N

N

Physical properties of galaxies and their evolution in the
VIMOS VLT Deep Survey. 1. The evolution of the
mass-metallicity relation up to z 0.9
F. Lamareille, J. Brinchmann, T. Contini, C.J. Walcher, S. Charlot, E.

Pérez-Montero, G. Zamorani, L. Pozzetti, M. Bolzonella, B. Garilli, et al.

» To cite this version:

F. Lamareille, J. Brinchmann, T. Contini, C.J. Walcher, S. Charlot, et al.. Physical properties of galaxies and
their evolution in the VIMOS VLT Deep Survey. 1. The evolution of the mass-metallicity relation up to z 0.9.
Astronomy & Astrophysics - A&A, 2009, 495, pp.53. (10.1051/0004-6361:200810397). <hal-00338361)

HAL Id: hal-00338361
https://hal.science/hal-00338361v1

Submitted on 13 Nov 2008

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to'flizﬁtion
HAL Authorization


https://hal.science/hal-00338361v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Astronomy & Astrophysicenanuscript no. mzpaper.hyper22868 (© ESO 2004
13th November 2008

Physical properties of galaxies and their evolution
in the VIMOS VLT Deep Survey*

I. The evolution of the mass-metallicity relation up to z~ 0.9

F. Lamareillé-3, J. Brinchman#®, T. Contintt, C.J. Walchet, S. Charlot®8, E. Pérez-Monter"% G. Zamorani, L.
Pozzettt, M. Bolzonell&, B. Garilli?, S. Paltani®!®, A. Bongiornd?, O. Le Févré, D. Bottini%, V. Le Brurf, D.
Maccagmt, R. Scaramelt&!3, M. Scodeggid, L. Tressé, G. Vettolant, A. Zanichell?, C. Adami, S. Arnouts*’, S.
Bardell?, A. Capp?, P. CiliegP, S. Foucautt, P. Franzetf;, |. Gavignaud?, L. Guzzd, O. liber£?, A. lovino®, H.J.
McCracker®!!, B. Marand, C. Marinont®, A. Mazure, B. Meneux¥??4, R. Merigh?, R. Pelld, A. Pollo’’, M.
RadovicR, D. Verganf, E. Zuccd, A. Romang, A. Grad®, and L. Limatol&

(Affiliations can be found after the references)

Preprint online version: 13th November 2008

Abstract

Aims. We want to derive the mass-metallicity relation of stamforg galaxies up ta ~ 0.9, using data from the VIMOS VLT Deep Survey. The
mass-metallicity relation is commonly understood as thegian between the stellar mass and the gas-phase oxygedaime.

Methods. Automatic measurement of emission-line fluxes and equivaledths have been performed on the full spectroscopic samp
of the VIMOS VLT Deep Survey. This sample is divided into twibssamples depending on the apparent magnitude selegita(ag < 22.5)

and deeplpg < 24). These two samples span two different ranges of steltesses. Emission-line galaxies have been separated imto sta
forming galaxies and active galactic nuclei using emisdioe ratios. For the star-forming galaxies the emissiom liatios have also been
used to estimate gas-phase oxygen abundance, using exhpalibrations renormalized in order to give consistesults at low and high
redshifts. The stellar masses have been estimated by fitenghole spectral energy distributions with a set of stgltgpulation synthesis models.

Results. We assume at first order that the shape of the mass-metaltaiation remains constant with redshift. Then we find arges
metallicity evolution in the wide sample as compared to thepdsample. We thus conclude that the mass-metallicitfiorles flatter at higher
redshift. Atz~ 0.77, galaxies at 1" solar masses have0.18 dex lower metallicities than galaxies of similar massethe local universe,
while galaxies at 182 solar masses have0.28 dex lower metallicities. By comparing the mass-metyliand luminosity-metallicity relations,
we also find an evolution in mass-to-light ratios: galaxiekigher redshifts being more active. The observed flattenirthe mass-metallicity
relation at high redshift is analyzed as an evidence in fatitine open-closed model.

Key words. galaxies: evolution — galaxies: fundamental parameteaxies: abundances — galaxies: starburst

1. Introduction [1994;[Richer & McCalll 1995 Garnett et|4l. 1997; Pilyugin &
. Ferrini|200pD, among others) and is now well established én th
The stellar mass and the gas-phase metallicity of a galaxy f§c4| universe by the work df Tremonti eflal. (2p04) with SDSS

two of the main parameters involved in the study of galaxy fop,¢, and Lamareille et jall (2404) with 2dFGRS data, the lat-
mation and evolution. As cosmological time progresseQiihe o qone on the luminosity-metaliicity relation which issé

predicts that both the mean metallicity and stellar masa#g 5 gerive when small number of photometric bands are avail-
ies increase with age as galaxies undergo chemical enrnuhn@ole. These two studies have shown in two different ways that
and grow through merging processes. At any given epoch, i@ mass metallicity relation is mainly driven by the deseof
accumulated history of star formation, gas inflows and owlo a5 |0ss when stellar mass increades. Tremonti|el al4j200
affects a galaxy mass and its metallicity. Hence one expeets 1,56 indeed observed an increase of the effective yieldsiath

ses quantities to show some correlation and this will preeitii- |5 mass. whil€ Lamareille etlal. (2004) have shown the e
cial information about the physical processes that govely ¢ the siope of the luminosity-metallicity relation. Thést trend

forr’rllqti(t)na 4 tor | | —— has also been observed down to much lower galaxy masses by
irst discovered for irregular ga aXIe - [2006). We nevertheless note that they also observ
E_ 979), the mass-metalhqty relation has been |.nten_3|salm- a large scatter in the effective yield, which they find diffido

ied (Skillman et g} 1989; Brodie & Huchjfa 1991; Zaritsky Bt @analyse in the context of more efficient mass loss among low

* based on data obtained with the European Southern Obsmvatr(;]ass_ gaIaX|_es. . .
Very Large Te|escope’ ParanaL Ch||e’ program O70A-9®DHnd on Hlel’archlcal galaxy fOI’matlon m0de|S, that take Into actou
data obtained at the Canada-France-Hawaii Telescopeateddny the the chemical evolution and feedback processes, are abée to r
CNRS in France, CNRC in Canada and the University of Hawaii. ~ produce the observed mass-metallicity relation in thellooa
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verse (e.gl De Lucia et |dl. 2qQ0¢; de Rossi ¢t al. 007; Finlato

& Davé[2008). However these models rely on free parameters, 80
such as feedback efficiency, which are not yet well congthin =~ 0
by observations. Alternative scenarios have been progosed 40
plain the mass-metallicity relation including low starrwation
efficiency in low-mass galaxies caused by supernova fe&dbac
Brooks et a).[20(47) and a variable stellar initial mass func
tion being more top-heavy in galaxies with higher star forma

tion rates, thereby producing higher metal yie. 60
pOOY).

The evolution of the mass-metallicity relation on cosmo
logical timescales is now predicted by semi-analytic medd|
galaxy formation, that include chemical hydrodynamic danu
tions within the standardh-CDM framework I. 0
R004;[Davé & Oppenheingr 2407). Reliable observational es — " “ i i
timates of the mass-metallicity relation of galaxies afedtént
epochs (and hence different redshifts) may thus provideimp
tant constraints on galaxy evolution scenarios. Estimafté¢ise 60
mass-metallicity - or luminosity-metallicity - relatiorf galax- 40
ies up toz~ 1 are limited so far to small samplds (Hammer étal. 20
PO0%: [Liang et dl| 2004; Maier et|dl. 2004: Kobulnicky ef al. © \ \ \ \ o
P00B;[Maier et d[. 2005, among others). Recent studies reare b 0° o4 06 08
performed on larger samples: (100 galaxies) but with contra- redshift
dictory results| Savaglio et jall (2Q05) concluded with &gée S _
slope in the distant universe, interpreting these resultthé Figure 1. Redshift distributions of our wide and deep samples of
framework of the closed-box model. On the contrary, Lanflarei Star-forming galaxies, and of their union (see text for digjta
etal. (2006@) did not find any significant evolution of thepglof
the luminosity-metallicity relation, while the averagetalicity
atz~ 0.9 is lowered by (b5 dex at a given luminosity, and b .

0.28 dex after correction for luminosity evoluti wavelength range of the survey (approximately 5560 <

00%) and Liu et a1.[(2008) have also foun@© 0.3 dex lower 95008). Metallicities measurements up o~ 1.24 using a dif-
metallicities atz = 1in the DEEP2 sample. At higher redshiftderent set of lines will be provided in a subsequent papere{@e
Erb etal. [2006) derived a mass-metallicity relatiomat2 low- Montero et al. 2008). The spectra have been taken in onecarcse
ered by 03 dex in metallicity compared with the local estimatepnd width slits, under a spectral resolutigg~ 230.
a trend which could extend up o~ 3.3 (Maiolino et al[2007). The first epoch VVDS spectroscopic sample is purely ap-
Please note that the above numbers are given after the itietalparent magnitude-selected and is divided into two deepsfield
ties have been renormalized to the same reference caibriati (17.5 < Iag < 24): VVDS-02h (herefater F02 al.
order to be comparablg (Kewley & Elligon 2008). P00%) and CDFS[(Le Févre et|al. 2004); and three wide fields

In this work, we present the first attempt to derive the mas&7.5 < Iag < 22.5): VVDS-22h, VVDS-10h and VVDS-14h
metallicity relation at different epochs upze- 1 using a unique, (hereafter F22, F10, and F14 respectivgly, Garilli ¢t aD&0
large (almost 20 000 galaxies) and homogeneous sampleSpiectroscopic data have been reduced usinylR&I pipeline
galaxies selected in the VIMOS VLT Deep Survey (VVDS). Th@Scodeggio et gf. 20pP5), which performs automatic 1D spectr
paper is organized as follows: the sample selection is destr extraction, correction for telluric absorption lines, didk cal-
in Sect.DZ, the estimation of stellar masses and magnitudes f ibration. We only kept objects with a redshift known at a cenfi
SED fitting are described in Seg]. 3, the estimation of metalence level greater than 75% (i.e. VVDS redshift flags 9, 2B a
licities from line ratios is described in Sd¢. 4, and we fipall4). Duplicated observations were not used (some objects hav
study the luminosity-metallicity (Secﬂ 5), and mass-rtieity been observed twice or more, either by chance or intentignal
(Sect.[b) relations. Throughout this paper we normalizedéhe we always kept the main observation. We also removed, for the
rived stellar masses, and absolute magnitudes, with the stpurpose of our study (i.e. star-forming galaxies), all st@ero
dardA-CDM cosmology, i.eh = 0.7, Qm = 0.3 andQa = 0.7  redshift) and the sample of broad-line Active Galactic Mucl
(Spergel et d[. 2093). (hereafter AGNs;| Gavignaud et &l. 2006).

