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Figure 1: Companion galaxies in z ⇥ 2 GRB hosts. From left to right: ACS and WPC3 images of the field of
GRB 050820 [3], GRB 021004 [4], and GRB 080605 [5]. All have a companion at the same redshift and separation
� 15 kpc.
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Figure 7. Keck/HIRES velocity plots for a subset of the transitions detected at z ≈ zGRB. In the figure v = 0 km s−1 corresponds to an arbitrary z = 3.35104
and orange-dashed lines indicate blends with coincident features. Within the velocity interval shown, we detect two strong (broad) Lyα lines centred at v =
0 km s−1 and v ≈ +700 km s−1 and corresponding metal-line absorption, including very strong C IV absorption. These Lyα lines are the reddest observed in
the afterglow and we conclude that one (or both) are associated with the GRB host galaxy. Both complexes also show significant resonance, low-ion absorption
from Si II and C II ions, but only the gas at z ≈ 3.35 shows significant absorption from fine-structure levels of these ions.

by the fast wind speed required and the absence of fine-structure
absorption in the Si II and C II gas at v ≈ +770 km s−1. An emission-
line measurement of the host galaxy would be required to resolve
these two possibilities and so we infer zGRB = 3.355 ± 0.005.

Independent of the correct interpretation of the two systems, we
can draw a few conclusions about the gas associated with GRB
080810. First, the total HI column is low relative to the mean value
observed in GRB afterglow spectra (Jakobsson et al. 2006). For both
Lyα lines, we set a conservative upper limit of NH I < 1019.5 cm−2

based on the absence of strong damping wings. We also place a
lower limit to the column density of the z = 3.36 absorber of NH I >

1017.7 cm−2 based on Lyman limit absorption at λ < 3976 Å. Both
systems show relatively weak low-ion absorption, consistent with
the low NH I values. In contrast, each shows very strong high-ion
absorption, a characterstic of gas associated with GRB host galaxies
(Prochaska et al. 2007). In agreement with this optical measurement,
no absorption above the Galactic value was required when fitting
the X-ray spectrum (Section 2.2).

We note in passing that GRBs 020813 (Barth et al. 2003) and
021004 (Fynbo et al. 2005) both showed similarly unusual absorp-
tion systems.

3.2 Thermal emission

Ryde (2004) and Ryde & Pe’er (2009) discuss the possibil-
ity that thermal emission may be ubiquitous in GRBs, fitting
samples of spectra with a power-law-plus-blackbody model, and
Lazzati, Morsony & Begelman (2009) present simulations of pho-
tospheric emission. Such thermal components may explain the hard
early-time spectra which are inconsistent with synchrotron emission
(Preece et al. 1998; Ghisellini, Celotti & Lazzati 2000; Savchenko
& Neronov 2009). A similar quasi-thermal model was applied to
the GRB 080810 gamma-ray spectra and the results are included in
Table 2. In most of the spectra presented by Ryde & Pe’er (2009),

a distinct break is seen in the temporal evolution of the blackbody
temperature; this is not apparent in our data, though this may be
related to the fact that our first spectrum spans T 0 + 0–10 s, and
most of the breaks seen occur within 10 s of the burst. Follow-
ing Pe’er et al. (2007), we have estimated the photospheric radius
(the radius beyond which the outflow becomes optically thin) to be
∼2 × 1011 Y 0 cm, where Y0 is the ratio between the fireball energy
and the energy emitted in gamma-rays (1 ! Y 0 < 3–5; see Pe’er
et al. 2007). We also determine that the coasting Lorentz factor is
∼570 Y

1/4
0 . These calculations assume that the blackbody temper-

ature is the maximum measured (62 keV), since we do not see a
break in the behaviour of the temperature. The ratio of the black-
body flux to the total flux over the gamma-ray band (10–104 keV)
is 0.2 for this spectrum. With the exception of the spectrum after
100 s, where the blackbody is much weaker and cooler, this ratio
remains between 0.1 and 0.2 for the spectra considered here. We do
point out, however, that the fits systematically have a worse χ 2 than
the cut-off power-law models.

