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ABSTRACT

Investigating what drives the quenching of star formation in galaxies is key to understanding their evolution. The Euclid mission will provide rich
spatial and spectral data from optical to infrared wavelengths for millions of galaxies, and enable precise measurements of their star formation
histories. Using the first Euclid Quick Data Release (Q1), we developed a probabilistic classification framework that combines the average specific
star-formation rate (sSFRiog(r)) inferred over two timescales (r = 10%, 10° yr) to categorise galaxies as ‘ageing’ (secularly evolving), ‘quenched’
(recently halted star formation), or ‘retired’ (dominated by old stars). We validated this methodology using synthetic observations from the
MustrisTNG simulation. Two classification methods were employed: a probabilistic approach, which integrates posterior distributions, and a
model-driven method, which optimises sample purity and completeness using IllustrisTNG. At z < 0.1 and M, 2 3 x 108 My, we obtain Euclid
class fractions of 68-72%, 8-17%, and 14—19% for ageing, quenched, and retired populations, respectively, which is consistent with previous
studies. Ageing and retired galaxies dominate at the low- and high-mass end, respectively, while quenched galaxies surpass the retired fraction for
M, < 10" M, The evolution with redshift shows increasing and decreasing fractions of ageing and retired galaxies, respectively. The fraction
of quenched systems shows a weaker dependence on stellar mass and redshift, varying between 5 and 15%. We find tentative evidence that more
massive galaxies usually undergo quenching episodes at earlier times with respect to their low-mass counterparts. We analysed the mass-size-
metallicity relation for each population. Ageing galaxies generally exhibit disc morphologies and low metallicities. Retired galaxies show compact
structures and enhanced chemical enrichment, while quenched galaxies form an intermediate population that is more compact and chemically
evolved than ageing systems. Despite potential selection biases, this work demonstrates Euclid’s great potential for elucidating the physical nature

of the quenching mechanisms that govern galaxy evolution.

Key words. galaxies: evolution — galaxies: fundamental parameters — galaxies: general — galaxies: star formation — galaxies: stellar content

1. Introduction

One of the current central questions in galaxy evolution is to
identify the main physical processes that govern the specific
star-formation rate (SSFR = SFR/M.,) and drive the transi-
tion from blue star-forming galaxies to red quiescent systems
(e.g. Faber et al. 2007; Peng et al. 2010; Schawinski et al. 2014;
Casado et al. 2015; Tacchella et al. 2016, 2022; Moutard et al.
2016; Belli et al. 2019). Different approaches have been pro-
posed in the literature to classify these processes in order to
gain a deeper understanding of their potential role. Based on
their origin (the so-called ‘nature versus nurture’ debate), two
broad categories have been proposed: internally triggered mech-
anisms (‘nature’), such as negative feedback from active galac-
tic nuclei (AGN), supernovae-driven winds (Crenshaw et al.
2003; Di Matteo et al. 2005; Croton et al. 2006; Sawala et al.
2010; Cheung et al. 2016; Fitts et al. 2017), which can expel
or heat gas, or morpho-kinematic related effects that prevent
gas cloud fragmentation (e.g. Bigiel et al. 2008; Martig et al.
2009; Gensior et al. 2020), versus environmentally driven pro-
cesses (‘nurture’) such as ram-pressure stripping (able to remove
part of or even all the gas reservoir; see e.g. Gunn et al. 1972;
Boselli & Gavazzi 2006; Brown et al. 2017), starvation (the sup-
pression of gas infall; see e.g. Larson et al. 1980; Wetzel et al.
2013; Peng et al. 2015), which leads to a suppression of star for-
mation, or galaxy interactions (Moore et al. 1996; Bialas et al.
2015). These mechanisms often act simultaneously or sequen-
tially, and their relative importance may depend on galaxy
mass, environment, and redshift. For example, both theoretical
predictions and observational evidence suggest that low-mass
galaxies are more strongly affected by environmental effects,
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whereas massive systems are likely dominated by internal pro-
cesses like AGN feedback (Pengetal. 2010; De Lucia et al.
2012; Corcho-Caballero et al. 2023a).

An alternative and complementary way to distinguish
between these physical mechanisms is by their characteris-
tic timescales. In the classical picture (Kormendy & Kennicutt
2004), fast, violent processes are expected to occur on a free-
fall (dynamical) scale, 4y, ~ 1/+/Gp, where p is a representa-
tive density of the galactic halo. Several of the aforementioned
mechanisms, such as galactic outflows, harassment, or ram-
pressure stripping, fall into this category. In contrast, other pro-
cesses, including starvation or morphological transformations,
occur on much longer (‘secular’) timescales and require several
galactic rotations for their effect on the SFR to be noticed (e.g.
Wright et al. 2019; Walters et al. 2022).

A third and final distinction concerns the magnitude of
the effect. Some physical mechanisms contribute to ‘regulate’
the efficiency of gas accretion, cooling, and/or conversion into
stars through interactions with the interstellar medium (e.g.
Booth & Schaye 2009; Hopkins et al. 2012), which leads to
smooth or mildly oscillatory star formation histories (SFHs).
In particular, any negative ‘feedback’ process whose intensity
scales with the star formation activity (e.g. supernovae-driven
winds) will drive the system towards a steady-state ‘bathtub’
mode where the SFR is proportional to the gas infall rate
(e.g. Bouché et al. 2010; Maiolino & Mannucci 2019, and ref-
erences therein), but it will never be able to halt it completely
unless the cold gas supply is shut down. On the other hand, the
strength of other ‘suppressing’ mechanisms is not tied to the
SFR, and thus they may reduce it to negligible levels, by extin-
guishing the gas supply (e.g. starvation, ram-pressure stripping),
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preventing it from forming stars (e.g. morphological quenching),
or both.

In this work, we define ‘quenching’ as a process capable of
terminating — or significantly suppressing — the star formation
of a galaxy on a short timescale (i.e. less than about 1 Gyr). In
contrast, we use the term ‘ageing’ to denote the continuous sec-
ular evolution of a galaxy, which encompasses different evolu-
tionary stages from star-forming (including short-lived star-burst
episodes) to quiescent phases, driven by the steady consumption
of its gas reservoir through uninterrupted star formation (e.g.
Casado et al. 2015; Tacchella et al. 2016). All galaxies, blue and
red, undergo ageing as their sSFR gradually decreases with time.
Discriminating between galaxies that are merely ageing and sys-
tems that are also affected by slow suppressing processes (often
referred to as ‘slow quenching’; see e.g. Schawinski et al. 2014;
Moutard et al. 2016; Belli et al. 2019; Tacchella et al. 2022) on
timescales =1 Gyr is challenging and, in practice, often impossi-
ble. We consider that all these secularly evolving systems belong
to the ageing category. At the red end, it is particularly chal-
lenging to reconstruct the evolutionary path a galaxy has fol-
lowed over cosmic time: presently, red objects that have grad-
ually evolved to quiescence appear spectroscopically similar to
those that experienced a sudden quenching event in the distant
past (e.g. Corcho-Caballero et al. 2023b). We refer to those sys-
tems as ‘retired’.

Consequently, we focus on identifying galaxies that show
clear evidence of recent quenching and distinguishing them from
the ageing and retired populations. To achieve this goal, we pre-
viously developed an empirical diagnostic tool based on several
observational samples of nearby galaxies (Casado et al. 2015;
Corcho-Caballero et al. 2021a, 2023b, hereafter C15, CC21b,
and CC23a). The ageing diagram (AD) combines two proxies
for star-formation, sensitive to different timescales, to probe the
derivative of the recent SFH during the last 1-3 Gyr. Specifically,
we used the equivalent width of the He line (EW(Ha)) to trace
star formation over the last 107 years, while we employed opti-
cal colours (# — r and g — r in C15, CC21b, respectively) or the
4000 A break (CC23a) to trace sSFRs over the last billion years.

Systems with smoothly varying SFHs form a sequence
characterised by a tight correlation between these proxies. In
contrast, galaxies that recently experienced quenching display
suppressed EW(Ha) due to a lack of O and B stars but retain
a relatively blue stellar continuum dominated by intermediate-
age populations (e.g. A-type stars). We introduced two demarca-
tion lines within the AD to classify galaxies into four domains
similar in spirit to the ‘star-forming’, ‘young quiescent’, and
‘old-quiescent’ populations proposed by Moutard et al. (2018):
ageing galaxies (AGs) undergoing secular evolution, undeter-
mined galaxies (UGs) with unclear classifications, quenched
galaxies (QGs), which show evidence of recent quenching events
(51 Gyr), and retired galaxies (RGs) at the red end of the dia-
gram where ageing and quenched sequences converge. Inferring
the recent SFH in these galaxies is extremely difficult, and one
cannot in general discern which path (ageing or quenching) they
have followed to reach the retired class.

Numerous studies have sought to identify quenching in the
Universe. Early efforts often relied on UV-to-IR photometric
measurements to distinguish between star-forming and quies-
cent galaxies (e.g. Williams et al. 2009; Schawinski et al. 2014).
However, these methods can struggle to clearly separate the
two populations, particularly if red systems are assumed to
always represent quenched galaxies (see e.g. Abramson et al.
2016, for alternative interpretations). Closer to our approach,
some previous studies discriminated between fast and slow

evolutionary modes combining colours and/or spectral fea-
tures (e.g. Moutard et al. 2016, 2018, 2020; Cleland & McGee
2021). Finally, recent studies have characterised the time
derivative, or simply tracked recent changes, of the SFH
in galaxies (Martinetal. 2017; Merlinetal. 2018, 2019;
Jiménez-Lopez et al. 2022; Weibel et al. 2023; Aufort et al.
2025). These works often used mock SFHs (either based on ana-
lytical models or simulations) to derive synthetic observables,
such as broad-band colours or spectral features — e.g. EW(Ha),
EW(Ho), and D, (4000) — combined with regression techniques
to infer SFRs over different timescales.

The European Space Agency’s Euclid mission (Euclid
Collaboration: Mellier et al. 2025) offers an unparalleled
opportunity to investigate galaxy quenching across cosmic
time. The multi-wavelength high-quality photometric and
spectroscopic data, across optical-to-IR bands, provided by
the Wide (Euclid Collaboration: Scaramella et al. 2022) and
Deep (Euclid Collaboration: Mellier et al.  2025) surveys,
will enable a detailed reconstruction of the SFHs of galax-
ies across an unprecedented range of redshifts and stellar
masses (e.g. Euclid Collaboration: Bisigello et al. 2023; Euclid
Collaboration: Enia et al. 2024; Euclid Collaboration:
Abdurro’uf et al. 2025). A key strength of Euclid lies in
its high-resolution imaging capabilities, which will allow for an
in-depth exploration of the connection between galaxy SFHs
and their optical morphologies.

