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([� / Fe]) with galaxy mass(dynamical and stellar) found in
large, high-quality spectroscopic samples of early-type galaxies
(Kauffmann et al.2003; Gallazzi et al.2005, 2006; Thomas et al.
2005, 2010; Treu et al.2005; Conroy et al.2014; McDermid et al.
2015; Scott et al.2017; Siudek et al.2017; Gallazzi et al.2021).

The stellar metallicity, i.e., the amount of metals locked in stars,
can shed light on the evolutionary stage of the stellar population,
as well as on the external mechanisms that modify the chemical
content of the interstellar medium. For instance, Peng et al.(2015)
showed that local quiescent and star-forming galaxies form two
distinct relations in the stellar-mass–metallicity plane. The
difference between their shape can be interpreted either as
evidence for“strangulation” (i.e., the lack of new gas supply Peng
et al. 2015; Trussler et al.2021) or for shorter formation
timescales coupled with galactic winds(Spitoni et al.2017) as the
main mechanism driving galaxy quenching. The relative� -
element abundance with respect to iron is another key parameter.
Core-collapsing massive stars are the main producers of� -
elements(O, Mg, Si, Ca, Ti), polluting the interstellar medium
over relatively short timescales(< 100 Myr). On the other hand,
iron-peak elements(Fe, Cr) are primarily produced in Type Ia
supernovae, which pollute the interstellar medium over longer
timescales(100 Myr–2 Gyr). For this reason, the mean stellar[� /
Fe] has been traditionally used as a SFH timescale diagnostic
(Thomas et al.2005; de la Rosa et al.2011). In addition to stellar
population properties, the environment can in principle have a role
in shaping galaxy evolution. However, its effects seem weak once
the correlation with mass is removed(Thomas et al.2010; La
Barbera et al.2014; McDermid et al.2015; Trussler et al.2021).
To explore them in greater detail very large samples of galaxies
are needed(e.g., Bluck et al.2020).

At higher redshift, studies of stellar population properties are
more challenging and require deep near-infrared spectroscopy.
For this reason, they are mostly limited to samples of a few up
to dozens galaxies(e.g., Jørgensen & Chiboucas2013; Gallazzi
et al.2014; Lonoce et al.2015, 2020; Belli et al.2019; Carnall
et al.2019; Kriek et al.2019; Tacchella et al.2021; Beverage
et al. 2021), and/ or require the stacking of different galaxy
spectra(e.g., Choi et al.2014; Onodera et al.2015). In
particular, detailed studies of galaxy ages and chemical
abundances for individual galaxies at intermediate redshift
have been presented in very few works and usually by
assuming the age of a� CDM universe as the maximum age
allowed in the stellar population analysis.

Beyond galaxy evolution studies, massive and passive galaxies
encode valuable information about the underlying cosmological
framework. In fact, as� rst proposed by Jimenez & Loeb(2002), it
has been demonstrated that these objects can be used as cosmic
chronometers to trace the differential age evolution of the universe
dt/ dz and to provide in this way a cosmology-independent
estimate of the expansion rate of the universeH(z) = Š1/ (1+ z)
dz/ dt. While we refer to the literature for a detailed discussion of
the method and of the systematics involved(Moresco et al.2012b;
Moresco2015; Moresco et al.2016, 2020), we underline here that
there are two key ingredients to be met. First, the best cosmic
chronometers that have beenstudied are very massive and
passively evolving galaxies; therefore, it is fundamental to
accurately select these objects bycarefully excluding any possible
hints of star-forming or young outliers. Second, it is crucial that in
the differential age estimatedt no cosmological assumption is
made. With the advantage of providing a cosmology-independent
estimate ofH(z), the cosmic chronometers method has also been

considered in several cosmological studies to place constraints on
various cosmological models and parameters(Moresco et al.
2012a; Seikel et al.2012; Capozziello et al.2014; Valkenburg
et al.2014; Sapone et al.2014; Nunes et al.2016; Solà et al.2017;
Moresco & Marulli2017; L’Huillier & Sha� eloo2017; Yang et al.
2018; Haridasu et al.2018; Gómez-Valent & Amendola2018; Lin
et al. 2020, 2021), with particular bene� ts over more standard
cosmological probes(see e.g., Vagnozzi et al.2021).

