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THE VIMOS PUBLIC EXTRAGALACTIC REDSHIFT SURVEY (VIPERS):
THE SUPER-SOLAR METALLICITY MEASURED FOR MASSIVE PASSIVE
GALAXIES

M. Siudek!? 3, K. Malek?® and A. Pollo®*4

Abstract. We study the influence of difference in stellar metallicity on the estimated value of redshift
of formation of red passive galaxies in VIPERS survey. We derived the stellar mass-metallicity relation for
SDSS red passive galaxy sample and found a slightly super-solar metallicity (log(Z/Zg) ~ 0.1) for massive
passive galaxies (> 10'" Mg). While the effect of metallicity variations on the estimation of the epoch of
the last starburst for low-mass galaxies is negligible, it result in an overestimation of redshift of formation
(on average of the order of 10 — 15% but it can be even doubled for low-redshift galaxies) of massive red
passive galaxies.
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1 Introduction

The estimation of stellar ages in passive galaxies is commonly based on the assumption of their solar metal-
licity (e.g. Kauffmann et al.[2003; [Moresco et al.|[2010]), although the stellar mass-metallicity relation indicates
that metallicities of galaxies increase with their increasing stellar masses (e.g. |Gallazzi et al.| 2005} [2014). This
is a consequence of the inability to unambiguously distinguish the age and metallicities effects, which is known
as the age-metallicity degeneracy (Worthey|1994). However, there are some relatively metal-insensitive spectral
features (like Balmer lines, [Worthey||1994; |Jones & Worthey||1995), which allow to mitigate the problem of the
age-metallicity degeneracy. Unfortunately, some Balmer lines, like HS are difficult to measure accurately in
most massive passive galaxies (e.g. |Gonzalez-Gonzalez |1993). The reason is that the H feature is often filled
by emission from ionized hydrogen, and the systematics of this effect as a function of metallicity are unknown,
what increases the uncertainty of the age determined making use of this line. Hence, higher order Balmer
lines, like H¢, are more useful as age indicators, as they are less affected by emission than the HfS line (e.g.
Osterbrock!|1989) and less diluted by light from red giants (Worthey & Ottaviani|1997). Thus, a realistic spread
of metallicities or at least high order Balmer lines should be included in the models for better age and metal
discrimination. |Gallazzi et al.| (2005) derived stellar masses, ages, and metallicities for SDSS galaxies based on
the Monte Carlo libraries of star formation histories applied to (Bruzual & Charlot||2003| later BC03) simple
stellar population models and analyzed an optimally-selected set of stellar absorption features with distinct
sensitivity to age and metallicity. These features include, among others, high-order Balmer lines and the metal-
sensitive indices: [MgaFe] (Bruzual & Charlot|2003) and [MgFe]’ (Thomas et al|[2003), which allow to remove
the dependence on the abundance ratio (Gallazzi et al.|[2005).

Building on the stellar properties derived by |Gallazzi et al| (2005, [2014)) we estimated the stellar mass-
metallicity relation for a sample of local SDSS red passive galaxies. Assuming that the stellar mass-metallicity
relation does not evolve with cosmic time (Carson & Nichol |2010; Toft et al|2012; (Gallazzi et al.[[2014) and
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it can be applied to galaxies at z > 0.5, we show how neglecting even a small difference in stellar metallicity
may change the estimation of stellar ages of VIPERS red passive galaxies. In Sect. [2] we describe SDSS and
VIPERS samples of red passive galaxies used for the presented analysis. The description of spectral features
and models is given in Sect. [3] The influence of stellar metallicity on redshift of formation is derived in Sect. [4]
and summarized in Sect. Bl

2 Data

2.1 VIPERS red passive galaxies

Our work is based on the galaxy sample from the VIMOS Public Extragalactic Redshift Survey (VIPERS,
Guzzo et al|[2014)). In total almost 100,000 galaxies brighter than i,z = 22.5 were observed in the redshift
range 0.4 < z < 1.1 over an area of ~ 23.5 deg? Spectroscopic observations were carried out with the VIsible
Multi-Object Spectrograph (VIMOS; [Le Fevre et al.|[2003) mounted on the ESO Very Large Telescope, using
the multi-object spectroscopy (MOS) mode with the low-resolution red grism (Apraze = 5810A, R = 230, 1” slit)
yielding a spectral coverage between 5500 and 9500A with an internal dispersion of 7.14A pixel~! (Scodeggio
et al.[2005, 2018). The analysis presented in this paper is based on the VIPERS internal data release version 5,
which contains 88% spectroscopic measurements of the final sample, presented in details in [Siudek et al.| (2017)).

The sample of 8,174 red passive galaxies was selected based on the variable cut in U — V' color evolving with
redshift (Fritz et al[[2014). The sample was further pruned to high-quality spectra without sky residuals and
with high confidence in redshift measurements over redshift range 0.4 < z < 1. This led us to a sample of 3,991
red passive galaxies. For details of our sample selection see |Siudek et al.| (2017).

