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ABSTRACT

We investigated the stellar mass-metallicity relation (MZR) using a sample of 637 quiescent galaxies with 10.4 < log(M./My) < 11.7
selected from the LEGA-C survey at 0.6 < z < 1. We derived mass-weighted stellar metallicities using full-spectral fitting. We find
that while lower-mass galaxies are both metal-rich and metal-poor, there are no metal-poor galaxies at high masses, and that metallicity
is bounded at low values by a mass-dependent lower limit. This lower limit increases with mass, empirically defining a MEtallicity-
Mass Exclusion (MEME) zone. We find that the spectral index MgFe = 4/Mgb x Fe4383, a proxy for the stellar metallicity, also
shows a mass-dependent lower limit resembling the MEME relation. Crucially, MgFe is independent of stellar population models and
fitting methods. By constructing the metallicity enrichment histories, we find that, after the first gigayear, the star formation history of
galaxies has a mild impact on the observed metallicity distribution. Finally, from the average formation times, we find that galaxies
populate differently the metallicity-mass plane at different cosmic times, and that the MEME limit is recovered by galaxies that formed
at z > 3. Our work suggests that the stellar metallicity of quiescent galaxies is bounded by a lower limit which increases with the
stellar mass. On the other hand, low-mass galaxies can have metallicities as high as galaxies ~1 dex more massive. This suggests that,
at log(M./Mg) > 10.4, rather than lower-mass galaxies being systematically less metallic, the observed MZR might be a consequence

of the lack of massive metal-poor galaxies.

Key words. galaxies: abundances — galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies: formation —
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1. Introduction

The elemental abundance of galaxies holds fundamental infor-
mation on how they formed and evolved. In particular, stellar
metallicity is primarily driven by stellar nucleosynthesis, and the
final metal content of a galaxy is closely related to its star for-
mation history (SFH). The metallicity of a galaxy is the result of
the interplay between how quickly its stars produce and release
metals in the interstellar medium (ISM), and how much of these
metals are retained and reprocessed into new stars.

In the local Universe, galaxies exhibit a positive corre-
lation between their stellar mass and metal content of both
stars and gas (Tremonti et al. 2004; Thomas et al. 2005, 2010;
Gallazzi et al. 2005, 2014; Panter et al. 2008; Choi et al. 2014;
McDermid et al. 2015; Ginolfi et al. 2020). This is known in the

* Corresponding author; davide.bevacqua@inaf.it

literature as the mass-metallicity relation (MZR)!, which indi-
cates that more massive galaxies are, on average, more metal-
rich than less massive ones.

Given that the stellar mass is a proxy of the gravita-
tional potential, the common interpretation of the MZR is that,
because of their deeper potential wells, more massive galax-
ies are capable of retaining more metals against the galac-
tic outflows, and reprocessing them into new stars, in con-
trast to lower-mass galaxies that have shallower potential wells
(Tremonti et al. 2004; Chisholm et al. 2018; D’Eugenio et al.
2018; Barone et al. 2020; Cappellari 2023). However, the ori-
gin of the MZR is still debated because of the many mech-
anisms involved in the interplay between outflows, inflows,
and enrichment rates (Finlator & Davé 2008; Spitoni et al.
2010, 2017; Davé et al. 2011), as well as the star formation
efficiency (Caluraetal. 2009) and the initial mass function

! In this paper we refer to the stellar MZR, unless otherwise specified.
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(IMF) (Conroy & van Dokkum 2012; Spiniello etal. 2012;
La Barbera et al. 2013; Martin-Navarro et al. 2015), which
determines the final metal content of a galaxy.

Although both quiescent and star-forming galaxies show a
positive correlation of metallicity with mass, it has been shown
that they follow two different MZRs. This has been interpreted
as the consequence of the suppression of the star formation,
in quiescent galaxies, due to a halt in the external gas supply,
known as “starvation” (Peng et al. 2015; Trussler et al. 2019).
However, the differences in the metal content of quiescent and
star-forming galaxies could also be explained in terms of the
interplay between different gas infall timescales and outflows
(Spitoni et al. 2017). Further, the two different MZRs are linked
to structural differences, and the local relation between metallic-
ity and surface mass density (Zibetti & Gallazzi 2022).

A major issue related to the study of the metallicity of local
galaxies is the difficulty in reconstructing the full star formation
and assembly history of galaxies. Events such as mergers and gas
accretion can significantly affect the metallicity of galaxies. Fur-
ther, galaxies formed at different cosmic times can have different
stellar population properties, thus affecting the overall distribu-
tion of metallicities. All these effects combined make the inter-
pretation of the SFHs nontrivial, and the relation between mass
and metallicity less obvious. Observationally, the easiest way to
mitigate this issue is to study galaxies at higher redshifts, when
the time available for cosmic events to take place is shorter and,
consequently, the impact on the overall distribution of the stellar
population properties is milder.

At intermediate redshifts, studies on the stellar metallicity
of quiescent galaxies have revealed different results. For exam-
ple, Gallazzi et al. (2014) find a MZR for quiescent galaxies at
z ~ 0.7 consistent with that for local ETGs (Gallazzi et al. 2005),
as also confirmed by Choi et al. (2014) and Saracco et al. (2023),
among others, at even higher redshift (1 < z < 1.4). On the
other hand, Leethochawalit et al. (2019) and Carnall et al. (2019,
2022), among others, find that at fixed mass the average metal-
licity of quiescent galaxies is lower at higher redshift than their
local counterparts, indicating an evolution of the MZR. Other
studies on smaller samples of quiescent galaxies, using single
or stacked spectra, also provide a variety of results at com-
parable masses (Lonoce et al. 2014, 2020; Onodera et al. 2015;
Kriek et al. 2016; Saracco et al. 2018, 2020; Kriek et al. 2019;
Carnall et al. 2022). However, the different results obtained by
different studies could stem from differences in the methods used
to estimate metallicityz, and from the definition itself of metal-
licity (total metallicity, [Z/H], or iron content, [Fe/H]).

An evolution of the stellar MZR might be the consequence
of cosmic evolution affecting more heavily the stellar popula-
tion properties of lower-mass galaxies than higher-mass ones
(Maiolino et al. 2008; Fontanot et al. 2009). This would imply a
larger range of metallicities for lower-mass galaxies, as is actu-
ally observed. The observed scatter in metallicity might also
reflect the rich variety of SFHs and mass assembly histories
of galaxies (Tacchella et al. 2022). In this sense, studying only
the average trend (i.e., the MZR) could be preventing us from
obtaining a clear picture of how galaxies of a given mass are
enriched in metals since average values are not fully represen-
tative of the complex mechanisms determining and affecting the
final metallicity of galaxies. Therefore, studying in more detail
the overall metallicity distribution can provide valuable informa-

2 For example, using similar samples from the same galaxy survey,
Saracco et al. (2023) and Carnall et al. (2022) find significantly differ-
ent results using different methods.
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tion to better characterize the relation between metallicity and
mass.

For this paper we studied the relation between stellar metal-
licity and stellar mass for a large sample of quiescent galaxies
selected from the Large Early Galaxy Astrophysics Census sur-
vey (van der Wel et al. 2016, hereafter LEGA-C), and its depen-
dence on the SFH. The stellar metallicity and SFH of LEGA-
C galaxies have already been investigated in several works
(Beverage et al. 2021, 2023; Barone et al. 2022; Borghi et al.
2022; Wu et al. 2018; Chauke et al. 2018, 2019; Sobral et al.
2022; Cappellari 2023).

This paper is structured as follows. In Sect. 2 we describe the
data and selection criteria used to build the sample. In Sect. 3
we describe the methods used to estimate the stellar popula-
tion parameters, as well as the results of the fits. In Sect. 4 we
describe the relation between metallicity and mass found for our
sample of quiescent galaxies, and discuss a new view of the
MZR. In Sect. 5 we evaluate the impact of cosmic evolution on
metallicity, in terms of SFH and of different formation epochs.
Finally, in Sect. 6 we summarize our results, and discuss them in
Sect. 7.

Throughout this paper we adopt a flat ACDM cosmology
with Hy = 70km s~ Mpc™! and Q,,, = 0.3.

2. Data and sample selection

We studied a large sample of quiescent galaxies selected
from LEGA-C. LEGA-C is a spectroscopic survey of galaxies
observed at intermediate redshifts (z ~ 0.6—1.0) in the Cosmo-
logical Evolution Survey (COSMOS) field (Scoville et al. 2007),
using the VIsible Multi-Object Spectrograph (Le Fevre et al.
2003) on the Very Large Telescope (VLT). The survey
observed 4209 galaxies, selected from the UltraVISTA catalog
(Muzzin et al. 2013), reaching an approximate signal-to-noise
ratio (S/N) of about 20 A~! in the continuum. We used inte-
grated spectra from the third Data Release (van der Wel et al.
2021; hereafter DR3), with a nominal spectral resolution of
R ~2500 (Straatman et al. 2018) and observed wavelength range
of 6300 A—8800A. In this work we focus only on quiescent
galaxies, namely those galaxies that show no evidence of ongo-
ing star formation, and hence have stopped forming stars.

We first selected them using the photometric UVJ diag-
nostic diagram (e.g., Williams et al. 2009), which is shown in
Fig. 1 for all LEGA-C galaxies. The red points in the plot
are classified as quiescent galaxies and were kept from the
input catalog. Then, we further cleaned the sample using the
LEGA-C flags and excluded galaxies with irregular morpholo-
gies (FLAG_MORPH = 1), galaxies with light coming from dif-
ferent redshifts (FLAG_MORPH =2), and galaxies with bad
flux calibration (FLAG_SPEC =2) (see van der Wel et al. 2021
for details). Finally, we excluded galaxies with Sérsic index
nsers < 2.5 and galaxies with axial ratio g,x < 0.3. These two
last criteria were chosen to minimize (maximize) the number of
late-type (early-type) galaxies in our sample.

To study a possible evolution in redshift, we divided the
sample into four redshift bins, from z = 0.6 to z = 1.0 at
step of Az = 0.1, and excluded all galaxies outside this range,
thus covering about 2 Gyr of evolution (the Universe was about
5Gyr old at z = 1 and 7Gyr old at z = 0.6) with steps of
about 0.5 Gyr. To take into account the mass completeness lim-
its of LEGA-C, we adopted a conservative choice and excluded
from our sample all galaxies with mass lower than the com-
pleteness limit at the highest redshift of each redshift bin con-
sidered. More specifically, we excluded galaxies with masses
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Fig. 1. UVJ diagram of LEGA-C galaxies in the DR3. The black dashed
line marks the empirical separation between quiescent and star-forming
galaxies (Eq. (4) in Williams et al. 2009).

lower than log,,(M./My) = 10.4, 10.6, 10.8, and 11 in the first
(0.6 < z < 0.7), second (0.7 < z < 0.8), third (0.8 < z < 0.9),
and last (0.9 < z < 1) redshift bin, respectively.

