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ABSTRACT

We present a study of C1v absorption in a sample of 63 damped Lyman-a (DLA) systems and 11 sub-DLAs in the
redshift range 1.75 < zabs < 3.61, using a dataset of high-resolution (6.6 km st FWHM), high signal-to-noise VLT /UVES
spectra. Narrow and broad C1v absorption line components indicate the presence of both warm, photoionized and hot,
collisionally ionized gas. We report new correlations between the metallicity (measured in the neutral-phase) and each
of the C1v column density, the C1v total line width, and the maximum C1v velocity. We explore the effect on these
correlations of the sub-DLAs, the proximate DLAs (defined as those within 5000kms™" of the quasar), the saturated
absorbers, and the metal line used to measure the metallicity, and we find the correlations to be robust. There is no
evidence for any difference between the measured properties of DLA C1v and sub-DLA C1v. In 25 DLAs and 4 sub-
DLAs, covering 2.5 dex in [Z/H], we directly observe C1v moving above the escape speed, where vesc is derived from the
total line width of the neutral gas profiles. These high-velocity C1v clouds, unbound from the central potential well,
can be interpreted as highly ionized outflowing winds, which are predicted by numerical simulations of galaxy feedback.
The distribution of C1v column density in DLAs and sub-DLAs is similar to the distribution in Lyman Break galaxies,
where winds are directly observed, supporting the idea that supernova feedback creates the ionized gas in DLAs. The
unbound C1v absorbers show a median mass flow rate of ~22 (r/40kpc)Mg yr~!, where r is the characteristic C1v
radius. Their kinetic energy fluxes are large enough that a star formation rate (SFR) of ~ 2Mg yr™" is required to
power them.

Key words. quasars: absorption lines — cosmology: observations — galaxies: high-redshift — galaxies: halos — galaxies:

ISM

1. Introduction

To study the properties of high-redshift galaxies in a
luminosity-independent manner, one can analyze the ab-
sorption lines imprinted by their gaseous halos on the
spectra of background quasars. Such halos are thought
to give rise to QSO absorption line system of vari-
ous H1 column densities: the damped Lyman-a systems
(DLAs), with log Ny, > 20.3, the sub-DLAs with 19.0 <
log Nu; < 20.3, and the Lyman limit systems (LLSs)
with 17.0 < log Nug; < 19.0. Observations have shown
that highly ionized gas, as detected in O vi and C1v ab-
sorption, is present in each of these categories of ab-
sorber at z 2 2: in DLAs (Lu et all [1996; [Ledoux et all
1998; [Wolfe & Prochaska 12000a; [Fox et all 2007), in
sub-DLAs, (Dessauges-Zavadsky et all 2003; [Péroux et al.
2003; Richter et al! 2005), and in LLSs (Bergeron et all
1994; |Kirkman & Tytlen (1997, [1999). As one progresses
down in HT1 column density from DLAs to LLSs, one may
be sampling progressively more remote (and more highly

* Based on observations taken with the Ultraviolet and Visual
Echelle Spectrograph (UVES) on the Very Large Telescope
(VLT) Unit 2 (Kueyen) at Paranal, Chile, operated by ESO.

ionized) regions of Galactic halos, with most gas in LLSs
lying outside the halo virial radius (Maller et al. 2003;
Davé et all [1999). Even some O VI absorbers associated
with Lyman-« forest clouds, which are thought to represent
the low-density intergalactic medium (IGM), may arise in
extended galaxy halos or feedback zones from galactic out-
flows (Bergeron & Herbert-Fort 2005; |Simcoe et _al! [2006).

Studying this protogalactic plasma allows one to ad-
dress two key themes of extragalactic astronomy: galac-
tic winds and the metal budget. Galactic winds are com-
mon at high redshift (Veilleux et all 2005), and must be
present in order to enrich the IGM up to its observed
metallicity (Aguirre et all 2001, 2005; [Aracil et all 2004).
Simulations predict that the level of ionization in winds
is high (Oppenheimer & Davé [2006; [Kawata & Rauch
2007; [Fangano et all [2007), and direct observations of
absorption in high-ionization lines have been made in
and around Lyman Break galaxies (LBGs; [Pettini et al.
2000, 2002; [Shapley et all 2003; |Adelberger et all 2005).
Low-redshift studies of galactic outflows have also
found a high-ionization component (Heckman et al![2001;
Strickland et al) [2004). Since DLAs represent the largest
reservoirs of neutral gas for high-redshift star formation
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(Wolfe et all 2005), they are natural sites to look for
supernova-driven winds and plasma halos in general.

On the second front, ionized halos are important be-
cause of their potential ability to close the metal bud-
get at z =~ 2: there is currently a discrepancy between
the global density of metals predicted by integrating the
star formation history, and the density of metals actually
observed (Pettini [1999; [Ferrara et al.| 2005; [Bouché et al.
2005, 2006, 2007; [Sommer-Larsen & Fynbd[2007). The con-
tribution of plasma halos to the metal budget will be par-
ticularly significant if the plasma is hot and collisionally
ionized, because the cooling times in low-metallicity, low-
density, hot halos are extremely long, and so gas injected
into these environments can become locked up until the
current epoch. For 10% K gas at 1073 cm 2 and solar metal-
licity, teool is 2.4 x 108 yr (Houck & Bregman [1990), so as-
suming that to first order t.oo Z7 ', we find that the
cooling time in gas at one-hundredth solar metallicity (as
seen in DLAs) would be approximately equal to the Hubble
time. Finding the gas in hot halos is therefore important for
tracing the history of the cosmic metals.

In a recent paper (Fox et all[2007, hereafter Paper I),
we discussed the first observations of O VI absorption in
DLAs, finding evidence for a hot ionized medium that,
modulo certain assumptions on metallicity and ionization,
typically contains 240% as many baryons and metals as
there are in the neutral phase. Though 12 DLAs with O vI
detections were found, detailed kinematic measurements
of the OvrI absorption are difficult due to the high den-
sity of blends with the Lyman-a forest. However, if one
instead traces the ionized gas with C1v, whose lines lie
redward of the Lyman-« forest, the blending problems are
avoided. Thus, although C1v may trace a lower tempera-
ture phase of plasma than O VI, it is a better ion to study
for building a sample of statistical size. Partly for this
reason, the properties of C1v absorption in the IGM at
z > 2 have been studied at length (Cowie & Songaila1998;
Ellison et al. [2000; ISchaye et al! 2003; Boksenberg et al.
2003; |Aracil et al.2004; |Aguirre et _alll2005; [Songailal 12005,
2006; [Scannapieco et all[20064; |Schaye et all2007).

Previous observations of C1v absorption in DLAs
(Lu et al! [1996; Ledoux et al! [1998; Wolfe & Prochaska
2000d) and sub-DLAs (Dessauges-Zavadsky et al! 2003;
Péroux et all2003; Richter et all2005; [Péroux et all[2007)
have found the C1v profiles generally occupy a more ex-
tended (though overlapping) velocity range than the neu-
tral gas profiles. In an attempt to explain these observa-
tions, Wolfe & Prochaska (2000b) tested a model of gas
falling radially onto centrifugally-supported exponential
disks, and found it was unable to reproduce the observed
C1v kinematics. On the other hand, [Maller et al! (2003)
found that a model in which hot gas in halos and sub-halos
gives rise to the C1v absorption in DLAs was generally
successful in explaining the kinematics.

We continue the study of C1v in DLAs in this pa-
per. We are partly motivated by the recent work of
Ledoux et all (2006), who reported a correlation between
low-ion line width Avnent and metallicity [Z/H] in a sam-
ple of 70 DLAs and sub-DLAs, covering over two orders
of magnitude in metallicity (see also Wolfe & Prochaska
1998; Murphy et all [2007; [Prochaska et all 20074). Since
the line widths of the neutral species are thought to be
gravitationally-dominated, the broader lines may be tracing
the more massive halos, and so the Avyeyt-[Z/H] correlation

has been interpreted as evidence for an underlying mass-
metallicity relation. A natural follow-on question is whether
a similar correlation exists between the high-ion line width
and DLA metallicity. In this paper we investigate whether
such a correlation exists, as well as exploring other relations
between the properties of C1v and those of the neutral gas.
To maximize our sample size, we include observations of
C1v absorption in both DLAs and sub-DLAs (and we com-
pare the properties of the C1v absorption in the two sam-
ples). There is some evidence that sub-DLAs display larger
metallicities than DLAs (Dessauges-Zavadsky et all 2003;
Péroux et al! 2005; [Kulkarni et al! 12007), and they have
been suggested to be more massive (Khare et all|2007).

The structure of this paper is as follows. Sect. 2 covers
the observations, sample selection, and measurements. In
Sect. 3 we present observed correlations in the data set. In
Sect. 4 we discuss the interpretation of these correlations,
and we identify a population of absorbers that may trace
galactic winds. A summary is presented in Sect. 5.

2. Data acquisition and handling
2.1. Observations

Our dataset was formed by combining the DLA /sub-DLA
sample of Ledoux et all (2006) with the Hamburg-ESO
DLA survey of [Smette et all (2005, 2007, in prepara-
tion). All the data were taken in the years 2000 to 2006
with the Very Large Telescope/Ultraviolet-Visual Echelle
Spectrograph (VLT /UVES), located on the 8.2 m VLT Unit
2 telescope (Kueyen) at Cerro Paranal, Chile. UVES is de-
scribed inDekker et al! (2000). The data reduction was per-
formed as described inLedoux et all (2003), using the inter-
active pipeline written by [Ballester et al! (2000), running
on the ESO data reduction system MIDAS. The rebinned
pixel size is ~2kms~! and the data have a spectral resolu-
tion (FWHM) of 6.6 kms~! (R=45000).

