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ABSTRACT

Recently, the number of detected galaxy counterparts of z = 2 damped Lyman « absorbers
in quasi-stellar object (QSO) spectra has increased substantially so we today have a sample
of 10 detections. Mgller et al. in the year 2004 made the prediction, based on a hint of
a luminosity—metallicity relation for DLAs, that H1 size should increase with increasing
metallicity. In this Letter we investigate the distribution of impact parameter and metallicity
that would result from the correlation between galaxy size and metallicity. We compare our
observations with simulated data sets given the relation of size and metallicity. The observed
sample presented here supports the metallicity—size prediction: the present sample of DLA
galaxies is consistent with the model distribution. Our data also show a strong relation between
impact parameter and column density of H1. We furthermore compare the observations with
several numerical simulations and demonstrate that the observations support a scenario where
the relation between size and metallicity is driven by feedback mechanisms controlling the
star formation efficiency and outflow of enriched gas.

Key words: galaxies: high-redshift — galaxies: ISM — quasars: absorption lines — quasars:
individual: SDSS J 091826.16+163609.0 — quasars: individual: SDSS J033854.77—000521.0

— quasars: individual: PKS 0458—-02.

1 INTRODUCTION

The size of high-redshift galaxies, its correlation with other prop-
erties like mass or luminosity, and its evolution with redshift are
fundamental quantities to measure (e.g. Rees & Ostriker 1977).
Quasi-stellar object (QSO) absorption-line studies provide an inter-
esting way to address these relations as the method is sensitive to
galaxies over a large range of masses and sizes (e.g. Nagamine et al.
2007; Pontzen et al. 2008; Cen 2012) and because it is complemen-
tary to the information gathered from studying the stellar light of
galaxies (e.g. Ferguson et al. 2004).

Damped Lyman « absorbers (DLAs) are believed to be the ab-
sorption signature of neutral interstellar gas in galaxies (see Wolfe,

* Based on observations made with the Nordic Optical Telescope, operated
on the island of La Palma jointly by Denmark, Finland, Iceland, Norway
and Sweden, in the Spanish Observatorio del Roque de los Muchachos of
the Instituto de Astrofisica de Canarias. Based on observations collected
at the European Organization for Astronomical Research in the Southern
hemisphere, Chile, under programmes 084.A-0303(A) and 086.A-0074(A).
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Gawiser & Prochaska 2005, for a review). When the first sample
of DLAs was collected, it was found that the total cross-section for
DLA absorption was about five times higher than what would be
expected from the density and sizes of local spiral galaxies (Wolfe
et al. 1986, see also Mgller & Warren 1998). Wolfe et al. (1986)
and also Smith, Cohen & Bradley (1986) put forward the view that
DLAs could be forming discs with radii ~ +/5 times larger than
local spirals. In this view galaxies were larger in the past, which
would be at odds with the prevailing hierarchical model of galaxy
formation. On the other hand, Tyson (1988) argued that DL As could
be caused by a population of many small (much smaller than local
spirals), gas-rich dwarf galaxies (see also Haehnelt, Steinmetz &
Rauch 1998; Ledoux et al. 1998).

Detecting the absorbing galaxies in emission is the most obvious
way to determine the sizes of DLAs from the distribution of im-
pact parameters relative to the background QSOs. Another method
is to measure the extent of 21 cm or X-ray absorption against ex-
tended background sources (Briggs et al. 1989; Dijkstra, Haiman &
Scharf 2005), but such extended background sources are currently
rare. Also, information on sizes can be inferred from DLASs towards
lensed QSOs (Smette et al. 1995; Ellison et al. 2004, 2007; Cooke
et al. 2010), but such systems are also rare. Given the proximity
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of the bright QSO to the line of sight to the absorbing galaxy the
first approach adopted was to search for Lya emission from the
absorbing galaxy as the DLA itself here removes the light from
the background QSO (Foltz, Chaffee & Weymann 1986). Two ob-
serving strategies were adopted reflecting two different ideas about
the nature of DLAs. Under the assumption that the H1 extent of
DLA galaxies is small their impact parameters relative to the QSO
will also be small. Therefore a long-slit centred on the QSO should
have a high probability of also covering the DLA (e.g. Hunstead,
Pettini & Fletcher 1990, and references therein). If, on the other
hand, DLAs arise from large H1 discs they may have large impact
parameters relative to the QSO and narrow-band imaging will be a
better approach as it eliminates the risk of missing the object on the
slit (Smith et al. 1986; Mgller & Warren 1993). Later, spectroscopy
using integral field units has also been attempted (Christensen et al.
2007; Péroux et al. 2011; Bouché et al. 2012).