The final sample consists of 637 quiescent galaxies. The red-
shifts and spectral indices are provided by the DR3. We then
estimated the stellar masses by fitting the UltraVISTA photom-
etry (Muzzin et al. 2013) with the spectroscopic redshifts pro-
vided by LEGA-C, using the C++ implementation of the FAST
code® (Kriek et al. 2009). To perform the fit, we used models
by Bruzual & Charlot (2003) with solar metallicity, assuming a
delayed exponentially declining SFH, a Chabrier (2001) IMF,
and a Kriek & Conroy (2013) dust attenuation law.

3. Age and metallicity estimates from full-spectral
fitting

We estimate the mass-weighted ages and metallicities by fitting
the LEGA-C spectra using the penalized pixel fitting (pPXF)
method and code described in Cappellari & Emsellem (2004);
Cappellari (2017, 2023, updated to version v8.2.2). The code
performs the full spectral fit by linearly combining template
spectra of different ages and metallicities. The resulting com-
posite best-fit model is the one minimizing the y?.

As templates, we used the E-MILES simple stellar popu-
lation (SSP) models (Vazdekis et al. 2016), which are entirely
based on observed stars. More specifically, we used models
with BaSTTI isochrones (Pietrinferni et al. 2004) and a Chabrier
IMF (Chabrier 2001). We restricted ourselves to the safe ranges
described in Vazdekis et al. (2016); specifically, we only used
models with metallicities [M/H] =-1.79, —1.49, —1.26, —0.96,
—-0.66, —0.35, —-0.25, +0.06, +0.15, +0.26 and ages >0.11 Gyr.

As the upper limit of the SSP age, we considered a maxi-
mum input age of 6.5, 6, 5.5, and 5 Gyr for galaxies at redshift
06<2<07,07<2<08,08<z<09,and 0.6 <z < 1.0,

3 Available from https://github.com/cschreib/fastpp
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Fig. 2. Example of a fit performed with pPXF on the galaxy with LEGA-
C ID M8-112827. The black line is the observed spectrum. The red
line is the best-fit model. The green diamonds are the residuals, whose
median value is indicated by the blue horizontal line. The gray shaded
lines are the masked regions.

respectively. In Appendix A.l we show that including SSPs
up to 1.5Gyr older has a negligible effect on the metallicity
estimates. In this case the output ages become slightly older,
but in most cases the ages are consistent within the estimated
errors (Appendix B). However, since some cases may depend on
the choice of the input SSP ages, throughout this paper, when
needed, we discuss how this choice affects our results. Finally,
including much older SSPs often provides unphysical outputs,
namely age estimates much older than the age of the Universe.
This is likely due to the degeneracy between age and metallicity.

We perform the fit of the spectra as follows, actually per-
forming two fits. From the first fit we get the residuals between
the galaxy and the best-fitting model, and make a robust estimate
of the standard deviation of these residuals, o g, that we use to
mask all spectral pixels deviating more than 307g4. Then, the sec-
ond fit provides the best-fitting model. The kinematic broadening
is taken into account during the fit by pPXF.

Each fit is performed using both multiplicative polynomials
of degree 4 and a Calzetti reddening curve (Calzetti et al. 2000)
over the rest-frame spectral range 3600—-4600 A. In Appendix A
we discuss these choices in detail. Briefly, by simulating LEGA-
C galaxies from E-MILES models, we find that the combination
of a reddening curve and low-order polynomials generally pro-
vides estimates of age and metallicity closest to the input values.
Then, we choose the spectral range to be common to most galax-
ies, given the large range of redshifts considered here. We verify
that shortening the range by 200 A to the redder or bluer part
of the spectrum has a negligible effect on our estimates. Since
we find that extending the fit up to 5200 A (reached by <1/3 of
galaxies) can affect the age estimates, while not changing metal-
licity estimates, when necessary, we discuss the effect of extend-
ing the fitting range on our results.

We also fit the gas emission lines (modeled as Gaussians).
In particular, we fit the Balmer series, for which we fix the flux
ratio (tie_balmer =True), and the [OII] doublet. In Fig. 2 we
show an example of the fit performed on a LEGA-C galaxy.

The average mass-weighted ages and metallicities are calcu-
lated as

i wilogioAge;
log,(Age = #, ey
w,[M/HJ,
) = 2L @
ZiWi
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Table 1. Estimated stellar population parameters.

IDLEGA-C Age [MH] fiom AT
(Gyr) (dex) (Gyr) (Gyr)
(H @) (3) “) (&)
M16-38110 650 —0.10 022  0.40
M17-40011 3.79 -0.06 3.46 3.70
M14-41209 480 —0.12 2.09  0.40

Notes. The complete table is available at the CDS. Columns: (1) ID
LEGA-C of the file associated with the spectrum. (2) Mass-weighted
age estimated from fits, using Equation (1); we assume a fixed error of
0.07 dex for all galaxies (see Appendix B). (3) Mass-weighted metallic-
ity estimated from fits, using Equation (2); we assume a fixed error of
0.06 dex for all galaxies (see Appendix B). (4) Average formation time
estimated using Equation (3). (5) At = 195—75, where 7, is the time at
which a galaxy formed x percent of its mass, as measured from its SFH
(see Section 5.1).

where w; is the weight of the i-th template and the sums are per-
formed over all the input templates.

Since the redshift range covered by LEGA-C galaxies cor-
responds to an age difference of about 2 Gyr, to make results
comparable for the whole sample, we rescaled the ages to the
age of the Universe at the observed redshifts. We thus define the
cosmic formation time, fn,, relative to the mass-weighted age
of a galaxy as

tform = Agey(z) — Age, 3

where Agey(z) is the age of the Universe at the redshift of the
galaxy, and Age is the age of the galaxy estimated with pPXF.
Using form instead of ages allows direct comparisons among
galaxies, at all redshifts, since we are virtually re-arranging the
timeline of galaxies to have the same zero point, namely the age
of the Universe.

Our estimates of stellar parameters are reported in Table 1,
and provided as supplementary material to this paper.

4. The metallicity-mass diagram of LEGA-C
quiescent galaxies

4.1. The metallicity-mass diagram

In Fig. 3 we show the distribution of galaxies on the metallicity-
mass diagram and color-code them according to the redshift bins.
As the figure shows, the distribution of metallicities does not
change among different redshift bins*. For this reason, from now
on we study the metallicity of our sample assuming it is not
affected by redshift.

In Fig. 3 we highlight how the average metallicity increases
with the stellar mass (see star symbols), in agreement with the
MZR observed for local galaxies. Further, the metallicity scatter
decreases with increasing stellar mass.

However, we point out that the MZR is not fully representa-
tive of the overall distribution of metallicity we observe in Fig. 3.
While at high masses galaxies are all metal-rich, at lower masses
they are both metal-rich and metal-poor®. Thus, low mass does

* By performing KS-tests on all the combinations of the four samples,
taking into account the mass completeness limit of the different redshift
bins, we always get p-values > 0.5.

5 We verified that there is no correlation between the S/N and M,
for the LEGA-C galaxies. This behavior is also seen in simulations
(Appendix E) that are not affected by the S/N.
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Fig. 3. Metallicity-mass diagram of our sample of quiescent galaxies.
The colors indicate different redshift bins, as described in the legend.
The gray point indicates the typical error on [M/H]. The stars are the
average metallicity values at different mass bins, regardless of the red-
shift bins, and the associated error bars are the corresponding 16th and
84th percentiles. The solid magenta line is the MEME relation, corre-
sponding to the linear fit containing 99% of the galaxies in each mass
bin.

not necessarily imply low metallicity, as a simplistic interpreta-
tion of the MZR may suggest.

Furthermore, we note that as the mass increases there is a
lack of galaxies with low metallicities, empirically defining a
zone of avoidance. As highlighted by the magenta line (defined
in Section 4.2), this lower limit in metallicity increases with
mass. On the other hand, lower-mass galaxies can reach metal-
licities as high as the most massive galaxies (although fits are
limited by the maximum metallicity of input models; below,
we show that spectral indices, which are independent of SSP
models, give the same result). Hence, we argue that the aver-
age increase in metallicity with stellar mass (i.e., the MZR) is
a consequence of the mass-dependent lower limit in metallicity.
In other words, in the mass range considered, the MZR arises
not because the metallicity is typically low for low-mass galax-
ies and high for the massive ones, but because there are no high-
mass galaxies with low metallicity (see also Saracco et al. 2023).

4.2. The MEME relation

To highlight the feature discussed above, we define as follows a
linear relation below which virtually no galaxies are found. First,
we divide the sample into mass bins 0.2 dex wide, and sampled at
0.1 dex (thus bins are overlapping). Then, we apply the Gaussian
kernel density estimation of the metallicities at each mass bin
and take the lower bound of the 99% confidence interval. Hence,
we linearly interpolate the lower bounds of all mass bins, and
perform a linear fit of the interpolated values using the least-
squares method, which provides the slope and intercept of the
following linear relation:

[M/H] = —0.16 + 0.66 X [log,o(M./Ms) — 11.0]. )
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Fig. 4. MgFe-mass diagram, where MgFe = \/Mgb x Fe4383 is used
as a proxy for the global metallicity. The point in the lower right corner
represents the typical error on MgFe. The stars are the average metal-
licity values at different mass bins, and the associated error bars are
the corresponding 16th and 84th percentiles. The dashed magenta line
is the MEME relation estimated from indices: MgFe =2.83 + 3.48 x
[logi0(M./Mo) — 11].

We call Equation (4) the MEtallicity-Mass Exclusion (MEME)
relation, and the region of the diagram below it the MEME zone.
We plot the MEME relation in Fig. 3 as a magenta solid line.

Another way of interpreting the MZR is that the metallic-
ity range spanned by galaxies is narrower at higher masses (i.e.,
the observed metallicity scatter reduces as the mass increases)
toward high metallicity values. We verified that the same is
observed when considering only galaxies with high S/N. How-
ever, the [M/H] values are limited by models, and the crowd-
ing of galaxies at the highest fitting metallicity, [M/H] = 0.26 dex
(see Fig. 3) suggests that if we had models with higher metallic-
ities, galaxies would likely reach higher [M/H] values®. There-
fore, to probe the observed metallicity distribution we need to
rely on some other indicator, independent of models and fitting
code.