The photometric coverage of the VVDS spectroscopic sam-
ple is as follows: CFH12k observations BV RI bands for
F02, F22, F10 and F14 field$ (McCracken ef [al. 2003; Le
The VIMOS VLT Deep Survey (VVDY, Le Fevre ef|pl. 20P3b) is~evre et al{ 2004), comgleted hy band observations in the
one of the widest and deepest spectrophotometric surveljs-of FO2 field [Radovich et & 20p4), CFHTLS (Canada-France-
tant galaxies with a mean redshiftzof 0.7. The optical spectro- Hawai Telescope Legacy Survay) g'r'i’Z bands for FO2 and
scopic data, obtained with the Visible Multi-Object Segiiaph F22 fields, andIKs photometry available in FO2 field (lovino
(VIMOS, [Le Fevre et gl 2008a) installed at ESO/VLT (UT3)et al.[200b] Temporin et Hl. 2008). For the CDFS field, we use
offers a great opportunity to study the evolution of the mas€FH12kU BV RI(Arnouts et al| 2001) and HSAviz(Giavalisco
metallicity relation on a statistically significant samplp to et al. |2004) observations. Finally, objects in FO2 and F22
z~ 0.9. This limitation is imposed, in the current study, byields have been cross-matched with the UKIDSS public cata-
the bluest emission lines needed to compute a metalliciy (ilog (Warren et gl| 2007), providing additional observasion
[O11]A3727, H3 and [Q11]1A5007) being redshifted out of theJK bands.

wide -

number

2. Description of the sample
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Throughout this paper, we will usedeepand awide sam- Table 1. Definition of the Hy index
ples. The deep sample is made of FO2 and CDFS fields. Up

to z < 1.4 (the limit for the [QI]A 3727 emission line to be in bandpass A (A

the observed wavelength range), the deep sample contaids 74 central  [40605;4145
galaxies (non-broad-line AGN) with a redshift measured at a blue [4014; 4054
confidence level greater than 75%. The wide sample is made red [4151;419]1

of F22, F10, F14, FO2 and CDFS fields (the last two being lim-
ited out tolpg < 22.5). Up toz < 1.4 the wide sample contains
13978 galaxies (non-broad-line AGN) with a redshift meadur

at a confidence level greater than 75%. We draw the reader’s
attention on the fact that the two samples overlap for gakaxi 10
observed in FO2 or CDFS fields B{g < 22.5, giving a total
number of 18648 galaxies. Fig. 1 shows the redshift distidbu

of the star-forming galaxies (see S 2.2) in the wide aa®pd
samples and in their union.

2.1. Automatic spectral measurements <

e
The emission lines fluxes and equivalent widths, in all VDS
galaxy (non-broad-line AGN) spectra, have been measured
with the platefitvimos pipeline. Originally developed for _the 0
high spectral resolution SDSS spectfa (Tremonti ¢{ al. |2004
Brinchmann et al] 2004), thplatefit software has first been
adapted to fit accurately all emission lines after removimg t
stellar continuum and absorption lines from lower resoluind
lower signal-to-noise spectrp (Lamareille gt|al. 2006)aky,
other improvements have been made to the p&tefitvimos -5
pipeline thanks to tests performed on the VVDS and zCOSMOS
[Lilly et al] P008) spectroscopic samples. A full discussiuf
platefitvimospipeline will be presented in Lamareille et al. (in

?g:pﬁ;?ﬁ?ggtzlﬁgsf?r: ttfr:(iasbszr::(tailltnof the reader, we outlimaesof Figure 2. Comparison between the standard LicgHndex and
. - the new broad index defined for low resolution VVDS spectra,
The stellar component of the spectra is fitted as a NORamely 15, (see Talf]1), for a set of model templates taken from

negative linear combination of 30 single stellar populatem- Bruzual & Charidt [2003) librar ; ;
L y and covering a wide range of
plates with different ages (005, 0025, 010, 029, 064, A90, ages and metallicities. The solid curve is the least square fi

1.4, 25, 5 and 11Gyr) and metallicities @ 1 and 25 Z2). \vhich follows E Values are given ik
These templates have been derived using the Bruzual & dharlo afl- g

) library and resampled to the velocity dispersion gD
spectra. The dust attenuation in the stellar populationeahisd
left as a free parameter. Foreground dust attenuation fram Eerformed withplatefit vimos
Milky Way has been corrected usifg Schlegel gfal. (1998)sma Finally, detected emission lines may also be removed from
After removal of the stellar component, the emission lingge original spectrum in order to get the obserseallar spec-
are fitted together as a singtebular spectrunmade of a SUM ;m and measure indices from it, as well as emission-line equiv-
of gaussians at specified wavelengths. All emission linesied  5jent widths. The underlying continuum is indeed obtaingd b
to have the same width, with exception of thei[d3727 line  gmoothing the stellar spectrum. Then, equivalent widthes ar
which is actually a doublet of two lines at 3726 and 3A28nd  measured as directintegration over a 5 Gaussian-sigmahasd

appear broadened compared to the other single lines. Tle Spg the emission-line Gaussian model divided by the undeglyi
tral resolution is also too low to clearly separatel[N6584 and  ~qntinuum.

Hoa emission lines. It has been shown however by Lamareille Fq; the absorption lines, one has to be aware that the res-

etal. [2006p) that the [N A 6584/Hx emission-line ratio, which 4,ion of DS spectra is too low in order to measure accu-

is used as a metallicity calibrator, can be reliably measabove ate)y | ick indices: the bandpasses of these indices arewar

a sufficient signal-to-noise ratio even at the resolutioddbS.  han’the width of the absorption lines at this resolutiororider
Note that because of the limited observed wavelength coves-measure the absorption component in th® Illhe which is

age of the spectra, we do not observe all well-known opticabl ysed to derive stellar masses (see below), we have defined a ne

at all redshifts. Thanks to the stellar-part subtractiancarrec- broadened index for this specific line calledjd Table[]L gives

tion for underlying absorption has to be applied to the Balmene three bandpasses of this index. Figjre 2 shows the cempar

emission lines. ison between this index and the standard LiaHndex mea-
The error spectrum which is needed for both fits of the stellaured on various model templates taken ffom Bruzual & Cljarlo

or nebular components is calculated as follows: a first gisesg003) library and covering a wide range of ages and metallic

obtained from photons statistics and sky subtraction acal¢si- ities. For future comparison purpose between VVDS measure-

lated directly by th&/IPGlI pipeline. A fit of the stellar and neb- ments and other studies, we derive the following relation:

ular components is performed wighatefit vimosusing this first

error spectrum. The residuals of this first fit are then smemthHy = —4.69+ 1.691x HAy — 0.044711x H3Z, (1)

HdW

nd added to the error spectrum quadratically, and a new fit is
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Table 2. Sets of emission lines which are required to h&d > Our work intends to understand the star-formation progess i

4 in various redshift ranges associated to the various ost@gs galaxies. Thus we have to remove from the sample of emission-

used in this study. line galaxies those for which the source of ionized gas,aesp

sible for these lines, is not hot young stars. Emissiongialex-

Redshift [Q] HB [Om] Ha [Nu] [Si] ies can be classified in various spectral types, which depand
0.0<z<02 v v v the nature of their nebular spectrum. The two main categorie
02<z<04 v v o v are the star-forming and AGN galaxies. Their source of iimigiz
04<z<05 v v photons are respectively hot young stars, or the accreiiln d
05<z<09 v v v

around a massive black-hole. As stated before, broad-IBR$
* For the red diagnostic the [NA6584 and [8]AA6717+6731 emis- (also called Seyfert 1 galaxies) are already taken out oSanr-
sion lines may not be used at the same time. ple. The narrow-line AGNs are divided in two sub-categories
Seyfert 2 galaxies , and LINERs .
Both Seyfert 2 galaxies and LINERs can be distinguished

1.5 ‘ from star-forming galaxies using standard diagnostic rdia
(Baldwin et al.| 1981} Veilleux & Osterbrogk 1987), which are
based on emission-line ratios. The most commonly usedi€lass
fication is provided by the [@]A5007/H3 vs. [Ni1]A 6584/Hx
diagram (Fig.[Ba), for which a semi-empirical limit between
star-forming, Seyfert 2 galaxies, and LINERs has been de-
rived by [Kewley et 4. [(2001) from photo-ionization models.
\ Due to our low spectral resolution, the IjjA 6584 line is not
always detected and its detection is less reliable thanrothe
lines, because of possible deblending problems with thghbri
Ha line. Consequently, most of the galaxies in the same red-
shift range are actually classified with thel{QA5007/H3 vs.
[SIIAA6717+6731/H diagram (see Fid] 3b).

The two diagrams shown in Fif} 3, which we also refer to
as the red diagnostics, can only be used with our data in the
0.2 < z< 0.4 redshift range, as the desired emission lines are not
visible outside this domain. At higher redshifts, one caa the
alternative blue diagnostic which was empirically caltechby
) L L ‘ | Lamareille et g.[(2004) from 2dFGRS data, in order to give-si
- ilar results as the red diagnostics. The blue diagnostiaset
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0 0.5 1
log([011]3727/HB) (EW) on the [QN]A5007/H3 vs. [On]A3727/H3 diagram (line ratios
calculated on rest-frame equivalent widths), and may béegpp
Figure 4. Blue spectral classification of 1060 narrow emissiorit the Q5 < z < 0.9 redshift range (see Fif. 4).
line galaxies in the redshift bin®< z < 0.9. The emission-line For the other redshift ranges, where neither the red nor the
ratios — i.e. [@1]A5007/H3 and [Q1]A3727/H3 — are calcu- blue diagnostic applies, we use a minimal classificatioetas
lated using equivalent widths. The red solid curve is theiempHa, [N11JA6584 and [8]AA6717+6731 for M < z< 0.2, and
ical separation defined y Lamareille e} 4l. (3004). The ddshon HB and [Q11]A5007 for 04 < z < 0.5. We propose the fol-
curves delimits the error domain where both star-forming ahowing selection (called B diagnostic) for star-forming galax-
AGNs galaxies show similar blue line ratios. The star-forgni ies in the 04 < z < 0.5 redshift range: logOr11]A 5007/Hp) <
galaxies are plotted as blue triangles, the Seyfert 2 gedaas 0.6 (rest-frame equivalent widths, see Hig. 5a). We note tait r
green solid squares, the candidate star-forming galagiesdh star-forming galaxies which are lost with theg8Hliagnostic are
solid pentagons, and the candidate AGNs as orange open pgeainly low metallicity ones. In any case a quick check on SDSS
tagons. The error bars are shown in grey. data has told us that no more than 40% of star-forming galax-
ies with 12+ log(O/H) < 8.1 actually fall in the AGN region
of the HB diagnostic, this proportion being negligible at higher
metallicities.
Note that the majority of points lying outside the fitted re-  Figure [§b shows the minimum classification for the &
lation in Fig.[2 (for Hjw < 5A) are models with a very young z < 0.2 redshift range (called & diagnostic). The proi osed sep-

—
(o))

stellar population € 10 Myr), hence this relation is only valid aration has been derived based on the 2dFGRS [ata (Lagareill
for stellar populations older than 10 Myr. P00$) and follows the equation (rest-frame equivalent &}t

) . ) log([N11]A6584/Ha) =
2.2. Selection of star-forming galaxies { —04 if log([SuAA6717+673Y/Ha)> —0.3 @)
2.2.1. Description of the various diagnostics —0.7—1.05log[SI]AA6717+6731/Ha)  otw.