2.2. C1v sample selection

We took the 81 DLAs and sub-DLAs in the raw sample
with data covering C1v, and looked for C1v components
in a range of £1000kms~—' around the system redshift.
Absorption line components were identified as C1v if they
were present in both A1548 and A1550 in the correct (2:1)
doublet ratio. In four cases the C1v lines were so contami-
nated by blends that we rejected them from the sample. In
three other cases, the HI lines or neutral-phase metal lines
were too blended for a metallicity to be derived; these were
also excluded. No DLAs or sub-DLAs were found where
C1v absorption is not present. The final sample contains 63
DLAs and 11 sub-DLAs, which are listed in Table 1. Five
of the DLAs and two sub-DLA are at less than 5000 km s—!
from the QSO redshift, and so may be affected by radiation
from the QSO (e.g. [Ellison et all[2002). For completeness
we retain these zans & zqso Systems (also known as proxi-
mate systems) in the sample, but the corresponding data
points are highlighted in all figures, and we take note of
any differences from the intervening population.
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2.3. Measurement
2.3.1. Apparent Column Density

For each DLA and sub-DLA, we fit a continuum to a re-
gion several thousand kms™! in width centered on CIv
A1548, using a polynomial fit (often linear) to regions of
the spectrum judged to be free from absorption. We de-
fined the zero-point of the velocity scale using the red-
shift of the strongest component of neutral gas absorption.
We then determined v_ and v4, the velocities where the
C1v absorption recovers to the continuum on the blueward
and redward side of the line. For each pixel between v_
and v4, the apparent optical depth is defined as 7,(v) =
In[F.(v)/F(v)], where F(v) and F.(v) are the actual flux
and the estimated continuum flux as a function of veloc-
ity, respectively. The total apparent optical depth is then
found by integrating over the line, i.e. 7, = f;}j Ta(v)dwv.
The apparent column density in each absorber then fol-
lows by N, = [3.768 x 10" /(\of)]7a (Savage & Sembach
1991), where )¢ is in Angstroms, and f is the oscilla-
tor strength of the line. For the two C1v lines, we take
o = 1548.204,1550.781A and f = 0.1899,0.09475 from
Morton (2003); see also [Petitjean & Aracil (2004). The ap-
parent column density will equal the true column density so
long as the lines are not heavily saturated, and that there
is no unresolved saturation in the line profiles.

2.3.2. Total Line Width

We require a precise measurement of the total C1v line
width in each system. FollowingProchaska & Wolfd (1997),
we define Avcy as the velocity width that contains the
central 90% of the integrated optical depth in the line. By
finding the two pixels where the cumulative integrated op-
tical depth is 5% and 95% of the total, and determining the
velocity difference between them, one obtains Avg,y. This
can be done for each of the two lines in the C1v doublet,
with the same result expected in each case if the lines are
unsaturated and unblended. Note that Avc,y is integrated
over all components, and should not be confused with the
line widths of each individual component.

We also define an alternative measure of total line width
as vy —v_, the total velocity range over which C1v absorp-
tion is present, regardless of saturation. vy —v_ is sensitive
to weak but nonetheless interesting satellite components
that are not contained within Avcy. These weak compo-
nents are particularly relevant in the search for winds. The
drawback of using v; —v_ is that it has a larger error than
Avcyy, since v_ and vy are selected by eye (we estimate
Ouy—v_ = 20km s_l) , and also that it is sensitive to the
signal-to-noise ratio (low optical depth absorption is harder
to detect in low S/N data). Our data is of high enough qual-
ity to ensure that the second effect should not be a major
concern: the noisiest spectrum in our sample has S/N=25,
and the mean S/N is 51 (where the S/N is measured per
resolution element at the observed wavelength of C1v).

2.3.3. Mean and Maximum C1v Velocity

For each profile, we measure the average optical depth-
weighted velocity, denoted by vci,, and calculated by
vow = [, T vra(v)dv/ [ 74 (v)dv. Since the velocity zero-
point is defined by the strongest absorption component in

the neutral gas, vc iy is equivalent to the mean velocity off-
set between the neutral and ionized gas. In the analysis
we are only concerned with the magnitude of the veloc-
ity offset, |9|, and not whether the gas is blueshifted or
redshifted relative to the neutral gas. We also make use
of Umax, the maximum absolute velocity at which C1v ab-
sorption is observed (i.e., the terminal velocity), given by
Umax = max([v_|, [vg]).

2.3.4. Choice of Doublet Line

The measurements of column density, total line width, and
mean velocity were conducted independently on A1548 and
A1550. To select which of the two C1v transitions to use
for our final measurement, we followed the following rules
that assess the influence of saturation. If the condition
F(vg)/F¢(vg) > 0.1 (corresponding to 7,(vg) < 2.3) is true
for A\1548, where vy denotes the velocity where the ab-
sorption in strongest, we use A1548 to measure the C1v,
otherwise we use A1550. If both lines are saturated (de-
fined here as when F'(v) < op(,) or F(v) < 0.03 F(v) at
any point within the line profile), we proceed with a lower
limit to the column density and an upper limit to the line
width using the results from A1550. However, if one of the
two C1v lines is blended, we use the other line for mea-
surement, regardless of the level of saturation. There are
four cases where both C1v lines are partly blended, but
we still have useful information at other velocities within
the line profiles. This can occur when the two C1v lines,
separated by ~500kms~!, blend with each other. In these
cases, which are flagged in Table 1, we derived our best
estimate of log Ny using the sum of the column densities
measured over two separate unblended velocity ranges, and
assuming Avcy = 0.9(vy —v_) and ¥ = (v_+v4)/2, where
for these cases v_ refers to the lower bound of absorption of
the lower velocity range, and v4 refers to the upper bound
of absorption of the higher velocity range.

2.3.5. Properties of the Neutral Phase

In most of the systems in our sample, the metallicity of the
neutral gas, the H1 column density, and the low-ion line
width have already been published in [Ledoux et al. (2006),
so we take these measurements directly from that paper.
We also include measurements of [Zn/H] in two DLAs (at
Zabs = 2.34736 toward QO0438-0436 and 2.18210 toward
Q2311-373) from |Akerman et all (2005), one DLA and one
sub-DLA (at zaps = 1.85733 and 1.87519, respectively, to-
ward Q2314-409) from [Ellison & Lopez (2001), and two
DLASs (at zaps = 2.40186 toward Q0027-186 and 1.98888
toward Q2318-111) from [Noterdaeme al all (2007). For the
remaining cases where no neutral-phase measurements have
been published, we executed the measurements using ex-
actly the same techniques as in [Ledoux et all (2006). The
metal line used to measure [Z/H] is Zn11 if detected, oth-
erwise Sill or Si1I, and Ny, is derived from a fit to the
damping wings of the Lyman-« line. Both zinc and silicon
are found to be undepleted in DLAs (Prochaska & Wolfe
2002), so these metallicities should not be significantly af-
fected by dust. We follow the standard practise of quot-
ing metallicities on a logarithmic scale relative to solar. All
measurements were adjusted to the solar reference levels
adopted by Morton (2003).
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Fig. 2. Normalized histograms of total C1v line width and
absolute velocity offset among our DLA /sub-DLA sample.
The distribution of both Av (dotted) and vy —wv_ (solid) is
shown in the top panel. The peak of the v —v_ distribution
is ~100kms~' broader than the peak of the Av distribu-
tion, reflecting the presence of low optical depth satellite
components. There is an extended tail of line widths reach-
ing >1000kms~!. We have treated the upper limits to Av
as data points when forming the distribution. The distribu-
tion of the absolute C1v velocity offset (i.e., the mean C1v
velocity relative to the neutral gas) is shown in the lower
panel.

3. Results

The measurements of C1v absorption in each of the 74 sys-
tems are given in Table 1, and the C1v profiles for each
system (together with an optically thin line showing the
component structure in the neutral phase) are shown in
Fig. 1. Our sample spans a redshift range from 1.75 to 3.61
with a median of 2.34. The values of log Ny, range from
19.70 to 21.80 with a median of 20.65, and the metallic-
ity [Z/H] lies between —2.59 and —0.31 with a median of
—1.36 (i.e., approximately one twentieth of the solar value).
The values of log N¢y range from 13.02 to >15.41 (median
value 14.15), with total line widths Avc,y between 35 and
1110km s~ (median value 187kms~1), and velocity offsets
between 0 and 425kms™! (median value 46 kms™1).

Histograms of the total C1v line width (using both Av
and vy —v_) and C1v velocity offset are given in Fig. 2. A
significant difference between the distributions of Av and
vy —v_ can be seen, with the peak in the Av distribution at
~80kms~!, and the peak in the vy —v_ distribution occur-
ring at ~200kms~!. This difference is due to the presence
of weak, outlying components which contribute to vy —v_
but not to Awv. Both distributions show an extended tail
reaching over 1000kms~'. Fig. 2 also shows the distribu-
tion of mean C1v velocities.