To this end, we consider spectral indices. In particular, we
use a combination of magnesium and iron as a proxy for total
metallicity: MgFe = \/Mgb x Fe4383, where Mgb and Fe4383’
are provided by the DR3 of LEGA-C. In Appendix C we show
that MgFe correlates linearly with [M/H], as also predicted by
models. Although both indices are observed only for 183 galax-
ies in our sample (Bevacqua et al. 2023), we note that this sub-
sample covers the whole range of masses.

To take into account the effect of kinematic broadening on
the spectral indices, for each galaxy, we construct a model of
the best-fitting age and metallicity by linearly interpolating the
E-MILES models. Then, we broaden the model by convolving
it with a Gaussian of standard deviation corresponding to the

6 We further checked that including models extrapolated up to
[M/H] = 0.8 dex does not change this result, with lower-mass galaxies
reaching metallicities as high as the most massive galaxies; however, in
this case no galaxy reaches [M/H] = 0.8 dex.

7 This is the best combination of magnesium and iron indices we
can use since other indices observed by LEGA-C typically have larger
errors, and are observed for a much smaller number of galaxies (see
Appendix A in Bevacqua et al. 2023).

galaxy’s velocity dispersion, o, (as reported by the LEGA-C
DR3). For each index, I, we thus calculate the correction factor
C = Inod/Imod.broad> Where Inoq is the model index measured at
the LEGA-C spectral resolution, and /iod proad 1S the model index
measured from the spectrum broadened by o.. We thus correct
the observed indices, Iops, as Ieorr = C X Ips.

In Fig. 4 we show the MgFe—mass diagram. The overall dis-
tribution of galaxies in Fig. 4 resembles that of Fig. 3. At low
masses galaxies span a large range of MgFe values, while at
high masses galaxies have high MgFe. As highlighted by the
dashed magenta line, the MEME relation is present even when
using spectral indices. Interestingly, lower-mass galaxies (down
to log;(M./My) ~ 10.7) reach MgFe values as high as galaxies
~1 dex more massive. Crucially, MgFe does not depend on any
model or fit.

Results from spectral fits and from spectral indices indicate
that the metallicity of quiescent galaxies is bounded by a mass-
dependent lower limit that increases with stellar mass. We argue
that the MZR is an empirical consequence of this lower limit
(i.e., due to the lack of massive and metal-poor galaxies). Fur-
ther, the MgFe index shows that low-mass galaxies can have
metallicities as high as the most massive galaxies.

In Appendix E we show that simulations from both hydro-
dynamical and semi-analytical models predict a similar behavior
to the observations, with lower-mass galaxies spanning a larger
metallicity range and reaching metallicities as high as the most
massive galaxies, and exhibiting a mass-dependent lower limit.
In particular, the predicted MEME relation is flatter than the
observed relation (see Figs. E.1 and E.2). These predictions indi-
cate that our results on LEGA-C galaxies are not a consequence
of the methods used to measure their properties or of the S/N, but
are related to the physical processes driving the mass and metal-
licity of quiescent galaxies. We caution that the results shown
in Appendix E are qualitative. A proper comparison with obser-
vations would require a careful and quantitative analysis of the
models’ data. However, this is beyond the scope of this work.

5. The influence of cosmic evolution on metallicity

The larger metallicity range spanned by lower-mass galaxies
could be a consequence of cosmic evolution affecting more sig-
nificantly these galaxies than the most massive ones. In particu-
lar, it is known that, on average, lower-mass galaxies take longer
to form and to assemble their stellar mass (e.g., McDermid et al.
2015). A prolonged SFH can then affect the stellar population
properties of a galaxy, thus varying its metallicity. Depending
on the mechanisms increasing the stellar mass of galaxies (e.g.,
prolonged SF, mergers, gas accretion), the metallicity can in
principle both increase and decrease. Quiescent galaxies exhibit
a rich variety of SFHs (De Lucia et al. 2006; Tacchella et al.
2022). Therefore, the differential scatter in metallicity at differ-
ent masses could be a consequence of the longer timescales of
the mass assembly and of the variety of SFHs.

Another cosmic effect that can affect the general metallicity
distribution is the progenitor bias (van Dokkum & Franx 2001;
Carollo et al. 2013; Poggianti et al. 2013). The addition of newly
quenched galaxies to the quiescent population can have different
stellar population properties.

If the observed metallicity distribution is a consequence of
the effects of cosmic evolution, we may expect that galaxies
formed with similar SFHs or those that formed at the earliest
cosmic epochs follow a tighter MZR (i.e., galaxies should span
a shorter range of metallicities). For these reasons, in this section
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Fig. 5. Example of SFH and MEH for a galaxy with LEGA-C ID: M23 — 151373. Left panel: Mass-weights map of the best-fitting spectrum. The
white dots in the map correspond to the combination of age and metallicity of each template used for the fits. The color bar represents the mass
weights assigned to SSPs in the best-fitting spectrum. Middle panel: SFH (solid green line) of the fitted galaxy, calculated as the cumulative sum
of the rebinned mass weights, as a function of the cosmic formation time. Right panel: MEH (solid red line) of the fitted galaxy, calculated using
Equation (5), as a function of the cosmic formation time. In the middle and right panels, the dashed and dotted lines respectively indicate 775 and
Tgo, namely the formation time at which the galaxy has reached 75% and 90% of its mass.

we study whether the different SFHs or formation times can
account for the differential metallicity scatter at different masses.

For this purpose, in Section 5.1 we construct the SFHs of our
galaxy sample and present our method to study the evolution of
the metallicity of galaxies during their mass assembly process.
Then, in Section 5.2 we study the dependence of the metallicity
on different formation epochs, and how it affects the metallicity-
mass diagram.

5.1. Star formation history and metallicity enrichment history
5.1.1. Methods

To track the mass assembly history of galaxies, we considered
the mass-weights assigned by pPXF to the fitted SSPs, consti-
tuting the best-fitting spectrum. The SFH of a galaxy is calcu-
lated as the cumulative distribution function, fy;, of the mass-
weights as a function of the cosmic time. To have smoother
curves, we perform a resampling of the SSPs by evenly redis-
tributing weights into 10 bins between SSPs of adjacent ages. In
the middle panel of Fig. 5 we show an example of SFH relative
to the best-fitting spectrum whose weights map is shown in the
left panel. The SFH is plotted as a function of #,, defined as
the formation time of the (rebinned) SSPs (i.e., it is calculated
using the ages of the input SSPs instead of the average age of the
galaxy, in Equation (3)). We then define 7, as the time at which a
galaxy has reached x percent of the total mass. In Fig. 5 we show
the times at which the considered galaxy has reached 75%, and
90% of its total mass: 175 and Ty, respectively.

The weights assigned by the fit to the input SSPs also pro-
vide information on how the metallicity evolves during the
mass assembly. For instance, in the example shown in Fig. 5,
the average metallicity is a combination of an older SSP with
lower metallicity and a younger and more metallic SSP. This
implies that, according to the fit, the metallicity of this galaxy
has increased in time during the mass assembly process. Hence,
we can reconstruct the metallicity enrichment history (MEH) of
galaxies, and study how their metallicity has changed over time.

Similarly to SFH, to build the MEHSs we consider the mass-
weights associated with each SSP, and evenly redistribute them
into ten bins to have smoother curves. Then, we sum the
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weighted metallicities and obtain the MEHs as a function of
tiorm- Crucially, to perform this sum one cannot simply use the
cumulative function, as for the SFH. The weights assigned by
the fit represent the fractional contribution of each SSP to the
total mass (i.e., to the already assembled galaxy). Instead, we
track the relative change in the metallicity following the mass
assembly history®.

In terms of the fit, the metallicity, [M/H](7), reached by a
galaxy at the time, 7, when it has assembled a certain fraction of
its total mass, depends on the weights assigned to the SSPs older
than or coeval to 7. To keep track of the relative variation in
metallicity with time we thus update the mass-weighted metal-
licity based on the fractional contribution of each SSP, from the
oldest to the youngest. Numerically, [M/H](7) is calculated using
the equation

Zi Wi(fform,i <7)X [M/H]i(fform,i <71)
Zi Wi(fform,i <1)

where the sums are performed over the (rebinned) SSPs, with

ages corresponding to foy, < 7 (i.e., with ages older than the

youngest SSP in the temporal bin considered). In the right panel
of Fig. 5 we show an example of MEH.

[M/H](7) =

, &)

5.1.2. The dependence of SFHs and MEHSs on stellar mass

We built SFH and MEH curves for all quiescent galaxies in our
sample and divided them into six mass bins at steps of 0.2 dex
between 10.4 < log;,(M./Mp) < 11.7. In Fig. 6 we show the
median MEH, and SFH curves for different mass bins, shaded
between envelopes of the 16th and 84th percentiles. To produce
these plots, all curves were rescaled to the fgop, of the oldest SSP
with nonzero weight (1) in order to have the same zero point in
time (virtually, when the galaxy started forming stars).

8 For instance, in the example shown in Fig. 5, within the first ~2 Gyr
the only contribution to the global metallicity of the galaxy was due to
the oldest SSP, having [M/H] = —0.66 dex. Then the galaxy increased
its stellar mass, and the fractional contribution of each SSP changes the
global metallicity, reaching [M/H] = —0.21 dex. If we calculated the ini-
tial metallicity using the weights assigned by the fit, we would instead
measure [M/H]=0.45 x (-0.66) = —0.30dex (=0.66 dex), thus mini-
mizing the effective change in metallicity.
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Fig. 6. MEHs (red) and SFHs (green, insight) for the whole sample of quiescent galaxies, divided into mass bins. In each panel a box indicating
the number of galaxies, N, and the mass bin considered is shown. The solid red and green curves are the median MEH and SFH, respectively,
calculated at each temporal step. The red and green shaded regions represent the 16th and 84th percentiles. The MEH curves show, by construction,
a fictitious raise within the first 0.5 Gyr; for this reason, we shade this temporal region in gray. The black dotted and dashed lines are 775 and 7g,
respectively, corresponding to the time at which the median SFHs reach the 75% and 90% of their mass.