To ensure accurate abundance determinations, we restnict o This equation have been derived to efficiently reduce both
attention to galaxies with emission lines detecte®@at > 4, the contamination by real AGNSs in the star-forming galaxees
where the set of lines considered for this S/N cut varies witfion (< 1%), and the fraction of real star-forming galaxies which
redshift. Table[|2 provides a summary of the emission lines rare lost  4%).

quired to haves/N > 4 in the various redshift ranges associated The results of all diagnostics, in the wide, deep, and global
to the various diagnostics defined below. samples, are shown in Tablg. 3.
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Table 3. Statistics of star-forming galaxies and narrow-line AGN®ag emission-line galaxies for various diagnostics ddpen
on which emission lines are observed (see text for detdil®.results are presented for the two wide and deep sampesirus
this paper, and for their union (some objects are in commf)also mention for each sample the total number of objecishwh
includes emission-line, faint and early-type galaxies.

Sample/Diagnostic red % blue % Ha % HpB % all %
wide (13978)
emission-line (total) 455 100 924 100 47 100 1402 100 2828 100
star-forming 415 91 768 83 30 64 978 70 2191 77
candidate s.-f. 0O 0 103 11 0 0 306 22 409 14
candidate AGN 0 O 35 4 0 0 74 5 109 4
Seyfert 2 18 4 18 2 17 36 44 3 97 3
LINER 22 5 0 0 0 0 0 0 22 1
deep(7404)
emission-line (total) 151 100 568 100 11 100 574 100 1304 100
star-forming 136 90 412 73 10 91 312 54 870 67
candidate s.-f. 0 O 92 16 0 0 166 29 258 20
candidate AGN 0 O a7 8 0 0 47 8 94 7
Seyfert 2 5 3 17 3 1 9 49 9 72 6
LINER 10 7 0 0 0 0 0 0 10 1
union of wide and deep(18648)
emission-line (total) 469 100 1213 100 47 100 1671 100 3400 100
star-forming 427 91 945 78 30 64 1074 64 2476 73
candidate s.-f. 0 0 166 14 0 0 404 24 570 17
candidate AGN 0 O 70 6 0 0 111 7 181 5
Seyfert 2 20 4 32 3 17 36 82 5 151 4
LINER 22 5 0 0 0 0 0 0 22 1
2.2.2. Discussion of possible biases by both an AGN and some star-forming regions. When look-

) ) ) . ing for AGNs in the SDSS datg, Kauffmann e qr. (2G03a)
It is very important to evaluate the possible sources ofésiashaye defined a new, less restrictive, empirical separaten b
which may affect the spectral classification, coming fror@ thyyeen star-forming galaxies and AGNs (see the dashed cuirve i
use of various diagnostics at different redshift ranges. Fig.[3). They have then classified as composites all galddes

As the [Q1]A3727/H3 line ratio is less accurate thangween this new limit and the old one Wm I (4o01).
[N11]A6584/Hx, or [SI]AA6717+6731/H, to distinguish be- This result is confirmed by theoretical modeling: Stasifisk
tween star-forming and Seyfert 2 galaxies, the blue diaimiss et al”{200F) have found that composite_galaxies are indeed
defined with an error domain (see the dashed curves ifJFig. #lling in the region between the curves t al.
inside which individual galaxies cannot be safely classifi&e ) and Kewley et hI] (2001) in the fQA5007/H3 vs.
thus introduce two new categories of galaxies: candidae S{N1])A6584/Hx diagram. Moreover, they have found that com-
forming galaxies and candidate AGNs, which fall respetfiveposite galaxies fall in the star-forming galaxy region ire th
in the lower-half or the upper-half part of the error domain.  other diagrams ([@]A5007/H3 vs. [S1]AA6717+6731/Hr or

We know however that AGNs are in minority in the universgO11]A 3727/H3).

Thus we emphasize thgtstill no reliable classification can be It is difficult to evaluate the actual bias due to contamina-
performed for any individual galaxy falling inside the erdn- tion by composite galaxies, in the red or blue diagnosties th
main of the blue diagnostidi) the search for AGNSs is highly we use in this study. This difficulty comes mainly from thetfac
contaminated in the candidate AGN regidmut iii) any study that, if composite galaxies actually fall in the compositgion
involving statistically significant samples of star-fongigalax- as defined by Kauffmann et|al. (20p3a), not all galaxies @sid
ies should not be biased when candidate star-forming gedaxihis region are necessarily composites. A large majoritjefm
and candidate AGNs are included. As it will be shown in Séct.right be normal star-forming galaxies. One way to evaluade t
and[$, this ends up to a negligible bias on the derived meitallicontamination by composite galaxies is to look for starfimg
ties. galaxies with an X-ray detection. Such work has been pegdrm

As for the blue diagnostic, we have defined an error dwith zZCOSMOS data with similar selection criteria than thdev
main for the HB diagnostic in the following range:.® < sample: Bongiorno et al. (in preparation) have found that th
log([O111]A5007/HB) < 0.6. Star-forming galaxies or AGNs contamination of star-forming galaxies by composites jzap-
falling inside this domain are classified as candidates. imately 10%.

One canseein TabIE. 3 that the red diagnostic is the only one
able to find LINERs. Indeed, LINERs fall in the star-formin% . .
galaxies region with the blue orfHdiagnostic, while they fallin 3- Estimation of the stellar masses and absolute
the Seyfert 2 region with the é¢d diagnostic. We know however —~ magnitudes
that the contamination of star-forming galaxies by LINERs
the blue or K8 diagnostic, is less than 1%.

Another bias could come from the population of com¥he stellar masses are estimated by comparing the observed
posites galaxies, i.e. for which the ionized gas is produc&gpectral Energy Distribution (hereafter SED), and two &jpéc

" 3.1. The Bayesian approach
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Figure 3. Red spectral classification of 412 narrow emission-linexjak in the redshift bin.@ < z < 0.4. The emission-line ratios

—i.e. [O11]1A5007/H3 and [N1]A 6584/Hx (a) or [O111]A5007/H3

widths. The red solid curves are the semi-empirical sejpargtefined by Kewley et hl[ (2

and [S1]1AA6717+6731/Hr (b) — are calculated using equivalent

01). The dashed line is tharsgipn

proposed by Kauffmann etfal. (2003a). The star-forming>jesaare plotted as blue triangles, the Seyfert 2 galaxigseen solid
squares, the LINERs as green open squares. The error batsoave in grey.

features (K absorption line an®,(4000 break), to a library

of stellar population models. The use of two spectral femturtroduced by the SDSS collaboratidn (Kauffmann ¢

reduces the well-known age-dust-metallicity degeneraaye-
termining the mass-to-light ratio of a galaxy. Compareducep
photometry, Balmer absorption lines are indeed less $emsit

This method, based on the Bayesian approach, has been in-
al. 2p03b;
[fremonti et al{ 20Q4; Brinchmann et{al. 2p04) in order tozarr
SED fitting estimates of the physical properties of galaxaesi
starts now to be widely used on this subject. Its main adggnta

dust, while theD, (4000 break is less sensitive to metallicity,is that it allows us, for each parameter, to get a reliablienasé,

both being sensitive to the age.

One observation is defined by a $gif observed fluxes in
all photometric bands, a setF of associated errors, a skt
of observed indices, and a set; of associated errors. The?
of each model, described by a $t of theoretical photometric

points, and a sdﬁ of theoretical indices, is calculated as:

2

(F-AF
oF?

2

)2 (Ii/ B Ilg) 3
X + .Z 012 (©)
whereA is the normalization constant that minimizes tqp@
Note that the normalization constant has not to be appli¢ioeto
spectral indices as they are already absolute.

Still for one observation, the set gt calculated on all mod-
els are summarized in a PDF (Probability Distribution Fiorgt
which gives the probability of each stellar mass, given theeu-
lying library of models (the prior). Each stellar mdds is as-
signed a probability described by the following normalizech:

51 3(M. —A-M)-exp(-xZ/2)
5 exp(~x2/2)

whereM! is the stellar mass of the model associated(j'foln

practice, the PDF is discretized into bins of stellar masSes
stellar mass estimate is given by the median of the PDF .

P(M.{F}) = (4)

independentljor each parameter, which takes all possible solu-
tions into account, not only the best-fit. Thus, this mettadat$
into account degeneracies between observed propertiegift a
consistent way. It also provides an error estimate of theveer
parameter from the half-width of the PDF .

3.2. Description of the models

We use a library of theoretical spectra based on (Bruzual &
Charlo200B, hereafter BC03) stellar population synthesd-

els, calculated for various star formation histories. dalmany
other studies which only use a standard declining expoalenti
star formation history, we have used an improved grid includ

ing also secondary bursts (stochastic library, Salim | :
Gallazzi et )] 20Q5). The result of the secondary bursts)-co
pared to previous methods, is mainly to get higher masses as
we are now able to better reproduce the colors of galaxies con
taining both old and recent stellar populations. When ores us

a prior with a smooth star formation history, such objeces ar
better fitted by young models which correctly reproduce #ie r
cent star formation history and the colors in the bluer baBds

such models fail to reproduce the underlying old stellaryap

tion which affects the colors of the redder bands, therettoeg

lead to an underestimate of the final stellar masses by arfacto
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Figure 5. Intermediate spectral classifications of 1479 (a) and 43&bjow emission-line galaxies. The two plots show the inter
mediate diagnostic diagrams, used in the redshift biascz < 0.5 (a) and 00 < z < 0.2 (b), or in other redshifts bins for galaxies
with insufficient number of detected emission lines (therehot classified with the red or blue diagnostic). The eimisine ratios
—i.e. [ONn]A5007/H3, [SI]AA6717+6731/Hr, and [NI1]A6584/Hx — are calculated using equivalent widths. The red solicsline
are the empirical separations define20ﬁ6he left panel, the dashed lines delimits the error domdiare both
star-forming and AGNs galaxies show similar blue line raitibhe star-forming galaxies are plotted as blue triangiesSeyfert 2
galaxies as green solid squares, the candidate star-fgigaiaxies as red solid pentagons, and the candidate AGNsaiageopen
pentagons. The error bars are shown in grey.