In this paper, we utilise the first Euclid Quick Data Release
(Q1; Euclid Collaboration: Aussel et al. 2026) to characterise
the SFHs of galaxies and employ a probabilistic framework
inspired by previous work using the AD. In Sect. 2, we describe
the selection of the Euclid galaxy sample and the numerical sim-
ulations from the IllustrisTNG suite that we used to calibrate
our methods. The classification scheme and the Bayesian infer-
ence of the SFHs is presented in Sects. 3.1 and 3.2, respec-
tively. The validation of our method using IllustrisTNG synthetic
data is discussed in Sects. 4.1-4.4. Results from applying the
classification framework to the Euclid sample are described in
Sect. 4.5, while a discussion in terms of stellar mass and evo-
lution with redshift are presented in Sects. 5.1 and 5.2, respec-
tively. Throughout this work, we adopt a flat ACDM cosmology,
with Hy = 70km s~ Mpc™' and Q,, = 0.28.

2. Data

In this work, we use a combination of ground- and space-based
photometry from the Euclid Quick Release 1 (Sect. 2.1), together
with synthetic photometry derived from the [llustrisSTNG model
(Sect. 2.2), devoted to tailoring the proposed classification
scheme and evaluating its performance.

2.1. Euclid

The sample of FEuclid galaxies is selected from the
three Euclid Deep Fields (EDFs) that form part of Ql
Euclid Collaboration: Aussel et al. (2026). This work uses
image data from the Euclid NISP instrument (Yg, Jg, and
Hg; see Euclid Collaboration: Jahnke et al. 2025) as well as
external data from ground-based surveys. EDF-N ugriz optical
imaging data is provided by the Ultraviolet Near Infrared
Optical Northern Survey (UNIONS; Gwyn et al. in prep.). The
dataset comprises observations performed with the Canada-
France-Hawaii Telescope (CFHT) in the u and r bands, i-band
data are provided by the Panchromatic Survey Telescope and
Rapid Response system (Pan-STARRS; Chambers et al. 2016),
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whereas g- and z-band imaging is acquired by two programmes
using Subaru Hyper Suprime-Cam (HSC; Miyazaki et al.
2018): Wide Imaging with Subaru Hyper Suprime-Cam Euclid
Sky (WISHES) and Waterloo-Hawaii-IfA g-band Survey
(WHIGS), respectively. In the southern hemisphere, imaging
data in the griz bands are provided by the Dark Energy Survey
(Abbott et al. 2018, 2021), as well as additional observations
performed with the DECam instrument at the Blanco Telescope.
For additional details on the survey design of Euclid, see
Euclid Collaboration: Mellier et al. (2025).

The present work uses template-fitting photometry
(TEMPLFIT) extracted using T-PHOT by the MER process-
ing function (Euclid Collaboration: Romelli et al. 2026). Fluxes
are computed by convolving the shape of the detected source
in the VIS band with the corresponding PSF model at the
different bands, and fitting the surface brightness profiles (see
Euclid Collaboration: Merlin et al. 2023, for details). We apply
a series of cuts to maximise the quality of the ugrizYgJeHg
photometry:

— VIS_DET=1 (i.e. the source must be detected on the Ig
band);

— FLAG_$BAND_TEMPLFIT < 4 (i.e. reject sources with satu-
rated pixels or close to tile borders);

— A homogeneous signal-to-noise ratio (S/N) thresh-
old applied to wugrizYgJgHg bands, defined as
FLUX_$BAND_TEMPLFIT/FLUXERR_$BAND_TEMPLFIT > 30,
equivalent to Amag ~ 0.036;

— SPURIOQUS_FLAG=0 (i.e. discard potential artefacts);

— POINT_LIKE_PROB < 0.2 (i.e. remove misclassified stars).
See Euclid Collaboration: Romelli et al. (2026) for further
details on the flags.

Additionally, we require the sources in our sample to
have publicly available spectroscopy-based redshift estimates. In
EDEF-N, we cross-matched the sources with catalogues available
from the DESI early data relase (DESI Collaboration 2024) and
the Sloan Digital Sky Survey DR16 (Ahumada et al. 2020). The
sample selected from the EDF-S and EDF-F fields results from
a crossmatch with multiple spectroscopic campaigns: 2dFGRS
(Colless et al. 2001); 2dFLenS (Blake etal. 2016); 3D-HST
GOODs (Brammer et al. 2012); OzDES (Lidman et al. 2020);
PRIMUS (Coil et al. 2011); and VVDS (Le Fevre et al. 2013).
We applied several additional quality assurance cuts to prevent
outliers with unreliable photometry or spectroscopic redshift:

— redshift cut: 0.001 < z < 1.3;

— colourcut: 0 < g—r<2;

— absolute magnitude cut: —16 > M, > —24.5.

The resulting sample comprises 9699 and 15941 galaxies across
the EDF-N and EDF-S+EDF-F fields, respectively. The north-
ern sample is primarily composed of sources at 0 < z < 04,
with red sequence galaxies dropping out at z > 0.3. On the other
hand, the EDF-S+EDF-F sample extends to higher redshifts,
0.2 < z < 0.8. Appendix A provides a discussion regarding
the characterisation of the sample completeness and the statis-
tical volume-correction applied to the sample in Sects. 4.5, 5.1,
and 5.2.

2.2. llustrisTNG

To test and validate our methodology, we build a syn-
thetic sample using the IllustrisTNG simulations (Naiman et al.
2018; Marinacci et al. 2018; Springel et al. 2018; Pillepich et al.
2018a; Nelson et al. 2018). This suite comprises a series of cos-
mological magneto-hydrodynamical simulations, run with the
moving-mesh AREPO code (Springel 2010), which model a vast
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range of physical processes such as gas cooling and heating, star-
formation, stellar evolution and chemical enrichment, SN feed-
back, BH growth, or AGN feedback (see Weinberger et al. 2018;
Pillepich et al. 2018b, for details). In this work, we use the pub-
licly available results from the TNG100-1 run at z = 0, which
consists of a cubic volume with a box length of about 107 Mpc,
with dark matter and baryonic mass resolutions of 7.5 x 10° M,
and 1.4 x 10° M, respectively. We select all non-flagged sub-
haloes (i.e. rejecting those objects believed to be numerical arte-
facts) with total stellar mass within two effective radii, defined
as the 3D comoving radius containing half of the stellar mass, in
the range 10° < M, /M, < 10'2, comprising 18 367 sources.

For each simulated galaxy, we compute its star-formation
history by accounting for all stellar particles located within two
effective radii, defined in terms of the stellar component of each
subhalo. The SFHs are used to predict observed-frame syn-
thetic spectral energy distribution (SED) at redshift 0.0, 0.3,
and 0.6 by means of the Population Synthesis Toolkit' (PST,
Corcho-Caballero et al. 2025, see also next section). Using the
SFH obtained from the snapshot at z = 0 to compute the SED
at prior times neglects the effects of mergers and accretion,
which are not particularly relevant for our purposes (the SFHs
are equally representative, and the number of galaxies between
z=0and z = 0.6 changes up to 5%).

Particles are treated as simple stellar populations (SSPs),
assuming a universal Kroupa (2001) initial mass function. In
each redshift bin, their ages and metallicities are used to interpo-
late the SED templates, using a cloud-in-cell approach in terms
of log(tage/yr) and log(Z./Z5), from the PyPopStar SSP library
(Millan-Irigoyen et al. 2021), which provides 106 models span-
ning 23 ages from 10° to 1.5 x 10! yr and four metallicities
Z. = {0.004, 0.008, 0.02, 0.05}. Particles whose values lie out-
side the grid are assigned the nearest corresponding value.

To make the mock sample more realistic, we adopt a
Cardelli et al. (1989) dust extinction law with Ry = 3.1. For
each galaxy and redshift bin, the V-band magnitude extinction
Ay is sampled from an exponential probability distribution with
a mean value of 0.3 mag, truncated at Ay = 3. While this is
an oversimplification, probably far from the intrinsic distribu-
tion of dust in galaxies, known to be dependent on fundamen-
tal quantities such as chemical composition and gas abundance
(e.g., Li et al. 2019), our ultimate goal is to test the ability of our
method to recover the input extinction together with the intrinsic
SFH.

We computed fluxes in the ugrizYgJg Hg bands by multiply-
ing the synthetic spectra with the corresponding filter sensitivity
curves’. For the sake of simplicity, only the effective through-
puts of UNIONS filters corresponding to EDF-N data were used
to produce the synthetic photometry. Finally, random Gaussian
noise is added to the computed fluxes to model a S/N of 30, con-
sistent with the minimum threshold imposed to the observational
sample.

3. Characterising star-formation histories
3.1. Classification

In previous studies, quenched galaxies were identified using
observational proxies for the specific star-formation rate, such as
spectral features like EW(Ha) and D,,(4000), along with broad-
band colours, which are sensitive to star formation on differ-

' https://population-synthesis-toolkit.readthedocs.io
2 Available through the Spanish Virtual Observatory Filter profile ser-
vice at http://svo2.cab.inta-csic.es/theory/fps/
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ent timescales. In this work, we work directly with the average
specific star-formation rate, sSFRj4r), computed over various
timescales, 7, defined as:

FILSFRW AN 1 M) - Mot - 1)

SSFRIOg(T)(t) = j(‘)t SFR([’) dr ~ T M*(t) '

ey

where SFR(7) denotes the instantaneous star-formation rate as
function of cosmic time, and M., (f) represents the cumulative
stellar mass formed in the galaxy, which is not exactly equal to
the current stellar mass because of stellar mass loss. In other
words, TsSFRjogr) is the fraction of stellar mass formed in
the last 7 years. Note also that this description only takes into
account the formation time of the stars and does not discrimi-
nate in situ star-formation from accretion in mergers.

While CC23a considered very short timescales (around
20 Myr) to capture the fraction of massive O and B stars respon-
sible for Ha, broadband optical and infrared photometry has
limited sensitivity to such young populations. Consequently, we
adopt timescales of 100 Myr (sSFRg) and 1000 Myr (sSFRy) as
fiducial values, providing a more robust framework for our anal-
ysis.

