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Abstract We present the gas-phase oxygen abundangé)r a sample of 131 star-forming galaxies at intermediatishifts
(0.2 < z< 1.0). The sample selection, the spectroscopic observatinamly with VLT/FORS) and associated data reduction,
the photometric properties, the emission-line measuré&mnand the spectral classification are fully described ioraganion
paper (Paper I). We use two methods to estimate th¢ &undance ratio: the “standar&:; method which is based on
empirical calibrations, and the CLO1 method which is basedrids of photo-ionization models and on the fitting of eriaiss
lines. For most galaxies, we have been able to solve the gmrobf the metallicity degeneracy between the high- and low-
metallicity branches of the /Bl vs. Ry; relationship using various secondary indicators. The hasity — metallicity  — Z)
relation has been derived in tBe andR-bands, with metallicities derived with the two methoRss@nd CL0O1). In the analysis,
we first consider our sample alone and then a larger one whithdes other samples of intermediate-redshift galaxiasial
from the literature. The derivel — Z relations at intermediate redshifts are very similar (safope) to thel — Z relation
obtained for the local universe. Our sample alone only shasmall, not significant, evolution of the — Z relation with
redshift up toz ~ 1.0. We only find statistical variations consistent with theentainty in the derived parameters. Including
other samples of intermediate-redshift galaxies, we finddver that galaxies at~ 1 appear to be metal-deficient by a factor
of ~ 3 compared with galaxies in the local universe. For a givenitosity, they contain on average about one third of the
metals locked in local galaxies.
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n 1. Introduction cent surveys such as the “Sloan Digital Sky Survey” (SDSS,
Abazajian et dlf 2003, 20p4 and the “2 degree Field Galaxy

OThe understanding of galaxy formation and evolution has Hedshift Survey” (2dFGRS, Colless el pl. 2001) as reference
tered a new era since the advent of 10-m class telescomeﬁ_le local Universe

and the associated powerful multi-object spectrograpth as

VIMOS on the VLT or DEIMOS on Keck. Itis now possibleto  The correlation between galaxy metallicity and luminosity
collect spectrophotometric data for large samples of gasaxin the local universe is one of the most significant obseovii

at various redshifts, in order to compare the physical propeesults in galaxy evolution studigs. Lequeux @t [al. (1978} fi
ties (star formation rate, extinction, metallicity, etd)galax- revealed that the oxygen abundangei@creases with the to-
ies at diferent epochs of the Universe, using the results of rgd mass of irregular galaxies. To avoid several problentsén
estimate of dynamical masses of galaxies, especially feg-r
ulars, absolute magnitudes are commonly used. The luntynosi
* Based on observations collected at the Very Large Telescogemeta”icny (O Z).relation for irregulars Wﬁas.later confirmed
European Southern Observatory, Paranal, Chile (ESO Rrnf$d.0- y [Skillman, _Kennlcutt, & Hod em9 , Richer & Mc aII_
0439, 65.0-0367, 67.B-0255, 69.A-0358, and 72.A-0603) (199%) and Pilyugin[(2091) among others. Subsequent studie
= Tables[p and]6 are only available in electronic form at th@ave extended the — Z relation to spiral galaxies (Garnett &

CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.795)2@: via Shield§ 1987; Zaritsky et Hl. 1994; Garnett gf al. 1997 \Rjiy
httpy/cdsweb.u-strasbg/fgi-birygcat?JA+A/ & Ferrini R00Y), and to elliptical galaxie$ (Brodie & Huchra
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). The luminosity correlates with metallicity over 10 emission-line measurements from the literature to as$ess t
magnitudes in luminosity and 2 dex in metallicity, with indi chemical evolution of star-forming galaxies outzte 1. In the
cations that the relationship may be environmenfal- (\kch near future, this work will be extended to samples of thodsan
f[99%) and morphology{ (Matdo 1998) free. This suggests thutgalaxies up t@ ~ 1.5, thanks to the massive ongoing deep
similar phenomena govern the- Z over the whole Hubble se- spectroscopic surveys such as the “VIMOS VLT Deep Survey”
guence, from irregulgspirals to ellipticals (e.d. Garndtt 202(VVDS, [Le Févre et [ 2004).
Pilyugin, Vilchez, & Contir}{2004). Recently, the-Z relation The paper is organized as follows: Segt. 2 discusses the
in the local universe has been derived using the largesselatamethods we have used to estimate the gas-phase oxygen abun-
available so far, namely the 2dFGR(S (Lamareille ¢} al. P00dance, and how we have addressed the issue of degeneracy in
and the SDSH (Tremonti etjal. 2004). The main goal of this pie determination of the oxygen abundance from strong emis-
per is to derive thé — Z relation for a sample of intermediate-sion lines. In Secf]3 we study the relation between the lumi-
redshift star-forming galaxies, and investigate how it panes nosities and the metallicities of our sample galaxies, dogtb
with the local relation. with other samples of intermediate-redshift galaxies ishield
Recent studies of the — Z relation at intermediate red-so far. Finally, in Sec.4, we discuss the possible eimiuif
shifts have provided conflicting evidence for any change theL — Z relation with redshift.
the relation and no consensus has been reached. KobulnickyThroughout this paper, we use the WMAP cosmology
& Zaritsky ([1999) and Lilly, Carollo, & Stocktdr{ (20D3) fodn (Bpergel et [ 2003}, = 71 km s Mpc?t, Q, = 0.73 and
their samples of intermediate-redshift galaxies to canftw ¢ = 0.27. The magnitudes are given in the AB system.
the locallL — Z relation without any significant evolution of this
relation out taz ~ 1. In contrast, other authors (e.g. Kobulnicky
et al.|200B| Maier et a}. 20DP#; Liang ef fl. 2004; Hammer pt &, Gas-phase oxygen abundance
P00%;|Kobulnicky & Kewlea 2004) have recently claimed that _ _ _ _
both the slope and zero point of the- Z relation evolve with EMission lines are the primary source of information regayd
redshift, the slope becoming steeper and the zero poinedscr 92s-phase chemical abundances within star-forming region
ing at early cosmic time. This would mean that galaxies of &€ “direct” method for determining the chemical composi-
given luminosity are more metal-poor at higher redshifoveh tloq requires the electron temperature and the densnyenf th
ing a decrease in average oxygen abundance tiy15 dex emitting gas (e.g[ Osterbrddk 1989). Unfortunately, adtire
fromz=0toz= 1. heavy-element abundance determination, based on measure-
In this paper, we present gas-phase oxygen abundance nq@%lnts of thg electror] temperature and density, .cannot.be ob-
surements for 131 star-forming galaxies in the redshifgeant@ined for faint galaxies. The [©]14363 auroral line, which
0.2 < z < 1.0. The sample selection, the spectroscopic ol$- the most cor_nmonl.y app_lled temperature mdmatorl in extra
servations and data reduction, the photometric propetties 9alactic Hi regions, is typically very weak and rapidly de-
emission-line measurements, and the spectral classificatia  Créases in strength with increasing abundance; it is eggect
sample of 141 intermediate-redshift emission-line gassre {0 be of order 18- 10° times fainter than the [@]15007 line.
detailed |rl Lamareille et h” (2(*)5), hereafter Paper . Ag’]o Given the absence of reliable ][IQ/14363 detections in
the sample of 131 star-forming galaxies, 16 objects may cdt!r spectra of faint objects, alternative methods for deriv
tain a contribution from a low-luminosity active galactio-n ing nebular abundances must be employed that rely on ob-
cleus and are thus f|agged as “candidate” Star-forming ga;a)(servations of the brlght lines alone. Empirical methodsée d
(see Paper | for details). Spectra were acquired mainly withe the oxygen abundance exploit the relationship between
the FORS12 (FOcal Reducer Spectrograph) instrument on tH and the intensity of the strong lines via the parameter
VLT, with the addition of LRIS (Low Resolution Imaging Res=([Om]114959+5007+[0On] 13727)Hp (see Fig[[1).
Spectrograph) observations on the Keck telescope, and-gala Many authors have developed techniques for converting
ies selected from the “Gemini Deep Deep Survey” (GDD®e3 into oxygen abundance, both for the metal-poor (Pagel,
Pbraham et di. 2094) public data release. The spectra argisoEdmunds, & Smith) 198¢; Skillman 198p; PilFuHin 2(00) and
into three sub-samples with fibrent selection criteria: the metal-rich [Pagel et a). 197P; Edmunds & Pdgel 1984; McCall
“CFRS sub-sample” contains emission-line galaxies setectet al.[1985) regimes. On thapper, metal-rich branch of thBys
from the “Canada-France Redshift Survely” (Lilly e} [al. Ip95vs. QH relationshipRzs increases as metallicity decreases via
the “CLUST sub-sample” contains field galaxies randomly seeduced cooling, elevated electronic temperatures, aighah
lected behind lensing clusters, and the “GDDS sub-samplégree of collisional excitation. However, the relatiotween
stands for galaxies taken from the GDDS survey. Re3 and QH becomes degenerate below-+1@g(O/H)~ 8.4
These new data increase significantly the number of metéd-~ 0.3Z,) andR;3 reaches a maximum (see Fipy. 1).
licity estimates available for this redshift range and armag For oxygen abundances below 48g(O/H)~ 8.2, Ry3
the highest quality spectra yet available for the cheminal-a decreases with decreasingHD— this defines thelower,
ysis of intermediate-redshift galaxies. In addition toypde metal-poor branch. The decrease 3 takes place be-
ing new constraints on the chemical enrichment of galaxieause the greatly reduced oxygen abundarfteets the ef-
over the last~ 8 Gyr, we hope that these measurements wiitct of reduced cooling and raised electron temperatures
be useful in modeling the evolution of galaxies on cosmologaused by the lower metal abundance. In this regime,
ical timescales. These new data are combined with existitig ionization parameter, defined by the emission-lineorati
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O32=[Oni] 114959%5007[0n] 13727, also becomes important T —T T
(McGaugh 1991).