In this work, we take advantage of the deep spectroscopic
observations of the second data release of the Large Early Galaxy
Astrophysics Census(LEGA-C DR2; van der Wel et al.2016;
Straatman et al.2018) at 0.6< z< 1 to infer physical properties of
individual passive galaxies without relying on any cosmological
model or assumption. Our analysis is based onPylick , a
� exible Python tool to measure absorption features that we
publicly release. It includes a wide set of indices already de� ned
in the literature and also new diagnostics introduced and explored
in this work for identifying passively evolving systems. Stellar
population properties of each individual galaxy are derived with a
Bayesian approach, adopting the simple stellar population(SSP)
models of Thomas et al.(2011). The analysis of their trends with
redshift and stellar velocity dispersion will allow us to understand
the individual and median properties of passive galaxies over
different cosmic epochs and explore the underlying cosmology.

The work is organized as follows. Section2 gives an overview
of the data set, selection process, spectral index measurements,
and main observational properties. Section3 presents background
information on the models and the stellar population analysis. The
main science results are presented and discussed in Section4. A
summary is presented in Section5.

In some cases, as reference values and mostly for illustrative
purposes, we will use some theoretical relations based on
cosmological models; for these cases, we adopt a“737
cosmology” (with H0 = 70 km sŠ1 MpcŠ1, � m= 0.3, and
� � = 0.7).

2. Passive Galaxy Sample

2.1. Data

The data used in this study are drawn from the second data
release of LEGA-C, a recently completed ESO Public Spectro-
scopic Survey targeting� 3000 Ks-band-selected galaxies at
0.6� z� 1 in the COSMOS� eld. The observations were carried
out with the Visible Multi-Object Spectrograph(VIMOS) on the
VLT at Paranal Observatory. The� ux-calibrated spectra span a
wavelength range of 6300< � < 8800Å with a spectral resolu-
tion of R� 3500 and a median signal-to-noise ratio(S/ N) of � 15
per pixel (0.6Å). Spectra are obtained with 1� wide slits,
corresponding to� 7 kpc at these redshifts.

A catalog of spectroscopic measurements for DR2 has been
publicly released, comprising spectroscopic redshift,� ux mea-
surements for the main emission lines(Balmer lines,[O II]� 3727,
[O III ]� 4959,[O III ]� 5007), velocity dispersion determinations, as
well as measurements for a sample of 14 Lick/ IDS indices
(Straatman et al.2018). In our analysis, we consider the galaxy
spectra, as well as the measurements of redshift(z), observed
stellar velocity dispersion(� å), and[OII]� 3727 emission-line� ux.
For the main analysis, we do not use the spectral indices
measurements provided in the catalog, but instead determine our
own line strengths from the spectra after matching the stellar
population models resolution. This also allows us to extend the
measurements to redder indices up to� 5000Å (see Section2.3).
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The LEGA-C set of Lick indices will be used to validate our
measurement codePyLick in AppendixA.

We cross-match the LEGA-C sample with the COS-
MOS2015 catalog(Laigle et al.2016) using a search radius
of 1� to complement the spectroscopic information with
photometric data, including bands NUV,r, andJ, as well as
stellar massesMå and (speci� c) star formation rates
(sSFR= SFR/ Må) derived through SED� tting. Finally, we
use morphological information from the Zurich Estimator of
Structural Types catalog(Scarlata et al.2007), based on
principal component analysis of the surface brightness pro� les.
Our parent sample is selected requiring good quality spectra
(see Straatman et al.2018 for spectra quality� ags) and
available NUV,r, andJ absolute magnitudes. In this way, we
end up with 1622 sources.

2.2. Selection Criteria

In the literature, multiple methods have been proposed to
separate“passive” from “star-forming” galaxies, including a
morphological selection of spheroidal systems(following the
original separation by Hubble1936), cuts on color–color
diagrams(e.g., UVJ, Williams et al.2009; NUVrJ, Ilbert et al.
2013) or on a color–mass diagram(e.g., Peng et al.2010), SED
� tting (e.g., Ilbert et al.2009), and sSFR criteria(e.g., Pozzetti
et al.2010).