3.1. DLAC1v vs IGM C1v

C1v absorbers in the IGM falling at velocities within
1000 kms~! of the DLA /sub-DLA would not necessarily be
physically connected to the system. Such IGM C1v would
contaminate our sample, in particular by contributing to
the high Avc,y tail shown in the top panel of Fig. 2. IGM
contamination could be occurring in systems where outly-
ing, discrete components are seen at velocities separated
from the bulk of the absorption by hundreds of kms™!
(e.g, zabs = 2.293 toward Q0216+080, z.ps = 2.347 to-
ward QO0438-436, z.ps = 1.825 toward Q1242+001, and
Zabs = 2.154 toward Q2359-022). However, we do not wish
to exclude these absorbers from our sample, since then we
would be biased against finding high-velocity features, such
as winds. Our approach is thus to systematically include all
C1v absorption in a fixed velocity interval around the sys-
tem.

We can assess the level of IGM contamination statisti-
cally by comparing the properties of the C1v in our sample
with those of C1v in the IGM. This is shown in Fig. 3,
where we compare our DLA /sub-DLA C1v column density
distribution with the IGM distribution at z ~2-3 measured
by IBoksenberg et all (2003, data taken from their Fig. 10).
A similar IGM C1v distribution is presented by |Songaila
(2005). We also include in Fig. 3 the distribution of C1v
near LBGs, taken from Table 3 in|Adelberger et all (2005);
these measurements were made by finding LBGs lying at
impact parameters of <1h7_01 co-moving Mpc from QSO
sight lines, and then measuring the C1v column densities
in the QSO spectra at velocities within 200kms™! of the
LBG redshift. Strong C1v absorption is also directly ob-
served in LBG spectra by [Shapley et all (2003).

The DLA/sub-DLA C1v absorbers are clearly a differ-
ent population from the IGM C1v absorbers: the DLA /sub-
DLA population shows a mean column density that is
higher by almost 1dex. The distribution of C1v in DLAs
and sub-DLAs resembles the distribution of galactic C1v
as seen in LBGs, both with mean column densities near
10'*ecm™=2. In consequence, the highest Ng,, systems in
our sample are least likely to be of IGM origin. Since we
report below that the highest N¢ v systems tend to show
the broadest C1v, we come to the conclusion that even the
broadest C1v absorbers (that were potentially the most sus-
pect in terms of an association with an individual galaxy),
are likely to be galactic.

We now discuss correlations (or lack thereof) between
the various measured quantities in our dataset. For refer-
ence, a summary of all correlations found and their statis-
tical significance is given in Table 2.

3.2. High-ion line width vs low-ion line width

In Fig. 4 we directly compare the high-ion total line width
with the low-ion total line width for each DLA and sub-
DLA in the sample. In almost all cases (69 of 74) the C1v
lines cover a wider region of velocity space than the neu-
tral lines; this finding has been reported by [Ledoux et al.
(1998) and [Wolfe & Prochaskal (2000a). We also find a con-
siderable scatter (~1dex) in Avcy at low Avneus, but the
scatter decreases with increasing Avneys-
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DLA /sub-DLA shows (a) considerably stronger C1v than
a typical IGM C1v absorber, but (b) a C1v column similar
to the mean seen in the LBG distribution. These two find-
ings support our interpretation that the C1v in DLAs and
sub-DLAs is galactic rather than intergalactic. We have in-
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DLA /sub-DLA distribution, using the measured lower lim-
its; this has the effect of artificially truncating the high
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cles). Absorbers at <5000kms~! from the QSO redshift
are highlighted in square symbols. The dashed line shows
where Avcy = AvUNeut- In 69 of 74 cases the C1v absorp-
tion is broader than the neutral absorption. There is a large
scatter in Avcy at low Avneut, but the scatter decreases
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3.3. Internal correlations of C1v properties

We find that the C1v column density, total line width, and
velocity offset are all correlated with one another. This is
shown in Fig. 5, which illustrates a >6.00 correlation be-
tween N¢v and (vy — v_)cw, and a 4.30 correlation be-
tween ¢y and (v —v_)c . We investigated whether these
two correlations were still found when removing the prox-
imate absorbers and the sub-DLAs from the sample, and
found that they were, at > 6.0c and 3.8¢ significance, re-
spectively (see Table 2). Finally, we considered the effect of
the lower limits on the N¢y vs (v4 — v_)cy correlation,
by redoing the analysis with the saturated points excluded.
We still found a correlation, but the slope (in log-log space)
is lower by ~0.6dex in this case (see Fig. 5). In summary,
the DLAs and sub-DLAs with strong C1v absorption tend
to show broader and more offset C1v profiles.

3.4. Metallicity vs C1v column density

We plot N¢,v vs [Z/H] in Fig. 6. panel (a). We emphasize
that the metallicity is not derived from the C1v lines, but
is measured independently in the neutral phase of absorp-
tion, using either the Zn1r/Hr1, Siti/H1, or S11i/HT ratio. A
Kendall rank correlation test shows that the two quantities
are correlated at >6.00 significance (where the limits were
included in the analysis). Almost all the high-metallicity
DLAs show saturated C1v lines, which are shown with ar-
rows to represent lower limits to N¢y. The correlation is
still found (at 5.10) when only using the intervening DLAs,
and is also detected (at 3.50) when only using the cases with
[Z/H] derived from Zn11 (since these metallicities are more
robust against dust depletion effects). Finally the correla-
tion is still found (but only at 2.50) when only considering
the unsaturated C1v data points (i.e., when ignoring the
lower limits). The detection of this correlation confirms the
tentative result found in Paper I based on a much smaller
sample of twelve DLAs.

A linear least-squares bisector fit to the data gives the
result:

logNe v = (1.2 4 0.1)[Z/H] +
logNc v = (1.0 £ 0.1)[Z/H] +

(15.8+£0.2) [all points] (1)
(15.4+0.2) [no limits],

where Nc1y is expressed in cm™2, the errors in the slope
and y-intercept represent the 1o uncertainties, and the first
and second equations describe the cases where the limits are
included and excluded in the fit, respectively.

3.5. Metallicity vs C1v total line width

In Fig. 6 panel (b) we find evidence for a loose correlation
between metallicity and Avc. A Kendall 7 test shows a
3.40 correlation when using all 74 DLAs and sub-DLAs.
If we restrict the sample to the 58 DLAs at >5000km s~}
from the QSO, to remove the effects of sub-DLAs and prox-
imity to the quasar, the significance of the correlation de-
creases to 2.90. Working just with the DLAs and sub-DLAs
with metallicities derived from Zn 11, the significance is 2.60.

If we remove the upper limits on Avcy (i.e., the satu-
rated absorbers) from the sample, and redo the correlation
analysis, we find no significant detection of a correlation be-
tween [Z/H] and Avcy remains. However, in a sense this is
not surprising, since the saturated absorbers tend to show
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Fig. 5. Correlations between the measured C1v properties
for both DLAs (filled circles) and sub-DLAs (open circles).
Proximate absorbers are highlighted in square symbols. We
use vy —v_ rather than Av to measure the line width, since
it is defined even in the saturated cases. We annotate the
Kendall rank correlation coefficient 7 and its significance
on the panel, for various sub-samples. Solid lines show lin-
ear least-square bisector fits for the case where all data
points are treated equally (including limits). Top panel:
C1v column density vs C1v line width. A correlation is
found even when excluding the saturated C1v absorbers
(the lower limits on N¢ ), although in this case the slope
of the fit (shown as a dashed line) is shallower. Bottom
panel: comparison between total C1v line width and C1v
absolute velocity offset, also showing a significant correla-
tion. These trends show that the stronger C1v absorbers
tend to be broader and more offset from the neutral gas
than the weaker absorbers.

broad C1v lines (Sect. 3.4), so by removing them, we are
biased against finding a trend with line width. To further
investigate whether saturation was playing a role in setting
up this metallicity-line width relation, we looked for a cor-
relation between [Z/H] and (v4 — v_)c As discussed in
Sect. 2.3.2, (v4 — v_)cv is defined even in the saturated
cases. The result was that we detected a positive correlation
at the 4.10 level. Since we believe this metallicity-C 1v line
width correlation to be one of the most important results
of this paper, we investigated whether it was seen indepen-
dently in the lower- and higher- redshift halves of the sam-
ple, and found that it was at ~ 3o significance (Fig. 7), even
though the mean metallicity of the low-redshift sample is
higher than the mean metallicity of the high-redshift sam-
ple. Together, these results imply that the C1v line width
and metallicity are correlated in DLLAs and sub-DLAs.
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Fig.6. Dependence of C1v properties in DLAs (filled

circles) and sub-DLAs (open circles) with neutral-phase
metallicity. Proximate absorbers are highlighted in square
symbols. In each panel, we annotate the Kendall rank corre-
lation coefficient 7 and its significance, and we show a linear
least-square bisector fit (solid line), for the case where all
data points are treated equally (including the limits). In
panel (a), we find a significant correlation between N¢y
and [Z/H]. This remains true (at 2.50) even in the case
where the saturated points are excluded, though in this
case the slope is slightly shallower (dashed line). In panel
(b), we show a 3.40 correlation between Avc,y and [Z/H],
but this correlation is not found when the saturated points
are excluded (hence there is no dashed line in this panel).
However, if we instead use (v —v_)c v to measure the line
with (bottom panel), since this statistic is not affected by
saturation, a significant (4.10) metallicity-line width corre-
lation does exist. The detected correlations show that high-
metallicity systems tend to exhibit strong and broad C1v
absorption.
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Fig. 7. Ilustration that the correlation between C1v to-

tal line width and metallicity exists independently in the
lower and upper redshift halves of the sample, even though
there is a difference between the mean metallicity of the
two sub-samples (the lower-z sample shows systematically
higher [Z/H]). The symbols have their same meanings as
in Fig. 6. All DLAs and sub-DLAs in each redshift range
were included in the correlation analysis and in the linear
bisector fits, shown with solid lines.