The typical spread in thB,3 vs. QH relationship is0.15
dex, with a slightly larger spread-Q.25 dex) in the turnaround
region near 12log(O/H)~ 8.4. This dispersion reflects the
uncertainties in the calibration of thie;z method which is

based on photo-ionization models and observedréyions. ~ s j? It

However, the most significant uncertainty involves decgdinE 8.5 - ‘ Mo

whether an object lies on thepper metal-rich branch, or on S AN
Qo r J ﬁ s o T

— - —

thelower, metal-poor branch of the curve (see Fig. 1). ) ‘ iE L‘q i“

In this paper, we use the strong-line method to estimatg (v =
the gas-phase oxygen abundance of our sample galaxies us- | ‘
ing the emission line measurements reported in Paper |. Two r
different methods are considered: Rg method [McGaugh 8 - A
f[99] [Kewley & DopitH 2042) which is based on empirical cal- 1
ibrations between oxygen-to-hydrogen emission-lin@szind ‘ } +
the gas-phase oxygen abundance, andl the Charlot & Longhetti [ log(0z)= /-1 7‘(0Q /1 107 ]
({007, hereafter CLO1) method which is based on the simulta- - L AL L LT
neous fit of the luminosities of several emission lines using 0 0.5
large grid of photo-ionization models. The CLO1 method has log(Ry,)
the potential of breaking the degeneracies in the detetinma

of oxygen abundance (see CLO1 for details), but we must poﬂburel. Calibration of gas-phase oxygen abundance as a
_out that both thdRy3 estimator and the CLO1 approa_\ch_ are_”mrunction of the strong-line ratio logbs) (based on equiva-
ited by the QH degeneracy when only a few emission linegnt width measurements). Calibration curves fiom McGhugh
are used, unless furtherllnforma_tlon exists. Hovx_/ever, Heeaf ) (analytical formulae frofh Kobulnicky et]dl. 1999kar
these two methods provides an important consistency checkhown for three dierent values of the ionization parameter ex-

pressed in terms of the observable line ratio @gjf (-1, O

and 1). Our sample of intermediate-redshift galaxies avé pl
2.1. The Rez method ted with the following symbols: filled circles are for “norita

objects, while the triangles represent intermediate-teta

We first discuss the commonly used?,3 method galaxies (see Se.2f0rdetai|s).
which is based on empirical calibrations as men-

tioned above. This method uses two emission-line ra- _ _
tios: Ro3=([Om] 114959500 7+[On] A13727)Hp, and 2.1.1. Breaking the double-value degeneracy in the
O3,=[0Om] 114959%+5007[0nu]13727. Analytical expressions Ro3 method

between the gas-phase oxygen-to-hydrogen abundance r\%}Ieoexplore here dierent methods to break the degeneracy in
and these two emission-line ratios are found in Kobulnick

. . Yhe determination of (1 with the R,3 method, which leads to
Kennicutt, & P|zagn09), both for the metal-pdlawer) two possible values of the gas-phase oxygen abundance for a
and metal-rici(upper) branches (see FE]. 1).

. givenRy3 line ratio (low- and high-metallicity, as discussed in
Kobulnicky & Phillips (200B) have shown that equivalensect[?).

widths can be used in th,; method instead of line fluxes. A number of alternative abundance indicators have

We will take advantage of this here since this gives equiveeen used in previous works to break this degener-

lent results in theR,3 method. This is very useful for objectsacy, e.g. [N]16584[0m]15007 (Alloin et al. [1979),

with no reddening estimate as no reddening correction hagh]16584[0n]13727 (McGaugh | 1994), [NA6584H«

be applied on equivalent-width measurements, assumirg tfpan Zee et gl] 1998), and galaxy luminosity (Kobulnicky,

the attenuation in the continuum and emission lines is threesaKennicutt, & Pizagng 1999).

(see Paper | for a comparison between the equivalent width The most commonly used prescription uses the

and dust-corrected flux [@13727Hp ratios). This method N2=[Nu]16584Ha line ratio as a secondary, non-degenerate,

has already been applied py Kobulnicky & Kewlgy (2004) oimdicator of the metallicity [(van Zee et |gl. 1998). We thus

intermediate-redshift galaxies. discuss the results we get with this method and then intr@duc

To be more confident we have compared the gas-phase o?(;'?—ew method we call thee diagnostic.

gen abundances we found with equivalent widths or with dust-

corrected fluxes on the 24 galaxies where a correction far dide N2 diagnostic. We want to check if the N2 diagnos-
reddening was possible (i.e.oHand H3 emission lines ob- tic can be used on our data independently of the ioniza-
served). We find very good agreement with no bias and the rtim parameter. FigurE 2 shows the theoretical limit betwee
of the residuals around the= x line is 0.1 dex only. low- and high-metallicity regimes as a function of 1Qg¢)

[
b

i
~—
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Figure 2. The N2 separation between high- and low-metallicitifigure 3. The L diagnostic for breaking the degeneracy in
galaxies as a function of lo@%2). The solid line shows the the-the QH vs. Ry3 relationship. Triangles pointing up show the
oretical limit between low- and high-metallicity galaxie®n- gas-phase oxygen abundance estimated in the high-migyallic
verted into a value of log([M 16584Hc«) using the relation of regime with theR,3 method. Triangles pointing down show
van Zee et 41.{(1998) (see text for details). The filled cBelee the low-metallicity regime, the two estimates associatenite
high-metallicity objects and open circles low-metalljoiines galaxy are connected by a dotted line. The metallicity aesig
for our sample of 25 spectra for which this diagnostic was af@ each galaxy is plotted with a filled symbol. The dashed line

plied. shows the relation frofh Lamareille ef dl. (2D04). The saiid |

is the bisector least-squares fit to our data.

which is calculated with the following procedur@: for each
value of logDsz) we take the maximum value of Idgfs) eral. Thus we need to find another way to break tlild @e-

(ie. a_t the tyrnaround point of the/kd VS Re relationship, generacy using information from the blue part of the speatru
see Flgﬂl)(u) we calculate the associated gas-phase oxyg %Iy. One possibility is to break the degeneracy by creadimg

abundance, which is the separation between low- and high-7". ) ; o .
- . : ybrid method including additional physical parameterstie
metallicity regimes(iii) we calculate the associated value o

log([Nu]16584Ha) (equation (1) of van Zee et jal. 1998). oyflaxies such as the intensity of the 4000_A_brea_1k,uher
data sample is also shown in Fﬂl 2. To first order, the obslervcemor or the intensity of the blue Balmer emission-lines. dde

limit between low- and high-metallicity objects seems inele- not, however, find any clear correlation between these param
dent of logOsz). We thus adopt log([M16584Ha)> —1, as ters and the metallicities in our sample of 24 galaxies with t
our criterion for placing galaxies on the high-metallidityanch N2 diagnostic ava|lable_. _ .

— in agreement with the standard limit used in the literature Indeed, after extensive testing and evaluation of othehimet
dml m) We note that low-metallicity galasdeOdS’ we reached the conclusion that the best way to do this is

show big error bars for the N2 index. This is explained byt L:Sﬁ.thf‘ B Z relagmtnhgelf. T?hdg thls(,jvtvekcotnhg)are ttrc])e two
weak [Nu] 16584 emission line in this regime. metallicities given by thé&;3 method and take thelosestone

o - ill - Z relation deri :
The emission lines required for the N2 method can oneL Z relation derived for the 2dFGR (Lamareille & al

be seen in our optical spectra for the lowest-redshift datax ) to be our metallicity estlmate for the 9"?"axy (see H)g.
: o ; . We emphasize that we dwtassign a metallicity based on the
For the 24 spectra to which this diagnostic was applied, we

. . . " luminosity, and as we will discuss further below, this agmto
0, - 0,
flnclj ii(ZlA)) low-metallicity galaxies and 19 (79%) metalﬂlrlcf  breaking th tallicity d racy is robust to rathes-

stantial changes in thie — Z relation with redshift. This way
of breaking the degeneracy in th¢tDvs. Ry3 relationship is
The L diagnostic. The N2 indicator needs the fil16584 and called thel diagnostic in the rest of the paper.

Ha emission lines which are not in the wavelength range of Taking into accountthe high dispersion of the Z relation
most of our spectra because of their high redshift. Althaigh (i.e. rms= 0.25 dex), we have to be very careful when using this
low-redshift sample shows a high fraction of high-met#liic diagnostic in the turnaround region (i.e. $20g(O/H) ~ 8.4)

objects, it is clear that we cannot make this assumptioniin ge
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of the QH vs. Ry3 relationship, where the abundances derived
in the two regimes are both close enough tolthe relation to

be kept. These have to be considered uncertain, but thentct t
the low- and high-metallicity points are equally distamifrthe
standard. — Z relation indicates that the choice of metallicity
value will not significantly change the results the derived

L — Z relation, in the intermediate metallicity regime. We have
verified that the. — Z relation obtained when using only galax-
ies with a N2 diagnostic or a reliablediagnostic is the same
as the one derived with all the pointsfférence< 1%).

