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Abstract. Using FORS2 at the ESO VLT we obtained medium resolut®r: (2000) spectra of 12 galaxies with3Z < z <

3.40 in the FORS Deep Field. Two individual spectra with gogd &nd a composite of all 12 spectra were used to derive
properties of the stellar and interstellar absorptiondinégalaxies in this redshift range. Systematifatences between the
individual spectra were found for the strength and profilgbe intrinsic interstellar lines. For eight spectra witlffcient SN

we measured the ‘1370" and ‘1425’ metallicity indices. Fritvese indices we find for our sample that galaxies at3 have
lower mean metallicity than galaxies at 2.2 <3. However there remain uncertainties concerning the atesehlibration of
the metallicity tracers in use for high-redshift galaxi@dditional modeling will be needed to resolve these unastitzs.
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1. Introduction Ry3 studies of high-redshift galaxies have so far been resttict

. . L to relatively few bright objects.
The formation and early evolution of galaxies is one of thg ke As shown, e.g., by Storchi-Bergmann et 4L (1994) and

problems of present-day astronomy. Among the open qUEStiQR, .\ - et 4, (1998) information on the stellar and chemi-

are.the evolution of _the stellar populgtlons and the chelmlc(;:aal composition of starburst galaxies can also be obtairged f
enrichment of galaxies at early cosmic epochs. Most kno

. . . . ) e uv spectra of such objects. For distant galaxies with3
EI%h'r%ds h'gtgillai('ets’ I“'?i;g? Lylrggg-bbrearl]k gaIaX|ets q‘?SB the restframe UV spectral range is shifted into the obs&rver
d_e ined by Steidel €t al{12-ea. 12 .)’.S ow spectral $Netd e optical spectral region which can be readily observed

istributions an.d spectral properties similar to thoseoufl with groundbased optical telescopes. A common tool to éeriv
starburst galaxuis. Therefore, R method,_developed by information from such spectra is a comparison with syntheti
Pagel et al.[{1979) for local starburst galaxies and based

T Estframe UV) s ectra, as published, e.g., by Leitherel.et
the nebular emission lines of [O11], [O1ll], andghas been gggc; 0L h)ererz)after SBQEE)) i s C%Icu?/ated yshion
applied to derive the oxygen abundance of the ionized gas. i, . i .y — p
LBGs. Using this method Teplitz et al. (2000), Kobulnicky 8{3& assumptions on the age, metallicity, and initial mass-fu
Koo (2000), and Pettini et al. (2001) derived LBG metaliest
atz ~ 3 ranging typically between 0.1 Z, and~ 0.9 Z,. But,
because of the degeneracy in g calibration, the results are

sometimes uncertain by up to one order of magnitude. More Coidel et al 2003: Shapley et@lZD03)
cently Shapley et all{20D4) extended this work using emissi In order to obtain further information on the properties and

Imles of [N ”] and Hr to show that the metallicity of optical metallicities of UV-luminous starburst galaxies at higtiskift
bright galaxies az ~ 2 may reach nearly solar values. For

high-redshift galaxies the (restframe) optical nebulaissian we obtained new medium-resolutioR ¢ 2000) spectra of

lines are shifted into the (observer's frame) NIR wavellangubsample of high-redshift galaxies from the FORS DeeplFiel

; FDF) spectroscopic catalog (Noll et &l._2D04). These new ob
range which sffers from a strong sky background. Thereforservations provide additional spectral information aravals
* Based on observations obtained with FORS2 at the ESO Végyinvestigate weaker spectral features, such as the twalmet
Large Telescope, Paranal, Chile (proposals 69.A-0105 dnd-7 licity indices '1370" and ‘1425’, defined by Leitherer et al.
0307). Send fiprints requests to C. Tapken: tapken@mpia.de (2001) and recently revisited by Rix et al. (Z004; heraftedR

ion. This method has been successfully applied to graeitat

ally lensed and amplified galaxies (Pettini et[al. 2000, 2002
Mehlert et al["2001; Frye et dl._2002) and to low-resolution
composite spectra (Lowenthal etfal. 1997; Steidel €t all200
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Table 1. The subsample of FDF galaxies and their medium resolutientspused in this study.

ID z mg Mk Grism Arange SNR | Lya EW B
[mag] | [mag] [Al [A]
FDF-0960| 3.159 | 24.27 | 21.03 | 1200R | 5920.5 -7420.5 4.0 0.6 -2.27
FDF-1337| 3.403 | 23.91 | 21.17 | 1400V | 4385.5-5550.00 3.5 0.5 -2.43
1200R | 5436.0 —6908.00 4.7
FDF-3173| 3.270| 24.29 | 21.37 | 1200R | 5821.0-7316.00 4.3 10.9 -1.39
FDF-3810| 2.372| 22.99 | 19.75 | 1400V | 4315.0-5604.5 6.5 11.5 -0.33
FDF-4691| 3.304 | 24.59 | 21.91 | 1400V | 4685.0 -5996.5 3.8 -103 -2.46
FDF-5215| 3.148 | 23.40 | 20.38 | 1400V | 4403.5-5694.5 3.0 -384 | -1.71
1200R | 6089.0 — 7600.00 4.0
FDF-5550| 3.383 | 23.45| 20.65 | 1400V | 4615.5-5922.5 3.8 17.0 -1.81
1200R | 5761.5-7259.5 6.5
FDF-5903| 2.774| 22.61 | 20.19 | 1400V | 4457.0 -5750.00 12.3 9.3 -1.18
FDF-6024 | 2.372| 22.31 | 19.86 | 1400V | 4778.5-6093.5 10.3 -8.5 -0.99
FDF-6063| 3.397 | 22.87 | 21.00 | 1400V | 4778.5-6086.5 4.2 18.5 -2.00
1200R | 5597.5-7075.00 5.8
FDF-6934| 2.445| 23.12 | 20.17 | 1400V | 4553.5-5851.0 4.2 22.1 -0.26
FDF-7539| 3.287 | 23.79 | 21.25 | 1400V | 4809.0 -6123.5 3.5 -12.1 | -1.74
1200R | 5791.0-7279.00 4.9