In Appendix D we discuss how our choices of the fitting
method affect the average SFH and MEH curves, as well as sin-
gle cases. Briefly, we find that fitting a larger wavelength range
or including older SSPs in the fit extends the average duration
of the SFH (with a smaller impact at increasingly higher mass),
while MEHs have slightly larger percentile envelopes, but with-
out changing significantly the curves. Similarly, different S/N
values can introduce some scatter around single curves with-
out affecting the trends. We conclude that the estimates of T and
[M/H](7) of single galaxies may depend on the fitting procedure,
but the general trends do not.

Figure 6 shows that the median MEH curves have higher
metallicities as the stellar mass increases, reaching the max-
imum value allowed by models, [M/H]=+0.26, at 10.8 <
log,o(M./Mg) < 11. The percentile envelopes reduce at higher
masses, and essentially coincide with the average trends for
log,o(M./Mp) > 11, indicating that the range of metallicities
reduces as the mass increases, as pointed out in Section 4.2.
Compared to the SFHs, the MEHs indicate that, on average, in
an extended SFH the stellar metallicity tends to increase during
the star formation phase. However, this effect is mild. Within the
time interval AT = T95—75, we estimate a median increase of
<0.2dex in the lowest mass bin, that reduces to zero at higher
masses. This result is not surprising given that, at all mass
bins, galaxies form ~75% of their stellar mass within the first
1-2 Gyr”, on average, indicating that the greatest fraction of the
stellar mass of quiescent galaxies at all masses formed quickly.

° These values are also robust against the different fitting method con-
sidered in Appendix D.

This implies that subsequent star formation has a limited (<25%
in mass) impact on their final metallicity.

We further investigate SFHs and MEHs of low and high mass
galaxies, separately. At high masses (>10'' M), the median
curves are representative of the individual SFHs and MEHs.
Most galaxies formed almost all of their mass very quickly
(At ~ 1Gyr), in agreement with several other studies (e.g.,
Thomas et al. 2010; McDermid et al. 2015). This implies that
even though subsequent star formation occurs, the contribution
of the newly formed stellar mass is too low (<10%) to have a rel-
evant impact on the global metallicity, which remains essentially
unchanged.

On the other hand, on average, lower-mass galaxies (M, <
10'' M) take longer (At ~ 2—3 Gyr) to form most of their mass,
increasing their metallicity over the time of the star formation.
However, the median trends are not fully representative of the
rich variety of SFHs and MEHs exhibited by lower-mass galax-
ies (in agreement with Tacchella et al. 2022). We find that ~70%
of low-mass galaxies have an extended SFH, and in particular
for ~55% of the cases the metallicity increases over this time,
while for ~15% it decreases; the remaining ~30% of cases have
already formed >90% of their mass within ~1 Gyr, similarly to
more massive galaxies, thus leaving their metallicity essentially
unchanged afterward .

For this reason, we further divide low-mass galaxies into two
subsamples: those with A7 < 1 Gyr and those with At > 1 Gyr,
this time interval corresponding to the temporal resolution of the

19 In Appendix D we show that these statistics are not affected by the
S/N of the spectra.
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Fig. 7. MEHs and SFHs of all galaxies with log;o(M./M,) < 11 together,
divided according to their SFH, between galaxies that formed within
At = T9s—75 =lower and greater than 1 Gyr. Since we are considering
galaxies at all redshifts, given the mass completeness limit, the statis-
tics are biased toward higher-mass galaxies. The hatched region indi-
cates the 16th percentile of galaxies in the lowest mass bin, 10.4 <
log,,(M./Ms) < 10.6.

E-MILES models. We show the MEH and SFH for these two
subsamples in Fig. 7. We note that we include galaxies here at all
redshift bins. Consequently, the curves are biased toward higher
masses, given their larger statistics because of the mass com-
pleteness limit.

The metallicity range spanned by low-mass galaxies whose
stellar mass formed in A7 < 1 Gyr is ~0.3 dex in size, between
the 16th and 84th percentiles (and up to 0.5 dex when consid-
ering only galaxies with 10.4 < log,,(M./My) < 10.6). This is
considerably larger than the range spanned by high-mass galax-
ies (0.1 dex) with similar SFH. This implies that the stellar
mass of a galaxy plays a more important role than the shape
of the SFH in determining the final metallicity. We note that
high-mass galaxies with A7 < 1Gyr could intrinsically have a
At smaller than low-mass galaxies with At < 1 Gyr. However,
the age resolution of the E-MILES models does not allow us to
establish whether this is the case. Thus, we cannot explore the
effect of the SFH on shorter timescales.

Lower-mass galaxies with At > 1Gyr typically increase
their metallicity during the mass assembly process. We estimate
a median variation of ~+0.1 dex over Ar. Moreover, the 16th—
84th percentiles for the final metallicities of galaxies that formed
in At > 1 Gyr is comparable to those that formed in At < 1 (by
performing a Kolmogorov-Smirnoff, KS, test on the final metal-
licity of the two subsamples, we get a p-value of 0.39). This
implies that it is not the variety of SFHs that determines the
different metallicity values spanned by galaxies at fixed stellar
mass.

Finally, we point out that TNG50 simulations predict that
higher-mass galaxies have higher fractions of ex situ stars (see
Appendix E). Interestingly, lower-mass galaxies are mostly com-
posed of in situ stars, implying that the scatter in metallicity is
not due to mergers.

To summarize, the MEHs of quiescent galaxies indicate that
stellar mass plays a more important role than SFH in determin-
ing the final metallicity of galaxies. In most cases, metallicity
increases along the SFH of a galaxy. The median increase is
mild, however.

We conclude that the observed metallicity distribution of qui-
escent galaxies is not a consequence of different timescales of
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Fig. 8. Metallicity-mass diagram colored with . The upper panels
show the subsample of galaxies with AT > 1 Gyr; the lower panels show
the galaxies with A7 < 1 Gyr. In the left panels, the colors correspond

to the estimated values of each point; in the right panels, the colors have
been smoothed using LOESS to emphasize any possible trend with .

the star formation, or of the variety of SFHs. The role of the
SFH is secondary to that of the stellar mass. If SFH plays an
important role in determining the metallicity, it is on timescales
shorter than 1 Gyr.

5.2. The evolution of the mass-metallicity diagram as a
function of formation time

In Fig. 8 we show the metallicity—mass diagram color-coded by
torm- Since it represents the average formation time of the stellar
population, tq, is degenerate with Atr. Then, for galaxies that
experienced a prolonged SFH, #oy, is the result of a combina-
tion of the initial epoch of stellar formation; subsequent stellar
bursts or extended SF occur at later times. On the other hand,
for galaxies that formed the majority of their stellar mass within
short times, #;ory, 1S in @ sense more representative of the cosmic
epoch at which galaxies formed because most of the stellar mass
is coeval (within the 1 Gyr resolution limit of the models). For
this reason, in Fig. 8 we split the sample into two: galaxies that
formed with At > 1 Gyr, and within A7 < 1 Gyr.

In the upper panels of Fig. 8, we show galaxies with At > 1.
Galaxies whose average stellar mass formed at later cosmic
times typically have lower mass and higher metallicity. This is
in agreement with the results shown by MEHs since the largest
fraction of low-mass galaxies has an extended SFH (thus result-
ing in later fgy,), typically increasing the metallicity of galax-
ies over time. The observed trend could be due to the com-
bination of the extension of the SFH, and the progenitor bias
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(Belli et al. 2019). However, it is not possible to disentangle the
two effects here.

In the lower panels of Fig. 8, we show galaxies with At < 1.
The general trend with #g,, is similar to that of galaxies with
At > 1. Here the degeneracy of At with f, iS minimized
since we are considering very short SFHs. This might suggest
that galaxies that formed at later cosmic times tend to be more
metallic, as also found regardless of the SFH (e.g., Saracco et al.
2023). However, we did not find any statistically significant cor-
relation between frm and M., as the scatter in our data is too
large and the relation with [M/H] is hampered by the limitation
of the models.

We also note that TNGS50 simulations indicate that the great-
est fraction of the stellar mass of lower-mass galaxies formed in
situ (see Fig. E.1). Thus, according to simulations, the trend with
trorm at lower masses is not affected by mergers.

To further probe the effect of the formation time, we consider
the extreme cases of maximally old galaxies (MOGs), defined as
those galaxies with #,m < 2Gyr!'!. By definition, MOGs host
stellar populations that formed at earliest cosmic times, regard-
less of the redshift at which they are observed, or their SFH. The
fact that we can measure such old ages implies that these galax-
ies have not experienced any major SF event after 2 Gyr (z ~ 3)
from the Big Bang meaning that they evolved passively for the
great majority of their life, or have been subject to cosmological
events that have not significantly affected their average stellar
population properties.

' Although the choice of 2 Gyr is arbitrary, our results do not change
when considering more stringent constraints, while significantly lower-
ing the statistics (see Fig. 9). We further checked that the age-sensitive
indices (HB, HS, Hy) of these galaxies indicate that they are generally
old.
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Fig. 10. Histograms of stellar metallicity (left panels) and mass (right
panels) for galaxies formed at #m < 1Gyr (top panels), 1 < fim <
2 Gyr (middle panels), and to, > 2 Gyr (bottom panels).

In Fig. 9 we show the metallicity—mass diagram of MOGs.
As evident, MOGs distribute all over the metallicity—mass plane.
Interestingly, the MEME relation estimated for MOGs (as in
Section 4.2) is essentially the same as that found for the whole
sample. Further, the maximum metallicity is reached for both
lower- and higher-mass galaxies. The plot indicates that the
MZR of MOGs was already in place at z ~ 3. In the upper panel
of Fig. 9 we show the difference, (A), between the average metal-
licity of the full sample and of MOGs, at different mass bins. The
plot indicates that the MZR was mildly lower ((A) ~ 0.1 dex) at
low stellar masses (<10° M), while it did not change at higher
masses ((A) ~ 0.0dex), since z ~ 3. We note that the same
dependence of the metallicity on the mass for MOGs has also
been found by Saracco et al. (2023), who studied a sample of
quiescent galaxies at redshift z ~ 1.1, using a different analysis.

By performing a KS test comparing the metallicity of MOGs
with that of the whole sample (including MOGs) we find a very
low p-value (~107%), indicating that the metallicity distribution
of MOGs is not representative of the total sample of quiescent
galaxies. In particular, by comparing MOGs with non-MOGs we
get a p-value of ~1077, implying that the metallicity distribu-
tion changes at different cosmic times. The same result is also
found when comparing the metallicity distributions of extreme
MOGs, having fiorm < 1Gyr, with the remaining sample of
MOGs, implying a differential evolution of the metallicity—mass
diagram even over temporal scales on the order of 1 Gyr, and at
the earliest cosmic times.