However, these different criteria do not perfectly overlap
(Renzini2006). In fact, selections based on a single criterion are
not stringent enough to reducethe contamination from star-
forming outliers, with a percentage of contamination up to 10%–
30% depending on the considered criterion. On the other hand, a
combination of different criteria, maximizing the overlap of
complementary information(photometric and spectroscopic), is
signi� cantly more effective in selecting a pure sample(Franzetti
et al.2007; Moresco et al.2013). In this analysis, with the aim of
studying the physical properties of cosmic chronometers, we are
interested in having the purest possible sample, minimizing as
much as possible the eventual residual contamination from star-
forming outliers. We decided to combine different complementary
cuts, as outlined below.

1. NUVrJ selection. Photometric passive galaxies are
selected using the rest-frame(NUV Š r) and (r Š J)
colors following the criterion proposed by Ilbert et al.
(2013): (NUV Š r) > 3(r Š J) + 1 and(NUV Š r) > 3.1.
These colors have been demonstrated to be extremely
sensitive to reveal objects with recent(1–100 Myr) star
formation episodes(blue NUVŠ r colors) even if they
are dust-obscured(redderr Š J colors) and are therefore
optimized to safely separate quiescent and star-forming
galaxies(Arnouts et al.2007; Ilbert et al.2015; Davidzon
et al.2017). With this cut, 658 sources are selected. We
refer to these as the photometric passive sample.

2. Emission-line cut. We further restrict our sample by
excluding galaxies with a signi� cant [O II]� 3727 emis-
sion line, a tracer of photoionized gas, which is typically
considered an indicator of ongoing star formation.6 In
particular, we exclude those galaxies that have an
EW[O II] > 5 Å. The threshold is found to separate well

star-forming and passive galaxies in previous spectro-
scopic surveys at similar redshift(e.g., Mignoli et al.
2009). Combining this and the previous cut, we obtain
485 galaxies that we refer to as the spectrophotometric
passive sample.

3. Visual inspection. The sample is further re� ned by
visually inspecting all the remaining spectra. We remove
galaxies with clearly strong[O II]� 3727 and/ or [O III ]
� 5007 lines, obtaining typical S/ Ns < 3 in their EWs.
The latter is crucial to spectroscopically characterize
galaxies atz� 0.65 for which[O II] is not available in
LEGA-C spectra. Based upon these criteria, we obtain a
� nal sample of 350 bona� de passive galaxies.

In Figure1 we show the distribution of LEGA-C galaxies in
two diagnostic diagrams(NUVrJ, Ilbert et al.2013; EW[O II]
Š Dn4000, Mignoli et al.2009), redshift, � å, Må, and SFR,
across the parent, photometric, spectrophotometric and bona
� de passive subsamples. The median values for the main
quantities are quoted in Table1. Note that objects without
[O II] detection are not displayed in the upper-right diagram.

Overall, the LEGA-C galaxies present two distinctive
peaks in the redshift distribution atz� 0.7 andz� 0.9, with
very few galaxies atz> 1. They form two separate
populations in the NUVrJ plot, with a blue sequence reaching
low (NUV Š r) � 1.1 colors and a red cloud that constitutes
the photometric passive sample. Although a NUVrJ-only
criterion drastically reduces the presence of star-forming
systems in the sample(⟨ ⟩/ = -logs SFR yr 11.8), about one-
third of objects still have a signi� cant [O II] emission.
Therefore, a spectroscopic selection, here performed by
combining a cut on the EW followed by a careful inspection
of all the remaining[O II] and/ or [O III ] contributions, is
fundamental to ensure the purity of the sample. It is
interesting to note that this does not only remove the tail of
bluer (NUV – r) galaxies associated with the green-valley
region, but also systems with redder colors. The� nal bona
� de passive sample has a median redshift ofá ñ =z 0.735.
Passive galaxies are located toward the high-� å and Må
tails of the parent distribution. In particular, the median
� å ( �:�ƒM Mlog ) increases from 164.5 km sŠ1 (10.75) to
205.7 km sŠ1 (10.95) moving from the parent to the bona
� de passive sample, and most of the bona� de passive
galaxies(85%) have �: >�ƒM Mlog 10.6. With respect to the
spectrophotometric, this sample has an SFR lower by 0.16
dex(with a median uncertainty of 0.18 dex). Finally, we note
that the passive sample has a median speci� c star formation
rate ofá ñ = -logsSFR yr 12.1, with only 15 galaxies(� 4%)
reaching > Š11, a value commonly adopted to classify
“passive” galaxies(see Pozzetti et al.2010).