Figure 1 shows the distribution of IustrisTNG galaxies in
the sSFRg versus sSFRg plane, which serves as a basis for dis-
tinguishing between different evolutionary stages. This param-
eter space can be interpreted in terms of the existence of three
domains: ageing galaxies, featuring a relatively stable star-
formation activity across both timescales (roughly following a
one-to-one relation); quenched galaxies, which have experienced
a recent and rapid suppression of star-formation (i.e. very low
levels of sSFR at present, while still showing significant star-
forming activity over larger timescales); and retired systems,
dominated by old stellar populations regardless of their star-
formation history (i.e. both formerly ageing or quenched sys-
tems).

The classification criteria are defined as follows. Quenched
galaxies (QGs) satisfy

logq (sSFRy/yr™!) > ~11.0,
QGs : {log,y (sSFRg/yr™!) < =110, )
l0gq (sSFRs/yr™!) < log,o (sSFRo/yr™!) - 1,

whereas retired galaxies meet the conditions

RGs : {IOgIO

3
logy )

sSFRo/yr ') < -11.0,
sSFRg/yr‘1 < —11.5,

and systems that do not fall into either of these -cate-
gories are classified as ageing galaxies (AGs). This classifi-
cation shares similarities with previous studies in the litera-
ture (e.g., Moutard et al. 2018; Quai et al. 2018; Owers et al.
2019; Belli et al. 2019; Cleland & McGee 2021; Tacchella et al.
2022; Corcho-Caballero et al. 2023b). For instance, compared to
Moutard et al. (2018), most AGs correspond to the authors’ def-
inition of ‘star-forming’ galaxies, QGs align with their ‘green-
valley’ and ‘quiescent’ populations, and RGs are broadly con-
sistent with their ‘old quiescent’ category (see Appendix C
for a more detailed comparison). The key distinction between
the two approaches lies in the definition of quenching. While
Moutard et al. (2018) considers all transitions from star-forming
to quiescent as (fast or slow) quenching, we interpret quenching
as a specific process occurring under particular physical condi-
tions in a short timescale, such as a mergers (e.g., Ellison et al.
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Fig. 1. Distribution of IllustrisTNG galaxies across the plane defined by
the average specific star-formation measured over the last 103 (sSFRg)
and 10° yr (sSFRy). Quenched galaxies are found below the solid red
line, whereas the dotted line delimits the retired domain. Ageing sys-
tems are located above both regions. The grey-shaded area denotes the
forbidden region of the parameter space.

2024), potentially triggering strong AGN kinetic feedback (e.g.,
Quai et al. 2021).

The division between retired galaxies and the other regions is
set by the observational limit where specific star formation rates
can be reliably measured. Retired galaxies exhibit extremely low
sSFReg(r) Values at both timescales, making it challenging to dis-
tinguish between systems that underwent quenching events more
than 1 Gyr ago, and those that evolved purely in a secular fash-
ion or under the influence of milder ‘regulating’ or ‘suppressing’
mechanisms. In the simulations, substituting the mass resolution
into Eq. (3) yields the minimum stellar mass of an [llustrisTNG
retired galaxy

SFRg min 14X 10° Mo /108 yr

~ 9
sSFRg(RGs) 3 x 10-12yr-! ~5x10" M.

Myin =

“

3.2. Bayesian inference of physical parameters

The values of sSFRjer) of Illustris-TNG and Euclid galax-
ies are inferred from their synthetic and observed fluxes using
BESTA® (Bayesian Estimator for Stellar Population Analysis,
Corcho-Caballero et al., in prep.), a Python-based Bayesian
framework for deriving physical properties from observa-
tional data. BESTA integrates the PST (Population Synthesis
Toolkit), and CosmoSIS* (Cosmological Survey Inference Sys-
tem, Zuntz et al. 2015) libraries devoted for highly flexible stel-
lar population synthesis, and Monte Carlo sampling techniques,
respectively.

The PST library is designed to provide a user-friendly inter-
face for working with simple stellar population (SSP) mod-
els and synthesizing a variety of observable quantities such as
spectra or photometry from different prescriptions of the star-
formation and chemical enrichment histories. On the other hand,

3 https://besta.readthedocs.io
4 https://cosmosis.readthedocs.io
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CosmoSIS is a framework, originally devoted for cosmological
parameter estimations, that brings together a wide diversity of
Bayesian inference methods in a modular architecture.

We infer the values of sSFRo(r) by describing the star for-
mation history of galaxies using a non-analytic model. The frac-
tion of the total stellar mass formed by cosmic time ¢, denoted
as M.(1) = M.(t)/M.(tops), Where fys is the age of the Uni-
verse at the time of observation, is parametrised as a monotonic
piecewise function, with boundary conditions M.(0) = 0 and
M. (tobs) = 1. This function is related to sSFRyoer) (Eq. (1)) by
the expression

M. (tobs — 7) = 1 — TSSFR (). 4)

During the sampling, Eq. (5) is evaluated at fixed look-
back times 7 = fps — ¢t = 0.1, 0.3, 0.5, 1, 3, and 5Gyr.
The values of 7 are chosen to roughly align with the age
ranges where SSPs exhibit the largest differences in optical/IR
colours (Milldn-Irigoyen et al. 2021). The values of sSFRjyg(r)
are sampled from a log-uniform prior distribution within —14 <
log(sSFRiog(7) /yr‘l) < 1/, for each value of 7, rejecting solu-
tions that do not yield a monotonically increasing M. (). For
each sample of sSFRy(7), We estimate M. (7) by interpolating the
8 points (six values of 7+ boundary conditions) using a mono-
tonic cubic spline’.

The chemical evolution of the stellar content of galaxies is
modelled by assuming that the metallicity of stars formed at a
given time, Z(#), is proportional to the mass growth history of
the galaxy (e.g., Zibetti et al. 2017), following

M* oy
26 = 2(10) 240 _ 7040) W0,

6
M. (t) ©)

where Z(#), the metallicity of stars formed at 7y, is sampled using
a uniform prior distribution between 0.25 < Z(#))/Zs < 4. For
the sake of clarity, Eq. (6) is related to the mass-weighted aver-
age stellar metallicity, Z,, by the expression

;" SFR() Z(t') d _ Zw)
;" SFR() dr 2

Z.(10) = )

To build composite spectra and associated photometric fluxes
resulting from the model described above, M.(¢) and Z(¢) are
evaluated at the grid edges defined by the PyPopStar SSPs
(Millan-Irigoyen et al. 2021, see Sect. 2.2 for more details). This
allows us to estimate the relative contribution of each SSP,
Mssp(t, Z) for any given SSP age and metallicity, and the result-
ing spectral energy distribution (SED), in units of specific lumi-
nosity per wavelength unit and stellar mass, is computed as

Ly() = ) Lsp(t, Z, 2) Mssp(t, Z), ®)
where Lgsp denotes the SSP model SEDs.

Dust extinction is included by assuming a single dust screen,
using the Cardelli et al. (1989) extinction law with a fixed value
of Ry = 3.1. The extinction values given by Ay, are also sampled
from a uniform distribution ranging from 0 to 3.0 mag.

3 The monotonic Piecewise Cubic Hermite Interpolating Polynomial
(PCHIP) implemented in scipy.
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Table 1. Parameters used in BESTA for the SFH inference.

Parameter Prior Description
10g,o(sSFRg 00/yr™") unif(~14, —-8.00) Last 0.10 Gyr
log,(sSFRg 45/yr™') unif(—14, —8.48) Last 0.3 Gyr
log,(sSFRg 70/yr™!) unif(—14, —8.70) Last 0.5 Gyr
log,o(sSFRg oo/yr™!) unif(~14, =9.00) Last 1 Gyr
log,(sSFRg 4s/yr™") unif(—14, —9.48) Last 3 Gyr
log,o(sSFRg70/yr™") unif(-14, =9.70) Last 5 Gyr

Ay unif(0.0, 2.5)
Z(to) unif(0.005, 0.08)

Dust extinction
Present metallicity

Finally, the predicted specific flux per frequency unit on each
photometric band, f,;, is given by the expression

. o7 107044y B[4 (1 + 297! S Ada
’ i 2s (yda
Lifaa+27
(1 +2)4nd?

F/l[/l(l+z)_1]= )

where S is the transmission function of the filter i, z is the source
redshift, and dy. is the luminosity distance evaluated at z.

Given a set of flux measurements, f,;, and assuming Gaus-
sian uncertainties, the log-likelihood associated with a given
model can be computed as

(fv,i - afv,i )2

10
) (10)

InL(fl9) = > -05

l

where 6 denotes the vector of parameters used in the model, o
is a normalisation constant between the observed and the pre-
dicted fluxes that corresponds to M.(#)), computed using the
mean value of f,;/ fv,,', and o(f,;) represent the flux uncertainty
estimates associated with each band i.

Given a prior, P (6), Bayes’ theorem determines that the pos-
terior probability distribution of a given model, P (6|f), can be
estimated as

L(f16) P(6)

POf) = — - ——_
“n [ L(flo) P©)do

o« L(f10) P(6), (I

where the denominator denotes the Bayesian evidence, that for
the purposes of this work can be simply treated as a proportion-
ality constant.

To efficiently explore the posterior probability distribution,
we use the max-like and emcee (Foreman-Mackey et al. 2013)
samplers available in CosmoSIS. The former performs an initial
minimisation of the problem, trying to locate the maximum of
the posterior distribution, whereas the second sampler is a form
of Monte-Carlo Markov chain that uses an ensemble of walkers
to explore the parameter space. The resulting chain of parame-
ters values are used to estimate the 9-dimensional posterior PDF
via a Gaussian kernel density estimator (KDE) and derive the
percentile values of sSFRyog(r), Z(%9), Ay, and M.(t). The param-
eters used in the modelling of the observed photometry and asso-
ciated priors are summarised in Table 1. The redshift is fixed to
the spectroscopic measurement, and stellar masses are based on
the ACDM luminosity distance. Note that the latter factor does
not affect the sSFR.
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4. Results
4.1. Accuracy of the sSFR estimates

First, we utilise the results obtained from fitting [llustrisTNG
synthetic photometry to benchmark the reliability of recover-
ing the correct values of sSFRjug(r). In order to minimise the
impact of catastrophic outliers, we remove from our sample
those galaxies with a poor fit quality. This is done by comparing
the maximum value of the posterior probability distribution of
each galaxy with the total distribution. We discard sources with
values lower than the 5th percentile of the distribution (i.e. 5%
of the total sample). Although no clear correlation is observed
between the physical properties of the galaxy sample and the fit
results, we find that fits fail more frequently for galaxies with
high extinction (Ay > 0.8).