These results indicate that galaxies distribute differently on
the metallicity—mass plane as a function of the cosmic time
at which they formed. This is further illustrated in Fig. 10.
This figure shows that at later cosmic times the relative num-
ber of galaxies with very low metallicities decreases. On the
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other hand, the mass distribution change from a bimodal dis-
tribution at the earliest cosmic times, where low mass galax-
ies have low metallicities and massive galaxies are metal-rich,
toward a unimodal distribution peaked at intermediate masses
(logo(M./Mg) ~ 11).

6. Summary

In this paper, we studied the relation between the stellar mass and
metallicity for a sample of 637 quiescent galaxies selected from
the LEGA-C survey at 0.6 < z < 1, with stellar masses 10.4 <
log,((M./Mg) < 11.7. The stellar metallicity, star formation his-
tory, and metallicity evolution history were derived through full
spectral fitting with E-MILES models (Vazdekis et al. 2016). We
summarize our results as follows:

1. While massive galaxies always have high, supersolar metal-
licities, low-mass galaxies can be both metal-rich and
metal-poor, spanning the range —0.6 < [M/H] <0.26 dex (see
Fig. 3). This systematic empirically defines a MEtallicity-
Mass Exclusion (MEME) zone in the metallicity—mass dia-
gram, delimited by a mass-dependent lower boundary to
metallicity that we have defined as the MEME relation
(Eq. (4)).

2. Using a combined index, MgFe, as a proxy for the metal-
licity, we recover the MEME relation (Fig. 4), implying that
the existence of this limit is not an artifact of either the full
spectral fitting or the models. Further, lower-mass galaxies
reach MgFe values as high as galaxies almost ~1 dex more
massive.

3. To evaluate how the metallicity of galaxies changes during
star formation, we constructed the Metallicity Enrichment
Histories (Fig. 6). We found that

— massive galaxies (>10'' M) formed the greatest frac-
tion of their stellar mass (>90%) very quickly (At <
1 Gyr), with median metallicities reaching the highest
value allowed by models (0.26 dex). Therefore, any sub-
sequent SF activity has a negligible (<10%) impact on
the global metallicity.

— Instead, lower-mass galaxies (<10''M,) show a rich
variety of SFHs. About one-third of these galaxies
formed most of their mass very quickly (At < 1Gyr),
similar to massive galaxies. However, the metallicity
range spanned by the massive galaxies («0.1dex) is
much lower than that spanned by lower-mass galaxies
(~0.3-0.5dex) with similar SFH. The remaining two-
thirds of low-mass galaxies have an extended SFH. For
the great majority of these cases, the metallicity increases
during the SF by ~0.1 dex, on average (while for a small
fraction, 15%, the metallicity decreases). Finally, we find
that galaxies with very different SFHs span similar metal-
licity ranges.

4. We evaluated how the metallicity—mass diagram changes as a
function of the formation time (Fig. 8). We found that galax-
ies formed at later cosmic times (fom > 2 Gyr) typically
have low to intermediate masses (log,,(M./My) < 11) and
high (supersolar) metallicities. This could be due to the com-
bination of extended SFH and later formation time.

5. We found that maximally old galaxies (MOGs, i.e., galax-
ies with frorm < 2 Gyr), for which the effect of SFH is mini-
mized, also distribute differently on the metallicity—mass dia-
gram at different cosmic times. In particular, extreme MOGs
(ttorm < 1 Gyr) have low metallicities at low masses, and high
metallicities at high masses, while galaxies that formed later
have intermediate masses and higher metallicities. Interest-
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ingly, MOGs are distributed all over the metallicity—mass
plane, implying that the upper bound and the MEME rela-
tion, and hence the MZR are already in place at z > 3. We
estimated a mild ((A) ~ 0.1 dex) evolution of the MZR at low
(log,o(M./Mp) < 10.6) masses, while no significant evolu-
tion is found at higher masses.

We discuss these results in the following section.

7. Discussion

Before discussing our results, it is important to keep in mind
that in this work we considered galaxies with log,,(M./Mg) >
10.4. There is evidence for a break in the MZR relation at
lower masses (e.g., Blanc et al. 2019), where the slope of the
MZR becomes steeper (Gallazzi et al. 2005; Panter et al. 2008;
Sybilska et al. 2017; Blanc et al. 2019; Zhuang et al. 2021).
Therefore, our considerations are limited to the high-mass end
of galaxies.

Numerous studies have already investigated the relation
between metallicity and mass of galaxies (Tremonti et al.
2004; Thomas et al. 2005, 2010; Gallazzi et al. 2005, 2014,
Panter et al. 2008; Choi et al. 2014; McDermid et al. 2015;
Ginolfi et al. 2020). The conclusions are often based on the aver-
age trend (i.e., the MZR), suggesting that more massive galaxies
are more metal-rich than the less massive ones.

In this work we put emphasis on the fact that while massive
galaxies are indeed metal-rich, low-mass galaxies can have both
low metallicities, and metallicities as high as the most massive
galaxies, over ~1 dex in stellar mass. Therefore, the MZR is not
fully representative of the general metallicity distribution. We
note that the average increase in metallicity with mass is due
to the lack of massive and metal-poor galaxies, rather than to
lower-mass galaxies having lower metallicities.

We showed that the metallicity of quiescent galaxies is
bounded by a mass-dependent lower limit (i.e., the MEME rela-
tion), which was independently recovered from full spectral fit-
ting and from the spectral index MgFe, and is also predicted by
simulations (see Appendix E). However, the existence of a lower
limit is difficult to explain. The presence of the MEME relation
for galaxies whose stellar mass formed at z > 3 suggests that this
lower limit has been set at high redshifts, and it could be linked
to the physical conditions of galaxy formation at the earliest cos-
mic times.

The fact that lower-mass galaxies can reach metallicities
as high as the most massive galaxies, as seen in the MgFe
index and in simulations, has been already pointed out in other
studies about the gas-phase metallicity of star-forming galaxies
(e.g., Tremonti et al. 2004; Mannucci et al. 2010). This might
hint at the existence of an upper limit to metallicity that could
be explained by the inability of stars to produce more metals
than a certain fraction (e.g., Parmentier et al. 1999), regardless
of the condition at the formation, and the ability of a galaxy to
retain metals. The empirical lowering of the maximum metallic-
ity reached by lower-mass galaxies, observed at log,,(M./Mo) <
10.4 in other works (e.g., Blanc et al. 2019), could then be a
combined effect of the inability to both produce and retain the
largest fraction of metals allowed by the stellar physics.

In general, the effect of the cosmic evolution is to popu-
late differently the metallicity—mass diagram within these upper
and lower boundaries. Most of the quiescent galaxies in our
sample exhibiting an extended SFH, and those that formed at
lower redshifts have low masses (<10'! M) (McDermid et al.
2015). This indicates that the metallicity of lower-mass galax-
ies is more easily affected by later star formation, and that the
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progenitor bias could affect the metallicity distribution at low
masses. Instead, simulations indicate that lower-mass galaxies
are not significantly affected by mergers, being composed mostly
of stars formed in situ. Most massive galaxies, on the other hand,
formed almost all their stellar mass quickly, and at early cosmic
times, in agreement with previous studies, and with the down-
sizing (Cowie et al. 1996; Thomas et al. 2010). Their metallicity
has not changed significantly since their formation.

Further, galaxies on the metallicity—mass diagram distribute
differently at different cosmic times, having low to intermedi-
ate masses and high (supersolar) metallicities at increasing #;orm.
These results suggest a mass-dependent evolution of the average
metallicity, as shown in Fig. 9, in agreement with some previous
observational works (e.g., Gallazzi et al. 2014) and simulations
(e.g., De Rossi et al. 2017), rather than a rigid shift of the MZR
(as found, e.g., by Leethochawalit et al. 2018).

The fact that star formation in high-mass galaxies took place
within short timescales, in a deep potential well, at early epochs,
might explain the absence of massive metal-poor galaxies. A
short and early starburst implies a high star formation efficiency,
indicating high levels of dissipation at high redshift and an effi-
cient enrichment of the ISM with metals that are retained by the
large potential well, thus resulting in an old and metal-enhanced
massive, compact galaxy (e.g., Khochfar & Silk 2006). For the
same short formation time, we can suppose that the metallicity
decreases as the mass decreases because of the lower ability to
retain metals, as well as a generally lower star formation effi-
ciency. As a consequence, low-mass galaxies with tgorm < 1 Gyr
have the lowest metallicity. To reach metallicity as high as the
metallicity of massive galaxies longer star formation, or later
formation times are needed to enrich the ISM.

We conclude by pointing out that investigating in greater
detail the overall metallicity distribution, instead of just the aver-
age trend, is valuable to putting stringent constraints on the com-
plex relation between the mass and the metallicity of galaxies.
Observationally, it can alleviate the tension between different
methods used to estimate the metallicity, and between the differ-
ent, interdependent proxies of the galaxy’s mass that often lead
to different results (e.g., Barone et al. 2020; Baker & Maiolino
2023). Further, investigating the metallicity limits using simula-
tions and metallicity evolutionary models (e.g., Peng et al. 2015)
could provide stringent constraints on the physical processes
determining the final metallicity of galaxies.
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Appendix A: Tests on spectral fitting
A.1. Fitting with older input SSP

As discussed in section 3, we impose a tight constraint on the
upper limit of the input ages of SSPs, corresponding to a maxi-
mum input age of 6.5 Gyr for the E-MILES models. To evaluate
how our age and metallicity estimates depend on such constraint,
here we perform fits allowing older input SSPs. To this aim, we
consider a random sample of 50 galaxies in the lowest redshift
bin (0.6 < z < 0.7). We ensure that the subsample is well rep-
resentative of the whole sample since it spans a wide range of
masses, S/N, ages, and metallicities.

To perform the fits, we use the same method described in
section 3. We set three different upper limits to the age of the
input SSPs: 7 Gyr, 8 Gyr, and 10 Gyr. The first two limits are
equivalent to ignoring our assumption that galaxies started form-
ing stars at z = 10, or/and considering the age of the Universe
at the lowest redshift of LEGA-C galaxies, z = 0.6 (= 7.8 Gyr).
The 10 Gyr limit, albeit physically incorrect, allows us to evalu-
ate a possible degeneracy between age and metallicity affecting
the estimated properties.