We measure the composite spectrum of the bona� de passive
sample by normalizing each rest-frame spectrum to the median
� ux between 4200 and 4400Å, and interpolating it onto a
common grid(3000–5500Å, � � = 0.35Å pixŠ1), considering
only pixels with no problematic spectral� ags. For each pixel, a
� -clipping is applied to reject� uxesFi deviating more than 4�
from the mean, minimizing the impact of potential night sky
emission-line residuals. The composite spectrum is obtained by
computing the median� ux and the associated uncertainty,
given by the normalized median absolute deviation(NMAD7)
divided by the square root of the number of objects at each6 Low-ionization nuclear emission-line regions(LINERs) and ionization from

old stars can also be responsible for[O II] and[O III ] emission lines(e.g., Yan
et al. 2006; Singh et al.2013; Cimatti et al.2019), but because we aim to
sample purity we still exclude these sources. 7 · (∣ ( )∣)= -F FNMAD 1.4826 median mediani i ; see Hoaglin et al.(1983)
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right after the peak of the cosmic star formation rate density
(z� 2; Madau & Dickinson2014). We also � nd few (22,
� 16% of the passive sample) very massive( �: >�ƒM Mlog 11)
galaxies with azform > 2.5 up to 5.

In Figure 8 our results are compared with the existing
literature where similar analysis methods are used. We� nd very
good agreement with the work of Jørgensen & Chiboucas
(2013), who studied spectra of� 80 cluster galaxies at
z= 0.5–0.9 comparing observed Lick indices withTMJ11
models. They found formation redshifts ofzform � 1.24 and
1.95 for stellar masses of / �: »�ƒM Mlog 10.6 and 11.4, respec-
tively. We also� nd an excellent agreement with the work of
Choi et al. (2014), who analyzed stacked spectra of sSFR-
selected passive galaxies at comparable redshift and masses with
the full spectral� tting method. By assuming single-burst SFHs,
the authors found typical formation epochs ofzform � 1.5.
Finally, Gallazzi et al. (2014) analyzed ages and stellar
metallicities for � 70 between star-forming and quiescent
galaxies at z� 0.7 using age-sensitive Dn4000, H� , and
H� A+ H� A, and metal-sensitive[Mg2Fe] and [ ]¢MgFe indices.
Rewriting Equation(8) in terms of the formation timetform
versus �ƒMlog , we obtain a trend ofŠ1.26± 0.27 Gyr per
decade in mass. Remarkably, this is in excellent agreement with
the trend observed by Carnall et al.(2019) of Š1.48± 0.37 Gyr
per decade in mass, using a very different approach(full spectral
� tting) and assuming more extended(double power-law) SFHs.

We now move to the analysis of mean stellar metallicities.
Our results show no signi� cant evolution in[Z/ H] for passive
galaxies sincez� 0.7, with a median offset of 0.05 dex
comparable to the median uncertainty. This con� rms and
statistically strengthens earlier results from Gallazzi et al.
(2014) at similar redshifts, and it con� rms several works that
found similar metallicities up toz� 2 (Onodera et al.
2012, 2015; Citro et al.2016; Estrada-Carpenter et al.2019).
On the other hand, recent studies report a signi� cant evolution
of � [Z/ H] > 0.1 dex. An example is the work by Beverage
et al. (2021) based on a sample of 65 LEGA-C quiescent
galaxies analyzed with a full spectral� tting code. The authors
found no evolution in[Mg/ Fe] values, but a� [Fe/ H] (hence

� [Z/ H]) of about 0.2 dex with respect to local log
(Må/ Me ) = 11 quiescent stacks. We also study[Z/ H] versus

s�ƒlog and �ƒMlog , � nding no signi� cant correlations. Again,
this can be attributed to our stricter selection criteria of the most
passive systems, which are known to have shallower
metallicity–mass relations(see Peng et al.2015; Gallazzi
et al. 2014, 2021). Indeed, when dividing them into two� å
bins, we� nd that the typical[Z/ H] of � å > 215 km sŠ1 systems
is 0.1 dex higher than low-� ones, consistently with the
downsizing scenario(see Section4.4).