Using the sample of 74 DLAs and sub-DLAs, the best-fit

linear least-squares bisector model is:
[Z/H] = (1.4 + 0.1)logAvc v — (4.6 £0.5), (2)
where again the errors are the 1lo uncertainties, and
where Awcy is in kms™!'. The slope of this rela-
tion is similar to that found for the low-ion total
line width/metallicity correlation by [Ledoux et all (2006),
who report [Z/H]=(1.55+0.12)log AvNeut — (4.33 £ 0.23).
However, we observe a large dispersion in total C1v line
width at a given metallicity, far larger than the measure-
ment errors, and also larger than the dispersion seen in the
low-ion line width/metallicity correlation.

There are four DLAs (at zaps = 2.418 toward
Q0112+306, zaps = 2.076 toward Q2206-199, z.ps = 2.153
toward Q2222-396, and z.ps = 2.537 toward Q2344+125),
and one sub-DLA (at zaps = 3.170 toward Q1451+4123)
that stand out on Fig. 6(b) and 6(c). due to their un-
usual properties. These absorbers show narrow C1v lines
(Avcy < 50kms™! in all cases), low velocity offsets
(|vlcr < 10kms™! in four of five cases), and low metal-
licities ([Z/H] between —2.42 and —1.81). These cases play
a significant role in generating the correlations discussed
here.

3.6. Metallicity vs C1v velocity offset and terminal velocity

Over our sample of 74 DLAs and sub-DLAs, the mean
value of |0]cyy is 69kms™1. |0]cyy is not correlated with
the metallicity. However, the absolute maximum C1v ve-
locity vmax is correlated with the metallicity at the 2.9¢
level (not shown in figures, but see Table 2). The signifi-
cance of this correlation decreases to 2.60 when just using
the intervening DLA sample. Saturation has no effect on
the maximum C1v velocity, so we included the saturated
C1v absorbers in this correlation analysis. We note that
Umax reaches over 200kms™! in 42 cases, and >500km s~}
in 8 cases.

3.7. H1 column density versus high ions

We find that none of the C1v properties (column density,
total line width, and mean velocity) correlate with Ny,
even though our sample covers two orders of magnitude
in Ny;. In Table 3 we compare the observed properties of
C1v absorption in DLAs (log Ny, > 20.3) with those in
sub-DLAs (log N, < 20.3). There is no significant differ-
ence between the two populations in mean column density,
mean total line width, or mean velocity offset from the neu-
tral gas. However, if we assume that the ionization fraction
C1v/C is the same in all systems, then the DLAs tend to
show larger H1I column densities than the sub-DLAs (see
Sect. 3.9).

3.8. Intervening vs proximate systems

The differences between proximate DLAs and interven-
ing DLAs have been studied in recent years (Ellison et al.
2002; Russell et al! 12006; [Hennawi & Prochaska [2007;
Prochaska et all 2007h). Here we compare the properties
of the C1v absorption in proximate and intervening DLAs
and sub-DLAs. These results are relevant to claims that
photoevaporation by the quasar reduces the H1 cross-
section in proximate DLAs (Hennawi & Prochaskal 2007;
Prochaska et all 2007H). We find no evidence for a higher
degree of ionization in the proximate systems. Indeed, the
mean C1V column densities and total line widths in the
proximate systems are slightly lower than the correspond-
ing values in the intervening systems. However, our current
proximate sample with C1v only contains seven systems,
so further data is needed before strong conclusions can be
drawn.

3.9. Total ionized column density

One of the key conclusions of Paper I was that, if the ion-
ized and neutral phases of DLA have the same metallicity,
then the H1l column density in the O VI phase typically
amounts to >40% of the H1 column density in the neutral
phase, and that Ny in the C1v phase amounts to a fur-
ther >20% of Ng;. These percentages are important since
they determine the total quantity of baryons and metals
hidden in the ionized gas. With the much larger sample in
this paper, we are able to improve upon the second of these
estimates. Ny in the C1v phase is calculated by:

NC v NC v ZN

N == = - 3
M= F0WC/H  fon (C/H) 10278 Z; (3)
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where fcy = Now/Nc is the C1v ionization fraction,
and Zy and Z; are shorthands for the absolute metallic-
ities in the neutral and ionized gas. We have assumed a
solar elemental abundance pattern, so that [C/H]=[Z/H],
and we take the solar carbon abundance C/H=10"3-! from
Allende Prieto et all (2002). We assume that Zn/Z1 = 1,
though values <1 are possible in a scenario where metal-
rich, ionized supernova ejecta has yet to mix with the gen-
eral interstellar medium (ISM), and values >1 are possible
in an accretion scenario. Finally, we assume that fcy = 0.3,
since in Paper I we found this is the maximum amount al-
lowed in either photoionization (Ferland et alil1998) or col-
lisional ionization (Gnat & Sternberg|2007) models , and so
it gives the most conservative (lowest) value of Ny ;. Lower
values of fov would increase the Ny, estimates.

The resulting values of Ny, are shown in Fig. 8. Based
on the 74 systems in this sample, we find that the mean and
standard deviation of the warm ionized-to-neutral ratio is
(log(Nuu/Nu,)) = —1.0 £ 0.6, i.e. the C1v phase contains
>10% of the baryons of the neutral phase. The sub-DLAs
show a mean log Ny, of 19.33, whereas the DLAs show
a mean log Ny of 19.77, a factor of ~2.2 higher. This is
because sub-DLAs show (on average) similar C1v columns
as DLAs, but higher metallicities. We note in the lower
panel of Fig. 8 that there is no trend for Ny, which is
x Nc/(Z/H), to depend on metallicity (although such a
trend could be partly hidden by the saturation of CI1v in
high metallicity systems). Thus, the correlation reported in
Sect 3.4 between N¢,, and [Z/H] appears to be a simple
consequence of the metallicity alone, but does not imply
that there is more ionized gas (i.e. more H11) in the high-
metallicity systems. We also note that the scatter in Ny
is substantial, of order ~2dex in Ny, at values of [Z/H]
between —2.0 and —1.0.

3.10. C1v column density vs gas cooling rate

The cooling rate I. in diffuse interstellar gas is directly
proportional to the Nc¢y« /Ny, ratid‘f], according to I, =
Neyhvg A /Nuergs™! per H atom, where A, is the
Einstein A coefficient and hvy the energy of the 158 ym
line (Pottaschi|1979). The cooling rate is of interest since it
is equivalent to the heating rate, because the cooling time is
so short that heating rate will balance cooling (Wolfe et all
20034)b). In turn, the heating rate will be related to the
intensity of UV radiation and the dust-to-gas ratio, and
ultimately to the star formation rate per unit area.

We searched the literature for C11* measurements in
our sample of DLAs/sub-DLAs with C1v. We took 20
data points (11 measurements and 9 upper limits) from
Srianand et all (2005), 9 measurements from [Wolfe et all
(20034), and one from [Heinmiiller et all (2006). In Fig. 9,
we directly compare the cooling rate with the C1v column
density. Below logl. = —26.8, there is no trend evident
in the data. However, we find that the seven points with
the highest N¢ v are among the systems with the highest
cooling rate. Even though a formal correlation between the
cooling rate and N¢ v is detected only at the 1.8c level
(the C11* upper limits were excluded in this analysis), we

1 Cu* is an excited electronic state of singly ionized carbon.
The transition at 158 pm resulting from the decay from fine-
structure state 2P3/2 to 2P1/2 in the 2s22p term of CT is the
principal coolant for diffuse neutral interstellar gas.

21.0—F T 1 ‘ T T ‘ T T ‘ T T ‘ IR
(] - 1
E = i Lo e =
x 20.5; — ;&E:
2 = R b —
o 20.0? : —
£ = . 3

~ 19.5— —ad s
= = —e— A —e— . 4. —foH

— Q@ @
E — @.—« —=—0—0— —]
> 19.0— fet e * —
léo — o -
~ 185 1
*\H‘\TST\‘H\\‘H\\‘\H*
20.0 20.5 21.0 21.5
log N(H I)
20— T T 1 ‘ T T 1 ‘ T T —
) — —— —
E = é —&— -
a 20.5; *,:‘:' : 7:
— >—.—<. .ii ‘@ —
= 20.0 — * e & T
&) e o9 8 " " -
5 — —e— o el e i& —
S 195 —et S
; = - —e e o —
= e ge -
Z 19.0— ——  [&] o —
g 18 5E ? =
TR \ [ \ R
-3 -2 -1 0
[Z/H]

Fig.8. Comparison of Hil column density in the Ci1v-
bearing gas integrated over all velocities with (top) Ny, and
(bottom) [Z/H] for each system in our sample, assuming an
ionization fraction N¢/Nc¢ = 0.3. The average value of
the ratio N(H11)/N(H1) over all 74 systems is 0.1, imply-
ing that the C1v phase of DLAs and sub-DLAs typically
contains >10% of the baryons and metals in the neutral
phase. The mean value of Ny is &2.5 times lower in sub-
DLAs than in DLAs.

