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ABSTRACT

Context. Cosmic chronometers offer a model-independent way to trace the expansion history of the Universe via the dating of pas-
sively evolving objects. This enables testing the validity of cosmological models without concrete assumptions about their energy
content.
Aims. The main goal of this work is to derive model-independent constraints on the Hubble parameter up to z ∼ 0.4 using stellar
ages from the fitting of Lick index absorption lines in passively evolving galaxies. Contrary to recent, related studies that rely on
finite differences to obtain a discrete measurement of the expansion of the Universe at an average redshift, our goal is to perform a
cosmographic fit of H(z) in terms of the Hubble constant (H0) and the deceleration (q0) and jerk ( j0) parameters.
Methods. We carefully selected spectra of massive and passively evolving galaxies from the SDSS Legacy Survey. After applying
a stacking procedure to ensure a high S/N, the strength of Lick indices was fitted using two stellar population models (TMJ and
Knowles) to derive stellar population parameters. A cosmographic fit to the stellar ages was performed, which in turn enabled the
sampling of the Hubble parameter within the considered redshift range.
Results. The baseline result comes from using the TMJ-modelled ages, and it yields a value of H0 = 70.0+4.1

−7.6 km s−1 Mpc−1 for the
Hubble constant, where uncertainties refer only to the statistical treatment of the data. The sampling of the Hubble parameter at
0.05 < z < 0.35 is competitive with discrete model-independent measurements from the literature. As a by-product of the Lick index
fitting procedure, we provide scaling and dispersion relations of stellar population parameters with respect to velocity dispersion using
the low-redshift end of our sample. We finally draw attention to an unexpected oscillating pattern in a number of critical indices with
respect to redshift, which translates into a similar behaviour in the t − z relations. These features have never been discussed before,
although they are present in previous measurements. We show that they do not originate from our methodology, suggesting a possible
origin in the data reduction process.

Key words. galaxies: elliptical and lenticular, cD – galaxies: evolution – cosmological parameters – cosmology: observations –
dark energy

1. Introduction

The ΛCDM model is regarded as the simplest theoret-
ical framework, providing a remarkable fit to the bulk
of cosmological observables, namely the cosmic microwave
background (CMB) temperature and polarisation spectra
(Planck Collaboration VI 2020; Aiola et al. 2020; Dutcher et al.
2021), baryon acoustic oscillation (BAO) measurements
(Eisenstein et al. 2005; Beutler et al. 2011; Ross et al. 2015;
Zhao et al. 2022; Adame et al. 2025), the distance-redshift
relation with type Ia supernovae (Perlmutter et al. 1999;
Scolnic et al. 2018; Brout et al. 2022) and weak gravitational
lensing (Abbott et al. 2020, 2022; Dvornik et al. 2023; Dark
Energy Survey and Kilo-Degree Survey Collaboration 2023),
among others. However, the era of precision cosmology has
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revealed a number of observational inconsistencies that could
point to a fundamental defect in the model, the most famous of
which is the Hubble tension (see Di Valentino et al. 2021, for a
review). Indeed, ever since the first release of the Planck cosmo-
logical analysis of the CMB (Planck Collaboration XVI 2014),
a pervasive discrepancy between early- and late-time measure-
ments of the cosmological parameter, H0, has plagued the sci-
entific community. The former, represented by CMB, BAO, and
Big Bang nucleosynthesis (BBN) analyses, assume a Lambda
cold dark matter (ΛCDM) model and agree upon low values
of the Hubble constant (e.g. H0 = 67.27 ± 0.60 km s−1 Mpc−1

as reported by Planck Collaboration VI 2020). The latter, char-
acterised by ‘direct’ model-independent approaches, are rep-
resented (although not limited to) the cosmic distance ladder
approach and systematically predict high values, such as the last
determination of H0 = 73.04±1.05 km s−1 Mpc−1 by Riess et al.
(2022).
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In this troubled arena, the importance of emergent, inde-
pendent and complementary cosmological probes should not
be overlooked (Moresco et al. 2022), especially if they require
no assumptions on the underlying cosmological model. This is
the case of cosmic chronometers, which have come forth as a
promising alternative to probe the expansion history of the Uni-
verse. In general terms, cosmic chronometers are astrophysical
objects that can be statistically observed and dated at different
redshifts, thus allowing us to reconstruct the time evolution
of a large-scale homogeneous and isotropic Universe without
assuming a specific cosmological model. This idea was first
put forward by Jimenez & Loeb (2002), who suggested the use
of passively evolving galaxies as cosmic chronometers, argu-
ing that identifying the shift between the age distribution of
two such populations at different epochs would yield an esti-
mate of the Hubble parameter at an effective redshift between
them. Although this exact approach was not used, the subse-
quent study by Simon et al. (2005) put the underlying idea to
the test and provided measurements of the Hubble parameter
at different redshifts using data from the Gemini Deep Deep
Survey (GDDS; Abraham et al. 2004) via the single age differ-
ences of galaxies determined to be in passive evolution after a
very short burst of star formation. Indeed, within the downsizing
scenario (Cowie et al. 1996), the most massive elliptical galax-
ies are older, formed earlier and in a shorter burst, after which
they have been in passive evolution (Kauffmann et al. 2003;
Gallazzi et al. 2005; Thomas et al. 2005, 2010; Conroy et al.
2014). In other words, at a given redshift, the stellar popula-
tions of passive elliptical galaxies with the same stellar mass
should be increasingly coeval, as one examines progressively
more massive or α-enhanced galaxies. As a consequence, the
cosmic chronometer approach relies on an accurate identifica-
tion of massive and passively evolving elliptical galaxies at any
given redshift (Borghi et al. 2022a).

The other essential aspect is the determination of the
stellar age of galaxies. Although the cosmic chronometer
approach is differential in nature (in the sense that the rel-
evant quantity for the analysis is not the absolute ages but
their redshift evolution), a robust dating of the stellar pop-
ulations is still needed. Two main methods have been used
to derive stellar ages from passive galaxy spectra, the first
of which is full spectral fitting (FSF). Full spectral fit-
ting techniques (Heavens et al. 2000; Cid Fernandes et al. 2005;
Tojeiro et al. 2007; Chevallard & Charlot 2016; Wilkinson et al.
2017; Carnall et al. 2018) involve deriving the physical prop-
erties of a galaxy by fitting the entire observed spectrum with
synthetic stellar population models, thus considering all avail-
able spectral features as well as the continuum. This approach
has recently been applied in the cosmic chronometer literature
(Simon et al. 2005; Zhang et al. 2014; Ratsimbazafy et al. 2017;
Jiao et al. 2022; Tomasetti et al. 2023), producing 16 distinct
data points in the Hubble diagram. The second method involves
the modelling of specific spectral features that can correlate with
age, metallicity, and star formation history. One example of this
is the characteristic D4000n break in passive galaxy spectra,
which has been primarily employed by Moresco et al. (2011,
2012, 2016) owing to its simple tight correlation to stellar age
at a fixed metallicity that can be calibrated using stellar popula-
tion synthesis models. A total of 15 measurements of H(z) have
so far been obtained for z < 2 using this method, with over-
all tighter constraints with respect to FSF approaches. However,
several other spectral features have been traditionally employed
to determine the age of passive elliptical galaxies given their sen-
sitivity to stellar population properties.

Lick indices (Worthey et al. 1994; Worthey & Ottaviani
1997) are a set of 25 well-studied absorption features in
the spectra of elliptical galaxies. They are defined by rela-
tively wide bandpasses and two additional windows character-
ising pseudocontinua blue- and redwards of the central region.
Their measurement in early-type galaxy (ETG) spectra signalled
the presence of supersolar Mg/Fe ratios (Worthey et al. 1992;
Davies et al. 1993; Carollo & Danziger 1994; Mehlert et al.
1998; Jørgensen 1999; Longhetti et al. 2000), which strongly
suggested short star formation timescales in agreement with the
downsizing scenario. This led to the development of stellar pop-
ulation models that predicted the strength of Lick absorption fea-
tures as a function of single-burst stellar age, metallicity, and
varying element abundances (Thomas et al. 2003, 2004, 2011;
Tantalo & Chiosi 2004; Schiavon 2007; Chung et al. 2013). In
addition, the alternative avenue of using models that predict
the full spectral energy distribution (SED) at a moderate-
high resolution (Schiavon et al. 2002; Bruzual & Charlot 2003;
Vazdekis et al. 2010, 2015; Conroy & van Dokkum 2012;
Conroy et al. 2018; Knowles et al. 2023) can also be exploited to
predict Lick index strengths and derive stellar population param-
eters. However, the Lick index method has only been employed
by Borghi et al. (2022b) in the cosmic chronometer context, pro-
viding a single measurement of the Hubble parameter at z ∼ 0.7.

The aim of this work is to provide independent measure-
ments of the Hubble parameter at low redshifts (z . 0.4) via the
cosmic chronometer technique. These measurements are alter-
native to those based on FSF (Simon et al. 2005; Zhang et al.
2014) and the D4000n break (Moresco et al. 2012), not only
because of the method of estimating the stellar ages but also
due to the nature of the approach. Indeed, instead of using
finite differences to estimate the redshift derivative of cosmic
time, we trace the continuous redshift evolution of the ages
via a cosmographic model-independent approach. The cosmo-
graphic approach (Capozziello et al. 2011) consists in directly
fitting H(z) (or derivative and/or integral functions) when H(z) is
expressed as a Taylor series on kinematical parameters (deceler-
ation q0, jerk j0, snap s0). The expansion on the y−redshift holds
well up to y ∼ 0.4 (Capozziello et al. 2011), which translates to
z ∼ 0.7.

We provide a thorough description of the careful selection of
the cosmic chronometer sample and employ two different stellar
population synthesis (SPS) models, namely Thomas et al. (2011)
and Knowles et al. (2023), to determine the age of the stellar
populations from Lick index strength predictions. It should be
noted that some models allow for a variety of internal configura-
tions, and different models can significantly alter the final read-
out of H(z). For example, one can find in the literature the work
by Moresco et al. (2020), which analyses the impact of the cho-
sen initial mass function (IMF), stellar library, and overall SPS
model on the final H(z) estimation. The results from that study
highlighted that the global SPS model and the stellar library are
the main drivers of disagreement on the final H readout, while
the IMF played only a minor role. A comprehensive analysis
of the various contributions to the systematic uncertainty budget
(Moresco et al. 2022) is necessary in order to predict the current
and future power of cosmic chronometers in providing a reliable
estimation of the Hubble parameter. However, this work aims
to produce a robust statistical measurement of H(z) through the
ages derived with the aforementioned models and by accounting
only for the systematic uncertainty contribution driven by data
management.

The paper is structured as follows: Section 2 introduces
the cosmic chronometer framework, outlines the cosmographic
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approach to the Hubble parameter, and provides a detailed
description of the selection criteria for the cosmic chronometer
sample. Section 3 details the methodology involved in the pro-
cess of measuring and fitting Lick absorption indices to the mod-
els, including a careful description of different aspects, namely
spectrum stacking, instrumental resolution and velocity disper-
sion corrections. The fit of the stellar ages to sample the Hubble
parameter within the cosmographic framework is also explained.
Section 4 presents the outcome of the cosmographic fit for
both the TMJ and Knowles modelled ages. With the former,
we present the estimation of the Hubble parameter as our cen-
tral result, accompanied by a brief discussion of the sources of
systematic uncertainty. Section 5 is included to discuss other
implications of our results beyond the cosmographic analysis.
We leveraged the low-redshift data to obtain an estimate of the
scaling relations of the ETGs using the two SPS models. The
final part of this section covers the analysis of the oscillations in
the t − z relation and the role that index strengths play. Finally,
Section 6 summarises the main conclusions.

2. Cosmic chronometers

In this section, we briefly introduce the theoretical frame-
work of cosmic chronometers, focusing on the cosmographic
approach that we follow throughout the paper. Then, the cosmic
chronometer sample will be presented, with a detailed descrip-
tion of the selection criteria and its physical properties.

2.1. Theoretical framework

The cosmic chronometer approach typically relies on approxi-
mating the differential expression of the Hubble parameter given
by

H ≡
1
a

da
dtU

= −
1

1 + z
dz
dtU

, (1)

by the ratio of the intervals in redshift (∆z) and age1 (∆t)
between two well-defined samples of cosmic chronometers.
These two groups statistically trace the same population at dif-
ferent redshifts (Jimenez & Loeb 2002), i.e. (t1, z1) and (t2, z2).
Indeed, since the average formation time of cosmic chronome-
ters observed at different redshifts is defined to be equal, it fac-
tors out when computing the difference in cosmic time between
two redshifts, that is, ∆tU = tU(z2)− tU(z1) = t2 + tU(zform)− (t1 +
tU(zform)) = ∆t. In other words, the time elapsed between two
redshifts and the difference in the age of the stellar populations
of cosmic chronometers observed at those redshifts are equiva-
lent. This gives a local measurement of H at the mean redshift
〈z〉 ≡ (z1 + z2) /2 of the ensemble. Therefore,

H (〈z〉) ≈ −
1

1 + 〈z〉
∆z
∆t
· (2)

However, we decided to take a different path from that of
Equation (2) and follow a cosmographic approach, valid for rela-
tively low redshifts (Capozziello et al. 2011). As observed when
the full results are presented in Section 4, the overall distri-
bution of ages for each coeval population can feature fluctua-
tions that would critically affect (i.e. reading H < 0) the point
estimation of H obtained following (2). This issue is not new;

1 In this work, we denote the age of the Universe at redshift z by tU(z),
while t(z) refers to the age of a galaxy at redshift z.

indeed Tomasetti et al. (2023) found an anomaly at higher red-
shift by which they would measure a negative value for H if
used (Appendix A: The z < 1.07 anomaly). Since we aim at
drawing an estimation for H based on a wealth of data from
a rich catalogue, it could be argued that these anomalies could
be addressed statistically, with H < 0 measurements being out-
liers. Despite this, there are two more caveats that make us pre-
fer the cosmographic analysis based on a functional fit. The
first is the manual pairing of groups of galaxies (or stacks in
our case), which implies a further arbitrary choice that shall be
accompanied with a sensible analysis of its effect as a systematic
uncertainty (Borghi et al. 2022b). The other is the fact that a con-
tinuous fit of t(z) allows us not to reduce the redshift window for
which our estimation is solid. In other words, a point measure-
ment of H, based on a pair of points, takes as fiducial redshift the
average redshift of the pair. Instead, following our methodology,
each point individually contributes with its own spectroscopic
redshift to the estimation and so our original range of redshift is
kept.