To illustrate this method we show in Fig. 4 thiet of the
L-diagnostic on thé — Z relation. We present for each galaxy
the two estimates of 12 log(O/H) with the R,z method — 8
the upper branch is shown by upwards pointing triangles and
the lower branch by downwards pointing triangles. These are
connected by a dotted line. The metallicity assigned to argiv
galaxy by thelL-diagnostic is indicated with a filled symbol. 7.5
The resulting_ — Z relation is still very similar to the standard
relation (the new slope value +€.31) but with a larger disper-
sion (rms of the residuals 0.31 dex). In view of these results,
we conclude that the possible errors introduced by the L-diag
nostic, have a marginalfgect on the determination of thelZ
relation at intermediate redshifts Figure 4. The Luminosity — Metallicity relation with unreli-

To be complete, we must point out that the- Z relation able metallicity estimates using tfe; method. Filled circles
derived using local galaxies may not be valid for intermesia are galaxies with an available N2 diagnostic for the metalli
redshift galaxies. However, previous wort ity determination. Solid triangles are objects with a el
Po0BLilly et al [200B) have shown that the- Z relation has diagnostic, and open triangles are objects with an unteliab
the same osteeperslope at high redshifts. A steeper slopéliagnostic (for these objects the two possible abundanees a
wouldincreasethe diference between the-Z relation and the Plotted). The solid line shows the linear regression onhelse
unselected abundance estimate, strengthening tiagnostic Points, compared to the relation in the local universe (shor
for metallicity determinations. In summary, the- Z relation dashed line) and the relation derived with a reliable mietgyl
derived using thé diagnostiowill not be biased ifi) theL —z diagnostic (long-dashed line).
relation for our sample of intermediate-redshift galaxgethe
same as thé — Z relation in the local universe, d@j thelL — Z
relation for our sample is steeper than the ldcal Z relation,
oriii) theL — Z relation for our sample has the same slope
the local one but is shifted towards lower metallicities byd
than 05 dex. The other cases (i.e. a flatter Z relation and an
important shift towards lower metallicities) cannot beided
without using a non-degenerate metallicity indicator.

8.5

12+1log(0/H)

80 remaining spectra. Among them, 23 still have an unrediabl
metallicity diagnostic. We have flagged those determimatio
Fable]b.

For a few galaxies, located in the turnaround region of
the QH vs. Ry3 relationship, the ¢H estimate given by the
lower-branch ishigher than that given by the upper branch
(see Fig.|]1). This occurs when the measuReg parameter
reaches a higher value than the maximum allowed by the photo-
2.1.2. Results ionization model. The cause of this could be observational u

certainty mainly due to a weak@tmission line (which causes
The results of the gas-phase oxygen abundances, estim#tedhigh value oR,3; and the big error bars shown in F. 1)
with the R,z method, are shown in Tab[{a 5 both for the loweor problems with the adopted calibrations. In any case we can
and upper branches of the/llDvs. Ry3 relationship. For the not resolve this issue and have decided to throw out the galax
convenience of the reader, the redshift and the absolute mag for which the dierence between the low and high esti-
nitude in theB-band are also given in this table. Starting witlmates is big; in other cases the final gas-phase oxygen abun-
131 star-forming galaxies (selection described in Papehd#) dance was computed as an average of these two estimates; they
metallicity has been estimated for 121 of them (the 10 remaare called “intermediate-metallicity” galaxies. We ndbatta
ing spectra do not show the [[P13727 emission line or give in- higher proportion of the candidate star-forming galaxedtsf
compatible results). Thignal adopted gas-phase oxygen abunnto the intermediate-metallicity region, because tiei pa-
dance together with its error estimate are reported in thie leameter reaches by definition a high value (see Paper | for a de
column of Tabld]5. These values are the results of the two-metiiled discussion on the spectal classification of the aatdli
ods used to break the/® degeneracy as described in previoustar-forming galaxies).
sections. The N2 diagnostic is first used on 24 spectra ta-dete Four galaxies of our sample have previous gas-phase oxy-
mine the metallicity regime, then thediagnostic is used on thegen abundance estimates from the litteratfire (Lilly bt @0%
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T
LCLOS 059

Liang et a][2004] Maier et H. 20005), as shown in Tdble 1. The = ‘ ‘ ‘ ‘
values are all in relatively good agreement. Unfortunptet j&k&\ ER ]

do not have enough objects in common to conclude in any bias

between the dierent methods.
In summary, our sample of star-forming galaxies contain

10 low-metallicity objects (8.3%), 94 high-metallicity jelots

Likelihood

‘.
gy

(77.7%) and 17 intermediate-metallicity objects (14.0%). | . ——

2.2. The|Charlot & Longhett| (2001) method I ] 1
The standardR,; method, used in numerous studies to esti; 11 ]
mate the oxygen abundance of nearby galaxies, is based on

empirical calibrations derived using photo-ionizationdats | h ]
(see e.g| McGaugh 1991). An alternative would be to directly

compare the observed spectra with a library of photo-iditna
models. The main advantage of such a method is the use
of more emission lines than tti&;; method in a consistent Figure 5. Examples of likelihood distributions of the gas-phase

way, which can give a be_tter determination of the metall Xygen abundance, and the associated gaussian fits, abtaine
ity. Here we will use a grid based on the models of CLO

. . . with the [Charlot & Longhetti[(2001) methodop-left panel:
The CLO1 models combine population synthesis models frozindeger!erate case highlyt Iil(<ely tZ) be a mgtal-rish galaxy

Bruzual & Charldt (2003, version BC02) with emission lin . . . >

modelling from Cloudy|(Ferladl 2001) and a dust prescrmtigLCL?S OO?H alldllnes .y falntb[@]/l5(:]07 |Ine)r-]Tr(]}pr]rlght

from Charlot & Fall {2000). The details of this grid are giverg)é.me -another eggn_erate case ut with a muc igher uncer
: tainty on the metallicity regime (LCL05 059, blue lines only

in IBrinchmann et EI'.(204) and C_harlot etal. (in prepargtio Bottom-left panela non-degenerate case with a high metallic-
but we _W|II summarize the most important ones here for t% (LCL05009, all lines used)Bottom-right panela galaxy
convenience of the reader.

] __with an intermediate metallicity (LCL05 029, blue lines ypnl
The models are parametrized by the total metallicityy;¢ [Om] 15007 line).

log(2), the ionization parameter, ladj, the dust-to-metal ra-
tio, &, and the total dust attenuatiomy. For each param-
eter the model predicts the flux of an emission line ard each peak and take the mean of the Gaussian with the highest
we compare these predictions to our observed fluxes usintggrated probability as our estimate of-d@g(O/H), with an
a standardy? statistic. The emission lines used here awror estimate given by the sigma spread of the Gaussian fit.
[On]A3727, [Qu]1214959,5007, [M] 16584, [S1]116717,6731, Results of gas-phase oxygen abundance estimates with the
He and HB. The result of this procedure is a likelihood distribu€L01 method are shown in Talle 6. In Figj. 6, we compare the
tion P(Z, U, £, rv) which can be projected onto k2log(O/H) O/H estimates obtained by this method with those found by
to construct the marginalized likelihood distribution & 4 the R,3 method. The two values agree quite well, though the
log(O/H). methods adopted to break th¢HOdegeneracy and in how they
We show some examples of these likelihood distributions ¢feal with the &ect of dust attenuation (the CLO1 method takes
Fig. B. For the majority of our spectra we find double-peakeliist attenuation into account in a self-consistent way redee
likelihood distributions which is just a reflection of thénigrent  the Rxz method avoids the problem of dust attenuation by us-
degeneracy of the strong-line models when ffisient infor- ing EWSs) are significantly dierent. It is clear that there is a
mation is present. This is discussed in more detail by Chatlo residual systematic fierence between the two estimators. A
al (in preparation) who show that the degeneracy is liftetth wilinear fit of the residuals shows a slope 062. Only one ob-
the inclusion of [Ni]16584, as for the standaRps method as ject (LCLO5081) show very dierent results because of a con-
discussed above. tradictory metallicity classification between the two noath
The Bayesian approach used in our model fiters two (I-€. @ low metallicity with thel. diagnostic, but a high metal-
alternative methods to break the degeneracy in the @ter- licity with the CLO1 method). We acknowledge that twdieli-
minations. The first is to use the global maximum of the likeleNt calibrations have fierent systematic uncertainties. In this
hood distribution. The complex shape of the likelihood soef Particular case, the trend to find higher metaliicities it
makes this method rather unreliable so we will not purste ttffL01 method is likely explained by the depletion of heavy el-
further, although for the bulk of the galaxiesit gives résabn- €Ments into dust grains, which is not taken into account by th
sistent with the other methods. The second method is to eseMf£Gaugh [1991) models.
maximume-likelihood estimate which we derive by fitting gaus
sians to each of the peaks of the likelihood distributiommsdd®
this we assume that the double-peaked likelihood disiobut
is a combination of two nearly Gaussian distributions whidm this section, we first derive the luminosity — metallicity
correspond to the two possible metallicities. We fit Gaussiarelation for our sample of intermediate-redshift galaxiss

12+10g(OIH) 12+10g(O1H)

3. The Luminosity — Metallicity relation
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Table 1.Comparison between the gas-phase oxygen abundances fpus@®; and CLO1 methods) and in the litterature (Lilly
et al.[200B[ Liang et &[. 20p&; Maier ef hl. 2D05) for 4 CFRSgials.