note that the the median logarithmic C1v column density
among the systems with logl. < —26.8 is 13.86, whereas
the median among the systems with logl. > —26.8 is 14.83.
This finding is consistent with the results of Wolfe (2007,
in preparation), who finds evidence for bimodality in DLAs
based on the cooling rate, in the form of significant differ-
ences between the metallicities and velocity widths of those
DLAs with cooling rates below and above a critical value
le =10"2"ergem 3571,

4. Discussion
4.1. Narrow and broad components

There are two physical processes that can provide the
47.9eV required to ionize C*2 to C*3, and so create the
gas seen in C1v: photoionization and collisional ionization.
In Paper I it was shown [see Fig 3(b) in that paper] that the
line widths of at least one fifth of the C1v components ob-
served in DLAs are narrow (b < 10kms™!), implying that
in these components, the gas is cool (T' < 7 x 10*K), which
likely implies collisional ionization is unimportant, and that
photoionization is the ionization mechanism . These nar-

2 Cool but highly ionized clouds could however be produced
by a non-equilibrium collisional ionization scenario, in which
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Fig. 9. Dependence of the C1v column density on the
Nc = /Ny, ratio, for each DLA (filled circles) and sub-DLA
(open circles) where data on C1v and Cir* exist. Color-
coding is used to denote the metallicity of the gas, as indi-
cated in the legend. The seven data points with the highest
Nc¢ v all show above-average cooling rates. Among these
seven, six show high metallicities.

row components are not seen in O vi. The detection of cool
C1v components rules out the idea that all the C1v in
DLAs arises in a hot halo (see Mo & Miralda-Escudd1996;
Maller et all 2003). The source of the extreme-ultraviolet
(EUV) radiation at 259 A that photoionizes C*2 to C*3
and gives rise to the narrow CIV components could be
external (the extragalactic background) or internal (O-
and B- type stars in the DLA host galaxies). Discussions
of the relative importance of internal and external ra-
diation in DLAs are given by [Howk & Sembach (|19_9_9
[Miralda-Escudd (IZDDE) and Schaye (2006). Note that in
the Milky Way, [Br Harrin (1986) found that
planetary nebulae are the dominant source of photons in
the range 45-54eV, but DLA galaxies at z > 2 are likely
too young for planetary nebulae to have formed.

We propose that the broad Ci1v components arise
in the hotter phase of DLA plasma that is detected in
Ov1 absorption (Paper I), i.e the hot ionized medium.
This phase will arise following either heat input from
supernova in the DLA host galaxy, or by the shock-
heating of infalling gas at the virial radius. In the first
case, the hot ionized medium may exist in the form of
a wind (Oppenheimer & Davé 2006; [Fangano et all 2007;
Kawata & Rauch 2007), though Galactic fountain scenar-
ios are also possible (Shapiro & Field [1976; [Bregmaxl[1980;

[1990). The observation that up to 80%
of the C1v components are broad is consistent with the
origin of the C1v in a wind, since in the models of

(2006), much of the C1v in galactic
winds is collisionally ionized.

We note that Type II supernovae will heat interstel-
lar gas to temperatures >10° K, too high for the formation
of OvI and C1v lines, and left to itself, gas at a density
of 1073 cm™3 and one-hundredth of the solar metallicity
will not cool in a Hubble time. However, if the hot plasma
interacts with cool or warm entrained clouds, conductive

initially hot gas has cooled faster than it has recombined, leading

to “frozen-in” ionization (M)
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interfaces (Borkowski et all[1990), turbulent mixing layers
(Slavin et all [1993; [Esquivel et all 2006), or shock fronts
[1996) can form between the hot and
cool phases, in which the temperatures are favorable for
the formation of OvI and C1v lines. These mechanisms,
which have been invoked to explain high-ion observations
in the extended halo of the Milky Way (Savage et al![2003;
[Zsargé et all 12003; Indebetouw & Shull 2004), in high-
velocity clouds (Sembach et al!2003; [Fox et al. 2004, 2005;
Collins et all [2005), and in the Large Magellanic Cloud
(Lehner & Howk [2007), can explain the broader C1v and
O VI components seen in the DLAs and sub-DLAs. Note
that the interpretation of broad high-ion components in
DLAs and sub-DLAs as hot and collisionally ionized is dif-
ferent from the interpretation of the O VI components in
the IGM at z 2 2, which (generally) appear to be pho-
toionized i ;

[2002; |Levshakov et all [2003; [Bergeron & Herbert-Fort
[2005; [Reimers et _all 2006; Lopez et all 2007), though see
[Reimers et al] (2001) and [Simcoe et all (2002, 2006).

4.2. lonized gas and star formation

[Ledoux et all (2006) have presented a [Z/H]-Avyeut cor-
relation in DLAs and sub-DLAs, and have interpreted
it as implying an underlying mass-metallicity relation
(see also [1998; [Ledoux et al! [1998;
Murphy et al! [2007; [Prochaska et al![2007a). In this inter-
pretation, AvNeut traces motions due to gravity. Since we
find that Avgy is larger than Avneyt in almost all cases, an
additional energy source is required to heat and accelerate
the C1v clouds. We suggest that star formation and subse-
quent supernovae could provide this source. Star formation
in DLA and sub-DLA galaxies will lead to:
(i) metals generated by stellar nucleosynthesis;
(ii) EUV flux from OB stars that can photoionize C*2 to
C™*3 in interstellar gas, giving rise to the narrow C1v com-
ponents;
(iii) supernovae-heated million-degree plasma, which can
interact with entrained clouds of cooler gas to produce gas
at T ~ 10° K, where O vi and C1v components are formed
through electron collisions;
(iv) mechanical energy injection from supernovae and stel-
lar winds imparting large total velocity widths to the high
ions.
Because star formation leads to metals and to feedback
(i.e. mechanical energy injection into the ISM), this sce-
nario would naturally explain the correlation between [Z/H]
and Avc . However, we cannot rule out an alternative sce-
nario in which the plasma phases in DLAs and sub-DLAs
are formed following the accretion of infalling, intergalactic
as, rather than by star formation (e.g.
M) The inflow model can also qualitatively explain the
metallicity-C1v line width correlation: the more massive
halos (which through the mass-metallicity relationship tend
to show higher metallicities) would induce higher accretion
rates because of their deeper potential wells, and so could
create and disperse the C1v over large velocity ranges.

4.3. Evidence for galactic outflows and winds

Our dataset shows that C1v components in DLAs and sub-
DLAs exist over a broad velocity range, with a median
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Avgyy of 187kms ™!, which is approximately twice as broad
as the typical velocity spread seen in the neutral gas. The
terminal C1v velocities reach >200kms~! in 42/74 sys-
tems, and >500kms~! in 8/74 systems, and are correlated
with the metallicity. Together, this evidence implies that
the high ions in DLAs and sub-DLAs trace highly disturbed
kinematic environments. In this section we identify a pop-
ulation of high-velocity C1v components with intriguing
ionization properties, and we address whether these com-
ponents could be created by galactic outflows.

In order to evaluate whether any of the observed C1v
components represent winds, we need to determine the
escape velocity in each system. We calculate this using
Veire = AUNeut/0.6, an empirical relation found from analy-
sis of artificial spectra in the simulations of [Haehnelt et al.
(1998) and Maller et all (2001)). There is a factor of two dis-
persion around this relation, due to variations in the view-
ing angle. We then take vesc = V20¢ire (appropriate for a
spherical halo), so that vese & 2.4AvUNeut. The escape speed
we have assumed can be taken as an upper limit, because
Vesc 18 calculated in the disk and will decrease with radius,
but we may be observing C1v at high radii. We have not ac-
counted for drag forces arising due to entrainment between
the winds and the galaxy’s ISM (Finlator & Davé 2007).

When we search for C1v absorption at v < —ves and
UV > Vese, we find it in 25 of 63 DLAs and 4 of 11 sub-DLAs,
i.e. C1v absorption unbound from the central potential well
exists in ~40% of cases. These absorbers, which we refer to
as wind candidates, are colored with dark shading in Fig.
1, for easy identification. A key property of these wind can-
didate absorbers is the low column density of the accom-
panying neutral gas absorption. In this respect, these wind
candidates are analogous to the highly ionized high-velocity
clouds seen in the vicinity of the Milky Way (Sembach et al.
1995, 11999, 12003; [Collins et al. 2004, 2005; [Fox et al. 2005,
2006; |Ganguly et all 2005). They also resemble the z ~ 6
C1v absorbers reported by [Ryan Weber et all (2006). In
a handful of cases, wind candidates are seen at both red-
shifted and blueshifted velocities in the same system. In
Fig. 10 (top panel) we plot the absolute wind C1v columns
as a function of metallicity. We find similar C1v wind col-
umn densities in systems that span the 2.5dex range of
metallicity in our sample, even in the highest metallicity
systems.

