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ABSTRACT

Aims. The knowledge of the number and physical nature of low-metallicity massive galaxies is crucial for determining and interpreting
the mass-metallicity relation (MZR).

Methods. Using VLT-ISAAC near-infrared (NIR) spectroscopy of 39 zCOSMOS 0.5 < z < 0.9 galaxies, we have measured Ha and
[NII] 26584 emission line fluxes for galaxies with [O1I] 13727, HB, and [O III] 45007 available from VIMOS optical spectroscopy.
The NIR spectroscopy enables us to break the degeneracy of the Rp; method to unambiguously derive O/H gas metallicities and star
formation rates (SFRs) from extinction-corrected Ha fluxes.

Results. We used the position in the D4go vs. [O III] A 5007/HB diagram of galaxies with reliable O/Hs from NIR spectroscopy as a
benchmark. This enabled us to break the lower or upper branch R,; degeneracy of additional 900 zCOSMOS galaxies at 0.5 < z < 0.9,
which do not have measurements of Ha and [NII] 16584. Additionally, the Ha-based SFR measurements were used to find the
best SFR calibration based on [OII] 43727 for the 0.5 < z < 0.9 zCOSMOS galaxies without Ho measurements. With a larger
zCOSMOS sample of star-forming galaxies at z ~ 0.7 with reliable O/H and SFR measurements, we studied the MZR at z ~ 0.7 and
its dependence on (specific) SFR. We find a fraction of 19% of lower mass 9.5 < log (M/M) < 10.3 zZCOSMOS galaxies that shows
a larger evolution of the MZR relation than is found in higher mass galaxies; they are more metal poor at a given mass by a factor of
2-3 than SDSS. This indicates that the low-mass MZR slope steepens at z ~ 0.7 compared to local galaxies. Many of these galaxies
with lower metallicity would be missed by studies that assume upper branch R,; solution for all galaxies. The existence of these
metal-poor galaxies at z = 0.7 can be interpreted as the chemical version of galaxy downsizing. Moreover, the sample of zZCOSMOS
galaxies shows direct evidence that the SFR influences the MZR at these redshifts. The measured metallicities for the zCOSMOS
sample broadly agree with the values expected for a non-evolving fundamental metallicity relation. This comparison also reveals that
galaxies with lower metallicities and typically higher (specific) SFRs, such as found in our zZCOSMOS sample at z = 0.7, agree with

the predictions of a non-evolving Z(M, SFR).

Key words. galaxies: evolution — galaxies: high-redshift — galaxies: star formation

1. Introduction

Metallicity is one of the most fundamental properties of galax-
ies. It is a measure of galaxy evolution, reflecting the cycling of
gas through stars, and any exchange of gas (inflows or outflows)
between the galaxy and its environment. Until inflows and out-
flows can be observed directly and their mass flow rates can be
quantified, measuring the gas-phase metallicities and their rela-
tion to stellar mass can provide indirect insights into the impact
of these gas flows on the chemical evolution of galaxies over
time.

The local Universe has a tight mass-metallicity relation
(MZR; Lequeux et al. 1979) with, in SDSS, a relatively steep

* Based on observations obtained at the European Southern
Observatory (ESO) Very Large Telescope (VLT), Paranal, Chile; ESO
programs 084.B-0312A, 085.B-0317A and large program 175.A-0839.
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slope below M ~ 10'%7M, for a Salpeter (1955) initial mass
function (IMF), which flattens at higher masses (Tremonti et al.
2004). Measurements of the metallicities of stars and star-
forming gas in distant galaxies at significant look-back times
(e.g., Hammer et al. 2001; Lilly et al. 2003; Kobulnicky et al.
2003; Maier et al. 2004, 2005, 2006, 2014, 2015; Lamareille
et al. 2009; Pérez-Montero et al. 2009; Zahid et al. 2011) have
mostly focused on the O/H abundance of star-forming gas as es-
timated from a number of empirically calibrated metallicity es-
timators based on the relative strengths of strong emission lines.
These studies showed that the MZR at higher redshifts evolves
relative to that seen locally. However, the observed shape and
evolution of the MZR is probably affected by the selection of
the samples and metallicity estimators used.

To estimate the chemical abundances, a number of diagnos-
tics have been developed based on strong lines, including the
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R»3 method first introduced by Pagel et al. (1979). This method
is based on the ratio of [O1I] 43727 and [OIII] 25007 to HB,
corrected for reddening and with the high/low O/H degeneracy
broken by the [NII] 1 6584/Ha ratio. Maier et al. (2005, Ma05 in
the following) extended the R,3 method by simultaneously fit-
ting all of these five lines ([OII], HB, [OIll], Her, and [NII]) to
derive the metallicity O/H, the reddening Ay, and the ionization
parameter q.

Ma05 previously used VLT-ISAAC and Keck-NIRSPEC
near-infrared (NIR) spectroscopy to measure Ha and
[N II] 26584 emission line (EL) fluxes for thirty 0.5 < z < 0.9
galaxies extracted from the Canada France Redshift Survey
(CFRS; Lilly et al. 1995). Using the additional measured [OII],
Hp and [OIII] EL fluxes from optical spectra, Ma05 measured
individual extinction values and reliable metallicities for these
CFRS galaxies. They found evidence for a population of
galaxies with much lower metallicities than local galaxies with
similar luminosities. Their nature is still unclear, and under-
standing why these probably massive galaxies exhibit low gas
metallicities is expected to provide insights into the chemical
evolution of the general galaxy population. However, important
additional information, namely the morphology and reliable
stellar masses, was missing for the studied CFRS sample of
galaxies (morphology information was available for only one
of the low-metallicity CFRS galaxies). This information is
available for zZCOSMOS galaxies with possible low metallicities
and luminosities similar to those of the studied CFRS galaxies:
the morphology from ACS-HST images of the COSMOS field,
and reliable stellar masses from a data set spanning a wide
wavelength range extending to NIR. Nevertheless, to establish
the low metallicity of zZCOSMOS objects, NIR spectroscopy is
crucial to distinguish between the upper and lower branch of the
R,3 relation.

Pérez-Montero et al. (2013) used the calibration of the N2
parameter proposed by Pérez-Montero & Contini (2009) at z <
0.5 and the conversion of the Ry; relation to this N2 parame-
ter at 0.5 < z < 0.9 to study the MZR of zCOSMOS galax-
ies. However, while zCOSMOS measurements of [O II] 13727,
Hp, and [OIII] 215007 fluxes from optical VIMOS spectra of
0.5 < z < 0.9 galaxies were available, the Ho and [NII] mea-
surements required to break the Ry3 degeneracy were lacking,
therefore all objects were assumed to lie on the upper high-
metallicity Ry3 branch. Moreover, no extinction correction using
the Balmer decrement between Ha and HS could be obtained
for the 0.5 < z < 0.9 sample studied by Pérez-Montero et al.
(2013), and other less accurate extinction indicators had to be
used.

In the local Universe, the O/H ratio at a given mass also de-
pends on the star formation rate (SFR), and thus also specific
star formation rate (SSFR) of the galaxy, that is, the SFR is a
second parameter in the MZR (e.g., Mannucci et al. 2010, M10
in the following). M 10 also claimed that the Z(M, SFR) relation
seen in SDSS is also applicable to higher redshift, calling this
epoch-independent Z(M, SFR) relation the “fundamental metal-
licity relation” (FMR). We refer to Maier et al. (2014) for a dis-
cussion of the empirical formulations of the Z(M, SFR) by M 10,
of the physically motivated formulation of the the Z(M, SFR) by
Lilly et al. (2013, Lil3 in the following), and of the different
extrapolations of these Z(M, SFR) relations to higher redshift.

Pérez-Montero et al. (2013) took into account the depen-
dence of metallicity on SFR to derive a SFR-corrected MZR
for the zCOSMOS-bright sample. After this correction, an evo-
Iution of the SFR-corrected MZR was still observed, imply-
ing that the FMR evolves with redshift. On the other hand,
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Cresci et al. (2012) used a subsample of the 10k zCOSMOS
sample (Lilly et al. 2009) with a strong signal-to-noise (S/N)
selection and concluded that there is no evolution of the FMR
up to z ~ 1. In this paper, we try to reconcile these apparently
contradictory results.