CFRS LCLO5 Rp3 CLO1 Lilly Liang Maier
22.0919 045 8.480.01 8.4@0.17 8.3@0.20 .. 8.380.14
03.0085 030 8.820.16 8.740.18 8.84:0.07 8.360.41
03.0507 023 8.740.03 8.8@0.12 8.550.05
03.0488 022 8.740.06  8.6%0.13 ... 8.880.07
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Figure 6. Comparison between th3; and the CLO1 estimatesFigure 7. The Luminosity — Metallicity relation in theB

of the metallicity. The top panel shows the residuals ardhad band with gas-phase oxygen abundances derived witRithe

y = x curve (solid line). The dashed line shows the linear fit. method. The filled circles are galaxies for which the metalli

ity regime was determined using the N2 diagnostic, blue cir-
cles are objects in the intermediate metallicity regimethia
other cases, the upwards pointing triangles indicate tbjhat
were determined to lie on the upper-branch and the downwards

S . ) — __pointing triangles those that lie on the lower branch. THelso
lation is based on the OLS linear bisector met etl e shows the linear regression on the intermediate-iétdsh

1990), it gives the bisector of the two least-squares regas .
1/ ;r%vy_on_x Slee Pty Z\v(only av;iIL;bIe onling) fogalaxy sample. The short-dashed and long-dashed linebere t

. : " . L —Z relations in the local universe derived by Lamareille ¢t al.
a detailed discussion on the dependence ofLtheZ relation ) (2dFGRS data) afid Tremonti e} A, (4004) (SDSS data)

on the fitting method. : :
tively. The bott I sh th duals archend t
Fig.ﬂ shows thé — Z relation based on the N2 diagnosticgisli%elrnge y- The hotiom panel Shows fhe residuals ar

to break the ¢H degeneracy, whenever possible, and onlthe
diagnostic otherwise. We obtain the following relationtie B
band:

ing the gas-phase oxygen abundances estimated witR;the
method and the absolute magnitudes inBgand, both listed
in Table[b. The linear regression used to derivelthe Z re-

12+ log(OH) = —(0.26+ 0.03)Mag(B) + 3.55+ 0.54 (1) with a rms of the residuals of 26 dex, still very similar to the
R-bandL - Z relation in the local universq (Lamareille e al.
). Note however that the dispersion is not smaller tban f
thle relation in theB band. We will thus focus our analysis on
fhe B-bandL - Z relation in order to allow comparisons with
previous studies for which thB-band magnitudes are com-
monly used.

We then derive the luminosity — metallicity relation for
intermediate-redshift galaxies using the gas-phase axyge
12+ log(O/H) = —(0.24 + 0.03)Mag(R) + 3.82+ 0.52 (2) abundances estimated with the CLO1 method (reported in

with a rms of the residuals of 25 dex. This dispersion is very
close to the one obtained for the— Z relation in the local
universe using 2dFGRS data and derived by Lamareille]et
([004). The existence of the— Z relation at intermediate red-
shifts is clearly confirmed.

We also derive & — Z relation in theR band, using magni-
tudes reported in Paper I:
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Figure 8. The L — Z relation with the CLO1 estimate of theFigure 9. A view of our sample’s selectionflects. This fig-
metallicity. The short-dashed line is the— Z relation in the ure shows, as a function of redshift, the distribution of the
local universe derived with the 2dFGRS ddta (Lamareilldet absoluteB-band magnitudes (bottom panel) and metallicities
). The long-dashed line is the same relation deriveld w{top panel) of our sample of intermediate-redshift galsxide

the SDSS data (Tremonti efpl. 2004). The solid line idth&€ straight line shows a linear regression of the observed (not
relation derived for our sample of intermediate-redshifieg- real) evolution. Histograms are plotted for four redshifish

ies. The bottom panel shows the residuals around the soéd [i0.2 <2< 04,04 <2< 06,06 <z< 0.8 andz > 0.8.

Table[$) and th@-band absolute magnitudes listed in Tedle Sncreases with redshift, is clearly present (see[fig. 9 hins

We find the following relation (see Fif}. 8): out to be the most problematic bias. This alfeets the metal-
B licity which is linked to the luminosity through the - Z rela-

12+log(O/H) = ~(0.34= 0.05)Mag(B) + 2.06+ 0.99 (3) tion. This bias results in an apparent increase of the obderv

with a rms of the residuals of 86 dex. metallicity with increasing redshift whereas galaxy evin

We conclude that the—Z relation at intermediate redshifts,models predict that, on average, the metallicity shouldetese
obtained with the CLO1 estimate of the metallicity, is ngrsi-  With increasing redshift. Nevertheless, Fify. 9 shows that o
icantly different from the local — Z relation, considering that sample of intermediate-redshift galaxies seems to be cempl
we break the degeneracy between low- and high-metallicity the redshift range.@ < z < 0.6, allowing us to perform

estimates with the maximum-likelihood method, which addgliable comparisons with local samples.
some uncertainties. We checked that there is no significant bias between the

three sub-samples (CFRS, CLUST and GDDS sub-samples)

idered in this study.
3.1. Selection effects consideredin this study

In this section we investigate thefiiirent selection fects 3 » aqgition of other samples of intermediate-redshift
which could introduce systematic biases in the Z relation. galaxies

First of all, the sample selection, based on the presenaduisf e
sion lines in the galaxy spectra (see Paper | for details), im order to study thé — Z relation for a larger and more com-
troduces a straight cut at high metallicities, where thegexy plete (in terms of redshift coverage) sample of intermediat
lines become too faint to be measured. The consequencesof thdshift galaxies, we have performed an exhaustive compi-
effect is that all galaxies have a gas-phase oxygen abundalatien of star-forming galaxies with relevant data (lunsno
12 + log(O/H) < 9.0. Another bias introduced by the redshifity and metallicity derived with th&,3; method) available in
is the result of the selection applied for the CFRS sub-samphe literature [(Kobulnicky & Zaritsky 1999; Hammer et] al.
galaxies in the redshift range2< z < 0.4 were preferred in R001;|Contini et glj 2004; Kobulnicky et [al. 2903; Lilly ef al
order to observe the [i§16584 and kK emission lines. P003;|Liang et gl 2004). The luminosities were adjustediuto o
Since our sample is limited in apparent magnitude, ttalopted cosmology and converted to the AB system when nec-
Malmquist bias, whereby the minimum luminosity observeessary.
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The L — Z relation for this extended sample, and using
metallicities derived with th&,3 method, takes the following
form:

12+ log(O/H) = —(0.26 + 0.03)Mag(B) + 3.36£ 053  (4)

with a rms of the residuals of83 (see FigEIO).

The L — Z relation at intermediate redshifts is again very>
close to the one in the local universe derived from 2dFGR
data. It has almost the same slope and zero-point than far-the 3
cal relation, while the metallicity is on averag@0 dex lower. %
This difference is within the uncertainty associated to the zerax
point (053 dex). However, this ffierence in the zero point has -
already been interpreted in previous studies as a deficlgnay
factor of 2 for the metallicity of intermediate-redshiftigeies
compared to local samplels (Hammer gt al. 2005; Kobulhicky
1). We also note that this extended sample is clearlgbias
towards high-luminosity objects at high redshifts, as sy |
the histograms in Fid. }1. L L L L

We conclude that the — Z relation, derived for thevhole —-16 —-18 —20 —22
sample of intermediate-redshift galaxies (i.e. our ownpdam M,5(B)
combined with other data drawn from the literature), idl stil

very similar, in term of slope, to the — Z relation in the local _. L . ..
universe. The possible shift in the zero point between tiee wlslgure 10. Thel - Z relation including additional samples of

) . . . . Intermediate-redshift galaxies and using metallicitiesiveed
L - Z relations will be investigated further in Seft]3.4. with the Ry3 method. Green filled circles are objects where

N2 diagnostic is used for metallicity estimate, magentntri
3.3. Different regimes of the L — Z relation gles are objects with a secutediagnostic, and blue trian-
les are objects with an unreliable diagnostic (for these ob
&cts the two possible abundances are shown). Other sam-

Different authors (e.. Melbourne & Salzer 2002; Lamareil
et al.[2004) have suggested that the gldbal Z relation in ples of intermediate-redshift galaxies drawn from theditere

the local universe may not be simply approximated 8Ie 56 piotted in red: open squares frfm Kobulnicky & Zaritsky
gle linear relation and proposed to _d|V|de.the galaxy samplm), solid squares frofn Kobulnicky el dl. (2P03), opeR Ci
Into metal-_poor dwarfs and metal-rich spirals. The- Z_ re- cles from[Hammer et &l[ (20D1), filled circles fr¢m Liang 4t al
lations den_ved for these tW(_) subsamples b Lgmarenle_ et )’ stars fro |_3) and crosses from Qainti
([00%) are indeed dierent, with metal-rich galaxies following et 21~ (560p) £ > 0.1). The solid line shows the linear regres-
a steepet - Z relation than the metal-poor ones. sion for all these points, compared to the relation obtained

