partly sat-
urated despite its modest EW (0.2 Å). The fact that O I doesn’t
require an ionization correction and O does not deplete, means
that this is one of the best lines from which to obtain an accu-
rate metallicity. The major uncertainty here is that it is close to a
small noise feature on the red side which might lead to an over-
estimate of the oxygen abundance at the 0.1 dex level. Taking
these factors into account, we determine [O/H]> −2.06. The Si
and O limits are consistent to within 0.1 dex of the values in-
dependently derived (from different spectra) by Chornock et al.
(2013). Combined with the upper limit from sulphur, we can
constrain the metallicity within a factor of about 10, in the range
from ∼1/7 to ∼1/60 of solar.

For a more comprehensive study of the abundances, we re-
fer to Hartog et al. (2013). Furthermore, we also point out that
it is very likely that the gas is partially ionized: strong high-
ionization lines (such as Si IV and NV) are present at the redshift
of the absorber.

4. Conclusions
With an initial Lorentz bulk factor in the range Γ0 ∼ 65-220, the
X-ray afterglow evolution can be explained by a time-dependent
photoionization of the local circumburst medium, within a com-
pact and dense environment. The host galaxy is a sub-DLA (log
N (H I) = 19.85 ± 0.15), and a metallicity content in the range
from ∼1/7 to ∼1/60 of solar is inferred.

In order to place the chemistry of the GRB sub-DLA in con-
text with other high z absorbers, both Fig. 8 and Fig. 9 show
the metallicity of a compilation of GRB host galaxy absorption
systems (GRB-DLAs) compared to quasars with DLA and sub-
DLAs (QSO-DLAs) , combining the data reported in the litera-

Fig. 8. The metallicity ([X/H]) as a function of redshift is shown
for a compilation of QSO-DLAs (circles) and GRB-DLAs (stars,
Schady et al. (2011); Thöne et al. (2013)), including the loca-
tion for GRB 130606A at z = 5.9 (blue error bar) and ULAS
J1120+0641 at z ∼ 7 (Simcoe et al. 2012). The GRB 130606A
sub-DLA is the 2nd highest redshift burst with a measured GRB-
DLAmetallicity and only the third GRB absorber with sub-DLA
HI column density. Blue colours are used for log N(HI) < 20.3
and red is used for log N(H I) ≥ 20.3. In order of preference
for any given absorber, Zn, S, O, Si, Fe+0.4 dex is our choice
of metallicity indicator, where the 0.4 offset for Fe accounts for
typical dust depletion.

Fig. 9. Themetallicity of a GRB sample (green stars) versus N(H
I) compared to a sample of DLAs (black dots). Adapted from
Schady et al. (2011) and Thöne et al. (2013). The location for
GRB 130606A (green error bar) is also plotted.

ture (Schady et al. 2011; Thöne et al. 2013). The GRB130606A
sub-DLA is a rare find: the second highest redshift burst with
a measured GRB-DLA metallicity and only the third GRB ab-
sorber with sub-DLAHI column density. At z > 5, the only other
object known with lower metallicity is the ULAS J1120+0641
DLA at z ∼ 7 (Simcoe et al. 2012). However, the DLA towards
ULAS J1120+0641 is close to the redshift of the quasar and its
metallicity is determined from a stacked spectrum, both of which
complicate its interpretation (Ellison et al. 2010, 2011).
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good agreement with two independent data-sets (Chornock et al.
2013; Totani et al. 2013). The associated system is therefore
technically classified as a sub-DLA.

Besides structure in the Lyman forest region (discussed in
Chornock et al. (2013)), the GTC optical spectrum shows a va-
riety of absorption lines at different redshifts (e.g. 2.310, 2.521,
3.451), but we will concentrate on the GRB 130606A system at
z = 5.9135 that is associated with the host galaxy.

The high signal-to-noise ratio (SNR) of the GTC spec-
trum permitted a search for relatively weak metal lines, and
offers an improvement over some of the limits measured by
Chornock et al. (2013).