The true input values of sSFRyog() versus the median value
recovered by BESTA are shown in Fig. 2, for the combined sam-
ple that includes the realisations at z = 0.0, 0.3, and 0.6 (see
Appendix B for plots at each redshift bin). For any true value
of sSFRog(r), the red lines denote the 5th, 50th, and 95th running
percentiles of the median sSSFR|g(r) retrieved by BESTA, illustrat-
ing where the bulk of the distribution lies. Overall, the results are
satisfactory across all timescales (7), although we notice some
systematic bias. For short timescales (top row panels), BESTA
occasionally underestimates the true value of sSFRjug (), lead-
ing to an artificial population of galaxies with sSFRg/g4s =
10~ yr=!. Conversely, when the true value is consistent with
0, i.e. no stellar particle was formed in the last 7 Gyr (artificially
set to sSFR = 10713 yr~! for visualisation purposes), the inferred
median values typically stay close to the prior limit at 10~'% yr~!,
but they also present an extended tail towards higher values of
$SFRog(r) up to about 107! yr~!. This clearly highlights how
difficult is to distinguish between strictly 0 and the ~1% level in
terms of the mass fraction formed over a given timescale using
optical/IR photometry (e.g., Salvador-Rusifiol et al. 2020).

At longer timescales (r > 1Gyr), BESTA tends to over-
estimate SSFRio(r) for values below 1071 yr‘l. The resulting
median values typically lie in the range 10-'2~107'% yr~!, which
corresponds to formed mass fractions of 0.003-0.3 and 0.005—
0.5 at lookback times of 3 and 5 Gyr, respectively, in contrast to
the true value of 0. In general, we observe that extreme outliers,
i.e. that values significantly above/below the one-to-one line, pri-
marily emerge as a consequence of over/under-estimating the
dust extinction and/or metallicity by approximately >0.2 dex.

Given the intrinsic degeneracy between the parameters of our
model, that may lead to an erroneous classification, it is of the
utmost importance to not only rely on the median/mean/mode
estimates of the resulting posterior PDF, but to make use of
the whole distribution to account for the large uncertainties. To
that end, Fig. 2 also includes the fraction of sources whose real
value of sSFRu(r) lies within the 68 and 90% credible inter-
vals estimated from the posterior PDF. This number depends
on how well-calibrated the credible intervals are to the actual
posterior probabilities and can be used as a proxy of the ability
of the model to capture the complexity of the data. To estimate
the fractions, only sources with sSFRyog(r) > 1074 yr’1 have been
considered. As expected from a reasonably well-calibrated esti-
mate of the uncertainties associated with sSFRjeg(r), both inter-
vals properly account for ~68% and ~90% of the sample.

In Fig. 3, we show the ratio between the median value of the
other physical properties included in the model — dust extinc-
tion, Ay, stellar metallicity log,,(Z./Zs), and total stellar mass,
log;,(M,/Mg) — and the true input value, for the three samples
considered in this work (at z = 0, 0.3, and 0.6, respectively).

The three quantities are roughly recovered by BESTA with a rea-
sonable degree of accuracy (about 0.2 dex), although the biggest
challenge is to effectively inferring Ay. In a significant fraction
of cases, Ay is underestimated, resulting into an increase of the
metallicity for compensating the change of colours. As a result
of changing the mass-to-light ratio of the underlying stellar pop-
ulation, the final stellar mass estimate is also affected by a few
percent. Nevertheless, the posterior probability distribution still
seems to properly account for the intrinsic uncertainties as indi-
cated by the fraction of sources within the 68 and 90 credible
intervals.

It is worth remarking that the use of the median value is
adopted only for its simplicity in terms of visualisation purposes.
Throughout the remaining sections the goal is to make use of
the entire posterior PDF in order to maximise the information
content. In addition, it is also important to point out that our fit-
ting procedure assumes the same basic ingredients (IMF, SSPs,
extinction law) as the mock observations. This is of course an
ideal case, and therefore our estimated uncertainties should be
regarded as a lower limit (see e.g., Conroy 2013, for an exhaus-
tive discussion).

4.2. Probabilistic AD classification

In this section we present our classification scheme mainly
devoted for discriminating between slow (ageing) and fast
(Quenching) evolution. Here, we describe the method based on
analysing the posterior probability distribution of each galaxy.
In contrast, Sect. 4.4 introduces an alternative, model-driven
approach that maximises classification completeness and purity
by leveraging the predictive power of the IllustrisTNG simula-
tion.

We estimate the probability that a galaxy belongs to the
ageing, quenched and retired populations (i) by integrating
the marginalised posterior PDF, P(sSFRy, sSFRg|f), over the
regions D(i) defined by the AD classification (described in
Sect. 3.1), as specified by Egs. (2) and (3)

i) P(sSFRy, sSFRs|f) dlog o ($E2) dlog; (S5t )

P(i) =
® [P@f)do

i

(12)

where the denominator represents the Bayesian evidence for the
model, and P(i) indicates the probability of the galaxy being
classified as ageing, quenched, or retired, and } P(i) = 1.

In Fig. 4 we show the purity and completeness fraction
achieved when classifying the retired (left), quenched (middle),
and ageing (right) populations by imposing a minimum probabil-
ity threshold, Py, on the sample of IllustrisTNG galaxies. For
each class, purity and completeness are defined as the number of
true positives divided by the total number of observed (true and
false) positives, Ntp/(Ntp + Nrp), and the ratio between true pos-
itives divided by the number of true positives and false negatives,
Ntp/(Ntp + Npn), respectively. To explore the effects of redshift
on the performance of the classification, the sample has been
split into the three redshift bins under consideration: z = 0.0,
0.3, and 0.6. Both ageing and retired populations are success-
fully classified with purity scores above 80% at all redshift bins.
The completeness of both classes presents a stronger dependence
with redshift. For a given probability threshold, retired galaxies
tend to be more under-represented at higher values of z, whereas
constraining the fraction of ageing systems at z ~ 0 results more
challenging than at high redshift.
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Fig. 2. IustrisTNG sSFR (- true values versus the median value recovered by BESTA. Coloured maps denote the number of sources in each bin.
Bottom to top red lines of every panel correspond to the running 5, 50, and 95 percentiles of sSSFRy4r) as a function of the true value. Dashed and
dotted black lines illustrate the one-to-one and 0.5 dex offset lines, respectively. Each panel includes at the top-right corner the fraction of sources
whose true value lies within the 68 and 90% estimated credible intervals, respectively.
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Fig. 3. Statistical distribution of the difference between the input IllustrisTNG values of dust extinction, Ay, stellar metallicity, log,,(Z./Z), and
total stellar mass, log,,(M./M,), versus the median value recovered by BESTA. Each panel includes the fraction of sources whose true value lies
within the 68 and 90% estimated credible intervals, respectively.
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Fig. 4. Retired (left), quenched (middle), and ageing (right) galaxy classification purity and completeness, as a function of the minimum probability
threshold used to perform the classification. Each redshift sample at z = 0, z = 0.3, and z = 0.6 is denoted by the blue, green, and purple lines,
respectively. Coloured arrows denote the value of P;,(Quenched) that maximises the F-score at each redshift (see Sect. 4.3).
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On the other hand, estimating the population of quenched
galaxies presents more difficulties. At z = 0, the population of
quenched galaxies is poorly identified, and it includes a signif-
icant number of false positives, that strongly limit the purity
of the sample to ~30% even when applying a threshold cut
of Ppin(Quenched) > 0.75. When considering the same cut at
higher values of z, this bias is significantly alleviated, and the
sample purity increases to values between 50% and 75%. This is
expected since optical photometry becomes more sensitive to the
recent star-formation episodes due to the more prominent contri-
bution of rest-frame UV light (mostly supported by young stellar
populations).

4.3. Selection of quenched galaxies

In this section, we present two approaches for selecting recently
quenched galaxies, each tailored to different priorities in clas-
sification performance. The first approach emphasises a bal-
ance between purity and completeness, achieved by selecting
the probability threshold P, (Quenched) that maximises the F-
score, defined as

B 2N1p
~ 2Ntp + Nep + Nex~

where Ntp, Ngp, NTn, and Npy represent the number of true pos-
itives, false positives, true negatives, and false negatives, respec-
tively.

From the purity and completeness values shown in Fig. 4,
we determine the optimal P,i,(Quenched) values for the sam-
ples at z = 0.0, 0.3, and 0.6 to be 0.63, 0.51, and 0.65, respec-
tively. When combining the three redshift samples, the optimal
threshold becomes Pp,in(Quenched) = 0.65, yielding a combined
purity of 37% and a completeness of 45%.

The second approach prioritises maximizing the purity of the
quenched galaxy sample, even at the expense of low complete-
ness. For this, we adopt a stricter threshold, Py,;,(Quenched) =
0.95. This choice results in sample purities of 35%, 86%, and
76% at z = 0.0, 0.3, 0.60, respectively, with a combined purity
fraction of 61%.

To evaluate the performance of these classification schemes,
Fig. 5 displays the true (left) and median-based (right) distri-
bution of IllustrisTNG galaxies across the sSSFRg versus sSFRg
plane. In the top row, all galaxies are colour-coded according
to their probabilities of belonging to the retired, quenched, and
ageing domains using an RGB palette.

The ‘balanced’ classification approach, which maximises the
F-score, is illustrated in the middle row. Here, retired and ageing
galaxies are shown in semi-transparent black to emphasise the
spatial distribution of quenched systems. As can be readily seen,
this method misclassifies a significant fraction of ageing systems
located below the main sequence (MS) locus, roughly centred at
log, (sSFRg,g/yr‘l) ~ —10. In addition, there is also a small
fraction (=3%) of contaminants with very low values of sSFRy.

The classification that maximises sample purity is shown in
the bottom row. This method significantly reduces contamina-
tion, with the remaining misclassified systems primarily con-
sisting of ageing galaxies with moderate to low star-formation
rates. Overall, the selected population of quenched galaxies is
now dominated by systems with higher values of sSFRy, imply-
ing a more vigorous star-forming activity in the past compared to
the current rate. These systems fall closer to the ‘post-starburst’
definition: galaxies with strong stellar Balmer absorption, due to
the preponderance of A-type stars, and very little to null neb-
ular emission, indicative of the demise of O- and B-type stars,

13)

Observed (median)
PR, Q, A)=(0,0, 1)

log;o(sSFRs 0/yr ")

Max F-score
P(Q)> 0.65

10T Purity(Q)=0.37
Comp(Q)=0.45

log;(sSFRs g0/yr ")
|
)

g High purity
n P(Q)> 0.95
=~ 10 Purity(Q)=0.61
> Comp(Q)=0.13
ng ..........................
E -2t
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=
& 14t 1F 1
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10g;o(sSFRo,00/yr™") 10g;o(sSFRo.00/yr ")

Fig. 5. Distribution of IllustrisTNG galaxies across the sSFRq versus
sSFRg plane. Left and right columns show the distribution based on the
true (null values of sSFR are arbitrarily set to log]O(sSFR/yr‘l) =-15)
and inferred median values, respectively. Top row panels display the
full sample RGB colour-coded by the probability of belonging to the
retired, quenched, and ageing classes. Solid and dotted lines represent
the demarcation lines given by Egs. (2) and (3), respectively. Middle
and bottom rows illustrate the two proposed approaches for selecting
quenched galaxies (coloured points) by colouring in black with low
transparency those systems classified as retired or ageing.

implying a quenching event that truncated star-formation after
the burst of star-formation. However, the biggest drawback of
this classification is its low completeness, only reaching val-
ues close to 10%. Nevertheless, the vast cosmological volume
probed by Euclid will alleviate this problem by providing an
immense wealth of galaxies.