In Fig. A.1 we compare these estimates with those esti-
mated using a maximum age limit of 6.5 Gyr. Considering the
fits that include the 7 Gyr old SSPs, fitting older SSPs tem-
plates provides ages biased toward older values by ~ 0.04
dex, on average, although ages are in most cases consistent
within 10-ag. =0.07 dex. With the 8 Gyr limit, the average off-
set is 0.07 dex (i.e., equal to oag). On the other hand, metal-
licities are generally lower, but the bias is very small, ~ 0.01
and ~ 0.03 dex, on average, for the 7 and 8 Gyr limits, respec-
tively. Thus, metallicity estimates are largely consistent within
the 1opmy/my = 0.06 dex. Finally, fitting up to 10 Gyr provides ages
significantly older (up to 0.3 dex), and many galaxies have ages
much older than the age of the Universe. Nevertheless, metallici-
ties are still pretty much consistent within the 1opv/n; = 0.06 dex
(they are 0.05 dex lower, on average).

Considering the age estimates with the 7 (8) Gyr limit, 10%
(20%) of galaxies deviate significantly (> 20ag) from the
one-to-one relation. We find that the estimated metallicities for
almost all these galaxies are close to the maximum value allowed
by models (0.26 dex). When fitting these spectra with SSPs up
to 10 Gyr old, we obtain ages older than (or comparable to) the
age of the Universe at z = 0.6 (= 7.8 Gyr). Since such ages are
unphysical, these galaxies likely have higher metallicities than
the maximum metallicity of models, and the fit provides older
ages to ‘compensate’ for the lack of higher metallicity models.
We find no clear dependence on stellar mass or S/N for these
galaxies.

Overall, fitting older SSPs (up to 7 and 8 Gyr) typically pro-
vides older ages, but in most cases, they are consistent within the
typical uncertainty. The most deviating age estimates are likely
due to the age-metallicity degeneracy. In any case, the impact on
metallicity is negligible, and all estimates are consistent within
the errors.

A.2. Multiplicative polynomials vs. reddening curve

It is common practice, when performing full-spectral fitting, to
use multiplicative polynomials to correct for inaccuracy in the
flux calibration, dust extinction, and any possible problems that
can affect the shape of the spectrum. Often, the order of the poly-
nomials is chosen to be the lowest to reach convergence to a sta-
ble solution (i.e., when further increasing the degree of polyno-
mials does not change the output values), while requiring longer

Oldest SSP fitted:

100 ................................. /,/
. 7 10 Gyr
L 02) 8

@ 76y /

9.8 (0l 0.1
- e
5 e 7 X 00
2 % o ol =
E & ot
o RS =
S 94 S =-02
/, I,
’ /
//’ ,/ -0.3
9.2 /
L -0.4

: ya
92 94 96 98 —-0.4
logio(Age/yr)

Oldest SSP fitted: 6.5 Gyr

10.0 -0.2 0.0 0.2

[M/H] [dex]
Oldest SSP fitted: 6.5 Gyr

Fig. A.1. Comparison between estimated ages (left panel) and metal-
licities (right panel) using different upper limits on the age of the input
SSPs. Blue, orange, and green dots represents the estimated ages using
a7, 8, and 10 Gyr age limit, respectively, marked in the left panel by the
corresponding horizontal dotted lines. The magenta vertical line corre-
sponds to the 6.5 Gyr age limit imposed in section 3. The gray horizontal
line is the age of the Universe at z = 0.6 (= 7.8 Gyr). On both panels,
the red line is the one-to-one relation, while the black dashed lines are
the 10 age and 1oy uncertainties.

E(B-V) = 0.0
O mdegree = 2 A mdegree = 14 O mdegree = 2 A mdegree = 14

SRS et

E(B-V) =0.1

Y¢ mdegree =6 Calzetti Y¢ mdegree =6 Calzetti

T T
< <
e %_‘ + 200 *'?%_‘ | .+
-0.054 -0.054 1
O mdegree =10 o gagstet;ree=4‘ O mdegree =10 & gazsgéree=4‘
0.15- 0.15-
0.05- q’%—‘ % 0.05- !U%—‘ *
& °
-0.05- ~0.05-
94 95 96 94 95 96 94 95 96 94 95 96
logio(Age/yr) logio(Age/yr)
(2) (b)

Fig. A.2. Outputs from different fitting methods performed on
a simulated galaxies with average age=3.4Gyr (=9.53dex) and
[M/H] =0.06 dex (black cross), not extinguished (a) and extinguished
with a Calzetti reddening curve using E(B-V)=0.1 (b). The error
bars are the typical errors estimated for the age and metallicity in
Appendix B, 0.07 and 0.06 dex, respectively. Fits are performed using
multiplicative polynomials of degree 2, 6, 10, and 14, a Calzetti redden-
ing curve, and a combination of a Calzetti reddening curve and multi-
plicative polynomials of degree =4, as indicated in each panel. Markers
represent the output values at different S/N, ranging from 5 to 100, with
darker colors representing higher S/N values.

computational time (e.g., Barone et al. 2020). However, the con-
vergence of the solutions does not necessarily imply that the
solution is optimal. Rather, it means that higher-order polyno-
mials do not correct “better” the spectrum in a statistical sense,
namely the y? is not further reduced.

Using high-order polynomials may not always be the opti-
mal solution. For instance, it is known that some abundances
are overestimated or underestimated by models based on MILES
stars (e.g., CN, see Vazdekis 1999; Thomas et al. 2003). This

A150, page 13 of 19



Bevacqua, D, et al.: A&A, 690, A150 (2024)

/7 KRS _ Y
9.8 Ioglo(Age/y.r.‘ 7 0.5 10010(Ageryr)  .ogafd o o logio(Agelyr) 'S
~ ] S ' ~ ] ¢ - ’
o | P /7 | K o i
— 9.6 . LY 9.6 } — 9.6
Il ] @ f= ] ” > P I i : ,’ -
o | 7 fesege. L | 8N o ] / ¢
% 9.4+ 7 ) < ' 9.4+ R '// % 9.4 S/ S
e 17 e O e 1 ), e
~ T 4 o T . = 4 K
y | /, . | // f o | /,/ ,/ B
9.2 ’ 9.2,/ 7 . 924/ / /@
] Y. 1 , .
17 1 /G /%
9.0+ TrT T T 9.0+ T 9.0 4T
9.00 9.25 950 9.75 9.00 9.25 950 9.75 9.00 9.25 9.50 9.75
Calzetti Calzetti + P (mdeg = 4) Calzetti + P (mdeg = 4)
0.3+ - 0.3+ ] ~
1 IMH, 1 IMH] 0.24 MM o
0.2+ ¢4 7, 0.2 "< »
] “.. ,‘ /,« ] :
S 01] .eee les 0.1- N |5 01
— 3 LY o ] o, 'S A= :
] O ] KRG X 0.0
I 0.09. 7 % 0.0 o %) Il :
(@) . R4 [ R N . 09 s o ]
v -0.14 ~ — —0.1+ /’ / .’ o —0.14
i) 1,7 8 * . * ¢ T ]
E 027 4 ¢ ~0.24 /% o ¢ E 02
o Vo, o ! o :
-0.34 /7 -0.34 / -0.34
:,/ R :/ // "
-0.44 / ¢ -0.4Y) -0.4 )
V. Y . .
| S N | A A B L AL L B
-0.4 -02 00 0.2 -0.4 -02 0.0 0.2 -0.4 -0.2 0.0 0.2
Calzetti Calzetti + P (mdeg = 4) Calzetti + P (mdeg = 4)

Fig. A.3. Comparison of ages (upper panels) and metallicities (lower panels) estimated using three different fitting methods on a subsample of 64
LEGA-C galaxies with various S/N randomly chosen from our sample of quiescent galaxies from LEGA-C. The fits are performed using a Calzetti
reddening law ( Calzetti ), polynomials of degree 10 ( P(mdeg = 10) ), and a combination of a Calzetti reddening law and polynomials of degree 4
( Calzetti + P (mdeg =4) ). In each panel, the black line is the linear fit of the estimated values, while the red dashed and dotted lines are the 1o
and 2.60 lines, respectively. The blue circles are the fitted values, while the green diamonds are the outliers. The magenta line in each panel is the

one-to-one relation.

means that an offset between the models and the observed spec-
trum at the wavelengths corresponding to the absorption lines
of such elements is generally expected, when using these mod-
els. However, polynomials tend to ‘wipe under the rug’ such off-
sets. Since the full-spectral fitting procedure is performed over
the whole spectrum, an offset of a relatively low number of
spectral pixels should not affect significantly the overall fit, and
using polynomials should be safe in general against small off-
sets. Further, for the specific case of the LEGA-C spectra, using
multiplicative polynomials might be preferable. LEGA-C spec-
tra have been calibrated using stellar population models. This
nonstandard procedure could have introduced some inaccuracies
that multiplicative polynomials should be able to remove.

Here, we evaluate the impact of using different orders of mul-
tiplicative polynomials to fit the stellar population properties and
compare them with the fit performed using a Calzetti reddening
curve. Further, since the last version of ppxf (Cappellari 2023),
it is also possible to use a combination of polynomials and a
reddening curve to fit the spectra.

To test the different methods, we simulate a spectrum of a
LEGA-C galaxy combining two E-MILES SSPs with ages of
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4 Gyr and 1 Gyr, respectively, and both with a metallicity of
+0.06 dex. We impose that the older SSP contributes with a mass
fraction of 80%, while the younger with 20%, thus resulting in an
average age of 3.4 Gyr. We then match the combined spectrum to
the FWHM of LEGA-C and convolve it with a Gaussian with a
velocity dispersion of 200 km s~!'. We then Gaussianly add noise
in order to achieve different values for the S/N=35, 10, 15, 20,
25, 30, 40, 50, 75 and 100. Additionally, we perform the tests on
a spectrum with the same characteristics but extinguished by a
Calzetti reddening curve with E(B-V) =0.1.

We then perform the fits as described in section 3, but using
different orders of the multiplicative polynomials (2, 6, 10, 14),
a Calzetti reddening curve, and a combination of a Calzetti red-
dening curve and multiplicative polynomials of degree 4.

In Fig. A.2 (a) we show the results for the simulated spec-
tra without extinction. Within the errors, all methods are gen-
erally consistent. Metallicity is well constrained in most cases,
while ages are much more scattered. In particular, using polyno-
mials generally provides more scattered outputs. Further, there
seems to be some covariance between age and metallicity, and
solutions are slightly biased toward young ages. Interestingly,
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the estimated age and metallicity do not get closer to the input
values with increasing S/N, as one would expect. Using only a
Calzetti curve provides similar results. Finally, solutions of the
combination of a reddening curve and polynomials are slightly
more scattered (still consistent within the errors), but the scat-
ter is well distributed around the true value (seemingly, without
any bias or covariance), and solutions improve when the S/N is
higher, as one would expect.