Working directly with t(z) requires integrating the inverse of
the Hubble function. By doing so, one gets the evolution of cos-
mic time as a function of redshift,

tU(z) = tU(0) −
∫ z

0

1
1 + z′

dz′

H(z′)
, (3)

where tU(0) is the current age of the Universe. In terms of the
stellar ages of cosmic chronometers, we can rewrite (3) as

t(z) = t0 −
∫ z

0

1
1 + z′

dz′

H(z′)
, (4)

where t0 ≡ tU(0)− tU(zform) is the age of the cosmic chronometer
population at z = 0. Therefore, the continuous redshift evolu-
tion of the ages can be exploited to derive the expansion history
of the Universe via the parametrisation of the Hubble param-
eter. Following Capozziello et al. (2011), one can perform a
series expansion that overcomes convergence issues at high red-
shift, with the advantage of being independent of the underlying
cosmological model. Under the introduction of the y-redshift,
defined as y ≡ z/(1 + z), the expansion to order k of H(y) reads

H(y) = H0 ·

k∑
i=0

(
H i

0 · y
i
)

+ O(yk+1), (5)

where the terms written as H i
0 are dimensionless as the Hubble

constant has been factored out so that the sum reflects just the
kinematics of the expansion of the Universe. Given the redshifts
of interest in this work, it is enough to use the expansion up to
second order (k = 2). The relevant coefficients are H0

0 ≡ 1,
H1

0 ≡ H
1
0 (q0) and H2

0 ≡ H
2
0 (q0, j0), where q0 and j0 are the

so-called deceleration and jerk parameters. With all this, we can
rewrite the cosmographic expansion of H(z) as

H(z)
H0
≈ 1 + (1 + q0)

z
1 + z

+

1 +
j0
2

+ q0 −
q2

0

2

 ( z
1 + z

)2
. (6)

Introducing the above equation into (4) yields the cosmo-
graphic model for the redshift evolution of the stellar ages of
cosmic chronometers. In particular, the ΛCDM model is recov-
ered by setting q0 = Ωm/2 −ΩΛ and j0 = 1.
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2.2. Cosmic chronometer sample

As described in the introduction, we aimed at selecting the most
massive and passively evolving sample of ETGs. This is the
group of red and metal-rich elliptical galaxies that have not
undergone any major process of star formation since the end of
the formation of the bulk of their stellar mass (Carretero et al.
2007; Sargent et al. 2015). This occurred at z & 1 (Yildirim et al.
2017) and in a short burst (Cimatti et al. 2006), implying α-
enhanced stellar populations. It is well established in the litera-
ture that through a cross-selection in morphology (Clemens et al.
2006; Shimasaku et al. 2001), colour (Moresco et al. 2016),
emission lines (Moresco et al. 2011) and the ratio between the
CaIIK and CaIIH absorption lines (Borghi et al. 2022a), a clean
sample of these objects can be obtained.

Since this work targets low (z . 0.4) redshift, the sources
are extracted from the Sloan Digital Sky Survey (SDSS), in par-
ticular from the SDSS Legacy Survey corresponding to SDSS-
I/II (York et al. 2000; Abazajian et al. 2009). In a first step, we
submitted a query to the SDSS catalogue selecting all galax-
ies satisfying a series of criteria including morphology, velocity
dispersion (a proxy for stellar mass) and other quality flags for
their spectra. This process is performed via a SQL query and is
described as follows:
1. Objects identified as a galaxy with no star formation activity,

using the columns Class and subClass from the specObj
view.

2. Velocity dispersion restricted to lie between 100 and
400 km s−1, in order to select massive galaxies with stellar
masses greater than ∼1010.5 M�, preventing contamination
from rotation-dominated objects (Veale et al. 2017) that are
typically star-forming (Di Teodoro et al. 2016).

3. Elliptical morphology, imposed through the restriction of
the concentration or compactness parameter as indicated in
Shimasaku et al. (2001). In other words, the ratio between
the radii containing 50% and 90% of the Petrosian flux has
to be less than 0.33.

4. Rest-frame wavelength window to measure spectral features.
Indeed, requiring that all 25 Lick indices (and the CaII
H and CaII K lines for reasons that are explained below)
be observed would imply that the spectra should be avail-
able in rest-frame wavelengths between 3600 and 6500 Å.
Although this would be a conservative cut, as the reddest
indices (NaD, TiO1 and TiO2) are not used in the analysis,
the window is actually extended to 6700 Å to be able to later
exclude objects with emission in Balmer Hα (6526 Å). Since
the SDSS observed window reaches up to ≈10 000 Å, this
imposes the restriction that the redshift be below z ∼ 0.5.
This is not a problem for the scope of this work, but it is
important to keep in mind should one wish to extend the
analysis to higher redshifts using SDSS data. In that case,
one could drop the upper limit on the rest-frame window
down to some value around 5100 Å (effectively including
[O iii] λ5007), or slightly higher if one wishes to measure
the Fe5270 and Fe5335 indices, used to build the metallicity-
sensitive [MgFe] and [MgFe′]. For reference, z ∼ 0.9 can be
achieved by only dropping the requirement on the absence of
emission in Hα.

We began from a parent sample, constructed by requiring that the
objects be galaxies and satisfy the wavelength coverage condi-
tion, which amounts to a total of 669475 galaxies. This number
was reduced to 506475 once the velocity dispersion constraint
was imposed; then, both the star-forming flag and the concen-
tration parameter conditions further diminished the number to
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Fig. 1. Distribution of D4000n and three Balmer-line indices over the
parent (grey), query (blue), and final (maroon) galaxy samples.

135554 galaxies, which constitute what we call the SQL query
sample. It should be noted that the most restrictive criterion is the
concentration parameter, which reduces the number of sources
by two thirds.

Once the SQL query sample was defined, we proceeded
to download the spectra to perform a further spectroscopic
selection and remove objects that could show some remaining
star-formation. To this end, we inspected emission lines asso-
ciated with young stellar systems and ongoing star formation,
namely [OII]λ3727, [OIII]λ5007, Hβ and Hα (Sobral et al. 2015;
Suzuki et al. 2016; Khostovan et al. 2020). The SDSS provides
the measurements of the equivalent width (EW) of emission lines
as performed by Tremonti et al. (2004). For completeness, we
decided to also measure the EW ourselves to cross-check with the
SDSS values. We found good agreement and, for the purposes of
this work, we decided to make a combined (stricter) cut requiring
galaxies to meet the selection criteria for both measurements. In
particular, we imposed that any of the EWs be larger than −2 Å,
although values between −5 and −2 Å were allowed if the S/N of
the line was smaller than 3, meaning that some noise can be mis-
takenly identified as an emission. For reference, previous stud-
ies with cosmic chronometers have agreed to exclude any galaxy
with some of these lines showing emissions stronger than −5 Å
(Moresco et al. 2011, 2012; Tomasetti et al. 2023; Borghi et al.
2022a). The criterion on the S/N varies slightly instead; for exam-
ple, Moresco et al. (2016) chose a maximum threshold of 2 in
S/N, while Tomasetti et al. (2023) relaxed it to a value of 3.
Borghi et al. (2022a) did not impose any restrictions, although
they found that the final sample rarely showed a S/N higher than 3.

To complement this criterion, we decided to put in practice
one of the results from Borghi et al. (2022a) by making a cut
in H/K, the ratio between the CaII H and the CaII K pseudo-
Lick indices. Larger values of this quantity indicate the presence
of star formation (Cincunegui et al. 2007; Moresco et al. 2018;
Pimbblet et al. 2019; Werle et al. 2020) as CaII H deepens due
to its blending with the Balmer Hε from young hot stars, while
CaII K remains unaffected. Following Borghi et al. (2022a), we
select sources that satisfy H/K < 1.2.

The final sample is made up of 90396 sources and extends
up to z ∼ 0.38. Fig. 1 shows how the distribution of some
absorption features (D4000n and three Balmer indices) changes
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Fig. 2. Distribution of sources in the (u − r)0 vs. (r − z)0 colour-colour
plane. The parent sample is shown in grey, while the increasingly
restrictive subsamples (adding velocity dispersion, query and spectro-
scopic information) are shown in light blue, dark blue and maroon,
respectively. The dashed black line defines the passive galaxy region
(Holden et al. 2012).

from the parent to the final sample. The typical bimodality sepa-
rating early- from late-type galaxies is clearly observed in the
D4000n, HδA and HγA distributions of the parent sample (in
grey), which is already broken with the query sample (in blue),
clearly defining a much purer passive ETG sample, which is cul-
minated in the final step after adding spectrometry (maroon).
Note how the distributions for D4000n and HδA are equivalent
to the ones observed by Borghi et al. (2022a).

Lastly, studies with ETGs typically rely on a photometric
selection, including cuts in galaxy colour that separate between
early and late types. These criteria have been known for a
long time, as Strateva et al. (2001) already showed that the
distribution of SDSS galaxies on the u − g/g − r plane pre-
sented a strong bimodality and proposed u − r = 2.22 as
an optimal separator. More recently, cuts in colour have been
applied for the selection of cosmic chronometer candidates.
For instance, Moresco et al. (2016) selected early-type galaxies
from BOSS (Baryon Oscillation Spectroscopic Survey) from the
g− r/r− i plane following Eisenstein et al. (2011), Masters et al.
(2011), White et al. (2011), and Maraston et al. (2013), while
Borghi et al. (2022a) used (NUV− r)0/(r− J)0 (Ilbert et al. 2013)
and Tomasetti et al. (2023) used (U−V)0/(V−J)0 colour2 planes
(McLure et al. 2018) to identify passive galaxies in the LEGA-C
(van der Wel et al. 2016) and VANDALS (McLure et al. 2018)
surveys, respectively.

Since criteria based on colours typically have non-negligible
percentages of contamination or incompleteness, we did not
apply a further cut based on colours. However, we did want
to make sure that the final sample was physically reasonable in
terms of its colour distribution. For the SDSS photometric bands
at our disposal, Holden et al. (2012) defined a passive galaxy

2 The subscript 0 denotes rest-frame colours.

region on the (u − r)0/(r − z)0 plane by the polygon
(u − r)0 > 2.26
(r − z)0 < 0.75
(u − r)0 > 0.76 + 2.5(r − z)0,

(7)

which is plotted with a dashed black line in Fig. 2. We also
depict, for the 0.05 < z < 0.06 redshift bin, the rest-frame
colours of all galaxies in the parent sample (grey) and all the
subsequent subsamples, namely adding a velocity dispersion cut
(cyan), the star-forming flag and concentration parameter (blue)
and the spectroscopic selection (maroon) defining the final sam-
ple. K-corrections have been applied to the observed magnitudes
following Chilingarian et al. (2010) and O’Mill et al. (2011).
The behaviour is qualitatively similar for all redshifts in the
sample, although with different incompleteness fractions. In all
cases, these numbers never exceed the expected 18% of missing
passive galaxies (Holden et al. 2012). We can safely conclude
that the selection procedure is physically solid.

3. Data treatment and methodology

The cosmic chronometer framework involves deriving stellar
ages from the spectra of the final galaxy sample detailed in the
previous section. To this end, Lick absorption features were mea-
sured and fitted to the predictions of stellar population models
for Lick index strengths. However, the process is not straightfor-
ward and needs to be carefully explained. In particular, high S/N
spectra are needed in order for the index measurements to be reli-
able. This is accomplished by stacking the flux densities of sin-
gle galaxies of similar nature (Ferreras et al. 2019; Sánchez et al.
2020; Parikh et al. 2021). Once these ‘raw’ measurements are
performed, corrections are applied to account for the astrophys-
ical and observational effects that are tangled in the spectra and
affect the real value of the indices, namely instrumental reso-
lution and velocity dispersion. Indices can then be fit with two
flux-calibrated models, the Lick-index model of Thomas et al.
(2011) (referred to as TMJ for the rest of the paper) and the sin-
gle stellar population (SSP) model based on the sMILES library
Knowles et al. (2023) (referred to as Knowles) via a Markov
chain Monte Carlo (MCMC) algorithm. An estimation of the
luminosity-weighted ages, metallicities and α-enhancement of
the populations is obtained. Finally, the age-redshift relations
are fitted within a cosmographic approach to derive a model-
independent sampling of the Hubble parameter up to z ∼ 0.4.