Our results are surprising when viewed in the
light of simulations of galactic outflows, which show
that dwarf galaxies are more important than mas-
sive galaxies for the metal pollution of the inter-
galactic medium (Mac-Low & Ferrara 1999; [Ferrara et all
2000; INagamine et al. 2004b; [Scannapieco et all 12006b;
Tissera et al) 2006; [Kobayashi et all 2007), since they are
incapable of gravitationally confining the metals released
by supernovae. The increase in wind escape fraction with
decreasing galactic mass may contribute to the origin
of the mass-metallicity relationship observed in DILAs
and other high-redshift galaxies (Nagamine et al. 20044
Tremonti et al! 12004; Mogller et al! 2004; [Savaglio et al.
2005; [Erb et al. 2006)|3 The surprising result here is that,
given the mass-metallicity relation, the higher metallicity
(higher mass) galaxies should decelerate their supernova-

3 Low star formation efficiency at low galactic masses may also
contribute to the mass-metallicity relationship (Brooks et al.
2007; [Finlator & Davé [2007).

driven outflows, so that C1v outflows should not be seen in
the high-metallicity systems, but yet we observe the high-
velocity components even in systems with [Z/H]> —1.0.
Furthermore, we find that the maximum outflow velocity
Umax 1S correlated to the metallicity.

For any individual C1v component, it is difficult to de-
termine conclusively whether one is seeing a galactic out-
flow from the DLA galaxy (see [Fangano et all2007). Two
other plausible origins are inflow toward the DLA galaxy
(Wolfe & Prochaska 2000b), and the ISM of a separate
nearby galaxy. A contribution of C1v from these processes
could help to explain both the scatter seen in each panel
in Figure 6, and the cases with large values for Avc . One
weakness of the inflow model is that accretion would accel-
erate the gas up to but not beyond the escape velocity, but
yet we see gas moving above the escape velocity. Thus in-
flow cannot explain the highest-velocity C1v components.
The nearby galaxy model has the problem of not readily ex-
plaining why the ionized-to-neutral gas ratio is so high in
the high-velocity C1v components. In other words, if nearby
galaxies are responsible for the high-velocity C1v compo-
nents, where is their neutral ISM? The outflow explanation,
on the other hand, naturally explains the velocities and the
ionization properties of the high-velocity C1v absorbers.
The outflow model also explains the presence of metals in
the ionized gas (they came from the DLA host galaxy), so
it does not need to resort to pre-enrichment. A more serious
problem is whether we can associate a single DLA with a
single galaxy. This assumption may be false since the clus-
tering of galaxies near DLAs has been observed both at low
(Chen & Lanzetta 2003) and high (Cooke et al! 12006a/H;
Bouché & Lowenthal 2003, 12004; [Ellison et all 2007) red-
shift. Our wind interpretation implicitly assumes that each
high-velocity C1v component arose from a galaxy located
in velocity at the point where the neutral line absorption is
strongest.

4.3.1. Wind properties

We present in this section a calculation of order-of-
magnitude estimates for the mass M, kinetic energy FEj,
mass flow rate M, and flux of kinetic energy Fj in the C1v
wind candidate absorbers. These calculations are analogous
to those used to measure the energetics of winds in star-
burst galaxies (Heckman et all 2000; Martin 2005, [2006)
and LBGs (Pettini et all[2000).

We assume that the outflow exists in an expanding
hemispherical shell moving at velocity v relative to the
neutral gas in the DLA galaxy (we do not assume a full
spherical outflow, since we do not generally see two compo-
nents corresponding to the near and far side of the galaxy).

We then calculate M, Ey, M, and Fy using the following
equations:

M = 27 umuNuy (4)
M = Ampmyr|o|Nuy (5)
Ex = Mv?)2 (6)
E, = Muv%/2 (7)

Here p# = 1.3 is the mean molecular weight, my is the
mass of a hydrogen atom, and Ny, is calculated using Eqn.
3. It can be seen that these four quantities are proportional
to the zeroth, first, second, and third moments of the C1v
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Fig.10. Top panel: C1v column density moving above
the escape speed (i.e. wind candidate N¢,y) as a function
of metallicity, for the 25 DLAs and 4 sub-DLAs with C1v
absorption at |v] > |vesc|, where vese = 2.4AUNeut. Bottom
panel: Wind mass outflow rate vs metallicity, assuming
a characteristic C1v radius of 40kpc. The median mass
outflow rate among these cases is 22Mg yr~!. The large
diamond shows the mass outflow rate determined in the
z = 2.7 Lyman Break Galaxy ¢B58 by [Pettini et all (2000).
The filled triangles are the mass flow rates determined for
the cool winds in the [Martin (2006) sample of low-redshift
ultraluminous starburst galaxies, plotted at zero metallicity
for convenience.

optical depth profile. The wind mass flow rates are shown in
the lower panel of Fig. 10. They were calculated by taking
the average of the escape velocity and the terminal velocity
for v, and deriving Ny with Eqn. 3 only for that portion of
the C1v absorption at |v] > vesc. We only have information
on the line-of-sight velocity (not the full 3D velocity), but
since the line-of-sight passes through a DLA or sub-DLA,
we assume we are looking through the full depth of the
galactic halo, so that the line-of-sight velocity we measure
approximates the radial velocity of the outflowing gas.
The only quantity which is not directly measured is
the characteristic radius r. If we take a reference value
of r = 40kpc, as determined for C1v around LBGs by
Adelberger et all (2005), we find that the 29 C1v wind can-
didates typically contain (median values) a total mass of
~ 2 x 10° Mg, a kinetic energy of ~ 1 x 1057 erg, a mass
flow rate of ~ 22Mg yr~!, and a kinetic energy injection
rate of ~ 4x10*! ergs~!. To put these wind mass flow rates
in perspective, Pettini et all (2000, 2002) report a mass flow
rate of ~60 Mg yr~! for the outflow from the z = 2.7 LBG
MS 1512-cB58, and [Martin (2006) calculate the mass loss

rates in the cool winds of a sample of low-redshift ultralu-
minous starburst galaxies as between 1 and >14 Mg yr—!.

We calculate that the thermal energy in the C1v wind
absorbers is only a few percent of their kinetic energy
(assuming a temperature of 10%K). Assuming the clouds
fill a region whose depth is similar to its width, a 40kpc
depth and Ny, = 10?° cm™2 correspond to a density of
nun ~ 1073 cm™3, assuming a filling factor of unity. In
turn, such a medium would exhibit a thermal pressure
P/k ~ 10*cm ™3 K. If the C1v arose in interface layers be-
tween entrained cool/warm clouds and a surrounding hot
gas, then the line-of-sight filling factor would be much lower
and the C1v could exist in higher-density, higher-pressure,
localized regions.

Among the 25 DLAs and 4 sub-DLAs showing wind can-
didate components, the median rate at which each galaxy
delivers metals to the IGM is ~ 1 x 1072Mg yr~!. This
estimate is robust to changes in the metallicity of the ion-
ized gas with respect to the neutral gas. Assuming that
the outflows are driven by the supernovae that follow star
formation, we can calculate the star formation rate nec-
essary to power the observed C1v outflows. We use the

relation from [Efstathiou (2000) between energy injection

rate and star formation rate, E’SN =25 X 1041M* erg s,

with M, in Mgyr—! [. Equating Esy to the observed
mean flux of kinetic energy, we find a median required
SFR per DLA of ~2Mg yr~!, corresponding (with our as-

sumed r = 40kpc) to a required SFR per unit area (¢.) of
~ 3 x 107*Mg yr~ ! kpc=2. This is consistent with (though
close to) the limit on the SFR per unit area derived from
low surface brightness features (i.e. DLA analogs) in the
Hubble Ultra-Deep Field by [Wolfe & Chen (2006), who re-

port ¥, < 10735Mg yr~tkpe=2. We thus conclude that,
at least to an order-of-magnitude, there is sufficient energy
released following star formation to drive the observed high-
velocity C1v components in DLAs, supporting the notion
that they trace galactic winds.

5. Summary

We analyzed the C1v absorption in 63 DLAs and 11 sub-
DLAs in the range 1.75 < zaps < 3.61 observed with
VLT /UVES. We measured the properties of the C1v ab-
sorption in each system and investigated how they depend
on the properties of the neutral gas. In most systems the
metallicity, H1 column density, and line width in the neutral
gas had already been measured. We executed the neutral
gas measurements for the remaining cases. This study has
led us to find that:

1. Both narrow (b<10kms™!) and broad (b>10kms™!)
C1v components are present in the data. The narrow
components (numbering 2 20% of the total) trace gas
at cool temperatures, and are likely to be photoionized.

2. The median C1v column densities in DLAs and sub-
DLAs [(logN¢1v(DLA))=14.2] are substantially higher
than typical IGM values [(logNc¢ v (IGM))=13.0], but
similar to those seen in LBGs [{logN¢ v (LBG))=14.0].

3. The total C1v line width is broader than the total neu-
tral line width in 69 of 74 cases.

4 This relation assumes each supernova releases 10°! erg of ki-
netic energy and that one supernova follows from every 125 M
of star formation.
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4. The total C1v column density, line width, and velocity
offset in the DLLAs and sub-DLAs are all correlated, so
the strongest C 1v absorbers also tend to be the broadest
and most offset relative to the neutral gas.

5. The total C1v column density is correlated with the
neutral-phase metallicity. The significance of this corre-
lation is >6.00, and it is found even when the saturated
cases, the proximate DLAs, and the sub-DLAs are ex-
cluded.

6. The total C1v line width is weakly correlated with the
neutral-phase metallicity. This correlation is detected at
4.10 significance (using (v —v_ )¢y to measure the to-
tal line width), and is found independently in the lower-
and upper- redshift halves of the sample. The slope of
the metallicity /high-ion line width relation is similar to
the slope of the metallicity/low-ion line width relation
reported by [Ledoux et al! (2006).