Similar results are obtained for the extinguished spectrum
(b), although the polynomials are generally more scattered, espe-
cially in ages, while the fit with the reddening curve and with the
combination of the curve with polynomials provide less scattered
outputs, closer to the true value as the S/N increases.

We perform some of these tests on other simulated spectra
with different stellar population properties. In general, we find
similar results. Metallicity is generally well constrained by all
methods, while ages exhibit larger scatter. Fits are generally bet-
ter when the simulated spectrum is a single SSP rather than a
combination of multiple SSPs, particularly for older and more
metal-rich spectra. In all cases considered, a combination of a
reddening curve and multiplicative polynomials better constrain
the input stellar population properties.

Overall, our simulations suggest that fitting the stellar pop-
ulations using a combination of a reddening curve and polyno-
mials of order 4 provides output values closest to the input ones.
For this reason, we chose this setup to fit all our spectra. We
also point out that (Cappellari 2023) found a similar setup to be
optimal to fit the LEGA-C spectra, although the methods and
templates adopted there are different from ours.

As a final check, we test different methods on real galax-
ies. To this aim, we consider a subsample of 64 galaxies (10% of
our sample) with different redshifts and masses randomly chosen
from our sample of quiescent that cover S/N from ~ 4 to ~ 50.
We then perform three different fits: one is performed using only
the reddening curve, another one using only multiplicative poly-
nomials of degree 10, and the last one using both the reddening
curve and multiplicative polynomials of degree 4.

In Fig. A.3 we compare the age and metallicity outputs of
these three fits. Here, we can see that the choice of the fit-
ting procedure may change significantly some output, especially
affecting ages. Even though it is not possible to decide a pri-
ori which is the best-fitting method for such a wide range of
galaxies, we note that fitting both a reddening curve and a mul-
tiplicative polynomial is somehow a compromise between the
output of fitting only a reddening curve and only multiplicative
polynomials.

A.3. Dependence on the fitted spectral region

For a proper comparison of the stellar population properties esti-
mated from fits of such a large variety of galaxies, it is important
to perform fits to a common spectral region. On the other hand,
one wants to keep the spectral range as large as possible, to better
constrain the fit using a larger number of spectroscopic features
and larger statistics of spectral pixels.

For LEGA-C spectra, using a spectral region covered by all
galaxies is very restrictive. This is primarily because the red-
shift range is relatively large, and the spectral window is rela-
tively narrow (~ 1500 A wide). In our sample, the largest spec-
tral region common to most of the galaxies including relevant
spectral features to constrain the stellar population is the wave-
length range ~ 3800 — 4400 A (rest-frame). This is entirely cov-
ered by ~ 80% of galaxies in our sample.

However, to improve the fits and better constrain the stellar
population parameters, we perform the spectral fitting in the rest-
frame wavelength region 3600 — 4600 A, although less than 25%
of spectra cover the whole region.

The reason why most of the spectra do not cover the entire
region is due to the different redshifts at which galaxies are
observed. This means that, in most cases, galaxies that are cov-
ered up to 4600 A (namely, those at higher redshifts) are not cov-
ered down to 3600 A, and vice versa. Therefore, to evaluate the
impact of different spectral ranges fitted among galaxies at dif-
ferent redshifts, we select a random sample of 64 galaxies (10%
of the total sample) covering the whole 3600 — 4600 A spectral
region, and perform the fits in this wavelength range, as well as
in the restricted ranges 3600 — 4400 A and 3800 — 4600 A, and
compare the outputs.

In Fig. A.4 we show the comparison between the ages and
metallicities as fitted in the three wavelength ranges. As it is
evident from the lower panel, metallicities fitted over narrower
ranges show a very good agreement with those in the extended
range, with an observed scatter ~ 0.02 dex, which is much lower
than the estimated uncertainty on metallicity, opnv/m = 0.06 dex.
On the other hand, ages are generally more scattered, with a scat-
ter of = 0.06dex, comparable with the estimated uncertainty,
Tlog,, Age = 0.07. In all cases, the linear relations (blue and green
solid lines) show very low offsets (< 0.03 dex) with respect to
the one-to-one relation (red solid line), and within the 1o scatter
(o) = 0.06 dex and ojog,, Age = 0.07 dex, red dashed lines)
we generally have a very good agreement.

We conclude that spectra with ranges about 200 A shorter
than the fitted spectral region, 3600 — 4600 A do not have a sig-
nificant impact on the estimated stellar population properties.

Finally, 53 spectra (~ 8% of the sample) have minimum
wavelength >4000 A, meaning that the characteristic ‘jump’ of
the flux at ~ 4000 A is not sampled in these spectra. Even
though the full spectral fitting can rely on other features to esti-
mate the stellar population parameters, not including this fea-
ture may have a significant impact on the estimated stellar pop-
ulation properties and, more importantly, can impair the results
when compared with other galaxies. For completeness, we do
not exclude these galaxies a priori, and provide their estimated
ages and metallicities with a flag. We verified that including
these galaxies does not affect our results at all, mainly because
of their low statistics and their even distribution among different
mass bins.

Many galaxies in the lowest redshift bin (0.6 < z < 0.7) are
observed at wavelengths up to ~ 5200 — 5300 A. We can thus
evaluate how their stellar population parameters change when
extending the fit to much redder wavelengths than the one con-
sidered so far. This is important because at these wavelengths
there are many spectral features that can help better constraining
the metal abundance, like magnesium and several iron lines. Fur-
ther, the red part of the spectrum is more sensitive to the older
stellar populations, and we may expect that the old stars would
contribute more importantly to the fit.

For this purpose, we select those (40) galaxies whose spec-
tra are measured at least up to 5200 A and down to 3700 A.
These galaxies cover almost the entire range of stellar masses.
In Fig. A.5 we compare their stellar population parameters esti-
mated from fits in the two spectral regions 3600-5200 A and
3600-4600 A.

As mentioned above, when fitting the red hand of the spec-
trum, the fit is more sensitive to the older stellar populations.
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This can explain why many galaxies exhibit older ages. On aver-
age, fitting to 5200 A provide ages 0.06 dex older, and are thus
consistent within the estimated error (0.07 dex, see Appendix B).
However, some galaxies deviate significantly from the one-to-
one relation. We verified that most of these galaxies have masses
log1o(M./Mg) < 11. These galaxies are typically composed of
multiple stellar populations (see section 5.1), and they are thus
more sensitive to the spectral range considered.

On the other hand, metallicities are virtually unaffected for
most cases (the average metallicity is about 0.01 dex lower when
fitting the extended range), and generally well consistent within
the errors. There are only a few cases that deviate more than 1o
from the one-to-one relation, and these are again all low mass
(log1o(M./Mp) < 11 galaxies.
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Fig. A.5. Comparison between the estimated ages and metallicities
when fitting the wavelength ranges 3600 — 4600 A and 3600 — 5200 A.
Colors indicate the stellar masses.

Overall, extending the range fitted does not have an impor-
tant impact on the estimated metallicity (see also Saracco et al.
2023 for similar results). On the other hand, ages can signifi-
cantly be affected in some cases, especially at low masses, and
thus affect our results. For this reason, when needed, we evaluate
the impact of fitting an extended wavelength range, especially
when discussing results based on age.

Appendix B: Uncertainty estimates of age and
metallicity

To estimate the errors of age and metallicity from the full-
spectral fitting, we follow the method of Barone et al. (2020),
considering the same subset of 64 galaxies used in A.2. For each
spectrum, we first obtain the best-fitting spectrum using the same
procedure described in section 3, and thus calculate the residu-
als as the difference between the observed spectrum and the best
fit. The residuals are then shuffled within bins about 500 A wide
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Fig. B.1. Estimated errors on age (upper panels) and metallicity (lower
panels) as a function of the S/N for a subsample of 64 galaxies. Left
panels are colored in age, while right panels are colored in metallicity,
as estimated from the fits. The black dashed lines represent the inverse

proportionality law of errors with the S/N, whose best fit for age and
metallicity is shown in the upper right and lower right panels.

and added Gaussianly to the best-fit spectrum. Hence, we per-
form the fit again. On each spectrum, we repeat the shuffling and
the fitting procedure 100 times.

For each spectrum, we check the distribution of outputs from
the resampled spectra. Even though these distributions are often
not Gaussians, they are in most cases strongly peaked at the stel-
lar population values obtained from the best fit with narrow stan-
dard deviations, both in age and metallicity. For this reason, we
take the standard deviation of ages, ojog,, Age, and metallicities,
oM/u) as the errors associated to each spectrum of this subset.

In Fig. B.1 we show the distribution of the estimated errors
as a function of the S/N. We then fit a relation of inverse propor-
tionality using the Levenberg-Marquardt least-squares optimiza-
tion algorithm'2. Although the curve shows a slight decreasing
trend of uncertainties with the S/N, the distributions are not well
represented by this curve, being dominated by the scatter. Sim-
ilar behavior has also been found for the mass-weighted ages
and metallicities by Barone et al. (2020). For this reason, we fix
the errors of age and metallicity to the median values, namely
Tlog,, Age = 0.07 dex, and, opyymy = 0.06 dex, for all galaxies.

It is interesting to note, in Fig. B.1, how the uncertainties
on both age and metallicity decrease as the age increases. This
is likely because, for older populations, a slight variation of the
spectrum (due, in this case, to the resampling of the residuals)
does not change the overall estimate of the stellar population
properties from the fit as much as it does to younger galaxies.
In this sense, older galaxies are less sensitive to the noise, and
thus their properties may be in general better constrained by the
fit (or, more likely, their stellar population properties are intrin-
sically more difficult to disentangle, also considering the limited
sampling in ages and metallicities of the models).

12 We used optimize.curve_fit from the Python package SciPy
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Fig. C.1. Correlation between MgFe and [M/H]. The turquoise circles
are observed MgFe values and corresponding errors at the metallicities
estimated from the fits (section 3). The black dashed line is the linear fit
of the data. The red line shows the predictions of M05 models for the
MgFe index at different metallicities (red circles).