In the period 1986-2010 only two galaxy counterparts of bona
fide intervening DLAs at z > 2 (log Ny, /em™2 > 20.3, 7y <
Zem and AV > 6000kms™') were detected (see Mgller, Fynbo
& Fall 2004) despite many more systems being observed. This
meagre detection rate has gradually been understood to reflect the
fact that DLA galaxies, due to their cross-section selection, trace the
faint end of the galaxy luminosity function (Fynbo et al. 2008, and
references therein). Mgller et al. (2004) and Ledoux et al. (2006)
found tentative evidence that DLA galaxies obey a metallicity—
luminosity relation similar to local galaxies and suggested that a
survey specifically targeting high-metallicity DLAs should lead to
a higher success rate in searches for galaxy counterparts. Indeed,
this strategy has more than doubled the number of detections of z 2
2 DLA galaxy-counterparts in the literature in the last two years
(Fynbo et al. 2010, 2011).

The objective of this work is to test the correlation between metal-
licity and physical size of DLA galaxies predicted by Mgller et al.
(2004). Thanks to the recent increase in the number of detections of
emission from DLAs we can now analyse how the distribution of
impact parameters and their corresponding metallicities match up
with the expected distribution from the model of Fynbo et al. (2008),
based on the assumption of the previously mentioned correlation.

2 OBSERVATIONS AND SAMPLE SELECTION

Q0338—0005 was observed on 2010 November 9 with the
X-shooter spectrograph mounted on UT2 of European Southern
Observatory’s Very Large Telescope following the same strategy
as that described in Fynbo et al. (2010, 2011), i.e. securing 1 h of
integration at three position angles 0° and £60°. For details on the
reduction we refer the readers to the description in Fynbo et al.
(2010, 2011).

We detect the galaxy counterpart of the DLA in the trough of the
damped Ly line in all three spectra (PAs of 0° and +60°). The lower
panel of Fig. 1 shows the stacked 2D spectrum around Lyo where
the Lyo emission line can be seen in the bottom of the DLA trough.
Using the triangulation described in Mgller et al. (2004) and Fynbo
et al. (2010) we infer an impact parameter of 0.49 + 0.12 arcsec.
The metallicity is determined to be [M/H] = —1.25 &£ 0.10 based
on low-ionization absorption lines from Sim in a high-resolution
UVES spectrum of the QSO (Ledoux, private communication) and
on the damped Ly« line from which we measure log Ny, /cm™2 =
21.05 £ 0.05.

The target PKS 0458—02 was observed on 2009 November 24
with X-shooter. The slit was placed at a position angle of —60°4 east
of north with the purpose of measuring the precise impact parameter
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Figure 1. Two-dimensional spectra from X-shooter of PKS 0458 —02 (top)
and Q0338—0005 (bottom) shifted to rest-frame wavelengths. In the centre
of each spectrum the DLA troughs are seen with Ly emission from the
absorbing galaxies at spatial offsets of 0.31 & 0.04 and 0.49 =+ 0.12 arcsec,
respectively. The spectra have been smoothed for illustrative purposes.

of the z = 2.04 DLA galaxy. In the X-shooter spectrum (shown in
the top panel of Fig. 1) we measure an impact parameter of 0.31 £
0.04 arcsec. We have combined the data from Mgller et al. (2004)
with our new measurement of the impact parameter.

The galaxy counterpart of the z = 2.58 DLA towards
Q0918+4-1636, reported in Fynbo et al. (2011), has here been ob-
served in a ground-based imaging study using point spread function
(PSF) subtraction to secure a more precise measure of the impact
parameter. The field was observed with the Nordic Optical Tele-
scope (NOT) using the ALFOSC instrument in service mode. The
target was observed in the R band over the nights 2011 March 27, 29
and April 9, giving a total of 16.380 sec exposure. The images were
reduced and combined using standard methods for CCD imaging
data.

The field around Q0918+-1636 is shown in the left-hand panel of
Fig. 2. The figure shows a 20 x 20 arcsec? region from the combined
NOT image. In the right-hand panel we show the field after PSF
subtraction and smoothing with a 3 x 3 pixel box-car filter. Two
sources, both with R-band magnitudes of approximately 25, are
detected at impact parameters of 2.0 and 3.5 arcsec. Closer to the
position of the QSO there are residuals from the PSF subtraction.
With dashed lines we show the positions of the three X-shooter
slits used by Fynbo et al. (2011). As seen, the continuum source
at 2.0 arcsec seen in Fig. 2 coincides both in position angle and
in impact parameter with the emission line source detected in the
X-shooter spectrum and must hence be the continuum counterpart
of the z = 2.58 DLA galaxy.
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Figure 2. R-band image of the 20 x 20 arcsec? field of Q0918+1636. The
left-hand panel shows the image before PSF subtraction and the right-hand
panel after PSF subtraction and smoothing with a 3 x 3 pixel box-car filter.
Also plotted are the three X-shooter slits used in the Fynbo et al. (2011)
study. The galaxy counterpart of the z =2.58 DLA detected in the X-shooter
spectrum taken at PA = +60° is indicated with an arrow.
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Table 1. z 22 DLAs with identified galaxy counterparts used in this study.