In the case of sulphur, the triplet at 1250, 1253, 1259 Å can
be used. Significant absorption is detected at the position of the
weakest of these three lines (1250 Å), but the lack of absorption
at 1253 Å indicates that the absorption is likely from a con-
taminating source. Based on the non-detection of the S II 1253
Å line, we determine an observed frame 3 σ EW limit < 0.157
Å (assuming a FWHM = 3.4 Å and a S/N of 65 in the S II line
region) which corresponds to 0.023 Å in the rest frame. The
rest-frame EW limit yields log N(S II) < 14.17. Assuming N(H
I) = 19.85 and solar S/H = 4.85 (fromAsplund et al. (2009)) this
gives a 3σ upper limit [S/H] < -0.82, which is 0.3 dex (a factor
of ∼ 2) deeper than the sulphur limit obtained by Chornock et al.
(2013).

In addition to the upper limit to the sulphur abundance, we
can determine lower limits to the abundances of oxygen and
silicon. The limiting silicon abundance is determined from the
mildly saturated Si II 1260 Å line with a rest frame EW=0.35
Å, yielding [Si/H]> -1.80, without consideration of ionization or
dust depletion corrections. The oxygen abundance is determined
from the O I 1302 Å line, which is also likely to be partly sat-
urated despite its modest EW (0.2 Å). The fact that O I doesn’t
require an ionization correction and O does not deplete, means
that this is one of the best lines from which to obtain an accu-
rate metallicity. The major uncertainty here is that it is close to a
small noise feature on the red side which might lead to an over-
estimate of the oxygen abundance at the 0.1 dex level. Taking
these factors into account, we determine [O/H]> −2.06. The Si
and O limits are consistent to within 0.1 dex of the values in-
dependently derived (from different spectra) by Chornock et al.
(2013). Combined with the upper limit from sulphur, we can
constrain the metallicity within a factor of about 10, in the range
from ∼1/7 to ∼1/60 of solar.

For a more comprehensive study of the abundances, we re-
fer to Hartog et al. (2013). Furthermore, we also point out that
it is very likely that the gas is partially ionized: strong high-
ionization lines (such as Si IV and NV) are present at the redshift
of the absorber.

4. Conclusions
With an initial Lorentz bulk factor in the range Γ0 ∼ 65-220, the
X-ray afterglow evolution can be explained by a time-dependent
photoionization of the local circumburst medium, within a com-
pact and dense environment. The host galaxy is a sub-DLA (log
N (H I) = 19.85 ± 0.15), and a metallicity content in the range
from ∼1/7 to ∼1/60 of solar is inferred.

In order to place the chemistry of the GRB sub-DLA in con-
text with other high z absorbers, both Fig. 8 and Fig. 9 show
the metallicity of a compilation of GRB host galaxy absorption
systems (GRB-DLAs) compared to quasars with DLA and sub-
DLAs (QSO-DLAs) , combining the data reported in the litera-

Fig. 8. The metallicity ([X/H]) as a function of redshift is shown
for a compilation of QSO-DLAs (circles) and GRB-DLAs (stars,
Schady et al. (2011); Thöne et al. (2013)), including the loca-
tion for GRB 130606A at z = 5.9 (blue error bar) and ULAS
J1120+0641 at z ∼ 7 (Simcoe et al. 2012). The GRB 130606A
sub-DLA is the 2nd highest redshift burst with a measured GRB-
DLAmetallicity and only the third GRB absorber with sub-DLA
HI column density. Blue colours are used for log N(HI) < 20.3
and red is used for log N(H I) ≥ 20.3. In order of preference
for any given absorber, Zn, S, O, Si, Fe+0.4 dex is our choice
of metallicity indicator, where the 0.4 offset for Fe accounts for
typical dust depletion.

Fig. 9. Themetallicity of a GRB sample (green stars) versus N(H
I) compared to a sample of DLAs (black dots). Adapted from
Schady et al. (2011) and Thöne et al. (2013). The location for
GRB 130606A (green error bar) is also plotted.

ture (Schady et al. 2011; Thöne et al. 2013). The GRB130606A
sub-DLA is a rare find: the second highest redshift burst with
a measured GRB-DLA metallicity and only the third GRB ab-
sorber with sub-DLAHI column density. At z > 5, the only other
object known with lower metallicity is the ULAS J1120+0641
DLA at z ∼ 7 (Simcoe et al. 2012). However, the DLA towards
ULAS J1120+0641 is close to the redshift of the quasar and its
metallicity is determined from a stacked spectrum, both of which
complicate its interpretation (Ellison et al. 2010, 2011).