We can try to apply this distinction between metal-pogpe |ocal universe from 2dFGRS data (dashed line).
and metal-rich galaxies to our samples of intermediatshiéd

galaxies, in order to derive “metallicity-dependaht* Z rela-

tions. However, we believe that a constant limitin metdlfito  or along the y-axis (if the mixing is done along the x-axigs th

separate the two galaxy populations (e.g+18g(O/H) = 8.3 is rather a highow-luminosity separation).

as used irf_ Lamareille et [§l. 2004) is not the best way to do We emphasize that we do not use the standard, horizontal,

as it does not take into account accurately the high dispersseparation between low- and high-metallicity objects dbed

of observed metallicities at a given galaxy luminosity.d¢ed in Sect.l. We use instead a luminosity-dependant aepar

there is no clear physical separation between galaxiesbavi tion which gives us 61 metal-poor and 59 metal-rich galaxies

metallicity lower or higher than one specific value. Please note that in order to take into account the lower av-
Instead, taking into account the intrinsic scatter ofitheZ  erage metallicity of our sample (see F[§. 7), we have shifted

relation, we try in this section to define a “region fitting” ieh  our luminosity-dependent separation between metal-riach a

gives the behavior of the — Z relation in a metal-rich and a metal-poor galaxies towards lower metallicities-b9.20 dex,

metal-poor regimes (i.e. respectively the upper and theldowkeeping the same slope given by the local Z relation.

regions of thelL — Z relation). We assume that the separation We have applied this method to divide our sample of

between metal-rich and metal-poor galaxies increasesthéth intermediate-redshift galaxies into metal-rich and metadr

absolute magnitude with a similar slope-e8.27 than for the galaxies using th& — Z relation derived in the local universe

L — Z relation in the local universe from the 2dFGREhe from the 2dFGRS data. The two new linear fits obtained for

separation between metal-poor and metal-rich galaxiebist each sub-sample are shown in Fid. 12. We derive the following

equal to the mean metallicity of a galaxy at a given luminositrelations:

Note that this method is not sensitive to whether the physica

mixing of galaxies in thé.—Z diagram is done along the x-axis12 + log(O/H) = —(0.26 + 0.02)Mag(B) + 3.30+ 0.38 (5)
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Figure 11. Selection &ects when we include other samples dfigure 12. The “region-fitted”L — Z relations for our own sam-
intermediate-redshift galaxies drawn from the literat(Bee ple of intermediate-redshift galaxies. The metallicitee de-
text for details). This figure shows, as a function of redshifrived with theR,3 method. The solid lines represent the two lin-
the distribution of the absolutB-band magnitudes (bottomear regressions for the metal-poor and metal-rich galdsess
panel) and metallicities (top panel) of the combined saropletext for details). Same legend as in Fﬂg 7 for the data points
intermediate-redshift galaxies. The straight line shdweslin- The bottom panel shows the residuals around these two fits.
ear regression of the observed (not real) evolution. Histog
are plotted for four redshift bins:®< z< 0.4, 04 < z< 0.6,

0.6<z<08andz> 08. The metallicity-dependenht-Z relations derived above are

very similar, in terms of slope and zero point, if we consider

) our sample alone or the whole sample of intermediate-rédshi
for metal-poor galaxies, and galaxies.

12+ log(OH) = —(0.24+ 0.03)Mag(B) + 4.15+£049  (6)

. , i 3.4. Evolution of the L — Z relation with redshift?
for metal-rich galaxies. The rms of the residuals for the l@ho

sample is now equal ta 05 dex only, and we see on the bottor¥Ve now investigate a possible evolution with redshift of the
panel of Fig[ 1 that there is almost no residual slope. Tass H- — Z relation, using thék,s method for the metallicity deter-
to be compared with the quite high dispersion (rm$.28 - mination.
0.34 dex) and the non-zero slope of the residuals obtained for We first divided our own sample of intermediate-redshift
thesingle L- Z relation (see Fig]7). galaxies into four redshift bins:D < z < 0.4, 04 < z < 0.6,
The same distinction between metal-poor and metal-riff6 < z< 0.8 and 08 < z < 1.0.
galaxies can be applied to the whole sample of intermediate- The resulting. — Z relations per redshift bin are shown in
redshift galaxies, i.e. adding the samples drawn from the-li Fig.. The parameters (slope, zero points) of the linegese
ature (see Se.2). sions are listed in Tabﬁ 2. The paramefigg,e corresponds to
The two new linear fits obtained for each sub-sample (ttiee fraction of galaxies located above the locat Z relation
separation is shifted by0.32 dex) are shown in Fid. 13. Wederived with 2dFGRS data.
derive the following relations: With the present sample, we only seemall, not signifi-
cant, evolution of the k& Z relation with redshiftin terms of
12+ log(O/H) = —(0.27 £ 0.03)Mag(B) + 2.96+ 0.53 (7) slope and zero point, from the local universete 1. We only
find statistical variations consistent with the uncertaintthe
derived parameters. The small variation is however confirme
12+ log(O/H) = —(0.21+ 0.01)Mag(B) + 4.65+ 0.29 (8) byadecreasing fraction of galaxies falling above the locat
relation (fapovein Table[R).
for 164 metal-rich galaxies. The rms of the residuals for the In order to be more complete in searching for any possi-
whole sample is equal to.1® dex and we see again on thdle evolution of thel. — Z relation with redshift, Fig|j|5 and
bottom panel of FigD,S that there is almost no residual slope"ableﬂs show th& — Z relation with the addition of other sam-

for 184 metal-poor galaxies, and
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Figure 13. The “region-fitted”L — Z relations including addi-
tional samples of intermediate-redshift galaxies (as riesd
in Sect). The metallicities are derived with fRg method.
The solid lines represent the two linear regressions for th8.8 <z< 10
metal-poor and metal-rich galaxies (see text for detelame
legend as in Figﬂ? for the data points. The bottom panel shows
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the residuals around these two fits.

12+1log(0/H)

Figure 14. Redshift evolution of thé& — Z relation (see text for
details). The four panels show the- Z relation for our own
sample of intermediate-redshift galaxies in the redshifiges
02<z<04,04<2z<06,06<z<08and08< z< 1.0.
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Table 2. Redshift evolution of the slope, zero point and rms
of the residuals of th& — Z relation for our own sample of
intermediate-redshift star-forming galaxies. Metafies have
been estimated with the,3 method. The parametéyyoverep-
resents the fraction of galaxies located above the loedl re-
lation. The results obtained on the 2dFGRS sample (Lanfareil
et al.[200}) are given for reference.

Redshift bin Slope Zero Point  rms fapove
2dFGRS -027+0.01 345+0.09 027
02<z<04 -034+005 206+098 027 045
04<z<06 -027+006 318+124 030 030
06<z<08 -028+004 301+085 017 Q15
08<z<10 -029+017 274+344 027 Q10

Table 3. Redshift evolution of the slope, zero point and rms
of the residuals of thé& — Z relation including other samples
of intermediate-redshift galaxies (as described in Jed). 3
Metallicities have been estimated with tRg; method. The pa-
rameterfapoverepresents the fraction of galaxies located above
the localL — Z relation.

Redshift bin Slope Zero Point  rms fapove
02<z<04 -034+010 198+185 043 043
04<z<06 -037+£009 110+186 039 022
06<z<08 -028+004 304+081 023 007

-0.28+0.08 286+172 027 Q03

ples of intermediate-redshift galaxies (as described m.@)
divided into four redshift bins: .2 < z< 04,04 < z < 0.6,
06<z<08and08<z<10.

As previously observed with our sample alone, the Z
relation only shows a small evolution, in terms of slope and
zero points, between these four redshift bins. Again, wg onl
find statistical variations consistent with the uncertaintthe
derived parameters (see Taﬂle 3).

However, we remark that thie — Z relation tends to shift
toward lower metallicities when the redshift increasedgiviis
confirmed by a decrease of the fraction of galaXigs,.cabove
the localL — Z relation (from 43% az ~ 0.3 to 3% atz ~ 1,
see Tabl¢]3).

To better quantify this possible evolutionarfjext, we es-
timate for each galaxy with a given luminosity, thdéfdrence
between its metallicity and the one given by the Z relation
in the local universe. For each redshift bin, the mean vafue o
this difference give us thaveragemetallicity shift, assuming
that, in average, the metallicity increases with the galaxyi-
nosity with a slope equal t60.27 (see Tabl{| 2). The results
are shown in TabIE 4 (case a). We clearly see a decrease of the
mean metallicity for a given luminosity when the redshift in
creases. The last column shows that the galaxies in theifedsh
range 08 < z < 1.0 appear to be metal-deficient by a factor of
~ 3 compared with galaxies in the local universe. For a given
luminosity, they contain on average about third of the nsetal
locked in local galaxies.