Finally, we analyze the mean stellar� enhancements. The
[� / Fe] values of our galaxies are� 0.1 dex lower than the local
sample. However, as discussed in AppendixC, this could be
completely explained by the fact that we could not use Mg
indices in our baseline analysis. For the� rst time, we identify a
positive trend between[� / Fe] and s�ƒlog with a slope of
(0.2± 0.1) for a large population of individual passive galaxies
at z� 0.7. This con� rms the trends observed with stacks of
quiescent galaxies at 0.1< z< 0.7 by Choi et al.(2014). We do
not � nd a signi� cant trend in �ƒMlog . On one hand, local early-
type galaxies show stronger correlations with the gravitational
potential well (of which � å is a tracer) than with Må (e.g.,
Thomas et al.2005; Barone et al.2018). On the other hand,
uncertainties inMå derivation may play a role in washing out
these relations.

In conclusion, the sample of selected passive galaxies at
z� 0.7 shows trends in age,[Z/ H], and [� / Fe] versus� å in
agreement with those expected from a passively evolving
population. The age offset, as well as the lack of a signi� cant
offset between the typical values of[Z/ H] and [� / Fe] is
evidence that these systems should have formed their stars on
short timescales, depleting the great majority of their gas
reservoirs, and experienced passive evolution since then.

4.3. Physical Parameters versusz

Figure9 shows the derived stellar population parameters as a
function of redshift. Interestingly, despite not having imposed
any cosmological prior on the age of the galaxies, our derived
ages are in all cases in agreement with a generic cosmological
model, never exceeding the age of the universe at any redshift.
Moreover, the upper envelope of the distribution follows the
decrease expected from the aging of the universe. At all
redshifts, only a few passive galaxies have ages� 2 Gyr owing
to the stringent selection criteria. The median value is
á ñ =age 3.01 Gyr with a ± 0.97 Gyr 1� scatter. This implies a
formation time oftform � 4 Gyr after the Big Bang, corresp-
onding to a formation redshift ofzform � 1.5 as previously
discussed(Section4.2).

Stellar metallicities have solar or slightly supersolar values,
[ ]á ñ =Z H 0.08 dex with a± 0.18 1� scatter, spanning a very

narrow range if compared to the initial parameter space
(Š2.25< [Z/ H] < 0.67). Differently from stellar ages, they
show no sign of evolution even within the redshift range
explored in this work.

We � nd slightly supersolar[� / Fe] values, [ ]aá ñ =Fe 0.13
dex with a± 0.11 1� scatter. In particular, 124(89%) galaxies
have[� / Fe] > 0, pointing to very short formation timescales,
i.e., before Type Ia supernova explosions can pollute the
interstellar medium with a relatively high amount of iron-peak
elements. As for the metallicities, these star formation
timescales indicators do not signi� cantly evolve over the
redshift probed.

Figure 8. Formation redshifts as a function of galaxy stellar mass for 140 bona
� de passive galaxies selected in LEGA-C DR2(violet points). We compare our
measurements with literature data of massive quiescent galaxies in the local
(Thomas et al.2010) and intermediate-redshift(Jørgensen & Chiboucas2013;
Choi et al.2014; Gallazzi et al.2014; Onodera et al.2015) universe. Lines are
obtained by performing robust linear� ts (see text).

13

The Astrophysical Journal, 927:164(22pp), 2022 March 10 Borghi et al.



Overall, these results con� rm the passive evolution within
the � 1.6 Gyr interval of cosmic time explored in this work
shedding light on the granularity of the physical properties and
SFHs. The uniformly small scatter in[Z/ H] and[� / Fe], � 0.20
dex at � xed � å or z, con� rms the large homogeneity of the
sample and puts strong constraints on the duration of the
chemical assembly of these systems.

