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ABSTRACT

We analysed the stellar population properties of a well-defined sample of 552 galaxies at redshift 0.6 < z < 0.77 drawn from the
LEGA-C spectroscopic survey. This paper is the first of a series, and it is aimed at (i) presenting the catalogue of revised absorption
indices for LEGA-C DR3 and of the inferred physical parameter estimates while describing their systematic uncertainties and at (ii)
deriving benchmark scaling relations for the general massive galaxy population at intermediate redshift. We estimated light-weighted
mean ages and stellar metallicities through careful analysis of key absorption features in the stellar continuum spectra of the galaxies
coupled with photometry. The observables were interpreted in a Bayesian framework with a comprehensive library of model spectra
based on stochastic star formation histories, chemical enrichment histories, and dust attenuations. We discuss various sources of
systematic uncertainties within our method as well as systematic differences with results from other spectral fitting approaches. We
derived volume-weighted scaling relations connecting light-weighted mean ages and stellar metallicities with galaxy stellar mass for
the general galaxy population at 〈z〉 = 0.7 and masses >1010 M�. We find the downsizing trends observed in the local Universe to
be already in place 6 Gyr ago. We also observe a bimodal distribution of light-weighted ages as a function of mass, transitioning
around 1011 M�. Such a bimodality is not observed in the stellar metallicity-mass relation, which changes from a steep to a flat regime
across M∗ ∼ 1010.8 M�. Similar trends in age and metallicity also emerge as a function of velocity dispersion, but with a sharper
transition from young to old around logσ∗ = 2.3. Differences with respect to the trends as a function of stellar mass suggest that age
is primarily dependent on velocity dispersion below and above the transition regime, while both the stellar mass and the depth of the
total gravitational potential well (as traced by the velocity dispersion) contribute to stellar metallicity. We release the catalogues of
revised absorption index measurements for LEGA-C DR3 used in this work and of the inferred stellar population physical parameters
to public repositories.

Key words. galaxies: abundances – galaxies: evolution – galaxies: fundamental parameters – galaxies: high-redshift –
galaxies: stellar content

1. Introduction

Galaxy evolution is governed by a complex and non-linear inter-
play between assembly processes, regulated by the matter dis-
tribution in the Universe, and baryonic processes, regulated by
star formation and feedback and the matter cycle within galax-
ies (Somerville & Davé 2015). Despite the wealth and com-
plexity of these processes and their interaction, present-day
? Corresponding author: anna.gallazzi@inaf.it

galaxies are observed to follow several scaling relations that con-
nect the physical properties of their stellar and gaseous compo-
nents to global properties such as their total mass, their size,
and structure (e.g. Kauffmann et al. 2003a; Shen et al. 2003;
Tremonti et al. 2004; Bernardi et al. 2005; Gallazzi et al. 2005;
Cappellari et al. 2006; Saintonge et al. 2011; McDermid et al.
2015; Catinella et al. 2018). In particular, among these relations,
the ones involving the age and chemical composition of stellar
populations in galaxies serve as fossil records of the past star
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formation and chemical enrichment histories of galaxies that
reach different final masses. It has long been established
that the stellar populations in present-day passive galaxies
are older, more metal rich, and more α enhanced in more
massive systems than in their less massive brethren (e.g.
Trager et al. 2000; Thomas et al. 2005; Gallazzi et al. 2006;
Renzini 2006; Graves et al. 2009). These trends are referred
to as an archaeological manifestation of star formation down-
sizing (Fontanot et al. 2009; Cowie et al. 1996), showing that
star formation and metal enrichment were more efficient in
the past for more massive galaxies. These relations extend to
star-forming galaxies (Gallazzi et al. 2005; Panter et al. 2008;
Zahid et al. 2017; Trussler et al. 2020), which generally show
properties similar to passive galaxies in the high-mass regime
but increasingly deviate from the passive trends towards lower
masses. The transition from the passive to the star-forming
regime in the scaling relations is suggested to be associated
with a mass scale where the gas accretion mode and the dom-
inant quenching mechanism change (e.g. Dekel & Birnboim
2006). While stellar population properties are observed to
scale to the first order with galaxy mass (with a debate on
whether it is the stellar or the dynamical mass that is the
more relevant quantity), other parameters are observed to con-
tribute to the scatter in the scaling relations, such as the cur-
rent star formation activity (e.g. Looser et al. 2024), size and
structure (Cappellari et al. 2006; McDermid et al. 2015), the
galaxy hierarchy (e.g. Pasquali et al. 2010; Trussler et al. 2020;
Gallazzi et al. 2021), and the host halo mass and environment
(Baldry et al. 2006; Thomas et al. 2010; Pasquali et al. 2009;
Scholz-Díaz et al. 2022; Oyarzún et al. 2022).

Scaling relations are important benchmarks for hydrody-
namical simulations in the cosmological context, semi-analytic
models and empirical models. Different models and approaches
adopt different implementations of astrophysical processes (star
formation efficiency, the production and cycle of metals, stel-
lar and supernova feedback, growth and evolution of super-
massive black holes, and active galactic nuclei feedback, gas
cycling within the interstellar medium and to/from the inter-
galactic medium). These processes regulate the growth of galax-
ies and their chemical enrichment and the epoch and timescale
of quenching, shaping the resulting distribution of galaxy popu-
lations in physical properties, hence their scaling relations.

The interpretation of the observed scaling relations in the
local Universe is limited by the fact that these archaeological
tracers tell us when the stellar populations were formed but not
directly when they assembled. Hence, they are less sensitive to
galaxy assembly histories. Moreover, scaling relations are not
evolutionary tracks. Instead, they represent a snapshot in time of
the population evolution. For these reasons, the archaeological
approach and the direct look-back approach, tracing the cosmic
evolution of star formation activity and galaxy number densities
(Madau & Dickinson 2014), need to complement each other by
tracing the evolution of scaling relations (e.g. Lilly et al. 2013;
Chen et al. 2020). The way forward is to apply the archaeologi-
cal approach at different cosmic epochs to constrain galaxy star
formation and assembly histories and connect progenitors and
descendants in a statistical sense.

Because of the time variation of spectral diagnostics, moving
to higher redshifts (hence to younger cosmic ages) presents the
advantage of allowing the early phases of galaxy formation to be
better resolved, which are very challenging to disentangle in the
old populations of present-day galaxies. Moreover, this enables
us to catch galaxies at epochs that are progressively closer to
their peak activity and subsequent quenching, as depicted by the

cosmic star formation rate density (Madau & Dickinson 2014).
However, studies of the stellar component in higher-redshift
galaxies have lagged behind studies of the ionised gas compo-
nent (e.g. Erb et al. 2006; Maiolino et al. 2008; Moustakas et al.
2011; Zahid et al. 2013) because they require deep observations
to reach a sufficient signal-to-noise ratio (S/N) in the stellar con-
tinuum sampling the rest-frame optical, thus moving into the
observed near-IR (NIR). It is important to fill this gap and com-
plement information on the metallicity of the interstellar medium
(ISM) with that on the chemical composition of stellar popula-
tions, as it can give constraints on the mechanisms that regulate
the baryon and metal cycle in galaxies (e.g. Garcia et al. 2024;
Stanton et al. 2024).

The potential of applying the archaeological approach at
earlier cosmic times has been shown by a number of pioneer-
ing studies at intermediate and high redshift. Until about a
decade ago, studies of stellar ages and chemical composition
from the rest-frame optical were limited to a few tens of galax-
ies or co-added spectra up to z ∼ 0.8. Most of these stud-
ies targeted red quiescent galaxies in clusters (Jørgensen et al.
2005; Sánchez-Blázquez et al. 2009; Jorgensen & Chiboucas
2013) or in the field (Schiavon et al. 2006; Ferreras et al. 2009;
Choi et al. 2014; Leethochawalit et al. 2019), with the exception
of Gallazzi et al. (2014) (hereafter G14) in which we analysed a
mass-selected sample of ∼70 galaxies, including both quiescent
and star forming.

At a higher redshift, z > 1−3, the stellar metallici-
ties of limited samples of the brightest objects or of co-
added spectra were studied from rest-frame UV absorption
features (Rix et al. 2004; Halliday et al. 2008; Sommariva et al.
2012; Cullen et al. 2019) sampling the younger stellar com-
ponent. To sample the bulk mass in the rest-frame optical,
deep medium-resolution NIR spectroscopic data have been
obtained for a few galaxies from the ground (Toft et al. 2012;
Stockmann et al. 2020; Onodera et al. 2015; Lonoce et al. 2015;
Kriek et al. 2019; Saracco et al. 2020; Carnall et al. 2022) and
from space (Beverage et al. 2025; Carnall et al. 2024), and low-
resolution slitless spectroscopy for relatively larger samples
(Ferreras et al. 2019; Estrada-Carpenter et al. 2019).

Currently, the highest redshift available for the necessary
deep stellar continuum spectroscopy for large and represen-
tative samples of galaxies is 0.6 < z < 1, with the ∼200
night Large Early Galaxy Astrophysics Census (LEGA-C)
VIMOS/VLT survey (van der Wel et al. 2016; Straatman et al.
2018; van der Wel et al. 2021), which provides spectra of the
required stellar continuum quality and for near-mass-selected
samples at intermediate redshifts (0.6 < z < 1). The deep
20-h observations of LEGA-C spectra allow for robust mea-
surement and fitting of rest-frame optical absorption features,
enabling the analysis of ages, metallicities, and star formation
histories (SFHs; Chauke et al. 2018, 2019; Wu et al. 2018a,b;
D’Eugenio et al. 2020; Barone et al. 2022; Woodrum et al.
2022; Cappellari 2023; Beverage et al. 2023; Kaushal et al.
2024; Nersesian et al. 2025) as well as stellar kinematics
(Bezanson et al. 2018; de Graaff et al. 2021; D’Eugenio et al.
2023a,b) and dynamical modelling (van Houdt et al. 2021;
van der Wel et al. 2022).

In this work we leverage the high spectral quality, large
statistics, and well-defined target selection of LEGA-C to char-
acterise the volume-weighted distributions of light-weighted
mean ages and stellar metallicities as a function of stellar mass
and velocity dispersion for massive galaxies at 0.6 < z <
0.77. We rely on optimally selected key stellar absorption fea-
tures sensitive to age and total metallicity in combination with
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rest-frame optical photometry. These diagnostics are interpreted
with our Bayesian stellar population analysis (BaStA) frame-
work through comparison with a Monte Carlo library of model
spectra encompassing a range of SFHs, chemical enrichment his-
tories, and dust attenuations (Gallazzi et al. 2005; Zibetti et al.
2017; Zibetti & Gallazzi 2022). This approach is complemen-
tary to full spectral fitting methods in that it focuses on selected,
well-understood spectral features that are chiefly sensitive to
age and metallicity (Worthey et al. 1994; Worthey & Ottaviani
1997; Vazdekis & Arimoto 1999; Thomas et al. 2004). More-
over, thanks to the direct and full sampling of the prior as deter-
mined by the pre-computed model library, the resulting posterior
provides uncertainties that fully capture the underlying degen-
eracies.

Our sample of ∼550 galaxies, carefully selected to have
reliable measurements of stellar absorption features that were
used as constraints to age and metallicity, is representative of
the whole galaxy population down to 1010.4 M� and of the
star-forming population down to 1010 M�. With this sample we
explore the stellar population properties of massive galaxies at
〈z〉 = 0.7 and how their scaling as a function of stellar mass or
stellar velocity dispersion differs.

In the second paper of this series (Gallazzi et al. 2026, here-
after Paper II), we further explore how the z = 0.7 global age and
stellar metallicity scaling relations differ between quiescent and
star-forming galaxies and to what extent the stellar metallicity,
averaged over the SFH, is sensitive to ongoing star formation
activity. We then combine our LEGA-C results with a consis-
tent analysis, in terms of observational constraints and modelling
assumptions, of a volume- and completeness-corrected sample
of galaxies from the Sloan Digital Sky Survey Data Release 7
(SDSS DR7) presented in Mattolini et al. (2025) to quantify the
evolution of the scaling relations between z = 0.7 and z = 0.1.

As a product of the work presented here, we provide two
catalogues with revised absorption index measurements for the
whole LEGA-C third data release (DR3): one with measure-
ments derived from individual spectra and one with measure-
ments obtained by combining duplicate observations when avail-
able. We also provide the catalogue of the inferred stellar pop-
ulation physical properties for the full LEGA-C DR3 sample.
The catalogue includes the stellar population properties (mean
ages, stellar metallicities, stellar mass, and dust attenuation)
derived in this work with BaStA based on duplicate-combined
index measurements for the whole DR3, as well as those derived
with independent spectral fitting analysis performed within the
LEGA-C team, specifically from spectrum plus photometry fits
with Prospector presented in Nersesian et al. (2025) and with
BAGPIPES presented in Kaushal et al. (2024).

The paper is organised as follows. In Sect. 2 we describe
the LEGA-C spectroscopic data used in this work, the mea-
surement of stellar absorption features, and the galaxy sample
analysed along with sample statistical corrections. In Sect. 3 we
introduce our BaStA stellar population fitting approach build-
ing on Gallazzi et al. (2005) and Zibetti et al. (2017), and we
describe the adopted model library together with the spectro-
scopic and photometric constraints used. The resulting stellar
population physical parameter estimates and uncertainties are
presented in Sect. 4. Our main results on the stellar population
scaling relations in LEGA-C are presented in Sect. 5, where
we characterise the volume-weighted relations for the global
massive galaxy population, connecting light-weighted ages and
stellar metallicity to stellar mass and velocity dispersion. We
discuss the observed downsizing trends in Sect. 6 and summarise
our results in Sect. 7.

For the interested readers, we provide more technical details
in the Appendices, including the revised catalogue of absorption
indices (Appendix A) and the treatment of LEGA-C duplicate
observations (Appendix B); an assessment of the impact of dust
modelling on the age and metallicity inference (Appendix C); an
assessment of the impact of modelling assumptions within our
method in comparison to our previous work (Appendix D); and
a comparison with parameters estimated from Prospector and
BAGPIPES, which were respectively presented in Nersesian et al.
(2025) and Kaushal et al. (2024), and from pPXF, presented in
Cappellari (2023) (Appendix E).

Throughout the paper we assume a ΛCDM cosmology with
H0 = 70 km/s/Mpc, ΩM = 0.3, and ΩΛ = 0.7. We also assume
a solar stellar metallicity of Z� = 0.0154, and we adopted a
Chabrier (2003) Initial Mass Function (IMF).