These two indices measure the strength of selected abmorpf. Sample selection and observations
blends originating in the photospheres of hot stars. These i ) ) )
dices are known to vary strongly with the metallicity. Buesh 2-1. Target selection for medium resolution
depend only weakly on the starburst ages and (originatorg fr spectroscopy

excited atomic states) they are ndfegted by interstellar ab- All targets for our medium resolution SpectrosCopic broara
sorption components. However, since the 1370 and 1425 in- g P pic prog

) . . .~ Were selected from the FDF spectroscopic survey of Noll et
dices are based on weak absorption blends in the vicinity N . .
. - . ; - al. (2004). In this survey Noll et all {2004) observed the-(ob
interstellar and wind lines, their measurement requireddi-

tion to an adequate/8, an adequate spectral resolution Thseerver’s frames)-brightest FDF objects for which there were
q ' . P ' hotometric redshifts (Gabasch etlal.”2004) availableelait

1425 index has already been applied successfully to theden . . X
galaxy MS 1512-cB58Z = 2.73) by Leitherer et al.[{2001) we selected galaxies which from the low reso!utléhu( _200)
. spectra of the survey were known to have either bright rest-
and R0O4 and to Q1307-BM1163 & 1.41) by Steidel et al. ; L . :
frame UV continua (to allow absorption line studies, as dis-

(2004) and RO4. The resulting metallicities were, respebtj dcussed in this paper) or strongd-gmission (allowing an anal-

~ 0.25 Z; and~ 0.8 Z,. Moreover, de Mello et al[{2004) used” "’ : ) ,
the 1422§index to d(fr?ve an average metallicit;td[.‘S z f?)r q YSiS of their Ly profiles; cf. Tapken et &l._20D4, Tapken 2D05).

co-added spectrum of five NIR-luminous galaxies With~ 2
from the K20 survey (Cimatti et dl.-2002; Mignoli et al._2005)2. 2. Observations and data reduction

The observations were carried out using the FORS2 instrtimen
at ESO's Very Large Telescope at Paranal, Chile, with the-hol
graphic grisms 1400V ayior 1200R. Both grisms resulted in a
In Sect[2 we describe the sample and the observationsspectral resolutioR ~ 2100. The observed wavelength ranges
Sect[B of this paper we report some basic properties of the diepended on the targets’ positions in the focal plane and are
served absorption spectra. In S&&t. 4 we present our resultdisted in Table[ll. For galaxies with ~ 2.4 andz ~ 3.3 the
the metallicities and the metallicity evolution. Sddt. &diour C IV resonance doublet appears near the center of the 1400V
conclusions. Throughout the paper we assume for the symthand 1200R grism spectra, respectively. The restframeuesol
spectra used for comparison purposes continuous star formian element of the spectra is about0.75A, which matches
tion (1 M, yr~1), a starburst age of 100 Myr, and a Salpeter IM#he resolution of the synthetic spectra of Leitherer et199,
(ave = 2.35; Salpeter 1955) with masses betweenglaid 2001) which we used for comparison. All data were collected
100 M. This is a reasonable choice, since models with contim- service mode using for each grism one single MXU mask.
uous star formation usually reproduce the rest-frame U\¢spd he integrated exposure times, the average seeing valus, a
tra of LBGs quite well and become insensitive to the age ftie number of objects observed simultaneously for the 1400V
> 100 Myr. Moreover, as shown by Rix et al. (2004), modeBnd 1200R grisms were, respectivel\2%h and A5h, 081"
with significantly diferent IMF slope or mass cuts would proand 0927, andn = 22 andn = 27. Six objects were included
duce spectral features, which are not observed in typic& LBn both setups. Thus, in total we observed 43 individualxgala
spectra. ies. The raw data were reduced using the MIDAS-based FORS
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Fig. 1. Normalized | medium-resolution composite spectrum of 12 galaxies with<2 z < 3.4, (2 = 3.1. The dotted line
indicates the noise level. Some prominent spectral feataneindicated by vertical lines. Purely photosphericdiaee indicated
by asterisks.