7. None of the C1v properties (column density, line width,
central velocity) correlate with the H1 column density,
even though our sample spans a factor of 100 in Ng;.
Indeed, though we only have 11 sub-DLAs against 63
DLAs, the mean values of log N, Av, and |0| are the
same in DLAs as in sub-DLAs. However, assuming a
constant ionization correction N¢v/Nc = 0.3, then
the sub-DLAs show a mean Ny of 19.36, whereas the
DLAs show a mean Ny, of 19.77, a factor of ~2.5
higher. This is because sub-DLAs show (on average)
similar C1v columns but higher metallicities.

8. We find slighty lower mean C1v column densities and
total line widths among the seven proximate DLAs/sub-
DLAs than among the 67 intervening systems. This
trend is worth investigating using a larger proximate
sample.

9. The mean velocity offset between the C1v and the neu-
tral gas |v|cv has a mean value of 69kms™! over our
74 DLAs and sub-DLAs, implying a net amount of out-
flow or inflow is present. The maximum observed C1v
velocity vmax reaches >200kms~! in 42/74 cases, and
>500kms™! in eight cases. vmax is correlated with the
metallicity at the 2.90 level.

10. We calculate the escape velocity from the width of the
neutral line absorption. We observe C1v moving above
the escape velocity in 25 DLAs and 4 sub-DLAs, cov-
ering 2.5 orders of magnitude of [Z/H]. In other words,
C1v clouds that are unbound from the central poten-
tial well are seen in =40% of DLAs and sub-DLAs.
Assuming a characteristic C1v radius of 40kpc, these
wind candidate absorbers show typical (median) masses
of ~ 2 x 10 M, kinetic energies of ~ 1 x 10°7 erg, mass
flow rates of ~ 22 My yr~!, and kinetic energy injection
rates Ej, ~ 4 x 104 ergs~!. The typical value for Ey,
requires a SFR per DLA of ~2Mg yr—!, or a SFR per
unit area of ~ 3 x 107* Mg yr~!kpc™2, to power the
winds.

We conclude with several remarks concerning the ori-
gin of ionized gas in DLAs and sub-DLAs. Since Avcy
is almost always broader than the gravitationally broad-
ened AvNeyt, an additional energy source is required to heat
and accelerate the C1v-bearing clouds, in ~40% of cases to
above to escape speed. We propose that star formation and
supernovae can provide this source. DLA/sub-DLA galax-
ies with higher rates of star formation will produce higher
EUV fluxes from massive stars, photoionizing the gas that

is seen in the narrow C1v components, and will also un-
dergo higher rates of Type II supernovae and stellar winds.
The supernovae lead to (i) metal enrichment through nucle-
osynthesis, (ii) the generation of million-degree interstellar
plasma, which can interact with embedded clouds to form
gas containing C1v and O vi, and (iii) the injection of me-
chanical energy to the surrounding ISM, explaining the ex-
tended velocity fields for the ionized gas. Such a scenario
would explain (at least qualitatively) the metallicity-C1v
line width correlation, and the velocity and ionization level
of the wind candidates.

Infalling clouds can also contribute to the C1v seen in
DLAsS (e.g. Wolfe & Prochaskal2000b). However, as we have
pointed out, infall cannot explain the highest velocity C1v
components, which are detected at well over the escape
speed. Although metallicity measurements could in theory
discriminate between the infall and outflow hypotheses, it
is very difficult to directly measure the metallicity of the
ionized gas in DLLAs. However, one practical test of the idea
that star formation leads to the production of ionized gas
in DLAs (and the associated idea that the high-velocity
C1v components in DLAs trace winds) would be a detailed
comparison between the properties of C1v absorption in
DLAs and in LBGs, where outflows are directly observed
(Pettini et al. 2000, [2002; [Shapley et all2003). Though we
have not yet conducted a full comparison, we do note that
the similar C1v column density distributions observed in
DLAs and LBGs suggest that the ionized gas in these two
classes of object shares a common origin in supernova-
driven outflows.
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Table 1. Comparison of C1v and Neutral DLA Measurements
QSO Zem Zabs " Neutral Gas Properties? C1v Properties

log Ny, [Z/H] 7 AvNcutS Line? logN¢ IV5 Avg 1\76 (6] IV7
QO0010-002 2.15 2.02478 20.95+0.10 —1.434+0.11 Zn 32 1550 >14.65 <110 —15+6
Q0013-004 2.09 1.97295 20.83+0.05 —0.59+0.05 Zn 797 15508 >15.41 <1111 —42440
Q0027186  2.56 2.40186 21.754+0.10 —1.63+0.10 Zn 44 1550 >14.68 <227 10446
Q0039-339  2.48 2.22400 20.60+0.10 —-1.314+0.12 Si 122 1550 14.41+0.01 16843 39+3
Q0042-295 2.39 1.80947 20.40+0.10 —1.25+0.15 Si 65 1550 >14.65 <200 —137+8
Q0049283 2.26 1.88615 20.20+0.08 —1.03+£0.09 S 26 1550  14.25+0.02 12344 —3+3
Q0049283 2.26 2.07125 20.454+0.10 —-1.314+0.12 Si 51 1548  13.83+0.02 229+3 11045
Q0058-292  3.09 2.67140 21.104+0.10 —1.53+0.10 Zn 34 1548  13.54+0.05 293413 —68+17
Q0102-190 3.04 2.36962 21.00+0.08 —1.90+£0.08 S 17 1550 13.914+0.02 123+3 —194+3
Q0102-190 3.04 2.92650 20.00+0.10 —1.504+0.10 Si 146 1548  13.75+0.01 17243 4743
Q01124029 2.81 2.42310 20.90+0.10 —-1.31+£0.11 S 112 1548  13.95+0.01 161+3 2743
Q0112-306  2.99 2.41850 20.50+0.08 —2.42+0.08 Si 31 1548  13.10+£0.02 3543 6+3
QO0112-306  2.99 2.70230 20.30+0.10 —0.494+0.11 Si 218 1550 >14.83 <295 —2246
Q0135273 3.21 2.10739 20.30+0.15 —1.12+0.16 S 92 1548  13.94+0.01 88+3 4743
Q0135273 3.21 2.80003 21.00+0.10 —1.40+£0.10 S 66 1548  13.56+0.02 153+3 0+3
Q02164080 2.99 2.29306 20.50+0.10 —0.704+0.11 Zn 104 1550 >15.09 <399 —51+12
Q0254-404  2.28 2.04607 20.45+0.08 —1.55+0.09 S 37 1548  13.69+0.01 111+3 0+3
Q0300-318 2.37 2.17905 20.80+0.10 —1.80+£0.10 S 41 1548  14.03+0.02 211+3 —96+4
Q0331-451  2.67 2.65618 19.8240.05 —1.494+0.05 Si 80 1548  13.35+0.01 81+3 —88+3
Q0347-383 3.22 3.02485 20.73+0.05 —1.17+0.07 Zn 93 1548  13.95+0.01 31943 —35+3
Q0405—443 3.02 1.91270 20.804+0.10 —1.03+0.10 Zn 98 1550 >14.60 <205 —4246
Q0405-443 3.02 2.54990 21.15+0.15 —1.364+0.16 Zn 165 1550 >14.77 <187 83+12
Q0405—443  3.02 2.59475 21.054+0.10 —1.12+0.10 Zn 79 1548  13.86+0.01 131+3 3143
Q0405-443  3.02 2.62140 20.45+0.10 —2.04+0.10 Si 182 1548  14.06+0.01 231+3 109+3
Q0421-264 2.28 2.15680 20.65+0.10 —1.86+0.10 Si 47 1548  14.18+0.01 22743 15243
Q0425-522  2.25 2.22430 20.30+0.10 —1.43+0.11 S 40 1548  14.00+0.01 435+3 156+5
Q0438-436  2.86 2.34736 20.78+0.12 —0.724+0.13 Zn 89 15503 >15.03 <1035 —4254+40
Q0458-020 2.29 2.03955 21.70+0.10 —1.2240.10 Zn 88 1550 >15.06 <185 —63+46
Q0528-250  2.77 2.14105 20.984+0.05 —1.36+0.06 Zn 105 1550 >14.70 <113 —51+12
Q0528-250 2.77 2.81115 21.35+0.07 —0.914+0.07 Zn 304 1550 >15.09 <188 —4412
Q0551-366  2.32 1.96221 20.70+0.08 —0.35+0.08 Zn 468 1548 >15.16 <461 —121+38
Q0642-506  3.09 2.65860 20.95+0.08 —1.05+0.09 Zn 99 1548  14.00+0.01 168+3 1543
Q08414129 2.50 1.86388 21.00+0.10 —1.514+0.11 S 32 1548  13.89+0.01 12643 —33+3
Q09134072 2.78 2.61840 20.35+0.10 —2.59+0.10 Si 22 1548  14.13+0.01 17543 763
Q1036229 3.13 2.77739 20.93+0.05 —1.36+£0.05 S 80 1550 14.11+£0.01 133+3 9043
Q1037-270  2.20 2.13906 19.70+0.05 —0.314+0.05 Zn 250 1550 >15.32 <496 —125+12
Q1108-077 3.92 3.60760 20.37+0.07 —1.59+0.07 Si 31 1548  14.34+0.01 410+3 —108+3
Q1111-152  3.37 3.26548 21.304+0.05 —1.65+0.11 Zn 140 1548  13.54+0.01 14943 101+3
Q1117-134 3.96 3.35037 20.95+0.10 —1.414+0.11 Zn 44 1548  14.15+0.01 233+3 4643
Q11574014 199 1.94375 21.804+0.10 —1.44+0.10 Zn 89 1548  13.86+0.01 102+3 —9+3
Q12034023 2.13 1.74735 20.404+0.10 —0.97+0.11 Zn 38 1550 14.17+0.01 == —36+3
Q12094093 3.30 2.58440 21.40+0.10 —1.014£0.10 Zn 214 1550 >15.03 <355 —344+20
Q1220-180 2.16 2.11285 20.12+0.07 —0.93+0.07 S 95 1548  14.01+£0.01 11943 3+3
Q12234178 294 2.46608 21.404+0.10 —1.63+0.10 Zn 91 1550  14.71+£0.01 32043 18+3
Q12324082 2.57 2.33771 20.90+0.08 —1.434+0.08 S 85 1548  13.93+0.01 653+3 246+4
Q12424001 2.08 1.82452 20.45+0.10 —1.18+0.12 Zn 56 15508 >14.76 <900 —4004+40
Q13314170 2.08 1.77635 21.15+0.07 —1.2840.08 Zn 75 1550 >15.27 <308 —24+12
Q13374113 2.92 2.79583 21.00+0.08 —1.86+0.09 Si 42 1548  13.36+0.03 78+4 —294+4
Q1340-136  3.20 3.11835 20.05+0.08 —1.42+0.08 S 153 15502  14.054+0.05 104420 180420
Q14094095 2.85 2.01882 20.65+0.10 —1.624+0.16 Zn 39 1548 >14.15 <93 —2046
Q14094095 2.85 2.45595 20.53+0.08 —2.06+0.08 Si 69 1548  13.74+0.01 T4+3 15+3
Q14094095 2.85 2.66818 19.80+0.08 —1.41+0.09 S 100 1550  14.45+0.01 17243 —102+3
Q14444014 2.21 2.08679 20.25+0.07 —0.804+0.09 Zn 294 1548  13.52+0.02 305+5 63+5
Q14514123 3.25 3.17081 20.20+0.20 —2.10+0.21 Si 45 1548  13.55+0.03 115+5 112411
Q2059-360 3.09 3.08291 20.98+0.08 —1.77£0.09 S 44 1548  13.73+0.01 103+3 3943
Q2116-358 2.34 1.99618 20.10+0.07 —0.344+0.11 Zn 177 1550 >15.09 <231 49412
Q2138444  3.17 2.85235 20.984+0.05 —1.74+0.05 Zn 43 1548  14.45+0.01 342+3 —67+3
Q21524137 4.26 3.31600 20.50+0.15 —1.37+0.15 Si 74 1548  14.29+0.01 38943 —66+3
Q2206-199 2.56 1.91998 20.67+0.05 —0.544+0.05 Zn 136 1548 >14.96 <195 57+12
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Table 2. Statistical Significance of Correlations: Kendall 7 Analysis