QSO Zabs  1og(Nup) [M/H] b
(arcsec)
Q2206—191 1.92 20.6540.07 —0.39 £0.102" 0.99 £ 0.05

PKS 0458—0219 2,04 21.65+0.09 —1.1940.10%" 0.31 +0.04
Q1135—00107 221 22104005 —1.10+0.08%" 0.10 4 0.01
Q0338—000558 222 21.054+0.05 —1.25+0.105 0.49 +0.12
Q2243—-60 233 20.674+0.05 —1.10£0.05%" 2.80 =+ 0.20

Q2222—-09462 235 20.654+0.05 —0.46+0.07%" 0.8+0.1
Q0918416363 258 20.96 4+ 0.05 —0.12 4+ 0.05 20401
Q0139—-082409 267 20.70+0.15 —1.15+0.155 1.6 £0.05

PKS 0528—25012 281 21.27+0.08 —0.75+0.105" 1.14 +0.05
Q09534471010 340 21.154+0.15 —1.80+0.305 0.34 4 0.10

References: (1) Mgller et al. (2004); (2) Fynbo et al. (2010); (3) Fynbo
et al. (2011); (4) Bouché et al. (2012); (5) this work; (6) Christensen et al.
(in preparation); (7) Noterdaeme et al. (2012); (8) Ledoux (private com-
munication); (9) Wolfe et al. (2008); (10) Bunker (private communication);
(11) Prochaska et al. (2003) and (12) Mgller et al. (1993).

2.1 Sample selection

In this Letter, we base our analysis on data combined from the
literature along with our new data for three systems of DLA galax-
ies; Q0338—0035, Q091841636 and PKS 0458—02. In addition
to the systems in the literature we include a confirmed candidate
from an expanded sample based on the methods in Christensen
et al. (2007) that has been confirmed by long-slit spectroscopy
(Christensen et al., in preparation). We note, however, that no other
candidate from that work has been confirmed. Bunker et al. (in
preparation) also have a detection of Lyx emission from a DLA
galaxy using long-slit spectroscopy (Weatherley et al. 2005, their
table 1). The redshift, metallicity and impact parameter of the sys-
tems used in our analysis are shown in Table 1. The zubs ~ Zem
DLA towards PKS 0528250 has been shown to be unrelated to
the nearby QSO and hence likely is similar to intervening DLAs
(Mgller & Warren 1993, 1998).

3 THE METALLICITY-SIZE CORRELATION

The relation between metallicity and size modelled by Fynbo et al.
(2008) is based on the assumption that DLAs seen in the spectra
of background QSOs are caused by galaxies comparable to low-
luminosity Lyman break galaxies (LBGs). In this model the galax-
ies are approximated by randomly inclined discs, each one assigned
a size, metallicity and metallicity gradient based on its luminos-
ity. The different relations between the quantities listed above are
all based on local observationally motivated correlations for which
indications of their validity at higher redshift have been seen. The
more luminous galaxies have bigger discs, higher metallicities and
shallower metallicity gradients. The luminosity L is then drawn from
the LBG luminosity function weighted by H 1 cross-section. An im-
pact parameter is also assigned again with the luminosity-dependent
cross-section of H1 as a weighting factor. The random sight line is
then given a metallicity from the before-mentioned relations con-
necting [M/H] to L and the radial dependence of metallicity. For
further details see Fynbo et al. (2008).

3.1 Testing the model

Though the sample we present here is currently the largest at hand,
we still only have 10 points. Therefore we need a simple statistical
estimator to describe the data. We have chosen a two-parameter

© 2012 Dark Cosmology Centre, MNRAS 424, L1-L5
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fit of the form: log (b) = o + B[M/H]. Since the internal scatter
in the data is larger than the individual measurement errors we fit
a straight line to the measured data by least-squares minimization
without weights.

We then use the model described above to generate simulated
data sets to which we can compare the measured data. Because the
measured data points are selected in different ways we cannot sim-
ply draw 10 random points from the model. In order to make a valid
comparison, we choose model points around the same metallicities
as the measured points.