pipeline developed by Noll et al._{2Z004) and Tapken (2005hift z from Noll et al. [2004), the grism(s) used, the observed
Since the #iciency of holographic grisms strongly varies wittwavelength range(s), the average continuum signal-teerper

the angle of incidence (and thus with the object’s positioihe resolution element, the kyequivalent width, and the contin-
telescopes focal plane) no direct flux calibration of the med uum slope parametgras defined in Noll et al[{2Z004). In eight
resolution spectra was attempted. Instead we converteelthe of the galaxy spectra of Tablé 1 we also measured individual
ative flux scale of the medium resolution spectra to absolut870 and 1425 indices (see S&tt. 4). These individual védues
fluxes using the well calibrated low-resolution spectrataf t these eight galaxies are listed in Table 5. Ehe3 galaxies of
same targets published by Noll et al. (Z2D04). Table[d have (within the statistical uncertainties) typezer-

age restframe colours, byemission, absorption line strength,
and continuum slopes as observed in larger samples of high-
redshift galaxies (e.g., Shapley etlal. 2003; Noll ef al.A2G@e
Many of the galaxies observed for studying thexlgmission also TabldR). Foe < 3 our medium resolution sample is too
line profiles showed only weak continua and, therefore, wesgall for a statistically meaningful comparison, but theimma
not suitable for investigating the absorption spectra.déefor properties (like Ly emission absorption line strength and con-
the present paper we selected a subsample of 12 galaxigs wHMUM slope) are again typical for this redshift. The ageya

had (in at least one of the two grisms) a continuyid S 3.5. for the eightz > 3 galaxies is-1.98, while the four z 3 galax-
These galaxies are listed in Tafle 1, which gives the folhgwi i€s are on average redder wjth= —-0.69 in agreement with
information: Designation (ID) from the FDF photometricaat Noll et al. (2004), who find that the galaxies with<z < 3 are

log (Heidt et al[2003), total Vega magnitudesRandKs, red- indeed redder than the galaxies witkZ < 4. The eight galax-

2.3. Sample selection
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Fig. 2. Restframe spectra of FDF-5903 (a) and 6024 (b). The dotted lindicate the noise level. A flux of unity corresponds
t0 1083x 102*Wm=2A-1 and 1160x 102*Wm~2 A-! for FDF-5903 and FDF-6024, respectively. Some promineetsapl
features are indicated by vertical lines. Purely photospHimes are indicated by asterisks. The strong absorggaitures
between 1720 — 1760 A in the spectrum of FDF-6024 are due teegifound metal absorption systenzat 1.4885.

ies used for determining the photospheric indices (seesT8pl the selection criteria for LBG-like ‘BX’ galaxies d2) = 2.2
also do not have unusual properties, except that thezfive8 (Steidel et al._2004). However, the averdymagnitude of our
galaxies in Tabld]5 have weakerd.gmission as compared tomedium resolution galaxy subsample witkZ < 2.5 is about
the total FDF sample with 8 z < 4. 1.3 brighter than for an average ‘BX’ galaxy of Steidel et al.
(2004). Two out of three galaxies with 2 z < 2.5 show

All the galaxies with & < z < 3.5 in our medium res- Ks < 20 (see Tabl&ll). Consequently, the properties of these

olution sample have colours (see Heidt et_al._2003) fulfjllin . v ]
the Lyman-Break criteria of Steidel et al. (1995.-2003). ThtWe0 g’ils)gg\?e?hzir)lr?phtthOaSIZx?;;h:f zzgplliy Ztt le' :2882 Z?én
averageR magnitude of these galaxies is aboutf @righter pie. ght g piey o

than for thez ~ 3 sample of Steidel et al. {2003). Hence, Ou(%haractenzed by high stellar masses in the order 6f g

. ; and metallicities close the solar value. Qur 3 galaxies show
z > 2.5 galaxies belong to the most luminous LBGxat 3. - . . :
. J — Ks well below the criterion of distant red galaxies defined
The colours of our galaxy subsample with<2z < 2.5 match
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Table 2. Properties of the medium-resolution sample, whidines (EW < 1A) of this system cause spurious absorption
is subdivided into two redshift binz (< 3 andz > 3). The features at the red end of the composite spectrum where only
table lists the number of objects in the redshift bin, the me#hree of the 12 spectra contribute.
redshift, the Lyr equivalent width, the continuum slopethe

mean equivalent width ;s of six low ionization interstellar

absorption lines (LIS, see Noll et al._2004 for details) amel t 5 T ‘

equivalent width of CI1M111548,1551. The redshift and con-

FDF-5903

o~
LA B

|
| |
| |
tinuum slope is taken from Noll et al._(2004), the equivalel =~ L i
widths are measured in a corresponding composite specfrur ‘;\Tf 3 i
the low-resolution spectra. In addition the correspondiath. g 3 =N\
for the total FDF sample is given in parentheses (see Talle ! f - © i .
Noll et al.Z00%). ‘; 2 [ % | ]
Zrange 2<z<3 3<z<4 >< r i § ]
N 4(42) 8(22) 2 1r {8 3
z 2.49(239) 3.29(333) : S :
Wy, [A] | 7.12(690) | -240(-102) 0 —— VA e —
B -0.69(-0.56) | —1.98(-1.79) —-1000 0 1000
Wis [A] 1.92(198) 1.36 (155) Velocity [km s—1]
Wew [A] | 4.38(380) 2.34(233)