2. Data and sample

2.1. The LEGA-C data

The LEGA-C survey has obtained deep spectra for a total sam-
ple of 4081 galaxies, 3029 of which are primary targets selected
from the UltraVISTA catalogue (Muzzin et al. 2013a) with red-
shift 0.6 < z < 1 and KS magnitude brighter than KS ,lim =
20.7−7.5 log((1 + z)/1.8). Observations were conducted with the
VIMOS spectrograph on VLT, integrating ∼20 h on source, with
an effective spectral resolution of R ∼ 3500 over the observed
wavelength range 6300 < λ < 8800 Å. Details on the sur-
vey goals and design, and the observational set-up are exten-
sively presented in van der Wel et al. (2016) and Straatman et al.
(2018).

In this work we use the 1-d spectra from the LEGA-C
third data release (DR3). Details on the data reduction, spec-
tra extraction and spectral measurements in DR3 can be found
in van der Wel et al. (2021). The LEGA-C 8′′ × 1′′ slits typi-
cally encompass a representative fraction of the galaxy light.
The 1-d spectra are obtained from optimal extraction using the
HST-based Sersic light profile. In this work we are particu-
larly interested in the metal-sensitive features around rest-frame
5000 Å, which for the LEGA-C galaxies fall in the >7000 Å
observer-frame range affected by telluric absorption. The revi-
sion of the telluric absorption correction devised for DR3 is thus
of particular importance for the accuracy of our measurements.
Spectrophotometric calibration has been obtained comparing the
uncalibrated LEGA-C spectra with best-fitting templates from
BVrizYJ SED fits.

2.2. Measurement of stellar absorption features

We measure stellar absorption features using the index defini-
tions of the Lick system (Worthey et al. 1994), in addition to the
4000 Å-break D4000n (Balogh et al. 1999) and the high-order
Balmer lines (Worthey & Ottaviani 1997). Note that indices are
not translated to the Lick system, but are measured on the rest-
frame observed spectra at their native resolution, thus includ-
ing instrumental resolution and broadening due to the intrinsic
velocity dispersion of the galaxy. The strength of stellar absorp-
tion indices is measured off of the rest-frame emission-line-
subtracted spectra. As described in van der Wel et al. (2021), the
decoupling of the stellar continuum from the emission lines is
performed with a coordinated fit with pPXF (which provides a
bestfit continuum consisting of a combination of MILES stellar
spectra Falcón-Barroso et al. 2011, and 15th order multiplica-
tive Legendre polynomial) and platefit (which determines
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emission line fluxes and EW from the continuum subtracted
spectrum). Because in the index measurement pixels are
assigned equal weight regardless of their noise, to avoid being
strongly biased by high-noise wavelength elements, we flag pix-
els that deviate by more than 2σ (and with a minimum of 10%)
from the bestfit pPXF continuum. This model only serves to iden-
tify highly deviant pixels but does not enter in the index measure-
ment. The flagged pixels are linearly interpolated over. They are
in total about 7% of all pixels used in the index measurement.
Details on this procedure are described in van der Wel et al.
(2021). We consider the index measurement reliable only if less
than one-third of the pixels in any of the central or pseudo-
continuum side bands are flagged. After the DR3 was released
we discovered that a fraction of ∼15% of LEGA-C spectra did
not receive a measurement of the absorption indices, despite the
good quality of the spectrum and the lack of artefacts. This was
tracked down to be related to a silent bug in the run of pPXF asso-
ciated with the rebinning of the spectra. We thus re-processed
the emission-line subtracted spectra for cleaning and index mea-
surement. We then measure absorption indices with our routine
BaStA_index.

Formal errors are estimated in first place via standard error
propagation based on the noise spectrum. In a second step, based
on repeated LEGA-C observations we estimate scaling factors to
apply to these formal errors and obtain the actual errors adopted
in the stellar population analysis. This factor is estimated to be
1.3 for all indices, except for D4000n (2) and Hβ (1.8) owing to
larger uncertainties associated to spectro-photometric calibration
and emission line infill, respectively (van der Wel et al. 2021).
We release the revised catalogue of index measurements for the
whole DR3 (see Appendix A), both for individual spectra and
combining duplicate observations when available (see Sect. 2.3).

2.3. Spectroscopic requirements and samples definition

The sample used in this work to derive scaling relations com-
prises galaxies belonging to the primary sample (primary= 1),
with no sign of active galactic nuclei (AGN) contamination in
the LEGA-C spectra (flag_spec= 0), with a measurement of
stellar velocity dispersion from the pPXF fit (sigma_star> 0)
and spectroscopic redshift 0.55< z_spec< 1.1. This represents
a parent sample of 2864 spectra.

Some of the objects in the sample have duplicate observa-
tions. These are useful not only to assess more reliably the uncer-
tainties on spectral measurements that are not captured by the
sole noise spectrum but also could be used to increase the wave-
length coverage for a given galaxy. Because of the different posi-
tion of the slit on the mask in different observing runs, the actual
observed wavelength range can vary between different observa-
tions of the same object. We take advantage of this to maximise
the number of absorption features covered for each galaxy. For
each object in the parent sample we check whether there are
more than one usable observation (typically two or three). If so,
for each absorption index we compute the error-weighted mean
of the index measurements available for that objects. Objects
with duplicate observations are thus included only once in our
final, parent sample, using the duplicate-combined index mea-
surements. After accounting for duplicate observations, the par-
ent sample consists of 2588 unique galaxies. In Appendix B we
assess the reliability and improved quality of the parameter esti-
mates based on combined duplicate observations with respect to
individual ones.

As described in Sect. 3.2, for our stellar population analy-
sis we further require the measurement of at least one of the

Fig. 1. Distribution in stellar mass and redshift for the LEGA-C primary
sample (grey dots and dot-dashed histograms, normalised to unit inte-
gral) and for the sub-samples used in the analysis. The sub-samples are
the silver sample (grey symbols and histograms) and the golden sam-
ple (golden symbols and histograms). The histograms for the silver and
golden samples have been normalised by the number of galaxies in the
silver sample. The number of galaxies in each sub-sample is given in
parenthesis. Redshifts come from the LEGA-C DR3 catalogue, while
stellar masses are those computed in this work.

Balmer absorption indices (Hβ, HδA, HγA) and at least one of the
composite metal-sensitive indices (among [MgFe]′, [Mg2Fe],
[MgFe52]′, [MgFe50]′). After combining the measurements for
duplicate observations, this requirement reduces the sample to
575 unique galaxies. The large reduction of the sample from
2588 to 575 unique galaxies mainly results from the wavelength
coverage of the LEGA-C spectra which limits the observabil-
ity of the Mg, Fe5270 and Fe5335 features up to z ∼ 0.77, and
only a minor fraction of galaxies are excluded because of large
spectroscopic uncertainties preventing an index measurement (as
explained in the previous section). Considering only the sets of
indices that we deem reliable for stellar population fitting (see
Sect. 3), our analysis is finally reduced to a silver sample of 552
galaxies and a golden sub-sample of 323 galaxies with spectral
S/N > 20/pixel1. The number of galaxies in each sub-sample
are summarised in Table 2. We notice that if we did not combine
duplicate observations, but simply took the observation with the
highest S/N for each object with repeated observations, the silver
(golden) samples would reduce to 491 (236) unique galaxies.

Our final sample spans a range in physical properties, in par-
ticular mass and star formation activity. Figure 1 shows the dis-
tribution in stellar mass versus redshift for the whole LEGA-C
sample and for the sample analysed here. As already mentioned,
the redshift limit z . 0.77 is imposed by the wavelength cov-
erage. Stellar mass extends over the range 1010 M� . M∗ .
1011.5 M�. The requirement of S/N > 20 preferentially selects
against lower mass galaxies (M∗ < 1011 M�). Figure 2 illustrates
how our sample is representative of galaxies with different levels

1 As a reference S/N we take the LEGA-C DR3 catalogue entry
SN_RF_4000 which is the S/N per pixel at 4000 Å rest-frame. In the
case of duplicate observations we take the squared sum of the individ-
ual S/N values.

A289, page 4 of 26



Gallazzi, A. R., et al.: A&A, 708, A289 (2026)

Fig. 2. Distribution in specific SFR versus stellar mass (left panel) and
in U-V, V-J rest-frame colours (right panel). We separated the galax-
ies into quiescent (Q, magenta circles) and star-forming (SF, blue stars)
based on their location with respect to the star forming main sequence
(SFMS; solid line in the left panel). The Q galaxies are those deviating
by more than 2σ below the SFMS (i.e. they lie below the dashed line
in the left panel). The right-hand panel illustrates how this selection
compares with the UVJ quiescent zone outlined by the dashed segment
(Muzzin et al. 2013b). Empty (filled) symbols indicate galaxies in the
silver (golden) samples. The numbers in the left panel give the number
of SF and Q galaxies in the golden, silver and parent LEGA-C sam-
ples. All quantities in this plot come from the LEGA-C DR3 catalogue,
except stellar masses which are those computed in this work.

of current star formation, by showing the distribution in specific
star formation rate versus stellar mass (SSFR–M∗) and in U − V
versus V − J (UVJ) diagrams. We define as quiescent (Q) those
galaxies that lie more than 2σ below the Star Forming Main
Sequence (SFMS; below the dashed line in the left-hand panel)2

and as star-forming (SF) galaxies consistent within 2σ with the
SFMS (i.e. above the dashed line). Since our sample is selected
in K band, the requirement of high S/N in the optical restframe
(roughly corresponding to the R and I bands) disfavours the tail
of the galaxy distribution with the reddest optical-NIR colours.
As we can see from Fig. 2, this tail is largely composed of heav-
ily dust-attenuated star-forming galaxies.

In this paper, we separate Q and SF galaxies in Sects. 3 and 4
in order to illustrate the quality of spectroscopic measurements
for the two classes of objects, the different accuracy of parameter
estimates and the different systematic uncertainties that pertain
to Q and SF galaxy spectra. This is useful for anyone wishing
to use our catalogue for different analysis. For convenience, we
opt to use the definition of Q/SF that we adopt in Paper II where
we analyse the scaling relations separately for the two classes of
galaxies and their evolution with respect to local galaxies classi-
fied with an equivalent criterion.

2.4. Sample statistical corrections

Our sample is drawn from the Ks-band selected LEGA-C par-
ent sample according to the availability of key spectral absorp-
tion features and to their spectral S/N. Therefore some statisti-
cal corrections are needed to compute volume-limited quantities
accounting for incompleteness and selection bias. First, we con-
sider (i) the volume correction factor Vcor which accounts for
the fact that the LEGA-C sample is magnitude-limited, (ii) the
completeness correction factor Scor which accounts for mass-

2 To fit the SFMS, we used galaxies that would be classified as star-
forming according to their location in the UVJ diagram (rightwards of
the dashed segment in the right panel).

dependent incompleteness in the observed sample with respect
to the parent UltraVISTA sample (see van der Wel et al. 2021).
The product of the two corrections is the Tcor parameter in the
DR3 catalogue. The full LEGA-C sample is representative of
the whole galaxy population at 〈z〉 = 0.7 down to log M∗/M� =
10.4. The completeness limit for blue galaxies only extends to
masses 0.2 dex smaller.

We then quantify and correct for biases introduced by our
sample selection for studying age and metallicity scaling rela-
tions. In particular, we wish to account for incompleteness as
a function of stellar population properties at a given stellar
mass. This is quantified by the fraction of galaxies that enter
our sample definitions (specifically the silver and the golden
samples which we use for the statistical analysis) with respect
to the parent sample that would be available to us. As parent
sample we consider the main LEGA-C sample (PRIMARY = 1,
FLAG_SPEC = 0, SIGMA_STARS_PRIME> 0) restricted to the
redshift range over which at least one of the metal-sensitive
composite indices would be available (i.e. the redshift out to
which Fe5335 would be observable, z < 0.79). We opt to mea-
sure incompleteness in a space of the observables that trace
stellar population properties independently from our modelling,
namely we consider the rest-frame U − V colour as proxy
for stellar populations physical parameters and the absolute g-
band luminosity Lg as proxy for galaxy stellar mass. For each
galaxy in the silver (golden) sample we consider the 20 near-
est neighbours in the (U − V)−Lg plane in the parent sample.
The inverse of the fraction of silver (golden) galaxies among
these 20 is then taken as the statistical weight w_spec_silver
(w_spec_golden) to apply to correct for incompleteness. The
weights w_spec_silver range from 1 to 5 quite uniformly
over the colour-luminosity plane, with the tendency for bluer
galaxies at fixed luminosity to have slightly larger weights. For
the golden sample w_spec_golden range from 1 to 10 with a
stronger gradient with stellar mass. Because of the larger varia-
tions and uncertainties in w_spec_golden due to smaller num-
ber statistics in the low-mass/low-luminosity regime, in the anal-
ysis presented in Sect. 5 we rely on the weighted silver sample
as our reference for population statistical trends, while we use
the unweighted golden sample as a control with higher-quality
measurements.

3. Stellar population modelling

In order to estimate stellar population physical parameters, such
as mean weighted ages and metallicities, in addition to stel-
lar mass, we used our code BaStA (Zibetti & Gallazzi 2022)
which adopts and builds upon the bayesian approach described
in Gallazzi et al. (2005, 2014). The code compares a selected set
of spectral diagnostics and photometric data to those predicted
by a large library of model spectra constructed by convolving
Simple Stellar Population (SSP) models with randomly gener-
ated SFHs, metallicity histories and dust attenuation parameters.
The posterior probability distribution function (PDF) of selected
physical parameters, marginalised over all the other parameters,
is computed by weighing each model by the likelihood of the
data for that model. We then take the median of the PDFs and
half of the 84th−16th percentile range as fiducial value of the
parameter and its associated uncertainty, respectively. We stress
that these uncertainties include not only the error associated
to observational uncertainties, but also degeneracies within the
assumed prior distribution of SFHs, metallicity and dust.
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Table 1. Summary table of the parameters used to generate the composite stellar populations library.