Quan. 1 Quan. 2 Sample Size T o

Ncw (vy —v-)cw all 74 0.54 >6.0
interv DLA? 58 0.52  >6.0
unsaturated® 49 045 4.5

[T]cw (vy —v-)cw all 74 0.34 4.3
interv DLA 58 0.35 3.8
[Z/H] Ncw all 74 0.45 >6.0
interv DLA 58 0.46 5.1
Zn1¢ 37 0.40 3.5
unsaturated 49 0.25 2.5
[Z/H] Avc all 74 0.28 3.4
interv DLA 58 0.27 2.9
7n 11 37 0.30 2.6
unsaturated 49 0.14 14
[Z/H] (vy —v-)cw  all 74 033 4.1
interv DLA 58 0.30 3.3
7n 11 37 029 25
z <2.34 37 0.39 3.3
z >2.34 37 0.34 2.9
[Z/H] Umax,C 1v all 74 0.24 2.9
interv DLA 58 024 2.6
Zn 11 37 022 1.9
Ncw le C1* detected 21 0.30 1.9

® Tn the intervening DLA sample, sub-DLAs and DLAs at <5000kms~! from the QSO were excluded.
b In the unsaturated sample (considered for correlations involving Ncw or Avc), all saturated C1v lines were removed.
¢ In the Zn11 sample, cases where [Z/H] was derived from Si or S were excluded. This only applies to correlations involving [Z/H].

Table 1. continued.

QSO Zem Zabs ' Neutral Gas Properties? C1v Properties

log Ny, [Z/H] 7 AvNcutS Line? logN¢ IV5 Avg 1\76 (6] IV7
Q2206-199 2.56 2.07622 20.444+0.05 —2.32+0.05 Si 20 1548 13.71+0.01 47+3 3+3
Q2222-396  2.18 2.15387 20.85+0.10 —1.974+0.10 S 21 1548  13.44+0.02 49+3 —3+3
Q2228-399 2.21 2.09437 21.204+0.10 —1.36+0.12 Zn 138 1548 13.70+0.02 18645 43+5
Q2243-605 3.01 2.33061 20.65+0.05 —0.85+0.05 Zn 173 1550 >14.73 <349 —272+14
Q2311-373  2.48 2.18210 20.484+0.13 < —1.33 7n 77 1548  13.9540.01 12743 —36+3
Q2314-409 245 1.85733 20.904+0.10 —1.02+0.14 Zn 95 1548  14.2440.01 143+3 —24+3
Q2314-409 2.45 1.87519 20.10+0.20 < —1.19 7Zn 49 1548  13.38+0.02 140+4 37+4
Q2318-111 3.61 1.98888 20.68+0.05 —0.854+0.06 Zn 207 1548  14.6840.01 329+3 —11+3
Q2332-094 3.32 3.05725 20.50+0.07 —1.33£0.08 S 111 1550 >14.54 <150 —11+6
Q2343+125 2.51 243127 20.404+0.07 —0.92+0.07 Zn 289 1550 14.6940.01 315+3 —137+3
Q23444125 2.76 2.53786 20.50+0.10 —1.814+0.10 Si 69 1548  13.02+0.02 4043 —1243
Q2348-011 3.01 2.42630 20.50+0.10 —0.64+0.10 S 248 1550 >14.77 <277 1546
Q2348-011 3.01 2.61473 21.30+0.08 —2.02+0.08 Si 100 1548 13.534+0.01 296+4 1143
Q2359-022 2.81 2.09508 20.65+0.10 —0.844+0.13 Zn 146 1550 >14.87 <131 —92+66
Q2359-022 2.81 2.15390 20.30+0.10 —1.62+0.10 Si 67 1550 >15.01 <367 48442

1 The absorber redshift is defined by the velocity of the strongest component seen in the low-ionization lines.

2 Taken from [Ledoux et all (2006), Smette et al! (2005), Smette et al. (2007, in preparation), |[Akerman et all (2005),
Ellison & Lopez (2001), or this paper. The element Z is Zn if Zn11 is detected, otherwise Si or S.

3 Neutral line velocity width containing central 90% of the apparent optical depth, in kms~!. The measurement is made
on an optically thin line, i.e. one with 0.1 < F(vg)/F.(vo) < 0.6 (see Ledoux et al![2006). Typical error is ~ 3kms~1.

4 Line used to measure C1v. A\1548 is chosen if F(vg)/F.(vo) > 0.1, A1550 otherwise.

5 C1v column density measured using the apparent optical depth method. Ny is in cm™2. Lower limits are 3o.

6 C1v line width containing central 90% of apparent optical depth, in kms~!. Upper limits represent saturated cases.

7 Mean velocity of C1v absorption profile, i.e. velocity offset from neutral gas, in kms~!. Errors have been doubled for
saturated cases.

8 Both lines partly blended; results from combining measurements of absorption in two unblended velocity ranges.
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Fig.1. VLT/UVES absorption line spectra of C1v AA1548, 1550 and an optically thin line (typically Siir or Fe1r) chosen
to trace the neutral phase component structure, for all DLAs and sub-DLAs in our sample. The flux is in arbitrary units,
with the bottom of each panel at zero. The light (dark) shaded regions show C1v absorption below (above) vesc, where
Vese = 2.4AUNeut (see text). The thick vertical line in each C1v panel denotes the optical-depth weighted mean velocity of
the profile. The two narrow vertical lines show the velocities corresponding to 5% and 95% of the integrated optical depth;
the interval between these velocities defines the total line width Av. A small letter “B” within the shaded area indicates
a blend; in these cases the other C1v line was used for measurement. The label “Proximate” implies the absorber is at
<5000kms~! from the QSO. Note how the wind candidate absorbers (the dark regions) show no absorption in the weak
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Table 3. DLAs vs sub-DLAs, and intervening vs proximate systems

Category”  #  (ogNon)  (Bvon)  (oonll (og Nan)
(Ninem™2)  (kms™!) (kms™') (N incm™?)
DLAs 63 14.27+0.57 2514£211  68+83 19.77£0.44
Sub-DLAs 11 14.07£0.67 2724281  73£54 19.33+0.48
Intervening 67 14.2840.58 264+£226 71+£81 19.73+0.47
Proximate’ 7 13.93£0.57 153£131  43£58 19.48+0.38

¢ Each entry in this table shows the mean and standard deviation of the given property in the given category.
® Proximate absorbers are those within 5000kms™" of the QSO redshift. All others are intervening
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Fig. 1. (-continued).



Fox et al.: C1v in DLAs and sub-DLAs
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Fig. 1. (-continued).
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