Fig. 3. Profile of the CIl 1334.5A resonance line originating
by J — Ks > 2.3 (Franx et al2003; van Dokkum et Al.2004)in the interstellar medium of the galaxy FDF-5903. The verti
implying that their restframe optical spectra do not haversy cal lines indicate the positions of the unshifted C 1l 133%.5
4000 A breaks. resonance line and of the excited 1335.7 A line of the same
multiplet. The abscissa gives the velocity of the compament
of the 1334.5A line relative to the mean velocity of the pho-
tospheric absorption features. Note the complex struaunce

Averaging all 12 spectra listed in TaHe 1 we produced af¥tended red wing of the resonance line.

investigated a composite spectrum corresponding to a mean

redshift of (zz = 3.1. This composite spectrum is plotted in

Fig.[. Before co-adding the spectra all wavelengths wene co

verted to the restframe scale using the individual redslaié- .

rived by Noll et al. [2004) and normalized to same fluxé 3. S_pectral pr_opertles_ of the observed

1280 A. The noise level of the composite spectrum was esti-N1gh-redshift galaxies

mateq from the noise of the !nd!v!dual spectra as WeII_a_ls ff0§?1. Overview

the diferences between the individual spectra. In addition, we

calculated composite spectra of subsamples containingtaball observed spectra show apart from stronffetiences in the

half of the available data each. Only features which showegla line profile (ranging from pure absorption to strong emis-

up in all the subsamples were regarded as general featuresioi) very similar starburst spectra. Most spectral priger

the galaxy spectra. Since the individual spectra covéerdint are qualitatively in good agreement with those reportetiezar

restframe wavelength ranges and since the spectra werd adetsm lower resolution composite spectra of this redshifiga

with equal weight, the 8l of the composite spectrum variegsee, e.g., Shapley et al._2003; Noll et[al._2004). Sinceether

with wavelength with a mean value of 16. Thus, the 8 of  exist only few spectra of high-redshift starburst galaxiéb a

the composite spectrum is is not much higher than #iNe® spectral resolution comparable with the present data, wd us

the best individual spectra. However, in view of théfeliences our composite spectrum (Figl 1) and the individual spectra o

between the individual spectra discussed below, the coitepo$DF-5903 atz = 2.774 and FDF-6024 a = 2.372 (Fig.[2)

spectra should be more representative for the typical ptiege to derive some characteristic properties of selected atisar

of high-redshift galaxies. lines for our sample of high-redshift galaxies. For the two
Galaxy spectra of our redshift range are known to cogalaxies FDF-5903 and FDF-6024 with a continuufN S 10

tain absorption features of intervening intergalactizid®and we investigated the strength and profiles of selected stafid

galaxies. Such features are also present in our spectra. ibterstellar absorption lines in the individual spectrasRits

attempt was made to remove these features before the loased on the composite spectrum for lines and blends otigina

addition. Thus, these features add somewhat to the noisangffrom the stellar photospheres are listed in Téble 3. Tne c

the composite spectrum. But, occurring affelient restframe responding results pertaining to interstellar mediumdinan

wavelengths, they are much diluted in the composite spectoa found in Tabl€l4. While the lines originating from excited

An exception is a strong metal absorption system-atl.4885 energy levels listed in Tabld 3 can be expected to be of purely

in the spectrum of FDF-6024. The strong Fe Il (UV 2 and 3)hotospheric origin, the resonance lines listed in Thbleag m

2.4. Composite spectra
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Table 3. Photospheric stellar lines measured in the composiig optical depth fects. Hence our medium resolution spectra

spectrum. Parentheses indicate lower accuracy measutemesupport the suggestions by Steidel et[al. (2001) and Shapley
al. (Z003) that dferences in the H | gas covering factors rather
than diferences in the degree of saturation or abundarftardi

lon Alabyac EW, Av Remark| ences are the cause of the observed large variations of $e LI
(Al Al | [kms™] line strengths of high-redshift starburst galaxies.

gi I|I||| igggg 1'gg _32 6 lines Since all LIS line profiles are well resolved at our spec-

: ' tral resolution, our spectra also provide new informatioritee

C I, NIl 1323.93, 1324.32 .33 ? | blend . . .

oIV 1343 35 85 -44 | blend optical depth and covering factors of the absorbing cool #as

Sill 1417.24 15| (+254) | weak comparison of Fig&l1 arfdl 2 shows that in the spectrum of FDF-

FeV 1420.46 20 2 | plend 5903 the strongest LIS lines reach zero flux level in theiespr

SV 1501.76 34 +109 while this is not the case for the composite spectrum. From an

Fe lll 1531.60 10| (-103) | weak inspection of the individual spectra we find ‘black’ coreghu#

Felll, Allll | 1611.74,1611.87 .29 -27 | blend strong LIS lines for about half our sample, while the renaini

objects (including FDF-6024) show significant rest flux even

at the strongest observed LIS lines. Moreover, our new tesul
contain in addition to the interstellar features photosighend also confirm that the covering factors for high-redshifegés
stellar wind contributions. are, on average, smaller than found by Heckman el al. [2001)
for local starburst galaxies. As pointed out by Steidel et al
(2001) this may have important consequences for the UV ra-
diation field at high redshift.