4.4. Median Binned Relations

To provide a comprehensive picture with the results
discussed in Sections4.2 and 4.3, we bin age,[Z/ H], and
[� / Fe] in � å and in z. Binning in � å instead ofMå has the
bene� t of avoiding model-dependent effects introduced by
SED-� t modeling, other than using an observational quantity.
The galaxies were� rst binned into two� å using sá ñ =�ƒ 215
km sŠ1 (approximately equivalent to⟨ ⟩/ �: »�ƒM Mlog 11) as a
threshold, then into four equally spaced redshift bins, with
� z= 0.075 fromz= 0.6 to z= 0.9. Bins have from� 5, at
higherz, to � 40, at lowerz, objects. To each bin, we assign a
mean z value and a median(age, [Z/ H], [� / Fe]) with
associated uncertainty. Results are shown in the right panels of
Figure9.

Clearly, the median properties of the analyzed passive galaxies
follow a downsizing pattern. At each cosmic epoch, stellar
populations hosted in galaxies with higher mass are older, more

metal rich and� enhanced. This suggests that their formation
occurred at earlier times, with a difference of� age� 0.5 Gyr and
on shorter timescales with respect to less massive ones. We note
that these trends were already qualitatively con� rmed from the
analysis of the main absorption indices(Section2.4).

Last but not least, it is remarkable that for each� å regime we
� nd a clear, almost parallel, age–redshift relation. The study of
their differential evolution will allow us to perform cosmolo-
gical studies using the cosmic chronometer approach(Borghi
et al.2021).

5. Conclusions

In this work, we take advantage of the public Data Release 2
of the LEGA-C spectroscopic survey to place constraints on the
stellar population properties of individual massive and passive
galaxies at 0.6< z< 0.9. Based on a robust spectral analysis of
Lick indices, our aim is to characterize this population and to
explore the reliability of using these galaxies as cosmic
chronometers. Our main results are summarized below.

1. We select a pure sample of 350 passive galaxies at
z� 0.7 combining a photometric NUVrJ selection, a
spectroscopic EW[O II] cut, and a careful visual inspec-
tion of individual spectra to further remove galaxies with
signi� cant emission lines(Figure1). As con� rmed by the

Figure 9.Left panels: distribution of single-burst stellar ages, metallicities, and� enhancements as a function of redshift for 140 bona� de passive galaxies selected in
LEGA-C DR2(violet points). The error bars are obtained as the 16th and 84th percentiles of the marginalized posterior distributions. In the age–redshift panel, we
shade the parameter space not allowed for a general cosmology(gray solid), as well as the formation redshift assuming a pure passive evolution(dotted lines). Right
panels: median binned relations obtained by dividing the sample into two� å regimes, with� å = 215 km sŠ1 as a threshold. Each bin contains 5–40 objects. Error bars
on they-axis are errors associated with the median values, while those on thex-axis indicate the bin widths.
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stacked spectrum(Figure2), no underlying emission line
components are present in the sample, con� rming its high
purity. Selected passive galaxies have a median observed
velocity dispersion ofsá ñ =�ƒ 206 km sŠ1, stellar mass of

�:á ñ =�ƒM Mlog 10.95, and very low speci� c star forma-
tion rate⟨ ⟩/ = -log sSFR yr 12.1. Most of them have an
early-type morphology, but there is also a nonnegligible
percentage of systems(about one-third) with an inter-
mediate morphology.

2. We develop, validate, and publicly releasePyLick , a
� exible Python tool to measure absorption features,
implementing several different index de� nitions (see
Appendix A). This allows us to measure spectral
indices over a wide wavelength range in LEGA-C data,
extending the current public catalog of Lick indices by
Straatman et al.(2018) and enabling a more detailed
exploration of the dependence of our results on different
index combinations.

3. We introduce the H/ K ratio, a new diagnostic feature
de� ned as the ratio of pseudo-Lick indices CaII K and
CaII H (Figure3). We verify that it is an excellent tracer
of potential contamination of the sample due to star-
forming or young populations, con� rming that our
sample is compatible with no or negligible contamina-
tion, with ( )sá ñ = H K 0.96 0.08 1 . Moreover, a
selection based on H/ K < 1.1 is found to reproduce an
NUVrJ selection(Ilbert et al.2013) or a log sSFR/ yr <
–11 cut(Figure6) with a small percentage of incomplete-
ness(� 15%) or contamination(� 15%) while requiring a
much narrower wavelength range.

