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ABSTRACT

We reportHST/STIS spectroscopy and Gemini/GMOS-N imaging of the Damped (BLA) system toward
HS 1543+5921 caused by the host star-forming galaxy (SFG) SBS 1583. The Gemini image shows new
morphological details of this well-resolved DLA galaxy. In combination with previous optical spectra, the new
UV spectra enable us to compare, for the first time, ionized and neutral gasepleésmment abundances derived
from emission- and absorption-line spectroscopy, in a bona fide DLA galaxy. The abundances we determine
using emission-line diagnostics agree with those from absorption-line diagnostics. We present our results on a
metallicity versus redshift diagram that combines localiHegions and SFGs with high-redshift DLAs, and
discuss implications for the chemical evolution of galaxies.

Subject headings: galaxies: abundances — galaxies: individual (SBS 35833) —
quasars: absorption lines — quasars: individual (HS #B®1)

1. INTRODUCTION forming regions and are primarily based ondheapture element
) ) oxygen (e.g., Garnett 2004). Chen et al. (2005) recently derived
Damped Ly systems on the sight lines to background qua- o ‘apundances from emission lines in one DLA and one sub-
sars exhibit high neutral hydrogen column densities and arep p galaxy; the QSOs’ spectra allowed them to determine
thought to arise in early disk galaxies capable of sustaining starapsorption-line abundances of Fe. These data are not suited to
formation (Wolfe 1990). But over the last decade, only about ihe comparison we are interested in here, because Fe is a highly
a dozen DLAgalaxies have been identified and imaged (e.9., depleted element; we do not know e ratio, and their QSOs
Turnshek et al. 2002; Chen et al. 2005). have impact parameters larger than the optical disks of the gal-
The chance projection of the galaxy SBS 15433 @ = axies. SBS 1548593 is unique, since it enables us to make a
0.009¢ and the background QSO HS 1548921 ¢ = direct comparison between the emission- and absorption-line

0.807 2'4 away from the center of the galaxy (Fig. 1) was echniques, and allows us to contraseélement abundances of
dlscovered_by Reimers & Hagen.(199$). Bowen et al. (2001_a, a DLA and its host galaxy in a low-redshift QSO-galaxy pair.
2001b) noticed that the galaxy gives rise to a DLA system in

the spectrum of the QSO. Schulte-Ladbeck et al. (2004) studied
SBS 1543-593 usingHubble Space Telescope (HST) imaging 2. OBSERVATIONS
and ground-based spectroscopy. They classified it an Sm dwarf _
galaxy with properties that are entirely in line with those of ~_Two sets of HST/Space Telescope Imaging Spectrograph
other local dwarf galaxies. Several of the BST-discovered ~ (STIS) observations of the QSO HS 1543921 were per-
H 11 regions were analyzed with emission-line diagnostics. For formed (ID 9784, PI: D. Bowen) using grating G140M with a
the brightest region (No. 5), all emission lines necessary to dispersion of 0.0 pixel and centered at 122240  and on
derive the O and N abundances were detected. 1272.0A . We averaged the five exposures per configuration
SBS 1543-593 offers us an excellent opportunity to directly 0 one single spectrum in order to increase the signal-to-noise
compare element abundances inferred from cool interstellar gad atio. .
(DLAs) and ionized gas (SFGs). None of the previously imaged ~The spectrum centered at 12220  covers the\N1199.5,
DLA galaxies resolve to show individual H regions. In none ~ 1200.2, 1200.7 triplet. The continuum is very noisy; and the
of them does the sight line to the QSO intercept the disk of the lines are located in the blue wing of the Galactiedlne. For
galaxy well within its optical radius, let alone close to its center, €ach line, we measure a lower and upper limit to its EW, by
thus eliminating concerns over metallicity gradients. SBS #543  varying the continuum placement. This results in six EW val-
593 facilitates an important inquiry into the behavior of galaxy Ues, each of which has a large uncertainty. The range of EWs
metallicities with redshift, because almost all available abun- Will be translated into an abundance range below.
dances at high redshifts are determined from QSO absorption- The spectrum centered at 12720  (see Fig. 2) is used to
line studies and refer to iron-peak elements such as Zn and cimeasure the individual lines of theiStriplet. The continuum
(Pettini 2004), whereas at low redshifts, derivations of chemical level of St (A, = 1262.54 A is difficult to determine and
abundances are based on nebular emission-line studies in stafherefore uncertain; we consider this measurement as a lower
limit. S 11 (A, = 1265.85 A is unblended, and the continuum
. . N , , level is well determined. & (A, = 1271.61 A is blended
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Fic. 2.—HST/STIS spectrum centered at 12720 showing thetBplet.
. The spectrum was smoothed with a boxcar of 3 pixels.
-
. spect to element X in the neutral gas measured using absorp-
’ . . qQ 4 tion-line diagnostics, whildY/X], refers to it measured in
o ’ H 1 regions by emission-line diagnostics.
. . Each of the six nitrogen REWSs is converted to a column

density. Considering the above-mentioned measurement un-
Fic. 1.—GMOS-N observations of SBS 154893 using the r_G0303 filter. certainties, we give a range of (012_180)1014 cm 2, rather