The improvement in this paper compared to the studies of
Pérez-Montero et al. (2013) and Cresci et al. (2012) is due to
the new VLT-ISAAC NIR spectroscopy of Ha and [N II] 16584,
which enables us to derive reliable metallicities based on five
ELs for a sample of 39 0.5 < z < 0.9 galaxies, and to use them
as a benchmark to break the lower/upper branch R,; degeneracy
of other zCOSMOS galaxies at 0.5 < z < 0.9. Additionally,
the SFRs based on the extinction-corrected He EL flux in the
sample with NIR spectroscopy can be used as a benchmark to
find the best SFR derivation method based on [OII] 13727 for
the rest of the sample of 0.5 < z < 0.9 galaxies, which does not
have measurements of Ha and [N II] 21 6584. Moreover, we can
use the morphological information available for the zZCOSMOS
sample.

The paper is structured as follows: in Sect. 2 we present the
selection of a parent sample ELOX of zCOSMOS star-forming
0.5 < z < 0.9 galaxies with ELs. The ISAAC-VLT observations
of 39 galaxies selected from the sample ELOX are presented
next. In Sect. 3 we investigate the active galactic nucleus (AGN)
contribution and present the derivation of SFRs, metallicities,
extinction parameters, and stellar masses of the 39 galaxies with
NIR spectroscopy. We also describe the calibration of the SFRs
of the larger ELOX sample, using the ISAAC data. In Sect. 4
we first show that we can break the degeneracy of the Ry; rela-
tion to derive metallicities of the ELOX sample using the NIR
spectroscopy of the 39 galaxies. We then present the SSFR-mass
relation and MZR at z ~ 0.7 and investigate their dependence
on morphologies. We also investigate whether the SFR affects
the MZR and how this compares with predictions of the FMR
from different studies. Finally in Sect. 5 we present our conclu-
sions. A concordance-cosmology with Hy = 70 km s~' Mpc™!,
Qp = 0.25, Qx = 0.75 is used throughout. Note that metallicity
and abundance will be taken to denote oxygen abundance, O/H,
throughout unless otherwise specified.

2. Data
2.1. Parent zCOSMOS sample

The zCOSMOS project (Lilly et al. 2007) has been securing
spectroscopic redshifts for large numbers of galaxies in the
COSMOS field (Scoville et al. 2007). The spectra of about
20500 Ing < 22.5 selected objects over 1.5 deg® of the
COSMOS field, the so-called zCOSMOS-bright 20k sample,
are now all reduced. This sample includes about 1000 stars,
about 1500 o0bjects without determined redshift, and about
18000 galaxies at 0 < z < 1.4 with redshifts measured with
different confidence classes (reliabilities).

The success rate of measuring redshifts varies with red-
shift and is very high (more than 90%) between 0.5 < z <
0.9, the redshift range on which we concentrate in this pa-
per. Spectroscopic observations in zZCOSMOS-bright were ac-
quired using VIMOS with the R ~ 600 MR grism over the
spectral range 5550—9650 A. This enables us to measure the
[O1I] 23727, HB, and [OIII] 215007 line fluxes for galaxies at
0.5 < 7 < 0.9. For more details about the zZCOSMOS survey, we
refer to Lilly et al. (2007) for the entire zZCOSMOS survey, and
to Lilly et al. (2009), where the so-called zCOSMOS-bright 10 k
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sample is described, a zCOSMOS-bright subsample of about
10000 objects.

2.2. Selection of EL zCOSMOS galaxies for metallicity
studies

From the parent 20 k zCOSMOS sample we first excluded about
1000 stars and then the broad-line AGNs based on broad ELs
seen in the VIMOS spectra. Then, only galaxies with reliable
redshifts were selected. Specifically, and with reference to the
scheme described by Lilly et al. (2009), we used reliable red-
shifts with confidence classes 2.5, 3.x or 4.x, which yielded
a final sample with about 13500 galaxies at 0 < z < 1.4.
For the metallicities study we needed the [O1I] 13727, HB, and
[O1I1] 25007 lines to be covered by the VIMOS spectra; there-
fore we restricted the zZCOSMOS sample to galaxies at redshifts
0.5 < z < 0.9, which left us with a sample of about 7000 objects.
About 200 X-ray AGNs were then excluded using the XMM
(Brusa et al. 2007), and Chandra COSMOS observations (Elvis
et al. 2009).

We considered only objects with a S/N higher than two in
the [O11] 43727, HB, and [O III] 2 5007 EL fluxes, following the
selection of Pérez-Montero et al. (2013), which left a sample of
about 2150 EL galaxies. We also excluded about 150 narrow-line
AGN:s using the blue diagnostic diagram based on [OII], HB, and
[OIII] and Eq. (1) from Lamareille et al. (2010), as described in
Pérez-Montero et al. (2013), their Sect 3.1 and their Fig. 1. Thus
the sample is reduced to about 2000 galaxies. This is similar to
the number of galaxies used by Pérez-Montero et al. (2013) in
this redshift range (cf. their Table 1).

For the O/H determinations we used a subsample of these
2000 galaxies, considering only flag 3.x and 4.x galaxies, and
requiring additionally that the [OIl], HB and [OIII] lines are
not affected by strong sky lines (cf. Sect.2.1.1 in Maier et al.
2009). We also imposed a stricter S/N selection threshold in
the EL fluxes of S/N > 3 for [OIll] and S/N > 5 for HB,
because HB and [OIII] are located in a region of the VIMOS
spectrum affected by fringing. The S /N > 3 threshold for [OIII]
is lower than for HB so as not to bias the sample against high-
metallicity objects (see Fig.4 in Foster et al. 2012). Exploring
in detail many VIMOS spectra, we found that these values for
the S/N of the [OIII] and HB fluxes minimize the number of er-
roneous flux measurements and derived incorrect metallicities.
We chose a S/N > 5 for HB because closer inspection of spec-
tra of zCOSMOS galaxies with 2 < §/N < 5 in HB has re-
vealed that most of them have problematic HB in a noisy region
of the VIMOS spectrum. Including objects with S/N < 5 in HB
would imply that unreliable flux measurements with underesti-
mated error bars (because of the fringing) would be used, which
would produce spuriously low O/Hs. The applied S/N > 5 selec-
tion threshold for HB thus minimizes the contamination by spu-
rious metallicities. This left 939 galaxies in the sample ELOX
used for our O/H studies. After applying the cut of S/N > 5 for
Hp, 934 out of 939 galaxies, that is, 99.5% of the objects in the
ELOX sample, have a S/N > 5 for [OII]. We show in Sect. 4.2,
where we discuss selection effects, that our ELOX sample is
slightly biased toward higher SSFR at lower masses, especially
in the 0.62 < z < 0.75 redshift bin; this selection bias also ap-
plies to other samples that select emission line galaxies to study
metallicities, like the sample of Zahid et al. (2011) we use for
comparison.

2.3. Sample selection for the ISAAC observations

We selected the ISAAC target galaxies from the sample ELOX.
To select ISAAC targets, we compared the expected observed
wavelength of Ha and [NII] A 6584 ELs, accurately determined
given the zZCOSMOS-bright velocity accuracy of ~100 kms™!,
with the atlas of OH lines by Lidman et al. from ESO. We ex-
cluded objects where the Ha or [NII] A 6584 were expected to
fall on strong night sky lines. Applying an additional HB flux
lower limit cut of 4 x 10~ 7ergs~'em™ to restrict ISAAC inte-
gration times to less than one hour per object, we selected 39
galaxies at 0.5 < z < 0.9 which we observed with ISAAC.

Thirty-five out of the 39 zZCOSMOS galaxies are at 0.5 <
z < 0.75 (see Table 1). Moreover, 797 ELOX galaxies (85% of
the sample ELOX) have redshifts 0.5 < z < 0.75. Therefore
we concentrate our discussion on galaxies at 0.5 < z < 0.75
and sometimes split the sample into two redshift bins to study
evolution and selection effects as well: 410 galaxies at 0.5 < z <
0.62, and 387 galaxies at 0.62 < z < 0.75.

2.4. ISAAC observations and data reduction

Near-infrared long-slit spectroscopy of 39 zCOSMOS galax-
ies at 0.5 < z < 0.9 was obtained with the ISAAC spec-
trograph at the VLT with the aim of measuring their Ho and
[NII] 216584 EL fluxes. The observations were carried out in
February and March 2010 (Program 084.B-0312, hereafter P84),
and in April and May 2010 and January and February 2011
(Program 085.B-0317, hereafter P85). The medium-resolution
grism was used with the short-wavelength channel equipped
with a 1024 x 1024 pixel Hawaii array. The pixel scale is
0.147" per pixel. We used a slit of 2”” width for the P84 observa-
tions (seeing up to 1’5 allowed, ESO priority B), and 1” width
for the P85 observations (seeing up to 1” allowed, ESO priority
A), which results in a nominal resolution of R ~ 1500 for P84,
and R ~ 3000 for P85.