Parameters Description Prior PDF

Secular SFH: SFRτ(t) ∝
(t−tform)

τ
exp

(
−

(t−tform)2

τ2

)
tform Time elapsed since the beginning of the SFH Log-uniform between 5 · 108 and 2 · 1010 yr(a)

τ Time scale/peak From log-uniform of τ/tform between 1/20 and 2
Secular CEH:

Z∗(t) = Z∗(M(t)) = Z∗final − (Z∗final − Z∗ 0)
(
1 − M(t)

Mfinal

)α
〈Z∗ fm−w〉 Formed-mass-weighted metallicity (non-

generative, constraint for generative pars.)
tanh distribution of P(log〈Z∗ fm−w〉): P(1/50 Z�) = 0,
P(0.1 Z�) = 0.9, P(3.8 Z�) = 1, 〈Z∗ fm−w〉 < 3.8 Z�

α Swiftness of chemical enrichment 0.25 ≤ α ≤ 19, from a uniform distribution in β ≡
1

1+α
, 0.05 ≤ β ≤ 0.80

Z∗ 0 Initial metallicity Log-uniform between log(Zmin/Z�) ≡ log(1/50) and
min(log Z0 max/Z� ≡ log(0.05), 〈Z∗ fm−w〉)

Z∗final Final metallicity Derived from Zmin, α, and 〈Z∗ fm−w〉, with the con-
straint Z∗final ≤ 4Z∗ �

Bursts
Nburst Number of bursts 1/3 of models without bursts; for the remaining 2/3:

Nburst ≤ 6, P(Nburst) ∝ e−Nburst

tburst,i Age of the ith burst (instantaneous) Log-uniform distribution between 105 yr and the
tform of the secular component

Z∗ burst,i Metallicity of the ith burst Gaussian distribution in log-Z, with mean equal to
the metallicity value of the secular component at t =
tburst,i and width σZ∗ burst = 0.2 dex

Mburst,i Mass fraction formed in the ith burst relative
to the mass formed in secular mode

Log-uniform distribution between 10−3 and 2. More
restrictive upper limits applied for tburst,i < 108 yr

Dust attenuation (Charlot & Fall 2000)
τV Total optical depth due to diffuse ISM and

birth cloud (affects stars younger than 107 yr)
P(τV ) ∝ 1− tanh(1.5τV −6.7), constant at low values,
exponential drop to 0 between τV = 4 and τV = 6

µ Fraction of total optical depth in diffuse ISM P(µ) ∝ 1 − tanh(8µ − 6), exponential drop to 0
between µ = 0.5 and µ = 1

Notes. (a)In the fit, we restrict the range to the age of the Universe at the redshift of each galaxy, with an allowance of 0.2 dex.

3.1. The library of spectral models

The model library used here is constructed following
Zibetti et al. (2017) and Zibetti & Gallazzi (2022), and com-
prises 500000 models obtained by convolving SSP models with
Monte Carlo SFHs. In this work we adopt the SSPs of the
2019 version of Bruzual & Charlot (2003) population synthe-
sis code (CB19) which are based on the MILES stellar library
(Falcón-Barroso et al. 2011) and on the Parsec evolutionary
tracks (Chen et al. 2015). We adopted the Chabrier (2003) IMF.
For a more detailed description of the ingredients adopted in
CB19 we refer to Appendix A of Sánchez et al. (2022). Follow-
ing Plat et al. (2019) and Gutkin et al. (2016) for the solar scale
adopted in the Parsec evolutionary tracks, we normalise the stel-
lar metallicities to the present-day photospheric solar metallicity
of Z� = 0.015243.

In our model library, the SFHs are described as the super-
position of a smooth secular component and random bursts.
The secular component is given in the form of a delayed
Gaussian (Sandage 1986, also referred to as ‘a la Sandage’,
see Gavazzi et al. 2002), which allows for both a rising and a
declining phase. On top of this continuum SFH, bursts of star
formation can occur in random number (up to six), age and
intensity.

3 Note that this is lower than the most recent estimate of Z� = 0.0225
(Magg et al. 2022).

A major change compared to our previous works and oth-
ers using pre-computed model libraries in a bayesian approach
(e.g. Gallazzi et al. 2005, 2021; da Cunha et al. 2008) is the
introduction of a chemical enrichment history (CEH) through
a parametrization for the metallicity evolution along the SFH,
rather than assuming a constant metallicity value. The chosen
parametrization is reminiscent of a leaking box model (Erb
2008), having as parameters the initial and the final metallic-
ity and a parameter describing the swiftness of enrichment.
The metallicity increases with the stellar mass formed follow-
ing this parametrization. Bursts are allowed to have a metallic-
ity drawn from a Gaussian centred on the value of the secular
metallicity at the same epoch, thus introducing some scatter in
the metal enrichment history. Finally, the emergent spectra are
attenuated according to a Charlot & Fall (2000) dust attenuation
model separating the contribution from the birth clouds to that
of the diffuse interstellar medium. A summary of the adopted
priors is provided in Table 1 and a full description is provided
in Appendix A of Mattolini et al. (2025). Notice that for each
galaxy we then only consider models that have a formation age
tform younger than the Universe age at the galaxy’s redshift (with
an allowance of 0.2 dex).

Beside the parameters that generate the SFHs, CEHs, and
dust attenuation (as summarised in Table 1), for each model
spectrum we compute a number of derived parameters which
describe in a non-parametric way the resulting properties aver-
aged over the SFH, namely: (i) the r-band-weighted aver-
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age age and stellar metallicity4, log〈Age/yr〉r and log〈Z∗/Z�〉r;
(ii) the mass-weighted average age and stellar metallicity,
log〈Age/yr〉M and log〈Z∗/Z�〉M; (iii) the total present-day stel-
lar mass, log(M∗/M�); (iv) the effective dust attenuation in the
g-band, Ag. These are the parameters of which we are interested
in deriving the posterior PDF for each galaxy, by marginalising
over all the other model parameters.

3.2. Spectroscopic and photometric constraints

The observational constraints that we adopt combine a selected
set of stellar absorption features with photometric data. All the
results shown in the following are obtained fitting both spectro-
scopic and photometric data simultaneously. As stated in Sect. 2,
the observed absorption indices are measured at the original
spectral resolution (including instrumental and velocity disper-
sion broadening). For each galaxy, these are compared to indices
measured on the model spectra convolved at the same effec-
tive resolution and broadening of the galaxy. The absorption
features are chosen among those showing distinct sensitivity to
age and metallicity, while having at the same time a negligi-
ble dependence on element abundance ratios, since our mod-
els are based on scaled-solar SSPs and do not allow for vari-
able abundance ratios for individual elements. Building on our
previous work (G05, G14), the ideal set of indices combines age-
sensitive features such as D4000n, Hβ, HδA + HγA, with metal-
sensitive features such as [Mg2Fe] (Bruzual & Charlot 2003),
[MgFe]′ (Thomas et al. 2003). Because of the wavelength cov-
erage of LEGA-C spectra, there are only 57 galaxies with this
complete set of five indices. We consider other two combina-
tions of Mg and bluer Fe features that show a negligible depen-
dence on [α/Fe], namely [MgFe50]′ and [MgFe52]′ as defined
in Kuntschner et al. (2010)5.

We thus considered the following sets of indices:
(s1) any index available among D4000n, Hβ, HδA, HγA (or, pre-

ferred, HδA + HγA if both Balmer indices are available)
combined with the set s2a if possible or, alternatively, with set
s2b, where:
(s2a) [Mg2Fe] in combination with [MgFe]′ or [MgFe52]′ or

alone,
(s2b) [MgFe50]′ in combination with [MgFe]′ or [Mg2Fe] or

[MgFe52]′ or alone.
Our minimum requirement for reliable age and metallicity

estimates is to have at least one of the Balmer absorption lines
and at least one of the Mg-Fe composite indices listed above.
Galaxies meeting this requirement and that can be fit by one of
the index sets above constitute our silver sample of 552 galax-
ies6.

The index sets listed above were chosen after checking that
stellar population parameters inferred from different indices do
not show a bias, with respect to the optimal set of five indices

4 See Equations (4) and (6) in Zibetti et al. (2017) for the exact defi-
nition of light-weighted mean age. The analogous definition applies to
the light-weighted mean metallicity.
5 For convenience we report the definition of the composite indices:
[MgFe]′ =

√
Mgb × (0.72 × Fe5270 + 0.28 × Fe5335)

[Mg2Fe] = 0.6 ×Mg2 + 0.4 × log(Fe4531 + Fe5015)
[MgFe50]′ = 0.5 × (0.69 ×Mgb + Fe5015)
[MgFe52]′ = 0.5 × (0.64 ×Mgb + Fe5270).
6 Note that we ran our fitting procedure on all the LEGA-C DR3 galax-
ies. We provide a catalogue of derived stellar population parameters for
the whole DR3 since this may be useful for some science applications
that are not interested in stellar metallicity (which critically require the
availability of Mg and Fe features).

(D4000n, Hβ, HδA + HγA, [Mg2Fe], [MgFe]′). For this test, we
considered the 52 galaxies for which all the age and metal-
sensitive indices are available, and we fit them with all the dif-
ferent index combinations allowed. We then compare the result-
ing ages and metallicities with those obtained with the reference
fit based on the optimal index set. We find that all the chosen
index combinations with which LEGA-C galaxies are fit do not
show systematic bias (within few hundredths of decimal expo-
nent) with respect to the reference fit, with a scatter compa-
rable or smaller than the mean parameter uncertainties. More
than 40% of the silver sample is fit (in addition to s1) with both
[MgFe]′ and [Mg2Fe], about 30% with [MgFe50]′, 10% with
[MgFe50]′ and [MgFe52]′, 7% with [Mg2Fe] and [MgFe52]′,
the other index combinations apply to a few percent each.

In Fig. 3 we show the distribution of LEGA-C galaxies
in the index-index diagnostic diagrams combining the Balmer
absorption lines with D4000n and with the red composite Mg-
Fe indices. In each panel, dots display all LEGA-C galaxies
for which the two indices are measured, while empty (filled)
symbols indicate galaxies in the silver (golden) sample, distin-
guished into Q (magenta circles) and SF (blue stars). The cover-
age of the model library is shown by the coloured map, where the
colour reflects the mean light-weighted age (left-most panels of
Balmer lines versus D4000n) and the mean light-weighted stellar
metallicity (right panels of Balmer lines versus Mg-Fe compos-
ite indices). This figure serves as an illustration of how the phys-
ical parameters map onto the observational diagnostics, but we
remind that the fit is performed in the multi-dimensional space
of indices and photometry. The figure shows that our model
library provides an adequate coverage of the observational space
of LEGA-C galaxies. In turn, we note that the LEGA-C sam-
ple analysed here spans a large range of physical parameters
and underlying SFHs, spreading over a substantial fraction of
the model parameter space. From Fig. 3 we see that most of the
observations lie within the parameter space defined by our mod-
els, with a few exceptions due to large observational errors. To
control for possible outliers, in the fit we discard an absorption
index if its measurement lies more than 3σ away from the mod-
els (where σ is the observational error on the index). All the
silver and golden data points shown in Fig. 3 indicate galaxies
whose measurement is within 3σ of the model grid.

Figures 4 and 5 show, for the indices used for stellar pop-
ulations constraints, how well the observed index strengths are
reproduced by the models. The left panels compare the observed
index strength with the one predicted by the best-fit model (i.e.
the model of minimum χ2 considering both absorption indices
and photometry), both for the whole LEGA-C primary sam-
ple (grey circles) and for the silver, golden Q and golden SF
samples used in this work (black, magenta, blue circles respec-
tively). The right panels display the histograms of the difference
between predicted and observed index strength normalised by
the observational uncertainty. In all cases the agreement is very
good and within the observational uncertainties. Nevertheless,
we notice the tendency to underestimate D4000n and HδA + HγA
and slightly overestimate Hβ for golden quiescent galaxies. We
checked that the comparison between best-fit model and obser-
vations is slightly improved for the quiescent galaxies if we fit
only absorption features (without photometry) to dust-poor mod-
els. This may signal some tension in the SPS models between
different observational constraints (indices and photometry). As
we discuss in Appendix C, we are overall confident that our treat-
ment of dust, necessary for analysing the general galaxy popu-
lation in a consistent way, does not introduce significant bias.
It is worth noticing that a mismatch in D4000n–Hδ between
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Fig. 3. Distribution in diagnostic diagrams of the absorption indices showing the combinations of indices considered in this work for their different
sensitivity to age and metallicity. The coloured region shows the distribution of the adopted model library of complex star formation and metal
enrichment histories (see Sect. 3.1), colour-coded for r-band light-weighted age (left-most panels) and for r-band light-weighted stellar metallicity.
Symbols are as in Fig. 2: galaxies are distinguished into quiescent (magenta) and star-forming (blue) based on a mass-dependent threshold in
specific SFR; empty symbols indicate galaxies belonging to the silver sample, i.e. with optimal combinations of indices, while filled symbols refer
to the golden sub-sample (with S/N > 20); dots display all the galaxies in the LEGA-C sample with measurements of the two indices in each
panel. In each panel only galaxies for which the corresponding couple of indices has been used in the fit are shown (therefore all the galaxies
shown lie within 3σ of the model region). In each panel we report the number of galaxies shown among those in the full LEGA-C, silver or golden
samples. The error bars display the median uncertainty on each index for the golden (thick black) and the silver galaxies (thin grey).

LEGA-C and model predictions (IllustrisTNG) has been dis-
cussed in Wu et al. (2021), originating either from systematic
uncertainties in SPS models or from the requirement of small
recent bursts of star formation in otherwise old systems.

As mentioned, in addition to spectral absorption indices, we
add constraints from the spectral shape in order to infer simul-
taneously stellar masses and dust attenuation together with age
and metallicity. We extract the photometric information from
the UltraVISTA catalogue of Muzzin et al. (2013a). We con-
sider the fluxes in the photometric bands r, i, z,Y, J, which cover
the reft-frame wavelength range between 3800 and 7500 Å at
the mean redshift of our sample. Following the conclusions in
Appendix B of van der Wel et al. (2021), we exclude photomet-
ric bands that sample redwards of the rest-frame 8000 Å. We also
exclude from the fit the B and V bands which sample the near-
UV spectral range, motivated by the fact that at the rest-frame
UV wavelengths the CB19 models are less reliable, manifest-
ing also as a mismatch between the observed colours and the
model colours at fixed absorption indices. We performed sev-
eral tests changing both the model library (the base SSPs and the
recipes for composite stellar populations) and the observational
constraints. We found that fits that included the B and V pho-
tometry provided parameter estimates that varied significantly
changing e.g. the SPS models or the chemical evolution assump-
tions. This affected in particular massive quiescent galaxies that
were assigned younger ages and higher dust attenuations, incon-

sistent with their J − 24 µm colours. Similarly as for the indices,
we have checked that for magnitudes and colours in the bands
used for the fit the mean deviation between observations and
best-fit model is 0.1−0.2 times the observational uncertainty.