3.3 Multiwavelength data

3.3.1 Broad-band modelling

The top panel of Fig. 6 shows the joint BAT–XRT flux light curve.
The data were converted into 0.3–10 keV fluxes using power-law
fits to time-sliced spectra; where there were simultaneous BAT and
XRT detections, the spectra were fitted jointly. The figure also shows
how the BAT and XRT hardness ratios and spectra evolve over time.
A general softening trend can be seen across both bands, though the
data harden during the flares, as is typical (e.g. Golenetskii et al.
1983; Ford et al. 1995; Borgonovo & Ryde 2001; Goad et al. 2007;
Page et al. 2007). This softening with time likely explains why there
was no significant gamma-ray emission detected at the time of the
second large flare seen by the XRT, just after T 0 + 200 s.
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The M–Z relation in DLA galaxies 227

Table 1. The sample of DLAs included in this paper. Column 2 gives the DLA redshift, column 3 the column density
of neutral Hydrogen, column 4 the impact parameter as the projected distance between the QSO line of sight and
the identified DLA galaxy, and column 5 the measured metallicities. All absorption metallicities are based on [Zn/H]
apart from the absorber towards Q2233+131, which converted from [Fe/H]+0.3 = [Zn/H] to correct for dust depletion
following Rafelski et al. (2012). Emission-line metallicities in column 6 have been converted to the same strong-line
diagnostics scale (R23) as described in Section 4.2.

QSO name zDLA log N(H I) b [Zn/H]abs [M/H]em References
(cm−2) (kpc)

(1) (2) (3) (4) (5) (6) (7)

Q0235+164 ID2 0.5243 21.70 13.2 − 0.60 ± 0.41 − 0.19 ± 0.15a [1,2,5]
Q0302−223 1.009 20.36 ± 0.11 25.0 − 0.51 ± 0.12 <0.22b [1,3,4]
Q0439−433a 0.101 19.85 ± 0.10 7.2 − 0.20 ± 0.30 0.33 ± 0.14b [1,5]
Q0738+313 0.2212 20.90 ± 0.07 20.3 − 0.70 ± 0.16 – [21,22]
Q0827+243 0.5247 20.30 ± 0.04 38.4 − 0.49 ± 0.30 >0.01a [1,5,6,21,22]
Q1009−0026 0.887 19.48 ± 0.05 39.0 0.25 ± 0.06 0.31 ± 0.20b [7]
Q1127−145 0.3127 21.71 ± 0.07 17.5 − 0.90 ± 0.11 – [2,8,9]

Q0528−250 2.811 21.35 9.2 ± 0.2 − 0.91 ± 0.07 – [10,11,20,23]
Q0918+1636 2.5832 20.96 ± 0.05 16.2 ± 0.2 − 0.12 ± 0.05 0.01 ± 0.20a [12,13,14]
Q2206−1958 (total) 1.921 20.65 12.7 ± 0.6 − 0.54 ± 0.05 – [15,16,23]
Q2222−0946 2.354 20.65 ± 0.05 6.3 ± 0.8 − 0.46 ± 0.07 –0.44 ± 0.19b [17,18]
Q2233+131 3.1501 20.00 17.9 − 0.80 ± 0.24 – [16,19,20]

Note: aOxygen abundance originally derived via the R23 diagnostics. Apart from emission metallicity conversions, all
values are adopted from the literature as listed in the references in column 7. bOxygen abundance originally derived via
the N2 = log([N II]/Hα) diagnostics. References: [1] Chen & Lanzetta (2003), [2] Rao et al. (2011), [3] Le Brun et al.
(1997), [4] Péroux et al. (2011b), [5] Chen et al. (2005), [6] Rao et al. (2003), [7] Péroux et al. (2011a), [8] Lane et al.
(1998), [9] Kacprzak, Murphy & Churchill (2010), [10] Møller et al. (2002), [11] Centurión et al. (2003), [12] Fynbo
et al. (2011), [13] Krogager et al. (2012), [14] Fynbo et al. (2013), [15] Ledoux et al. (2006), [16] Weatherley et al.
(2005), [17] Fynbo et al. (2010), [18] Krogager et al. (2013), [19] Djorgovski et al. (1996), [20] Møller et al. (2002), [21]
Kulkarni et al. (2005), [22] Rao & Turnshek (2000), [23] Prochaska et al. (2003).