We used two different filters, the SZ and the J filter, to
select the fifth and fourth grating order for measuring the Ha
and [NII]216584 lines of galaxies at 0.5 < z < 0.65 and
0.65 < z < 0.9. The covered wavelength range was 59 nm and
46 nm when using the J and the SZ filter. The corresponding
pixel scales were 0.58 A/pixel and 0.45 A/pixel.

The individual integration times varied between 1800 s and
3600s, depending on the brightness of the H3 EL flux, which
we used to estimate the minimum expected Ha flux. During the
observations the telescope was nodded between two positions,
A and B, ~10” apart along the slit. Dark frames, flat-fields and
(Xe+Ar) arc lamp spectra were taken with the same filter, central
wavelength, and slit width for each of the targets observed during
the night. The conditions were clear during these observations.

Spectra were reduced using the ESO ISAAC pipeline after
removing bias and cosmic rays in every single exposure using
the IRAF routine cosmicrays. The sequence with A and B rep-
resenting the two positions along the slit was transformed into
ABBA by averaging the As and Bs. The pairs were then sub-
tracted to give A-B, B-A, B-A, and A-B. Wavelength calibra-
tion was performed using OH skylines. The subtracted frames
contain positive and negative spectra. The two spectra were
combined and the resulting frames were then added to give the
final result. Flux calibration was made using the broadband mag-
nitudes of the telluric standards. The one-dimensional spectra
of each galaxy were extracted using the algorithm by Horne
(1986) with an aperture of 10—15 pixels in y-direction, that is,
about 1.5-2". For more details on data reduction of ISAAC
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observations we refer to Ma05, where we treated very similar
VLT ISAAC spectroscopy of CFRS galaxies at similar redshifts
as the zCOSMOS-bright target galaxies.

3. Measurements
3.1. EL fluxes

EL fluxes were measured from the calibrated NIR ISAAC spec-
tra following the procedure described in Ma05. We describe this
in detail below. Table 1 reports the EL fluxes (or upper limits)
for each galaxy.

(i) We were able to measure Ha in the NIR for all 39 galax-
ies reported in Table 1. We neglected Balmer absorption in
estimating the intrinsic He fluxes. For a wide range of star
formation histories and for plausible IMFs, the stellar ab-
sorption at Ha is always <5 A (see, e.g., Brinchmann et al.
2004), smaller than the equivalent widths of the feature in
emission in our galaxies and than other sources of uncertain-
ties.

(i) [OI], HB, and [OIII] fluxes were measured for all 39 galax-
ies using the automatic routine Platefit_ VIMOS (Lamareille
et al., in prep.). After removing a stellar component using
the models of Bruzual & Charlot (2003), Platefit_ VIMOS
performs a simultaneous fit of all ELs using a Gaussian pro-
file. The HB flux was thereby corrected for Balmer absorp-
tion, with typical values between 1 and 7 A used to correct
the equivalent width of HB. Additionally, an aperture cor-
rection to take into account slit losses was applied to each
VIMOS spectrum, as described in Maier et al. (2009). Each
zCOSMOS spectrum was thereby convolved with the ACS
1(814) filter, and then this magnitude was compared with the
measured /-band magnitude of the respective galaxy. The
difference between the two magnitudes gives the aperture
correction factor for each spectrum, with typical aperture
correction factors between 1 and 3. This correction assumes
that the respective emission line flux and /-band continuum
suffer equal slit losses.

(iii)) The [NII] 16584 EL flux was measured for 18 galaxies, but
was too faint to be detected for 21 objects. Nevertheless, we
were able to determine upper limits for the [N II] 16584 EL
flux of these 21 galaxies because the ISAAC targets were
selected such that the [NII] line should avoid strong night
sky lines (as described in Sect. 2.3). Table 1 lists the 20 upper
limits for these 21 galaxies.

Given the UV to IR coverage of the spectral energy distribu-
tion (SED) of the zCOSMOS objects with 30 bands (Ilbert et al.
2009), we are able to reliably compute the NIR and optical mag-
nitudes from the SED to perform the relative calibration of the
EL fluxes measured in the optical and NIR, also in the case of
non-photometric spectroscopic observations. Similar to point (ii)
above, we also convolved the ISAAC zCOSMOS spectra (we de-
tected the continuum for most ISAAC targets) with the respec-
tive NIR filter and compared the resulting magnitude with the
measured NIR magnitude to obtain the aperture correction for
the ISAAC spectra. In a few cases of the P84 observations we did
not detect the continuum in NIR; however, since we used a slit
of 2” for these observations, the resulting EL fluxes should ap-
proximate “total” fluxes (cf. discussion in Sect. 2 of Ma05). The
reliability of the relative calibration between the NIR and optical
data (necessary to measure the extinction from the Balmer decre-
ment) is reinforced by the good agreement between the SFRs
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Fig.1. BPT (Baldwin et al. 1981) diagnostic diagram to separate star
formation dominated galaxies from AGNs. The zCOSMOS galaxies
with ISAAC spectroscopy are shown as filled red circles, z < 1 CFRS
galaxies from Ma05 as filled green squares, and local NFGS galaxies
from Jansen et al. (2000) as blue points. The zCOSMOS 0.5 < z < 0.9
galaxies lie below and to the left of the theoretical (solid) curve of
Kewley et al. (2001) and of the empirical (dashed) curve of Kauffmann
et al. (2003), which separate star-forming galaxies (below/left of the
curves) from AGNs (above/right of the curves).

derived from extinction-corrected Ha and the SFRs derived from
IRAC and MIPS infrared data (Sect. 3.5).

3.2. BPT (Baldwin, Phillips & Terlevich) diagram

While Pérez-Montero et al. (2013) had to use the “blue BPT”
(Lamareille et al. 2010) diagram [OIII]/HB vs. [OII]/HB to iden-
tify type 2 AGNs at 0.5 < z < 0.9, the NIR spectroscopy en-
ables us to use the original BPT (Baldwin et al. 1981) diagram
[OIII]/HB vs. [NII]/Ha shown in Fig. 1, to establish whether
the source of gas ionization is of stellar origin or is associated
with AGN activity. The 0.5 < z < 0.9 zCOSMOS galaxies with
ISAAC spectroscopy lie below and to the left of the theoreti-
cal (solid) curve of Kewley et al. (2001), which separates star-
forming galaxies from AGNs, and they lie also below and to the
left of the empirical (dashed) curve of Kauffmann et al. (2003).
This indicates that in our 0.5 < z < 0.9 zCOSMOS galaxies
with ISAAC spectroscopy the dominant source of ionization in
the gas is recent star formation.

As described in Sect. 2.2, we excluded narrow line AGNs
from the ELOX parent sample using the blue BPT diagram from
Lamareille et al. (2010). Therefore, the findings of Fig. 1 indi-
cate that the blue BPT diagram as used by Pérez-Montero et al.
(2013) is efficient in removing type 2 AGNs in the zCOSMOS
sample.

3.3. Deriving oxygen abundances and extinction parameters

To derive oxygen abundances O/H and the extinction parame-
ters Ay for the 39 zCOSMOS galaxies with NIR ISAAC spec-
troscopy, we used the approach described in Ma05. This is
based on the models of Kewley & Dopita (2002, KD02), who
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Table 1. Observed and derived quantities for the zZCOSMOS 0.5 < z < 0.9 galaxies with NIR follow-up spectroscopy.