4.4. Model-driven classification

The classification method presented in the previous section relies
on a marginalised version of the posterior, constrained to the
space defined by sSFRy and sSFRg. While this approach is
appealing due to its simplicity and ease of interpretation, the
full posterior, P(sSFRiog(7) | f), contains significantly richer infor-
mation that can be used to refine the classification. To this end,
we have estimated the probability distribution, defined in terms
of the 5th, 16th, 50th, 84th, and 95th percentiles of SSFRiog(r),
with log,o(7/yr) = {8.00, 8.48, 8.70, 9.00}, along with the
correlation coefficients computed from the covariance matrix,
o (sSFR;,,sSFR.,), for the population of ageing, quenched
and retired galaxies, respectively. This distribution is more
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Fig. 6. Same as Fig. 4, using the classification presented in Sect. 4.4.
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Fig. 7. Same as Fig. 5, using the classification presented in Sect. 4.4.

sensitive to subtle differences between the three populations, and
can enhance the reliability of the classification.

To properly handle the 26-dimensional parameter space,
denoted by the vector 8, we have used a Gaussian KDE. We
denote the PDF associated with each AD class, i, as KDE;(6).
To classify individual objects, we compute the probability of the
galaxy being drawn from the ageing, quenched, or retired distri-
bution. The probability of belonging to each class is computed
as

KDE;(6)
Yieia, o, r) KDE;(6)

PxpE,i(0) = (14)
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The training process uses 80% of the total sample, randomly
selected, while the remaining 20% forms the test sample to
assess classification performance. The kernel bandwidth is opti-
mised to maximise the mean classification score across all three
classes and fixed to 0.38. Figure 6 presents the resulting purity
and completeness scores for the test sample, demonstrating an
improvement compared to the results in Fig. 4. For ageing and
retired systems, purity and completeness exhibit reduced sensi-
tivity to the threshold Py, and are systematically higher across
all cuts. For quenched galaxies, the most significant improve-
ment lies in the increase in purity across all redshift bins, nearly
doubling for the z = 0 sample. However, completeness decreases
consistently, falling below 30% for Pkpg, min(Quenched) > 0.5.

Figure 7 illustrates the application of the KDE-based classi-
fication method, analogous to Fig. 5. The number of false posi-
tives classified as quenched systems is significantly reduced, but
this improvement comes at the cost of a smaller sample size
and lower completeness. For the KDE method, the threshold
PxpE, min(Quenched) = 0.16 maximises the F-score, achieving
purity and completeness values of 36% and 53%, respectively,
which is a marginal improvement over the criteria proposed ear-
lier. However, as shown in the middle-row panels, many selected
sources exhibit higher probabilities of being classified as ageing
or retired systems.

On the other hand, this method excels the previous
one when selecting a high-purity sample. A stricter cut of
PxpEg, min(Quenched) > 0.7, shown in the bottom panels,
achieves a purity of 77%, and completeness of 12%. This rep-
resents an improvement over the previous results, which yielded
a purity and completeness of 61% and 13%, respectively.

While the KDE-based classification significantly enhances
the identification of quenched systems, this improvement is
strongly influenced by the training data. The classification
depends on the star-formation histories of IllustrisTNG galax-
ies, the recipes used to generate the synthetic observables
(PyPopStar, PST) and the recovery of physical properties using
(BESTA). Careful validation is necessary when applying this
method to other datasets to ensure its robustness.

4.5. Ageing and quenching in Euclid

Here we apply the classification methods described in the pre-
vious Sects. 4.2 and 4.4 to our sample of Euclid galaxies,
based on the results inferred using BESTA (see Sect. 3.2).
The distributions and fractions presented in this section are
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Table 2. Fractions of retired (RG), quenched (QG), and ageing (AG)
galaxies at z < 0.1.

Dataset and Method F(RGs) F(QGs) F(AGs)
Euclid (z < 0.1)
Post. (max F-score) 0.14 0.10 0.68
Post. (high purity) 0.14 0.04 0.68
Post. (max prob.) 0.14 0.17 0.68
KDE (max F-score) 0.19 0.08 0.72
KDE (high purity) 0.16 0.13 0.70
KDE (max prob.) 0.19 0.09 0.72
IustrisTNG (z = 0)
Truth (true values) 0.27 0.02 0.71
Post. (max F-score) 0.26 0.03 0.67
Post. (high purity) 0.26 <0.01 0.67
Post. (max prob.) 0.26 0.06 0.67
KDE (max F-score) 0.27 0.03 0.70
KDE (high purity) 0.28 <0.01 0.70
KDE (max prob.) 0.18 0.04 0.78
CC23a Results
MlustrisTNG 0.23-0.25 0.11-0.14 0.61
MaNGA 0.13-0.15 0.08-0.10 0.72-0.74

Notes. The table lists estimated fractions for the Euclid and Illus-
trisTNG samples, along with results from CC23a. Fractions are esti-
mated using Bayesian posterior and KDE-based classification schemes
under three criteria: minimum probability threshold (Py,;,) that max-
imises F'-score, threshold maximizing purity, and label with the highest
probability. For IllustrisTNG, fractions are also provided using the true
values of sSSFRg and sSFRy.

volume-corrected, accounting for the sample selection effects
described in Appendix A.

The top row of Fig. 8 illustrates the distribution of galaxies
across the plane defined by their inferred (median) total stel-
lar mass and sSFRg across multiple redshift bins. The loca-
tion of galaxies along the star-forming main sequence aligns
reasonably well with previously reported values in the lit-
erature (e.g., Popesso et al. 2023) and the recent findings of
Euclid Collaboration: Enia et al. (2026). In terms of mass com-
pleteness, dwarf galaxies with stellar masses below 10° M, are
detected only in the lowest redshift bin (z < 0.1). Galaxies in the
mass range (10° < M, /Mg < 10'°) are observed up to redshift of
approximately 0.4, while massive systems (M, > 3 x 10'0 M)
are detected over the whole redshift range.

In terms of star-forming activity, galaxies with stellar masses
above M, 2 10'%> M, generally exhibit very low sSFRg values,
often corresponding to upper limits. Conversely, the fraction of
low-mass systems below the main sequence increases at lower
redshifts.

The bottom row of Fig. 8 presents the distribution of galax-
ies across the sSFRg versus sSFRg plane. This parameter space
offers a complementary view to the M,—sSFRg plane, offering
additional insights into the current evolutionary states of galax-
ies. A well-defined sequence of ageing galaxies is observed,
characterised by roughly constant sSFR values over the past Gyr,
ranging from 3x107'% to 10~ yr~!, across all redshift bins. Addi-
tionally, a distinct population of quenched galaxies, recently

detached from the ageing sequence, is detected. These two evo-
lutionary pathways converge in the lower-left region of the dia-
gram, forming a population of retired galaxies, with minimal star
formation, whose light is completely dominated by old stellar
populations.

The top-left corner of each panel indicates the volume-
corrected fractions of ageing, quenched, and retired galaxies (see
Fig. A.2 for details about the sample completeness in terms of
RGs), labelled using the posterior and KDE-based classification
schemes with cuts that maximise the F'-score (see Sects. 4.3 and
4.4). The results from the two classifiers are consistent across
all redshift bins. Ageing galaxies consistently dominate the pop-
ulation, representing over 70% in all bins. Quenched galaxies
become increasingly prevalent at lower redshifts, while the frac-
tion of retired systems grows from 8§—10 up to 15-25%. However,
these trends are also affected by sample selection effects, since
low-mass quenched and retired galaxies become more difficult
to detect at high z (see Sect. 5.1 for further discussion).

To contextualise these findings, we compare the fractions
in the lowest redshift bin (0.01 < z < 0.1), where the sam-
ple is complete up to about 10° M, with the results reported
in CC23a. The authors estimated volume-corrected fractions of
ageing, quenched, and retired galaxies, using both [lustrisTNG
and the MaNGA survey (Bundy et al. 2015), based the EW(Ha)
versus D, (4000) ageing diagram. Table 2 summarises this com-
parison, listing the total fractions of these populations derived
from the Euclid and IllustrisTNG samples (the latter using the
realisation at z = 0). We computed the fractions with both the
Bayesian posterior and KDE-based classifiers, employing three
criteria: the minimum probability threshold (Pp;,) that max-
imises the F-score; the threshold maximizing purity; and the
label with the highest probability. This results in six fraction esti-
mates for each sample.

Additionally, we can qualitatively compare our results
with the star-forming and ‘quiescent’® fractions reported in
Euclid Collaboration: Enia et al. (2026), based on the colour-
based classification criteria from Williams et al. (2009) and
Ilbert et al. (2013). For 0.2 < z < 0.5, 23% galaxies are clas-
sified as quiescent, and the reminder as star-forming. Our find-
ings are in qualitative agreement, with QGs+RGs (AGs) making
up 15-17% (82-84%) at 0.2 < z < 0.4, and 10-11% (88-89%)
in the 0.4 < z < 0.6 bin. At higher redshifts (0.5 < z < 0.8),
Euclid Collaboration: Enia et al. (2026) find a quiescent frac-
tion of 15% (85—-86% star-forming), whereas we estimate 6—
7% QGs+RGs and 93% AGs, most likely driven by the lack
of low-mass quenched and/or retired systems in our sample (as
discussed in Appendix A, our fractions are only representative
above 10'" My, in this redshift bin; cf. Fig. 10 below).

As noted earlier, the two classifiers (Bayesian posterior and
KDE) produce consistent results, with more pronounced differ-
ences arising between classification criteria, particularly for age-
ing and retired fractions. Overall, there is good qualitative agree-
ment between this work and CC23a. However, when comparing
results based on IllustrisTNG, the current analysis yields system-
atically higher fractions of ageing galaxies, while the fraction of
quenched systems is reduced from 12% to 3%.