Compared to MS 1512-cB58 (Pettini et Al._2D00, 2002) the

interstellar lines are systematically weaker in our COMPOF 5 i atics of the interstellar lines
ite spectrum. The mean restframe equivalent widthoEW ~

the strong low-ionization interstellar (LIS) lines SillL260,

3.2. Equivalent widths of the interstellar lines

' ) The (instrumental-profile corrected) mean FWHM line width
0111302+ Sill 11304, C 1141335, Sill11527, Fe 11608, f the unblended strong LIS lines of our medium-resolution
and Alll 11671 of our composite spectrum is72A. This composite (55820 km s 1) agrees well with the corresponding
number is in gqod agreement with the valug of71A and value (560« 150kms?) found by Shapley et al[{20D3) from
1.54 A for redshifts okz) = 3.1 and(z) ~ 3 derived by Noll iheir low-resolution composite spectrum. All velocitiéstéd

et al. [2004) and by Shapley et &l. (2003), respectivelynfro, tapledB anfl4 are given relative to the mean velocity of the
low-resolution composite spectra of large samp’re_@n the  four well measured photospheric lines listed in TdBle 3nFro
other hand, 72A is only 60% of the corresponding valugne noise level of the medium-resolution spectra we esémat
(2.90 A) for MS 1512-cB58 (cf. Pettini et 4. 2000). Similar ramean errors of the velocities and equivalent widths in TelBle
tios t_)etween our sample an(_j 0553 are_also found for t.he Wi [3 to be about 50 kmsand 01 A, respectively. However,

LI-S lines and for the higher ionization lines, such as Sifitla gjnce the UV spectrum of hot stars is very rich, most features
SilV. Although, as shown by Noll et al. {2004), the LIS-BW jisted in Table§]3 anfl 4 are blends as shown, for example, in
decreases with increasing redshift and increasing &is- e Mello et al. [2000). This may introduce additional errors
sion, the diference of the LIS strength between our spectigsich are dificult to estimate. We assumed for C IV that the
and MS 1512-cB58 can only in part be explained by the highgfa -, component at the red edge of the profile corresponds to
mean redshift and stronger meanaLgmission of our galax- yhe velocity of the interstellar contribution, but no atfgmwas

ies. Higher LIS equivalent widths are observed in the irdvi ,5de to derive the equivalent width of this component.

ual spectrum of FDF-5903. However even in this case the ob-
served LIS lines reach only about 92% of the cB58 EMues.

Hence our comparison seems to indicate that the LIS lines brrgader, more complex, and (relative to the stellar phdtesp

icall in MS 1512-cB Iso the di . ,nes) more blueshifted profile_s. These profiles are alsoemor
gtgggzyyefgog%gg) S1512-cB58 (see also the dlscussmoncomplex than those observed in the spectrum of MS 1512-cB58

. : Jﬁ){ Pettini et al.[(2002). This is illustrated by FIg. 3 where w
In our composite spectrum the observed equivalent wi lot the profile of the essentially unblended @ 1335 line of
ratio of ~ 1.4 (cf. Table®) of the Sill lines at 1260 and 1527 P y

(having very diferentaf values) indicates a high average deliDF-5903. As shown by this figure the interstellar lines of

gree of saturation of the LIS lines. Although the somewhaPF'5903 con§|sts of at least flour comﬁonents, |r_1clud|ng_ a
higher EW of the 12604 line (having the highetf value) narrow absorption component close to the systemic velocity

o : . abstrong component at —156kms?, and additional com-
may show that the saturation is not quite complete in some ob- 1 1 .
. : ; : . onents atr —443kms* and~ -750kms-. In all inter-
jects of the sample, the ratio of the equivalent widths is ¢
close to unity to explain the large rest flux in both lines ig.B

The interstellar lines of the two individual galaxies show

Sellar lines of this galaxy the profile extends bluewards to
~ —900kms? and the total width of the absorption profile is

1 In Noll et al. [2004) it is shown that the existing redshifpde- =~ 1100kms®. The interstellar lines in the spectrum of FDF-
dence is dominated by fiiéerences in the structure and kinematics 08024 show narrower profiles (total width about 430k/)s
the interstellar medium at filerent epochs. with only two obvious components, one corresponding to ap-
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proximately the systemic velocity and one~at-190kms?'. Table4. Interstellar absorption lines measured in the composite
The profiles are again asymmetric and extend blueward spectrum

~ —400kms?. In contrast to FDF-5903 where the compo-

nent at~ —~156kms? always dominates, in the spectrum of

FDF-6024 the relative strengths of two interstellar linepo- lon Alabyvac | EWo Av Remark
nents appear to depend on the total line strength. For weaker [A] [A] | [kms™]
lines (Fell11608, Sill11527) the low-velocity component Cl | 1036.34| 1.63 -46
is dominant, while for strong lines (C IV resonance doublet, NIl | 1083.99) .89 +29
Alll 11671) the blueshifted components appear stronger. Sill | 1090421 1.25 -131
. . . Sill 1193.29| 1.17 -170 | ID?