6

log N(HI) < 20.3 
log N(H I) ≥ 20.3.

Castro-Tirado et al. 2013

The host galaxy is a sub-DLA (log N (H I) = 19.85 � 0.15)



GRB 130606A — GMOS

• ultra-high S/N 
spectra taken by 
Gemini, GTC, 
Magellan, Subaru, ... 

• host HI at most NHI < 
1019.8 cm-2, good for 
IGM study!

– c.f. 1021.6 for GRB 
050904

Chornock et al. 2013
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Figure 4. Abundance estimates for the host of GRB 130606A compared to DLA
systems in both GRB host galaxies and quasars (Rafelski et al. 2012; Thöne
et al. 2013). The brown boxes represent the range in metallicity for star-forming
109–1011 M⊙ galaxies at z ≈ 2.3 (Erb et al. 2006) and z ≈ 3.1 (Mannucci
et al. 2009). These results unavoidably conflate measurements using a number
of different tracers (e.g., oxygen emission lines in the field galaxies and metal
absorption lines in the DLA samples).
(A color version of this figure is available in the online journal.)

4. OPACITY OF THE IGM AT z ≈ 5–6

The spectra we present in Figures 1 and 2 exhibit a well-
detected NIR continuum that drops to near zero at 8400 Å, but
then slowly rises to a peak near 7100 Å before turning over
and dropping off blueward of that. This continuum slope in the
absorbed part of the spectrum represents real evolution in the
optical depth of the Lyα forest over the redshift range 5 < z < 6.
The very high S/N of our data allow us to place constraints on

the opacity of the IGM to Lyα that are comparable to those from
individual high-redshift quasars.

We divide our GMOS spectrum by the best-fit continuum
marked on Figure 1 and then display the spectrum in Figure 5
with the wavelength scale converted to redshift relative to Lyα,
Lyβ, and Lyγ . The transmitted flux is clearly broken up into a
“picket fence” of individual windows of transmission through
the Lyα forest. These windows are rare at z ≈ 5.8, but become
increasingly common at lower redshift until at z < 5 they start to
overlap. Figure 1 demonstrates the consistency of these windows
of transmission in two spectra of different resolutions.

Comparison of the three Lyman-series transitions shows that
the pattern of transmission windows is generally the same over
the limited overlap region, with the weaker higher-order lines
having greater transmission than Lyα, as expected. There are
two interesting exceptions. The first is that there is a weak
window of transmission present near z ≈ 5.803 in both Lyβ
and Lyγ , but not Lyα, in a redshift interval that is otherwise
fairly dark. This is intriguingly close to the redshift of the
z = 5.806 system that we detect in metal lines, indicating
a moderate local increase in ionization (but not enough for
Lyα to become transparent) correlated with the same large-
scale structure hosting the absorber. Spatial correlations between
metal enrichment and ionization are predicted to be sensitive
probes of the reionization process and the pollution of the IGM
by the earliest galaxies (Oh 2002; Furlanetto & Loeb 2003;
Becker et al. 2011).

Second, there is a clear transmission window present in both
Lyα and Lyγ between z = 5.69−5.70 that is missing from
Lyβ. Although this region falls squarely in the atmospheric B
band, the spectrum has been corrected for telluric absorption
and some flux might be expected to be detected in data of this
quality. Instead, we note that the Lyα absorption associated
with the z = 4.647 system we detect in metal lines would lie at
exactly this redshift relative to Lyβ. This serves as a cautionary
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Figure 5. Transmission fraction of Lyman-series transitions vs. redshift. The spectrum corresponding to Lyβ has been shifted upward by 0.2 and that of Lyγ by 0.4,
with the horizontal dashed lines marking the new zero levels. The red, green, and blue lines represent the 1σ uncertainties about zero. The gray bars with ⊕ symbols
on the Lyα and Lyβ spectra represent regions possibly affected by imperfect correction for telluric absorption from the A and B bands, respectively. The black bar
from z = 5.725–5.79 marks the longest dark trough present in Lyα. The vertical dashed line at z = 5.9134 marks the inferred redshift of the host galaxy from metal
lines.
(A color version of this figure is available in the online journal.)
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GRB 130606A – Subaru FOCAS

• Subaru FOCAS  10.4-13.2 hours after the burst
• New CCD chip with high QE at long wavelength
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