Beyond these methodological differences, selection effects
and classification biases likely contribute to the observed dis-
crepancies (see Sect. 4.2 for a detailed discussion). Despite these
challenges, the comparison with observational data reveals sig-

® Note that their definition of quiescent galaxies differs from ours; their
quiescent population broadly corresponds to our QGs+RGs category.
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Fig. 8. Top: Distribution of Euclid galaxies across the stellar mass versus sSFRg plane. The dotted line denotes the definition of the SFMS by
Popesso et al. (2023). Bottom: Distribution of Euclid galaxies across the sSSFRg versus sSFRg plane. The dotted and solid lines denote the retired

and quenched domain demarcation lines, respectively.

nificant agreement, with variations well within the expected sys-
tematic uncertainties.

5. Discussion

Understanding the formation mechanisms of galaxies dominated
by old stellar populations, with little to no ongoing star forma-
tion, become a topic of considerable scientific interest in recent
years (e.g., Casado et al. 2015; Quai et al. 2018; Owers et al.
2019; Corcho-Caballero et al. 2021b, 2023b). The detection of
such systems at high redshift challenges widely accepted for-
mation models, exposing potential limitations in our cosmo-
logical framework (e.g., Girelli et al. 2019; Merlin et al. 2019;
Lovell et al. 2023; De Lucia et al. 2024; Lagos et al. 2025). The
classification of galaxies into categories such as passive, qui-
escent, quenched, or, following the nomenclature proposed in
Corcho-Caballero et al. (2021a, 2023a,b), retired (i.e. a hetero-
geneous population of galaxies influenced by secular, regulating,
suppressing, and quenching processes), remains contentious.
This reflects not only the complexity of the varied and inter-
twined processes that regulate (and potentially halt) star forma-
tion, but also the challenges of inferring such low levels of star
formation from observational data.

Quiescent galaxies are often identified by imposing sSFR
thresholds over specific timescales (Moustakas et al. 2013;
Donnari et al. 2019; Tacchella et al. 2022), as well as cuts using
proxies of sSSFRe(r) such as broadband colours (e.g., Peng et al.
2010; Schawinski et al. 2014; Weaver et al. 2023). These thresh-
olds are typically calibrated to isolate systems below the
star-forming main sequence, with some incorporating redshift
evolution (e.g., Tacchella et al. 2022). While this approach has
provided valuable insights into galaxy evolution, such as trends
in quiescent fractions and their dependence on stellar mass
and environment (e.g., Peng et al. 2010; Donnari et al. 2019;
Weaver et al. 2023), it often oversimplifies the transition to qui-
escence by focusing on single timescales and neglecting the
diversity of star-formation histories.

To better understand the physical processes that regulate star
formation, and quantify their relative contribution, one would
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need to use more sophisticated classifications than the usual
quiescent versus star-forming scenario (e.g., Casado et al. 2015;
Moutard et al. 2016, 2018; Quai et al. 2018; Owers et al. 2019;
Iyer et al. 2020). In this work, we advocate for a more refined
approach, that incorporates multiple timescales to classify galax-
ies based on their star-formation activity. This methodology cap-
tures better the diversity of evolutionary pathways, distinguish-
ing between recently quenched systems and those that have been
evolving secularly for longer periods of time.

The discussion is organised as follows. Section 5.1 inves-
tigates the dependence of galaxy populations on stellar mass
in the Euclid and IllustrisTNG samples in the nearby Universe
(z < 0.1). Section 5.2 explores the evolution of these populations
across redshift, highlighting trends within different mass bins.

5.1. Ageing, quenched, and retired fractions at z < 0.1

This section examines the relationship between the fractions of
galaxies classified as ageing, quenched, or retired see Sect. 3.1)
and their total stellar mass. Additionally, we compare our classi-
fication methodology to the traditional threshold-based approach
that relies on a single average value of sSFR.

Figure 9 presents the fraction of ageing, quenched, and
retired galaxies as a function of stellar mass for nearby galax-
ies (z < 0.1) in the Euclid (left panels) and IlustrisTNG (right
panels) samples. The top and bottom panels compare the two
classification schemes outlined in Sects. 4.2 and 4.4, each opti-
mised to maximise the F-score. In addition, we include the
fractions of galaxies below the star-formation rate threshold of
107" yr! for sSFRg and sSFRy (solid and dashed black lines,
respectively), and compare these with the results of CC21a (grey
shaded region), derived from SDSS and GAMA surveys.

The AD classification methods yield highly consistent frac-
tions (coloured lines) for ageing and retired galaxies across
both Euclid and IllustrisTNG datasets. However, the fraction of
quenched galaxies shows greater sensitivity to the choice of clas-
sification method, though the overall trends with stellar mass
remain qualitatively similar. In the simulated data (right pan-
els), the true fractions for each class are also included (square
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Fig. 9. Fraction of galaxies in different classes as function of total stellar mass. Blue, orange, and red lines denote the fraction of ageing, quenched,

and retired galaxies, respectively. Solid and dashed black lines denote the fraction of galaxies with values of sSFRg and sSFRg below 10~!! yr
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The grey-shaded region shows the fraction of galaxies with sSSFR < 107" yr (estimated using nebular emission lines and optical photometry)
from CC21a. Top and bottom panels make use of the posterior- and KDE-based classification (see Sects. 4.2 and 4.4), respectively. Left panels
show the fractions computed using a Euclid sample of nearby galaxies (z < 0.1), where the grey-hatched area denotes the mass-completeness
limit (see Appendix A). The error bars were estimated from 1000 random samples, each selecting 20% of the total sample and computing the 5
and 95 percentiles. Right panels show the results from the [llustrisTNG sample at z = 0, including the true values (square symbols), where the

grey-hatched area denotes the retired mass resolution limit (see Sect. 3.1).

symbols). As discussed earlier, the classification tends to slightly
overestimate the fraction of quenched galaxies in IllustrisTNG,
particularly at the high-mass end.

A comparison between the two datasets reveals some notable
differences. In the IllustrisTNG sample, retired galaxies domi-
nate at stellar masses >(2-3) x 10'° Mg, comprising more than
75% of the population. Below this threshold, ageing galaxies
dominate, also accounting for over 75% of the population, and
the fraction remains nearly constant across these regimes. Obser-
vational data from Euclid, however, exhibits a smoother trend
with stellar mass. The fraction of ageing galaxies decreases
steadily from approximately 90% of the total sample at the low-
mass end towards a negligible value at high masses. In contrast,
retired galaxies show a monotonic increase, reaching around
90% for M, 2 10" Mo,

The fraction of quenched galaxies in Euclid remains approx-
imately constant (10-20%) between 3 x 10° to 10'! M, beyond
which the fraction drops to null values. The IllustrisTNG sam-
ple shows a more intricate structure: while a valley is evident at
M, =~ 10'° M, an additional dip is observed at even higher stel-
lar masses, around M, =~ 3 x 10'! M. Note that, due numerical
resolution effects (Sect. 2.2), the IllustrisTNG sample does not
accurately probe the galaxy population below M, =~ 5 x 10° M,
but we do observe a clear difference between the simulated and
observed populations for M, > 5 x 10° M. While most quies-
cent galaxies in Euclid are classified as quenched, they belong to
the retired class in IustrisTNG.

As previously discussed in CC23b, the choice of timescale
for estimating the current star-formation rate significantly
impacts the inferred fraction of passive galaxies. For example,
when using a longer timescale (e.g., sSSFRy), it yields a steadily
increasing fraction of passive galaxies with stellar mass, closely
matching the definition of retired galaxies. In contrast, shorter
timescales such as sSFRg, result in a combined fraction that
includes both quenched and retired populations, consistent with
CC21a.

The observed flat distribution of quenched galaxies suggests
that the quenching mechanism(s), responsible for shutting down
star formation on timescales of ~500 Myr (CC23a), are equally
efficient at all stellar masses, across the range probed by the
sample. Conversely, the population of retired galaxies is pri-
marily populated by massive systems, dominating the fraction
of galaxies above 3 x 10'° My, which can be interpreted in
terms of an increase in the impact of internal, and slow, ‘reg-
ulating” or ‘suppression’ processes such as AGN thermal feed-
back, virial shock heating, but also enhanced star formation effi-
ciency (Dekel & Birnboim 2006; Peng et al. 2010; Tortora et al.
2010, 2025). However, these interpretations remain qualitative.
A larger sample, more rigorous selection, and expanded analy-
sis are needed to refine these conclusions and further elucidate
the physical mechanisms governing galaxy quenching. In sum-
mary, our classification provides a rich framework for studying
and interpreting the evolutionary trends of galaxies in terms of
their recent star-formation history.
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5.2. Redshift evolution up to z = 0.8

Following the results of the previous section, here we examine
the evolution of the fraction of each galaxy population as a func-
tion of redshift and stellar mass. Figure 10 illustrates the fraction
of ageing (left), quenched (middle), and retired (right) galaxies
as a function of redshift, divided in bins of stellar mass. The top
and bottom rows display the results inferred using BESTA for
Euclid and ustrisTNG samples, including the fractions com-
puted using the true labels of each IllustrisTNG galaxy. The
fraction of galaxies in each domain has been computed using
the probability estimated from the posterior, adopting the crite-
ria that maximises the F-score. The results are rather insensitive
to the choice of classifier (i.e. posterior- or KDE-based), pre-
senting only a subtle change on the overall normalisation (see
previous section). For the inferred fractions, we have computed
qualitative estimates of the Poisson errors by bootstrapping the
distribution selecting 1000 random samples and computing the
5th, 50th, and 95th percentiles of the resulting distribution.

In general, the fractions of ageing and retired galaxies exhibit
growth and decline, respectively, with increasing z across all stel-
lar mass ranges. Notably, in Euclid there is a strong correlation
between the fraction of retired galaxies at a given redshift and
stellar mass: more massive galaxies are significantly more likely
to be in the retired domain compared to their lower-mass coun-
terparts,in agreement with previous studies (e.g., Moutard et al.
2016). In IustrisTNG we observe that, although still present,
the correlation with stellar mass is more complicated. For exam-
ple, in Fig. 10 the fraction of retired galaxies presents a redshift-
independent maximum at 3—5 X 10'0 M., after which the fraction
decays.