3.1. Stacking

Lick index measurements demand a high enough S/N of the
spectra, which is not guaranteed by individual galaxies and can
compromise the reliability of the estimation of age, metallic-
ity, and α-enhancement. Single galaxy spectra are thus shifted
to the rest frame, normalised, and then stacked. In this pro-
cess, we followed Borghi et al. (2022a) to derive the compos-
ite spectra and their associated uncertainties. We chose a central
stable window (rest frame) between 4200 and 4400 Å and nor-
malised all spectra as F̃(λ) ≡ F(λ)/〈F([4200, 4400])〉, where
〈. . .〉 denotes the median. Since the SDSS spectra are not sam-
pled on the same wavelength array, they need to be resam-
pled into a common grid and interpolated, for which we set
a wavelength step of 0.1 Å. The flux of the stacked spectrum
is computed through the median of the individual normalised
spectra at every wavelength and the uncertainties are given
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Fig. 3. Properties of the ancillary stacks. Left panel: Distribution of the number of galaxies included in the ancillary stacks defined by a linear
constant spacing in both σ and z. Right panel: Relation between the S/N and the number of galaxies in each ancillary stack as a function of redshift.

by the normalised median absolute deviation as δFstack(λ) =
1.4826 · 〈Fi∈stack(λ) − 〈Fi∈stack〉(λ)〉/

√
n, where n is the number

of objects in the stack and Fi is each individual galaxy spectrum
(Hoaglin et al. 1983).

To determine which sources to stack together, we required
that the final (stacked) spectra all have a similar S/N, a quan-
tity that clearly depends on the number of sources included in
each stack and their redshift. In other words, we wished to esti-
mate the function N(z, 〈S/N〉) that would tells us the number of
sources N needed at a given redshift z to obtain a median 〈S/N〉.
For this reason, we built an auxiliary set of stacks through a
2D grid in velocity dispersion and redshift. We set step sizes of
20 km s−1 (from 100 to 400 km/s) and 0.01 (from 0.05 to 0.40),
respectively. This is shown in the left panel of Fig. 3, where each
pixel (auxiliary stack) is coloured according to the number of
galaxies it contains. To sample N(z, 〈S/N〉). For each auxiliary
stack, we measured its S/N and kept track of the number of single
galaxies included within. The result is plotted in the right panel
of Fig. 3, where each point corresponds to a different pixel. As
expected, stacks need more galaxies at a higher redshift to attain
a given 〈S/N〉 and, at high redshift, it is uncommon to observe
pixels with &320 sources.

Finally, we performed a linear fit of log(〈S/N〉) as a func-
tion of log(N) in bins of z to sample N(z) at a fixed 〈S/N〉,
which we set to 300 as the reference value. At this point we
obtained a set of values of log(N) that correspond to a set of val-
ues of z, with 〈S/N〉 fixed to 300. The final N(z) function is an
interpolation of this set of data. The final stacks were then con-
structed taking into account the effect of velocity dispersion, for
which we defined six groups logarithmically spaced from 102

to 102.6 km s−1. This choice roughly corresponds to setting the
bin limits at [100, 125, 160, 200, 250, 320, 400] km s−1. Then, the
procedure to assemble the stacks in each group is the following:
1. We ordered galaxies in ascending redshift.
2. We ‘opened’ a new stack and included, one by one, galaxies

in order of redshift (loop explained in steps 3–6).
3. After each inclusion, we computed the average redshift of

the stack, 〈z〉loc, and keep track of the number of galaxies
included, nloc.

4. We computed, using the N(z) function we built from the
auxiliary stacks, the number of sources that will be nec-
essary to obtain 〈S/N〉 ∼ 300 at redshift 〈z〉loc. This is,
Nref ≡ N(〈z〉loc).

5. When Nref > nloc, we continued the loop with the follow-
ing galaxy (step 3). When Nref < nloc we ‘closed’ the stack
(step 6).

6. When the stack was ‘closed’, we proceeded to measure the
spectral indices. Then, a new stack was ‘opened’, starting
with the very next galaxy in redshift order. We repeated this
methodology up to the last galaxy in the sequence.

The final stacks can be found in Figs. 6 and 8, distributed in the
plane t − z according to the ages we estimated using the SPS
models that we present in Section 3.4. Unless explicitly stated
otherwise, any distribution of ages presented in the remainder of
the article is computed on stacks built trying to match a median
S/N of 300.

From the final stacks, all those that included an internal dis-
tribution of sources that exceeds in width an average dispersion
of ∆z = 0.01 (σz = 0.005) were discarded, in order to guarantee
that in each stack only the most similar individual galaxies would
be included. We observe that some of those data points that cover
vast redshift windows end up showing a behaviour typical of out-
liers (Figs. 6 and 8). This final cut also makes it impossible to fit
the highest velocity dispersion group (320 < σ [km s−1] < 400),
as we are left with no valid points. In any case, this group
could be physically problematic as these velocity dispersions
would be associated (Cappellari et al. 2006; Zahid et al. 2016) to
extremely massive galaxies of close to 1012 M� in stellar mass.

3.2. Lick index measurements

The original set of Lick indices (Worthey et al. 1994;
Trager et al. 1998) includes 21 features identifying atomic and
molecular absorptions typical of the light of SSPs of passively
ageing galaxies, name-ordered in increasing wavelength from
CN1 to TiO2. Then, the Balmer −δ and −γ indices were also
included (Worthey & Ottaviani 1997) given their sensitivity to
stellar ages, and they were given two definitions: a wide band
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labelled with A and a narrower one labelled with F. All indices,
whether atomic or molecular, are defined by a central band (λcb
and λcr), over which an integral was performed, and two addi-
tional bands bluewards (λbb and λbr) and redwards (λrb and λrr)
of the central region. These were used to define the pseudocon-
tinuum, estimated as a straight line joining the median flux over
each of the two bands, that is,

Fp-c(λ) =
Fr (λ − λb) − Fb (λ − λr)

λr − λb
, (8)

where λb, λr, Fb and Fr are the central wavelengths and the
median fluxes of the pseudocontinuum regions. Then, indices are
computed as

Iat. =

∫ λcr

λcb

(
1 −

F(λ)
Fp-c(λ)

)
dλ, (9)

if they are atomic, or

Imol. = −2.5 log
(

1
λcr − λcb

∫ λcr

λcb

F(λ)
Fp-c(λ)

dλ
)
, (10)

if they are molecular. Atomic indices have units of wavelength
and are defined in the same way as EWs, while molecular indices
are dimensionless. With these definitions, any other atomic or
molecular absorption (or emission) can also be defined. Indeed,
we used the atomic definition for the computation of the emis-
sion in [O ii] λ3727, [O iii] λ5007 and Hα for the spectroscopic
part of the selection of sources, while Hβ is already included in
the original group of Lick indices. All index measurements were
performed using the pyLick code developed by Borghi et al.
(2022a). By default, the code also predicts other features beyond
the set of 25 Lick indices; namely the two CaII (both K and
H) the D4000 (Hamilton 1985) and the D4000n (Balogh et al.
1999). The errors associated with the indices are computed
through a Monte Carlo resampling of the spectra using the uncer-
tainties of the fluxes.

3.3. Spectral resolution and velocity dispersion

The index predictions from the models have an intrinsic resolu-
tion equal to that of the stellar library on which they are based.
For this work, they were both built from the MILES library,
which has an rms wavelength resolution of λIR ≈ 1.06 Å. For
a fair comparison, index measurements should be at the same
resolution as the models. However, SDSS spectra have an effec-
tive resolution arising from the convolution of the intrinsic SDSS
instrumental resolution, and then galaxy spectra suffer from the
intrinsic effect of velocity dispersion of the stars in the galaxy.
Therefore, in principle, the data and/or model spectra need to be
corrected so that resolutions are matched. In particular, given a
flux density FR0 at a resolution R0, the downgraded spectrum at
a resolution R is given by the convolution

FR(λ) =
1√

2πσ2
match

∫
dk FR0 (k) exp

−1
2

(
λ − k
σmatch

)2, (11)

where σmatch is the Gaussian filter rms that needs to be applied
in order to get the desired resolution. The value of this quantity
can be obtained as

σ2
R = σ2

R0
+ σ2

match = σ2
VD + σ2

IR + σ2
match, (12)

where σR is the aimed final rms resolution. We identified the
present resolution, σR0 , of a (data) spectrum with the quadratic
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Fig. 4. RMS wavelength resolution (σR) of SDSS stacked spectra as a
function of rest-frame wavelength for different redshifts.

sum of both the instrumental resolution and velocity dispersion
resolution before the degradation was performed. Velocity dis-
persion resolution is linear in wavelength and takes the form
σVD = σVD(σ, λ) = λ · (σ/c), where σ is the velocity disper-
sion. In particular, if we wanted to take a spectrum with a cer-
tain velocity dispersion σ0 and instrumental resolution σIR0 to a
larger velocity dispersion σ f and instrumental resolution σIR f ,
one should perform the convolution (11) with a filter

σmatch =
√
σ2

IR f
+ σ2

VD(σ f , λ) − σ2
IR0
− σ2

VD(σ0, λ),

=

√
σ2

IR f
− σ2

IR0
+ λ2

σ2
f − σ

2
0

c2 · (13)

Fig. 4 shows the instrumental resolution of SDSS for sources
at different redshifts (for the particular case of 200 < σ [km/s] <
250), which is a non-trivial function of wavelength, charac-
terised by a sharp step-function-like jump at around 5500 Å in
observed wavelength. In particular, the rms instrumental resolu-
tion of the data increases from ∼1.0 Å on the blue side to &1.35 Å
on the red side. It should be noted that, at very low redshifts, this
implies that the instrumental resolution of the data is similar to
that of the MILES stellar library within the range of interest for
Lick indices. While this would mean that no instrumental resolu-
tion correction would be needed for these sources, the situation
changes with redshift and the effect becomes apparent, as the
reddest indices progressively enter the lower resolution regime.
Although the effect of this correction is only minor, it is appro-
priate to take it into account. Therefore, all science (data) spectra
will be degraded to a common instrumental resolution of 1.5 Å;
that is, with σmatch = (1.52 − σ2

IR0
(λ))1/2.

Nevertheless, the procedure to then fit Lick indices with the
SPS models depends on the model used. When fitting with the
Knowles model, we leveraged the provided model spectra by
degrading them to match the velocity dispersion and instrumen-
tal resolution of the object we fitted in each case. In other words,
we created an index-strength model in which velocity dispersion
is just a configuration parameter. The transition from the (appro-
priately smoothed) spectra to Lick index predictions is always
performed with the pyLick code (Borghi et al. 2022a). On the
other hand, when using the TMJ model, an intermediate correc-
tion of the data needs to be performed. This model is built as
a direct prediction of index strengths at MILES (1.06 Å) reso-
lution, for which we need to derive a correction (covering both
a degraded instrumental resolution of 1.5 Å and velocity disper-
sion) that is applied to the indices once they have been measured.
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The goal is to find a function CI(σ) that takes an index I mea-
sured from a spectrum of a galaxy with velocity dispersion σ
and intrinsic instrumental resolution σIR to the value I0 it would
be expected to have if measured at a MILES instrumental res-
olution and without the effect of velocity dispersion, mirroring
the output of the TMJ model. Depending on whether the index is
atomic or molecular, the correction is written as I0 = I(σ) ·CI(σ)
or I0 = I(σ) + CI(σ), respectively. In other words,

CI(σ,σIR) =

{
I(0, σMILES)/I(σ,σIR), if atomic,

I(0, σMILES) − I(σ,σIR), if molecular, (14)

where σIR = 1.5 Å. In order to compute the correction, sev-
eral methods exist in the literature. Following Carson & Nichol
(2010), we took the SDSS spectra3 of giant stars in M67
(NGC2682) and performed smoothings of progressively higher
velocity dispersions. Then, the change in the indices was aver-
aged over all stars, and the sampling of CI(σ) was parametrised
by a polynomial of order 3 for all indices. It should be noted that
I0 can be measured directly from the stars even though they have
the SDSS resolution imprinted in their spectra, since, similarly
to what happens with low redshift galaxy spectra, the entire set
of Lick indices falls below the jump in resolution.

We highlight that the corrections C(σ) carry an associated
uncertainty δC, which we calculated during their derivation and
took into account. These uncertainties are small compared to the
statistical uncertainty of the data (index measurements) and are
treated altogether as statistical uncertainty, despite the system-
atic nature of the former. For further information, we include
Appendix A, where we show the correction functions C(σ) we
used and give the parameters of the 3rd order polynomials. We
also show for reference the difference in stellar age estimated
for the set of data due to the use of the two methodologies pre-
sented to address the velocity dispersion effect. We note that only
the Knowles-modelled ages can be used for this particular study,
as taking the TMJ model to different velocity dispersions is not
possible.