The fact that the FWHM of the interstellar lines in the com- NI 1199.97 2 77 | cont.?
posite spectrum are comparable to those of FDF-6024 alone | sijn | 1206.51 ) +106 | plend
and significantly smaller than in the spectrum of FDF-5903 HI 1215.67 ? -139 | blend
shows that the other 10 galaxies included in the composite | Sill | 1260.42| 2.16 ? | blend
have on average much narrower interstellar lines. Thisis co Cl 1277.46| .28 +5
firmed qualitatively by an inspection of the individual spac ol 1302.17| 2.57 +39 | EW: OI+Sill
Fig.[ also shows that the interstellar lines of the composit Sill | 1304.37| 2.57 -30 | EW: Ol+Sill
have on average less pronounced blue wings. Hence, although cl 1334.53| 1.97 -37 _
evidence for galactic wind absorption components (clealoky S! V'] 1393.76 ? =75 | bl. St'W!nd

. S . Silv | 1402.77 ? -111 | bl. st.wind
served in the _|nd|V|duaI spegtra of FDF-5903 and FDF-60§4)I| sin | 1526711 155 8
also present in the comppsng spectrum,_ the outflow vehgnu cv | 154820 " 53 | bl. st.wind
and strength of the galactic wind absorption appear to bigein t cIv | 1550.77 2 1130 | bl. st.wind
full sample on average smaller than in the case of the two in- Fell | 1608.45| .64 18
dividual galaxies investigated. This may be related to #u f Alll | 1670.79| 1.45 -142
that the two galaxies FDF-5903 and FDF-6024 are (interms of | Nill | 1741.55| .44 -68
observed absolute UV flux) among the most luminous galaxies
in the samplé

nr@rstellar medium (ISM), the presence and strength of tjalac
winds, and by the viewing angles of the individual galaxies.
In good agreement with Pettini et dl. {2000, 2002), Shapley

A comparison of Tabldg 3 alifl 4 shows that for our full sa
ple we find only a small{56+36 km s) mean blue shift of the
interstellar lines relative to the photospheric featurdsgre the A § ; /
error is almost entirely caused by the scatter of the phoiesp etal. ‘2003),1and Noll et all (2034_)_‘”8 find Iargéfelr_en_ces
line velocities). In order to check whether this shift reedl (< 760kms )_between the velocities of Fhe byemission
from the inclusion of the two individual galaxies discussee@ks and the interstellar lines. However, since only gartio

above or whether the shift is a general property of the Sa,mpt%rgets show Ly emission our data provide little statistical in-

we repeated the measurement for a subsample of 10 gala;@ég]ation on this topic.
with FDF-5903 and FDF-6024 excluded, but obtained practi-
c;aIIy the same value. Hence a small blueshlft of the {ntéaste 4. Metallicities and metallicity evolution
lines appears to be a general feature of high-redshifttstrb
galaxies. However, the shift observed in our sample is ob¥-1. Measurement of the photospheric indices
i 1
ously smaller than the corresponding vala€0+ 80 km <) We measured the indices 1370 and 1425 in the spectra of eight

found by Pettini et al.[{2Z000, 2002) for MS 1512-cB58. It is ; .
also smaller than (but within @ error limits still consistent Of our target galaxies (see Tafle 5 and ig. 4). Since the wo

; : indices are defined as equivalent width values (in A) in the
with) the value of-150+ 60 km s derived by Adelberger et . N B _
al. (20038) and Shapley et al._(2003) from their low-resoluoti wavelength infervals 1415 ~ 1435A and 1360 — 13804, re

X spectively, their measurement depends critically on aecorr
composite spectrum. ) A .
—or at least consistent— derivation of the continuum level.
In view of the significant dferences in the behaviour of thegjnce there are only few —if any— regions in the UV spectrum
interstellar lines in dferent galaxies described above the varyf young stellar populations that are free of absorptiotufiess,
ing results appear not unexpected. On the other hand, ourtfgs definition of the continuum is somewhat arbitrary. To be a
sults clearly demonstrate that results based on indivigialak- |east consistent with the data in the literature, we adofed
ies or too small samples may not be representative for at-higour EW measurements the 13 pseudo-continuum points defined
redshift objects. Oferences concerning the intrinsic interstelby Rix et al. [2004) in the wavelength interval between 1274 A
lar lines are are not surprising since these features arreegh and 2113 A. Using these pseudo-continuum points a model
to be influenced by the composition and kinematics of the iBontinuum was defined and the EW values were measured rela-
tive to this continuum by an automatic procedure. Norméiéy t
2 While FDF-5903 is definitely the most luminous object in th€ontinuum level was determined from the low resolution (150
sample, the absolute luminosity of FDF-6024 is somewhaenam  9rism) spectra, which had been used for the flux calibration
since this galaxy appears to be lensed —and thus amplifiedthepy (See Secl]2) and which cover a wider wavelength range than
massive foreground galaxy FDF-5908. the medium-resolution spectra. Only in cases where the low
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Fig.4. Measured metallicity indices 1370 and 1425 as a functioed$inift. The open squares denote individual measurements.
The filled triangles refer to mean values for the galaxiebiwithe redshift bing < 3 andz > 3. The horizontal lines correspond
to the indices measured in the synthetic spectra of Leithegral. [2001) for 1 Z (solid lines) and 0.25Z (dotted lines).