Id z [o1} Hp" [OIII]“ He* INI“®  log(M/M,)  O/H Ay
803717 0.6976 23.51+037 12204069 11.65+0.84 572452 13.0+52 1071790  896+002 124702
803924 0.7927 1797 £035 486+043 2092+185 30.0%2.0 <1.8 10.0970% 8507005 1,01+013
804474 07137 13.04£035 646+090 1256+0.66 234+26 <39 10217008 g35+020  73+054
804910 05293 21.17+0.68 1276 +1.03 257+198 544+34 153+34 1060700 90610 077030
805646 0.5297 3370 +1.28 1518 +056 30.31+138 714+34  <I1.56 1026014  827+007 1 40+017
810220 0.6998 9.18 £0.28  556+045 2798175 32.0+2.0 <52 9.52:016° 8524010 60r016
811012 0.8386 32.33+£0.33 13.19+245 5218+204 37.0+20 <3.0 9757004 g4g+013  ,3+009
811024 0.8111 27.85+0.35 11.90+0.71 50.04+130 43.0+2.0 <44 10.027005  8.53+009 ) 48+010
811286 0.7115 14.17£029 8.08+0.57 1322+090 24.0+3.0 <45 10147007 g.gge 002 15+037
811415 0.6212 2491111 1697+0.70 7895+233  60.0+2.0 <56 9.62:00 8341004 597016
811543 05279 8514077 13.65+121 537+134 646+38 133+38 1086702  9.12:001 120027
811563 05341 17.90+0.75 9.32+0.92 1246+127 325+26 52+13 1028700  895:002  +03
817804 0.9081 50.18 £0.43 22.19+090 51.12+234 93.0+3.0 <52 10.06:017  8.25%006 1 05+013
818366 0.6230 1840042 723+042 11.82+072 39.1+4.6 <6.9 10.37+003 g 39+01T 1 gq+026
819352 0.6014 9.67+032 7814068 217+072 384+48 132436 1056701 9107002 112030
819408 0.6955 7.53+031 9.69+090 620+075 39.0+7.8 <1014 106502 9.07°002 074107
820144 05167 17.39+£043 832+077 11.99+129 260+26  <4.94 042014 gg3¢ 002 97+039
822162 05336 17.29+036 1629+0.71 456+056 780+52 260+52 10647013 9.11#00 12601
822445 0.5738 39.66 +1.00 20.06+1.17 9.87+272 702452 20.8+52 105490 903002 4002
823114 0.6238 3560 +0.75 17.63+234 1081+ 1.15 644+56 19.6+56 1060700 90300 4300
823180 0.5298 17.34+0.59 648 +038 1498073 208+32  <4.16 0.841009° 8411018 0 41+040
823579 0.5706 33.92+0.95 1458 +091 32.64+159 48.0+3.0 <6.6 10207006 8327020 (4202
824322  0.6029 4.66+£0.18 239+037 454+064  10.0+2.0 <22 0.831005 g gee 000 1 9007
824830 0.5975 18.40£0.55 1039 +0.57 2148133 31.5+3.0 <33 9.86:001 8351030 (0038
826685 0.6018 5588 +0.83 3543 +129 2666+ 139 1440+40 460+40 10317013 902100  gor01s
826903 05164 13.78+0.76 11.40+0.79 7.07+144 558+62 248+3.1 1073700 0041002 64702
827246 07006 2133 £0.55 885+0.54 2857+081 540+36  <9.36 10.37:01 8567000 175:013
830633 0.5185 1474060 13.97+1.56 3.10+1.10 960+60 27.0+3.0 108400  912:002 | 3g+017
831017 0.6827 22.57+051 1519+1.12 2219+199 756+72 252+72 1069790  892:003 17002
831502 0.5174 28.87+1.56 16.00+046 28.06+144 52734 <102 9407012 g.g1e 002 41+01
836524 0.6084 892+039 822+152 426+174 39.0+20 7.0+20 1047001 90700 g3e2I8
837459 0.6187 644+025 1040+098 2194049 60.0+60 30.0+£60 1053708 915000 9 (3+030
837711  0.6130 1693 +0.48 10.95+149 1538+190 504+54 144+3.6  10.680% 8931008 | 44+043
837730 0.6119 26.86+0.72 2236+138 7.77+087 1258+74 555+74 1100012 90800 1 75:02
838263 0.5742 24.17+043 1491094 1034+074 60.8+38 152+38 1061790  903+001  75:038
841504 0.5149 2548 +5.64 1653 +1.62 1568+1.88 83.0+50 33.0+50 10937016  897:00 g5+03i
842113 05162 38.10+136 19.67+0.83 31.94+218 81.0+3.6 <1224  10.18017  §g9c 00 5016
844783  0.5277 5040 £2.07 26.17 +0.58 89.02+251 108.0+24  <8.16 9.78+011"  836+00> 1041008
851181  0.6969 4628 +1.94 21.69+0.66 37.87+7.16 585 +3.0 <57 10.107017 8.88¢ *006 0 0p+007

Notes.  Fluxes are given in 10~ 7ergs™! cm™2. ® 20~ upper limits for the EL flux of [N1I] 16584 are given if [NII] is not detected. > Double-

valued O/H solution.

developed a set of ionization parameter and oxygen abundance
diagnostics based on the use of strong rest-frame optical ELs.
The method relies on a simultaneous fit to all available EL
fluxes (including the [N II] 16584 upper limits) in terms of ex-
tinction parameter Ay, ionization parameter g, and O/H, and is
described in detail in Ma05. As described in Ma05, we used
the wavelength-dependent reddening function f(A) of Whitford
(1958).

Maier et al. (2005, 2006) showed that if [OII], HB, [OII]
and Ha are all measured, an upper limit for [NII] 2 6584 of-
ten suffices to break the O/H degeneracy and determine oxygen
abundances based on the y? analysis presented in Ma05. The
O/H degeneracy arises because Rj3 is not a monotonic function
of oxygen abundances, meaning that it is double-valued: at a
given value of Ry3 there are two possible choices of the oxy-
gen abundance. The point of the line-fitting approach developed

in Ma05 is to use all of the data and the best available emis-
sion line models (in this case KD02) without applying other pri-
ors that may or may not be valid, in order to compute O/H and
thereby also break the Ry3 degeneracy if the data quality allows.
The resulting metallicities for the zZCOSMOS galaxies with NIR
spectroscopy are given in Table 1, including six out of 39 galax-
ies with a double-valued O/H measurement. The data quality did
not suffice, that is, the upper limits of [NII] A 6584 of these six
galaxies were not enough to break the upper or lower branch
degeneracy.

The error bars of O/H and Ay that we report in Table 1 are
the formal 1o confidence intervals for the projected best-fitting
values. As described in Ma05, the error bars of the oxygen abun-
dance (or Ay) are given by the range of oxygen abundance (or
Ay) for models with y? in the range sznin < )< /\{ﬁ]i LTl
(where y2. is the minimum y? of all allowed models for a

min
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given galaxy), corresponding to a confidence level of 68.3% for
one single parameter. A detailed discussion of the calculation
of the error bars of O/H and Ay, and of the assignment of non-
degenerate (not double-valued) oxygen abundances is given by
Ma05, and also in Maier et al. (2014).

We would like to mention here that there are two sources
of uncertainties for absolute measurements of metallicity:
(1) The purely statistical measurement uncertainties propagating
through to the parameter determinations. These are addressed
by our y? analysis. They reflect the quality of the data and the
gradients (and degeneracies) in the models. These uncertainties
are presented in Table 1. (ii) Uncertainties in the KD02 models.
Many different Rp3 calibrations have been applied to the SDSS
data (Kewley & Ellison 2008), and the results indicate a range
of +£0.2 dex in the mean O/H at a given mass — with the KD02
models more or less in the middle. This latter problem is reduced
by using the same analysis on all objects and focusing on differ-
ential effects with z or M instead of on estimates of the absolute
metallicity. Our philosophy is to treat all galaxies at different
redshifts and in different samples in the same way and to fo-
cus on relative effects between the selected samples. Therefore,
when comparing metallicities of the different samples, it is more
appropriate to consider uncertainty (i) described above.

3.4. Stellar masses

We used the software HyperzMass for the SED fitting analysis
and to estimate the galaxy stellar mass based on the optical to
IRAC photometric data from COSMOS. This is a modified ver-
sion of the public photometric redshift code Hyperz (Bolzonella
et al. 2000). HyperzMass fits photometric data points with the
Bruzual & Charlot (2003) synthetic stellar population models
and selects the best-fit parameters by minimizing the y> between
observed and model fluxes. The stellar mass is obtained by inte-
grating the SFR over the galaxy age and correcting for the mass
loss in the course of stellar evolution.

The choice of the different parameters was discussed and
compared by Bolzonella et al. (2010) for the z < 1 redshift
regime, and we refer to that paper for details. Specifically,
Bolzonella et al. (2010) showed that the stellar mass is a very
stable parameter in SED fitting for z < 1 galaxies for a data set
such as COSMOS, which spans a wide wavelength range that
extends to the NIR. The stellar mass calculated here is always
the actual mass of long-lived stars, and when we used literature
data, we always corrected for this definition if necessary.