4. Estimates of stellar populations physical
parameters

The stellar populations physical parameters that we are primar-
ily interested in are the light-weighted mean age and the light-
weighted mean stellar metallicity. In addition to these, we also
consistently extract stellar mass and dust attenuation estimates.
The stellar mass is the mass surviving in stars and remnants
and is obtained for each model in the library as the normalisa-
tion factor that minimises the χ2 of the rizY J photometry. The
dust attenuation of each model is computed in the rest-frame g-
band, directly comparing the broad-band flux of the attenuated
model spectrum with that of the unattenuated model spectrum7.
For each of these physical parameters we construct the posterior
probability density function (PDF), marginalising over all the
nuisance parameters, as described in Sect. 3. Table 2 reports the

7 Notice that this differs from the approach used in our previous works
(see Gallazzi et al. 2005, 2014) where dust attenuation was estimated
from the excess between the observed colour and the best-fit dust-free
model based on an index-only fit.
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Fig. 4. Comparison between observed and best-fit predicted index
strengths for the absorption features considered in the BaStA fit as
age-sensitive diagnostics. Left panels: Best-fit versus observed index
strength. Grey filled circles show the full primary LEGA-C catalogue
for which the index is measured; black circles highlight galaxies in the
silver sample; magenta (blue) circles highlight quiescent (star-forming)
galaxies in the golden sample. Filled symbols indicate galaxies for
which the index has been used in the fit. The thin and thick error bars
indicate the median observational error for silver and golden galaxies
respectively. The median offset, rms scatter and the median uncertainty
are reported in each panel for the silver sample. Right panels: distribu-
tion of the difference between the absorption index strength predicted
by the best-fit model and the observed one, normalised by the observa-
tional error (regardless of whether the index was used in the fit). Grey
histograms are for the whole LEGA-C sample (normalised to unit area);
black, magenta, blue histograms refer to the silver, golden Q, golden SF
respectively (normalised to the silver sample). A Gaussian centred on
zero and with unit standard deviation is shown for reference (dot-dashed
curve).

mean uncertainties in physical parameter estimates for the silver
and golden sub-samples. In Appendix D we address systematic
differences with respect to our previous modelling assumptions
(Gallazzi et al. 2005, 2014), while in Appendix E we compare
our estimates with those derived with BAGPIPES or Prospector
in Kaushal et al. (2024) and Nersesian et al. (2025), respectively.
Although the scientific results presented in this paper (Sects. 5
and 6) pertain to the general galaxy population, in this section
and the Appendix we keep the separation between Q and SF
galaxies in order to present the typical accuracy in parameter
estimates that can be achieved for the two classes of objects. This

Fig. 5. Same as Fig. 4 but for the absorption features considered in the
BaStA fit as metallicity-sensitive diagnostics.

is relevant because the ability to constrain ages and metallicities
depend on the age of the stellar populations and the overall mix
of stellar populations in a galaxy (i.e. the total duration of the
SFH), affecting the strength of the features and the underlying
degeneracies.

4.1. Stellar metallicities and ages

The derived estimates on r-band light-weighted stellar age and
stellar metallicity are presented in the upper panels of Fig. 6,
along with their associated uncertainties given by the 84th–16th
inter-percentile width of the PDF. The distributions are presented
for the silver and golden galaxies, distinguished into Q and SF
as in Fig. 2. For completeness we illustrate also the distribu-
tion of parameters and parameter uncertainties for the whole
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Table 2. Samples used in the scientific analysis and mean uncertainties on the physical parameter estimates.

Sample NQ NSF mean σlog〈Age/yr〉r [dex] mean σlog〈Z∗/Z�〉r [dex] mean σlog(M∗/M�) [dex] mean σAg [mag]
Q SF Q SF Q SF Q SF

silver 232 320 0.16 0.16 0.19 0.35 0.12 0.13 0.24 0.38
golden 148 175 0.15 0.15 0.15 0.29 0.11 0.12 0.21 0.36

Notes. (1) Samples (silver: all LEGA-C with primary= 1, flag_spec= 0, sigma_star> 0, 0.55< z_spec< 1.1, and at least one of (Hβ, HδA,
HγA) and one of ([Mg2Fe], [MgFe50]′, [MgFe52]′, [MgFe]′); golden: all silver galaxies with S/N > 20); (2) and (3) number of unique galaxies
classified as quiescent (Q) or as star-forming (SF) according to their specific SFR (i.e. lying below or above, respectively, of the dashed line in
the left panel of Fig. 2); (4) mean error on light-weighted age (dex); (5) mean error on light-weighted stellar metallicity (dex); (6) mean error on
stellar mass (dex); (7) mean error on dust attenuation (mag). The mean errors are given separately for Q and SF galaxies.

Fig. 6. Distribution in r-band light-weighted mean age (upper-left), r-band light-weighted mean stellar metallicity (upper-right), stellar mass
(lower-left), and dust attenuation in the g-band (lower-right) for the LEGA-C silver and golden samples analysed in this work. For each parameter,
the upper panel displays the distribution in the estimated parameter value (the median of the PDF). Magenta (blue) histograms show the distribution
for the Q (SF) galaxies in the silver (hollow) and in the golden (hatched) sub-samples, both normalised to the total silver sample. Grey dot-dashed
histograms (normalised to unit integral) display the whole LEGA-C parent sample regardless of the indices used in the fit. The lower panel shows
the uncertainties (half of the 84–16 percentile range) in the parameter estimates against the fiducial values. Galaxies belonging to the silver sample
are distinguished into Q (magenta circles) and SF (blue stars), with filled symbols highlighting galaxies in the golden sub-sample.
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Fig. 7. Comparison between light-weighted and mass-weighted ages
and stellar metallicities derived in this work for golden galaxies.
Magenta circles indicate Q galaxies, blue stars indicate SF galaxies.
The error bars show the median uncertainties for the two sub-samples.
The upper panels show the 1:1 comparison, while the bottom panels
show the difference between light- and mass-weighted quantities versus
stellar mass.

parent DR3 sample. We find that LEGA-C galaxies span a range
of light-weighted ages between roughly log〈Age/yr〉 = 8.9 and
9.8 (i.e. from ∼600 Myr to 6.3 Gyr), with Q galaxies dominat-
ing at ages older than log〈Age/yr〉 = 9.2 (1.6 Gyr). The light-
weighted age is constrained typically to within 0.16 (0.15) dex
for all (high-S/N) spectra, with no significant difference between
Q and SF nor as a function of age.

LEGA-C galaxies are predominantly found to have super-
solar metallicities up to 3 · Z�, including both Q and SF galax-
ies. The stellar metallicities of star-forming galaxies extend
down to 0.1 · Z�. We notice that the highest metallicity values
(log(Z∗/Z�) & 0.4) that are close to the highest metallicity cov-
ered by the models may be biased low by ∼0.1 dex, and they
tend to have asymmetric posterior distributions skewed towards
lower metallicities. The saturation to high metallicity is how-
ever mitigated with respect to other works that are limited to an
upper metallicity boundary of ∼1.6 · Z� (log Z/Z� = 0.2), i.e.
approximately a factor 2 lower than ours (e.g. Bevacqua et al.
2024; Nersesian et al. 2025). As opposed to the light-weighted
age, the uncertainties on stellar metallicity depend on both
spectral quality and galaxy type. Stellar metallicity is typi-
cally constrained to within 0.17 dex for silver quiescent galax-
ies and to within 0.15 dex for the sub-sample of golden qui-
escent galaxies. The accuracy on stellar metallicity decreases
to 0.34 dex and to 0.28 dex for silver and golden star-forming
galaxies, respectively. These are the mean uncertainties, but we
notice that uncertainties on stellar metallicity can extend up
to 0.6 dex especially for low-S/N, low-metallicity star-forming
galaxies. This highlights the intrinsic difficulty in constrain-
ing stellar metallicities for young/star-forming galaxies and
the need for high-S/N spectroscopy covering the red metallic
features.

4.2. Stellar masses and dust attenuations

The lower panels of Fig. 6 show the distributions in stellar mass
and in rest-frame g-band dust attenuation (Ag), and their associ-
ated uncertainties. Our galaxy sample ranges between 1010 and
6 · 1011 M� in stellar mass, with rather homogeneous uncertain-
ties of 0.12 dex and 0.13 dex for Q and SF galaxies respectively.
We have checked that the stellar masses we derive are in excel-
lent agreement with those in the DR3 catalogue obtained from
photometry-only Prospector fit, with a mean offset of only
0.02 dex and scatter of 0.11 (0.13) dex for Q (SF) galaxies. The
majority of our galaxy sample, and in particular quiescent galax-
ies, show negligible or low dust attenuation. However a small
fraction of quiescent galaxies and the majority of star forming
galaxies have Ag larger than 0.5 mag. Uncertainties are between
0.2 and 0.4 mag, but can be up to 0.6 mag for lower-quality spec-
troscopic data or young galaxies for which the looser constraints
on stellar metallicity give more freedom to dust attenuation. For
galaxies with a significant fraction of stars younger than 107 yr
(the “birth cloud” timescale), uncertainties are also boosted by
degeneracies between the two dust components assumed in the
Charlot & Fall (2000) dust attenuation model.

4.3. Comparison of light-weighted and mass-weighted
properties

Together with light-weighted mean parameters, we also derive
estimates of mass-weighted mean ages and metallicities. Note
that these estimates are weighted on the present-day stellar mass,
corresponding to the formed stellar mass reduced by the frac-
tion of mass returned to the ISM. While these parameters would
be potentially more physically relevant, they are also intrinsi-
cally more subject to systematics associated to the adopted SFH
modelling. Fig. 7 compares the light-weighted and the mass-
weighted properties for golden Q and SF galaxies. We notice
that for Q galaxies the two weights lead to very similar mean
stellar population properties, with mass-weighted ages on aver-
age 0.05 dex older, and mass-weighted metallicities consistent
or only marginally smaller than light-weighted metallicities. For
SF galaxies, mass-weighted ages are also always larger than
light-weighted ones with differences spanning between zero and
0.4 dex. Mass-weighted stellar metallicities are typically smaller
than light-weighted ones, up to 0.1 dex. This trend is expected
from our parametrization of the metal enrichment history (which
is monotonically increasing with time) and because older, less
metal rich stellar generations weigh more in the mass-weighted
metallicity with respect to the light-weighted one.

5. The stellar metallicity and age scaling relations
in LEGA-C

In this section we quantify the distribution of the general pop-
ulation of massive (>1010 M�) 〈z〉 ∼ 0.7 galaxies from the
LEGA-C survey in mean stellar metallicity and age as a func-
tion of stellar mass and velocity dispersion. The reference pop-
ulation statistical trends are those obtained from the volume-
and completeness-weighted silver sample, but we also present
the results for the unweighted golden sample as a check against
spectral quality.

5.1. Trends with stellar mass

Figure 8 shows the distribution of our sample galaxies in
luminosity-weighted mean age (left panels) and in luminosity-
weighted mean stellar metallicity (right panels) versus stellar
mass. The upper panels display the individual measurements for
the reference silver sample and for the high-S/N golden sub-
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Fig. 8. Luminosity-weighted age (left panels) and luminosity-weighted stellar metallicity (right panels) versus stellar mass for LEGA-C galaxies.
The upper panels show individual measurements. The silver sample is shown with silver circles and golden galaxies are highlighted with golden
circles. Middle panels show the median age (panel c) and median stellar metallicity (d) in bins of stellar mass 0.2 dex wide and with at least five
galaxies. Thick vertical error bars show the error on the median, while thin horizontal and vertical bars indicate the 16th–84th interpercentile range
of the distribution. Silver filled squares refer to the silver sample weighted for completeness with Tcor× w_spec_silver, while golden filled
(empty) squares refer to the golden sample without (with) weights. The corresponding lines in panel c (d) display the relation as in Eq. (1) that
best fits the median values of age (metallicity) for the weighted silver and weighted golden sample respectively. The bottom panels compare the
mean error on individual age and stellar metallicity estimates (crosses) with the dispersion, as given by the 16th–84th interpercentile range, at fixed
stellar mass (hexagons), with silver (golden) symbols for silver (golden) sample.

sample. As already seen in Fig. 6, the high-S/N requirement tends
to select against metal-poor or low-mass galaxies. The middle
panels show the median trends of age and metallicity in bins
of stellar mass 0.2 dex wide and with at least 5 galaxies. The
golden squares with error bars show the median and dispersion
in the parameter (expressed by the 84th–16th inter-percentile
range of the distribution) limited to the golden sample, while
the silver squares and error bars refer to the broader silver sam-
ple weighted for completeness by Tcor× w_spec_silver (see
Sect. 2.4). Finally, the bottom panels compare the dispersion in
age and metallicity at fixed mass (hexagons) with the mean param-
eter uncertainties (crosses) for the golden sample distribution
(golden symbols) and the weighted silver sample distribution (sil-
ver symbols).

The distribution in light-weighted ages (Fig. 8a) indicates
the presence of two sequences at ages younger/older than 3 Gyr

(log〈Age/yr〉9.5), particularly evident for the golden sample.
There is a clear trend of increasing age with increasing stellar
mass, from ∼1.2 to ∼5 Gyr (log〈Age/yr〉 = 9.1−9.7) from 1010

to 1011.7 M� (Fig. 8c). The larger and more complete statistics of
the silver sample confirms the median trend of the robust, high-
S/N golden sample, though with larger dispersion in some of
the mass bins. The dispersion in light-weighted age is larger by
0.15−0.2 dex than the mean parameter uncertainty, across almost
the whole range of stellar mass probed and in particular around
1011 M�. We notice that the larger dispersion in the silver sam-
ple is due both to the inclusion of lower-S/N galaxies and to the
application of completeness weights (except in the highest-mass
bin, which, however, suffers from low number statistics).