We acknowledge that the evolution of the- Z relation
is a combination of a metallicity and a luminosity evolution
at a given stellar mass. Unfortunately our sample is noglarg
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-16 -18 -20 -22 -16 -18 -20 -22 Table 4.Evolution with redshift of the mean value of the metal-
AR A M A licity difference with the. — Z relation in the local universe.
0.6<2=0.8 2>0.8 9 The average dierence of metallicity (derived with thBs

method) is computed for four redshift bins for our sample of
g5 Star-forming galaxies, including other samples of intediate-
redshift galaxies (as described in S 3.2). Case (a)-s un
corrected data, case (b) is after the luminosities have been
corrected from evolution (see text for details). The twd las
columns show the same value converted into a linear scale. It
indicates the amount of metals in each redshift bin compared
with the value in the local universe.
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the high- and low-metallicity branches of thgHDvs. Ry3 rela-
tionship. The following conclusions have been drawn frois th
study:

Figure 15. Redshift evolution of thé. — Z relation using the

R»s method for the metallicity determination and including— The N2 diagnostic based on theifN6584Ha line ratio
other samples of intermediate-redshift galaxies (as dmstr  is the best way to discriminate between high- and low-
in Sect[3.R). The four panels show the- Z relation for the metallicity objects.

full combined sample in the redshift range@ & z < 0.4, — Thel diagnostic can be used with a relatively high con-
04<2<06,06<z<0.8and08 < z< 1.0. The legend is fidence level for galaxies far enough from the turnaround
the same as in Fi@lo. region (12-log(O/H) ~ 8.3) of the QH vs. Ry3 relation-

ship. Note however that, in this region, the error in the final
o o abundance will be low.

enough to statistically distinguish between the tMieets, but _ any diagnostic based on the galaxy color or the intensity of
for the convenience of the reader we have done the same calcuhe Balmer break will fail because of the high dispersion in
lations after correcting the luminosity of the galaxiesnirthe the relations between metallicity and these parameters.
evolution. The results are listed in Taljle 4 (case b). We have The CL01 method fiers a good way to break the metallic-
used the last results obtained on the evolution of the galaxy ity degeneracy with the maximum likelihood method, even
minosity function in the VVDS first epoch dath (Ilbert ef al. \yhen the [Ni16584 and Ht lines are not available.
p004), which give an average evolution in tBeband magni-
tude of-0.3 atz = 0.2, -0.7 atz = 0.4, -0.9 atz = 0.8 and \we have then derived the following luminosity — metallicity
—1.0 atz = 1.0 sincez = 0.0. If these values correctly reflect(L — Z) relations: thel — Z relation in theB-band and in the
the luminosity evolution of our sample, the metallicity de&se R-pand using theR,; method for metallicity determinations
at redshift up ta = 1.0 would be of a factor 1.3 for a given (equationsﬂl antﬂ 2), the — Z relation in theB-band with
stellar mass (if we neglect thefect of the diferent mass-to- the CLO1 method to derive metallicities (equat{n 3), arel th
light ratios). L — Z relation for our galaxies combined with other samples
of intermediate-redshift galaxies drawn from the literat(see
Sect.|3.R) and th&,3 method for metallicity estimates (equa-
tion ). We investigated the possibility to divide, for a giv
Starting with a sample of 129 star-forming galaxies at im&r |luminosity, the sample into metal-rich and metal-poor giais
diate redshifts (@ < z < 1.0), for which the sample selection,in order to do a “region fitting” instead of a single linear ¥ite
the observations and associated data reduction, the pkttorthus derived two new. — Z relations showing similar slopes
ric properties, the emission-line measurements, and tée-spbut lower residuals (equatioffs 7 ajd 8). We draw the follgwin
tral classification are described in Paper |, we derived tte gconclusions from this analysis:
phase oxygen abundancgHOwhich is used as a tracer of the
metallicity. We used two methods: s method [McGaudh — TheL-Z relations at intermediate redshifts are very similar
|19_91) which is based on empirical calibrations, and the CLO1 in term of slope to thé — Z relations obtained in the local
method [Charlot & Longhelfi 2001) which is based on grids of universe|(Lamareille et fil. 2004; Tremonti ef|al. 2004).
photo-ionization models and on fitting emission lines. Weeha — When including other samples of intermediate-redshift
investigated the problem of the metallicity degeneracwben galaxies (see SedEB.Z), we find.a- Z relation which is

4. Conclusion
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shifted by~ 0.3 dex towards lower metallicities compareddammer, F., Gruel, N., Thuan, T. X., Flores, H., & Infante, L.
with the local one. 2001, ApJ, 550, 570
lIbert, O., Tresse, L., Zucca, E., et al. 2004, A&A, subndltte
Finally, we investigated any possible evolution of thése Z (astro-pti0409134)
relations with redshift. We find that: Isobe, T., Feigelson, E. D., Akritas, M. G., & Babu, G. J. 1990
o ~ ApJ, 364, 104
— Our sample alone does not show any significant evolutl%wby, L. J. & Dopita, M. A. 2002, ApJS, 142, 35
of theL — Z relation up toz ~ 1.0. We only find statisti- kopylnicky, C. 2004, to appear in Proceedings of the Bad
cal variations consistent with the uncertainty in the dettiv.  yonnef workshop on starbursts, held August 2004, (astro-
parameters. ph/0410684)
— Including other samples of intermediate-redshift galaXi‘Robulnicky, H. A., Kennicutt, R. C., & Pizagno, J. L. 1999,
(see Sec2), we clearly see, at a given galaxy Iuminos—ApJ, 514, 544
ity, a decrease of the mean metallicity when the redShi&)bulnicky, H. A. & Kewley, L. J. 2004, ApJ, 617, 240
increases. Galaxies at- 1 appear to be metal-deficient byKobuInicky, H. A. & Phillips, A. C. 2003, ApJ, 599, 1031
afactor of~ 3 compared with galaxies in the Iocaluniversq(obumicky’ H. A., Willmer, C. N. A., Phillips, A. C., et al.
For a given luminosity, they contain on average about onezn03, ApJ, 599, 1006
third of the metals locked in local galaxies. Kobulnicky, H. A. & Zaritsky, D. 1999, ApJ, 511, 118
— If we apply a correction for the luminosity evolution, gaJaXLamareille, F., Contini, T., Le Borgne, J.-F., et al. 2008,
ies atz ~ 1 appear to be metal-deficient by a factorof.6 in press (astro-ph511134)
compared with galaxies in the local universe. Lamareille, F., Mouhcine, M., Contini, T., Lewis, I., &

. . . Maddox, S. 2004, MNRAS, 350, 396
Further analysis of our sample of intermediate-redshitiga Le Fevre, O.. Mellier, Y., McCracken, H. J.. et al. 2004, AGA
ies, in terms of mass and star formation history, will be per- 4,7 83’9 h T T ' '

formed in subsequent papers. Lequeux, J., Peimbert, M., Rayo, J. F., Serrano, A., & Tarres
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Table 5.Gas-phase oxygen abundances (computed witRthmethod) of star-forming galaxies at intermediate redshiffL05:
identification number; flag for candidate star-forming galaxies (see Papaitt)alternative identification if available. redshift.
M(B): absolute magnitude in tHg&band (AB system)low: lower branch metallicityhigh: higher branch metallicityN2: metal-
licity regime with the N2 diagnostic (“med” stands for gallescwith QHo,, greater than @Hign which are kept as intermediate
metallicity objects, see text for detail$)Z: metallicity regime with the. diagnostic (object with an unreliablediagnostic are
flagged by a *").12+log(OH): adopted abundance.