To facilitate comparison with Fig. 1 of Schulte-Ladbeck et al. (2004), we than a mean value for the column density Consequently we

marked the position of the QSO, which is located in the background of the . .
galaxy, and a foreground star. Notice the extended spiral-arm system of theder've —26= [N/H]| = —2.0 and adopt the solar nitrogen

galaxy that is not visible on thelST images of Schulte-Ladbeck et al. (2004). abundance o7.931+ 0.111 from Holweger (2001).
We use a solar sulfur abundance of 7.20 (Grevesse & Sauval
300 s exposures were taken. After pipeline calibration, the 1998). This is consistent with Prochaska et al. (2003b). Note
images were averaged to increase the signal-to-noise ratio. that Holweger (2001) does not provide a sulfur abundance for
The HST image published by Schulte-Ladbeck et al. (2004) the Sun. The REWsN = 1254 and 1259A ) listed in
showed only the inner saturated region of the new GMOS-N Table 1 were used to calculafé(Sm) = (1.10 + 0.31) x
image. We now detect extended spiral arms with associated10*® cm? or [Su/H], = —0.50 + 0.33
H u regions. Note also the two features to the northeast that are The ionization energies for sulfur arerS= 10.36 eV and
only revealed in this deep image. The image suggests a morSu = 23.33 eV. Abundance corrections in DLASs for ionization
phology that is still consistent with the previous classification of energies higher thahy > 13.6 eV are not necessary because
SBS 1543-593 as an Sm galaxy. Photometry of 193 regions these absorbers are optically thick to such radiation. We there-
within the image that are more extended than the stellar point-fore do not apply a correction for 81. For photons with
spread function was performed using the IRAF task DAOPHOT. energieshy < 13.6 eV, the H gas is transparent, and thus
Up to 140 could be Hr regions, based on the fact that they lie N(S1) = N(S).
within the disk of the galaxy. Spectroscopy is needed to confirm  Assuming that DLAs arise in a neutral plus mildly ionized
their nature and to measure their chemical abundances. region, Vladilo et al. (2001) model ionization correction
terms for sulfur. Depending on the ionization parameder
(the surface flux of ionizing photons divided by the hydro-
gen particle density), the correction would be in the range
The abundances of sulfur and nitrogen are derived using the0.15> log (C[S/H],) > —0.20 for logN(H) = 20.34 (their
measurements of the EWs and calculating the rest equivalenfig. 9). We consider this range of correction terms as an
width (REW) using the redshift of the galaxy. Together with indication for the size of possible systematic errors in our
the oscillator strengths drvalues of Morton (1991), we derive  abundance determination.
column densitiesN) from equation (8) of Petitiean (1998). Thus, we derive a sulfur abundance of [S/H] —0.50 =
This expression is only applicable to optically thin absorption 0.33 or 0.29 solar.
lines on the linear part of the curve of growth. Table 1 shows
that the equivalent widths of the three S lines used are in the 4. ABUNDANCE ANALYSIS: IONIZED GAS
same ratio as theii-values (within the errors), and therefore :
assuming the optically thin case appears to be valid. However,zo\é\f) u?ehQSI;LQEEZ?nZO?u;(Z%IOQ r‘ése (S(ihlzgeéll‘idgegg it al.
we must be concerned that the spectral resolution is insufficient ) LA
to discern if there are any narrow saturated components con- TABLE 1
tributing to the absorption lines. If such components are present,
we may have underestimated the column density of S (but this
would not invalidate the main result of the Letter). Rest Frame Observed EwW REW  f N

3. ABUNDANCE ANALYSIS: NEUTRAL GAS

CoLUMN DENSITIES DERIVED FROM S 11 LINES

| ma 3 ; ) - oy,
In the following we will introduce a new nomenclattire. A) A) A (A)  (em) (@0%cm?)
[Y/X], refers to the element abundance of element Y with re- 125058...... 126254 0.061+ 0.023 0.060 0.00545 0.8& 0.30
1253.81...... 1265.85 0.173+ 0.034 0.171 0.01088 1.13 0.23

1259.52...... 1271.61 0.243+ 0.050 0.241 0.01624 1.06 0.21

SIYIX] = log (Y/X) — log (Y/X).,.
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10 ergs s* cm 3, Fyys, = (0.46+ 0.09) x 1071° ergs st
cm? and Ry, = (2 13+ 0.43) x 10*¢ ergs s cm™? The -
electron temperature i§, = 1130045 K, and the electron r 1
density isn,~ 80 cm?. 0 —