For a convenient quantification of the mean trend, we fit
a parametric function to the median log〈Age〉r as a function
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Table 3. Median trends of light-weighted age and stellar metallicity as a function of stellar mass for the silver and golden samples, as shown in
Fig. 8.

silver sample, weighted by Tcor× w_spec_silver
log(M∗/M�) log〈Age/yr〉r 〈2 × σlog Age〉 log〈Z∗/Z�〉r 〈2 × σlog Z∗〉 Nbin

p50 p16 p84 p50 p16 p84

9.91 9.10+0.05
−0.03 9.01 9.15 0.26 −0.81+0.23

−0.17 −1.22 −0.51 0.92 5
10.11 9.09+0.05

−0.03 8.89 9.19 0.29 −0.41+0.14
−0.06 −0.92 −0.20 0.92 21

10.31 9.16+0.04
−0.03 8.93 9.32 0.31 0.00+0.08

−0.05 −0.45 0.28 0.77 51
10.51 9.22+0.03

−0.03 9.04 9.47 0.33 0.12+0.04
−0.03 −0.14 0.32 0.62 81

10.71 9.29+0.02
−0.03 9.12 9.55 0.33 0.21+0.04

−0.02 −0.15 0.40 0.49 113
10.91 9.29+0.02

−0.03 9.10 9.55 0.33 0.14+0.07
−0.03 −0.41 0.39 0.50 97

11.11 9.39+0.03
−0.04 9.19 9.67 0.32 0.26+0.04

−0.03 −0.06 0.47 0.38 91
11.31 9.57+0.06

−0.02 9.20 9.70 0.30 0.39+0.04
−0.02 0.12 0.50 0.32 58

11.51 9.65+0.12
−0.03 9.19 9.75 0.28 0.31+0.14

−0.05 −0.23 0.49 0.26 23
11.71 9.37+0.20

−0.17 8.98 9.71 0.31 0.30+0.12
−0.09 0.05 0.48 0.23 6

golden sample
log(M∗/M�) log〈Age/yr〉r 〈2 × σlog Age〉 log〈Z∗/Z�〉r 〈2 × σlog Z∗〉 Nbin

p50 p16 p84 p50 p16 p84
10.11 9.12+0.01

−0.01 9.09 9.15 0.26 −0.48+0.22
−0.16 −0.98 −0.12 0.70 8

10.31 9.13+0.05
−0.02 8.99 9.18 0.31 −0.20+0.14

−0.15 −0.60 0.22 0.89 12
10.51 9.18+0.04

−0.03 8.99 9.32 0.31 0.14+0.10
−0.05 −0.36 0.36 0.56 36

10.71 9.23+0.03
−0.05 9.03 9.50 0.31 0.22+0.06

−0.03 −0.11 0.42 0.44 53
10.91 9.31+0.03

−0.04 9.10 9.56 0.33 0.28+0.06
−0.02 −0.11 0.42 0.40 60

11.11 9.48+0.04
−0.03 9.21 9.68 0.32 0.36+0.05

−0.02 −0.01 0.49 0.34 72
11.31 9.60+0.06

−0.02 9.28 9.70 0.30 0.43+0.04
−0.02 0.22 0.51 0.29 51

11.51 9.66+0.05
−0.02 9.49 9.75 0.29 0.37+0.13

−0.03 −0.11 0.49 0.26 22
11.71 9.67+0.15

−0.03 9.40 9.72 0.30 0.47+0.10
−0.01 0.29 0.49 0.20 5

Notes. (1) Central value of stellar mass bin; (2–3–4) median (with its uncertainties) and percentiles of mean light-weighted age; (5) average 84–16
percentile range of individual log Age PDF; (6–7–8) median (with its uncertainties) and percentiles of mean light-weighted metallicity; (9) average
84–16 percentile range of individual log Z∗ PDF; (10) number of galaxies in stellar mass bin. Only bins with at least five galaxies are considered.

of log(M∗)8. Following Leja et al. (2019) and Nersesian et al.
(2020), we find that the trend is well described by a sigmoidal
functional form. Specifically, for a generic parameter P we
parametrise the relation with M∗ as

P(M∗) = P̄ + A ∗ tanh
(
B ∗ log

M∗
M̄∗

)
−C, (1)

where M̄∗ is the characteristic mass of inflection, A represents
the dynamical range of the relation, B regulates the extent of the
inflection range, and

C = A ∗ tanh
(
B ∗ log

1011.5

M̄∗

)
normalises the relation so that P̄ represents the zero-point at
M∗ = 1011.5 M�.

For the median light-weighted age of the LEGA-C galaxies,
the zero point at 1011.5 M� corresponds to a value of log〈Age〉r =
9.62 ± 0.04 (4.2 Gyr). The inflection occurs at a stellar mass of
1.2 ± 0.4 · 1011 M�. The parameters of the fitted relation for the

8 To fit scaling relations, we use the MPFIT IDL routine which finds the
bestfit parameters of the supplied function by minimising the sum of the
weighted squared differences between the model and data. The fits are
performed on the median values in bins of stellar mass accounting for
the error on the median.

high-SN golden sample are consistent, with smaller uncertain-
ties, with those of the weighted silver sample.

Unlike age, the distribution in stellar metallicity does not
highlight the presence of two sequences. LEGA-C galaxies have
predominantly high stellar metallicities, above solar, with a
spread to lower metallicities down to 10% solar (Fig. 8b). Stellar
metallicity increases on average from ∼30% solar to ∼3· solar
from 1010 to 1011.7 M�. The trend in log〈Z∗/Z�〉 is steep at low
masses and flattens above ∼6 · 1010 M� (Fig. 8d). The disper-
sion in stellar metallicity at fixed mass is slightly larger than the
mean parameter uncertainty at stellar masses above 1010.5 M�,
while below 1010.5 M� the uncertainties in stellar metallicity for
the silver sample prevent a robust statement about the intrinsic
dispersion in stellar metallicity.

To better quantify the trends as a function of stellar mass, we
fit a curve to the median points. We adopt the same sigmoidal
function in Eq. (1) as in the case of age, although the stellar
metallicity–mass relation, in the mass range probed by our data,
displays only the concave part above the inflection point. The
stellar metallicity of the weighted silver sample reaches a value
of log〈Z∗/Z�〉 = 0.37 ± 0.04 at 1011.5 M�. The relation for the
incomplete, higher-S/N golden sample saturates at a higher value
of 0.46 ± 0.01.

The median trends and functional fits are reported in Tables 3
and 4. In Fig. D.1 in Appendix D, we compare the LEGA-C
scaling relations with those we obtained at similar redshift but
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Table 4. Relations fit to the median age and metallicity as a function of stellar mass for the silver and golden samples using the functional form of
Eq. (1), and shown in Fig. 8.

Parameter Sample P̄ A B M̄∗ [M�]

log〈Age/yr〉r LEGA-C silver 9.62 ± 0.04 0.3 ± 0.1 2 ± 1 1.2 ± 0.4 · 1011

LEGA-C golden 9.66 ± 0.02 0.30 ± 0.02 2.4 ± 0.3 1.07 ± 0.08 · 1011

log〈Z∗/Z�〉r LEGA-C silver 0.37 ± 0.04 0.8 ± 1.4 1.6 ± 1.3 1 ± 2 · 1010

LEGA-C golden 0.46 ± 0.01 1.0 ± 1.7 1.2 ± 0.6 0.9 ± 2 · 1010

Notes. (1) parameter of y-axis; (2) galaxy sample, (3) Characteristic parameter P̄ at 1011.5 M�; (2) “A” parameter, which regulates the increase in
age or metallicity over the inflection; (4) “B” parameter, which regulates the mass range of inflection; (5) characteristic mass M̄∗ of the inflection
point.

for a more limited sample in G14: under the same SPS mod-
elling assumptions as in G14, we find consistent results, with
LEGA-C being crucial in increasing the statistics and extending
the scaling relations to lower masses. We notice, though, that the
differences in modelling impact the normalisation of the scal-
ing relations and the detailed shape of the galaxy distribution, in
particular for the age bimodality.

5.2. Trends with stellar velocity dispersion

In Fig. 9 we explore how mean stellar ages and metallicities
vary as a function of stellar velocity dispersion rather than
stellar mass. The median trends and percentiles of the distri-
butions are reported in Table 5, while the functional fits are
summarised in Table 6. We find the same qualitative trends of
increasing age and stellar metallicity with increasing σ∗, similar
to those observed as a function of stellar mass. The median light-
weighted age increases rapidly by 0.6 dex (from ∼1 to ∼5 Gyr)
over 0.6 dex in velocity dispersion. The same increase in age
occurs over 1.7 dex in stellar mass. The rapid increase appears
to result from a sequence of young galaxies with ages ∼1−2 Gyr
(log〈Age/yr〉 = 9.1−9.3) spanning a relatively large range in σ∗,
which transitions to a more compact distribution of old galax-
ies between logσ∗ = 2.1−2.3. Across this transition regime
the dispersion in light-weighted age is highest and larger than
the typical uncertainty in age estimates. Above logσ∗ > 2.3
instead galaxies are more uniformly old. For convenience, we
fit the same sigmoidal function as in Eq. (1), replacing M∗
with σ∗ and fixing the reference zero point at σ∗ = 102.4 km/s,
which roughly corresponds to M∗ = 1011.5 M� used as refer-
ence zero point for the relations with the stellar mass. The fit
to the weighted silver distribution provides a light-weighted age
of log〈Age〉r = 9.59 ± 0.03 at 102.4 km/s, with a transition at
σ∗ = 236 ± 108 km/s (logσ∗ = 2.37+0.16

−0.26). The control golden
sample confirms this trends with a more precise transition at
σ∗ = 184 ± 4 km/s (Table 6).

The right-hand panels show that galaxies follow a rather tight
sequence in stellar metallicity above logσ∗ = 2.3. At lower
velocity dispersions, the distribution in stellar metallicity broad-
ens significantly. We measure a dispersion in stellar metallic-
ity at fixed σ∗ larger than expected from the median uncertainty
on metallicity estimates, both for the silver and golden sample,
across almost the whole range in velocity dispersion. Unlike the
trend with stellar mass, the increase in median stellar metallicity
with σ∗ can be well described by a simple linear function:

P = P0 + α log(σ∗/102.4 km/s). (2)

The median stellar metallicity reaches the value of log〈Z∗/Z�〉 =
0.42± 0.03 at 102.4 km/s, and decreases with decreasing velocity

dispersion with a slope of 1.2 ± 0.2. Unlike in the relation with
stellar mass, we notice that the golden sample delivers a shal-
lower slope for the Z∗−σ∗ relation. The discrepancy likely orig-
inates from the different ranking of high-S/N galaxies in stellar
mass rather than in stellar velocity dispersion: at masses below
1010.8 M� the scatter in the M∗−σ∗ relation increases and at fixed
σ∗ lower-S/N galaxies tend to have lower M∗ than golden galax-
ies. Although the formal uncertainties are small, the slope of the
relation could be subject to possible biases either in the golden
sample due to incompleteness at lower σ∗ or in the silver sam-
ple due to larger uncertainties on stellar metallicity estimates.
We tentatively apply statistical weight corrections to the medi-
ans of the golden sample (this is not done by default because
such weights are very noisy due to the small number statistics
of the golden sample). These are now shown as golden empty
squares in Figs. 8 and 9. Despite the large scatter, the statisti-
cally corrected golden points are in agreement with the relation
determined from the silver sample. This shows that the observed
discrepancy in the distribution as a function of σ∗ between the
uncorrected golden points and the silver sample is mainly due to
the statistical incompleteness of the golden sample.

Comparing Fig. 8 with Fig. 9 it emerges that the dispersion in
light-weighted age is higher at fixed M∗ than at fixed σ∗. In par-
ticular, the dispersion at fixed σ∗ is comparable to the typical age
uncertainties, and it is higher only across the transition from the
young to the old sequence at σ ∼ 102.2 km/s. This suggests that
below and above the transition regime in σ∗, velocity dispersion
is more predictive of the age of stellar populations, while stellar
mass alone cannot predict the age of stellar populations. Stellar
metallicity instead displays a similar dispersion with respect to
the median uncertainties at fixed stellar mass (above 1010.7 M�)
or at fixed velocity dispersion (above logσ∗ = 2.1), suggesting
that both parameters are equally predictive of the stellar metallic-
ity in massive galaxies. In the lower-mass regime, the dispersion
in metallicity is lower at fixed mass than at fixed sigma.

6. Discussion

6.1. Downsizing and age bimodality

We find a downsizing trend such that the light-weighted mean
ages of more massive galaxies are older than those of lower-mass
galaxies. The median relation between luminosity-weighted age
and stellar mass displays a sigmoidal behaviour which originates
from the presence of an old and a young sequence of galaxies.
The characteristic stellar mass across which the relation inflects
(i.e. when it changes from being dominated by young galaxies
to being dominated by old galaxies) is around 1011 M�. Such a
non-linear, bimodal behaviour of the age distribution in the gen-
eral galaxy population has been observed by several studies also
in the local Universe, both as a function of the global mass or
surface mass density (e.g. Kauffmann et al. 2003b; Baldry et al.
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Fig. 9. Luminosity-weighted age (left panels) and luminosity-weighted stellar metallicity (right panels) versus stellar velocity dispersion for
LEGA-C galaxies. Symbols and colours have the same meaning as in Fig. 8. The lines in panel c show the bestfit age–σ∗ relation using Eq. (1),
while those in panel d show the bestfit linear log Z∗− logσ∗ relation using Eq. (2).

2004; Gallazzi et al. 2005; Mateus et al. 2006; Franx et al. 2008;
Williams et al. 2010; Mattolini et al. 2025) and as a function
of the local surface brightness or stellar mass surface den-
sity (e.g. Bell & de Jong 2000; González Delgado et al. 2014;
Zibetti et al. 2017).

We observe a young and an old sequence also as a func-
tion of stellar velocity dispersion. The transition between the two
regimes occurs around logσ∗ = 2.3, more abruptly than the tran-
sition as a function of stellar mass, leading to a significant intrin-
sic dispersion in age at fixed σ∗ around the transition regime.
This trend and the transition regime are very similar to those
found for the full LEGA-C sample (thus extending to z ∼ 1) in
Nersesian et al. (2025) with ages estimated from Prospector
and in Cappellari (2023) with pPXF. Cappellari (2023) discusses
that the regime logσ∗ ∼ 2.3 corresponds to a ‘quenching bound-
ary’ such that the SFHs of galaxies above this boundary have no
young component (.1 Gyr). The smaller scatter in age at fixed
velocity dispersion, below and above the transition regime, with
respect to that at fixed stellar mass, as well as the sharper transi-
tion from the young to the old regime, suggest that stellar veloc-
ity dispersion (the depth of the potential well) is a better pre-

dictor of the main stellar formation epoch than stellar mass (the
integral of the SFH). This is in line with the conclusion from
other works in the local Universe (e.g. van der Wel et al. 2009;
Graves et al. 2009; Wake et al. 2012; McDermid et al. 2015).
Figure 10 displays how light-weighted mean age maps in the
stellar mass–velocity dispersion plane (left panel). A clear gradi-
ent of increasing age with increasing velocity dispersion is evi-
dent, especially for logσ∗ > 2.2. Following Scholz-Díaz et al.
(2024) we compute Spearman partial correlation coefficients to
better quantify the dependence of age on mass and on σ∗ (black
lines in Fig. 10). The coefficients indicate that light-weighted age
primarily depends on σ∗ (ρ = 0.44 ± 0.06) and secondarily on
M∗ (ρ = 0.16 ± 0.08) as also illustrated by the vector represen-
tation in Fig. 10. Barone et al. (2022) found a slightly stronger
dependence of age on M/R (a proxy for the gravitational poten-
tial) than on M, for LEGA-C quiescent galaxies, although the
correlations were weaker than what we find.