LCLO5 alt z M(B) low high N2 LZ 12+log(O/H)
001 Q341 -1947 7.90 879 high 879+ 0.07
002 Q616 -2136 738 902 high 902+ 0.03
003 Q341 -2031 804 861 high 861+ 0.03
004 CFRS00.0852 .68 -20.30 802 879 high high 879+ 0.05
006 CFRS00.0900 .47  -1885 810 856 low high* 810+ 0.11
007 CFRS 00.0940 P69 -1988 839 846 high higﬁ 8.46+0.28
008 CFRS00.1013 .p44 -1913 813 858 high higﬁ 8.58+ 0.06
009 CFRS00.0124 .88 -20.08 7.96 875 high high 875+ 0.06
010 CFRS00.0148 P67 -1893 819 860 high higﬁ 8.60+0.14
011 CFRS00.1726 P96 -1995 858 818 med med 8.38+ 0.30
013 Q249 -1873 814 864 higﬁ 8.64+0.18
014 Q390 -2027 782 884 high 884+ 0.08
015 CFRS00.1057 P43 -1731 819 847 high low 8.47+0.10
016 CFRS00.0121 P97  -1929 826 841 low high* 8.26+ 0.03
018 CFRS03.1184 205 -1846 855 819 med med 8.37+0.29
020 CFRS03.0442 078 -1986 804 866 high 866+ 0.25
021 CFRS03.0476 .60  -1887 813 855 higﬁ 8.55+ 0.04
022 CFRS03.0488 605 -2066 788 871 high 871+ 0.06
023 CFRS03.0507 865 -2086 784 877 high 877+ 0.03
024 CFRS03.0523 .53 -2102 793 868 high 868+ 0.05
025 CFRS03.0578 219 -1918 852 821 med med 8.37+0.31
026 CFRS03.0605 .219 -1690 809 855 .. low’ 809+ 0.08
027 CFRS03.0003 Q219 -1748 814 850 low 814+ 0.13
028 CFRS03.0037 074 -1950 823 853 high higﬁ 8.53+0.03
029 CFRS 03.0046 512 -2088 833 843 high 843+ 0.32
030 CFRS 03.0085 608 -2030 771 882 high 832+ 0.16
031 CFRS03.0096 P19 -1758 836 834 med med 8.35+0.23
032 CFRS 22.0502 868 -19.72 7.89 880 high 880+ 0.06
034 CFRS22.0671 818 -1920 831 842 low high* 8.31+0.07
035 CFRS22.0819 P91 -1936 7.89 878 high 878+ 0.05
036 CFRS 22.0855 .10 -1877 819 849 high higﬁ 8.49+ 0.03
038 CFRS22.1013 .p31 812 857 high 857+ 0.03
039 CFRS 22.1084 P93 -20.02 809 865 high high 85+ 0.06
040 CFRS 22.1203 538 -2058 781 876 high 876+ 0.03
041 0216 -1880 863 815 med med 8.39+0.31
042 Q352 -1877 7.80 873 high 873+ 0.04
043 CFRS 22.0622 824 -1817 7.95 878 higﬁ 8.78+0.10
044 Q276 -1980 774 887 high 837+ 0.05
046 Q651 -2047 764 889 high 839+ 0.04
047 Q472 -1835 802 862 higﬁ 8.62+0.11
049 CFRS 22.0832 P31 -19.09 779 888 high high 838+ 0.04
050 CFRS22.1064 B37 -1996 778 877 high 877+ 0.04
051" CFRS22.1339 384 -1933 797 860 high 860+ 0.02
052 CFRS22.0474 P79 -1862 797 861 high higﬁ 8.61+ 0.02
053 CFRS 22.0504 .B38 -2113 7.86 874 high 874+ 0.03
054 CFRS 22.0637 B42 -2119 785 874 high 874+ 0.03
055 CFRS 22.0642 869 -2120 792 871 high 871+ 0.05
056 CFRS22.0717 P79  -2015 772 894 high high 894+ 0.04
057 CFRS 22.0823 B33 -2071 818 854 high 854+ 0.09
058 CFRS 22.1082 P92 -1983 793 862 high 862+ 0.05
059 Q277 -1958 799 870 high 870+ 0.05
060 CFRS22.1144 859 -1923 808 860 .. high  8.60+0.08
061 CFRS22.1220 858 -1981 814 862 .. high 862+ 0.04
062 CFRS22.1231 .@85 -1922 782 885 high high 885+ 0.02
063 CFRS22.1309 .85 -1887 803 862 higﬁ 8.62+ 0.05
065 Q066 -1541 819 846 low low 819+ 0.01
067 Q450 -1918 815 858 higﬁ 8,58+ 0.12
068 0629 -1970 854 820 med med 8.37+0.63
069 Q221 -1843 823 849 high higﬁ 8.49+ 0.07
070 Q739 -20.39 757 894 high 894+ 0.02
071 0526 -2028 815 858 high 858+ 0.04
072 Q342 -1892 793 874 high 874+ 0.06
073 LBP2003 b @260 -1944 785 884 high high 834+ 0.02
076 LBP2003 h B21 -2040 7.96 877 high high 877+ 0.03
077 LBP2003 ¢ (OO -1987 774 890 high high 890+ 0.03
078 CPK2001 V7 ®67 -2097 792 875 high 875+ 0.06
079 CPK2001V6 @10 -1916 808 868 .. high  8.68+0.11
080 CBB2001 688 330 -1882 7.90 873 high high 873+ 0.03
081 CPK2001V11 @80 -1753 780 876 .. low’ 7.80+0.15
083 Q726 -20.05 814 851 high 851+ 0.04
084 CBB2001 453 @10 -1882 862 812 med med 8.37+0.26

085 0719 -1959 847 826 med med 8.36+ 0.52
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Table 5. continued

LCLO5 alt z M(B) low high N2 LZ 12+log(O/H)
086 Q412 -1995 823 848 higﬁ 848+ 0.11
087 Q409 -1832 7.86 870 higﬁ 8.70+ 0.06
088 0757 -1978 808 852 high 852+ 0.05
089 0563 -20.02 871 802 med med 8.37+0.36
091 Q786 -1941 783 874 high 874+ 0.06
092 0329 -1843 809 853 higﬁ 8.53+ 0.02
093 Q640 -2033 798 864 high 864+ 0.06
095 Q342 -17.87 747 895 high 895+ 0.02
096 Q439 -1937 840 837 med med 8.39+0.28
098 Q572 -17.62 834 837 low’ 8.34+0.32
099 Q355 -1993 795 874 high 874+ 0.05
100 Q355 -1940 801 865 high 865+ 0.05
101 Q355 -1950 856 823 med med 8.39+0.35
102 Q428 -2101 859 830 med med 845+ 0.28
103 Q476 -2126 823 852 high 852+ 0.07
104 Q452 -2004 798 878 high 878+ 0.07
105 GDDS 02-0452 ®28 -20.79 875 799 med med 8.37+0.43
106 GDDS02-0585 825 -1970 823 846 higﬁ 8.46+0.17
107 GDDS02-0756 864 -1889 857 820 med med 8.38+ 0.37
108 GDDS02-0995 (@86 -1917 855 823 med med 8.39+ 0.53
110 GDDS02-1724 0996 -2208 788 865 high 865+ 0.16
112 GDDS12-5513 611 -2043 786 884 high 834+ 0.03
113 GDDS12-5685 @60 -2068 784 874 high 874+ 0.10
114 GDDS 12-5722 841 -20.28 790 875 high 875+ 0.07
116 GDDS12-6800 615 -2160 792 872 high 872+ 0.13
117 GDDS12-7099 667 -20.09 760 903 high 903+ 0.01
118 GDDS12-7205 668 -1954 741 902 high 902+ 0.01
119 GDDS 12-7660 @91 -2049 781 883 high 883+ 0.03
120 GDDS12-7939 664 -1895 813 853 higﬁ 8.53+ 0.09
122 GDDS22-0040 818 -19.73 797 863 high 863+ 0.07
123 GDDS22-0145 (@54 -1943 791 869 high 869+ 0.04
124 GDDS22-0563 @87 -20.37 7.82 878 high 878+ 0.02
125 GDDS22-0619 673 -1868 822 854 higﬁ 8.54+0.22
126 GDDS22-0630 @53 -2018 724 903 high 903+ 0.01
127 GDDS22-0643 @88 -1956 811 859 high 859+ 0.14
129 GDDS22-0926 @86 -1930 819 849 higﬁ 849+ 0.14
131 GDDS22-1674 879 -19.23 7.70 877 high 877+ 0.03
132 GDDS22-2196 627 -1830 830 840 higﬁ 8.40+0.18
133 GDDS?22-2491 @71 -17.69 805 856 low low" 8.05+ 0.08
134 GDDS22-2541 617 -19.69 7.96 871 high 871+ 0.06
135 GDDS22-2639 883 -2091 754 888 high 888+ 0.01
136 SKK2001 368 ®93 -2091 764 898 high 898+ 0.04
137 SKK2001 159 @73 -1962 775 894 high 894+ 0.04
138 Q449 -17.77 813 860 low 8.13+0.19
140 0.731 -1961 840 832 med med 8.36+ 0.36

141 0398 -1909 888 783 med med 8.35+0.81
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Table 6. Gas-phase oxygen abundances (with the CLO1 method) distaing galaxies at intermediate redshift€L 05: identi-
fication number; flag for candidate star-forming galaxies (see Pap@ait)alternative identification if availabléow: lower peak
metallicity. A;: associated likelihood amplitude,: associated probabilithigh: higher peak metallicity,: associated likelihood
amplitude.Py: associated probability. The boldface values designatditfhest likelihood and the adopted abundances.