3.5. Star formation rates

One of the most reliable and well-calibrated SFR indicators is
the Ho EL. For the 39 zCOSMOS galaxies with NIR spec-
troscopy, the He luminosities (corrected for extinction using
the Ay values computed as described in Sect.3.3) were used
to calculate the SFRs by applying the Kennicutt (1998) con-
version of He luminosity into SFR: SFR(My yr™') = 7.9 x
107 L(Ha) ergs~".

Figure 2 shows the comparison of the SFRs computed us-
ing different methods for zZCOSMOS galaxies with ISAAC NIR
spectroscopy. The SFRs from COSMOS IRAC and MIPS in-
frared data for the objects with infrared detections were cal-
culated by converting the rest-frame 8 um luminosity to a
dust-corrected Paschen-a luminosity using the calibration from
Calzetti et al. (2005), and then converting the Paschen-a lumi-
nosity to SFR using a calibration from Osterbrock (1989; for
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more details see Le Floch et al., in prep.). The mean value of
the difference between SFRs from He and SFRs from COSMOS
IRAC and MIPS is —0.075 dex (panel a of Fig. 2), indicating that
SFRs from He are typically lower than SFRs from COSMOS
IRAC and MIPS by about 16% . However, given the large error
bars (see panel a of Fig. 2), the two different methods for measur-
ing SFRs are still consistent with each other. This is reassuring
and supports our impression that the Ha-based SFRs are reli-
able, as is the relative calibration between the NIR and optical
data that is required to measure the extinction from the Balmer
decrement (cf. Sect. 3.1).

Most of the zZCOSMOS-bright galaxies at 0.5 < z < 0.9 do
not have NIR measurements of Ha, which means that their SFRs
have to be determined using bluer ELs observed with VIMOS,
such as HB or [OII]. We compare the Ha -based SFRs with SFRs
estimators using HB and [OII] in panels b—d of Fig.2. Panel b
shows a slight trend toward increasing logSFRyy,—1og(SFR)om
for higher logSFRyy,,, but this trend is more pronounced in pan-
els ¢ and d (the value for the slope of a linear fit to the data
is about twice as high in panels ¢ and d compared to panel b).
Moreover, taking the error bars into account, twice as many ob-
jects in panels ¢ and d are more than 1o away from agreement
(zero line) than in panel b. Therefore, in the following, when Ha
is not available for ELOX galaxies, we use SFRs derived from
the [OII] luminosity using the calibration reported by Gilbank
et al. (2010) (panel b). The calibration of Gilbank et al. (2010) of
[OII]-SFR compensates for the effects of metallicity dependence
and dust extinction by applying an empirical mass-dependent
correction for the [OII]-SFR relation, which was derived using
data in the deeper SDSS Stripe 82 subsample.

3.6. Morphological classification

We used the morphological classification of the COSMOS
galaxies based on the Zurich Estimator of Structural Types
(ZEST) classification derived by Scarlata et al. (2007). The
ZEST classification scheme is based on the principal-component
analysis of five non-parametric diagnostics: asymmetry, concen-
tration, Gini coefficient, second-order moment of the brightest
20% of galaxy pixels, and ellipticity. The ZEST scheme mor-
phologically classifies galaxies into three main types: early-type
galaxies T1, disk galaxies T2, and irregular galaxies T3. The
ELOX sample, selected to be a sample of galaxies with ELs,
contains only 13 galaxies (<1.5% of the sample) classified as
ZEST early-type T1; therefore we concentrate on types T2 and
T3 when discussing morphologies of the ELOX sample.

4. Results

4.1. Breaking the degeneracy in Ro3 for ELOX sample
galaxies without NIR spectroscopy

To break the Ry; degeneracy for the 900 galaxies in the ELOX
sample without NIR spectroscopy of Ha and [NII] 16584,
one needs an additional indicator. We used the Dasgoo VS.
[OIII] A5007/HB diagram for this purpose (Fig. 3).

The Dg4goo vs. [OIII] A5007/HB values for the zCOSMOS
ELOX sample at 0.5 < z < 0.9 are shown as cyan points in
Fig. 3. The 33 zCOSMOS galaxies with reliable O/H measure-
ments are shown as blue filled circles for galaxies with low
(branch) O/H measurements, and red filled circles for galax-
ies with high (branch) O/H measurements. Additionally, green
filled circles depict the six galaxies with double-valued solu-
tions mentioned in Sect. 3.3. There is a region of the D4goo Vs.
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Fig.2. Comparison of SFRs computed using different methods for zZCOSMOS galaxies with ISAAC NIR spectroscopy. Panel a) shows a good
agreement (within the measurements errors) of the SFRs from ISAAC Ha and SFRs from infrared COSMOS IRAC and MIPS data for the
objects with infrared detections (Le Floch et al., in prep.). Panels b)—d) show the comparison of Ha-based SFRs with b) SFRs from the [OII]
luminosity, applying the calibration reported by Gilbank et al. (2010), their Eq. (8), and taking into account the erratum of Gilbank et al. (2011)
of that paper; ¢) SFRs derived from the [OII] luminosity using Eq. (2) of Maier et al. (2009), based on the study of Moustakas et al. (2006); and
d) SFRs from the HB luminosity, assuming Ay = 1 (an assumption often used in literature when the Balmer decrement cannot be measured) to
derive Ha luminosities. The best agreement between the reliable extinction-corrected Ha -based SFRs and SFRs estimators based on other ELs

(panels b)—d)) is depicted in panel b).

[OTII] A5007/HB diagram with D4gop < 1.2 and [OIII]/HB > 1.8
(above the upper horizontal magenta line) occupied by galax-
ies with low (branch) O/Hs (blue symbols), and a region with
Dyooo > 1.2 and [OII]/HB < 1.6 (below the lower horizontal
magenta line) occupied by galaxies with high (branch) O/Hs (red
symbols). This information can be used to break the lower/upper
branch Rjy; degeneracy of other zCOSMOS ELOX galaxies
without NIR spectroscopy, but similar D4pgp and [OILI]/HS as
the 33 benchmark galaxies with ISAAC spectroscopy and re-
liable metallicities. There are only a few objects in the upper
right corner of Fig. 3 (D4pp0 > 1.2 and [OIII]/HB > 1.8), ~5%
of the ELOX sample, and these are assumed to be on the upper
R»3 branch, to also account for the fact that a few galaxies with
[OIII]/HB > 1.8 are expected to be on the upper Ry3 branch ac-
cording to Fig. A.1. For the ELOX galaxies in the lower left cor-
ner of Fig. 3 (D400 < 1.2 and [OII]/HB < 1.8) we assume that
they are on the upper Ry3 branch because of two indications:
(i) the two galaxies in this corner with ISAAC measurements

have upper Ry3 branch metallicities (red filled circles); and
(i) Fig. A.1 in the Appendix indicates that they should have
O/H > 8.6, because EL galaxies along the star-forming se-
quence (between the dashed lines) with [OIII]/HB < 1.8 do not
lie in the cyan-colored grid area (O/H < 8.6) in Fig. A.1.

Our empirical finding based on the zZCOSMOS galaxies with
ISAAC spectroscopy is that objects with Dy < 1.2 and
[OIII]/HB > 1.8 lie on the lower Ry3 branch when computing
O/Hs based on the KD02 models and using five ELs. Our find-
ings are based on the particular form of the KD02 models, espe-
cially the particular form of the Ry3 relation (Fig.5 in KDO02).
Using a different parametrization of the Ry3 relation may pos-
sibly give different results. Therefore, we advise caution when
using Fig. 3 to select the Ry; branch: larger samples of galaxies
with five ELs measured are needed to verify that the proposed
diagram can really be used to select the Ry3 branch also for
other samples and other metallicity calibrations. We are working
on this and also explore the reason why the D4goo vs. [OIII]/HB
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Fig.3. Dupoo vs. [OIII] A5007/HB diagram used to break the Ry; de-
generacy for the 0.5 < z < 0.9 zCOSMOS galaxies (cyan points) with-
out NIR spectroscopy. The 39 zCOSMOS galaxies with ISAAC spec-
troscopy are shown as blue filled circles for galaxies with low (branch)
O/H measurements, red filled circles for galaxies with high (branch)
O/H measurements, and green filled circles for the six galaxies with
double-valued solutions (note that the D4y and [O I11] 2 5007/HB val-
ues of two galaxies are almost identical, i.e., the respective green circles
coincide). This diagram can be used to break the lower/upper branch
Ry; degeneracy of other 0.5 < z < 0.9 galaxies without NIR spec-
troscopy, but similar D4go and [OIII]/HB as the 33 benchmark galaxies
with ISAAC spectroscopy and reliable metallicities.

diagram is able to distinguish the Ry3 branch (and if it always
works) using a larger sample of galaxies from the Clash-VLT
survey, at slightly lower redshifts 0.4 < z < 0.5. This sample
has reliable metalllicities based on all five ELs measured with
VIMOS at the same time, including [NII] flux measurements,
and not only upper limits, also for high [OIII]/HB values. This
work will be presented in a future paper (Maier et al., in prep.,
first results shown in Kuchner et al. 2015).