~ 1.4 (sed Pozzetti et Hi. 20007, for a discussion of the different We note that the stellar masses derived with BC03 models
methods). and a smooth star formation history are very similar to theson

Masses derived with this method are also relative to the Cr}dgerlved with CBO7 models and secondary bursts. Stronger ef-

sen IMF (Chabrigf 2003) . The models include self-constste&ms have to be expected on derived star formation rateganm

X llar .
two-component dust correctiorfs (Charlot & Hall 2000). € é ages _ )
F|gure|]’ now compares the stellar masses obtained with

In addl'glon to the secondary bursts, the models used in 'gi@gm models when using only photometry, only spectroscopy,
Study aIS_O include a new treatment of the TP'AGB stars (I\Aﬁrlg;_nd both photometry and spectroscopy. Fidﬂ”’e 7(a) shows the
& Girardi R00Y) (Charlot & Bruzual, in preparation, hereaft comparison between the mass obtained using only photometry
CBO7), in order to provide a better fit of the near-infraredioh  and the one obtained by adding the two spectral indices men-
metric bands (see algo Maragjon 4(05; Marastorjet alj 20@5). tioned above. The derived mass and associated error argnot s
have derived the stellar masses of our whole sample of galaxhificantly biased towards the two different methods (phattiin
with BC03 and CBO7 models. Figufle 6 shows the resuits of thigasses are 0.05 dex lower). Nevertheless, we have compared
comparison. As expected, the masses derived with CBO7 m@ge x2 values in both cases and found that it never increases
els are smaller, since the near-infrared flux of TP-AGB st&s  \yhen we add the spectral indices in the analysis. Moreaver, t
underestimated in BCO3 models. The mean shift@07 dex, y2 obtained in this latter case is lowered by a factor whose mean
with a dlSperSlon of A1 deX, which COI’I’eSpondS to an Overestha]ue is 23. The dispersion of A5 dex in the Comparison be-

mate of the stellar masses by a factofl.2 with BCO3 models. tween the two masses has thus to be taken into account as the
Their is also a small trend for more massive galaxies to b&@ma@finimum uncertainty of our stellar masses.

affected by the difference between the two models. This @mp
ison has been studied in more detaild by Eminianlet al. {Zoo%ic

Figure |]’(b) shows what would happen if only spectral in-

es were used. We see that the derived mass does not suffer
The same comparison have been performed on massesfo®n any bias, but is subject to a large dispersion.880dex (a

rived only using photometry: the mean shifti§.09 dex, with a factor 245). A slope of—0.25 dex/decade is found, but is not

dispersion of QL9 dex. The spectral indices are not expected gignificant given the dispersion. The comparison of theveelri

vary much with the new treatment of TP-AGB stars introducegtrors shows that this additional uncertainty is mosthetakto

by CBO7 models. It is thus expected that masses computed oatgount: both measurements have to account for a minimum un-

with photometry vary more from BC03 to CBO7 models thanertainty of 015 dex and the measurement obtained using only

those computed also with spectral indices. spectroscopy show aIB dex additional uncertainty.
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Figure 7. Same legend as in Fﬂ. 6, except that we now compare therstelleses that we obtain with CB07 models with photometry
and spectroscopy (final) to the ones obtain: (a) using onbtgrhetry, (b) using only spectroscopy. Only objects withuficient
number of photometric bandsdspectral indices (i.e. more than two of each) are used iretpless.

The reason of this comparison is that Tremonti ¢t|al. (RO0Ogiven the selection function of the survey. The result is a-de
have not used full SEDs to derive stellar mass-to-light miy o sity which is statistically corrected for the selectioneetfs, but
two spectral indicesD,(4000) and Hda, the mass being then may suffer from evolution effects. Another, simpler, teiciue is
scaled fromz-band luminosity. We note that their spectral into build volume-limited samples: a redshift range is defiaed
dices have been measured at a much better signal-to-naise @my objects which may be observed in the entire volume be-
resolution on SDSS spectra as compared to VVDS spectra. Ween these two redshifts (given the selection functioekaipt.
conclude from Fig[]7(b) th&t Tremonti e dl. (2p04) masses-coWe use this last technique in our study.
puted only with spectroscopy are directly comparable tdioat In practice, for magnitude-selected surveys, one has to cal
masses computed also with photometry, provided that we takdate the minimum stellar mass which is detected at theruppe
scale them by-0.07 dex and—0.056 dex to account respec-limit of the redshift range, and then to throw out the objdts
tively for the difference between BC0O3 and CB0O7 models, aaw this limit since they are not observed in the entire vodum
betweer] Krouga[(2001) afid ChaHrier (2003) IMF Nevertheless the minimum mass which may be detected at a

given redshift, for a given limiting apparent magnitudepeleds

on the stellar mass-to-light ratio. One way to solve thigésis
3.3. Defining volume-limited samples to calculate, for each galaxy, the mad. it would have if its
Figure@ shows the.stellar masses obtained, as a fl_mcticmief rﬁ?e?agz?érr?ﬁg rg:g%le;/:/iz%sp?g’u:r:é?atzger ;ﬂ%}é%nsr;;g?g)?%
shift, for the galaxies of our various samples (wide or deek‘,
all galaxies or star-forming galaxies only). As expectecain Mjm =M*+0.4- (I —Isel) (5)
magnitude-selected sample, the minimum stellar mass which  The result is a distribution of minimum stellar masses which
detected depends on the redshift, because of the decreasgfécts the distribution of stellar mass-to-light ratinstie sam-
apparent magnitude when the distance increases. Thig &ffege. The red, green, and blue curves in F]g. 8 show respégctive
well-known as the Malmquist bias. The upper-limit of the mashe 5096, 80% and 95% levels for the cumulative sum of this dis-
distribution is in part due to the bright cut-off in the magiie  tripution. The limiting masses derived for the 4 differemtmles
selection, while in addition to that a larger volume is obsérat  mentioned above are given in Tafje 4. As expected, we see that
higher redshift which allows a better sampling of the uppass the limiting mass increases with redshift and is lower fae th
region. The VVDS is a constant solid-angle survey: the ol#ser geep sample. The derived completeness levels on the deep sam
volume increases with distance and rare objects, like v&§-mple are similar but higher to the ones found [by Meneux t al.
sive galaxies, get more chances to be detected. (00B) on the same data. The difference is due to the differen

There are two ways to account for these two biases. The ficstsmology used in this paper, ile= 1.
one is to use the Vmax technique: each object is weightedéy th We see also that the limiting mass is lower when we consider
inverse of the maximum volume in which it could be observednly star-forming galaxies, compared to the whole sampleis.




F. Lamareille et al.: The evolution of the mass-metallicédation in VVDS up taz ~ 0.9 9

Table 4. Limiting masses (in logarithm of solar masses) of our vagisamples in order to define volume-limited samples, as a
function of the redshift ranges and for various mass-tbtl@mpleteness levels.

z< 05 2< 0.6 z2< 0.7 2<0.8 z< 0.9
50% 80% 95% 50% 80% 95% 50% 80% 95% 50% 80% 95% 50% 80% 95%
wide (all) 96 100 102 97 102 104 99 103 106 100 105 107 102 106 109
wide (star-forming) B 9.6 99 94 9.7 101 96 99 102 97 100 103 98 101 104
deep (all) 87 9.2 95 89 9.3 9.7 9.0 95 9.9 91 96 100 92 9.7 101

deep (star-forming) .8 89 9.2 8.7 9.0 9.3 8.8 9.0 9.3 8.8 91 94 89 9.2 9.5

tio depends on the type of the galaxy and on redshift We also
LA [ . note that as observeeband is fairly close to rest-frani&band,
s=-0.02 . " . s . . . .. .

. the variation irk-correction is small compared to the variation in
mass-to-light ratio as can be seen by the reduced spreaddretw
the clgfferent completeness level curves in IEIg. 8 as contptare

LI Fig.|9.
. The limiting B-band absolute magnitudes, associated to var-
ious redshift ranges anklcorrection completeness levels, are

. . given in Table[b. We note that the absolute magnitudes used
- - - - - L 13 in this study may differ from previous works performed on the
v 8 Moss (3C03) 1 12 same dataset (e.d._llbert e{ hl. 2D05). For self-consigtene
have chosen to calculate the absolute magnitudes with the sa
models than the ones used for the stellar masses, namely CB0O7

<
sl

o

A(Mass) (CBO7—BC03)

|
o
a
L s
-
.
T S

L B P B R LR

200 {1 0.07 | 400 [~ m=0.02 =
m=-0. L m=0. 4 .
F r=0.11 1 F r=0.05 ] models with secondary bursts.
150 |~ 1 300 F =
€100 [ ¢ 200 | E 4. Estimation of the metallicities
é’ C ié r ] . . .
50 [ 1 1ok E In this study, the metallicities are estimated as the gas@bxy-
. 1 F 1 gen abundances H2log(O/H).
oF Bhiearm srerwwrmn O o wrararss el WP arwrers
-1 -05 0 0.5 1 -04-02 0 02 04 . .
A(Mass) (CBO7—BCO3) A(cMass) (CBO7—BCO3) 4.1. The empirical approach

Strong-line empirical calibrators may be used to compuée th
Figure 6. Comparison of the stellar masses of star-formingas-phase metallicities from the available measured @miss
galaxies in our sample, obtained with BC03 and CB07 model#es, e.g. Hr, HB, [O111]A5007, [N1]A6584, [Q1]A3727. As
using both photometry and spectroscopy. The latter pravideshown by[Lamareille et gal{ (2006b), the Ij\A 6584 and Hr
better treatment of the TP-AGB stars in the near-infrardte T€mission lines are reliably deblended for sufficiently rsginal-
top panel shows the difference between the two masses, the b&rnoise ratio even at the resolution of the VVDS.
tom panels show the associated histogram (left) and the his- We use théN2 calibrator up t@ ~ 0.2 (Denicold et aJ[ 2092;
togram of the differences between the two error estimaigistfr Van Zee et gi. 1998), th®3N2 calibrator for the redshift range
The slope of the difference (s) is shown in the plot. The me&® < z < 0.5 (Pettini & Pag¢[2034), and tHRy; calibrator for
value (m) and the rms (r) of the two histograms are given in titlee redshift range.6 < z< 0.9 (McGaug 1991).
plots. At high redshifts, where nitrogen or sulfur lines are not ob-

served, the metallicity is degenerate because of radiatioé

ing at high metallicities which lowers the intensities ofygen
is due to star-forming galaxies having lower mass-to-lighibs. lines. Thus, low oxygen-to-hydrogenline ratio can be inteted
This shows that if a sub-sample has a smaller range in massge either low oxygen abundance or high oxygen cooling, i.e.
light ratios, then a less conservative mass limit can be Eldbphigh oxygen abundance. The degeneracy oRpecalibrator is
than if a single fixed maximum mass-to-light ratio is taken.  broken using thé-band absolute magnitude and the reference

Finally, we note that the wide sample contains more massikgninosity-metallicity relation (seg Lamareille ef| pl.0B, for
objects since it covers a larger volume of universe. a detailed discussion of this method).