Effectively, we apply the same criteria which were defined in
Ledoux et al. (2006). Also, this requirement de-selects many con-
firmed DLA galaxies at z < 1 because their corresponding DLA
metal abundances have not been measured (e.g. Chun et al. 2010).

(v) DLA H I column density must be high enough that the ob-
tained metallicity is reliable, i.e. a potential ionization correction is
not so large as to introduce a dominating systematic error. For this,
we set the following requirement: log N(H I) > 19.5 cm−2. Initially,
we do not make any strict distinction between DLAs and sub-DLAs
(19.5 < log N(H I) < 20.3).

Based on these selection criteria, we have collected the sample
of DLA galaxies presented in Table 1.

2.1 Individual DLAs

To derive total stellar masses for the galaxies, the magnitudes have
to be extracted from within the same aperture sizes. This is complex
when compiling values from various papers by different authors, in
particular as aperture choices may be very different in Hubble Space
Telescope (HST) and ground-based images.

In this section, we describe the individual DLAs and their asso-
ciated galaxies included in this project. When relevant, we apply
aperture corrections appropriate for the given filters. All reported
magnitudes are in the AB system, and when the original magnitudes
were given in the Vega system we included an offset between the
two. In three cases (Q0235+164, Q0302−223, and Q0738+313),
the reported magnitudes included a correction for Galactic extinc-
tion. For the remaining galaxies, we included the extinction correc-
tion as a part of the SED fitting procedure described in Section 3.

2.1.1 Q0235+164

Multiple galaxies are detected within close projected distance from
the QSO line of sight (Guillemin & Bergeron 1997; Chen & Lanzetta
2003; Rao et al. 2011). Three galaxies within 6.5 arcsec correspond-
ing to 40 kpc, are found to have the same redshift as the DLA (Yanny,
York & Gallagher 1989). The object at the closest impact parameter
of 1.1 arcsec is not resolved in ground-based images (ID1 in Chen
& Lanzetta 2003). Due to blending with the background QSO Chen
& Lanzetta (2003) report an upper limit for the galaxy magnitude
WFPC2/F702W > 21.36. This galaxy is ∼1 mag fainter than the
neighbour galaxy at an impact parameter of 2.1 arcsec (ID2 in Chen
& Lanzetta 2003) which is presumably the dominant component
in an interacting galaxy pair. As in Chen & Lanzetta (2003), we
adopt this dominant galaxy as the primary absorber and reproduce
the photometry in Table 2.

2.1.2 Q0302−223

Candidate DLA galaxies nearby in projection to the QSO were
detected by Le Brun et al. (1997), and multiband photometry of
these galaxies reported by Chen & Lanzetta (2003). Objects named
3+4 by these authors were spectroscopically confirmed to be at the
DLA redshift by Péroux et al. (2011b). The photometry of the sum
of the two galaxy components is listed in Table 2.

2.1.3 Q0439−433

This QSO has the lowest redshift DLA in our sample (z = 0.101).
The galaxy responsible for the absorption line was identified by

MNRAS 445, 225–238 (2014)
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Figure 3. Impact parameters plotted against H I column density (left) and metallicity (right) for z ! 2 DLAs with securely identified galaxy counterparts (see
Table 1). The observed impact parameters have been converted to kpc at redshift z = 3 instead of arcsec for easier comparison. The blue points in the right-hand
panel show the simulated distribution of impact parameters as a function of metallicity for DLA galaxies at z = 3 from the model in Fynbo et al. (2008). The
red points in the left-hand panel show model points from Pontzen et al. (2008).