This method for breaking the R,3 degeneracy for ~10'° M,
galaxies cannot be derived or improved using the larger SDSS
local sample of galaxies because virtually no galaxy in the SDSS
sample has such a high [OIII] A15007/HB line ratio at similar
stellar masses like the low-metalllicity zZCOSMOS galaxies with
ISAAC spectroscopy shown in Fig. 3. This is indicated, for in-
stance, by the orange contours in the upper panel of Fig.7 of
Holden et al. (2014), depicting the [O III] 2 5007/H@B line ratios
as a function of stellar mass for star-forming (not dominated by
AGNs) SDSS galaxies.

As described in Sect. 2.3, the galaxies with ISAAC spec-
troscopy were selected to have a minimum HB flux limit.
Nevertheless, Fig. 4 shows that ISAAC target galaxies (large col-
ored squares and triangles) occupy a similar region of the SSFR-
mass diagram as the ELOX sample. Therefore, there should be
no selection bias of the ISAAC sample compared to the ELOX
sample.

To derive O/H for the ELOX galaxies without NIR spec-
troscopy of Ha and [NII], but [OII], HB and [OIII] fluxes mea-
sured with VIMOS, we proceeded as follows: as described in
Ma05, [NII]/Ha basically only determines the Rp3 branch, and
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the Ry3 diagnostic is used to determine the exact value of the
metallicity on the respective branch. Therefore, we do not need
the value of [NII]/He, but we used Fig.3 instead to estimate
which branch is appropriate for each galaxy, as described above.
When using our y? analysis presented in Sect. 3.3, we allowed
the Ha/Hp ratio to vary a priori in a typical range 2.86—6, corre-
sponding to typical extinction values of star-forming galaxies of
0 < Ay < 2.1, as found for the zCOSMOS galaxies with ISAAC
spectroscopy (see Table 1). This way, we obtain an estimate for
metallicity O/H, reddening Ay, and ionization parameter g for
the entire ELOX sample.

4.2. SSFR-mass relation at z ~ 0.7 and selection effects

The specific SFR (SSFR) has been found to be a tight but weak
function of mass at all epochs up to z ~ 2 for (most) star-forming
galaxies (main sequence, MS), and to evolve strongly with epoch
by a factor of 20 to z ~ 2 (Daddi et al. 2007; Elbaz et al. 2007,
Noeske et al. 2007; Salim et al. 2007; Peng et al. 2010). The
dashed black (almost horizontal) lines in Fig. 4 show the SSFRs
calculated using Eq. (1) of Peng et al. (2010) for the MS at z =
0.5 and z = 0.62 (left panels), and at z = 0.62 and z = 0.75
(right panels), assuming a weak dependence of SSFR on mass
(as observed for local SDSS galaxies), SSFR o« MP with g =
—0.1. The dispersion of ~0.3 dex about the mean relation is taken
into account by the dotted (almost horizontal) lines. We consider
as MS objects the galaxies in the region between the dotted lines
in Fig. 4.

The SFRs for the zCOSMOS galaxies with ISAAC NIR
follow-up (large colored symbols in panels a and b in Fig.4)
were derived from Hea, while for the parent ELOX sample of
797 galaxies at 0.5 < z < 0.75 (panels ¢ and d) we used SFRs
derived from [OII] as described in Sect. 3.5. The large magenta
filled circles in panels ¢ and d in Fig. 4 indicate the mean SSFR
in three mass bins 9.5 < log(M/My) < 10, 10 < log(M/My) <
10.5, and 10.5 < log(M/My) < 11. The position of the mean
SSFR relative to the MS in Fig.4 indicates that the samples at
0.5 < z < 0.62 and at 0.62 < z < 0.75 are quite representa-
tive for MS galaxies at the higher masses. At lower masses, the
0.5 < z < 0.62 sample is still dominated by MS galaxies, while
0.62 < z < 0.75 galaxies lie predominantly above the MS, which
could bias the low-mass 0.62 < z < 0.75 sample more toward
lower metallicities.

The data points in Fig.4 are color-coded according to their
measured metallicity values (legend in panel c). The colors of
the grid points in panel a and b indicate the metallicities derived
for the Z(M, SFR) from Eq. (40) in Li13. This way, it can be de-
termined whether the measured metallicities (color of the data
points) and the expected metallicity assuming a redshift inde-
pendent Z(M, SFR) relation (color of the grid points) agree. Like
in Maier et al. (2014), because M10 and Lil3 used a Chabrier
(2003) IMF, we converted the masses to a Salpeter (1955) IMF
after computing the expected O/Hs (color of the grid points) by
adding 0.23 dex to the stellar masses.

When using the calibration of KDO02, the upper metallicity
R»3 branch roughly corresponds to O/H > 8.6 (see Fig.5 in
KDO02). The ELOX low-metallicity galaxies with O/H < 8.6
(cyan circles in panels ¢ and d) are shown again as black symbols
in panels a and b, to explore their nature. Many of these galaxies
with lower metallicity would be missed by studies that assume
upper branch Ry3 solution for all galaxies. They represent ~19%
of the ELOX sample and typically have lower masses (9.5 <
log(M/My) < 10.3), and preferentially irregular morphologies
when they have higher SSFRs.
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Fig. 4. SSFR-mass relation for zZCOSMOS galaxies at 0.5 < z < 0.62 (panels a) and ¢)) and at 0.62 < z < 0.75 (panels b) and d)), with the
data points color-coded according to the measured metallicity value (legend in panel ¢)). The colors of the grid points in panel a) and b) indicate
the metallicities expected for the Z(M, SFR) extrapolation of Lil3. In panels a) and b), galaxies with ISAAC spectroscopy are shown as colored
symbols, while ELOX galaxies with O/H < 8.6 (the respective cyan circles in panels ¢) and d)) are shown as black symbols as squares (triangles)
for T2 (T3) morphologies. In panels ¢) and d) the large magenta filled circles show the mean values of the SSFRs in three mass bins. ELOX
galaxies with lower R,; branch KDO02 metallicities, O/H < 8.6, have typically lower masses (9.5 < log(M/M;) < 10.3), and preferentially
irregular morphologies when they have higher SSFRs. This diagram also indicates that SFR is a second parameter in the MZR of the zCOSMOS
sample at 0.5 < z < 0.75, because galaxies with higher (S)SFRs generally also have lower metallicities.

Our study shows that these low-metallicity galaxies exist at
intermediate redshifts because i) first, they lie in a region of
the SSFR-mass diagram where some zCOSMOS galaxies with
ISAAC spectroscopy and reliable O/H < 8.6 are located as well;
ii) second, given their masses and SFRs, the prediction of the
Z(M, SFR) extrapolation of Lil3 is O/H < 8.6 for most of these
galaxies, as shown by the cyan grid points in panels a and b in
the region occupied by the majority of the black symbols (which
depict galaxies with O/H < 8.6).

4.3. MZR atz~ 0.7

Figure 5 shows the MZR of 0.5 < z < 0.75 zCOSMOS galaxies,
compared to SDSS. For the local MZR, we converted the oxygen
abundances of Tremonti et al. (2004) to the calibration of KD02
using the Kewley & Ellison (2008) conversion, and also con-
verted their stellar masses to a Salpeter (1955) IMF. Sixteenth
and 84th percentiles and the medians (50th percentiles) of the
distribution of O/H in the respective mass bin are shown as
black thick lines for SDSS, and the median SDSS MZR, shifted
downward by 0.3, 0.5 and 0.7 dex, respectively, is shown by the
three thinner black lines. Our ISAAC based O/H measurements
for the 29 galaxies at 0.5 < z < 0.75 with reliable metallicity
measurements are shown as larger green filled circles, while the

zCOSMOS ELOX measurements are shown as small filled red
circles.