As clearly shown by Kewley & Ellisgn{(2008), the diffi-
culty of using different metallicity calibrators at difeemt red-
shifts comes from the huge differences, uptt0.7 dex, which
As a by-product of the estimation of stellar masses, we hisee aexist between them. Therefore, we have decided to renarenali
calculated th&-corrected absolute magnitudes, in the rest-frantlee different calibrators to the Charlot & Longhetti (2D0&re-
B-band, using the Bayesian approach and the CB07 models. Effter CLO1) calibrator, which has been used to estimate teesm
results for star-forming galaxies are shown in fjg. 9 as ation metallicity relation from SDSS datg (Tremonti efjal. 200/he
of redshift. Because of thecorrection, the maximum absolutecorrection formulas are found in Table B3|of Kewley & Ellion
magnitude which may be detected, as a function of redshift,(2008).
also affected by the stellar mass-to-light ratio. The alteahag- Finally, a consequence of the small spectral coverageas als
nitude in rest-framé@-band is affected by the ratio between théhat Ho and H3 lines are not observed together for most red-
flux in this band, and the flux in the observieband, which ra- shifts, making difficult the estimation of the dust attenomat

3.4. Absolute magnitudes
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Figure 8. Stellar mass estimates (in logarithm of solar masses), anaidn of redshift, of the galaxies in our samples: lefe th
wide sample, right: the deep sample, top: all galaxies (@{me@ad-line AGNs), bottom: only star-forming galaxieee(§e02).
The red, green and blue curves illustrate respectively @86, 80% and 95% mass-to-light completeness levels (sefotaketails).

from the standard Balmer decrement method. As already shathiis factor has a mean value of only0.041 dex. It is thus not
by Kobulnicky & Phillip} {200B), anl Lamareille et]al. (2086 significant for the estimation of the mass-metallicity tiela on
metallicities can be reliably derived using equivalenttivichea- statistical samples. Nevertheless, in order to avoid asgipte
surements instead of dust-corrected fluxes. bias on a different sample, we decided to use their cormectiv

Nevertheless[ Tiang et RI[ (2907) have shown that tf@rmulabased on thB,(4000) index.
[O1111A5007/[Q1]A3727 emission line ratio, which is used in
Ry3 calibrator, does not give the same value if it is calculated u :
ing equivalent widths or dust-corrected fluxes: the ratimveen 4.2. The Bayesian approach
the two results depends on the differential dust attenndi@&> The metallicities may also be estimated using again the 8age
tween stars and gas, and on the slope of the stellar continuamproach. The relative fluxes of all measured emission hnes
They have found that the derived metallicities are affeted compared to a set of photoionization models, which predicts
factor ranging from-0.2 to 0.1 dex, but they also showed thatthe theoretical flux ratios given four parameters: the deesp
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Figure 9. Absolute magnitudes estimates in the rest-fr@imnd (AB system), as a function of redshift, of the stardfimig galaxies
of the wide (left) and deep (right) samples. The red, greehdue lines illustrate respectively the 50%, 80% and 35é6rrection
completeness levels (see text for details).

Table 5. Limiting B-band absolute magnitudes (AB system) of our wide and deeplea of star-forming galaxies, in order to
define volume-limited samples, as a function of the redsaifges and for variouscorrection completeness levels.

z< 05 z2< 0.7 z< 0.9
50% 95% 50% 95% 50% 95%
wide -191 -196 -199 -203 -205 -209
deep -175 -183 -182 -189 -186 193

metallicity, the ionization level, the dust-to-metal catind the The three main advantages of checking our results with tHfgECL
reddening |(Charlot & Longhdtfi 20p1). The CLO1 models ammethod are(i) the use of one unique calibrator for all redshift
based on_population synthesis for the ionizing flux (Bruzuahnges;(ii) the different method to deal with dust extinction,
& Charlot [20038), emission line modeling (Cloudy, Ferlande. the self-consistent correction instead of the use oivadpnt
2001) and a two-component dust attenuation law (Charlotl§ Favidths; (iii) the different method to break the O/H degeneracy,
2000). i.e. the fit of the double-peaked PDF instead of the use of the

We calculate ther? of each model and summarize them iduminosity.
the PDF of the metallicity using a similar method than deéwamxti Fi 3 sh th . bet h iricall
above in Eq[|3 anﬂ 4, but now applied to emission-line fluxesin_ . 9. Snows theé comparison between he empirically-
stead of photometric points. Only the emission lines withegh calibrated and the CLO1 metallicities. Apart from a smalimu

signal-to-noise (S/N¢ 4) are used in the fit. This methodpdieq bedr_of out!iers (f7%), the_twot r:aszgzltzare iphgogq agre_emeumﬁwki)
directly on observed line fluxes: the correction for dustrmtta- a dispersion of approximately. ex. This dispersion can be
tion is included self-consistently in the models. compared with the intrinsic dispersion of the mass-meifli

. . . relation, which is also of- 0.22 dex. We have also calculated
The O/H degeneracy at high redshift ends up with dOUblfh'e mean of the error bars for the two method86dex for the

peaked PDFs: one peak for the low metallicity solution and a@mpirical method. and.08 dex for the CLO1 method
other one at high metallicity. However, other informatiarcis ' ' '
as dust extinction, ionization level, or star formatioreraelp Let us summarize all the contributions to the global disper-
affecting to the two peaks two different probabilities. hwe sjon. (i) The empirically-calibrated errors have been estimated
solve the degeneracy by fitting two peaks in the PDFs, and iym basic propagation of the line measurement errors. We
keeping the one with the highest probability. As already dignow from tests performed on duplicated observationsitet
cussed irf Lamareille etla{ (20§6a), this method cannot bd usfit vimoserrors are not underestimated. They reflect the negligi-
to chose the metallicity of one single galaxy, but it can bedusple contribution of noise to the global dispersi¢ii). Conversely,
statistically to derive a mean metallicity, e.g. as a fumttof the CLO1 errors have been estimated from the width of the PDF.
mass. They also reflect the additional dispersion due to the dagene

In this study, given the relatively low spectral resolutaord cies in the models, which are taken into account thanks to the
spectral coverage of our spectra, we use the CLO1 method oBByesian approacfiii) Finally the difference between the mean
as a check of the quality of empirically-calibrated metdiles. CLO1 error and the global dispersion reflects real variation
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Figure 10. Comparison between empirically-calibratedakis), and CLO1 metallicitiesyfaxis) for our whole sample of star-
forming galaxies. The red solid line shows the- x relation, while the blue dashed line is a least-square fihéodata points.
The parameters of the fit are given in the two platss{ope,b: zero-point).

the physical parameters of galaxies, which are not takeraiot
count in both models.

The comparison between the two methods have shown that:
(i) the various empirical calibrators used at different refishi
ranges give consistent results with the CLO1 metallicitieanks
to the correction formulas provided py Kewley & Elligdn ()0
(ii) the empirical correction for dust attenuation using equiva
lent widths, and the correction formula providedt
([007), is consistent with CLO1’s results, obtained diseftom
observed line fluxes and a self-consistent reddening dosrec 60
(iii) apart from a relatively small number of outliers, the O/H
degeneracy is correctly broken using the luminosity diagjino
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4.3. Possible biases 20 (-
Fig.[L0 also indirectly shows that the metallicities obeaiwith i
N2 andRyscalibrators at different redshifts are directly compara- ol
ble, even if there is no galaxy in our sample where these tivo ca
ibrators can be applied at the same time. Indeed we see ttat bo aperture fraction

N2 andRysmetallicities are in agreement with CLO1 metallici- o ) _

ties, apart from the small number of outliers. Moreover weehaFigure 11.Bottom: distribution of the aperture fractions (in per-
investigated the possible biases introduced by the usefef-di cent) for the star-forming galaxies in our sample. The ddshe
ent sets of lines, at different redshifts, with the CLO1 noettwe ~ histogram shows the distribution for the galaxies at lowskeft

have confirmed that this method gives, as expected, comipardB < 0.5) with a high metallicity (12+log(O/H) > 8.8). Top:
results at different redshifts. evolution of the apertures fraction as a function of redsfiifie

Another possible bias comes from the fact that the slit useglid line is the fit to the data points.

for the spectroscopy not necessarily covers all the ligth@bb-

served galaxy. We have taken the spatial extension of tlaxgal

ies calculated from photometry, and compared it to the wadth galaxy, expressed in percent. FE 11(bottom) shows thigtilis
the slit, i.e. one arcsecond. This gives the aperture fracif the tion of the aperture fractions for the star-forming galaxieour
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sample (not that this information was not available for tiE#S be explained by two effects. First, as said in previous pazy
sample). The mean aperture fraction is 52%, and we see thatttie [NI1]A 6584 line is more likely to be observed for high metal-
large majority of objects has an aperture fraction gredtant licity objects. There is consequently a lack of objects vidth
20%, which is the minimum aperture fraction given by Kewleyiuminosity and low metallicity which makes the distributiap-
Jansen, & Geller] (20P5) in order to minimize aperture effect parently wrong (as compared to previous studies). Sechaset
derived parameters like the metallicity or the star-folioratate. objects at low redshift may have lower aperture fractiorsciv

In Fig. , we also observe the expected correlation betwemay introduce a bias towards higher metallicities given ta
redshift and the aperture fraction, both increasing at #mes preferentially observe their central part. Indeed, we halo¢
time. The aperture fractions show an increase of 35% per urhie distribution of the aperture fractions for objects watfow
redshift. Since the aperture fractions are already highugho redshift and a high metallicity in Fid. JL1(bottom, dashes-hi
at low redshift not to affect the derived metallicities, asidce togram): they are clearly lower, with a mean of 40%.

they increase with redshift, this slope is likely to have agirzal We recognize that the results obtained by doing a direct lin-
effect on the derived evolution of metallicity as a functioh ear fit to data points suffer from a drawback: the correlation
redshift. between metallicity and luminosity shown in F[g] 12 are weak

This weakness is characterized by the non-negligible &acs
L. .. . for the slopes and the zero-points of the relations provided
5. The luminosity-metallicity relation Table[$, and also by low Spearman correlation rank coeftigien
5.1. Study of the derived fits of the order of—0.3 for the bottom-center panel, an@.1 for
the other panels.
We study in this section the relation between the rest-frBme
band luminosity and gas-phase metallicity, for the stamiag o )
galaxies of our wide and deep samples. Here we use the mefaf- Global metallicity evolution
!ICItIeS estimated with the empirical approa_ch, and rerafm spite the weakness of the correlations found in our daga, w
ized to the CLO1 method (see Sekt]4.1). Figule 12 shows t{f}g ¢ : tudies that the luminosity-metallici
luminosity-metallicity relation of the wide and deep saggin . o' Om Previous studies that the ‘uminosity-me alliac

. . ists. Thus we can use the existence of this relation as amgassu
three redshift ranges:0< z< 0.5,05<z<0.7and 07 < z< tion and find new results.