Figure 4. Distribution of (top) slope versus intercept and (bottom) slope
versus scatter from the 4000 simulated data sets (grey points). The solid and
dashed lines represent the 1σ and 2σ confidence contours, respectively. The
black cross shows the result from our fit to the data.

be losing points at the high-metallicity end because of dust bias (e.g.
Pei, Fall & Hauser 1999; Khare et al. 2011) and due to the fact that
our method using three long-slits is less sensitive to high-impact
parameter DLAs, see Fynbo et al. (2010) for a detailed description
of the method. Nevertheless, the data on high-luminosity DLAs are
consistent with the picture in which gas at large impact parameters
of tens of kpc cause DLA absorption. These galaxies seem to follow
relations between size, luminosity and metallicity comparable to the
relations we see for disc galaxies in the local Universe.

From hydrodynamic simulations it has also been investigated in
which kind of systems DLAs originate (e.g. Gardner et al. 2001;
Razoumov et al. 2006; Pontzen et al. 2008; Cen 2012). In the
simulation by Cen (2012) DLAs at z = 3–4 are dominated by
low-metallicity systems at large impact parameters, typically b =
20–30 kpc. In this simulation the contribution from gaseous discs
to the DLA incidences is very small. Instead, most DLAs arise in
filamentary gas. The impact parameters at low metallicity from Cen
(2012) are much larger than what we observe. The only metal-poor
DLA is found at an impact parameter of 2.5 kpc, hence not support-
ing the model by Cen (2012). Razoumov et al. (2006) also find a
large number of DLAs at high impact parameter from filamentary
gas around large structures. But they find that the importance of
these filamentary DLAs decreases as they increase the resolution.

Pontzen et al. (2008) are able to reproduce the properties of DLAs
well with their simulation, which contains very detailed feedback
mechanisms. From their simulation they see positive correlations
between the DLA cross-section and the mass of the halo containing
the DLA and between the metallicity and the halo mass (see their
figs 4 and 18). From the correlation between σ DLA and Mvir it is
possible to infer a limit on the impact parameters of the correspond-
ing DLAs by assuming a spherical gas disc with a radius given
by RDLA ∝ √

σDLA. The largest possible cross-section found in
the most massive haloes is σ max ≈ 103 kpc2. Hence, the impact

C⃝ 2012 Dark Cosmology Centre, MNRAS 424, L1–L5
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Figure 1: One- and two-dimensional spectra of the z = 2.818 galaxy VUDS 910298177 exibiting a damped Lyα absorption system (DLA). Left:
The one-dimensional extracted spectrum (black with grey fill) is shown above zero flux, along with the 1σ per pixel uncertainties (thin red curve).
A negative-coloured image of the corresponding two-dimensional spectrum is inserted below zero flux and aligned with the wavelengths of the
one-dimensional spectrum for reference. The sensitivity and physical constraints of the observations result in no data shortward of 3550Å,
observed-frame (920Å, restframe) and is replaced here by zero flux. The flux expectation for the background galaxy is shown using a composite
galaxy spectrum (overlaid in blue) comprised of 200 z ∼ 3 galaxies. Vertical yellow lines mark the positions of bright night sky emission lines that
can be difficult to remove cleanly. Common high redshift galaxy interstellar and stellar atomic transitions are marked with dashed vertical lines
and labelled. The wavelengths probed by the FWHM bandwidths of the CFHTLS u∗, g’, and r’ filters are shown as the background blue, green,
and red shaded regions, respectively. The DLA absorption feature is seen near 1080Å, restframe (4120Å, observer-frame). Right: Zoom-in of
the region of the spectrum centred on the DLA plotted similarly to the left-hand panel. The DLA absorption feature has an equivalent restframe
width of 17Å and exhibits little flux near line centre with respect to the 1σ per pixel uncertainties. A Voigt profile fit to the absorption feature (light
blue and white) corresponds to a redshift of z = 2.391 and a column density of log N(HI) = 21.1 ±0.4 atoms cm-2. The depth of the Lyα absorption
indicates that neutral hydrogen at this high column density covers >90% the full extent of the background galaxy (see Figure 3 for an illustration
of this concept).
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2352 S. Bertone and C. J. Conselice