We use the task IONIC (Shaw & Dufour 1995) to derive - J’ .

abundances from the line-flux measurements. This results in L
[Su/H], = —1.25+ 0.30for the Hu region. Errors are es- - » o
timated by exploring the effects on the outcome of the model — L u A
when varying the input values with their errors. As a consis- -1 b L
tency check, we also calculate the abundance of/t$ by I I
applying equation (11) of Pagel et al. (1992). This gives o~ .
[Su/H], = —1.31+ 0.45 The errors are calculated by error ]
propagation. In the remainder of the text, we will refer to the —
value derived by using IONIC.
Note that the spectra of Schulte-Ladbeck et al. (2004) do R =
not cover the strong [81] lines at 9069 and 9538 . The weak I .. T
[S m] line at 6312.06A was covered by the William Herschel i 7
Telescope ISIS R600R/TEK4 spectrum observed on 2000 April - Damped Lyman a Systems v
25. We measure a rest-frame flux Bf;,, = (0.11 + 0.09) x - .
107 ergs s* cm 2 in H 1 region 5. This leads t¢Smi/H], = gl vl il
—0.32+ 0.30 To estimate the error, we again explored the out- 0.01 0.1 1
come of IONIC by varying the input values with their errors. Thus, Redshift
we derive[S/H], = [Su + Smi/H], = —0.27 = 0.30 for the .
total suifr abundance. We calculaler8H], = ~0.36-= 040 it - Mefalcty a2 o it of i, T dashed nes e e
using equation (12) of Pagel et al. (1992) as a consistency ChECkcches are values ofo/H], for hi regions and SFGs from the SDSS. The
thus[S/H], = —0.31 + 0.30. As another check, we apply a cor- black squares are values [, S, Si’lH]  from the compilation of Prochaska
rection factor from photoionization models to the measurad S & & g T ndioates tha the metalcies
abund_ance to account fOI’_IS in the Hu .mglon'.Gamett (1989) of SFGs and DLAs can be in-terpretecgjJ within the same framework.
intensively studied sulfur in extragalactic iHregions. Typically,
one observes two major ionization statear 8nd Sm. Schulte-
Ladbeck et al. (2004) measur@d1/O1), = 0.41 . With this ox- Sloan Digital Sky Survey (SDSS) spectra using The  method
ygen ratio, we can correct for the unseem.3Jsing Figure 4 from (Kniazev et al. 2004) has not turned up a galaxy with a lower
Garnett (1989) leads to a correction factor of logi(S1m),, = oxygen abundance. Neither has a lower abundance been found
—1.0+ 0.2 and we derive[S/H], = —0.21 + 0.30 . Whereas in the outskirts of local spirals (van Zee et al. 1998). The local
S 1v becomes important in highly ionized nebulae, or if H m region with the highest known oxygen abundance, 9.2
(O11/01), < 0.3 the measuredO11/0 1), ratio suggests that this 0.2 resides in NGC 1232 (Castellanos et al. 2002). These min-

ion does not make an important contribution in our case. imum and maximum values are indicated in Figure 3 by dashed
lines.
5. RESULTS To illustrate the oxygen abundances at low redshifts, we plot

in Figure 3 oxygen abundances for localiflegions and SFGs
from the SDSS, using the selection criteria described in Schulte-
Ladbeck et al. (2003) and applying the O3N2 strong-line in-
dices of Pettini & Pagel (2004) after adding A3 to the rest
equivalent widths of 4 and H3 to account for underlying
stellar Balmer absorption (Hopkins et al. 2003). The median
error based on line fluxes is 0.05, and following Pettini & Pagel,
the systematic errors are 0.14 (their eq. [3]) and 0.18 (their
eq. [2]). Our illustrative [O/H] values for the redshift range
from 0 to 0.3 span the range from1.2 to 0.2 and represent
well the localT, -based values. Note that our median metallic-
ities are systematically lower than those derived by Tremonti
et al. (2004) for SDSS SFGs; this is presumably due to different
Figure 3 offers us a comparison between the metallicities methodologies. Adopting their [O/H] ratios would exacerbate
([O/H],) of local SFGs and the metallicities ([O, S, Si/Hjf the difference between SFG and DLA metallicities.
high-redshift DLAs. Synthesized in massive stars, O and Siare For the DLAs, we plot in Figure 3 thfo/H], [S/H], , and
both made byx-capture, while S originates from the explosive [Si/H], ratios from the compilation of Prochaska et al. (2003a).
burning of O (Woosley et al. 2002). Nissen et al. (2004) recently The median §/H] error in this sample is 0.1.
studied S in Galactic halo stars and showed empirically that S Our main observations are the followinfp, S, Si/H]  of
behaves like am-capture element. Thus, we use it as a proxy high-redshift DLAs go down to-2.6. Such low metallicities
for O. Note that the gas-phase Si abundances may be slightlyare unobserved in the local universe! DLA metallicities reach
underestimated in DLASs since Si depletes onto dust grains. as high a0, S, Si/H] = —0.4, but never once do they attain
In the local universe, accurate oxygen abundances are deterthe supersolar values observed in local galaxies. Are these two
mined using the direct &f, method. | Zw 18 is the local galaxy populations at all comparable?
with the lowest oxygen abundance on record,.56 = 0.01 We enter in Figure 3 the values for SBS 15433 as fol-
(Izotov & Thuan 1999). Even the analysis of a large sample of lows. For the neutral gas abundance, we s®fid], , and for