0.9. The results are compared to the luminosity-metallictg+ : . . .
tion in the local universe derived py Lamareille é[ Bl (@p@ith In order to quantify the evolution of the luminosity-reat
2dFGRS data, and renormalized to the CLOL method. In ordefYf§ ¢&n also derive the mean evolution of metallicity. Theiuae
do this comparison, we have done a linear fit to the data point‘é’Ith .the addltllonal assumption that the slope of the lumityes
As already shown before, the luminosity-metallicity riat relation remains constant slope at zero-order. The resnds

is characterized by an non-negligible dispersion of theeoed  S1OWN N Fig.[1 and in Tablg 6. As expected, the evolution

~ 0.25 dex (higher than the one of the mass-metallicity relz)tior{gS barely significant in the.0 < z < Q'S redshift range. In the
Therefore, the method used to perform the fit has a huge impagt < 2 < 0-7 and 07 < z < 0.9 redshift ranges, the evolution is
on the results, and it is mandatory to use the same methodebefdTONJer. ILis similar in the wide sample to what has beemdou
doing comparisons between two studies. Thus, we have used ?{ Lamareille et §1.[2006a). In the®< z< 0.7 FedSh'ft range
same method than Lamareille e} 4. (2004), i.e. the ols secO! the deep sample, the results are similar with both methods
fit (|sobe et )| 1990), starting from the 50R4correction com- which confirms the hypothesis that a steeper slope is foulyd on
pleteness level (see Se3.4). The results are shown jv@:ig When low-metallicity po_mts are not mcluded in the fit.
and in Tabld. Finally, the comparison of the wide and deep samples show
The slope is by~ 20 steeper than the one of the referenc@ Stronger e_volut|0n of the metallicity with redshift in tinéde
relation in the local universe, this slope being similar lired- sample. This result tells us that the slogees not actually
shift ranges£ —0.75), except & < z < 0.7 in the deep sample. Femain c_onstar;tand_ that the_ evolution of the rr_1etaII|_C|ty is
As already shown bil_p_lLamareiIIe et]al. (2D04) who have corfitfronger in more Iummlous objects. At 0.76, galaxies with an
pared the slopes of the luminosity-metallicity relatiom fow absoluteB-band magnitude of- —20.1 have—0.32 dex lower
and high metallicity objects, this slope is steeper for higgtal- mgtalhutles '_than gaIQXIes_of similar luminosities |n_thma|
licity objects. This effect has been Conﬁrme universe, while galaxies with an abs_ol_tBeband maghnitude of
who have extended the mass-metallicity relation of Tremort —21.2 have—0.65 dex lower metallicities.
et al. {200f) to lower masses and metallicities and foundtefla ~ We have checked that the results are stable when break-
slope. We emphasize that we are not discussing here the siig-the O/H degeneracy at high redshift with a different refe
ration at 12+ log(O/H) ~ 9.2 as observed bl Tremonti et] al.ence relation (e.g. lowered in metallicity). As stated befby
(004), and which might be confused with a flatter slope af vekamareille et a).[(2006a), the use of a lower referenceiceiad
high metallicity. break the degeneracy only changes the metallicities ofdlaxg
Thus, given that we expect a steeper slope at high metgllici€s in the intermediate region (42og(O/H) ~ 8.3), thus non-
we analyze our results as a lack of data points in the low metgignificantly changing the whole luminosity-metallicigiation.
licity region: the wide sample does not go deep enough tactlete  We have also checked the effect of not including the candi-
low-metallicity and low-luminosity objects above the cdetp- date star-forming galaxies in the fit. As stated in Sec{. the,
ness limit. Moreover, in the.0 < z < 0.5 redshift range of wide contamination of candidate star-forming galaxies by AGSls i
and deep samples, the S/N¢4 cut on emission lines introduless than 1%, and is thus not expected to affect significaindy
a bias towards high metallicity objects: the faint and bkshd luminosity-metallicity relation. Therefore, the resuitsnot in-
[N11]A6584 line, used to compute metallicities in this redshittiuding the candidate star-forming galaxies are only gagin-
range, becomes rapidly undetectable at low metallicities. formation in Tablg]6. We have also checked the effect of igclu
The apparently high number of galaxies with low redshiftng candidate AGNSs. In both cases, the effect on the lumiyposi
low luminosity and high metallicity seen in FiDlZ(Ieft) ga metallicity relation is very small.
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Figure 12.Rest-framé3-band luminosity-metallicity relation for the wide (tom)@deep (bottom) samples, for three redshift ranges:
from leftto right 00 < z< 0.5, 05 < z< 0.7 and 07 < z< 0.9. The metallicities have been estimated using the empaggaroach
(see Sect[ 41). The solid line shows the luminosity-mietlirelation at low redshift derived by Lamareille efl §2004), and
renormalized to the CLO1 method. The short-dashed line shbefit to the data points using the ols bisector method ésd} t
The long-dashed lines shows the fit to the data points asguaonstant slope.

Table 6. Evolution of the luminosity-metallicity relation for theide and deep samples. The reference relation is the onanebtai
by [Lamareille et g.[(2004) with 2dFGRS data and renormdlipethe CLO1 method. In each redshift ranges, we give thdtsesu
of the ols bisector fit (slope and zero-point) and of the camisslope fit (mean shift, see F@ 12), together with themredshift
and magnitude, and the dispersion of the relation. The t@takhift is given in three cases) using only star-forming galaxies,
b) adding candidate star-forming galaxies, ahddding also candidate AGNSs.

sample slope zero-point  z  Mag(B) Alog(O/H):  rms
a b c

reference -0.31 283

wide

00<z<05 -067+0.17 -460+34 031 -1999 -0.08 -010 -0.10 0.23
05<z<07 -075+008 -6.67+16 059 —-2053 -039 -044 -045 0.23
0.7<z<09 -064+0.21 -5.01+44 077 —-2122 -058 -065 -0.70 0.24
deep

00<z<05 -090+045 -—-828+861 030 —1899 0.17 0.15 0.15 0.28
05<z<0.7 -0.41+0.06 050+129 059 -1967 -020 -024 -025 0.27
0.7<z<09 -087+041 -889+820 076 —-2005 -024 -032 -039 0.29

We need to disentangle between the two effects which mgach for computing the metallicities, and in three refishi
these objects more luminous, i.e. a higher mass or a lowes-masnges: M < z< 0.5,05<z< 0.7 and 07 < z< 0.9. The re-
to-light ratio, which one is responsible of the strongerletron  sults are shown in Fid:[l3 and Talﬂe 7, and are compared to the
of the metallicity. Thus, we now study the mass-metallicétla- reference mass-metallicity relation in the local univedszived
tion in the next section. by [Tremonti et al.|(2004) with SDSS data. The referenceicaiat
has been shifted in mass, in order to take into account tieeteff
of using different models (see S3.2).

As in Fig.[1?, the data points shown in F[g] 13 do not show
strong Spearman rank correlation coefficients. We thustbldp
step of doing a fit to these data points. We directly probe the
We now derive the mass-metallicity relation for the stamfing global evolution in metallicity of star-forming galaxie®mo-
galaxies of the wide and deep samples, using the empirical pared to the reference relation, doing the likely assumptiat

6. The mass-metallicity relation

6.1. Global metallicity evolution
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Figure 13. The mass-metallicity relation of star-forming galaxiestive wide (top) and deep (bottom) samples, for three redshif
ranges: from left to right @ < z< 0.5, 05 < z< 0.7 and 07 < z< 0.9. The metallicities have been estimated using the empirica
approach (see Seft. 4.1). The solid curve shows the masstinistrelation at low redshift derived Hy Tremonti e §00%). The

long-dashed curves shows the fit to the data points assuimanghie SDSS curve is only shifted down in metallicity.

Table 7. Evolution of the mass-metallicity relation for the wide  There are some caveats in the interpretation of the mass
and deep samples. The reference relation is the one obtayjneénd metallicity evolution of the deep sample, because @fsel
ffremonti et a). [2044) with SDSS data and the CLO1 methoiipn and statistical effects. The mean observed stellansea
renormalized in mass. In each redshift ranges, we give ttemmelecrease with redshift, which is in contradiction of whaeon
redshift, stellar mass, and metallicity shift (assumingttthe would expect from the Malmquist bias. First, we find higher
shape of the relation remains constant, see[F|g. 13), ardighe stellar masses than expected in the lowest redshift bins@he
persion of the relation. The metallicity shift is given inréle ple is actually not complete down to the limiting mass: lower
casesa) using only star-forming galaxieb) adding candidate mass galaxies would have lower metallicities, and low nfietal

star-forming galaxies, ang) adding also candidate AGNSs. ities are indeed difficult to measure because of the blending
[N11]A6584 and Hr lines. Conversely, the highest redshift bin
sample z Ig(M,) Alog(O/H)™M rms has a lower mean mass than expected, which is more probably
a b c due to a statistical effect because of the small solid anfgleeo
wide deep sample. This later effect also explains why the meitsli

0.0<z<05 030 987 -0.08 -0.08 -0.09 0.17 evolution seems smaller in the highest redshift bin.
05<z<07 059 997 -022 -025 -026 0.20