3.4. Stellar population models

The measured indices were fitted via an MCMC algorithm to
both the TMJ and Knowles models. The underlying assump-
tion is that the spectra can be approximated as a coeval stellar
population born in a single burst, which is the rationale behind
the use of cosmic chronometers. While recent studies fitting
Lick indices have typically employed direct Lick index models
such as TMJ, we decided to also test the sMILES-based SSP
model to compare the results. As mentioned in the introduc-
tion, we advise that the choice of SPS model can alter signif-
icantly the results (Moresco et al. 2020) in matters of both age
and H estimations. For what concerns the specificities of the
models included, TMJ uses the evolutionary synthesis code of
Maraston (2005), the (Salpeter 1955) IMF, the MILES empiri-
cal library, and (Cassisi et al. 1997) stellar tracks. The Knowles
model includes a larger semi-empirical library based on MILES,
known as sMILES (Knowles et al. 2021). This library is built
to correctly reproduce the MILES stellar spectra at the typical
metallicities and α-abundances of the stars in our neighbour-
hood, but using theoretical tools to go beyond those restric-
tions in the parameter space. They use the BaSTI isochrones
(Pietrinferni et al. 2004, 2006, 2021) and the model is available

3 SDSS velocity dispersion templates: https://classic.sdss.
org/dr7/algorithms/veldisp.php

for five different IMFs, from which we chose the Chabrier IMF
(Chabrier 2003). These models can be interpreted as functions
such as

Ii ≡ Ii(t, [Z/H], [α/Fe]), (15)

where the subindex i denotes a given Lick index, which are a
function of age (t), metallicity ([Z/H]), and abundance of α ele-
ments ([α/Fe]). Each ‘base’ model is sampled on a specific grid
of parameters, which yields a discreet function that needs to
be interpolated for the fit. Once this is done, the age, metal-
licity, and α-enhancement are found via an MCMC algorithm.
In particular, we used emcee (Foreman-Mackey et al. 2013), the
Python implementation of the Goodman & Weare affine invari-
ant MCMC ensemble sampler (Goodman & Weare 2010). The
log-likelihood is written as

logL = −
∑

i

log
√

2πσ2
Ii
−

1
2

∑
i

(
Îi − Ii

σÎi

)2

, (16)

where σÎi
are the uncertainties associated with the Lick index

strength measurements, Îi, and Ii are the model indices from
Eq. (15). Once a particular model for the fit is selected, one
should pay attention to two key aspects: the set of indices
chosen for the fit, and the grid onto which the base model
Ii(t, [Z/H], [α/Fe]) is interpolated. Regarding the former, the
recommendations provided by the authors should be followed
not to bias the results. For the TMJ model, following their
study using globular clusters without individual element varia-
tions, the use of certain indices is discouraged since they are not
well reproduced by the data. In essence, our set comprises all
of the indices of the baseline used by Johansson et al. (2012),
that is, HδA, HδF, Fe4383, Fe4531, Hβ, Mgb, Fe5270, Fe5335,
Fe5406; plus G4300, HγA, HγF, and the Mg2, since they are
well reproduced by globular cluster data in Thomas et al. (2011).
In turn, for the Knowles model, we discarded indices known to
be poorly modelled, too broad, or sensitive to the IMF, follow-
ing Knowles et al. (2023). The set of Lick indices is thus HδA,
HδF, G4300, HγA, HγF, Fe4383, Ca4455, Fe4531, Hβ, Mgb,
Fe5270, Fe5335, Fe5406, Fe5709, Fe5782. We emphasise at this
point that using a fixed set of indices across the entire dataset is
strongly recommended, as Borghi et al. (2022b) found age esti-
mates could vary by up to ∼2 Gyr depending on the indices used.

In general, Balmer indices are sensitive to age, iron
indices to metallicity and magnesium indices to α-enhancement.
Knowles et al. (2023) showed that the plane Hβ0-[MgFe] could
separate, almost orthogonally, ages and metallicities, where Hβ0
is an optimised definition of Hβ. We note, however, that for our
selection of very passively evolving ETGs, the Balmer-β fea-
ture alone produced extremely old ages, as Vazdekis et al. (2015)
had already shown. Instead, the combination of the three Balmer
lines (β, γ, δ) returns much more reasonable ages. When it
comes to metallicity and α-enhancement, Knowles et al. (2023)
showed that the plane Mgb-Fe5335 or -Fe5270 separated well
between different alpha enhancement groups. The three of them
are included and recommended for their use in stellar population
fits by themselves and Thomas et al. (2011). Moreover, a combi-
nation of these three indices makes the [MgFe] index, which is
sensitive to metallicity but insensitive to α-enhancement.

Regarding the grid of the models, the trade-off between
the computational cost and the precision when using an overly
fine interpolating grid should be addressed. The base grid
for the TMJ model features ages distributed in the inter-
val [0.1, 15.0] Gyr, linearly spaced with steps of 0.1 and
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Fig. 5. Age, metallicity, and α-enhancement distributions for the TMJ
(left panels) and Knowles (right panels) models, interpolated to a grid
of 50 points in each parameter within the original ranges. Results are
shown for the Lick index fitted to both single galaxies (in blue) and
stacks (in yellow) of the final cosmic chronometer sample.

0.2 Gyr between 0.1 and 1.0 Gyr and with steps of 1.0 Gyr until
15.0 Gyr. Metallicity ([Z/H]) is sampled in six values, namely
{−2.25,−1.35,−0.33, 0.00, 0.35, 0.67}. Finally, α-enhancement
([α/Fe]) is sampled in four values: {−0.3, 0.0, 0.3, 0.5}. Regard-
ing the Knowles model, the base grid features ages distributed
in the interval [0.03, 14.00] Gyr, with a varying step size that
increases with age, namely 0.01, 0.05, 0.1, 0.25 and 0.5 Gyr.
Metallicity is sampled over ten values not evenly spaced from
−1.79 to 0.26, meaning it does not reach strong metallicities
beyond 0.26; in contrast to TMJ, which goes up to 0.67. α-
enhancement is equally the least thoroughly sampled parameter,
with five values: {−0.2, 0.0, 0.2, 0.4, 0.6}.

Some of these values are typically not attained for
massive passive galaxies (Parikh et al. 2021; Saracco et al.
2023). For example, metallicity is expected to range from
slightly subsolar to supersolar metallicities, but not beyond
[Z/H] ∼ 0.3 (Clemens et al. 2006, 2009; Thomas et al. 2010;
Maiolino & Mannucci 2019). Moreover, we find that allowing
for metallicities that go beyond the limit given by the Knowles
model could bias a portion of the sample into smaller ages due to
the age-metallicity relation and the poor sensitivity of the models
at high stellar ages, which is not resolved by employing a thin-
ner grid. For this reason, in addition to the computational cost,
we decided to restrain the parameter limits of both models to t
∈ [0.1, 14.0] Gyr, [Z/H] ∈ [−0.35, 0.26] and [α/Fe] ∈ [0.0, 0.4]
and interpolate into a finer grid with step sizes of ∆t = 0.1 Gyr,
∆[Z/H] = 0.01 and ∆[α/Fe] = 0.01. This choice of parameter
limits is also supported by Fig. 5, where a third finer version of
the base models (with 50 equally spaced points for each param-

eter in the original extent of the grids) was run on the galaxy
stacks (shown in orange) as a preliminary test. As expected for
massive ETGs, metallicities are either solar or supersolar and
there is a significant abundance of α-elements with respect to
iron. For comparison, in blue, we show the result for the fit to the
spectra of single galaxies. The distributions in this case are much
more scattered and do not reflect the expected behaviour for
massive passively evolving galaxies. Indeed, subsolar metallici-
ties and iron enhancement with respect to α-elements are found
for a significant fraction of galaxies, especially when using the
Knowles model. Additionally, extremely high values for the ages
are found in a large number of galaxies, with an additional seem-
ingly young population of ∼3 Gyr obtained through the TMJ
model. This underscores the importance of using high S/N spec-
tra in these studies, as results behave as expected when the fits
are performed with the stacked data.

3.5. Cosmographic fit

The last step is to fit the stellar age-redshift relation in differ-
ent velocity dispersion bins to derive the cosmographic param-
eters (H0, q0, j0). This is performed using (4) and (6), which
allow us to sample the Hubble parameter up to z . 0.35 with-
out assuming a cosmological model. As anticipated at the end
of Section 3.1, we divided the sample into six logarithmic dis-
persion bins; namely [100,125), [125, 160), [160, 200), [200,
250), [250,320), and [320, 400) km/ s−1. In principle, this choice
implies that six sets of age-redshift data should be fit jointly.
Since every set characterises a different cosmic chronometer
population defined by its mass, six distinct t0 parameters need to
be defined (i.e. t0,100−125, t0,125−160, t0,160−200, t0,200−250, t0,250−320,
t0,320−400), which stand for the average stellar age of each ensem-
ble at z = 0. With all this, the log-likelihood reads

logL = −
∑
i,v

1
2

(
t̂i,v − t(zi,v; t0,v,H0, q0, j0)

σti,v

)2

, (17)

where i runs through the stacks in each velocity dispersion
group, represented by v. For all parameters, we assigned uniform
prior probability distributions. The limits for these distributions
were set between 0 and 20 Gyr for the zero-ages (t0,v), 20 and
120 km s−1 Mpc−1 for the Hubble constant, −10 and 10 for the
deceleration parameter and −100 and 100 for the jerk param-
eter. The choices for the cosmographic parameters were made
in order to guarantee that the posterior distributions were con-
strained in the main cases (TMJ, Knowles), even if this allows
the tails of the q0 and j0 distributions to attain values far from
the conventional ones found in the literature. As shown below, it
is safer to do this due to the low sensitivity of the model on these
kinematical parameters, particularly the jerk.

Additionally, we required the derivative of the Hub-
ble parameter, dH/dz, to be positive, as suggested by the
global trend observed from model-independent measurements
of H(z) (Simon et al. 2005; Stern et al. 2010; Zhang et al. 2014;
Ratsimbazafy et al. 2017; Jiao et al. 2022; Tomasetti et al. 2023;
Moresco et al. 2012, 2016; Borghi et al. 2022a). Physically, this
translates into allowing the expansion of the Universe to accel-
erate but not too much, with a limit on q(z) > −1 at any red-
shift. In particular, the deceleration parameter today, q0, has to
follow this condition. This could be interpreted, under the intro-
duction of a w0CDM model, as the condition of reducing the
amount of phantom dark energy states available. Specifically,
the mathematical condition is w0 > 1/(Ωm − 1), which allows
for w0 < −1 only when Ωm � 0. In particular, w0 would present
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Fig. 6. Joint cosmographic fit of t(z) with ages estimated using the TMJ model. On the left, the corner-plot for the posterior probability distributions
of H0, q0, and j0 is shown, displaying 1σ and 2σ contour levels. On the right, the t − z dispersion is shown. The empty circles in strong colour
represent the data points we used for the fit, while the faded crosses represent the points, resulting from of a set of galaxies with average dispersion
in redshift greater than 0.01. The shaded regions in the same colour as the data points are the 1σ of the sampling of the posterior distribution
coming from the parameters on the left. The zero-ages of the velocity dispersion groups are not shown here, but we refer to the corner plot in
Fig. B.2; however, they are used for the sampling and to set a zero-age for the Planck Collaboration VI (2020) evolution of t(z), shown as dashed
black lines. The dashed q0 = −1 lines in the corner plots for the planes q0 −H0 and j0 − q0 represent the natural limit imposed by dH/dz > 0. This
is the baseline t − z relation referred to in this work.

a lower limit in ≈−1.43 for Ωm = 0.3. Under the assumption of
the w0CDM model, we can combine our estimations for q0 and
j0 (Capozziello et al. 2011) to get the estimations of Ωm and w0
in those models, following

Ωm(q0, j0) =
2( j0 − q0 − 2q2

0)
1 + 2 j0 − 6q0

(18)

and

w0(q0, j0) =
1 + 2 j0 − 6q0

−3 + 6q0
· (19)

Note that even if we apply these transformations, we can
obtain values for Ωm that exit the range [0, 1]. With these trans-
formations, we can have a hint of the blind preference for values
of Ωm and w0 aligned with the results from model-dependent
probes.

4. Results

The present section covers the cosmographic analysis of the data,
after the fit using the two SPS models. Using TMJ-modelled
ages, we find a credible interval for H0 aligned with other probes
in the literature. Further discussion is provided for the other
parameters included in the fit (q0, j0), as well as for the cos-
mographic readout of the Knowles-modelled ages. Through the
introduction of a w0CDM model, we can get some insight into
the implications of our estimation for the parameter of the equa-
tion of state of dark energy, w0. Finally, we examine the poste-
rior sampling of our cosmographic fit in the Hubble diagram and
compare our results with the point observations in the literature.

The right panels of Figs. 6 and 8 show the ages derived
using the TMJ and Knowles models, respectively, where each
data point corresponds to a different stack. We found that more
massive galaxies are older at every redshift, and, at fixed veloc-
ity dispersion, the age decreases with redshift. This is in agree-
ment with the cosmic chronometer ground principle: for a given

velocity dispersion, we are statistically observing the same pop-
ulation of passive galaxies across cosmic time, and thus the age
evolution of the same galaxy population can be traced. The strat-
ification in velocity dispersion groups is clear and follows the
downsizing scenario framework for the formation of ETGs. This
aspect will be treated in detail in Section 5.1.