Regarding the growth of the retired population with cos-
mic time, we find that the simulation predicts a roughly mass-
independent logarithmic increase for M, < 5x10'! M, whereas
in observational data, the fraction evolves more rapidly with
decreasing stellar mass. At low stellar masses, the growth of
the retired population proceeds more slowly in the simula-
tion compared to observations. For Euclid massive galaxies
with M, > 3 x 10!! My, the retired population already com-
prised 240% of the total population at z ~ 0.6. These find-
ings are in qualitative agreement with the results presented in
Euclid Collaboration: Cleland et al. (2026), where the authors
studied the evolution of the fraction of passive galaxies as func-
tion of redshift and environment by using an time-dependent
sSFR threshold’.

Conversely, the simulation suggests that for many massive
galaxies, the transition from the ageing to the retired state, via
ageing or Quenching evolutionary channels, occurs at later cos-
mic times, predominantly within the last 3—4 Gyr. This result is
important as it might encode useful information for discriminat-
ing between the various physical processes responsible for regu-
lating (or even quenching) star formation. For example, the rel-
atively high fraction of massive retired galaxies at z > 0.8 might
support the idea of a merger-driven quenching scenario, while
the simulation’s preferred quenching mechanism is AGN-driven
feedback (Donnari et al. 2021), which also manifests in the pres-
ence of a ‘characteristic mass’ at ~5 x 10'° M. Nevertheless,
potential bias that might drive differences between both samples
are observational selection effects, but also numerical issues due
to the reduced size of the simulation box (about 100* Mpc?) and

7 Note that their definition of passive completely encompasses both
quenched and retired galaxies, as well as the a fraction of ageing sys-
tems with mild star-formation levels.
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the backwards-modelling approach used to predict the fraction
of MustrisTNG galaxies at z > 0 (see Sect. 2.2).

Let us now focus on the evolution of the fraction of quenched
galaxies. The population shows a weaker correlation with stel-
lar mass with respect to the other two classes. The fraction of
quenched galaxies remains relatively constant, around 0.02-0.08
in [lustrisTNG and 0.05-0.15 in Euclid. Building on the previ-
ous discussion, we find that in IllustrisTNG most of the quench-
ing occurs at intermediate masses, around 5 x 10'° M, strongly
suggesting that Quenching is the primary formation channel of
the retired population. In Euclid, the distribution is less pro-
nounced but we still find hints of a mode that evolves with red-
shift (i.e. more massive galaxies are more likely to have under-
gone quenching at earlier times).

To improve this analysis, a more careful treatment of the
sample selection, as well as a more complete sample, is required.
Fortunately, future releases of Euclid will provide an unprece-
dented wealth of data, that will facilitate this endeavour.

5.3. Mass-size-metallicity relation

Figure 11 shows the distribution of the full sample of Euclid
galaxies across the plane defined by their total stellar mass and
effective radius, R., used as a proxy for their physical size. The
values of R, are derived from Sérsic surface brightness profile
fits to VIS Euclid images (see Euclid Collaboration: Cropper
et al. 2025; Euclid Collaboration: McCracken et al. 2026, for
details on the instrument and data-reduction pipeline). In addi-
tion to their excellent spatial resolution, the wide spectral cov-
erage of the Ig band (5500-9000 A) provides a robust estimate
of galaxy size, being less sensitive to mass-to-light ratio varia-
tions compared to optical ugriz photometry. From left to right,
the panels present the running 16th, 50th, and 84th percentiles of
R. as function of stellar mass, M., for retired, quenched, and age-
ing galaxies, respectively. The background colour maps shown in
the top and bottom rows illustrate the median stellar metallicity
(Z.) inferred by BESTA and Ig-based Sérsic index (n), respec-
tively, restricted to bins with at least 10 galaxies. To quantify
the observed trends, we model the percentiles of R.(M.) using a
‘broken’ power-law model:

M, \*
Rbrea.k (m) s M, < Mbreak’

Re(M*) =
S
Rupreak (%) . M, > Myeqx,

15)

where My, represents the characteristic mass where the log-
arithmic slope transitions between low-mass (@) and high-mass
(B) regimes, and Ry, the predicted effective radius at Myeyk-
Figure 11 includes black dotted lines showing the best-fit mod-
els for each population percentile, with parameters summarised
in Table 3. The rightmost panel compares the median relations
across the three populations.

Retired galaxies exhibit the steepest correlation between R,
and M., maintaining consistent slopes (8 =~ 0.5-0.6) across per-
centiles. They also show systematically the highest values of n,
aligning with previous results from the literature for early-type
or bulge-dominated systems (e.g., Sdnchez Almeida 2020). For
M, 2 5 x 10'° M, their distribution roughly follows a line of
constant stellar surface density (X, ~ 7 X 10° M, pc‘z). Below
this mass, the slope flattens (e =~ 0.2), resembling the distribu-
tion of ageing galaxies. This turnover likely reflects a morpho-
logical transition from intermediate-mass red spirals to massive
spheroidal systems.
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Table 3. Best-fit values of the broken power-law model (Eq. (15)).

Percentile Myeux [Mo] @ B Rureak [kpc]
Retired

16 3.5%x10%  0.18 0.60 0.7

50 5.6x10° 021 0.59 1.4

84 3.6x 1010 025 048 2.1

Quenched

16 3.3x10  0.02 046 0.8

50 3.2x10%  0.05 043 1.4

84 2.4%10° 009 029 2.5
Ageing

16 3.2x10" 023 028 1.3

50 6.4x10° 0.18 0.33 2.5

84 7.7%x 10 0.16 035 3.8

Notes. The results are presented in Fig. 11.

The mass-size relation for ageing galaxies is flatter than
that of retired galaxies across the whole mass range. Below
(3-5) x 1010 M, the median R, is parallel to, but offset from,
the retired population by a factor of about 1.6. Their extended
size and low n indicates the presence of prominent discs, that
allow ageing galaxies to sustain moderate-to-high levels of star-
formation over large spatial (and temporal) scales. Above (3—
5) x 10'° My, the slope steepens to approximately R.(M,) o
M3, implying constant volumetric stellar density (p.) and char-

acteristic time ( \/Ré /GM.,).

Quenched galaxies occupy an intermediate position between
the other populations. Below around 3 x 10'° M, R, shows little
dependence on mass (o = 0.04-0.013), with characteristic sizes
of R, ~ 1-1.6kpc, indicating higher density and compactness
(illustrated by the higher values of n) than ageing galaxies. At
3 x 10'° M, the slope steepens (8 = 0.36-0.47) bridging the
trends of ageing and retired populations.

Stellar metallicity (Z,) complements our findings based on
the morphology. Retired galaxies show uniformly high Z,, align-
ing with their compact morphology and dense stellar popula-
tions, tracing lines of constant X... Ageing galaxies span a wide
metallicity range. They are more chemically primitive at lower
masses, but we observe a tighter correlation between Z, and X,
than with M... Quenched galaxies exhibit once again an interme-
diate behaviour, now in terms of chemical enrichment.

In CC23a and CC23b, galaxy quenching was identified as a
ubiquitous yet rare process, predominantly affecting low-mass
systems in relatively dense environments. Furthermore, CC23a
highlighted that present-day quenched galaxies often exhibit
evidence of preceding ‘starburst’ episodes before the cessation
of star formation. Combined with their more compact mor-
phologies and richer chemical compositions compared to ageing
galaxies, these findings point to environmental quenching mech-
anisms (e.g., Wetzel et al. 2013), such as ram-pressure stripping,
as the dominant mechanism for shutting down star-formation
in the local Universe. The results of this work are consis-
tent with these conclusions, further strengthening the observed
links between morphological and chemical properties across
the retired, quenched, and ageing galaxy populations. A nat-
ural extension of this analysis would be to apply our method
separately to centrals and satellites at fixed stellar mass, poten-
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tially revealing distinct quenching timescales and underlying
processes in the two populations.

6. Summary and conclusions

In this study, we have analysed the SFHs of a sample of galax-
ies from FEuclid Q1 (Euclid Collaboration: Aussel et al. 2026)
that span the redshift range 0 < z < 0.8. Building upon pre-
vious work by Corcho-Caballero et al. (2023a,b), we developed
a probabilistic classification framework based on the inferred
SFH that leveraged two estimates of the average specific star-
formation rate (sSFRjogr)) measured over distinct timescales
(t = {108, 10°}yr). This framework classifies galaxies into
three evolutionary classes: ageing (undergoing slow evolution),
quenched (recently halted star-formation due to a quenching
episode), and retired (former ageing or quenched systems, cur-
rently dominated by old stellar populations with minimal star
formation).

To test the limits of our classification scheme, we also gen-
erated synthetic observations of galaxies from the IllustrisTNG
simulation at multiple redshifts. We inferred the SFHs by fitting
optical-to-near-infrared photometry across ugrizYgJgHg bands
using a Bayesian approach that captures the full posterior prob-
ability distribution (Sect. 3.2).

We introduced two classification methods:

— Probabilistic classification: This estimates the likelihood of
a galaxy belonging to each class by integrating the posterior
probability distribution, in terms of sSFRg and sSFRy, over
the regions that delimit each class domain (Sect. 3.1).

— Model-driven classification: Leveraging IllustrisTNG, this
approach optimises sample purity and completeness for each
class by exploring the parameter space including additional
information from the posterior distribution (Sect. 4.4).

Applying these methods to the Euclid galaxy sample, we esti-
mated the fractions of ageing, quenched, and retired galax-
ies at low redshift to be approximately 68—72%, 8—17%, and
14-19%, respectively. These findings align with the results of
Corcho-Caballero et al. (2023b), which were based on spec-
troscopic data, suggesting that photometric classifications can
achieve similar reliability.

We studied the fraction of ageing, quenched, and retired
galaxies as a function of stellar mass. Our results suggest that, at
the low mass-end, the number of quenched galaxies and retired
systems is approximately the same. Conversely, the fraction of
retired galaxies, which shows a smooth increasing function with
stellar mass, exceeds the fraction of quenched systems by a sig-
nificant factor at masses 23 x 10'° M.

We then explored the evolution of the fraction of each
class as a function of redshift in different stellar mass bins.
As expected, the fraction of ageing galaxies increases with
increasing redshift, whereas the fraction of retired objects
presents a strong dependence on stellar mass and redshift:
more massive systems become retired earlier as compared
to their low-mass counterparts, in line with the ‘downsiz-
ing’ picture (Cowieetal. 1996) and the results reported in
Euclid Collaboration: Enia et al. (2026). In contrast, the fraction
of quenched galaxies shows mild trends with mass or redshift,
and ranges between 5% and 15%. Our results show tentative
evidence in favour of a scenario where more massive galaxies
usually undergo quenching episodes at earlier times with respect
to their low-mass counterparts.