The O/H measurements from the work of Zahid et al. (2011)
using more than 1000 galaxies from the Deep Extragalactic
Evolutionary Probe 2 (DEEP2) sample at slightly higher red-
shift, 0.75 < z < 0.82, are shown in Fig.5 as cyan points. The
blue line shows the mean DEEP2 MZR from Eq. (8) in Zahid
et al. (2011), converted to the KDO2 calibration by applying the
conversion given in Table3 of Kewley & Ellison (2008). The
error bars for the stellar masses of the zCOSMOS galaxies ob-
served with ISAAC are reported in Table 1. Stellar masses for
the zCOSMOS ELOX sample (red points) and for the DEEP2
sample (cyan points) were shown by Bolzonella et al. (2010)
and Zahid et al. (2011) to be reliable within 0.2—0.3 dex, that is,
to within a factor 1.5-2.

We now discuss the consistency of the measurements of
masses and metallicities between the SDSS and the zZCOSMOS
sample. Because we used the method described by Horne
(1986), the line ratios measured for zZCOSMOS galaxies, which
are used to derive metallicities, are dominated by the inner re-
gions of galaxies (with the largest surface brightness). This is
roughly consistent with the measurements from SDSS spec-
tra that are taken by placing fibers on the centers of galaxies.
Figure 18 of Moustakas et al. (2013) shows the comparison be-
tween stellar masses from SDSS and from SED fitting, which
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indicates that the two methods of estimating stellar masses are
consistent within the uncertainties.

Zahid et al. (2011) found that high stellar mass galaxies with
log (M/Mg) ~ 10.8 (and higher masses) have metallicities sim-
ilar to the SDSS sample, only 0.05 dex lower, which is within
the errors of the metallicity calibration conversions. For lower
masses they found that the metallicity difference increases, up
to ~0.15 dex for galaxies with log (M/M) ~ 9.4, indicating that
the low-mass MZR slope steepens at higher redshift compared
to local galaxies. The mean O/H values, in three mass bins, of
zCOSMOS galaxies at 0.62 < z < 0.75, shown as large ma-
genta filled circles in Fig. 5, agree with the DEEP2 mean rela-
tion reported by Zahid et al. (2011) at similar (slightly higher)
redshifts 0.75 < z < 0.82. This indicates that the MZR evolves
to lower metallicities with increasing redshift and that the low-
mass MZR slope steepens at z = 0.7; the selection biases toward
higher SSFRs at lower masses (especially in the higher redshift
bin 0.62 < z < 0.75), as shown in the panels ¢ and d of Fig.4,
may play a role by suggesting a larger evolution of the MZR
compared to the intrinsic evolution.

While both zCOSMOS and DEEP2 galaxies at z ~ 0.5-0.8
have similar (slightly lower) metallicity at the higher masses
compared to z ~ 0, a population of galaxies with metallicities
lower by a factor of 2—3 compared to SDSS exists at the lowest
masses probed by zCOSMOS and DEEP2. Given the metallic-
ity uncertainties, this offset toward lower metallicities at a given
mass at z ~ 0.5—-0.8 agrees, at least for the highest masses, with
the value of 0.12 dex found by Pérez-Montero et al. (2013) for
the zZCOSMOS sample at 0.6 < z < 0.8 when restricting their
sample to a selection with a S/N > 5 in HE, but assuming upper
branch of Ry3 for all objects (Table 3 in Pérez-Montero et al.
2013). On the other hand, at the lower masses we find more
lower metallicity galaxies than were reported in the study of
Pérez-Montero et al. (2013) because we broke the Ry3 degen-
eracy for the ELOX sample as described in Sect.4.1.

The lower number of low-mass (9.5 < log(M/My) < 10)
galaxies with high metallicities at 0.62 < z < 0.75 compared to
0.5 < z < 0.62 is very likely due to the selection effects shown
in Fig. 4 and discussed in Sect.4.2. More MS galaxies at 7z >
0.62 at the lower masses and lower SSFRs are missed from the
sample than at z < 0.62: the magenta symbol showing the mean
SSFR at 9.5 < log(M/My) < 10 at z > 0.62 (panel d of Fig.4)
lies above the MS. This shows that, at higher redshifts, selection
effects can produce a much steeper MZR (because of the missing
low-mass, low-SFR, high-metallicity galaxies) than an unbiased
sample. Any conclusion on the evolution of the MZR slope with
redshift must therefore be treated with caution; therefore we do
not plot in Fig. 5 the mean MZR relation of the ELOX sample,
and do not discuss the exact value of the low-mass slope of the
MZR of the ELOX sample. Nevertheless, we find indications
that the low-mass MZR slope steepens more at z ~ (0.7 than it
does for local galaxies.

The existence of ~10'° My z ~ 0.7 galaxies with metallic-
ities lower by a factor of 2—3 than local similar mass galaxies
can be interpreted as the chemical version of galaxy downsizing
(cf. Maier et al. 2006). Downsizing was originally introduced
by Cowie et al. (1996) to describe the observational fact that
a mass threshold decreases (in mass) with cosmic time. Cowie
et al. (1996) showed that a threshold in mass exists below which
“forming galaxies” (with their timescale of formation M/SFR
shorter than the Hubble time at that redshift) were found and
above which they were not found. This concept has been gener-
alized and applied to any situation in which signatures of galaxy
youth exhibit a similar mass threshold that decreases with epoch.
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Irregular morphologies, blue colors, high equivalent width ELs,
and, as earlier argued in Maier et al. (2006), low O/Hs, have been
used as signatures of galaxy youth. As shown in Fig.5 for the
case of chemical downsizing, the mass threshold for finding low
metallicities decreases from ~2 x 10'© My at z ~ 0.7 to below
~3x 10° M, for local SDSS galaxies, which, at ~3 X 10° My,
still exhibit quite high metallicities (O/Hs higher than ~8.6).

4.4. SFR as a second parameter in MZR, and the FMR

Figure 4 already indicates that SFR is a second parameter in the
MZR of zCOSMOS galaxies at 0.5 < z < 0.75, because, at a
given mass, galaxies with higher (S)SFRs generally also have
lower metallicities (color of the data points). To explore this in
more detail, we use Fig. 6, a different version of the SSFR-mass
relation for the zZCOSMOS ELOX galaxies at 0.5 < z < 0.62
(panels a and c¢) and at 0.62 < z < 0.75 (panels b and d), with the
lower panels showing only galaxies with T2 (disk) morpholo-
gies. We calculated, for each point in the SSFR — mass grid, the
mean values of the O/H for galaxies in the ELOX sample within
+0.05 dex in log SFR and log M around the (SFR, mass) values
at the respective grid point. We show as open circles in Fig. 6 the
mean metallicity data (color-coded as in the legend of Fig. 4) of
ELOX galaxies at the position of grid points with at least three
ELOX galaxies within £0.05 dex around the (SFR, mass) values
at the respective grid point. Figure 6 shows that, in general, at a
given stellar mass, galaxies with lower SSFRs have higher O/Hs
(red circles, O/H > 8.95) than higher SSFR objects, which have
lower O/Hs (8.8 < O/H < 8.95, green circles) and even lower
8.6 < O/H < 8.8 (blue circles) for higher SSFRs. Thus, a de-
pendency of the MZR of 0.5 < z < 0.75 zCOSMOS galaxies on
SFR exists.

Figure 7 shows the difference between the mean O/H at the
position of grid points (color-coded as in Fig.4) and the ex-
pected O/H from the formulations of Lil3 (open circles) and
M10 (filled circles). Most disk (T2) galaxies agree with the pre-
dictions of M10 (their Eq. (2)) and Lil3 FMR, particularly at
0.5 < 7 < 0.62, where these disk galaxies mainly lie on the main
sequence (panels ¢ of Figs. 6 and 7). Given the uncertainties in
measuring metallicities of typically 0.1-0.2 dex, the agreement
between the measured and expected O/Hs from both Lil3 and
Mal0 formulations of the Z (M, SFR) is quite good.

4.5. Comparison with other zCOSMOS work on Z(M, SFR)

Because the absolute O/H values of the different works us-
ing different metallicity calibrations are not easily compara-
ble, it is difficult to asses whether low-metallicity log M/M¢ ~
10 galaxies such as those reported here were already presented
in other zCOSMOS work. As mentioned in Sect. 4.2, the up-
per Rys branch of the O/H KDO2 calibration we used roughly
corresponds to O/H > 8.6. Cresci et al. (2012) used the cal-
ibration of Maiolino et al. (2008) with the upper Ry3 branch
extending down to O/H ~ 8.4 (see Fig. 5 in Maiolino et al.
2008). Pérez-Montero et al. (2013) used a different O/H cal-
ibration based on or converted to the calibration of the N2 =
log [N1I] 1 6584/Ha parameter proposed by Pérez-Montero &
Contini (2009), yielding lower oxygen abundances by a factor of
2-3 than the KDO02 calibration.