Before proceeding to the cosmographic fit of the ages, some
points need to be addressed. First, the uncertainties in the
ages derived from the Knowles model are systematically much
smaller by a factor of ∼6−7. To investigate the potential rea-
sons behind this, we examined the differences in procedure when
deriving ages with the two models. The first difference is the set
of Lick indices to be fit, as explained in Section 3.4. However,
after fitting a common set of indices for the two models (defined
by their overlap), no relevant changes are observed in ages or
their uncertainties. The second difference lies in the treatment
of the velocity dispersion effect. While for the TMJ model, we
had no other option than applying a correction–which introduces
an extra systematic uncertainty associated with the computation
of the correction–for the Knowles model, we could directly fit
the data with the model indices, in which velocity dispersion
is applied a priori to the synthetic spectra. However, using the
TMJ methodology with the Knowles model is possible, allow-
ing us to rule out the treatment of the velocity dispersion as the
reason behind the disagreement on the value of uncertainties.
In particular, we tried fitting the Knowles model at 0 velocity
dispersion with the indices (data) corrected using the velocity
dispersion corrections, analogously to the exact procedure of the
TMJ model. The results were negligible changes in the ages,
and the uncertainties remained the same size (further details are
given in Appendix A). Therefore, the only explanation is the
nature of the models themselves; that is, the Knowles model
seems to be much more precise. However, this will not neces-
sarily play in our favour, due to the intrinsic scatter in the data.

The second point to address is the redshift dispersion within
the stacks. As depicted by the horizontal error bars in the right
panels of the aforementioned Figures 6 and 8, there is a (small)
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number of stacks (plotted with bold faded crosses) containing
galaxies whose redshift covers a relatively wide range. Due to
the stacking procedure, this typically occurs at the highest red-
shifts for a given velocity dispersion bin or for stacks with
320 < σ [km s−1] < 400. Since these results are less reliable,
we discard them from the start.

The last point to cover is related to a fluctuating pattern found
in the ages with respect to redshift. Indeed, as seen more clearly
for the TMJ model (Fig. 6), the ages are found to oscillate at var-
ious redshifts, deviating from the expected smooth decline with
redshift. This issue is particularly enhanced at 0.16 . z . 0.19.
This one particular ‘oscillation’ is observed across all three
velocity dispersion bins for which there are data at these red-
shifts. While we do not expect a large impact on the cosmo-
graphic results from the fit due to its symmetry with respect to
the global trend, we found this issue of great relevance and there-
fore decided to discuss it in depth in Section 5.2.

Once the distribution of ages has been individually assessed,
we can turn to the cosmographic fit. In the right panel of Fig. 6,
apart from the t(z) scatter of the data, we also show the 1σ sam-
pling of the posterior distribution for t(z), as obtained from the
MCMC algorithm with the standard priors (0 < t0,i < 20 Gyr,
20 < H0 < 120 km s−1 Mpc−1, −10 < q0 < 10, −100 <
j0 < 100; as previously discussed in Section 3.5). For compara-
tive purposes, we also included the ΛCDM derived t(z) follow-
ing the results from Planck Collaboration VI (2020) as dashed
black lines, taking as t0,v the peak of each posterior distribu-
tion on these parameters. Notice that the exclusion of widely
z-extended data points eliminates all three belonging to the
320 < σ [km s−1] < 400 group, making it impossible for us to
estimate t0,320−400.

The corner plot corresponding to this sampling is shown in
the left panel of the figure. The zero-redshift ages (t0,v) of the

individual cosmic chronometer samples are not plotted for the
sake of a clear view of the other posteriors, but we anticipate
they are extremely well constrained–at the exception of, obvi-
ously, t0,320−400-, as seen in Appendix C. We also note here that
the estimations that we give throughout this discussion for the
fit parameters include only statistical uncertainties. Systematic
effects in both our methodology and from the SPS models will
be addressed later (discussion around Fig. 9).

The Hubble constant, H0, is constrained to a mean
value of 70.0+4.1

−7.6 km s−1 Mpc−1, which includes both the
Planck Collaboration VI (2020) and Riess et al. (2022) estima-
tions within the credible interval. The estimation of q0 is rel-
evant, clearly rejecting values below −1, having a seemingly
strong cut-off at that value. For a direct view, we drew this limit
in the corner plots presenting the q0 − H0 and j0 − q0 planes. As
we explain further on, this is due to the limitation on q(z) (and
thereby on q0) imposed by dH/dz > 0. To inspect this in further
detail, we examine the 16th and 84th percentiles and find that
the modal value (maximum a posterior probability), mod(q0) =
−0.95, is to the left of the percentile 16, P16(q0) = −0.85, while
the percentile 84 lies at P84(q0) = 0.62. It is clear that the poste-
rior is skewed towards q0 = −1 from its right. Indeed, when we
inspect the MCMC chain thoroughly, we find that 99.91% of the
chain chose values greater than or equal to −1, with only 0.09%
of samples remaining below, possibly due to the remainder in
the approximation of H(z). As previously stated in Section 3.5,
we interpret this as proof that the second order Taylor expan-
sion of H(z) is a good approximation in the redshift window we
treat. Knowing this, we do not expect the region q0 < −1 to
be explored in any case by the MCMC chain, but we kept the
lower limit of the prior in −10 as a consistency check. In order
to assess how much this restriction on the derivative of H means
at a statistical level, we explored an extended parameter (0 <
H0 [km s−1 Mpc−1] < 300, −20 < q0 < 20, −100 < j0 < 300)
space after lifting the condition. We found that marginals were
much wider, in some cases beyond the limits set as standard,
and a clear anti-correlation between H0 and q0 that effectively
extends to q0 < −1 (posterior shown in Appendix B). The mini-
mum of the χ2 in this case occurs at H0 ∼ 220 km s−1 Mpc−1, but
the typical values in this and all the regions explored clearly out-
side ΛCDM (H0 ∼ 70 km s−1 Mpc−1, q0 ∼ −0.5, j0 ∼ 1) are sim-
ilar to those found in the well-delimited posteriors in Fig. 6 (the
baseline).

Finally, we assert that the cosmographic fit is highly insensi-
tive to the jerk parameter, j0, as the window needed in the prior to
obtain a constrained posterior covers a range equivalent to more
than ten times the value required by ΛCDM, j0 = 1. Our esti-
mation for the parameter is j0 = 0.9+5.5

−3.7, and the related corner
plots show no degeneration of the jerk with either of the other
two cosmographic parameters. However, we found, in the unre-
stricted fit without the limitation on the derivative of H, a seem-
ingly functional relation between the preferred combinations of
H0 and j0 that accepts 50 < H0 [km s−1 Mpc−1] < 100 only when
−50 < j0 < 50.

Our assumption that the oscillations in redshift do not affect
the global fit is supported a posteriori by an additional run
of the cosmographic fit in which we excluded the data points
with redshifts in the range 0.15 < z < 0.20. The marginal
posterior distributions of the parameters are similar to those
observed in Fig. 6, with the median and minimum χ2 in the
last 1000 steps of the MCMC chain being roughly half the
value found in the original case, the same order of magnitude.
The marginals and corner plots for this case can be found in
Appendix B.
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Fig. 8. t − z relations for the ages estimated using the Knowles model. The structure of this figure is the same as that in Fig. 6. The grey contours
represent the case with fv factors included, to account for the possible underestimation of age uncertainties. The t − z samplings on the right
panel refer to this case. The contours in purple represent the case where these factors were not taken into account. The sampling of the associated
posterior for t − z is not represented on the right panel for this case.

So far, results remain model-independent in the framework
of cosmology, but with the transformations in Equations (18)
and (19) we can take a look at the implications for a w0CDM
model. To this end, we decided to run an extra MCMC imposing
0 < Ωm(q0, j0) < 1. We do so because, if we depended solely on
the results for the sampling shown in Fig. 6, the regions Ωm > 1
and Ωm < 0 would be populated, adding spurious probability to
w0 and H0 coming from the sampling there. The probability den-
sity regions of the figure show the sampling when 0 < Ωm < 1
is enforced, and the brown hatched area represents the region
allowed by w0 > 1/(Ωm−1). This condition on the Ωm−w0 plane
is the result of having imposed dH/dz > 0. Due to the effect of
the smoothing of the contour levels, it might seem that there is
a non-negligible amount of sampling at w0 < 1/(Ωm − 1); how-
ever, when the steps of the MCMC in that region are counted,
we find only 0.19% of the total amount. This result is similar to
the 0.09% of samples that had q0 < −1 in the paragraph above,
and it can be attributed to the remainder in the approximation
of H(z) for its second order Taylor expansion. The newly con-
strained H0 keeps almost the exact same posterior distribution
as before, constrained now to H0 = 70.7+4.3

−5.1 km s−1 Mpc−1. Ωm
is mostly unconstrained, although central values seem to be pre-
ferred. Finally, we have a readout of w0, with a posterior proba-
bility defined by w0 = −1.01+0.03

−1.75. This result is compatible with
ΛCDM, although the fit seems to prefer the combinations of w0
and Ωm close to the limit w0 = 1/(Ωm − 1), tightly limiting the
right-hand tail of the posterior of w0.

We now turn to the Knowles model. We apply the same con-
ditions we did for the sampling in Fig. 6. The direct application
of the MCMC algorithm to the data yields the results shown
in purple in the left panel of Fig. 8. The posteriors constrain
the cosmographic parameters to H0 = 41.7+0.6

−0.6 km s−1 Mpc−1,
q0 = −0.99+0.08

−0.01 and j0 = 55.4+2.6
−2.4. The result for q0 follows what

we already observed in the TMJ case. The other two marginals,
however, are well off and extremely thin, distancing from lit-
erature values by several σ. Such precise results for parame-
ters so strongly deviating from their expected value prompt a
careful reconsideration of all possible sources of error. First, we
note that the narrowness of the posterior distributions is primar-
ily driven by the size of the observational errors. Then, after
analysing the last thousand iterations of the MCMC chain, we

find a discrepancy of three orders of magnitude in the minimum
χ2 compared to the fit in Fig. 6.

This suggests that the ages inferred using the Knowles model
may not be useful to gain sensitivity on the cosmographic param-
eters in their current form. We conclude that the nature of the
Knowles model (Appendix A), affects the performance of the
subsequent cosmographic fit by enlarging the scatter of the ages
while reducing the value of their uncertainties. The overall effect
is the restriction of the posteriors to clearly off values and wors-
ening the overall χ2 values of the sampling. If there was an
underestimation of the ages that we cannot control, it can be
addressed by introducing a set of f factors to the likelihood. We
do so following the documentation of emcee, by substituting

σ2
i,v → σ2

i,v + t2
i,v(zi,v; H0, q0, j0) · f 2

v . (20)

In essence, an additional parameter fv is included in the
MCMC for each velocity dispersion bin, with a view to cap-
ture the lacking variance at least to a certain degree. They are
assigned wide uniform priors satisfying −10 < log fv < 1. The
corresponding corner plot for the cosmographic parameters is
shown in grey in the left panel of Fig. 8, with the Hubble constant
constrained to 38.2+12.9

−5.1 km s−1 Mpc−1. The result is still incom-
patible with other probes at 2σ, and the central value is lower
than before. However, the width of the posterior allows for a 3σ
agreement with H0 ∼ 70 km s−1 Mpc−1. The posterior of q0 is
again skewed towards −1 (mod(q0) ∼ −0.9, P16(q0) = −0.17),
although this time the positive tail of the sampling extends to the
upper limit of the prior. If we observe the corner plot relative to
the plane q0 − H0 we can see a degeneracy that prefers higher
H0 values (still low in comparison to other probes) for smaller
q0 values. Finally, the model is still insensitive to j0 as in the
TMJ case, but we find a constraint ( j0 = 5.8+42.6

−5.1 ), thanks to the
introduction of fv factors, that is compatible with j0 = 1 within
1σ. We notice that this time the posterior of j0 is right-skewed.

In the right panel of the figure, we omitted the 1σ sampling
of t(z) without fv factors. We did so to simplify the figure and
avoid unnecessary visual noise, but they are tight and leave most
of the data points out by several σ. For the rest, Fig. 8 contains
the same elements as Fig. 6.

It is clear that fv factors somewhat aligned the results with
the expected values coming from other probes, even if they do
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not capture the full complexity of the underestimated variance.
The power of these factors is clear, as the average value of the
minimum χ2 over the last thousand steps of the MCMC chain
is now of the order of magnitude obtained for the TMJ fit. As a
final comment on the Knowles model relative to the t−z relation,
it could happen that the modelled ages are less sensitive to the
index-oscillations observed in the TMJ case, as they are not as
easily perceived on the right panel of Fig. 8. This idea could be
tested further if the intrinsic scatter of the data was reduced, and
if true, would constitute a strong feature of the Knowles model
while the fluctuating index-strength issue is understood. So far,
we believe that caution is advisable when using the Knowles
model for cosmographic purposes, as it seems to present some
irregularities regarding the optimal tracking of the evolution of
ETG ages across redshift. Some of the difference between mod-
els in the evolution of the differential age with redshift can be
attributed to the effect of model variation when it comes to the
estimation of the Hubble parameter (Moresco et al. 2020). For
what is known in the literature, the intra-model variation of the
IMF is expected to be only a minor issue, but other age diagnos-
tics or index selection could be inspected in future work.