Table 5. The observed indices 1370 and 1425 (in A).

ID z Index 1425 | Index 1370 Remark
FDF-1337| 3.403 - 0.20+0.32 | OHat 1425
FDF-3173| 3.270 | 1.29+0.39 - 1370 outside
FDF-3810| 2.372| 1.92+0.18 | 200+ 0.18
FDF-5550| 3.383 | 0.44+0.25 | 1.08+ 0.26
FDF-5903| 2.774 | 1.26+0.09 | 0.80+ 0.09
FDF-6063| 3.397 - 1.07+ 024 | OHat1425
FDF-6934 | 2.445| 152+ 0.37 | 1.43+0.38
FDF-7539| 3.287 | 0.11+0.30 | 0.24+0.37

analysis resulted in a regression slope gl —1.25A for

the index 1425 and-1.00 A for the index 1370 with correla-
tion codficients of 0828 and 0729, respectively.

4.2. Comparison of the photospheric indices with

theoretical models

In order to derive the metallicities corresponding to thdiées
1425 and 1370 and to express the result of Hig. 4 in terms of
chemical abundances, the two indices have to be calibrated.
This can be done by measuring the indices in synthetic spec-
tra —like those of Leitherer et al._(1999, 2001; SB99) or Rix
et al. [2004; R04)— with known metallicity. These two sets
of synthetic spectra SB99 and R04tdr in the use of dfer-

and medium resolution spectra showeffetences, the contin- ent spectral libraries for constructing the model speSE99

uum was estimated directly in the medium resolution spettruuses arempirical spectral library based on spectra of Galactic
In these cases we either used pseudo-continuum points ingtegs with solar metallicity observed with the Internatibn
medium resolution spectra or we fixed the continuum interadiraviolet Explorer (IUE) and Hubble Space Telescope spec
tively. For test purposes we applied these back-up proeedtra of ~ 0.2 Z, stars in the Large and Small Magellanic Clouds.
also to the objects where the continuum had been derived frdmextend the libraries to higher and lower metallicitieHR®

the 150l spectra. A comparison of the results showed godddedcomputed spectra based on the non-LTE line-blanketed
agreement of the EW values derived with th€&atient meth- model atmosphere cod&M-basic of Pauldrach et all [(2001).
ods. The errors listed in Tablg 5 do not include possible syBhese theoretical libraries permit a free choice of mediajli
tematic errors in the continuum determination (which aréhef But in practice the evolutionary tracks and model atmosgher
order of about 10 — 15%). These errors can producefaetin used for RO4 were restricted to 2, 1, 0.4, 0.2, arib@,. In
Fig.[A, but will not influence the slope of the relation pldtte order to calibrate our observed indices we used both sets of
In two cases the redshifted 1425 regions coincided witmgtrosynthetic spectra. To be consistent we applied to the siiathe
OH nightsky features. In these cases (indicated in Thble 5¥@ectra exactly the same procedures as used for the observed
reliable measurement of the index 1425 was not possible. sipectra. Model spectra of higher resolution were smootbed t
Fig.[ we plotted the indices as a function of redshift of thihe resolution of the observed spectra before the measateme
corresponding galaxies. From the figure it is evident théih bovere made. Since both sets provide synthetic spectra for dis
indices increase with decreasing redshift. A linear regjoes crete metallicity values, we interpolated (or extrapalate the
metallicities providing the optimal fits.
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As expected the dierent calibrations provide qualitativelythat for Q1307-BM11637 = 1.4), observed by Steidel et al.
consistent results. All metal indicators and both sets oflimo(2004), a metallicity of & Z, is obtained with both sets of
els indicate a significant metallicity increase from subsolmodel spectra, since this value falls into the metallicépge
mean metallicity az ~ 3.5 to approximate solar metallicity where (for this index) the index-metallicity relations d8S0
atz ~ 2.5. In terms of cosmic time scales (for a universe withnd R04 intersect. For the K20 sample (corresponding totabou
Qa = 07,Qu = 0.3, Hyp = 71kmstMpc?) this metallic- z = 1.9), investigated by de Mello et a_{2004), the strength
ity increase detected in starburst galaxies would happtirwi of the index 1425 (3 A) would require a large extrapolation
~ 1 Gyr between cosmic ages of abeuf Gyr and~ 3 Gyr. of the SB99 models (leading to an unrealistic metallicity of
However, there are quantitativefi@irences between the resultd 2 7). The R04 models, which require a modest extrapolation
based on the two sets of synthetic spectra and there areadnly, result in 27 Z,. As pointed out by de Mello et al.{2004)
consistencies between the metallicities derived from tiferd the galaxies in the K20 sample are most likely the progesitor
ent indices measured in the same set of synthetic spectra. éidocal massive ellipticals. This may explain their highper-
metallicities between the solar and the LMBBIC value the in- solar metallicity. While this explanation is certainly p&ble,
dex 1425 results in similar abundance values, but the tveadetwe note that within the error limits the K20 data point would
model spectra result in filerent slopes of the index-metallicityalso be consistent with the metallicity evolution found $tar-
relation. Thus, if the index 1425 is used the two model setsirst galaxies.
give different results for higher than solar as well as for lower
than LMC metallicities. For the index 1370 the two model sets Conclusion
give a similar slope of the index-metallicity relation, e ) ] )
two relations show a significanfiset, SB99 giving metallici- We obtained med!um resolution spectra of the restframe uv
ties which are about two times higher than those derived frgtR€ctrum of 12 distant (2 < z < 3.5) starburst galaxies.
the RO4 models. It is outside the scope of the present papeft¢f New data show that even at medium spectral resolution the
investigate the cause of these discrepancies, but it séeshys | Nigh-redshift galaxies in the FORS Deep Field show relgtive
that subtle dierences in the éfierent model spectra are res,ponnormal starburst spectra, resembling those observed ln¢he