We have checked that a similar sigmoidal behaviour of age
versus mass or velocity dispersion manifests also considering
mass-weighted ages rather than light-weighted ones. A young
and an old regime are still visible, with the young sequence
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Table 5. Median trends of light-weighted age and stellar metallicity as a function of stellar velocity dispersion for the silver and golden samples,
as shown in Fig. 9.

silver sample, weighted by Tcor× w_spec_silver
log(σ∗ [km/s]) log〈Age/yr〉r 〈2 × σlog Age〉 log〈Z∗/Z�〉r 〈2 × σlog Z∗〉 Nbin

p50 p16 p84 p50 p16 p84

1.76 9.07+0.05
−0.00 9.06 9.19 0.25 −0.41+0.26

−0.06 −0.54 0.17 0.86 8
1.86 9.10+0.02

−0.05 8.91 9.20 0.28 −0.46+0.17
−0.19 −1.22 0.25 0.77 26

1.96 9.16+0.03
−0.03 9.00 9.31 0.31 −0.28+0.11

−0.09 −0.77 0.29 0.88 45
2.06 9.19+0.01

−0.03 9.01 9.30 0.32 −0.07+0.05
−0.06 −0.48 0.31 0.72 82

2.16 9.21+0.03
−0.02 9.03 9.48 0.34 0.17+0.02

−0.06 −0.33 0.38 0.54 111
2.26 9.38+0.02

−0.02 9.13 9.57 0.33 0.12+0.02
−0.04 −0.26 0.35 0.49 158

2.36 9.55+0.02
−0.03 9.33 9.70 0.33 0.38+0.01

−0.04 0.06 0.48 0.32 89
2.46 9.64+0.02

−0.04 9.45 9.72 0.32 0.31+0.05
−0.05 0.11 0.50 0.30 28

golden sample
log(σ∗ [km/s]) log〈Age/yr〉r 〈2 × σlog Age〉 log〈Z∗/Z�〉r 〈2 × σlog Z∗〉 Nbin

p50 p16 p84 p50 p16 p84
1.76 9.17+0.01

−0.12 8.96 9.19 0.34 0.09+0.08
−0.06 −0.02 0.24 0.58 5

1.86 9.18+0.01
−0.03 9.10 9.21 0.29 −0.04+0.10

−0.18 −0.55 0.26 0.79 13
1.96 9.14+0.03

−0.04 9.00 9.23 0.28 0.23+0.06
−0.25 −0.64 0.44 0.60 19

2.06 9.18+0.02
−0.03 8.99 9.27 0.31 0.21+0.03

−0.12 −0.46 0.38 0.56 47
2.16 9.22+0.06

−0.02 9.09 9.54 0.30 0.31+0.02
−0.13 −0.41 0.44 0.43 50

2.26 9.41+0.03
−0.03 9.18 9.62 0.33 0.24+0.03

−0.04 −0.06 0.43 0.38 86
2.36 9.57+0.02

−0.03 9.35 9.72 0.31 0.40+0.01
−0.04 0.08 0.49 0.28 77

2.46 9.65+0.03
−0.04 9.51 9.75 0.29 0.46+0.02

−0.05 0.28 0.52 0.23 24

Notes. (1) central value of stellar velocity dispersion bin; (2–3–4) median (with its uncertainties) and percentiles of mean light-weighted age;
(5) average 84–16 percentile range of individual log Age PDF; (6–7–8) median (with its uncertainties) and percentiles of mean light-weighted
metallicity; (9) average 84–16 percentile range of individual log Z∗ PDF; (10) number of galaxies in velocity dispersion bin. Only bins with at
least five galaxies are considered.

Table 6. Relations fit to the median age and metallicity as a function of stellar velocity dispersion for the silver and golden samples, and shown in
Fig. 9.

Parameter Sample P̄ A B σ̄∗ [km/s]

log〈Age/yr〉r LEGA-C silver 9.59 ± 0.03 0.5 ± 0.3 3.0 ± 1.2 236 ± 108
LEGA-C golden 9.62 ± 0.01 0.24 ± 0.01 9.5 ± 1.4 184 ± 4

Parameter Sample P0 α
log〈Z∗/Z�〉r LEGA-C silver 0.42 ± 0.03 1.2 ± 0.2

LEGA-C golden 0.42 ± 0.01 0.55 ± 0.08

Notes. For light-weighted age we use Eq. (1) and we report: (1) parameter of y-axis; (2) galaxy sample. For light-weighted age we use Eq.1 and
we report (upper half table): (3) characteristic age at 102.4 km/s; (4) “A” parameter, which regulates the increasein age over the inflection; (5) “B”
parameter, which regulates the σ∗ range of inflection; (6) characteristic σ∗ of the inflection point. For stellar metallicity we use the linear function
in Eq. 2 and we report (lower half table): (3) the intercept P0 at logσ∗,0 = 2.4 km/s, and (3) the slope α.

shifted by 0.2 dex upward. However, the separation of the two
sequences, and hence the bimodality, is reduced, as well as the
scatter in mass-weighted age at fixed mass. This suggests that
both the main formation epoch (to which mass-weighted age
is most sensitive) and the duration of the star formation activ-
ity (which influences the difference between mass- and light-
weighted ages) are a function of stellar mass, but a bimodality
emerges mostly because of differences in the amount of the most
recent star formation (affecting the light-weighted age).

A downsizing trend, that manifests as an increase in age
(or decrease in formation times) with increasing stellar mass
or velocity dispersion, is also observed in Kaushal et al. (2024)
from the analysis of the same LEGA-C sample, for the popu-
lation as a whole with both Bagpipes and Prospector, but
with a systematic difference between the two methods and SFH

assumptions. Tacchella et al. (2022) also describes two differ-
ent regimes in the formation times for a sample of 160 mas-
sive galaxies in the redshift range z = 0.6−1 from the HALO7D
spectroscopic survey. They find uniformly old ages for masses
above 2 ·1011 M�, and a larger variation in both formation epoch
and timescales at lower masses with a weaker mass dependence.
Such a trend appears to extend beyond z = 1 as found in
(Belli et al. 2015, 1 < z < 1.6) and in the VANDELS survey
(Carnall et al. 2019; Hamadouche et al. 2022, 1 < z < 1.3).

6.2. Chemical downsizing

We find a clear trend of increasing stellar metallicity with
increasing galaxy mass, thus suggesting that higher-mass galax-
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Fig. 10. Stellar mass–velocity dispersion plane colour-coded by light-
weighted age (left) and light-weighted stellar metallicity (right). For
visualisation purposes, the age and metallicity have been LOESS-
smoothed. Vectors in the bottom right corner are proportional to the par-
tial correlation coefficients, computed for the original (non-smoothed)
physical parameters, following Scholz-Díaz et al. (2022, 2024). The red
line marks the direction of maximal increase in age/metallicity. The grey
vectors refer to a correlation coefficient of 0.5 for comparison.

ies have been more efficient in reaching a higher degree of
chemical enrichment. Lower-mass galaxies are still building up
their metal content and/or have experienced a more prolonged
history of gas flows altering the metal enrichment history.

Contrary to age, a bimodality is not apparent in the stellar
metallicity-mass plane. The distribution in stellar metallicities is
characterised by a concentration of galaxies in a high-metallicity
sequence accompanied by an increasing scatter towards low stel-
lar metallicities with decreasing stellar mass. This leads to a
rather flat relation at masses >1010.8 M�, and a gradual steepen-
ing below this regime. This behaviour resembles the one already
observed in the local Universe for the general galaxy population
(Gallazzi et al. 2005; Panter et al. 2008; Mattolini et al. 2025)
and for star-forming galaxies only (Zahid et al. 2017). Inter-
estingly, the same rapid increase at low masses and the flat-
tening at higher masses is followed by the gas-phase metallic-
ity, as observed at various redshifts (e.g. Tremonti et al. 2004;
Moustakas et al. 2011; Curti et al. 2020) and in the LEGA-C
sample as well extending to higher masses than previous surveys
at similar redshift (Lewis et al. 2024). It should be noted though
that the stellar metallicity–mass relation is much more dispersed
than the corresponding gas-phase relation. There are at least a
couple of factors contributing to this difference: (i) the stellar
metallicity-mass relation displayed here pertains to the global
population, while the gas-phase mass-metallicity relation only to
star-forming galaxies; (ii) the uncertainties on stellar metallicity
become larger for lower-mass or younger galaxies, that are those
for which gas-phase metallicities are better derived. The very
broad similarity in the mass–metallicity relation for the stellar
and the gas phase is non trivial, considering the different epochs
of chemical enrichment that the two components trace. A com-
bined analysis of the stellar and gas-phase metallicity scaling
relations could constrain the efficiency of outflows in regulating
star formation and metal enrichment timescales (e.g. Dalcanton
2007; Lu et al. 2015). However, systematic uncertainties in the
different estimates of stellar and gas-phase metallicities should
be treated with caution when making such comparison.

We find the median stellar metallicity to increase also
as a function of stellar velocity dispersion. The trends we

retrieve for the whole population are similar to those found by
Cappellari (2023) with the FSPS or GALAXEV models and
by Nersesian et al. (2025). Unlike with stellar mass, the median
log Z∗ follows a linear trend with logσ∗ without an indication
of a change in slope. This median linear trend results from an
increasing scatter towards lower metallicities with decreasing
σ∗. Such a distribution may suggest the existence of a mass-
dependent lower limit in metallicity, referred to as MEtallicity-
Mass-Exclusion zone in Bevacqua et al. (2024). In contrast to
their work though, we observe such a behaviour for the global
population rather than for quiescent galaxies only (as we show
in Paper II).

The statistics of our LEGA-C sample and the accuracy of
the parameter estimates allowed us to measure an intrinsic scat-
ter in addition to the measurement uncertainties at least in the
mass range 1010.5−1011.5 M� and in virtually the whole σ∗ range
probed (80−250 km/s). This suggests that other parameters, such
as the star formation activity or the galaxy structure, could regu-
late the metal enrichment. In Paper II we explore how the current
star formation activity contributes to the scatter.

In the right-hand panel of Fig. 10 we show how the stel-
lar metallicity varies in the M∗−σ∗ plane. A gradient in stellar
metallicity almost parallel to the relation is evident, becoming
more aligned with the mass axis below ∼1010.8 M�. The Spear-
man partial correlation analysis indicates that stellar metallic-
ity has a similarly strong dependence on stellar mass at fixed
σ∗ as with velocity dispersion at fixed M∗ (partial correlation
coefficients of 0.24 ± 0.07 and 0.19 ± 0.08 respectively, see also
the vector representation in Fig. 10). This suggests that both the
stellar mass and the velocity dispersion determine the degree
of metal enrichment. This partially agrees with what found
in Barone et al. (2018, 2022) analysing the mass-size plane,
although they retrieved a stronger dependence on M/R (which
traces the depth of the potential well). A similar relation between
stellar velocity dispersion and stellar mass, and a similar trend of
σ∗ with the gas-phase metallicity of spiral galaxies is found by
Mogotsi & Romeo (2019) using CALIFA data. Our finding rein-
forces the idea that the metallicity is connected with the ability
of a galaxy to retain metals, hence the global and local potential
well, modulated by galaxy mass (e.g. Zibetti & Gallazzi 2022).

7. Summary

We have analysed the LEGA-C spectroscopic data to derive stel-
lar population parameters and their scaling relations for volume-
representative galaxy samples at redshift 0.6 < z < 0.77. We used
our BaStA fitting code (Gallazzi et al. 2005; Zibetti et al. 2017)
to interpret, in a Bayesian framework, optimally selected sets of
stellar absorption features, in combination with rest-frame optical
photometry, with a library of spectral models based on complex
star formation and metal enrichment histories, and dust attenua-
tions. We selected a silver subset of the LEGA-C sample, based on
the availability of key absorption features sensitive to both age and
metallicity, comprising 552 unique galaxies, 323 of which have
S/N > 20 and constitute our golden sample. This work extends
the analysis we performed in Gallazzi et al. (2014) with regard to
modelling assumptions, sample size, and parameter coverage.

We analysed various sources of systematics that can
affect the physical parameter estimates within our framework
(Appendix D) as well as in comparison to other spectral fitting
methods performed on the LEGA-C sample (Appendix E).
We find that stellar metallicities are intrinsically more uncer-
tain for younger or less-massive galaxies, owing to larger
degeneracies in the underlying SFHs. Deep spectroscopy and
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complex modelling of key absorption features remain necessary
to push metallicity studies to reach the lower-mass star-forming
population. Assumptions on SFHs are the primary drivers of
the systematic differences in the inferred ages, while the choice
of SPS models and the treatment of CEHs have a significant
impact on the normalisation of stellar metallicities. We find that
parameter estimates on an individual galaxy basis are subject to
significant scatter between different estimates. The uncertainties
retrieved with BaStA to a large extent reflect this scatter and are
thus representative of the underlying parameter degeneracies.
This stresses the importance of applying consistent analysis when
working on different datasets. Nevertheless, we find that the
statistical trends obtained in this work are robust against different
assumptions but differ in the detailed shape (see Appendix E).

We provide the catalogue of the stellar population’s phys-
ical parameters derived in this work with our BaStA code
for the whole LEGA-C DR3 together with those estimated in
previous works from the LEGA-C team using Prospector
(Nersesian et al. 2025) and Bagpipes (Kaushal et al. 2024). We
also provide a catalogue of revised absorption index measure-
ments for both individual spectra and duplicate-combined obser-
vations.