4.1. Assessment of systematic uncertainties

So far, the uncertainties that have been included in the estima-
tion of cosmographic parameters are mainly of statistical nature.
Only the uncertainty associated with the velocity dispersion cor-
rection functions, which is added to the index measurements, is
of a systematic nature. However, as discussed in Appendix A, the
contribution to the error budget is small. In the end, it is treated as
part of the statistical uncertainties, as the stellar model fit makes
it impossible to get them disentangled. Apart from these, there
are other sources of systematic uncertainty that have been thor-
oughly treated in the literature. We distinguish between those
that are external to this work (e.g. SPS models, their configura-
tion: IMF, isochrones) and those that arise from our methodol-
ogy. We do not treat the former, performing the H(z) estimation
using only the TMJ ages, as we conclude that the Knowles model
needs further inspection before deriving conclusions from it. For
the rest of this section, all computations refer to ages estimated
using the TMJ model.

Following the stream of our methodology, we can cite the
following three sources of systematic uncertainty: the S/N level
of the stacked spectra, the set of Lick indices used for the stellar
parameter fit, the choice of the final reliable dataset for the cos-
mographic fit (effect of outliers and internal homogeneity of the
stacks). We run a test on the S/N level and the redshift extension
of the data points, to assess their contribution to the systematic
error budget. Addressing the impact of the set of Lick indices
chosen for the fit would require a complicated analysis in which
several combinations of indices, selected to be sensitive enough
to variations on the SPS model parameters, are included. Beyond
the feasibility of the study, this work does not aim to test the per-
formance of index combinations in the TMJ model, which was
already done by Johansson et al. (2012). Indeed, we chose our
indices as the baseline described in that work, plus another four
indices that Thomas et al. (2011) proved to be well calibrated
with globular clusters. The most recent study by Borghi et al.
(2022b) showed that the contribution of the set of indices to the
systematic error budget in H(z) would be of the order of that
related to the binning (in our case the stacking). Finally, the
exclusion of data points that averaged galaxies over a large red-
shift interval is addressed by performing the cosmographic fit
both releasing and tightening the threshold for exclusion in σz.

In order to build the stacks we followed the methodology
described in Sect. 3.1, which leaves the selection of the S/N level
as the sole arbitrary choice. We assess its contribution to the sys-
tematic uncertainty by creating 11 groups of stacks, built up to
have S/N levels from 200 to 400 in steps of 20. The central group
at S/N ∼ 300 is the one that we used as reference throughout
the paper. We obtain the posterior distributions from the cosmo-
graphic fit in each case, compute the median, over the last 1000
steps of the MCMC chains, of the standard deviation between
the 11 groups at each redshift. This is

σH,syst(z) = medk

( √
Vari (Hi(z; H0k, q0k, j0k))

)
, (21)

where the index k represents the sample from the MCMC
chain and the index i represents each of the 11 stacking
groups. Equation (21) is also used to evaluate the contribu-
tion to the systematic uncertainty introduced by the choice of
the σz threshold when excluding data points prior to the cos-
mographic fit. For this, we consider threshold values of σz =
{∅, 0.05, 0.02, 0.01, 0.005, 0.002}, where we use ∅ to denote the
absence of any threshold (i.e. the inclusion of all stacks). The
contribution of the two sources of systematic uncertainty to the
total is shown in Fig. 10, in the following section, as it is pre-
sented in units of the statistical uncertainty of the posterior sam-
pling of H(z).

4.2. The sampling of H(z)

As a final result, we present in Fig. 9 the sampling of H(z),
using the posteriors from the baseline, in which we fit the TMJ-
modelled ages imposing dH/dz > 0; that is, the MCMC run
shown and discussed in Fig. 6. At this point, we introduce the
systematic uncertainties that we discussed in the prior section.
We do so following the typical quadratic sum: σ2

total = σ2
stat. +

σ2
syst.. In Fig. 10, each of the contributions taken into account is

presented in units of 1σ of the statistical uncertainty from the
sampling of the MCMC run. These are quite stable and slightly
greater than the level of statistical uncertainty. The one associ-
ated with the S/N level chosen in the stacking procedure (yellow)
dominates at low redshift, while the one related to the exclusion
of data points (dark orange) is slightly greater at higher redshifts.
Overall, the systematic uncertainty is stable and of the order of
twice the statistical uncertainty.

In Figure 9, the final credible interval for H(z) is presented in
blue, where we chose to plot it in different shades according to
the number of sources (individual galaxies) we had at each red-
shift. The light blue represents the contribution of all sources of
uncertainty that have been studied in this work, while the darker
blue represents only the 1σ statistical uncertainty interval, com-
puted as the region between the 16th and 84th percentiles of the
sampling of the MCMC fit (parameters sampling in Fig. 6). As a
reference, we also included, as dashed light blue lines, the limits
of the 1σ credible interval in case the main sources of systematic
uncertainty not computed in this work (Lick index selection, SPS
models) were collectively the same size (Borghi et al. 2022b) as
the systematic uncertainty taken into account.

For the sake of comparing the potential of this work with
literature, we include in yellow, orange, and dark red the local
model-independent measurements of H(z) available to date up
to z = 1. The colour of the observations depends on the method-
ology used for the analysis in each case. Full spectral fitting
(Simon et al. 2005; Zhang et al. 2014; Ratsimbazafy et al. 2017;
Jiao et al. 2022), in yellow, shows greater uncertainties than
ages derived using the age-sensitive D4000n spectral feature
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the dispersion of sources in redshift in each stack are presented in yel-
low and dark orange, respectively. In dark blue, we present the overall
systematic uncertainty.

(Moresco et al. 2012, 2016; Loubser et al. 2025), in orange. Our
results extend along a redshift range (z . 0.4) mostly populated
by FSF measurements, and we see that our estimation is compet-
itive in comparison. Within the same range, four/five local mea-
surements through the D4000n feature show a relatively greater
precision than ours. Finally, we present the ΛCDM derived H(z)
from Planck Collaboration VI (2020), which sits within the 1σ
of our estimation. Naturally, our constraint power is stronger
H(z) when more sources are available, and it loses precision
towards z & 0.3. This pushes us to consider the extension of
this methodology to higher redshift by the use of BOSS and
eBOSS (extended BOSS) data, using a Taylor expansion of H(z)
of appropriate order.

5. Further discussion

This section is included to fully exploit the results shown in the
previous section. In the first place, we perform the linear fit of the
scatter of log (t), [Z/H], and [α/Fe] with log (σ), known as scal-
ing relations. These functions try to give a quantitative guideline
for the status of the currently well-established downsizing sce-

nario, by which more massive ETGs tend to have formed earlier
in cosmic history, be more metallic, and α-enhanced. We obtain
these relations for both the SPS models we consider in this work,
using the low redshift (z < 0.1) end of our sample of sources. The
second part of this section includes the discussion around the
oscillations observed in the t − z relation in Fig. 6. In particular,
we focus on the coordinated fluctuation, in all central and statis-
tically significant velocity dispersion groups, at 0.16 < z < 0.19.
We unveil the tight correlation of this oscillation with a similar
pattern on the index strength of some indices (HγF and Fe4383)
in that redshift range. A deeper inspection of the global trends of
index strengths with redshift unveils an apparently overlooked
behaviour that was already present in previous measurements of
these Lick indices (i.e. Tremonti et al. 2004).

5.1. Stellar archaeology and scaling relations

We perform the study on the scaling relations by selecting all
galaxies with redshifts 0.05 < z < 0.10, 18 955 objects, which
makes up around a 21% of the whole sample. Given that the
default stacks described in Section 3.1 are divided into six veloc-
ity dispersion bins (but we aim to derive a smooth relation from
σ ∼ 100 to σ ∼ 350 km s−1), we construct another set of stacks
for the purpose of this subsection. We stacked the galaxies in
the subsample in groups of 400 (ordered by velocity dispersion),
since that number should ensure a high enough S/N at this red-
shift according to Fig. 3. Lick indices are then measured and fit
using both the TMJ and Knowles models.

Fig. 11 shows the stellar population parameter trends in
terms of velocity dispersion for the low-redshift sample. In par-
ticular, the results using the TMJ model are presented in the left
panel, shown as black data points. The corresponding log-log
linear fit is shown as a solid black line and, for comparison,
the trends found by Thomas et al. (2010) and Johansson et al.
(2012)4 are plotted with dotted red and blue lines, respectively.

4 Johansson et al. (2012) performed an estimation of age, metallicity,
and α-enhancement (represented by [O/Fe]) using the TMJ model with
varying element abundances. The relations that are plotted are the ones
that appear in their Figures 6, 7, and 11 (upper panel).
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Fig. 11. Left panel: Age, metallicity, and α-enhancement trends with velocity dispersion at low redshift (0.05 < z < 0.10). The black data points
represent the results from stacks of 400 galaxies. The dashed red and blue tendencies represent the Thomas et al. (2010) and Johansson et al.
(2012) results (central values). The best log-log fit is plotted as a solid black line. We also depict the results from the ‘default’ stacks as coloured
rectangles representing the different velocity dispersion groups from dark blue (100 < σ [km s−1] < 125) to orange (250 < σ [km s−1] < 320).
Note that the colour code of the velocity dispersion groups corresponds to the one used in Figs. 6 and 8. Right panel: Same as the left panel but
with the Knowles model. Red triangles are the results by Knowles et al. (2023) for stacks of massive ETGs, which were previously constructed by
La Barbera et al. (2013) using the same model.

As a test of robustness, the coloured rectangles represent the
results for the default stacks used for the cosmic chronometer
analysis (Figs. 6 and 8) that had an average redshift below 0.1.
The running of all three parameters behaves as expected with
respect to velocity dispersion: the more massive the (passive)
elliptical galaxy, the older, the more metal-rich, and the more
α-enhanced it is. However, there is a caveat regarding the metal-
licities for logσ & 2.3: the posterior distributions saturate at the
high end of the prior, indicating a preference for values higher
than 0.26, the limit set as explained in Section 3.4. While the
Z−σ fit omitted these data points, it should be noticed that relax-
ing this upper bound and allowing metallicities to extend up to
0.67 breaks the smooth increase in age with velocity dispersion.
Indeed, due to age-metallicity degeneracy, the values of [Z/H]
over 0.3 cause the ages to decrease and produce an unstable trend
towards the massive end for certain cases. As a consequence, we
consider it safer to retain the hard prior on the maximum value
of the metallicity.

Our results differ quantitatively from those in the litera-
ture. In particular, we predict systematically lower ages than
Johansson et al. (2012), with an approximately constant off-
set of ∼2 Gyr. We also observe lower ages compared to the

Thomas et al. (2010) results in lower velocity dispersion data.
Our results also indicate that galaxies tend to be more metal-
rich and α-enhanced. There are a number of reasons for this
quantitative discrepancy. First, the Lick index model used in
Thomas et al. (2010) is based on the Thomas et al. (2003) and
Thomas et al. (2004) models, the precursors of the TMJ model
(used both in Johansson et al. 2012 and in this work) that
were not flux-calibrated. Second, both Thomas et al. (2010) and
Johansson et al. (2012) performed an analysis of the spectra of
single galaxies from the SDSS that were only morphologically
selected to be ETGs. On the other hand, we work with high
〈S/N〉 stacked spectra of galaxies and aim at a selection of
the most passively evolving sources. Third, the choice of Lick
indices and the fitting procedure are different, since we fix a
priori a set of indices for all galaxies based on the quality of
their calibration with respect to globular cluster data as indi-
cated in Thomas et al. (2011). However, the qualitative physi-
cal picture remains unchanged and in line with the downsizing
scenario.

The right panel of Fig. 11 shows the corresponding results
using the Knowles model, depicted in black. For comparison,
we plot the results from Knowles et al. (2023) as red triangles,
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Table 1. Scaling and dispersion relations for stellar population parameters with velocity dispersion for the TMJ (left) and Knowles (right)
models.

TMJ Model Knowles Model

Sc
al

in
g

R
el

at
io

ns log (t) = (−1.42 ± 0.01) + (1.00 ± 0.01) log (σ) log (t) = (−1.06 ± 0.02) + (0.90 ± 0.01) log (σ)

[Z/H] = (−0.51 ± 0.14) + (0.32 ± 0.01) log (σ) [Z/H] = (−0.62 ± 0.04) + (0.28 ± 0.02) log (σ)

[α/Fe] = (−0.44 ± 0.05) + (0.32 ± 0.01) log (σ) [α/Fe] = (−0.31 ± 0.04) + (0.24 ± 0.02) log (σ)

D
is

pe
rs

io
n

R
el

at
io

ns σlog (t) = (0.54 ± 0.15) + (−0.10 ± 0.06) log (σ) σlog (t) = (1.82 ± 0.01) + (−0.73 ± 0.01) log (σ)

σ[Z/H] = (0.87 ± 0.07) + (−0.28 ± 0.03) log (σ) σ[Z/H] = (1.12 ± 0.03) + (−0.43 ± 0.01) log (σ)

σ[α/Fe] = (0.52 ± 0.03) + (−0.19 ± 0.01) log (σ) σ[α/Fe] = (0.72 ± 0.04) + (−0.27 ± 0.02) log (σ)

obtained via the same model and Lick index choice we used,
taking the set of ETG stacks from La Barbera et al. (2013). The
age, metallicity and α-enhancement for the default stacks used
in the cosmic chronometer analysis are also shown as coloured
rectangles. The agreement among the three sets of results is
remarkable and serves as a further consistency check that the
stacks have been constructed in a reliable manner. With regard to
the galactic parameters, the qualitative trends remain unchanged
and are consistent with a downsizing scenario. However, the
Knowles model predicts systematically higher ages than TMJ,
with an approximately constant offset of ∼2 Gyr across all veloc-
ity dispersions. This translates directly into much smaller metal-
licities that reach even subsolar values for σ . 160 km s−1.
Lastly, the sample is clearly α-enhanced, although the val-
ues are slightly smaller than those of the TMJ model across
all masses.