07<z<09 078 1019 -023 -028 -036 0.19 As observed on the luminosity-metallicity relation in pirev
deep ous section, we clearly see a stronger metallicity evotutio
00<z<05 029 945 -004 -005 -005 020 the wide sample than in the deep sample. The wide and deep
8?2228; 8’?2 33(5) :gg :8'% :8'32 8'%8 samples span interestingly different ranges in massesareut
‘ : ‘ : ) ) : otherwise identical. This effect thus shows that the most-ma
sive galaxies have experienced the most significant ewoluti
in metallicity. At z~ 0.77, galaxies at 19" solar masses have
—0.18 dex lower metallicities than galaxies of similar masses
the mass-metallicity relation exists also at high redsfiétdo in the local universe, while galaxies at®8 solar masses have
so, we calculate the mean shift in metallicity by fitting t@th_0.28 dex lower metallicities. We therefore conclude that the

data points the same curve than Eq. $ of Tremontilef al. [2004hape of the mass-metallicity relation varies with redskif that
allowing only a different zero-point. The zero-order asption it was flatter in an earlier universe.

is indeed that the shape of the mass-metallicity relatioesdo

not vary with redshift. The results are shown in FE 13 and in We also remark that like for the luminosity-metallicity re-
Table['}’. The fit is performed above the 50% mass-to-light cotation, the potential influence of candidate AGNs or candida
pleteness level. star-forming galaxies is negligible (see Taljle 7).
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Figure 14. The mass-metallicity relation of star-forming galaxiesthiree redshift ranges: from left to right< z < 0.5, 0.5 <

z< 0.6 and 06 < z< 0.8. The metallicities have been estimated using the empajgaroach (see Se.l). The solid curve shows
the mass-metallicity relation at low redshift derived [oeonti et . [(2044). We show the mean metallicities by binstellar
masses. The blue error bars represent the uncertainty andhe, while the green error bars represent the dispersitreafata
points. The 50% mass-to-light completeness levels for depdnd wide samples (see Taﬁle 4) are shown as verticatl diotts.

mean redshifts are respectivaly 0.33,z~ 0.54 andz~ 0.67.
The mean masses are respectivel§y Pp10°>* and 167 solar
masses. We have joined for this study the wide and deep sam-
ples: only the deep sample is used from its 50% completeness
limit to the 50% completeness of the wide sample, above which
both samples are used.

The mean masses and metallicities have been estimated in
respectively 3, 4, and 4 stellar mass bins. This approadhis s
lar to the one used at low redshift by Tremonti dt pl. (2004 T
bins are not equally spaced in mass,but always contain éasimi
number of data points, i.ev 45 in our case. We have set two
consecutive mass bins to have 25% of their data points in com-
mon. We evaluate the errors on the means and the dispergions o
the data points, which are both shown in FE 14. The errors on
the means are very low thanks to the number of available data
points. The dispersion in metallicity stays almost constard
equal tox 0.22 dex. All results are calculated as the median of
1000 bootstrap estimates.

Fig.[13 shows the evolution of the slope in the two last red-
shift bins. We confirm that the mass-metallicity relationds
to become flatter at higher redshifts: the slope.566+ 0.02
dex/decade a~ 0.54 and 0150+ 0.01 dex/decade at~ 0.67,
which has to be compared to the slop@®dex/decade of the
_ . ) ) [Tremonti et al.|(2004) curve linearized in the same massea:ang
Figure 15. The mass-metallicity relation of star-forming galaxTheslope evolves by 0.25 dex/decade by unit of redshift in the
ies for two redshift ranges.5< z < 0.6 (dark grey) and < range 0< z < 0.7. These results also confirm the assumption,
z< 0.8 (light grey). The metallicities have been estimated usinged in previous section, that the mass-metallicity refegixists
the empirical approach (see Sefct] 4.1). The solid curve Shoyf high redshitt.
the mass-metallicity relation at low redshift derived bgfronti
et al. (200@). This relation has also been linearized in dnge
8.9 < log(M, /M) < 10.3. The short-dashed curve is the re6.3. Comparison with previous works

lation derived by| Savaglio et jal| (2405) at- 0.7, the long- . .
L . - Fig.[L% shows also the comparison between our results, &ied ot
dashed line is the relation derived|by Erb gtjal. (200&)-a®.0, studies performed at high redshiffs (Savaglio 8{al. P00S: E

and the long-dashed-short-dashed line is the relationeteby —
mﬂ- [2008) az~ 3.5, et al.|2006] Maiolino et all 2008). All curves have been renor

12+1og(0/H)

10
log(M*/M,)

Metallicities derived b

Savaglio etlal. (200%), Erb gt BD06)

and Maiolino et dl.{(20(

8) have been converted respectivety

malized in stellar masses using the shifts summarized ileTab
6.2. Evolution of the shape of the mass-metallicity relation

Kobulnicky & Kewley

2004 Pettini & Pade| (20p42 , and

We now evaluate the evolution of the shape of the mas

jsewley & Dopita (200

P) methods to the CLO1 method.

metallicity relation as a function of redshift, by co-adglaanum-

The mass-metallicity relation at redshift- 0.7 is given by

ber of data points together in bins of mass, thus increasiag €q. 8 of[Savaglio et &l.[(20p5), shifted by4@ dex in stellar

signal-to-noise ratio. Figu
shiftranges: @ < z< 0.5,05<z< 0.6 and 06 < z< 0.8. The

e 114 shows the results in thiegk  mass. The mass-metallicity relation at redshift at redghif2.0
is given by Eq. 3 of Tremonti et pl, (2004), shifted 59.56 dex
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Table 8. Different setups for different mass-metallicity relatiofound in the literature, and associated shifts to be aghphieheir
stellar masses in order for them to be comparable with ouftse§ his table shows the type of data, the models, the poeser not
of secondary bursts, and the IMF used to compute the stelases. The last column gives the global shift that has to jbléedo
the logarithm of the stellar mass.

References datd  model bursts IME sum
our study P+S CB07 yes Co3

TO4 S BCO3 yes K01

+0.00 -0.07 - —0.056 —0.126
S05 P Pégase yes BG03

+0.05 -0.09 - +0.024 -0.016
EO06 P BCO3 no C03

+0.05 -0.09 +0.14 - +0.1
MO8 P BCO3 no S55

+0.05 -0.09 +014 -0.232 -0.132

*S stands for spectroscopy, P stands for photometry.
1704:[Tremonti et dL.[(2004); SOF: Savaglio e} &I. 005)-[ :% et al. [2006); Mog} Maiolino et hi[ (2d08); Cd3: Chalji{z003); K01{Krouph
e

([2001); BG03{ Baldry & GlazebrobH (2003); S45: Salpge

in metallicity, as found b} Erb et h[. (2006). The mass-niieia} A
relation at redshifz ~ 3.5 is given by Eq. 2 of Maiolino et al.
([008), with the parameters given in their Table 5.

Contrary to Savaglio et hl| (2005), we find a flatter slope of
the mass-metallicity relation at~ 1. Nevertheless, the compar-
ison of data points shows that their results and ours areaa go
agreement for the highest mass bins. The larger differemoes
from the lowest mass bins, in which they are probably not com-
plete. We know indeed that lower mass-to-light ratio gaaxre
preferentially observed in the lowest incomplete mass, ksind
that such galaxies show smaller mean metallicifies (Eilstal.
p003).

The comparison with the data dl. (3006), which
are taken ar ~ 2, is less straightforward: there is a fairly good
agreement in metallicity with our high-mass end data, btit-ac
ally at a rather different redshift. This could mean that¢hieave
been very little metallicity evolution fromz ~ 2 to z~ 1, but
this would be hard to understand when looking also at therothe
results. The metallicity evolves indeed strongly fram- 3.5
(Maiolino et al[2008), and between- 1 and the local universe
(our data andl Savaglio et|al. 2005). Nevertheless we note tha . . . -
this later discrepancy with Erb et]a[. (2006) results may e yFigure 16. Tr_ns plot _shows, for galax[es with S|m|lar_ s_tellar
derstood: according to the downsizing scenario, the elevlatf MaSS€s, their eVOIL!t'.On when redshift increases: fpr_ finci g
the most massive galaxies plotted here should be actuatijfem i1 the mass-metallicity plane (top-left), for metallicity the
betweerz = 2 andz = 1 than betweez = 1 andz = 0. Among Iumlnosny-me_talllc_:lty plane (top-nght), and for lumisiby in
others [Pérez-Gonzalez el 41. (2008) have quantifiedydiax- M€ Mass-luminosity plane (bottom-right).
ies below logM, /M) = 115 have formed half of their stars at
z< 1. The main reason of a possible overestimatet Aable 9. Evolution _Of the m_ass_—to-light ratio for the wide and
(2004) metallicities is probably statistical variatiofiegts. They deep samples. This evolution is computed as an absolute rest
have indeed based their results on stacked spectra of very feameB-band magnitude evolution at constant stellar mass, from
galaxies. The effect of the selection function is thereftifs- ~ the comparison of the luminosity-metallicity (see Hig] I®la

M(B)

cult to analyze. Table[$) and mass-metallicity (see Hig} 13 and Thble 7)iceiat
The type of galaxies observed py Erb e} fil. (2008) at2,

which are active galaxies, may also have later evolved td “re . ~ AMag(B)

and dead” passive galaxies, and got higher metallicitia® th redshiftrange wide  deep

the ones actually observed by us or[by Tremonti ¢t[al. (2004) 00<z<05 -006 065

05<z<07 -061 -0.10

at lower redshifts. Such dead galaxies would unfortunatety 07<709 -119 045

satisfy any more the selection function of any work based on
emission-line measurements, and would not be observed.

luminosity-metallicity relation, after having applied arcection
6.4. Evolution of the mass-to-light ratio for luminosity evolution 5)' This tells that the
stronger evolution of the luminosity-metallicity relatiocom-
The metallicity evolution on the wide sample is very similapared to the mass-metallicity relation, is effectively doean
to what has been found Hy Lamareille ef al. (2006a) on thelditional luminosity evolution. This luminosity evolati has
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to be understood for galaxies with similar masses, whichnseagalaxies, with respect to the global cosmic evolution of &ia
we can measure the evolution of the mass-to-light ratio lasga mation rate. Eq]7 is then replaced by the following formula:
ies using metallicity as a pivot.

Fig. [16 shows schematically the global evolution of metaM, (t) = M, (0) + SFRO) x T x (1— e*t/T) (10)
licity in the luminosity-metallicity plane (top-right). Yien there
is both an evolution of the metallicity in the mass-metétlic Table[1D (cas®) gives the results obtained when assuming
plane (top-left), and an evolution of the luminosity in thass- the relation given by Eq. 12 gf Savaglio e{ gl. (2005) between
luminosity plane (bottom-right), galaxies being more lnmis the e-folding time and the total baryonic mass of the galaxy.
at a given mass, the result is a stronger evolution of thelliweta Comparing casea andb, we see that the results are not dra-

ity in the luminosity-metallicity plane. matically affected by the assumption of a decreasing SFRR. Th
The luminosity evolution at constant mass of our galaxigar formations activities in cadeare systematically higher than
can be calculated using the following formula: in casea, which is expected as with a decreasing SFR a higher
initial value is needed to explain the same metallicity atioh,
AMpg (B) = a * x (Alog(O/H)M — Alog(O/H)") (6) as compared to a constant SFR.