With the well-defined silver and golden samples, we char-
acterised the relations of luminosity-weighted age and stellar
metallicity as a function of stellar mass and velocity dispersion
for the general 〈z〉 = 0.7 galaxy population at masses greater than
1010 M� by accounting for volume and survey completeness. We
find that the archaeological downsizing trends of increasing age
and increasing stellar metallicity with increasing mass, known in
the local Universe, were already in place when the Universe was
7 Gyr old. We observed similar trends in stellar age and metallic-
ity as a function of stellar velocity dispersion. A comparison of
the scatter in the relations and of the gradient in age and metal-
licity in the M∗−σ∗ plane suggests that age is primarily predicted
by stellar velocity dispersion being below or above the charac-
teristic transition regime of logσ∗ ∼ 2.3, while both the stel-
lar mass (the integral of the SFH) and the velocity dispersion
(the depth of the potential well) determine the degree of chem-
ical enrichment of a galaxy’s stellar populations. In Paper II we
quantify how these relations are different for quiescent and star-
forming galaxies, describe how they evolve from z = 0.7 to z =
0.1, and discuss the implications for the population evolution.
The shape and scatter in these relations at intermediate redshifts
can provide important constraints to galaxy evolution models in
the cosmological context and on the implementation of feed-
back and quenching mechanisms. This type of study represents
a benchmark for the archaeological analysis of galaxies over a
continuous span of cosmic time at z < 2, as will be obtained
from the WEAVE (Iovino et al. 2023a), 4MOST (Iovino et al.
2023b; Driver et al. 2019), and MOONS (Maiolino et al. 2020)
surveys for large representative galaxy samples as well as for
increasing numbers of massive quiescent galaxies at even higher
redshift from JWST (e.g. Valentino et al. 2023; Slob et al. 2024;
Carnall et al. 2024).

Data availability

The catalogs including the measurements of absorption line
indices and the inferred physical parameter estimates for
LEGA-C DR3, as well as Tables 3 and 5, are available at
the CDS via https://cdsarc.cds.unistra.fr/viz-bin/
cat/J/A+A/708/A289 and on the public repository https:
//www.basta.inaf.it
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Appendix A: New catalogue of absorption indices and quality of measurements

After the DR3 was released we discovered that a fraction of ∼ 15% of LEGA-C spectra did not receive a measurement of the
absorption indices, despite the good quality of the spectrum and the lack of artefacts. This was tracked down to be related to a
silent bug in the run of pPXF associated with the rebinning of the spectra. We thus re-processed the emission-line subtracted spectra
for cleaning and index measurement. We then measure absorption indices with our routine BaStA_index and provide the revised
catalogue of index measurements. Measurements are provided for all the LEGA-C spectra, but we consider the measurement reliable
only if less than one-third of the pixels in any of the central or side bands are flagged. We thus recovered the index measurements for
the ∼ 15% of LEGA-C spectra that were affected by the bug. The exact fraction varies from index to index because of the varying
wavelength coverage. The revised index measurements are fully consistent with those previously published in the DR3 catalogue for
those galaxies that already had a measurement, with a scatter well within the measurement uncertainties. We notice that the index
measurement errors are instead systematically lower by a factor of 1.3 with respect to those already published, due to an erroneous
scaling of the noise spectrum during index measurement in the previous release.

The quality of the index measurements can be expressed in terms of "resolving power", defined as the 5th − 95th inter-percentile
range of the index strength in the data divided by the individual observational error. In Fig. A.1 we show the resolving power of the
key absorption features used in this work for the LEGA-C sample analysed. For comparison the distributions of resolving power for
SDSS DR7 galaxies and for the z=0.7 Gallazzi et al. (2014) sample are shown.9

We notice that the quality of index measurements in our LEGA-C sample is typically higher than that of SDSS DR7 for most
indices, and higher than in G14 across the board. Among the Balmer indices, Hβ has lower resolving power because of the larger
uncertainties in corrections for emission line infill. Among the metal-sensitive indices, [Mg2Fe] has higher resolving power because
of the use of more spectral information. We also notice that, with the exception of D4000n, the resolving power is higher for
quiescent galaxies than for star-forming ones.

Fig. A.1. Resolving power of the
absorption indices used in this work. The
resolving power is defined as the index
dynamic range of the observed sample
divided by the observational error on
each index measure. The solid black his-
tograms include all the galaxies with a
valid measurement of the given absorp-
tion index among the 2588 unique galax-
ies in the LEGA-C primary sample with
a measurement of stellar velocity dis-
persion. Each histogram is normalised
by the total number of galaxies used,
N, which is reported in each panel.
The dark and light grey hatched his-
tograms refer to the Q and SF LEGA-
C galaxies, respectively. The golden his-
tograms refer to the golden sub-sample
used in this work. All these histograms
are normalised by N. The distributions
for LEGA-C galaxies are compared,
when available, to those of SDSS DR7
(blue) and of G14 (magenta) samples,
each normalised by their total number of
galaxies.

As a further quality check of the index measurement and their fit, in Fig. 4 and Fig. 5, we compare the value of the observed
absorption index with that of the best-fit model for the indices considered in the BaStA fit. The agreement is generally very good,
with negligible mean offsets between observed and predicted index strengths, and scatter consistent with or only slightly larger
than the mean observational uncertainties. The largest deviations are typically associated to galaxies for which the index has not
been used in the fit. We notice small systematic offsets for golden quiescent galaxies for which the models tend to predict weaker
D4000n and stronger Hβ. The best-fit model reproduces well, with scatter consistent with observational errors, the other absorption
indices that are not used in the fit. The exceptions are Mg indices and red Fe indices for quiescent galaxies, a possible indication
of α-enhancement which is not included in the modelling. We checked that these offsets are present to an equal or slightly larger
extent for models based on exponential SFH and BC03 models.

We release the catalogue of revised index measurements for the whole LEGA-C DR3, both measured from individual emission-
line subtracted spectra and obtained by combining duplicate observations when available as described in Sec. 2. We provide mea-

9 This excludes the indices [MgFe50]′ and [MgFe52]′, which were not measured for the SDSS DR7 and G14 sample.
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surements for all the Lick indices, D4000n and the composite Mg-Fe indices, together with their errors, resolving power, warning
flags, as well as flags for duplicate treatment.

Appendix B: Comparison of parameters from duplicate observations

We take advantage of duplicate observations in LEGA-C to test the reliability of the uncertainties on stellar population parameters.
In order to quantify how much the observational set-up can affect our stellar population parameter estimates, we compare the
parameters derived from duplicate observations of the same galaxies, in a similar way as it has been done for observational quantities
such as absorption indices. We consider galaxies belonging to the silver sample and that have one or two duplicate observations.
The difference in luminosity-weighted ages between duplicates has a standard deviation of 0.18 dex to be compared with the mean
uncertainty on individual age estimates of 0.16 dex. The difference in luminosity-weighted stellar metallicity has a standard deviation
of 0.33 dex which is fully consistent with the mean uncertainty on individual metallicity estimates for star-forming galaxies. We
note that duplicate observations can cover slightly different wavelength ranges and sample a different portion of the galaxy light.
Moreover, duplicate observations would differ also because of uncertainties on the stellar continuum modelling and decoupling of
emission lines. This comparison shows that these effects do not impact significantly the parameter estimates of individual galaxies,
whose uncertainties are well represented by those estimated with BaStA.

As explained in Sec. 2.3, in order to increase the sample of galaxies with spectroscopic coverage of the key absorption fea-
tures, we combine duplicate observations when available. Fig. B.1 compares the parameter estimates obtained from the combined
observations (i.e. using weighted mean absorption indices) with those obtained on the individual observations for the same object.
This figure shows a good correlation between the two sets of estimates, with those based on the combined duplicate observations
lying typically in between those based on individual observations. The mean uncertainties on parameters based on the combined
observations are smaller than those based on the individual observations (0.16 dex compared to 0.18 dex for age, 0.27 dex com-
pared to 0.34 dex for metallicity). The availability of a larger number of indices, in particular the five optimal indices (D4000n, Hβ,
HδA+HγA, [Mg2Fe], [MgFe]′), has a larger impact on stellar metallicity estimates, with mean uncertainties reducing to 0.18 dex.
This comparison reassures us that our procedure of combining duplicate observations is reliable and effective.

Fig. B.1. Comparison of light-weighted ages (left) and light-weighted stellar metallicities (right) obtained for individual duplicate observations (y-
axis; duplicate measurements for each galaxy are connected with a dashed line) with those obtained from the duplicate-combined indices (x-axis).
Filled symbols refer to those galaxies whose fit is constrained by the full set of five optimal indices (D4000n, Hβ, HδA+HγA, [Mg2Fe], [MgFe]′)
when duplicate observations are combined. The error bars indicate the mean uncertainties in each estimate, with the thicker error bars referring to
estimates based on the five optimal indices.

Appendix C: Impact of dust modelling

We allowed for a large flexibility of dust attenuation in our model library, setting a broad prior on the dust parameters, with the
purpose of avoiding the fit to be driven by a too limited range in dust attenuation while at the same time being able to constrain dust
and stellar mass as well. A concern may be that this large range of dust attenuations in the model library may bias the estimates
for quiescent galaxies to larger attenuations and consequently to lower ages or metallicities. We have checked that the combination
of indices and photometry is able to isolate old from dusty models and reduce the degeneracy between age, metallicity and dust.
In particular, we have checked that the apparently young ages of quiescent galaxies are not driven by an overestimation of the
dust attenuation and the age-dust degeneracy. Indeed, the estimated dust attenuations for LEGA-C galaxies, based on indices and
photometry, correlate well with the expectations based on the location in the UV J diagram (Fig. C.1 left) and on the 24µm emission
(Fig. C.1 right) normalised to their optical emission (as traced by the observed J-band magnitude). In particular, Q galaxies are
characterised by low dust attenuation as expected. This reassures that the treatment of dust does not significantly bias our estimates
of stellar population parameters. We have repeated the fit using only models with a dust attenuation Ag < 0.2 mag to quantify the
impact on the stellar populations of quiescent galaxies: the metallicity of quiescent galaxies would be systematically lower by only
0.05 dex on average with scatter consistent with the uncertainties; the majority of Q galaxies have ages consistent between the two
fits, with a median (mean) offset of 0.07 (0.1) dex, while only 8% of the quiescent galaxies, mainly of S/N < 20, have ages older
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by more than 0.3 dex (which corresponds to 2σ) in the case of low dust. Moreover, using only absorption indices as constraints to
models with Ag < 0.2 mag gives stellar metallicity and light-weighted age estimates for quiescent galaxies consistent with those
obtained using both indices and photometry as constraints to the full suite of (dust-attenuated) models, with negligible bias and with
scatter lower than the uncertainties. This reinforces the confidence on the ability of our approach in separating age-metallicity-dust
effects.

Fig. C.1. Comparison between estimated dust attenuation and expectations based on spectro-photometric diagnostics. Left-hand figure: Distri-
bution in rest-frame U-V, V-J colour for our sample galaxies. Filled (empty) symbols refer to the golden (silver) sample, while circles and stars
distinguish Q and SF galaxies. The colour-coding indicates the dust attenuation Ag estimated from BaStA fitting of spectral indices and rizY J
photometry. Right-hand figure: distribution in 4000Å-break versus J − 24 µm colour (upper panel) and in estimated dust attenuation Ag versus
J − 24 µm colour (lower-left panel) or versus stellar mass (lower-right panel).

Appendix D: Comparison of parameter estimates based on different assumptions in the BaStA method

Here we quantify the systematics introduced by different modelling assumptions between the model library adopted in this work
and the one used in our previous works, with which the LEGA-C results are compared (Gallazzi et al. 2005, 2014). The model
library adopted in this work and the one adopted in our previous series of works differ under several aspects: 1) the SPS code
and stellar library adopted as base models (CB19 with MILES instead of BC03 with Stelib stellar library), 2) the SFHs (delayed
Gaussian instead of exponentially declining for the smooth component, and different parametrization of the bursts), 3) the chemical
enrichment history (metallicity increasing with the mass formed instead of metallicity constant along the SFH). These changes
add more realistic complexity in the interpretation of galaxy spectra. We quantify the contribution of each ingredient to the overall
difference between the estimated parameters in the LEGA-C sample. A full description of the systematic differences in the SDSS
analysis is presented in Mattolini et al. (2025). This is not meant to be a comprehensive analysis of the systematics associated to
different models, but to provide both a quantitative assessment of the differences between our previous results and a sense of the
impact of different ingredients.

We focus on the silver sample and perform the indices+photometry BaStA fit as described in Sec. 3 adopting model libraries that
differ from the default model library used in this work by one ingredient at a time among the three mentioned above. Specifically,
we consider: i) a library that differs from the default one in the base SPS models used, namely the original BC03 SSPs instead of the
CB19, which differ both in the stellar library (Stelib vs MILES) and in the evolutionary tracks (Padova94 vs Parsec) - for this we
consider also an intermediate step and check the difference between CB16 (Padova94) and CB19 (Parsec) both based on the MILES
stellar library; ii) a library that differs from the default one in the assumed shape of the continuous SFH, namely an exponentially
declining form instead of a delayed-Gaussian (’Sandage’) model; iii) a library in which the stellar metallicity is kept constant along
the SFH instead of being a function of the stellar mass formed.

We find that the latest version of the SPS models CB19 tends to result in younger ages, with a larger spread towards younger
ages for quiescent galaxies around log(Age/yr) = 9.5, in higher metallicities with an offset roughly constant with metallicity below
log(Z/Z�) = 0.2, in slightly larger dust attenuations and in higher stellar masses. These differences in age and metallicity are mostly
associated to the change from Stelib to MILES stellar library, with milder (or counteracting) effects associated to the evolutionary
tracks, at least in the range of parameters of LEGA-C galaxies.

Assuming a delayed-Gaussian SFH instead of an exponentially declining one impacts mostly on the light-weighted age, leading
to younger values for galaxies with intermediate ages log(Age/yr) = 9 − 9.5, but also leads to < 0.1 dex higher stellar metallicities.
This is driven by the intrinsic shift to later epochs of the peak of the SFH. Introducing a chemical evolution history, rather than
having the metallicity constant, impacts mostly the stellar metallicity estimates with a roughly constant offset of less than 0.1 dex,
leaving the other parameters almost unaffected. This is understood by the fact that at fixed mass-weighted average metallicity, a
SFH with increasing metallicity produces a weaker absorption index with respect to the case of a fixed metallicity. At fixed index
strength, the metallicity is thus lower if interpreted with a constant metallicity.

In summary, we find an overall systematic difference in stellar metallicity of 0.28/0.34 dex for Q/SF galaxies associated in large
part to the change in SPS models, followed with equal share by the change in SFH and chemical enrichment history assumptions.
Comparing the fits with the new set-up with respect to the previous one, we find that the overall systematic difference in light-
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Table D.1. Systematic differences in physical parameter estimates due to different modelling assumptions within our BaStA code.