The simulated data points have metallicity taken randomly from
a Gaussian distribution around each measured point using the mea-
surement error as the width of the distribution. We then take the
distribution of impact parameters from the model at the given metal-
licity and randomly pick an impact parameter. We do this for all
10 points to simulate a complete data set 4000 times. Every set of
points is then fitted by a straight line to give the intercept, slope and
scatter.

The 4000 simulated data sets are shown in the right-hand panel of
Fig. 3 as blue points along with the measured data points in black.
To make the plot less crowded only every fifth simulated data set has
been shown. The left-hand panel of Fig. 3 shows impact parameter
versus neutral hydrogen column density for our data in big black
points. The red small points in the panel are results from Pontzen
et al. (2008).

In Fig. 4 we show the results of the fits to the data, both observed
and simulated. The figure shows the 1o (solid) and 2o (dashed)
contours of the distribution (grey points) of fitted slope and intercept
and slope and scatter. The black cross in each panel represents the
best-fitting values to the data: « = 1.15 £ 0.70 log(kpc), 8 =0.41 £
0.67 log(kpc) dex ! with a scatter around the fit of 0.26. The mean
values of the intercept and slope from the simulated data are 0.90 =
0.28 log(kpc) and 0.41 + 0.26 log(kpc) dex~!, respectively, with a
mean scatter of 0.27.

4 DISCUSSION

The sample of spectroscopically confirmed z 2 2 DLA galaxies is
now large enough to start determining statistical properties of DLA
galaxies. Here, we have presented a new detection, namely of the
DLA galaxy counterpart of the relatively metal-poor DLA towards
Q0338—0005 and have detected the z = 2.58 DLA galaxy towards
Q091841636 in the continuum. Based on these and previous de-
tections we have analysed the distribution of impact parameters
versus metallicity to study the underlying correlation between size
and metallicity. The results presented in Fig. 4 show that our data
are consistent with the model at the 1.20 level for slope versus
intercept. Our data are well within the 1o contour in slope versus
scatter. The agreement is also seen in the distribution shown in the
right-hand panel of Fig. 3. There is, however, a single data point
which is significantly outside the model distribution (see Fig. 3,
right-hand panel, top part). This can be explained as a result of the
simplicity of the model. The correlations that go into the model all
have internal scatter. Including this scatter will result in a larger
spread in physical size, hence making the upper edge of the model
distribution less tight, and thereby including the outlying point.
An important point to note is that four of the data points have
specifically been chosen to have high metallicity (Fynbo et al. 2010,
2011). When comparing the observations with the model it is there-
fore important to remember that the observed sample is biased
towards high-metallicity DLA galaxies that in our model are ex-
pected at the largest impact parameters. At the same time we may
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Figure 3. Impact parameters plotted against H1 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).
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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 1o and 20 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 =
20-30kpc. 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 opra and My, 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 Rpra o /opLa. The largest possible cross-section found in
the most massive haloes is o . A 103 kpc?. Hence, the impact

© 2012 Dark Cosmology Centre, MNRAS 424, L1-L5
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parameters for DLAs around z & 3 in their simulation are expected
to be b < 30kpc. The correlation of [M/H] and halo mass suggests
that the metal-poor systems are to be found in smaller haloes and
therefore at smaller impact parameters. The opposite is true for
metal-rich DLAs. This agrees well with the data presented here in
Fig. 3.

We see a fairly strong anti-correlation between log(Ny,) and
impact parameter (Spearman rank = —0.6; see left-hand panel in
Fig. 3). A similar trend is seen in studies by Mgller & Warren
(1998), Monier, Turnshek & Rao (2009) and Péroux et al. (2011);
however, we find a tighter and steeper correlation in our data.
Gardner et al. (2001) also find a clear anti-correlation between
impact parameter and log(Ny,) in their simulation of DLAs in dif-
ferent cosmologies, including Acold dark matter. They too find a
shallower relation for DLAs at z = 3. This is most probably a result
of the very simplified algorithms to handle cooling and feedback in
their simulation. Pontzen et al. (2008) find a clear relation between
log(Ny,) and b (red points of Fig. 3) that coincides very well with
our observed distribution as seen in the left-hand panel of Fig. 3.
The good agreement between data and the simulation of Pontzen
et al. (2008) indicates that the feedback mechanisms in their sim-
ulation that control star formation and outflow of enriched gas are
responsible for the correlation between size and metallicity.

In conclusion, our analysis shows that our model well predicts
the statistical properties of the observed sample without adjustment
of any parameters, and as such provides strong support for the
underlying size-metallicity relation. The nature of the metal-poor
population of DLA galaxies is, however, still unknown, as these
DLA counterparts are much more difficult to observe.

Furthermore, this sample of spectroscopically confirmed DLA
galaxies serves as constraints for future simulations that include
modelling of DLAs.
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