The measured sulfur column density in the neutral gas,
N(Sm) = 1.10 x 10" cm™?, is consistent with the prediction
of Schulte-Ladbeck et al. (2004(S1) = 1.15x 10 cf

They used three methods to determine [Q/H] —0.54 +
0.20 HSIT/Faint Object Spectrograph data revealed [Q/H]
—2.14. Here we findS/H], = —0.27 + 0.30 , and [S/H]=
—0.50 = 0.33. Within the errors, these four values are the same.
Schulte-Ladbeck et al. (2004) derivémgy (N/O), = —1.40"5:20
Here we calculate a range 6f2.0 < log (N/S) = —0.8 Again,
we find agreement.

6. DISCUSSION
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the ionized gas abundance, we sH@H],, . Here is one DLA duced within a high-redshift galaxy’s disk. Galaxy metallicity
for which we can demonstrate that, in principle, emission- and gradients have been investigated for local disk galaxies, but it
absorption-line techniques give the same results when chemicatemains to be seen how they behave as a function of redshift.
elements with similar nucleosynthetic origins are compared at First insights on this issue are provided by the work of Chen
similar locations within a DLA galaxy. et al. (2005).
There have long been discussions about whether or not emis-
sion- and absorption-line diagnostics yield the same chemical 7. CONCLUSIONS
abundances in SFGs when one uses the internal star-forming ) . o o
regions rather than a QSO as the background light source for We investigated the O/H, S/H, and N/O ratios in the ionized
the absorption experiment (e.g., Pettini & Lipman 1995; Pettini 9as of the DLA galaxy SBS 154393 and compared them
et al. 2002; Aloisi et al. 2003; Lecavelier des Etangs et al. With the O/H, S/H, and N/S ratios in its neutral gas. We find
2004). There is as yet no agreement on the issue. A few recenthat the metallicities in the ionized and ne_utral gas agree within
studies have addressed chemical abundances in (sub-)DLAsthe errors. The experiment allows us to interpret DLA metal-
but these works do not compare the same elements in absorpliCities as an extension of SFG metallicities to high redshift,
tion and in emission (e.g., Christensen et al. 2005; Ellison et suggesting that gas-rich galaxies had lower metallicities at
al. 2005; Chen et al. 2005). The case we have here does nobigher redshifts when they were younger.
suffer from any of these uncertainties. Furthermore, in other
DLA galaxies, the QSO intercepts the galaxy’s disks at a much  This Letter is based in part ddST archival data. We thank
larger impact parameter, so internal metallicity gradients have David Bowen for communicating his preliminary [S/H] results
to be accounted for. Therefore, ours is the cleanest comparisorwhile the data were still proprietary. R. E. S.-L. and A. M. H.
made to date between emission- and absorption-line abun-gratefully acknowledge support awarded by the Space Tele-
dances in a DLA/SFG. scope Science Institute, which is operated by the Association
The agreement between the metallicity in the neutral gasof Universities for Research in Astronomy, Inc., for NASA,
phase and that in the ionized gas phase of SBS 1523 under contract NAS 5-26555. Max Pettini and Sandhya Rao
validates, in principle, the comparisons between the two typesare thanked for their useful discussions of the Letter. Please
of objects, SFGs and DLAs, on the metallicity versus redshift note that Prochaska et al. (2003a) contains a long list of original
diagram. SBS 1548593 thus makes the case that metal en- references that we did not repeat here in the interest of brevity.
richment has taken place in the gas-rich, star-forming galaxy We acknowledge the use of the SDSS archi@ur work is
population between redshifts of 5 and 0. based on observations (GN-2004A-Q-82) obtained at the Gem-
In practice, galaxy metallicity gradients must be important ini Observatory. We thank Marcel Bergmann for assistance
for a detailed comparison between SFG and DLA metallicities. with the Gemini observations.
DLAs are merely defined by a neutral H column density thresh-

old, and yet we do not know where a given DLA line is pro- ¢ The SDSS Web site is http://www.sdss.org and lists all partners.
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