We analysed the differences, in terms of the mass-size-
metallicity relation, between ageing, quenched, and retired
Euclid galaxies. Ageing galaxies are consistent with a popu-
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lation of late-type galaxies typically dominated by disc mor-
phologies and low stellar metallicities. Retired objects follow
a tight sequence in terms of stellar mass and effective radius
that matches with that of early-type objects. Above M, ~ 3 X
10'% M, they arrange along a sequence consistent with constant
stellar mass surface density (X, =~ 7 X 103 Mg pc™2). Finally,
quenched galaxies appear as an intermediate population that is
composed of relatively compact and more chemically evolved
systems compared to their ageing counterparts at a given stel-
lar mass. This characterisation of ageing, quenched, and retired
galaxies is in excellent agreement with previous results from
Corcho-Caballero et al. (2023a).

These results provide promising directions for understand-
ing the physical mechanisms that drive quenching in galax-
ies. Nonetheless, the heterogeneous sample used in this work
might suffer from selection effects and more careful selections
are needed to extract more robust conclusions. Fortunately, our
study represents a very small region of the sky (~63 deg®) com-
pared to the expected area surveyed by the Euclid mission (about
14 000 deg?). The combination of Euclid photometric data with
either Euclid grism spectra and/or ancillary information will
enable a far more comprehensive analysis, and underscores
Euclid’s transformative potential in unravelling galaxy evolution
on cosmological scales.
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Appendix A: Sample completeness and volume
corrections

This appendix details the methodology used to assess the com-
pleteness of our sample and apply volume corrections to account
for selection effects. Our approach follows the procedure out-
lined in Favole et al. (2024).

For each spectroscopic survey contributing to our sample,
we estimate the maximum distance at which a galaxy would be
detected by considering both a filter-dependent flux limit and the
imposed signal-to-noise ratio (S/N) threshold.

To determine the maximum apparent magnitude, mj;y,, for
each photometric band in each survey, we compute the 95th per-
centile of the apparent magnitude in redshift bins. The final my;y,
is obtained as the median of these percentiles. Table A.1 sum-
marises the magnitude limits for each survey.

Galaxies with apparent magnitudes fainter than these limits
are discarded. The maximum distance at which a source would
still be detected in each band is then given by the maximum dis-
tance modulus u(zjim), at which a source would be detected on
each band as

,U(Zlim) = Mjim — M - K(Zlim), (Al)

where M is the absolute magnitude and K(zji,) is the K-
correction at the maximum redshift. The values of K(z) for each
source are estimated from the photometric properties of the stel-
lar populations inferred using BESTA (see Sect. 3.2).

We also account for the selection based on S/N by computing
the minimum detectable flux for a given noise level

fv,lim = (S/N)min O-(fv,obs), (A.2)
which translates into a limiting apparent magnitude
Miim = —2.510g;, ((S/N)jim) — 2.5log,, (o) . (A.3)

By combining this with Eq. (A.1), we estimate a second maxi-
mum detection distance.

For each galaxy in our sample, we compute two maximum
redshifts for each available photometric band, with the final lim-
iting redshift, zp,x, taken as the minimum value across all bands.
To estimate the statistical contribution of galaxies in a given red-
shift bin (ziow, Zup), We use the 1/Vp,x formalism (Schmidt 1968)

Vinax =

(dLmin(zmax, zup)® = dilziow]’), (A4)

W >

where A is the survey area in steradians and dy (z) is the luminos-
ity distance.

Since our primary interest lies in the relative contributions
of different galaxy populations rather than their absolute num-
ber densities, we normalise the survey areas relative to the stel-
lar mass function from Baldry et al. (2012). The resulting stellar
mass functions in various redshift bins, derived from individual
surveys (coloured lines) and the combined dataset (black dashed
lines), are shown in Fig. A.1.

Although the Vi« correction accounts for selection effects,
it remains effective only if a fraction of the missing galaxy pop-
ulation is still detectable. Figure A.2 illustrates the completeness
limits for quenched and retired galaxies as a function of redshift
and stellar mass.

These limits are estimated using the 5th percentile and the
minimum value of sSFRg and sSFRy in each redshift—stellar
mass bin. The bottom panel of Figure A.2 provides an absolute
detection limit for each galaxy class, indicating the regime where
volume corrections are still valid. The top panel presents a more
conservative threshold.

Table A.1. Adopted apparent magnitude flux limit per survey and photometric band.

Band DESIEDR 2dFGRS 3D-HST OzDES PRIMUS VVDS
u 22.48 - - - - -
g 22.19 19.50 23.41 23.36 23.50 2343
r 21.65 18.76 22.39 22.00 23.43 22.54
i 21.37 18.42 22.06 21.60 22.06 22.13
z 21.46 18.28 21.83 21.40 21.89 21.95
No. sources 9697 845 116 5471 9040 303
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Fig. A.1. Stellar mass function in different redshift bins. To account for the difterent effective areas of the surveys, the distributions are normalised
between the mass limits of 3 x 10'® My, and 10'?> M,. Dashed lines denote the double-Schechter fit (restricted to z < 0.06) from Baldry et al.
(2012). Coloured lines denote the resulting mass function from the different surveys that compose the sample. Black dashed-dotted illustrate the
resulting mass function of the total sample.
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Fig. A.2. Completeness of retired galaxies in terms of z, and M..
The coloured map illustrates the 5th percentile of sSFRy on each
z—M, bin. Each bin includes the (uncorrected) fraction of retired
galaxies with respect to the total, based on the classification that
maximises the F-score. The dashed and solid lines denote the mass
completeness limit above which retired galaxies are detected. Each
line tracks the lower envelope that satisfies sSSFRy < 107" yr~! and
sSFRg < 3 x 107! yr™!, based on the 5th and 1st percentiles, respec-
tively.
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Appendix B: SFH inference performance as
function of redshift

In this appendix, we present the results obtained from fitting the
MlustrisTNG ugrizYgJgHg photometry with BESTA as function
of their observed redshift. Figures B.1, B.2, and B.3 show the
true input values of SSFR|o,() versus the median value recovered
by BESTA for the realisations at z = 0.0, 0.3, and 0.6, respec-
tively, complementing Fig. 2.

The effect of redshifting the SED of our sample of galaxies
has a significant impact on the performance of the recovery of

the values of sSFRyyg(r). From z = 0 to z = 0.6, we find a pro-
gressive improvement in the performance of the fits illustrated by
the reduction of the scatter along the one-to-one line. The num-
ber of catastrophic outliers also seems to decrease, especially
fort > 10° yr. On the other hand, the fraction of sources whose
input value of sSFRg(r) is within the 68 and 90% credible inter-
vals decreases in most of the cases with respect to the realisation
at z = 0, implying that the estimate of the posterior probability
distribution might be too sharp and the uncertainties are under-
estimated.
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Fig. B.1. Same as Fig. 2 but restricted to the estimates at z = 0.
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Fig. B.2. Same as Fig. 2 but restricted to the estimates at z = 0.3.
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Fig. B.3. Same as Fig. 2 but restricted to the estimates at z = 0.6.
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Appendix C: Comparison with alternative
classification schemes

In this appendix, we present a direct comparison between
our classification scheme (Sect. 3.1) and the one proposed by
Moutard et al. (2018), which is based on the rest-frame (NUV —
r) versus (r — K;) colour-colour diagram (hereafter NUVrK;
see also Arnouts et al. 2013; Moutard et al. 2016). The NUVrK
plane is used to distinguish between three primary galaxy popu-
lations — “star-forming” (SF), “green-valley” (GV), and “quies-
cent” (Q) — with each group further subdivided into “young” (Y)
or “old” (O) categories based on their » — K colour, yielding six
distinct classes.

To enable a direct comparison, we use synthetic rest-frame
photometry from the IllustrisTNG simulation at z = 0, using
the CFHT r band alongside GALEX NUV (Martin et al. 2005)
and 2MASS K, (Skrutskie et al. 2006) filters. The left panel of
Fig. C.1 shows the distribution of our ageing (blue), quenched
(green), and retired (red) galaxies across the NUVrK diagram.
Black lines indicate the demarcation criteria from Moutard et al.
(2018).
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In this diagram, retired galaxies predominantly lie above the
quiescent boundary and are most frequently classified as “old
quiescent” (84%). Ageing galaxies are mainly located within
the star-forming region and are typically labelled as “young star-
forming” (67%), although a notable fraction (13%) extends into
the green-valley regime. Quenched galaxies span both the GV
and quiescent regions, with a broad range in r — K colour: 16%
are classified as Y-GV, 15% as O-GV, as 33% Y-Q, and 36% as
0-Q. Notably, the number of quenched galaxies dominates over
retired systems in the range r — K; < 0.5.

The right panel of Fig. C.1 presents the distribution of the
six NUVrK-based classes across the sSFRg versus sSFRg plane
used in our classification. The ageing domain encompasses the
entirety of the SF population (both Y and O), the majority of GV
galaxies (94% of Y-GV and 70% of O-GV), and small subset of
the quiescent class (6% of Y-Q and 1% of O-Q). The quenched
region contains 5%, 8%, 15%, and 3% of the Y-GV, O-GV, Y-Q,
and O-Q populations, respectively. Finally, the retired domain
includes 1% of Y-GV, 22% of O-GV, 79% of Y-Q, and 96% of
0-Q galaxies.

—_
o)
o

_
=)

No. sources

| |
—_ —_ |
—_ (=] =]

logo(sSFRg go/yr 1)
\ \
> o

—14 -
Retired
~15 N .
—14 —12 —10 10! 103
No. sources

log;((sSFRg go/yr™ 1)

Fig. C.1. Left: Distribution of IllustrisTNG galaxies across the NUVrK colour-colour diagram, coloured according to the classification defined
in Sect. 3.1; contours enclosing 68% and 95% of the ageing and retired galaxies are displayed as red and blue lines, respectively, whereas the
quenched population is also highlighted by a green shaded area. Black lines indicate the demarcation criteria adopted by Moutard et al. (2018).
Vertical and horizontal histograms show the marginal distributions of each class in terms of (NUV — r) and (r — K), respectively. Right: Same
galaxy sample shown in the sSFRg versus sSFRy plane, with colours corresponding to the six-class scheme of Moutard et al. (2018); young (Y)
/ old (O), quiescent (Q) / green valley (GV) / and star-forming (SF). The yellow shaded area highlights the young quiescent (Y-Q) population.
Vertical and horizontal histograms indicate the marginal distributions in sSFRg and sSFRy, respectively.
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