The criterion used by Cresci et al. (2012) to select low Ry;
branch objects was log [OIII]/[OII] > 0.45. There are only two
objects with log [OIII]/[OII] > 0.45 in our zZCOSMOS sample
with ISAAC spectroscopy, and four galaxies in the zCOSMOS
ELOX sample at 0.5 < z < 0.75; this means that according
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large magenta filled circles. While both zZCOSMOS and DEEP2 galaxies at z ~ 0.5-0.8 have similar (slightly lower) metallicities at the higher
masses compared to z ~ 0, a population of galaxies with metallicities lower by a factor 2—3 than SDSS exists at the lowest masses probed by
zCOSMOS and DEEP2.
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with higher (S)SFRs generally also have lower metallicities.
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Fig.7. Difference between the mean O/H at the position of grid points (color-coded as in Fig.4) and the expected O/H from the formulations

of Lil3 (open circles) and M10 (filled circles). ELOX galaxies at 0.5

< z < 0.62 are shown in panels a) and ¢), and at 0.62 < z < 0.75 in

panels b) and d), with the lower panels showing only galaxies with T2 (disk) morphologies. Because typical O/H uncertainties are 0.1-0.2 dex,
the agreement between the measured and expected O/Hs is quite good, especially in panel c).

to the criterion of Cresci et al. (2012), virtually all zCOSMOS
galaxies would lie on the upper Rp3 branch of their metallic-
ity calibration. Cresci et al. (2012) used a quite small subsam-
ple of zCOSMOS z ~ 0.7 galaxies with a strong S/N selec-
tion: S/N > 20 and S/N > 8 in HB flux for log (M/My) >
10 and log (M/M,,) < 10, respectively. This selection biases the
sample toward high SFRs, and Cresci et al. (2012) concluded
that the Z(M, SFR) is holding up to z ~ 1. On the other hand,
Pérez-Montero et al. (2013) used a S/N > 2 in the EL fluxes,
which means that they also included galaxies with lower SFRs.
They assumed that all galaxies are on the upper Ry3 branch and
found redshift evolution in the Z(M, SFR) relation.

While Cresci et al. (2012) found that “lack of evolution of
the FMR at 0.2 < z < 0.8 is fully confirmed for the zZCOSMOS
sample” using a sample with quite high SFRs, it seems that a
S/N > 2 EL flux selection like the one used by Pérez-Montero
et al. (2013) to study the Z(M, SFR) contains some galaxies
with rather low SFRs that do not follow the Z(M, SFR) rela-
tion. The ELOX sample in this work has a S/N > 5 selection
in HB flux for the reasons given in Sect.2.2, which is an in-
termediate S/N limit compared to the samples of Cresci et al.
(2012) and Pérez-Montero et al. (2013). We find that most (but
not all) galaxies in the zZCOSMOS sample are consistent with no
evolution in the Z(M, SFR), as shown in Figs.4, 6, and 7, ob-
taining an intermediate result compared to the studies of Cresci
et al. (2012) and Pérez-Montero et al. (2013). This indicates that
the selection of the sample affects the dependence of the MZR
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on SFR; the effects of the selection of the sample should be ex-
plored in future studies by using the SSFR-mass diagram, as we
did in Figs. 4, 6, and 7.

5. Conclusions

This study of the MZR and its dependence on SFR at in-
termediate redshifts is based on ISAAC NIR spectroscopy of
39 zCOSMOS galaxies. The results of the NIR spectroscopy
were used as a benchmark to calibrate the metallicities and SFRs
of a much larger zZCOSMOS sample of 900 galaxies, to study the
Z(M, SFR) relation at z ~ 0.7.

The main results can be summarized as follows:

1. The zCOSMOS galaxies at 0.5 < z < 0.9 with NIR spec-
troscopy are not dominated by AGNSs.
We empirically found a criterion to distinguish the lower or
upper branch R»3, using the position of galaxies with reliable
O/Hs in the Dy vs. [OIII] A15007/HB diagram. Our find-
ings indicate that the low-metallicity R,3 solution should be
chosen for galaxies with D4ooo < 1.2 and [OIII]/HB > 1.8.
3. The MZR relation at z ~ 0.7 for massive zZCOSMOS galax-
ies is only slightly shifted to lower metallicities compared
to the SDSS sample, consistent with the findings of Zahid
et al. (2011) at slightly higher redshift z ~ 0.8. There exists a
fraction of 19% of lower mass 9.5 < log(M/My) < 10.3
zCOSMOS galaxies that shows a larger evolution of the
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MZR relation, being more metal poor at a given mass by a
factor of 2—3 than the SDSS (Fig.5). This indicates that the
low-mass MZR slope steepens at z ~ 0.7 compared to local
galaxies.

4. The appearance of z ~ 0.7 intermediate-mass (~10'0 M)
galaxies with metallicities lower by a factor of 2—3 than local
galaxies of the same mass can be interpreted as the chemical
version of galaxy downsizing (cf. Maier et al. 2006). The
mass threshold for finding low metallicities decreases from
~2 x 10" My, at z ~ 0.7 to below ~3 x 10° M, for local
SDSS galaxies, which, at ~3 X 10° My, still exhibit quite
high metallicities (see Fig. 5).

5. We find direct indications that SFR is still a second pa-
rameter in the MZR at 0.5 < z < 0.75, in the sense that
0.5 < z < 0.75 galaxies with higher metallicities have lower
(S)SFRs (see Figs. 4 and 6).

6. A comparison with the metallicities expected for a non-
evolving FMR at z = 0.7 shows that low-metallicity, 9.5 <
log(M/Mg) < 10.3 galaxies as found in the zZCOSMOS sam-
ple, agree with the predictions of a non-evolving Z(M, SFR)
(see Fig. 4). The agreement between the measured metallic-
ities and the predicted metallicities for a non-evolving FMR
is good for the entire zZCOSMOS ELOX sample (Fig. 7).

7. This study emphasizes that assuming the upper branch Ry3
metallicity calibration for galaxies at intermediate redshifts
would missclassify as metal-rich a substantial portion (up to
about 20% in a given mass range) of galaxies that are in truth
low-metallicity galaxies.
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Appendix A: More details on why breaking the Ry3
degeneracy using [OIlll] 1 5007/HS works

The finding in Sect.4.1 regarding breaking the R,3; de-
generacy using [OIII]A15007/HB may be surprising because
[OIII] 2A5007/HB shows a similar behavior as a function of
metallicity as the double-valued R,3. However, some studies in
the literature using the BPT (Baldwin et al. 1981) diagram, for
example, Fig. 2 in Asari et al. (2007) and Fig. 1 in Kewley et al.
(2013a), have shown that high [O III] 1 5007/Hf correspond to
low metallicities because of the curved shape of the star-forming
sequence in the BPT diagram. We produced a BPT-like dia-
gram, Fig. A.1, showing as a grid, color-coded as in the legend
of Fig. 4, the expected O/H values using Eq. (4) in Kewley et al.
(2013a), which corresponds to the Pettini & Pagel (2004) O3N2
calibration for the KDO02 metallicity scale. Because emission-
line galaxies lie along the star-forming sequence (with rough
boundaries indicated by the dashed black lines), virtually all
galaxies with [O III] A 5007/HB > 1.8 values (above the magenta
line) have O/H < 8.6 on the KD02 metallicity scale (cyan). This
agrees with the empirical finding of Fig. 3 for zCOSMOS galax-
ies. We explore this issue further in the Clash paper mentioned
in Sect.4.1 (Maier et al., in prep.), where we also show that
Clash emission line galaxies at intermediate redshifts lie on the
star-forming sequence between the dashed black lines shown in
Fig. A.1. Furthermore, Fig. A.1 also indicates why the O3N2 cal-
ibration works better at higher redshifts than the N2 calibration
of Pettini & Pagel (2004), as claimed by Liu et al. (2008) and
Steidel et al. (2014), for instance: if the star-forming sequence
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moves at higher redshift diagonally to higher [O III] A 5007/HB
and [NII]16584/Ha values (as shown, e.g., in Kewley et al.
2013b), the O3N2 calibration still works (color of the grid points
stays the same), while the N2 calibration gives too high val-
ues for the metallicity compared to local samples. We will dis-
cuss these findings in more detail in our paper mentioned above
(Maier et al., in prep., first results shown in Kuchner et al. 2015).
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