We note also that the derived star formation activities & th
wherea is the slope of the luminosity-metallicity relation, i.ewide and deep samples are very close, despite their differen
—0.31 dex/mag. The results are given in Taflle 9. The positiyanges in stellar masses. In cagestar formation activities in
evolution for the lowest redshift bin in the deep sample is U the deep sample are nevertheless higher than in the wide sam-
the incompleteness of tHé2 calibration: at a given metallicity, ple, which is expected as the wide sample spans higher stel-
our sample is biased towards higher luminosity. In the otbé+ |ar masses. Conversely, in casewe find higher star forma-
shift ranges and the whole wide sample, we see that galaiesign activities for more_massive objects. This comes from th
higher redshifts have lower mass-to-light ratios than ypdad assumption, made by Savaglio e{ 4l. (3005) and used in our
that this evolution is more significant for massive galaXies equations, that less massive galaxies have a loadelding
the wide sample compared to the deep). These two results argrhes. Consequently the less massive galaxies of the deep sa
good agreement with the general scenario of downsizing {€ovple, which are assigned lorgfolding times ans thus can be
et aI.|199f5) for the evolution of the star formation ratesatag- approximated as constant SFR, do not vary much from aase
ies. Less massive galaxies show a smaller evolution in Hbair to caseb while the more massive ga|axies of the wide Samp|e’
formation rate az < 1 since they are still actively forming starshich are assigned shaetfolding times, are more affected by

It will be further analyzed in a subsequent paper of this sghe decreasing SFR hypothesis.
ries. Preliminary results on the evolution of star formation éeti
ties of VVDS galaxies, which will be presented in a subsetuen
paper(see alsg Walcher et gl 2008)ive at redshifiz ~ 0.6
(our best sampled redshift bin) the following numbegst0-28
We now discuss the evolution of metallicity at constantlatel yr—* for galaxies atz 10>° solar masses (mean mass of the deep
mass, in terms of star formation rates. sample), and- 10-193 yr~1 for galaxies at 10'° solar masses
Assuming constant star formation rates (SFR) and tlgean mass the wide sample).
closed-box model, one can calculate a stellar mass evolatid Assuming the closed-box hypothesis, our results in the wide
relates it to a metallicity evolution using the followinguefions: sample are in fairly good agreement with the observed star fo
mation activities at similar masses, this agreement begttpb

6.5. Derived star formation rates

M, (t) = M,(0) + SFRx t (7) in caseb. But in the deep sample, the inferred star formation ac-
tivities which explain our observed metallicity evolutigeem
M, (t) + Mg(t) = Mot (8) significantly underestimated by a facters. Although the vary-

ing e-folding times hypothesis is in agreement with the slower
M, (t) evolution of the mass-to-light ratio found in the deep saamipl
Mg(t)) ©) previous section, it fails in providing a good agreemenijeein
our inferred star formation activities in the deep sample: alo-

whereM,, My andMy are respectively the stellar mass, the ge&grved values at similar masses. Moreover this hypothegte m
mass, and the total baryonic mass of the galaxy (which rem&i®re massive galaxies forming stars more actively, whidh is
constantin the closed-box model); and whemndy are respec- contradiction with observations. .
tively the metallicity and the true yield (which dependsyooh We therefore conclude that the closed-box hypothesis is not
the stellar initial mass function). valid to explain our observed metallicity evolutions (assug

We know the mass-metallicity relation at redshift= 0 that the preliminary results mentioned above are confirmed)
(Tremonti et 8[ 2044), and the Taljle 7 gives the metallieity-
lution for various stellar masses and redshifts. Thus, werea 7. Conclusion
vert Eq.[7.[B and]9 to derive the star formation rate which ex-
plains the observed values. The results are quoted in T&bleWe have calculated rest-frame luminosities, stellar mssse
(casea). They are calculated for a given cosmology, and for and gas-phase oxygen abundances of a statistically samific
true yieldy = 0.0104 (Tremonti et 4l. 2004). sample of star-forming galaxies, selected from the VIMOS

A better modeling can be performed by taking into accoumLT Deep Survey. This has allowed us to derive luminosity-
the time evolution of the star formation rates in galaxie® Wnetallicity and mass-metallicity relations in various shit
may for example assume an exponentially decreasing star fi@nges up t@ ~ 0.9. These relations have also been derived in
mation rate, i.eSFRt) = SFRO) x exp(—t/T), wheret gives two sub-samples: the deep sample which extends to lower ob-
the characteristie-folding time of the galaxy. The exponentiallyserved luminosities thanks to a deeper magnitude seleetiwh
decreasing law is a good choice when analyzing a populafiontbe wide sample which extends to higher luminosities thaoks

Z(t)=yxIn (1+
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Table 10. Derived star formation activities needed to explain theeobed values quoted in Tabl]a 7, assuming the closed-box
model, anch= 0.7, Q = 0.3 andQa = 0.7 cosmology. The values are given in the wide and deep sangidgor two different
assumptionsa) constant star formation ratb) exponentially declining star formation rate (see text)c&seb, each value is the
instantaneous star formation rate at the specified redskit Eq|:1|0).

mean redshift log(SFR/M,)
wide deep

a b a b

0.3 —1106+0.7 -1093+0.7 -1105+09 -10.99+0.9
0.6 —-1064+05 -1036+05 -1051+04 —1040+0.5
0.77 —-1073+04 -1027+05 -1065+05 —1053+0.5

a larger solid angle. The selection function have been taken of the star formation activities in VVDS galaxies, we corugu
account in order to define volume- and mass-limited samplesthat our results are underestimated by a faetds in the deep
For both the wide and the deep samples, we have studsmple, while their are in fair agreement in the wide sample.
as a function of redshift: the evolution in metallicity atnstant These results make a strong evidence against the closed-
luminosity, the evolution in metallicity at constant séglinass, box model. Indeed, we know from previous studies that the sta
the associated evolution in luminosity at constant steflass, formation activity of galaxies decreases while stellar snias
and the evolution of the slope of the mass-metallicity fetat  creases. The only way to explain the smaller metallicityl@vo
Additionally, we have also: tion of the less massive galaxies is thus to replace if[Eqe9 th
true yield by a smaller effective yield. Assuming a smalléee
— Measured the fraction of star-forming galaxies and AGNs &ge yield allows galaxies to show smaller metallicity evion,
a function of redshift. even with a stronger star formation activity.
— Calculated the difference in terms of stellar masses betwee The smaller effective yield of less massive galaxies can be
the old BCO3 and new CBO7 stellar population models.  ynderstood in the “open-closed” model. In this model, galax
— Studied the effect on the computation of stellar mass of thgs with small stellar masses evolve like open-boxes: mbst o
use of spectral indices rather than only photometric pointsthe metals produced during star formation are ejected iinthe
— Checked that gas-phase oxygen abundance measurementsrialactic medium by stellar winds and supernovae feddbac
low and high redshift ranges are comparable even if calcgie effective yield is thus very small. Conversely, galaxigth
lated with different methods. _ _ high stellar masses evolve in the open-closed model likeedo
— Studied the marginal effect of candidate star-formingoxes: the metals are retained in the galaxy thanks to a high
galaxies and candidate AGNs on the derived luminosityravitational potential, the effective yield is thus cléseéhe true
metallicity or mass-metallicity relations. yield.

. le. th luti f lici The dependence of the effective yield with the gravitationa

In the wide sample, the mean evolution of metallicity at Consgtential of the galaxies, itself related to their total ytmaric
stant I(L;mlnosny, and.ohf luminosity aé.conbstant s;c_ellar NEE  mass, has been already showr] by Tremonti|ef al. {2004).atis n
In good agreement with previous studies by p.g. Lamardisd e , 5, explained in the hierarchical galaxy formation Sz&o: in
(006 [1bert et 41 [(20p5); Hammer e} 4. (2p05) amonguih contrary to the closed-box model, the total baryonic magsdo

By doing the assumption that the slope of the luminosity;y remain constant and increases with time, fogether \ith t
metalllcny.relatlon, or the shape.of the mass—metallm:gia— stellar mass, thanks to galaxy merging and accretion. s r
tion, remain constant with redshift, we finally found diet i, hetween the stellar mass and the total baryonic masthie a
metallicity evolutions for the wide and deep samples. ThBEWi qiqin of the mass-metallicity relation in the open-closeadel,
and deep samples span different ranges in masses, whicls s is clearly supported by our data.
that the assumption is wrong and that this slope or shape actu |, the gpen-closed model, the smaller metallicity evohutio
ally e\_/olves with redshift. We have f_ognd that t.he MOSt MASSI ¢ o5 massive is naturally explained despite their steorstar
galaxies show the strongest metallicity evolution.zAt 0.77, formation activities
galaxies at 18" solar masses have0.18 dex lower metallici- '\, emphasize that EF. [, 8 ad 10 are not valid any more in

ties than galaxies of similar masses in the local universéew : ;
. 7~ the open-closed model. It is not enough to replace nﬂEmeQ t
2 - . . - . . ., !
galaxies at 1892 solar masses have0.28 dex lower metallici true yield by the effective yield in order to infer the riglésfor-

tles\.N h th tudied th tallicity relati mation rates which explain the observed metallicity evotut
¢ have then studied the mass-metallicity relation on €@pqqq equations must be modified to take also the differemce b
added data points by bins of stellar masses. The mferreprdaslotween the true and the effective yield into account. The waay t

show an evolution to a flatter mass-metallicity relationatl as modify these equations depends on the model used to explain
compared to the local universe, which confirms that highmasmaller effective yields (e.g. gas loss). Replacement tamns
galaxies show a stronger metallicity evolution during fFesiod. can be found in other studiés el . t-b  [Erb12008:
The slope evolves by 0.25 dex/decade by unit of redshift in thepalcantoﬁz_()d?]; Finlator & Dalle 2e'also r ema '
range O< z< 0.7. to subsequent papers of this series, for a more detailedssigm

Moreover, we have inferred from our observations the S the relation between the present results and the evalatio

formation activities which explain this evolution in mé_'lrc'ity. the star formation rates of galaxies, and for comparisortis wi
To do so, we have assumed the closed-box hypothesis. We h@‘r‘ﬁjlations (e glmqlmdn
found that the observed metallicity evolution would be expéd e - '
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