The average ages, metallicities and α-enhancements
obtained via a log-log linear fit of the above data can be
regarded as the mean values of these quantities at the population
level of massive quiescent galaxies. Even if the overall shape
of the distributions for the single galaxy estimation is under-
whelming, the mean of this distribution uncannily aligns with
the results obtained using the more reliable stacking procedure.
This is clearly seen in the upper-left panel of Fig. C.1, where
the ages derived from Lick index fitting of single galaxies
(plotted as density contours) are compared to the best fit for
the stacking analysis with the TMJ model, depicted as a solid
black line). While the median of single-galaxy ages (plotted as
a thick blue line) seems to align with the values obtained from
the stacks, a very large number of single massive galaxies are
assigned very low or extremely high ages, as portrayed by the
high density (darker blue contour) group (lobe) of individual
galaxies in between 2 and 5 Gyr in the panel. This is also true
for the metallicity and α-enhancement trends, which are shown
in the other two panels of the figure. This is a further hint that
the S/N of the spectra needs to be high enough to derive stellar
population parameters in a reliable way.

However, we can exploit the distribution of the single-galaxy
stellar population parameters to derive a mean dispersion at the
population level for the age, metallicity and α-enhancement of
massive quiescent galaxies at low redshift, that is, σlog t, σ[Z/H]
and σ[α/Fe]. Indeed, for every velocity dispersion bin, the stan-
dard deviation of the stellar population parameters with respect
to their mean value can be computed. Via a Bootstrap resampling
procedure, we can assign an uncertainty to the standard deviation

and perform a simple linear fit with respect to velocity disper-
sion, as shown in the lower panels of Fig. C.1. As expected, the
intrinsic dispersion in the ages (and thus in the formation times)
decreases with velocity dispersion, in agreement with the popu-
lar view that the more massive the local quiescent galaxies, the
more synchronous the formation of their progenitors was. The
procedure is then repeated for the Knowles model, yielding the
same qualitative behaviour, as shown in the right panels. How-
ever, the scatter in the ages for this model drops abruptly for
large velocity dispersions due to the very high ages that it sys-
tematically assigns to the most massive galaxies. Through this
approach, we provide an analytical recipe for the age, metallic-
ity and α-enhancement distribution of local quiescent galaxies
and, in particular, for the formation time of their progenitors.
These scaling relations can be used as inputs, for example, in
studies relying on the formation time distribution of the progeni-
tors of local quiescent galaxies (Bosi et al. 2025). The results are
summarised in the left column of Table 1.

5.2. An oscillating pattern in the index-redshift relations

When analysing the scatter of ages with redshift in Fig. 6, we
revealed some synchronous oscillations at various redshift inter-
vals. These effects seem to break the global tendency in a man-
ner that natural statistical fluctuations cannot explain. The effect
is most clearly seen for the TMJ model and around z ∼ 0.17,
although other small maxima could be identified at z ∼ 0.08 and
z ∼ 0.13. After ensuring that the fluctuations were independent
of the S/N of the stacks, we decided to look into the index mea-
surements, aiming to assess whether there were specific indices
responsible for the oscillatory pattern.

Fig. 12 shows the age difference with respect to a Planck
cosmology for all stacks in the three central velocity dispersion
groups5 at redshifts 0.16 < z < 0.19 (where the main oscil-
lation is found) as a function of several Lick index strengths;
namely HγF, Fe4383, Hβ and Fe5335. It is clear that HγF and
Fe4383 portray a strong correlation with respect to the age devi-
ation from Planck that is not present in the other two indices. It
should be noted that this does not mean that Hβ is not sensitive
to stellar ages; in fact, it correlates very well when plotted over
the whole sample. What the figure tells us is that certain indices

5 Note that, for clarity, we chose the same colour guide for velocity
dispersion groups as in Figs. 6, 8 and 11.
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Fig. 12. Difference between our estimated ages and the corresponding Planck Collaboration VI (2020) trends (as shown in the form of dashed
black lines in Figure 6) with respect to the index strength of HγF (left panel) and Fe4383 (right panel). For the sake of clarity, only the intermediate
velocity dispersion groups, with enough data in the interest region 0.15 < z < 0.21, are represented.

are more responsible than others for the main fluctuation in the
data irrespective of their intrinsic correlation with stellar ages.

As a consequence, we decided to look more closely at the
index measurements and found an oscillatory behaviour with
respect to redshift for a number of them. A paradigmatic exam-
ple of this finding is shown in Fig. 13, where the coloured dots
are our measurements of the HγF index for every galaxy stack
in the four central velocity dispersion groups (again, the colour
code for velocity dispersion is the same as in previous figures).
As depicted in the bottom subpanel, a synchronous oscillation
of ∼10% with respect to the smoothed global trend (depicted
as a solid black line) is clearly visible for three velocity dis-
persion bins around z ∼ 0.17, where the main fluctuation fea-
ture is found for the ages. To determine if this could be related
to the stacking procedure, we decided to measure the index
strength for all single galaxies used in the stacks individually.
The mean index value for every redshift is shown as a solid line,
with the same colour code. As it is clearly observed, the single-
galaxy trend follows perfectly that of the stacks, proving that
the oscillatory phenomenon comes from a different nature. Once
the stacking was discarded as the reason behind this effect, we
could only turn to some flaw in the measurement of the index
strengths. Fortunately, the SDSS archive offers measurements of
Lick indices as well in their galSpecIndx table (Tremonti et al.
2004; Brinchmann et al. 2004). The mean for every redshift is
shown with thin dashed lines, again with the same colours.
The agreement is extremely perfect for z < 0.25, to the
point that the solid and dashed lines overlap almost at every
point with our measurements coming from both single galaxies
and stacks.

Since the trait is particularly enhanced at 0.16 . z . 0.19, we
can inspect our methodology to check for any particular diver-
gence at that redshift. We have a strong non-linear behaviour in
the SDSS instrumental resolution with wavelength at ∼5500 Å
(rest frame) that is extended down to ∼4500 Å at z ∼ 0.3, as
can be observed in Figure 4. One could suspect of the treatment
of the instrumental resolution as a driver of (or element that
enhances) the fluctuation. At the aforementioned redshift win-
dow, all spectral features falling within 4810 Å and 5350 Å could
be affected by the discontinuity in the instrumental resolution of
SDSS. The indices that are included in that wavelength range,
partially or totally, are Hβ, Fe5015, Mg1, Mg2, Mgb, Fe5270 and
Fe5335. From these, Hβ and the bluest iron index were inspected
in Fig. 12, but showed no correlation in the age-index strength
plane. The ones that present the clearest correlation in that plane,

HγF and Fe4383, are safely found in the region where σIR is
still ∼1.06 Å, so for the moment we can say that the (non-linear
wavelength-dependent) instrumental resolution of SDSS is not
the cause we are looking for.

The tests above show that there is an oscillatory trend in
the HγF index with respect to redshift that does not depend on
galaxy mass or the S/N of the spectrum. It is neither related
to the stacking procedure nor the measurement itself, pointing
to something rooted inside the individual galaxy spectra. More-
over, when we extend this analysis to other indices, we see that
this strange behaviour is not only typical of HγF, nor is it in
that index that the trait is most enhanced. The pattern (although
with different strengths and at different redshifts) is found as
well, for instance, in the Fe4383, Fe4531, HδA and Hβ index
strengths. All of these are included in the fitting set, yet many
others not included likewise show oscillating patterns or fluc-
tuations (Appendix D includes the oscillations found in sev-
eral other indices apart from HγF, shown in Fig. 13), as is the
case for D4000n and C24668. The latter is the most striking,
with oscillations enhanced, periodic, and stable for a long red-
shift range, and more relevant than the index-velocity dispersion
relation itself. The discontinuity feature suffers instead a signif-
icant drop at z ∼ 0.10 (Fig. D.3), breaking the expected sta-
ble and monotonous decrease in the feature with redshift. We
call attention to the fact that such behaviour could undermine
the good work of the D4000n estimator at the referred redshift.
Indeed, D4000n estimations of H(z) at z < 0.4 are relatively
scarce (Fig. 9), and Moresco et al. (2011) had already limited
the work with this feature at z > 0.15, where it seems to gain
stability.

Since the factors within our control do not seem to explain
the observed oscillations, we believe that the only possibilities
should be related to the SDSS data treatment. In particular, either
the issue reflects a problem with the interpolation in the flux cal-
ibration procedure or is associated with atmospheric emission.
As explained in Stoughton et al. (2002), these effects are taken
into account in the SDSS data reduction pipeline by modelling
hot stars and subtracting the empty sky. Regarding the former,
the instrument response function is estimated using the observed
spectra of hot young stars, whose spectra are well understood
and calibrated. These spectra feature very deep Balmer lines,
and modelling the continuum of these stars requires interpolat-
ing the flux at their wavelength region. This can introduce a bias
in the response function at the rest-frame position of Balmer
lines (since calibration stars are local) and, as a consequence,
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Fig. 13. HγF trend with redshift. The measurements from the stacks
are shown as data points, coloured by the corresponding velocity dis-
persion bin according to the colour code used in previous figures. The
solid black lines represent the global trend via smoothed moving means,
while the solid coloured lines are our measurements for single galaxies.
The results from the SDSS database are depicted with coloured dashed
lines.

in the measurement of Lick absorption features that fall at the
rest-frame wavelength of these Balmer lines. We take the HγF
index as an example. As shown in Fig. 13, this index displays
a strong oscillation between z ∼ 0.16 and z ∼ 0.19. Taking
into account the definition of both the central and pseudocon-
tinuum regions of this index, a quick computation shows that the
rest-frame wavelength corresponding to this index for these red-
shifts lies well below 3800 Å, far from the Hδ Balmer index, the
only one that could potentially be responsible for a bias in the
measurement. While it is true that other smaller fluctuations in
HγF, such as the minimum around z = 0.08, might fall at the
right rest-frame wavelength for Hδ, we checked that the inter-
polation issue could not account for the vast majority of oscil-
lations in all indices. The second possibility would be related to
telluric absorption or emission lines not correctly accounted for
in the SDSS data reduction pipeline. Trying the wealth of exist-
ing atmospheric lines that could be responsible for the oscillat-
ing patterns is beyond the scope of this work, but preliminary
tests seem to show that they cannot contribute to the bulk of this
anomaly. Further work will address these findings.

6. Conclusions

In this study, we employed a cosmographic approach in the con-
text of cosmic chronometers to derive a continuous measurement
of the Hubble parameter up to z ∼ 0.4 via the fitting of Lick index
absorption lines from massive and passively evolving galaxies.
To this end, we carefully constructed a sample of such objects
from the SDSS Legacy data – resulting in a sample of 90 396
objects meeting the expected physical requirements for these
galaxies – in agreement with other samples in the literature. The
spectra are reliably stacked in bins of both velocity dispersion

and redshift to ensure a similar and high enough S/N. After care-
fully considering instrumental resolution and velocity dispersion
effects, Lick absorption line indices were measured and fitted
with two stellar population models, namely TMJ (Thomas et al.
2011) and Knowles (Knowles et al. 2023), in order to derive stel-
lar population parameters (t, [Z/H], [α/Fe]). We emphasise the
importance of using stacked spectra for the analysis, as demon-
strated by the stellar population parameter distributions obtained
from the fit of single galaxy Lick indices, which feature a much
less reliable and stable behaviour.

Results cover the cosmographic fit of the stellar ages,
t(z; H0, q0, j0), through the integration of the inverse of the Hub-
ble parameter, expanded in the Taylor series of z/(1 + z) up
to order 2. The credible intervals given for the cosmographic
parameters {H0, q0, j0} include only the statistical uncertainty
associated with the scatter of the data and error propagation
throughout the data treatment process. A brief summary of
the systematic uncertainties due to our manipulation of data
is included and applied directly to the final H(z) estimation.
Namely, we tested the effect of the choice of the S/N level for the
stacked spectra and the exclusion of stacks that average galaxies
extended in redshift with σz greater than the limit we imposed
(i.e. the baseline is σz < 0.005). We observed that these account
for an impact similar to twice the statistical uncertainty. Other
sources of systematic uncertainty related to the SPS models are
not analysed in this work. However, we included an additional
margin in the estimation of H(z) under the assumption that these
could represent a similar value to the those we accounted for.
This is based on recent studies that assessed the effect of the
SPS model and the Lick index combination on the H(z) readout.