CB19 - CB16 CB16 - BC03 Sandage - Exponential var Z - fix Z overall new - old
< ∆ > rms < ∆ > rms < ∆ > rms < ∆ > rms < ∆ > rms < error >

log(Z∗/Z�) SF 0.01 0.14 0.16 0.14 0.08 0.13 0.09 0.05 0.34 0.21 0.34
Q 0.01 0.05 0.12 0.10 0.09 0.13 0.07 0.04 0.29 0.16 0.17

log(Ager/yr) SF 0.04 0.06 −0.05 0.13 −0.11 0.20 0.00 0.02 −0.13 0.13 0.16
Q 0.05 0.06 −0.12 0.09 −0.13 0.10 0.01 0.02 −0.18 0.12 0.16

log(M∗/M�) SF 0.06 0.08 0.07 0.04 −0.06 0.13 −0.03 0.03 0.03 0.09 0.13
Q 0.05 0.05 0.04 0.07 −0.10 0.07 0.00 0.02 −0.01 0.10 0.12

Ag SF 0.12 0.19 0.08 0.12 0.06 0.30 −0.05 0.06 0.21 0.35 0.37
Q 0.08 0.10 0.09 0.09 −0.03 0.19 −0.03 0.12 0.10 0.22 0.23

Notes. We consider the effect of assumptions on the following ingredients: i) stellar library and evolutionary tracks in SPS models, done comparing
CB19 with CB16 (evolutionary tracks) and CB16 with BC03 (stellar library); ii) parameters of SFH (sandage - exponential); iii) metallicity
evolution versus constant metallicity (var Z - fix Z); iv) overall difference between new and old model library. For each ingredient we report the
mean and rms scatter of the differences in the derived physical parameters for quiescent and star-forming galaxies separately in the silver sample.
These are compared to the average parameter uncertainty in our default fit (last column).

weighted age is −0.18/ − 0.13 dex for Q/SF galaxies, mostly driven by changes in SFH assumptions, followed by the change in
SPS models. We notice that while the systematic differences in mass and dust attenuation are lower than their typical uncertainty
and with scatter comparable to the uncertainties, the offsets in age and metallicity are comparable to or larger than their typical
uncertainty. A simple comparison of the best-fit χ2 indicates that the new modelling set-up provides a better quality fits to the data
(0.6/0.5 with respect to 1/0.7 on average for Q/SF galaxies). The results are summarised in Table D.1.

In Fig. D.1 we plot the age-mass and metallicity-mass relations obtained for the LEGA-C sample using the same model
library and modelling assumptions as in our previous works, to make a direct comparison in particular with the results obtained
in Gallazzi et al. (2014) with a more limited dataset in terms of number of galaxies and spectral quality. This plot shows that, under
consistent assumptions, the LEGA-C dataset agrees with the results obtained in Gallazzi et al. (2014) at similar redshift. At the
same time, it highlights the improved sampling of the age and stellar metallicity scaling relations thanks to the larger statistics in
LEGA-C and the higher spectral quality, which allow for better coverage of the lower mass and younger galaxies. This is essential
to robustly characterise the scaling relations across the transition between quiescent and star-forming galaxies and down to masses
< 1010.5M�. The LEGA-C sample also reveals a larger dispersion in metallicity with respect to the mean uncertainties that could
not be detected in G14.

Appendix E: Catalogue of stellar population parameters and comparison of estimates from different
methods

We release a catalogue of the stellar population parameters estimated in this work with BaStA. While we select a robust sample
for the analysis of the age and stellar metallicity scaling relations, parameter estimates are provided for the whole LEGA-C DR3.
Parameters include: stellar mass, r-band-light-weighted and mass-weighted mean ages and stellar metallicities, g-band dust atten-
uation. We provide information about the indices used in each fit, as well as flags to select silver and golden samples. Estimates
from BaStA are based on duplicate-combined indices, when available. The catalogue also provides stellar populations and SFH
parameters obtained from complementary spectral fitting performed within the LEGA-C team, specifically using: i) Prospector as
described in Nersesian et al. (2025), which adopts Simple Stellar Populations constructed from FSPS with MILES stellar library and
MIST isochrones, non-parametric SFHs and constant metallicity along the SFH (see their Table 1); and ii) BAGPIPES as described in
Kaushal et al. (2024) which adopts the 2016 version of Bruzual & Charlot (2003) models with MILES stellar library, double power-
law SFH and constant metallicity (see their Table 1). These estimates are obtained from the individual spectra, in combination to
photometry. Parameters from these other methods include stellar metallicity (constant along the SFH), light- and mass-weighted
ages, stellar mass, V-band dust attenuation and current SFR.

In order to quantify potential systematic uncertainties originating from different spectral fitting methods, we compare the
results obtained with BaStA and with the SFH library adopted in this work with those obtained in Nersesian et al. (2025) and
in Kaushal et al. (2024). Figure E.1 shows the 1:1 comparison between the different estimates of the main physical parameters:
light-weighted stellar metallicity, light-weighted and mass-weighted age, stellar mass and dust attenuation. For this comparison,
all stellar metallicities have been reported to a common solar scale of Z� = 0.02. We show all silver galaxies but rely only on the
golden sample for statistics, i.e. those galaxies for which we can most reliably constrain ages and stellar metallicities given the
wavelength coverage and S/N of their spectra. We further distinguish galaxies into quiescent (magenta circles) and star-forming
(blue stars) to highlight any systematics in the two populations. In Table E.1 we summarise the differences between the three results
on the physical parameters. We report the mean and the r.m.s. of the difference between each pair and the median uncertainty on the
parameters from each method. In all cases, the reference estimated value is the median of the PDF, while the uncertainty is given by
half of the 84th − 16th percentile width. This comparison incorporates differences associated to the observational diagnostics used
(indices+photometry as opposed to full spectrum and photometry), the prior assumptions on SFH, metallicity and dust, and the base
SPS models adopted.

We notice that stellar metallicity is the parameter on which there is poorer agreement. Quiescent galaxies span the high-
metallicity end in all cases, while we see a larger scatter in the stellar metallicity estimates of star-forming galaxies, in accor-
dance with their larger uncertainties. Notice that the models adopted in this work extend over a larger range in metallicity than
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Fig. D.1. The age-stellar mass and stellar metallicity-stellar mass distribution of LEGA-C galaxies (silver and golden samples) as in Fig. 8,
but using parameter estimates obtained with the modelling assumptions as in Gallazzi et al. (2014). These are compared with the dataset and
scaling relations fit obtained in Gallazzi et al. (2014) (magenta points and curves). The error bars on the median points indicate the 84th-16th
interpercentile of the distributions. The median ages and metallicities as a function of stellar mass are here fit adopting the functional form used in
Gallazzi et al. (2014) (their Eq. 1) for a direct comparison.

those used with Bagpipes and Prospector. Moreover while the metallicities estimated with BaStA are light-weighted averages,
Bagpipes and Prospector assume a constant stellar metallicity along the SFH. The scatter in the different estimates is ∼ 0.2 dex
and ∼ 0.4 dex for quiescent and star-forming galaxies, respectively. This is significantly larger than the nominal uncertainties esti-
mated with Bagpipes and Prospector, but closer to the uncertainty from BaStA (0.16 dex and 0.25 dex).

The luminosity-weighted ages of quiescent galaxies from BaStA and from Prospector correlate with each other but with a
systematic offset of 0.08 dex, in the sense of older ages from Prospector. The comparison with Bagpipes is hampered by the fact
that the majority of golden quiescent galaxies are assigned a light-weighted age that cluster around log(Age/yr) ∼ 9.5, a feature
noticed also in Kaushal et al. (2024). The age estimates for star-forming galaxies are in better agreement between the three methods
considered. The overall scatter in the age differences is comparable to the combined uncertainties for BaStA and Prospector or
Bagpipes. Likewise for metallicity, the uncertainties from Prospector or Bagpipes however underestimate the scatter between
the two age estimates.

The comparison of mass-weighted ages shows in general larger scatter, as a consequence of the typically larger uncertainties and
the stronger dependence on the assumed SFHs. We notice that Prospectormass-weighted ages, that rely on non-parametric SFHs,
are significantly older than those from BaStA or Bagpipes (see also the discussion in Kaushal et al. 2024). We also find that mass-
weighted ages compare to light-weighted ages in a similar way in the three methods considered (see Sec. 4.3). We find quantitatively
more similar trends with BAGPIPES, while the mass-weighted ages from Prospector are systematically and significantly older,
deviating more and more from the light-weighted ages for younger galaxies (see discussion in Kaushal et al. 2024).

Stellar mass estimates correlate well with each other for both quiescent and star-forming galaxies, although Bagpipes masses
of quiescent galaxies tend to be smaller than both BaStA and Prospector. The scatter is typically comparable or slightly larger
than the uncertainties estimated from BaStA. We notice a large scatter in the comparison with Prospector driven by few galaxies
for which significantly low masses are estimated.

Finally, the three methods agree in assigning small dust attenuation for quiescent galaxies below 0.5 mag, but with a tail to larger
values for BaStA and Bagpipes. Star-forming galaxies span a larger range in dust attenuation, reaching higher values for BaStA
and Bagpipes, which agree well with each other with a scatter consistent with the uncertainties.

It is worth noticing that in general the formal uncertainties associated to both Bagpipes and Prospector are significantly
smaller than those estimated with BaStA and than the scatter in the parameter estimates. The uncertainties quantified with BaStA
typically account for more than 60% of the scatter between estimates from different methods, compared to ∼ 10% from Prospector
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or Bagpipes. We thus considered the uncertainties from BaStA, which we verified to be well calibrated and consistent with the
scatter between input and retrieved parameters from mock spectra (Rossi 2025), to be more representative of the underlying degen-
eracies.

One may wonder how much the scatter between these different estimates on an individual galaxy basis impact on the median
scaling relations. Fig. E.2 compares the median trends of age and metallicity versus stellar mass and velocity dispersion obtained
with the three different estimates. We find the median relations, for the golden sample, to agree significantly better than the 1:1
comparison would suggest. In particular, the median light-weighted age as a function of stellar mass or velocity dispersion follows
a similar sigmoidal behaviour, with a young and an old regime, with all three codes. Prospector however results in a steeper
decrease in age at lower masses or velocity dispersion. BaStA and Bagpipes deliver consistent stellar metallicity scaling relations,
while Prospector results in a flatter relation. We stress that these differences include differences in spectral modelling as well as
in observational diagnostics. In particular, our approach with BaStA gives more weight to metal-sensitive features than full spectral
fitting approaches do.

For completeness, in Fig. E.3 we also show the comparison between our estimates and those from the other published catalogue
of stellar population parameters for the whole LEGA-C DR3 by Cappellari (2023) based on full spectral fitting with pPXF (see
Nersesian et al. 2025, for a similar comparison with Prospector results). We notice that pPXF retrieves systematically older ages
for the quiescent galaxies (exceeding the Universe’ age at the LEGA-C redshift) and significantly younger ages for the star-forming
galaxies. Stellar metallicities are systematically lower, partly because of the smaller range in the adopted SPS models, and show a
larger separation between quiescent and star-forming galaxies than our estimates. Notice that for both age and metallicity Cappellari
(2023) adopts a different definition, computing the average log age and log metallicity rather than averaging the linear quantities.
This gives significantly more weight to lower ages and metallicities and it explains to a large extent the disagreement. While stellar
masses correlate well, there is a systematic offset especially for quiescent galaxies. Dust attenuations are also systematically lower
than ours, especially for star-forming galaxies.

Fig. E.1. Comparison between parameter estimates obtained with our default BaStA code and those obtained with full-spectral fitting codes:
Prospector as in Nersesian et al. (2025), and Bagpipes as in Kaushal et al. (2024). We consider only silver and golden galaxies (empty and
filled symbols), distinguished into quiescent (magenta circles) and star-forming (blue stars). In each panel we report the mean difference between
the two estimates and its scatter, as well as the median uncertainty from each method, for quiescent (left) and star-forming (right). The 1:1 line is
also shown for guidance. Stellar metallicities have all been reported to a common scale of Z� = 0.02.
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Fig. E.2. Median age–mass and metallicity–mass relations for the
golden sample, as obtained in this work (squares) compared to those
obtained with Prospector (circles) or Bagpipes (stars) parameter
estimates. Ages are light-weighted average in all cases, stellar metal-
licities are light-weighted in BaStA and constant along the SFH in
the other cases. For readability, the dispersion in the distribution, indi-
cated by the error bars, is shown only for BaStA estimates. Stellar
metallicities have all been reported to a common scale of Z� = 0.02.

Table E.1. Comparison of physical parameter estimates obtained with our default BaStA run with those obtained with Bagpipes (Kaushal et al.
2024) and Prospector (Nersesian et al. 2025).

Prospector - BaStA Bagpipes - BaStA Bagpipes - Prospector
Parameter < ∆ > rms < ∆ > rms < ∆ > rms < σ >BaStA < σ >Prosp < σ >BPS

Quiescent
log < Z∗/Z� > −0.15 0.27 −0.03 0.22 0.11 0.23 0.16 0.03 0.02
log < Ager/yr > 0.08 0.18 −0.11 0.16 −0.16 0.14 0.15 0.02 0.01
log < AgeM/yr > 0.14 0.16 −0.07 0.20 −0.21 0.12 0.17 0.02 0.02
log(M∗/M�) 0.04 0.86 −0.11 0.11 −0.15 0.86 0.11 0.03 0.03
AV 0.01 1.06 0.0 0.19 0.00 1.05 0.21 0.04 0.05

Star-forming
log < Z∗/Z� > −0.18 0.46 −0.22 0.40 −0.08 0.34 0.25 0.04 0.05
log < Ager/yr > −0.11 0.29 −0.03 0.17 0.08 0.28 0.15 0.03 0.03
log < AgeM/yr > 0.23 0.18 0.04 0.22 −0.21 0.18 0.21 0.03 0.04
log(M∗/M�) 0.02 0.35 −0.07 0.15 −0.11 0.34 0.12 0.05 0.06
AV −0.29 0.70 −0.14 0.41 0.14 0.66 0.36 0.09 0.13

Notes. We consider light-weighted stellar metallicities, light-weighted and mass-weighted ages, stellar masses and dust attenuations. We report
the mean difference (< ∆ >), the scatter (rms) as well as the mean uncertainty (< σ >) for each estimate. The statistics are based only on golden
galaxies, separately for quiescent and star-forming galaxies.

Fig. E.3. Comparison between parameter estimates obtained in this work with those obtained with pPXF and the FSPS population synthesis code
published in Cappellari (2023). We consider only galaxies in the silver and golden samples (empty and filled symbols respectively) distinguished
into Q and SF (magenta circles and blue stars, respectively). The mean difference between BaStA and pPXF estimates, the rms scatter and the
mean uncertainties on BaStA estimates (those from pPXF are not provided) are reported in each panel for quiescent (left) and star-forming (right).
Stellar metallicities have been reported to a common Z� = 0.02 scale, and our stellar masses have been rescaled up by 1.75 to match the Salpeter
IMF used by Cappellari (2023).
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