4. Using an optimized combination of Lick indices(namely
H� A, CN1, CN2, Ca4227, G4300, H� A, H� F, Fe4383,
Fe4531, and C24668), we measure single-burst stellar
age,[Z/ H], and[� / Fe] for 140 passive galaxies, without
assuming cosmological priors on the maximum value of
age as a function of redshift. We also perform an
extended analysis to assess the impact of different choices
of indices, verifying that our� ndings are robust against
the choice of a different combination of indices
(AppendixC).

5. We � nd trends between log age,[Z/ H], [� / Fe], and the
stellar velocity dispersion consistent with those expected
from a passively evolving population, with slopes of
(0.5± 0.1), (0.3± 0.2), and (0.2± 0.1), respectively
(Figure 7). This analysis shows, for the� rst time using
individual galaxies, that a relation between[� / Fe] (a star
formation timescale proxy) ands �ƒ is already in place at
z� 0.7. Moreover, the age difference of 5.5 Gyr between
our sample and local ETGs can be entirely accounted for by
a pure passive evolution(Section4.2). Assuming a standard
� CDM cosmology, the relation between formation redshifts
and galaxy stellar masses is found to agree with several
previous analyses(Figure8), con� rming that this population
of massive galaxies forms atzform � 1.3(1.6) at masses

( )�: =�ƒM Mlog 10.7 11.3 , after the peak of the cosmic star
formation rate density.

6. Even if we do not impose any cosmological prior to the age
of the population, the obtained age–zevolution is consistent
with a� CDM universe(Figure9). Stellar[Z/ H] and[� / Fe]
abundances do not evolve signi� cantly overz and their
values are slightly supersolar,[ ] ( )sá ñ = Z H 0.08 0.18 1

dex, and supersolar,[ ] ( )a sá ñ = Fe 0.13 0.11 1 dex,
compatibly with their local counterparts.

7. Finally, the analysis of median binned relations con� rms the
downsizing scenario and the passive nature of this
population. Remarkably, we obtain two clear nearly parallel
age–z relations for both the higher(� å � 230 km sŠ1) and
the lower(� å � 200 km sŠ1) mass regimes. This difference
of � age� 0.5 Gyr can be interpreted as a delay in
formation time between the two, with later formation
epochs for the population of less massive galaxies.

Overall, our analysis of individual galaxies con� rms the
existence of a population of passively evolving galaxies at
intermediate redshift that follows a downsizing pattern. In a
subsequent paper, we will make use of their median age–
redshift relation to derive constraints on cosmological para-
meters and obtain a direct measure of the Hubble parameter
H(z) using the cosmic chronometers approach. In this context,
we also plan to study in more detail the effect of assuming
different SFHs. In this way we will be able to study for the� rst
time at these redshifts the detailed stellar population properties
of passive galaxies and their underlying cosmology, jointly.

In the more distant future, dedicated large spectroscopic
surveys would be crucial to extend the present analysis,
providing at the same time unique opportunities for gravita-
tional wave astronomy and cosmology(Palmese et al.2019).
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Appendix A
Measuring Spectral Indices withPyLick

Absorption-line features produced by atomic and molecular
absorbers in stellar photospheres can unlock crucial informa-
tion about the physical properties of stellar populations. Here
we presentPyLick , a � exible tool to measure spectral indices
and associated uncertainties in galaxy spectra that includes
different index de� nitions and measuring methods. The code is
entirely written in Python language and object oriented. We
developed this tool in the view of upcoming observational
facilities to facilitate the detailed analysis of high-resolution
spectroscopy(e.g., VLT/ MOONS, Cirasuolo et al.2020;
Subaru/ PFS, Tamura et al.2016), and a quicker analysis of
lower-resolution spectroscopic surveys(e.g., Euclid, Laureijs
et al.2011).
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https://gitlab.com/mmoresco/pylick/
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