LCLO5 alt low A P high An Pn
001 780+ 0.08 033 003 888+0.10 964 097
002 775+ 0.07 001 000 9.10+0.09 1056 100
003 821+ 0.21 278 045 865+011 335 055
004 CFRS 00.0852 .80+ 0.35 Q02 000 8.79+0.02 3343 100
006 CFRS00.0900 8.06+0.08 665 072 828+0.17 263 028
007 CFRS00.0940 .97+0.12 133 012 882+0.08 976 088
008 CFRS00.1013 .80+ 0.15 223 020 867+0.07 898 080
009 CFRS00.0124 .81+ 0.07 516 026 8.88+0.04 1495 Q74
010 CFRS00.0148  .35+0.01 165 011 894+0.07 1373 089
011 CFRS00.1726 8.41+0.09 734 053 844+0.06 640 047
012 CFRS00.0699 8.38+0.29 311 070 844+0.07 133 030
013 826+ 0.31 089 014 875+013 570 086
014 780+ 0.09 023 002 9.04+0.10 913 098
015 CFRS00.1057 .88+0.15 324 047 858+0.13 370 053
016 CFRS00.0121  .82+0.02 1340 031 841+002 2970 069
018 CFRS03.1184 89+ 0.06 132 015 844+0.12 734 085
019 CFRS03.1343 811+0.12 637 082 836+014 144 018
020 CFRS 03.0442 .89+ 024 229 046 869+0.17 265 054
021 CFRS03.0476 .85+ 0.08 616 021 806+0.02 2380 079
022 CFRS03.0488 .80+0.21 279 047 865+013 316 053
023 CFRS 03.0507 .81+0.30 229 047 880+0.12 254 053
024 CFRS 03.0523 .86+ 024 230 044 870+0.15 290 056
025 CFRS 03.0578 44+013 447 042 847+0.07 613 058
026 CFRS03.0605 8.30+0.18 414 068 8.60+0.12 199 032
027 CFRS 03.0003 87+0.10 120 026 842+0.25 343 074
028 CFRS03.0037 8.74+0.02 4604 093 881+001 364 Q07
029 CFRS 03.0046 .83+021 264 049 862+0.16 279 051
030 CFRS 03.0085 .85+ 0.25 191 040 874+018 288 060
031 CFRS03.0096 8.36+0.15 648 100 9.15+0.02 000 000
032 CFRS22.0502 .85+0.08 158 017 881+0.11 747 083
033 CFRS 22.0585 . . .. 9.30+0.09 1114 100
034 CFRS22.0671 8.35+0.15 633 100 . . .
035 CFRS22.0819 .86+ 0.06 310 030 876+011 734 070
036 CFRS22.0855 .B0+0.17 024 001 868+0.02 4682 099
037 CFRS 22.0975 . . .. 853+0.16 616 100
038 CFRS22.1013 .81+ 0.08 099 010 850+0.07 931 090
039 CFRS 22.1084 .86+ 0.05 911 037 883+0.03 1548 063
040 CFRS22.1203 .87+0.30 242 047 877+0.09 277 053
041 819+ 0.24 242 048 872+0.15 259 052
042 807+0.12 249 043 851+021 329 057
043 CFRS 22.0622 87+011 102 013 882+012 689 087
044 780+ 0.08 104 012 893+012 756 088
046 786+ 0.09 300 036 898+0.13 526 064
047 814+0.14 231 038 851+0.18 374 062
049 CFRS 22.0832 . . .. 895+0.02 4123 100
050 CFRS 22.1064 .87+022 216 041 880+0.16 312 059
051" CFRS 22.1339 81+011 236 042 852+021 325 058
052 CFRS22.0474  .88+0.01 907 017 9.08+0.01 4579 083
053 CFRS22.0504 .87+0.30 245 047 878+0.09 280 053
054 CFRS 22.0637 .87+ 0.30 245 046 877+0.09 282 054
055 CFRS22.0642 8.67+0.11 866 098 9.39+0.05 Q14 002
056 CFRS22.0717 .00+ 0.35 Q16 001 9.03+0.06 1407 099
057 CFRS22.0823 .84+0.20 221 041 883+017 317 059
058 CFRS22.1082 841+0.10 660 087 849+0.32 098 013
059 797+ 0.12 306 043 870+0.15 407 057
060 CFRS22.1144 .84+017 326 050 860+0.14 329 050
061 CFRS22.1220 .95+0.08 386 043 870+0.13 513 057
062 CFRS22.1231 . . .. 939+003 3427 100
063 CFRS22.1309 .87+0.23 300 050 869+0.10 302 050
065 8.07+0.01 5013 100 . . .
066 808+ 0.16 219 042 856+021 302 058
067 8.24+0.18 305 051 860+0.15 296 049
068 8.26+0.22 265 051 860+0.17 259 049
069 8.29+0.15 564 069 861+0.05 258 031
070 778+ 0.06 184 021 892+012 712 Q79
071 8.40+0.18 545 100 . . .
072 797+ 0.15 252 041 871+017 366 059
073 LBP2003 b . . .. 891+002 6233 100
074 8.12+0.01 5013 100

075 CBB2001796 8.06+0.10 970 100 . . .
076 LBP2003 h 8.89+0.01 16713 100 896+0.35 Q09 000
077 LBP2003 ¢ . . .. 9.05+002 4632 100
078 CPK2001 V7 P6+0.17 219 036 884+015 393 064
079 CPK2001 V6 P2+014 164 023 878+0.13 550 Q77
080 CBB2001 688 B5+0.05 394 021 879+0.05 1502 Q79
081 CPK2001 V11 A2+0.23 224 045 874+0.18 270 055
083 8.38+0.14 662 087 876+0.05 098 013
084 CBB2001 453 " . .. 875+005 1746 100

085 8.30+0.19 359 062 860+0.14 223 038
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Table 6.continued

LCLO5 alt low A P high An Pn
086 812+ 0.19 233 044 860+0.19 297 056
087 815+ 0.24 227 045 870+0.16 283 055
088 8.36+ 0.19 398 066 8.44+0.06 201 034
089 844+ 0.14 525 059 848+007 362 041
090 845+ 0.01 5109 083 852+0.08 1039 Q17
091 809+ 0.22 219 043 880+0.17 294 057
092 " . .. 839+018 539 100
093 820+ 0.20 279 047 864+014 316 053
095 781+ 0.06 229 026 9.05+0.13 638 Q74
096 843+0.17 602 100 . " .
098 8.28+0.20 296 053 860+0.15 267 047
099 788+ 0.09 323 038 877+013 519 062
100 826+ 0.26 277 048 871+0.10 295 052
101 8.42+0.20 495 100 . . .
102 876+ 0.10 971 037 885+001 1631 063
103 8.25+0.16 367 054 860+0.13 319 046
104 783+ 0.09 108 013 891+0.11 738 087
105 GDDS 02-0452 88+ 0.20 237 046 860+0.19 278 054
106 GDDS02-0585 87+0.13 141 029 846+024 340 Q71
107 GDDS02-0756 8.30+0.19 338 057 860+014 253 043
108 GDDS02-0995 88+0.22 172 040 878+0.24 256 060
110 GDDS02-1724 85+ 0.27 201 037 885+012 341 063
111 GDDS 12-5337 8.48+0.12 7.60 Q77 849+0.03 227 023
112 GDDS 12-5513 .89+ 0.02 Q02 000 9.04+0.10 77 100
113 GDDS12-5685 84+0.18 215 047 871+0.25 241 053
114 GDDS 12-5722  B7+0.10 252 035 899+0.15 466 065
116 GDDS 12-6800 .88+0.13 148 024 9.03+017 458 Q76
117 GDDS 12-7099 . . .. 919+ 005 1583 100
118 GDDS 12-7205 . . .. 913+0.08 1213 100
119 GDDS 12-7660 .77+0.07 068 007 899+0.11 860 093
120 GDDS12-7939 81+0.10 200 033 845+0.19 409 067
122 GDDS 22-0040 84+0.15 211 043 855+025 276 057
123 GDDS 22-0145 80+0.23 210 043 872+019 273 057
124 GDDS 22-0563 .89+0.17 252 043 878+0.16 330 057
125 GDDS22-0619 89+0.26 200 039 873+0.16 310 061
126 GDDS 22-0630 . . .. 920+0.11 932 100
127 GDDS 22-0643 .28+0.24 278 050 868+0.12 283 050
128 GDDS 22-0751 80+0.25 306 050 873+0.07 307 050
129 GDDS22-0926 87+0.15 174 Q037 851+0.24 302 063
131 GDDS 22-1674 89+0.12 223 042 851+0.23 309 058
132 GDDS 22-2196 82+0.10 150 025 843+019 448 Q75
133 GDDS 22-2491 8.12+0.13 448 065 853+0.18 236 035
134 GDDS 22-2541 80+0.24 221 043 878+0.16 291 057
135 GDDS22-2639 .76+ 0.03 181 020 9.08+0.12 733 080
136 SKK2001 368 . " .. 912+0.06 1557 100
137 SKK2001 159 8.65+ 0.10 1006 100 9.42+0.01 Q02 000
138 8.28+ 0.27 281 054 874+010 241 046
140 8.29+ 0.20 348 064 860+0.15 194 036

141 790+ 0.07 141 Q008 869+006 1532 092
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this into account, we decided to keep the OLS bisector method
for further studies, even if the best way to derive the Z
relation is to do an extensive study of all sources of errats a
to use thex-and-ymethod.

8.5

12+1og(0/H)

LA N
\
\
N
\
——

T
\

Residuals
o
‘HH‘HH HH‘HH‘

Figure A.1. The Luminosity-Metallicity relation in th& band
with thex-and-ymethod. Same legend as in Fﬂ; 7.

Appendix A: Discussion on the fitting method

The linear regression used to derive the Z relation is based
on the OLS linear bisector methdd (Isobe g{al. 1990), itgive
the bisector of the two least-squares regressieos-yandy-
on-x This method is useful when we know that the errors in
the two variablesx andy are independent, without knowing
the exact values of these errors (e.g. this was the caseheith t
2dFGRS data). For our sample of intermediate-redshiftgala
ies, we have an estimate of the errors. We thus try to take ad-
vantage of these errors to do the best mathematical fit of our
data.

Fig. shows the results of the maximum likelihood fit
weighted with errors in the two variables (th@nd-ymethod).
We find the following relation:

12+ log(O/H) = -0.12- Mag(B) + 6.44 (A.1)

with a rms of the residuals of.20 dex. This relation is very
close to the local relation derived y Tremonti ef al. (2004)
with the SDSS data, but has significanfféiences with the one
derived byl Lamareille et alf (2004) with the 2dFGRS data. We
highlight here thehigh sensitivity of the = Z relation to the
fitting method

The x-and-ymethod sffers from an important drawback:
it is very sensitive to the ratio between the errors in the two
variables. Indeed, theand-ymethod actually does an average
of they-on-xandx-on-yfits, using the ratio between the errors
as a weight (e.g. in our data the errors in the luminosity are
almost negligible compared to the errors in the metallicty
that thex-and-ymethod tends to be equivalent the then-y
fit).

In our sample, we cannot compare in an absolute way the
errors in the luminosity to the ones in the metallicity. Taki