Figure 5. Comparison between the observed and simulated merger fractions for galaxies with M⋆ > 1011 M⊙ (upper panels), M⋆ > 1010 M⊙ (middle panels)
and 109 M⊙ < M⋆ < 1010 M⊙ (lower panels). The dashed and solid lines indicate the minor and major merger fractions, respectively. Predictions are shown
in the left-hand panels for a time-scale of τm = 0.4 Gyr and in the right-hand panels for τm = 1 Gyr. The observed data points, described in Section 2, are filled
circles for CAS results and diamonds for pair fraction results.
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Figure 5. Comparison between the observed and simulated merger fractions for galaxies with M⋆ > 1011 M⊙ (upper panels), M⋆ > 1010 M⊙ (middle panels)
and 109 M⊙ < M⋆ < 1010 M⊙ (lower panels). The dashed and solid lines indicate the minor and major merger fractions, respectively. Predictions are shown
in the left-hand panels for a time-scale of τm = 0.4 Gyr and in the right-hand panels for τm = 1 Gyr. The observed data points, described in Section 2, are filled
circles for CAS results and diamonds for pair fraction results.
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Galaxy structures in the UDF 925

Figure 14. The merger fraction as a function of redshift and stellar mass. Shown are the merger fractions at mass limits of 8 < log M∗ < 9, 9 < log M∗ < 10
and log M∗ > 10. The black circles show the merger fraction as measured in the UDF, while the red boxes are the merger fractions from the HDF-N where we
can probe the rest-frame optical (Conselice et al. 2003a). The green crosses show the evolution of the merger fraction for a combined UDF and HDF-N sample.

Figure 15. The merger rate in units of Gyr−1 Gpc−3 for the combined UDF and HDF-N samples. The merger rate is given by equation (10) where we include
number densities as measured by Drory et al. (2005) and time-scales for CAS mergers from Conselice (2006b).

∼(1 + z)5.5±2.5 for these massive galaxies, which is similar to the
decline in the merger fraction. The merger rate for 109 M⊙ <

M∗ < 1010 M⊙ galaxies evolves as ∼(1 + z)2.6±0.6, again similar to
the evolution in the merger fraction, and showing a more gradual
decline with time compared to more massive galaxies. The steeper
decline in the merger rate for more massive galaxies is likely par-
tially the reason the star formation rate in these systems also drops
much faster than for lower mass systems (Conselice et al. 2007b).

5.4.2 Total number of mergers at z < 3

One of the major benefits to calculating the merger rate is that it al-
lows us to determine the total number of major mergers a galaxy of
a given mass will undergo between two redshifts. We calculate the
total number of major mergers a galaxy with M∗ > 1010 M⊙ under-
goes from z ∼ 3 to 0 using equation (11) in Conselice (2006b). We
use our fitted exponential/power-law functions for this calculation,
which has an associated uncertainty associated with the fit.

Fig. 16 shows the cumulative number of mergers which have
occurred from z ∼ 3 to z ∼ 0 as a function of mass. Although we do

not have a good idea of the merger fraction or rate for our massive
galaxies at z < 0.6, we know from previous work that the merger
fractions for these systems is very low, particularly for the most
massive galaxies (e.g. Patton et al. 2002; Conselice et al. 2007b;
De Propris et al. 2007). Using our merger fraction fits, we calculate
that the average number of major mergers (see Conselice 2006b)
a galaxy with M∗ > 1010 M⊙ will undergo from z ∼ 3 to 0 is
Nm = 4.3+0.8

−0.8. This is nearly the same as the value we obtained by
using the HDF-N, where for the same mass range, we found Nm =

4.4+1.1
−0.9 (Conselice 2006b). The uncertainties in this calculation are

dominated by those from the merger time-scale calculation.
The lower mass galaxies generally have a lower total number

of major mergers occurring at z < 3 (Fig. 16). This is perhaps
partially because we cannot measure the merger fraction for these
lower mass galaxies reliably at z < 0.5. The volume probed by the
UDF is not large enough to reliably trace this merger fraction, and
other fields which are large enough, are not deep enough. In general
however, it appears that the lower mass galaxies do not undergo
the same number of major mergers as the highest mass galaxies.
Furthermore, it appears, as we discussed in Conselice (2006b), that
most of the major mergers for the most massive galaxies occurs at

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 386, 909–927
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