sible. Future improvements in the model spectra may thezefdniverse. The spectraftiér by their strength and profiles of the
well remove these dfierences. intrinsic interstellar lines. The most complex profile wjito-

In principle the measured indices and hence the metallﬁf—’unced blue-shifted galactic wind components is observed

. ; e spectrum of the most luminous galaxy of the sample. The
ties derived also depend on the IMF of the starburst mode. Heerences in the behaviour of the 1SM absorption lines may

as pointed out by Rix et al._(2004), strong deviations from ﬂE)e due to dferences in the ISM properties figirences in the

Salpeter IMF would be accompanied by changes in other fes"flr_ength of the galactic winds, andi@rent viewing angles.

tur_es Iik(_e the C IV stellar W‘Wd I_ir_1e. Since these changesate An evaluation of the metallicity indices 1370 and 1425 in-
Iem(:jent in our S?ECItra' a significant departure from a Saipe(tjicates that the abundance of heavy elements is increasing b
appears uniikely. tweenz ~ 3.5 andz ~ 2.5. However, this temporal metallic-
To derive metallicities from our spectra we applied the caly evolution should be taken with caution since our setecti
ibrations discussed above to the mean values of the phqQ-hnique does not select galaxies by their masses. Theréfo
spheric indices 1370 and 1425 for~ 2.5 andz ~ 3.3/3.4  ggjaxies masses increase with time through hierarchicej-me
(filled triangles in Fig[#). According to the discussion 880 jng (e.g. Drory et al[2005), it is possible that the temporal
the metallicities derived, which are listed in Table 6, d&ben metaliicity evolution that we are finding would not be as sig-
the metallicity index and on the set of synthetic spectralusgificant if evaluated in a mass-limited sample. Therefdeds
E.g., for the epoch correspondingze- 3.3 we find from in- jes of large mass-limited samples atfelient redshifts (e.g.

dex 1425 a metallicity 0Z/Z, ~ 0.3 and~ 0.2 for the SB99 gayaglio et al 2005) are needed in order to properly address
and R04 models, respectively, corresponding to an unogytaiine metallicity evolution.

of about 30%. Using the index 1370 results in lower metal- o sample of 12 galaxies is too small to derive firm
licities for both model spectra again with the higher vallie general conclusions concerning the cosmic chemical evolu-
Z/Z, ~ 0.2 for SB99 and the lower one @/Z, ~ 0.1 for RO4.  tjon, But our data show that the metallicity indices 1370 and
Hence, for this index the disagreement between the modelg 5 are well suited to investigate relative abundanceiin-h
about a factor of 2. At the epoch correspondingte 2.5 the  yeqshift starburst galaxies and that it would be worthwiule
situation is more complicated: For the index 1370 the met@lstend the small number of medium-resolution data. On the
licity derived from the SB99 modelZ(Z, ~ 14) is again other hand since indices calculated frorfietient sets of model
higher than the one derived from the R04 mod&|& ~ 0.6).  spectra of the same chemical abundances are found to depend
On the other hand the 1425 index gives a lower metallicity gh, the models used, and since the two indices give discrepant
Z/Z, ~ 1.1 for SB99 and a higher one &fZ, ~ 1.7 for R04.  yegyits, their calibration in terms of an absolute metafice-
mains uncertain. Future improvements of the model spectra
will hopefully result in a more accurate calibration of thgrD

and 1425 indices.

Comparing our new data with the two measurements of thAgnowledgements. It is a pleasure to thank the ESO Paranal
1425 index of high-redshift galaxies in the literature wéenoObservatory st for carrying out for us the service mode observa-

4.3. Comparison with literature
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Table 6. Mean metallicities derived from the mean values of the péheric indices 1425 and 1370 fox 2.5 andz ~ 3.3/3.4
(see Fig[}k) using the two sets of synthetic model spectra B899 and R04. Faz > 3 the mean redshift for galaxies with
measured 1425 index {8) = 3.3, for those with measured 1325 ind@x = 3.4.

(2 Z({1429)spe9 | Z({1425)ros || Z({1370)spgs | Z({1370)ro4
[Z] [Z] [Z] [Z]
2.5 1.09 1.69 1.35 0.55
3.33.4 0.33 0.19 0.16 0.09
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