The TMJ model provides ΛCDM-aligned posteriors for our
set of cosmographic parameters when the condition dH/dz > 0
is included. This yields a model-independent measurement of the
Hubble constant, H0 = 70.0+4.1

−7.6 (stat.) km s−1 Mpc−1, that covers
both late-time and early-time probes results. The deceleration
parameter is skewed towards the limit imposed by the condi-
tion on the derivative of H, which translates into q(z) > −1; in
particular q0 > −1. The removal of this condition reveals the
compatibility of the TMJ-modelled ages with combinations of
cosmographic parameters in q0 < −1 and j0 > 50, which in
those cases requires H0 > 100. We gave a cosmological read-
out of our results by introducing a w0CDM model in which our
estimated q0 and j0 (baseline) can be translated into Ωm and w0.
By requiring that 0 < Ωm(q0, j0) < 1, we find that the condition
dH/dz > 0 only removes some phantom solutions from the pos-
sible results, while keeping H0 virtually unchanged. The associ-
ated dark energy equation of the state parameter, w0, is compati-
ble with a cosmological constant, with some but not all phantom
states allowed.

Our final result consists of drawing H(z) using the MCMC
chains from the baseline case (TMJ model with dH/dz > 0). The
agreement with previous punctual measurements is good, and
we conclude that our methodology is competitive with the anal-
yses based on FSF (whose uncertainties are somewhat greater
than ours) and covers a region (z < 0.15) where D4000n mea-
surements from SDSS proved to be problematic. We associate
the latter trait with the unveiled pattern of oscillations and fluc-
tuations in the index-redshift relations for several Lick indices
and other features, in particular with the non-monotonicity in
D4000n and D4000.

Regarding the Knowles model, the distribution of stellar ages
on the t − z plane posed some problems for the cosmographic
fit. Uncertainties in the derived ages were smaller by a factor of
∼7 in comparison to the TMJ-modelled ages and were therefore
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much smaller than the intrinsic scatter in the data, which was
also slightly higher than in the TMJ case. These issues were par-
tially mitigated by the introduction of additional f -factor param-
eters in the likelihood. In our assessment, the overall age dis-
tribution remains less robust than that produced by the TMJ
model. Hence, we advise some caution when using the Knowles-
modelled ages for cosmographic applications, at least until the
model has been more thoroughly examined. This includes eval-
uating its various assumptions, such as the choice of IMF, which
is expected to contribute only marginally (Moresco et al. 2020);
exploring alternative spectral diagnostics beyond those used in
our fit; or even considering different methodologies other than
spectral-feature fitting, taking advantage of the model being pre-
sented as full synthetic spectra for the given combinations of age,
metallicity, and α-enhancement.

As a by-product, we gave relations for the evolution of stellar
population parameters with respect to velocity dispersion for the
stellar population models. As expected, these scaling relations
are in agreement with the downsizing scenario, although with
quantitative differences with respect to results in the literature.
Beyond these, we also offered a quantitative description for the
dispersion relations of these parameters.

We conclude our study by presenting the finding of an unex-
pected oscillating pattern in the distribution of index strengths
with respect to redshift for a number of Lick indices, partic-
ularly those used in the cosmographic fits. These were found
when trying to understand the fluctuating behaviour of the age-
redshift dispersion. We observe that some index strength oscil-
lations were more correlated with age oscillations than others,
namely the Balmer Hγ feature (both A and F definitions) and
some iron indices (in particular Fe4383), which are the main
drivers of the oscillation around z ∼ 0.17. We investigated their
potential origin and discarded a statistical nature due to the syn-
chronised behaviour of the oscillations across velocity disper-
sion bins. A methodological origin was also ruled out, as fluc-
tuations are found both in the stacked and single-galaxy spectra
and are also present in the Lick index measurements provided by
the SDSS (Tremonti et al. 2004; Brinchmann et al. 2004). Fur-
thermore, flux calibration issues related to the interpolation of
the continuum in the SDSS data reduction pipeline do not seem
to account for such strong features, nor does a preliminary anal-
ysis of telluric absorption lines. To our knowledge, such oscilla-
tions have never been reported before and will be further studied
in future work. In particular, the presence or absence of such
oscillations in spectroscopic data from the GAMA survey will
help inform us about the role of the SDSS spectrograph and data
reduction in their origin.

The big picture for future works is that SPS models will
remain a critical bottleneck and source of systematic uncertainty.
Deep spectroscopic surveys (e.g. DESI and Euclid), as well as
fully exploiting BOSS and eBOSS data, may provide the nec-
essary leverage at z > 0.5. At higher redshifts, the parameters
of the cosmographic fit may be more sensitive to kinematical
parameters, and a custom H(z) expansion in the vicinity of a
non-zero redshift is even possible, giving us the counterparts of
our set of cosmographic parameters at higher redshift.
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Appendix A: Correction of the velocity dispersion
effect

The process to transform the raw measurements of Lick indices
(or in general spectral features) to data ready for the cosmo-
graphic fit was outlined in Sec. 3.3. In this Appendix we pro-
vide with the functional form of the corrections that need to
be applied in order to take data at σ [km s−1] velocity disper-
sion and instrumental spectral resolution of 1.5Å (root mean
squared wavelength resolution) to zero velocity dispersion and
σIR = 1.06Å.

Table A.1. Coefficients of the correction function for each index:
CI(σ,σIR) = a0 + a1σ + a2σ

2 + a3σ
3.

Index a0 a1 (×10−4) a2 (×10−6) a3 (×10−8)
HδA 1.007 -0.297 1.893 0.137
HδF 0.938 -9.164 -9.720 1.396
CN1 0.004 0.380 0.164 -0.029
CN2 0.003 -0.020 0.455 -0.051
Ca4227 1.011 2.267 -1.146 -1.621
G4300 1.002 -0.254 1.653 -0.172
HγA 0.996 -0.263 -0.951 0.221
HγF 1.010 -0.641 2.561 -0.362
Fe4383 1.002 -2.635 3.658 -0.202
Ca4455 1.036 0.737 7.826 -0.191
Fe4531 1.015 1.501 2.133 -0.083
C24668 0.998 -1.769 1.087 0.031
Hβ 1.004 1.498 0.347 0.023
Fe5015 1.021 1.398 5.114 -0.491
Mg1 0.000 0.026 0.078 -0.010
Mg2 0.000 0.077 0.068 -0.008
Mgb 0.997 -2.877 2.714 -0.023
Fe5270 1.010 0.100 3.823 -0.309
Fe5335 1.020 0.661 6.097 0.083
Fe5406 1.004 -2.339 4.860 0.341
Fe5709 1.008 2.145 1.200 0.300
Fe5782 1.002 -1.793 4.609 0.654
NaD 1.002 1.619 0.061 0.182
TiO1 0.000 -0.026 0.009 0.000
TiO2 0.000 0.031 -0.013 0.002

Figure A.3 shows the correction functions for all 25 basic
Lick indices. The choice of colour depends on whether the
feature has been used in the fit with each of the models. All
the corrections are computed as 3rd order polynomials in σ
[km s−1], with central values for the parameters ai, CI(σ,σIR) =∑

i aiσ
i, shown in table A.1. For the atomic indices the correction

takes the form C(σ,σIR) = I(0, σMILES)/I(σ,σIR), while for the
molecular indices (CN1, CN2, Mg1, Mg2, TiO1, TiO2) it is com-
puted as C(σ,σIR) = I(0, σMILES) − I(σ,σIR). σIR = 1.5Å and
σMILES = 1.06Å. The uncertainty associated with the correction
δC is small in all cases, due to the little scatter (over the sam-
ple of SDSS giant stars) and good approximation of the average
computed I0/I(σ) to a third order polynomial. Both Hδ features
show a thicker line, representing the 1σ exceeding the thickness
of the line indicating the fiducial value.

In this paper, we presented two different ways to address the
correction of the velocity dispersion effect imprinted in galaxy
spectra. The common way is the aforementioned one, through
the correction functions, and applied a posteriori. The other one,
in which we presented on the Knowles model, consists in cor-
recting the SPS model to make velocity dispersion become a fine
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Fig. A.1. Effect on the modelled age (Knowles model) of varying the
methodology to account for the velocity dispersion effect. Colours are
chosen to represent the velocity dispersion groups in Fig. 8.
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Fig. A.2. Comparison of the uncertainties derived from Knowles-
modelled age resulting from the two possible treatments of the velocity
dispersion effect.

tuning configuration. However, this can only be applied to Lick
index models that come from direct integration over spectra,
which is not the case of the TMJ model. Even if, as discussed in
the text (Sec. 4), the ages derived with the Knowles model have
to be taken with caution, we analyse the effect that these two dif-
ferent approaches have on the age distribution. To visualise the
difference we present in Fig. A.1 the rate ∆t/tcorr between the age
difference derived using both methodologies ∆t ≡ tin-model − tcorr,
where tin-model is the age derived using the model adapted to dif-
ferent velocity dispersions and tcorr is the age derived using the
corrections.

The global distribution of ∆t/tcorr is Gaussian and with a
mean close to 0. Indeed, P16(∆t/tcorr) = −0.9%, Med(∆t/tcorr) =
0.2%, and P84(∆t/tcorr) = 1.9%. We conclude that even if the
ages from the two methodologies seem highly compatible, some
systematic uncertainty can be due to the treatment of the veloc-
ity dispersion effect. The uncertainty of the correction functions
is already included as a part of the statistical uncertainty in the
moment the galactic parameters fit is performed over the set of
Lick index measurements. In general, this cannot be accounted
for when the model is modified to include velocity dispersion
as a fine-tuning parameter. Interested in assessing the impact of
the different treatments of the velocity dispersion effect onto the
uncertainties derived for the age estimation, we performed a fit of
the corrected Lick indices with the Knowles model at zero veloc-
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ity dispersion. The comparison of the difference in the uncertain-
ties in age coming from both fits, σt,in-model −σt,corr, is presented
in Fig. A.2.

The distributions for all the velocity dispersion groups, on
the right panel in Fig. A.2, shows a perfect compatibility of the
uncertainties in the two cases. We see that the choice of method-
ology to treat the velocity dispersion effect is irrelevant to the
age uncertainties, which supports the idea that the nature of each
model is the root of the differences observed between Figs. 6 and
8.

Appendix B: Cosmographic fits

In Sec. 4 we commented on the results of several cosmographic
fits. Of those obtained from the TMJ-modelled ages, we showed
the posterior distributions for the baseline (Fig. 6) and the
w0CDM readout of our results (Fig. 7). Now we show some of
the remaining corner plots that we did not present in the main
text. In Fig. B.1 we unveil the posterior distributions for the case
without the dH/dz > 0 limitation (top) and the case in which
we omit the data from the region of the strong oscillation in
0.15 < z < 0.20 (bottom). In the former case, we shadowed
the region with q0 < −1, indicating all the parameter space that
is limited by the condition on the derivative of H in the base-
line fit. For the later, we highlight how the exclusion of the data
affected by the greater oscillation in the index-redshift trend does
not particularly improve the overall fit.

Finally, we show an example of the full sampling of the
parameter space for the baseline scenario, including the ages at
zero redshift for each velocity dispersion group, t0,v, in Fig. B.2.
As commented in the main text, the posterior distributions for
the present-time ages are well defined within the prior we set,
with typical 1σ of the order of 0.3 Gyr.

Appendix C: Scaling relations

This appendix is included to show the distribution of single
galaxies in the stellar parameter - velocity dispersion planes, as
in Fig. C.1, where in blue we presented the results for the TMJ
model and in light red for the Knowles model. In black we plot
the tendency obtained from the custom stacks that are mapped in
Fig. 11, showing the good agreement between the moving mean
of the single galaxies (darker blue / red line in each case) with
the fit coming from the stacks. In the lower panels, the bootstrap
methodology explained in the main text give us a relation for the
dispersion of the parameters and the velocity dispersion.

Appendix D: Index strength oscillations

This appendix is included to show the behaviour of several
indices with redshift. We included the remaining Balmer indices
(Fig. D.1), as they present oscillations that represent deviations
from the average value of the index of up to a 10%. However,
the HδF index does not exhibit a clear coherence between the
different velocity dispersion groups. Two iron indices (Fe4383,
Fe4531) are presented (Fig. D.2) as the oscillations are clearly
synchronous among the velocity dispersion groups. Even if the
value of the fluctuation is relatively small relative to the index
strength, the expected smooth behaviour is broken clearly.

In Fig. D.3 we present the D4000 and D4000n spectral fea-
tures, showing a clear non-monotonous behaviour. Particularly,
from z ∼ 0.10 to z ∼ 0.15, the D4000n grows with redshift,
opposing the expected soft decreasing trend. Then, in Fig. D.4,
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Fig. B.1. Sampling of the parameter space relative to the cosmographic
parameters. On top, the general case in which the dH/dz > 0 condition
was removed; for clarity, not only is q0 = −1 shown but also the entire
q0 < −1 region. On the bottom, the baseline case is shown with the
exclusion of the data in the range 0.15 < z < 0.20.

the C24668 and TiO1 lines are shown to exhibit the case of an
extreme oscillatory behaviour. In all cases the SDSS measure-
ments (thin dashed lines), stacked data (dots) and single galaxies
average (thick line) agree, backing our thesis that these are not
spurious fluctuations arising from our treatment of the data.
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equivalent to Fig. 13.
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Fig. D.4. Index-redshift relation for indices not included in the stellar parameter fits. C24668 and TiO1 are shown on the left and right, respectively.
The structure of each panel is equivalent to Fig. 13.
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