2.2 SDSS red passive galaxy sample

The analysis presented in this work is based on the publicly available MPHA-JHU DR4 release of spectral
measurements of SDSS galaxies (Gallazzi et al. 2005)|H The selection of red passive galaxies is based on the
lack of star formation activity signatures in the spectrum, i.e., on the absence of an emission Ha line in the
spectrum. We selected 11,968 high-quality spectra of old, passive galaxies similar to the VIPERS ones. The
vast majority (99%) of these SDSS passive galaxies have D4000, greater than 1.5, which is an independent
confirmation that the Ha criterion is sufficient to select passive, red galaxies excluding galaxies with recent
episodes of star formation.

3 Methodology

In this paper, we adopted a narrow definition of D4000 (Balogh et al.[1999] hereafter D4000,,) defined as the ratio
between the continuum flux densities in the red band (4000-4100A) and blue band (3850-3950A). For the H§
line we used the wider A-H§ Lick index (Hd ) definition given by Worthey & Ottaviani| (1997). The absorption
line strength is obtained by comparing measurements of the spectral flux in the central feature bandpass and
two flanking pseudo-continuum regions. For the Hd4 index the feature range is 4083.50 - 4122.25A, the blue
continuum range is 4041.60 - 4079.75A, and the red continuum range is 4128.50 - 4161.00A.

We measured spectral features on 32 stacked spectra of VIPERS red passive galaxies in narrow redshift and
stellar mass (Mgtar) bins. Spectra were co-added within six Mg,, bins over the range of 10< log(Mgtar) <12 and
six redshift bins over the range of 0.4 < z < 1.0, to make possible the measurement of H¢ line possible (details
see in [Siudek et al.|[2017)).

For the grid of the BC03 model spectra, we derived the nominal D4000,, and H¢ 4-stellar age relations with
metallicities, log(Z/Zg) = 0.4, log(Z/Ze) = 0.0, log(Z/Ze) = —0.4, and log(Z/Zs) = —0.7 (see Fig.[[). The
synthetic spectra were generated using the Chabrier initial mass function, Padova 1994 stellar evolutionary
tracks and the high-resolution STELIB spectral library downgraded to the typical VIPERS spectral resolution
(1421) with a star formation history assumed to be a single burst with a timescale 7 = 0.1,0.2,0.3 Gyr. For
each value of 7, a set of synthetic spectra was obtained for stellar ages in the range from 1 to 10 Gyr, with steps
of 0.25 Gyr.

Thttp://wwwmpa.mpa-garching.mpg.de/SDSS/DR4/index.html
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Fig. 1. D4000,, (Hda) — stellar age relation. Dashed lines correspond to 7 = 0.1, and 0.3 Gyrs, while the solid ones
to 7 = 0.2 Gyr. Gray areas correspond to the ranges of D4000,, and Hd4 measured on VIPERS stacked spectra of red
passive galaxies. Reproduced from [Siudek et al.| (2017).

IOg(MStar/MG)mnge IOg(Mstar/MG)med log(Z/Z&)med | log(Z]Zs)map
10.00-10.25 10.155 -0.039 0.003
10.25-10.50 10.405 -0.013 0.002
10.50-10.75 10.637 0.012 0.002
10.75-11.00 10.877 0.046 0.002
11.00-11.25 11.120 0.075 0.003
11.25-12.00 11.353 0.105 0.008

Table 1. The median stellar metallicities (log(Z/Z¢)meq) with uncertainties (log(Z/Zo)map) estimated for six Mgtar
bins (log(Mstar/Mg) ) in the range of 10 < log(Mstar/Mg) < 12.

range

4 Results

4.1 The mass-metallicity relation for SDSS passive galaxies

In order to quantify the metallicity effect on measurements of spectral indices of red passive galaxy spectra,
we first estimated the dependence of stellar metallicity on Mg.,. To estimate the stellar metallicity range
for VIPERS passive galaxies, we first checked the distribution of median metallicity as a function of Mgay
for 11,968 SDSS red passive galaxies (see left panel in Fig. . On average, we found somewhat super-solar
metallicity for high-mass local passive galaxies. We expect that the median metallicity for the highest Mg,,
bin (log(Mstar) ~ 11.3 Mg ) would be not greater than log(Z/Zz) = 0.105 £ 0.008 (yellow star in left panel
in Fig. [2| corresponds to the median values of stellar metallicities in different Mg,y bins). The median stellar
metallicities for each of six analyzed Mg, bins are listed in Tab. The deviation from solar metallicity is
expected to be relevant only at the high-mass end of VIPERS sample, which is populated by relatively older
galaxies. For low-mass red passive galaxies with relatively low stellar ages (~ 2 Gyr) the effect of metallicity
change (log(Z/Zz) = —0.039 £ 0.003 at log(Mgtar) ~ 10.16 Mg) for both Hd4 and D4000,, is minimal (see
Fig. . Therefore, we ignored the metallicity effect for low-mass red passive galaxies in this work.