Appendix C: MgFe versus [M/H]

In Fig. C.1 we show the correlation between the metallicity,
[M/H], estimated from the fits, and the MgFe index, introduced
in section 4.2. Notwithstanding the uncertainties on MgFe, and
the limit to [M/H] of the models, there is a clear linear relation
between the index and the metallicity, as highlighted by the lin-
ear fit (black dashed line).

To address the problem of the limits of the E-MILES mod-
els and to further assess the relation between MgFe and [M/H],
we consider the Maraston (2005) (M05) models, reaching higher
metallicities than E-MILES. Specifically, we considered M05
models with an age of 4 Gyr, corresponding to the average age
of our LEGA-C galaxies, and with metallicities up to 0.35 dex.
We show the predictions of M05 for MgFe in Fig. C.1 with a
red solid line. For M05 models, the relation between [M/H] and
MgkFe is clearly linear and consistent with the estimates from the
LEGA-C spectra.

We conclude that MgFe is a good tracer for metallicity.

Appendix D: Tests on MEH

Here we discuss some tests performed to understand how MEH
and SFH curves change when fitting an extended wavelength
range, when including older SSPs, and how they are affected by
S/N.

As discussed in Appendix A.3, fitting a different spectral
range can affect the output of pPXF, especially when extended
to longer wavelengths. To evaluate the impact on MEHs and
SFHs we consider a subsample of 167 galaxies (~ 26% of the
total sample), for which the DR3 provides measurements of the
spectral index Mgb, meaning that we have a spectral cover-
age extended until up 4 = 5200 A. We perform the fits on the
extended wavelength range (up to 4 = 5300 A), and construct
the MEHs and SFHs. In Fig. C.2 we show the difference of the
curves for the same subsample, divided into mass bins, as fitted
in the range 3600 — 4600 A and 3600 — 5300 A.

In general, there is no substantial difference when fitting dif-
ferent wavelength ranges. The only noticeable differences are in
the two lowest mass bins. In particular, in the lowest mass bin,

A150, page 17 of 19



Bevacqua, D, et al.: A&A, 690, A150 (2024)

Range fitted: 3600 - 4600 A

0.0
-05
-1.0
ks
T
=
Z o0
-05
-1.0
-15
0 2 4 6 o, 2 4 6 [ 2 4 6
trorm — To [Gyr]
Range fitted: 3600 - 5300 A
EEEEE—— . -
—
0.0 - H
N !
i
03 !
100 !
-1.0 ors T !
zosofll 1
- [ 1
5—1.5 025 :: :
—_ 000 1
50 75 5o :
I
=
Z o0

o, 2 4 6
tform —To [Gyr]
Oldest SSP fitted: 8 Gyr

1062 o901 <108 To8ioa ) <11 0)
ey es
o
75{ y
E1PS)

= |
= 2 ;

00 =
— 0o 25 5o
I —
= y

o, 2 4 6 0
trorm — To [Gyl’]

Fig. C.2. MEH and SFH curves at different mass bins for a subsample
of 183 galaxies whose spectra are observed at 4 > 5200 A.In the upper
figure, fits are performed as described in section 5.1.1. In the middle
figure, fits are performed to the extended range 3600-5300A. In the
lower figure, fits are performed including input SSPs up to 8 Gyr old.

the median curve is flatter, reflecting the steeper median SFH,
while the envelopes are pretty similar. Vice versa, in the other
mass bin the median trend is essentially the same, but the per-
centiles’ envelope is slightly narrower (within the first 2 Gyr).
These secondary differences likely reflect the fact that when
extending the wavelength range we are putting more weights on
the older population. We also note that the statistics are signif-
icantly lower. In any case, the qualitative results are in general
the same.

We then investigate how including older SSPs to fit the spec-
tra affects the results. Even though we verified that the general
distribution of the average age and metallicities (calculated using
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Fig. D.1. MEH and SFH median curves and 16th-84th percentiles
resulting from the fits of two galaxies with At < 1Gyr (left) and
At > 1Gyr (right), whose best-fit spectra have been fitted 100 times
after the reshuffle of the residuals and Gaussianly adding them to it.

equations (1) and (2)) are the same when fitting with older SSPs,
the curves, which, differently from the weighted averages, are
sensitive to the weights assigned by the fit to each SSP, could
in principle vary significantly. For this reason, we consider the
same subsample as above and fit it including SSPs up to 8 Gyr
old"3. The lowest panels of Fig. C.2 show the results of this fit.
The SFHs are generally larger and the 19y values are typically
older than those found with younger templates, and it reflects
generally larger SFHs. However, the difference decreases as the
mass increases, and the general qualitative trends are the same.
Interestingly, MEH curves are not affected as much as SFHs, and
the only difference is that the envelopes are slightly larger.

As a final test, we evaluate how curves are affected by the
noise. To this end, we select six galaxies, three with At < 1 Gyr,
and three with At > 1 with increasing metallicity, with S/N
between 10 and 30 (the average S/N in our sample is about 21).
For each galaxy, we reshuffle the noise 100 times, in the same
way we did to estimate the errors on the age and metallicity (see
Appendix B), add it Gaussianly to the best-fit spectrum, and per-
form again the fit. In Fig. D.1 we show two examples of two
galaxies with At < 1Gyr and At > 1, both with S/N~ 20.
The envelopes represent the 16th-84th percentiles of the 100
realizations. As it is evident, the MEH and SFH of the galaxy
with At < 1 (left panel) are essentially always the same. The
galaxy with At > 1 shows a larger scatter, but the general trend
is unchanged, and the galaxy always increases its metallicity in
time. This indicates that part of the scatter we observe in Fig. 6
is rising from uncertainty on the fit, but the qualitative trends are
trustworthy. Similar results are found for galaxies with lower and
higher S/N.

Appendix E: Predictions from simulations

In this Appendix, we investigate the metallicity-mass dia-
gram as predicted by the TNG50 hydrodynamical simulations
(Pillepich et al. 2019; Nelson et al. 2019), and by the GAlaxy
Evolution and Assembly (GAEA) semi-analytical model
(De Lucia et al. 2014; Hirschmann et al. 2016; De Lucia et al.
2024). We caution that comparing observations and simulations

13 This is older than the age of the Universe at the lowest redshift con-
sidered here, z = 0.6 (i.e., ~ 7.8 Gyr).
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Fig. E.1. Comparison between observed LEGA-C (gray) and simulated
TNGS50 (colored) quiescent galaxies. The color code of TNGS50 is the
fraction of ex situ (i.e., accreted) stars. Colors are smoothed with LOESS
(frac=0.2). The magenta line is the MEME relation. The black dotted
line is the MEME relation calculated for TNG50 galaxies using equa-
tion (4).
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is not a straightforward task, and a proper comparison requires
appropriate tests. However, this is beyond the scope of this paper.
The following comparisons are only intended to be qualitative.

We select quiescent galaxies from TNG50, mimicking the
selection of LEGA-C galaxies presented in this work. In detail,
the initial selection of TNGS50 galaxies is similar to the ones
observed by the LEGA-C survey (Wu et al. 2021). We then addi-
tionally constrain the selection to quiescent galaxies only using
flags from Pillepich et al. (2019) (see their Table 1) and apply
the same mass completeness cuts with redshift, as described in
Section 2. Metallicities are calculated within twice the half-mass
radius. In Fig. E.1, we show the distribution on the metallicity-
mass diagram of the TNG50 galaxies, color-coded by the frac-
tion of ex situ (accreted) stars (these will be presented in Boecker
et al., in prep.).

In agreement with observations, TNG50 simulations show
that while lower-mass galaxies span a larger range of metal-
licities, higher-mass galaxies are all metal-rich. We note that
the absolute values of the metallicities in TNG50 are typically
higher than the ones estimated from fits, and there are no metal-
licities as low as the ones estimated from the observed spectra,
which is likely a combined effect of higher input metallicities
in TNG50 and an inflated scatter due to S/N in observations
(see Boecker et al., in prep.). Notwithstanding these differences,
simulations clearly show a mass-dependent lower limit resem-
bling the MEME relation is spottable, although the slope is flat-
ter. Notably, similar to observations, lower-mass galaxies have
a larger scatter, and they reach metallicities as high as the most
massive galaxies.

As the colors clearly indicate, the fraction of ex situ stars
increases with the stellar mass. Interestingly, lower-mass galax-
ies have the lowest fractions of ex situ stars, and thus most of
stars are formed in situ. This implies that the larger scatter in
metallicity is not due to mergers affecting the distribution.

Predictions from GAEA

[M/H]

—0.6 4

-0.74
10.4

11.0 11.2 11.4 116

10g10(M«/Mo)

106 108

Fig. E.2. Metallicity-mass diagram as predicted by the GAEA semi-
analytical models. The black dashed line is the MEME relation calcu-
lated for the GAEA predictions.

To have an independent comparison with simulations, we
consider the GAEA semi-analytical model. GAEA is a state-
of-the-art theoretical model that simulates galaxy formation and
evolution in cosmological volumes. Here, we consider the pre-
dictions from the latest renditions of the GAEA model, presented
in De Lucia et al. (2024)'4.

As a representative sample of the LEGA-C galaxies, we con-
sider a sub-volume (about 10%) representative of the Millen-
nium Simulations (Springel et al. 2005), and select 650 quies-
cent galaxies from the predicted UVJ diagram at z ~ 0.8, with
the same mass distribution of our sample. We note that, due to
the different methods for estimating the metallicities, a direct
comparison with LEGA-C measurements would be incorrect. In
particular, the GAEA model predicts systematically lower metal-
licities than the observed ones (e.g., Saracco et al. 2023).

In Fig. E.2 we show the metallicity-mass diagram as pre-
dicted by the GAEA model. Similar to observations, GAEA pre-
dicts a mass-dependent lower limit to metallicity. The predicted
lower limit is flatter than the observed one, analogously to the
TNGS50 simulations. Finally, lower-mass galaxies span a larger
range of metallicities than most massive galaxies, reaching com-
parable, high metallicities.

We conclude that both the TNG50 hydrodynamical simula-
tions and the GAEA semi-analytical model simulations predict
the mass-dependent lower limit to metallicity observed for real
galaxies. They both also predict that lower-mass galaxies span
larger metallicity ranges, and reach values as high as the most
massive galaxies. We note that, differently from observations, the
scatter in the simulations is not affected by S/N. Being TNG50
and GAEA completely independent, the observed behavior is
likely related to the common physics driving the metallicity evo-
lution in simulations, regardless of the different approaches and
recipes adopted.

14 For further information about the model, see also https://sites.
google.com/inaf.it/gaea
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