The estimation of the variations of stellar metallicity on Mg, is in agreement with |Gallazzi et al.| (2014).
Gallazzi et al|(2014)) estimated the mean metallicity for passive high-mass (10! M) galaxies of log(Z/Z¢) =
0.109 £ 0.001 and 0.07 +0.03 at the mean redshift z = 0.1 and z = 0.7, respectively, with a relatively flat slope.

Considering fixed metallicity at the level of solar metallicity, the observed change in D4000,, between the
high- and low-mass VIPERS red passive galaxies corresponds to the mean age difference of approximately 2 Gyr.
On the other hand, the mean change of metallicity for the highest Mg, bin at the level of 0.1 (log(Z/Z)) results
in the expected change of D4000,, equal to +0.06 for galaxies with stellar age ~ 4 Gyr. According to |Gallazzi
et al. (2014), the slope of the stellar metallicity-mass relation for passive galaxies equals to 0.15 + 0.03 and
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Fig. 2. Left: Stellar metallicity—mass relation for SDSS red passive galaxies. The linear fit is marked with a black, solid
line. Yellow stars represent median values of stellar metallicity. The range of Mgiar analyzed in this paper is marked with
black, dotted lines. The solar metallicity is marked with a horizontal, black, dotted line. Right: zform—Mstar relation for
VIPERS red passive galaxies. Black arrows point the change in the value of zf,r when solar and super-solar metallicity
is considered for massive passive VIPERS galaxies.

0.11 £ 0.10 at z=0.1, and z=0.7, respectively. This is also confirmed by the relation found for the SDSS red
passive galaxy sample, with a slope of 0.13 & 0.01. Such a slope, and change in D4000,,, give a predicted
slope of D4000,,-mass relation on the level of 0.07, and 0.10, again for z=0.1, and z=0.7, respectively. These
values compose a significant fraction of the slope measured for the VIPERS sample (Sp = 0.164 4+0.031,
et al|[2017). Thus, we can conclude that the D4000,-mass relation changes because of the variation both in
the age and metallicity of stellar populations in red passive galaxies, however, both effects cannot be clearly
distinguished. The expected metallicity for VIPERS red passive galaxy sample is solar up to 10! My, and then
changes into the slightly super-solar metallicity of the order of 0.07 and 0.10 log(Z/Z) for the higher mass bins
of ~ 10111 ~ 10114 Mg, respectively (see Tab. .

4.2 The impact of metallicity on estimation of redshift of formation

Neglecting small changes of galaxy metallicity with stellar mass may lead to a significant overestimation of
redshift of formation for high-mass red passive galaxies. The slightly super-solar metallicities of 0.07 and 0.1
log(Z)Zs) for Mggar~ 10111 and ~ 1014 Mg, respectively, for passive galaxies should be considered.

The difference in redshift of formation for VIPERS red passive galaxies in the highest stellar mass bins
derived from the analysis of D4000,, and Hd4 with and without the metallicity effect are given in Tab. [2] and
illustrated in the right panel in Fig.[2] This is especially important for two high-mass bins in the redshift range
0.4 < z < 0.6, for which measured spectral indices are significantly stronger. In this case, the estimation of the
epoch of the last starburst may be altered significantly, if the metallicity effect is neglected.

5 Conclusions

Redshift of formation strongly depends on the stellar metallicity variations with stellar mass. High-mass end
(> 10 M) of red passive galaxies is characterized by slightly super-solar stellar metallicity (log(Z/Z) ~ 0.1).
If solar metallicity is assumed, the zf,.,» measurements are overestimated by 10-15%, but Zform might be even
doubled for red passive galaxies observed within the redshift range of 0.4 < z < 0.6. Therefore, it is essential
to include metallicity effect when determining the epoch of the last starburst in high-mass (> 10'! M) red
passive galaxies.
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it |~ L0 M (log(Z/Zg = 0.1) | ~ 10" M, (log(Z/Ze = 0.0)
D4000,, Hoa D4000,, Hba

04<2z<0.5 - - - -

0.5<2<0.6 | 17492 2.1970:38 3.047572 4.091378
0.6 <z<0.7| 1.54%5:00 1.78%030 2.0010-5% 2.43* 552
0.7<2z<08 | 1491908 1661011 1701030 1.86101%
0.8 <2<09 | 1.631559 1.8110-29 1.8410-4 2.0170:2
09<z<1.0| 1.687509 1.811529 1.90%510 2.0070-62
04<z<10 | 1.627512 1.8570:27 2.1075°5 2.487210

Table 2. Star formation epoch derived from the comparison of D4000, and Hda derived for the VIPERS high-mass
passive galaxies with the corresponding values obtained from the BC03 model assuming solar metallicity (right panel)
and SDSS-based super-solar metallicity (log(Z/Zs = 0.1; left panel).
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